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Voorwoord 

In the city of Pirna (near Dresden) in the former GDR, where I grew up, 

people knew about the existence of oceans. However, for most of them they were 

remote. Still, as a child, the films by Jacques Ives Cousteau made me dream of 

being an oceanographer or a marine biologist, and I started preparations 

becoming a scuba diver. However, the chance to really study one of the marine 

sciences was very small in the GDR, and I decided studying chemistry which 

might give me anyway some chance to work on environmental problems later. 

After having finished my master thesis on the development of a S02 sensor in 

Greifswald, I found a job at the University of Twente in solid state chemistry. 

Although work there was interesting, I decided to leave Twente for a job at NIOZ 

where Hein de Baar needed an 010 studying the distribution of trace metals in 

the Southern Ocean. - At the end, after a detour through solid state chemistry, the 

dreams of my childhood became reality. However, sometimes I woke up under a 

cold shower realizing, that trace metal work in the Southern Ocean is not that 

"tropical" at all, but hard work for uncontaminated data. Nevertheless, it has 

indeed its own fascination. 

Bij deze, wil ik Hein de Baar ervoor danken, dat hij mij de gelegenheid 

heeft gesteld, met deze nieuwe wereld kennis te maken. Nooit had ik er bij stil 

kunnen staan, hoe complex het leven in de waterzuil kan zijn, en wat voor 

veelvoud aan processen de dynamiek van nutrienten en metalen bepaalt. Het is 

een boeiend vak. Verder wil ik Hein danken voor de mogelijkheid om de 

internationale kring van wetenschappers te leren kennen, die zich met de 

spoormetalen bezig houden en hoofdzakelijk natuurlijk met alle vragen rond 

het met betrekking tot het tijdschrift "Nature" zo relevante element ijzer. Zijn 

samen met Klaas georganiseerde SCOR meeting in Amsterdam was een groot 

succes en een leuke ervaring. 

Further, I would like to thank Hein as well as Victor Smetacek for their 

guidance during the ANT /X6 cruise on board of "Polarstern". I thank all 

participants of the cruise, not only for the scientific support, but also for the nice 

experiences before and after the cruise. A good co-operation between different 

disciplines made it possible to compare chemical, biological and physical data and 

to investigate the interactions between the flux of trace metals, currents and life 

in the ocean. 

Met name wil ik mijn promotor, Cornelis van der Weijden danken, voor 
het vertrouwen dat hij mij bij het voltooien van dit proefschrift heeft gegeven 



en voor de kritische discussies over de inhoud ervan. Ik heb hem als een snelle 

en nauwkeurige lezer ervaren, met een bijzonder gevoel voor de rode draad door 

het geheel. 

My thanks go to the members of the "beoordelingscommissie": Prof. 

Balzer, Prof. Turner, Prof. Rutgers van der Loeff, Prof. van der Zwaan, Prof. 

Hutchins, and Dr. Lange for reading my thesis. Jeroen, jou dank ik voor al de 

moeite die je in het begin van dit onderzoek hebt gehad om uit een vaste stof 

scheikundige als ik, iemand met gevoel voor lage concentraties te maken. 

Zonder jouw hulp bij de analyse zou dit proefschrift er niet zijn gekomen. Ook 

dank ik Eric Epping en de rest van de voormalige en recente spoormetalenploeg: 

Paul, Vero, Klaas, Bas, Rob, Loes en Maria voor hun bijdrage aan dit proefschrift. 

Bij deze wi! ik ook, Wim Mook, Wim Helder en Jan de Leeuw danken voor hun 

steun. Jaap en Harry dank ik voor hun moeite om me in de statistiek op de weg 

te helpen, Erwin en Taco voor hun hulp, de software problemen van mijn 

computer op te lossen. Thomas Fischer danke ich fur das Lesen meiner 

deutschen Zusammenfassung. 

Kees Veth, het is jammer, dat je niet bij de verdediging van mijn 

proefschrift aanwezig kunt zijn ! Je hebt altijd ruim de tijd genomen om mijn 

hydrografische vragen te beantwoorden. Niet aIleen heb ik aan jou een grote deel 

van mijn hydrografische kennis te danken, ook ben ik door discussies met jou op 

een paar interessante boeken gestoten. Bij deze wi! ik ook de rest van de CTD 

ploeg, Sven en Ronald, voor hun nauwkeurig werk danken. 

Bouwe, ik heb aan jou als een goede vriend een heleboel te danken. Jouw 

enthousiaste en beschrijvende manier om over je onderzoek te praten, heeft 

mijn interesse voor de microben in de oceaan en hun wisselwerking met het 

hun omringende water gewekt. Jouw nieuwsgierigheid over het leven en jouw 

kijk erop zijn speciaal. Ik ben niet de enige die denkt dat je ook schrijver had 

kunnen worden, en dat met succes. Bedankt ervoor, dat je altijd de tijd hebt 

gevonden om over wetenschappelijke problemen te discussieren en mijn 

Nederlandse spelling te corrigeren. 

After research on the distribution of trace metals in the ocean, I am happy 

to have the possibility to focus more on the mechanistic view of these 

distributions. I am grateful to Dave Hutchins offering me a PostDoc position at 

his lab. I am looking forward to our collaboration, and hope that it will lead to 

many interesting results. 

HoeW'el niet direct, is de tijd naast je W'erk belangrijk voor cOITlpensatie en 

hoe je je in het level voelt. Daarom wi! ik hier mijn vrienden Marcel, Judith, 



Pierre en Nelke bedanken voor al de leuke belevenissen met elkaar. Ingrid 

(Obernosterer), vielen Dank vor allem fUr Deinen Rat hinsichtlich meiner 

immer groiSer werdenden deutschen Sprachprobleme. Schade nur, daiS auch Du 

bereits die ersten Anzeichen dieser Krankheit zeigst. De koffiekamer van 

Biologische Oceanografie heeft hier ook zijn plaats, het was er gezellig koffie 

drinken. Hajo en Annelies, jullie dreigement me niet te komen bezoeken als ik 

in plaats van Texel, Den Helder als woonplaats zou kiezen, heeft me genoodzaakt 

dit leuke eiland te leren kennen. 

Niet vergeten wil ik hier de triathlonvereiniging met het leuke training 

van Theo, Piet en Kees. Tijdens harde maar gezellige trainingen en wedstrijden, 

zwemmen achter de dijk met koffie en gebak, heb ik mijn problemen van het 

werk helemaal op zij kunnen zetten, en genoot met volle teugen van het 

omringende water en de lucht. Hartelijk dank aan de meidenclub: Colinda, 

Natascha, Jose, Judy, Erna, Melanie en Gonnie. En de aan adrenaline verslaafde 

mannen ? Sorry Rien, jullie zal ik hier niet opnoemen. Oat zou toch met een 

zekere volgorde moeten gebeuren, en ik wil hier geen ruimte voor speculaties 

bieden. Willem, de door jou georganiseerde mountainbike weekenden in de 

Ardennen waren een grote belevenis. 

Nicht zuletzt mochte ich meinen Eltern fUr ihr Verstiindnis danken, das 

sie mir hinsichtlich des von mir gewiihlten Lebens als Untersucher mit einem 

stiindig wechselnden Wohnplatz, weit entfernt yom elterlichen zu Hause, 

entgegenbringen. 

Gerhard, Du nimmst nicht nur im privaten Bereich sondern auch bei 

meiner Entwicklung als Wissenschaftlerin einen besonderen Platz ein. Der 

gemeinsame Besuch von Kongressen war eine Erfahrung fur sich. Du hast mich 

in den Kreis einer interessanten und motivierenden Gruppe von Mikrobiologen 

eingefUhrt. Spezialisiert auf die Korrelation zwischen Spurenmetallen und 

Grundniihrstoffen, scheint mir eine Korrelation zwischen Mikrobiologen, klein 

in Gestalt, und ihrer GroiSe in der Wissenschaft nicht so abwegig (Outliers gibt es 

immer.). Deine vorwiirtstreibende Art wird mir ein Beispiel sein. Danke, fUr die 

Korrektur meiner langen englischen Siitze und meines "verniederliindischten" 

Deutsches. 



Summary 

This thesis describes a study on the distribution of the trace metals Mn, Fe, 

Ni, Cu, Zn and Cd and the major nutrients phosphate, nitrate and dissolved 

silica (Si) in the Southern Ocean. The influence of hydrographic and biological 

processes, atmospheric dust- and shelf-input and sea ice melting on the trace 

metal- and major nutrient-distribution in the surface and the deep water has 

been estimated. Dissolved Fe is shown to be one factor limiting primary 

production in this High Nutrient Low Chlorophyll (HNLC) area. The gap in the 

global Cd-phosphate data set between the data of the Atlantic Ocean and the 

Pacific/Indian Ocean was partially filled with the obtained Cd-phosphate data of 

the Southern Ocean. 

The data for this study were collected during the Joint Global Ocean Flux 

Study (JGOFS) Antarctic Ocean expedition ANT X/6 in October and November 

1992 along the 6°W meridian in the eastward flowing Antarctic Circumpolar 

Current (ACC). The research area included the Polar Frontal region (PFr), the 

southern ACC area (sACC area), the Marginal Ice Zone (MIZ) and the ACC

Weddell Gyre Boundary Front (AWBF). The Polar Front (PF) and the AWBF are 

characterized by their relatively higher geostrophic velocities compared to the 

surrounding water masses. Between two sampling periods in the PFr a diatom 

spring bloom developed, which offered the possibility to study tne trace metal 

uptake of phytoplankton in the field. 

North Atlantic Deep Water (NADW), with relatively high salinity 

penetrates into the Circumpolar Deep Water (CDW), the deep water of the 

research area in the Southern Ocean. It divides the CDW into a upper and a 

lower part: the Upper Circumpolar Deep Water (UCDW) and the Low 

Circumpolar Deep Water (LCDW). The UCDW, is characterized by an oxygen 

minimum and a major-nutrient maximum. Antarctic Bottom Water (AABW), 

which is formed by Weddell Sea Bottom Water, flows northward under the 

LCDW. 

In the upper 100 m of the sACC area, the concentrations of dissolved iron 

(0.04-1.9 nM) and chlorophyll a «0.5 ~g I-l) were relatively low. The 

phytoplankton was dominated by smaller cells «2 ~m). In the PFr, in contrast, 

the dissolved Fe concentrations were relatively high (1-5.5 nM, upper 100 m) at 

the beginning of a diatom spring bloom. The elevated concentrations of Fe could 

be ascribed to input from the South American shelf and/or atmospheric dust 
from the Patagonian dessert. The subsequent decrease in the concentrations of 
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Summary 

dissolved Fe is possibly due to the biological uptake of Fe by the developing 

diatom spring bloom. Together with the co-occurring C02 drawdown in the 

surface water, the biological Fe uptake verifies the part of John Martin's (1990) 

iron hypothesis where he argues that the addition of Fe to the surface waters of 

the oceans repleted in major nutrients but depleted in Fe (HNLC areas) enhances 

the overall primary production and leads to the reduction of C02 in the surface 

water. However, besides the enhanced Fe concentration in the PFr, the surface 

water became more stratified as well, leading to improved light conditions for the 

phytoplankton during the bloom development. Therefore, only the combination 

of enhanced Fe concentrations with favourable light conditions and a slow 

response of the grazers, which can feed on diatoms, can be regarded to cause the 

diatom spring bloom in the PFr. 

Surface water concentrations of dissolved Cd, Cu, Ni and Zn were 

relatively high in the sACC area compared to other open ocean areas. These high 

surface water concentrations can be attributed to the upwelling of UCDW, which 

has relatively high concentrations of trace metals and major nutrients. Low 

primary productivity allows the prolonged existence of the trace metals and 

major nutrients remains in the surface water. The observed increase of the 

concentrations of Cu, Ni, Zn and Si towards the south in the surface water of the 

sACC area is due to the increasing upwelling of the UCDW towards the south in 

combination with an almost constant downward flux of trace metals and Si 

mediated by sinking biogenic particles. 

It was calculated that the two HNLC areas, the sACC area of the Southern 

Ocean and the northeast Pacific Ocean, have different major sources of Fe but 

similar Fe-input rates("" 1.7.10-12 mol m-2 s-l). In the sACC area of the Southern 

Ocean upward transport of Fe was estimated to be the main source, whereas in 

the northeast Pacific Ocean, aerosols provide the dominant Fe-input. 

In the PFr, the developing diatom spring bloom was probably responsible 

for the uptake of Cd, Ni, Cu, and Zn and major nutrients. During this uptake the 

Cd/phosphate ratio decreased, which was estimated to be due to preferential Cd 

gross uptake compensating the process of preferential Cd recycling. In contrast to 

the Cd/phosphate ratio, the Cu/Si ratio increased in this period, which was 

attributed to a preferential Si gross uptake. 

Subsurface maxima of trace metals were found in the surface waters of the 

sACC area and in the PFr between 50 and 200 m depth. The observed subsurface 

maxima of trace metals above the pycnocline in the sACC area including the MIZ 

are assumed to be caused by the release of sea-ice diatoms into the surface water 
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during melting and advective transport of the sea ice to the south. After release 

from sea ice, the diatoms probably lost most of their trace metals into the 

seawater reflected by co-occurring subsurface maxima of dissolved organic carbon 

and chlorophyll a , and the occurrence of chlorophyll b containing organisms. 

Whereas the remineralized Cu and Ni remained in the water due to 

complexation by strong organic ligands, remineralized Mn probably re-adsorbs 

on the outer surface of the sinking diatom frustules. Based on minima in 

transmission, its stepwise increase, and small peaks in ammonium on the 

pycnocline, it is assumed, that the re-adsorbed Mn, and the Zn incorporated into 

the diatom frustules, accumulate in marine snow at the pycnocline. 

Microheterotrophic activity in these marine snow layers might have contributed 

to the remineralization of Mn and Zn at the pycnocline. For the subsurface 

maxima in the PFr, three possible sources of trace metals can be considered: 

(1) input from the shelf of the South American continent; (2) aerosol particle 

supply from the Patagonian desert; and (3) remineralization of diatom frustules 

originating from a diatom bloom. 

Within the UCDW, Cd, Cu, Ni and Zn reflect the circulation of the deep 

water by maxima co-occurring with the maxima of phosphate and nitrate, which 

describe the core of the UCDW. In the deep water column, the Cd concentration 

and the Cd/phosphate ratio increased continuously with the age of the deep 

water towards the south. Of the observed trace metals, Cu correlated strongest 

with Si in the deep water. The Cu/Si ratios of the stations in the PFr decreased 

much stronger with depth, than the ratios of the stations in the sACC area, which 

were almost constant over the whole water column. The strong decreasing Cu/Si 

ratio with depth of the stations in the relative high productive PFr resulted in 

significantly lower Cu/Si slopes (0.013-0.018 nM/IlM) as compared to the slopes at 

the stations in the relatively less productive sACC area (0.020-0.022 nM/IlM). The 

relatively low Cu/Si slopes at the stations in the PFr are attributed to preferential 

Si uptake by the diatom bloom in the euphotic layer and Cu scavenging in the 

deeper water column. A longer retention of Cu during the dissolution of the 

diatom frustules in the sediment may have contributed to the formation of the 

low Cu/Si slopes as well. 

Concentrations of Fe, Mn, Cu, Ni and Zn were higher near the seafloor 

than the concentrations of the water masses above due to the existing nepheloid 

layer. Hydrothermal sources on the Mid-Atlantic Ridge may have been caused 

the observed trace metal maxima in the LCDW directly or indirectly via diagenic 

mobilisation and resuspension of metalliferous sediments. 
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The obtained Cd-phosphate data contributed to fill partially the gap 

between North Atlantic Ocean and Indo-Pacific Ocean data. The model fitting the 

global data set on Cd and phosphate by a single relationship deviated not 

significantly from the model in which the data for each of these oceans were 

fitted separately. 
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Samenvatting 

De oceanen zijn op onze aarde belangrijke opslagplaatsen van kooldioxyde 

(C02) dat door groeiende algen opgenomen wordt voor de productie van 

organische stof. Dit laatste wordt in de voedselketen grotendeels weer afgebroken 

tot water en koolzuur. De rest van de geproduceerde organische stof blijft in de 

oceaan aanwezig als levend plankton, als min of meer refractaire opgeloste 

organische stof, of als dood vast materiaal dat na een lange weg van bezinken 

tenslotte op de oceaanbodem sedimenteert. De eerste stap in al deze processen, de 

opname van C02 door algen, is aIleen mogelijk in de bovenste waterlagen waar 

voldoende licht doordringt en aIleen als daar voldoende voedingsstoffen 

(voedingsstoffen) beschikbaar zijn. Sommige oceanen, zoals de Zuidelijke Oceaan 

en de equatoriale Stille Oceaan, worden gekarakteriseerd door hoge concentraties 

aan opgelost nitraat, fosfaat en silicium (de hoofdvoedingsstoffen) maar met een 

relatief lage algengroei in het oppervlaktewater. Zij worden daarom Hoge 

Nutrienten Lage Chlorofyl (High Nutrient Low Chlorophyll: HNLC) gebieden 

genoemd. De tegensteIling tussen enerzijds de hoge nutrienten concentraties en 

anderzijds de geringe hoeveelheid algen in de Zuidelijke Oceaan noemt men de 

'Antarctische Paradox'. Als mogelijke verklaringen voor de geringe hoeveelheid 

algen worden sterke begrazing, lichtlimitatie en zeer lage concentraties van 

opgelost ijzer (Fe) gegeven. IJzer is namelijk een voor planktongroei essentieel 

spoormetaal. Toedienen van Fe wordt als een mogelijkheid gezien om de 

primaire produktie (snelheid van de produktie van organische stof door foto- en 

chemosynthese) en daarmee de hoeveelheid algen in het water in HNLC 

gebieden te verhogen en zo meer C02 in de oceaan vast te leggen. Aan deze Fe

hypothese wordt vooral de naam John Martin t verbonden, die als eerste een 

verhoogde Fe toevoer als reden voor de relatieve lage C02 concentraties tijdens 

het laatste glaciale maximum gaf. 

Naast de rol als potentiele opslagplaats voor C02 speelt de Zuidelijke 

Oceaan een belangrijke rol in de circulatie van nutrienten door de wereidzeeen. 

Noord Atlantisch Diepwater (North Atlantic Deep Water: NADW) dringt in het 

diepe water van de Zuidelijke Oceaan, het Circumpolaire Diepwater 

(Circumpolar Deep Water: CDW), mengt met dit diepwater en splitst dit in 

tweeen. Het bovenste gedeelte wordt Hoog Circumpolaire Diepwater (Upper 

Circumpolar Deep Water: UCDW) genoemd. In deze watermassa bevindt zich 

een zuurstofminimum en een nutrieentenmaximum. De watermassa onder het 

UCDW is het Laag Circumpolaire Diepwater (Low Circumpolar Deep Water: 
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Samenvatting 

LCDW). Het CDW circuleert enkele malen om Antarctica heen, voordat het, 

gemengd met oppervlaktewater uit de Zuidelijke Oceaan, als Antarctisch Bodem 

Water (Antarctic Bottom Water: AABW) of Antarctisch Tussenwater (Antarctic 

Intermediate Water: AAIW), weer noordwaarts naar de Stille Oceaan en de 

Indische en Atlantische Oceaan terug stroomt. Algen die zich door silicaat huisjes 

voor begrazing door zooplankton beschermen (diatomeen), spelen voor de 

circulatie van spoormetalen en hoofdvoedingsstoffen, vooral silicium, een 

belangrijke rol. Hun voortdurende aanvoer zorgt voor een tapijt van silicaat 

skeletjes op de bodem van de Zuidelijke Oceaan en, tengevolge van gedeeltelijk 

oplossen tijdens en na hun bezinken, voor een toevoer van opgelost silicium 

aan het diepe water. 

In dit proefschrift wordt de verdeling van de spoormetalen mangaan (Mn), 

ijzer (Fe), nikkel (Ni), koper (Cu), zink (Zn) en cadmium (Cd) en van de 

hoofdvoedingsstoffen in de Zuidelijke Oceaan besproken. Daarbij wordt de rol 

van hydrografische en biologische processen, het smelten van zeeijs en aanvoer 

van spoormetalen en hoofdvoedingsstoffen vanuit de atmosfeer en vanaf de 

shelf, behandeld. Ook wordt de betekenis van Fe als groeibeperkend essentieel 

spoorelement in dit HNLC gebied besproken. De gemeten concentraties van Cd 

en fosfaat in diep water zijn aan een bestand van mondiale gegevens over de 

concentraties van deze stoffen toegevoegd met de bedoeling het hiaat op te 

vullen tussen deze gegevens voor de Noord Atlantische Oceaan en die voor de 

Stille en Indische Oceaan. 

De gegevens voor deze studie zijn verzameld tijdens de 'Joint Global 

Ocean Flux Study' (JGOFS) Antarctisch Oceaan expeditie ANT X/6 in Oktober en 

November 1992 op de 6°W meridiaan tussen 46° en 59°S. Het onderzoeksgebied 

omvatte het Polaire Front (PF) gebied, het zUidelijke Antarctische Circumpolaire 

Stroom (Antarctic Circumpolar Current: ACC) gebied, de Rand Zone van het 

zeeijs en het ACC-Weddell Gyre Grens Front. Het Polaire Front (PF) en het ACC

Weddell Gyre Grens Front zijn gekenmerkt door relatieve hoge snelheden in 

vergelijking met de omringende watermassa. Een voorjaarsbloei van 

diatomeeen, welke zich tussen twee monster-perioden in het Polaire Front 

ontwikkelde, bood de mogelijkheid om opname van spoormetalen door 

fytoplankton in het veld te bestuderen. 

In het zUidelijke ACe gebied waren de opgeloste Fe (0.04-1.9 nM) en 

chlorofyl « 0.5 flg 1-1) concentraties in de bovenste 100 m relatief laag. Het kleine 

fytoplankton « 2flm) was dominant. In het PF gebied daarentegen waren de Fe 
concentraties relatief hoog aan het begin van de voorjaarsbloei (1-5.5 nM, 
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Samenvatting 

bovenste 100 m). Deze relatief hoge Fe concentraties zijn aan de input van de 

continentale shelf (door diagenetische mobilisatie) en/of aan atmosferische stof 

toe te schrijven. De afname van de Fe concentraties tijdens de voorjaarsboei kan 

door de actieve opname van Fe door algen verklaard worden. De gemeten 

afname van de Fe en C02 concentraties in het oppervlaktewater van het PF 

gebied tijdens de diatomeeen voorjaarsbloei, bevestigden het gedeelte van John 

Martin's Fe hypotheses, waarin hij stelt dat de toevoer van opgelost Fe aan het 

oppervlaktewater in de HNLC gebieden leidt tot een verhoogde primaire 

productie en een extra opname van C02 uit het water door het fytoplankton. 

Maar niet aIleen de Fe concentratie was essentieel voor het ontstaan van de 

voorjaarsbloei. Naast de verhoogde Fe concentratie was de stratificatie 

(gelaagdheid) van het oppervlaktewater en daarmee de hoeveelheid beschikbaar 

licht voor het fytoplankton in de bovenste waterlaag tijdens de bloei 

toegenomen. De combinatie van een hoge Fe concentratie met verbeterde 

lichtomstandigheden en een trage respons van het zooplankton dat diatomeeen 

eet, kunnen als oorzaak voor het ontstaan van de voorjaarsbloei van diatomeeen 

gezien worden. 

De concentraties van opgelost Cd, Cu, Ni en Zn in het oppervlakte water 

van het zUidelijke ACC gebied zijn relatief hoog in vergelijking met andere 

delen van de open oceaan. Deze hoge oppervlakte concentraties kunnen worden 

toegeschreven aan de upwelling van UCDW, dat door hoge concentraties van 

spoormetalen en hoofdvoedingsstoffen gekenmerkt is. Een lage primaire 

productie zorgt ervoor, dat het grootste deel van de opgeloste spoormetalen en 

hoofdvoedingsstoffen in het oppervlaktewater blijft en niet door sedimentatie 

van biogeen materiaal (diatomeeen skeletjes, uitwerpselen van grazers) naar het 

diepe water getransporteerd wordt. Aangenomen wordt dat de continue 

zuidwaartse toename van de concentraties van Cu, Ni, Zn en Si in het zUidelijke 

ACC gebied wordt veroorzaakt door een toenemende upwelling van het UCDW 

in zUidelijke richting en een constante primaire produktie. 

Voor de twee HNLC gebieden, het zUidelijke ACC gebied van de Zuidelijke 

Oceaan en de Equatoriale Stille Oceaan zijn de voornaamste Fe bronnen 

berekend. In deze gebieden is de aanvoer van Fe even groot ('" 1.7.10-12 mol m-2 

s-l), maar in het zuidelijke ACC gebied van de Zuidelijke Oceaan domineert het 

opwaartse Fe transport, terwijI in de equatoriale Stille Oceaan atmosferische Fe 

toevoer de voornaamste Fe bron is. 

Tijdens de voorjaarsbloei van diatomeeen in het PF gebied zijn de 
opgeloste spoormetalen Cd, Ni, Cu en Zn en de hoofdnutrienten door het 
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fytoplankton gedeeltelijk opgenomen. Er kon worden berekend, dat de tijdens 

deze opname afnemende Cd/fosfaat verhouding toe te schrijven is aan een 

relatief hogere opname van Cd dan van fosfaat vergeleken met de concentraties 

van het omgevende zeewater. De daarentegen toenemende Cu/Si verhouding 

kan worden verklaard door een, in vergelijking met de concentraties van deze 

stoffen in het omgevende zeewater, relatief hogere opname van Si dan van Cu. 

Maxima van concentraties van spoormetalen tussen 50 en 200 m diepte 

zijn gevonden in het zuidelijke ACC en het PF gebied. De oorzaak voor deze 

maxima in het zuidelijke ACC gebied is waarschijnlijk het door de wind 

aangedreven transport van het zeeijs naar het Zuiden met de daarmee gepaard 

gaande toevoer van zeeijs-diatomeeen uit het smeltende zeei'js in het 

oppervlakte water. Na vrijkomen van de zeeijs-diatomeeen in het 

oppervlaktewater lossen de diatomeeen waarschijnlijk langzaam op. De 

aanwezigheid van maxima aan opgelost organische koolstof en chlorofyl a geeft 

steun aan de aanname, dat algen in oplossing gaan, omdat beide stoffen tijdens 

het oplossen van algen in het water komen. Het voorkomen van chlorofyl b 

bevattende organismen in het oppervlaktewater, waarvan wordt aangenomen 

dat ze uit het zeeijs afkomstig zijn, steunt de aanname dat de oplossende algen 

waarschijnlijk ook uit het zeeijs afkomstig zijn. Terwijl het uit de diatomeeen 

opgeloste Cu en Ni door sterke organische liganden gecomplexeerd worden en zo 

in oplossing kunnen blijven, adsorbeert het opgeloste Mn waarschijnlijk aan het 

oppervlak van de zinkende diatomeeenhuisjes. In een later stadium, als de 

diatomeeenhuisjes bijna geheel in oplossing gaan, gaat ook Mn in oplossing. 

Omdat Zn in de diatomeeenhuisjes ingebouwd is, gaat het ook later, samen met 

Mn, in oplossing. Het ontstaan van Mn en Zn maxima op de pycnocline (een laag 

in het water die gekenmerkt is door een grote gradient in dichtheid, zodat 

zinkende deeltjes er accumuleren) is daarvan het gevolg. Aangenomen wordt, 

dat een verhoogde activiteit van heterotrofe bacterien in een laag van 

accumulerende deeltjes (marine snow) flink bijdraagt aan dit oplosproces. 

Redenen voor deze aanname zijn de minima in transmissie 

(lichtdoorlatendheid, dus een maat voor deeltjes concentratie) en maxima in de 

concentratie van ammonium die op verhoogde heterotrofe activiteit wijzen. 

Voor de gevonden maxima aan spoormetalen in het PF gebied, komen 

drie mogelijke bronnen in aanmerking: (1) aanvoer vanaf de shelf van het 

Zuidelijke Amerikaanse continent, (2) oplossen van atmosferisch stof afkomstig 

van de Patagonische woestijn en (3) oplossen van diatomeeenhuisjes afkomstig 

van een voorafgaande diatomeeen bloei. 
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In het UCDW volgen de spoormetalen Cd, Cu, Ni en Zn de maxima van 

fosfaat en nitraat, welke de UCDW kern kenmerken. De Cd concentratie en ook 

de Cd / fosfaat verhouding nemen in zuidelijke richting met het ouder worden 

van het diep water toe. Van de bestudeerde spoormetalen, correleerde Cu het 

beste met Si in het diepe water. De Cu/Si verhoudingen van de stations in het 

Polaire Front gebied namen veel sterker met de diepte af dan de verhoudingen 

van de stations in het zuidelijke ACC gebied. De relatief sterke afname van de 

Cu/Si verhoudingen met de diepte van de stations in het PF gebied resulteerde 

in significant lagere hellingen van de Cu-Si correIaties van de stations in het 

relatief hoog produktieve Polaire Front gebied (0.013-0.018 nM/~M) in 

vergelijking met de hellingen van de stations in het relatief laag produktieve 

zuidelijke ACC gebied (0.020-0.022 nM/~M). De relatief lage hellingen in het PF 

gebied zijn aan de preferentiele opname van Si door de diatomeeen in het 

oppervlakte water, adsorptie (scavenging) van Cu in het diepe water en de 

hoofdzakelijke aanvoer van Si uit het sediment toe te schrijven. 

Bet LCDW en het AABW zijn gekarakteriseerd door relatief hoge 

concentraties van opgelost Fe, Cu, Ni en Zn, waarbij de hoge concentraties boven 

de oceaanbodem toe te schrijven zijn aan nepheloi:de lagen in het water ontstaan 

tengevolge van opwarreling van sedimentdeeltjes door sterke 

bodemstromingen. Bydrothermale bronnen in de Mid-Atlantische Rug kunnen 

de oorzaak voor maxima van spoormetalen in de middelste waterzuil van het 

LCDW zijn. 

De gemeten Cd en fosfaat concentraties in de Zuidelijke Oceaan vullen 

gedeeltelijk het hiaat tussen de gegevens over Cd en fosfaat concentraties in 

enerzijds de Noord Atlantische en anderzijds de Indische en Stille Oceaan. Met 

deze nieuwe gegevens kan echter nog geen beslissend antwoord worden gegeven 

op de vraag of het bestand aan mondiale gegevens over Cd en fosfaat 

concentraties beschreven kan worden door een lineaire functie of door twee 

verschillende vergelijkingen, en weI een voor de Noord Atlantische Oceaan en 

een voor de Indische en Stille Oceaan. 
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Zusammenfassung 

Die Ozeane sind fur die globale Dynamik des Treibhausgases Kohlendioxid 

(C 02) auBerordentlich bedeutend. Algen nehmen gelostes C02 im 

Oberfliichenwasser auf und wandeln dieses mittels Photosynthese in organisches 

Material urn. Den wohl bedeutendsten Anteil an dieser C02-Umwandlung haben 

Mikro- und Nanoalgen, die nicht wie die meisten Makroalgen auf dem Boden 

des Schelfrandes wachsen, sondern in einer viel groBeren Biomasse im 

Oberfliichenwasser der Ozeane schweben. Ein groBer Teil der Primiirproduktion 

wird durch Zooplankton-Beweidung und Zersetzung durch heterotrophe 

Bakterien wieder remineralisiert. 

Die Aufnahme von C02 durch Algen und dessen Umwandlung zu 

organischen Stoff mittels Photosynthese ist nur moglich, wenn ausreichend 

Niihrstoffe und genugend Licht im Oberfliichenwasser vorhanden sind. Einige 

Ozeane, wie der Sudliche Ozean und der Aquatoriale Pazifik, sind durch hohe 

Konzentrationen an den Grundniihrstoffen gelostem Nitrat, gelostem Phosphat 

und Kieselsiiure (Si) aber niedriger Primiirproduktion charakterisiert. Aufgrund 

ihrer hohen Konzentrationen an Grundniihrstoffen und geringen 

Primiirproduktion werden sie als Hohe Grundniihrstoff Geringe Chlorophyll 

(High Nutrient Low Chlorophyll: HNLC) Gebiete bezeichnet. Der Kontrast 

zwischen den vorhandenen hohen Grundniihrstoffkonzentrationen und der 

geringen Primiirproduktion im Sudlichen Ozean wird auch "Antarktisches 

Paradox" genannt. Ais mogliche Grunde fUr die geringe Algenbiomasse werden 

starke Beweidung durch Zooplankton, Lichtlimitation und zu geringe Eisen (Fe)

Konzentrationen angegeben. Da Fe ein wichtiger Niihrstoff fUr das 

Phytoplankton ist, als unter anderem fur die Synthese von Chlorophyll, wurde 

die Zugabe von Fe ins Oberfliichenwasser als eine Moglichkeit gesehen, die 

Algenbiomasse zu erhohen und dadurch mehr C02 im Ozean zu binden. Diese 

Fe-Hyphothese wird vor aHem mit John Martin t verbunden, der als erster eine 

hohere Fe-Zufuhr im letzten Glazialen Maximum als Grund fur die in dieser 

Zeit relativ niedrigen C02-Konzentrationen in der Atmosphiire anfuhrte. 

Neben der Bedeutung im globalen Kohlenstoffkreislauf spielt der Sudliche 

Ozean eine wichtige Rolle fUr die Verteilung von Nahrstoffen im Tiefenwasser 

des Meeres. Nordatlantisches Tiefenwasser (North Atlantic Deep Water : 

NADW) dringt in das Tiefenwasser des Sudlichen Ozeans, das Zirkumpolare 

Tiefenwasser (CircUInpolar Deep Water: CDW) ein, und teilt dieses in zwei Teile 

und mischt sich mit ihm. Der obere Tei! wird Oberes Zirkumpolares 
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Tiefenwasser (Upper Circumpolar Deep Water: UCDW) genannt. Es ist im Kern 

durch ein Sauerstoffminimum und Grundniihrstoffmaximum charakterisiert. 

Die Hiilfte des CDW, die sich unter dem UCDW befindet, ist das Untere 

Zirkumpolare Tiefenwasser (Low Circumpolar Deep Water: LCDW). Beide 

Wassermassen strbmen als CDW einige Male urn den antarktischen Kontinent, 

bevor sie vermischt mit dem Oberfliichenwasser des Sudlichen Ozeans als 

Antarktisches Bodenwasser (Antarctic Bottom Water : AABW) oder 

Antarktisches Zwischenwasser (Antarctic Intermediate Water: AAIW) wieder 

Richtung Norden, in den Pazifischen, Indischen oder Atlantischen Ozean 

zuruckstrbmen. Algen, die sich vor der Beweidung duch Silikatschalen schutzen 

(Diatomeen), spielen bei der Zirkulation von Niihrstoffen, vor allem Kieselsiiure, 

eine wichtige Rolle im Sudlichen Ozean. Eine kontinuierliche Zufuhr von 

sinkenden Diatomeen sorgt fUr einen Teppich von Diatomeenschalen auf dem 

Boden des Sudlichen Ozeans und, als Folge der teilweisen Auflbsung von 

Diatomeen wiihrend des Absinkens und im Sediment, fur eine Zufuhr von 

vorwiegend Kieselsiiure ins Tiefenwasser. 

In dieser Dissertation wurde die Verteilung von Spurenmetallen und 

Grundniihrstoffen im Sudlichen Ozean untersucht. Spurenmetalle sind Metalle, 

die in sehr geringen, nano- oder pico-molaren Konzentrationen im 

Oberfliichenwasser des Ozeans vorkommen. 1m besonderen wurden die 

Spurenmetalle Mangan (Mn), Eisen (Fe), Nickel (Ni), Kupfer (Cu), Zink (Zn) und 

Kadmium (Cd) behandelt. Bei der Untersuchung der Verteilung der 

5purenmetalle und Grundniihrstoffe wurde speziell auf die Rolle von 

hydrographischen und biologischen Prozessen, dem Schmelzen von Meereis 

sowie auf die Metallzufuhr durch Aerosole und vom Sudamerikanischen Schelf 

eingegangen. Ebenfalls wurde die Bedeutung des Spurenmetalls Fe als einer der 

limitierenden Faktoren fUr die Primiirproduktion im HNLC Gebiet, 5iidlicher 

Ozean, untersucht. Die gemessenen Tiefenwasser Cd- und Phosphat Daten sind 

einem globalen Datensatz beigefiigt, urn die Daten vom Nordatlantik mit den 

Daten vom PazifischlIndischen Ozean zu verbinden und die Frage zu 

beantworten, ob die globalen Cd-Phosphat Daten durch eine lineare Regression 

beschrieben werden kbnnen, oder durch zwei Regressionen, eine fUr den 

Atlantischen Ozean, und eine fUr den Pazifisch/lndischen Ozean. 

Die Daten fur diese Arbeit wurden im Rahmen des internationalen 

Untersuchsprogrammes "Joint Global Flux Study" (JGOFS) wiihrend der 

Antarktischen Ozeanexpedition ANT X/6 im Oktober und November 1992 bei 
6°W zwischen 46° und 59°5 gesammelt. Das Untersuchungssgebiet umfalSt das 
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Polare Front (PF) Gebiet, den siidlichen Antarktischen Zirkumpolaren Strom 

(Antarctic Circumpolar Current: ACC), die Meereisrandzone und die ACC

Weddell-Gyre-Grenz-Front (ACC-Weddell-Gyre Boundary Front). Die PF und die 

ACC-Weddell Wirbel-Grenz-Front sind durch relativ hohe Str6mungen im 

Vergleich mit den angrenzenden Wassermassen gekennzeichnet. Eine 

Diatomeen-Friihjahrsbliite in der PF lieferte die M6glichkeit, die Aufnahme von 

Spurenmetallen und Grundnahrstoffen durch das Phytoplankton zu 

untersuchen. 

1m siidlichen ACC Gebiet waren die gelosten Fe (0.4-1.9 nM) und 

Chlorophyll a « 0.5 /lg 1-1) Konzentrationen in den oberen 100 m relativ niedrig. 

Das kleine Phytoplankton « 2 /lm) dominierte die Phytoplanktongemeinschaft. 

1m PF Gebiet hingegen, waren am Anfang der Friihjahrsbliite die gelosten Fe

Konzentrationen relativ hoch (1-5.5 nM, obere 100 m). Diese relativ hohen Fe

Konzentrationen sind wahrscheinlich auf die Zufuhr von Fe vom 

Siidamerikanischen Kontinentalschelf oder aus Aerosolen aus der Patagonischen 

Wiiste zuriickzufUhren. Die wahrend der Diatomeenbliite gefundene Abnahme 

der gelosten Fe-Konzentration kann durch die aktive Aufnahme von Fe durch 

die Algen erklart werden. Die neben der gelosten Fe-Konzentration ebenfalls 

gesunkene Konzentration an gelostem C02 im Oberflachenwasser unterstiitzt 

jenen Teil von John Martin's Fe-Hypothese, der besagt, dafS die Zugabe von Fe 

zum OberfHichenwasser in den HNLC Gebieten zu erhohter Primarproduktion 

und damit zu einer Netto-Aufnahme von C02 aus dem Wasser durch das 

Phytoplankton fiihrt. Aber nicht nur eine erhohte Fe-Konzentration war wichtig 

fUr das Entstehen der Diatomeen-Friihlingsbliite im PF Gebiet. Neben der Fe

Konzentration, nahm die Stratifikation im Oberflachenwasser zu. Dies fiihrte 

dazu, dafS das Phytoplankton weniger tief in die Wassersaule eingemischt wird, 

und die Menge an verfiigbarem Licht fUr das Phytoplankton zunahm. Nur die 

Kombination von erhohter Fe-Konzentration, verbesserten Lichtbedingungen 

und die trage Reaktion des Zooplanktons, welches Diatomeen beweidet, kann als 

Ursache fUr das Entstehen der beobachteten Diatomeen-Friihlingsbliite 

angesehen werden. 

Die Konzentrationen von gelostem Cd, Cu, Ni und Zn im 

Obermichenwasser des siidlichen ACC Gebietes sind im Vergleich zu anderen 

offenen Ozeangebieten relativ hoch. Diese hohen Spurenmetalkonzentrationen 

sind auf den Auftrieb (upwelling) von UCDW, das selbst durch relativ hohe 

Konzentrationen an Spurenmetallen und Grundnahrstoffen gekennzeichnet ist, 
zuriickzufiihren. Durch das geringe Wachstum von Algen bleibt ein grosser Teil 
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der gelOsten Spurenmetalle und Grundnahrstoffe im OberfHichenwasser und 

wird nicht durch das Absinken von organischem Material, wie 

Diatomeenschalen oder Kotballen von Beweidern, in die Tiefe der Ozeane 

transportiert. Die siidliche Zunahme der Konzentrationen von Cu, Ni, Zn und Si 

im siidlichen ACC Gebiet wird durch den im Siiden verstarkten Auftrieb von 

UCDW bei konstanter Primarproduktion verursacht. 

Fiir das siidliche ACC Gebiet des Siidlichen Ozeans (eigene Daten) und den 

Aquatorialen Pazifik (Literaturdaten), beides HNLC Gebiete, sind in der 

vorliegenden Doktorarbeit die wichtigsten Fe-Quellen berechnet. Beide Gebiete 

sind durch eine ungefahr gleich hohe Fe-Zufuhr (""1.7 0 10-12 mol m-2 s-l) 

gekennzeichnet. Wahrend im siidlichen ACC Gebiet die Fe-Zufuhr mittels 

Diffusion und Auftrieb aus der Tiefe dominiert, ist im Aquatorialen Pazifik die 

atmospharische Fe-Zufuhr die wichtigste Quelle. 

Die beobachtete Abnahme der Konzentrationen der gelOsten 

Spurenmetalle Cd, Ni, Cu und Zn und der Grundnahrstoffe im PF Gebiet 

wahrend der Diatomeenbliite sind wahrscheinlich auf deren Aufnahme durch 

das Phytoplankton zuriickzufiihren. Es wurde berechnet, daB das wahrend der 

Diatomeenbliite abnehmende Cd/Phosphat Verhaltnis im Meerwasser auf eine 

relativ hohere Aufnahme von Cd gegeniiber Phosphat zuriickzufiihren ist. Das 

gleichzeitig zunehmende Cu/Si Verhaltnis kann durch eine relativ hohere Si 

Aufnahme gegeniiber Cu erklart werden. 

1m siidlichen ACC Gebiet und im PF Gebiet wurden zwischen 50 und 200 

m Tiefe Konzentrationsmaxima an Spurenmetallen gefunden. Als Grund fiir das 

Auftreten dieser Maxima im siidlichen ACC Gebiet wird die Abgabe von 

Diatomeen aus dem Meereis in das Oberflachenwasser angesehen, die sowohl 

beim Schmelzen des Meereises als auch beim windinduzierten Transport des 

Meereises in siidliche Richtung geschehen kann. Nach ihrer Abgabe ins 

Oberflachenwasser losen sich die Diatomeen wahrscheinlich auf, was 

gleichzeitige Konzentrationsmaxima an gelOstem organischen Kohlenstoff und 

Chlorophyll a verursacht. Das aus den Meereis-Diatomeen freigesetzte Cu und 

Ni wird im Seewasser mit starken organischen Liganden komplexiert, und bleibt 

so in gelOster Form im Seewasser. 1m Gegensatz dazu wird das gelOste Mn 

wahrscheinlich gleich von den sinkenden, sich auflosenden Diatomeenschalen 

adsorbiert. Erst spater, wenn die Diatomeenschalen beinahe vollstandig aufgelOst 

sind, kommt das adsorbierte Mn, wie auch das in den Diatomeenschalen 

eingebaute Zn ins Umgebungswasser. Auf Grund dieser spateren Auflosung 
finden sich die Konzentrationsmaxima von Mn und Zn meistens in einer 
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groBeren Wassertiefe als jene von Cu and Ni. Die Pyknokline, eine 

Wasserschicht, die durch einen groBen Dichtegradienten gekennzeichnet ist, 

spielt dabei eine wesentliche Rolle. Sinkende, leichte Teilchen konnen auf 

Grund des groBen Dichtegradienten auf der Pyknokline akkumulieren und 

durch Koagulation eine Schicht von Meeresschnee (marine snow) bilden. Dies 

kann die gefundenen Minima in Transmission, ein MaB fUr die 

Lichtdurchlassigkeit und damit indirekt fUr die Teilchenkonzentration im 

Wasser, auf der Pyknokline erklaren. Parallele Konzentrationsmaxima von 

Ammonium, das von heterotrophen Organismen ausgeschieden wird, weisen 

darauf hin, daB die erhohte Aktivitat von heterotrophen Bakterien im 

Meeresschnee einen wesentlichen Beitrag zur Auflosung der Meereis-Diatomeen 

darstellt. 

Fur die gefundenen Konzentrationsmaxima an gelosten Spurenmetallen 

im PF Gebiet kommen drei mogliche Quellen in Betracht: (1) Metalleintrag vom 

Sudamerikanischen Kontinentalschelf; (2) das Auflosen von aus der 

Patagonischen Wuste eingetragenen Aerosolen, und (3) das Auflosen von 

Diatomeenschalen aus einer vorangegangenen Diatomeenblute. 

1m UCDW reflektieren die Spurenmetalle Cd, Cu, Ni und Zn die 

Konzentrationsmaxima von Phosphat und Nitrat, die den Kern des UCDW 

beschreiben. Sowohl die Cd-Konzentration, als auch das Cd/Phosphat Verhaltnis 

nehmen in sudlicher Richtung mit dem Altern des Tiefenwassers zu. Von den 

untersuchten Spurenmetallen, korrelierte Cu am besten mit Si im Tiefenwasser. 

