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Abstract
In order to assess the significance of calcifying organisms for the carbonate budget

it is necessary to have reliable estimates of the relative proportion of carbonate
production of the different organism groups. In this chapter we present a revision

of the biogeographical carbonate distribution of both coccolithophorids and
planktic foraminifers, estimated by means of two different carbonate calculation

techniques. Moreover, based of mean estimates of coccolith masses, species-

specific coccolith carbonate distribution has been calculated for surface sediments
of the South Atlantic Ocean.

Our studies clearly reveal a variable pattern of carbonate contributions mainly
derived from planktic foraminifera and coccolithophorids, respectively. Whilst

coccolith carbonate dominates the oligotrophic gyres of the South Atlantic,
carbonate produced by planktic foraminifera is more important in more fertile,

mesotrophic to eutrophic areas, such as the equatorial divergence zone. Mass

estimates of weight-balanced coccolith carbonate burial in the surface sediments
of the South Atlantic document coccoliths to be major carbonate contributors in

most mid-Atlantic Ridge sediments, exceeding up to 70 wt-%. In contrast to these
oligotrophic areas, they are of minor importance in sediments accumulating on the

continental margins, here accounting for about a fifth of the carbonate fraction.

Even though absolute numbers of most species, but particularly of Oolithotus

fragilis, Rhabdosphaera clavigera, Coccolithus pelagicus, and Helicosphaera

carteri, are many times lower than total numbers of Emiliania huxleyi, these
subordinate, massively calcifying species are most important with respect to

coccolith carbonate production. Despite the large cell numbers generated by E.

huxleyi and F. profunda, as single species they are of minor importance to

coccolithophore carbonate production. Moreover, although absolute accumulation

of coccolith carbonate in upwelling regions is estimated to be about three times
higher than in the oligotrophic gyres, these areas are about 5 to 10 times larger.

Total accumulation of coccolith-carbonate in the oligotrophic area by far exceeds
that of the upwelling regimes, and is therefore important with respect to the

geological archive.
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Introduction

The carbonate system is an important part of the global carbon cycle that controls
atmospheric carbon dioxide (CO2) contents (Fig. 1). Due to the capacity of the

oceans to store large amounts of heat and CO2 - the ocean contains some 60 times
the CO2 of the atmosphere (Berger 1985; Broecker and Peng 1989) - oceans have

played a crucial role in atmospheric changes on global time-scales. Late

Quaternary CO2 records, as revealed by measurements of gas bubbles trapped in
ice cores, exhibit pronounced glacial to interglacial variations (Barnola et al.1987;

Petit et al. 1999) that seem to be closely coupled to changes in carbon exchange
rates within the ocean (Broecker and Peng, 1986). Lower glacial CO2 values

appear to be tied to an enhanced transfer of carbon from the surface waters to the
deep ocean by higher rates of photosynthesis and biologic productivity (biologic

pumping) (Berger et al. 1987).

Carbonate production on continental slopes and especially in the pelagic open
ocean is almost exclusively planktic. The production of calcium carbonate by

planktic organisms in upper water levels is difficult to estimate (Balch et al. 2000).
Due mainly to different time-scales involved (days vs. several hundreds of years),

only a limited number of studies are available, which compare series of plankton
data directly with spatial patterns of assemblages found in surface sediments

(McIntyre and Bé 1967; Samtleben and Schröder 1992; Baumann et al. 2000).

Calculation of the global ocean carbonate budget includes carbonate production,
accumulation, and dissolution, but published estimations of the carbonate budget

vary widely. The quantity of biogenic carbonate produced annually in the surface
ocean broadly is in the order of 1-1.3 Gt (Westbroek et al. 1993), from which

about 85% dissolves in the water column or at the sediment-water interface. Other
authors assume that about 60% of the carbonate accumulates in sediments,

whereas the remaining 40% are dissolved (Milliman 1993). Reliable estimates as

to the relative proportions of the various pelagic carbonate producers, however,
are still sparse (e.g. Giraudeau et al. 2000, Schiebel et al. 2002).

From a quantitative point of view among the most important pelagic calcifying
organisms in the present ocean are the coccolithophorids, haptophyte algae, which

produce minute calcite platelets, the coccoliths (Westbroek et al. 1993). They are

significant components of the earth’s biogeochemical cycles (Fig. 1), owing to
their great abundance, fast turnover rates, and their capability to carry out

photosynthesis and calcification (Winter and Siesser 1994; Bown 1998). The
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evolution of pelagic calcareous nannoplankton and planktic foraminifera in the
Mesozoic led to the shift in global calcification from the continental shelves

toward the deeper oceans, affecting deep-ocean CO2 budgets, calcite
compensation depths and geological carbonate turnover rates (Kennett 1982;

Bown 1998). As important elements in the carbon cycle shifts in pelagic carbonate
sources, production and accumulation may influence atmospheric CO2 level. The

role of calcite as ballast to sinking particles, and thus the efficiency of export

productivity has recently been addresses by Buitenhuis et al. (2001).
Consequently, research on coccolithophorids may add significantly to the

understanding of the carbon cycle. In the following chapter, we review the
importance of coccolithophores as calcifying organisms in the carbonate budget.

Therefore, not only the carbonate contribution of coccoliths but also the carbonate
proportions with respect to planktic foraminifera and the distribution patterns of

single species were determined. One has to note that the carbonate budgets in this

paper reflect a “geological view”, i.e. an integration of several hundreds to
thousand of years, as commonly found in the surface sediments of the open ocean,

and should not be confused with short-term observations in the water column. We
present the biogeographical coccolith carbonate distribution of the numerically

important taxa, such as Calcidiscus leptoporus, Emiliania huxleyi, and

Florisphaera profunda, but also show the carbonate pattern of the less frequent
species Oolithotus fragilis, Helicosphaera carteri, Umbilicosphaera sibogae,

Rhabdosphaera clavigera, Coccolithus pelagicus, Syracosphaera pulchra, and
Gephyrocapsa oceanica in the South Atlantic Ocean. Most of the data presented

here has been compiled from various investigations of the south-eastern Atlantic
(Baumann et al. 1999, Böckel and Baumann subm.), of the western to central

equatorial Atlantic (Kinkel et al., 2000), and studies that cover broad geographic

areas of the South Atlantic and Southern Ocean (Böckel et al. subm.; Frenz et al.
subm.). Our study does not solely focus on the CODENET keystone species since

these do not represent the full diversity of coccolithophorid species carbonate
contributors. We have, however, included most of the larger abundant taxa that

dominate carbonate fluxes in most modern environments.

Background information

The study area stretches from about 20°N to 60°S and 60°W to 15°E, including
most of the equatorial, central, and subpolar South Atlantic Ocean. We
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investigated the uppermost centimetre of more than 240 surface sediment samples
collected during various ship expeditions (Appendix 1). In total, the data set

includes 212 samples analysed for weight-balanced species-specific coccolith
carbonate contents as well as their total sum (data in Baumann et al. in press), and

98 samples for their carbonate grain-size distributions (data in Frenz et al. subm.).
All surface samples are assumed to be of Holocene age. However, ages of surface

sediments may vary from decades to several hundreds and up to several thousand

of years depending on the local sedimentation rate, that is not known at most sites.
Nonetheless, we assume that the surface sediment samples provide a reasonable

present-day data set as groundwork for extrapolation in the oceanographic past.

