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Summary
This study investigates the scavenging of the two natural radionuclides
(halflife: 75.400 yr) and 23lPa (half-life: 32.500 yr) in the Atlantic Sector of the Southern
Ocean. The research was conducted to find out whether in this region the
unsupported 23iPa/230Th activity ratio (xs231Pa/xs230Th,corrected for detrital, Usupported activities of ^Pa and 23OTh) is a reliable tracer for the mass flux of
particulate matter, which forms the basis for its use to assess relative changes in
bioproductivity of the ocean in the past.
The relationship between xs231Pa/xs230Thratio and mass flux holds north of the
Polar Front, where low primary productivity coincides with low unsupported
23lPa/230Th ratios in surface sediments, with values below the production ratio of
both radionuclides (0.093) in the water column. However, high xs231Pa/xs230Th
ratios far above 0,093, conventionally interpreted as a high-productivity signal, in
surface sediments south of the Polar Front, especially throughout the Weddell Sea,
are in contradiction with the low particle fluxes in this region. This observation
implies that south of the Polar Front the xs231Pa/xs230Th ratio is affected by
secondary factors, in addition to the mass flux of particles.
Two possible explanations for the high xs231Pa/xs230Thsignal found in sediments
south of the Polar Front are discussed: near-complete scavenging of radionuclideenriched surface waters during short-time plankton blooms in austral summer
(chapter 4), and a southward increase of a particulate phase with a high
scavenging efficiency for ^Pa (chapter 3).
The significance of the first possibility was investigated by analysis of sinking
particles collected in sediment traps, deployed at various locations within the
Antarctic Circumpolar Current, and in the Northern and Central Weddell Sea.
Extremely high xs231Pa/xs230Thratios in all shallow moorings (mostly between 0.3
and 0.4), reflecting strongly enhanced scavenging of ^Pa relative to ^()Th, are
generated during short-time high-productivity events (diatom blooms) in austral
summer, when most of the annual radionuclide flux occurs. The high
xs231Pa/xs230Th
signal is weakened during downward transport of the bloom
particles in the water column by a continuous exchange with suspended particles,
which have a lower xs231Pa/xs230Thratio. Despite the strong N-S enrichment of the
dissolved concentrations of 230Th and 231Pa in surface waters due to deep
upwelling, a N-S increase in the export fluxes of both radionuclides from the upper
water column, and thus a southward increase in the contribution of this layer to the
buried flux in the sediment, is not Seen. Even south of the Polar Front scavenging
from deep waters is still found to be the major source of ^Th and ^Pa to the
sediment. These findings make nearly quantitative stripping from a radionuclideenriched upper water column an unlikely explanation for the high xs231Pa/xs230Th
ratios found in Southern Ocean's surface sediments south of the Polar Front and
throughout the Weddell Sea.
Measurements of both dissolved and particulate fractions of ^Pa and ^Th in the
deep water column, however, show a strong N-S decrease in the 230Th/231Pa
fractionation factor, from typical Open ocean values around 10 north of the Polar
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Front to values between 1 and 2 south of 60's. This observation clearly indicates
that the high xs^Pa/xs230Th signal in the sediments are produced by a N-S
increase in the scavenging efficiency of ^Pa relative to ^Th, most probably due
to a change in the chemical composition of particulate matter, and thus strongly
supports the second possibility. It is speculated that biogenic opal, suggested not to
significantly fractionate between ^ P a and 23OTh, may explain the enhanced
scavenging of ^Pa south of the Polar Front. Further support for this assumption
Comes from the extremely high xs231Pa/xs230Thratios measured in the shallow traps
south of the Polar Front, where fluxes are dominated by biogenic opal (up to 70%).
The results of this study clearly document that in the Southern Ocean, the
xs231Pa/xs230Th
ratio cannot be applied as a reliable paleoproductivity proxy, as
variations of the xs23~Pa/xs230Th
ratio through time, usually interpreted to reflect
changes in the total mass flux of particles, could also be explained by changes in
the content of biogenic opal on sinking particles. The high affinity of 23IPa to opal,
however, could possibly be used to trace fluxes of biogenic opal to the sediment
that have been totally dissolved (e.g. throughout the Weddell Sea).
In the Central Weddell Sea both short-term and long-term scavenging rates of ^Th
and ^Pa are strongly reduced, which is a reflexion of both the low particle fluxes
and the rapid ventilation of water masses. The low average depositional fluxes for
^OTh (3343% of its production) in the sediment cores, integrated over the last
180ka, put into question the procedure to reconstruct paleofluxes of sedimentary
components (Corg, biogenic opal, biogenic barium etc.) by excess 230Th
normalization. This model is based on the assumption that the flux of ^Th to the
seafloor is constant and equal to its production rate from ^U in the overlying water
column. Differences between measured and expected accumulation rates of 23OTh
in oceanic sediments are interpreted to reflect the influence of sediment focussing
(>100% of its production) and sediment winnowing ( ~ 1 0 0 %of its production).
According to this model the low ^Th inventories in the sediment cores would be
regarded as evidence for strong sediment winnowing, so that ^Th-normalized
vertical rain rates of sedimentary components would be overestimated by a factor 23. On the other hand, in the ACC, where depositional fluxes of ^OTh are expected to
surpass production in the water column (>100%) the application of the ^Th
constant flux model would result in an underestimation of the true vertical rain rate
of any sedimentary component.
In regions like the Weddell Sea, where low contents of biogenic carbonate prevent
the establishment of a 6180 stratigraphy, the exponential decay of the
xs231Pa/xs230Thratio with time (half-life: 57.100 yr) provides an independent tool to
determine average sediment accumulation rates.

Kurzfassung
Seitdem bekannt ist, daÂ die marine ProduktivitÃ¤ in den Polarregionen ein
wichtiger Steuerungsmechanismus fÃ¼die Verteilung von CO2 zwischen dem tiefen
Ozean und der AtmosphÃ¤r ist und damit eine entscheidende Rolle fÃ¼die globale
Klimaentwicklung hat, wÃ¤chsdas Interesse an geeigneten Indikatoren, mit deren
Hilfe sich PalÃ¤oproduktivitÃ¤t der Ozeane in der jÃ¼ngste Vergangenheit
rekonstruieren lassen. Sie sollen zur AufklÃ¤run der niedrigen CO2-Gehalte in der
glazialen AtmosphÃ¤r beitragen.
Einer dieser PalÃ¤oproduktivitÃ¤ts-Indikator ist das ^IPa/^Th-AktivitÃ¤tsverhÃ¤ltni
das im Rahmen dieser Studie auf seine VerlÃ¤ÃŸlichkeim SÃ¼dliche Ozean hin
untersucht wurde. Protactinium-231 (Halbwertszeit 32.500 Jahre) und Thorium-230
(Halbwertszeit 75.400 Jahre) sind natÃ¼rlichRadionuklide, die kontinuierlich in der
Wassersaule aus dem Zerfall ihrer Mutternuklide 2351) und 238U mit einem
konstanten AktivitÃ¤tsverhÃ¤ltnvon 0.093 gebildet werden. Der FluÃ von ^OTh zum
Meeresboden ist fast Ã¼beralim Ozean konstant und entspricht genau seiner
Produktionsrate in der WassersÃ¤ule DemgegenÃ¼bewird 231Pa bevorzugt in
Gebieten mit hohem PartikelfluÃ abgelagert, wo der FluÃ zum Meeresboden die
Produktionsrate von 2^Pa in der WassersÃ¤ul Ã¼bersteigtDie Ursache fÃ¼das
unterschiedliche ozeanische Verhalten der beiden Radionuklide liegt in der
geringeren PartikelreaktivitÃ¤ von ^Pa, und der dadurch bedingten lÃ¤ngere
ozeanischen Verweilzeit von 50-200 Jahren (im Vergleich zu 10-40 Jahren fÃ¼
23OTh). Aus diesem Grund kann ^ P a viel weiter horizontal im Ozean verteilt
werden als ^Th, bevor es im Sediment abgelagert wird. Die Fraktionierung der
beiden Radionuklide in der WassersÃ¤ul ist gut dokumentiert in den
xs231Pa/xs230Th-AktivitÃ¤tsverhÃ¤ltniss("xs" steht fÃ¼ die jeweilige korrigierte
AktivitÃ¤tnach Abzug der detritischen Anteile von ^Th und 231Pa) von ozeanischen
Sedimenten. In Gebieten mit niedrigem PartikelfluÃŸwo nur ein Teil des in der
Wassersaule gebildeten 231Pa in den darunterliegenden Sedimenten abgelagert
wird (2.B. im offenen Ozean), sind die sedimentÃ¤re xs23~Pa/xs^Th-VerhÃ¤ltniss
niedriger als 0.093, wÃ¤hren sie in Gebieten mit hohem PartikelfluÃ (z.B. in
Auftriebsgebieten an den OzeanrÃ¤ndern grÃ¶ÃŸals 0.093 sind. Diese besonders
im Pazifischen Ozean gut ausgeprÃ¤gt Beziehung zwischen dem xs231Pa/xs230Th
VerhÃ¤ltni und dem MassenfluÃ von Partikeln bildet die Grundlage fÃ¼ die
Anwendung des xs231Pa/xs230Th-VerhÃ¤ltnissein datierten Sedimentkernen als
Indikator zur AbschÃ¤tzun von relativen Schwankungen in der ozeanischen
ProduktivitÃ¤ in den letzten 150.000 Jahren. Der entscheidende Vorteil des
xs231Pa/xs^Th-VerhÃ¤ltnisse gegenÃ¼beden meisten anderen PalÃ¤oproduktivitÃ¤t
Anzeigern (wie z.B. organischem Kohlenstoff, biogenem Opal, biogenem Barium)
ist, daÂ es selbst bei einer starken frÃ¼hdiagenetische Remineralisation der
organischen Substanz am Meeresboden immer noch verlÃ¤ÃŸlic Informationen
Ã¼beden PartikelfluÃ gibt.
Diese Studie befaÃŸsich eingehend mit dem "Scavenging" (Entfernung aus der
WassersÃ¤ulevon 23OTh und 2^Pa im atlantischen Sektor des SÃ¼dliche Ozeans.
Ziel der Arbeit ist es herauszufinden, ob das xs231Pa/xs230Th-Signalim Sediment
auch in dieser Region in erster Linie eine Funktion des Massenflusses von
partikulÃ¤re Material ist und somit fÃ¼die Anwendung als PalÃ¤oproduktions

Anzeiger geeignet ist. Dazu wurden umfangreiche Untersuchungen in der
Wassersaule (gelÃ¶st und fein partikulÃ¤r Phase), an Sinkstoffallenmaterial, im
OberflÃ¤chensedimensowie in Sedimentkernen durchgefÃ¼hrt
NÃ¶rdlic der heutigen Position der Polarfront, die im SÃ¼datlanti bei etwa 50Â
sÃ¼dlicheBreite liegt, ist das xs231Pa/xs230Th-VerhÃ¤ltniein guter Indikator fÃ¼den
MassenfluÃ von Partikeln. Sehr niedrige xs23fPa/xs230Th-VerhÃ¤ltnissin den
OberflÃ¤chensedimente (kleiner als 0.093) stimmen mit der niedrigen
BioproduktivitÃ¤in dieser Region Ã¼bereinSÃ¼dlicder Polarfront und insbesondere
in den OberflÃ¤chen
im Weddellmeer sind die xs~3~Pa/xs~3~Th-VerhÃ¤ltniss
sedimenten hingegen sehr hoch (0.13 bis 0.17 ) . Derart hohe xs231 Pdxs230ThVerhÃ¤ltnisse die man sonst nur von Hochproduktionsgebieten an den
OzeanrÃ¤nder kennt (2.B. aus dem Panama und Guatemala Becken), stehen im
Widerspruch zur niedrigen ProduktivitÃ¤in dieser Region. Diese Beobachtung ist
ein klares Anzeichen dafÃ¼rdaÂ das xs231Pa/xs230Th-SignalsÃ¼dlic der Polarfront
durch sekundÃ¤r Faktoren zusÃ¤tzlic zum MassenfluÃ von Partikeln bestimmt wird.

¤ltniss
Zwei mÃ¶glich ErklÃ¤runge fÃ¼ die hohen x a ~ ~ ~ P a / x s ~ ~ ~ T h - V e r h Ãin
Sedimenten sÃ¼dlic der Polarfront wurden im Rahmen dieser Arbeit diskutiert.
Erstens: eine nahezu vollstÃ¤ndig Entfernung von ^Th und ^Pa aus mit
Radionukliden angereichertem OberflÃ¤chenwasser ausgelÃ¶s durch kurzzeitige
produktive Phasen im antarktischen Sommer (Kapitel 4). Zweitens: ein nach SÃ¼de
hin zunehmender Anteil einer partikulÃ¤re Phase, die eine hohe AffinitÃ¤
gegenÃ¼be231Pa besitzt (Kapitel 3).
Zur AbschÃ¤tzun der Bedeutung der ersten MÃ¶glichkei auf das sedimentÃ¤r
xs231 PaIxs^Th-Signal
wurden Analysen an Sinkstoffallenmaterial durchgefÃ¼hrt
das in verschiedenen Regionen des Antarktischen Zirkumpolarstroms (ACC) sowie
im nÃ¶rdliche und zentralen Weddellmeer gesammelt wurde. Die xs231Pa/xs230ThVerhÃ¤ltniss in allen oberflÃ¤chennahe Sinkstoffallen (flacher als 700m) sind
extrem hoch (in der Regel zwischen 0.3 und 0.4), was auf ein stark erhÃ¶hte
Scavenging von 23lPa relativ zu ^OTh hindeutet. Dieses ungewÃ¶hnlic hohe
Signal wird wÃ¤hren kurzzeitiger Hochproduktionsphasen im antarktischen
Sommer (PlanktonblÃ¼tenin der euphotischen Zone gebildet. In dieser Zeit finden
zwischen 75 und 95% des jÃ¤hrliche Partikel- und Radionuklidflusses statt. Bei
ihrem Transport durch die WassersÃ¤ul wird das hohe xs231Pa/xs^Th-Signal der in
der euphotischen Zone gebildeten Partikel, durch einen kontinuierlichen Austausch
mit suspendierten Partikeln der tieferen WassersÃ¤uledie eine mit der Wassertiefe
zunehmend niedrigere xs^Pa/xs^Th-Signatur
aufweisen, immer mehr
abgeschwÃ¤cht Trotz der als Folge des tiefen Auftriebs nach SÃ¼de hin stark
zunehmenden Radionuklid-Konzentrationen im OberflÃ¤chenwasse gibt es keine
Anzeichen fÃ¼eine Zunahme im ExportfluÃ von ^Th und ^Pa von der oberen
Wassersaule mit der geograhischen Breite. Diese Feststellung schlieÃŸ eine
in den OberflÃ¤chensedimente
ErklÃ¤run der hohen xs~3~Pa/xs~3~Th-VerhÃ¤ltniss
sÃ¼dlic der Polarfront durch ein fast quantitatives Scavenging der beiden
Radionuklide im OberflÃ¤chenwasse wÃ¤hren der kurzen produktiven Zeit im
antarktischen Sommer aus. Vielmehr zeigt sich, daÂ auch in dieser von extremer
SaisonalitÃ¤ geprÃ¤gte Region das xs*31Pa/xs230Th-Signalim Sediment in erster
Linie durch Scavenging im Tiefenwasser bestimmt wird.

Messungen der gelÃ¶ste und partikulÃ¤reAnteile von 231Pa und 230Th in der tiefen
WassersÃ¤ul des SÃ¼datlantik zeigen einen Gradient im 23OThI231PaFraktionierungsfaktor (F) mit der geographischen Breite. Dieser ist folgendermaÃŸe
definiert:

F-Faktoren im Bereich von 10, typisch fÃ¼den offenen Ozean, die auf eine erhÃ¶ht
PrÃ¤feren fÃ¼die Adsorption von ^Th relativ zu 23lPa an Partikel hinweisen, treten
nur nÃ¶rdlic der Polarfront auf. Nach SÃ¼de hin nimmt der F-Faktor stark ab und
erreicht relativ konstante Werte zwischen 1 und 2 sÃ¼dlic von 60Â°S Die starke
Nord-SÃ¼ Abnahme des F-Faktors deutet darauf hin, daÂ die hohen
xs231Pa/xs~3~Th-VerhÃ¤ltniss
in OberflÃ¤chensedimente sÃ¼dlic der Polarfront auf
eine Zunahme der Scavenging Effizienz von ^Pa relativ zu 23OTh, wahrscheinlich
durch eine Anderung in der chemischen Zusammensetzung von partikulÃ¤re
Material, zurÃ¼ckzufÃ¼hrsind. Die starke Nord-SÃ¼ Zunahme des Gehalts an
biogenem Opal auf partikulÃ¤re Material, der praktisch keine Fraktionierung bei
der Adsorption von ^OTh und ^Pa zeigt (F-Faktor = 1.I), kÃ¶nnt der Grund fÃ¼das
erhÃ¶ht Scavenging von ^Pa sÃ¼dlicder Polarfront sein. DafÃ¼sprechen auch die
extrem hohen x s ~ ~ ~ P a / x s ~ ~ ~ T h - V e r h Ãin¤ lSinkstofffallenmaterial
tniss
sÃ¼dlic der
Polarfront mit einem Opalgehalt von bis zu 70% des gesamten
Sedimentationsflusses.
Die Ergebnisse dieser Studie machen deutlich, daÂ das xs23~Pa/xs^Th-VerhÃ¤ltni
im SÃ¼dliche Ozean kein verlÃ¤ÃŸlich Anzeiger fÃ¼ den MassenfluÃ von
partikulÃ¤re Material ist, was wahrscheinlich auf die hohen Opalgehalte der
Sinkstoffe zurÃ¼ckzufÃ¼hrist. Die hohe AffinitÃ¤von 23lPa gegenÃ¼bebiogenem
Opal hat wichtige Konsequenzen fÃ¼ die Interpretation von xs231Pa/xs230ThVerhÃ¤ltnisse in datierten Sedimentkernen. Zeitliche Variationen im
xs231Pa/xs230Th-VerhÃ¤ltnis
die normalerweise als Anzeichen fÃ¼Ã„nderunge im
MassenfluÃ von partikulÃ¤re Material interpretiert werden, kÃ¶nnte nÃ¤mlic auch
auf zeitliche Anderungen in der chemischen Zusammensetzung von partikulÃ¤re
Material (Schwankungen im Opal-Gehalt) zurÃ¼ckzufÃ¼hrsein. Die Anwendung
zur AbschÃ¤tzun von relativen Schwankungen in
des xs2~~Pa/xs^Th-VerhÃ¤ltnisse
der PalÃ¤oproduktivitÃim Sudlichen Ozean verlangt daher die genaue Kenntnis
Ã¼beglaziale-interglaziele Anderungen im Opal-Gehalt von partikulÃ¤re Material.
VerlÃ¤ÃŸlic palÃ¤ozeanographisch Rekonstruktionen sind ohnehin nur in
Kombination mit weiteren unabhÃ¤ngige PalÃ¤oproduktivitÃ¤ts-Anzeige (wie 2.6.
biogenem Barium, authigenem Uran) mÃ¶glich Die hohe AffinitÃ¤ von 231Pa
gegenÃ¼be biogenem Opal kÃ¶nnt mÃ¶glicherweis dazu benutzt werden,
vergangene OpalflÃ¼ssedie im Sediment nicht erhalten sind, wie dies 2.B. im
Weddellmeer der Fall ist, zu erkennen.
Sowohl die Sedimentfallenergebnisse, also auch der im Sediment gespeicherte
Langzeit-Bericht deuten auf ein im Weddellmeer stark reduziertes Scavenging von
230Th (nur ca. 40% der Produktion) und 23lPa (ca. 50% der Produktion) hin. Dies ist
eine Folge der geringen PartikelflÃ¼sse sowie der kurzen Residenzzeit der
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Wassermassen im Weddellbecken, welche in etwa der ozeanischen Residenzzeit
von ^OTh entspricht. Dies hat zur Folge, daÂ mehr als die HÃ¤lft des im
Weddellmeer gebildeten ^Th und etwa die HÃ¤lft des dort gebildeten 231Padurch
horizontale Advektion in andere Regionen des SÃ¼dliche Ozeans transportiert
werden, wo sie schlieÃŸlic in den Sedimenten abgelagert werden. Das
Weddellmeer stellt somit eine Quelle fÃ¼23OTh und 23lPa dar.
Die niedrigen ^Th Inventare (nur 33 bis 43% der Produktion) in Sedimenten des
Weddellmeeres wÃ¤hren der letzten 180,000 Jahre schrÃ¤nke die Anwendung des
230ThKonstanten-FluÃŸ-Modellzur AbschÃ¤tzun von vertikalen PartikelflÃ¼ssevon
biogenen Komponenten, wie z.B organischem Kohlenstoff, biogenem Opal,
biogenem Barium, in dieser Region stark ein. Insbesondere im SÃ¼dliche Ozean,
wo durch starke BodenstrÃ¶munge bedingter lateraler Sedimenttransport (Erosion,
Fokussierung) hÃ¤ufi keine verlÃ¤ÃŸlich Aussagen mehr Ã¼beden vertikalen FluÃ
biogener Komponenten erlaubt, findet dieses Modell in der PalÃ¤ozeanographi
weite Anwendung. Es basiert darauf, daÂ der SedimentationsfluÃ von ^Th Ã¼beral
im Ozean konstant ist und genau seiner Produktionsrate aus ^U
in der
darÃ¼berliegende WassersÃ¤ul entspricht, und damit 100% betrÃ¤gt Die AktivitÃ¤
von ^Th
im OberflÃ¤chensedimen ist somit umgekehrt proportional zur
MassenfluÃŸDie zerfallskorrigierte AktivitÃ¤von 230Th kann dann als Referenz zur
AbschÃ¤tzun von vertikalen FluÃŸrate jeder beliebigen sedimentÃ¤re Komponente
benutzt werden. Nach diesem Modell wÃ¼rde die niedrigen ^Th Inventare in den
Sedimentkernen als Indiz fÃ¼das Auftreten von starker Sediment-Erosion an diesen
LokalitÃ¤te interpretiert (57 bis 67% ihrer ursprÃ¼ngliche Inventare wÃ¤re
nachtrÃ¤glic erodiert worden). Ohne eine entsprechende Korrektur fÃ¼ das
reduzierte Scavenging von ^Th
wÃ¼rde die vertikalen FluÃŸrate biogener
Komponenten im Weddellmeer nach diesem Modell also um einen Faktor 2 bis 3
Ã¼berschÃ¤tz
Die aus dem Weddellmeer exportierten Anteile von 230Th und ^Pa
werden in Gebieten mit hÃ¶here PartikelfluÃŸwahrscheinlich innerhalb des ACC,
der eine Senke fÃ¼231Pa und 23OTh ist, abgelagert. Entsprechend ist auch in dieser
Region die Anwendung des ^OTh Konstanten-FluÃŸ-Modell eingeschrÃ¤nkt weil
das zusÃ¤tzlich Scavenging von ^Th zur lokalen Produktion als Anzeichen fÃ¼
Sediment-Fokussierung betrachtet wÃ¼rdeFolglich wÃ¼rde die vertikalen FlÃ¼ss
sedimentÃ¤re Komponenten unterschÃ¤tzt
Im Weddellmeer, wo aufgrund der niedrigen Gehalte von biogenem Karbonat im
Sediment eine Altersbestimmung mittels 6180-Stratigraphie nicht mÃ¶glic ist, wird
immer noch nach geeigneten Methoden zur Altersklassifizierung der dortigen
Sedimente gesucht. Gute Ergebnisse verspricht man sich von einer neuen
radiostratigraphische Methode, die auf der Interpretation von Maxima und Minima
in den Konzentrationen von 23OTh in den Kernen basiert. In diesem Modell wird
angenommen, daÂ das charakteristische Maximum in der AktivitÃ¤von ^Th, das in
fast allen Kernen des Weddellmeeres zu sehen ist, das Interglazial-Stadium 5e
reflektiert. Einen Beweis fÃ¼diese Vermutung gibt es bislang jedoch noch nicht. Der
exponentielle Zerfall des xs^~Pa/xs^Th-VerhÃ¤ltnisse mit der Kerntiefe bietet hier
eine
unabhÃ¤ngig
Methode zur Bestimmung von
durchschnittlichen
Sedimentationsraten und damit zur UberprÃ¼fun dieser These. Die Ergebnisse der
Sedimentkerne des zentralen Weddellmeeres lassen vermuten, daÂ das
charakteristische xs ^OTh -Maximum tatsÃ¤chlic Interglazial 5e reflektiert und somit
eine zusÃ¤tzlich Hilfe bei der Alterseinstufung von Sedimenten sein kann.
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1 Introduction
1.1 The reconstruction of past productivity: Tracers proposed for the
Southern Ocean