Die Cu/Si Verhaltnisse der Stationen im PF Gebiet nehmen viel starker mit der 

Tiefe ab als die Cu/Si Verhaltnisse der Stationen im sudlichen ACC Gebiet. Die 

relativ starke Abnahme der Cu/Si Verhaltnisse mit der Tiefe der Stationen im PF 

Gebiet resultierte in signifikant niedrigen Anstiegen der Cu/Si Korrelationen der 

Stationen im relativ hoch-produktiven PF Gebiet (0.013-0.018 nM/f.lM) im 

Vergleich zum relativ niedrig-produktiven sudlichen ACC Gebiet (0.020

0.022 nM/f.lM). Die relativ niedrigen Anstiege im hoch-produktiven PF Gebiet 

sind dabei auf die bevorzugten Aufnahme von Si gegenuber Cu durch 

Diatomeen im OberWichenwasser und der Adsorption von Cu an die sinkenden 

Diatomeenschalen im Tiefenwasser zuruckzufUhren. Die langere Verweildauer 

von Cu bei der Auflosung von Diatomeenschalen im Sediment tragt 

wahrscheinlich auch zur relativ starken Abnahme der Cu/Si Verhaltnisse mit 

der Tiefe im PF Gebiet bei. 

Das LCDW und AABW ist charakterisiert durch relative hohe 
Konzentrationen an gelostem Fe, Cu, Ni und Zn. Die hohen 
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Spurmetallkonzentrationen uber dem Ozeanboden sind dabei auf eine 

Nepheloid-Schicht zuruckzufuhren, in der auf Grund von Bodenstromungen 

Sedimentteilchen in die Wassersaule resuspendiert werden. Als mogliche 

Ursache von Konzentrationsmaxima an Spurenmetallen in der mittleren 

Wassersaule im LCDW hingegen werden hydrothermale Quellen auf dem 

Mittelatlantischen Rucken angefiihrt. 

Die gemessenen Cd-Phosphat-Konzentrationen im Sudlichen Ozean fiillen 

teilweise die Lucke zwischen den Daten des Nord-Atlantischen Ozeans und 

denen des Pazifischen/lndischen Ozeans. Das Modell, welches den globale Cd

Phosphat-Datensatz durch eine einzige lineare Funktion beschreibt, weicht nicht 

signifikant von dem Modell ab, das die Daten des Nord-Atlantischen Ozeans und 

die des Pazifischen/Indischen Ozean separat beschreibt. 
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Chapter 1 

General introduction 

Nutrient limitation in the ocean 

Phytoplankton requires nutrients for growth. The nutrients phosphorus 

and nitrogen are essential elements for the synthesis of cellular components such 

as amino acids, proteins, nucleic acids, lipids. The nutrient dissolved silica (Si) is 

essential for plankton forming silica houses for protection such as diatoms and 

radiolarians. While phosphorus is available mainly as phosphate, nitrogen is 

available either in the form of nitrate, nitrite, ammonium or urea. Phosphate, 

nitrate and dissolved silicium (Si) are called major nutrients, because of their 

major importance for the plankton. 

Along with these major nutrients, trace metals are required to sustain 

primary production. Iron is thereby of special interest, because it plays an 

important role in many biochemical processes involved in cell growth (Geider 

and La Roche, 1994), and is found to limit primary productivity in large areas of 

the ocean (Martin, 1990). It is a key element in the respiratory electron transport 

chains (Raven, 1988), and it is essential for the synthesis of chlorophyll (Kudo and 

Harrison, 1997). Furthermore, it is required for the reduction of nitrate and nitrite 

by phytoplankton (Price et al., 1994; Kudo and Harrison, 1997). 

Manganese (Mn) is. an important trace metal as part of superoxide 

dismutase, which protects the DNA from oxygen radicals (DaSilva and Williams, 

1993). It plays an important role also in several other enzymes including DNA 

polymerase I and RNA polymerase (DaSilva and Williams, 1993). Nickel (Ni) is 

found in the enzyme urease (Price and Morel, 1991; DaSilva and Williams, 1993), 

while copper (Cu) is required in the electron transfer (DaSilva and Williams, 

1993; Morel et al., 1994; Sunda and Huntsman, 1995a). Zinc (Zn) plays a role in the 

replication and transcription of nucleic acids (zinc fingers), the hydration and 

dehydration of C02 (carbonic anhydrase), and hydrolysis of phosphate esters 

(DaSilva and Williams, 1993; Sunda and Huntsman, 1995b). 

If the availability of one nutrient decreases, particular species become 

nutrient limited and decrease in abundance. Other species requiring a lower 

amount of this particular nutrient fill the opening niche. Which species is then 

dominating the community depends on the nutrient requirement, its 
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competitive ability to acquire nutrients, its preferences to physical conditions 

such as light, temperature, turbulence and to the prevailing grazers. 

The amount of the three principal elements taken up by the phytoplankton 

is reflected by the average particular molar ratio of C/N/P, which is close to 

105/15/1 (Redfield, 1934) and called 'Redfield-ratio'. Different algal species are 

characterized by an almost constant C/N/P ratio, because of the similar chemical 

composition of the intracellular organelles among different phytoplankton 

species. Deep-sea water has a dissolved chemical composition which is close to 

the Redfield ratio as well, probably reflecting the degradation of phytoplankton. 

However, the Redfield ratio is not a constant, but can differ considerably in 

phytoplankton. For the Southern Ocean, for instance, C/P ratios between 45 and 

151 have been reported (Copin-Montegut and Copin-Montegut, 1978; Martin et 

al., 1991; Treguer et al., 1991). Several reasons for this variation have been put 

forward. The formation of vacuoles by some algae to store phosphate (Walsh and 

Hunter, 1992; Thomas and Corpe, 1993) may be one reason for the varying C/P 

ratio in phytoplankton. Martin et al. (1991) showed, that diatoms have lower C/P 

and C/N ratios if iron (Fe)-limited, whereby the lower C/N ratios are caused by 

the role of Fe in nitrate and nitrite reductase and the lower availability of nitrate 

and nitrite in Fe-limited waters (Price et al., 1994). Also, C02 availability affects 

the chemical composition of the phytoplankton (Burkhard and Riebesell, 1997). 

In comparison to algae, bacteria (cyanobacteria and heterotrophic bacteria) 

have a higher P requirement. Their C/N/P ratio is about 45/9/1 (Goldman et al., 

1987), however, also variable (Fagerbakke et al., 1996; Cotner et al., 1997). Whereas 

algae are known to be mainly nitrate-limited in open ocean areas (Elser and 

Hassett, 1994), bacterioplankton are mostly phosphate- or carbon-limited 

(Obernosterer and Herndl, 1995; Cotner et al., 1997). 

The ratio of trace metals to carbon differs as well. The cellular molar Fe 

requirement (Fe/C) of oceanic diatoms to growth at near maximum specific rate 

ranges between 2.10-6 (Sunda et al., 1991; 8.10-5, Muggli et al., 1996) and 1.10-4 

(Maldonado and Price, 1996). Because of their relatively low surface-to-volume 

ratio for diffusive transport, diatoms are weak competitors for the low amount of 

available ammonium compared to the nanophytoplankton. Diatoms need 

additional Fe for the enzyme nitrate reductase to take up nitrate. Hence, it is 

assumed, that diatoms become Fe-limited at Fe concentrations which are still 

high enough to sustain the growth of nanophytoplankton (Price et al., 1994; 

Maldonado and Price, 1996). 
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The 'Antarctic Paradox' and the importance of the Southern Ocean as storage for· 

carbon dioxide 

Carbon dioxide (C02) plays, besides other greenhouse gases such as 

methane (CH4), nitrous oxide (N20), fluorochloro-hydrocarbons and ozone (03), 

an important role in regulating the climate on earth. C02 absorbs long-wave 

length radiation emitted by the Earth into space, ultimately resulting from 

incoming short-wave length solar radiation (Mitchell, 1989). Atmospheric C02 

levels increased during the last 100 years, mainly due to an increase in the 

combustion of fossil fuels and cement production (after Bakker et al., 1998). 

Because of the absorption of heat by C02 in the atmosphere, the increasing C02 

concentrations are assumed to provoke the co-occurring gradual increase in 

temperature called 'greenhouse effect' (Wigley, 1995). Consequences of this 

heating are the melting of icebergs, glaciers and sea ice leading to an increase of 

the sea level. 

One important storage for C02 is the ocean (Broecker, 1982). Two 

mechanisms are responsible for the transfer of C02 from the atmosphere into the 

ocean, the 'physical' and 'biological pump'. The 'physical pump' is ascribed to the 

sinking of denser relatively cold and/or saline surface water transporting the 

contained dissolved organic and inorganic carbon to the deep sea. The 'biological 

pump' refers to the uptake of C02 and dissolved inorganic carbon by the 

plankton, followed by the sedimentation of biogenic particles. An increase in 

primary production in the surface waters of the ocean could transfer more C02 

from the atmosphere to the deep ocean. International research programs as the 

Joint Global Ocean Flux Study (JGOFS) are studying therefore the ability of the 

ocean to serve as a sink of the anthropogenically produced C02 by focusing on the 

mechanisms controlling primary production, such as nutrient limitation, in the 

different areas of the world's ocean. 

A number of oceanic regions (notably the Southern Ocean and the 

equatorial Pacific) are characterized by surface waters repleted in the major 

nutrients and trace metals Ni, Cu, Zn and Cd (Martin et al., 1990; Westerlund and 

Ohman, 1991; Nolting and De Baar, 1994). Yet, standing stocks of phytoplankton 

remain lower than expected. Only, occasionally, high productivity in restricted 

areas has been observed (Heywood and Priddle, 1987; Smith and Sakshaug, 1990, 

Perissinotto et al., 1992; Sullivan et al., 1993). Grazing (Walsh, 1976; Wheeler and 

Kokkinakis, 1990; Frost, 1991), light limitation (Cullen et al., 1991), but also low 
Fe concentrations are regarded to be responsible for the low productivity in High 
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Nutrient Low Chlorophyll areas (HNLC) (Gran, 1931; Martin and Fitzwater, 1988; 

Cullen, 1991). The paradox of high nutrient concentrations and low 

phytoplankton biomass in the Southern Ocean is called the 'Antarctic Paradox'. 

New production during the last glacial maximum may have decreased 

atmospheric C02 levels by about 80 ppm compared to the Holocene and the 

interglacial period before. Martin (1990) proposed that this reduction in C02 was 

caused by episodic atmospheric Fe input during the last glacial maximum 

enhancing overall primary productivity in the oceans repIeted in major nutrients 

but depleted in Fe. 

The Southern Ocean plays a key role in the Si cycle of the world's oceans 

(DeMaster, 1981; Dugdale et al., 1995), even though the growth of diatoms is 

limited. The seafloor of the Southern Ocean is covered by a carpet of diatom 

frustules, indicating the importance of diatoms for the downward transport of 

trace metals, either incorporated into the soft tissue or scavenged on the outer 

surface of the frustules. Because atmospheric trace metal input is low in the 

Southern Ocean (Prospero, 1981; Duce et al., 1991), the direct downward flux of 

diatoms might be assumed to be the main carrier of trace metals out of the upper 

water column. 

The availability of trace metals 

About a decade ago, it was realized that dissolved (filtered through 0.2 f.lm 

membranes) trace metal concentrations do not reflect the concentrations 

available for the phytoplankton (Anderson and Morel, 1982; Morel and Hudson, 

1985; Hudson and Morel, 1990). Within the dissolved fraction, trace metals exist 

as free hydrated ions, inorganic and organic complexes. Newly developed 

methods, such as the ligand exchange/liquid-liquid partitioning (Moffett and 

Zika, 1987; Moffett et al., 1990), the anodic stripping voltammetry (Coale and 

Bruland, 1988, 1990; Gledhill and Van den Berg, 1994; Van den Berg, 1995), and 

the adsorptive cathodic stripping voltammetry (Rue and Bruland, 1995) made it 

possible to analyze the amount of the organically complexed metal ions. 

The fraction of the free hydrated ions is small, mostly <1% (Coale and 

Bruland, 1988, 1990; Bruland, 1989; Rue and Bruland, 1995; Van den Berg, 1995; 

Achterberg et al., 1997a,b). There is consensus now, that the free hydrated ions are 

available for phytoplankton (Morel et al., 1991), whereas the availability of the 
different inorganic and organic complexes is more complicated (Bruland et aI, 
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1991; Wells et al., 1995). 

The main pool of the ligands are extracellular organic compounds released 

by the phytoplankton to: (1) limit the rapid removal of free trace metals from 

seawater (Bruland, 1989; Rue and Bruland, 1995), (2) to reduce Fe(III) to Fe(II) 

(Wells et al., 1995), and (3) to out-compete other ligands by complexing the 

available trace metals to the exclusion of other phytoplankton species (Reid et al., 

1993; Wilhelm, 1995; Butler, 1998). 

If the trace metals exceed a certain threshold concentration, they become 

toxic to phytoplankton. Under such conditions, ligands such as phytochelatin, 

complex the metals intracellularly and release them into the ambient water 

(Brand et al., 1986; Bruland et al., 1991; Ahner et al., 1995, 1997). 

Phytoplankton influences the distribution of nutrients (major nutrients, 

trace metals etc.) via their nutrient uptake in the surface water. During grazing 

and leaching of the phytoplankton, a part of these nutrients becomes recycled 

again (Lee and Fisher, 1992, 1993, 1994; Fisher and Wente, 1993; Hutchins et al., 

1995; Priddle et al., 1995; Wang et al., 1996) resulting potentially in an alteration of 

the composition and availability of the nutrients. The availability of Fe, for 

instance, can increase due to the digestion of colloidal Fe in the acidic food 

vacuoles of protozoan grazers (Hutchins and Bruland, 1994; Wells et al., 1995; 

Barbeau et aI, 1996). Recycling of Fe can contribute significantly to the available 

nutrient pool leading to enhanced regenerated production (Hutchins et al., 1993). 

The availability of Zn and cadmium (Cd), in contrast, was observed to decrease 

during nanoflagellate grazing (Twiss and Campbell, 1995). 

The distribution of trace metals in the ocean 

In the surface waters, the biota influence the distribution of nutrients via 

ingestion, adsorption and recycling. In the deep water, in contrast, the biota 

influence the distribution of nutrients by sedimentation and dissolution of 

biogenic particles. Most trace metals taken up during primary production (Cd, Zn/ 

Cu, Ni), are therefore depleted in the surface waters and exhibit high 

concentrations in the deep waters. They are called 'nutrient-type trace metals'. 

Because of the continuous addition of the nutrient-type trace metals to the deep 

water, their concentrations are increasing with increasing age of the deep water in 

the conveyer belt system (from the deep Atlantic to deep Pacific Ocean; Boyle et 
al., 1976, 1977; Sclater et al., 1976, Bruland et al., 1978a,b; de Baar et al., 1994). Plots 
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of the concentration of nutrient-type trace metals versus the concentration of 

major nutrients can result in linear relationships, because of the coupled cycling 

of these trace metals with the cycling of major nutrients. Among all trace metals 

and major nutrients in seawater, dissolved Cd exhibits a distribution which is 

closely correlated with that of phosphate (Hester and Boyle (1982). 

Goldberg (1954) introduced the term 'scavenging' as adsorptive removal of 

positively charged dissolved trace metals by negatively charged marine particles. 

Trace metals (Mn, AI), which are scavenged, exhibit vertical concentration 

profiles with an increased surface water concentration and depletion with depth. 

Their concentrations tend to decrease with increasing age of the deep water from 

the Atlantic Ocean to deep Pacific Ocean waters, because of their continuous 

adsorptive removal by sedimenting particles (Orians and Bruland, 1985). 

Whether a trace metal shows a nutrient-type profile or a scavenging-type 

profile, depends on which of the two mechanisms prevail. Manganese (Mn), for 

example, shows a typical scavenging profile although it is taken up actively by 

phytoplankton. Copper, exhibiting an overall nutrient-type profile, is influenced 

by intermediate and deep water scavenging (Fowler and Knauer, 1986; Sherrell 

and Boyle, 1992; Saager et al., 1992). 

Biological uptake and dissolution of sinking biogenic particles (diatoms, 

foraminifera, fecal pellets) determine the distribution of nutrient-type trace 

metals. Scavenging of trace metals on biogenic and abiotic sinking particles 

determines the distribution of the scavenging-type trace metals. However, the 

distribution of trace metals depends also on external factors. 

The distribution of nutrient- and scavenging-type trace metals can be 

influenced by the transport of trace metals within the different water masses. 

Water masses with different trace metal loading overlying each other can cause 

extremes in the vertical distribution of trace metals. Yeats et al. (1995) reported 

such a distribution pattern, with concentration minima of Ni and Cd in the 

NADW of the South Atlantic Ocean. 

Atmospheric input of trace metals (Prospero, 1981; Duce et al., 1991) 

increases mainly the trace metal concentrations in the surface waters, whereby 

the solubility of the trace metals in the aerosols varies between 1 and 99 %. As 

most of the industrial emission takes place in the northern hemisphere, the 

concentration of atmospheric dust in the atmosphere decreases from north to 

south. Although atmospheric dust supply is low in the Southern Ocean, it can be 

an important source for trace metals. Since aerosols are accumulated on top of the 

ice, their release into the surface water during melting increases the 
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concentration of trace metals in the upper water column due to their partial 

dissolution. Iron input during sea ice melting is regarded to be one factor 

responsible for the formation of ice-edge spring blooms (Martin, 1990; Sedwick 

and DiTullio, 1997). 

Once organic matter reaches the sea floor, it becomes decomposed and 

releases trace metals into the bottom water (Widerlund, 1996). This process, called 

diagenesis, requires oxydants. When the electron acceptors oxygen and nitrate 

have been consumed in the sediment, Mn(III, IV) and Fe(III) oxides are used as 

oxidants. Because the reduction of these oxides takes place below the oxygen 

containing surface layer of the sediment, the formed Mn(II) and Fe(II) diffuse 

upwards. Where they are reoxidized in this upper oxygenated sediment layer. 

Part of these upward diffusing reduced trace metals may eventually escape into 

the overlying water, increasing their concentrations in the bottom water (Chester, 

1990). 

Another source and sink of trace metals in the mesopelagic water column 

are hydrothermal vents (Coale et aI., 1991; Humphris et aI, 1995). They occur 

along the ridges of the seafloor due to intense tectonic activity. When active, 

these vents inject trace metals into the water, causing enrichments which can be 

observed over long distances (e.g. Mn up to 2000 km). Trace metals such as Ni, Cu 

and Zn are incorporated in the Fe oxides and hydroxides formed at such vent 

sides, or precipitate mainly as sulphides near the hydrothermal vents. 

Besides the importance of Mn as a tracer of hydrothermal activity, its high 

redox activity can lead to the formation of concentration maxima in the surface 

and deep water (Johnson et aI., 1996). Photoreduction of Mn(IV) oxides can form 

Mn(II) maxima in the surface water. In the deep water, the reduction of biogenic 

material sedimenting through an oxygen minimum zone can lead to Mn(II) 

maxima. 
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The use of the Cd/phosphate relationship in paleoceanography 

The close correlation between the concentration of dissolved Cd and 

phosphate (Boyle et al., 1976; Martin et al., 1976; Bruland et al., 1978a; Bruland, 

1980; Knauer and Martin, 1981; Bruland and Franks, 1983) led Hester and Boyle 

(1982) to suggest a linear relationship between the global Cd and phosphate data. 

Cadmium is incorporated into foraminiferal shells in proportion of the ambient 

seawater Cd/Ca ratio (Boyle, 1981; Hester and Boyle, 1982; Delaney, 1989). By 

combining the Cd/Ca ratio in benthic foraminifera and the global Cd/phosphate 

relationship, the paleoceanographic distribution of phosphate can be calculated 

(Boyle, 1986; Boyle and Keigwin, 1987; Saager and de Baar, 1993; Mashiotta et al., 

1997). 

However, it has been questioned, whether the global Cd-phosphate data set 

can be described by a single linear relationship or by two different relationships, 

one for the Atlantic Ocean and one for the Pacific/Indian Ocean (Bruland and 

Franks, 1983; Frew and Hunter, 1992, 1995; De Baar et al., 1994; Frew, 1995; Yeats et 

al., 1995). New Cd- phosphate data from the deep water of the Southern Ocean 

were needed to fill the gap between the two clusters of data sets of the Atlantic 

Ocean and Pacific/Indian Ocean. 

Scope of the thesis 

In order to evaluate the influence of Fe addition by sea ice melting for the 

primary production of the Southern Ocean, water samples were collected 

following the Marginal Ice Zone (MIZ) in austral spring 1992. The expectation was 

that during sea ice melting aerosols accumulating on the sea ice during winter are 

added into the surface water. Fe should be released into the surface water during 

the dissolution of the added aerosol particles, enhancing the concentration of 

available Fe for phytoplankton. 

During successive transects, the Polar Frontal region (PFr) was crossed as 

well. The development of a diatom spring bloom in this region offered the 

possibility to study the trace metal and major nutrient uptake by the 

phytoplankton and its consequent effect on the trace metal and major nutrient 

distributions during dissolution of biogenic particles in the deep water column. 

By comparing the trace metal and major nutrient concentrations in the PPr with 
those in the southern Antarctic Circumpolar area (sACC area), characterized by a 
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relatively low primary productivity, differences in the slopes of relationships 

between trace metals and major nutrients were attributed to the varying 

importance of biological uptake, scavenging, remineralization, and dissolution of 

sedimenting particles for trace metals and major nutrients. 

Furthermore, focus was put on the effect of the hydrography on the 

distribution of trace metals and major nutrients in the Southern Ocean since this 

region is characterized by different deep-water masses crossing each other. North 

Atlantic Deep Water (NADW) penetrates into the Circumpolar Deep Water 

(CDW), the deep water of the research area in the Southern Ocean. NADW 

divides the CDW into an upper and a lower part: the Upper Circumpolar Deep 

Water (UCDW) and the Low Circumpolar Deep Water (LCDW). The UCDW, is 

characterized by an oxygen minimum and a major nutrient maximum. Antarctic 

Bottom Water (AABW) formed by the Weddell Sea Bottom Water flows 

northward under the LCDW. During the Joint Global Ocean Flux Study (JGOFS) 

Antarctic Ocean expedition ANT/X6 aboard R.V. Polarstern , filtered, unfiltered 

and particulate trace metal concentrations were analyzed and compared with 

biological and hydrographic data obtained by other cruise members (CD-ROM in 

Deep-Sea Res. 44/1-2, Rommets et al., 1997). 

Thesis outline 

In chapter 2, the advective and atmospheric Fe input into the surface water 

of the southern Antarctic Circumpolar Current (ACC) area and the northeast 

Pacific Ocean is estimated. Both High Nutrient Low Chlorophyll (HNLC) areas 

were compared for these two main Fe sources. By following the dissolved Fe 

concentrations in the PFr at the onset of the diatom spring bloom and within the 

peak of the bloom, the importance of dissolved Fe for the primary production in 

the Southern Ocean could be elucidated. Iron sources from the South American 

shelf and atmospheric dust from the Patagonian desert are likely to be responsible 

for periodic high Fe concentrations in the surface waters of the Polar Frontal 

region (PFr) inducing pulses of enhanced primary production. Relatively high Fe 

concentrations in the deep waters near the seafloor are ascribed to an existing 

nepheloid layer. Hydrothermal sources for Fe originating from the Mid-Atlantic 

Ridge are discussed as well. 
In chapter 3, the importance of primary production for the Cd- phosphate 

distribution in the surface water is described. Estimates for the Cd and phosphate 
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gross uptake and recycling during a diatom bloom are presented. The importance 

of the Upper Circumpolar Deep Water (UCDW) circulation for the Cd and 

phosphate surface and deep water distribution is shown. Furthermore, the deep

water Cd and phosphate concentrations and the Cd/phosphate ratio, both 

increasing towards the south, are described. The ranges of the Cd and phosphate 

concentrations and of the Cd/phosphate ratios for the different water masses are 

reported. 

In chapter 4, deep water Cd and phosphate concentrations obtained in this 

study and from the literature are pooled in a global data set after evaluating their 

quality. It was tested, whether the global Cd/phosphate data set is best described by 

a single Cd/phosphate relationship or by two different linear relationships, one 

for the Atlantic Ocean data and one for the Pacific/Indian Ocean data. 

In chapter 5, the relationships among the trace metals Ni, Cu, Zn and the 

major nutrients nitrate, phosphate and dissolved silica (Si) are discussed. The 

effect of a diatom bloom on the Cu and Si distribution in the surface and deep 

water is estimated. Furthermore, the influence of the hydrography on the trace 

metal and major nutrient distribution of the deep-water is described. 

Hydrothermal sources for the trace metals are discussed as well. 
In chapter 6, evidence is presented that the observed subsurface maxima of 

Ni, Cu, Zn and Mn in the upper water column can be attributed to leaching of 

sedimenting sea ice diatoms added into the surface water during sea ice melting 

and the advective transport of sea ice to the south. Re-adsorption of already 
remineralized Mn onto sinking diatom frustules is described. The potential role 

of marine snow formation for the distribution of trace metals is indicated. 
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The distribution of Fe in the Antarctic Circumpolar Current 

Abstract--The large scale distributions of dissolved and total Fe in upper and deep 

waters of the Antarctic Circumpolar Current exhibit strong relationships with 

hydrography and biological processes. The mean dissolved Fe concentrations are 

low in upper water (0.31-0.49 nM; with a minimum of 0.17 nM) of the Antarctic 

Circumpolar Current and higher (averaging 1.1-1.9 nM) in the Polar Frontal 

region. Enhanced dissolved upper water concentrations in the Polar Frontal 

region are attributed to input from the continental shelf and coincide with 

phytoplankton spring blooms. Effects of sea-ice melting and iceberg melting on 

the Fe concentrations were relatively small. 

Dissolved deep-water concentrations (> 400 m) in the Antarctic 

Circumpolar Current ranged from 0.4 to 2.8 nM. Circumpolar Deep Water has 

relatively high dissolved Fe concentrations in the Polar Frontal region (0.4 to 

2.8 nM), compared with deep waters further to the South (0.6 to 1.1 nM). 

Similarly, total dissolvable (unfiltered) Fe concentrations in the Upper 

Circumpolar Deep Water tend to decrease southward from the Polar Frontal 

region. In the Lower Circumpolar Deep Water total dissolvable Fe concentrations 

are higher than in the Upper Circumpolar Deep Water due to the existing 

nepheloid layer and sources on the Mid-Atlantic Ridge. Dissolved and total 

dissolvable Fe concentrations in the Antarctic Bottom Water are higher than 

those of other water masses in the Antarctic Circumpolar Current, consistent 

with the nepheloid layer as well as diagenetic input from shelf sediments. 

The High-Nutrient/Low-Chlorophyll areas of the Antarctic Ocean and 

Northeast Pacific Ocean have different major Fe input sources of similar 

magnitude. In the Antarctic Circumpolar Current upward transport of Fe is the 

main input source, whereas in the North Pacific Ocean aerosols are the 

dominant source. 

Based on:
 

Uischer. BM, De Baar. HI W.• De Jong, f. T.M., Veth, C. and Dehairs, F. (1997)
 

Deep-Sea Res. II 44: 143-188.
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Introduction 

Iron is a remarkable chemical element, exhibiting very high abundance in 

the continental crust (Taylor, 1964), but extremely low concentrations in modern 

oxygenated seawater (Gordon et a1., 1982; Landing and Bruland, 1987; Saager et a1., 

1989; Martin et a1., 1989, 1990a, 1993). The primordial ocean under an oxygen-free 

atmosphere likely exhibited very high concentrations of reduced dissolved Fe(II) 

readily available for incorporation in biota during the first stages of biological 

evolution (Staley and Orians, 1992). This has led to Fe having several key 

functions in all biota as known nowadays. For example the similar high 

availability of dissolved sulfide S(II) in the old oceans now appears consistent 

with the ubiquity of the Fe-S-rich ferredoxin in all biological systems 

(Wiichtershiiuser, 1992; Russell et aI., 1993). However, largely due to 

photosynthesis eventually an oxygenated atmosphere and ocean have evolved, 

where Fe is very unstable in solution as it tends to precipitate out into solid 

Fe(III) phases. Consequently in modern open ocean waters the very low 

abundance of dissolved Fe, largely due to plant evolution, may have become 

limiting for plant life itself. Nevertheless in anaerobic marine sediments or 

semi-enclosed basins high concentrations of dissolved Fe(II) are known to persist, 

whereas photochemical reduction may also lead to substantial concentrations of 

Fe(II) in surface waters. 

Continental inputs of Fe into the oceans occur via fluvial (Martin and 

Meybeck, 1979) and atmospheric pathways (Hodge et a1., 1978; Prospero, 1981; 

Moore et a1., 1984; Duce, 1986; Martin and Gordon, 1988; Duce and Tindale, 1991; 

Duce et aI., 1991; Zhuang et a1., 1992), while ice-rafting plays a role in polar 

regions (Martin et aI., 1990a; Nolting et aI., 1991; Westerlund and Ohman, 1991). 

However, most of this land-derived material is highly refractory and remains in 

the particulate form with little alteration, eventually depositing in deep sea 

sediments, e.g., the aeolian red clay sediments of the central gyres. Also, the 

rather high dissolved Fe in river waters largely flocculates out in estuaries 

(Sholkovitz, 1978). Apart from continental input, dissolved Fe(II) diffuses out of 

reducing marine sediments (Kremling and Peterson, 1978; Murray and Gill, 1978; 

Froelich et aI., 1979), which in combination with resuspension of particulate Fe 

contributes to the existence of nepheloid layers (Symes and Kester, 1985; Hong 

and Kester, 1986). Hydrothermal input discharging at the ridge axis is the major 

source for Fe and other metals in metalliferous sediments depositing on Mid
Ocean Ridges (Heath and Dymond, 1977; Rona et aI., 1984; Damm et aI., 1985a, b; 
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Hudson et al., 1986; Thomson et al., 1988). Obviously the overall input of 

dissolved Fe into open ocean waters is extremely low, most notably in the 

Antarctic Ocean where the aeolian and riverine input are smallest. 

From thermodynamic considerations (Stumm and Morgan, 1981; Byrne et 

al., 1988), dissolved Fe is expected to become oxidised into insoluble 

oxyhydroxides in oxygenated seawater. Hence Fe and other redox metals (e.g. Mn, 

Ce, Co) may disappear rapidly by oxidative scavenging, although in oligotrophic 

oceanic regions with extremely low abundance of biogenic particles, the residence 

time of dissolved Fe still may be significant. 

However, most of the dissolved Fe, i.e. that fraction that passes through a 

filter with 0.2 or 0.4 !lm pore size, may well be present as colloids (Wells and 

Mayer, 1991). Obviously iron exists in a variety of physicochemical forms, where 

filtration serves only as an operationally defined cut-off in the continuum from 

true solution to real particles (Wells et al., 1995). Even for the truly dissolved 

phase it has been estimated that more than 99 % of the Fe may be bound to 

natural organic complexing ligands (Van den Berg, 1995; Rue and Bruland, 1995) 

which would greatly affect the assimilation rate by phytoplankton. In the current 
study neither colloids nor dissolved organic moieties have been assessed and the 

measured dissolved Fe as defined by the O.4!lm nominal pore size of the 

membrane filters is taken to be the relevant variable for biological processes. 

Iron is an essential element for phytoplankton growth, hence overall oceanic 

productivity. It is a key element in the respiratory electron transport chains 

(Raven, 1988), essential in the synthesis route of chlorophyll (Chereskin and 

Castelfranco, 1982) and in the reduction of nitrate and nitrite (Timmermans et 

al., 1994; Van Leeuwe et al., 1996) as required to produce amino acids for 

incorporation into proteins. With respect to the Antarctic Ocean, it has been 

suggested that due to above mentioned low input of Fe into surface waters, the 

growth of plankton might be limited (Gran, 1931; Martin and Fitzwater, 1988; De 

Baar, 1994). This would be one explanation for the 'Antarctic paradox', i. e. the 

question why the ocean around Antarctica has such high concentrations of the 

major nutrients nitrate, phosphate and silicate and nevertheless a low 

phytoplankton biomass. The answer is gradually becoming clear. Several factors 

conceivably limiting algal growth have been hypothesized (Cullen, 1991; Lancelot 

et al., 1993), of which the most important are: 

- light limitation of phytoplankton growth because of the great mixing depth, low 
insolation during ""inter, sea-ice cover and cloud cover (Cullen et a1., 1992); 
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- grazing control as a loss term of the plankton (Walsh, 1976; Wheeler and 

Kokkinas, 1990; Frost, 1991) and 

- limiting concentrations of Fe (Gran, 1931; Martin et al., 1990a,b; Martin, 1991; 

1992). 

Although these explanations have sometimes been regarded as alternatives, it is 

obvious that different factors always act simultaneously (Hart, 1934; 1942; De Baar 

et al., 1989, 1990, De Baar 1994), albeit differently for separate parts of the algal 

size-spectrum also in relation to size and succession of zooplankton grazers 

(Burna et al., 1991; Riegman et al. 1993). At present, it appears that light limitation 

combined with intense grazing controls the biomass of small algae, which by 

predominantly growing on recycled ammonia, would have an about 40 percent 

lower cellular iron requirement (Raven, 1990). Obviously the success of large 

algae is just as well affected by light conditions, but the low availability of Fe 

appears to pose severe restrictions as well on the growth rate and biomass of the 

larger phytoplankton species, such as large diatoms. This is partly due to the role 

of Fe in nitrate- and nitrite reductase (Price et al., 1994; Timmermans et al., 1994). 

Moreover, diffusion limitation would in general restrict Fe-uptake by larger 

phytoplankton which has a lower surface-to-volume ratio for diffusive transport 

versus rate of growth (Morel et al., 1991; Hudson and Morel, 1993; Ki0boe, 1993). 

Surface waters of the equatorial Pacific Ocean and the subArctic Pacific and 

Atlantic Oceans also exhibit appreciable concentrations of major nutrients 

nitrate, phosphate and silicate, albeit not nearly as high as in the Antarctic Ocean. 

These so-called High Nutrient Low Chlorophyll (HNLC) regions contrast the 

central gyres of the temperate oceans where depletion of major nutrients is 

common and appears consistent with generally very low biological productivity. 

The open waters of the Southern Ocean largely exhibit similar low productivity, 

i.e. are just as oligotrophic, but local 'pulse areas' of enhanced productivity do 

exist (Holm-Hansen et al., 1977; Sakshaug and Holm-Hansen, 1984; Heywood and 

Priddle, 1987; Smith and Sakshaug, 1990; Perisinotto et al., 1992; Sullivan et al., 

1993). The location and season of such natural pulse areas may provide more 

insight into the production-limiting factors. 

In the Northeast Pacific and North Atlantic Oceans (Martin et al., 1989; 

1993) the very similar shape of vertical profiles of Fe and major nutrients at first 

glance suggests that Fe is strongly involved in the biological cycle with 

presumably fairly constant proportion to the major elements N, P and Si. 

However, these reported deep Fe concentrations are uniform at about 0.6 nM in 

both oceans, in contrast with the increasing concentrations of the nutrients and 
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recycled trace metals (Cd, Zn, Cu, Ni) with increasing age of the deep Atlantic to 

deep Pacific waters (Boyle et ai, 1976, 1977, 1981; Seater et aI., 1976; Bruland et al. 

1978a, b; Moore, 1978; Bruland, 1980; Bruland and Franks, 1983). Also various 

other data-sets suggest any relation of dissolved Fe with plant nutrients (Symes 

and Kester, 1985; Landing and Bruland, 1987; Saager et al. 1989; Nolting et aI., 

1991) to be far from straightforward. Obviously different water masses in various 

oceans have very different iron distributions due to different circulation and 

biogeochemistry. Most notably the distribution of Fe within the ocean interior is 

dominated by redox-processes (Landing and Bruland, 1987; Saager et aI., 1989) and 

particle reactive scavenging (Balistrieri et aI., 1981), as alluded to by Symes and 

Kester (1985): "However, since iron is chemically more reactive, one would 

expect the factors controlling the iron distribution to be more complex than those 

associated with silicate". In the Southern Ocean the major nutrients are not 

completely depleted in surface waters and there is not an a priori expectation of a 

correlation between dissolved Fe and the major nutrients. Currently, reliable 

data sets of dissolved Fe are scarce though. Contamination during sampling and 

extraction still is a critical problem for investigating the distribution of Fe in 

seawater. 

In austral spring (October/November 1992), samples were collected to 

observe the distributions of dissolved as well as total Fe in surface « 400m) and 

deep waters of the Antarctic Circumpolar Current (ACC) along an -1000 km line 

of stations at each full degree latitude along the 6°W meridian. In addition 

particulate material was also collected in upper waters by filtration. Samples of 

sea-ice, surface snow and brine were collected in order to assess their potential Fe 

contribution to the upper water during melting. Deep waters were sampled not 

only for the sake of determining the deep Fe distributions in the ACC but also to 

allow assessment of upward transport in this largest upwelling system of the 

world ocean. 
Upon a brief description of the hydrography, the concentrations of 

dissolved and total Fe in upper and deep waters of the ACC are reported, with 

special emphasis on the Polar Frontal region (PFr). Then the various conceivable 

sources of Fe for upper and deep waters are evaluated in relation to the 

requirements for biological growth in compartments of the plankton ecosystem. 

Some of the findings have been summarised briefly elsewere (De Jong et aI., 1994; 

De Baar et aI.; 1995). Here sampling, methods and actual data are presented and 

treated in detail, including the deep water data and particulate Fe results. Other 
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trace metals (dissolved Cd, Cu, Ni and Zn as well as the metals in particulate 

matter) as studied during ANT X/6 will be presented in subsequent chapters. 

Sampling and Methods 

Samples were collected during the austral spring from 4 October to 25 

November 1993 during the Joint Global Ocean Plux Study (JGOPS) Antarctic 

Ocean expedition ANT /X6 aboard RV Polarstern (Pig. 2.1). The first transect 

started at Punta Arenas (Chile) and followed the ACC eastward until the 6°W 

meridian was reached. There, consecutive north-south sections were 

investigated along the 6°W meridian from 47°S to 59oS including the PPr and the 

Weddell Sea Gyre. Between transect 5 (station 887 to 907) and 11 (station 930 to 

969) on average 18 days passed, during which the development of a spring bloom 

could be followed (station locations and numbers according to Smetacek et al., 

1996). 

Seawater samples were taken with precleaned GoPlo samplers (12 L) 

mounted either on a 10 mm kevlar hydrowire (40-400 m) or on an all-Teflon 

coated CTD/Rosette frame (> 400 m). At each full degree six samples were 

collected with kevlar wire at standard depths (40-60-100-150-200-400 m) corrected 

afterwards for wire angle using an SIS pressure sensor at the deepest (400 m) 

sampler. Water deeper than 400 m was collected with the CTD/Rosette frame. 

Surface water samples (- 10 m; unfiltered) were taken from a walking bridge 

extending 10 metres beyond the bow of the slowly upwind steaming ship using a 

2 I GoPlo sampler on a small winch with 6 mm kevlar wire. Upon recovery the 

sampler was wrapped in plastic bags, transferred into a Class-100 clean air 

laboratory van and drained into a precleaned storage bottle. Particulate matter 

was collected by filtering 30 to 60 1 of seawater through 142 mm NUclepore filters 

with a pore size of 0.2 11m. The seawater had been taken with a suite of 3-6 I2L 

CoPlo samplers on the CTD/Rosette frame. 

Immediately upon recovery the large 12 L GoPlo samplers were attached to 

the outside of the clean air laboratory van. Teflon tubes were connected to lead 

the seawater into the clean laboratory. Pressure lines, with high purity nitrogen 

gas passing over fine particle arrestance filters, were attached to the top of the 

samplers to allow for filtration by an overpressure of < 1 bar. Inside the clean 

laboratory, seawater was filtered over acid-cleaned Nuclepore or Poretics 
membrane filters (47 mm, 0.4 11m) mounted in all-Teflon (PIPE) filter holders. In 
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addition, seawater samples were taken without filtering. The filtered or 

unfiltered seawater was collected into 1 or 2 I hot-acid-cleaned PE bottles, acidified 
to pH 2 with quartz distilled HN03 and stored. Following Zhuang et al. (1990), 

who reported an increasing dissolution of Fe in marine aerosols with decreasing 

pH of seawater, it can be assumed that for the unfiltered samples, the 

approximately one year storage at pH 2 would allow dissolution of at least some, 

if not most biogenic fractions and surface oxyhydroxides coatings. The refractory 

component of land-derived minerals (clays, sand, etc.) would still be excluded 

from the analysis. 
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Fig. 2.1. Chart of the research area at the 6°W meridian extending from 47° to 59°5, crossing 

the Polar Front at about 49-50°5 and the ACC-Weddell Gyre Boundary at about 58°5. The 

lower graph shows the latitude versus time (days) of the stations numbered 887 to 969 at 

consecutive transects 5/6 and 11, and station 972 of transect 12. Not shown are the initial 

transects 1-4, and intermediate short transects 7-10, see 5rnetacek et ai. (1997). 

At the ice stations, surface snow, ice and brine samples were collected 

using acid-cleaned plastic ware. The samples were placed in a laminar flow clean 
air bench for melting, then acidified and transferred into PE bottles and stored. 
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In the clean laboratory onshore, the samples were pre-concentrated (167.) 

by an APDC/DDDC chloroform extraction in Teflon separatory funnels according 

to Bruland and Franks (1979). The back extraction step was omitted. The extract 

was evaporated to dryness and the residue dissolved in diluted HN03. The 

reagents used were cleaned by four-fold subboiling distillation in quartz stills. 

The final analyte was measured using a Perkin Elmer 5100 PC Graphite Furnace 

Atomic Absorption Spectrophotometer with Zeeman background correction. 

In each session of one day 18 samples and six blanks were extracted. 

Moreover a suite of four spikes with increasing Fe concentrations were added to 

a three times extracted seawater matrix to check the recovery of Fe, which was 

generally higher than 95 percent as determined by linear regression. Results of 

extractions with recoveries of less than 90% were rejected and are not reported. 

Seven examples of daily runs are listed in Table 2.1. The reproducibility of the 

overall analytical procedure, based on 7 triplicates and 21 duplicates, ranged from 
2 to 18 percent. The mean values for each daily run for six blanks ranged between 

0.09 and 0.22 nM. The detection limits, expressed as three times the standard 

deviation of the six daily blanks, ranged between 0.03 and 0.31 nM. In this 
manner about 200 samples had been analyzed in the 1993-1994 period. All 

reported values have been corrected for the corresponding daily mean blank and 

extraction efficiency. 

Table 2.1. Examples of six daily blanks, detection limits (D.L. : three times the standard deviation) 

and extraction efficiency for seven runs. 

Date 17-03-93 10-06-93 18-06-93 22-06-93 15-10-93 30-11-93 18-12-93 

Separatory funnel 

1 0.15 0.17 0.11 0.19 0.11 0.18 0.08 

2 0.18 0.08 0.16 0.11 0.13 0.10 0.11 

3 0.09 0.07 0.12 0.05 0.16 0.11 

4 0.09 0.05 0.09 0.14 0.02 0.11 0.09 

5 0.05 0.11 0.17 0.38 0.02 0.11 0.10 

6 0.13 0.10 0.10 0.21 0.05 0.22 

Average 0.12 0.10 0.12 0.21 0.06 0.15 0.10 

D.L. 0.12 0.12 0.09 0.33 0.12 0.12 0.03 

Extraction efficiency (%) 101 94 91 100 % 99 93 

Coefficient of correlation 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
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In 1995 some stored samples of filtered seawater were re-analyzed using 

the very different Flow Injection Chemoluminescence method after Obata et al. 

(1993), yielding values in excellent agreement with the earlier analyses as 

described. The reliability of the above described shipboard sampling with 12 L 

GoFlo at the 10 mm kevlar wire and filtration was recently confirmed in 1995

1996 expeditions in the Pacific and east Atlantic sectors, now using the shipboard 

analyses after Obata et al. (1993) for final analyses, where very reproducible 

concentrations were found between various depths and stations (De Jong and De 

Baar, unpublished results). 

The particulate matter samples on 142 mm filters were subjected to a 

sequential chemical leaching treatment in the clean laboratory. They were 

immersed in 4.5 M Q-acetic acid for 4 h at room temperature to dissolve adsorbed 

cations, carbonate phases and reactive oxyhydroxides (Landing and Bruland, 1980; 

1987), followed by a digestion in 2 M Q-HCl/1 M Q-HN03 for again 4 h at room 

temperature to dissolve the more resistant Fe (III) oxyhydroxides (Lewis and 

Landing, 1991). The residual refractory material was taken in clean digestion 

vessels and totally digested with 3 ml Q-HCl, 1 ml Q-HN03 and 1 ml ultra clean 

HF. After digestion in a microwave oven they were diluted with 5 ml saturated 

H3B03 to neutralise the strong acid HF (Merck). The last digestion step was tested 

for total destruction with the reference material calcareous loam (BCR No. 141) 

and light sandy soil (BCR No. 142) for the metals Cu and Ni. The obtained values 

agreed with the certified values within the 95% confidence interval. The blanks 

of Fe ranged between 0.43 and 5.67 pM, and between 0.07 and 1.07 nM for the 

acetic acid leaching step and the total destruction step, respectively. The blanks 

for the second leaching step were smaller than 0.01 nM. The detection limits, 

based on three times the standard deviation of the blanks, ranged between 1.57 

and 3.15 pM, 0.6 and 7.8 pM, and 20 pM and 0.88 nM for the acetic acid leaching 

step, the second leaching step and the total destruction, respectively. 

For the total particulate Al data, the seawater samples were collected 

independently by F. Dehairs in the upper 600 m using an all-Teflon coated 

CTD/Rosette frame with NOEX samplers. Typical depths were 10, 50, 100, 150, 

200,250, 300, 350, 425, 500 and 600 m. The seawater was transferred to 30-1 acrylic 

(perspex) filtration units for filtration on Nuclepore membranes ( 47 mm, 0.4 11m 

porosity) using pressure of filtered air. In general between 5 and 24 litres seawater 

were filtered per sample. After filtration, membranes were dried at 50°C and 

stored, freezed in Millipore petri dishes until later analysis. At every station one 
blank membrane was dried and stored as done for the sample membranes. In the 
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home laboratory filter samples were mineralised using a lithium metaborate 

(LiBOz; Specpure, Johnson & Matthey) fusion technique described in detail in 

Dehairs et aL (1990, 1991). Prior to the fusion of the samples in platinum crucibles 

at 1100°C, the polycarbonate matrix of the membrane filters was gently 

combusted at 400°C. After fusion the samples were redissolved in hot (80°C) 

HN03 (Merck, Suprapure) under constant stirring. Final sample solution (10 ml) 

was 8 % in HN03 and 5 % in LiBOz. Al was analysed by simultaneous 

inductively coupled plasma optical emission spectrometry (Jobin-Yvon 48). 