Hydrography and production characteristics of the study area

The South Atlantic occupies a key position in the global thermohaline circulation.

It is especially important in terms of cross-equatorial transport of warm (> 24°C)
surface water to the North Atlantic (Fig. 1), which is balanced by the southward

flow of more saline and cooler North Atlantic Deep Water (NADW) to the

southern hemisphere (Berger and Wefer 1996). In the south-eastern South Atlantic
the Agulhas Current, which flows around the southern tip of Africa into the South

Atlantic, plays a decisive role in inter-basin heat transfer. Warm Indian Ocean
water is transported to the south-eastern South Atlantic through the shedding of

large rings and eddies from the Agulhas Retroflection area south of Africa.

Trade winds and the westerlies drive the major surface currents in an
anticyclonic motion around the oligotrophic Subtropical Central Gyre. Surface

water of the northwestward flowing South Equatorial Current (SEC) is forming
the northern limb of the subtropical gyre (Fig. 1). At about 10°S off Brazil, the

SEC splits into two branches, building the southward flowing Brazil Current and
the northward flowing North Brazil Current (Peterson and Stramma 1991). The

latter contributes to the eastwards flowing North Equatorial Counter Current. Its

interaction with a northern branch of the SEC leads to a strong 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 contact zone of EUC and SEC forms the equatorial divergence where

upwelling of colder water from around the thermocline depth occurs (Fig. 1). The
source of the upwelled water is essential as it determines the nutrient

concentrations in the upper photic zone, where most of the phytoplankton

productivity takes place (Monger et al. 1997).
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The southern South Atlantic and the adjoining Atlantic sector of the Southern
Ocean is characterized by the eastward-directed Antarctic Circumpolar Current

(ACC) which is induced by strong westerlies. At the southern border of the
Subtropical Front located around 40°S, the warmer South Atlantic Current waters

parallel the cold and nutrient rich ACC in the south (Fig. 1). The boundary
between subtropical and subantarctic water might extend regionally over a large

area between 30° and 45°S (Smythe-Wright et al. 1998). Another important

feature along the warm-water path is the Benguela upwelling region off south-
western Africa, where the Benguela Current transports warm water quite

vigorously equatorwards (Berger and Wefer 1996). This region of strong coastal
upwelling is one of the main centers of highest ocean productivity (Berger 1989).

Despite the relatively small area involved, eastern boundary upwelling plays an
important role in global biogeochemical cycles and processes affecting the interior

of the ocean (e.g. Reimers et al. 1992). According to Walsh (1991), continental

margins may be responsible for cycling as much carbon as the open ocean. Here,
the primary production rate can reach > 100g Cm-2a-1, and is between 50 and 100g

Cm-2a-1 in the equatorial divergence zone. In contrast, primary production is
generally < 50g Cm- 2a-1 in the oligotrophic gyres (Berger 1989). Therefore,

variations in upwelling strength and nutrient content of upwelled waters driving

the productivity in the surface layer, might lead to large-scale changes in biologic
pumping to the deep sea with possible impacts on CO2 levels.

Methods

Grain-size analyses

The quantification of genetically different carbonate portions based on grain size

investigations applied here is described in detail by Frenz et al. (subm.); however,

the basic concept was already introduced before (e.g. Robinson and McCave
1994; McCave et al. 1995).

Upon a separation into sand, silt and clay sub-fractions a representative split of
the bulk silt (BS) of 2-3 g were shortly dispersed in 0.05 % calgon solution and

analysed for the grain-size distribution using a Micromeritics SediGraph 5100.

Afterwards, the remaining BS were re-emerged with the measured portion, dried,
weighed, and then the carbonate content was completely removed by the stepwise

addition of hydrochloric acid. Subsequently, the carbonate-free silt (Scf) samples
were washed to neutral pH, dried and weighed. All samples were measured a

second time with the SediGraph, prepared in the same way as described above.
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The unreduced SediGraph data were converted into 50 equal size classes from 4-
9 Φ (about 62.5 to 2 µm). The carbonate proportions of sand, silt, and clay were

re-scaled to 100 % of the sum of the sub-fraction weights.
From the two grain-size distributions analysed (BS and Scf) and the known

bulk silt carbonate content the grain-size distribution of the carbonate silt (CS)
was calculated (Fig. 2). The relative CS size distribution is the difference between

the absolute BS and the relative Scf size distribution (rel. CS = %tot. BS – %rel. Scf

in each size class). A general minimum observed in the CS grain-size distributions
at about 8µm led to the distinction that carbonate particles with equivalent

spherical diameters > 8 µm mainly consist of planktic foraminifera and their
fragments. Calcareous particles < 8 µm are coccoliths and occasionally

dinoflagellate cysts.

Coccolith data and analyses

Total coccolith numbers and size measurements provide the essential variables for

the estimation of coccolith carbonate.
Preparation of all sediment samples followed a dilution/filtering technique

described by Andruleit (1996). Generally, a small amount of sediment was

weighed and suspended in tap water. After ultrasonic treatment the suspension
was split in the rotary splitter and then filtered onto polycarbonate filters (0.4 µm

pore size). The filters were then dried and small filter cuts were examined under
the SEM allowing the quantification of coccoliths per gram dry sediment.

Qualitative and quantitative examination of the coccoliths was carried out on a
Scanning Electron Microscope (Zeiss DMS 940A) at magnifications of 3000 or

5000x.

Coccolith numbers calculated from surface sediments were converted into
coccolith-carbonate contents on the basis of mean estimates of coccolith masses

(Fig. 3), using the mass equation of Young and Ziveri (2000). This is an approach
that is already used routinely on sediment trap samples (e.g., Broerse et al. 2000;

Giraudeau et al. 2000; Sprengel et al. 2000), and to which the shape of a coccolith
type, the density of calcite, and - most important - its average length have to be

considered. Since there is an extremely wide range of coccolith sizes between

different coccolith species and consequently a great variation in mass estimates,
specific carbonate masses for the most frequent species were used in this study. To

optimise carbonate calculations size ranges of the numerically most common
species and the volumetrically most abundant species were examined (Table 1).
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Comparison of the methods

Different means with both techniques indicate quite similar results (Fig. 4) and,

therefore, these data are expected to be a good approximation both of the planktic
foraminifera carbonate content and of the coccolith carbonate portion.

Generally, the carbonate contribution of foraminifers analysed by Baumann et
al. (in press) using the carbonate content of the sand fraction are decreased slightly

(Fig. 4a). This can be attributed to the presence of relatively small foraminifer
fragments that are not recognised in the sand fraction, but are detected by means

of silt grain-size analyses. Taking these silt-sized fragments into account the sand

fraction underestimates the foraminiferal carbonate content by about 10-20 %
(Frenz et al. subm.). However, the ultimate coarse carbonate population could

include also pteropods and minor amounts of various other calcareous particles.
The coccolith carbonate calculated on the basis of mass estimates of individual

species compared to the carbonate content of the size fraction < 8 µm is in rather
good agreement (Fig. 4b). It has to be noted that the grain size fraction < 8µm

refers to spherical particles and not coccolith length, i.e. the general coccolith size

in general is much larger, since they are disk shaped. However, deviations of
± 20 % are common. Besides general analytical errors of both methods, mainly the

extrapolation of individual coccolith masses to the huge number of individuals is
held responsible to cause the observed deviations. Even if considerable care is

taken, the calculations may result in errors of up to 50 % (Young and Ziveri
2000). Nevertheless, the data given here seem very reasonable in comparison to

the total carbonate data, and, therefore, is expected to be a good approximation of

the coccolith-carbonate content.