Oceanic productivity is considered to be an important factor regulating the
partitioning of CO2 between the deep ocean and the atmosphere (e.g. Broecker and
Peng, 1982). In the euphotic zone, CO2 is taken up by phytoplankton and converted
into organic matter. The fraction of the organic carbon that escapes heterotrophic
regeneration and remineralization is exported from the euphotic zone into the deep
sea. This so-called 'biological carbon pump' provides a continuous flux of
particulate organic material from the surface to the deep ocean (e.g. Eppley and
Peterson, 1979; Broecker and Peng, 1982; Martin et al. 1987), and lowers the
partial pressure of CO2 in surface waters (e.g. Berger et al., 1989; Wolf-Gladrow,
1994). Since there is a continuous exchange between the atmospheric and oceanic
CO2 reservoirs (e.g. Wolf-Gladrow, 1994), areas of high export productivity, such as
the equator and coastal upwelling regions, act as effective sinks for CO2.
In large areas of the oceans, primary productivity is limited by the availability of
nutrients (phosphate and nitrate) in the mixed layer (Broecker and Peng, 1982;
Berger et als, 1989). This does not hold for the Southern Ocean where nutrient
concentrations in surface waters are high (e.g. Levitus et al., 1993), and thus cannot
limit biological productivity. This gave rise to the hypothesis that the Southern
Ocean has a high potential to take up CO2 from the atmosphere if primary
production increases (Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984;
Siegenthaler and Wenk, 1984). Martin (1990) postulated that iron, which at present
limits biological productivity in the Southern Ocean, was supplied in glacial periods
from the desert areas of Patagonia by aeolian dust. The removal of the iron
limitation could have enabled phytoplankton to consume nearly all of the nutrients
upwelled into the surface waters (Martin, 1990). Model calculations (e.g. Sarmiento
and Toggweiler, 1984) have shown that the increase in bioproductivity, expected
from complete consumption of nutrients, indeed would be sufficient to explain the
low atmospheric CO2 concentrations that have existed during glacial periods (e.g.
Berner et al., 1980; Barnola et al., 1987; 1991). An unambiguous means of
assessing past changes in ocean productivity, however, has been lacking.
In order to verify the validity of this 'polar nutrient hypothesis', attempts have been
made to reconstruct nutrient contents of glacial Southern Ocean surface waters
from the si3C and CdICa record in foraminiferal calcite. However, both tracers have
failed to provide evidence for the greatly increased bioproductivity expected from
iron fertilization. Rather, the lower 81% record of planktonic foraminifera implies
higher glacial nutrient concentrations in surface waters (e.g. Charles and Fairbanks,
1990), whereas CdICa ratios suggest relatively constant phosphate concentrations
(Boyle, 1988; 1992; Keigwin and Boyle, 1989). Various explanations for the
disagreement of the two tracer records have been given (summarized in Boyle,
1994), but none of them has yet been proved to be satisfactory. In recent years, the
8^N signal in organic matter has been proposed as a new tracer for surface nutrient
utilization (Francois et al., 1992; 1993, Calvert et al., 1992; Altabet and Francois,
1994). First paleoceanographic applications provided evidence that the Southern
Ocean was more depleted in nutrients during the Last Glacial Maximum (Francois

et al., 1993; Francois et al., submitted). However, it has not yet been clarified to what
extent the preferential preservation of some groups of organic compounds during
early diagenetic processes (e.g. Jumars et al., 1989) may alter the primary SI5N
isotopic signal from the euphotic zone (Altabet and Francois, 1994). This
uncertainty limits a more general application of the s^N signal as a proxy for
nutrient utilization in the past.
Past changes in surface ocean productivity may, in principal, also be assessed from
the burial rates of organic carbon (Corg) and carbonate (e.g. Berger et al., 1987).
However, both compounds are particularly susceptible to remineralization in the
water column and during early diagenesis in the sediment (e.g. Berger, 1973;
Emerson and Hedges, 1988). In view of this, there is no Consensus whether or not
the variations in Corgand carbonate content preserved in the sediments reflect real
changes in productivity or changes in preservation efficiency. In the Southern
Ocean, export of organic carbon and nutrients to the deep sea is largely driven by
diatoms (e.g. Wefer and Fischer, 1991) resulting in the deposition of biogenic opal
in the sediments (DeMaster, 1981; SchlÃ¼teet al., submitted). Investigators have
therefore used opal accumulation rates to reconstruct productivity of the overlying
water column (Charles et al., 1991; Mortlock et al,, 1991). These authors found that
the Zone of high opal productivity moved northward during glacial periods, whereas
the total amount of opal accumulation integrated over the entire Southern Ocean
was unaffected or even decreased (Mortlock et al., 1991). There are, however, two
uncertainties in their Interpretation of the opal records. First, the authors did not
consider the effect of lateral sediment redistribution, which can dramatically affect
accumulation rates in this region (Francois et al., 1993; Kumar, 1994), and thus
obscure the 'true' changes in accumulation rates caused by changes in vertical rain
rate. Second, biogenic opal is also subject to dissolution at the sediment water
interface (e.g. Van-Bennekom et al., 1988; Schlueter et al., submitted). Especially in
areas of very low accumulation rates, such as the Weddell Sea, biogenic opal can
dissolve almost completely at the sediment surface (Schlueter et al., submitted).
A more recent evaluation by Kumar et al, (1995), using a ^Th-normalization
approach (Francois et al., 1993, 1995) to correct for lateral sediment transport
points to a twofold increased opal burial rate in cores north of the Polar Front during
glacial periods. These new findings thus support the hypothesis of an enhanced
export productivity in the Southern Ocean during glacial periods. In order to further
constrain their hypothesis an independent approach, based on the record of
authigenic uranium, was made (Kumar et al., 1995). In oxic porewater, U is present
as a soluble carbonte complex, whereas under reducing conditions (e.g. caused by
a high flux of metabolizable organic matter) U is reduced and precipitates, creating
a Pore water gradient, which transports U from the overlying seawater into the
sediments (Klinkhammer and Palmer, 1991). Indeed, Kumar and his collegues
found very large peaks of authigenic U in glacial sections of cores in the
subantarctic zone, which were taken as evidence for a strong increase in the flux of
organic carbon in the glacial Southern Ocean, even larger than suggested from the
increase in opal flux (Kumar et al., 1995). However, accumulation rates of
authigenic U in sediments are not only controlled by the export flux of metabolizable
organic matter, but also by the concentration of O2 in bottom waters. Since there is
evidence for a glacial reduction of Os.concentrations in bottom waters in two cores
from the Indian sector of the Southern Ocean (Francois et al., submitted), these
authors suggested that this may also hold for the Atlantic sector. This led Francois et

al. (submitted) to argue, that the large authigenic U peaks found in the glacial
section of Atlantic cores by Kumar et al. (1995) could also be explained by a
decrease in bottom water oxygen concentration, without the need of an enhanced
export flux of organic carbon.
In recent years the search for proxies for export productivity that are less sensitive to
diagenetic overprints has been intensified. Biogenic Barium is suggested to be
such a tracer (e.g. Dymond et al., 1992; NÃ¼rnberg1995). The reliability of Ba as a
productivity proxy rests On the strong association of barite particles with export
productivity (e.g. Dehairs et al., 1980; Dymond et al., 1992; Francois et al., 1995).
Under oxic conditions barite is very stable (Dymond et al., 1992) and thus
potentially better preserved than other traditional proxies. Caution must be taken,
however, when interpreting biogenic Ba fluxes in rapidly accumulating reducing
sediments, where barite may dissolve (NÃ¼rnberg1995, Francois et al., submitted).
Accumulation rates of biogenic Ba in the sediment have been used to assess past
changes in productivity of the Southern Ocean (Shimmield et al., 1994, Frank,
1995, Frank et al,, 1995, NÃ¼rnberg1995, Bonn, 1995). An uncertainty in most of
these paleoceanographic approaches (Shimmield et al., 1994, NÃ¼rnberg1995,
Bonn, 1995), however, is the inability to distinguish between changes in
accumulation resulting from productivity-controlled vertical rain rates and those
resulting from variations in lateral sediment redistribution. Only recently, 230Thnormalization has been applied to Ba data (Frank, 1995, Frank et al., 1995,
Francois et al. submitted). Based on the vertical rain rates of biogenic Ba these
authors concluded that the increase in glacial productivity north of the Polar Front
must have been much smaller than previously assumed (e.g. Kumar et al., 1995),
and therefore does not support the idea of a glacial iron fertilization to account for
the drawdown for atmospheric CO2 (e.g. Martin, 1990, Kumar et al., 1995).
1.2 The 231Pal230Th ratio, a useful tracer for paleoproductivity in the
Southern Ocean?

The paleoceanographic informations gathered thus far from the Southern Ocean by
the various tracer approaches clearly demonstrate that there is no general
Consensus about the polar nutrient hypothesis. It must be emphasized, however,
that each of these tracers incorporates a set of assumptions, some of which are
largely unproven, so that general interpretations are subject to considerable
uncertainty. This led to the development of new independent methods of evaluating
past changes in ocean productivity, one of which is the 231PaP0Th activity ratio
(Kumar et al., 1993; Francois et al., 1994; Yu, 1994), which is the subject of this
study. The principles On which this paleoceanographic tool is based are discussed
in detail in chapter 2. A high 231PaI230Th ratio stands for a high particle flux and a
low ratio for a iow particle flux. The major advantage of using this radionuclide ratio,
is that, unlike other proxies e.g. Corg, carbonate, biogenic opal, biogenic Ba,
authigenic U, it is not affected by dissolution on the seafloor and thus will retain
Information on vertical rain rates even when significant post-depositional
dissolution occurs. Moreover, it is insensitive to effects of sediment redistribution
e.g. Kumar et al., 1993; Francois et al., 1993).
Recent multitracer approaches in the Atlantic sector of the Southern Ocean have
shown that north of the Polar Front the glacial 231Pd230Th record is consistent with

that of biogenic opal (Kumar et al., 1995; Francois et al., submitted) and authigenic
U (Kumar et al., 1995), which underlines its potential as a tracer to reconstruct
paleoproductivity. The ^Pa/23OTh record thus adds to the argument of a glacial
increase in export productivity in the Southern Ocean north of the Polar Front
(Kumar et al., 1995). In one core south the Polar Front (54OS), however, high glacial
231Pa/230Th ratios, conventionally interpreted to reflect high productivity, did not
support the expected glacial decrease in export productivity deduced from the
decreasing accumulation rates of biogenic opal and authigenic U (Kumar et al.,
1993; 1995). Moreover, unusually high 23lPa/23oTh ratios south of the Polar Front, in
conflict with the known low productivity, have also been reported in some modern
Southern Ocean sediments (Lao et al., 1992a; Yu et al., 1996). These observations,
together with those of Rutgers van der Loeff and Berger (1993) of a southward
increase with latitude in the scavenging preference of ^Pa relative to ^()Th, led
previous authors (Lao et al., 1992a; Rutgers van der Loeff and Berger, 1993; Kumar
et al., 1995) to suggest that south of the Polar Front the 231Pd230Th is influenced by
secondary factors. Unequivocal evidence for their speculation, however, is still
lacking.
1.3 Objectives of this study

The primary objective of this study is therefore to find out whether at high latitudes in
the South Atlantic, the 23lPa/230Th ratio is still a reliable tracer for the mass flux of
particles, Only if this can be ascertained, the 23lPd230Th signal buried in the
sediment can be reliably used to assess relative changes in export production in
the past. Towards this objective the factors that control scavenging of ^Pa and
230Th in this region were investigated.
it is known from other oceanic regions that in addition to the mass flux the
23iPa1230Th ratio can be influenced by several other factors (for a review See
chapter 2). One of those is the chemical composition of particles (Anderson et al.,
1983b; Shimmield et a l , 1988; Taguchi et al., 1989; Anderson et al., 1992; Lao et
als, 1992; Rutgers van der Loeff and Berger, 1993). Eng.it is suggested that ^IPa
exhibits a stronger affinity for scavenging by biogenic opal and Mn02 than by other
particulate phases (e.g. Anderson et al., 1992). If true, then this preference could
possibly result in high 23lPa1230Th ratios, independent from the particle flux, in
sediments south of the Polar Front where sedimenting fluxes are dominated by
bbgenic opal (9.g. Wefer and Fischer, 1991).

Moreover, scavenging of 231Pa and 23OTh might be influenced by two particularities
of the Southern Ocean: first its high seasonality in primary production (EI-Sayed
and Taguchi, 1981; Smith and Nelson, 1986), and second the high concentrations
of ^Pa and 230Th in surface waters resulting from deep upwelling (Rutgers van der
Loeff and Berger, 1993). The 231Pd230Th signal buried in the sediment could, at
least in part, result from nearly quantitative stripping of 23lPa and 230Th in surface
waters during short-time high productivity events (plankton blooms).

It is to be clarified to what extent these secondary factors affect the relationship
between 23lPaPsTh ratio and total mass flux in the Southern Ocean. To answer
friis question the following strategy was employed:
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231Pd230Th ratios were analyzed in surface sediments throughout the South
Atlantic, in areas of variable mass fluxes and compositions of particulate matter,
to find out where the ratio is primarily determined by the particle flux, and where
the influence of secondary factors becomes predominant.
The influence of the chemical composition of particulate matter on the relative
scavenging efficiency of ^Pa and ^OTh was investigated by determining
230Thl231Pa fractionation factors (defined in chapter 2), as well as by analysis of
23lPa1230Th ratios in sinking particles with known chemical composition.
The significance of scavenging from the upper water column during high-flux
periods was estimated by calculating export fluxes of ^Pa and 23OTh from this
layer.
For the Weddell Sea the role of an additional factor namely the export of
dissolved 23lPa and 230Th by horizontal advection was investigated by
calculating short- and long-term burial fluxes of both radionuclides.

In Summary, the goal of this study is to better understand the 23lPd230Th signal in
Southern Ocean sediments. Only if the various factors controlling the scavenging of
231Pa and 23OTh in this region are well known, a reliable application of this
paleoceanographic tool is possible. This study may thus help to solve some of the
problems and inconsistencies involved in the reconstruction of past changes in
export production of the Southern Ocean by the various tracer approaches.
utline of this study

This study includes three chapters (2 to 4) representing previously published or
submitted articles. In Chapter 2 (Reliability of the 23lPd230Th activity ratio as a tracer
for bioproductivity of the ocean: Walter HJ., Rutgers van der Loeff M.M. and
Francois R. Proxies in Paleoceanography - Examples from the South Atlantic.
Fischer G. and Wefer G. (eds.), in press) a state of the art review of the strength of
the 23-IPa1230Th ratio as a tracer for bioproductivity is given. It describes in detail the
oceanographic behavior of 23lPa and 230Th, and discusses the conditions required
for establishing a clear relationship between the 231Pa1230Th ratio in the sediment
and the mass flux of particles. It provides a model explaining the large-scale
distributions of 23lPa1230Th ratios in deep-sea sediments in a closed and a
ventilated ocean basin. Based on compiled data from the modern Pacific, the
Atlantic and the Southern Ocean, an evaluation is given of the reliability of the
23lPa1230Th ratio as a paleoproductivity proxy in these ocean basins. It should be
noted that the discussion of the Southern Ocean includes the highlights of chapter
3, since these new data challenge the existing interpretation of 231Pd230Th ratios in
this region. Chapter 3 (Enhanced scavenging of 231Pa relative to 230Th in the
South Atlantic south of the Polar Front: Implications for the use of the 231Pd230"!^
ratio as a paleoproductivity proxy: Walter H.J., Rutgers van der Loeff M.M. and
Hoeltzen H. Earth Planet. Sci. Leff. 149 (1997) 85-100) then addresses the
fractionation between 231Pa and 230Th in the Southern Ocean in more detail. It is
examined in how far a change in the chemical composition of particles influences

the fractionation between the two radionuclides. Chapter 4 (Surface and deepwater scavenging of ^Pa and ^Th under high seasonality in mass flux:
Implications for lateral distribution in the Atlantic sector of the Southern Ocean:
Walter H.J., Rutgers van der Loeff M.M., Hoeltzen H., Bathmann U. and Fischer G.
submitted to Deep Sea Research) discusses the influence of nearly quantitative
stripping of ^Pa and ^OTh in surface waters during short high-flux periods on the
231PaJ230Th signal in the sediment. It is further discussed to what extent the Weddell
Sea is a net source for 23fPa and ^OTh to other regions of the Southern Ocean.

2 Reliability of the 23lPa1230Th activity ratio as a tracer
productivity of the ocean

for bio-

H J . Walterl, M.M. Rutgers van der Loeff and R. Francois*
1

2
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2.1 Abstract

In large areas of the world's oceans, there is a relationship between the mass flux of
particulate matter and the unsupported 23lPal230Th (xs231Pa/xs230Th)
activity ratio of
recent sediments. This observation forms the basis for using the xs231Pa/xs230Th
ratio as a proxy for past changes in export productivity. However, a simple
relationship between xs231Pa/xs230Thratio and particle flux requires that the water
residence time in an ocean basin is far in excess of the scavenging residence time
of ^Pa, and that the composition of sinking particles maintains a strong preference
for the adsorption of 230Th over 231Pa with a constant 230Th/23lPa fractionation factor
ratio and mass flux is found in the
(F). The best correlation between xs23~Palxs230Th
Pacific ocean. In the Atlantic, the contrast in the xs231Pa/xs230Thratios between Open
ocean (low flux regions) and ocean margins (high flux regions) is much less
pronounced due to the shorter residence time of deep water, resulting in less
effective boundary scavenging of ^Pa. In the Southern Ocean, south of the Polar
Front, there is no more a simple relationship between xs231Pa/xs230Thand particle
flux. This is a result of a southward decrease in F, probably reflecting the increased
opal content of sinking particles. Opal does not fractionate ^Pa and
significantly. This lack of fractionation results in high xs23~Pa/xs230Th
ratios in opaldominated regions, even in areas of very low particle fluxes such as the Weddell
Sea. The xs231Pa/xs230Thratio can therefore only be used as a paleoproductivity
proxy if, in the time interval of interest, changes in the basin ventilation rate and
differential scavenging of both radionuclides due to changes in the chemical
composition of particulate matter can be excluded.
2.2 Introduction

The 231Pal230Th activity ratio in sediments has been proposed and used (Lao et al.,
1992a; l992b; Kumar et al,, 1993; Francois et al., 1993; Kumar, 1994; Yu, 1994;
Boyle, 1996; Kumar et al., 1995; Yang et al., 1995) as a tracer to assess changes in
bioproductivity of the ocean during the last 150.000 years. The major advantage of
the 231Pa/2^Th ratio compared to other productivity tracers (e.g. Corg,biogenic opal,
biogenic Ba) is its insensitivity to remineralization of the biogenic detritus both in the
water column and in surface sediments (Anderson et al., 1983a; 1983b; Lao et al.,
l992a; l992b; 1993; Kumar et al., 1993).
23iPa1230Th ratios are also affected by secondary processes, which complicate their
interpretation in terms of export production, Its reliability as a paleoproductivity

proxy can be tested by comparing unsupported 231Pa/230Thratios (xs231Pa/xs230Th,
corrected for detrital, U-supported activities of 2^Pa and ^Th) in modern oceanic
sediments with primary production in surface waters. Using this approach, we
outline the conditions required for producing a linear relationship between the
particle flux (as an Index for export production) and the xs231Pa/xs230Thratio in the
sediment. We also establish the circumstances under which the influence of other
factors, such as the advective transport of 231Pa between ocean basins and
changes in the chemical composition of settling particles, become predominant and
limit the use of the xs^Pa/xs230Th ratio as an indicator of paleoproductivity,
2.2.1 Theory

Both 231Pa (half-life: 32.500 years and 230Th (half-life: 75.400 years) are natural
radionuclides, which are continuously produced in seawater by in situ decay of their
dissolved progenitors ^U and 234U (their only significant source in the ocean).
Since the residence time of uranium in the ocean (several hundred thousand years;
Cochran, 1982; Chen et al., 1986) is long compared to the mixing time of the
oceans (approx. thousand years, Broecker and Peng, 1982), the distribution of U
throughout the oceans is very homogenous, As a result, both ^Pa and ^Th are
produced in seawater at a constant rate with an initial ^ P a / 23oTh activity ratio of
0.093, In contrast to U, ^Pa and 230Th are particle reactive and are scavenged to
the sea floor On time scales of about 50-200 years and 5-40 years, respectively
(Nozaki et al., 1981; Anderson et al., l983a; l983b; Nozaki and Nakanishi, 1985;
Nozaki and Yamada, 1987; Huh and Beasley, 1987; Rutgers van der Loeff and
Berger, 1993; Guo et al., 1995). Because these time scales are short compared to
their half-lives, radioactive decay in the water column can be neglected.
Consequently, if 230Th and 23lPa are scavenged from the water column without
fractionation, we should expect an ocean-wide xs^Pa/xs230Th ratio in newly formed
sediment equal to the production ratio of 0.093.
Variable xs^Pa/xs230Th ratios in surface sediments throughout the oceans indicate
that both radionuclides follow different pathways of removal from seawater.
Because of its short residence time in the water column, horizontal transport of
23oTh before scavenging is minimal over most of the ocean. As a result, the flux of
^OTh to the seafloor is nearly identical to its rate of production in the water column
(Anderson et a l , l983a; 1983b; Bacon et al., 1985; Taguchi et a l , 1989; Yu, 1994).
In contrast, the longer oceanic residence time for dissolved 231Pa allows a large
scale diffusive transport of this nuclide over basin-wide distances prior to
scavenging, resulting in its preferential removal in high particle flux regions
(Anderson et al,, 1983a; 1983b; Yang et a l , 1986; Bacon, 1988; Lao et al., 1992b;
1993; Yu et al., 1996). Since ^ P a is often found at ocean margins (DeMaster,
1979; Anderson et al. 1983a; 1983b; Shimmield et al., 1986), this preferential
removal is known as "boundary scavenging".
2.2.2 Boundary scavenging

In principle, three requirements have to be met for effective boundary scavenging of
a particle reactive element. First, there must be intensified scavenging at the ocean

margins or other areas of the oceans to produce horizontal gradients in the
dissolved radionuclide concentration. These gradients will then maintain a net
diffusive transport from low particle flux regions (with low scavenging rates) to high
particle flux regions (with high scavenging rates). Second, the scavenging
residence time of the radionuclide must be longer than the timescale required for
diffusive lateral mixing within the ocean basin, so that significant quantities of the
dissolved radionuclide generated in low flux regions can be transported to high flux
regions prior to being removed from the water column, Third, the mean residence
time of water in the ocean basin must be long compared to the scavenging
residence time of the radionuclide and the time required for lateral mixing within the
basin.
In order to demonstrate how these three factors affect the large-scale distributions of
231Paand ^OTh throughout the ocean, a simplified version of the scavenging model
developed for the Pacific ocean by Bacon (1988) is used (model A, in Fig.2-1). In
contrast to the original model, in our illustration the influence of the chemical
composition of particulate matter on the scavenging of ^Pa and ^Th is not
considered,
model ocean A: closed ocean basin
inferior

model ocean B: ventilated ocean basin

margin
(m)