Standards were prepared in a similar HN03/LiBOz matrix as the samples. 

Appendix 1 and 2 contain all data on hydrography and the concentrations 

of nutrients, dissolved (filtered) and total dissolvable (unfiltered) Fe for the 

upper and deep water column, respectively. Total particulate Al concentrations 

are reported in Appendix 3. The particulate Fe concentrations as determined by 

sequential leaching are reported in Appendix 4. 

Hydrography 
Veth et aL (1997) reported in detail on the hydrography during this cruise 

along the 6°W meridian. 

Surface water 

In the research area, three fronts characterized the surface waters of the 

eastward flowing Antarctic Circumpolar Current (ACC) (Veth et aL, 1997): 
the Polar Frontal region (PFr) north of 50oS with a main frontal jet, 

the Polar Front (PF), meandering near 49°S, 

the southern ACC front at the end of the 1.8°C isotherm between 54°S 

and 56°5 (Orsi et aL, 1995), and 

the ACC-Weddell Gyre Boundary Front (AWBF) at about 58°S. 

Compared to the surrounding water masses, they are characterized by their 

relatively higher geostrophic velocity. 

Antarctic Surface Water (AASW) was found south of the PF in the upper 

300 m. AASW exhibited salinities between 33.2 and 34.4, potential temperatures 

ranged between -1.5°C and -O.5°C, and included a remnant layer of Winter Water 

between 150 and 250 m depth not affected by seasonal warming. At station 979 

(45°29'S; 01°08'E), Subantarctic Surface Water (SASW) was found down to about 

200 m depth with salinity between 34.0 and 34.2 and potential temperature 
between 5.2°C and 7.2°C. 
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In this article the term 'surface water' is used to describe only the AASW 

and SASW. The term 'upper water' stands for the waters ~ 400 m depth. It 

contains the surface waters but also the upper part of UCDW. 

Intermediate and deep water 

SASW, AASW and UCDW mix at the PFr to form AAIW which flows 

northward at intermediate depth into the Atlantic, Indian and Pacific Oceans. In 

the T-S diagram (Fig. 2.2) of most northerly final station 979 (45°29'S, 01°08'E) the 

salinity minimum of 34.2 between 230 and 670 m and the potential temperature 

between 2.9 and 5.2°C indicate the core of the AAIW. 
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Fig. 2.2. T-5 diagram of station 979 at 45°29'5, 01°0S'E. 

North Atlantic Deep Water (NADW) with relatively high salinity 

penetrates into the Circumpolar Deep Water (CDW) which represents the deep 

water of the Southern Ocean. NADW divides the CDW into the Upper 

Circumpolar Deep Water (UCDW) and the Lower Circumpolar Deep Water 

(LCDW). Orsi et al. (1995) characterized UCDW as the deep water layer between 

the isopycnals 27.35 kg m-3 and 27.75 kg m-3 It contains an oxygen minimum and 

a nutrient maximum (Whitworth and Nowlin, 1987). NADW is identified by a 

salinity maximum above 34.73 and a major nutrient minimum followed by 
LCDW (Whitworth and Nowlin, 1987). Antarctic Bottom Water (AABW), 
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formed from Weddell Sea Bottom Water coming out of the Weddell Sea, flows 

northward under the LCDW. It is characterized by a potential temperature lower 

than O°C and a salinity above 34.6 (Carmack and Forster, 1975). 

Distribution of iron in the upper water column 

Dissolved Fe in upper waters outside of the frontal regions 

The AASW south of the PF can be considered representative of the vast 

Antarctic Ocean, particularly with respect to biological productivity. Dissolved Fe 

concentrations were on average as low as 0.48 nM (transect 5, Fig. 2.3a) and 

0.31 nM (transect 11, Fig. 2.3b) at 40-300m depth. The minimum for dissolved Fe 

was 0.17 nM at 51°5. During final section 11 somewhat higher dissolved Fe at 

- 1 nM was encountered at 54°5 and may be attributed to some input due to 

previous spring melting of sea-ice. Dissolved Fe concentrations increased with 

depth and at 200-400 m depth reached values consistent with ACC dissolved 

deep-water concentrations ranging from 0.6 to 1.1 nM. Martin et al. (1990a) 

reported dissolved Fe concentrations ranging from 0.10 nM to 0.26 nM for the 

upper waters (30-300 m) in offshore Drake Passage waters, with 0.40-0.76 nM at 

550-1450 m intermediate depths, while rejecting higher values of 0.52-1.55 nM 

over the entire 1850 m profile. 

Total dissolvable Fe in surface waters outside of the frontal regions 

The concentrations of total dissolvable Fe within the first 10 m depth are 
about 2.0 nM south of the PFr at transect 5 (at 52° and 53°5) (Fig. 2.4a) and are 

similar at transect 11 (53°5) (Fig. 2.4b). North of the PFr the total dissolvable Fe 

concentration at transect 5 reaches 2.6 nM (at 47°5), whereas along transect 11 

values range between 0.6 and 1.1 nM (at 47°, 48° and 49°5). 

Dissolved Fe in upper waters of the PFr 
In the more rapidly eastward-flowing PFr the average concentration of 

dissolved Fe is 1.87 nM (transect 5, Fig. 2.3a), then decreasing as spring develops 

to an average of 1.14 nM (transect 11, Fig. 2.3b). Latter decrease is consistent with 

significant uptake and removal of Fe from seawater, this being supported by a 

depletion of 234Th in transect 11 (Rutgers van der Loeff et al., 1996). In the section 

plot of dissolved Fe along the 6°W meridian at combined transects 5 and 6 the 
pronounced Fe maximum at 48-500 S in the upper 150 m is ascribed to shelf 
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sources. Similarly, in the more enclosed Weddell Sea Westerlund and Ohman 

(1991) reported values ranging from 0.24 to 5.59 nM, whereas Nolting et al. (1991) 

found about 1.5-4 nM in the Scotia Sea, which apparently was influenced by the 

Weddell Sea at the front of the Weddell-Scotia Confluence. For waters in 

Gerlache Strait near the Antarctic Peninsula higher concentrations at about 7 nM 

have been found (Martin et al., 1990a) whereas at the extensive shelf around the 

Signy Island the dissolved Fe just after sea-ice retreat was as high as - 50 nM at a 

shallow station, very similar to concentrations in near shore waters of for 

example the North Sea. 
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Fig. 2.3. Section plot of dissolved Fe in the upper water column along the 6°W meridian: (a) 

at combined transect 5 and 6; (b) at transect 11. 
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Total dissolvable Fe in surface waters in the frontal regions 

Within the three fronts passed during this cruise, the total dissolvable Fe 

concentrations are higher than in the rest of the surface ACC waters. In the PFr 
the total dissolvable Fe reaches a concentration of 4.4 nM and 5.6 nM for transect 
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5 at 50°5 (Fig. 2.4a) and 11 at 50°5 (Fig. 2.4b), respectively. In the sACC front it 

reaches 7.4 nM at transect 5. Input within the Marginal Ice Zone (MIZ) due to sea

ice melting was observed during transect 11 at 59°5, with a total dissolvable Fe 

concentration of 2.0 nM. 

Distribution of iron in deep waters (> 400 m) 

Dissolved Fe in deep waters 

In the sACC area (51-56°5) the Circumpolar Deep Water (upper and lower) 

shows dissolved Fe ranging from 0.6 to 1.1 nM at one station (56°11'5, 12°24'W) 

and 0.7-1.1 nM at another station (53°58'5, 06°00'W) (Table 2.2). This is similar to 

dissolved deep concentrations of Fe in the deep equatorial Pacific Ocean (mean at 

- 0.5-1.5 nM for range of 0.44-2.6 nM; Landing and Bruland, 1987), the deep NW 

Indian Ocean (- 1-2 nM; Saager et al., 1989), the N. Atlantic Ocean south of 

Iceland (0.3-0.64 nM, Martin et al., 1993), the NW. Atlantic (0.4-0.8 nM, Wu and 

Luther, 1994) and in the deep NE-Pacific (0.6-0.7 nM, Martin et al., 1989) 

(Table 2.3). In the area of the PFr the deep Fe concentrations, especially at the 

station at 48°41'5 near the jet of the PF, do reach higher values (0.4-4.1 nM) 

presumably due to Fe input from shelf sources as discussed below. 

Total dissolvable Fe in Antarctic deep waters 

Total dissolvable Fe concentrations in the LCDW are always higher than in 

the UCDW, consistent with input at the nepheloid layer and conceivable ridge 

crest sources as discussed below. Dissolved and total dissolvable Fe 

concentrations in the AABW are higher than those of the other water masses in 

the ACC (Table 2.2) due to input out of the nepheloid layer and Fe input from the 

shelf during formation of AABW. Westerlund and Ohman (1991) reported total 

dissolvable Fe concentrations between 1 to 25 nM at the Weddell Sea shelves 

which are the ultimate sites of AABW formation. They demonstrated transport 

of Fe from the shelves into the Weddell 5ea basin, where shelf water contributes 

to the formation of W5DW which forms an important contribution to formation 

of AABW. An increase in the total dissolvable Fe concentration due to the 

existence of a nepheloid layer (as observed from the decrease of the light 

transmission) was found at Antarctic proper stations 866, 917, 911 and 951 

(Fig. 2.5a-d) and at station 979 near the margin of the Cape Basin. 
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Table 2.2. Average deep concentrations of dissolved Fe and total dissolvable Fe. 

Station
 
Research area dissolved Fe (nM) total dissolvable Fe (nM)
 

972 0.4-2.5 (UCDW) 
48°41'5; 06°00'W 1.4-2.7 (NADW) 
PF 1.0-4.1 (LCDW) 
956 1.0 (UCDW) 
50°00'5; 05°58'W 0.6-1.0 (NADW) 
PFr 1.0-6.4 (LCDW) 
951 0.8-2.3 (UCDW) 
52°00'5; 06°01'W 2.0-6.5 (LCDW) 
sACC area 
947 1.7 (UCDW) 
53°58'5; 06°00'W 0.7-1.1 (LCDW) 1.0-2.3 (LCDW) 
sACC area 
911 2.1 (UCDW) 
55°51'5; 06°00'W 0.5-8.5 (LCDW) 
southern ACC front 2.0-16.5 (AABW) 
866 2.2-8.0 (LCDW) 
57°41'5; 06°22'W 3.2-9.7 (AABW) 
AWBF 
917 1.2-3.6 (LCDW) 
58°28'5; 05°58'5 0.7-5.7 (AABW) 
AWBF 
865 1.1 (UCDW) 
56°11'5; 12°24'W 0.6-1.0 (LCDW) 

1.5-6.5 (AABW) 
979 0.5 (AAIW) 
45°29'5; 01°08'E 2.2-2.4 (UCDW) 
Margin Cape Basin 1.9-2.5 (NADW) 

3.8-7.5 (LCDW) 

Sources of iron in the upper water column 

The supply of iron to upper waters is of critical importance for biological 

productivity (Gran, 1931; De Baar, 1994). In Antarctic upper waters the 

concentrations of both the major nutrients and dissolved Fe are only somewhat 

lower than those found in the underlying deep waters. For the major nutrients 

the supply from below by the intense wind-driven upwelling of the Antarctic 

Ocean apparently exceeds the rate of incorporation in biota and subsequent 

removal from upper waters. The supply of dissolved Fe may also be from below 

by upwelling and vertical mixing, but other sources are conceivable. Briefly, four 

different inputs of iron to upper waters can be identified: (i) vertical input from 

below by upwelling and eddy diffusion; (ii) atmospheric input of continental dust 

including input of accumulated dust upon spring melting of sea-ice; (iii) input 

42 



The distribution of Fe in the Antarctic Circumpolar Current 

from melting icebergs, and (iv) lateral input from sediments at continental 

margins. The relative importance of each source term for regions and fronts of 

the Antarctic Ocean can be compared with their significance for the other HNLC 

zones. Here the Southern Ocean will be compared with the subarctic Pacific 

Ocean. 
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Fig. 2.5. Vertical profiles at four stations of total dissolvable Fe compared with data from 

the tranSITliSSOlneter. (a) station 866: 57°41'5; 06°22'W. (b) station 917: 58°28'5; 05°58'W. 

(c) station 911: 55°51'5: 06°00'W. (d.)station 951: 52°01'5; 06°01'W. 
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Vertical input from below by upwelling and mixing 

Vigorous wind-driven upwelling and eddy diffusion in combination with 

somewhat higher deep water concentrations of 0.6 to 1.1 nM (southern Aee area: 

sACC area), are responsible for a larger upward supply of dissolved Fe from deep 

to upper waters in the Ace than in the subarctic Pacific region of the Gulf of 

Alaska. The wind stress in the ACe region is about twice as high as that in the 

northern North Pacific (Trenberth et al., 1990), with a seasonallity where during 

austral winter the wind stress is on average about twice that in summer. For the 

ACC the consistently high wind velocities, the little variation in wind direction, 

the absence of land barriers, and the slightly higher deep water concentrations of 

dissolved Fe, make Ekman pumping about four times stronger than in the North 
Pacific Ocean (Table 2.3). 
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Fig. 2.6. (a) Filtered Fe in the upper 2000 m water column at 56°5, 12°W in the sACC area (these 
data) and at station 'Papa' (SOON, 145°W, Martin et aI., 1989) in the sub-Arctic Pacific, Gulf of 
Alaska. Both datasets were used for the calculation of Fe input into the surface waters by upward 
transport (Table 2.3). (b) Potential density in the upper 2000 m water column at 56°5, 12°W in the 
sACC area (these data) and at SOON, 145°W at station 'Papa' (Martin et aI., 1989). 

In Antarctic waters, density stratification is about five times weaker than in 
the Gulf of Alaska, as indicated by the isopycnal gradient at the pycnocline 
between the wind-mixed surface layer and deep water (Fig. 2.6). Station 865 for 
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example, has a density stratification of about 3.4.10-3 kg m-4 in the surface 

boundary layer between 140 and 250 m. At station 'Papa' the density stratification 

between 20 and 50 m is about 1.5.10-2 kg m-4 (August 1987, Martin et a1., 1989). In 

May 1988, the density stratification pycnocline at station 'Papa' between 120 and 

130 m (Miller et al. 1991a,b) was about 3.7.10-2 kg m-4 which is in the same order 

as in August. An average value of 2.6.10-2 kg m-4 is used for further calculations 

on the Gulf of Alaska station. 

Different methods of determination and different depth ranges yield 

different values for the eddy diffusion coefficients, Kv . For our calculation, the 

linear relationship of Broecker (1981) between Kvand N2, the square of the 

Brunt-Vaisala frequency, is used. This linear relationship is consistent with 

measurements done by Ledwell et a1. (1993), whose Kv exactly fits into the 

density stratification data of GEOSECS. The Kv values determined in this way are 

about 3.10-5 m 2 s-l and 0.5.10-5 m 2 s-l around Antarctica and in the northeast 

Pacific Ocean, respectively, i. e. about sixfold higher around Antarctica than in 
the Pacific. Carcon et al. (1992) calculated a Kv of 0.8.10-5 m2 s·l in the sub-surface 

layer at station Papa, quite consistent with the Kv calculated from the Broecker 

method. Mourn et al. (1986) have shown that the diapycnal eddy diffusivity does 

not exceed 10-5 m2 s-l in the upper 400 m in the western North Pacific. 

Overall the total upward flux JFe (largely due to Ekman pumping with 

some extra by eddy diffusion) of dissolved Fe is estimated to be in the order of 

1.68.10-12 mol m-2 s-l in the ACe, about five times larger than the 0.31.10-12 

mol m-2 s-l in the subarctic Pacific Ocean (Table 2.3). Finally, density gradients in 

the PFr are not so steep as in the sACC area (Veth et a1., 1996). Thus, upward 

transport of Fe by eddy diffusion in the PFr may be somewhat more intense than 

in the overall ACC area, conceivably leading to a modestly higher value for 

overall upward transport in the PFr. 
The cellular Fe requirements of phytoplankton are not well known. Sunda 

et al. (1991) report a ratio of (Fe/C) = - 2-10-6 for an oceanic diatom. For 

prokaryotic cyanobacteria ratios of (Fe/C) > 2.10-5 have been found (Brand, 1991). 

Assuming an average elemental ratio Fe/C of about 10-5 for phytoplankton this 

would sustain a daily primary production of about 170 mg C m-2 d-1 or twice that 

value, i.e. 340 mg C m-2 d-1 when assuming an f-ratio of 0.5 for recycling of Fe 

within the plankton community, as compared to the 80-300 mg C m-2 d-1 actually 

observed for primary production in the sACC surface waters (Jochem et al., 1995). 

The corresponding potential for primary production on the basis of upwelled 
nitrate (at typical measured f-ratio -0.5, (Goeyens, pers. camm.) is much higher at 

45 



Chapter 2 

Table 2.3. Calculation of the annual upward transport of dissolved Fe into the ACC and the 
Gulf of Alaska (Station 'Papa'). Also listed are the aerosol input estimates, here assuming 
10% dissolution of the total aeolian input. 

N2 =(g: p) • (ap; az) (2.1) 

Ja =Vy • c (Fe) (2.2) 

Jd =Kz • (a[Fe] I az) (2.3) 

ACC station 865 NE Pacific Station 'Papa' 

Vy: 15 • 10-5 em s-1 5 • 10-5 em s-1 

(Gordon et al. 1977) (Miller et al. 1991) 

(max. vyr 30.10-5 em s-1 10.10-5 em s-1 

(Gargett 1991) (Martin et al. 1989) 

deep c (Fe): 1 • 10-6 mol m-3 0.6 • 10-6 mol m-3 

(Martin et al. 1989) 

Ja; 1.5 • 10-12 mol m-2 s-l 0.3 • 10-12 mol m-2 s·l 

N2: 3.4 • 10-5 (radians s-1)2 1.6 • 10-4 (radians s-1)2 

(140-250 m depth) (20-50 m depth) 

Ky; 0.3 • 10-4 m2 s-1 0.5 • 10-5 m2 s-l 
(140-250 m depth) (20-50 m depth) 

a[FeJ/az: 6.1 .10-9 mol m-4 2.8 • 10-10 mol m-4 
(140-250 m depth) (20-50 m depth) 

Jd: 0.18.10-12 mol m-2 s-l 0.14 • 10-14 mol m-2 s-l 

Jt: 1.7.10-12 mol m-2 s-l 0.31 • 10-12 mol m-2 s-l 

Annual Fe 3mgm-2 yr-1 30 mg m-2 yr-1 
aerosol flux: (Duce and Tindale 1991) (Duce and Tindale 1991) 

'dissolved' Fe 0.17.10-12 mol m-2 s-l 1.7.10-12 mol m-2 s-l 
aerosol flux 0.9-1.9. 1O-12mol m-2 s-1 

(Duce 1986) 

N: Brunt-Vaisala frequency [radians s-1] 
g: 
p 

gravity 
density 

g =9.81 m s-2 
[kgm-3J 

z: negative depth [mJ 
vy: 
Ky: 
Ja: 
Jd: 
Jt: 

vertical velocity 
vertical turbulent diffusivity 
advective flux 
Eddy-diffusive flux 
total upward flux 

[em s-l] 
[m2 s-1J 
[mol m-2 s-1] 
[rnolIn-2 s-1] 
[mol m-2 s-1] 

46 



The distribution of Fe in the Antarctic Circumpolar Current 

- 720 mg C m-2 d-1 demonstrating that only part of the nitrate supply is utilized, 

Le. leading to the Antarctic Paradox which now appears at least partly explained 

by insufficient supply of Fe. These calculations had been briefly reported 

previously (De Baar et al., 1995). 

More recently for the equatorial Pacific Ocean the same calculation has 

been applied yielding an upward supply of - 1.4.10-12 mol m-2 s-l of dissolved Fe. 

This would be similar to the value for the Antarctic Ocean. Yet for the equatorial 

Pacific itself this would correspond to only about 20 % of the potential 

productivity on the basis of upwelled nitrate (Coale et al., 1996). 

Our calculations are on the basis of annual mean transport coefficients. In 

reality the lower wind velocity during austral summer (Trenberth et al., 1990) 

would lead to a lower value for the upward supply of Fe, where on the other 

hand the Wind Mixed Layer would stabilize at shallower depth, i.e. together with 

better summer insolation providing a more favourable light climate for bloom 

development. The opposing seasonality of Fe supply and light is expectedly 

giving rise to optimum conditions for phytoplankton growth in late spring or 

early summer, when at least some Fe is still available from supply in winter and 

early spring, whereas light conditions have become more favorable for growth. 

This scenario is not inconsistent with the general decrease of dissolved Fe in the 

sACC from 0.49 nM at section 5/6 (24 October-6 November 1992) to 0.31 nM at 

section 11 (10-21 November 1992), whereas recent observations later in the season 

(but more easterly at 6-12°E) tend to be lower again at about 0.2 nM (January 1996, 

De Jong and De Baar, unpublished results). 

Atmospheric input of continental dust 
The Southern Ocean is known to receive the lowest atmospheric dust 

loads (Prospero, 1981) of the world and, consequently, the lowest atmospheric Fe 

input. South of the equator, the concentration of dust in the atmosphere is about 

five to six times lower than in the northern hemisphere due to the lower 

abundance of continents. On average Fe constitutes about 3.5 % of the of mineral 

matter (Taylor and McLennan, 1985). 

The transportation and deposition of mineral aerosol are highly variable 

due to the episodic nature of dust generation, transport and deposition. The 

available flux calculations of total Fe are based on measurements of atmospheric 
dust at a small number of locations over the globe, in combination with a 

deposition model. On this basis Duce and Tindale (1991) provided a best estimate 
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of the flux of total Fe from the atmosphere into the surface oceans. From their 

Fig. 8 the total Fe deposition in the region of the 6°W meridian transect was 

taken to be in the order of about 3 mg m-2 yr-1 by rough interpolation. Between 

10 and 50% of the total atmospheric Fe deposition enters the sea as dissolved Fe 

(Duce and Tindale, 1991). A considerable portion of Fe in marine aerosols has the 

Fe(lI) valency due to photochemical reactions during atmospheric transport 

(Duce and Tindale, 1991; Zhuang et al., 1992). This Fe (II) is readily soluble and in 

the order of about half of total Fe deposition may well become available in 

seawater and taken up by phytoplankton. Here assuming that 10 % of the total Fe 

flux will become dissolved Fe, some 0.17.10-12 mol m-2 s-l of dissolved Fe is 

added from aerosols into the PFr of the 6°W meridian transect. The same 

considerations for the north Pacific site yield 1.8.10-12 mol m-2 s-l for input of 

'dissolved Fe', i. e. similar to the Antarctic upwelling supply (see above) but ten 

times higher than the aerosol supply at the PFr of the Southern Ocean. Hence it 

appears that the surface waters of the open Antarctic Ocean and the subArctic 

Pacific Ocean have a similar amount of Fe coming from below and above 

respectively. Similarly for the equatorial Pacific the Fe has now also been 

suggested to be supplied from below rather than above (Coale et al., 1996). 

Caveats here are the fact that the total Fe deposition is only a best estimate, 

and the uncertainty of the assumed 10 % rather than say 50 % of total aeolian Fe 

being allowed to dissolve. Also all the above estimates are annual means while 

at least Antarctic upwelling likely varies seasonally with wind forcing, and 

aeolian input definitely is episodic or at least seasonal. Lower abundance of 

crustal aerosol in the Antarctic continental atmosphere were found during the 

winter months than during austral summer (Cunningham and Zoller, 1981; 

Wagenbach et al., 1988) and explained by greater snow cover and moisture of 

southern hemisphere continents as the ultimate source regions (Dick, 1991), i.e. 

South America as the source region of our study site. 

Recently Kumar et al. (1995) on the basis of a suite of sediment cores in the 

same general Atlantic research region, in combination with assessments of 

sedimentation rate on basis of modelling accumulation of radioisotopes, reported 

rates of local sedimentation of total Fe in the modern Holocene era. These Fe 

input rates were ranging from - 50 mg m-2 yr1 (= 5 mg cm-2 kyrl; Kumar et al., 

1995, their Figs. 3d and 4e) at a site north of the PF and rather uniform 30 mg m-2 

yr1 at three sites extending from the PF southward at 49-54°S. Firstly, these total 

deposition rates are about an order of magnitude higher then the best estimates 
of Duce and Tindale (1991). Secondly, the higher deposition rate in the 
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subantarctic or Polar Frontal Zone just north of the actual PF jet was ascribed to 

aeolian supply of dust from the Patagonian desert. Such, likely very episodic, 

dust input may also be the cause of the maxima of dissolved Fe and particulate Fe 

and Al here reported at the PFr (meandering between - 48-50°5) and beyond at 

47°5. On the other hand the strong coincidence of these maxima with PF 

hydrography would render an internal oceanic source term more likely, Le. the 

shelf and slope sediments of continental margins as discussed below. 

Towards the south, i.e. in more southerly regions of the open ACC and the 

seasonally ice-covered ACC and Weddell Gyre the aeolian input would be low, 

here assumed to be at about 1 mg m-2 yel (Duce and Tindale, 1991). Aerosol 

deposition accumulates over the winter in sea-ice and snow. Again only 10 to 

50 % of such flux would be deemed dissolvable. At three stations, ice samples 

were taken from ice-floes having a thickness of - 80-120 em. Here we take a 

concentration of - 30 nM as a typical value for total dissolvable Fe in sea-ice and 

snow (Table 2.4). For a 1m thick sea-ice cover this would correspond to a 

deposition rate of 30 ~mol m-2 yel or 1.7 mg m-2 yel . This appears in keeping 

with the about 1 mg m-2 yel of Duce and Tindale, 1991. However the sea-ice 

cover exists for only part of the year, say 6-9 months. Also in those months of 

austral winter the aeolian input is likely lower than in late spring and summer. 

For both reasons the value of 1.7 mg m-2 yel is deemed to be a low estimate as 

compared to for example the -30 mg m-2 yel of Kumar et al. (1995) as a high 

estimate. Nevertheless the 30 nM in - 1m thick sea-ice would upon spring 

melting of the ice and vertical mixing over a 75 m deep Wind Mixed Layer give 

rise to an increase of the dissolved Fe in the MIZ of 0.4 nM. This is comparable to 

the increase of - 0.5 nM at 54oW in transect 11 relative to preceding transect 5/6 

(Fig. 2.3). However when taking into account that only 10-50 % of total 

dissolvable Fe in sea-ice would in fact dissolve in seawater, the input of dissolved 

Fe would be less than 0.4 nM. 

Summarizing the aeolian input of total Fe to the Antarctic Ocean is very 

low, but uncertainties within an order of magnitude do exist both for the total 

input and the dissolvable fraction available for phytoplankton. 

Icebergs and ice-rafting debris 
At the Weddell-Scotia Confluence (46-500 W) studied previously during 

the 1988 EPOS programme large, visibly dirty, icebergs were observed (De Baar et 
al., 1990). The majority would be derived from the Filchner ice shelf and carried 
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along with the rotating conveyor belt of perennial pack-ice cover of the western 

Weddell Sea (Eicken, 1992). The sea-ice due to its - 2 yrs. age and closer proximity 

to South American aerosol source regions would also have accumulated 

relatively more dust than at the 6°W meridian. Overall the MIZ at the 

Confluence receives a steady supply of relatively Pe-rich icebergs and sea-ice 

which upon melting would favour plankton growth also due to meltwater 

stabilization. Otherwise the Confluence is downstream from the Peninsula and 

would also receive Pe from sediment sources at the extensive shelves in that 

region. Continental input, whether from icebergs, aerosols or margin sediments, 

was also indicated by a high particulate Al maximum of 30 nM at - 200 m depth 

in the Confluence region of a section at 49°W (Dehairs et al., 1992). 

Table 2.4. Sea ice- and snow- Fe data from ice-floes with a thickness of 80 cm 

Type of ice Station 866 Station 919 Station 930 
57°45' 5, 06°29' W 59°30' 5, 06°00' W 59°30' 5, 06°00' W 

Surface snow 52.6nM 31.3nM 
Ice-core 26.3nM 10.8nM 
Brine 64.6nM 19.8nM 
Brown ice (algae) 99.3nM 

At the MIZ of the here reported ANT X/6 sections at 6°W some 50 to 60 

icebergs were commonly observed within a 22 km width observational range, 

surprisingly the icebergs tracking the retreat of the ice-edge with ongoing season 

(Van Praneker, 1994). In the PPr a smaller but consistent accumulation of the 

order of 2-10 bergs per 22 km width range was found. Prom comparison with 

other cruises and years the high abundance of ice bergs in the PPr was rather 
anomalous. Within the PPr the ambient seawater is at - O.5°C as compared to as 

low as - 1.5°C in the sACC and Weddell Gyre. Hence significant melting may take 

place in the PPr and may at least partly contribute to the general drop of salinity 

at the PPr (Veth et al., 1996). Such melting of icebergs would contribute some Pe. 

The Pe content in glacial ice from an iceberg at 48°S and 6°W (station 964) in the 
PPr was 20.4 nM. Surface water samples from the direct vicinity of this iceberg 

varied from 1 to 9 nM Pe, hinting at some local influence immediately around 

the melting berg. Por the whole region of the PP the maximum Pe input of 

icebergs may be assessed from the local salinity minimum. Because the PP is the 

formation area of AAIW and the boundary between Sub-Antarctic Surface Water 
and AASW, the original salinity of water in the PPr without the influence of 
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meltwater cannot be determined. Assuming a salinity of 33.9 as observed North 

of the PFr and a decrease in salinity of 0.05 within the PPr then 1 m3 seawater 

would contain about 1.5 1 'meltwater'. Assuming 10 to 100 nM Fe in water from 

melting icebergs as analysed for samples during this cruise (Table 2.4), 0.015 to 

0.15 nmol Fe was added to 11 seawater. This is not enough to explain an average 

input of 1-1.5 nM, which must therefore mainly be attributed to other sources 

such as the shelf input discussed below. 

The supply of Fe from continental margins into the PFr 
The position of the Fe maxima in the PFr coincides with the largest 

calculated geostrophic velocity of about 25 cm s-l (Veth et at, 1996). Along the 

sACC part of the section, the geostrophic velocity varies from 5 to 10 cm s-l. We 

propose that the high Fe concentrations within the rapidly eastward flowing PF 

jet may well have originated from Fe input of the shelf from the South 

American continent. Similarly, in the Antarctic Peninsula region, Martin et aI. 

(1990a), Westerlund and Ohman (1991) and Nolting et aI. (1991) reported 

diagenetic input from shelf sediments in the neritic Gerlache Strait, in the 

Weddell Sea, and over the shallow South Orkney shelf. 

The PF traverses the Drake Passage in deep waters (Peterson and Stramma, 

1991, their Fig. 21). However then it flows north-eastward across the Scotia Ridge 

meandering in the zone between the Falkland Plateau and South Georgia and 

then further in north-easterly direction towards the -500 S region (Peterson and 

Stramma, 1991, their Fig. 22). Within the overall energetic Antarctic Ocean the PP 

stands out as the most dynamic feature (Fig. 2.7) capable of energetic interaction 

with the benthic boundary layer of South American shelf and slope sediments. 

Moreover, barocIinic eddies, which occur in narrow regions where frontal jets 

change their course (Veth et aI., 1996), may well serve as a vertical transport 

component for Fe. 

At our 6°W section, located some 2000 km downstream of the South 

Georgia plateau, input of dissolved Pe and particulate Fe and Al still can be seen 

(Pigs. 2.8, 2.9, 2.10). Similarly, in a 1400 W section of the Equatorial Pacific Ocean, 

the Equatorial Undercurrent is discernible from the enhanced dissolved Fe and 

particulate Al (Coale et aI., 1996), presumably derived from its shelf sources some 

6000 km upstream in the western Pacific margin (off New-Guinea). This 

undercurrent also represents quite some kinetic energy (Fig. 2.7) albeit less than 
the Antarctic PP. 
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Fig. 2.7. Zonally integrated kinetic energy (106 joules m-2) for the mean circulation as derived 

from a coarse-resolution (nominally 4 .4 degrees) ocean GeM (after Toggweiler, 1994). 

The distribution of total particulate Al (as measured independently on a 

separate set of samples) serves as most convincing evidence of terrestrial input 

into the PF (Fig. 2.8). For both transects 5/6 and 11 distinct particulate Al maxima 

of - 10-15 nM are observed at the PFr as well as - 6-10 nM at the AWBF which 

during final section 11 largely coincided with the MIZ of retreating sea-ice. The 

total particulate Al concentrations in the regions of the PF and the AWBF IMIZ 

are of the same order in both transects, which means that the magnitude of 

particle import in both transects remains fairly uniform in place and time. The 

AWBF at 6°W is considered the eastward extension of the aforementioned 

Weddell-Scotia Confluence where at 49°W, i.e. some 43° longitude closer to the 

extensive shelves of the Antarctic Peninsula region, both the particulate Al 

(Dehairs et al., 1992) and dissolved Fe (Nolting et al., 1991) are higher. Using the 

given Al values (Fig. 2.8) and a molar crustal abundance ratio of Fel Al = 0.33 

(Taylor, 1964) the calculated particulate Fe distributions would be from 0.5 to 1 

nM in the open sACC waters and as high as 6 nM and up to 5 nM in the PFr and 
in the AWBFIMIZ, respectively. 

52 



The distribution of Fe m the Antarctic Circumpolar Current 

(a) Particulate AI (nM) 

g 
t -is 
Gl c 

-30 

-10 

·20 

-25 

047 48 49 50 51 52 53 54 55 56 

Latitude (5) 

(b) 

-5 

·10 g 
-S -15 
CI.
 
Gl
 c 

-20 

-25 

.".. 

Tr.11 

-30'47 48 49 50 51 52 53 54 55 

Particulate AI (nM) 

Latitude (5) 

Fig. 2.8. Section plots of total particulate Al distributions determined by F. Dehairs. Both 

sections have distinct maxima at the PFr and the MIZ in the region of the southern ACC front 

and the AWBF. (a) Section plot of combined transect 5 and 6. PF: north of 50.5°5; MIZ : from 

55.5°5 southward. (b) Section plot of transect 11. PFr : between 48°5 and 51°5; MIZ at about 

58°5 overlying the AWBF. 

The actually measured total particulate Fe concentrations at 40 m depth in 

transect 5 (Fig. 2.9a) support the above calculations on the basis of measured Al at 

50 m depth (Fig. 2.8a). The sample taken at 49°5 in the PFr has the highest 

particulate Fe concentration, 6.0 nM, whereas in the sACC waters the particulate 
Fe concentration varies from 0.6 nM to 1.7 nM. This good agreement of the 
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measured total particulate Fe data at 40 m depth with the calculated particulate Fe 

data from the Ai data at 50 m depth is shown in Fig. 2.9b. The leachable fraction 

(which is conceivably more easily available for biota) at the PF (49°5) and the 

sACC front (~ 55°5) represents 22 % of the total particulate Fe, as compared to 

only 2 to 3 % of the particles in the intermediate sACC waters (Fig. 2.9a). 
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Fig. 2.9. (a) Sequential chemical leached particulate Fe fractions at 40 m depth during 

transect 5 as measured by GFAAS. Acetic acid leach (white), nitric/hydrochloric leach 

(striped) and refractory residual (black). (b) Comparison of the sum of above three 

particulate Fe fractions at 40 m depth with calculated total particulate Fe from the 

independently sampled and measured total particulate Al at 50 m depth, using the molar 

crustal abundance ratio Fe!Al of 0.33 (Taylor. 1964). 
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Fig. 2.10. (a) Sequential chemical leached particulate Fe at 200 m depth of transect 5. (b) The 

observed Fe/AI ratio at 200 m depth of transect 5 using the total particulate Fe measured at 

NIOZ and total particulate Al determined by F. Dehairs. At 54°S no ratio is given as there is 

no corresponding Al value available. 

At 200 m depth (Fig. 2.10a) the particulate Fe maxima can still be observed 

in the two fronts at 49°5 and 54-55°5, with lower abundances in between, except 

for an anomalously high value at 52°5 which cannot be explained. In between 

the fronts the calculated molar Fe/AI ratio at 200 m depth (Fig. 2.10b) for total 

material is about 0.48-0.71. For the refractory Fe only versus total Al the ratio is 
lower at 0.25-0.52 comparable to the global average of 0.33 for crustal abundance 

(Taylor, 1964). However at the fronts the total ratio attains values of 2.56 in the 
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sACC front and 1.63 in the PFr, whereas the refractory Fe versus total Al yields 

ratios of about 1.47 and 0.83 respectively. The average molar crustal abundance 

ratio of 0.33 appears to be a minimum average value for marine particles, as 

marine biogenic Fe fractions and marine authigenic Fe-oxide coatings would not 

be included. For example Westerlund and Ohman (1991) in the Weddell Sea 

found a molar ratio Fel Al == 0.76. 

The removal of dissolved Fe from upper waters during eastward transport 

likely occurs by its incorporation into biogenic particles. Without new input the 

dissolved Fe is expected to decrease eastward as well as with ongoing season of 

biological growth. We do not have such east-west section at the latitude of the 

PFr. However, more southerly at 55-57°S in the sACC area the east-west transect 1 

provides a small dataset beyond the Sandwich Islands where such a decrease may 

be discerned tentatively for the upper water samples at 40 m depth (Fig. 2.11). The 
trend is still observable down to about 100 m depth, albeit barely, and in fact 

reversed at 200-300m depth. Obviously more detailed sampling in east-west 
direction along the PF itself is required to resolve the expected lateral trends. 
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Fig. 2.11. Vertical profiles in the upper 400 m of dissolved Fe along the east-west transect. 

Summarizing the major supply of dissolved Fe to upper waters of the 
offshore Antarctic Ocean appears to be by upwelling and mixing from underlying 
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deep waters. In nearshore waters overlying the continental shelf and slope there 

is an input from sediment sources. Frontal systems with often rapidly flowing 

jets such as the PF, may bring this signal towards the open ocean, giving rise to 

local bands of elevated dissolved Fe concentrations. Such bands were here 

observed in the PF and, to a lesser extent, in the sACC front and the AWBF. 

Alternatively aeolian input has been suggested to be important in subAntarctic 

waters of the PFr, including the PF itself. 

Sources of iron for deep waters 

The generally higher input of both dissolved and particulate Fe has been 

discussed for the energetic PF. The more southern part of the ACC is less but still 

quite energetic (Fig. 2.7) and also has been flowing over shoaling seafloor 

topography of the Sandwich Islands arc (- 28°W) which is the largely submerged 

connection between the South Georgia and South Orkneys plateaus. In other 

words the ACC simply has to flow over one or the other of these shallows where 

exchange with the underlying sediments is inevitable. Subsequently the general 

upwelling as discussed above is the vehicle for bringing dissolved Fe to the upper 

in the sACC area where dissolved Fe was found to be - 0.31-0.48 nM. 

More towards the West the deep and surface waters of Pacific origin are 

expected to be more pristine, consistent with the apparently somewhat lower 

dissolved Fe concentrations of about 0.1-0.76 nM in Drake Passage (63-65°W; 

Martin et al., 1990a) and the very uniform - 0.2 nM recently encountered at a 

Pacific Antarctic section at about 90oW, where occasionally values as low as 

0.1 nM were observed in the oligotrophic upper water column (De Jong and De 

Baar, unpublished results). For other remote and oligotrophic oceans, one 

encounters deep water dissolved Fe at concentrations between 0.6 and 0.7 nM for 

station 'Papa' (Martin et al., 1989) and between 0.2 and 0.6 nM for the central 

North Pacific (Bruland et al., 1994). 

Another Fe source for the deep ocean basins is volcanic input. It is evident 

that the Mid-Atlantic Ridge is witnessing local episodes of high volcanic activity 

when dissolved Fe(II) is emanating in strongly reducing hydrothermal solutions 

(Damm et al., 1985 a, b; Hudson et al., 1986; Campbell et al., 1988;). However, 

upon mixing with ambient seawater the massive precipitation of Fe-sulphides 

and oxyhydroxides (Edmond et al., 1979; Suter Bowers et al., 1985; Feely et al., 
1991; German et al., 1991; Klinkhammer et al., 1994) leads to deposition of 

57 



Chapter 2 

metalliferous sediments at the ridge crest and very little dissolved Fe is 

discernible once the plume is a few miles away from the ridge axis source. 

Intense tectonic activity is evident from earthquake epicentres at the section 

across the Mid-Atlantic Ridge and American-Antarctic Ridge (Drumed et al., 

1989-90). Vertical profiles of dissolved Fe at two stations within 80 miles from 

each other show maxima of more than 4 nM dissolved Fe at the isopycnals 27.81

27.83 kg m -3 at about 2000 m depth (Fig. 2.12). This observation is supported by 

the profile of total dissolvable Fe at station 951 at 52°01' S, 06°01'W, which also 

shows an Fe maximum at the same isopycnal (Fig. 2.12). Most remarkably these 

density surfaces tend to coincide with the ridge crest topography (not shown), and 

it is tempting to attribute the Fe maxima to hydrothermal input derived directly 

from active sites (Drumed et al., 1989-90). However, judging from the 

aforementioned rapid removal of Fe in plumes observed elsewhere (Edmond et 

al., 1979; Suter Bowers et al., 1985; Feely et al., 1991; German et al., 1991; 

Klinkhammer et al., 1994) it is more likely that the here observed maxima are 

indirectly derived from hydrothermal sources, via the diagenetic mobilisation 
and current resuspension of metalliferous sediments into nepheloid layers. 
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Fig. 2.12. Three Fe profiles which may be indicative of direct hydrothermal input in the 

27.81 to 27.83 kg m-3 isopycnal at about 2000 m depth. The 27.83 kg m-3 isopycnal interacts 

with the ridge crests of the Atlantic-Antarctic Ridge (not shown). 
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Discussion 

Where Fe is conceivably a limiting factor of phytoplankton growth and 

concomitant drawdown of C02 from the atmosphere, the now documented high 

Fe concentrations in the PFr provide more favourable conditions for spring 

diatom blooms. The size-fractionated primary production results of Jochem et al. 

(1995) show that the about tenfold higher rate of photosynthesis in the PFr can be 

largely ascribed to the > 20 !-tm size class of large diatoms. The more favourable 

light conditions at the PFr would affect all size classes of algae, but the smaller 

nanoplankton is rapidly consumed in the microbial foodweb (Detmer and 

Bathmann, 1996) whereas the large diatoms apparently are favoured both by 

abundant supply of iron and a virtual absence of larger grazers (Dubischar et al., 

1996). As a result the chlorophyll a at transect 11 has a mean value of 1.33 !-tg 

dm-3 in the upper 120 m of the PFr, as compared to 0.24 !-tg dm-3 in the sACC area 

(Bathmann et al., 1996). At the earlier transect 5 (not shown) these mean values 

were 0.74 !-tg dm-3 in the PFr and 0.25 !-tg dm-3 in the sACC front (Bathmann et 

al., 1996). During these two transects, with a time difference of about 18 days, 

wind stress decreased while daylength increased, leading to an increase in surface 

water (upper 40 m) temperature of 1°C. The related decrease of vertical mixing 

depth (Lancelot and Veth, 1994) together with the increased insolation are key 

factors for phytoplankton growth and have led to the spring diatom bloom in the 

PFr. 

The integrated decrease of Fe between these two transects may be due to 

natural variability in the eddy structure of an active frontal system, but otherwise 

is consistent with net uptake of iron by plankton particles. Based on two data 

points in the upper 120 m at each station the net decrease was 0.73 nM in the PFr 

compared to 0.18 nM in the sACC area waters. At 100 m depth in the PFr, 0.5 to 

2.0 nM Fe disappeared within about 18 days between these two transects. At 50 m, 

however, at the depth of the largest chlorophyll increase, dissolved Fe increased. 

Between 53° and 55°5, in the vicinity of the sACC front the concentration 

of dissolved Fe increased from 0.5 to 1.0 nM in the upper 150 m during the 18 

days between transect 5 and 11. This increase may explain the slightly elevated 

chlorophyll a content of 0.3 !-tg/l (Bathmann et al., 1996). The latter is partly 

accounted for by the occurrence of diatom Nitzschia prolongatoides at 54-55°5 in 

section 11. This algae is known to live within or near the sea-ice and its 

abundance in open waters would suggest a recent ice-edge melting in the region. 

This melting event may have given rise to the observed increase of Fe as well. 
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Recently, Perisinotto et al. (1992) reported in the vicinity of the Bouvet and 

South Sandwich Islands a chlorophyll a increase of 3 to 4 times over off-shore 

stations. In retrospect one possible explanation is Fe input from the islands 

themselves and the surrounding shallow sediments. This is corroborated by 

recent observations downstream the Galapagos plateau (Martin et al., 1994). Iron 

enrichment experiments during our cruise by Van Leeuwe et al. (1996) and 

Scharek et al. (1996) also demonstrated that Fe stimulates primary productivity in 

antarctic fronts. 