Coccolith distribution and coccolith carbonate - previous
work

Information on the ocean-floor distribution of carbonate, which is the main

component of deep-sea sediments above the lysocline, is already available (Archer

1996). Reliable estimates as to the relative proportions of the various pelagic
carbonate producers, however, are still sparse. F o r coccolith carbonate

calculations on the basis of mass estimates of individual species, knowledge both
of the biogeographical distribution patterns of the species as well as of the sizes of

the most abundant taxa are prerequisites.
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Bulk coccolith contents vary considerably from 0 to 83 x10-9 g-1 sediment in
surface sediments of the South Atlantic and Southern Oceans (Fig. 5a). Highest

coccolith numbers were detected in the central South Atlantic, whereas lowest
coccolith contents were found in the Southern Ocean, in the deep-sea basins, on

the continental margins of southern South America, and off the western coast of
mid-Africa. Out of 214 samples only three were virtually barren of coccoliths.

They were collected in the Southern Ocean in > 4700 m of water depths. Absolute

coccolith numbers bear a combined signal of coccolithophore productivity,
preservation and dilution, owing to the variable input of other sediment

components. Sedimentation rates vary greatly, ranging from < 1 cmka-1 in the
central South Atlantic up to 25 cmka-1 in the Benguela upwelling region (see

Table 2). Highest coccolith numbers in the central South Atlantic (Fig. 5a) have
therefore been interpreted as a result of minimum dilution. Additionally, the

majority of the coccolithophore species seems to be well adapted to low nutrient

conditions, so that highest diversities were found in the subtropical central gyres
(Hulburt, 1963). In contrast, high numbers of r-selected coccolithophore species

(e.g. E. huxleyi, G. oceanica) that respond to higher nutrient availability in highly
fertile zones might be diluted by enhanced productivity of other microplanktonic

organisms (e.g. Kinkel et al, 2000).

On average the numerically dominant species encountered in surface
sediments from the South Atlantic and Southern Ocean is Emiliania huxleyi (Fig.

5b). This ubiquitous species exhibits highest abundances in sediments deposited
underneath the Benguela upwelling domain (> 50%) and south of 32°S, especially

on the continental margin off South America (> 80%). Accordingly, minimum
values are encountered in sediments north of 32°S latitude especially in the central

South Atlantic (mostly < 30%). The distribution of the lower photic zone (LPZ)

taxa, comprising Florisphaera profunda and Gladiolithus flabellatus, basically
delineates the opposite trend. In sediments between 20°N and 30°S LPZ taxa are

mostly more abundant than E. huxleyi. In the western equatorial Atlantic between
20° and 2°N, the easternmost equatorial Atlantic and along the South American

continental margin as far south as 30°S they could even dominate the coccolith
assemblages (Fig. 5b). Highest percentages (> 40%) of the most abundant LPZ

species, F. profunda, are found in equatorial sediments between 10°N and 5°S and

along the southern South American continental margin. Analogously, nannoliths
of this species appear only in low numbers (< 15%) south of 40°S.

Our previous studies on surface sediments reveal a variable pattern of
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carbonate contributions mainly derived from planktic foraminifera and
coccolithophorids respectively (Baumann et al. in press; Frenz et al. subm.).

Coccoliths are by far the main contributors to the carbonate in the oligotrophic
gyres of the South Atlantic, whereas carbonate derived from planktic foraminifera

increased considerably in more fertile, mesotrophic areas, such as the equatorial
divergence zone (Fig. 6). Mass estimates of bulk coccolith carbonate in the surface

sediments of the South Atlantic document coccoliths to be major carbonate

contributors in most mid-Atlantic Ridge sediments, often exceeding 70 wt-%. In
contrast to the mid-Atlantic Ridge, where coccoliths dominate the carbonate

fraction (60-70%), they are of minor importance in sediments accumulating on the
continental margins, only accounting for about a fifth of the carbonate fraction.

Highest foraminiferal carbonate contributions comprises more than 50% of the
total carbonate content in the relatively fertile, mesotrophic waters of the

equatorial divergence. However, in terms of weight-balanced carbonate input,

foraminifera rarely exceed 50 wt-% and the decrease begins already far above the
calcite lysocline. This could also be due to the relatively long-term exposure at the

sediment/water interface leading to increased carbonate dissolution of the surface
sediments (Volbers and Henrich 2002). Carbonate dissolution has a major effect

below lysocline depth, but also in highly productive areas due to supralysoclinal

dissolution (Dittert et al. 1999; Baumann et al. in press; Henrich et al. in press).

A striking bimodal distribution of the calcareous silt fraction (CS) in surface
sediments of the South Atlantic allowed quantification both of a coarse mode and

a fine peak (Frenz et al. subm.). These populations are clearly separated by a low
frequency size zone in the silt fraction (see Fig. 2) ranging from 10 to 7 µm

(average 8 µm = 7 Φ). By means of SEM observations of the sub-fractions the

results indicate that carbonate particles with equivalent spherical diameters larger
than 8 µm mainly consist of planktic foraminifers and their fragments. Calcareous

particles smaller than this are coccoliths and occasionally dinoflagellate cysts
(Frenz et al. subm.). On the basis of this division the regional variation of the

contribution of foraminifers and coccoliths to the carbonate budget of the
sediments were calculated. Foraminifer carbonates display the highest carbonate

contribution to the sediments in the equatorial upwelling area and off SW-Africa.

Coccoliths dominate in the central and southern part of the South Atlantic. In fact,
they predominate in the central South Atlantic, with highest coccolith carbonate

contents encountered on the mid-Atlantic Ridge. Thus, the regional distribution of
foraminifer and coccolith carbonate (Fig. 7a, b) confirms the trend mass estimates
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of bulk coccolith carbonate that mesotropical regions (equatorial province) are the
favoured habitats of foraminifers, whereas coccolith carbonate dominates

oligotrophic regions.
In addition, the carbonate silt grain-size distributions < 8 µm revealed

provinces independent from water depth. In contrast, the coarse CS decreases in
size and amplitude with increasing water depth, indicating a higher susceptibility

to carbonate dissolution of foraminifers relative to coccoliths. This decrease

begins already far above the calcite lysocline, that is situated at 4,200 m in the
Brazil Basin (Thunell, 1982) and at about 4,400 m water depth in the Angola

Basin (Henrich et al., in press; Volbers and Henrich, 2002).

Carbonate distribution patterns of the most common
species – New results

In the following chapter, we present biogeographical coccolith carbonate

distributions of the numerically abundant taxa, such as Calcidiscus leptoporus,

Emiliania huxleyi, and Florisphaera profunda (see Fig. 5), and also show the

carbonate patterns of subordinate, but strongly calcifying species. The latter
include Oolithotus fragilis, Helicosphaera carteri, Umbilicosphaera sibogae,

Rhabdosphaera clavigera, and Coccolithus pelagicus. All together these species
mostly contribute >90% of the coccolith carbonate in all of the investigated

surface sediments. To get a full range of the CODENET keystone species we have

also included maps of Syracosphaera pulchra and Gephyrocapsa oceanica.
Again, one should note that their carbonate budgets reflect a “geological view”,

i.e. an integration of several hundreds to thousand of years as commonly found in
the surface sediments of the open ocean.

