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Similar glacial and interglacial export bioproductivity in the 
Atlantic sector of the Southern Ocean: Multiproxy evidence 
and implications for glacial atmospheric CO2 

Martin Frank, •'2 Rainer Gersonde, 3 Michiel Rutgers van der Loeff, 3 Gerhard Bohrmann, 4 
Christine C. Ntirnberg, 4 Peter W. Kubik, • Martin Suter, 6 and Augusto Mangini • 

Abstract. We present time series of export productivity proxy data including 23øThex-normalized deposition rates (rain 
rates) of •øBe, dissolution-corrected biogenic Ba, and biogenic opal as well as authigenic U concentrations which are 
complemented by rain rates of total (detrital) Fe and sea ice indicating diatom abundances from five sediment cores across 
the Atlantic sector of the Southern Ocean covering the past 150,000 years. The results suggest that •øBe rain rates and 
authigenic U concentration cannot serve as quantitative paleoproductivity proxies because they have also been influenced 
by detrital particle fluxes in the case of •øBe and bulk sedimentation rates (sediment focussing) and deep water 
oxygenation in the case of U.The combined results of the remaining productivity proxies of this study (rain rates of 
biogenic opal and biogenic Ba in those sections without authigenic U) and other previously published proxy data from the 
Southern Ocean (23•pa/23øTh and nitrogen isotopes) suggest that a combination of sea ice cover, shallow remineralization 
depth, and stratification of the glacial water column south of the present position of the Antarctic Polar Front and possibly 
Fe fertilization north of it have been the main controlling factors of export paleoproductivity in the Southern Ocean over 
the last 150,000 years. An overall glacial increase of export paleoproductivity is not supported by the data, implying that 
bioproductivity variations in the Southern Ocean are unlikely to have contributed to the major glacial atmospheric CO2 
drawdown observed in ice cores. 

1. Introduction 

Enhanced export bioproductivity caused by a more efficient 
utilization of available nutrients in the high-nutrient low- 
chlorophyll (HNLC) surface waters of the Southern Ocean was 
invoked by modelers to have contributed to lowering glacial 
atmospheric CO2 concentrations [Knox and McElroy, 1984; 
Siegenthaler and Wenk, 1984; Sarmiento and Toggweiler, 1984] 
recorded in ice cores [cf. Barnola et al., 1987]. 

Increased productivity is expected to result in a reduced 
nutrient concentration of the surface waters. The major proxy for 
surface water nutrient concentrations is the stable carbon isotope 
ratio (/5•3C) of planktonic foraminifera. However, neither last 
glacial Southern Ocean /5•3C records obtained from planktonic 
foraminifera [Labeyrie and Duplessy, 1985; Charles and 
Fairbanks, 1990] nor those obtained from organic matter 
[Shemesh et al., 1993; Singer and Shemesh, 1995] show evidence 
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for decreased nutrient concentrations but show a shift which 

rather indicates an increase. Comparison of glacial and 
interglacial biogenic opal accumulation rates in sediments from 
the Atlantic sector of the Southern Ocean showed a 5 ø glacial 
northward shift of the area of high opal accumulation but 
apparently did not support a scenario of increased glacial 
productivity because of similar overall glacial and interglacial 
accumulation rates [Charles et al., 1991; Mortlock et al., 1991 ], 
which were, however, not corrected for sediment redistribution 
effects. 

The above nutrient-based models to explain lowered glacial 
atmospheric CO2 concentrations regained attention by the finding 
that the availability of dissolved Fe is biolimiting in the HNLC 
surface waters of the equatorial Pacific and the Southern Ocean 
[Martin et al., 1994; deBaar et al., 1995; Coale et al., 1996; 
Behrenfeld et al., 1996]. Iron fertilization leading to increased 
glacial export productivity was also concluded from an 
innovative study using Late Quaternary trace element 
(231paex/23øThex, løBe/23øTh•x, and authigenic U) deposition in 
sediments from the eastern Atlantic sector of the Southern Ocean 

as paleo tracers for biogenic particle flux [Kumar et al., 1995]. 
These new proxies are supposed to be independent of the strong 
and often variable sediment redistribution intensity caused by 
bottom currents which can severely bias conventional 
reconstructions of sedimentary fluxes from Southern Ocean 
sediments, and they are also not affected by variable preservation 
efficiency of biogenic compounds. Higher glacial than 
interglacial dust fluxes originating from Patagonia [De Angelis et 
al., 1987; Petit et al., 1990; Grousset et al., 1992], which partly 
dissolved and released Fe to the surface waters, were invoked as 
the mechanism which lifted Fe limitation in Southern Ocean 

surface waters and permitted increased export productivity 
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[Martin, 1990, Kurnar et al., 1995; Moore et al., 2000]. 
However, results of a more recent study which combined records 
of nitrogen isotopes and proxies for export paleoproductivity 
(biogenic opal, 231pa•x/23øThex, authigenic U, and biogenic Ba 
(Bauo)) from sediments in the Atlantic and Indian sectors of the 
Southern Ocean suggested that overall glacial export productivity 
may not have been increased and has also, overall, been much 
lower than in the highly productive upwelling areas at ocean 
margins [Francois et al., 1997]. Instead, a stratification of the 
glacial Southern Ocean water column south of the present 
position of the Antarctic Polar Front (APF), which greatly 
inhibited the transfer of CO2 and nutrients to the surface water, 
was suggested by these authors to have contributed to lowering 
glacial atmospheric CO2. Similar results were recently obtained 
from a modeling study [Stephens and Keeling, 2000] and from a 
new approach to reconstruct surface water nutrient levels 
[Elderfield and Rickaby, 2000], both invoking glacial 
stratification caused by sea ice cover. Stratification has also 
recently been suggested to explain the sharp drop of opal 
productivity after 2.73 Ma in the subarctic North Pacific Ocean 
[Haug et al., 1999]. 