The fact that natural Fe supply is adequate for sustaining at least some 

primary production is now reported for many Antarctic regions and seasons: for 

the Weddell-Scotia Confluence frontal zone in late spring and summer (De Baar 

et al. 1989, 1990, Buma et al. 1991, Nolting et al. 1991), for the Ross Sea in summer 

(Martin et al., 1990b) when properly interpreted (Dugdale and Wilkerson, 1990; 

Banse, 1991) and for the sACC area where upwelling supply of dissolved iron is 

adequate for sustaining moderate levels of primary productivity in a recycling 

ecosystem of small plankton species. Here we have shown, from comparison of 

latter sACC waters with the Fe-enriched PFr, that extra Fe is the requirement for 

diatom blooms large enough to affect geochemical budgets and fluxes of C02 

(Bakker et al., 1996) and major nutrients nitrate, phosphate (De Baar et al., 1996) 

and silicate (Queguiner et al., 1996) in surface waters (De Baar et al., 1995). In the 

modern Antarctic Ocean the large scale fluxes of major nutrients and carbon, 

which are the main focus of the Joint Global Flux Study, apparently are largely 

driven by light climate in combination with availability of iron, as hypothesised 

previously for ancient Antarctic oceans (Martin, 1990). From these observations it 

appears that modern Antarctic fronts and nearshore waters are sites of Fe

stimulated productivity, whereas previously natural Fe stimulation was deemed 

to be rather trivial (Martin and Fitzwater, 1988; Martin et al., 1990b; Laubscher et 

al., 1993) for the Southern Ocean. 
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The distribution and preferential biological uptake of cadmium at 6°W 
in the Southern Ocean 

Abstract--The spatial and temporal distribution of Cd and phosphate in the 

Southern Ocean are related to biology and hydrography. During a period of 18 

days between transects 5/6 and 11, a phytoplankton spring bloom developed in 

the Polar Frontal region. Upper water Cd concentrations were not depleted and 

ranged from 0.2 to 0.8 nM at about 10 m depth. These relatively high Cd 

concentrations are attributed to upwelling of Upper Circumpolar Deep Water 

(0.5-1.2 nM in the core) in combination with low biological productivity (0.2 to 

0.3 mg m-3 chlorophyll-a, 0.3 g C m-2 d-1). Total particulate Cd concentrations at 

40 m depth were between 0.02 and 0.14 nM with the maximum in concentration 

in the Polar Frontal region. Most of the particulate Cd at this depth (85-94%) was 

detected in the first phase of a sequential chemical leaching treatment which 

includes adsorbed Cd as well as Cd incorporated in algae. The Polar Frontal 

region was characterized by minima in Cd concentration and Cd/phosphate ratio 

of seawater at both transects; values were the lowest at transect 11 after 

development of the spring bloom which was dominated by diatoms. This 

decreasing Cd/phosphate ratio in seawater during spring bloom development 

was attributed to preferential Cd gross uptake which more than compensated the 

process of preferential Cd recycling. 

Within the Upper Circumpolar Deep Water, Cd showed a maximum in 

concentration similar to that of the major nutrients. Both the Cd concentration 

and the Cd/phosphate ratio of the deeper water increased in southern direction, 

from 0.4 to 0.7 nM and from 0.2 to 0.3 nM/f..lM, respectively. Antarctic 

Intermediate Water has a Cd concentration of 0.21 nM with a Cd/phosphate ratio 

of 0.10 nM/f..lM. In Antarctic Bottom Water Cd concentrations ranged from 0.60 

to 0.82 nM. 

Based on:
 

Loscher, B.M., De Jong, J.T.M. and De Baar, HI W. (1998)
 

Mar. Chern. 62: 259-286.
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Introduction 

Among all trace metals in seawater, dissolved Cd exhibits a distribution 

which is correlated closest with that of phosphate (Boyle et al. 1976; Martin et 

al., 1976; Bruland, 1980; Knauer and Martin, 1981; Bruland and Franks, 1983). This 

close relationship would suggest that Cd behaves similar to phosphate, is 

incorporated into the plankton, and has a biological function. More recently, the 

latter was indicated for diatoms (Price and Morel, 1990; Lee et al., 1995) and a 

variety of other species (Lee and Morel, 1995), where Cd may substitute for Zn 

and playa role in carbonic anhydrase (Price and Morel, 1990; Lee et al., 1995; 

Sunda and Huntsman, 1997). Free Cd concentrations as low as 10-12 M may 

induce the production of phytochelatin, metal-binding peptides (Ahner and 

Morel, 1995; Ahner et al., 1995). Walsh and Hunter (1992) found enhanced Cd 

uptake by Macrocystis pyrifera during the formation of polyphosphate bodies. 

They concluded that in the nutrient-rich Southern Ocean depletion of Cd 
relative to phosphate could be the result of polyphosphate body formation. This 

may be true, but there is no ecological advantage for algae to form polyphosphate 

stores within the cell when phosphate depletion never occurs in surface waters 

of the Southern Ocean. 

In the surface waters the Cd concentrations, Cd/phosphate ratios and 

particulate Cd concentrations were determined during two transects crossing the 

Polar Frontal region, the southern Antarctic Circumpolar Current (ACC) area 

and the southern ACC front. In the period between the two transects a 

phytoplankton spring bloom, dominated by diatoms, occurred in the Polar 

Frontal region. Consequently, it was possible to study Cd and phosphate uptake 

by diatoms in a region replete with phosphate. 

Sampling and methods 

Samples were collected in the austral spring (October and November 1992) 

during the Joint Global Ocean Flux Study (JGOFS) Antarctic Ocean expedition 

ANT/X6 aboard RV Polarstern (Fig. 2.1). Between transect 5/6 (stations 887-907) 

and 11 (stations 930-969) about 18 days passed in crossing the Polar Frontal region 

(Fig. 2.1), during which the development of a spring bloom could be followed. A 

detailed description of the cruise was given by Smetacek et al. (1997). The 
hydrography of the research area is described in chapter 2 (page 36-38). 
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Deep water (> 400 m) was taken with precleaned GoFlo samplers mounted 

on an all-Teflon coated CTD/Rosette frame. Upper water (40-400 m) was collected 

at standard depths with precleaned GoFlo samplers (121) on a 10 mm Kevlar 

cable and corrected afterwards for the wire angle using a SIS pressure sensor. 

After recovery, the 12 1 GoFlo samplers were connected with Teflon tubes on the 

outside of the clean air laboratory van. On the top of the samplers, pressure lines 

with high purity nitrogen gas which passed through fine arrestance filters, were 

attached. At some stations logistic constraints did not permit filtration and only 

unfiltered water was collected (Appendix 1 and 2). At most stations the seawater 

was filtered over acid-cleaned Nuclepore or Poretics membrane filters (47 mm, 

0.4 IJ-m) with an overpressure of < 1 bar inside of the clean air laboratory. 

Particulate matter was sampled at standard depths by filtering 30 to 60 1 of 

seawater through Nuclepore filters with a pore size of 0.2 IJ-m. Sea salts were 

removed by rinsing the filters with about 10 ml nanopure water. Unfiltered 

surface water at about 10 m depth was occasionally taken in precleaned 2 1 GoFlo 

samplers from a walking bridge extending 10 m beyond the bow of the slowly 

upwind steaming ship, using a small winch with 6 mm Kevlar hydrowire. 

Filtered and unfiltered seawater were acidified to pH=2 with quartz

distilled HN03 and stored. The approximately one year storage at pH=2 allowed 

dissolution of most biogenic fractions and surface oxyhydroxides coatings 

(Zhuang et al., 1990). Only the most refractory component of land-derived 

minerals would still be excluded from analysis. For this reason unfiltered Cd is 

expressed as 'total dissolvable' Cd and filtered Cd as 'dissolved' Cd. 

In a clean air laboratory at the institute the seawater samples were pre

concentrated (167x) by APDC/DDDC chloroform extraction with the method 

described by Bruland et al. (1979). Instead of back extraction the extract was 

evaporated to dryness and the residue dissolved on diluted HN03. All reagents 

were distilled fourfold by subboiling distillation in quartz stills. The thus treated 

samples were finally measured using a Perkin-Elmer 5100 PC Graphite Furnace 

Atomic Absorption Spectrophotometer with Zeeman background correction. A 

detailed description of the method is given by Nolting and De Jong (1994). 

In each session of one day, 18 samples and 6 blanks were extracted. The 

recovery of Cd was verified daily by addition of four spikes with increasing Cd 

concentrations to a three times extracted seawater matrix. The Cd concentrations 

were corrected for extraction recoveries. Blanks were between 0.2 and 30 pM and 

detection limits lower than 3 pM. Results within one session with recoveries less 
than 90% were rejected and are not reported. The accuracy of the method was 
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verified with certified reference water NASS-4 which was analyzed and had a 

concentration of 164 pM within the certified concentration range of 142±27 pM. 

The reproducibility of the overall analytical procedure, based on three duplicates 

and six replicates, ranged from 1 to 5 %. 

The filters with the particulate matter were leached with a sequential 

chemical treatment in the clean air laboratory. In order to dissolve organically 

complexed adsorbed cations, carbonate phases, reactive oxyhydroxides (Landing 

and Bruland, 1980; 1987; Collier and Edmond, 1984) and metal-activated proteins 

(Collier and Edmond, 1984) the particulate matter samples were leached in 4.5 M 

Q-acetic acid for 4 h at room temperature. Afterward the particulate matter was 

digested in 2 M Q-HCl/1 M Q-HN03 for again 4 h at room temperature to 

dissolve the more resistant Fe (III) oxyhydroxides (Lewis and Landing, 1991) and 

the rest of the biological fraction. After both leaching treatments the acids were 

evaporated to dryness and the residue dissolved in diluted HN03. The residual 

refractory material was placed in clean digestion vessels and totally digested with 

3 ml Q-HCI, 1 ml Q-HN03 and 1 ml ultra clean HF (Merck) in a microwave oven. 

Then the samples were diluted with 5 ml saturated H3B03 to neutralize the 

strong acid HF. The Cd concentrations from the sequential chemical leaching 

treatment were measured with a Perkin-Elmer 5100 PC Graphite Furnace Atomic 

Absorption Spectrophotometer with Zeeman background correction. The 

method of standard addition was used to avoid matrix effects. The total 

destruction of the last digestion step was tested with the reference material 

calcareous loam (BCR No. 141) and light sandy soil (BCR No. 142) for the metals 

Cu and Ni. The obtained values were within the 95% confidence interval of the 

certified values. The blanks of Cd ranged between 0.01 and 0.06 pM and between 

0.03 and 2.15 pM for the second leaching step and the total destruction step, 

respectively. The blanks for the acetic acid leaching step were smaller than 

0.05 pM. The detection limits, based on three times the standard deviation of the 

blanks, ranged between 0.06 and 0.18 pM, 0.03 and 0.06 pM, and 1.2 and 2.15 pM 

for the acetic acid leaching step, the second leaching step and the total 

destruction, respectively. 

Analyses of nutrients were performed on board by standard methods with 

a Technicon AAII autoanalyser as described by Bakker et al. (1994). The detection 

limit, precision and accuracy at a typical concentration for phosphate were 

0.01 JlM, 0.02 JlM and 2.0±0.05 11M, respectively (Table 1 of De Baar et al., 1997). 

Appendix 1 and 2 contains all data on nutrients, dissolved (filtered) and total 
dissolvable (unfiltered) Cd concentrations for the upper water «400 m; 
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Appendix 1) and deep water (>400 m; Appendix 2). The particulate Cd 

concentrations are reported in Appendix 4. 

Results 

Cd concentrations in the upper water column 

Concentrations of dissolved and total dissolvable Cd (30-400 m) ranged 

from 0.2 -1.2 nM. Minima (lower than 0.3 nM) were found within the Polar 

Frontal region (PFr) in the upper 80 m (Fig. 3.1). Concentrations increased with 

depth to more than 0.7 nM below 300 m (Fig. 3.2). Cd in the PFr was about 0.2 and 

0.3 nM lower than in the southern ACC area (sACC area) at 40 m depth (Fig. 3.2a 

and b). A concentration maximum of about 1.1 nM dissolved Cd was observed in 

the southern area of the PFr at about 50°5 in the lower 250 m at transect 11 

(Fig. 3.2b). This location coincided with the position of an eddy spun out of the 

meandering frontal jet at 50°5 (Veth et al., 1996; their fig. 13). At 54°5 (Fig. 3.2c), in 

another area showing eddy motion (Veth et al., 1996), the dissolved Cd 

concentration was more than 0.3 nM higher compared to concentrations in the 

other southern ACC water. 

Although data of dissolved Cd do not exist for the very near surface 

« 40 m), it can be assumed that the concentrations in the upper 40 mare 

uniform due to wind mixing. The wind-mixed layer averaged 40 m with maxima 

of 80 m (Veth, pers. comm.). Total depletion of Cd at the surface was rarely 

observed. In fact the concentrations usually decreased within the first 80 m at 

most stations (Fig. 3.2). Only in the PFr Cd concentrations exhibited a classical 

nutrient profile, increasing from 40 m depth (0.2 nM) to 100 m depth (0.5 nM; Fig. 

3.2b). However, total dissolvable Cd concentrations at 10 m depth (Fig. 3.3) were 

not depleted, even in the PFr. There, concentrations ranged between 0.2 and 

0.4 nM whereas in the sACC area they were between 0.2 and 0.8 nM. In order to 

estimate the dissolved Cd concentrations at 10 m depth, the particulate Cd 

concentrations at 40 m depth (Fig. 3.4) were subtracted from the total dissolvable 

Cd concentration at 10 m depth. By this method a low estimate for dissolved Cd 

at 10 m depth can be calculated because primary production was highest at 40 m 

depth (Jochem et al., 1995) indicating that biogenic particulate matter 

concentration can be expected to be highest at that depth. Particulate Cd 

concentrations at 40 m depth ranged from 0.02 to 0.14 nM in the PPr and from 

0.02 to 0.06 nM in the sACC area at transect 5 (Fig. 3.4). (Particulate matter data of 
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transect 11 rarely exist.) In the sACC area at transect 5 particulate Cd 

concentrations are one order of magnitude smaller than the total dissolvable Cd 

concentrations. Subtracting them from the total dissolvable Cd concentrations at 

10 m depth results in dissolved Cd concentrations which are in the same 

concentration range as the total dissolvable Cd concentrations. However, in the 

PFr total particulate Cd concentrations (up to 0.14 nM) were approaching the low 

end (- 0.21 nM, Fig. 3.3) of the range of the total dissolvable Cd concentrations at 

10 m depth. By subtracting the total particulate Cd concentration from the total 

dissolvable. Cd concentration in this region a minimum of about 0.1 nM 

dissolved Cd can be expected at 10 m depth. 
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Fig. 3.1. Section plot of dissolved Cd in the upper water column along the 6°W meridian. (a) 

at transect 5 & 6 together with station 879. (b) at transect 11 together with station 972. 
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Fig. 3.2. Vertical profiles of dissolved Cd in the upper 400 m. (a) at transect 5. (b) at transect 

11 between 49°S and 53°S. Positions at 49°S and SODS are in the Polar Frontal region. (c) at 

transect 11 between 54°S and 56°S. 
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Fig. 3.3. Total dissolvable Cd concentrations at 10 m depth during transect 5 and 11. 

Most of the particulate Cd was found in the first phase of the sequential 

chemical leaching treatment (85-94%). Particulate Cd which was dissolved in the 

second leaching step and by total destruction ranged from 2 to 10% and from 0 to 

7%, respectively. The measured concentration of total particulate matter and the 

concentration of particulate matter calculated from the difference between total 

dissolvable and dissolved Cd at 40 m depth (Fig. 3.4) show the same dependence 

on position. However, the measured total particulate matter concentration in the 
sACC area is only about 40 to 70% of the calculated particulate rnatter 
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concentration. A difference in sampling time (about 1 h) for water used for the 

determination of the dissolved and the particulate Cd concentration could have 

led to the larger differences as in the PFr. But because of the constancy in 

difference in the sACC area another reason must explain the difference between 

both concentrations. Rinsing of the filters, which were used for the collection of 

particulate matter, with nanopure water may have led to a hypotonic osmotic 

shock (Britten and McClure, 1962; Goldman and Dennett, 1985) as well as to a 

release of adsorbed organic complexes (Collier and Edmond, 1983, 1984), and this 

would explain the loss of Cd from particulate matter. The larger filtering-volume 

per filter surface (19-38 1 dm-Z for the particulate matter samples compared to 

about 121 dm-z for the dissolved samples) as well as the smaller pore size (0.2 /-lm 

compared to 0.4 /-lm) used for sampling of the particulate matter, would cause a 

greater chance for clogging of the pores by fine-grained material (Sheldon, 1972; 

Kennedy et al., 1974; Wagemann and Brunskill, 1975; Laxen and Chandler, 1982; 

Jardine et al., 1986; Taylor et al., 1990; Horowitz et al., 1992). If anything, this 

would lead to higher concentrations of particulate matter on the filters, but this 

was not observed. 
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Fig. 3.4. Sequentially leached particulate Cd concentrations (columns) compared with the 

difference between total dissolvable and dissolved Cd concentrations (circles) at 40 m depth 

at transect 5. The description of the references for the sequential chemical leached 

particulate Cd concentrations are: HAc: fraction which was dissolved in 4.5 M Q-acetic acid; 

HCI/HN03: fraction which was leached in 2 M Q-HCI/l M Q-HN03 and REF: residual 

refractory material, dissolved in aqua regia and HF. 
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In general, the dissolved Cd concentrations below 100 m at the stations 

with eddy motion were higher than in the surrounding area, whereas in the PFr 

the concentration in the upper 40 m was lower (0.2-0.3 nM) than concentrations 

further south. Thus the Cd concentration maximum was related to the area 

showing eddy motion. Surface minima occurred in the PFr. Cd was not depleted 

in the upper water. Some 80 to 95% of the total particulate Cd concentration was 

found to be in the first fraction of the sequential chemical leaching treatment. 

Deep water Cd concentrations 

The deep water Cd concentrations increased to the south from about 

0.4 nM to about 0.7 nM (Fig. 3.5). All profiles exhibited subsurface maxima in the 

upper part of the UCDW (Fig. 3.6) whereby at the three most northern stations 

these maxima were followed by minima in the lower part of the UCDW 

(Fig. 3.6a-c). At station 947 this minimum reached into the upper part of the 

LCDW (Fig.3.6c). Concentrations in the deeper water masses remained nearly 

constant. 
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Fig. 3.5. Section plot of the dissolved Cd concentrations of the upper water column (down to 

400 m) at transect 11 together with dissolved and total dissolvable Cd concentrations deeper 

in water column at transects 5, 11 and 12. At depths lower than 1000 m totally dissolvable and 

dissolved Cd concentrations are used together, because of the low average contribution from 

suspended matter relative to the total Cd concentration (ca. 1%) at these depths 

(Westerlund et al., 1991). 
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Fig. 3.6. Vertical dissolved and total dissolvable Cd and phosphate profiles with indicated 

deeper water masses: Upper Circumpolar Deep Water (UCDW), Lower Circumpolar Deep 

Water (LCDW), North Atlantic Deep Water (NADW) and Antarctic Bottom Water 

(AABW). (a) At station 956. The Cd concentration at 1233 m depth may be attributed to recent 

NADW, which is entering the ACC . (b) At station 951. (c) At station 947. (d) At station 866. 

(e) At station 865. (f) At station 979. The open circles indicate dissolved Cd concentrations, the 

closed circles show total dissolvable Cd concentrations. 
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Discussion 

The upper water column 

The relatively high surface water Cd concentrations (0.17-0.86 nM at 40 m) 

coincided with high nutrient concentrations (Fig. 3.7). The Cd concentrations are 

comparable with those found by Martin et al. (1990) in the Gerlache Strait 

(0.60 nM at 50 m) and in the Drake Passage (at 30 m, 0.28 nM), by Westerlund and 

Ohman (1991) in the Weddell Sea (0.49-0.86 nM at 50 m), by Nolting et al. (1991) 

in the Scotia Sea and Weddell/Scotia Confluence (0.32 to 0.40 nM) and by Frew 

(1995) in Winter Water (WW) across the Princess Elizabeth Trough (0.45-0.54 nM 

within the first 30 m). Frew (1995) assumed that the high Cd surface water 

concentrations in the Princess Elizabeth Trough may be attributed to shelf 

sources under the sea-ice and/or to the accumulation of upwelled Warm Deep 

Water. An explanation for the high upper water concentrations in AASW is 

UCDW with relatively high Cd concentrations (0.5-1.2 nM; Table 3.1), rising to 

the surface at the southern ACC front. During its flow as AASW to the north 

(north of the southern ACC front) or to the south (south of the southern ACC 

front) low primary production ensures that Cd is not removed by incorporation 

in or adsorption on algae. The continuous decrease northwards of tota). 

dissolvable Cd at 10 m depth in the sACC area at transect 11 (Fig. 3.3) supports 

this statement. Both, upwelling of relatively high concentrated UCDW, which 

increases in southern direction, and an almost constant primary production can 

be regarded to be responsible for the continue decreasing Cd concentration within 

the northwards flowing AASW. 

Conditions favouring algal growth developed at transect 5 in the PFr (De 

Baar et. aI., 1995; Bathmann et aI., 1997; Loscher et. aI, 1997a; Scharek et aI., 1997; 

Van Leeuwe et aI., 1997; Veth et aI., 1996). At this transect the chlorophyll a 

concentrations ranged up to 1.5 Ilg kg-1 in the PFr compared to the sACC area 

which had a lower chlorophyll a concentration of about 0.25 Ilg kg-1 (Bathmann 

et. aI, 1997). At transect 11 a spring bloom was following with chlorophyll a 

concentrations up to 2.5 Ilg kg-1 in the PFr. In the sACC area the chlorophyll a 

concentration did not change significantly. The development of this spring 

bloom coincided with a decrease of major nutrients (Fig. 3.7; De Baar et. aI., 1997) 

and dissolved Fe (De Baar et. aI., 1995; Loscher et. aI, 1997a), which was attributed 

to uptake by algae. Because Cd can be adsorbed on outer surfaces of biogenic 

particles (Collier and Edmond, 1983, 1984), can be bound by phytochelatin (Ahner 
and Morel, 1995; Ahner et aI., 1995) or substitute for Zn in Zn-limited 
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phytoplankton (Price and Morel, 1990; Walsh and Hunter, 1992; Lee and Morel, 

1995; Lee et aI., 1995; Sunda and Huntsman, 1997), the Cd minima in the surface 

water in the PFr at transects 5 and 11 evolved, like the minima for the major 

nutrients and for Fe, as a response of the developing spring bloom. In seawater 

more than 98 % of dissolved Zn (Bruland, 1989) and about 70% of dissolved Cd 

(Bruland, 1992) is bound on strong organic complexes which are of biological 

origin. However, the mechanism and selective advantage of ligand (organic 

complexes) release, remains unknown. Zn might have become limiting in the 

upper water of the research area, whereas Cd was still available. 
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Transect 5 

(b) 
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Fig. 3.7. Concentrations of dissolved silicate, nitrate, phosphate and dissolved Cd at about 

40 ill depth: (a) at transect 5 together with station 908 and (b) at transect 11 together with 

station 972. 
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Table 3.1. Cd- and Cd/phosphate concentration ranges for the deeper water masses including their 

cores. Ranges of values indicated with a star are attributed to total dissolvable samples or to both 

dissolved and total dissolvable samples. (For detailed information, whether the values belong to 

dissolved or total dissolvable samples, see Appendix 1 and 2.) 

Water mass Depth Cd Cd/P04 P04 Depth Cd Cd/P04 P04 
(m) (nM) (nM/!JM) (!J.M) core core core core 

(m) fnM) (nM/yM) WM) 
AAIW 
45°30'5; 01°08'E 501 0.21* 0.10* 2.1 501 0.21* 0.10* 2.1 

UCDW 
45°30'5; 01°08'E 993-1749 0.46-0.75* 0.19-0.31* 2.2-2.4 993-1248 0.46-0.75* 0.19-0.31* 2.4 
50°01'5; 05°58'W 294-997 0.48-1.17 0.22-0.47 2.2-2.5 392-497 0.48-1.17 0.19-0.47 2.5 
52°01'5; 06°01'W 249-747 0.17-0.68* 0.07-0.28* 2.3-2.4 249 0.68* 0.28* 2.4 
53°58'5; 06°00'W 197-498 0.38-1.25* 0.16-0.50* 2.1-2.5 296 1.25* 0.50* 2.5 
56°11'5; 12°24'W 200-498 0.63-1.14 0.26-0.46 2.2-2.4 300 1.14 0.46 2.4 
57°42'5; 06°22'W 100-300 1.01-1.06* 0.43-0.47* 2.3-2.4 300 1.06* 0.45* 2.4 

recent NADW 
45°30'5; 01°08'E 2002-3249 0.50-0.68* 0.24-0.33* 2.0-2.2 2147 0.63* 0.31* 2.0 
50°01'5; 05°58'W 1246-1495 0.54 0.25 2.2 1246 2.2 

LCDW 
45°30'5; 01°08'E 2002-4225 0.50-0.73* 0.24-0.33* 2.0-2.3 2147 0.63* 0.31* 2.0 
50°01'5; 05°58'W 1246-2504 0.29-0.59 0.14-0.26 2.2-2.3 1246 0.29 0.14 2.2 
52°01'5; 06°01'W 999-2148 0.69-0.79* 0.30-0.34* 2.2-2.3 999 0.73* 0.34* 2.2 
53°58'5; 06°00'W 747-2599 0.20-0.79* 0.09-0.35* 2.2-2.4 997 0.78* 0.35* 2.2 
56°11 '5; 12°24'W 999-2498 0.32-0.85 0.17-0.35 2.3-2.4 999 0.62 0.27 2.3 
57°42'5; 06°22'W 499-1999 0.66-0.89* 0.29-0.39* 2.2-2.3 999 0.71* 0.32* 2.2 

AABW 
56°11'5; 12°24'W 4598-4839 0.80-0.82 0.34-0.35 2.3-2.4 4839 0.80 0.34 2.3 
57°42'5; 06°22'W 2498-3713 0.60-0.77* 0.25-0.34* 2.2-2.3 3713 0.60* 0.25* 2.3 

The high percentage of Cd in the first phase (85-94%) of the selective 

leaching treatment (4 h in 4.5 M Q-acetic acid at room temperature) can be 

explained by dissolution of adsorbed Cd (Collier and Edmond, 1984) as well of 

metalloproteins. One metalloprotein carbonic anhydrase with Cd substituting for 

Zn, in the case of Zn limitation in the research area. Phytochelatin which is 

formed in phytoplankton as a reaction to Cd stress, may also be included in the 

first leaching phase. When subtracting the about 70% strong organic complexed 

Cd, as found by Bruland (1992) for the surface water of the North Pacific, from the 

dissolved or total dissolvable Cd concentration in the research area, the free Cd 
concentration would be low enough to induce phytochelatin production in algae 

(z 10-10 M; Ahner and Morel, 1995; Ahner et aI., 1995). Adding the 2 to 10% Cd of 
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the second leaching step to the first one, results in particulate Cd concentrations 

which are almost only attributed to adsorbed organically complexes and Cd 

incorporated in algae. 

Table 3.2. Relationships between Cd (nM) and phosphate (11M) in the upper 400 m at the 6°W
 

meridian, where:
 

[Cq] =a + b [Po.il (3.1)
 

r: coefficient of correlation, 

n: number of samples. 

Latitude b a r n 

Transect 5:
 

48°00' S 0.60 -0.63 0.98 6 filtered SASW/UCDW
 

49°00' S 0.40 -0.27 0.99 5 filtered AASW/UCDW
 

50°00' S 0.73 -0.96 0.96 6 filtered AASW/UCDW
 

51°00' S 0.60 -0.66 1.00 5 filtered AASW/UCDW
 

55°59' S 0.43 -0.25 0.99 5 filtered AASW/UCDW
 

Transect 11:
 

46°59' S 0.36 -0.10 1.00 5 unfiltered SASW/UCDW
 

48°41' S 0.47 -0.35 0.98 6 filtered AASW/UCDW
 

49°00' S 0.50 -0.44 1.00 6 filtered AASW/UCDW
 

51°00' S 0.59 -0.64 0.99 4 unfiltered AASW/UCDW
 

53°58' S 0.69 -0.51 0.97 3/3 filt./unfilt. AASW/UCDW
 

55°00' S 0.36 -0.18 1.00 5 filtered AASW /UCDW
 

Plotting upper water Cd concentrations versus phosphate yields linear 

relationships (r > 0.9; Table 3.2; Fig. 3.8). All relationships would have negative 

intercepts when extrapolating to the hypothetical situation of total Cd depletion. 

They have the same point of intersection: the Cd-phosphate concentration 

interval of the UCDW. The only exception is the relationship at the positions of 

an eddy motion area at transect 11 (Veth et al., 1997). Generally, the strong 

correlations between phosphate and Cd in the upper water may be attributed to 

the uptake and remineralization of both Cd and phosphate in the upper water, 

which in itself has its origin in upwelled UCDW. 

In the southern ACC front (54-56°5), UCDW is rising to the surface. As 
AA5W it flows northward undergoing Cd- and phosphate- uptake and 
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remineralization, whereby the upper waters in or near the southern ACC front 

are more influenced by the rising UCDW (with its high Cd/phosphate ratio) than 

upper water north of the southern ACC front. This mixing could explain the 

decreasing Cd-phosphate slopes from 0.69 (53°58'5) to 0.59 (51°00'5) in the sACC 

area at transect 11 (Table 3.2), which was characterized by low biological 

productivity (0.3 g C m-2 dol; Jochem, et al., 1995). In the area of high biological 

productivity (up to 3 g C m-2 dol; Jochem, et al., 1995) the Cd/phosphate slopes 

were even lower. They were lowest at the position of the meandering frontal jet 

(Veth et al., 1997) at 46°59'5 and 48°41'5 which was characterized by the highest 

biological productivity. The low slope at 55°00 5 can be explained by the 

occurrence of the diatoms Nitzschia prolongatoides and N. closterium at this 

position (Bathmann et al., 1997). 
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Fig. 3.8. Relationships between Cd and phosphate in the surface water interpolated to Cd 

depletion: (a) at transect 5; and (b) at transect 11 and station 972. The large circles indicate 

the UCDW, which is the origin of the AASW. Biological processes in the surface water alter 

the slope of the relationships. The one relationship at 53°58'5 of transect 11 which does not 

intersect the large circle (representative of UCDW) was attributed to an area with eddy 

motion, i. e., where UCDW could have been upwelled more intensively. 

Fractionation of Cd versus phosphate 

In the PFr at 40 m depth, the depth with the highest primary production 

(Jochem et al., 1995), Cd/phosphate ratios were less than half the ratio in the 
sACC area (Fig. 3.9). Between transect 5 and transect 11 in the PFr, the 
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Cd/phosphate ratios further decreased from about 0.20 to 0.15 nM/JlM. On the 

contrary, in the sACC area the Cd/phosphate ratios were nearly constant (about 

0.27 nM/JlM) in both transects. These observations suggest that during bloom 

development in the PPr the net uptake of Cd was relatively larger than the net 

uptake of phosphate in the upper euphotic zone. 

46
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Fig. 3.9. Cd/phosphate ratio at 40 m depth at transects 5 and 11. 

From the disappearance of both dissolved Cd and phosphate between 

sections 5 and 11 the rate of removal and apparent net uptake ratio Cd/P can be 

calculated. Because most of the primary production occurred within the upper 

50 m depth (Jochem, et al., 1995) the concentrations were integrated within 50 m 

depth. Subsequently the differences between section 5 and 11 were divided by the 

average time period of 21 days between the sections. This led to a net uptake of Cd 

at 250 nmol m-2 d-1 and of phosphate at 562 Jlmol m-2 d-1 with an uptake ratio 

Cd/P at 0.44 nM/JlM. When comparing this uptake ratio with average ambient 

ratios in seawater of 0.27 nM/JlM (sACC area), 0.20 nM/JlM (PPr, transect 5) and 

0.16 nM/JlM (PFr, transect 11) a clear case of preferential net uptake of Cd in the 

upper 50 m water column during the diatom bloom was observed. 

Saager and De Baar (1993) simulated the Cd/phosphate distribution in 

Interglacial and Glacial oceans. They tested two processes which according to 

Boyle et al. (1981, 1988) were responsible for the negative intercept of 
Cd/phosphate relationships in case of extrapolation to hypothetical Cd depletion 
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or, for the kink in the global Cd/phosphate relationship. The first process was 

preferential net uptake of Cd in surface waters with sinking particulate organic 

matter which is enriched in Cd (upper box in Pig. 3.10). The second process would 

be in deep waters, namely the fractionated deep remineralization of Cd compared 

to phosphate. Saager and De Baar (1993) found that both processes would yield 

realistic model scenario simulations of global Cd/phosphate distributions. 

However, their scenario for fractionation during deep remineralization was 

somewhat less realistic but admittedly the model was also very simple. 

In this study in the PPr a clear case of preferential Cd net uptake was 

observed. This may, or may not, be a world-wide trend. In combination with the 

somewhat less realistic deep remineralization scenario by Saager and De Baar 

(1994), this would suggest that biological fractionation in surface waters is driving 

the global Cd/phosphate distribution in the ocean basins. However, deep 

remineralization may also playa role. 

Primary versus net fractionation within surface waters 

The observed preferential net-uptake of Cd actually results from either 

fractionated gross uptake and/or fractionated recycling of Cd and phosphate 

within the surface waters (Pig. 3.10). Here the expression 'recycling' is used 

exclusively for dissolution due to grazing activity within surface waters, as 

opposed to the above mentioned deep remineralization. Because little 

information was available on Cd/phosphate uptake by phytoplankton, excretion 

by grazers, particulate distributions and recycling, Saager and De Baar (1994) were 

not able to unravel the two processes within the euphotic zone of either 

preferential gross uptake of Cd, or fractionated recycling. 

Here an attempt was made to unravel the Cd/phosphate gross uptake and 

recycling within the surface water box (Fig. 3.10). It was assumed that the Cd- and· 

phosphate decrease between transects 5 and 11 in the PPr (Fig. 3.7) is attributed to 

uptake and recycling as well as to some subsequent sedimentation of diatoms, 

which dominated the phytoplankton. Cd and phosphate taken up by all other 

plankton (phyto- and zooplankton) than diatoms as well as bacteria can be 

assumed to become recycled, because in the sACC area, where hardly any diatoms 

and few other phytoplankton and grazers occurred, no decreases in Cd and 

phosphate concentrations between both transects were observed. The increasing 

uptake of phytoplankton by grazers as copepods can be regarded to have almost 
no influence on the Cd/phosphate ratio because both, Cd and phosphate, are 
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assimilated with an efficiency which is directly related to the cytoplasmic content 

of the diatoms (Reinfelder and Fisher, 1991; Wang et al., 1996). Only the more 

particle-reactive elements which are bound to structural components of cells, are 

packed into the rapid sinking fecal pellets (Lee and Fisher, 1994). The small 

amount of Cd which could be packed into fecal pellets will be recycled for more 

than 90% after one day (Wang et al., 1996). 

Upwelling 

Sedimen
tation 

?.
 
~---._-

Deep 
remineralization 

Fig. 3.10. Scheme of nutrient circulation in the ocean. Two processes, preferential Cd net 

uptake in the euphotic zone and/or deep fractionated Cd and phosphate remineralization 

were described to be responsible for the negative intercept of Cd/phosphate relationships 

when extrapolating them to the hypothetical case of Cd depletion, and the kink in the 

global Cd/phosphate relationship (Boyle et aI., 1981; 1988). Saager and De Baar (1993) 

tested the importance of these two processes (here expressed as question marks) by modelling 

and found that both of them yield realistic model simulations. Here it was found that 

preferential Cd net uptake in the surface ocean box was taking place at the Polar Frontal 

region. Moreover the Cd/phosphate fractionation of gross production and recycling within 

the surface box is assessed. 
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Table 3.3. Calculation to evaluate the importance of gross uptake and recycling within upper 

waters for the Cd/phosphate ratio in the Polar Frontal region in section 5.3. For the calculation 

of the net Cd and phosphate decrease the average concentration differences between transect 5 

and 11 were integrated over the upper 50 m where most of the primary production occured 

(Jochem et al., 1995). 

Primary production (PP): (after Ref. a) 

PP (transect 5) = 588 mgC m-2 d-1 

PP (transect 11) = 1825 mgC m-2 d-1 

average = 0 PP = 1206 mgC m-2 d-1 

= 100 mmolC m-2 d-1 

Gross-phosphate-uptake rate Gross-Cd-uptake rate 

by particulate primary production by particulate primary production 

PPP = 0 PP / (C/P) (3.2) PPCd = 121 pp. (Cd/C) (3.3) 

C: P = 105 (Ref. b-e) Cd: C = 9.10-6 

PPP = 952 !J1l101 m-2 d-1 PPCd = 9OOnmolm-2 d-1 

Net-phosphate-decrease Net-Cd-decrease 

VnetP = 562 ~mol m-2 d-1 VnetCd = 250 nmol m-2 d-1 

Phosphate-recycling rate (vrecP) Cd-recycling rate (vrecCd) 

vrecP = PPP - VnetP (3.4) vrecCd = PPCd - VnetCd (3.5) 

vrecP = 390 ~mol m-2 d-1 vrecCd= 650 nmol m-2 d-1 

Ref. a: Jochem et al., 1995.
 

Ref. b: Goldman et al., 1992.
 

Ref. c: Redfield, 1934.
 

Ref. d: Hecky et al.) 1993.
 

Ref. e: Copin-Montegut and Copin-Montegut, 1978.
 

Por the calculation of the Cd and phosphate gross uptakes the average 

integrated primary production rates of transect 5 and 11 in the PPr (Jochem et al., 

1995) were multiplied with estimated Cd/C and P /C ratios (Table 3.3). The 

recycling of both was calculated as the difference between estimated gross uptake 

and above calculation of observed net decrease. 

For the calculation of the gross phosphate uptake the molar Redfield C/P 

ratio of 105 (Redfield, 1934; Hecky et al., 1993) as reported for two oceanic diatoms 

by Goldman et al. (1992) was used. The C/P ratios described in literature for the 

Southern Ocean vary between 74 and 105 for the PPr of the South Indian Ocean 
(Copin-Montegut and Copin-Montegut, 1978) and between 47 and 151 for the area 
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of the Weddell-Scotia Seas (Treguer et al., 1991). The phytoplankton composition 

of the latter, with exception of one station for which no C/P ratio was recorded, 

was not dominated by diatoms, and was for this reason not included in the 

calculation. In the PFr of the South Indian Ocean (Copin-Montegut and Copin

Montegut, 1978), phytoplankton was dominated by diatoms. The biogenic silicate 

concentration of the latter was up to 5 IlM, which is close to the reported biogenic 

silicate concentration found in the PFr during this study by Queguiner et aI. 

(1997). The adopted C/P ratio of 105 is consistent with the C/P ratio found in the 

PFr of the South Indian Ocean (C/P = 108) for the station with the largest molar 

Si/C ratio of 0.35 (Copin-Montegut and Copin-Montegut, 1978) which is closest to 

the Si/C ratios for the PFr during this cruise (0.50-0.96; Queguiner et al., 1997). 

Martin et aI. (1991) showed in Fe enrichment experiments that more carbon per 

unit of major nutrients is fixated when Fe is abundant. Diatoms displayed the 

most benefit from Fe, which ranged between 1.3 and 1.6 nM (Martin et aI, 1991), 

and were comparable with values found in the PFr during the described transects 

(z 1.5 nM Fe, De Baar et al., 1995; L6scher et al., 1997a). The C/P ratios at these Fe 

concentrations ranged between 124 and 134, and are comparable with the 

estimated Redfield ratio of 105. 

Table 3.4. Contribution of bacteria, phytoplankton and zooplankton to the total POC in
 

the Polar Frontal region at transect 5 at 40 m depth. For the calculation of the
 

phytoplankton biomass the C/Chl ratio of 62 was chosen as the mean value for
 

phytoplankton reported with the same dominant diatom genera as in the Polar Frontal
 

region (Chaetoceros, Nitzschia jragilariopsis, Corethron, Mikaelyan and Belyaeva,
 

1995). The irradiance (Smith and Sakshaug, 1990; their fig. 9.3) as well as the
 

chlorophyll a concentration, factors which influence the C/Chl ratio in algae (Cloern et
 

al., 1995; Mikaelyan and Belyaeva, 1995)/ can be expected to be the same in the sampling
 

period by Mikaelyan and Belyaeva (1995) and during this study.
 

Category of Carbon (l1g 1-1) Reference 
biomass Transect 5 

Bacteria 6-12 (Lochte et al., 1997) 
Nanoprotozoa 0.7-1.2 (Becquevort, 1997; upper 100 m) 
Microprotozoa 2-8 (Klaas, 1997; upper 100 m) 
Zooplankton 10 (Fransz and Gonzalez, 1997) 
Phytoplankton 50-112 (Bathmann et al., 1997; Mikaelyan and Belyaeva, 1995) 

TotalPOC 134±24 (Bathmann et al., 1997) 
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For the calculation of the Cd gross uptake (Table 3.3) the Cd/C ratio (9.10-6) 

as found for one sample in the PFr at transect 5 was used. For this sample the 

particulate Cd value was consistent with the difference between unfiltered and 

filtered water. Here the biogenic particulate Cd concentration (phase 1 and 2 of 

the selective chemical leaching treatment) was divided by the particulate organic 

carbon (POC) concentration as reported by Bathmann et al. (1997). The obtained 

Cd/C ratio is comparable with the ratios reported by Martin et al. (1976) and by 

Collier and Edmond (1983) but about one order of magnitude higher than the 

Cd/C ratio described for a diatom sample collected during a diatom bloom 

(Martin and Knauer; 1973). However, particulate Cd collected on this cruise was 

sampled with GoFlo's followed by filtering through filters with a pore size of 

0.2 flm, whereas the particulate matter described by Martin and Knauer (1973), 

Martin (1976) and Collier and Edmond (1983) were sampled with nets of mesh 

sizes larger than 44 flm. With the latter sampling method only the larger 

phytoplankton and grazers were collected, whereas the sampling method used 

during this cruise for the collection of particulate Cd includes smaller 

phytoplankton as well as protozoa and bacteria. Grazers, phytoplankton and 

bacteria may have different Cd/C ratios and by this affect the Cd/C ratio of the 

particulate matter. However, POC due to phytoplankton in the PFr at transect 5 

was estimated to be up to 85% of the total POC (Table 3.4) and can be expected to 

have controlled the Cd/C ratio. 

The used Cd/C ratio is in the same range of (0.05-10).10-6 as calculated 

from Tortell and Price (1996) for the cellular Cd/C ratio dependency from the free 

Cd2+ concentration of four Thalassiosira cultures, when assuming that the free 

Cd2+ concentrations in the surface water of the PFr are in the range of 0.1 and 0.3 

nM when about 70% of the dissolved Cd is strong organically complexed 

(Bruland, 1989). Moreover it is in the same order of magnitude as found for the 
diatom Phaeodactylum tricornutum by Kudo et al., (1996). They described cellular 

Cd/P ratios between 0.10.10-3 and 0.23.10-3, which correspond with a Cd/C range 

of (1-2).10-6. 

Using the above described molar C/P (105) and Cd/C (9.10-6) ratios the 

Cd/phosphate gross uptake ratio would be 0.9 nM/flM, consistent with 

Cd/phosphate ratios as described by Noriki et al. (1985) during a phytoplankton 

bloom in time it was dominated by diatoms (0.17-1.57 nM/flM), and in the same 

order of magnitude as reported by Kudo et al. (1996) for the diatom 

Phaeodactylum tricornutum (about 0.2 nM/flM). The Cd/phosphate ratio found 
by Abe and Matsunaga during a diatom bloom in the Funka Bay (0.07 nM/flM) is 
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on the low side of this range. Comparing the calculated Cd/phosphate uptake 

ratio (0.9 nM/~M) with the average Cd/phosphate ratio in the ambient seawater 

of the upper 50 m of the PFr at transect 5 (0.20 nM/~M), the conclusion must be 

that the gross Cd uptake rate is faster than the gross phosphate uptake rate. 

The recycling rates for phosphate and Cd within the upper 50 m at the PFr 

were about 390 ~mol m-2 d-1 and 650 nmol m-2 d-1, respectively. About 70% of 

the Cd and about 40% of the phosphate which were taken up during particulate 

primary production were recycled. Thus, Cd is also recycled more efficiently. 

Overall it appears, that preferential Cd gross uptake seems to override the 

more efficient recycling of Cd compared to phosphate in the upper 50 m of the 

PFr, and is the process which is responsible for the net decrease of the 

Cd/phosphate ratio of ambient seawater. Major uncertainties in the calculations 

of the Cd and phosphate gross uptake are the estimations of the Cd/C and P /C 

ratios. 

Cd in the deeper water masses 

Table 3.1 shows an overview of the Cd concentrations and Cd/phosphate 

ratios in the different water masses sampled. AAIW sampled at 45°30'5; 01°08'E 

had a Cd concentration of 0.21 nM with a molar Cd/phosphate ratio of 

0.10 nM/~M. The relatively low concentration and ratio were lower than those 

reported by Frew and Hunter (1992, 1995) for the AAIW core south of New 

Zealand at 48°05'5; 164°30'5 (0.45-0.48 nM Cd and 0.22-0.23 nM/~M). After Frew 

and Hunter (1992,1995) low Cd/phosphate ratios in the AAIW could be the cause 

of two different Cd/phosphate relationships in the world ocean, one for the 

North Atlantic Ocean data and one for the Antarctic-Indo-Pacific Ocean data. 

However, according to Loscher et al. (1997b) there is lack of evidence whether the 

global Cd/phosphate data may be described by two different Cd/phosphate 

relationships or suggest a single linear relationship instead. 

Neither the Cd distributions here reported nor the previously known 

nutrient distributions of the 50uthern Ocean (Ruud, 1930; De Baar et a1., 1997) fit 

into the classical concept of nutrient profiles which increase with depth in the 

euphotic zone and remain nearly constant in the deeper water column. For 

example the observed maxima of Cd in the UCDW (Fig. 3.6) coincide with 

maxima of phosphate. However, the deeper minima (400-800 m) of Cd at the 

three northernmost stations (Fig. 3.6a-c) were not expected. Here one needs to 
ensure that such extrema are real features and not an artefact of sampling and 
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sample treatment, because the sampling method in the upper waters (CoFlo's 

mounted on a Kevlar hydrowire) is different from that in deep waters (CoFlo's 

mounted on a Teflon coated CTO rosette). 