Calcidiscus leptoporus

Calcidiscus leptoporus is present in surface sediments underlying various
oceanographic regimes (Böckel et al. subm.; Ziveri et al. this volume). It is

especially abundant south of the Subtropical Convergence (STC) and in the

Benguela upwelling region, whereas it is rarest in the western equatorial Atlantic
and in sediments underlying open-oceanic subtropical waters.

The distribution of Calcidiscus leptoporus exhibits a clear correlation to its
abundance pattern. Mapped C. leptoporus carbonate distribution (Fig. 8) shows a
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rather marked maximum at mid latitudes (30° to 45° S). The species’ weight-
balanced carbonate contents rose to up to >50 wt-% in the mid-Atlantic Ridge

sediments of the central South Atlantic. Obviously, C. leptoporus dominate by far
the carbonate fraction in this area (>50% of the total carbonate). In addition, as a

carbonate producer this species is moderately important in the other areas of the
South Atlantic (central South Atlantic, off SW Africa), but never exceeded 30 wt-

%, whereas they only play a minor role at the continental margin off South

America and in the equatorial divergence zone.
Thus, Calcidiscus leptoporus is the most important coccolith carbonate

producer to South Atlantic surface sediments comprising a mean of 35% of the
total coccolith carbonate (about 14% of the total carbonate) in the study area.

Besides its high abundance in more fertile areas, this may also partly be a product
of selective dissolution and a relative increase in its robust coccoliths. Calcidiscus

leptoporus  is known to be one of the most dissolution resistant species

(Schneidermann, 1977). In eutrophic regimes, more organic carbon is produced.
Its microbial break-down leads to the acidification of the water-column and upper

sediment layer, which can be responsible for increased carbonate dissolution (e.g.
Dittert et al., 1999).

Oolithotus fragilis

Surprisingly, Oolithotus fragilis contributes significantly to the carbonate content

in surface sediments (Fig. 8). This species shows a rather widespread distribution
with only low abundances in the study area (Böckel et al. subm.). Nevertheless,

carbonate contents of >20 wt-% in sediments of the equatorial Atlantic and central
South Atlantic were calculated, whereas < 1 wt-% were recorded only south of

35°S and in the western South Atlantic off South America. Especially the mid-
Atlantic Ridge sediments are thus characterised by carbonate derived from O.

fragilis, which generally comprise between 4 and 28 wt-% of the total sediment

(mean of 15% of total coccolith carbonate).
These relatively high carbonate abundances of O. fragilis are encountered in

various oceanographic regimes. This is in good agreement with statistical analyses
that did not reveal any distinct ecological affinities of O. fragilis (Böckel et al.

subm.). Previous studies assign this species to the middle to lower photic layer
(McIntyre and Bé, 1967; Okada and Honjo, 1973; Young, 1994). It appears from

this, that Oolithotus fragilis is a relatively important contributor of carbonate in

sub-tropical meso- to oligotrophic areas.
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Emiliania huxleyi

On average, Emiliania huxleyi is the most dominant species encountered in

surface sediments from the South Atlantic and Southern Ocean (Böckel et al.
subm.; see Fig. 5). This ubiquitous species exhibits highest abundances in

sediments deposited underneath the Benguela upwelling and south of 30°S.

Accordingly, carbonate derived from E. huxleyi is highest in sediments south
of about 30°S latitude, but seldomely amounted to up to >10 wt.-% (Fig. 9). In the

tropical and subtropical areas, however, its carbonate input never even exceeded 3
wt.-%.  Thus, this species only play a minor role as a supplier of calcium

carbonate to the sediments, at least in the Equatorial and South Atlantic. On
average, Emiliania huxleyi contributed about 7% to the coccolith carbonate and

only about 3% of the total carbonate in the whole study area. The low contribution

of E. huxleyi to coccolith carbonate results from the small amount of carbonate
produced by this species which is in sharp contrast to the high numbers of

coccoliths in the sediments. This is rather surprising, since this species was
considered to be the world’s major producer of calcite and, thus, one of the largest

single carbonate sink in oceanic biogeochemical cycles (Westbroeck et al. 1993).
Large-scale blooms, that mainly consist of E. huxleyi, are regularly observed in

the northern North Atlantic (e.g., Holligan et al., 1993; Brown and Yoder, 1994)

but also in the southwesten South Atlantic (Gayoso 1995). These blooms are
thought to influence global climate by affecting the inorganic carbon system of the

seawater (e.g. Buitenhuis et al. 1996). The flux of coccolith calcite to deep ocean
sediments is recognised to be an important factor in determining the exchange of

CO2 between the oceans and the sediments (Sarmiento et al. 1988). Much work
has been done on the biochemistry and physiology of calcification using

laboratory clones mainly of Emiliania huxleyi. The present results, however,

indicate that production of CaCO3 by other species than E. huxleyi could have
greater effects in the fugacity of CO2.

Florisphaera profunda

In tropical to subtropical areas between 20°N and 30°S Florisphaera profunda

(together with Gladiolithus flabellatus) is often more abundant in surface

sediments than E. huxleyi. In the western equatorial Atlantic between 20° and 2°N,

the easternmost equatorial Atlantic and along the South American continental
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margin as far south as the 30°S they sometimes even dominate the coccolith
assemblages (Böckel et al. subm.; see Fig. 5).

However, highest carbonate contents of the deep dwelling F. profunda of up to
>10 wt.-% are only found in mid-Atlantic Ridge sediments between 10° and 20°S

(Fig. 9). In addition, this species contributes moderately (up to 5 wt.-%) to the
bulk carbonate in the equatorial divergence zone. Thus, as for Emiliania huxleyi,

carbonate derived from this numerically important species only play a relatively

minor role in the carbonate budget of the sediments in the Equatorial and South
Atlantic. On average, F. profunda contributed about 6% to the coccolith carbonate

and only about 2.5% of the total carbonate in the whole study area.

Umbilicosphaera sibogae

Coccoliths of Umbilicosphaera sibogae are widely distributed, although highest

abundances are encountered mainly in tropical and sub-tropical latitudes from 8°S
to 32°S (Böckel et al. subm.). Moreover, a well-defined abundance maximum in

the South Atlantic corresponds rather closely to the oligotrophic gyre (Ziveri et al.

this volume).
Thus, a maximum in carbonate derived from coccoliths of U. sibogae of up to

>10 wt.-% are found in sediments of the mid-Atlantic Ridge in the central South
Atlantic Ocean (Fig. 10). Outside this area, its carbonate contribution to the

sediment always was less than 2 wt.-%. On average, U. sibogae makes up 7.5% of

the coccolith carbonate and contributed about 3.2% to the total carbonate of the
studied sediment samples.

Generally, these findings are in good agreement with the observed abundance
patterns of the liths, and the observed preference for a warm, saline slightly mixed

upper water column in a more oligotrophic environment (Böckel et al. subm.). A
differentiation into the two varieties/species, U. sibogae sibogae and U. sibogae

foliosa (see Geisen et al. this volume), have not been made in all of the samples.