0)

0.2V

0.8V
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Fig.2-1: Box model illustration of a closed (model A) and a ventilated (model B) idealized ocean
basin. Model Parameters are given in Table 2-1. Horizontal arrows show lateral fluid exchange
between boxes i and m at a rate vex,whereas depositional fluxes are indicated by the small
vertical arrows at the bottom of each box. In model B, the two large vertical arrows illustrate
flushing of the interior box at a rate vf. See text for further details.
The ocean (volume V) is divided into two boxes, an interior box represented with
suffix i, with 80% of the total volume of the ocean (0.8V), and a margin box with
suffix m containing 20% (0.2V) of the total volume of the ocean (Fig.2-1). Each box
has average radionuclide concentrations Ci and Cm, respectively. There is
horizontal fluid exchange between boxes i and m at a rate Vex. The scavenging
rates in each box are given by rate coefficients k. The material balances for 23OTh in
boxes i and m at steady state are respectively,

For ^Pa the equations are equivalent. The model parameters are shown in Table
2-1 and in Fig.2-2 (a-C). As both 231Pa and ^Th are produced from their
conservative progenitors 235U and 234U, their respective production rates are
uniform throughout the ocean (Fig.2-2 a).
Table 2-1: Model oarameters
production rates P (dpm-m-3-a-1)
scavenging residence times xs (a)
ocean interior
ocean margin

PT"
Ppa
xsi~h
TsiPa
^smTh

%,,,Pa
horizontal mixing rate Vex (a-1)
flushing rate vf (a-I)
* calculated from the activities of ^U

vex/V
vf/V
and ^U in seawater

In both boxes a strong preference for the adsorption of ^Th over 231Pa with kTh =
1OkPa is assumed (Anderson et al., 1983a). The particle flux is chosen to be five
times higher at the ocean margin than in its interior (Berger et al., 1989) (Fig.2-2 b),
and it is assumed that the scavenging rate coefficients k in both boxes are
proportional to the particle flux, so that km = 5ki. As -es = 1/k, the scavenging
residence times for 2^Pa (Qa) and 23OTh (-esTh)are five times higher in box i as in m
(Fig.2-2 C), in agreement with literature data (Anderson et al., 1983a; Bacon, 1988;
Huh and Beasley, 1987; Nozaki and Yamada, 1987). A value of 300 years is taken
for VIVex,which is in between the values used by Bacon (1988) and Anderson et al.
(1990) of 710 and 95 years, respectively.
The dissolved concentrations of ^Pa and ^Th (Fig.2-2 d) can now be calculated
by solving equations (1) and (2). As ~ ~ (30
' " 1years) is small compared to V/vex (300
years), only a minor fraction of the 23OTh produced in the ocean interior can be
transported laterally to the margin before being scavenged. Consequently, the flux
of 230Th ( F T ~approximately
)
equals its rate of production PT^), and even in the high
particle flux regions at the margin F T only
~
slightly exceeds PT^ (Fig.2-2 e). In
contrast, ~~~~a (300 years) is equal to V/vex, so that a smaller fraction of the *^Pa
produced in the ocean interior is scavenged from the water column. The remainder
is transported laterally to the ocean margin, where it is scavenged more efficiently
by the higher vertical fluxes, resulting in Fpa strongly exceeding PPa. This simple
model illustrates how the differential partitioning of 23OTh and ^Pa between a
vertical and a lateral flux leads to a basin-wide fractionation of the two radionuclides
(Fig.2-2 f). In the ocean interior, where particle fluxes are low, 23lPaI230Th ratios on
sinking particles do not reach the production ratio of 0.093, whereas values far
exceed 0.093 at the margin, where particle fluxes are much higher.
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Fig.2-2 (a-i): Model results of two hypothetical scenarios (closed and ventilated basin) in an
idealized ocean to demonstrate the basin-wide fractionation of 23lPa and 23OTh and the
resulting consequences for the sedimentary 23lPaPTh record. See text for explanation.

Accordingly, we should expect a relationship between the 23IPd23OTh ratio On
sinking particles and the mass flux of particulate matter to the seafloor. Yu (1994)
found a positive correlation between xs231Pa/xs230Th,measured in sediment traps
deployed for a year or longer in the deep sea, and the mass flux of particulate
matter (Fig.2-3). Low xs231Pa/xs230Thratios below the production ratio were only
obsewed in areas with low particle fluxes (less than 7Oglm2.a) such as Open ocean
gyres. At higher mass fluxes, xs231Pa/xs230Thratios exceed the production ratio by
up to 2.5 times, thereby supporting the hypothesis of a strong lateral transport of
dissolved 23lPa from low to high particle flux regions. The sediment trap data show
some scatter (R = 0,86), however, reflecting the influence of deep water residence
time in ocean basins and particle composithn (see below).
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Fig.2-3 Relationship between normaiized xs*3tPa/xs230Thratio and the mass flux of particles
measured in sediment traps (trap efficiency corrected according to Bacon et al., 1985),
deployed in the Pacific (circles), the Atlantic (squares), and in the Southern Indian Ocean
(diamonds). Reproduced with permission from Yu (1994).
ratios of newly formed sediments should reflect the
Similarily, the xs23~Pa/xs230Th
mass flux of particles from the overlying water column, and thus should be a
measure for the bioproductivity of the surface ocean, provided that the conditions for
boundary scavenging are met.
2.3 Results and Discussion
2.3.1 Pacific Ocean

A plot of all available xs231Pa/xs230Thdata measured in Holocene Pacific sediments
(compiled in Table 2-2) together with data On primary production in gC.m-2.y-1 (after
Berger et al., 1987), clearly demonstrates the validity of this relationship for the
Pacific (Fig.2-4 a). High xs231Pa/xs230Thratios above the production ratio occur in
the high productivity regions both at the margins and at the equator (Fig.2-4 b)

where primary production exceeds lOOgC~m-2.y-~.
In contrast, low xs231Pa1xs230Th
ratios are found in the central gyre where primary production is less than 5OgC.m2.y-l. Exceptions to this general rule are the high xs23~Pa/xs230Th
ratios found in the
vicinity of the East Pacific Rise (indicated by crosses), reflecting enhanced
scavenging of 23lPa by Fe- and Mn- oxides produced at hydrothermal vents
(Shimmield and Price, 1988, See below). High ratios are also found in the SEPacific, south of 5 5 O Â § where primary production is less than 1OOgC.m-2.y-1 (see
chapter 2.3.3, Southern Ocean). Apart from these local exceptions, the
xs231 PdxS23OThrecord in surface sediments throughout lhe Pacific agrees weil with
the trends expected from model 1A.
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Fig.2-4a: Distribution of xs231Pdxs230Th
ratios in Holocene sediments throughout the Pacific
Ocean with isolines of estimated primaty productivity in gC.m-2.y-i (after Berger et al., 1987).

Fig.2-4b: Distribution of xs231Pa/xs230Th
ratios in Holocene sediments of the equatorial Pacific
with isolines of estimated primary productivity in gC.m-2.y-1(after Berger et al., 1987).
Based On Fig.2-3, xs23~Padxs230Tho
ratios (suffix 0 indicating corrected for decay
and for ingrowth from authigenic 235U and 234U since the time of deposition) of
dated sediment cores have been used to assess variability through time of particle
fluxes as an indicator for paleoproductivity (La0 et al., 1992b; Kumar et al., 1993;
1995; Francois et al., 1993; Kumar, 1994; Yu, 1994; Yang et al., 1995). La0 et al.
(1992b) have applied this model in the Pacific ocean over the last 25.000 years.
They found higher xs23fPadxs230Thoratios in open ocean sediments during the last
glacial period, which were partly compensated by lower xs231Padxs230Tho
ratios at
the margins. These findings were interpreted as reflecting reduced boundary
scavenging of 231Pa during the last glacial period, caused by a generally higher
particle flux, thus enabling more 23lPa to be scavenged in the open ocean waters.

2.3.2 Atlantic 0ceat-i
A comprehensive study of xs231Pa/xs230Thratios in Holocene sediments by Yu et al.
(1996) has revealed that, in contrast to the Pacific, boundary scavenging is
suppressed in the Atlantic (Table 2-3, Fig.2-5 a). Even in the upwelling region off
Western Africa where the primary production reaches values of more than 200g
Cm-2.y-1, the xs231Pa/xs230Thratios of surface sediments only barely reach their
production ratio in the water column (Fig.2-5 b). These findings agree weil with an
earlier study in the Same area by Legeleux (1994) who found evidence for
boundary scavenging of 231Pa only at one location On the continental slope (2000m
water depth), with a xs231Pa/xs230Th ratio in the sediment of 0 ~ 1 6 and a.
fluxlproduction ratio for 23lPa of 1.4. Yu et al, (1996) have expIained the lack of

Fig.2-5a: Distribution of xs231Pa/xs230Th in iiolocene sediments throughout the Atlantic Ocean
with isolines of estimated primary productivity in gC,m-2.y-1 (after Berger et al., 1987).
(Symbols as in Fig.2-da). Light shaded: area between Subantarctic Front and Polar Front
(Polar Frontal Zone), and dark shaded: area between Polar Front and RCC-Weddell Gyre
(Rntarctic Zone) (after Orsi et al., 1995).

expression of intense boundary scavenging in the Atlantic by the short mean
residence time of NADW (ca. 200 years; Broecker, 1979; Stuiver et al., 1984), which
is similar to both the scavenging residence time of 23lPa and the time required for
basin-wide lateral mixing. As a result, diffusive transport and advection are equally
important in renioving 231Pa from the Atlantic water column. From the mean
xs231Pa/xs230Th
ratio in surface sediments north of 5 0 5 , they estimate that about
half of the ^Pa produced in the Atlantic north of 50Â° is deposited in the
underlying Sediments and the remainder is advected to the south in the North
Atlantic Deep Water (NADW). Consequently, in addition to its local production, Yu et
al. (1996) suggest that the South Atlantic south of 50Â° receives a fraction of
dissolved ^Pa imported from the north that is scavenged from the water column
after entering the Antarctic Circumpolar Current (ACC) south of 50Â° (Yu et al.,
1996; See also chapter 2.3.3, Southern Ocean).
The effect of advection On boundary scavenging can be illustrated by modifying
model A in the way that the interior ocean (i) is ventilated at a rate vf of 0.005-a-1
(l/vf = 200 years, the estimated residence time of deep waters in the Atlantic) with
water that does not contain any 231Pa and 23ol-h (Co^ and CoTh = O), e.g. newly
formed NADW (model B in Fig.2-1). All other model Parameters are taken to be
equal to model A. The new material balance for 23OTh (again, equivalent eqs. hold
for ^Pa) in boxes i and m at steady state is,

The results of model B are shown in Fig.2-2 (g-i), Compared to the closed ocean
basin (Fig.2-2 d), the dissolved concentrations of ^Pa (Fig.2-2 g) in boxes i and m
are much lower. This is a consequence of the basin ventilation, resulting in a water
residence time in box i of 200 years which is similar to both the scavenging
residence time of ^Pa and the time required for horizontal mixing (see table 2-1).
As a result, about half of the ^Pa produced in the ocean interior is not transported
laterally to the margin but is exported, Consequently, fluxes of 23' Pa to the sediment
in the ocean interior (Fig.2-2 h) are much lower than in the closed ocean basin
(Fig.2-2 e), and even at the margin Fpa only slightly exceeds Ppa. Export of 230This
much less pronounced as
<< V/vf, thus enabling most of the 230Th to be
scavenged within the basin. Despite the strong effect of advection, a gradient of
23lPa1230Th ratios on sinking particles between box i and m is still Seen (Fig.2-2 i),
although the overall values are lower compared to the closed ocean basin (Fig.2-2
f), These model results are in agreement with the xs231Pa/xs230Thratios measured in
Holocene sediments throughout the Atlantic north of 50's (Fig.2-5 a).
Based on these results, the interpretation of changes in the xs231Pa/xs230Thratio
through time caused by changes in paleoproductivity can be made in the Atlantic
ocean, provided that there is no substantial change in the basin ventilation rate. A
total shutdown of the global Conveyer belt circulation, or changes in the production
rate of deep water in the Atlantic in the past, would strongly influence the export rate
of 23lPa. Hence, variations through time of the xs231Pao/xs^Tho signal, rather than
being due to changes in the bioproductivity of the ocean, could reflect changes in

Fig.2-5b: Distribution of xa231Pa/xs230Thratios in Holocene sediments of the equatorial Atlantic
Ocean with isolines of estimated primary productivity in gC-m-2,y-i(after Berger et al., 1987).
Symbols as in Fig.2-4a.
the magnitude of the Conveyer belt circulation. For the last glacial, there are
indications of a similar export rate of deep water from the Atlantic to the Southern
Ocean, based on the similarity of the xs231Pa/xs230Thdistribution patterns in modern
Atlantic and Last Glacial Maximum (LGM) Atlantic sediments (Yu et al. 1996). This
observation implies that, neglecting the effects of the chemical composition of
particles which becomes very important south of 50Â° (see chapter 2.3.3, Southern
Ocean), the xs231Pao/xs230Tho ratio should provide reasonable results about
changes in bioproductivity in the LGM (Kumar et al., 1995; Francois et al.,
submitted).

2.3.3 Southern Ocean
A further complication of the relationship between xs231Pa1xs230Thratio and particle
flux is apparent in results from the Southern Ocean. The first investigation of ^Pa
and 23OTh in this region was carried out by DeMaster (1979). In rapidly
accumulating (up to 100cm/ka) siliceous sediments within the Antarctic Circumpolar
Current (ACC) between 48OS and 55OS, DeMaster found evidence for preferential
deposition of ^Pa relative to 230Th, with inventories of ^OTh and ^Pa exceeding
the production rate in the water column by up to 6 and 14 times, respectively.
Moreover, he showed that the 23lPal23oTh deposition ratio was up to five times
higher than the production ratio of 0.093. DeMaster explained his findings by a
boundary scavenging effect and hypothesized that, due to the high particle flux
within the ACC, scavenging of ^Pa and ^Th
is so effective that both

radionuclides are quantitatively stripped from the water column. This would imply
that the high xs231Pa/xs230Thratios in sediments underlying the ACC reflect both the
local production of the two radionuclides in the water column and the remaining
fractions of dissolved 231Pa and (less important) of 2307% imported from the Atlantic
Ocean by advection (Yu et al., 1996).
Several recent findings indicate that a simple boundary scavenging model cannot
be directly applied in the Southern Ocean. First, total mass fluxes measured in
sediment traps located at 50Â° (PF) and 55OS (B0112) within the ACC are 38.3g-m2.y-1 (Wefer and Fischer, 1991) and 53g-m-2.y-1(Fischer and Wefer, unpublished),
respectively. Although not corrected for trapping efficiency, these are much lower
fluxes than measured in upwelling regions such as the Panama Basin or the
California margin (>I 0Og.m-2.y-1;Honjo, 1982; Yu, 1994). These low fluxes are also
in agreement with primary production being much lower (in general less than
lOOgC-m-2-y-I),than in upwelling regions (sometimes exceeding 200gC.m-2Â¥y-1
Fig.2-4 a,b; Fig.2-5 a,b). According to Fig.2-3, such mass flux would be insufficient
to enhance 231Pa scavenging above its rate of production in the water column.
Second, according to the reversible scavenging model of Bacon and Anderson
(1982), the concentrations of ^Pa and ^Th in the water column should adjust to
the flux of particulate matter. Consequently, the high particle fluxes postulated by
DeMaster (1979) should lead to a depletion of their dissolved activities relative to
regions with low particle fluxes. Actually, there are no indications of a depletion of
231Pa and ^Th in the water column within the ACC relative to the less productive
regions to the north and south (Rutgers van der Loeff and Berger, 1993; Walter et
al., 1997). Third, a recent study of surface sediments in the Atlantic sector of the
Southern Ocean (Fig.2-5) has revealed that the region of high xs^Palxs230Th ratios
is not restricted to the area of the ACC, but persists throughout the Weddell Sea
(Walter et al., 1997). This is in contrast to the low particle fluxes of this region
compared to the ACC, inferred from sediment trap data (< 5Og-m-2-y-l;Fischer et al.
1988; Wefer and Fischer 1991) and fluxes of biogenic opal through the sedimentwater interface deduced from pore water measurements of silicate (SchlÃ¼teet al.,
submitted). The latter observation unequivocally illustrates the decoupling between
xs231P&230Th ratio and the mass flux of particulate matter in this region. As
boundary scavenging cannot explain the observations above, another factor than
the mass flux must be responsible for the high xs^Pa/xs230Th ratios in the
sediments within and south of the ACC.
As discussed above, the application of the xs231Palxs2^Th ratio as a
paleoproductivity proxy requires a constant 23OThl231Pa fractionation factor (F) with
a strong preference for the adsorption of 230Th over 23lPa on particles. The F-factor
is defined as

The few data on F-factors available from the literature (Anderson et al., 1983a;
1983b; Nozaki and Nakanishi, 1985; Scholten et al., 1995) show that this
assumption holds for large areas of the world's oceans. However, in the Atlantic
sector of the Southern Ocean it has been shown to be no longer valid (Rutgers van

der Loeff and Berger, 1993; Walter et al., 1997). Typical Open ocean values of F
around 10 (Anderson et al., l983a; 1983b), indicating a strong preference for the
adsorption of 23OTh relative to 23lPa on particles, were only observed north of 48's
(Fig.2-6). To the south, F decreases strongly and implies a change in the
scavenging preference of 230Th over 231Pa, either due to a southward decrease in
the scavenging efficiency of ^Th, an increase in the scavenging efficiency of
231Pa, or both.
The N-S decrease in F (Rutgers van der Loeff and Berger, 1993; Walter et al,, 1997)
is well correlated with a respective increase in the content of biogenic opal on
sedimenting particles (Fischer et al., 1988; Wefer and Fischer, 1991). An
experimental study on the adsorption of ^Th and 23lPa on different solid phases
by Anderson et al. (1992) has shown that amorphous silica does not fractionate
23lPa and 230Th (F = 1.1; Fig.2-7), possibly because of its high affinity for 231Pa
(DeMaster, 1979; Taguchi et al., 1989; Anderson et a l , 1992; Lao et al., 1992b;
Kumar et al., 1995). The increased predominance of opal may explain the
latitudinal decrease in F. Support for this suggestion Comes from the analysis of
xs23-IPa/230Th ratios in settling particles (collected by sediment traps), where
estimated F values are negatively correlated with the content of opal of these
particles (Tab.2-4).
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Fig.2-6: Plot of the 230ThPPa fractionation factor F against latitude in the Atlantic sector of the
Southern Ocean (from Walter et al., 1997).
Based On these observations it is concluded that biogenic opal might explain the
enhanced scavenging of 23lPa relative to ^Th south of the Polar Front, at least in
the Atlantic sector of the Southern Ocean (Walter et al., 1997). This would imply that
in regions where the sedimenting flux is dominated by biogenic opal, the
xs231Pa/xs230Th
ratio is no more a reliable indicator for the mass flux of particles.

Table 2-4: Opal contents and xs23~Palxs230Th
ratios of sinking particles, and estimated Ffactor (from Walter et al., 1997)
xs231p~ *(231p&30~h)
F-factor
trap
latitude longitude depth mass flux opal
23bh
dissolved
(m) a.m-2.a-1 (%)
PF1-450Â°090' 05'464'E
B01+254Â°202' 03Â°202'
WS 3

64" 54 I ' S

02'33 8 ' W

700

383

40

0322i0066

0599i0064

1865043

450

531

62

0344k0034

0465i0036

1355017

360

33 7

70

0 278k 0 016

0 280 i0 058

I 01 k 0 23

Data On mass flux and opal content of PF 1-4 and WS-3 are from Wefer and Fischer (1991),
and of B 0 1+2 from Wefer and Fischer ~un~ublished~.
Errors are IG
propagated from counting staiistics andblank.
*interpolated from latitudinal gradient of dissolved 231 PaPOTh ratios
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Fig.2-7: 2aThP31Pa fractionation factors for different particle types, determined in ariificial
seawater, as weil as for Fe203and natural sediments in filtered seawater (FSW). Reproduced
with permission from Anderson et al. ( I 992).
In the Southern Ocean, where high flux rates of biogenic opal to the sediment also
have occurred in the past, as is weil documented by the circumantarctic opal belt
(DeMaster, 1981), it is suggested that the use of the xs231Pa/xs230Thratio as a
paleoproductivity proxy is strongly limited (Walter et al., 1997). Variations of the
xs231Padxs230Tho
ratio through time, usually interpreted as reflecting changes in the
total mass flux of particles, could also result from changes in the content of biogenic
opal On sinking particles.