The sampling devices had been used successfully for Cd several times 

before (Nolting et al., 1991, 1994; Saager et al., 1997), and there has never been any 

evidence pointing to contamination during sampling. If anything, than the 

shallow water kevlar wire hydrocasts would likely be less prone to 

contamination than the deep CTO Rosette casts, in contrast with the observations 

of maxima in the upper 400 m and minima at 400-800 m depth (Figs. 7a-c). Upon 

sampling and filtration all samples were stored in bottles for analyses in the 

home laboratory. During analyses no distinction was made between groups of 

samples. The recovery of the Cd extraction was verified daily by addition of four 

spikes, and the Cd concentrations were corrected for these recoveries. Recoveries 

which were lower than 90% were rejected. The accuracy of the method was 

verified with a certified reference at the end of all extractions. Because always the 

same standard was used for the check of the recoveries, the accuracy of all the 

reported Cd concentrations should be high. 

The above described precautions as well as the existence of the Cd 

concentration maximum and minimum at station 951 (Fig. 3.6b), where only the 

Teflon coated CTO rosette was used, lead to the conclusion that different 

sampling methods cannot be the reason for the detected UCOW maxima and 

minima. Firstly, the continuity of maxima among all six stations throughout the 

whole section (Fig. 3.6a-f) and minima among three northern stations (Fig. 3.6a-c) 

cannot be an artefact. Secondly, at four given single stations the maxima 

(Fig. 3.6a,c,e,f) and two stations the minima (Fig. 3.6b,c) comprise more than one 

sampling point. 

A selection-criterion for high quality Cd- and phosphate data as described 

in De Baar et al. (1994) using data below 1000 m which have a Cd/P04 ratio with a 

coefficient of variation of less than 10%, can ensure that such selected data are of 

acceptable precision, without suggesting that non-selected data necessarily are of 

lesser quality (de Baar et al., 1994; Loscher et al., 1997b). In this paper five of the six 

presented Cd-profiles fulfilled that 10% criterion and were used for a description 

of the global Cd/ phosphaterelationship (Loscher et al., 1997b). However, 

deviations in the Cd/phosphate ratio may occur, because hydrography as well as 

sedimentary sources (Westerlund and Ohman, 1991) appear to be important for 

the trace metal distributions (Loseher et al., 1997b). Summarizing, we are 

confident about the analytical quality of the data, and any strong gradients are 
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therefore treated as a real feature. 

In the UCDW the Cd concentration ranges from 0.38 to 1.25 nM with a Cd 

subsurface maximum (0.46-1.25 nM) occurring within the major nutrient 

subsurface maximum (here phosphate, 2.4-2.5 11M, Pig. 3.6) which indicates the 

UCDW (Whitworth and Nowlin, 1987). The Cd maximum obvious in the Cd 

contour plot along the 6°W meridian (Pig. 3.5) coincides with the upper wedge of 

the UCDW. Like UCDW, the Cd maximum rises to the surface at the position of 

the southern ACC front at about 56°5 where it becomes indistinguishable from 

the surface water. In this sense Cd could serve as an indicator for the upper 

wedge of UCDW. The higher Cd concentrations in surface water than deep 

waters south of the PPr (Pig. 3.6c, d and e) can be assumed to be derived from 

UCDW which flows northward (North of the southern ACC front) and 

southward (50uth of the southern ACC front) as AA5W. Low primary 

productivity ensures that almost no Cd is removed from the previous UCDW. 

The persistently detected minima at the three northern stations (Pig. 3.6a-c) 

are not correlated with the concentrations in major nutrients. The minimum at 

station 947 (Fig. 3.6c) is most pronounced in the upper part of the LCDW but also 

discernible at one point in the overlying UCDW. Thus the Cd minima are not 

strictly found only in the UCDW. Nevertheless, there is some consistency as the 

minima of all three stations are at the same 27.7-27.8 isopycnal (App. 2). 

Therefore the minima are real features but we are not aware of the underlying 

mechanism. 

At station 956 in the PPr at 50°5 (Pig. 3.6a) the influence of NADW is still 

discernible through the salinity maximum (5=34.74-34.75) and gentle minimum 

of phosphate and nitrate (App. 2). Unfortunately, in this NADW only two Cd 

samples were collected with concentrations of 0.29 and 0.54 nM and 

Cd/phosphate ratios of 0.14 and 0.25 nM/!J,M, respectively. The 0.29 nM value is 

comparable to concentrations reported for NADW in the North Atlantic Ocean 

(Bruland and Franks, 1983; Sakamoto-Arnold et al., 1987; 5aager et al., 1997). 

However, compared to the dissolved Cd concentrations of 0.36-0.49 nM reported 

by Yeats et al. (1995) for younger (P04=1.6 !J,M), more saline (5=34.95), NADW in 

the Cape Basin (30°5; 8°E), it appears to be quite low. With the small number of 

two observations in the NADW it is not clear whether its Cd concentration truly 

differs from the adjacent UCDW and LCDW (Fig. 3.6a). 

At the more northerly final station 979 (45°39'5; 01°08'E), near the margin 

of the Cape Basin, phosphate and nitrate (Fig. 3.6f) have a minimum in the 
upper part of the recent NADW (5=34.78; App. 2). The Cd concentrations have 
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some scatter, possibly due to the unfiltered samples used for analyses, and it 

remains uncertain whether they reflect this nutrient minimum. The average Cd 

(0.62 nM ± 0.05 nM; n=8) and phosphate (2.1IJ-M) in this NADW (S > 34.74) are 

relatively higher than the average of Cd 0.40 nM and phosphate 1.6 IJ-M further 

North in the Cape Basin (Yeats et al., 1995), and therefore more consistent with 

the expectation based on the global trend of Cd versus phosphate than the 

anomalously low Cd in NADW at above station 956. 
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Fig. 3.11. Example of Cd versus phosphate concentrations in the surface and deeper water 

(53°58'5; 06°00'VV ) showing a linear relationship in the surface but not in the deeper water. 

Data from deeper water masses in the Southern Ocean do not coincide 

with the linear Cd/phosphate relationships of upper water (Fig. 3.11) because the 

circulation of water masses with different preformed Cd/phosphate ratios is the 

most important factor affecting the Cd/phosphate ratio. Such 'non-linear' 

Cd/phosphate functions in different water masses at one and the same station 

were also reported by Saager et. al. (1992) for the Arabian Sea and Yeats et al. 

(1995) for the South Atlantic Ocean. 

Cd concentrations in the northern Atlantic Ocean (after De Baar et al., 1994; 

Saager et al., 1997) ranged from about 0.20 to 0.39 nM with Cd/phosphate ratios 

from about 0.19 to 0.30 nM/IJ-M. For the Indo-Pacific Ocean these values were 0.60 

to 1.10 nM and 0.21 to 0.40 nM/~M, respectively. The here reported deep water 

Cd concentrations (Fig. 3.12a) as well as the Cd/phosphate ratios (Fig. 3.12b) at the 
6°W meridian (48°-57°5) contribute to bridge the gap between North Atlantic 
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Ocean data and the Indo-Pacific Ocean data. This trend was to be expected from a 

generally increasing deep Cd concentration and Cd/phosphate ratio with age of 

the deep water (Morley et al., 1993, De Baar et al., 1994). 
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Fig. 3.12. Global vertical profiles from the literature with profiles from this study, from 

North Atlantic to Indo-Pacific Ocean waters: (a) for dissolved Cd, and (b) for the 

Cd/phosphate ratio. References are (1) N.E. Atlantic Ocean, 59°N; 20 0 W (Martin et al., 

1993); (2) 50°5; 06°W (this study); (3) 52°5; 06°W (this study); (4) Indian Ocean, 14°N; 67°E 

(Saager et al., 1992); (5) Pacific Ocean, SOON; 145°W (Martin et al., 1989). 
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Conclusions 

Differences in dissolved upper water Cd concentrations were related to 

biology and hydrography. It is shown that the high upper water concentrations 

are a result of (1): deep water (UCDW), rising to the surface, carrying elevated Cd 

concentrations (up to 1.25 nM) in combination with (2): relatively low primary 

production. The low biological activity ensures that Cd does not become depleted 

in the surface water. 

By a comparison of Cd and phosphate data at the beginning and during a 

phytoplankton bloom, which was dominated by diatoms, preferential Cd net 

uptake was observed. This net effect resulted from preferential Cd gross-uptake 

which appeared to override the process of Cd recycling which was about 50 to 

95% of the Cd taken up during primary production. It can be assumed that about 

35% of the gross phosphate uptake was recycled. If the observed preferential net 

uptake is a world-wide trend, biological fractionation in the surface waters would 

largely determine the global deep Cd/phosphate distributions. 

Cd/phosphate ratios were not constant through the deeper water column 

because the circulation of water masses was the most important factor which 

determined the Cd/phosphate distribution in the Southern Ocean. Deep Cd 

concentrations indicated UCDW by a maximum concentration within that water 

mass. Both the concentration of Cd and the Cd/phosphate ratio increased in 

southern direction at the 6°W meridian and showed a gradual transition 

between Atlantic Ocean and Pacific/Indian Ocean distributions. 
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The global Cd/phosphate relationship in deep ocean waters and the 
need for accuracy 

Abstract-- The relationship between Cd and phosphate is intriguing for 

unravelling geochemical cycling in the modern ocean. Moreover it is relevant 

for reconstructing Cd or phosphate distributions in paleoceanography. Whether 

the global Cd/phosphate data point to a single linear relationship or whether the 

data are better described by two different linear relationships, one for the North 

Atlantic Ocean data and one for the Indo-Pacific Ocean data, is still a matter of 

debate. 

Recently new data have become available for the Southern hemisphere 

which partly fill a gap that existed between the North Atlantic and Indo-Pacific 

Ocean data. The model with two different relationships for the North Atlantic 

and the Indo-Pacific Ocean deviated with statistical significance from a single 

global linear relationship. Yet, both models are characterized by a large residual 

variance likely due to apparent differences in accuracy between different 

laboratories. If these laboratory effects are taken into account in the models, the 

difference between the relationships of the North Atlantic and the Indo-Pacific 

Ocean remains statistically significant. However, when only two data sets with 

the smallest phosphate concentrations (P04 < 1 ~M) are left out the significance 

disappears. However, it is still risky to be too conclusive on basis of the present 

data. More accurate Cd- and phosphate data, are needed, especially in the low 

concentration area. Accuracy has to be improved by the availability and use of 

international reference standards in combination with regular spike-recovery 

experiments. 

Based on:
 

Loscher, B.M., Van der Meer, L De Baar, HI W., Saager, P.M. and De long, J,T.M.
 

(1997) Mar. Chern. 59: 87-93.
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Introduction 

Two decades ago Boyle et al. (1976) and Martin et al. (1976) as well as 

Bruland et al. (1978); Bruland (1980); Knauer and Martin (1981) demonstrated that 

Cd is very closely correlated with phosphate. This led Hester and Boyle (1982) to 

suggest a linear relationship with zero intercept between the global Cd- and 

phosphate- data. Soon afterwards Bruland and Franks (1983) found a Cd

phosphate slope for the North Atlantic Ocean, which was 15 % lower than the 

slope for the North Pacific Ocean. Boyle (1988) combined a selection of 8 out of 16 

available Cd-phosphate data sets in one Cd-phosphate plot and suggested a 

uniform global Cd-phosphate relationship consisting of two separate 

Cd/phosphate relations, one for phosphate concentrations lower than 1.3 IlM 

and one for phosphate concentrations higher than 1.3 IlM. However, the 

selection criterion for quality of data was not reported, whereas among the 8 

selected sets one preliminary data set eventually was not published and two 

others were from a shallow inshore site off Gibraltar (Boyle et al. , 1985) and the 

semi-enclosed Gulf of Mexico (Boyle et al., 1984). Here exchange processes of Cd 

and phosphate with the continental shelf may have obscured the oceanic trend. 

More recently Frew and Hunter (1992, 1995), De Baar et al. (1994), Frew 

(1995) and Yeats et al. (1995) provided evidence in support of apparently two 

Cd/phosphate relationships. Frew and Hunter (1992, 1995) suggested that the low 

Cd/phosphate relationship in the subantarctic region of the Pacific Basin plays a 

major role in the formation of these two relationships. Two mechanisms were 

suggested: (I) ventilation of low Cd/phosphate subantarctic water to intermediate 

depth by formation of Antarctic Intermediate Water (AAIW), (II) 

remineralisation of low Cd/phosphate detritus from biota produced in waters 

formed at the subtropical convergence. However, their subantarctic data do not 

represent the AAIW source area (Saager, 1994, page 107). Frew (1995) provided 

another hypothesis attributed the apparent global Cd/phosphate kink to the 

formation of Antarctic Bottom Water (AABW), which has as a major component 

near-surface waters, which presumably would have a high Cd/phosphate ratio. 

De Baar et al. (1994) proposed a selection criterion for high quality Cd and 

phosphate data as Cd/phosphate ratios below 1000 m having a coefficient of 

variation less than 10 %. This ensures that selected data are of reasonable 

precision, without suggesting that non-selected data are of lesser quality. 

However, independent assessment of the accuracy of the data is still lacking. 
Using the selection criterion mentioned above, De Baar et al. (1994) obtained a 
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selected data set for deep waters showing two data clusters with different· 

Cd/phosphate slopes between North Atlantic data, and Pacific/Indian/Antarctic 

Ocean data. When ignoring the gap between clusters one global relationship was 

found (De Baar et al., 1994). The need for more data filling the gap in deep waters 

of the temperate Southern hemisphere was recognized for validating the 

hypothesis of a single uniform global Cd/phosphate relationship. Recently new 

data have become available for the Southern hemisphere. 

The new data are added in the present paper using the same selection 

criterion as De Baar et al. (1994). For some stations the water column was divided 

in different water masses, because hydrography is a very important factor in the 

circulation of trace metals and nutrients. For each water column the selection 

criterion was used separately. 

The methodology of the present paper differs in two important aspects 

from that of De Baar et al. (1994): whereas De Baar et al. (1994) used all selected 

data below 1000 m depth as separate data points, the present paper used for each 

sample site the average Cd and phosphate concentration because the accuracy of 

data of one sample site are not independent from each other. Besides that, the 

possible laboratory bias was taken into consideration directly in the model 

formulation. 

Methods 

By the use of the same selection criterion as De Baar et al. (1994), data by 

Yeats (1988), Hunter and Ho (1991), Westerlund and Ohman (1991), Frew and 

Hunter (1992), Martin et al. (1993), De Jong et al. (1994), Pai and Chen (1994), Frew 

(1995), Yeats et al. (1995) and L6scher et al. (1998) are added to the selected data by 

De Baar et al. (1994). The added data are presented in Table 4.1. 

One station by Westerlund and Ohman (1991) for the Weddell Sea was 

added. The site appears far enough away from the continental shelf to assume 

that processes occurring in the shelf could be of no importance. The same goes 

for the data by Pai and Chen (1994), where only the two offshore stations far 

enough from the continental shelf were added. 

De Baar et al. (1994) omitted the data by Hunter and Ho (1991) because the 

concentrations of Cd and phosphate increase regularly with depth. Latter data are 

used in the current selection, because they otherwise fall within the selection 
criterion for the Cd/P04 ratio. The data by Frew and Hunter (1992) were added as 
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well. 

Table 4.1. Cd-phosphate data added to the selected stations by De Baar et aI. (1994). For the 

added data the same selection criterion is used. For stations where the coefficient of variation (CV) 

of the Cd/phosphate ratio is not lower than 10% over the whole water column deeper than 1000 m, 

the water column was divided into the different water masses. For each water mass the selection 

criterion was applied separately. 

Latitude/ Refs. n Depth Cd CVCd P04 CVP04 Cd/P04 CVCd/P % 
Longitude (m) (pM) (pM) (/-1M) (/-1M) (PM/IJM) (pM/1JM) 

64°5; 47°W (1) 7 1000-3000 683 59 2.49 0.06 274 20 7 
38°5; 167°E (2) 3 1000-1500 523 38 1.83 0.21 287 20 7 
36°5; 163°E (2) 5 1083-1793 650 81 2.16 0~16 300 29 10 
35°5; 167°E (2) 4 1083-1723 662 83 2.23 0.16 296 18 6 
35°5; 1700 E (2) 3 1144-1621 657 15 2.25 0.14 292 21 7 
35°5; 171°E (2) 5 1096-1494 712 77 2.39 0.12 297 18 6 
48°5; 164°E (3)a 19 1000-4450 595 58 2.34 0.12 254 16 6 
62°5; 83°E (4) 3 1259-2440 615 8 2.19 0.08 281 8 3 
65°5; 84°E 
15°5; DOE 

(4) 
(5) 

5 
4b 

1275-3089 
1351-2201 

686 
414 

28 
73 

2.28 
1.66 

0.01 
0.19 

300 
249 

12 
15 

4 
6 

300 5;8°E (5) 4c 1081-1481 695 52 2.15 0.09 324 21 6 
4c 2551-3410 403 33 1.60 0.05 252 23 9 
4c 3710-4830 599 52 1.84 0.15 326 16 5 

46°5; l°E (6) 4d 

8d 
1499-2147 
2998-4225 

619 
649 

57 
52 

2.11 
2.26 

0.11 
0.08 

293 
287 

29 
23 

10 
8 

52°5; 6°W (6) 7 999-2148 735 39 2.26 0.05 326 14 4 
54°5; 6°W (6) 9 997-2599 746 37 2.32 0.04 318 17 5 
56°5; 12°W (6) 2e 4509-4744 808 13 2.29 0.06 345 3 1 
58°5; 6°W (6) Sf 2498-3713 692 63 2.28 0.04 303 30 10 
34°N; 13°W (7) 22 1000-4377 267 61 1.24 0.19 215 20 9 
35°N; 62°W (8) 7 1200-4675 304 26 1.23 0.06 247 14 6 
47°N; 200 W (9) 5 1100-2900 257 31 1.15 0.07 188 10 5 
59°N; 200 W (9) 6 1000-2800 210 10 1.23 0.05 170 7 4 
55°N; 49°W (10) 13 1200-3682 253 19 1.04 0.05 244 26 10 
52°N; 34°W (10) 10 1000-3520 267 20 1.08 0.04 247 18 7 
65°N; 31°W (10) 6 1078-1374 256 33 0.94 0.10 273 28 10 
22°N; 124°E (11) 6 1002-4294 997 41 2.68 0.17 372 12 3 
22°N; 127°E (11) 7 1003-5000 1003 31 2.69 0.18 374 18 5 

a The data by Frew and Hunter (1992) are added too because Frew and Hunter (1995) recently 

demonstrated the accuracy of their phosphate data. De Baar et aI. (1994) omitted these stations 

because of a consistent difference between Frew and Hunter's (1992) phosphate data and those of 

the nearby GE05EC5 station 280, a discrepancy which at the time could not be resolved by the 

authors. 

b The water column of station 7 is divided after Measures et aI., 1995; into three different water 

masses: 1351-2201 m: NADW, 2353-3604 m: linear mixing with lower NADW of the western 

94 



The global Cd/phosphate relationship in deep ocean waters ... 

boundary undercurrent and 4604 -4804 m: mixing towards AABW. Only the NADW falls within the
 

selection criterion.
 

c The water column of station 9 is divided after Measures et al. (1995); into four different water
 

masses: 1081-1481 m: UCDW, 1801-2401 m: LSW (Labrador Sea Water), 2551-3410 m: NADW
 

-complex and 3710-4830 m: AABW. The LSW does not fall within the selection criterion.
 

d 1499-2147 m: UCDW and NADW, 2998-4225 m: LCDW.
 

e 4598-4839 m: AABW
 

f 2498-3713 m: AABW
 

Refs.: (1) Westerlund and Ohman, 1991); (2) Hunter and Ho (1991); (3) Frew and Hunter (1992); (4)
 

Frew (1995); (5) Yeats et al. (1995); (6) Loscher et al. (1998); (7) Yeats et al. (1995); (8) Yeats (1988);
 

(9) Martin et al. (1993); (10) De Jong et al. (1994); (11) Pai and Chen (1994). 

In waters like the Southern Ocean the circulation of different water masses 

is an important factor in controlling the metal and nutrient concentrations. For 

this reason at four stations by Loscher et al. (1998) the water column was divided 

into different water masses in case the coefficient of variation of the 

Cd/phosphate ratio varied more than 10% in the water column below 1000 m. 

The same was done for the Southeast Atlantic data set of Yeats et al. (1995). Then 

for each water mass the selection criterion was applied separately as reported in 

Table 4.1. 
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Fig. 4.1. Global Cd/phosphate data for water depths> 1000 m. Open circles indicate 
selected data after De Baar et al. (1994). The filled circles show added data (Table 4.1.). 

(a) Individual data points. 
(b) Average data at each selected station with standard deviations. 
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Results and discussion 

Fig. 4.1a shows Cd versus phosphate concentrations of the new deep water 

data (Table 4.1) superimposed on the selected data set by De Baar et. al. (1994). The 

gap of the Cd- phosphate data between the deep Atlantic Ocean and the deep 

Antarctic/Pacific/Indian Ocean is now filled with new data, although there still 

are only a few data with phosphate concentrations between 1.8 and 2.0 ~M. 

Apparently, the errors are not independent. For example, all data in the range of 

phosphate concentration between 1.2 and 1.7 ~M fall below, and all data with a 

phosphate concentration < 1.0 ~M fall above the overall regression line. This 

dependence, however, is not surprising as at each sample site multiple samples 

are taken at different depth. The errors from the overall regression line most 

likely are correlated between such samples from the same location. This 

dependence may, for example, be due to laboratory bias since the samples at one 
station in general have been analysed simultaneously. Therefore the average Cd 

and phosphate data from the selected stations were used (data by De Baar et. aI., 

1994; with added data, Table 4.1) for further analyses. They were plotted together 

with their standard deviation in Figure 4.2. As various laboratories worked at 

more than one site, dependence between the data may not have been removed 

completely. Therefore, a laboratory (-group) effect was included in the model. 

Thus, when assessing the general linear relationships: 

[Cd] = a + b [P04] (3.1) 

the following model was fitted and the contribution of the various factors was 

tested.: 

(4.1) 

where 

a is the overall constant, 

Ai the deviation of the overall constant for area i, 

b is the overall slope, 

Bi is the deviation of the overall slope for area i, 

Cj is the laboratory group effect for group j, 

e is the residual error, 
and where 
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i = 1 for the North Atlantic Ocean data (P04 < 1.5 jlM) and 

i =2 for the other ocean data (P04 > 1.5 ~M), 

j = I, K, where K is the number of laboratory groups. 

Table 4.2 gives an overview about the references which belong to one laboratory 

group. 

Constraints on the parameters are 

LAi =0, so Al =-Az,
 

LBi =0, so Bl =-Bz,
 

LCj=O.
 

Both, the group effect and the ocean effect (which accounts for a different 

intercept and slope for the North Atlantic data compared to the other oceans) 

were significant (Table 4.3). That means that the existing data set still conforms to 

different Cd/phosphate relationships for the Atlantic and the Indo-Pacific Ocean 

when different accuracies of the laboratory groups are assumed. One may wonder 

whether there are deviations of the overall model on finer spatial scale. 

Figure 4.2 shows the residuals of the single Cd/phosphate relationship including 

a correction for laboratory group effects. The world-wide distribution of the 

residuals gives no indication for a specific ocean area with a constant deviating 

Cd-phosphate character. 

However, leaving out the two smallest average phosphate concentrations 

(P04 < 1 ~M) and fitting the models again, the single Cd/phosphate relationship 

was not statistically significant deviating from the two lines modeL According to 

the parsimony principle (Ockham's razor) which contents that the simplest 

model is the best description of reality, the single regression line should be used. 

Yet, we believe that, given all uncertainties about the independence of errors, at 

the moment it is still too early to make conclusions. More accurate data are 

needed especially from the Northern hemisphere with low phosphate 

concentrations (P04 < 1 ~M). 

Table 4.4 shows the deviation of the Cd concentration of the different 

laboratories from the linear relationship. The deviation lays between - 60 and 

121 pM, similar to that found in a recent intercalibration study (Fig. 3 of Yeats et 

aL, 1995). In order to improve the accuracy the use of certified standards is 

needed, both for Cd and phosphate. Briefly the internal precision of a laboratory 

is often quite satisfactory for phosphate and Cd, but accuracy is lacking. For 

phosphate Saager (1994, pages 40-41) found discrepancies of various data set when 
compared with nearby GEOSECS stations. Similarly the GEOSECS data set of 
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phosphate and nitrate in the Southern Ocean (>30°5) has a much more tight 

correlation than the corresponding NODC (National Oceanographic Data Centre) 

database assimilated from various field programs and laboratories (Kamykowski 

and Zentara, 1989). The preparation and stability of nutrients standards (Aminot 

and Kerouel, 1996) is therefore a matter of great urgency. Similarly there is a need 

for production and routine use of certified standards of Cd and other metals. 

Finally for Cd and other metals the APDC/DDDC extraction method has less 

perfect recovery than commonly assumed (Muller et a1., 1991). 
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Fig. 4.2. The deviations of the Cd concentrations of the selected stations from the prescribed 

global uniform linear Cd/phosphate relationship, after initial correction of the Cd data for 

the Cd-deviation through different accuracy of the laboratory groups from the global 

uniform relationship. The size of the circles indicates the dimension of the Cd concentration 

deviation from a assumed global uniform linear Cd/phosphate relationship. The open circles 

stand for a positive residual deviation and the filled circles for a negative residual 

deviation. 
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Table 4.2. Classification of laboratories into groups as applied in the statistical models, Le. 

eq. (4.1). Given the similar performance the data from UCSC (Bruland and co workers) and 

MLML (Martin and co workers) were grouped together for sake of convenience. 

Danielsson and Westerlund (1983)
 
Danielsson et al. (1985)
 
Sakamoto-Arnold et al. (1987)
 
Bruland et al. (1978)
 
Bruland, (1980)
 
Bruland and Franks (1983)
 
Knauer and Martin (1981)
 
Martin et al. (1985)
 
Martin et al. (1989)
 
Martin et al. (1990)
 
Martin et al. (1993)
 
Nolting OGOFS, 27 April 1990)
 
Nolting et al. (1991)
 
Saager OGOFS, 4 June 1990)
 
Saager OGOFS, 10 June 1990)
 
Saager et al. (1992)
 
Boyle et al. (1976)
 
Frew and Hunter (1992)
 
Frew (1995)
 
Hunter and Ho (1991)
 
Westerlund and Ohman (1991)
 
Yeats (1988)
 
Yeats et al. (1995)
 
Loscher et al. (1998)
 
De long et al. (1994)
 
Pai and Chen (1994)
 

Table 4.3. F test for the various factors of the fitted model (equation 4.1), whereby df : degree of 

freedom; S5: sum of squares and MS: mean square. 

Factors df 55 MS F P 
P04 1 33701 33701 13.3 0.001 
Aj&Bi 2 18149 9074 3.3 0.048 
group 10 75069 7507 2.73 0.013 
error 36 99000 2750 

Table 4.4. Deviation in Cd concentrations of the different laboratory groups from the single linear 

Cd/phosphate relationship. The sequence of the groups in this table has no correlation with the 

sequence in Table 4.2. 

Group Laboratory effect (Cq [pM]) Group Laboratory effect (Cd [pM]) 
1 - 60 7 - 6 
2 - 50 8 - 4 
3 - 36 9 16 
4 - 28 10 94 
5 - 26 11 121 
6 - 22 
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Relationships among Ni, Cu, Zn, and major nutrients in the Southern
 
Ocean
 

Abstract-- During consecutive transects at the 6°W meridian including the Polar 

Frontal region (PFr), the southern Antarctic Circumpolar Current area (sACC 

area) and the Weddell Gyre Boundary Front, the spatial and temporal 

distribution of copper (Cu), nickel (Ni), zinc (Zn) and dissolved silica (Si) was 

related to phytoplankton activity and hydrography. In the PFr, a diatom spring 

bloom coincided with reduced trace metal and Si concentrations. The trace

metal/Si ratios increased during bloom development due to preferential Si net 

uptake. 

Within the surface water of the sACC area, a continuous increase in trace 

metal and Si concentration towards the south was observed. The increase in 

concentration towards the south is attributed either to a constant flux of trace 

metals and Si mediated by sinking biogenic particles out of the AASW, or by a 

combination of the southward increasing upwelling of Upper Circumpolar Deep 

Water (UCDW) and the continuous downward particle flux. The observed 

subsurface maxima in the sACC area are probably caused by leaching of sea ice 

diatoms sedimenting after sea ice melting. Minima in transmission above the 

pycnocline point to the formation, sinking and dissolution of marine snow 

responsible for the concentration maxima of trace metals. 

At the deep sampling stations, Cu correlated strongest with Si among the 

trace-metal/major-nutrient correlations, whereby the Cu/Si slopes were 

significantly lower at the stations in the relatively high productive PFr (0.013

0.018 nM/f..lM) than at the stations in the relatively low productive sACC area 

(0.020-0.022 nM/f..lM). The relative low Cu/Si slopes at the stations in the PFr are 

probably due to preferential Si uptake by diatoms in the upper water column and 

Cu scavenging in the deeper water column. A longer retention of Cu compared 

to Si during the dissolution of the diatom frustules in the sediment may have 

contributed to the relative low Cu/Si slopes as well. 

Within the UCDW, the trace metals showed maxima in concentration 

similar to those of phosphate and nitrate indicating the core of the UCDW. At 

Based on:
 

Loscher B.M., Mar. Chern., in press.
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one station near the cape Basin, the concentrations of trace metals, phosphate and 

nitrate reflect the input of North Atlantic Deep Water into the Antarctic 

Circumpolar Current. In the Low Circumpolar Deep Water (LCDW), trace metal 

maxima were ascribed to hydrothermal input. 

Introduction 

The distribution of Cu, Ni and Zn has been shown to correlate with the 

major nutrients (Bruland, 1983). These correlations are caused by the coupled 

cycling of trace metals and major nutrients mediated by (I) uptake by 

phytoplankton (Bruland et aI, 1991; Morel et al., 1991), (II) scavenging (Schindler, 

1975; Santschi et al., 1993; Jannasch et al., 1996), and (III) assimilation and 

recycling by zooplankton (Fisher and Reinfelder, 1995; Hutchins and Bruland, 

1994,1995; Wang et al., 1996). Major nutrients as well as the trace metals Cu, Ni 

and Zn show, therefore, an increase in concentration with increasing age of the 

water (Boyle et al., 1977, 1981; Sclater et al., 1976; Bruland et al., 1978; Bruland, 

1980; Bruland and Franks, 1983; Saager et al., 1992, 1997). 

The surface waters around Antarctica are known for their high 

concentration of major nutrients and Ni, Cu and Zn (Martin et al., 1990; 

Westerlund and Ohman, 1991; Nolting and De Baar, 1994). Thus, vertical 

concentration profiles of major nutrients, and of Ni, Cu and Zn in the Southern 

Ocean exhibit not the typical nutrient profile with a surface water depletion in 

major nutrients and in Ni, Cu and Zn as in other open ocean areas. In contrast to 

the high nutrient conditions in the surface waters, phytoplankton biomass 

remains lower than expected (called the 'Antarctic paradox') with only locally 

enhanced productivity (Holm-Hansen et al., 1977; Smith and Sakshaug, 1990, 

Perissinotto et al., 1992; Sullivan et al., 1993). Grazing (Walsh, 1976; Wheeler and 

Kokkinakis, 1990; Frost, 1991), light limitation (Cullen et al., 1991), but also low 

Fe concentrations are thought to be responsible for the low productivity in this 

High Nutrient Low Chlorophyll area (HNLC) (Gran, 1931; Martin and Fitzwater, 

1988; Cullen, 1991; De Baar et al., 1995; Loscher et al., 1997). 

The seafloor of the Southern Ocean is covered with a carpet of diatom 

frustules, reflecting the key role of the Southern Ocean in the oceanic Si cycle 

(DeMaster, 1981; DeMaster et al., 1991; Treguer and Van Bennekom, 1991; 

Dugdale et al., 1995). The downward flux of diatoms, also called 'silicate pump' 
(Dugdale et al., 1995), might be the main transfer mechanism of trace metals out 
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of the upper water column. Zinc is known to be incorporated in diatom frustules 

(Collier and Edmond, 1983, 1984; Ellwood and Hunter, 1998), but is also essential 

for various metabolic functions (Sunda and Huntsman, 1992, 1995b). Copper 

(Morel et al., 1994; Sunda and Huntsman, 1995a) and Ni (Price and Morel, 1991) 

are also essential in the metabolism of the phytoplankton (Bruland et al., 1991; Da 

Silva and Williams, 1993; Sunda, 1994). The incorporated trace metals and Si 

become solubilized when the diatoms are dissolving. During the sedimentation 

of the diatoms, trace metals can also be scavenged on the outer surface of the 

frustules, which are potentially solubilized during sedimentation accompaning 

by a change of the available area for trace metal scavenging (Schindler, 1975; 

Santschi et al., 1993; Van Cappellen and Quiu, 1997a,b). 

Data on Cu, Ni and Zn concentrations in the Southern Ocean are scarce 

(Orren and Monteiro, 1985; Martin et al., 1990; Nolting et al., 1991; Westerlund 

and Ohman, 1991; Nolting and De Baar, 1994). During ANT X/6, the distribution 

of trace metals and major nutrients in relation to the circulation of the different 

water masses, to the melting of sea ice, and to locally enhanced primary 

productivity (spring bloom) has been studied. Hence, consecutive transects along 

the 6°W meridian were made, sampling the upper 400 m water column at 

constant intervals. The transects included the Polar Frontal region (PFr) and the 

southern Antarctic Circumpolar Current area (sACC area) differing in 

hydrography and biology. During a diatom spring bloom in the PFr, the trace 

metal and major nutrient uptake by diatoms and the subsequent downward flux 

of trace metals and major nutrients were studied. By following the retreatment of 

the Marginal Ice Zone (MIZ), the importance of sea ice melting for the 

distribution pattern of trace metals in the upper water was assessed. Through 

sampling and analysis of deeper water (> 400 m), the influence of several water 

masses (North Atlantic Deep Water (NADW), Antarctic Intermediate Water 

(AAIW), Upper Circumpolar Deep Water (UCDW), Low Circumpolar Deep 

Water (LCDW), Antarctic Bottom Water (AABW» on the distribution of the 

trace metals was studied. 

Sampling and methods 

During the Joint Global Ocean Flux Study (JGOFS) Antarctic Ocean 

expedition ANT X/6 aboard R.V. Polarstern seawater was sampled in October and 

November 1992. Especially two transects are discussed: transect 5 (station 887 to 
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907) and 11/12 (station 930 to 972; Fig. 2.1). Between both transects the 

development of a spring bloom could be followed. A detailed description of the 

cruise is given in Smetacek et al. (1997). The hydrography of the research area is 

described in chapter 2 (page 36-38). 

Table 5.1. Mean values for each daily run of 6 blanks, detection limits (three times the 

standard deviation of the blanks) and reproducibility (percentage of the standard deviation 

from the main value) of the overall analytical procedure (11 duplicates of different seawater 

samples; n=5 for the particulate fraction of the total digestion step). Also, the range of blanks 

and detection limits (three times standard deviation) are given for the sequentially 

chemically leached particulate Cu. The abbreviations HAc, HCl/HN03 and REF stand for a 

leaching treatment in 4.5 M Q-acetic acid at room temperature for 4 h, 2 M Q-HCl/l M Q

HN03 at room temperature for 4 h and a total digestion with aqua regia and HF in a 

microwave oven, respectively. 

Metal Reproducibility Blanks Detection limit 
[%] [pM) [pM) 

Cu 4 0.5-20 10-40 

Ni 4 1-100 10-80 

Zn 10 10-100 10-70 

part. Cu (HAc) 0.4-5.0 1.0-7.3 

part. Cu (HCl/HN03) 0.4-3.4 0.2-4.0 

part. Cu (REF) 6 1.8-12.2 1.9-9.6 

Table 5.2. Detection limits, precisions and accuracies at typical concentrations for phosphate, 

nitrate and dissolved silica (Si) after Bakker et al. (1994). 

Detection limit 
(j.lM) 

Precision 
(j.lM) 

Accuracy 
(j.lM) 

Phosphate 

Nitrate 

0.01 

0.15 

0.02 

0.30 

2.0±0.05 

30.0±0.5 

Si 0.4 0.4 100.0±1.5 
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For the collection of deep water (> 400 m), GoFlo samplers (12 1) were 

mounted on an all-Teflon coated CTD/Rosette frame. Upper water (40-400 m) 

was sampled at standard depths with these samplers mounted on a 10 mm 

Kevlar cable and corrected afterwards for the wire angle with a SIS pressure 

sensor. After recovery, the samplers were connected to Teflon tubes on the 

outside of the clean air laboratory van. Pressure lines with high-purity nitrogen 

gas which passed through fine arrestance filters, were attached on top of the 

GoFlo's. At some stations logistic constraints did not permit filtration and only 

unfiltered water was collected (Appendix 1 and 2). At most stations, the seawater 

was pressure-filtered (> 1 bar) over acid-cleaned Nuclepore or Poretics membrane 

filters (47 mm diameter, 0.4 ].lm pore size). Particulate matter was sampled at 

standard depths by filtering 30 to 60 1 of seawater through Nuclepore filters (0.2 

].lm pore size). Unfiltered surface water was collected in cleaned 21 GoFlo 

samplers at about 10 m depth. The samplers were attached to a 6 mm Kevlar 

hydrowire, being lowered from a walking bridge which extended 10 m beyond the 

bow of the slowly upwind steaming ship in order to avoid trace metal 

contamination. 

Filtered and unfiltered seawater were acidified to pH=2 with quartz

distilled HN03 and stored in cleaned Teflon bottles for about one year. In the 

unfiltered water samples, most biogenic fractions and surface oxyhydroxides 

coatings dissolved during that storage at pH=2 (Zhuang et aI., 1990). Only some 

terrigenous material as the most refractory component would still be excluded 
from analysis. For this reason unfiltered trace metal concentrations are expressed 

as 'total dissolvable' concentrations and filtered trace metal concentrations as 

'dissolved' concentrations. 

The seawater samples were concentrated (167x) by APDC/DDDC 

chloroform extraction in a clean-air laboratory back in the laboratory. The 

method as described by Bruland et ai. (1979) was altered by evaporating the extract 

to dryness instead of back extraction. The residue was digested by adding 

concentrated quartz-distilled HN03, and then evaporated to dryness again. The 

samples were then dissolved in diluted HN03 and finally measured using a 

Perkin Elmer 5100 PC Graphite Furnace Atomic Absorption Spectrometer with 

Zeeman background correction. All the reagents were distilled fourfold by 

subboiling distillation in quartz stills. A detailed description of the method is 

given in Nolting and De Jong (1994). 

The recovery of the method was checked for each extraction session 
comprising 18 samples and 6 blanks. Four spikes with increasing trace metal 
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concentrations were added as internal standards to a three times extracted 

seawater matrix. The trace metal concentrations reported here are corrected for 

the extraction recoveries. The accuracy of the method was verified with certified 

reference water NASS-4. The analyzed NASS-4 concentrations were 3.59 nM for 

CU and 1.8 nM for Zn, which is within the certified concentration ranges of 

3.59±0.17 for Cu and 1.76±0.28 for Zn. Blanks, detection limits and reproducibility 

of the overall analytical procedure are given in Table 5.1. Extractions with 

recoveries of less than 90 %, as well as extractions with regression coefficients of 

the linear regression for the trace metal spike additions of less than 0.97, were 

rejected and are not reported here. 

The filters with the particulate matter were leached with a sequential 

chemical treatment in the clean air laboratory. The particulate matter samples 

were leached in 4.5 M quartz-distilled acetic acid at room temperature for 4 h. 

Afterwards, the particulate matter was digested in a solution containing 2 M 

quartz-distilled HCl and 1 M quartz-distilled HN03 at room temperature for 

another 4 h. After these leaching treatments, the acids were evaporated to dryness 

and the residue dissolved in diluted 1 M HN03. The residual refractory material 

was placed in clean digestion vessels and completely digested with 3 ml quartz

distilled 12 M HCI, 1 ml quartz-distilled 24 M HN03 and 1 ml ultra clean HF 

(Merck) in a microwave oven. Then, the samples were diluted with 5 ml 

saturated H 3B03 to complex the fluoride ions. The Cu concentrations from the 

sequential chemical leaching treatment were measured with a Perkin Elmer 5100 

PC Graphite Furnace Atomic Absorption Spectrophotometer with Zeeman 

background correction. The method of addition was used to avoid matrix effects. 
The total destruction of particulate matter in the last digestion step was tested 

using the reference material calcareous loam (BCR No. 141) and light sandy soil 

(BCR No. 142). The obtained values of Cu were within the 95% confidence 

interval of the certified values. The blanks and detection limits for the different 

steps of the sequential chemical leaching treatment are reported in Table 5.1. 

Major nutrients were analyzed on board by standard methods with a 

Technicon AAII autoanalyzer as described by Bakker et al. (1994). The detection 

limits, precisions and accuracies at typical concentrations for phosphate, nitrate 

and Si are shown in Table 5.2. Appendix 1 contains all surface water data on 

nutrients, dissolved (filtered) and total dissolvable (unfiltered) Cu, Ni and Zn 

concentrations. Appendix 2 shows all data on hydrography, nutrients, dissolved 

and total dissolvable Cu-, Ni- and Zn- concentrations at the deep stations. The 
particulate Cu concentrations as determined by the sequential leaching including 
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salinity, potential temperature and density are reported in Appendix 4. 

Results 

Total dissolvable concentrations at about 10 m depth: 

Along transect 5 (Fig. 5.1a), the concentrations of trace metals at 10 m depth 

showed a minimum at 52°S, increasing continuously towards the south. Along 

transect 11 (Fig. 5.1b), only Ni exhibited a continuous increase towards the south. 

This increase in trace metal concentrations towards the south was accompanied 

by the concurrent increase in Si concentrations at both transects. The three trace 

metals exhibited distinct concentration maxima at the ice-edge (57°S) during 

transect 11. 

The total dissolvable Cu concentrations (1.5-2.3 nM), excluding the ice-edge 

sample (7 nM at 57°S, transect 11), were in the same range as reported for the 

Wasa shelf (1.7-2.1 nM; Westerlund and Ohman, 1991), the Scotia Sea (1.9 nM; 

Nolting and de Baar, 1994) and the Weddell/Scotia Confluence (2.0-3.5 nM; 

Nolting and de Baar, 1994). In the completely ice-covered Weddell Sea, Cu 

concentrations up to 4.2 nM were found (Nolting and de Baar, 1994). The total 

dissolvable Ni concentrations (3.1-7.5 nM) were comparable to those reported by 

Nolting and de Baar (1994) for the Scotia Sea and the Weddell/Scotia Confluence 

(4.6-8.3 nM). For the Wasa shelf, total dissolvable Ni concentrations (5.5-6.8 nM; 

Westerlund and Ohman, 1991) were in the upper range of the concentrations 

found in this study. The total dissolvable Zn concentrations (1.1-8.0 nM) were up 

to 5 nM higher than that reported for the Wasa shelf (1.8-3.0 nM; Westerlund and 

Ohman, 1991), but comparable to those described by Nolting and de Baar (1994) 

for the Scotia Sea and the Weddell/Scotia Confluence (1.4-6.5 nM). 

Concentrations of dissolved trace metals in the upper water column « 400 m) 

At 40 m depth, concentrations of dissolved trace metals (Appendix I), 

varied between 1.1 and 2.2 nM for Cu, 3.7 and 6.9 nM for Ni, and 0.8 and 10.0 nM 

for Zn. The primary production was also highest in this layer (Jochem et al., 

1995). The concentrations of dissolved Cu were at the lower end of the range 

given by Nolting et al. (1991), who reported concentrations of 2-3 nM for the 40 m 

depth layer of the Weddell Sea and Weddell/Scotia Confluence. 
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Fig. 5.1. Concentrations of total dissolvable Cu, Ni, Zn and major nutrients at about 10 m depth 

(a) for transect 5 and (h) for transect 11 in the Polar Frontal region (PFr), the southern 

Antarctic Circumpolar Current (sACC), and the Marginal Ice Zone (MIZ). 

All three trace metals showed concentration minima in the PFr during 

both transects (Fig. 5.2). The concentrations of dissolved Cu and Zn at 40 m depth 

(1.09-1.49 nM for Cu, 0.8-3.7 nM for Zn) were similar to the concentrations 

reported by Martin et al. (1990) for the Drake Passage at 30 m depth (0.97 nM for 

Cu, 0.6 nM for Zn). In the PFr, Zn and Si showed decreasing concentrations from 

transect 5 to 11 (Fig. 5.2). No obvious trend for Ni, eu and phosphate was 
discernible. In the sACC area, the dissolved Cu, Ni and major nutrient 

concentrations at 40 m depth showed no difference between transect 5 and II, 
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while the dissolved Zn concentration at this depth decreased from transect 5 to 
11. 
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Fig. 5.2. Concentrations of phosphate, 5i and dissolved Ni, Cu and Zn along transect 5 and 11 

at 40 m depth. The shift of the Marginal Ice Zone (MIZ) from about 56°00'5 during transect 5 

to about 57°45'5 during transect 11 is indicated by an arrow. The vertical bars are the 

standard deviations (4% precision, Table 5.1). 
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Fig. 5.3a-b. Vertical profiles of trace metals with standard deviation in the upper water 

column «400 m) compared to phosphate, Si and salinity. The chosen stations present 

examples for the vertical distribution showing subsurface maxima of trace metals in the 

sACC area at both transects, and in the PFr during transect 5. (a) Station 897 as example for 

the sACC area during transect 5. (b) Station 949 as example for the sACC area during 

transect 11. 

The vertical distribution of dissolved trace metals was characterized by 

subsurface maxima between 50 and 200 m depth (Pig. 5.3). The occurrence of 

subsurface maxima of Ni was not always as clear as for Cu and Zn, because at 

some stations the standard deviation of the Ni concentrations (4% of the 

concentration, Table 5.1) had the same magnitude as the Ni subsurface maxima. 