In this study we compare the overall glacial and interglacial 
export productivity in the Southern Ocean, applying a multiproxy 
approach including deposition rates of løBe, total (detrital) Fe, 
biogenic Ba, biogenic opal, and concentrations of authigenic U. 
Considering that sea ice is one of the prominent environmental 
factors controlling Southern Ocean export productivity 
[Abelmann and Gersonde, 1991], we combine our data with 
estimations of past sea ice variations obtained from the 
occurrence pattern of sea ice indicating diatom abundances. We 
present these results for five sediment cores on a N-S transect 
across the Antarctic Circumpolar Current System (ACC) in the 
eastern Atlantic sector of the Southern Ocean. All cores except 
one document the past 150 kyr, thus including the last two 
terminations. 

2. Proxies 

The Southern Ocean is a highly dynamic hydrographic regime 
where fluxes of particles supplied laterally by strong bottom 
currents [Petschick et al., 1996; Diekmann et al., 1999] can 
exceed the vertical components of the fluxes by up to a factor of 
20 [Francois et al., 1993; Yu, 1994; Yu et al., 1996; Kumar et al., 
1995; Frank et al., 1996, 1999; Asmus et al., 1999]. For any 
realistic reconstruction of particle fluxes from sediments in the 
Southern Ocean it is thus essential to correct for these laterally 
supplied components or the results can not be considered 
quantitatively reliable [e.g., Ikehara et al., 2000]. The "true" 
vertical particle fluxes (rain rates) can be reconstructed by 
normalization of the fluxes of each component to initial 23øThex 
(ex denotes exceeding the radioactive equilibrium with 234U in 
the detrital particles), the flux of which is assumed to match its 
local constant production rate in the water column [Bacon and 
Rosholt, 1982; Bacon, 1984, Francois et al., 1990, 1993] within 
some uncertainties [Henderson et al., 1999; Frank et al., 1999]. 

Rain rates of the radionuclide løBe exceed the value expected 
from its cosmogenic production at ocean margins and areas with 
highly bioproductive surface waters, a process called boundary 
scavenging [Spencer et al., 1981; Anderson et al., 1990, 1994; 
Lao et al., 1992b; Frank et al., 1994]. A near-linear relationship 

between total particle flux and løBe rain rate allows its use as a 
paleoflux proxy that is independent from diagenesis and 
preservation effects [Kumar et al., 1995]. In areas where most of 
the sediment particles are of biogenic origin, the løBe rain rate 
was suggested as a proxy for export productivity [Kumar et al., 
1995; Anderson et al., 1998], although there is debate about 
selective løBe adsorption to certain species of particles, such as 
biogenic opal and aluminosilicates (clay minerals) [Sharma et al., 
1987' Bourlbs et al., 1989a, 1989b; Lao et al., 1992b, 1993; 
Wang et al., 1997]. 

At present, export productivity of the HNLC area of the 
Southern Ocean is dominated by biogenic opal, mainly diatoms. 
Although seawater is undersaturated with respect to opal, a large 
portion of it is buried and preserved in Southern Ocean 
sediments, aided by high sedimentation rates and sediment 
focusing. Variable dissolution and preservation efficiency 
[Broecker and Peng, 1982; Pichon et al., 1992; Leynaert et al., 
1993; Nelson et al., 1995; Pondaven et al., 2000] and differences 
in opal to organic carbon (Corg) ratios [Kumar et al., 1995; 
Anderson et al., 1998], however, prevent the use of biogenic opal 
rain rates as independent quantitative tracer of export 
productivity. 

The rain rates of Bauo (Ba concentrations exceeding the 
lithogenic background with an atomic Ba/A1 ratio of 0.0067 in 
the Atlantic sector of the Southern Ocean [Narnberg et al., 
1997]), which are closely related to biogenic particle flux and 
therefore to Corg, were suggested to have the advantage of a 
higher resistance to dissolution compared to biogenic opal and 
Corg and have been used to estimate export productivity [Dymond 
et al., 1992; Shimmield et al., 1994; Francois et al., 1995, 1997; 
Frank et al., 1995; Niirnberg et al., 1997; Dehairs et al., 2000; 
Jeandel et al., 2000]. The relationship between Co•g and Bauo is 
generally explained by suspended barite, which forms during 
mesopelagic plankton decomposition in or just below the 
euphotic zone, most probably as precipitates in the sulphate- 
saturated microenvironments of decaying organic matter mainly 
associated with diatom frustules [Dehairs et al., 1980; Bishop, 
1988]. The use of Babio as a quantitative tracer of export 
paleoproductivity is complicated by variable Co•g/Bauo ratios 
observed in sediment traps [Dymond and Collier, 1996; Francois 
et al., 1995] and variable preservation efficiency of Bauo [Kumar 
et al., 1996] as a consequence of the understauration of barite in 
most of the world's deep waters [Monnin et al., 1999]. Recently, 
it was proposed that the Bauo signal may already be biased by 
diagenesis under mildly reducing conditions [McManus et al., 
1999] and that the presence of authigenic U may serve to identify 
non reliable Bauo signals [Francois et al., 1997; McManus et al., 
1998]. 