2.3.4 Weddell
Over most of the oceans the depositional flux of 23OTh approximately equals its local
rate of production with little net lateral transport (Anderson et al., 1983a; 1983b;
Bacon et al., 1985; Suman and Bacon, 1989; Francois et al., 1990; Yu, 1994). Even
in the Atlantic Ocean north of 50Â°Sdespite the strong effect of advection, 85-90Y0 of
the 23OTh produced is still scavenged within the Atlantic and only 10-1
are
advected to the south (Yu et al., 1996). lf the flux/production ratio for 230Th remains
still close to I in the Southern Ocean (or slightly above I due to advection of
dissolved 23OTh from the Atlantic), the mass balance for 231Pa can be calculated (Yu
et al,, 1996). By taking a mean xs231Pa/xs230Thrain ratio of 0.165 for the region
south of 50Â°S they estimated that the depositional flux of 23lPa throughout the
entire Southern Ocean balances in situ production plus 237Pa import from the
Atlantic Ocean, suggesting this region to be an important sink for 23lPa.
The assumption of a constant flux/production ratio of 23OTh around I does not
appear to be valid throughout the entire Southern Qcean. Based On measurements
of the dissolved and particulate concentrations of 23OTh in the water column of the
South Atlantic, Rutgers van der Loeff and Berger (1993) hypothesized that in the
Central Weddell Sea south of the Antarctic Weddell boundary (AWB), scavenging
rate of 23OTh might be strongly reduced relative to the regions $0 the north (ACC).
They based their suggestion On both the extremely low particle fluxes (Fischer et al.,
1988; Schlueter et al., submitted) and the short residence time of water in the
Weddell Sea (35 years; Rutgers van der Loeff and Berger, 1993) comparable to the
scavenging residence time of 230Th. Further support for low scavenging rates in the
Central Weddell Sea comes from the sedimentary record, with extremely low 210Pb
inventories of only 15Y0 of its production rate (Rutgers van der Loeff and Berger,
1991). These findings are confirmed by a still ongoing investigation of the
inventories of 237Pa and 23OTh, in three sediment cores from the Western Central
Weddell Sea (Walter et al., in prep.). The selected area is characterized by slow
bottom currents, so that effects of lateral sediment redistribution are only small,
which is a reflection of sluggish circulation of the Center of the Weddell Gyre
compared to the outer Parts such as the northern Weddell (Pudsey et al., 1988).
Therefore, it is not to be expected that the core locations are influenced by sediment
winnowing
(Pudsey et al., 198%). Results from the core PSI508
(67'00. l'S/32Â°23.5'W have shown that over the last 150ka only 37% and 52Y0 of
the production of 23OTh and 237Pa, respectively, are found in the sediment. These
observations imply a N-S Change in the scavenging efficiency not only for 231Pa, but
also for 23OTh. lf this observation holds for the entire Weddell Sea, this would
suggest that most of the 23OTh and 23Pa produced in this basin must be advected to
other regions of the Southern Ocean prior to scavenging, such as the ACC where
particle fluxes are higher. Hence, the Weddell Sea would not be a sink for 231Pa,
and the high average xs231Pa/xs230Thratios of 0.15 found in surface sediments
(Fig.2-5 a) reflect an increase in the scavenging efficiency of 231Pa relative to 230Th,
probably related to the high opal contents of sedimenting particles.
Further evidence for an advective export of 23OTh of up to 50% of the production
comes from other ocean basins with short residence times of deep waters (<I00
years), such as the North Atlantic and the Arctic Seas (Moran et al., 1995; Moran et

al., 1997; Vogler et al., submitted). The export of 23OTh has to be taken into account
when using its flux to the sediment as a reference to predict depositional fluxes of
23lPa (e.g. Anderson et al., 1994; Yu, 1996) in such regions.
nhanced scavenging of 23lPa by Mn- and Fe-oxides
In our simple box model illustration, we have shown that the large-scale
distributions of 23lPa and 23OTh in oceanic surface sediments can be explained by
assuming a homogenous particle composition with a strong preference for the
adsorption of 23OTh relative to 233Pa. This assumption is reasonable, provided that
scavenging of both radionuclides is primarily determined by the mass flux of
particles. There are exceptions, however, as shown for the Southern Ocean. There
is experimental evidence that as for opal, fractionation between 23lPa and 23OTh is
also limited On manganese oxides and hematite, with 23OThI23lPa fractionation
factors of 0.8 and 2.1, respectively (Fig.2-7). Hydrothermal plumes emanating in the
vicinity of mid-ocean ridges are an important localized source for Mn- and Feoxides. They are effective scavengers for 23lPa and, to a lesser extent, for 23OTh
relative to the surrounding area (German et al., 1991; Frank et al., 1994). This socalled hydrothermal scavenging leads to high xs23~Pa/xs230Thratios in ridge
sediments, as found in the vicinity of the East Pacific Rise, (Shimmield and Price,
1988, See also Fig.2-4 a,b). Further evidence for enhanced scavenging of 23Pa
relative to 23OTh is reported from the Panama and Guatemala basins and has been
attributed to the presence of Mn02 coated particles, originating from recycling of
reduced Mn from suboxic sediments (Anderson et al., 1983b). The use of the
xs231Pa/xs230Th
ratio as a paleoproductivity index is thus further limited near midocean ridges and possibly in regions with diagenetic remobilization of Mn and near
mid-ocean ridges,

As we have shown in the discussion above, the xs231Palxs230Thratio of oceanic
surface sediments is determined by three different parameters: the mass flux of
particles, their chemical composition and the hydrography. Consequently, it can
only be applied as a reliable tracer for bioproductivity in the past, if the influence of
the chemical composition and the hydrography is small. This condition appears to
be met in the Pacific Ocean, where the xs231Pa/xs230Thratio is weil correlated with
paflicle flux and primary production. This region is an appropriate study area to
apply the x s ~ ~ ~ P a o / x s 2 3
ratio
~ T has
o an index for oceanic productivity in the past.
Even under such circumstances, however, the xs231Pa/xs230Th ratio can only
provide relative intensities of export flux between low and high productivity regions.
Throughout the modern Atlantic Ocean, there is still a relationship between
xs231Palxs230Th
ratio and mass flux of particles, but the overall values are lower due
to the low residence time of deep water in this ocean basin. Nevertheless, during
time periods with similar hydrographic conditions, the xs23~Padxs230Tho
ratio should
reflect relative changes in paleoproductivity. Conversely, mean basin-wide
xs231Padxs230Tho
ratios can be used as a paleocirculation tracer (Yu et al., 1996).

Periods of reduced global thesmohaline circulation would be characterized by
higher mean x s ~ ~ ~ P a o / x raiios
s ~ ~ ~inTAtlantic
ho
sediments and higher contrasts in
the xs231Pao/xs230Tho
ratios between open ocean and ocean margin (as
documented in today's Pacific).
In the Southern Ocean these is no more a simple relationship between
and mass flux of particulate matter, This is a result of the strong
latitudinal decrease in the scavenging preference of 23OTh over 231Pa, probably
related to the high contents of biogenic opal of sinking particles. As a consequence,
in this region the xs231Pa/xs230Th ratio cannot be applied as a reliable
paleoproductivity proxy, as variations of the x s ~ ~ ~ P a o / x sratio
~ ~ ~through
T h o time,
usually interpreted to reflect changes in the total mass flux of particles, could also
be explained by changes in the content of biogenic opal On sinking particles. Th@
high affinity of 23lPa to opal, however, could possibly be used to trace fluxes of
biogenic opal to the sediment !hat have been totally dissolved (e.g. throughout the
Weddell Sea, Walter et al., 1997). Nearly unpreferential scavenging of 230Th and
231Paby manganese- and iron- oxides further limits the use of the xs231Pa/xs230Th
ratio neas mid ocean ridges and in areas of diagenetic remobilization of
manganese.
xs231 Palxs230Thratio

In conclusion, the xs231Pa/xs230Thratio can serve as a proxy for relative changes in
paleoproductivity if, in the time interval of interest, changes in the basin ventilation
rate and differential scavenging of both radionuclides due to changes in the
chemical composition of pariiculate matter are not significant. The interpretation of
the xs231Pa/xs230Thratio thus requires synoptic information On its basin-wide
distribution and On past changes in composition of sedimenting particles. Reliable
reconstructions of changes in paleoproductivity, however, can only be made in
combination with other independent proxies, (like biogenic barium, authigenic
uranium).
Recent improvements in mass spectrometric techniques (e.g. Chen et al., 1992;
Cheng et al., 1996) now allow the study of the distributions of 23OTh and 231Pa in the
ocean in more detail. Small sample sizes of only 1-2 liters of seawater (compared to
cubic meters with the traditionally alpha spectrometry), sufficient for the high
precision determination of 23OTh (Moran et al., 1995; Moran et aLJ 1997; Voglsr et
al., submitted) and 23lPa (Francois, Pers. comm,; Vogler Pers. comm.; Edmonds et
al., unpubl. data), promise the detailed investigation of scavenging of both
radionuclides even in the surface ocean, where their concentrations are extremely
low. This new analytical technique could thus provide the required answers to some
of the remaining open questions regarding the oceanographic behaviour of 23OTh
and 231 Pa.

Table 2-2: Compiled data of ~ $ 3 1P a l X s 2 3 O T h ratios of Holocene Pacific sediments.
sample

v20-122
V21-146
V32-126
V32-126
W8709A-1
W8709A-8
W6709A-13
V21-59
V28-238
RCll-210
V1 9-28
Vl9-29
RCl5-61
MANOP R
V20-88
V20-85
PS BC166
PS BC133
PS BC150
PS BC151
SCB QP2
MANOP S
MANOP C
Vl8-299
RC8-81
El5-6
El7-9
K K l , corel
K K l , core2
KH-80-2-5
KH-80-2-6
KH.80-2-8
KH-80-2-9
KH-75-3-2-2
KH-75-3-14-2
KH-84-3-5
KH-84-3-16
KH-83-3-BC
KH-83-3-C
KH-83-3-D
KH-80-3-16
KH-79-1-5
KH-79-4-5
KH-79-4-6
KH-79-4-7
KH-79-4-6
KH-79-4-9
KH-79-4-10
KH-79-4-72
KH-79-4-14
KH-79-4-18
KH-79-4-19
KH-79-4-22
KH-78-3-4
KH-74-4-21
KH-71-5-12-3
KH-71-5-15-2
KH-71-5-24-2
KH-71-5-42-2
KH.71-5-44-2
KH-71-5-53-2
KH-78-3-1036
KH-78-1-1038
Valdivia 10127
Valdivia 10141
251KG
242KG
228KG
198KG
79KG
46KG
23KG
G972
G961
G993
214KG
210KG
KLH 093
KLH 068

latitude

longitude

depth (cm)
25-27
10-12
8-10
10.1 1
7-8
8.10
1-3
9.10
4-5
5-6
0-8
5-7
17-19
17-19
6-9
0-5
top
0-1
0-1
0-1
0-1
0.1
0-10
1.5-2.1
1.5-2.1
0-5
3-4
4-7
7-10
0.1
0-3
0.1
2-3
0-1
0-2
0-2.5
0.3
0-1.5
0-1.5
0.1
0-1
0-1
0-1.5
0-1.5
0-1.5
0-1.5
0-1
0-1.5
0-1
0-1.5
0-5
0-2
0-2
0.2
0-2
0-2.5
2-8
3-6
3-6
0-2
0-2
6-8
5-8
0-4
0-4
2-4
0.2
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
topmost layer
7.5
2.5
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reference
La0 et ab. (1992a)
La0 et al. (1992a)
La0 et al. (1 992a)
La0 et al. (1 992a)
La0 et al. (1 992a)
La0 et al. (1 992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1 992a)
La0 et al. (1 992a)
La0 et al. (1 992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (19928)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
La0 et al. (1992a)
Anderson et al. (1983)
Anderson et al. (1983)
Yang et al. (1966)
Yang et al. (1966)
Yang et al. (1986)
Yang et al. (1966)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1966)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang el al. (1986)
Yang et al. (1988)
Yang et al. (1 986)
Yang et al. (1 986)
Yang et al. (1986)
Yang et al, (1986)
Yang et al. (1966)
Yang et al. (1966)
Yang et al. (1986)
Yang el al. (1966)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Yang et al. (1986)
Mangini and Sonntag (1977)
Mangini and Sonntag (1977)
Schmitz et al, (1986)
Schmitz et al, (1986)
Schmitz et al, (1986)
Schmitz et al. (1986)
Schmitz et al, (1986)
Schmitz et al. (1966)
Schmitz et al. (1 986)
Schmitz et al. (1986)
Schmitz et al. (1966)
Schmitz et al. (1986)
Schmitz et al. (1986)
Schmitz et al. (1986)
Frank el al. (1994)
Frank et al. (1 994)

Table 2-2: continued
sample

latitude

Y71-3-02
VNTR01-19PC
VNTR01-21GC
VNTR01-22GC
oj erde bx88
oj erdc bx125
V21-71

n.i.: not i n d i c a t e d
errors a r e given as 10

longitude

depth(crn) ~s~~~ P ~ I X S ~ ~ O T ~ reference
this study
this study
this study
this study
this study
this study
this study
this study
this study
Shirnrnield and Price (1988)
Shirnmield and Price (1988)
Shirnmield and Price (1988)
Shirnmield and Price (1968)
Shirnmield and Price (1988)
Shirnrnield and Price (1988)
Shirnrnield and Price (1988)
Shirnrnield and Price (1988)
Shirnrnield et al. (1986)
Shirnrnield et al. (1986)
Shirnrnield et al. (1986)
Shirnrnield et al. (1966)
Shirnrnield et al. (1966)
Shirnrnield et al. (1966)
Ku (1965)
Yang et al. (1995)
Cochran and Krishnaswami (1980)
Cochran and Krishnaswami (1980)
Cochran and Krishnaswami (1 980)
Huh etal. (1987)
Mueller and Mangini (1980)
Mueller and Mangini (1980)
Mueller and Mangini (1980)
Mueiler and Mangini (1980)
Mueller and Mangini (1960)
Mueller and Mangini (1980)
Mueller and Mangini (1960)
Mangini and Kuehnel (1987)
Mangini and Kuehnel (1987)
Mangini and Kuehnel (1987)
Mangini and Kuehnel (1987)
Mangini and Kuehnel (1987)
Mangini and Kuehnel (1987)
Mangini and Kuehnel (1987)
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
Ku (1966)
Ku (1966)
Ku (1966)

Table 2-3: Compiled data of ~ $ 3 1PaIxs23OTh ratios of Holocene Atlantic sediments.
sample

latitude

l o n g i t u d e d e p t h (cm) ~s~~~ Pa/xs230Th

reference
Kurnar (1994)

V22-108
A1176-3
RC 15-101
VM 29-105
All 76-16
RC 17-58
RC 13 259
RC 11 76
RC 13 255
RC 13 271
GPC 5
oce 152 bc6
oce 152 bc5
en 179-bc7
en 179-bc4
en 187-bc6
chn 62-23
chn 82-24
chn 82-25
chn 82-26
chn 82-28
chn 82-30
chn 82-31
chn 82-32
chn 82-33
chn 82-41
chn 82-42
All 42-41
V 9-97
V 10-95
V 16-21
V 12-122
CH 75-2-6
core 12310
ktb 10
ktb 14
ktb 12
ktb 11
ktb 09
OCE 152-BC1
OCE 152-BC9
EN 123 BC4
EN 123 BC6
EN 123 BC3
EN 123 BC1
EN 179 BC2
EN 179 BC3
EN 167 BC4
EN 167 BC10
EN 167 BC8
EN 167 BC5
EN 167 BC11
EN 167 BC9
17729
21 893
21895
23293
17725
17726
17728
17730
M 3612
M 3612
HM-94-1813
HM-71-19
HM-79-26
VM 27-066
VM 28-014
VM 29-179
CHN 82-020
CHN 82-015
CHN 82-011
CHN 82-004
VM 30-097
VM 26-176
VM 23-100
VM 30-049
KNR 64-05
VM 22-197
EN 66-29
EN 66-38
KNR 110-55

Kurnar (1994)
Kurnar (1994)
DeMaster (1979)
DeMaster (1 979)
DeMaster (1979)
DeMaster (1979)
DeMaster (1979)
DeMaster (1979)
DeMaster (1 979)
DeMaster (1 979)
DeMaster (1 979)
Bacon and Rosholt (1982)
Anderson et al. (1991)
Anderson et al. (1991)
Anderson et al. (1991)
Anderson et al. (1991)
Anderson et al. (1991)
Ku et al. (1972)
Ku et al. (1972)
KU et ai. (1972)
Ku et al. (1972)
Ku et al. (19721
Ku et al. (1972)
Ku et ai. (1972)
Ku et al. (1972)
Ku et al. (1972)
Ku et al. (1972)
Ku et al. (1972)
Ku et al. (1972)
Ku (1 966)
Ku (1966)
Ku (1966)
Ku (1966)
~nderson
et al. (1963)
Mangini and Dieter-Haass (1983)
Legeleux (1994)
Legeleux (1994)
Legeleux (1994)
Legeleux (1994)
Legeleux (1994)
Anderson et al. (1994)
Anderson el al (19941
Anderson et al (1994;
Anderson el ai (19941
Anderson et al. (1994)
Anderson et al. (1994)
Anderson et al. (1994)
Anderson et al. (1994)
Anderson et al. (1994)
Anderson ei al. i1994)
Anderson ei al. (1994)
Anaerson ei al. 119941
Anderson et al. (1994)
Anderson et al. (1994)
Scholten et al. (1995)
Scholten et al, (1995)
Scholten et al. (1995)
Scholten et al. (1995)
Scholten et al. (1995)
Schoiten et al, (1995)
Scholten et al. (1995)
Scholten et al. (1995)
Scholten, unpublished
Scholten, unpublished
Yu (1994)
Yu (1994)

Table 2-3: continued
sample

latiude

l o n g i t u d e d e p t h (cm) X S ~ ~ I P ~ / X S ~ ~ Or eTf e ~
rence

KNR 110-91
KNR 110-62
VM 25-059
VM 30-040
VM 22-174
VM 19-240
All 107-065
R C 12-294
All 107-022
PS 1751

alteret al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al, (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (19971
Wa [er ei al (1997;
Wa [er el al (1997,
Wa ler ei al I 19971
Walter et al. (1997)
Walter et al. (1997)
Walter et al, (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (19971
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
~ i l t e et
r al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (19971
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (19971
Walter et al, (1997)
Walter et al, (1997)
Walter et al. (1997)
Walter et al. (1 997)
Walter et al. (19971
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (19971
~ i l t e r eal,
t (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al, (1997)
Walter et al. (19971
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (19971
walter et al, (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
Walter et al. (1997)
errors are given as 1o
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nhanced scavenging of ^Pa relative to 230Th in the South Atlantic
south of the Polar Front: Implications for the use of the 23lPal230Ti-1
ratio as a paleoproductivity proxy

H.J. Walter, M.M. Rutgers van der Loeff and H. HÃ¶ltze
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany
3.1 Abstract

The fractionation of ^Th and ^Pa was investigated throughout the Atlantic sector
of the Southern Ocean. Published scavenging models generally assume that the
231PaI230Th ratio of surface sediments is primarily determined by the mass flux of
particles. This relationship holds north of the Polar Front, where low primary
productivity coincides with ratios of unsupported 231Pa/230Thxs(231Pa1230Th)in
surface sediments below the production ratio of both radionuclides in the water
column. However, we observed high xs231Pa/xs230Th ratios, conventionally
interpreted as a high-productivity signal, in surface sediments south of Polar Front,
especially throughout the Weddell Sea, in contradiction with the low particle flux of
this region. Measurements of both dissolved and particulate fractions of ^Pa and
^Th in the water column revealed a strong N-S decrease of the ThIPafractionation factor from typical Open ocean values around 10 north of the Polar
Front to values between 1 and 2 south of 60's. This observation clearly indicates
that the high xs231Pa/xs230Thratios in surface sediments south of the Antarctic
Circumpolar Current are produced by a N-S increase in the relative scavenging
efficiency of ^Pa relative to ^Th, most probably due to a change in the chemical
composition of particulate matter, and not by a high mass flux. It is speculated that
biogenic opal, suggested not to significantly fractionate 231Pa and
may
explain the enhanced scavenging of ^Pa to the south. This assumption is further
supported by extremely high 23lPa1230Th ratios up to 0.34 in material collected with
sediment traps south of the Polar Front, where fluxes are primarily determined by
biogenic opal, Based on these results we conclude that in regions where the
sedimenting flux is dominated by biogenic opal, the 231Pd230Th ratio is not a
reliable indicator for the mass flux of particles, thus limiting its use 2s a
paleoproductivity proxy in the Southern Ocean.
3.2 Introduction

Oceanic bioproductivity is considered to be an important factor controlling the
partitioning of CO2 between deep ocean and atmosphere, which is termed as the
'biological pump" (Eppley and Peterson, 1979; Broecker and Peng, 1982; Martin,
1990). In the euphotic Zone of the surface ocean, CO2 is taken up by phytoplankton
and converted into organic matter, which then may sink to the deep ocean. Attempts
have been made to explain variations in the atmospheric concentration of CO2 in
the past by differences in the bioproductivity of the oceans (Martin, 1990; Sarmiento
and Toggweiler, 1984; Keir, 1990). Recently it was argued that iron as limiting factor
for today's Southern Ocean productivity, was supplied in glacial periods by windblown dust (Kumar et al., 1995). A resulting increase in bioproductivity could have

contributed to the lower concentrations of CO2 in the glacial atmosphere. Ideally,
the productivity signal of the surface ocean should be stored in the underlying
sediments but high and variable remineralization rates of most of the biogenic
detritus in the water column and in surface sediments leave behind changes in
preservation efficiency rather than real changes in productivity (Berger et al., 1987;
Van-Bennekom et al,, 1988; Bareille et al., 1991; NÃ¼rnberg 1995). Hence, to
reconstruct past changes in oceanic productivity we have to look for tracers
(proxies) in oceanic sediments which have preserved their bioproductivity signal
from the euphotic zone, independently from the preservation of biogenic material.
In this paper we focus on the 231Pa/230Th ratio which has been proposed to be such
a tracer (Kumar et al,, 1995; Lao et al., l992a; l992b; 1993; Francois et al., 1993;
Kumar et al., 1993; Kumar, 1994; Yu, 1994). 23iPa (half-life = 32.500 years) and
230Th (half-life = 75.200 years) are natural radionuclides which are continuously
produced in the water column by alpha decay of their dissolved progenitors ^U
and 2^U. As a result of its long oceanic residence time, the distribution of U in the
ocean is very homogenous (Chen et al., 1986). Consequently, 2^Pa and 23CTh are
produced uniformly throughout the water column at a constant initial activity ratio of
0,093. In contrast to U, ^Pa and ^Th are particle-reactive and are scavenged to
the sea floor within 50-200 years and 10-40 years, respectively (Anderson et al.,
1983a; 1983b; Nozaki et a l , 1985; Rutgers van der Loeff and Berger, 1993; Yu et
al., 1996). This small difference in particle reactivity of Pa and Th is responsible for
a fractionation of the two radionuclides in the water column, Due to its shcri oceanic
residence time over most of the ocean the flux of ^Th to the sediment is assumed
to equal its local rate of production in the water column, whereas the longer oceanic
residence time for 23-iPa allows this nuclide to be transported over basin-wide
distances prior to being scavenged. In large areas of the world's oceans it has been
shown that the mass flux of particles is the primary factor controlling the scavenging
of ^Pa, and thus determines the ratio at which ^Pa and 2307-1-1 are deposited in
the sediment (Kumar et al., 1993). This is well documented by 231Pa/230Thratios
lower than their production ratio of 0.093 in areas of low particle flux (e.g. in the
central gyres), where only a minor fraction of the ^Pa is scavenged to the
underlying sediments with the remainder being transported laterally to regions of
higher particle fluxes where it is removed more efficiently (e.g. Anderson et al.,
1983a; 1983b). Consequently, ^Pa/230Th ratios in surface sediments in upwelling
regions at ocean margins strongly exceed the production ratio. The enhanced
scavenging at ocean margins is termed as "boundary scavenging", (for recent
reviews of this process see Lao et al. 1992a; Bacon, 1988; Anderson et al. 1994).
Based on this apparently well-established relationship between 231Pa/230Thratio
and mass flux (Yu, 1994), the 231Pd23CTh ratio has been used to assess past
changes in oceanic productivity of dated sediment cores (Kumar et al., 1993; 1995;
Lao et al., 1992a; 1992b; Francois et al., 1993). In this model variations of the
23iPaJ230Th ratio through time were simply explained by changes in ocean
productivity.
The application of the ^iPa/230Th ratio as a paleoproductivity proxy requires a
constant 23OThl231Pa fractionation factor (indicated with letter "F"), which is defined
as

However, this assumption does not seem to be valid throughout the oceans
(Rutgers van der Loeff and Berger, 1993). These authors measured a southward
decrease of the 230ThI23lPa fractionation factor on a N-S transect across the
Antarctic Circumpolar Current (ACC) in the South Atlantic, which was explained by
a N-S increase in the scavenging efficiency of 2^Pa relative to ^OTh, may be due to
a change in the chemical composition of suspended particulate matter. Their
findings together with results of other authors (Kumar et al., 1995; Anderson et al.,
1983a; 1983b; 1990; 1994; Shimmield et al., 1988; Taguchi et a l , 1989, Lao et al.,
1992a; 1992b) imply that in certain oceanic areas the chemical composition of
particles has to be considered as an additional factor controlling the ratio at which
231Pa and ^Th are scavenged from the water column.
Furthermore, a recent study (Yu et al., 1996) has revealed that the hydrography may
also control the scavenging of ^Pa. They found that boundary scavenging of 23lPa
is not well pronounced in the Atlantic Ocean (in contrast to the Pacific Ocean, Yang
et al., 1986), where even in the upwelling region off Western Africa the 23lPa1230Th
ratios in surface sediments do not exceed the production ratio. The lack of boundary
scavenging of ^Pa in the Atlantic Ocean was explained by the short mean
residence time of deep water (80-100 years, Leynaert et al., 1993), a timescale
similar to that of Pa scavenging and horizontal mixing, which does not allow high
concentrations of dissolved ^Pa to build up in the central Atlantic Ocean, required
for a large scale diffusive transport of ^ P a to the ocean margins. Yu and coworkers estimated, that only half of the ^Pa produced in the Atlantic north of 50Â°
is deposited in the underlying sediments, with the remainder being advected to the
south with North Atlantic Deep Water (NADW). They further suggested that this
exported amount of dissolved ^Pa is removed to the sediments after entering the
ACC south of 50Â°S The enhanced scavenging of 23lPa in the Southern Ocean
south of the Polar Front was speculated to result from the high particle flux within
the productive ACC (Yu, 1994; DeMaster, 1979; Boyle, 1996). If this assumption
holds we should expect a decrease in the 23lPa/230Th ratios south of the productive
ACC, for which Yu et al. (1996) found some support in the only three data points
available to them.
The objective of this study is to find out whether in the South Atlantic the 231Pa/23oTh
ratio is still a reliable tracer for the mass flux of particles. To test whether earlier
observations (Rutgers van der Loeff and Berger, 1993) of a latitudinal gradient of F,
which are based on data from a single N-S transect, occur on a basin-wide scale,
the water column was sampled on several transects throughout the South Atlantic.
In addition, a large number of surface sediments were analyzed for 2siPa and 23oTh
to find out whether the latitudinal gradient of F is also reflected in the sedimentary
231Pa/23OTh record, which would have important consequences for the use of the
231Pa/230Th ratio as a paleoproductivity proxy. Furthermore, to investigate, to what
extent the breakdown of F in the Southern Ocean results from a N-S change in the
chemical composition of particulate matter, 23lPa/230Th ratios were also determined
in sediment trap samples with known chemical composition of sinking particles.