Thus, in the available data set, their carbonate contents were calculated and then
also mapped together.

Helicosphaera carteri

Helicosphaera carteri exhibits a rather widespread distribution, although mostly
low abundances were recorded (Böckel et al. subm.). However, even though

absolute abundances of H. carteri are many times lower than total numbers of
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Emiliania huxleyi, this subordinate, strongly calcifying species is relatively
important with respect to coccolith carbonate production (Fig. 10).

The carbonate content derived from H. carteri is of local importance in the
equatorial Atlantic as well as in the central South America, between 30° and 45°S.

In these areas, the measured contents amounted to up to 10 wt-% of the total
sediments, respectively. In addition, some of the samples from the Benguela

Upwelling region were characterised by medium-high contents of up to >5 wt-%

(Fig. 10). In contrast, H. carteri does only scarcely contribute to the carbonate in
the sub-tropical gyres. The carbonate distribution pattern indicates that this species

has affinities towards cooler waters and nutrient-rich environments, and
corroborates previous observations from the study area (Böckel et al. subm.).

It must be mentioned that this species include three varieties (carteri, wallichii,
and hyalina), which, depending on recent results, most probably are discrete

species (Geisen et al. this volume). These could have discrete ecologies, and

therefore different abundance patterns with respect to their carbonate input. They
have, however, not been distinguished in most of the samples.

Rhabdosphaera clavigera

Rhabdosphaera clavigera only occurs in low abundances in surface sediments of
the South Atlantic (Böckel et al. subm.). Therefore, its relatively high carbonate

input in sediments of the central South Atlantic (10° to 25°S) is rather surprising.

Their weight-balanced carbonate contents rose to up to >20 wt-% in the mid-
Atlantic Ridge sediments of the central South Atlantic (Fig. 11). Obviously, their

dissolution resistant coccoliths are a significant component of the carbonate
fraction in this area, whereas they only play a minor role off eastern Africa and in

the equatorial divergence zone, respectively. Nevertheless, R. clavigera carbonate
comprises more than 9% of the total coccolith carbonate and about 4% of the total

carbonate content in samples of the studied area.

Coccolithus pelagicus

In general, coccoliths of Coccolithus pelagicus are only sporadically encountered
in surface sediments of the South Atlantic. Biogeographical data primarily reflects

the clear abundance maxima in the northern North Atlantic (Ziveri et al. this
volume). However, although their absolute numbers are extremely low, this

massive species is a locally important coccolith carbonate producer. In sediments
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of the Benguela Upwelling off southwestern Africa it accounts for up to >10 wt.-
% of carbonate (Fig. 11). In additon, C. pelagicus also moderately contributes to

the surface sediment carbonate contents south of 35°S, where up to 5 wt-% were
calculated.

A single large C. pelagicus coccolith contains about 100 times the carbonate
content of one Emiliania huxleyi placolith (see Young and Ziveri 2000), so that its

relative importance as a coccolith carbonate producer in this area is not too

surprising. In addition, since this is one of the most robust species, its carbonate
distribution may also partly be due to selective dissolution and a relative increase

in its massive coccoliths.

Syracosphaera pulchra

Although liths of Syracosphaera pulchra occur only scarcely in the surface

sediments, they exhibit a widespread distribution. They only play a minor role as a
supplier of calcium carbonate to the sediments, but with a relatively distinct

abundance pattern (Fig. 12). Carbonate contents of up to a maximum of 3 to 4 wt-

% in the mid-Atlantic Ridge sediments were calculated, whereas otherwise less
than 1 wt-% of carbonate were recorded.

Gephyrocapsa oceanica

Gephyrocapsa oceanica appears only in moderately abundances in sediments
of the south-eastern Atlantic (Böckel et al. subm.). Slightly elevated numbers were

also found on the continental slope off South America. However, even in these

sediments the calcium carbonate contents derived from G. oceanica are quiet low,
never exceeding 2 wt.-% (Fig. 12). In addition, the species is essentially absent

from the central oligotrophic gyre.

Species-specific coccolith carbonate distribution

The distribution patterns of coccolith carbonate clearly follows zones basically

separated by frontal systems. The particular environments are dominated by
characteristic coccolith carbonate assemblages (Fig. 13) that can already be

distinguished by their coccolith numbers. In particular, carbonate distribution of

C. leptoporus shows a rather marked dominance in the oligotrophic mid latitudes.
Moreover, carbonate distribution of U. sibogae and R. clavigera correspond rather
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closely to the oligotrophic gyre of the central South Atlantic. This may, at least
partly, also be a product of selective dissolution and a relative increase of these

relatively massive, dissolution-resistant coccoliths. In addition, relatively high
carbonate abundances of O. fragilis are encountered in various oceanographic

regimes. The carbonate content derived from other species such as H. carteri and
C. pelagicus are of local importance. Their carbonate distribution patterns indicate

that these species have affinities towards nutrient-enriched environments and/or

cooler surface waters. Whereas H. carteri carbonate is common in the equatorial
Atlantic C. pelagicus contributes to the surface sediment carbonate contents of the

Benguela Upwelling. Generally, these findings are in good agreement with the
observed abundance patterns of the liths. However, the carbonate distribution of

each of the species is much more emphasised in comparison to the occurrences of
the liths.

In addition, even though absolute numbers of O. fragilis, as well as particularly

of C. pelagicus, R. clavigera, and H. carteri, are many times lower than total
numbers of E. huxleyi, these subordinate, strongly calcifying species are at least

locally important with respect to coccolith carbonate burial in sediments. This is
not surprising, since single large coccoliths – such as those of C. leptoporus, C.

pelagicus, or H. carteri - contain about 30 to 100 times the carbonate content of

one Emiliania huxleyi placolith (Young and Ziveri 2000). Nevertheless, despite
large cell numbers generated by E. huxleyi, as a single species it is of minor

importance to coccolithophore carbonate production. These placolith-bearing
species have been recorded to be characteristic for upwelling areas (equatorial

divergence and coastal upwelling) and high-latitudes, where they often reach
bloom proportions. Thus, carbonate derived from other plaCarbonate contents of

the deep-dwelling F. profunda contributes moderately to the bulk carbonate in the

equatorial divergence zone. Thus, as for E. huxleyi, carbonate derived from this
numerically important species only play a relatively minor role in the carbonate

budget of the sediments in the Equatorial and South Atlantic.
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Concluding discussion and outlook

Factors influencing coccolith carbonate distribution in surface sediment

The mechanisms controlling the burial of coccolith carbonate are relatively
complex and, of course, the carbonate content in general is influenced by

dissolution (e.g., Dittert et al. 1999; Henrich et al. in press). This is indicated by a

relatively high proportion of unidentified carbonate in these sediments that most
probably are derived from broken coccoliths, as well as fragmented foraminifers

and pteropods, which were not taken into account in our calculations of the
carbonate content. Recent dissolution studies suggest a strong influence of

supralysoclinal dissolution with respect to aragonite and carbonate in the high-

productivity areas of the eastern South Atlantic (Gerhardt and Henrich 2001;
Volbers and Henrich 2002). This is linked to the fact that degradation of organic

carbon in sediments promotes the dissolution of calcium carbonate. Yet, a number
of studies have demonstrated that calcite dissolution driven by metabolic CO2

produced within the sediments forms a significant part of the early diagenesis of
sedimentary calcite even above the lysocline ("supralysoclinal dissolution"; e.g.,