Authigenic U itself, which was shown to accumulate in 
subsurface sediment sections under reducing conditions which 
are mainly caused by degradation of organic matter [Cochran and 
Krishnaswami, 1980; Barnes and Cochran, 1990; Klinkhammer 
and Palmer, 1991], was also suggested to serve as a proxy for 
export paleoproductivity [Kumar et al., 1995; Rosenthal et al., 
1995a, 1995b; Anderson et al., 1998]. The accumulation of 

authigenic U does, however, not distinguish between Co•g 
supplied from the surface water above and Co•g supplied laterally, 
which causes an increased U accumulation in focused sediments 

[Kumar, 1994; Frank et al., 1996, 1999; Francois et al., 1997; 
Asmus et al., 1999]. In addition, low bottom water oxygen levels 
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also lead to precipitation of authigenic U [Anderson, 1987; 
Francois et al., 1997]. The accumulation of authigenic U 
enrichments is a function of the bulk sedimentation rate; that is, if 

the sedimentation rate is low (few centimeters per kiloyear), most 
Cots is oxidized at the sediment-water interface, and no U 
gradient can develop in the pore water. However, even if 
authigenic U had been deposited in slowly accumulating 
sediments, a deepening redoxcline in the sediment column as a 
consequence of either diminished supply of Cors or an increase in 
bottom water oxygenation can lead to a bum-down and 
postdepositional removal of authigenic U [e.g., Jung et al., 1997; 
Thomson et al., 1995; Rosenthal et al., 1995b; Mangini et al., 
2000]. 

In order to investigate to what extent the occurrence of sea ice 
has been a controlling factor for the biogenic fluxes to the 
seafloor the particle flux proxies are compared with estimations 
of past variations of sea ice occurrence. Sediment trap 
experiments in the seasonally sea ice-covered zone of the 
Weddell Sea [Fischer et al., 1988; Abelmann and Gersonde, 
1991; Gersonde and Zielinski, 2000] have demonstrated that 
during sea ice coverage the export of biogenic material from the 
surface waters is minimal and would not produce a detectable 
signal in the sediment record. Thus those regions covered year- 
round by sea ice would only allow the export of low amounts of 
biogenic matter produced under the ice or in leads. However, in 
the Atlantic sector of the Southern Ocean, areas that are covered 

only seasonally by sea ice, such as the central and eastern 
Weddell Sea south of the ACC, are cl•aracterized by low export 
of biogenic opal [Abelmann and Gersonde, 1991; Gersonde and 
Zielinski, 2000] and low opal fluxes to the seafloor [Schlater et 
al., 1998], although available nutrients and light during austral 
summer open water conditions should not limit biogenic 
productivity in the surface waters. This may be linked to a 
seasonal stratification caused by melting of previous winter's sea 
ice [Stephens and Keeling, 2000]. The finding of low opal flux to 
the seafloor south of the ACC is also reproduced by three- 
dimensional (3-D) inverse modeling of the biogeochemical cycles 
in the Southern Ocean [Usbeck, 1999; Usbeck and Schlitzer, 
1999]. This study shows that low opal fluxes to the seafloor 
coincide with appreciable biogenic opal productivity and imply a 
rapid dissolution in the water column. Radioisotope and TCO2 
data confirm that in the Weddell Gyre, south of the ACC, 
remineralization of biogenic particles in the upper portion of the 
water column is enhanced, leading to a strong reduction of 
biogenic export below -500 m [Rutgers van der Loeff and 
Hoppema, 1999]. It thus appears that in the Atlantic sector of the 
Southern Ocean the biogenic flux to the seafloor is reduced south 
of the ACC. The reasons for this pattern are not yet well 
understood and are currently the subject of further studies. As the 
present latitudinal range of this area of low benthic rain rates 
approximately coincides with the extension of seasonal sea ice, it 
may be speculated that during glacial time periods, similar 
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Figure 1. Map of the eastern Atlantic sector of the Southern Ocean showing locations of the cores examined in this study (bold 
and underlined) and those by Kumar et al. [ 1995] (italics). The present-day average position of the fronts is taken from Peterson 
and Stramma [1991], and the data of the sea ice distribution are from Fleet Numerical Meteorology and Oceanography 
Detachment [1985]. Core descriptions are given by Frank et al. [1996]. The Antarctic Zone (AZ) is the area south of the 
Antarctic Polar Front (APF). The Polar Frontal Zone (PFZ) is located between the APF and the Subantarctic Front (SAF), and the 
Subantarctic Zone (SAZ) is located north of the SAF. South of the APF, biogenic opal presently dominates the marine 
sedimentary record (opal belt). 