3.3 Sampling and analytical methods
The water column was sampled by in situ pumping to collect the dissolved and
particulate fractions of ^Pa and ^Th. Samples were taken at 16 stations On
several N-S transects across the Antarctic Circumpolar Current throughout the
Atlantic sector of the Southern Ocean during Polarstern expeditions ANT W5
(August-September l992), ANT W6 (October-November 1992) and ANT XI14
(March-May 1994), and at 4 stations in the Southern Weddell Sea during ANT IW3
(Jan-March 1991) (Fig.3-1). Surface sediment samples were taken at each
pumping station and from a large number of additional locations, including
expedition ANT IW2 (Fig.l). Details on station locations are given in the respective
cruise reports (ANT IW2 and ANT IW3: Bathmann et al. (1992), ANT W5: Gersonde
(1993), ANT W6: Bathmann et al. (1994), ANT XIl4: Kuhn, in prep.).

o surface sediments
In-situ pumps
In-situ pumps and surface sediments
A sediment traps
D

Fig.3-1: Map with sample locations.
At each pumping station 300-1400 liters of seawater were filtered in situ by several
nuclepore filter and two Mn02-coated
COSS-filtration systems through a I&
cartridges. A detailed description of the analytical procedures for the cartridges is
given in Rutgers van der Loeff and Berger (1993). Briefly, cartridges were spiked
with appropriate amounts of ^Th and 233Pa as yield tracers and leached On board
under recirculation with a solution containing 0.02 N hydroxylammonium chloride,
0.07 N HN03 and 0.01 N HF. We found that the leaching procedure was not
quantitative for Th (only 40-70% were leached from the cartridges) which prevented

an isotopic equilibrium between the 229Th spike and the Th isotopes in the sample
to be reached. Therefore natural 234Th which is in radioactive equilibrium with its
parent
below a depth of 100m (Rutgers van der Loeff et al., 1997), was used as
yield tracer for the calculation of dissolved ^Th. The leaching procedure for ^Pa
was found to be quantitative. Collection efficiencies for ^Pa and 23OTh are based
on the activities of ^Pa and ^Th leached from the two cartridges in series (Mann
et al., 1984), mostly ranged between 60 to 80% and 85 to 95%, respectively. Filters
were dried (not weighed), spiked with the Same yield tracers and digested in a
microwave using a mixture of 10ml HN03 (65%), 2ml HF (40%), 1ml H202 (30%)
and 2ml HC1o4 (70%). After digestion, Th and Pa were separated on anion
exchange resin (AG1-X8, 100-200 mesh) and further treated according to Anderson
and Fleer (1982). Pa was purified by the conventional TTA-extraction (Anderson
and Fleer, 1982) except for the filtere from expedition ANT Xll4, where an
electroplating method was performed. Good results were obtained b y the
electroplating procedure using polypropylene rather than glass columns (Francois,
pers. comm) for the separation of Pa from Th to prevent the release of silica.
The surface sediment samples were analyzed for ^Pa, Th and U isotopes
according to the following procedure. 0.5g of dry sediment was spiked with ^Pa,
229Thand 236U, and digested in a mixture of 10ml HNOs (65%), 5ml HF (40%) and
5ml HC1o4 (70%). Th and U isotopes were separated, purified and electroplated
according to Anderson and Fleer (1982). For Pa, the electroplating method was
applied. After electroplating onto silver discs, activities of ^Pa, Th and U isotopes
were determined by alpha-, 234Th and 233Pa by beta-counting. Chemical yields for
Pa were around 50% for the conventional TTA-extraction method (except for ANT
1x13 with only 10-30%). Higher chemical efficiencies for Pa (60-80%) were achieved
by the new electroplating method. Chemical yields for Th and U were around 80%
and 50-60%, respectively (except for a number of cartridges with Th-efficiencies
~50%
due to incomplete leaching, See above).
The tracers 236U and 229Th were calibrated with certified standard solutions
prepared from pure U308 and Th02 (PTB-Braunschweig, uncertainty 2.5% (3o)),
respectively. For the calibration of the 233Pa tracer a definite amount of tracer
solution was evaporated on a platinum disc and beta counted. Calibrations were
checked by replicate analysis of the uranium-bearing sediment standards DL-1a
(Steger and Bowman, 1980) and UREM-11 (Hansen and Ring, 1983). Blank
contributions for ^ P a and ^OTh to the sediments were negligible but blanks
contributed mostly around 2-5% to ^ P a in the first and 3-25'10 in the second
cartridge in series. 230Th blanks contributed generally 2-8% (only one cartridge
used). Contributions are highest for the suspended particulate matter with blanks for
^Pa of 3-75% and 1-30% for 230Th. Due to low chemical efficiency for Pa of the
cartridges (only 10-30%) during ANT IX/3 blank contributions for 231Pa were higher
with 8-20% for the first and 14-70% for the second cartridge. Only data with blank
contributions less than 50% were included in the results.
Measured activities of 230Th and ^ P a of the surface sediments were corrected for
detrital, U-supported ^OTh and 23lPa, which is assumed to be in secular equilibrium
with the detrital 234U and ^U, respectively. For samples with a 234U1232Th ratio less

than 0.8, excess activities of 23OTh (xs230Th)and 23lPa (xs231Pa)were calculated as
follows:

The notation (m) stands for measured activity and the factor 0.046 is the activity ratio
of 235UI234U in detrital material. Sediments with 234U1232Th exceeding 0.8 were
assumed to contain authigenic uranium and in those cases unsupported activities
of 230Th and 23lPa were calculated using 232Th (Anderson et al., 1983a):

" R u )designates the 238U1232Th ratio of average detrital material and is based on
those samples with 234U1232Th less than 0.8, R has been found to vary with latitude,
with values around 0.6 north of 60's decreasing to the south to values between
0,3-0.4. These regional variations are included in the calculation of the unsupported
activities. Ingrowth of 23OTh and ^Pa from authigenic U can be excluded because
of the young age of the sediments. Although the calculation of xs231Paand xs230Th
may overestimate or underestimate the supported activities for some of the
samples, this does not significantly affect the conclusions drawn in this study
because of the high 230Th1232Th ratio in most of the samples.
3.4 Results

An overview of xs^Pa/xs230Th ratios of surface sediments throughout the Atlantic
sector of the Southern Ocean is given in Table 3-1 and Fig.3-2. The ratios are
surprisingly well correlated with latitude (Fig.3-3 a). As expected from the low
primary productivity (Berger et al., 1987), lowest xs231Pa/xs230Thratios far below the
production ratio of 0.093 are observed in sediments north of the Polar Front. The
southward increase above the production ratio within ACC persists throughout the
Weddell Sea, where values are mostly clustering around 0.15. Results of dissolved
(elum) 231Pa/230Thare shown in Table 3-2 and Fig. 3-3 (b). The data designate a
rough N-S decrease across the ACC, with lowest values occurring in the central
Weddell Sea (Fig.3-3 b), where dissolved ^Th accumulates relative to ^Pa due
to upwelling and ingrowth (Rutgers van der Loeff and Berger, 1993). 23IPa/230Th
ratios on suspended particles (Table 3-2, Fig.3-3 C ) show the Same N-S trend as the
surface sediments (Fig.3-3 a) with lowest values far below the production ratio in
the northernmost stations, typical for Open ocean environments (Anderson et al.,
1983a; 1983b; Nozaki and Nakanishi, 1985) increasing strongly across the ACC to
the south.

Table 3-1: Activities (dpmlg) of 234U, 232Th, 2mTh, 231Pa, excess 231Pa (xs231Pa), excess 230Th (xs230Th) and xs231Pdxs23OThfor all
surface sediment samples (errors are 10 propagated from counting statistics).
expedition station

latitude

longitude

water
depth

depth

J!?L(Cm)
ANT V11113

PS 1751
PS 1752
PS 1755
PS 1759
PS 1765
PS 1768
PS 1772
PS 1775
PS 1777
PS 1779
PS 1780
PS 1782

4770
4507
4263
3717
3749
3276
4136
2516
2556
3549
4258
5016

0-2
0-5
1-2
0-5
0-5
1-2
1-2
0-5
0-1.5
0-5
0-5
0-5

ANT IN2

PS 1954
PS 1955
PS 1957
PS 1959
PS 1961
PS 1964
PS 1966
PS 1968
PS 1974
PS 1976
PS 1978
PS 1979
PS 1981

4434
4684
4727
4736
4777
4800
4860
4625
4857
4919
4795
4735
4526

0.5-2
0-0.5
0-0.5
0-0.5
0.5-2
0.5-2
00.5
0-0.5
0.5-2
0.5-2
0.5-2
0.5-2
0.5-2

ANT IN3

PS 1991
PS 201 1
PS 2039
PS 2040
PS 2049
PS 2052
PS 2055
PS 2072

394
4428
2123
2674
3320
4322
3609
5372

0-5
0-1
0-5
0-1
0-5
0-1
0-1.2
0-1

5341
5111
4886
5396
4781

0-1
0-1
0-1
0-1
0-1

Table 3-1: (continued)
expedition station

latitude

longitude

water
depth

depth

0 (Cm)
Ant Xi5

PS 2271
PS 2273

3642
3345
4381
4747
4696
3880
3503
2533
1666
5224
3938
4555
4027
4539
4372
1916
3194
2688
4040
4156
3117
2060
3715
3756
4059
5039
3660
2341
4091

ANT XI14

PS 2562
PS 7575

5193
5012
5349
5322
5324
4641
5056
5289
5083
4261
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Fig.3-2: Overview of excess 231PaP30Thratios in surface sediments of the Atlantic sector of
the Southern Ocean. The positions of the Subantarctic Front (SAF), the Polar Front (PF) and
the ACC-Weddell Gyre boundary (AWB) according to Orsi et al. (1995 ) are also shown.

3.5.1 Fractionation of 23lP~aand 23OTh in the
As we have shown above, xs231Pa/xs*30Thratios in surface sediments of the South
Atlantic are characterized by a strong latitudinal gradient with high xs231Pa/xs230Th
ratios far above the production ratio south of the Polar Front, extending to the
Antarctic continent. According to usual scavenging theoty, throughout the oceans
the depositional flux of 230Th is assumed to almost equal its local rate of production
in the water column with little net lateral advection (Anderson et al., 1983a; 1983b;
Yu et al., 1996; Bacon et al., 1985; Francois et al,, 1990). If this assumption also
holds for the Southern Ocean, the high xs231Pa/xs*30Thratios south of the Polar
Front suggest that in addition to the local production, a considerable portion of the
231Pa deposited in sediments south of Polar Front must have been supplied by
lateral transport. The average xs231Pa/xs230Th ratio of about 0.15 in surface
sediments south of Polar Front would suggest a lateral contribution of ^Pa to the
sediment inventory of almost 40%. This model was applied to calculate the ^Pa
mass balance for the Southern Ocean (Yu et al., 1996). Assuming a mean
xs231Pa/xs230Th
rain ratio of 0.1 7 they estimated that the depositional flux of 2^Pa
throughout the entire Southern Ocean balances in situ production plus 23lPa Import
from the Atlantic Ocean, suggesting this region to be an important sink for ^Pa.
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Based on the fact that scavenging of ^Pa in excess of its production in the water
column is weil known from high productivity regions at ocean margins (boundary
scavenging), previous authors have hypothesized that this process might also occur
in the Southern Ocean (Yu et al., 1996; DeMaster, 1979). They suggested that the
enhanced scavenging of 23lPa in the Southern Ocean south of the Polar Front
primarily results from the high particle flux within the Antarctic Circumpolar Current
(ACC). If this assumption holds, then we should expect a corresponding decrease
of the xe231Pa/xs230Thratio in surface sediments south of the ACC (e.g. in the
Weddell Sea), where particle fluxes are thought to be much lower than further north
(Fischer et al., 1988; Wefer and Fischer, 1991). However, indistinguishable
xs231Pa/xs230Thratios in surface sediments south of the ACC from those underlying
the ACC are in conflict with this model.
The Same conclusion can be drawn from the water column distributions of ^Pa
and 230Th. While in an earlier study (DeMaster, 1981) the high xs231Pa/xs230Th
ratios
in rapidly accumulating sediments underlying the ACC were hypothesized to result
from quantitative stripping of the dissolved concentrations of ^Pa and 230Th from
the water column because of the high particle flux, our data confirm recent results
(Rutgers van der Loeff and Berger, 1993) and clearly indicate, that there is no
significant depletion of either radionuclide in the water column within the ACC
relative to the less productive regions to the north and south. Furthermore, the
observed N-S decrease of dissolved 23lPd23oTt-1ratios across the ACC is in conflict
to what should be expected from published scavenging models (Anderson et al.,
1983a; 1983b; Bacon and Anderson, 1982). In the scenario described in Yu et al.
(1996), namely the southward flow of NADW into the ACC, the dissolved
231Pd230Th ratio of this water mass should increase as it enters the area of
enhanced particle flux because of the preferential removal of 23OTh over ^Pa.
Although total mass fluxes measured in sediment traps within the ACC, located at
50Â° (PF-1) and 55's (B0 1+2) with 38.3g-m-2.y-1(Wefer and Fischer, 1991) and
5~3.1g.m-~-y-~
(Fischer and Wefer, unpublished), respectively (Table 3-3) exceed
most values observed for the typical Open ocean (7-45g-m-^Y-1;Wefer, 1989), they
are much lower than values occurring in upwelling regions at ocean margins
(often>IOOg-m-2-y-1;Yu, 1994; Wefer, 1991). At this mass flux in the ACC, it is not
likely that ^"ia is scavenged significantly above its rate of production in the water
column (Yu, 1994). Consequently, the enhanced scavenging of 231Pa within the
ACC does not seem to result from an enhanced mass flux of pariicles, as postulated
previously (Kumar et al., 1993; 1994; 1995; Lao et al., 1992a; 1992b; Francois et al.,
1993; Yu, 1994), but is more likely explained by a N-S change in the ThIPa
fractionation factor (F), This is clearly illustrated in Fig.3-4, where F is plotted against
latitude. North of 48OS high values of F around 10, typical for the Open ocean
(Anderson et al., 1983a; 1983b; Nozaki and Nakanishi, 1985), indicate a strong
preference for the adsorption of Th On particles, while to the south F decreases
gradually to relatively constant values between 1 and 2 south of 60Â°SIn theory, the
strong N-S decrease of F may result either from a southward decrease in the
scavenging efficiency of ^Th, or from a respective increase in the scavenging
efficiency of ^Pa. However, as long as we do not have data on the activities of
both radionuclides on a weight mass basis, and consequently on their distribution
coefficients, or on their inventories in the sediment this question can not be
answered. In line with general scavenging theory (Anderson et al., 1983a; 1983b;

Bacon et al., 1985; Bacon and Anderson, 1982) in the following we will therefore
assume that the scavenging efficiency of ^Th does not change with latitude.
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Fig.3-4: Latitudinal gradient of the ThIPa-fractionation factor (F) in the South Atlantic. Errors as
in Fig.3-3.
3.5.2 Effect of the composition of particles on F

The strong latitudinal gradient of F in the South Atlantic south of Polar Front can
only be explained by a N-S change in the chemical composition of particulate
matter, thus confirming recent speculations (Rutgers van der Loeff and Berger,
1993). Particles with a clear preference for the adsorption of ^Th relative to ^Pa
are only observed north of 48OS, while to the south the abundance of a particulate
phase with a high scavenging efficiency for ^Pa increases, which dominates
scavenging south of 60Â°S Values of F close to 1 show that this particulate phase
does not substantially fractionate ^Th and ^Pa, MnOg is thought not to fractionate
^Th and 231Pa (eg. Anderson et al., 1992), and scavenging by Mn02 coated
particles has been suggested to explain values of F around 1, found at ocean
margins (e.g. in the Panama and Guatemala basins; Anderson et al., 1983b).
Further evidence for unpreferential scavenging of 237Pa and 2^Th Comes from
hydrothermal plumes, rich in Fe and Mn, emanating near mid ocean ridges
(Shimmield and Price, 1988). Although Mn02 coated cartridges do fractionate ^Th
and ^Pa (based on the slightly higher collection efficiencies for 230Th than for
Z3lPa), this effect seems to be small and a N-S increase in the availability of Mn02coated particles in the water column could explain the N-S trend of F. Since we
have no data on the Mn and Fe contents of suspended matter south of the Polar
Front these possibilities cannot be further assessed. However, we are not aware of
sources like hydrothermal activity that would cause a N-S increase in suspended
Mn and Fe-oxyhydroxides,

Biogenic opal is also suggested to have a high affinity for the adsorption of ^Pa,
which is hypothesized on the basis of field observations (Kumar et al., 1995; Lao et
al., 1992b; Rutgers van der Loeff and Berger, 1993; Yu et a l , 1996; Taguchi et al.,
1989; DeMaster, 1979) and laboratory experiments carried out by Anderson et al.
(1992) who determined a F factor of 1.1, indicating that opal does not significantly
fractionate ^OTh and ^Pa. Available data on the composition of settling particles in
the South Atlantic, based on sediment trap studies (Fischer et al., 1988; Wefer and
Fischer, 1991) show a strong N-S increase in the content of biogenic opal
contributing up to 70% of the total annual flux (Table 3-3). This N-S increase in the
content of biogenic opal on sedimenting particles agrees well with the N-S
breakdown of F, suggesting this phase to be a possible carrier for 231Pa to the
sediment, although data on the opal contents of suspended particulate are not
available.
Consequently, to further investigate this question we have determined ^lPa/23OTh
ratios in sinking particles with high contents of biogenic opal (Tab.3-3). In Fig.3-5
these data (which will be discussed in more detail in chapter 4) are shown together
with the dissolved ^lPa/230Th ratios measured at similar water depths (85-500m,
Tab.3-2). Assuming that the sinking particles are representative for the suspended
particles, and that they are in equilibrium with respect to exchange of dissolved
231Pa and ^Th, an estimation of F can be made. Although at the trap sites the
dissolved concentrations of ^Pa and 230Th were not measured, it is obvious from
Fig.3-5 that the dissolved 23lPa/230Th ratios are primarily determined by the
geographic latitude, with high values of 0.6 at 50Â° decreasing to relatively
constant values of 0.25-0.30 south of 60's. This well-established relationship can
be used to assess the dissolved 23IPd23OTh ratios at the respective trap sites. Thus,
at PF 1-4 and B 0 1+2, F values were calculated based on the dissolved
ratios available at the Same latitude, whereas for WS-3 an average value of
0.28k0.056 for the region south of 60Â° was taken. F values show a slight N-S
decrease from 1.86k0.43 at PF-114, over 1.35Â±0,1 at BO-112, to 1.01k0.23 at WS3, coinciding with a respective increase in the content of biogenic opal of sinking
particles from 40 to 70% (Tab.3-3), thus strongly supporting the hypothesis of
unpreferential scavenging of ^Pa and ^OTh by biogenic opal in the surface ocean.
Based on these lines of evidence we suggest the high 23lPa/23OTh ratios in surface
sediments south of the Polar Front throughout the South Atlantic to result from
enhanced scavenging of ^Pa by biogenic opal, rather than from a high mass flux
of particles.
Note that there is a general ocean-wide trend that the relative abundance of
diatoms in the phytoplankton increases as primary productivity increases (Dymond
and Lyle, 1985; Nelson et al,, 1995), implying that high opal contents of particulate
matter could be interpreted as a signal of high productivity. If so, in the Southern
Ocean the 23lPa1230Th record of the surface sediments could still be a reliable tracer
for export production. However, as can be Seen from sediment trap data (Wefer and
Fischer, 1991) in this region there is not such a relationship. At Maud Rise (WS-3
and WS-4) where annual mass fluxes vary by a factor of 14, opal contents of
particles are indistinguishable (Wefer and Fischer, 1991). Furthermore, in the
Western Weddell Sea (WS-1) where the mass flux has been shown to be extremely
low (Fischer et al., 1988), opal contents of particles are highest reaching almost
80%.

Table 3-3: Opal contents and xs^Pa/xs230Th ratios of sinking particles, and estimated Ffactors.
trap latitude longitude depth mass flux opal
xa231pa/ *(23lpa/23O~h) F-factor
(m) g.m-2.a-1 (%)
yc230~h

PF 1-4

50" 09.0' S

05' 46.4' E

700

38.3

40

0.322 ? 0.066

dissolved

0.599 ? 0.064

1.86 + 0.43

64" 54.1's 02Â°33.8' 360
33.7
70
0.278 + 0.016
0.280 Â 0.058
1 .O1 Â 0.23
Data on mass flux and opal content of PF 1-4 and WS-3 are from Wefer and Fischer (1991),
and of B 0 1i-2 from Wefer and Fischer (unpublished).
'interpolated from latitudinal gradient of dissolved 23lPaP3OTh ratios
errors are 10 propagated from counting statistics and blank.
WS 3

latitude south
Fig.3-5: Plot of excess ^Pa/230Th ratios of sediment traps (filled squares) and dissolved
(<1pm) 231PaÂ§30Tratios (open triangles) measured in the depth interval between 85 and
ratios.
500m, versus latitude. The stippled line indicates the N-S trend of dissolved 231Pa/230Th
Errors as in Fig.3-3.