The concentration maxima of the trace metals did not correspond with the 

concentration maxima of the major nutrients and with changes in salinity. Only 

during transect 11 in the PPr (Pig. 5.3d), the trace metals did not show such a 
subsurface maximum. 
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P04 (I'M) CU(I'M) Zn(nM)(e) 
1.6 1.8 2.0 2.2 2.4 1.2 1.4 1.6 1.8 2.0 2 3 4 5 

o+-~--L_.~--'-~-----JL-~-+ +_~--<-~-----J'--~--'--~---+ 

100 

200 

300 Station 905
 
48°00'S, 06°00'W
 

400+-~---.-~.-~-r-~-+ 

Station 905 
48°00'S, 06°0'W 

PFr (Transect 5) 

Station 905 
48°00'S, 06°00'W 

10 20 30 40 50 5.8 5.9 6.0 6.1 6.2 6.3 33.8 34.0 34.2 34.4 

(d) 

Si(I'M) 
P04 (I'M) 

Ni(I'M) 

Cu(nM) 

S 
Zn(nM) 

4 

34.4 

3 

34.2 

2 

Station 972 
48°41'S,05°59'W 

34.0 

2.0 0 

7.0 33.8 

1.8 

6.56.0 

1.4 1.6 

5.5 

1.21.0 

60 5.0 

2.4 

P04 

40 

n 
Si b. 

20 

1.6 2.0 

Station 972 ·················tl.• 

48°41'S, 05°59'W 

400-t--~---,--~-.--~----"=t

o 

200 

300 

100 

Si(fLM) Ni(nM) S 

Fig. 5.3c-d. Vertical profiles of trace metals with standard deviation in the upper water 

column «400 m) compared to phosphate, Si and salinity. The chosen stations present 

examples for the vertical distribution showing subsurface maxima of trace metals in the sACC 

area at both transects, and in the PFr during transect 5, (c) Station 905 as example for the PFr 

during transect 5. (d) Station 972 as example for the PFr during transect 11/12. At station 905 

and 949, the standard deviations of Ni are not shown since they overlapped the subsurface 

maximum signal. 

Deepwater concentrations of trace metals 

Fig. 5.4 shows the depth profiles of the trace 

meridian and at station 979. Within the UCDW, the 

metals 

trace 

along the 6°W 

metals exhibited 

maxima at all deep stations (Fig. 5.4) and minima in the deeper part of the three 

northern-most stations (Fig. 5.4a-c). In the LCDW/ AABW, almost all depth 

profiles showed pronounced maxima. In this paper, three criteria were chosen to 

estimate whether the trace metal extremes are real or possible artefacts due to 
sample pre-treatment and/ or analysis. Trace metal concentrations that did not 
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meet one of the following three criteria were not further considered. 

First, trace metal concentrations were correlated with the concentrations of 

the major nutrients because it can be tentatively assumed that trace metals which 

had such a relationship are of good precision. For this approach Cu and Si were 

used since they exhibited the best correlation (r> 0.9, Table 5.3). Of the Cu 

concentrations at the deep stations, 15 out of 88 data did not fulfil the described 

criterion (Table 5.3), whereby 3 outliers may be due to the unfiltered nature of the 

samples. When Cu fulfilled the Cu/Si correlation criterion, the Ni and Zn 

concentrations were assumed to be of good precision as well, because these metals 

were analyzed by the same method and checked for recovery after each extraction 

session. If some errors in the sample treatment for Ni and Zn would have been 

made, this could only have happened during the measurement of the extracted 

samples by GFAAS. 

Secondly, it was checked whether the extremes occurred within a single 

density layer and showed horizontal consistency between stations. This was true 

for the three northernmost deep water stations, all showing lowest trace metal 

concentrations in the lower part of the UCDW at the 27.55-27.75 isopycnal. 

Thirdly, the extreme concentrations of each station were compared with 

Mn profiles which were analyzed independently with a flow injection analysis 

technique using in-line pre-concentration and spectrophotometric detection 

following the method by Resing and Mottl (1992). From the 15 data which did not 

fit a linear Cu/Si relationship, 6 were considered to be real applying the third 

criterion. 

All trace metal profiles exhibited maxima in the UCDW corresponding 

with those of the major nutrients (Fig. 5.4). At the northernmost stations, these 

maxima were followed by minima in the deeper part of the UCDW (Fig. 5.4a-c). 

By focusing only on the trace metal concentrations selected according to the 

Cu/Si relationship as described above, Cu and Zn showed a continuous increase 

in concentration with depth, whereas Ni showed opposite trends. 
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Fig. 5.4. Deep water profiles of dissolved and total dissolvable Cu, Ni and Zn. Open circles 

indicate dissolved (filtered) trace metal concentrations, full circles show total dissolvable 

(unfiltered) trace metal concentrations. The concentrations of phosphate are shown for 

comparison, because the shapes of the phosphate and nitrate profiles can be used to 

characterize the different water masses. The extension of the different water masses: 

Antarctic Intermediate Water (AAIW), North Atlantic Deep Water (NADW), Upper 

Circumpolar Deep Water (UCDW), Low Circumpolar Deep Water (LCDW), and Antarctic 

Bottom Water (AABW), are indicated by interrupted lines in the figures. In order to verify 

the precision of the trace metal concentrations, the Cu data were fit to Si. Trace metal 

concentrations at the depths from which the Cu concentrations deviating from the overall 

Cu/Si relationship are indicated by squares in the case a reasonable explanation for this 

deviation was found. 

Table 5.3. Relationships among Cu, Zn and Ni and the major nutrients at individual deep 

stations in the Southern Ocean during this study and derived from the literature. Only 

relationships are reported with a correlation coefficient (r) > 0.9. The data are distributed 

regularly. Water masses for which the relationships are determined for total dissolvable trace 

metal concentrations or to both, total dissolvable and dissolved concentrations, are indicated by 

asterisk. The Cu concentrations not fitting the linear Cu/Si relationships are reported below 

together with explanations for the deviations. 

Position: Station Region Cu (nM) =a Si 4!Ml + b (5.1) 
Water masses a b r n 
48°39'5, 06°00'W 972 PFr 
whole water column O.O18±O.OOl O.939±O.O87 0.98 12 
AASW O.Ol1±O.OOl 1.093±O.033 0.98 5 
UCDW free. NADW 0.027±O.006 0.363±O.482 0.93 5 
49°59'5, 06°00'W 956 PFr 
whole water column* O.O13±O.OOl 1.306±O.O90 0.96 12 
AASW* 0.01O±O.002 1.407±O.055 0.95 4 
52°01'5, 06°01'W 951 sACC 
whole water column* O.O22±O.OO2 O.206±O.173 0.98 8 
LCDW* 0.021±O.003 0.222±O.342 0.% 6 
53°58'5, 06°00'W 947 sACC 
whole water colurnn* O.O22±O.OO2 O.176±O.179 0.% 15 
57°42'5, 06°22'W 866 AWBF 
whole water colurnn* O.O22±O.004 O.507±O.450 0.91 9 
45°29'5, 01°08'E 979 Cape Basin 
whole water column* O.O29±O.OO2 O.OOO±O.184 0.96 17 
rec. NADW ILCDW* 0.024±O.003 0.547±O.275 0.94 12 
60°46'5, 63°26'W 2 Drake 
whole water column Passage O.Ol2±O.OOl O.838±O.O86 0.96 10 
(Martin et al.. 1990) 
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57°00'5, 48°24'W 159 5cotia 
> 100m 5ea 0.023±0.002 0.644±0.227 0.92 20 
(Nolting et al.. 1991) 
69°33'5, 09°2TW 6 Weddell 
whole water column' Sea O.O2l±O.OO2 O.378±O.263 0.97 7 
(Westerlund. Ohman. 1991) 

Position: Station Region Cu (nM) = a P04 (j.!M) + b (5.2) 
Water masses a b r n 
48°39'5, 06°00'W 972 PP 
AASW 0.47:1:0.04 0.49±Q.08 0.99 5 
52°01'5, 06°01'W 951 sACC 
LCDW' 5.34±1.18 -9.43±2.70 0.91 6 
45°29'5, 01 °08'E 979 Cape Basin 
rec. NADW ILCDW' 3.64±0.36 -5.16±O.78 0.96 12 

Position: Station Region Cu (nM) =a N03 (j.!M) + b (5.3) 
Water masses a b r n 
48°39'5, 06°00'W 972 PP 
AASW 0.04±0.00 0.4O±O.05 1.00 5 
45°29'5, 01°08'E 979 Cape Basin 
ree. NADW ILCDW' 0.26±O.03 -5.43±O.89 0.95 12 

Position: Station Region Zn (nM) =a Si (IlM) + b (5.4) 
Water masses a b r n 
49°59'5, 06°00'W 956 PPr 
whole water column' O.O38±O.OO6 2.212±O.460 0.91 11 
AA5W' 0.076±O.OO9 1.394±O.219 0.99 4 
53°58'5, 06°00'W 947 sACC 
whole water column' O.O33±O.O04 2.733±O.398 0.92 15 
45°29'5, 01°08'E 979 Cape Basin 
ree. NADW ILCDW' 0.085±O.012 -2.003+1.084 0.92 11 
60°46'5, 63°26'W Drake 
(Martin et aJ.. 1990) Passage O.059±Q.OO5 O.199±O.357 0.97 10 

Position: Station Region Zn (nM) = a P04 (1lM) + b (5.5) 
Water masses a b r n 
45°29'5, 01 °08'E 979 Cape Basin 
rec. NADW/LCDW' 12.8+1.63 -21.9±3.54 0.93 11 

Position: Station Region Zn (nM) = a N03 ()lM) + b (5.6) 
Water masses a b r n 
45°29'5, 01°08'E 979 Cape Basin 
rec. NADW ILCDW' 0.92±O.12 -22.6±3.9 0.93 11 

Position: Station Region Ni (nM) =a Si ()lM) + b (5.7) 
Water masses a b n 
49°59'5, 06°00'W 956 PFr 
AA5W' 0.017 5.490 0.94 

972:	 10m: total dissolved concentration in the surface water
 
1000m: in one isopycnal continuously occurring UCDW minimum
 
1998m: Cu concentrations is following the Mn concentration profile
 
2996 m: Cu concentrations is following the Mn concentration profile
 

4 
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956: 10m: total dissolved concentration 
497m: in one isopycnal continuously occurring UCDW minimum 
1246m: no explanation, not used for interpretation 
2413m: Cu concentration is following the Mn concentration profile 

951: 497m: in one isopycnal continuously occurring UCDW minimum 
747m: Cu concentration is following the Mn concentration profile 
1746m: Cu concentrations is following the Mn concentration profile 

947: 59m: subsurface maximum in recent winter water 
747m: no explanation, not used for interpretation 
1746m: Cu concentration is following the Mn concentration profile 

866: 200m: total dissolved concentration 

Discussion 

Trace metal distributions in the upper water column « 400 m) 

Uptake of trace metals and major nutrients during a diatom spring bloom in the 

PFr 

At 40 m depth, the dissolved trace metal concentrations in the PFr were 

lower than in the sACC (Fig. 5.2). The relatively low concentrations in the PFr 

coincided with a diatom spring bloom, which progressed from its initial phase 

during transect 5 to blooming during transect 11 Gochem et al., 1995). In the PFr 

about 85% of the living particulate organic carbon (auto- and heterotrophs) 

consists of phytoplankton (Table 3.4). The prevailing diatoms may have taken up 

significant amounts of trace metals and nutrients resulting in the relatively low 

concentrations of Zn and Si during transect 11 compared to transect 5 in the PFr 

(Fig. 5.2). For Ni, Cu and phosphate, however, the trend is not as clear. During 

transect 5, Ni, Cu and phosphate exhibit a concentration minimum at 49°5, 

which is lower than the concentrations during transect 11. The minima at 49°5 

can be explained by uptake of trace metals and major nutrients by phytoplankton 

as indicated by a higher chlorophyll a concentration than in the surrounding PFr 

(Fig. 5.5). The calculated net uptake rates for the trace metals and major nutrients 

between transect 5 and 11 are given in Table 5.4. 

Besides an enhanced vertical stability of the water column causing 

favourable light conditions for phytoplankton production (Veth et a1., 1997), 

relatively high dissolved Fe concentrations are considered to be responsible for 

the formation of the diatom spring bloom (De Baar et a1., 1995, Loscher et al., 

1997). Shelf sources from the South American continent, or atmospheric dust 

supplied by the Patagonian desert, are probably responsible for the enhanced Fe 
concentrations. Both, continental and atmospheric sources might also be 

important for the trace metals discussed here. The PF might serve as a carrier of 
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resuspended particles and/or atmospheric dust, because of its high kinetic energy 

(L6scher et al., 1997). The elevated total dissolvable trace metal concentrations in 

the PPr compared to the northernmost stations in the sACC area at 10 m depth 

(Fig. S.la) might be explained by input from these sources. 

Table 5.4. Calculation of the net uptake rates of the trace metals and Si during the diatom spring 

bloom between transect 5 and 11/12 (Fig. 5.2). It is assumed, that the input of the trace metals and 

Si from deeper layers into the upper water was the same during both transects. The average 

differences in concentration between transect 5 and 11/12 (21.5±1.5 days) were integrated over the 

upper 50 m water column where almost all of the primary production (PP) occurred Gochem et al., 

1995). For the estimation of the gross uptake of Cu and Si, the calculated Cu/C and reported Si/C 

(Queguiner et aI, 1997) ratios of the algae are multiplied with the integrated PP reported by 

Jochem et al. (1995). The Cu/C ratio was calculated from the biogenic particulate Cu 

concentration (first and second step of the sequential chemical leaching treatment) divided by 

the particulate organic carbon concentration reported in Bathmann et al. (1997). The calculated 

Cu/C ratio is on the high end of the Cu/C ratio as reported by Martin and Knauer (1973,1.7-10-6), 

Martin et al. (1976,3.6-10-6) for a predominant diatom community, and by Sunda and Huntsman 

(1995a, 3.8-4.4 _10-6) for the cellular CuiC ratio of three neritic algae. (For Ni and Zn no 

particulate concentrations are determined.) 

Net decreases (vnet1. Molar net uptake ratios: 

Vnet (Si) =(2.5±0.2)-104 /J.moISi m-2 d-1
 

Vnet (Cu) =(3.8±0.9) _102 nmolCu m-2 d-1 Cu/Si = (1.5±O.4) _10-5
 

Vnet (Ni) = (1.8±0.3)-103 nmolNi m-2 d-l Ni/Si = (7±1)-10-5
 

Vnet (Zn) = (2.1±O.3)-103 nmolZn m-2 d- l Zn/Si = (8±l)-1O-5
 

Gross uptakes of Cu (PPCu) and Si (PPSi):
 

PP (transect 5) = 588 mgC m-2 d-l
 

PP (transect 11) =1825 mgC m-2 dol
 

average PP = ",PP = 1206 mgC m-2 d- l = 100 mmolC m-2 d-]
 

PPCu = ",PP - (Cu/C) (5.8) PPSi = ",PP - (Si/C) (5.9) 
molar Cu/C =(7-13)-10-6 molar Si/C =0.5-1.0 

PPCu =(7-13)-102 nmolCu m-2 d-l PPSi =(5-10)-104/J.moISi m-2 d-1 

Recycling rates (Yreclof Cu and Si: 

Vrec (Cu) = PPCu - Vnet (Cu) (5.10) vrec(Si) =PPSi - Vnet (Si) (5.11) 

vreC<Cu) =(2-8)-102 nmolCu m-2 d-] vreC<Si) = (2-7)-104/J.moISi m-2d-1 

118 



Relationships among Ni, Cu, Zn, and major nutrients in the Southern Ocean 

! 

250 

200 

150 

8 100 

50 

0 

0 REF 

I?J HCl/HN03 
D HAc 

... chI a 

2.0 

1.5 -:t 
1.0 E 

cI 

0.5 :e 

0.0 
47 48 49 50 51 52 53 54 55 56 

Latitude (OS) 

Fig. 5.5. Speciation in the concentrations of particulate Cu as determined by a 3-step 

sequential leaching procedure at 25 m (at 49°S) and 40 m depth along transect 5. The 

description of the references are: HAc: dissolved in 4.5 M Q-acetic acid for 4 h; HCl/HN03: 

leached in 2 M Q-HCI/l M Q-HN03 for 4 h; REF: refractory material digested in 3 ml Q

Hel, 1 ml Q-HN03, 1 ml ultra clean HF. The concentrations of chlorophyll a (chI a) from 

40 m depth are redrawn from Bathmann et al. (1997; Rommets et al., 1997, CD-ROM in Deep

Sea Res. II: 44). The enhanced concentrations of particulate Cu coincide with the maximum in 

chlorophyll a. 

An indication for the uptake of Cu by the plankton is the concentration of 
particulate Cu along transect 5 (for transect 11, no data are available) showing a 

maximum at 49°5 in the euphotic zone, where the chlorophyll a concentration 

exhibited a maximum as well (Fig. 5.5). The concentration of particulate Cu of the 

first and second phase of the sequential chemical leaching treatment comprises 

thereby mainly Cu taken up by diatoms actively or are incorporated in the 

oxyhydroxide coatings (Collier and Edmond, 1983, 1984; Lewis and Landing, 1991). 

The refractory Cu, in contrast, consists mainly of crustal material, and may 

therefore represent the amount of Cu derived from atmospheric dust and/or 

resuspended sediment. Below the euphotic zone, at 80 m and 200 m depth (data 

not shown), no clear trends in concentrations of particulate Cu were found. 

As a consequence of the uptake of trace metals and major nutrients by 

diatoms, the trace-metal/5i ratios are higher in the PFr than in the sACC area 

(Fig. 5.6). These ratios increased during the development of the diatom spring 
bloom in the PPr between transects 5 and 11. This is in contrast to the sACC area, 

where no algal bloom developed (Jochem et al., 1995; Bathmann et al., 1997), and 
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Pig. 5.6. Molar trace-metal/Si ratios with standard derivations at about 40 m depth (51 m 

depth at 47°5, transect 5) showing preferential net uptake of Si in the PPr during the 

development of a diatom spring bloom between transect 5 and 11/12. In the sACC area, where 

no spring bloom was observed, the trace metal/Si ratios remained constant between transect 5 

and 11/12. 

consequently the trace-metal/Si ratios remained almost constant. The increase in 

the trace-metal/Si ratios in the PFr can be attributed to preferential Si net uptake 

by the phytoplankton community dominated by diatoms (Crawford, 1995; Jochem 

et al., 1995). The corresponding molar net uptake ratios of the trace metals and Si 

(Table 5.4) are one order of magnitude lower than their ratios in the euphotic 
layer (40 m depth, Fig. 5.6). Similar to the net uptake ratio, the estimated gross 
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uptake ratio of Cu and Si is one order of magnitude lower than the dissolved

Cu/Si ratio in the euphotic layer (40 m depth, Fig. 5.6). The ranges of the 

estimated recycling rates of Cu and Si are too wide (20 and 100% of the gross 

uptake rates) to allow any firm statements about their contribution on the 

preferential Si net uptake. 

The increase of trace metal and Si concentrations towards the north in the sACC 

area 

The continuous decrease of the Si concentration within the north-eastward 

moving AASW was observed earlier (Lutjeharms et al., 1985; Van Bennekom et 

al., 1988). The trace metal concentrations at 10 m depth along transect 5 (Fig. 5.1a) 

and at 40 m depth along transect 11 (Fig. 5.2) also exhibited this tendency. Three 

processes can be considered to potentially cause this decrease in trace metal and Si 

concentrations towards the north: (I) Trace metal and Si input due to sea ice 

melting during the retreat of the MIZ to the south; (II) the downward transport of 

trace metals and major nutrients by sinking fecal pellets and diatoms, and/or (III), 

the upward diffusion of UCDW characterized by relatively high concentrations in 

major nutrients and trace metals. 

(ad. I) Sea ice melting cannot be responsible for the steadily dec1eaning trace metal 

and Si concentrations towards the north, because the retreat of the sea ice during 

the cruise was mainly caused by advection and not by continuous sea ice melting 

(Veth et al., 1997). The previously reported increasing Si concentrations towards 

the south when sea ice melting does not occur (March 18 - April 13, 1986, Van 

Bennekom et al., 1988; Dec. 16-24; Lutjeharms et al., 1985) also indicates, that sea 

ice melting is unlikely to lead to increasing surface water concentrations towards 

the south. 
(ad. II) Primary production was low and almost uniform in the sACC area 

(Jochem et al., 1995). Thus, the uptake of major nutrients and trace metals by 

phytoplankton can be assumed to be fairly uniform as well. AASW exhibits 

relatively high concentrations of trace metals and Si at the southern ACC front, 

because the UCDW with its high trace metal and major nutrient concentrations 

reaches the surface in this area. A constant sinking flux of biogenic particles 

(small diatom frustules, fecal pellets) results in a steady decrease of trace metals 

and Si within the north-eastward flowing AASW. Phosphate and nitrate, not 

following the trend of decreasing Si (Fig. 5.1, 5.2), may have been recycled faster 

than Si and the trace metals within the AASW. 
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(ad. III) Upwelling (advective flux or Ekman transport) increases towards the 

south and is highest at the position of the sACC front, where UCDW rises to the 

surface (Gargett, 1991; Veth et al., 1997). This results in an increasing upward flux 

of trace metals and major nutrients into the AASW towards the south. The input 

of trace metals and major nutrients into the AASW due to eddy diffusion is of 

minor importance, because it is at least one order of magnitude smaller than the 

advective input (L6scher et al., 1997). However, the upwelling of trace metals and 

Si has to be compensated by a downward flux of trace metals and Si mediated by 

sinking biogenic particles. Without such a downward flux, the concentrations of 

trace metals and Si would increase within the north-eastward flowing AASW 

due to the otherwise continuous input from the deep water. Whether the 

observed increase of the trace metal and Si concentrations towards the south is 

due to a constant flux of trace metals and Si mediated by sinking biogenic 
particles (scenario 2), or by a combination of an increasing upwelling towards the 

south and the downward flux of particles (scenario III) cannot be resolved. 

Trace metal subsurface maxima in layers of high vertical stability 

Maxima of Cu and Zn, sometimes characterized by more than one data 

point, were found in the sACC area along transect 5 and 11/12 between 50 and 

200 m depth (Fig. 5.3a,b) and in the PFr during transect 5 (Fig.5.3c). Major 

nutrients, in contrast, did not exhibit subsurface maxima. In the sACC area, the 

subsurface maxima of Zn occurred almost always at the pycnocline, while the 

subsurface maxima of Cu were found above the subsurface maxima of Zn. In the 

MIZ, the subsurface maxima of Cu and Zn occurred at the same depth layer. In 

the PFr, trace metal maxima were not related to a pycnocline, and during transect 
11/12 (Fig. 5.3d), no obvious Cu and Zn maxima were found. 

Co-occurring subsurface maxima of dissolved organic carbon and 

chlorophyll a provide evidence that the observed trace metal subsurface maxima 
in the sACC area (including the MIZ) are due to the release of sea ice diatoms 

from the sea ice during the advective transport of the sea ice and sea ice melting. 

After their release from the sea ice leaching takes place (chapter 6). Zinc 

incorporated into the diatom frustules becomes remineralized at the pycnocline, 

probably caused by enhanced microheterotrophic activity in marine snow. Co

occurring minima in transmission (Fig. 5.7) and small peaks of ammonium 

support the assumption that marine snow may be important (chapter 6). 
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Pig. 5.7. Transmission-density plots exhibiting transmission minima above the pycnocline in 

the sACC area, and in the T-minimum layer in the PPr. The chosen stations refer to the 

vertical profiles of trace metals, phosphate and 5i shown in Pig. 5.3: (a) station 897 (52°00'5, 

06°00'W), as example for the sACC area during transect 5; (b) station 949 (53°00'5, 06°00'W), 

as example for the sACC area during transect 11; (c) station 905 (48°00'5, 06°00'W), as example 

for the PPr during transect 5; (d) station 972 (48°41'5, OSOS9'W), as example for the PPr during 

transect 11 and 12. The two dashed lines in the figures indicate the borders of the depth 

interval in which the subsurface maxima of the trace metals occurred. 
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In the PPr, the high geostrophic velocity (Veth et al., 1997) might be 

responsible for the transport of trace metals from the South American shelf 

and/or aeolian dust from the Patagonian desert into the research area (De Baar, 

1995; Loscher et al., 1997) possibly forming the observed subsurface maxima of 

trace metals. In contrast to the sACC area, in the PPr, the pycnocline was not as 

well-developed and trace metal maxima were not related to the pycnocline as 

they were in the sACC area. The whole upper 500 m water column of the PPr was 

more stabile than the upper water column of the sACC area (Veth et al., 1997, 

their Pig. 5.7), causing a relative slower sinking of particles in the PPr as 

compared to the sACC area. Therefore, the subsurface maxima may be also a 

result of the dissolution of diatom frustules sinking out of the euphotic layer 

(Crawford, 1995). 

Appendix 5 shows the linear relationships between the trace metals and Si 

in the upper water column « 400 m). These relationships are in the range of the 

trace-metal/Si relationships as also found in other regions of the Southern Ocean 

(Appendix 5). The close correlations between the trace metals and Si in the PPr 

can be explained by the absence of the subsurface maxima of Cu and Zn in this 

region at transect 11/12. 

Trace metal distributions in the whole water column 

The Cu/Si relationships as compared to the other correlations among trace 

metals and major nutrients 

During this study, the closest correlations were obtained between Cu and Si 

(Table 5.3), in accordance with other studies in the Southern Ocean (Martin et al., 

1990; Nolting et al., 1991 and Westerlund and Ohman, 1991). The excellent 

correlation between Cu and Si holds for the entire Southern Ocean. In all four 

data sets obtained there (Martin et al., 1990; Nolting et al., 1991; Westerlund and 

Ohman, 1991, their station 6; this paper), Cu correlates with Si (r > 0.9), whereby 

the standard deviations of the Cu/Si slopes range between 6-10%, (with one 

exception of 18% in the AWBP, station 866, Table 5.3). Only at two stations (956 

and 947, Table 5.3) and one station in the Drake Passage (Martin et al., 1990), the 

Zn and Si concentrations correlate also that closely (Table 5.3). The standard 

deviations of these Zn/Si slopes range between 8-16%. The strong correlation 

between Cu and Si may be caused by the dominance of diatoms in the 
phytoplankton of the Southern Ocean (Dugdale et al., 1995). Diatoms may be the 
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main carrier for Cu to the deeper water as Cu may adsorb onto the sinking 

frustules (Boyle et al., 1977; Bruland, 1980; Sherrell and Boyle, 1992; Saager et al., 

1992). 

In contrast, Zn is incorporated into the skeleton to a variable extent (Collier 

and Edmond, 1983, 1984). The organic part of the diatoms, dissolves together with 

20-70% of the net silica production in the upper water column (Nelson and 

Gordon, 1982; Nelson et aI, 1991). The weaker correlation between Zn and Si as 

compared to Cu/Si relationships may be due to the variable amount of Zn in the 

exoskeleton dissolving partly in the deeper water column and to the relatively 

small amount of Zn scavenged on the sinking frustules. 

The influence of high diatom production on the cycling of Cu and Si 

Trace metal and major nutrient data from larger areas are sometimes 

pooled into one trace-metal/major-nutrient relationship (Westerlund and 

Ohman, 1991; Morley et al., 1993). Here, the overall Cu/Si slope of all stations is 

0.015±0.00l nM/I1M (r=0.80, n=187), which is similar to the overall slope 

determined for the Weddell See (O.015±0.001 nM/I1M, r=0.83, n=217, Westerlund 

and Ohman, 1991). Careful examination, however, reveals that the Cu/Si slopes 

of individual stations (Table 5.3) vary over different study areas. The lowest 

slopes (O.013±0.00l and 0.018±0.00l nM/I1M, Table 5.3) are found at the stations in 

the PPr. They are significantly lower (t-test) than the slopes at the stations in the 

sACC area (O.022±0.002 nM/I1M) and the slope at station 979 at the margin of the 

Cape Basin (O.029±0.002 nM/I1M). 

The Cu/Si slopes of station 6 in the Weddell Sea (Westerlund and Ohman, 

1991) and in the Scotia Sea (Nolting e al., 1991) are comparable with the slopes of 

the stations found in the sACC area during this study (Table 5.3; t-test; 90-95% 

confidence interval). The Cu/Si slope at the station in the Drake Passage (Martin 

et al., 1990) is comparable with the slope at station 956 in the PPr (Table 5.3, t-test, 

99% confidence interval). 

The different slopes of the stations may be caused by different input and 

output of trace metals and major nutrients. The lower Cu/Si slopes of the 

stations in the PFr as compared to the slopes of the stations in the sACC area may 

be caused by the relatively high primary production in the PFr (300-1000 mgC m-2 

d-l during transect 5, 1000-3000 mgC m-2 d-l during transect 11, sACC area: 200 

mgC m-2 dol, Jochem et al., 1995). Another difference between both areas is their 

phytoplankton species composition. Whereas the PPr was characterized by 
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diatoms rapidly sinking out of the bloom area (Crawford, 1995), the sACC area 

was dominated by smaller size classes (Jochem et al., 1995; Bathman et al., 1997). 

Table 5.5. Cu/Si ratios in the different water masses of the deep stations. Because in the 

AASW the Cu/Si ratio was decreasing continuously with depth, it is given for each depth. 

For the deep water masses an average ratio is shown, whereby the CDW is described by the 

Cu/Si ratios over the whole water mass as well as the UCDW, recent NADW and LCDW. 

Ratios marked by * asterisk belong to total dissolved Cu concentrations or to both, dissolved 

and total dissolved Cu concentrations. 'n' refers to the number of samples. 

Position: Station/Region Water mass Depth Cu/Si ratio n 
(m) (nM/llM) 

48°39'S, 06°00'W: 972/PF AASW 39 0.257 1 
97 0.078 1 
145 0.055 1 
194 0.049 1 
290 0.036 1 

UCDW 387-498 0.033±0.002 2 
NADW 1251-1746 0.031±0.002 3 
LCDW 2500-3153 0.026±0.003 2 
CDW 387-3153 Q.Q30±0.QQ3 7 

49°59'5, 06°00'W; 956/PFr AA5W 10 0.333* 1 
39 0.210 1 
98 0.104 1 
147 0.061 1 
196 0.045 1 

UCDW 294-997 0.029±O.004 2 
NADW 1495 0.029 1 
LCDW 1746-2504 0.024±0.001 4 
CDW 294-2504 O.O27±O.O04 7 

52°01'S, 06°01'W; 951/sACC AASW 99 0.023* 1 
UCDW 249 0.029* 1 
LCDW 999-2148 0.023±0.001* 6 
CDW 249-2148 O.O24±O.002* 7 

53°58'S, 06°00'W; 947/sACC AA5W 98 0.024 1 
148 0.022 1 

UCDW 197-498 0.025±0.004* 4 
LCDW 997-2599 0.023±O.001* 9 
CDW 197-2599 Q.024±O.OQ3* 13 

57°42'5, 06°22'W; 866/AWBF UCDW 100-300 0.027±0.002* 2 
LCDW 499-1999 0.026±0.003* 2 
CDW 100-1999 0.027±0.002* 4 
AABW 2498-3713 0.026±O.002* 5 

45°29'S, 01°08'E: 979/Cape B. AAIW 501 0.028* 1 
UCDW 993-1749 0.027±O.005* 4 
NADW 2147-2998 0.030±0.002* 4 
LCDW 3748-4225 0.029±0.00l ~ 4 
CDW 993-4225 0.Q29±O.003* 12 
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Fig. 5.8. Scheme of the Cu-, Si-cycling in an area with high diatom production as observed in 

the PPr during this cruise. The PPr is characterized by Cu-Si relationships with a 

significantly lower Cu/Si slope than in the less productive sACC area. Processes causing this 

relative decline of the Cu/Si slope (or the increase of the Cu/Si ratios in the lower 

concentration range and a decrease of the ratio in the higher concentration range) are 

indicated on the left side of the scheme. The thickness of the arrows indicates the relative 

importance of the flux. The vertical dashed line represents the conservative profile of a 

constant Cu and Si concentration as they would be without the influence of the biota and the 

hydrography. The responses of preferential Si net uptake in the euphotic layer, dissolution of 

diatoms and Cu re-adsorption in the aphotic zone, and diffusion of Si and Cu out of the 

sediment are shown by the relative shift of the vertical concentration profiles of Cu and Si 

from their conservative concentration profiles. 

The lower Cu/Si slopes of the two stations in the relative high productive 

PFr are a result of the decreasing Cu/Si ratio with depth at those stations (about 

10 times from 40 m depth to the LCDW; Table 5.5). In the sACC area, in contrast, 
the Cu/Si ratios of the stations were almost constant over the whole water 
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column. The strong decrease of the Cu/Si ratios with depth of the stations in the 

PFr is attributed to (1) preferential Si uptake by the diatoms in the upper water 

column; (2) the release of Cu and Si from the dissolving, sinking diatoms 

following the Cu/Si ratio of the diatoms (3) Cu scavenging in the deeper water 

column; and (4) a longer retention of Cu during the dissolution of diatoms in the 

sediment (Fig. 5.8). 

(ad. 1) In the upper 50 m water column, a preferential Si net uptake was 

observed as indicated by the comparison of the Cu- and Si-concentration before 

(transect 5) and at the peak (transect 11) of the diatom spring bloom (see surface 

water discussion, chapter 5.1.2.). Preferential Si uptake by diatoms in the euphotic 

layer lead to increasing Cu/Si ratios. 

(ad. 2) During sinking and dissolution of diatoms, Cu and Si are released in 

the same ratio as taken up in the euphotic layer. Because Si was taken up 

preferentially, more Si than Cu will be released into the ambient water during 

the dissolution of the silica frustules, resulting in a decrease of the Cu/Si ratio in 

the deeper waters compared to the water above. The dissolution rate is thereby 

decreasing with settling or dissolution time (Van Bennekom et a1., 1988, 1991; 

Barker et al., 1994) leading to a decrease in the preferential Si release and in the 

Cu/Si ratios with increasing depth. 

(ad. 3) Deep in-situ scavenging of Cu (Boyle et al., 1977; Sherrell and Boyle, 

1992; Saager et a1., 1992) on the sinking diatom frustules can contribute to the 

decreasing Cu/Si ratios. During gradual dissolution of diatoms during sinking, 

Cu might re-adsorb onto the outer surface of the frustules. Re-adsorption of Cu 

onto dissolving particles was reported by Brewer et a1. (1980), who found an 

increase of the particulate CuiAl ratios and a decrease of the particulate Si/Al 

ratios during the sedimentation of particles. 

(4) Diffusion of Si and Cu out of the sediment may be important also, 

especially in areas with high surface production as in the PFr (Kremling, 1983; 

Rabouille et a1., 1997; Van Cappellen and Qiu, 1997a,b), where the release of Si 

from the sediment can amount to 50% of the net production of silica (Van 

Bennekom et al., 1988; Schluter et a1., 1998). Because it can be assumed that Cu is 

re-adsorbed onto the remaining sediment (Van Cappellen and Qiu, 1997b), Si 

may be released more than Cu, decreasing the Cu/Si ratio in the bottom water. 
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The influence of deep water circulation and tectonic activity on the trace metal 

distribution in the deeper waters 

None of the vertical concentration profiles of dissolved and total 

dissolvable trace metals (Fig. 5.4) showed the expected slight increase in 

concentration in the upper water column and the almost constant concentration 

in the deeper water column similar to typical nutrient profiles. Instead, distinct 

maxima in concentration were found in the UCDW. At the three northern 

stations (Fig. 5.4a-c), concentration minima in the lower part of the UCDW were 

detected. Both extremes in concentrations were found previously for Cd (L6scher 

et al., 1998), but not for Fe (L6scher et al., 1997). Within the UCDW, the 

concentration of Ni, Cu, Zn (Fig. 5.4) and Cd (L6scher et al., 1998) reflect the 

circulation of the deep water by maxima co-occuring with the maxima of 

phosphate and nitrate, which describe the core of the UCDW (Whitworth and 

Nowlin, 1987). Fe, in contrast, did not show these concentration maxima in the 

UCDW, because of its different redoxchemistry (Bruland and Franks, 1983; 

Johnson et al., 1996). 

At stations 972 (48°39'5, 06°00'W) and 956 (50°01'5, 05°58'W) in the PFr, the 

influence of NADW is still discernible through a salinity maximum (5=34.761

34.744) and gentle concentration minima of phosphate (Fig. 5.4a,b) and nitrate. 

The trace metal concentrations, however, did not reflect that concentration 

minima of phosphate and nitrate. At station 979 (45°39'5, 01°08'E), near the 

margin of the Cape Basin, the trace metal concentrations seem to reflect the 

characteristic NADW concentration minima of phosphate and nitrate except for 

the Cu and Ni concentrations at 2500 m depth. The concentrations of Cu and Ni 

in the core of the NADW (Cu=2.2 nM, Ni=5.17 nM) are comparable with those 

reported by Yeats et al. (1995; their station 9) for NADW in the Cape Basin. 

The trace metal distribution in the LCDW was characterized by 

concentration maxima and minima reflected by a similar Mn distribution 

(Fig. 5.9), whereby the deep water maxima of Mn were formed by more than one 

data point. Because Mn was analysed with a different method (precision = 7%, 

page 137), the occurring maxima of Cu, Ni and Zn might not be artefacts. 

Two stations (station 972 and 947, Fig. 5.9a,d) exhibited maxima in Cu, Ni 

and Zn but also in Mn and Fe (L6scher et al., 1997). The Fe concentration at 

station 972 is about four times higher than the background concentrations. 

Because the research area was characterized by intense tectonic activity as evident 

from earthquake epicentres at the section across the Mid-Atlantic Ridge and 

American-Antarctic Ridge (Drumed et al., 1989-90), these peaks in trace metal 
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concentration in the deep water might be due to hydrothermal input (Mottl and 

McConachy, 1990; German et al., 1991; Hannington et al., 1995; Loscher et al., 

1997). 
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Conclusions 

In the PFr, a developing diatom spring bloom was probably responsible for 

the uptake of the trace metals and Si, whereby Si was taken up preferentially as 

indicated by the increasing dissolved trace-metal/Si ratios. 

The observed continuous increase in the concentrations of trace metals 

and Si towards the south of the sACC area might be caused by either a constant 

flux of trace metals and Si mediated by sinking biogenic particles out of the 

AASW, or by a combination of an increasing upwelling of UCDW towards the 

south and the constant downward flux of particles. 

Subsurface trace metal maxima in the sACC area were probably caused by 

leaching of sea ice diatoms sedimented from the sea ice. A well developed 

pycnocline may have caused the accumulation of sinking diatom frustules in 

marine snow followed by dissolution of 2n due to heterotrophic activity. 

Among the trace-metal versus major nutrient correlations, Cu was found 

to correlate strongest with Si. The slopes of the Cu/Si relationships of the 

individual stations varied probably due to differences in export production. In 

the productive PFr, the Cu/Si slopes of the stations were low due to preferential 

Si uptake by diatoms in the euphotic layer, Cu scavenging in the deeper water 

column, and a longer retention of Cu during dissolution of the diatoms in the 

sediment. 

Within the UCDW, the trace metals showed maxima corresponding to the 

maxima in phosphate and nitrate indicating the core of the UCDW. At station 

979, near the margin of the Cape Basin, the concentrations of trace metals, 

phosphate and nitrate reflect the minimum of the NADW wedge entering the 

ACe. In the LCDW, trace metal maxima may be caused by hydrothermal input. 
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Dissolution of sedimenting sea ice diatoms after sea ice retreatment in 
the Southern Ocean 

Abstract-- In the southern Antarctic Circumpolar Current (sACC) area, including 

the Marginal Ice Zone (MIZ), dissolved trace metal concentrations (Mn, Ni, Cu, 

Zn) were found to exhibit subsurface maxima above the pycnocline in austral 

spring. While the subsurface maxima of Mn and Zn occurred almost always at 

the pycnocline in the sACC area, the subsurface maxima of Cu and Ni were 

found above the subsurface maxima of Mn and Zn in the sACC area, but at the 

same depth as Mn and Zn in the MIZ. The co-occurring subsurface maxima of 

dissolved organic carbon and chlorophyll a provide evidence that the observed 

subsurface maxima of trace metals may be due to dissolution of sedimenting sea 

ice diatoms added into the surface water during sea ice melting and the advective 

transport of the sea ice to the south. Re-adsorption of the dissolved Mn onto the 

partially dissolving surfaces of sinking diatom aggregates may occur as well. The 

re-adsorbed Mn and the Zn incorporated into the diatom frustules are assumed 

to be dissolved by microheterotrophie in marine snow accumulating at the 

pycnocline. Co-occurring small peaks in the concentration of ammonium and 

minima in transmission at the pycnocline, support the assumption that 

heterotrophic activity in marine snow is responsible for the dissolution of Mn 
and Zn. 

Filtering of seawater containing marine snow may lead to fragmentation of 

aggregates and subsequent release of trace metals from these highly hydrated 

aggregates. To obtain a better insight in the cycling of trace metals and the possible 

interactions with marine snow, sampling has to be performed with higher 

temporal and spatial resolution, especially near the pycnocline. 

Based on:
 

Loscher B.M.,
 

submitted to Limnol. Oceanogr.
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Introduction 

The concentrations of major nutrients are relatively high in the surface 

water of the Southern Ocean compared to other open ocean areas (Priddle et al., 

1995). Yet, standing stocks of phytoplankton remain lower than expected in this 

High Nutrient Low Chlorophyll (HNLC) area. Only occasionally, when 

favourable light conditions coincide with relatively high available iron (Fe) 

concentrations (Martin et al., 1990; De Baar et al., 1995; Loscher et al., 1997) and 

low grazing pressure, locally enhanced productivity occurs (Cullen et al., 1991; 

Sullivan et al., 1993; Price et al., 1994; ). Melting of sea ice during austral spring 

plays thereby an important role, because the concomitant increased stratification 

(Eicken, 1992) leads to improved light conditions for phytoplankton growth. 

Furthermore, atmospheric dust accumulating at the sea ice during austral winter 

is released into the seawater enhancing the dissolved Fe concentrations (Martin, 

1990; Sedwick and DiTullio, 1997). Both, improved light conditions and enhanced 

available Fe concentrations stimulate phytoplankton production at the Marginal 

Ice Zone (MIZ) in austral spring. In the absence of grazers, spring blooms develop 

taking up major nutrients as well as the bioavailable Fe until Fe-limitation 

occurs again. 

Apart from Fe, other trace metals such as Mn, Ni, Cu and Zn are essential 

for various metabolic functions of the algae as well (Bruland et al., 1991; Sunda, 

1994; Sunda and Huntsman, 1995a,b). They are taken up actively by the 
phytoplankton (Moffett, 1997, Sedwick and DiTullio, 1997). Zn is also 

incorporated into the diatom frustules (Collier and Edmond, 1984; Ellwood and 

Hunter, 1998). However, in contrast to Fe, the concentrations of Mn, Ni, Cu, and 

Zn are relatively high and appear to be sufficient to support phytoplankton 

growth in the surface waters of the Southern Ocean (Martin et al., 1990; 

Westerlund and Ohman, 1991; Nolting and De Baar, 1994; Sedwick et al., 1997; 

chapter 5). 

Because of the role of Fe in nitrate- and nitrite-reductase and ammonia 

diffusion limitation of the larger algae (> 3 ~m) as compared to smaller 

phytoplankton, diatoms are one of the first algae becoming Fe limited (Price et al., 

1994). If sufficient Fe is available (including favourable light conditions), diatoms 

start to bloom and dominate the phytoplankton community (De Baar et al., 1995; 

Bathman et al., 1997) protected from the small grazers by their frustules. In the 

Southern Ocean, diatoms seem to be the most important carrier for trace metals 
from the surface to the deeper waters. This is substantiated by the carpet of 
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diatom frustules at the sea floor (Dugdale et al., 1995). 

Besides their active uptake by the phytoplankton, trace metals are 

scavenged onto the outer surface of particles (Jannasch et al., 1996). Mn undergoes 

thereby oxidation of the soluble, weakly complexed Mn(II) to Mn(III,IV) oxides 

co-precipitating with other trace metals onto the particle surfaces (Sunda and 

Huntsman, 1990; Moffett, 1997). During the dissolution and digestion of the 

sinking biogenic particles (algae, frustules, fecal pellets), trace metals are recycled 

(Fisher and Wente, 1993; Barbeau et al., 1996) leading to an increase in their 

concentration with depth. Particle-reactive trace metals such as Mn are re

adsorbed onto the dissolving particles (Martin and Knauer, 1983) possibly due to 

microbial activity (Lee and Fisher, 1993). For this reason, Mn exhibits, a vertical 

concentration profile decreasing with depth. 

In the Southern Ocean, most of the dissolution of the biogenic silica in the 

water column occurs between 100 and 500 m (Nelson and Gordon, 1982). During 

dissolution, processes such as coagulation and the formation of marine snow 

(Maclntyre et al., 1995) might influence the distribution pattern of trace metals 

(Fisher et al., 1991). 

During the Joint Global Ocean Flux Study (JGOFS) Antarctic Ocean 

expedition ANT X/6 aboard RV Polarstern in austral spring 1992, the retreating 

ice edge was followed in consecutive transects, whereby data on the distribution 

of trace metals, hydrography, chemistry and biology were obtained (Smetacek et 

a1., 1997). One of the goals during this cruise was to investigate, whether the 

melting sea ice leads to enhanced trace metal concentrations and favourable light 

conditions for the phytoplankton with a responding spring bloom in the MIZ. 

Methods 

Sampling 

In austral spring (October and November 1992), seawater was sampled at 

the 6°W meridian from 47°S to 58°S crossing the Polar Frontal region (PFr), the 

southern Antarctic Circumpolar Current (sACC) area, and the Marginal Ice Zone 

(MIZ). The focus is on two transects: transect 5/6 (station 887 to 919) and about 

half a month later, transect 11/12 (station 930 to 972). Between both transects, the 

development of a diatom spring bloom could be followed in the PFr (De Baar et 

al., 1995; Loscher et a1., 1997; Smetacek et al., 1997). Between transect 5 and 11, the 
position of the ice edge shifted from 56°S to 58°5 (Veth et al., 1997). A detailed 
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description of the cruise is given in Smetacek et al. (1997). 