FRANK ET AL.: SOUTHERN OCEAN EXPORT PALEOPRODUCTIVITY 645 

Table 1. Locations of the Cores 

Location Water Total S amp led 

Name Instrument a Latitude, O S Longitude, OE Depth, Recovery, Length Presented, m cm cm 

PS1772-8 GC 55027.5 ' 1ø09.8 ' 4135 1329 400 
PS1772-6 MUC 55027.5 ' 1ø10.0 ' 4136 24.5 24.5 
PS1768-8 GC 52035.6 ' 4028.5 ' 3270 896 896 
PS1768-1 MUC 52035.5 ' 4027.6 ' 3298 34 34 
PS1756-5 GC 48043.9 ' 6042.8 ' 3787 862 862 
PS1756-6 MUC 48053.7 ' 6043.7 ' 3803 27 27 
PS1754-1 GC 46046.2 ' 7036.7 ' 2471 356 177 
PS1754-2 MUC 46046.0 ' 7ø36.1 ' 2476 25 25 
PS2082-1 GC 43013.2 ' 11044.3 ' 4610 1391 705 
PS2082-3 MUC 43ø13.1 ' 11045.5' 4661 26 26 

aGC is gravity core, and MUC is multicore. 

conditions controlling biogenic export took place in areas north 
of 55øS related to the northward expansion of the Antarctic sea 
ice field. 

3. Material and Methods 

Five sediment cores (a gravity core complemented by a 
multicorer for each location to obtain undisturbed sediment 

surfaces) located on a transect from 43 ø to 56øS across the eastern 
Atlantic sector of the ACC (Figure 1) were analyzed in this study. 
Locations and sample depths are given in Table 1. For cores 
PS2082-1 [Mackensen et al. , 1994], PS1754-1, and PS1768-8 
[Niebler, 1995], 5180 stratigraphies are available, whereas the 
other two cores (PS1772-8 and PS1756-5) do not contain 
suffcient amounts of foraminifera to produce a reliable •5180 
stratigraphy. A combination of results derived from oxygen 
isotope stratigraphies (where available), siliceous microfossil 
biofluctuation stratigraphy, and lithostratigraphy in combination 
with 23øTlhx constant flux modeling were used to establish the 
final stratigraphies for the cores [Frank et al., 1996] (Table 2). 
The age model used for dating of the marine isotope stages (MIS) 
follows that of Martinson et al. [1987]. Compared with the data 
published by Frank et al. [1996] and Nt;irnberg et al. [1997], the 
stratigraphy of core PS1756-5 has changed in that MIS 
boundaries 2/3 (24 ka) and 3/4 (59 ka) [Martinson et al., 1987] 
had to be readjusted to core depths of 540 cm and 765 cm, 
respectively, resulting in a total age of only 65 ka for this core. 
All cores were previously investigated in detail for sediment 

redistribution processes [Frank et al., 1996, 1999], and the 
corresponding focusing factors are given in Table 3. 

Chemical preparation of the samples for the løBe accelerator 
mass spectrometry (AMS) measurements followed closely a 
previously described method [Henken-Mellies et al., 1990]. The 
182 samples of this study were measured at the Ztirich AMS 
facility of the Paul Scherrer Institute and ETH Ztirich, 
Switzerland. They were normalized to the internal standard S555 
with a nominal løBe/9Be ratio of 95.5 x 10 -12, and the løBe rain 
rates were decay corrected to time of deposition using a half-life 
of 1.52 Myr [Hofrnann et al., 1987]. In order to correctly 
reconstruct changes of the løBe rain rates caused by boundary 
scavenging variations, every løBe rain rate value was corrected 
for geomagnetically induced production rate changes of løBe 
[Lao et al., 1992a; Guyodo and Valet, 1996; Frank et al., 1997]. 
Because the løBe data of this study were included in the 
calculation of a global løBe stack to reconstruct geomagnetic field 
intensity variations [Frank et al., 1997], we used the 
paleointensity reconstruction of Guyodo and Valet [1996] to 
correct for changes in løBe production rate. This correction is 
important because of an inferred variability in the production rate 
of cosmogenic radionuclides of up to 50% above present values 
during the last 150 kyr [Bard et al., 1990; Frank et al., 1997] and 
was also applied to the data of Kumar et al. [1995] to enable a 
direct comparison of the data of both studies. 

Biogenic opal was determined by X-ray diffraction [Eisma and 
van der Gaast, 1971; Hempel and Bohrmann, 1990]. The Ba•,io 
rain rates of all cores except PS1754-1 and the multicores 

Table 2. Age Models of the Cores a 

fi•sO-Based Age, Depth, cm 
MIS kyr B.P. PS1772-8 PS1768-8 PS1756-5 PS1754-1 PS2082-1 

- 10.06 (14C) - 54 - - - 
- 11.26 (•4C) - 78 - - - 
1 12 17 97 10 22 33 
- 14.16 (•4C) 142 - - - 
2 24 55 244 540 54 245 
3.13 44 .... 300 
3 59 80 469 765 78 370 
4 74 100 585 - 88 440 
5.4 111 136 730 - 140 523 
5 130 360 830 - 160 570 
6.4 153 .... 730 
6 190 460 - - - 900 

aStratigraphy of the cores as derived from the sources referenced to in the text. 
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Table 3. Focusing Factors a 