3.5.3 The 231Pal230Th ratio as a paleoproductivity proxy
Our study in the South Atlantic has unequivocally revealed that south of the Polar
Front the simple relationship between 23lPa1230Th ratio and particle flux is no more
valid. In particular, the high 23IPal23oTh ratios measured in surface sediments
throughout the Weddell Sea cannot be interpreted as a signal of high particle flux,
because of the low particle flux of this region relative to the ACC, based on
sediment trap data (Fischer et al., 1988; Wefer and Fischer, 1991). Although in the
Western Weddell Sea, minimum particle fluxes of 8g-m-2a-1,estimated from the flux
of opal out of the sediment of 100mmol~m-2a-1
(Schluter et al., submitted), and the
average opal content of sinking particles of 70-80% (Fischer et al., 1988; Wefer and
Fischer, 1991), are much higher than the sediment trap results (0.37g-m-2a-1),
values are still much lower than in the ACC (SchlÃ¼teet al., submitted). Thus, the

high ^IPaPOTh ratios observed are more likely explained by an increased
adsorption of ^Pa to biogenic opal, which contributes up to 80% of the total annual
flux (Fischer et al., 1988). Consequently, in regions where the sedimenting flux is
dominated by biogenic opal, the 231Pd230Th ratio does not seem to be a reliable
inaicator for the mass flux of particles, although a definite conclusion in terms of a
relationship between opal content and fractionation factor cannot yet be given.
The strong affinity of ^Pa to opal has important implications for the use of the
231Pd23oTh ratio as a paleoproductivity-proxy in dated sediment cores, as changes
with time in opal content of the sedimenting flux could have influenced the
scavenging efficiency of 231Pa (Kumar et al., 1995; Lao et al., 1992b). We suggest
that predictions about particle fluxes from the 23IPd230Th ratio can only be inferred,
if high fluxes of biogenic opal to the sediment can be excluded. However, reliable
data about the opal content of sedimenting particles can only be expected in
regions of high bulk accumulation rates, where the preservation efficiency of opal is
high. In contrast, in regions of very low bulk accumulation rates, biogenic opal can
dissolve almost quantitatively at the sediment surface. This effect is well known
throughout the Weddell Sea, where sinking particles are primarily composed of
biogenic opal with up to 80% of the total flux (Fischer et al., 1988), while contents of
opal in surface sediments are extremely low (<I% SchlÃ¼ter1990). Although in this
region most of the biogenic opal production is already recycled in the water column
(Leynaert et al., 1993), the flux of dissolved silica out of the sediments (1OOmmol-m2-a-1in the Central Weddell Sea, SchlÃ¼tersubmitted) which can be regarded as a
minimum estimate of the Si-flux to the seafloor, is still 12% of the production rate of
biogenic opal in the surface water (800mmol-m-2-a-1,Leynaert et al., 1993). With a
bulk accumulation rate of 1g-cm-2-ka-1and an opal content of less than 1% of the
sediments, the burial rate of biogenic opal is estimated to be in the order of
Immol-m-2.a-1,which illustrates that only 1% of the biogenic opal reaching the sea
floor is buried. In contrast to the Weddell Sea, the flux and preservation of biogenic
opal are much higher within the opal belt underlying the ACC, with burial rates of
more than 60% of the primary production (SchlÃ¼teet al., submitted). Based on the
constant 23IPal230Th ratios in surface sediments throughout the South Atlantic south
of the Polar Front, with opal contents varying from less than 1 to almost 80%, we
suggest the primary opal-influenced 231Pd23oTh Signal to be preserved in the
sediment, even if recycling of opal in the surface sediment is almost quantitative.
Consequently, we suggest that the 231Pd230Th ratio can not be applied as a reliable
paleoproductivity-proxy in regions where the flux to the sediment has been
dominated by opal. Variations of the 23iPa1230Th ratios through time normally
interpreted in terms of changes in particle flux could solely result from changes in
the content of biogenic opal on sinking particles. As every other proxy, the
23lPd23OTh ratio is affected by secondary factors, our results frorn the South Atlantic
show again that reliable reconstructions of paleoproductivity can only be made if
several independent proxies are used together,

4 Surface vs. deep-water scavenging of 231Pa and 230Th under high
seasonality in mass flux: Implications for lateral distribution in the

Atlantic Sector of the Southern Ocean
H.J. alter**, M.M. Rutgers van der Loeff, H. HÃ¶ltzen* U.V. Bathmann* and G.
~ischer'
*Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany
~ a c h b e r e i c hGeowissenschaften, University of Bremen, Germany

The scavenging of 231Pa and ^0Th was investigated in the Atlantic Sector of the
Southern Ocean by combining results from sediment trap and in-situ filtration
studies. Even under extreme variations in particle flux, scavenging of ^Pa and
230Th is closely coupled with the annual cycle of particle fluxes. Extremely high
particulate xs231Pa/xs230Thratios (>0.3), far above the production ratio of both
radionuclides in the water column (0.093), are generated in the upper water column
during short-time high-productivity events (plankton blooms) in austral summer. The
high xs231Pa/xs230Thsignal is weakened during downward transport of the bloom
particles in the water column by continuous exchange with suspended particles,
which have a lower xs2^Pa/xs230Thratio due to alteration and reequilibration with
the dissolved phase. As upwelling causes a strong N-S increase of ^Th and 231Pa
in surface waters, we have investigated whether a southward increase of
scavenging from the upper ocean could possibly explain the N-S increase in the
xs231Pa/xs230Thratios observed in Southern Ocean's surface sediments. Estimated
contributions of ^Th and ^Pa from the upper ocean <700m to the buried flux in
the sediment are relatively uniform with latitude, with values of 4 7 % and ~ 3 5 %
respectively. This makes the upper water column unlikely as a source to explain the
high xs231Pa/xs230Th ratios in sediments south of the Polar Front. Rather, the
latitudinal gradient of the sediments is a reflexion of the southward increase in the
xs231Pa/xs230Thratio of suspended particles in the deep ocean which is still found to
be the major source of ^Pa and ^Th to the sediment. Radionuclide fluxes are
highly variable in the Southern Ocean with highest values far above the production
rates of ^OTh and 231Pa in the Bransfield Strait near King George, whereas within
the Antarctic Circumpolar Current evidence for enhanced scavenging was only
found for 231Pa. In contrast, in the Weddell Sea fluxes for both radionuclides are
strongly reduced. Long-term fluxes measured in sediment cores taken from the
Central Weddell Gyre agree well with the sediment trap results, and suggest that
the Weddell Sea is a source for both ^Th and 23lPa to surrounding oceans. The
estimated export of ^OTh from the Weddell Sea of >50% of its production over the
last 180ka has to be taken into account when applying ^OTh for paleoceanographic
studies.

In the last decade the natural radionuclides 23OTh and 231Pa have become of
increasing interest as proxies in the study of paleoceanographic processes. The
231Pa/230Th record of dated sediment cores can be used under certain
circumstances (for a recent review See Walter et al., in press) to assess relative
changes in bioproductivity of the ocean (Lao et al., 1992a; 1992b; Kumar et al.,
1993; Francois et al., 1993; Yu, 1994; Kumar et al., 1995), and of water mass
circulation (Yu et al., 1996; Moran et al., 1997). Both radionuclides are continuously
produced in the water column by decay of their soluble U parents at a n initial
activity ratio of 0.093. After production they rapidly adsorb onto particle surfaces,
and are removed from the water column on timescales of 5-40 years (^Th) and 50200 years (231Pa) (Nozaki et al., 1981; Anderson et al., 1983a; 1983b; Nozaki and
Nakanishi, 1985; Nozaki and Yamada, 1987; Huh and Beasley, 1987; Guo et al.,
1995). Due to its short residence time, the flux to the seafloor of Ã£s230Tthroughout
the oceans almost equals its local rate of production in the water column (Anderson
et al., 1983a; 1983b; Francois et al., 1990). In contrast, the longer oceanic
residence time for ^Pa allows this nuclide to be transported laterally over
thousands of kilometres prior to scavenging, resulting in its preferential removal in
regions of high particle flux. The different pathways of removal from the water
column are reflected by high 23lPa1230Th ratios in oceanic surface sediments
underlying high particle flux regions (e.g. equatorial Pacific, ocean margins),
compared to low particle flux regions (e.g. the central gyres), where ratios are much
lower (Yang et al., 1986; Walter et al., in press). This relationship between
231PaI230Th ratio and mass flux forms the basis for its use as a paleoproductivity
proxy. However, due to a N-S increase in the scavenging efficiency of 231Pa relative
to 230Th in the Southern Ocean south of the Polar Front, the 231PaP30Th record of
surface sediments there does no more reflect total mass flux (Walter et al., 1997). In
this previous paper we have explained the high 231Pal230Th ratios found e.g.
throughout the Weddell Sea, a region of very low partide fluxes (Fischer et al.,
1988; Wefer and Fischer, 1991), by the high content of biogenic opal on
sedimenting particles (>50%), for which a high affinity for ^Pa is suggested
(Taguchi et al., 1989; Anderson et al., 1992; Lao et al., 1992a; 1992b).
In this study an alternative scenario is discussed to explain the unusually high
231Pd23oTh ratios found in the Southern Ocean sediments, which, in addition to the
high opal content of sinking particles, takes into account two aspects that make this
region so different from other oceans: the high seasonality in primary production
(EI-Sayed and Taguchi, 1981; Smith and Nelson, 1986; Jacques, 1989; Leynaert et
al., 1993), and the high radionuclide concentrations in the surface waters (Rutgers
van der Loeff and Berger, 1993).
Time-series sediment trap deployments in the Southern Ocean have revealed
extreme regional and temporal variations in sedimenting flux up to a factor 1000, in
phase with the annual cycle of primary production in the euphotic Zone (Wefer et al.,
1988; Fischer et al., 1988; Wefer and Fischer, 1991). During open-water conditions
in austral summer, short-term high flux pulses (opal content 930%) account for up to
95% of the total annual flux, whereas fluxes are negligible during sea ice coverage
(Wefer et al., 1988; Wefer and Fischer, 1991). First results from a sediment trap
deployed in the Bransfield Strait (Rutgers van der Loeff and Berger, 1991) have

shown, that the scavenging of 2^Pb and 23OTh is closely coupled to the particle flux,
in line with observations at lower latitudes with less extreme seasonality (Bacon et
al., 1985; Fisher et al., 1988; Colley et al., 1995). During such short events of high
diatom productivity, both the mass flux and the high opal content of particles would
favor enhanced scavenging rates of ^Pa relative to 230Th in the euphotic zone.
The high initial 23lPa1230Th signal from the surface ocean would then be transported
rapidly through the water column by fast sinking particles and be superimposed on
the scavenging in deep waters.
Over most of the oceans, activities of ^Pa and 230Th in the surface waters (upper
few hundred meters) are very low (eg. Anderson et al., 1983a; 1983b). Even
quantitative stripping from this layer during a bloom period could not significantly
contribute to their inventories in the sediment. This does not hold for the Southern
Ocean, where concentrations of ^Th and ^Pa in surface waters show a strong NS increase with latitude (Rutgers van der Loeff and Berger, 1993), as a result of
deep upwelling of radionuclide-enriched water masses advected from the north
with North Atlantic Deep Water (NADW) (Yu et al., 1996). Especially south of the
ACC-Weddell Gyre Boundary (AWB), concentrations of 23OTh and 23lPa in surface
water can reach values usually observed only in the deep ocean, so that
scavenging from this layer is expected to contribute much more to the burial flux to
the sediment than elsewhere. Consequently, in contrast to other ocean regions, the
upper water column in the Southern Ocean could have a significant imprint on the
231Pa1230Th signal in the sediment.
In this paper we discuss the hypothesis that upwelling of deep water enriched in
230Th and ^Pa and subsequent near-complete scavenging in surface waters
during shori time plankton blooms creates an effective pathway of nuclides,
especially of ^Pa, to the sediments in the South Atlantic south of the Polar Front. In
order to determine export rates from the upper water column, activities of ^Th and
231Pa were measured in sinking particles collected by time-series sediment traps,
deployed at various water depths throughout the South Atlantic (Fig.4-1). To
evaluate the relative contributions of scavenging from upper and deeper water
column, 23lPal23oTh ratios of settling particles were compared with those measured
on suspended particles and in surface sediments (Walter et al., 1997). Furthermore,
to find out whether the Weddell Sea is a source for 230Th and 23lPa to other regions
in the Southern Ocean, short-term radionuclide fluxes derived from sediment traps,
and long-term inventories in the underlying sediments were related to the
production rates of both radionuclides in the water column.

4.3 MATERIALAND METHODS
4.3.1 Sediment traps

Automated time-series sediment traps (types SIMT 230 & SIMT 233, described in
Peinert et al. (1987), and MARK V & MARK VI, Honjo and Doherty (1988)) were
deployed in the South Atlantic Sector of the Southern Ocean at the Polar Front (PF),
north of the ACC-Weddell Gyre Boundary (BO), in the Northern (AWI 400) and
Central (AWI 208) Weddell Sea, west of Maud Rise (WS) and in the Bransfield
Strait (KG) south of King George Island (Fig.4-I), Experiments were conducted

during expeditions with RIV Polarstern, for details on mooring stations the reader is
referred to the respective cruise reports PFII (FÃ¼tterer1989); PFl3, BO/1, AWI40010 and AWI-208 (Bathmann et a l , 1992); BOI2 and AWI-40011 (Spindler et al.,
1993); AWI-20811 (Augstein et a l , 1991); KG-1 (FÃ¼tterer1984). At most moorings,
two traps were deployed, one in the upper water column (360-1000m), and the
other in the deep ocean (360-500m above the seafloor). Sampling periods ranged
from 10 to 60 days, and except for BOI2 and AWI-40011, a set of data from the
complete annual cycle of seasonal flux changes was obtained. No such high
resolution time-series data are available from PF-1, where as a result of a
malfunction of the stepping motor a one year interval was collected in cup 4 (Table
4-1). Before and after deployment, HgC12 was added to minimize bacterial
degradation (see Fischer and Wefer, 1991).

sediment cores
In-situ Pumps
A sediment traps
Fig.4-1: Map with sample locations. The lines represent the positions of the major
oceanographic fronts after Orsi et al. (1995), from north to south: Subantarctic Front, Polar
Front, ACC-Weddell Gyre boundary.
After recovery, samples were further treated according to Wefer et al. (1988; 1990;
1991). Briefly, after removing large swimmers and wet splitting, a split of the fraction
<1mm was desalted, freeze-dried and weighed to obtain the total mass fluxes. The
size fraction >1mm was negligible except at site B 0 1 during the austral spring
sampling periods. Individual biogenic components (Table 4-3) were determined in

two different ways. Dried material from AWI 208 and AWI 400 was first treated with
HCI to obtain the carbonate content from weight loss. Then the amount of organic
matter was determined as combustable fraction at 550Â°CA portion of material from
the mooring sites PF, BO, WS and KG was treated with 6N HCI and measured in a
CHN analyser for organic carbon. Carbonate contents were also measured in a
CHN analyser using samples that have not been treated with HCI before analysis.
Carbonate was calculated as follows (Carbonate = (Ctota[- Corg) * 8.33). Biogenic
opal was determined by a leaching technique with NaOH at 85OC described in
DeMaster (1981) and in Mueller and Schneider (1993), the latter method being an
improvement of the manual sequential leaching technique of DeMaster (1981 ). The
amount of lithogenic material was estimated as the difference between the sum of
the individual biogenic components and the total mass flux (lithogenic flux = total
flux - opal flux - carbonate flux - 2 * Corg flux). Splits obtained for analysis of 23OTh,
232Th and 23lPa mostly were 114 to 1/16 of the respective sampling interval, except
for KG1o#1 and KG1u#1-2 (# represents the number of the collector, See Table 4-1)
where only 11256 was taken. The radionuclide measurements could not be
performed on the Same high time resolution as the particle flux (Fig-4-2 a,b).
Deployment in shallow water depths, together with the extremely low particle fluxes
over most of the year often required Integration over a large time interval (up to a
one year period) to achieve satisfactory Count statistics for 231Pa. 0.01-1g of dry
sample were spiked with appropriate amounts of 233Pa and 229Th, and digested in
the presence of HN03, HF and HC104. Th isotopes were separated, purified and
electroplated according to Anderson and Fleer (1982), whereas Pa was analyzed
using an electroplating procedure described in Francois et al. (1993). Chemical
yields for Th and Pa mostly range from 85-95% and 50-7076, respectively.
4.3.2 Sediments

Two sediment cores (PS1507, PS1508) and a box corer (PS1509) from the central
abyssal plain of the Weddell Sea, taken during Polarstern expedition ANT V14
(Miller and Oerter, 1990), were selected to study long-term fluxes of ^Th and
23IPa. All locations are situated within the broad center of the Weddell Gyre, where
circulation is sluggish (Pudsey et al., 1988) and measured bottom currents are very
low with values <0.5cm/sec (Fahrbach et al., 1994; Fahrbach and Rohardt, pers.
comm.). Apart from a few very localized channels, there is no evidence for erosional
processes to occur in that region (Pudsey et al., 1988; Barker et al., 1988; Kuhn,
pers, comm.). Sediments are predominantly hemipelagic muds, containing thin
layers of distal turbidites ranging from a few mm up to several cm in thickness
(Dieckmann, pers. comm.), which are derived from the southwest during periods of
low sea level (Pudsey et al., 1988). Their occurrence is highest in core 1507 which
is located closest to the continent, and decreases offshore. As such turbidites are
more often found in the deeper parts of the cores (e.g. below a depth of 100cm in
core 1507, probably reflecting isotope stage 6, See below), to minimize their
influence, our investigation is restricted to the upper 100cm (Fig.4-3). Since the
activities of vs231Pa and vs230Th in the turbidity layers are very low, they cannot
contribute much to the mass balance of both radionuclides in the sediment.
Continuous samples of the cores, each representing a homogenized 1-5cm
sediment slice, were taken for analysis of ^Pa, U and Th isotopes. 0.5g of dry

sediment was spiked with ^Pa, ^Th and ^U, and digested in the Same way as
the sediment trap samples. For U and Th the chemical procedure follows the
description of Anderson and Fleer (1982). Chemical yields for Pa obtained by the
electroplating method (Francois et al., 1993), often were very low (<10%), probably
reiated to the precipitation of amorphous silicious compounds in the final Stage of
the digestion step after almost complete removal of HC1o4 by repeated washings
with HN03. Better yields (45-60Â°/0were obtained by a modified procedure based
on the recovery of Pa that was lost on such silicious compounds (Geibert, in prep.).
Chemical yields for Th were comparable to those obtained for the trap material. For
U values ranged between 30 and 70%.
4.3.3 Calibrations and data reduction

Activities of 23-iPa, Th and U isotopes were determined by alpha-, 233Pa by beta
counting. The tracers ^Th and 236U were calibrated with a certified standard
solution prepared from pure Th02 and U308 (PTB-Braunschweig, uncertainty 2.5%
(3o)), respectively. To calibrate the 233Pa tracer a weighed amount of tracer solution
was evaporated on a platinum disc and beta counted. Calibrations were checked
by repeated analysis of a uranium-bearing sediment standard, UREM-11 (Hansen
and Ring, 1983). Blank contributions of ^OTh were negligible for the sediments but
significant for the sediment trap material with values up to 14%. For ^Pa blanks
contributed 0.2-30% to the sediments and 1-27% to the trap material.
Measured activities of 23OTh and 23lPa of the sediments were corrected for detrital,
U-supported activities of ^Th and ^Pa using the following equations:

The notations (xs) designate unsupported and (m) measured activities, and the
factor 0.046 is the 235UI234U activity ratio in detrital material. A correction for
ingrowth of 23OTh and ^Pa from authigenic uranium was not necessary, as
234UI238U ratios are always C I , and 234U1232Th ratios are invariably low with values
c0.5.
For the sediment trap material detrital 23OTh1232Th ratios (indicated by letter "W),
were estimated from 234U1232-i-hratios measured in surface sediments (Walter et al.,
1997) in the vicinity of the respective moorings. Corrections were made as follows:

Values of "R" were 0.7 at the Polar Front (PF) and Bouvet (BO), 0.6 at AWI 400, 0.4
at AWI 208, and 0.77-0.89 near King George (KG). Because of the high 230Th/232Th
ratios (>20) in most of the samples, corrections generally were very small with 1-4%
for ^Th and less than 1% for ^Pa. This does not hold for the trap deployed in the
Bransfield Strait, where activities of ^Th both in the upper and lower trap are very

high reaching 50-82% of the measured 230Th activities, The strong influence of a
lithogenic component at this location (Table 4-1) is suggested to result from
resuspension of sediments derived from the adjacent shelf regions (Abelmann and
Gersonde, 1991). If we assume that the resuspended sediment is of very old age so
that its unsupported activities have already decayed, an upper limit for xs230Thand
xs231Pa (Table 4-1, Fig.4-2 b) can be given. Note the strong influence in the
uncertainty of the detrital 230ThJ232Th ratio "F$" on the calculation of unsupported
fluxes at this location, especially for 230Th. A lower limit for 2 3 0 and xs231Pacannot
be given, as the amount of unsupported activities in the resuspended sediment is
not known.

4.4.1 Fluxes in the water column
Radionuclide data for the sediment trap material are listed in Table 4-1. Fluxes of
^Th and ^Pa are closely coupled with the annual cycle of total mass flux of
particulate matter (Fig.4-2 a,b) confirming earlier results on 230Th and ^OPb
(Rutgers van der Loeff and Berger, 1991). During the short peaks in particle flux
occurring in austral summer, radionuclide fluxes are very high, followed by much
lower fluxes over the rest of the year. xs231PaPOTh ratios of the individual samples
all exceed the production ratio of 0.093 with values spanning a wide range from
0.1 1 to 0.91 (Table 4-1).
In Table 4-2 total annual fluxes of ^Th (FaTh) and ^Pa (FaPa) are presented and
are normaiized to their expected fluxes (Fp) from production rates in the water
column using the following equation

where z is the water depth [m] and Ã is the production rate in the water column ( Ã Ÿ ~
= 0.0252; ÃŸp = 0.00233 [dpm/m3/y]). Apart from the moorings at KG, calculated
Fa/Fp ratios for 23OTh are below 1, whereas for 231Pa, ratios exceed 1 in most of the
shallow traps (Table 4-2). Lowest ratios of Fa/Fp for both radionuclides are
observed in the deep traps at moorings B 0 and AWI 400. Mean annual
xs^lPd230Th in the shallow traps are extremely high with values of 0.28-0.46. A NS trend of increasing 231Pd230Th ratios, as observed so clearly for the surface
sediments and the suspended particles (Walter et al., 1997), is not Seen. In 3 out of
4 mooring sites, 231Pd230Th ratios in the deep traps are lower than in the shallow
traps by almost a factor of 2 (Tables 4-1, 4-2). Values in the deep traps increase
from 0.16 at the Polar Front (PF-3) to 0.27 south of the ACC-Weddell Gyre (AWI
400). In the deep trap from the Bransfield Strait (KG) an intermediate ^Pa/^Th
ratio of 0.22 was measured. Note that the 231Pd230Th ratios even for the deeper
sediment traps are still much higher than those found in nearby surface sediments
(Table 4-6, Walter et al., 1997). Data on the chemical composition of the sediment
trap material are listed in Table 4-3. Opal is the dominant biogenic component on
sinking particles, ranging from 40% at the Polar Front to 70% in the Weddell Sea.