Archer et al. 1989; Hales et al. 1994; Hales and Emerson 1997). Recently,

Milliman et al. (1999) have suggested that considerable dissolution (perhaps as
much as 60%) occurs even in the upper 500-1000 m of the ocean, however, it is

not clear if all carbonate producing organisms are affected in a similar manner.
Another factor influencing the weight-balanced carbonate content is given by

the dilution by non-carbonate phases and, thus, highly varying sedimentation
rates. Particularly, continental slope sediments are often dominated by various

amounts of terrigenous sediments, discharged by nearby rivers, as well as

relatively high contents of both organic carbon and biogenic opal (e.g., Schneider
et al. 1997; Arz et al. 1999). In addition, winds are well known to carry

tremendous amounts of lithogenic dust from dry African source areas to the deep-
sea (e.g., Tiedemann et al. 1989; Ruddiman 1997; Stuut et al. 2002). Therefore,

relative amounts of carbonate are highest on the mid-ocean ridge, where dilution
(as well as dissolution) is at its minimum. This problem can only be ruled out on

the basis of carbonate accumulation rates as a product of carbonate content, dry

bulk density, and sedimentation rate. Unfortunately, only few of the samples
analysed have been dated to obtain an exact age of the sediments surface, so that

the sedimentation rate mostly is not known. Fragmentary information on
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sedimentation rates in some of the areas, however, can be obtained from sediment
cores nearby that indicate a rather high variation of sedimentation rates. They vary

from less than 1 cm ka-1 on the mid-Atlantic Ridge to up to >10 cm ka-1 on the
Amazon fan and the Benguela Upwelling (see Table 2). This calculation that has

so far not been done for the carbonate contents of the investigated samples, will be
subject of the following.

Coccolith carbonate accumulation

We roughly compare the role of sedimentation/accumulation rate on the burial of

coccolith carbonate in surface sediments in the South Atlantic. In view of the
coarse spatial resolution (Table 1), it was not feasible to estimate carbonate

accumulation for the whole Equatorial and South Atlantic. General trends,

however, can be inferred from the available data (Fig. 14). By comparing the end
members of sedimentation rates observed in the study area, a simple calculation

can be made. In the oligotrophic gyres where sedimentation rates are about 1-2
cmka-1, and coccoliths account for up to 80 % of the total carbonate, it results that

about 0.8 gcm-2ka-1 coccolith carbonate are accumulated in the sediment. On the
contrary, highest sedimentation rates of up to 25 cmka-1 are observed in the

upwelling areas off SW-Africa. However, here the contribution of coccoliths to

the carbonate fraction and the total sediment accumulation is much less. Assuming
an average carbonate content of 50% in those sediments, to which coccoliths

contributes about 20 %, would result in a accumulation of 2.5 gcm-2ka-1 of
coccolith carbonate. This indicates that the absolute accumulation of coccolith

carbonate in upwelling regions would be still about three times higher than in the
oligotrophic gyres. Coccolith carbonate accumulation rates based on coccolith

carbonate contents, available sedimentation rates, and surface-sediment dry bulk

densities very well correspond to our assumptions (Fig. 14). High rates are found
along the continental margin off Namibia, whereas accumulation rates are still

moderate and show little variation in the oligotrophic pelagic realm. However, to
close the budgets, the total areas of the different regimes have to be taken into

account as well, which is beyond the scope of this study. Nevertheless, the areas

of high productivity obviously are about 5 to 10 times smaller than the
oligotrophic gyres, so that the total burial of coccolith carbonate in the

oligotrophic areas still could exceed those in the upwelling regimes, since they
cover a much larger area.
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Moreover, it is obvious that the eutrophic areas are characterized by smaller
coccoliths, whereas the oligotrophic areas show a much larger abundance of larger

forms (Böckel et al. subm.). This partly explains the observed contributions of
coccolith carbonate to the total carbonate budgets, and might be a result of

coccolith calcification rate response to nutrient availability. It has been
documented by Paasche and Brubak (1994), that calcification increases in

Emiliania huxleyi under phosphorous limitation. Although, this effect has not been

studied in detail for other coccolithophore species, the results presented here seem
to indicate that this observation may well be extrapolated to species-specific

carbonate production in nutrient rich and nutrient poor areas of the South Atlantic.

Role of coccolithophorids within the carbon cycle

Particulate inorganic carbon is produced by pelagic calcifying organisms in the

upper water layers of the ocean. All this calcium carbonate produced annually in
the surface ocean sinks to the deep-sea, and is partly dissolved or partly stored in

the geological archive (Fig. 15). This phenomenon, known as the carbonate pump,

is an essential part of the global carbon cycle and exerts a major influence on
climate (Westbroek et al. 1993). Marine pelagic biota influences the global

climate by means of the organic pump. Carbon dioxide is removed from the
atmosphere and the upper water layers to deeper waters by photosynthesis and the

subsequent sinking of particulate organic carbon. Only 0.1% of the organic matter

produced is preserved in the geological archive, the rest being re-mineralised. In
addition, the removal of dissolved inorganic carbon and alkalinity from the upper

mixed layer and its partial regeneration in the deep-sea by calcification, sinking,
and partial dissolution of particulate inorganic carbon is effectuated via the

carbonate pump. About 15-20% of the calcium carbonate production is transferred
into the sedimentary archive (Westbroek et al., 1994; Milliman and Droxler,

1996).

In a recent paper Buitenhuis et al. (2001) suggested that carbonate production
by coccolithophorids have a large effect on increasing sinking velocities and thus

particle export from the photic zone to the deep-sea. Since coccolith carbonate
production is coupled to photosynthesis and organic carbon production (Fig. 15), a

substantial amount of organic carbon is associated to the carbonate flux of
coccolithophorids. This is much more efficiently exported to the deep ocean,

compared to sinking particles that do not contain carbonate. Therefore, Buitenhuis

et al. (2001) concluded that coccolithophorid carbonate and organic carbon
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production and sedimentation on geological time scales act as a sink for
atmospheric CO2, which is in contrast to the general assumption that calcification

and the associated alkalinity changes are a source for this essential greenhouse
gas. The mapping of coccolith carbonate fluxes into the sediment might thus

provide valuable insights to areas where efficient export of inorganic and organic
carbon is encountered in the South Atlantic. These findings help to determine key

regions, that should be studied in order to address changes in these export fluxes

and their impact on the global carbon cycle in the past.
Coccolith calcification is thought to be influenced by changes in the global

carbon cycle, and it has been proposed, that calcification rates of coccolithophores
will decrease under increasing atmospheric CO2 concentrations as we currently

experience due to the burning of fossil fuel and other human activities. However,
this study clearly demonstrates, that changes in the species composition of

coccolithophores might have a much larger influence on the global carbonate

production, then the reduction of calcification. For long-term reconstructions of
variations of global carbonate budgets, it is of particular interest to compare traps

and sediment records from low to high productivity regimes and to determine
coccolith carbonate flux and Late Quaternary accumulation rates.
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Figure Captions:

Fig. 1: Map showing (a) the pigment distribution in surface waters inferred from colour
scanning data aboard CZCS satellite, and (b) a schematic representation of the
large-scale upper-level circulation pattern in the South Atlantic (from various

sources, see text) plotted on a map of annual mean sea-surface temperatures. (AC –

Agulhas Current, BC – Benguela Current, NBC – Northern Brazil Current)

Fig. 2: Distribution of the silt fraction in surface sample GeoB 6410-1 to illustrate the

calculation of the carbonate silt grain-size distribution from the given BS and Scf

distributions and known carbonate content of the silt fraction (here 79 %). The bold

black line is the total BS distribution (sum of all classes 100 %). The black area is

the relative Scf distribution [sum of all classes = (100 % – 79 %)]. The grey area is
the relative CS distribution that is given by the difference of both lines in each size

class.