/S180-Based Age, Focusing Factor W 
MIS kyr B.P. PS1772-8 PS1768-8 PS1756-5 PS1754-1 PS2082-1 PS2498-1 PS2499-5 
1 0-12 0.6 4.6 ø 0.8 1.2 2.0 ø 5.7 ø 2.2 ø 
2 12-24 2.1 ø 6.0 ø 3.4 ø 0.75 7.7 ø 3.8 ø 7.7 ø 
2/3-3.13 24-44 .... 1.2 
3.13-3/4 44-59 0.3 b 3.5 c 0.7 0.15 b 2.9 ø 6.3 ø 1.5 ø 
4 59-74 0.85 4.6 ø 2.17ø 0.5 • 2.6 ø 3.1 ø 1.8 ø 
4/5-5.4 74-111 0.55 1.9 ø - 0.5 • 2.3 ø 
5.4-5/6 111-130 0.8 1.6 ø - 0.5 • 2.7 ø 5.1 ø 1 
5/6-6.4 130-153 .... 2.9 ø 
6.4-6/7 153-190 0.9 - - - 2.4 ø 

aFocusing factor W for certain/S180-based marine isotope stages (MIS) of the five cores presented [Frank et al., 
1999] and two additional recently published records [Asmus et al. , 1999]. The ages of the MIS boundaries were 
assigned following Martinson et al. [ 1987]. 

•W is significantly smaller than 1 ( < 0.5); sediment winnowing occurred. 
øW is significantly above 1 ( > 1.5); sediment focusing occurred. 

corresponding to the gravity cores have been published 
previously [Niirnberg et al., 1997]. The rain rates of Babio given 
in this study are corrected for preservation according to Dymond 
et al. [1992] and Francois et al. [1995]. Although water masses 
south of the APF are saturated with respect to pure barite above 
1500-2500 m [Monnin et al., 1999], the above preservation 
correction has been applied for all cores, including PS1754-1 
from 2470 m water depth because it is not clear whether the 
evidence for barite saturation can be transferred to this location in 

the Polar Frontal Zone (PFZ) and also because 2500 m is the 
lower limit where saturation was observed. Concentrations of 

bulk Fe as well Ba and AI of those samples not given by 
Niirnberg et al. [1997] were determined by atomic absorption 
spectrometry (AAS) applying standard procedures. Chemical 
preparation and measurement of 238U and 232Th activities by ct 
spectrometry followed standard procedures [Frank et al., 1994]. 
Authigenic uranium concentrations were determined by 
subtracting 23% of the 232Th concentration of each sample from 
the total 238U concentration, which accounts for the mean detrital 
Th/U ratio of continental crust [Wedepohl, 1995] and which is 
also reflected in pelagic sediments [Anderson et al., 1998]. 

The sea ice proxy was established on the basis of a combined 
study of annual diatom transfer from the Southern Ocean surface 
to the seafloor using time series sediment traps and mapping of 
diatom assemblages preserved in surface sediments [Gersonde 
and Zielinski, 2000]. We prefer using this method for the 
estimation of past sea ice extent and its variations over the 
approach presented by Crosta et al. [1998a, 1998b]. Both 
methods give approximately the same location of the winter sea 
ice edge. Crosta et al. [1998a] proposed to reconstruct sea ice 
presence in numbers of months per year based on a statistical 
method (modem analog technique). This implies that the annual 
duration of sea ice coverage at a given location is reflected by the 
production and deposition of diatom sea ice signals. However, 
such a relationship was disproved by sediment trap experiments 
documenting that the sea ice signal in the diatom assemblages is 
produced under austral summer open water conditions from 
diatom blooms that have been seeded from sea ice to open water 
[Gersonde and Zielinski, 2000]. In addition, the statistical 
approach may lead to misinterpretations of duration of sea ice 
coverage in those areas that are affected by enhanced opal 
dissolution, e.g., in areas with longer annual sea ice coverage. 

This may lead to the reconstruction of glacial sea ice occurrences 
that are shorter than during interglacials, as presented by Crosta 
et al. [1998b] from sites located south of the present Polar Front. 

In the approach used, relative amounts of the sea ice indicator 
diatoms Fragilariopsis cylindrus and F. curta of > 3% of the 
total assemblages are interpreted as representative for the 
presence of seasonal winter sea ice in Southern Ocean sediments. 
Summer sea ice occurrence, which implies permanent or nearly 
permanent annual sea ice coverage, is signaled by distinct drops 
in sedimentation rates as a result of strongly reduced or lacking 
biogenic export and the presence of > 3% of the species 
Fragilariopsis obliquecostata, which is related to water 
temperatures near freezing point and sea ice formation (> - 1.5øC) 
[Zielinski and Gersonde, 1997]. All data are available on request 
from the corresponding author or electronically at the PANGAEA 
database, Alfred-Wegener-Institut far Polar- und 
Meeresforschung, Columbusstrasse, 27568 Bremerhaven, 
Germany, info @pangaea. de (URL: www.pangaea. de). 