Table 4-1: Mass fluxes, concentrations of
sarnple

trap
collection interval
depth (rn)

230Th

and 231Pa and xs231Pa/xs230Th ratios of the sediment trap samples.

days rnass f h 2 3 2 T h
(mg/m2/d) (dprnlg)

23oT h
(dpm/g)

$('Th
(dprnlg)

231 Pa
(dpmlg)

~ $ 3 1Pa

1.894 Â 0.116
0.455 Â 0.051
1.790+0.183
3.120 Â 0.277

1.873 Â 0.117
0.438 0.052
1.724 k0.186
3.042 0.282

0.594 2 0.059
0.084 0.022
0.388Â±0.06
0.610 Â 0.097

0.593 2 0.059
0.083 0.022
0.385 0.066
0.607 Â 0.097

(dprnlg)

231 pa1230Th xs231 PaIxs230Th

Polar Front 1.50W9.0'S. 05'50'E. 3750m
PFlMl-3
700
15. Jan 87 - 16. Mar 87
PFlo#4
16. Mar 87 - 12. Mar88
Polar Front 3. 50'07.6's. 05'50'E. 3785m
PF3o#1-17
614
10. Nov 89 PF3u#1-2
3196
10. Nov 89 PF3u#3
3196
22. Dec 89
PF3u#4
3196
12. Jan 90 PF3u#5
3196
02. Feb 90 PF3u#6
3196
23. Feb 90 PF3u#7-17
3196
16. Mar 90 -

23. Dec 90
22. Dec 89
12. Jan 90
02. Feb 90
23. Feb 90
16. Mar 90
23. Dec 90

ÃŸouve1. 54'20.6's.
B010#1
B010#2
B010#3
B010#4
B010#5
B010#6-20
B01U#$*
B01u#2
B01u#3-20

20. Jan 91
12. Feb 91
07. Mar 91
30. Mar 91
22. Apr 91
01. Apr 92
20. Jan 91
12. Feb 91
01. Apr 92

-

03'22.W. 2734m
450
28. Dec 90 450
20. Jan 91 450
12. Feb 91 450
07. Mar 91 450
30. Mar 91 450
22. Apr 91 2194
28. Dec 90
2194
20. Jan 91 2194
12. Feb 91 -

ÃŸouve2.54"20.8'S. 03'23.6'W. 2695m
B020#1-20
456
15. May 92 - 01. Dec 92
B02u#1-12
2183
15. May 92 - 12. Sep 92

A WI-400/0. 57'18'S.
400IOu#1
400/0~#2
40010~#3
40010u#4-13
400/0u#14

04Â¡07'E
3700
3700
3700
3700
3700

4467m
26. Mar 91 25. Apr 91 09. Jun 91 24. Jul91 04. Apr 92 -

25. Apr 91
09. Jun 91
24. Jul91
04. Apr 92
10. May 92

A W/-400/1. 57'37.6's. 04'03.2'E. 4495m
400/10#1-2
450
15. May 92 400110*3-4
450
04. Jun 92 400110#5-19
450
24. Jun 92 40011UM-2
3048
15. May 92 40011u#3-4
3048
04. Jun 92 40011u#5
3048
24. Jun 92 400/1u#6-7
3048
04. Ju192400/1u#8-12
3048
24. Jul 92 -

04. Jun 92
24. Jun 92
01. Dec 92
04. Jun 92
24. Jun 92
04. Jul 92
24. Jul92
12. Sep 92

* no sarnple available f o r radionuclide analysis

~

-10
20
50

156.9
24.7
5.9

- - -

-

0.034 Â 0.023
0.029 0.021
0.110+0.054
0.130 Â 0.082

+

+
+

+

+
+

0.314 k0.037 0.316 20.037
0.184 0.053 0.190 0.055
0.217 +0.043 0.224 20.045
0.196 Â 0.036 0.199 k 0.037

+

+

Table 4-2: Annual mass fluxes, concentrations, fluxes (Fa)
and
h xs231Pa,
and mean ~ ~ 2 3 l P a / ~ ~ 2 3ratios
0 T h for the
. ~,and expected fluxes (Fn)
~ , . ,of ~-~ 2 3 0 T
..sediment trap samples.
sarnple

d e ~ t h collection interval
(m)

Bouvet 1

450

Bouvet 1"
Bouvet 2
Weddell Sea 3
AWI 20811
AWI 20812
AWI 40010
AWI 40011
King George 1

King George 1'

28.Dec90-01.Apr92
20. Jan 91 - 01. Apr 92
28. Dec 90 - 01. Apr 92
15. May 92 - 01. Dec 92
15. May 92- 12. Sep 92
16. Jan 88 - 03. Feb 89
05.0~189- 14. Nov 90
29. Dec 90 - 19. Sep 92
26. Mar 91 - 10. May 92
15. May 92 - 01. Dec 92
15. May 92 - 12. Sep 92
31. Dec 83 - 25. Nov 84
01. Dec 83 - 25. Nov 84
01. Dec 83 25. Nov 84
15.Jan87 - 11.Mar88
10. Nov 89 - 23. Dec 90
lo.NOV89-23.Dec90

days rnass "^ass flux
flux#
(g/m2/y)
(g/m2)

rnean
xsZ3OTh
(d~m/g)

Fa(Th)
Fp(Th)
dpm/rn2/y dpm/rn2/y

Fa/Fp(Th)
X

mean
S Pa~
(d~m/$)

~

Fa(Pa)
Fp(Pa) Fa/Fp(Pa)
dprnlrn21y
~
dprnlm2ly

460

84.91

67.38

0.081i0.003

5.47k0.20

11.34

0.48Â±0.0

0.028k0.002

1.85Â±0.1

1.05

1.77k0.10

408

36.9

33.01

1.141Â±0.03

37.66k1.18

80.54

0.47Â±0.0

0.185Â±0.00

6.10Â±0.3

7-46

0.82Â±0.0

-

Polar Front 1
Polar Front 3
3196

'estirnated frorn total rnass flux (BOII) and expected total mass flux (KGII, Wefer et al., 1988). see text for details.
#per total sarnpling time

mean
xs231Pa/
xÃ£230T
0.339k0.023

rnass flux (rng/rn%l)

nuclide flux

(dprn/rn21d

rnass f ~ u x(mg/rn2/d)

nuclide flux

(dpm/rn2/d)

300

250

Fa/Fp(Pa): 1.32
......................

Fig.4-2 (a): Seasonality in particle flux, and in fluxes of x>30Th (light shaded) and x>31Pa (dark
shaded) at the respective trap moorings. The stippled lines are the expected fluxes of
(upper line) and xs231Pa (lower line) from their respective production rates. The Fa/Fp ratios in
brackets at BO-1, 2194m are corrected for the expected activities from mass flux of CUP 1. for
which no radionuclide determination was made (see text for details).

nuclide flux

mass flux (mglm ^d)
2000

(dpm/rn21d)

nuclide flux (dpmlm*/d)

KG-1,494m
0.4

1500

Fa/Fp(Th): 2.10 (2.99)

1000

500

DJFMAMJ JASON
1.5

1.o

0.5

O DJFMAMJ JASON

Fig.4-2 (b): Seasonality in particle flux, and in fluxes of 230Th and xs231Pa
measured at the
ratio on
mooring site KG. Note the large influence in the uncertainty of the detrital 230Th/232Th
the calculation of excess activities of 23oTh and 231Pa (see text for details). Shaded areas and
stippled lines as in Fig.4-2 (a). The Fa/Fp ratios in brackets in the shallow trap are corrected
values including expected activities from estimated mass flux for CUP 1 (see text for details).
Although opal data for the locations AWI 400 and AWI 208 are not available, the
small lithogenic influence (based On 232Th data) and the low carbonate content (721%) show that fluxes must be dominated by opal there as well.

4.4.2 Fluxes to the seafloor
We derive the burial rates of xs230Th and xs231Pa in the Weddell Sea from their
inventories in the sediment cores. The corresponding age model is based on the
depth distributions of both radionuclides (Fig.4-3). Activities of xs230Th and xs231Pa
in the three cores show similar patterns of minima and maxima with variations up to
an order of magnitude, confirming earlier results (Francois et al., 1993; Frank et al.,
1995; Frank 1996). The xs231Pa/xs230Jhratio roughly follows exponential decay with
depth (Rosholt et al., 1961; Faure, 1986), according to the equation

where m and o refer to the measured and initial xs231Pa/xs230Thratios, t [a] is the
time elapsed since deposition of the sediment, and P O J h and ^Pa
are the decay
constants [Y-11 of ^Th and ^Pa, respectiveiy. Corresponding average sediment
accumulation rates range from 2.7-4.8mmlka (Table 4-4).

Table 4-3: Mean annual composition of the sediment trap material (based on total sampling
time).

depth (m) % opal % Corg % carb % POM % lith reference
BO-1
BO-I*
BO-2
WS-3
208-1
208-2
400-0
400-1
KG-1
PF-1
PF-3
PF-3*

450
2194
456
2183
360
1090
1090
3700
450
3048
494
1588
700
614
3196

63.2
65.6
60.5
53.4
70.3

3.2
1.7
4.1
4.7
6.6

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

43.1
36.2
40.1
47.9
39.6

3.3
2.2
7.5
6.3
13.3

14.0
4.8
16.7
18.3
8.3
12.7
21.1
7.3
13.1
17.8
3.8
4.9
26.5
21.4
22.0

this study
this study
this study
this study
this study
n.d. this study
n.d. this study
n.d. this study
n.d. this study
n.d. this study
32.9 Wefer et al. (1988)
49.9 Wefer et al. (1988)
11.3** Wefer and Fischer (1991)
18.5 this study
n.d. this study

17.0
26.2
11.5
18.9
8.3
21.3

n.d.
9.5

n.d.
n.d.

mean values based on BOIu#1+2, and PF3u#1-6, which represent 90% and 84% of the
total mass flux, respectivtly (during rest of the year not enough material collected for analysis
of its chemical composition)
**this study
An independent approach to derive average sedimentation rates was performed for
the cores PS1507 and PS1508 by using their maxima and minima in the
radionuclide profiles for a stratigraphic classification (Frank et al., 1995). In a
sediment core from the continental margin of the southeastern Weddell Sea these
authors found strong variations in the radionuclide concentrations, resembling the
glacial/interglacial pattern of 8180 stratigraphy with the most drastic increase in the
activity of initial xs230Th from very low values during isotope stage 6 to very high
values in isotope stage 5e. Similar radionuclide profiles have also been found in
other cores adjacent to the Weddell Sea, which led Frank et al. (1995) to suggest
that radioisotope stratigraphy may be a useful tool to date sediment cores in areas
where lack of carbonate prevents the establishment of a 8180 stratigraphy. Applying
their observations to our cores, the well-pronounced peaks at 37.5cm (1507) and
32.5cm (1508) could indeed reflect interglacial isotope stage 5e, and the low
xs230Th concentrations underneath stage 6. Sediment accumulation rates can then
be determined either by assuming that the xs230Th maxima represent the maximum
productivity in stage 5e (120ka; Martinson et al., 1987), or that the minima at 57.5cm
(1507) and 42.5cm (1508) mark the termination of stage 6 (130ka; Martinson et al.,
1987). Average sediment accumulation rates obtained from 23lPa1230Th decay are
in the range of the values obtained from radioisotope stratigraphy (Fig.4-3, Table 44). However, the difficulty in determining the transition from stage 6 to 5e from the
^Th and ^Pa activities results in a relatively large uncertainty in the calculation of
average accumulation rates by the radiostratigraphic method (20-30s lower when
based On the ^Th maxima than when based On the minima, indicated by the
shaded areas in Fig.4-3), which does not allow to unequivocally verify Frank's
hypothesis. Anyhow, the xs231Pa/xs230Thmethod of age determination provides an

Table 4-4: Observed (Ia)and expected (Ie)
inventories of ^Th
xs23-l P a /..~ ~ 2 3 0 Tratios
h
of the sediment cores.
m e

latitude

lowimde

i$tal
X X S ~ ~ ObS.
O T ~~
daTh)

$L!

( )

'

dpm/cm2

x s ObS.
~
(Iopa)
dpm/cm2

and 231Pa, average sediment accumulation rates, and extrapolated initial
X~~~~
~ ~