Water was sampled at standard depths with GoFlo samplers (12 1) on a 

10 mm Kevlar cable; the normal depths were corrected afterwards for the wire 

angle with a SIS pressure sensor. After recovery, the GoFlo samplers were 

connected with Teflon tubes on the outside of the clean air laboratory container. 

Pressure lines with high purity nitrogen gas which passed through fine 

arrestance filters were attached on top of the GoFlo samplers. At most stations, 

the seawater was pressure-filtered (> 1 bar) over acid-cleaned Nuclepore or 

Poretics membrane filters (0.4 Jlm pore size). Surface snow, ice and brine were 

sampled with acid-cleaned plastic ware, then placed in a laminar flow clean air 

bench for melting, acidified and transferred into PE bottles (Loscher et al., 1997). 

Filtered and unfiltered seawater were acidified to pH=2 with quartz-distilled 

HN03 and stored in cleaned Teflon bottles for about one year. In the unfiltered 

water samples, most biogenic fractions and surface oxyhydroxides coatings 

dissolved during that storage at pH=2 (Zhuang et al., 1990). Only some 

terrigenous material as the most refractory component would still be excluded 

from analysis. For this reason unfiltered trace metal concentrations are expressed 

as 'total dissolvable' concentrations and filtered trace metal concentrations as 

'dissolved' concentrations. 

Analysis of dissolved nickel, copper and zinc 
For the analysis of Ni, eu and Zn, the seawater samples were pre

concentrated by a modified ammonium 1-pyrrolidine dithiocarbamate/ diethyl

ammonium diethyl dithiocarbamate (APDC/DDDC) chloroform extraction and 

subsequently measured with atomic absorption spectrometry (Nolting and de 

Jong, 1994; chapter 5). The recovery of the metals was checked for each extraction 

session comprising 18 samples and 6 blanks by adding increasing trace metal 

concentrations as internal standards after the seawater matrix was extracted three 

times. The trace metal concentrations were corrected for extraction recovery. 

Blanks, detection limits (based on three times the standard deviation of the 

blanks) and reproducibility of the overall analytical procedure are 1-100 pM, 10-80 

pM and 4% for Ni; 0.5-20 pM, 10-40 pM and 4% for Cu; and 10-100 pM, 10-70 pM 

and 10% for Zn, respectively. The dissolved trace metal concentrations obtained 

at the two transects at the 6°W meridian are reported in Appendix 1. 
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Analysis of dissolved manganese 

Manganese was measured with a flow injection technique with in-line pre

concentration and spectrophotometric detection following an adaptation of the 

method by Resing and Mottl (1992). The calibration of the instrument was done 

by standard additions (0.18, 0.36, 0.73 and 1.46 nM) using a batch of filtered and 

acidified deep Southern Ocean water containing 0.34±0.03 nM Mn (n=l1). 

Typically, slightly parabolic calibration curves were obtained. Aliquots of 100 ml 

acidified seawater were buffered to an optimal pH of 8.0±0.1 with 375 f..ll saturated 

ultraclean TRIS buffer. After a loading time of 4 min and a rinsing time with 

deionised water of 1 min, Mn was eluted from the column with 0.15 M HCl and 

mixed with 50 mg 1-1 colourless leucomalachite green (LMG) in 0.1 M HCl, 4 M 

ammonium acetate buffer in 2.5 % Brij-35 surfactant, and 0.2 f..lm filtered 0.01 M 
KI04 oxidant in 1.25 M NaOH. LMG and KI04 were kept in dark bottles. Reaction 

pH was typically 4.1O±0.05. The pH of the sample and effluent was checked with a 

Knick Portamess 902 pH-meter. 

Assuming complete retention of Mn by the column, a preconcentration 

factor of around 12 was estimated from the loaded volume of the sample and the 

volume necessary for complete elution. The blanks from nitric acid and TRIS 

buffer were determined by comparing a sample containing the normal amount 

with the same sample containing twice the amount of acid/buffer and were 

found negligible as was the blank for rinsing the column with deionised water. 

The detection limit was therefore estimated by taking three times the noise of the 

baseline corresponding to 89 pM Mn. During the course of the analytical work, 

the accuracy and precision were regularly tested using NASS-4 (North Atlantic 

Standard Seawater) and CASS-3 (Coastal Atlantic Standard Seawater) supplied by 

the National Research Council of Canada. Concentrations were: 6.93±0.23 nM Mn 

(n=7) for NASS-4 (certified 6.92±O.42 nM) and 50.39±1.20 nM Mn (n=6) for CASS-3 

(certified 45.7±6.6 nM). The method proved to be suitable for concentrations of up 

to 100 nM. The Mn concentrations measured in this study were generally lower 

than NASS-4, but precision in the 0.2-2 nM range were typically 1.5% on a daily 
base (7 duplicates), and 7% on an inter-daily base (17 duplicates, same samples 

run on different days). The Mn concentrations obtained for the upper water 

column at the two transects at the 6°W meridian are reported in Appendix 1. 
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Results 

Dissolved trace metal concentrations at 40 m depth at both transects varied 

between 0.26-0.72 nM for Mn (Appendix I), 1.1-2.2 nM for Cu, 3.7-6.9 nM for Ni, 

and 0.8-10.0 nM for Zn (Appendix 1). The lower range of the Mn and Zn 

concentrations is comparable to the concentrations found at the North Drake 

Passage (Mn: 0.26 nM; Zn: 0.2 nM; Martin et al., 1990). The concentration of Cu is 

somewhat lower at the North Drake Passage (Cu: 0.7 nM; Martin et al., 1990). 

Concentrations reported for the Gerlache Strait (Mn: 4.19 nM, Cu: 2.1 nM, Zn: 

5.1 nM; Martin et al., 1990) are at the higher end of the range found at the 6°W 

meridian. Dissolved concentrations of Cu, Zn and Ni at 40 m depth at a transect 

at 49°W including the ice-covered Weddell Sea, the Confluence and the Scotia 

Sea (Cu: 2.3-3.2 nM, Ni: 4.9-8.2 nM, Zn: 1.7-5.8 nM, Nolting and de 8aar, 1994) 

were in the same concentration range as found in the here reported study area. 

Dissolved Mn concentrations as reported for surface waters of the Australian 

subantarctic region (0.1-0.5 nM, Sedwick et al., 1997) are in the same range as well. 

Subsurface maxima of trace metals, sometimes described by more than one 

datum, were found in the surface waters of the ACe. Only for Ni, the occurrence 

of the subsurface maxima was not as clear as for Cu, Zn, and Mn. At most stations 

the standard deviation of the Ni concentrations (4%) exhibited the same 

magnitude as the Ni subsurface maxima. For Mn the same was true for two of 

the 22 stations (station 897, 949). Dissolved concentrations of Mn showed maxima 

below the euphotic layer between 100 and 200 m depth (Fig. 6.1) at all 22 sampling 

stations where dissolved Mn was measured. In the MIZ (transect 6), the maxima 

of Mn occurred at about 100 m depth (Fig. 6.1a). At one station (station 916), the 

Mn maximum was reflected by a Zn and Cu maximum at the same depth. 

In the sACC area (Fig. 6.1b,c), the maxima of Mn and Zn occurred almost 

always, with the exception of station 891 near the MIZ, at the same depth. At 

transect 5 (25 to 27 October, Fig. 6.1b), the maxima for Cu and Ni were found 

between 6.0 and 100 m depth, whereas the maxima of Mn and Zn were found at 

greater depth (150-200 m). About half a month later, at transect 11 (13 to 17 of 

November), the Cu and Ni maxima were not found at all stations, whereas the 

maxima for Mn and Zn were still present at 100-200 m depth (Fig. 6.1c). 

In the PFr (Fig. 6.1d,e), the maxima of Mn were found between 100 and 

150 m depth. At transect 11 (Fig. 6.1e), no obvious maxima of Zn, Cu and Ni were 

found. At transect 5 (Fig. 6.1d), the maxima of Zn, Cu and Ni occurred at the same 
depths as the maxima for Mn. Only at lout of 4 stations (station 901, SODS), no 
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distinct Cu maximum was found. For Ni, 2 out of 4 stations did not show such a 

maximum (station 901, 50°5; station 903, 49°5). 

In the PFr and the sACC area (Fig. 6.1b-e), the observed subsurface maxima 

of trace metal occurred within the Antarctic Surface Water. In the MIZ (Pig. 6.1a), 

they were found within the Upper Circumpolar Deep Water (UCDW) but above 

the major nutrient maximum which characterizes the UCDW (Orsi et al., 1995). 

Therefore, their occurrence cannot be attributed as a signal of upwelling UCDW. 

Independent of the study side (PFr, sACC area or MIZ), the observed 

maxima of Mn and Zn occurred almost always at the same depth below the 

euphotic layer. In the sACC area, the concentration maximum of Cu and Ni was 

always present above the concentration maximum of Mn and Zn, while in the 

MIZ and the PPr at transect 5, the concentration maxima of Cu, Ni, Mn and Zn all 

occurred in the same depth layer. No evidence of co-occurring major nutrient 

maxima were found. Only at some stations in the sACC a slight, but not 

statistically significant, phosphate maximum was found at about 60 m 

(Appendix 1). 

Discussion 

Sources of trace metals in the surface water 
Several trace metal sources can be responsible for the formation of the 

observed subsurface trace metal maxima: (1) drainage during sea ice formation, 

(2) melting of sea ice (3) input of sea ice algae during advective sea ice transport 

and sea ice melting, (4) shelf input, (5) direct atmospheric dust input, and 

(6) melting of icebergs. 

The sACC area (including the MIZ) and the PPr are assumed to differ in 

their trace metal sources forming subsurface maxima. For the sACC area input 

due to processes occurring in the sea ice might be relevant. Por the PPr, only 

shelf- or atmospheric-input is important (De Baar et al., 1995, Loscher et al., 1997), 

because the PPr was not covered by sea ice during winter. Icebergs occurring 

irregularly in the PPr and at the edge of the MIZ (Van Praneker, 1994) cannot 

explain the consistently occurring trace metal maxima. These icebergs have the 

physical characteristics of freshwater ice, are compact, and melt only slowly and 

over a long distance (Tchernia, 1980). 

142 



Dissolution of sedimenting sea ice diatoms after sea ice retreatment ... 

Drainage of brine 

In winter, frazil ice crystals are formed rising to the surface to form sea ice. 

Particles scavenging trace metals, are 'harvested' by these positively buoyant ice 

crystals (Eicken, 1992). During freezing of the sea water at the surface, salts and 

other 'impurities' such as trace metals are not incorporated by the ice lattice and 

form brine. The brine contains therefore relatively high concentrations of salts 

and major nutrients (Gleitz et al., 1995). The same holds true for the trace metals 

as shown by two sea ice brine samples collected during this cruise which 

exhibited enhanced concentrations of trace metals compared to the sea water 

(Table 6.1). As the ice thickens, a part of the brine is released by gravity draining 

into the seawater below (Eicken, 1992). Another part of the brine remains isolated 

within small tubes and pockets for an extended period of time (Gleitz et al., 1995). 

During melting in spring, the brine volume increases and the drainage channels 

widen, followed by the drainage of brine and its desalination. Because of the 

elevated concentrations of trace metals in the brine, its release might enhance the 

trace metal concentrations in the surface water below. However, drainage of trace 

metals causing the observed trace metal maxima can be excluded for four reasons: 

(I) As the subsurface maxima of the trace metals corresponded to the 

subsurface maxima of dissolved organic carbon (DOC, Fig. 6.2), a drainage of brine 

containing DOC and trace metals would explain this co-occurrence. DOC 

concentrations in the brine can increase due to DOC released by sea ice algae 

becoming nutrient-depleted (Smith et al., 1997). However, since sea ice algae are 

becoming nutrient-limited only in austral spring/early summer (December

January, Arrigo et al., 1997), a drainage of brine containing elevated DOC 

concentrations seems unlikely to occur during sea ice growth. 

(II) Furthermore, it is unlikely that the elevated concentrations of trace 

metals in the surface water formed during sea ice formation in winter, can be 

maintained into the spring. If drainage of brine can cause the observed trace 

metal maxima, then it has to occur during the sea ice melting. 

(III) The difference between the concentrations of trace metals in the sea ice 

brine and in the sea water are 0-0.94 nM for Mn, 0.12-2.18 nM for Cu, 0-3.55 nM 

for Ni, and 0-12.0 nM for Zn. The subsurface maxima in the sACC area, for 

comparison, exhibited elevated concentrations as compared to their background 

concentrations, which are higher at some stations than the elevated 

concentrations of trace metals in the sea ice brine (1.5 nM at station 916, MIZ; 

1.5 nM Cu at station 915; 3.8 nM Zn at stations 897 and 899, sACC area, transect 5). 
Therefore, the trace metal concentrations in the sea ice brine are not high enough 
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to be responsible for the formation of the subsurface maxima due to a drainage of 

brine during the period of sea ice melting. 

(IV) There are no corresponding salinity or major nutrient maxima which 

would have developed during the drainage of brine from the sea ice along with 

the maxima of trace metals. The reason for the absence of co-occurring salinity 

and major nutrient maxima could be that the input of salt and major nutrients to 

the surface water might not be detectable, because of the already high background 

concentrations in the surface water. Furthermore, sea ice algae have taken up a 

part of the major nutrients and trace metals already in the sea ice, and the sea ice 

brine might be diluted by the melting water (Gleitz et al., 1995). 

Table 6.1. Trace metal concentrations in different classes of ice and snow. 

Position/data	 class of ice Cu(nM) Ni(nM) Zn(nM) Mn(nM) 

57°45'5; 06°29'W	 snow 2.38 0.98 6.7 
11-10-92	 snow 60.36 1.70 32.3 2.36
 

sea ice core 3.53 3.38 22.7 1.32
 
sea ice brine 3.28 7.25 12.8 1.20
 

59°29'5; 06°00'W snow 0.59 0.35 10.5 2.83
 
06-11-92 sea ice core 1.34 2.32 16.8 0.49
 

sea ice brine 2.32 6.00 7.8 0.55
 

59°30'5; 06°00'W brown ice 4.34 5.74 42.6 2.92
 
10-11-92
 

47°46'5; 06°11'W glacial ice 1.40 0.10 4.3
 
20-11-92
 

The concentrations of total dissolvable Zn and Mn in brown ice were about 

four times higher than those in sea ice brine (Table 6.1). This might provide 

evidence that diatoms, responsible for the brownish color of the sea ice, must 

have taken up Zn and Mn from the brine of the sea ice. A large amount of Mn 

might thereby be adsorbed as oxyhydroxid coating onto the outer surface of the 

frustules (Sunda and Huntsman, 1990; Moffett, 1997). 
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Fig. 6.2. Vertical profiles of dissolved organic carbon (DOC) in the sACC area at transect 11 and in 

the MIZ. Data are redrawn from Kahler et al. (1997). The selected stations describe the following 

areas: station 942: 56°30'5; station 944: 55°30'5; and station 917: 58°29'5. 

The release of sea ice algae from the sea ice into the surface water 

During growth, the sea ice algae take up major nutrients (Gleitz et aI., 1995) 

and trace metals from sea ice brine. Trace metals may thereby be supplied partly 

by brine channel migration from the leached fraction of atmospheric particles 

accumulating in the top layer of the sea ice during sea ice formation. Under 

nutrient limitation, sea ice algae are released into the ambient water (Archer et 

aI., 1996). Variations of chemical properties as salinity and dissolved inorganic 

carbon (DIC) in the sea ice (Gleitz et aI., 1996) lead to the release of sea ice algae as 

well. 

Most of the sea ice algae are diatoms (Archer et aI., 1996; Grossmann et aI., 

1996). Because seeding of algae occurs during and after a sea ice algal bloom 

(Archer et aI., 1996; Gleitz et aI., 1996) and during melting (Legendre et aI., 1992), 

the observed subsurface maxima of trace metals (Fig. 6.1) and DOC (Fig. 6.2) might 

reflect the release of sea ice diatoms, their sedimentation and subsequent 

dissolution during the advective transport and melting of sea ice. Heterotrophic 

bacteria may thereby accelerate the dissolution of the diatom silica (Bidle and 

Azam, 1999). 

Besides dissolution of sea ice algae, leaching of atmospheric dust may be 
potentially important as well for the formation of the subsurface maxima of trace 
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metals. Atmospheric particles are accumulating in the top layer of the sea ice 

over a period of about half a year. During melting, atmospheric particles sink 

through the water column adding trace metals to the water (Martin, 1990; 

Sedwick and DiTullio, 1997). However, leaching of atmospheric particles may be 

of minor importance for the formation of the continuously occurring subsurface 

trace metal maxima during this cruise, because leaching of atmospheric dust 

cannot cause the co-occurring maxima of DOC. Furthermore, sea ice melting 

necessary for the release of the atmospheric particles from the top layer of the sea 

ice into the water column, did not occur continuously (Veth et a1., 1997). 
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Fig. 6.3. Vertical profiles of chlorophyll a at the stations described in Fig. 1. Data are 

redrawn from Bathmann et aI. (1997; Rommets et aI., 1997, CD-ROM in Deep-Sea Res. II: 44). 

One observation supporting the assumption of seeding of sea ice algae 

during sea ice retreatment, is the occurrence of sea ice microalgae (Bathmann et 

a1., 1997) and chlorophyll b -containing organisms (Peeken, 1997) in the surface 

water of the sACC area. Subsurface maxima in vertical profiles of chlorophyll a 

(Fig. 6.3) corresponding with the subsurface maxima of the trace metals also 

support this assumption. In these profiles, the relatively high chlorophyll a 

concentrations in the upper 50 m originate from sea water algal species, whereas 

the subsurface maxima of chlorophyll a concentrations might originate from 

released ice algae. For the two MIZ stations 915 and 916 (Fig. 6.3a), similar 

mechanisms might operate. Station 915 at the edge of the MIZ, shows a 

subsurface maximum of chlorophyll a between 40 and 80 m depth possibly 

reflecting previous release of sea ice algae. Station 916, in contrast, more inside 

the MIZ, shows a continuously decreasing chlorophyll a concentration with 
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increasing depth. This profile might reflect the onset of release of sea ice algae 

and their partial dissolution during sinking. 

During the northward flow of the Antarctic Surface Water, the sinking 

algae and their dissolution signal (the subsurface maxima) are transported to the 

north. This northern flux might explain the occurrence of these maxima in the 

northern part of the sACC area, not covered by sea ice during winter. 

Marine snow aggregates 

During sinking, the decaying algae loose volume and change in sinking 

speed. Most pelagic diatoms have sticky surfaces, and may form rapidly settling 

aggregates by physical coagulation (Ki0rboe et al., 1998). Buoyancy leads to 

relatively slow sinking of aggregates (1 m d-1 for 4-5 mm aggregates, 36 m d-1 for 

2.5 mm aggregates, Asper, 1987), which might accumulate in surface waters with 

high vertical stability (Alldredge and Crocker, 1995; MacIntyre et al., 1995) as at 

well-developed pycnoclines forming possibly layers of marine snow (Alldredge 
and Youngbluth, 1985). Minima in transmission and its stepwise increase in 

these surface layers (Fig. 6.4) might reflect the accumulation of marine snow. The 

largest discontinuity in transmission was found at the pycnocline in the sACC 

area indicating that the pycnocline probably acts as a barrier for the downward 

flux of particles. In the MIZ at station 916 (Fig. 6.4c), such a minimum in 

transmission at the pycnocline was also clearly detectable. 

Marine snow is an important scavenger of trace metals (Fisher et al., 1991), 

partly due to the highly abundant heterotrophic bacteria inhabiting marine snow 

(Kepkay, 1994). Bacteria adsorb trace metals as amorphous metal-hydroxides 

(especially Fe and Mn; Cowen and Bruland, 1985, Heldal et al., 1996, 1998). As 

heterotrophic bacteria accelerate the dissolution of diatom silica (Bidle and Azam, 

1999), the rich heterotrophic community in marine snow (Miiller-Niklas et al., 

1994) can lead to the direct release of trace metals and DOC causing the co

occurring subsurface maxima of trace metals and DOC (Fig. 6.2). However, during 

the filtration of seawater, the fragile marine snow might break up, releasing trace 

metals and DOC into the filtered water (the 'dissolved fraction') as well. 

Once the trace metals and DOC are released, they can only mix slowly 

across the pycnocline (Ledwell et al., 1993). Wind-induced mixing is negligible, 

because the subsurface maxima is > 80 m depth and were not reached by the 

maximum mixing depth (80 m) during this cruise (Veth, pers. comm.). 
Because the maxima of Mn and Zn occurred at the top of the pycnocline in 
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the sACC area (Fig. 6.1b,c) and at station 915 at the edge of the MIZ, the existence 

of these maxima may be ascribed to layers of marine snow. At station 916 

(Fig. 6.1a), which is located more inside in the MIZ, successive melting events 

caused the density discontinuity ranging down to 250 m depth. In the sACC area, 

ammonium (Fig. 6.1b-c) showed small maxima at the top of the pycnocline and 

may also indicate enhanced heterotrophic activity in marine snow. The peak 

concentrations of ammonium at the top of the pycnocline were also found by 

Priddle et al. (1995) along a transect from the shelf to the open sea near the island 

of South Georgia (55°5) in late austral summer. 
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Fig. 6.4. Transmission of the sampling stations described in Fig. 1. Transmission data are 

averaged over 1 m. They are redrawn from (Rommets et aI., 1997, CD-ROM in Deep-Sea 

Res. II: 44 

Trace metal maxima sequence 
The sequential occurrence of the Cu-Ni, and Mn-Zn maxima may be due to 

sequential dissolution and re-precipitation of the trace metals. After dissolution 

of the soft diatom tissue, Mn(II) can be re-scavenged, forming a layer of Mn(III,IV) 

oxides (Moffett, 1997) on the sinking diatom frustules. Martin and Knauer (1983) 

described a similar re-adsorption of Mn onto the dissolving surfaces of sinking 
CaC03. Dissolved Cu and Ni, in contrast, may be kept in solution by strong 
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organic complexation (Bruland et a1., 1991; Achterberg and Van den Berg, 1997) 

produced by the decaying diatoms (Zhou et al., 1989). The close correlation in the 

distribution of Zn and Mn might be due to the incorporation of most of the Zn 

into the diatom frustules, and not into the soft tissue like the other trace metals 

(Collier and Edmond, 1984; Ellwood and Hunter, 1998). Whereas the soft tissue is 

remineralized in the upper 80 m, the dissolution of most of the frustules takes 

place at the pycnocline (100-200 m depth). 

The contrast between PFr and sACC area 

As mentioned above, the PPr and the sACC area including the MIZ can be 

assumed to differ in their main sources of trace metals. In the PPr, three possible 

sources of trace metals can be considered: (1) shelf input from the South 

American continent; (2) particle supply from the Patagonian desert; and 

(3) dissolution of sinking frustules originating from a diatom bloom. 

In contrast to the sACC area, the PPr is characterized by relatively high 

geostrophic velocity (Veth et a1., 1997). The high kinetic energy of the PPr might 

be responsible for the transport of trace metals from the South American shelf 

and/or aeolian dust from the Patagonian desert into the research area (De Baar, 

1995; Loscher et a1., 1997) possibly forming the observed subsurface maxima of 

trace metals. 

In the PPr, the pycnocline was not as well-developed and, other than in the 

sACC area, trace metal maxima were not related to the pycnocline. However, the 
water column of the PPr was more stabilized than the water column of the sACC 

area indicated by the continuously increasing density with depth in the upper 

500 m of the water column (Veth et a1., 1997, their Pig. 8). Therefore, particles in 

the PFr should sink slower compared to particles in the sACC area. Whereas in 

the sACC area, sinking particles are retained by a well-developed pycnocline, in 

the PPr they might sink continuously. 

Because of a diatom spring bloom in the PPr and the resulting downward 

transport of empty diatom frustules (Crawford, 1995), dissolution of diatoms 

sinking out of the euphotic layer may cause subsurface maxima in trace metals as 

well. The discontinuous increase in transmission (Pig. 6.4) can be attributed to all 

three mechanisms of trace metal input. In all three cases, the high concentration 

of particles can cause the observed stepwise increase of transmission. 
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Conclusions 

The observed subsurface maxima of trace metals above the pycnocline in 

the sACC area and the MIZ during austral spring are probably caused by the 

release of sea ice diatoms from the sea ice into the surface water. After release 

from the sea ice, the diatoms dissolve, adding trace metals into the seawater. The 

process of diatom dissolution responsible for the formation of the subsurface 

maxima of the trace metals is 

reflected by co-occurring subsurface maxima of dissolved organic carbon and 

chlorophyll a , and the occurrence of chlorophyll b containing organisms. 

Whereas the dissolved Cu and Ni are complexed by strong organic ligands 

and remain in the water, the dissolved Mn probably is re-adsorbed onto the outer 

surface of the sinking diatom frustules. Based on minima in transmission and 

the stepwise increase of transmission with depth, it is assumed that the re

adsorbed Mn and the Zn incorporated in the diatom frustules accumulate in 

marine snow at the pycnocline. Due to small peaks of ammonium at the 

pycnocline, it is assumed that microheterotrophic activity in these marine snow 

layers might have contributed to the dissolution of the scavenged trace metals. 
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Abbreviations 

List of abbreviations and chemical formulae 

Watermasses 

ACC Antarctic Circumpolar Current 

sACC southern Antarctic Circumpolar Current 

PF Polar Front 

PFr Polar Frontal region 

MIZ Marginal Ice Zone 

AWBF ACC-Weddell Gyre Boundary Front 

SASW Subantarctic Surface Water 

AASW Antarctic Surface Water 

AAIW Antarctic Intermediate Water 

NADW North Atlantic Deep Water 

CDW Circumpolar Deep Water 

UCDW Upper Circumpolar Deep Water 

LCDW Low Circumpolar Deep Water 

AABW Antarctic Bottom Water 

Chemical formulae 

Fe iron 

Cd cadmium 

Ni nickel 

Cu copper 

Zn zinc 

Mn manganese 

C02 carbon dioxide 
P043+ phosphate 

Si silicon (here, used for dissolved silica as well) 

Al aluminium 

NH4+ ammonium 

HCl hydrochloric acid 

HN03 nitric acid 

HF hydrofluoric acid 
APDC ammoniurn 1-pyrrolidinedithiocarbamate 
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Abbreviations 

DDOC 

LiB02 
PE 

Others 

Q

IXX 
ChI 

HNLC 

CTD 

GFAAS 

JGOFS 
RV 

diethylammonium dietyldithiocarbamate 

lithium borate 

polyethylene 

quartz destilled 

dissolved organic carbon 

chlorophyll 

high nutrient high chlorophyll 

conductivity-temperature-depth 

graphite furnace atomic absorption spectrophotometer 

Joint Global Ocean Flux Study 

research vessel 
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Appendix 1 

Surface water stations occupied during AntX/6 and the concentrations of major nutrients, filtered and unfiltered Fe, Cd, Cu, Ni, Zn and Mn are given. Samples taken with 

a 21 GoFlo lowered from a ships crane in front of the sailing ship are indicated by asterisk. Salinity, potential temperature and density were estimated as the averages of 

the values of CTD casts between which the Kevlar cable samples were taken at almost the same position and time. 

Station/ unf. filt. unf. filt. unf. filt. unf. filt. unf. filt. unf. filt. 
Position/ Depth Salinity 
Date (ml 

pot. T 

(00 
ae 

Ikgm-3l 
N03 
(~Ml 

Si P04 
(~Ml (uMl 

Fe 
(nMl 

Fe 
(nMl 

Cd 
(nMl 

Cd 
(nMl 

Cu 

InMl 
Cu 
(nMl 

Ni 
(nMl 

Ni Zn Zn Mn Mn 
(nM) InM) fuM) InM) InM) 

859 
56°59'S 
38°51'W 
04-10-92 

5' 
20' 33.94 
35' 33.95 

200 33.43 
300 33.58 

- 1.27 
- 1.30 

0.80 
1.36 

27.31 
27.31 
27.60 
27.68 

1.84 
1.54 

0.658 
0.081 
0.096 
0.204 
0.222 

2.56 
2.53 
2.57 
2.41 
2.43 

5.53 

7.68 
7.31 
7.15 

16.3 
23.4 
10.2 

7.7 

860 
56°59'S 
30 0 2TW 
05-10-92 

10' 
40 33.82 
60 33.84 

100 34.06 
200 34.55 
300 34.61 

- 1.74 
- 1.72 
- 1.13 

1.15 
1.26 

27.22 
27.24 
27.39 
27.67 
27.72 

27.9 
27.9 
28.0 
33.2 
32.9 
27.9 

62.6 1.96 
61.6 1.96 
61.7 1.96 
68.7 1.97 
81.9 2.31 
87.0 2.63 

3.86 

3.28 
2.67 
3.72 

0.198 
0.187 
0.115 
0.192 
0.138 
0.289 

4.87 
2.32 
2.85 
2.36 
2.26 
2.42 

7.00 
6.73 
6.80 
6.97 
7.12 
7.13 

25.8 
7.9 
6.9 
8.8 
6.5 
9.4 

862 
57°00'S 
23°19'W 
07-10-92 

10' 
40 33.80 
60 33.81 

100 33.93 
150 33.98 
200 34.23 
300 34.51 

- 1.02 
- 1.02 
- 0.70 
- 0.88 

0.61 
1.83 

27.18 
27.19 
27.27 
27.32 
27.45 
27.59 

27.4 
27.5 
27.3 
28.6 
28.6 
29.4 
35.5 

45.8 1.89 
45.8 1.87 
45.6 1.95 
50.9 2.01 
51.1 1.95 
58.8 2.00 
75.6 2.45 

1.88 
1.25 
0.52 
0.57 
0.42 
0.48 
0.77 

0.181 
0.155 
0.905 
0.769 
0.329 
0.286 
1.309 

1.92 
5.92 
6.22 
6.66 
6.89 
6.80 
6.79 

6.31 
5.92 
6.22 
6.66 
6.89 
6.80 
6.79 

8.6 
5.3 

10.8 
7.6 
6.7 
7.2 
7.9 

865 
56°09'S 
15°26'W 
09-10-92 

40 33.82 
60 33.82 

100 33.82 
140 33.84 
200 34.28 
300 34.51 

- 1.78 
- 1.77 
- 1.77 
- 1.74 

0.86 
1.55 

27.22 
27.22 
27.22 
27.24 
27.47 
27.61 

27.9 
29.5 
28.5 
28.5 
33.4 
35.8 

42.4 1.91 
42.8 1.91 
42.1 2.04 
42.8 1.95 
58.3 2.24 
80.0 2.45 

0.59 
0.65 
0.42 
0.50 
0.93 
1.33 

0.857 
0.839 
0.817 
0.867 
1.055 
1.136 

1.90 
1.50 
1.14 
1.79 
1.72 
2.23 

7.26 
6.79 
6.77 
7.62 
7.70 
8.20 

4.9 
5.5 
5.5 
6.3 
7.5 
8.8 

866 
57°45'S 
06°29'W 
11-10-92 

100 34.25 
200 34.56 
300 34.63 

- 0.68 
1.48 
1.59 

27.53 
27.66 
27.71 

33.9 
33.2 
31.9 

91.5 2.26 
75.5 2.27 
74.5 2.36 

2.15 
5.17 
3.44 

1.014 
1.011 
1.064 

2.38 
2.64 
2.12 

8.18 
8.32 
7.48 

8.8 
12.2 
14.6 



5tation/ 
Position/ Depth Salinity 
Date (m) 

pot. T 

CC) 
as 

fkgm-3) 
N03 5i P04 
(uM) (uM) (uM) 

unf. 
Fe 

(nM) 

flIt. 
Fe 

(nM) 

unf. 

Cd 
(nM) 

flit. 

Cd 
(nM) 

unf. 
Cu 

(nM) 

filt. 
Cu 

(nM) 

unf. 
Ni 

(nM) 

flIt. unf.filt. unf. filt. 
Ni Zn Zn Mn Mn 
(nM) (nM) (nM) (nM) (nM) 

879 
48°00'5 
06°00'W 
18-10-92 

10' 33.87 
37 33.87±0.00 
74 33.88±0.00 

185 34.03±0.01 
277 34.21 

1.97 
1.62±O.05 
l.49±0.02 
1.27±0.05 
1.67 

27.07 
27.10±0.00 
27.11±0.00 
27.25±0.01 
27.36 

24.4 
24.8 
24.9 
28.0 
32.5 

18.7 1.65 
18.7 1.65 
19.3 1.71 
26.3 1.90 
44.0 2.27 

3.68 
1.55 

3.01 

0.52 
0.69 
3.01 
1.66 

0.492 
0.552 

0.557 

0.552 
0.416 
0.516 
0.733 

6.00 
6.19 

5.79 
4.63 
5.95 

3.8 
3.7 

3.8 
5.3 
2.8 
6.0 

887 
55°59"5 
06°04'W 
24-10-92 

38 33.88±0.00 
76 33.90±0.02 
95 33.92±0.04 

142 34.14±0.05 
189 34.34±0.02 
284 34.56 

- 1.77±O.00 
- 1.76±O.01 
- 1.73±0.04 
- 0.77±0.37 

0.61±0.12 
1.58 

27.27±0.00 
27.28±0.01 
27.30±0.03 
27.44±0.03 
27.54±0.01 
27.65 

27.6 
27.5 
28.1 
30.9 
33.1 
34.8 

48.7 1.84 
48.5 1.84 
48.2 1.86 
56.9 2.04 
68.1 2.22 
82.8 2.32 

1.48 

1.43 

0.44 
0.39 
0.69 

1.02 

0.475 

0.760 

0.544 
0.527 
0.613 
0.695 
0.735 

1.44 

2.06 

1.84 
2.04 
2.61 
2.13 
2.28 

5.72 

7.60 

6.67 
6.74 
6.94 
7.10 
7.23 

5.8 

11.1 5.6 

1.13 
0.82 
0.70 
0.78 

0.64 

891 
55°01'5 
06°00'W 
25-10-92 

10' 
40 33.88+0.00 
60 33.88±0.00 

100 33.88±0.01 
150 33.99±0.04 
200 34.21±O.13 
300 34.51 

- 1.49±0.23 
- 1.64±0.01 
- 1.69±O.02 
- 1.35±O.17 

0.10±O.82 
1.73 

27.26±0.00 
27.26±0.00 
27.27±0.01 
27.35±0.03 
27.46±0.06 
27.60 

27.1 
27.1 
27.1 
27.2 
28.6 
31.3 
35.0 

39.9 1.76 
40.1 1.79 
40.5 1.78 
39.6 1.78 
44.5 1.87 
53.4 2.05 
77.3 2.32 

5.55 
0.53 

3.02 

0.42 
0.37 

0.42 
1.17 
0.90 

0.553 
0.543 

0.651 

0.505 
0.578 
0.561 
0.561 
0.618 
0.673 

2.34 
1.83 

2.44 

1.82 
2.26 
2.29 
1.81 

3.39 

7.53 
7.19 

7.23 

6.70 
6.96 
6.73 
7.07 
6.82 
7.35 

8.0 
6.4 

6.0 

2.8 
5.6 
6.2 
3.9 
4.9 
7.5 

0.83 
0.72 
0.69 
0.66 
0.66 
0.77 
0.57 

893 
54'00'5 
06'Ol'W 
26-10-92 

10' 33.91 
39 33.91±0.00 
59 33.92±0.00 
99 33.92±0.00 

148 34.02±0.13 

- 1.41 
- 1.49±0.02 
- 1.51±0.02 
- 1.54±O.02 
- 1.24±0.45 

27.28 
27.29±0.00 
27.29±0.00 
27.29±0.00 
27.36±0.09 

26.8 
26.9 
26.9 
27.0 
28.5 

41.5 1.87 
41.7 1.85 
41.9 1.86 
42.1 1.86 
47.8 1.98 

7.39 
1.54 0.37 

0.38 
0.22 

0.519 
0.561 0.506 

0.529 
0.551 
0.529 

2.06 
1.97 1.67 

1.81 
1.73 

7.11 
6.60 6.77 

6.92 
6.60 
7.05 

5.7 
9.9 4.7 

5.7 
4.1 
7.5 

0.75 
0.66 
0.64 
0.64 
0.73 

895 
53°00'5 
06°00'W 
26-10-92 

10' 
33 33.94 
82 33.94 

123 33.94 

- 0.64 
- 0.68 
- 0.72 

27.28 
27.28 
27.28 

26.5 
26.8 
27.0 
27.2 

36,3 1.82 
36.3 1.89 
37.0 1.90 
37.0 1.90 

2.03 
0.51 

0.77 

0.738 
0.533 0.516 

0.492 
0.538 

1.58 
1.99 2.16 

1.97 

6.07 
6.87 6.82 

6.40 
6.63 

3.5 
5.3 5.3 

2.9 
10.1 

897 
52°00'5 
06°00'W 
27-10-92 

10' 
40 33.96±0.00 

100 33.97±0.00 
150 33.98±0.01 
200 34.24±0.02 
300 34.50 

- 0.03±0.00 
- 0.12±0.00 
- 0.19±0.03 

0.87±0.10 
1.82 

27.27±0.00 
27.28±0.00 
27.30±0.01 
27.45±0.01 
27.58 

26.5 
26.7 
26.7 
28.9 
34.2 
35.5 

28.4 1.83 
28.6 1.90 
28.8 1.81 
36.8 1.98 
59.3 2.29 
77.1 2.42 

2.05 
1.34 

3.44 

1.15 
0.39 
0.81 
0.34 
0.38 

0.211 
0.533 

0.927 

0.450 
0.456 
0.673 
0.682 
0.925 

0.60 
1.71 

1.94 

1.57 
1.64 
1.05 
1.09 
2.17 

3.10 
7.78 

7.34 

5.17 
6.99 
5.10 
4.80 
7.18 

2.8 
5.4 

7.8 

5.1 
3.9 
9.2 
5.6 
8.5 

0.59 
0.57 
0.54 
0.59 
0.53 
0.48 



Station/ unf. fill. unf. fill. unf. filt. unf. filt. unf.fill. unf. filt. 
Position/ Depth Salinity 
Date 1m) 

pot. T 
log 

0"9 
Ck&rn-3) 

N03 Si P04 
(LIM) (11M) (uM> 

Fe 
InM) 

Fe 
1nM) 

Cd 
InM\ 

Cd 

(nMl 
Cu 

(nM) 

Cu Ni 
(nM) (nMl 

Ni Zn Zn Mn Mn 
1nM) (nM) (oM) InM) 1nM) 

899 
51 °00'5 
06°00'W 
27-10-92 

40 33.96 
60 33.96 

100 33.96 
150 33.98 
200 34.19 
300 34.49 

1.14 
1.04 
0.94 
0.49 
0.52 
1.79 

27.26 
27.27 
27.27 
27.28 
27.42 
27.58 

26.4 
26.8 
26.6 
27.1 
30.5 
36.2 

28.7 1.88 
28.4 1.84 
29.3 1.87 
31.2 1.90 
43.5 2.15 
73.1 2.50 

5.81 
-
-

2.68 
-

0.17 
0.69 
0.83 
0.18 
0.47 
1.25 

0.545 

0.645 

0.463 
0.445 
0.481 
0.633 
0.844 

0.87 

-
1.35 

-
1.24 
1.19 
1.24 
0.94 
1.76 

5.46 

-
5.52 

5.50 
5.63 
5.36 
5.50 
5.92 

3.7 

4.1 
-

3.7 
3.3 
3.3 
3.4 
4.1 
6.4 

0.52 
-
-

0.51 
0.48 
0.43 
0.46 
0.38 

901 
50°00'5 
06°00'W 
28-10-92 

10" -
40 33.93 
60 33.93 

100 33.93 
150 33.96 
200 34.05 
300 34.37 

. 
1.14 
1.04 
0.94 
0.49 
0.52 
1.79 

27.17 
27.18 
27.19 
27.24 
27.31 
27.48 

25.5 
26.9 
26.1 
26.6 
28.6 
30.8 
35.8 

18.9 1.63 
20.1 1.71 
20.2 1.72 
22.2 1.80 
29.5 1.98 
38.5 2.13 
61.6 2.42 

4.37 
3.82 

-
1.23 

3.07 
1.13 
1.68 
1.43 
0.66 

0.289 
0.360 
-

0.360 
0.277 
0.354 
0.413 
0.531 
0.864 

2.33 
1.67 

1.91 
-

-
1.61 
1.61 
1.61 
1.76 
1.78 
-

6.27 
5.73 
-

5.81 

-
5.81 
6.00 
5.62 
5.73 
6.00 
6.19 

3.6 
4.1 

3.7 

-
3.2 
3.0 
2.1 
4.7 
3.1 
4.3 

0.56 
-

-

0.45 
0.46 
0.49 
0.55 
0.47 
0.46 

903 
49°00'5 
06°00'W 
29-10-92 

10" 
40 33.87 
60 33.87 

100 33.89 
150 33.94 
300 34.31 

1.52 
1.50 
1.04 
0.56 
1.76 

27.10 
27.11 
27.15 
27.22 
27.44 

24.1 
24.4 
24.5 
25.1 
26.5 
33.5 

11.5 1.17 
11.7 1.15 
11.9 1.21 
17.9 1.44 
26.6 1.87 
53.3 2.38 

2.11 
7.03 

-
0.17 
1.42 

2.29 
1.96 

0.246 
0.363 0.205 

0.211 
0.270 
0.516 
0.668 

1.72 
4.34 1.09 

1.77 
1.35 
2.03 
1.64 

5.26 
5.34 

-

5.10 
5.08 
5.11 
5.23 
5.24 

2.7 
3.1 1.9 

3.2 
1.7 
2.7 
4.4 

0.85 
0.49 
0.47 

905 
48°00'5 
06°00'W 
29-10-92 

40 33.86±0.00 
60 33.87±0.01 

100 33.89±0.01 
150 33.92±0.01 
200 34.02±0.01 
300 34.22 

2.43±O.01 
2.00±0.31 
1.33±O.12 
1.00±0.02 
1.11±O.Ol 
1.62 

27.02±0.00 
27.06±O.03 
27.13±0.02 
27.18±0.01 
27.25±0.01 
27.38 

23.0 
24.0 
24.7 
26.2 
27.7 
32.4 

14.8 1.62 
17.0 1.71 
19.7 1.79 
24.3 1.91 
29.3 2.04 
43.2 2.25 

0.82 

4.01 

0.26 
2.51 
3.77 
0.44 
0.38 
1.94 

0.469 

0.598 

0.332 
0.363 
0.457 
0.557 
0.551 
0.715 

1.37 

2.11 

1.33 
1.28 
1.54 
1.43 
1.40 
1.88 

6.37 

6.19 

6.18 
6.02 
6.25 
6.20 
5.86 
6.16 

2.3 

3.4 

1.3 
2.1 
1.7 
4.3 
2.6 
4.0 

0.41 
0.45 
0.56 
0.53 
0.51 
0.44 

907 
47°00'5 
06°00'W 
30-10-92 

10" 
34 33.86 
51 33.86 
85 33.88 

128 33.91 
170 33.95 
255 34.19 

2.27 
2.20 
1.63 
1.22 
0.87 
1.62 

27.04 
27.04 
27.10 
27.15 
27.21 
27.35 

23.6 
23.7 
23.7 
24.9 
26.4 
27.2 
31.5 

13.4 1.57 
13.2 1.57 
13.9 1.57 
15.9 1.51 
23.7 1.86 
26.3 1.91 
40.3 2.24 

2.64 
5.29 

1.30 

(6.20) 
0.54 

1.20 

0.301 
0.410 

-

0.460 

0.343 
0.242 
0.212 
0.389 
0.425 
0.484 

1.82 

2.25 

1.71 
1.70 
1.48 
2.30 
1.87 

5.73 

5.69 

5.43 
5.39 
5.04 
5.69 
5.88 

3.9 
6.2 

2.8 

3.7 
2.0 
1.3 
4.5 
3.0 
4.0 

0.54 

0.38 
0.68 
0.58 
0.49 

908 
46°52'5 
05°43'W 
31-10-92 

100 33.87 
150 33.90 
200 34.04 
250 34.17 
400 34.33 

1.72 
1.12 
1.50 
1.66 
1.95 

27.09 
27.16 
27.24 
27.33 
27.44 

32.9 
25.2 
28.2 
31.8 
34.4 

14.2 1.57 
18.9 1.69 
25.3 1.99 
38.6 2.24 
58.3 2.44 

8.92 

2.28 

1.76 
0.975 

0.427 
0.598 
0.813 

1.45 

1.55 
1.40 
0.99 

5.97 
5.79 

4.85 
5.57 
4.56 

4.0 
8.9 

2.5 
2.4 
2.5 

0.59 

0.46 
0.65 
0.47 

0.46 



Station/ unt. flit. unt. flit. unt. filt. unt. flit. unt.filt. unt. filt. 
Position/ Depth Salinity 
Date 1m) 

pot. T 

1°0 
06 

Qsgm3) 
N03 Si P04 
(uM) luM) (uM) 

Fe 
1nM) 

Fe 

InM) 
Cd 
1nM) 

Cd 
(nM) 

Cu 
(nM) 

Cu 
1nM) 

Ni 
lnM) 