4. Results 

The •øBe rain rates in the five cores (Figure 2a-c) have mostly, 
in particular during glacials, exceeded the global average 
production rate [Monaghan et al., 1985/86] by about a factor of 
2-3 during the past 150 kyr, which confirms that the Southern 
Ocean has been a sink for particle reactive trace metals due to its 
high particle fluxes [Kumar et al., 1995; Yu et al., 1996]. 
Throughout the transect except the southernmost core PS 1772-8, 
løBe rain rates show maximum values during the glacial MIS 2-4 
(12-59 ka) and 6 (130-190 ka). During MIS 1 (12 ka to present) 
and 5e (130-111 ka), •øBe rain rates were at minimum, partly 
even slightly below the global average production rate, indicating 
an export of •øBe from these locations to areas of higher particle 
fluxes. These patterns of the •øBe rain rates show a very good 
correlation with rain rates of Fe and A1203 (record not displayed), 
whether located north or south of the APF, again with the 
exception of core PS 1772-8 (Table 4). 

The •øBe rain rates show a positive correlation with the 
biogenic opal rain rates and, to a lesser extent, with the Babio rain 
rates only in cores PS1754-1 and PS2082-2 north of the present 
position of the APF. In contrast, insignificant or even negative 
correlations of •øBe rain rates with rain rates of Babio and biogenic 
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Figure 2. Rain rates (23øTh•x-normalized accumulation rates) of initial (decay-corrected) løBe (solid circles), total (detrital) Fe 
(open squares),9Preservation-corrected Babio (open circles), and biogenic opal (triangles) against age (ka). The rain rates of løBe are given in 10 atoms per square centimeter and thousand years (109 at cm '2 kyr'•), Fe and Babio are given in mg cm -2 kyr '• and 
biogenic opal is given in gcm -• kyr 4. Authigenic U concentrations are given in ppm (diamonds), and the relative abundances of 
the sea ice indicating diatom species F. curta and F. cylindrus (stars) and F. obliquecostata (open diamonds and dashed curve) 
are given in percent. Note the different scales. The shaded area on the plot of core PS1772-8 marks the period of year-round sea ß ' 10 •ce cover. The dashed vertical lines mark the present day global average Be production rate of 1.21 x 109 at cm -• kyr '• 
[Monaghan et al., 1985/86]. The light gray shaded areas mark MIS 1 and 5a-d, and the dark gray shading marks the last 
interglacial climate optimum MIS 5e. Ages were assigned to the isotope stage boundaries following Martinson et al. [ 1987]. 

opal are observed in the two cores located south of the present- 
day APF, where the opal belt is presently located (Table 4). In 
these two cores the highest rain rates of biogenic opal and Babio 
of 6 g cm -2 kyr 'l and 7 mg cm -2 kyr -l, respectively, occur in the 
sediment intervals representing MIS 1 and 5e. North of the 
present APF, maxima in biogenic opal rain rates occurred during 
MIS 2-4 in accordance with a glacial northward shift of the opal 
belt by 5 ø that can be deduced from multiple sedimentary 
parameters [Charles et al., 1991; Mortlock et al., 1991; Kumar et 
al., 1995; Yu et al., 1996; Francois et al., 1997; Asmus et al., 
1999]. An overall drop of the opal rain rates by a factor of 5 is 

observed in the two northernmost cores, whereas the overall Babio 
rain rate shows a less pronounced drop by a factor of 2-3 only in 
core PS2082-1 (43øS). This difference might at least partly be 
ascribed to a low opal preservation efficiency in core PS1754-1, 
which shows low bulk rain rates and even winnowing during MIS 
3-5. In this same core a maximum Babio rain rate of 9.5 mg cm '2 
kyr -• is observed for the MIS 3 section, which is higher than any 
other values in the cores of this study. This value, however, has to 
be considered with some caution owing to its proximity to water 
depths which are saturated for barite [Monnin et al., 1999] and 
because MIS 3 in this core is also the section showing the 
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Figure 2. (continued) 

strongest winnowing effects and it may be argued that the rain 
rates in this section are too high due to an overcorrection for 
sediment redistribution caused by a preferential removal of the 
fine-grained (23øTl%x-enriched) fraction [Frank et al., 1996]. 

Pronounced maxima of authigenic U concentration of up to 5 
ppm are observed during glacial MIS 2-4 and 6 in cores PS1768- 
8, PS1756-5, and PS2082-1. In the core sections corresponding 
to interglacial MIS 1 and 5, authigenic U concentrations are 
generally between 0 and 0.5 ppm. In cores PS1754-1 and 
PS1772-8, only negligible amounts of authigenic U (< 0.5 ppm) 
are observed. In core PS1756-5 the Babio rain rate in the last 
glacial does not reproduce the maxima in other proxies such as 
løBe and biogenic opal rain rates and authigenic U concentration 
but rather shows a minimum which is apparently due to 
remobilization of Ba. 

In core PS2082-1, rain rates of Babio and biogenic opal are 
overall much lower titan farther south, but nevertheless, biogenic 
opal shows coherent maxima with løBe rain rates and authigenic 
U during MIS 2-4 and 6. The Ba•,io rain rate does not clearly 

follow this pattern as evidenced by the reflection of highest 
maxima of biogenic opal rain rate and authigenic U concentration 
by sharp minima in Bab•o rain rates at the end of MIS 2 and 6. 
This confirms the value of authigenic U for indicating Ba 
remobilization. 