ernte

P

~~~~$~
Xxs23OTh exp. X X S ~ ~exp.
I P ~laTideTh
(IeTh)
(lepa)

~
acc.rate (C*)

dPm/crn2

laPdlePa.

'n'a'
xs231 pa/xs230~h

dpm/crn2

(*) and (**) are estimates based on radioisotope stratigraphy calculated in M o different ways, first by assuming that the maxima in the radionuclide profiles at
37.5cm (1507) and 32.5cm (1508) represent the maximum productivity in isotope stage 5e (120ka;*), and second that the respective minima at 57.5cm and
42.5cm mark the boundary between isotope stage 6 and 5e (130ka;**). See text for details.

core 1507
xs230Th(dpmlg)

xs23i p a (dpmlg)

pd3O~h)

(dpmlg)

core 1509
xs230Th (dpmlg)

pd30Th)

Fig.4-3: Plot of ^OTh, Ã£s231Pa
and the xs^Pdx~30Thactivity ratio of the sediment cores
PS1507, PS1508 and PS1509 versus core depth. Average sediment accumulation rates were
h ) core depth (right row). The cores
determined by the linear decrease of I n ( x ~ P d x ~ Twith
1507 and 1508 were independently dated by radioisotope stratigraphy in two different way s
(indicated by the stippled lines), first by assuming that the maxima at 37.5cm (1507) and
32.5cm (1508) represents the maximum productivity in isotope Stage 5e (120ka, upper line),
and second that the respective minima at 57.5cm and 42.5cm mark the boundary between
isotope Stages 6 and 5e (130ka, lower line). The shaded area represents the difference of the
two radiostratigraphic approaches.

independent tool to determine average sediment accumulation rates in sediments
of high latitudes where contents of biogenic carbonate are negligible.
In order to compare the results of the sediments with those of the traps, inventories
(la [dpm/cm2]) of xs230Th in each core were calculated by summing up to a depth X
[cm] the product of xs230Th activity [dpmlg] and dry bulk density (D) [g/cm3]. For
xs231Pathe calculation is similar. These data are then compared with the expected
inventories (Ie) of both radionuclides (Table 4-4), calculated from their theoretical
flux (Fp) from the water column in time interval (t), corresponding to the depth X,
according to the equation

The salient feature in Table 4-4 is that for all cores the observed inventories of both
^Th and *^Pa are invariably low with only 33-43% and 47-55% of the expected
values, respectively. Again, for the cores PS1507 and PS1508 the relatively good
agreement of the two independent age determinations is documented by the
similarity of the ratios lalle for both radionuclides. Extrapolated initial depositional
xs231Palxs230Thratios of 0.12-0.14 during the last 90-180ka are almost
indistinguishable from the ratios measured in recent sediments (0.13-0.16).

4.5.1 Seasonality in the flux of 23OTh and 231Pa
In order to better understand the reasons for the high xs231Pa/230Th ratios found in
Southern Ocean's surface sediments south of the Polar Front, here the response of
scavenging of 23lPa and 23OTh to seasonal variations in particle flux and particle
composition is investigated. From the sediment trap results it can be Seen that
fluxes of 23lPa and ^Th are closely coupled with the annual cycle of particle
fluxes, with 75-95% of their annual fluxes occurring during short periods of high
particle flux in austral summer, ranging in duration from 6 to 13 weeks (Fig.4-2).
Radionuclide fluxes generally are linearly correlated with mass flux (Bacon et al.,
1985; Lao et al., 1993; Colley et al., 1995). This correlation holds even under these
extreme variations in particle flux. Correlation coefficients (R2) for ^Pa and 230Th
with mass flux for the individual moorings are 0.79-0.999 and 0.75-0.98,
respectively, which implies that scavenging is not limited by the production rates of
the two radionuclides in the water column.
Sediment traps deployed for at least one year in different oceanic settings with a
16-fold variation in particle flux between low an high productivity regions (Yu, 1994)
have shown that annual fluxes of ^Th change much less than those of ^ P a in
response to variations in annual particle flux, resulting in a strong positive
correlation between xs231Pa/xs230Thand mass flux. If her findings are also valid on a
shorter time scale (e.g. weeks), then particulate xs231Pa/xs230Th ratios during
periods of high particle fluxes should strongly exceed those of low flux periods.
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Fig.4-4: Ã£s231Pa/x230Tratios (a) as a function of mass flux (upper 6 diagrams), and (b) as a
function of the content of opal (lower 2 diagrams) of material collected in sediment traps.

However, such a relationship is not Seen in our data (Fig.4-4 a). xs231Pa/xs230Th
ratios of the traps are independent from seasonal fluctuations in total mass flux.
Additionally, we might expect a positive correlation of the particulate xs231Pa/xs230Th
ratio with increasing content of biogenic opal On sinking particles, but evidence for
such a relationship was not found either (Fig.4-4 b).
4.5.1.1 Adsorption rates in the deep ocean

Fractionation between dissolved and particulate phases is believed to take place
during adsorption to fine suspended particles, rather than during the seasonally
varying aggregation process (Bacon and Anderson, 1982; Bacon et al., 1985;
Nozaki et al., 1981; 1987). Consequentiy, enhanced scavenging of ^Pa relative to
^Th during a plankton bloom would require that both adsorption of the dissolved
radionuclides On colloids and their subsequent coagulation to larger filterable
particles (Honeyman and Santschi, 1989) is rapid on a seasonal tinie scale. We
use the "dissolved" (<1pm) and "particulate" (>1pm) fractions of 230Th and ^Th,
measured on a N-S transect across the ACC into the Weddell Sea during
Polarstern expedition ANT Xll4, to calculate rate constants for adsorption (kl) and
desorption (k2) [y-11for 230Th in the deep South Atlantic (>I 300m), by combining the
following equations (Bacon and Anderson, 1982):

where Cd and Cp are the dissolved and particulate activities of ^Th and ^OTh,
and X234 is the radioactive decay constant of ^Th (10.41 Y-1).Values for kl are 0.30.55 y-1 within the ACC north of 50Â°Sand decrease to the south by a factor of four,
with lowest values around 0.1 in the Weddell Sea (Fig.4-5). According to the
relationship between kl and the concentration of suspended matter (e.g. Bacon et
al., 1982; Rutgers van der Loeff et al., 1997) the N-S decrease of kl implies a
reduced particle concentration in the deep waters of the Weddell Sea compared to
the ACC. Such a trend is not Seen for k2 with values ranging from 0.6 to 3 a-1 (Fig.45). These values of kl and k2 correspond to a residence time of ^Th with respect to
adsorption on suspended particles of 1.8-10 years, and to a regeneration time of
particulate Th of 0.3-1.6 years. Although for ^Pa such a calculation cannot be
made, kl and k2 can be roughly estimated from the 230ThPPa fractionation factor
(F), which in adsorption equilibrium is given by

As values of F measured in the Southern Ocean are always >1 (Table 4-5), even
throughout the Weddell Sea (Walter et al., 1997), and as we have no reason to
assume that k2(Pa) > k2(Th), we suggest that the adsorption rate constant for ^Pa
be slower than for 23OTh. Such long adsorption rates suggest that, at least in

O;

1000 2000 3000 40'00 5000 6ObO

depth (m)

0

0
1000 2000 3000 4000 5000 6000
depth (m)

Fig.4-5: Average adsorption rate constants and desorption rate constants (d-l) calculated
according to Bacon and Anderson (1982) as a function of water depth and latitude north (filled
symbols) and south (open symbols) of the Polar Front.
the deep South Atlantic, the 231Pa/230Th ratio cannot respond to fluctuations in mass
flux and composition of particulate matter on a time scale of weeks to months.
4.5.1.2 Adsorption rates in the surface ocean

Reaction times are much faster in the surface ocean (e.g. Coale and Bruiand, 1985;
Bruland and Coale, 1986; Cochran et al., 1993; Guo et al., 1995). This has been
well demonstrated by a study of Rutgers van der Loeff et al. (1997), carried out in
the euphotic zone (upper 100m) of the South Atlantic (47-57's). kl values for ^Th
during the development of an intensive plankton bloom increased from 0.0018 (d-1)
at the beginning of the bloom to 0.0298 (d-1) at its maximum, corresponding to
residence times of dissolved ^Th with respect to uptake ranging from 1.5 years to
33 days. Using the argument given above for deep waters, these values can also
be taken as minimum residence times of dissolved ^Pa (assuming F > I ) . Although
based on only a few data, these findings imply that the residence times of dissolved
231Pa and ^Th in the surface ocean during a plankton bloom are short enough to
enable a high 231Pa/230Th signal on particles to be established. The 231Pal230-n-i
signal would then reflect both the high concentrations of particles and their high
content of biogenic opal, often exceeding 70%. The constant high ^Pa/*30Th ratio
in the shallow traps throughout the year implies that desorption in low-flux periods
(e.g. by mineralization of the organic matter) does not affect the 231Pa/230Thratio of
the bloom particles. Consequently, the residual particles would carry their high
231Pa1230Th signal from the spring bloom throughout the whole year, consistent with
the sediment trap results (Fig.4-4 a,b). However, data on the residence times of
dissolved and particulate 23lPa and 23OTh in the euphotic zone during the
development of a plankton bloom are needed to verify this speculation.

4.5.2 Change of the high 231Pa/230?'h signature durin
the water column
4.5.2.1 Confinuous exchange with suspended particles

We now investigate how the high particulate 23lPa/230Th signal generated in the
upper water column is likely to be transferred to the sediment. Two possible
scenarios are considered: rapid transport without any modification of the bloom
particles through the water column, and continuous exchange with radionuclide
bearing phases in the deeper water column during their downward transport. Fig. 46 illustrates that the 231Pa/23oTh ratios measured on suspended particles in the
deep Southern Atlantic (Walter et al., 1997) generally are much lower (2-4 fold)
than the ratios found in shallow sediment traps at similar latitudes. Consequently,
any exchange of the bloom particles with suspended particles in the deeper water
column would result in a lowering of their initial 23lPd230Th signature. We do See
such a trend at the sites PF, AWI-400 and KG, where the 23lPaI23oTh ratios of
material collected in the deeper traps are lower by almost a factor 2 than in the
shallow traps (Fig.4-6). This observation implies that the particles found in the
shallow traps do not make their way to the deeper water column without passing
through several cycles of aggregation and disaggregation, by which material from
the deeper water column is taken up. Our results thus corroborate earlier findings
by Bacon et al. (1985), namely that the downward transport of the seasonal
influence affects scavenging rates of 230Th and 23lPa both at the surface as well as
at depth. Moreover, as concentrations of 23OTh and ^Pa On suspended particles
increase with water depth (e.g. Bacon and Anderson, 1982; Anderson et al., 1983a;
1983b), any exchange between the suspended and sinking particle reservoirs
should be reflected by higher concentrations of 2307% and 23Pa of material
collected in the deep traps compared to the shallow traps. As such a trend is Seen
at all moorings, this further constrains the conclusions drawn from the 231Pa/230Th
ratios.
In order to verify the hypothesis of a continuous exchange of the bloom particles
with deep suspended particles, we have compared the 231Pd230Th ratios of the
scavenging increment between upper and lower trap with the values measured On
deep suspended particles. Because of the large uncertainty in the collection
efficiency of the deep traps (see below), it is not possible to determine the
23fPd*30Th ratios of this incremental scavenging by comparing fluxes from the
upper and lower trap. Alternatively, it can be estimated from differences in the
concentrations of 23oTh and ^Pa between upper and lower trap. Such an
approach, however, requires that the bloom particles are not chemically altered
during their downward transport in the water column. Incremental 231PaP30"!^ ratios
calculated in this way are higher than the respective ratios found on suspended
particles (Table 4-5), which is in contrast to our expectations. This discrepancy can
have two causes: First, the bloom particles might have experienced significant
alteration, e.g, by remineralization of labile biogenic particles, which would cause
an increase in the concentrations of 230Th and ^Pa on the remaining more
resistent particles. Consequently, the values for the estimated scavenging
increment must be considered as maximum values. Second, the data for the
suspended particles which are all obtained from water depths >1900m are not
representative for the shallower waters. This can be deduced from the increase with

Fig.4-6: Comparison between xs*31Pa/xs^OThratios of sinking particles collected in shallow and
deep sediment traps, and suspended particles obtained by large volume filtration of seawater.
water depth of the 23OThPPa F-factor (Table 4-6), reflecting an increase in the
scavenging preference of ^Th over 23lPa with increasing age (or alteration) of the
suspended particles. Therefore, the 231Pd23OTh ratios of the suspended >1900m in
table 4-5 must be regarded as minimurn values for the shallower water depths. If w e
take into account these two sources of error in our simple approach (apart from the
site BO, See below), deep scavenging can indeed be described as a continuous
exchange of the bloom particles with the suspended particles during their
downward transport in the water column.
Table 4-5: Comparison of 231Pa/23oTh ratios of sediment trap material, suspended particles,
and surface sediments, and estimated ^IPa/230~h ratios for the scavenging increment
between upper and lower trap.
site depth xs230~h
xs231pa sinking particles suspended surface incremental
dpm/g
d~mlg
>1900m
particles sediments scavenging
m
PF 3

B0 1

+ 0.009

+ 0.003

- 0.10

0.08

-

0.10

0.13

3196 1 . 1 4 8 k 0.036 0.186+ 0.009 0.162 k 0.010
450 0.081 0.003 0.028 0.002 0.339 k 0.023 0.13

- 0.15

0.24

-

0.26

0.43

0.13

- 0.15

0.24

-

0.26

0.49

0.12

- 0.15

0.13

-

0.18

0.23

+

21 94 0.338
B0 2

+ 0.01 0

0.057

+
0.1 5 3 + 0.009
0.097 + 0.005

0.298

0.454 k 0.030

456 0.235 k 0.01 3
0.41 1
21 8 3 0.523 0.027 0.222 k 0.01 3 0.425
40011 450 0.336 0.025 0.159 0.016 0.472

KG 1

+ 0.021

0.07

614 0.191

3048
494

+
+
1.389 + 0.052
0.21 3 + 0.044

+

+ 0.032
+ 0.033
+ 0.058

0.41 1 Â 0.022 0,296 k 0.01 9
0.070 0.01 1 0.330 0.082

+

+

?

?

0.16

Table 4-6: Dissolved and particulate xs^Pa/xs230Th ratios, and 230Th/23lPa F-factors of
water column samples (taken from Walter et al., 1997, and unpublished results "*").
station
latitude
longitude water depth (231pa/230-[-h) (231pa/?.30~h) 230-[-h/231pa
depth
dissolved
particulate
F-factor
PS 2262

48' 30.1's 37' 00.3' W

5396

2500 0.461
4500 0.312

+ 0.039
+ 0.022

0.070
0.032

+ 0.029
+ 0.01 1

6.62
9.73

+ 2.77
+ 3.40

4.5.2 2 Speciality of the mooring site B 0

B 0 is different from all other mooring sites, as the 231Pd230Th signal measured in
the deep traps is similar to those in the upper traps (Table 4-2). Estimated
23iPa/230Th ratios for the incremental scavenging calculated from the difference in
concentrations between upper and lower trap are extremely high with values >0.4
(Table 4-5), far higher than those found on suspended particles (0.15) at nearby
pumping stations. This makes a continuous exchange of the bloom particles with
suspended particles from the deeper water column, as observed for the other
mooring sites, unlikely. As the increase with depth in the concentration of ^ F a and
^Th on particles, in addition to uptake of deeper suspended particles, may also
result from mineralization or dissolution of labile biogenic components, the similarity
of the 231Pd23oTh ratios in the deep and shallow trap might rather reflect lack of
uptake of the bloom particles of suspended particles during sinking. This would
imply that the primary surface signal has survived down to the deep ocean. Such an
Interpretation is further supported by the very high 231PaI230Th ratios found in
nearby surface sediments of 0.25-0.26, among the highest ever observed in the
Southern Ocean (Kumar et al., 1995; Yu et al., 1996; Walter et a l , 1997). The
occurrence of material in the size fraction >1mm (probably reflecting remnants of
large aggregates; Fischer, pers. comm.), might indeed indicate accelerated sinking
at this location. However, since there is no evidence for a larger contribution of
231Pa from the upper water column to the sediment than at the other trap sites (see
last chapter), further investigation is needed to better understand the unusually high
231Pd230Th signature of particles trapped in deep waters at this site.

4.5.2.3 Discrepancy in 231Pafi30Th ratio between deep traps and surface sediments

The ^Pa/^Th
ratios in surface sediments at all mooring sites are still lower than
the values measured in the deep traps (Table 4-5), suggesting continued exchange
of the already altered bloom particles with suspended particles of a more and more
increased scavenging preference of ^Th
over ^Pa
with water depth.
Consequently, when the final particles reach the sea floor, their original high
231Pa/230Th signature from the surface ocean is strongly diminished, although
values still exceed the production ratio of 0.093. Additionally, some 23IPa rnay be
released during dissolution of opal at the seafloor, This continuous modification of
the primary ^Pa/^Th
signal in the water column and probably at the sediment
surface does not allow a reliable prediction of depositional fluxes and of initial
23lPa1230Th ratios to be made from sediment traps deployed in the upper water
column, where the influence of the primary high productivity signal is overwhelming.
4.5.3 Regional variability in the flux of 230Th and ^Pa
column

in the water

Total annual mass fluxes measured in sediment traps Span a wide range from >I00
g/m2/y in the Bransfield Strait, through 54-67 g/m2/y within the ACC, to 7-15 g/m2/y
in the Weddell Sea (Table 4-2). The high mass flux measured near Maud Rise of
33.8 g/m2/y cannot be taken as representative for the Weddell Sea because of its
local high bioproductivity, related to doming of warm deep water forming the Maud
Rise polynya (Comiso and Gordon, 1987). According to the relationship between
mean annual particle flux and mean annual radionuclide flux (Lao et al., 1993; Yu,
1994), as well as from the southward enrichment of the concentrations of ^Th and
to a lesser extent of ^Pa in the water column (Rutgers van der Loeff and Berger,
1993), we should expect large regional differences in the flux of 23IPa and 230Th. As
the traps were not deployed in the Same water depth, we use the annual fluxes of
^Th and ^Pa normalized to their respective production rates, Fa/Fp(Th) and
Fa/Fp(Pa), (Table 4-2), in order to compare regional radionuclide fluxes. As
expected from the high mass flux, highest scavenging rates are documented from
the mooring deployed at KG, with Fa/Fp ratios of 1.8 for ^Th and 4.3 for ^Pa,
implying a strong boundary scavenging effect, much more pronounced for ^Pa
than for 23oTh (Lao et a l , 1992a; 1992b; 1993; Anderson et al., 1994). Within the
ACC (sites PF and BO), Fa/Fp ratios are lower with only 0.4-0.7 for 23oTh and 1.32.2 for 23iPa. At Maud Rise, Fa/Fp ratios for 230Th (0.85) and 23IPa (2.6) strongly
exceed the values measured in the Central Weddell Sea, with only 0.31-0.42 and
0.85-0.94, respectively.
The shortfall in collection of 230Th in the ACC and in the Weddell Sea is in contrast
to the results obtained from a recent compilation of a large number of sediment
traps deployed in various oceanographic settings (Francois, 1990; Yu, 1994).
These authors found that the Fa/Fp ratio for 230Th is almost independent from the
total mass flux of particles, ranging from 0.9 at the lowest annual mass fluxes
measured of only lOmg/m2/y, to a maximum of 1.5 in high particle flux regions with
annual fluxes far above 100mg/m2/y. Hence, according to Yu's findings, at the mass

fluxes measured in the Weddell Sea (7-15mglm21y) and in the ACC (54-67mg/m2/y),
strongly reduced scavenging of ^Th should not be expected. Moreover, the ACC
receives a large amount of 23oTh advected from the north with NADW (Yu et al,
1996), so that we might expect that scavenging of ^Th in this high particle flux
region would rather exceed its production rate (Fa/Fp>l).
4.5.3.1 Evaluation of sediment trap collection efficiencies

It is now to be investigated to what extent the low Fa/Fp ratios for 230Th found in
traps within the ACC and in the Weddell Sea may result from undertrapping of the
downward flux of 230Th. Unfortunately, the model for quantifying sediment trap
efficiencies by combining Information on 231Pa/230Th ratios both in the water column
and on settling particles (Bacon et al., 1985) is not applicable in the Southern
Ocean, because of the strong N-S advection of NADW (Francois et al., submitted).
Therefore, only a qualitative assessment of possible collection biases at the
mooring sites can be given. Monthly averaged current velocities measured at site
PF are high reaching values of more than 10cmIs in the upper 300m and up to
8cmIs in 600-700m (Fig.4-7; Fahrbach and Rohardt, pers. comm.). Current speeds
at this magnitude may introduce a hydrodynamic bias to the collection of fastsettling particles in the shallow sediment traps (Baker et al,, 1988; Gust et al., 1994).
Similar current velocities have been measured close to the ACCIWeddell Boundary
(AWI-400) and near Maud Rise (WS-3), so that a current-induced bias in the trap
efficiency for the shallow traps at all these sites cannot be excluded. Strong
undertrapping might also explain the extremely low FalFp ratios observed in the
deep traps at B 0 (0.16?) and AWI-400 (0.18), far lower than the values in the upper
traps, although monthly averaged current velocities decrease with increasing water
depth (Fig.4-7).
At all other mooring sites, however, a current-induced bias in the collection
efficiency is not expected to be large, since current velocities are much lower (Fig.47, KG-1; Fischer, pers. comm.), with lowest values (<2.5cm/s) recorded from the
traps deployed in the Center of the Weddell Gyre (AWI-208). Therefore, the low
Fa/Fp ratios of 0.4 found in the Central Weddell Sea imply a reduced scavenging
efficiency of 23oTh. From the relationship between Fa/Fp ratio and mass flux (Yu,
1994), we should not expect a value far below 0.9. However, our low Fa/Fp ratios of
0.4 can be understood by considering that the mean residence time of water in the
Weddell Gyre is only 35 years (Rutgers van der Loeff and Berger, 1993),
comparable to the scavenging residence time for 230Th, so that a large amount of
the 23OTh produced in the Weddell Sea is not deposited there, but is exported to
other regions by horizontal advection.
Although further investigation is needed until a reliable estimate of trap efficiencies
in the Southern Ocean can be made, for the remainder of the discussion we
assume that the traps deployed in the Bransfield Strait and in the Central Weddell
Sea (AWI-208) have a collection efficiency of about 100%, whereas those moored
at the Polar Front, at Bouvet and at Maud Rise undertrap the downward flux of
particles, so that their calculated Fa/Fp ratios must be regarded as minimum values.
As we do not have an explanation for the extremely low Fa/Fp ratios found in the

Fig.4-7: Monthly averaged current speeds measured in different water depths at the
respective trap moorings (Fahrbach and Rohardt, unpublisheddata).
deep traps at Bouvet and AWI 400, these data are not used in the following
interpretation.
4.5.3.2 Sources and sinks of ^'Pa and ^ T h

The sediment trap fluxes measured in the upper water column (<I 100m) of the
Southern Ocean thus imply, that the ACC is a strong sink for ^Pa, especially if we
measured at the Polar
take into account that the values for Fa/Fp(Pa) of 1.3-2.2
Front and at Bouvet are lower limits. This interpretation is consistent with the stong
advective import of dissolved 231Pa into the ACC derived from the Atlantic (Yu et al.,
1996), and by the high ^Pa inventories found in sediments underlying the ACC
(DeMaster, 1979). In contrast, the low FaIFp ratios in the Central Weddell of 23oTh
(<40%), and to a lesser extent for 231Pa (<90%), show this region to be a strong
source for ^Th and a small source for ^Pa. Within the Weddell Sea, the Maud
Rise polynya is a local sink for 231Pa and probably also for 230-1-h.The very high

Fa/Fp ratios for 23lPa >4 and 230Th >1.6 in the Bransfield strait show that this local
high productivity area is a strong sink for both radionuclides, and thus behaves as a
typical ocean margin (e.g. Anderson et al,, l983b; 1990; 1994; Lao et al., l992a;
1992b).
4.5.4 The Weddell Sea, a source for 230-rh and ^Pa:
sediment traps and long-term sediment record

Evidence from

Previous authors have interpreted the high xs231Pa/xs230Thratios far above their
production ratio of 0.093, found in sediments of the Southern Ocean, as evidence
for enhanced scavenging of ^Pa, which would make this region an important sink
for the deposition of ^Pa transported by advection with NADW (DeMaster, 1979;
Yu et al., 1996). This assumption is reasonable in the ACC, where particle fluxes
are high (Table 4-2), so that scavenging of 23OTh is expected to be equal or even
higher than its local rate of production in the water column (DeMaster, 1979; Yu et
al., 1996). However, south of the ACC/Weddell Gyre boundary where particle fluxes
are much lower, a high xs^Pd230Th signal in the sediment does no more
necessarily mean that scavenging of ^Pa is enhanced, which is illustrated by the
sediment cores investigated from the Central Weddell Sea (Table 4-4). Despite
their high 23lPd230Th ratios of 0.12-0.14, averaged over the last 90-180ka,
inventories of 230Th and ^Pa in this time interval only reach 33-43% and 47-55%
of their expected inventories from production in the water column, respectively
(remember that 40% and 87% of their respective production were found in the
sediment traps), These findings suggest that the Weddell Sea is a net source for
both radionuclides. This implies that over the last 180ka about half of the 2mTh and
231Pa produced in the Weddell Sea must have been advected to other regions of
the Southern Ocean prior to scavenging, where particle fluxes are much higher,
such as the ACC (Table 4-2).
For 23oTh, the long-term results coincide with those of the three year sediment trap
deployment (site 208) at 1000m water depth (40% of the production), whereas for
231Pa, the trap values (87% of the production) are higher. As we have Seen above,
the high 231Pd23oTh signal at 1090m is altered during downward transport in the
water column by continuous uptake of particles with an increased scavenging
preference of ^Th over ^Pa. Based on the measured fluxes at 1090m, the
xs231Pa/230Th ratio in the surface sediment of 0.15 (core 1508) yields upper and
lower limits for the fluxes of 230Th (40Â°/o<x<740/o and 231Pa (46Â°/~<x<870/~)
respectively, to the seafloor. If the change in the scavenging efficiency with water
depth is much less pronounced for ^Th than for ^Pa, then the depositional fluxes
of both radionuclides are close to the lower limit and thus are in very good
agreement with the sediment record.
Our results agree with those of an earlier study carried out in the Eastern Weddell
Sea by Rutgers van der Loeff and Berger (1993), which was based on the water
column enrichments of 230Th and 23lPa in the Eastern Weddell Sea. The authors
explained the reduced scavenging rate of 230Th by the short mean residence time of
water in the Weddell Gyre of 35 years, comparable to the scavenging residence
time of ^Th. As the scavenging residence time for ^Pa in the Weddell Sea is

similar to that of 23OTh, as can be deduced from the measured values of F between
1 and 2 (Walter et al., 1997), the findings of Rutgers van der Loeff (1993) may also
account for the low scavenging rates for 23lPa. Their modeling makes the
deposition rate of ^Th, and to a lesser extent of ^Pa, sensitive to changes in the
circulation time of water in the Weddell Gyre, that may have occurred in the past.
E.g., a much longer residence time of water in the gyre during glacial times, as
might have resulted from a strongly reduced formation rate of Weddell Sea deep
waters, would, despite the low particle fluxes, possibly allow more ^Th and ^Pa
to be deposited in the Weddell Sea. The low concentrations of 230Th and ^Pa
during glacials, and the low mean 230Th and 231Pa inventories in the sediment
cores suggest that over most of the last 180ka the circulation pattern cannot have
deviated that much from that of the modern Weddell Sea.
4.5.4.1 Implications for the use of the ^ T h constanf flux model in the Southern
Ocean

The reduced scavenging efficiency of ^Th
in the Weddell Sea also has
consequences for the calculation of vertical rain rates based On the 23OTh constant
flux model. For a description of this model See Bacon (1984) and Suman and
Bacon (1989). Briefly, it is assumed that the flux of 23OTh to the seafloor within a
basin is constant and equals its rate of production from ^U in the water column.
The activity of .vs230Th
in the surface sediment is then inversely proportional to the
.total mass flux, and decay corrected xs230Th can be used as a reference against
which the flux of other sedimentary components can be estimated. According to this
model, the low 230Th inventories (33-43%) in the Weddell Sea cores would be
regarded as evidence for strong sediment winnowing at this location (57-67% of
their original inventary being deposited elsewhere), so that ^Th-normalized
vertical rain rates of sedimentary components like Corg, biogenic opal or biogenic
Ba, would be overestimated by up to a factor of 3. On the other hand, enhanced
burial fluxes of ^Th (>100% of its production), as assumed for the ACC, which
receives a large amount of 230Th advected from the Atlantic and probably from the
Weddell Sea, would be regarded as indication for sediment focussing and would
thus lead to underestimate vertical rain rates, Consequently, we suggest that in the
Southern Ocean the application of the ^Th constant flux model is limited not only
in the Weddell Sea, but also in the ACC.

4.5.5 Shallow vs. deep scavenging of

23o-m

and

231Pa

As we have Seen above, the 23lPa/230Th signal buried in sediments of the Southern
Ocean contains both a high 23lPa/230Th bloom component (>0.3) generated in the
upper water column during short plankton blooms, and a lower 231Pa/230Th
component from the deep ocean (<0,2, dependent on water depth and latitude, See
Table 4-6), represented by the suspended particles. An increase with latitude in the
contribution of the bloom component, as might result from the strong increase in the
concentrations of ^Th and
in surface waters (Rutgers van der Loeff and
Berger, 1993), could thus explain the N-S increase in the xs231Pa/xs230Thof
sediments south of the Polar Front. In order to test this hypothesis, annual fluxes of

^Th and 231Pain the shallow traps were normalized to a constant water depth of
700m (normalized flux = measured flux/mooring depth * 700m). These values were
then compared with expected fluxes to the sediment, calculated from production in
the water column (in the Weddell Sea 40% of this value). Such a N-S trend in the
surface contribution of the fluxes of 23OTh and 231Pa to the sediment is not Seen
(Table 4-7). Instead, contributions for ^Th are more or less independent from
latitude, whereas for 231Pa highest values are observed in the ACC at PF-1 (50's)
with up to 40% of the flux to the seafloor produced in the upper 700m. Note, that the
estimated sediment contributions for the sites in the ACC (PF, BO) may be biased to
some extent because of the uncertainty in the trap efficiency and in the depositional
flux of 230Th in this region. Despite the high surface concentrations, in the Weddell
Sea, the export rates of ^Pa from the upper 700m only amount to about 20% of the
expected flux to the sediment. Hence, the salient result of this rough estimate is that,
throughout the Southern Ocean, the sediment seems to receive a more or less
constant contribution of ^Th and ^Pa from the surface ocean. This observation
leads us to conclude that it is not the episodic export of ^Th and 23lPa from the
surface ocean by fast sinking particles carrying a high 231Pd23oTh signal that
accounts for the latitudinal gradient of the xs231P&230Th ratio of surface sediments.
It is more likely explained by the N-S increase in the 23lPd230Th ratio o f the
standing stock of suspended particles (Table 4-5), which is the major source of
230Th and 237Pa to the sediment with contributions >700m water depth of 930% and
>60%, respectively, as deduced from Table 4-7.
Table 4-7: Export rates of ^Th and ^Pa from the upper water column (0-700m), and their
estimated contributions to the sediment at the trap sites arranged in order of latitude
site
latitude
/00m normalized flux
expected flux
estimated sediment
south
contribution from <700m
23OTh
231pa
230Th
231pa
230Th
231 Pa
dpm/m2/y dpm/m2/y dpm/m2/y dpm/m2/y
%
%
8.8
7
24
PF-1
50Â°09.0
6.9*
95
2.2*
8.8
12
40
PF-3
50'07.6'
3.5*
94
11.8*
17.1
13
17
BO-1
54'20.6'
8.7*
69
2.9*
7.1
13
24
208-1
65'56.2'
5.5
52
1.6
7.1
17
21
208-2
7.5
52
65'56.2'
1.4
19
12
22
WS-3
64O54.1'
15.0
4.2
127
* uncertainties in trap efficiency and depositional flux of 230Th are not considered. Expected
fluxes for ^Th were calculated from production in the water column, assuming a scavenging
rate of 100% (except for the site 208 of only 40%). For ^Pa expected fluxes are calculated
as follows:
231 Paexp= 230Thexp/0.093
* xs231Palxs230Th
sediment

We have recently shown (Walter et al., 1997), that the increase in the particulate
231Pd230Th ratio with latitude results from a N-S decrease in the 230ThI23lPa Ffactor, which we related to a corresponding increase in the opal content of sinking
particles. Here we show (Table 4-3) that the opal content of sinking particles
collected in the shallow traps increase from 40-47% at the Polar Front (50's) to
70% in the Weddell Sea (65's). Moreover, apart frorn the mooring Bouvet, opal

contents of sinking particles collected in the deep traps are 20% lower compared to
those in the upper traps (sites PF-3 and KG-1, Table 4-3). This observation implies
that the suspended particles taken up in the deeper water column must be
chemically different from the initial bloom particles, Probably these deep suspended
particles represent ancient bloom particles, that have experienced dissolution of
opal in the water column (Leynaeri et al., 1993). Continuous reequilibration
between sinking particles, suspended particles and the dissolved phase could thus
account for the observed increase in the ^Th/^Pa
F-factor with water depth
(Table 4-6).
These new data add to the argument that the N-S decrease of the F-factor is likely
to reflect an increased portion of opal on suspended particles with latitude.
Consequently, episodic aggregation of the suspended particles from this large
reservoir, triggered by short events of high particle flux in the euphotic Zone, could
explain the high xs231P&230Th ratios found in sediments south of the Polar Front,
rather than an increased export from the upper ocean, which was shown to
generate an insufficient flux.

In the Southern Ocean, fluxes of 233Pa and 23OTh measured in sediment traps are
closely coupled with the annual cycle of particle fluxes, with 75-95% of their annual
fluxes occurring during short periods of high particles fluxes in austral summer,
ranging in duration from 6-13 weeks. Enhanced scavenging of ^Pa relative to
230Th during the bloom, caused by the high particle flux and the high content of
biogenic opal, is reflected by extremely high mean xs231Pa/xs230Thratios (0.28-0.46)
of sinking particles collected in the shallow sediment traps. Lack of reequilibration
of these bloom particles with the dissolved phase during low flux periods is
suggested to explain the invariability of the xs23~Pa/xs230Th
ratio in the shallow traps
with seasonal changes in mass flux and composition of particles.

A comparison of both the concentrations of 23lPa and 230Th and the xs231Pa/xs230Th
ratios of shallow and deep traps indicates that the particles collected in the deep
traps do not represent particles from the upper ocean that have settled through the
water column without modification. Rather, during their downward transport in the
water column, the bloom particles continuously exchange with suspended particles
from the deeper ocean, so that their vs23~Pa/xs230Th
signature at every depth reflects
an integrated signal from the overlying water column. The particles suspended in
the deep waters have obtained their lower 23lPa/230Th signature by equilibration
with the dissolved phase during their long residente time in the water column.
Consequently, until a particle reaches the sea floor, its high initial xs231Pa/xs230Th
signature from the surface ocean is strongly diminished.
In the Weddell Sea scavenging rates of ^OTh and ^Pa are strongly reduced. The
long-term sediment record for the Central Weddell Sea integrating over the last
180ka agrees well with the 3 year sediment trap deployment, which implies that the
Weddell Sea is a net source for 23OTh and ^Pa. The low average depositional
fluxes for 230Th (33-43%) in the cores limit here the application of the 23OTh constant

flux model to predict vertical rain rates of biogenic components in the past. This may
also hold for the ACC, where fluxes of ^Th and ^Pa are predicted to surpass
their production rates in the water column. Strong boundary scavenging is
manifested in the Bransfield Strait with 45% of 230Th and 77% of the ^Pa supplied
by lateral transport.
Lack of a southward increasing export of ^OTh and ^Pa from the upper water
column (700m) makes the upper ocean unlikely as a significant source to account
for the high xs^~Pa/xs230Thratios observed in sediments south of the Polar Front.
Rather, these are explained by the N-S increase in the ^1Pd230Th ratio of
suspended particles in the entire water column, presumably caused by an
increased content of opal. Despite the extreme seasonality and the strong advective
enrichment of radionuclides in the upper water column, even in the Southern
to the
Ocean the deep water is found to be the major source of ^Th and
sediment.
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