Fig. 3: Determination of species-specific coccolith carbonate contents by using the method
introduced by Young and Ziveri (2000). Recommended shape values (ks) for each

species together with own size measurements (see Table 1) were used.

Fig. 4: Comparison of the measurements derived by the two different carbonate estimations
used in this study indicating a fairly good correspondence of both a) the

foraminifera carbonate calculations (r2=0.9) and b) the coccolith carbonate

calculations (r2=0.74). Data points far outside the 1:1 line are mostly from the

continental margins and include increased abundances of benthic foraminifera and

pteropod tests and fragments, respectively.

Fig. 5: Maps of the South Atlantic surface sediments showing a) absolute numbers of total
coccoliths, and b) pie charts of the relative abundances of C. leptoporus, E. huxleyi,

the lower photic zone species (F. profunda and G. flabellatus) as well as other
species (modified from Böckel et al. subm.)

Fig. 6: Distribution map of weight-balanced carbonate contents of coccoliths (above) and
planktic foraminifera (below) in surface sediments of the South Atlantic (from
Baumann et al. in press). For foraminifera carbonate, the carbonate of the >63 µm

fraction was geochemically measured. In fact, carbonate input of the different

organism groups is dominated by coccoliths in the oligotrophic gyres of the South

Atlantic, whereas carbonate derived from planktic foraminifera increased

considerably in more fertile, mesotrophic areas, such as the equatorial divergence
zone.

Fig. 7: Regional distribution of weight-balanced a) equivalent spherical diameters (ESD) >
8µm carbonate, basically derived from planktic foraminifera, and b) ESD < 8 µm
carbonate mainly produced by coccoliths (modified from Frenz et al. subm.). This

data also document coccoliths to be major carbonate contributors in most mid-



Baumann et al

Contribution of coccolithophorids to the carbonate budget of ... .  - 29 -

Atlantic Ridge sediments, whereas highest foraminiferal carbonate occur in the

relatively fertile, mesotrophic waters of the equatorial divergence.
Fig. 8: Weight-balanced carbonate distribution patterns of (above) Calcidiscus leptoporus

and (below) Oolithotus fragilis. Even though absolute numbers of C. leptoporus,

and particularly of O. fragilis are only common, these relatively massive species are

most important with respect to coccolith carbonate production.

Fig. 9: Weight-balanced carbonate distribution patterns of (above) Emiliania huxleyi and

(below) Florisphaera profunda. Although these species by far dominate the
assemblages, they are less important as a coccolith carbonate producer.

Fig. 10: Pie-charts of the weight-balanced carbonate distribution patterns of (above)

Umbilicosphaera sibogae and (below) Helicosphaera carteri.

Fig. 11: Pie-charts of the weight-balanced carbonate distribution patterns of (above)

Rhabdosphaera clavigera and (below) Coccolithus pelagicus. Even though their
absolute numbers are quiet low, these massive species are locally important

coccolith carbonate producers.

Fig. 12: Pie-charts of the weight-balanced carbonate distribution patterns of (above)

Syracosphaera pulchra and (below) Gephyrocapsa oceanica.

Fig. 13: Summary of the different species-specific coccolith carbonate contents in surface

sediments of the South Atlantic.

Fig. 14: Coccolith carbonate accumulation rates based on coccolith carbonate contents,
available sedimentation rates (see Table 1), and mostly mean dry bulk densities of

surface-sediment. High rates are found at the continental margin off Namibia,
whereas accumulation rates are still moderate in the oligotrophic pelagic realm.

Numbers in the different areas indicate mean accumulation rates of coccolith

carbonate.

Fig. 15: Schematic representation of the complex role of coccolithophorids within the
carbon cycle; CO2 record from the Vostok ice-core by Petit et al. (1999).

Table 1: Mean sizes from measurements of size variations (of 15 to 230 measurements per

species and sample) used for estimates of carbonate masses of the species of

interest.
Table 2: Location and sedimentation rates available for surface-sediment of the South

Atlantic.

Appendix 1: Locations of the investigated surface sediments

Appendix 2: Measured total carbonate-contents and calculated species-specific carbonat

contents of the investigated surface sediments.
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ents of size variations (of 15 to 230 m
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ents per species and sam
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ates of carbonate

m
asses of the species of interest.

Site

Sample type

Latitude

Longitude

Depth (m)

C. leptoporus small

C. leptoporus large

C. leptoporus interm.
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E. huxleyi
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Table 2: Location and sedimentation rates available for surface-sediment of the South

Atlantic.

Core Latitude Longitude

Sedim. rate
(cm ka -1) Reference

  Equatorial Atlantic
GeoB1041-1 -3.48 -7.59 4.7 Bickert and Wefer 1997

GeoB1101-4 1.67 -10.98 2.7 Bickert 1992

1117-2 -3.81 -14.89 3.8 Bickert and Wefer 1998

GeoB1118 -3.50 -16.43 2.7 Bickert 1992

GeoB1112-3 -5.78 -10.74 2.8 Bickert 1992

A180-073 0.17 -23 1.3 Vogelsang et al. 2001

GeoB1523-1 3.82 -41.62 2.1 Rühlemann et al. 1999

GeoB4412 5.72 -44.36 3.0 Bleil et al. 1997

  Central South Atlantic (Subtropical Gyre)
INMD-115BX -17.64 -16.21 2.3 Sarnthein et al. 1994

GeoB1034-1 -21.72 5.43 2.0 Bickert and Wefer 1996

  Walvis Ridge

GeoB1211-1 -24.47 7.54 1.2 Bickert and Wefer 1999

GeoB1214-1 -24.69 7.24 1.3 Bickert and Wefer 2000

  Benguela Upwelling

GeoB 1710 -23.26 11.41 5.8 Kirst 1998

PC12 -22.16 12.32 14.2 Summerhayes et al. 1995

GeoB 1023 -17.09 10.6 25.0 Gingele and Dahmke

1994
ODP Site 1079 -11.56 13.24 >20.0 Berger et al. 2002

GeoB 3603 -35.07 17.32 3.1 Esper et al. 2000

  Southern Ocean
PS1754-1 -46.77 7.61 1.7 Frank et al. 1996

PS1756-6 -48.90 6.73 1.0 Frank et al. 2000

PS1768-1 -52.59 4.46 12.2 Frank et al. 2000

PS2082-3 -43.21 11.75 2.5 Frank et al. 1996

PS2498-1 -44.09 -14.14 3.9 Asmus et al. 1999



Appendix 1: Locations of the investigated surface sediments.