In view of the importance of sea ice occurrence for the spatial 
and temporal pattern of export productivity we compare our 
particle flux proxies with estimations of past variations of sea ice 
distribution (Figure 2). Relative abundances of > 3% of the sea 
ice indicator taxa combined with collapsed sedimentations rates 
(mainly caused by inhibition of biogenic particle flux) indicate 
year-round presence of sea ice during MIS 2-4, the upper portion 
of MIS 5 and MIS 6 at the most southerly located site (core 
PS1772-8). The occurrence of F. curta and F. cylindrus in 
abundances above 3% in core PS1768-8 reflects winter sea ice 
occurrence in the presently year-round sea ice-free northern 
Antarctic Zone (AZ) during MIS 2-4 and 6. The low abundance 
or absence of the diatom sea ice indicators during the MIS 5e in 
PS 1772-8 and during most of MIS 5 in PS 1768-8 is interpreted 
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to reflect year-round sea ice-free conditions and thus a distinct 
reduction of the sea ice distribution compared to the present day. 
During MIS 5e, average summer surface water temperatures in 
the northern AZ have been estimated to be --2.5øC higher than 
present [Zielinski et al., 1998]. In core PS1756-5 farther north the 
relative abundances of the sea ice diatoms are generally lower 
(maxima of 4%), but there is, nevertheless, evidence for the 
presence of winter sea ice during MIS 2 and 4 at this location. 
The two cores, PS1754-1 and PS2082-1, farther north do not 

contain significant amounts of the diatom sea ice proxies, which 
indicates that the sea ice did not reach this zone of the ACC 

during the recorded time interval. 

5. Discussion 

In sediment cores from the present PFZ, which represents the 
approximate position of the opal belt during the Last Glacial 
Maximum, løBe and Fe rain rates correlate well with other 
proxies, such as 231paex/23øThex, opal rain rate, and authigenic 
uranium concentration (Table 4), which all show pronounced 
maxima during glacial periods [Kumar, 1994; Kumar et al., 
1995; Asmus et al., 1999]. This has been interpreted as a 
consequence of increased export productivity linked to 
fertilization of the nutrient-enriched surface waters by dissolved 
Fe originating from increased glacial dust fluxes [Kumar et al., 
1995]. Time series of Fe rain rates obtained from cores located 
south of the present APF, where the opal belt has been located 
during MIS 1 (probably back to -14.5 ka) and MIS 5e, generally 
show a similar pattern of glacial maxima and interglacial minima 
(Figures 2 and 5), indicating enhanced glacial dust fluxes. Time 
series of løBe rain rates (cores PS1768-8 in this study, and RC13- 
259 and RC13-271 of Kumar [1994]) and authigenic U 

concentrations (cores PS1768-8 and RC13-271) south of the APF 
follow this pattern of the detrital proxy time series. In contrast, 
the time series of biogenic opal and Babio rain rates as well as 
231paex/23øThex in the area south of the present APF [Kumar, 
1994; Kumar et al., 1995; Francois et al., 1997; this study] 
generally show a different pattern with maximum values during 
deglacial and interglacial periods. If eolian dust-induced Fe 
fertilization is the explanatio, for the good correspondance 
between all proxies north of the present APF (Table 4), the 
question arises why this is not the case south of the APF and why 
løBe rain rates do not reflect the interglacial maxima in export 
productivity indicated by the proxies above. 

5.1. Export Productivity Information From Rain Rates 
of Biogenic Opal and Babio and 231pad23øThex 

There is a possibility that the biogenic opal and Bauo rain rates 
and 231paex/23øThex do not give a correct reconstruction of opal- 
based export paleoproductivity south of the APF but might be 
biased. Bauo and biogenic opal rain rates are influenced by effects 
of preservation and diagenesis after their deposition with, 
however, one fundamental difference. High bulk accumulation 
rates (and thus also sediment focusing) are generally believed to 
promote biogenic opal and Babio preservation in sediments owing 
to shorter periods of contact with undersaturated bottom waters. 
Those conditions of high sedimentation rates lead to a high 
preservation efficiency of biogenic opal but at the same time to 
the devolopment of reducing or suboxic conditions in the 
subsurface sediment which cause Ba remobilization, a process 
traced by the simultaneous deposition of authigenic U. 

The 23•Paex/23øThex signal may represent the position of the opal 
belt rather than increased interglacial opaline particle fluxes due 
to the relationship of this ratio to opal content and its reduced 
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Table 4. Correlation Coefficients Between the Proxy Time Series a 
Biogenic Opal Authigenic U løBe Babio Fe A1203 

PS1772-8/-6 

Biogenic Opal 1 
Authigenic U 0.43 b 1 
løBe -0.27 -0.04 1 
Babio 0.80 b 0.36 -0.11 
Fe -0.87 b -0.30 0.34 
A1203 -0.78 b -0.47 b 0.18 

PS1768-8/-1 

Biogenic Opal 1 
Authigenic U -0.27 1 
løBe -0.47 b -0.01 1 
Babio 0.81 b -0.31 -0.66 b 
Fe -0.56 b 0.16 0.74 b 
A1203 -0.60 b 0.15 0.76 b 

PSI 756-5/-6 

Biogenic Opal 1 
Authigenic U 0.30 b 1 
løBe 0.06 -0.02 1 
Bauo 0.10 0.34 • -0.18 
Fe 0.26 -0.03 0.58 b 
A1203 0.28 -0.33 0.37 

PS1754-I/-2 

Biogenic Opal 1 
Authigenic U 0.08 1 
løBe 0.44 0.22 1 
Babio 0.50 b -0.11 0.17 
Fe 0.46 b 0.27 0.91 b 
A1203 0.60 b 0.18 0.88 b 