Ni Zn Zn Mn Mn 
(oM) (nM) (nM) (nM) (nMJ 

909 
49°00'5 
06°00'W 
02-11-92 

10' 27.4 42.7 1.92 0.568 2.35 6.29 4.9 

911 
55°51 '5 
06°00'W 
03-11-92 

10' 0.580 2.32 6.69 4.1 

915 
57°29'5 
06°00'W 
04-11-92 

10' 
40 33.98±0.00 
60 33.99±0.00 

100 34.12±0.03 
150 34.38±0.04 
200 34.54±0.01 
300 34.63 

- 1.67±O.01 
- 1.72±O.03 
- 1.50±O.09 

0.06±O.29 
1.27±O.03 
1.50 

27.35±0.00 
27.36±0.00 
27.46±0.02 
27.61±O.02 
27.66±0.00 
27.71 

27.4 
27.3 
27.6 
28.4 
31.9 
33.6 
33.1 

59.1 
58.9 
59.4 
64.9 
76.4 
82.9 
88.3 

1.91 
1.95 
1.92 
2.03 
2.28 
2.37 
2.34 

8.54 
1.67 0.79 

0.39 

0.50 

1.42 

0.668 
0.605 

0.756 

0.574 
0.592 
0.662 
0.757 
0.650 

8.47 
2.00 

1.51 

1.86 
2.23 
2.51 
1.52 
1.27 
2.33 

6.66 
6.78 

5.91 

6.75 
6.82 
5.78 
5.59 
6.89 

17.5 
4.6 

6.2 

4.1 
4.5 
4.9 
5.6 
6.3 
6.6 

0.98 

0.67 
1.07 
0.69 
0.70 
0.61 

916 
58°00'5 
06°00'W 
04-11-92 

40 34.08 
60 34.17 

100 34.23 
150 34.32 
300 34.57 

- 1.46 
- 1.60 
- 1.14 
- 1.27 

0.52 

27.43 
27.50 
27.54 
27.61 
27.73 

28.1 
28.8 
30.5 
28.6 
31.5 

67.2 1.95 
71.4 2.01 
77.4 2.13 
78.7 2.03 
90.2 2.25 

1.83 

0.43 

0.465 0.467 
0.449 
0.659 
0.549 
0.688 

3.11 2.42 
2.39 
2.90 
2.63 
3.22 

7.04 7.01 
6.86 
6.86 
6.93 
6.87 

5.1 4.4 
6.0 
6.4 
4.3 
6.4 

0.90 
0.84 
2.30 
0.56 
1.63 

918 
59°00'5 
06°00'W 
06-11-92 

40 34.32 
60 34.32 

100 34.34 
200 34.68 
300 34.68 

- 1.82 
- 1.81 
- 1.76 

0.58 
0.45 

27.63 
27.63 
27.65 
27.82 
27.82 

28.0 
27.8 
27.7 
30.5 
33.1 

77.7 2.01 
78.3 1.99 
79.9 2.02 
99.0 2.16 

117.0 2.35 

1.54 
1.92 
1.20 
2.04 
2.24 

0.574 
0.604 
0.586 
0.768 
0.650 

2.34 
2.19 
2.01 
2.82 
2.84 

6.50 
6.54 
6.19 
6.89 
6.41 

5.0 
5.0 
5.1 
8.4 
7.3 

919 
59°29'5 
06°00'W 
06-11-92 

40 34.28±0.01 
60 34.29±0.00 

100 34.38±0.10 
150 34.59±0.09 
200 34.68±0.00 
300 34.68 

- 1.83±O.01 
- 1.82±O.00 
- 1.48±O.45 
- 0.08±O.69 

0.67±O.01 
0.53 

27.60±0.01 
27.60±0.00 
27.67±0.07 
27.78±0.03 
27.81±0.00 
27.82 

27.2 
27.3 
29.3 
32.4 
32.5 
32.7 

76.9 2.06 
77.7 2.06 
78.8 2.08 

2.36 
113.1 2.38 
118.2 2.39 

2.42 
1.24 
1.05 
1.38 

0.592 
0.511 
0.513 
0.803 
0.811 
0.749 

2.83 
2.72 
2.65 
3.37 
3.35 
3.55 

7.26 
6.94 
7.14 
7.70 
7.77 
7.66 

-

4.9 
5.1 
5.9 
8.8 
8.9 
9.7 



Station/ unf. tilt. unf. tilt. unt. tilt. unf. filt. unf. tilt. unf. filt. 
Position/ Depth Salinity pot. T GO N03 Si P04 Fe Fe Cd Cd Cu Cu Ni Ni Zn Zn Mn Mn 
Date (m) (oQ (kgm-3) (~) (~) (AA1) (nM) (nM) ~nM) (nM) (nMLlnM) (nM) (nM) (11M) (nM) LnM) (nM) 

930 0 28.1 78.2 2.07 0.67 0.551 2.17 6.85 4.1 
59°30'5 10" 28.0 78.2 2.06 2.03 0.568 2.27 7.18 4.8 
06°00'W 40 34.29±0.00 - 1.84±O,00 27.60±0.00 28.0 77.2 2.08 0.57 0.516 2.31 6.77 5.4 
10-11-92 60 34.29±0.00 - 1.84±O.00 27.61±0.00 27.8 76.8 2.09 0.75 0.486 2.03 6.25 4.5 

100 34.32±O.04 - 1.75±O.14 27.63±0.03 27.9 77.4 2.10 1.13 0.516 2.13 6.58 5.0 
150 34.61±O.02 0.09±O.l5 27.78±0.01 32.9 102.9 2.37 0.76 0.686 2.49 7.10 6.7 
200 34.68±0.00 0.68±O.00 27.81±0.00 33.3 110.8 2.43 0.65 0.727 2.64 7.06 7.5 
300 34.68 0.55 27.82 33.4 117.0 2.40 0.680 2.84 7.86 7.8 

934 40 34.15±0.05 - 1.29±O.05 27.47±0.03 29.0 75.3 2.03 0.86 0.551 2.17 6.67 4.6 
58°00'5 60 34.17±0.03 - 1.51±O.14 27.50±0.03 29.4 75.8 2.12 1.14 0.557 2.09 6.52 4.6 
06°01'W 100 34.24±0.01 - 1.66±O.03 27.56±0.00 28.9 77.3 2.04 0.88 0.580 2.14 6.94 4.5 
11-11-92 150 34.38±0.02 - 1.28±O.07 27.66±0.01 29.2 79.2 2.05 0.580 2.24 7.86 4.9 

200 34.54±0.02 0.40±0.14 27.71±0.01 32.3 87.4 2.26 1.28 0.545 1.98 6.29 5.0 
300 34.64 0.95 27.76 33.7 95.4 2.30 0.668 2.53 7.27 6.5 

941 10" 28.0 61.8 1.91 0.574 7.08 7.19 6.2 0.95 
57°03'5 38 33.97±0.00 - 1.51±O.01 27.33±0.00 27.9 61.8 1.95 0.55 0.563 2.13 6.76 3.7 0.65 
06°01'W 57 33.97±0.00 - 1.52±O.00 27.40±0.08 28.0 61.7 1.93 0.25 0.557 1.89 6.57 3.7 0.63 
13-11-92 95 34.11±0.04 - 1.16±O.29 27.50±0.12 28.8 63.6 2.01 0.22 0.598 1.62 6.50 4.0 0.67 

142 34.36±0.06 - 0.14±O.68 27.50±0.12 33.5 75.5 2.33 0.63 0.727 1.95 7.01 5.4 0.59 
190 34.56±0.02 1.33±O.05 27.64±0.04 34.3 83.4 2.41 0.34 0.715 2.15 7.08 6.0 0.55 
285 33.64 1.47 27.72 33.6 89.4 2.36 0.34 0.750 2.22 7.55 6.4 0.49 

943 10* 27.6 50.6 1.91 1.12 0.574 2.11 7.00 3.9 0.52 
56°01 '5 40 33.91 - 1.23 27.27 27.3 50.1 1.88 0.24 0.545 1.84 6.88 3.8 0.55 
06°00'W 60 33.91 - 1.25 27.28 27.6 50.5 2.01 0.40 0.551 1.88 6.84 4.1 0.64 
13-11-92 100 33.92 - 1.29 27.29 27.7 52.1 1.91 0.574 1.91 6.42 3.7 1.84 

150 34.07 - 0.81 27.39 30.0 (98.2) 2.04 0.70 0.621 1.97 6.88 4.2 0.55 
200 34.30 0.31 27.52 32.8 70.3 2.24 1.23 0.715 2.12 6.64 5.1 0.51 
300 34.56 1.44 27.66 34.3 87.6 2.42 2.00 0.627 2.09 6.24 6.9 0.40 

945 10* 27.0 43.8 1.86 1.11 0.563 2.08 6.53 4.3 0.68 
55°00'5 40 33.90 - 1.21 27.24 27.1 43.1 1.89 0.04 0.498 1.76 6.69 2.9 
06°01'W 60 33.90 - 1.32 27.25 27.1 43.2 1.87 0.22 0.563 1.76 6.61 3.2 0.67 
14-11-92 100 33.92 - 1.35 27.28 27.7 43.6 1.89 0.39 0.510 1.76 6.58 3.0 0.65 

150 33.99 - 1.39 27.33 28.7 46.9 2.01 0.545 6.69 5.1 0.71 
200 34.27 0.17 27.48 31.8 58.2 2.23 1.49 0.621 1.96 6.82 4.6 0.60 
300 34.56 1.44 27.61 34.8 78.1 2.45 1.00 0.709 2.15 7.04 5.9 0.56 



Station! unf. filt. unf. tilt. unf. filt. unf. tilt. unf. filt. unf. filt. 
Position! Depth Salinity 

Date (m) 
pot. T 
(0C) 

aa 
Osgm-3) 

N03 Si P04 

(1lM) filM) (IlM) 

Fe 
(nM) 

Fe 
(nM) 

Cd 

(nM) 

Cd 

(nMl 

Cu 

(nMl 

Cu 
(nMl 

Ni 
(nM) 

Ni Zn Zn Mn Mn 
(nM) (nMl (nMl (nM) (nM) 

947 
54°00'5 
06°00'W 
15-11-92 

59 33.90 
98 33.90 

148 33.91 
197 34.12 
296 34.56 
394 34.63 

- 1.12 
- 1.12 
- 1.35 
- 0.78 

1.67 
1.76 

27.27 
27.27 
27.28 
27.43 
27.65 
27.69 

26.7 
26.9 
27.1 
29.8 
34.8 
34.0 

42.9 1.90 
42.5 1.87 
43.6 1.90 
51.9 2.08 
76.5 2.49 
86.6 2.39 

0.81 
0.71 

1.90 
1.23 
1.22 
0.98 

1.247 
1.104 

0.870 
0.769 
0.750 
0.962 

2.23 
2.49 

2.12 
1.04 
0.95 
1.12 

7.28 
7.02 

6.44 
5.03 
5.13 
6.20 

5.9 
5.4 

4.8 
4.2 
4.6 
3.8 

0.52 
0.44 

0.44 
0.52 
0.58 
0.60 

949 
53°00'5 
06°00'W 
16-11-92 

10' 
40 33.93±0.00 
60 33.93±0.00 

100 33.94±0.00 
150 33.96±0.01 
200 34.16±0.00 

- 0.39±O.02 
- 0.42±O.01 
- 0.60±O.07 
- 0.98±O.01 
- 0.07±O.00 

27.26±0.00 
27.26±0.00 
27.28±0.0l 
27.31±0.01 
27.43±0.00 

27.8 
27.7 
27.3 
27.1 
28.5 
34.2 

39.2 1.93 
38.5 1.87 
38.8 1.88 
39.2 1.89 
41.9 1.99 
66.4 2.37 

1.92 
0.30 
0.61 
0.16 
0.32 
0.57 

0.486 
0.533 
0.539 
0.533 
0.533 
0.738 

2.10 
1.94 
2.05 
2.25 
2.10 
2.26 

6.26 
6.24 
6.45 
6.31 
5.81 
6.34 

4.4 
3.1 
3.5 
3.0 
3.8 
5.2 

0.64 
0.60 
0.59 
0.58 
0.59 
0.60 

953 
5POO'S 
06°01'W 
17-11-92 

10' 33.94 
40 33.94±0.00 
60 33.94±0.00 

150 33.97±0.00 
200 34.07±0.09 

0.82 
0.72±O.03 
0.70±0.04 

- 0.06±O.00 
0.22±0.38 

27.20 
27.21±0.00 
27.21±0.00 
27.28±0.00 
27.34±0.05 

26.5 
26.7 
26.4 
27.5 
31..2 

27.4 
27.2 
26.9 
32.9 
44.1 

1.85 
1.86 
1.84 
1.94 
2.13 

3.69 
0.66 
0.80 
0.81 
0.71 

0.416 
0.467 
0.434 
0.510 
0.615 

1.68 
1.65 
1.62 
1.67 
1.75 

5.28 
5.92 
5.10 
4.62 
4.78 

956 
49°59'S 
06°00'W 
18-11-92 

10' 
39 33.88±0.01 
98 33.91±0.01 

147 33.96±0.01 
196 34.07±0.01 
294 34.33 
392 34.47 

1.86±O.10 
1.19±0.27 
0.42±0.07 
0.67±O.09 
1.78 
2.09 

27.08±0.02 
27.16±0.02 
27.25±0.01 
27.32±0.00 
27.46 
27.54 

23.6 
23.8 
25.3 
28.1 
31.1 
35.2 
35.9 

4.8 1.03 
7.1 1.11 

14.4 1.38 
28.4 1.95 
38.9 2.15 
59.2 2.43 
72.7 2.50 

5.57 
1.31 
0.35 
1.90 

0.96 
0.95 

0.354 
0.212 
0.345 

1.035 
1.136 
1.171 

1.6 
1.49 
1.50 
1.73 
1.75 
2.02 
2.00 

5.24 
5.69 
5.66 
5.88 
6.21 
6.29 
6.10 

3.6 
2.0 
2.5 
3.3 
4.5 
4.9 
5.6 

0.52 
0.35 
0.41 
0.58 
0.47 
0.45 
0.39 

960 
49°00'5 
06°00'W 
19-11-92 

10' 
39 33.86±0.00 
58 33.86±0.00 
97 33.90±0.00 

146 33.96±0.01 
194 34.02±0.00 
291 34.26 

1.90±0.00 
1.85±O.01 
1.07±O.09 
0.41±0.02 
0.52±0.03 
1.47 

27.06±0.00 
27.07±0.00 
27.16±0.01 
27.25±0.01 
27.29±0.00 
27.42 

23.9 
23.6 
23.5 
25.9 
28.4 
30.0 
35.3 

7.9 1.19 
6.9 1.22 
7.6 1.28 

19.9 1.71 
29.8 1.95 
35.1 2.05 
56.6 2.36 

0.58 
2.03 
1.43 
0.26 

0.89 
1.24 

0.234 
0.170 
0.182 
0.434 
0.557 
0.598 
0.715 

1.57 
1.29 
1.42 
1.43 
1.73 
1.73 
1.78 

4.01 
3.67 
3.67 
4.16 
4.01 
4.96 
4.14 

0.37 
0.33 
0.33 
0.44 
0.61 
0.43 
0.41 



Station/ unt. flIt. unt. filt. unt. filt. unt. flIt. unt. filt. unt. filt. 
Position! Depth Salinity pot.T all N03 Si P04 Fe Fe Cd Cd Cu Cu Ni Ni Zn Zn Mn Mn 

Dat~ 1m) (OC) (lsgm-3) _ CuM) fuM) JuML 1nM) ~LJnML {nMl_ 1nM) JnML1n~lnM) 1nM) InM) InM) 1nM) 

964 10' 19.8 1.3 1.28 1.13 0.316 1.62 3.64 0.40 
48°00'5 40 33.82 3.22 26.92 21.0 3.9 1.50 2.65 0.228 1.20 4.42 0.26 
06°00'W 60 33.85 2.78 26.98 23.4 10.4 1.64 0.31 0.434 1.33 4.45 
20-11-92 100 33.91 2.11 27.09 26.1 18.0 1.86 1.13 0.322 1.29 4.56 0.37 

150 33.93 1.58 27.14 27.7 22.9 1.95 0.463 1.44 4.65 0.50 
200 34.03 1.69 27.22 30.1 28.4 2.08 1.29 0.574 1.62 4.77 0.43 
300 34.20 2.04 27.33 32.7 40.8 2.29 0.80 0.563 1.57 4.97 0.39 

969 10' 19.2 1.3 1.21 1.13 0.322 1.24 5.82 1.1 
46°59'5 40 33.81±0.00 3.21±O.00 26.91±0.00 20.2 1.0 1.29 0.49 0.363 1.60 5.63 1.3 
06°00'W 60 33.83±0.01 2.97±O.08 26.95±O.01 21.6 4.5 1.45 4.02 0.434 2.38 5.78 1.9 
21-11-92 100 33.92±0.03 2.63±O.05 27.06±0.03 24.7 13.7 1.78 1.00 0.545 1.36 6.45 1.3 

200 34.09±0.01 2.43±O.01 27.21±0.01 29.5 24.5 2.00 2.80 0.609 1.39 6.26 2.1 
300 34.19 2.09 27.32 32.4 36.5 2.16 4.32 0.691 1.58 7.25 2.8 

972 10' 19.1 2.8 1.28 2.44 0.328 3.12 5.59 5.0 0.39 
48°41'5 39 33.82±0.00 3.48±O.02 26.90±0.00 20.8 4.4 1.32 2.31 0.227 1.13 5.64 0.8 
05°59'W 97 33.93±0.02 2.38±O.11 27.08±0.00 24.7 16.1 1.70 3.23 0.475 1.26 5.74 2.0 0.50 
22-11-92 145 34.02±0.06 2.21±O.53 27.17±0.01 28.0 24.7 1.89 0.20 0.563 1.36 5.80 1.9 0.46 

194 34.09±0.03 2.10±0.24 27.23±0.01 30.1 29.8 2.02 0.32 0.633 1.47 6.29 2.3 0.44 
290 34.21±0.00 2.10±0.09 27.33±0.00 32.5 42.9 2.21 0.639 1.53 6.36 2.7 0.50 
387 34.31±0.00 2.18±0.03 27.41±0.00 34.3 57.6 2.33 0.42 0.721 1.81 6.98 3.6 0.41 



Appendix 2 

Deep water stations with data on hydrography, nutrients, filtered and unfiltered Fe, Cd, Cu, Ni and Zn. 

Station/ unf. filt. unf. filt. unf. filt. unf. filt. unf. filt. 

Position/ 
Date 

Depth Salinity 
(ml 

pot. T 

COC) 
Cia 

(]<goo-3) 
Oxygen N03 Si P04 
(llM) (~) (yM (llM) 

Fe 
(oM) 

Fe 
(11M) 

Cd 
(uM) 

Cd 
(pM) 

Cu 
(nM) 

Cu 
(nM) 

Ni 
(oM) 

Ni 
(nM) 

Zn Zn 
(nM) (nM) 

972 
48°41'5 
06°00'W 
22-11-92 

bottom: 
4088-412300 

498 
1000 
1251 
1501 
1746 
1998 
2500 
2996 
3153 

34.423 
34.684 
34.753 
34.761 
34.764 
34.726 
34.706 
34.684 
34.682 

2.278 
2.119 
2.178 
1.914 
1.697 
1.213 
0.760 
0.320 
0.267 

27.487 
27.709 
27.760 
27.787 
27.806 
27.811 
27.824 
27.834 
27.835 

188.1 
184.6 
197.2 
202.4 
207.2 
203.7 
209.0 
218.1 
219.9 

35.8 
32.1 
29.7 
30.0 
29.4 
31.8 
32.2 
33.1 
33.0 

63.9 2.43 
76.6 2.17 
75.6 2.05 
80.7 2.05 
84.7 2.03 

102.1 2.14 
111.1 2.20 
123.5 2.28 
124.8 2.24 

-

-
-

-

2.50 
0.43 
2.72 

1.36 
4.11 
0.97 
1.64 
2.80 

-

-
-

-
-

-

-

-

-

-
-
-

-
-

2.18 
1.24 
2.27 
2.64 
2.53 
4.89 
3.19 
2.25 
3.00 

956 
50°01'5 
05°58'W 
18-11-92 

bottom: 
2512-251700 

497 
997 

1246 
1495 
1746 
1996 
2249 
2413 
2463 
2494 
2504 

34.522 
34.712 
34.746 
34.744 
34.719 
34.713 
34.703 
34.699 
34.698 
34.696 
34.696 

2.058 
2.014 
1.877 
1.622 
1.156 
0.941 
0.735 
0.630 
0.623 
0.577 
0.577 

27.586 
27.740 
27.778 
27.795 
27.809 
27.818 
27.823 
27.827 
27.827 
27.828 
27.828 

180.1 
187.0 
197.2 
199.9 
201.3 
205.5 
207.6 
209.6 
210.9 
210.9 
210.9 

36.0 
32.0 
31.0 
31.2 
32.3 
32.0 
32.6 
32.9 
32.7 
33.2 
32.9 

76.4 2.50 
84.7 2.24 
85.0 2.16 
91.7 2.16 

105.3 2.25 
109.6 2.25 
115.6 2.30 
114.9 2.32 
118.5 2.30 
120.2 2.31 
119.5 2.31 

-

-

-

-

-
-
-

1.01 
4.33 
1.04 
0.63 
1.99 
6.40 
0.98 
1.50 
0.92 
1.93 
1.72 

-
-

-

-
-

-

-

0.481 
0.605 
0.292 
0.540 
0.575 
0.475 
5.593 
0.451 

(0.252) 
0.563 
0.424 

-
-
-
-

-
-
-
-
-
-

1.68 
2.27 

(1.77) 
2.66 
2.58 
2.51 
2.81 
2.35 
-
-

3.08 

-

-

-

-
-

5.11 
6.59 

(4.36) 
6.32 
5.89 
5.40 
5.67 
5.42 

(4.15) 
5.76 
5.99 

-

-
-

-

-

-

2.0 
4.5 

(2.8) 
5.2 

6.2 

(2.9) 
8.0 
5.7 



Station/ unf. filt. unf. filt. unf. fil t. unf. filt. unf. filt. 

Position/ Depth Salinity pot. T (je Oxygen N03 Si P04 Fe Fe Cd Cd Cu Cu Ni Ni Zn Zn 
Date (m) (DC) (kgm-3L (uMLJuMHuM (uM) --<-nMl (11M) (nM) (nM) (nML (IlM) InML (IlM) (oM) (nM) 

951 99 33.949 -0.082 27.262 356.6 26.9 33.1 1.85 0.32 0.133 0.77 2.63 - 0.6 
52°01'5 249 34.446 1.637 27.556 213.3 35.0 66.8 2.42 1.17 0.681 - 1.91 - 5.43 5.2 
06°01'W 497 34.628 1.934 27.679 175.6 34.7 86.0 2.38 0.84 0.168 1.06 2.63 2.8 
17-11-92 747 34.702 1.843 27.746 185.0 32.8 89.2 2.26 2.33 0.391 2.77 4.78 4.4 

999 34.729 1.642 27.782 195.8 31.7 92.3 2.17 2.01 0.729 2.21 5.12 6.0 
bottom: 1249 34.726 1.361 27.800 200.3 32.9 99.3 2.23 2.02 0.697 2.31 5.21 2.6 
2180m 1497 34.711 1.000 27.813 204.5 32.4 109.7 2.23 1.95 - 0.711 2.55 4.30 5.5 

1746 34.701 0.758 27.821 207.5 32.7 115.7 2.27 2.58 0.691 3.38 6.75 10.2 
1999 34.692 0.542 27.827 212.7 32.7 121.1 2.29 6.53 0.782 2.88 4.51 8.8 
2098 34.688 0.452 27.829 214.3 32.8 125.6 2.30 2.67 - 0.749 3.00 4.60 7.7 
2148 34.688 0.437 27.830 214.8 32.8 126.2 2.31 3.06 0.789 2.77 5.11 6.6 

947 498 34.665 1.718 27.725 183.3 33.3 88.9 2.36 1.71 0.375 1.86 4.91 4.8 
53°58'5 747 34.708 1.554 27.772 192.7 32.1 94.3 2.24 1.01 0.198 (1.48) - (3.08) (2.2) 
06°00'W 997 34.715 1.301 27.796 198.2 31.7 99.1 2.24 2.05 0.782 2.48 - 4.36 6.3 
15-11-92 1247 34.707 1.028 27.808 202.0 32.4 107.9 2.28 0.684 2.46 4.71 6.9 

1497 34.698 0.768 27.818 204.6 33.6 112.4 2.30 1.39 0.756 2.70 4.52 6.3 
bottom: 1746 34.689 0.516 27.826 209.5 32.7 120.0 2.33 2.04 0.691 7.39 4.96 
2627m 1998 34.682 0.350 27.831 211.9 32.8 122.3 2.33 1.61 2.92 5.24 7.2 

2149 34.678 0.216 27.834 215.0 33.0 127.9 2.34 2.31 0.789 3.02 4.97 - 7.1 
2347 34.676 0.170 27.836 216.7 33.0 129.6 2.35 1.14 0.749 2.98 4.68 7.2 
2498 34.674 0.113 27.837 217.8 33.2 132.5 2.35 0.92 0.769 2.95 4.38 7.0 
2559 34.674 0.094 27.838 218.6 33.3 132.3 2.36 0.69 0.749 2.80 4.01 6.5 
2599 34.673 0.076 27.838 219.0 33.1 134.9 2.36 1.11 0.743 3.07 4.30 7.3 



Station/ unf. filt. unf. fil t. unf. fil t. unf. filt. unf. filt. 

Position/ Depth Salinity pot. T O"e Oxygen N03 Si P04 Fe Fe Cd Cd Cu Cu Ni Ni Zn Zn 
Date (m) (DC) (kgm-3) (L!Ml (lJM) (uM ilJM) InMl (!1Ml (nMl InMl InMl InMl InMl (nM) (nMl (nM) 

911 55 33.871 -1.457 27.254 355.9 27.4 43.7 1.92 0.62 
55 0 52'5 96 33.895 -1.510 27.275 348.3 27.4 48.4 1.94 0.36 
06 0 00'W 198 34.369 0.979 27.540 209.2 34.5 72.7 2.45 0.24 
03-11-92 295 34.555 1.664 27.641 186.5 35.0 82.8 2.43 0.90 

396 34.616 1.677 27.689 184.2 34.3 86.5 2.42 2.11 
bottom: 499 34.657 1.639 27.725 185.3 33.8 89.0 2.50 3.83 
3915-4059 798 34.707 1.465 27.777 195.5 32.9 96.0 2.25 0.92 

999 34.716 1.298 27.797 199.4 31.9 99.1 2.27 0.81 
1197 34.706 1.041 27.807 201.0 31.8 105.6 2.30 8.51 
1497 34.690 0.667 27.817 206.5 32.5 112.3 2.33 0.46 
1799 34.683 0.423 27.826 210.5 33.1 116.1 2.35 2.06 
1997 34.681 0.339 27.830 213.0 32.7 120.0 2.37 2.17 
2200 34.677 0.213 27.834 215.5 33.0 121.1 2.37 0.66 
2396 34.675 0.135 27.836 217.7 33.5 123.8 2.36 1.51 
2796 34.669 -0.D38 27.841 223.6 33.3 125.6 2.34 5.56 
2997 34.666 -0.118 27.843 227.7 32.9 125.9 2.36 4.88 
3496 34.661 -0.287 27.847 234.9 33.1 133.2 2.38 4.49 
3796 34.659 -0.334 27.848 237.1 32.9 133.8 2.37 3.10 
3904 34.659 -0.337 27.848 237.9 33.0 134.6 2.37 2.89 
3945 34.659 -0.337 27.848 238.2 32.9 135.7 2.36 1.95 
3999 34.659 -0.338 27.848 238.7 33.1 135.1 2.37 11.89 
4046 35.659 -0.338 27.848 238.7 33.1 135.1 2.37 16.51 

866 499 34.690 1.531 27.759 187.6 33.1 107.7 2.22 5.04 - 0.836 - 3.07 7.89 
570 42'S 999 34.698 0.925 27.807 200.2 33.1 111.6 2.20 5.62 0.713 6.13 
06 0 22'W 1499 34.680 0.409 27.825 208.6 34.8 122.5 2.27 7.96 0.891 - 7.28 
10-11-92 1999 34.674 0.155 27.835 213.6 33.6 126.9 2.28 2.25 0.658 3.06 - 5.63 

2498 34.666 -0.079 27.841 225.7 33.8 130.0 2.31 3.25 - 0.718 3.45 6.85 
bottom: 3247 34.659 -0.313 27.847 238.1 33.5 131.8 2.28 3.58 0.770 3.43 6.38 
3760m 3498 34.658 -0.345 27.848 241.5 33.3 130.5 2.27 6.95 0.688 3.33 5.60 

3563 34.658 -0.357 27.848 241.4 33.1 130.5 2.23 9.67 - 0.688 3.67 - 5.76 
3713 34.658 -0.368 27.849 243.5 38.3 132.5 2.34 7.92 - 0.596 - 3.02 5.29 



Station/ unf. filt. unf. filt. unf. filt. unf. filt. unf. filt. 

Position/ Depth Salinity pot. T 0"9 Oxygen N03 Si P04 Fe Fe Cd Cd Cu Cu Ni Ni Zn Zn 
Date (In) (°0 (kgm-3) (LJM) (~(LJM (LJM) (oM) mMl (oM) (oM) fuM) (pM) (oM) (pM) (nM\ (nM) 

917 59 34.319 -1.803 27.627 317.3 27.3 78.9 2.00 1.79 
58°28'5 100 34.318 -1.818 27.627 316.7 27.0 77.1 1.98 0.82 
05°58'W 200 34.448 -1.212 27.714 299.6 27.5 76.6 1.98 0.39 
05-11-92 299 34.634 0.074 27.807 207.5 33.0 111.5 2.36 0.31 

400 34.677 0.385 27.824 194.8 34.0 120.2 2.40 1.31 
Bottom: 496 34.679 0.385 27.826 200.1 33.4 120.2 2.40 1.23 
4946-5070m 600 34.680 0.318 27.830 197.0 33.5 127.4 2.41 1.41 

801 34.677 0.219 27.834 201.9 32.8 128.2 2.35 2.17 
997 34.673 0.122 27.836 213.6 33.1 125.1 2.37 3.56 

1302 34.669 -0.011 27.840 217.3 32.3 127.5 2.33 1.42 
1497 34.666 -0.088 27.841 224.7 32.6 125.7 2.34 2.27 
1798 34.662 -0.219 27.845 228.3 32.2 126.6 2.26 1.63 
2000 34.660 -0.278 27.846 231.8 33.8 126.6 2.30 0.69 
2201 34.658 -0.362 27.848 237.6 32.1 125.4 2.29 2.93 
2496 34.656 -0.436 27.850 240.1 32.6 124.8 2.28 2.58 
2699 34.655 -0.475 27.851 242.0 32.9 124.8 2.38 2.21 
2998 34.653 -0.527 27.852 244.5 32.4 124.6 2.30 3.45 
3497 34.651 -0.585 27.853 248.3 32.8 123.7 2.31 4.01 
3798 34.650 -0.624 27.854 25D.4 32.8 122.2 2.30 5.29 
3997 34.650 -0.646 27.855 251.6 32.7 121.2 2.30 3.10 
5055 34.645 -00.754 27.856 262.7 32.3 117.3 2.28 5.74 

865 498 34.643 1.763 27.704 186.9 (51.1) 88.3 2.37 - 1.10 0.627 
56°11'5 999 34.718 1.538 27.791 197.6 33.4 95.9 2.29 0.99 - 0.620 
12°24'W 1495 34.690 0.714 27.815 210.8 33.8 111.5 2.38 - 0.57 0.411 
10-09-92 1998 34.683 0.358 27.830 217.2 34.6 118.9 2.39 - 0.316 

2498 34.675 0.125 27.838 224.6 36.7 123.3 2.39 0.80 - 0.847 
bottom: 3995 34.656 -0.454 27.851 248.1 33.7 129.7 2.36 (0.215) 
4942m 4598 34.654 -0.517 27.852 252.8 38.1 131.5 2.35 - 0.817 

4839 34.654 -0.522 27.852 255.8 35.4 132.0 2.33 1.45 0.799 
4929 34.653 -0.525 27.852 256.0 42.0 131.9 2.25 6.48 



Station/ unf. filt. unf. fill. unf. filt. unf. filt. unf. filt. 

Position/ Depth Salinity pot. T as Oxygen N03 Si P04 Fe Fe Cd Cd Cu Cu Ni Ni Zn Zn 
Date_ ~) (0C) ik2:m-3) (iJM) (uM) (uM (iJM) (nMl (nM) (nM) (nM) (nMl (nM) (nM) (nM) (nM) inM) 

979 501 34.189 3.440 27.197 263.4 29.8 22.1 2.06 0.54 - 0.208 - 0.62 - 2.13 
45°30'5 993 34.440 2.584 27.475 194.7 34.8 55.8 2.41 2.45 - 0.455 - 1.16 - 3.28 2.5 
01°08'E 1248 34.596 2.521 27.605 182.5 34.5 65.5 2.41 2.35 0.748 1.99 5.61 - 4.5 
25-11-92 1499 34.689 2.487 27.682 187.3 32.3 67.4 2.25 2.18 0.673 2.08 - 5.21 - 6.4 

1749 34.731 2.374 27.731 197.9 30.9 68.8 2.15 - 0.538 1.82 - 4.79 - 3.7 
bottom: 2002 34.775 2.196 27.775 207.4 29.4 69.6 2.05 2.43 0.636 - 2.45 - 5.81 - 5.0 
4159-4235m 2147 34.781 2.115 27.787 210.2 29.3 70.9 2.01 1.99 - 0.628 - 2.22 - 5.17 - 4.0 

2347 34.774 1.899 27.799 211.0 29.4 77.0 2.07 2.01 0.500 - 2.24 - 4.79 4.0 
2500 34.774 1.798 27.806 210.5 29.8 79.9 2.09 1.87 - 0.681 - 2.62 6.05 - 4.3 
2650 34.768 1.682 27.810 211.0 29.7 82.5 2.09 1.87 0.613 2.38 5.06 4.6 
2998 34.754 1.414 27.819 211.4 30.7 90.4 2.15 1.98 0.659 2.65 5.30 - 5.4 
3249 34.744 1.202 27.826 213.1 31.2 96.0 2.18 2.54 - 0.636 - 2.58 - 4.95 - 6.7 
3249 34.744 1.202 27.826 213.1 31.2 96.0 2.18 - 0.622 
3748 34.714 0.731 27.833 216.4 32.3 109.4 2.28 0.614 - 3.29 5.52 - 8.0 
3998 34.707 0.601 27.836 219.1 33.5 110.9 2.29 3.79 - 0.695 - 3.25 - 5.76 7.8 
4149 34.701 0.521 27.836 221.2 32.9 115.4 2.32 7.54 0.565 3.08 5.48 - (5.8) 
4150 34.701 0.521 27.836 221.4 32.8 115.7 2.34 5.71 0.733 3.39 - 5.85 - 8.2 
4225 34.699 0.488 27.836 222.2 33.4 116.9 2.34 5.71 - 0.666 - 3.52 6.11 - 7.0 



Appendix 3. Concentrations of total particulate Al within the first 600 m of the water column during 

AntX/6. Sampling and analyses by F. Dehairs independent of particulate Fe analyses. 

Station/ total Station/ total 
Transect Depth particulate AI Transect Depth particulate AI 
Position (m) (nM) Position (m) (nM) 

886/5 10 13.5 891/5 10 6.9 
56°00'5 50 5.8 55°01'5 50 9.3 
06°00'W 100 2.3 06°01'W 100 1.6 

150 3.1 150 2.3 
200 2.1 200 1.8 
250 2.4 250 2.3 
300 3.5 300 2.3 
425 3.3 350 2.5 
500 2.2 425 2.4 
600 3.2 500 1.5 

600 2.1 

895/5 10 4.4 899/5 10 0.0 
53°00'5 50 3.6 51 °00'5 50 3.5 
06°00'W 100 2.0 06°00'W 100 2.5 

150 2.3 150 2.2 
200 1.9 200 1.8 
250 1.6 250 1.8 
300 1.5 300 2.0 
350 1.4 350 1.2 
425 1.6 425 1.3 
500 1.2 500 1.7 
600 0.8 600 1.7 

903/5 10 16.8 907/5 10 18.5 
49°00'5 50 11.6 47°00'5 50 17.7 
06°00'W 100 6.1 06°00'W 100 8.8 

150 3.1 150 3.6 
200 2.7 200 2.2 
250 2.8 250 2.2 
300 2.8 300 3.1 
350 3.7 350 2.5 
425 2.2 425 2.6 
500 1.2 500 3.1 
600 0.9 600 2.7 

939/11 10 10.1 945/11 10 1.6 
57°30'5 50 7.8 55°00'5 50 2.4 
06°00'W 100 3.3 06°01'W 100 0.7 

150 2.8 150 0.4 
200 2.6 200 0.6 
250 1.9 250 0.5 
300 1.7 300 0.5 
350 2.1 350 0.4 
425 1.7 425 2.1 
500 1.5 500 0.5 
600 1.3 600 0.9 



Station/
 
Transect Depth
 
Position (m)
 

949/11 10
 
53°00'5 50
 
06°01'W 100
 

150
 
200
 
250
 
300
 
350
 
425
 
500
 
600
 

960/11 10
 
49°00'5 50
 
06°00'W	 100
 

150
 
200
 
250
 
300
 
350
 
425
 
500
 
600
 

total 
particulate AI 

(nM) 

3.3 
2.1 
0.4 
0.5 
0.8 
1.0 
0.4 
0.5 
0.5 
1.5 
0.4 

17.9 
9.6 
2.8 
0.9 
0.9 
1.4 
1.3 
0.9 
1.2 
1.0 
1.0 

Station/ 
Transect 
Position 

953/11 
51°00'5 
06°00'W 

972/12 
48°41'5 
05°59'W 

total 
Depth particulate AI 
(m)	 (nM) 

10	 3.7 
50 1.0
 

100 0.9
 
150 1.1
 
200 0.8
 
250 0.4
 
300 0.8
 
350 0.5
 
500 0.3
 
600 0.4
 

10 10.2 
50 5.7
 

100 1.4
 
150 1.6
 
200 1.7
 
250 1.7
 
300 1.7
 
350 0.8
 
425 1.5 
500 3.1 
600 1.1 



Appendix 4. Concentrations of particulate Cu determined by sequential leaching. The abbreviations HAc, HCl and REF stand for a leaching 

treatment in 4.5 M Q-acetic acid 4h at room temperature, 2 M Q-HCl/l M Q-HN03 4h at room temperature and a total digestion with aqua regia 

and HF in a microwave oven, respectively. Concentrations indicated by a bracket are lower than the detection limits. 

Station/cast 
Position/ 
Dare 

Depth 
em) 

Salinity pot. T 
COq 

0"9 
(kgm-3) 

FeRAe 
(pM) 

FeHO 
fuM) 

FeREF 
(pM) 

CdHAc 
(PM) 

CdHO 
(pM) 

CdREF 
(PM) 

CUHAc 
(pM) 

CUHO 
(pM) 

CUREF 
(PM) 

887/1 40 33.876 - 1.770 27.267 - - - - - 33 12 22 
55°59',06°03'W 80 33.882 - 1.771 27.272 - - - - - 11 (2) 13 
24-10-92 200 34.430 1.155 27.577 0.05 0.35 1.4 3.2 0.34 (0) 33 15 28 
891/4 40 33.875 - 1.628 27.262 0.69 1.24 1.0 19.1 1.49 (0) 69 17 11 
55°00'5, 06°00'W 80 33.875 - 1.665 27.263 0.02 0.50 (0.5) 21.1 1.79 6 36 11 (9) 
25-10-92 200 34.301 - 0.643 27.506 1.25 0.72 2.6 - - 55 11 17 
893/3 40 33.911 - 1.500 27.287 0.05 0.44 1.0 19.9 1.49 2 50 14 15 
54°00'5, 06°00'W 80 33.915 - 1.531 27.292 0.04 1.52 1.8 19.2 2.44 3 85 25 39 
26-10-92 200 34.322 0.481 27.533 0.03 0.56 3.2 5.7 0.72 56 19 30 
895/3 40 33.937 - 0.647 27.278 0.03 0.66 1.0 20.4 1.31 (0) 53 12 19 
53°00"5, 06°00'W 80 33.938 - 0.678 27.280 0.03 0.34 0.9 12.0 1.53 (0) 48 12 15 
26-10-92 
897/3 40 33.961 - 0.030 27.269 0.03 0.50 1.1 52.7 3.91 (1) 30 11 15 
52°00'S,06°00'W 200 34.261 0.941 27.455 0.21 1.19 2.0 20.2 2.61 (1) 123 28 30 
27-10-92 
899/3 40 33.954 0.113 27.259 0.04 0.70 (0.7) 49.9 0.88 3 73 16 14 
51°00'5, 06°00'W 80 33.962 0.015 27.268 0.07 0.95 (0.4) 47.4 0.32 2 59 13 (9) 
27-10-92 200 34.142 0.494 27.387 0.03 0.31 0.9 20.1 1.79 2 80 23 24 
901/4-5 35 - - om 0.17 (0.4) 119.6 9.83 6 55 22 18 
50°00'5, 06°00'W 80 - 0.04 0.62 (0.7) 89.7 1.24 5 42 17 18 
28-10-92 200 0.04 0.52 1.0 43.2 4.83 4 45 12 28 
903/3 25 33.872 1.537 27.103 1.34 2.51 2.2 18.4 2.24 (1) 147 33 42 
49°00'5, 06°00'W 70 33.874 1.444 27.111 0.03 0.22 (0.4) 430. 3.20 4 41 17 18 
29-10-92 200 34.071 0.993 27.299 0.11 2.07 2.2 18.4 3.79 (1) 114 39 27 
905/3 200 34.014 1.109 27.245 0.03 0.51 1.0 9.1 1.04 (0) 35 10 (6) 
48°00'5, 06°00'W 
29-10-92 
907/4 80 33.874 1.752 27.088 om 0.84 1.0 87.6 16.39 3 51 24 19 
47°00'5, 06°00'W 200 34.031 0.953 27.270 0.03 0.47 (0.6) 9.3 1.11 2 42 9 24 
30-10-92 



Appendix 5. Upper water « 400 m) trace metal-5i relationships of the research area compared to other areas in the 50uthern Ocean. Only linear 

relationships are used which have a regular distribution of the data as judged by the linear relationship and a coefficient of correlation> 0.9. 

r: coefficient of regression; n: number of samples. 

Station: Area/Transect Cu (nM) =a Si (!J.M) + b (5.1) Zn (nM) = a Si (!J.M) + b (5.4.) Ni (nM) =a Si (!J.M) + b (5.7) 
Position a b r a b r a b r n 

972:PFr/12 
48°30'5, 06°00'W 0.012±0.00l 1.067±0.033 0.99 0.047±0.006 0.831±0.206 0.97 0.026±O.004 5.386±0.139 0.95 6 
956:PFr/11 
49°59'5, 06°00'W 0.009±0.00l 1.426±0.048 0.97 0.055±O.006 1.791±0.248 0.98 6 
899:sACC/5 
51°00'5, 06°00'W 0.067±O.006 1.418++0.245 0.99 6 
945: sACC/11 
55°00'5, 06°01'W O.011±O.OOl 1.272±O.030 1.00 5 
941: sACC/11 
57°03'5, 06°01'W 0.100±0.006 -2A19±O.427 0.99 6 
915:MIZ/6 
57°29'5, 06°00'W 0.079±0.006 -0.350±OA07 0.99 6 
916:MIZ/6 
58°00'5, 06°00'W 0.037±O.009 -0.145±0.675 0.93 5 

Drake Passage 
(Martin et al., 1990) 
60°46'5, 63°26'W 0.011±0.00l 0.878±0.041 0.99 0.079±O.004 -0.392±O.187 0.99 6 
Weddell Sea 
(Westerlund, Ohman, 1991) 
12: 72°19'5, 34°25'W 0.021±O.002 0.124±O.192 0.99 4 
43: 64°25'5, 47°21'W 0.069±0.0l3 -1.747±1.297 0.95 5 
Confluence 
(Nolting, De Baar, 1994) 
158: 59°22'5, 48°44'W 0.152±0.0l9 -5.63±1.58 0.95 9 

unfilt. 

filt. 

filt. 

filt. 

filt. 

filt. 

filt. 

filt. 

unfilt. 
unfilt. 

filt. 
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Stellingen
 

behorende bij het proefschrift
 

Trace metal distributions in the Southern Ocean.
 

Influence of hydrographic and biological processes.
 

1. The use of variable Fe/C ratios of phytoplankton species should improve
 

ecosystem models.
 

Sunda et al. (1991) Nature 351, 55-57.
 

Maldonado and Price (1996) Mar. Ecol. Prog. Ser. 141, 161-172.
 

Wilhelm et al. (1996) Limnol. Oceanogr. 89-97.
 

2. Nickel, copper, zinc and cadmium concentrations characterize the core of
 

the Upper Circumpolar Deep Water by a maximum in concentration.
 

Chapter 3 and 5, this thesis.
 

3. Locally enhanced production of diatoms cause a shift of the Cu/Si
 

relationships of the whole water column towards lower slopes, as compared to
 

areas with low primary productivity.
 

Chapter 5, this thesis.
 

4. Well developed pycnoclines form a barrier for sinking particles, whereby the
 

heterotrophic activity in these accumulated particles (marine snow) leads to their
 

dissolution and input of contained substances as dissolved organic carbon and
 

trace metals in the surrounding water.
 

MacIntyre et al. (1995). Limnol. Oceanogr. 40, 449-468.
 

Lee and Fisher (1993). 1. Mar. Res., 51, 391-421.
 

Chapter 6, this thesis.
 

5. The Law of the Minimum by Liebig appears generally to be irrelevant for the
 

ecosystems of the world ocean, also at a "given point in time and space".
 

Therefore, it is senseless to search for the one limiting factor to explain the low
 

chlorophyll concentrations in the High Nutrient Low Chlorophyll (HNLC) areas.
 

Liebig (1855) In: Cycles of essential elements. Dowden, Hutchinson & Ross Inc.,
 

Stroudsburg, Pennsylvania, 11-28.
 

De Baar (1994) Prog. Oceanog. 33, 347-386.
 
Price et al. (1994) Limnol. Oceanogr. 39, 520-534.
 

Maranger et al. (1998) Nature 396, 248-251.
 



6. The evaluation whether or not a measured trace metal concentration 

is real or an artifact due to contamination is difficult to assess and therefore 

the level of subjectivity is potentially high. 

7. Each day one should discard a hypothesis and develop a new one. 

8. Micro-scale biogeochemical processes have basin-scale implications. 

9. The increasing pressure by the society towards targeted and applied research 

leads to a streamlining of the fundamental research and does not leave sufficient 

space for really innovative research. 