Sample No. Latitude Longitude

1101-4 1.66 -10.98
1102-3 0.52 -8.59
1103-3 0.60 -9.26
1104-5 -1.16 -10.71
1105-3 -1.67 -12.43
1106-5 -1.76 -12.55
1108-6 -2.17 -9.86
1111-5 -5.84 -8.65
1113-7 -5.75 -11.04
1114-3 -5.28 -10.20

1115-4 -3.56 -12.58
1116-1 -3.62 -13.19
1117-3 -3.82 -14.90
1118-2 -3.56 -16.43
1119-2 -3.00 -18.38
1203-2 -26.55 5.02
1204-3 -25.05 5.50
1207-2 -24.60 6.86
1208-1 -24.49 7.11
1211-2 -24.47 7.54
1212-2 -24.33 8.25
1213-2 -24.53 7.70
1216-2 -24.93 6.79
1217-1 -24.95 6.73
1220-2 -24.03 5.31
1311-2 -31.51 -29.09

1403-2 -1.20 -11.71
1413-2 -15.68 -9.46
1414-2 -15.53 -10.73
1415-1 -15.53 -11.58
1417-2 -15.53 -12.7
1418-1 -15.53 -14.89
1419-1 -15.54 -17.07
1420-1 -15.35 -18.69
1421-1 -12.85 -24.76
1503-2 2.31 -30.65
1505-4 2.27 -33.01
1506-1 2.21 -35.18
1508-1 5.33 -34.03
1510-1 4.73 -36.51
1512-2 5.90 -48.04
1515-2 4.24 -43.67

1516-1 4.50 -43.34
1517-2 4.74 -43.05
1520-1 4.59 -41.94
1521-2 4.31 -41.83
1522-1 4.03 -41.68
1523-2 3.82 -41.62
1704-1 -19.41 11.61
1707-2 -19.70 10.66

Sample No. Latitude Longitude

1709-3 -23.59 10.76
1710-2 -23.43 11.70
1711-5 -23.32 12.38
1712-2 -23.26 12.80
1713-6 -23.22 13.02
1714-1 -23.14 13.54
1715-1 -26.48 11.64
1716-2 -27.96 14.01
1718-1 -28.71 15.21
1721-4 -29.18 13.09

1722-3 -29.45 11.75
1724-3 -29.97 8.04
1726-1 -30.27 3.26
1728-3 -29.84 2.41
1901-1 -0.82 -16.24
1902-3 -0.82 -16.24
1903-1 -8.68 -11.84
1904-1 -13.88 -13.82
1905-1 -17.14 -13.99
1907-1 -15.13 -9.09
1908-1 -15.81 -5.75
2008-1 -31.09 11.74
2109-3 -27.91 -45.87
2111-2 -29.01 -45.22
2118-1 -22.09 -38.02
2130-1 -20.61 -37.1

2207-2 -8.73 -34.13
2212-1 -4.03 -25.62
2704-1 -38.93 -53.94
2707-4 -41.95 -56.32
2714-5 -43.87 -57.99
2722-2 -47.33 -58.62
2724-7 -47.96 -56.18
2804-2 -37.54 -53.54
2807-1 -37.83 -53.14
2825-3 -32.50 -41.43
2905-1 -0.66 -28.64
2906-3 -0.41 -27.25
2907-1 -0.43 -25.51
2908-8 0.11 -23.32
2909-1 0.50 -21.63
2910-2 4.85 -21.05

2911-2 11.50 -21.04
3602-2 -34.80 17.76
3603-1 -35.13 17.54
3604-4 -31.79 15.50
3605-1 -31.45 15.30
3606-2 -25.47 13.08
3607-1 -23.89 14.33
3608-1 -22.36 12.20
3701-1 -27.95 14.00



Sample No. Latitude Longitude

3702-1 -26.79 13.45
3703-1 -25.52 13.20
3705-1 -24.31 12.10
3706-1 -22.73 12.60
3707-1 -21.63 12.20
3709-1 -21.49 11.25
3710-1 -20.66 11.40
3711-1 -19.84 10.78
3715-1 -18.96 11.05
3717-1 -24.84 13.35
3718-4 -24.90 13.16
3719-2 -25.00 12.87
3720-1 -25.60 12.67
3722-1 -25.25 12.02
3723-1 -25.40 11.50

3724-1 -26.14 8.93
3725-1 -23.32 12.37
3802-2 -30.16 -8.52
3807-2 -30.75 -13.20
3809-1 -31.05 -16.33
3812-2 -31.62 -19.76
3826-2 -25.32 -38.01
3906-9 -7.47 -28.11
3910-3 -4.25 -36.35
3912-2 -3.66 -37.72
3936-2 12.72 -59.00
4304-1 8.57 -40.44
4407-2 3.82 -41.62
4408-2 3.67 -46.12
4411-1 5.43 -44.50
4412-3 5.72 -44.36

4418-2 9.27 -54.06
4420-3 16.47 -46.46
4422-1 17.46 -45.64
4424-2 18.20 -44.02
4901-5 2.68 6.73
4902-4 2.35 6.03
4903-2 1.91 8.18
4909-3 -2.07 8.63
4912-3 -3.73 9.79
4914-4 -6.94 9.00
4915-3 -7.75 11.87
4916-4 -10.17 12.69
5110-5 -25.14 -34.82
5115-2 -24.01 -13.95
5121-2 -24.01 -12.00
5130-1 -19.01 -12.02
5132-2 -19.01 -9.06

5134-1 -19.02 -10.07
5136-2 -19.02 -12.07
5140-3 -19.02 -16.10
6104-3 18.57 -19.92
6201-3 -26.67 -46.44

Sample No. Latitude Longitude

6206-1 -30.21 -46.56
6209-2 -31.76 -48.15
6210-1 -31.52 -48.82
6218-1 -35.05 -50.78
6226-2 -37.16 -47.90
6402-6 -39.74 -22.76
6404-3 -41.51 -23.47
6406-1 -42.00 -20.78
6408-x -43.61 -20.44
6410-1 -44.52 -20.90
6412-1 -44.25 -17.65
6414-1 -44.00 -13.07
6416-2 -39.95 -18.16
6418-2 -38.43 -21.54
6419-1 -37.77 -21.86

6420-2 -37.16 -22.15
6422-5 -35.71 -22.73
6426-2 -33.50 -24.02
6429-1 -31.95 -24.25
2487-2 -35.82 18.01
2489-7 -42.88 8.97
2492-1 -43.18 -4.05
2493-3 -42.89 -6.02
2494-1 -41.69 -12.34
2496-2 -42.99 -14.64
2500-7 -47.62 -15.42
2501-4 -49.4 -21.39
2503-1 -50.75 -24.32
2509-2 -52.11 -26.84
2511-3 -55.33 -30.39
2512-1 -54.4 -33.63

2513-1 -53.71 -43.01
2514-2 -53.67 -43.77
2516-1 -55.24 -48.3
2517-5 -53.97 -48.09
2518-2 -53.25 -51.46
2519-1 -53.22 -59.1
2520-1 -53.13 -61.58
2557-2 -36.95 21.78
2558-1 -38.49 23.66
2560-3 -40.55 25.57
2561-1 -41.86 28.57
2562-3 -43.18 31.58
2565-2 -47 35.21
2568 -50.21 5.76
2569 -51.26 5.59
2570 -52.33 1.28

2606-3 -53.22 40.87

2611-2 -49.47 38.8
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