PS2082-1/-3 

Biogenic Opal 1 
Authigenic U 0.54 b 1 
løBe 0.85 b 0.42 
Babio 0.17 -0.03 
Fe 0.82 b 0.46 b 
A1203 0.83 b 0.52 b 

1 

-0.60 b 1 
_0.71 b 0.83 b 

1 

-0.64 b 1 
_0.71 b 0.91 b 

1 

-0.52 b 1 
_0.66 b 0.86 b 

1 

0.14 1 

0.17 0.88 b 

1 

0.29 1 

0.95 b 0.22 1 
0.93 b 0.32 0.88 b 

aCorrelation coefficients (r) between the time series of the rain rate proxies and the 
authigenic U concentrations. 

bCorrelations which are significant at the 99 % level. 

sensitivity to mass flux in the presence of opal in the Atlantic 
sector of the Southern Ocean [Walter et al., 1997]. This results in 
high sedimentary 23•pa•x/23øThex ratios in areas such as the 
Weddell Sea, although particle fluxes are overall very low 
[Walter et al., 1997, 1999]. Conversely, however, if sedimentary 
23•Paex/23øThex ratios are found to be low, this implies that particle 
flux was low as well as that biogenic opal cannot have been a 
major component. Thus support for the validity of the 
interpretation of the observed pattern of opal rain rates south of 
the APF in terms of export productivity variations comes from a 
comparison of the 231paex/23øThex ratios and the opal rain rates 
[Kumar, 1994; Kumar et al., 1995]. Coinciding low opal rain 
rates and 231paex/23øThex ratios are observed for the glacial 
sediment sections south of the APF, for the interglacial sections 
north of the APF, and throughout the cores north of the 
Subantarctic Front (SAF) (RC15-94 and V22-108) [Kumar, 
1994; Kumar et al., 1995], demonstrating that those periods of 
low opal rain rates are not a consequence of low preservation 
efficiency but reflect low opal productivity. Thus, following 
further the rationale that coherent results derived from Babio and 

biogenic opal rain rates provide a reliable estimate of export 
paleoproductivity in the absence of authigenic U [Francois et al., 
1997; McManus et al., 1998], the results and the interpretation of 
a higher interglacial than glacial productivity south of the APF 
presented here and in other studies [Kumar, 1994; Kumar et al., 
1995; Francois et al., 1997; Anderson et al., 1998] are 
considered reliable. In addition, the evidence from 23•Paex/23øThex 
and opal rain rates [Kumar et al., 1995] suggests that the opal 
belt did not extend north of the present SAF (~45øS) during MIS 
2 and 6. 

5.2. The løBe Rain Rates: Proxy for Export Productivity? 

To explain the apparent discrepancy between løBe rain rates 
and the other productivity proxies south of the present location of 
the APF, we suggest a combination of water column 
stratification, sea ice cover, and a strong affinity of løBe to clay 
minerals with key evidence coming from core PS1768-8. At this 
location the sampling resolution allows a detailed view at the 
timing of events between 22 and 5 ka (Figure 3). The detrital Fe 



FRANK ET AL.: SOUTHERN OCEAN EXPORT PALEOPRODUCTIVITY 651 

I PS1768-8 (Antarctic Zone): water depth: 3270 m (53ø36.4'S, 4ø28'E) I 
Fe rain rate F. curta + F. cylindrus Biogenic opal rain rate 

0 10 20 30 0 2 4 6 8 0 1 2 3 

i i i i I I i i i i i i i I i I 

-- 

lO 

.< 15 

20-- 

.... [ ' ' ' I ' ' ' • I li'""l'"'l•"'l'•"l 

1.0 1.5 2.0 0 1 2 3 4 1 2 3 4 

10Be rain rate authigenic U B%i o rain rate 

Figure 3. Blowup of all proxies decribed above for the period between 5 and 22 ka in core PS1768-8 from the northern AZ. 
Symbols and units are the same as in Figure 2. The horizontal line at 15 ka marks the pronounced increase in biogenic opal and 
Babio rain rates linked to a retreat of sea ice as documented by the decrease of the sea ice-indicating diatom abundances and the 
end of water column stratification as evidenced by the decrease in authigenic U. 

supply during the last glacial was a factor of •-4 higher than 
during interglacials and was not accompanied by increased 
biogenic opal rain rates. We argue that similar to the Weddell 
Sea, where organic carbon production and diatom export 
productivity were shown to be limited in areas with annual and 
seasonal sea ice cover [Schliiter, 1991; Abelmann and Gersonde, 
1991; Smetacek et al., 1992; Gersonde and Zielinski, 2000], the 
presence of sea ice and an efficient shallow remineralization 
during MIS 2-4 and 6 at the location of PS1768-8 have 
contributed to a low export productivity. In addition, there was an 
increased stratification of the water column south of the present 
APF (--50øS) which caused a restricted nutrient supply to the 
surface waters [Francois et al., 1997]. At 15 ka the winter sea ice 
occurrence rapidly disappeared as documented by the sharp drop 
in the abundance of the diatom species F. curta and F. cylindrus. 
An exactly contemporaneous decrease in authigenic U from 4 to 
--0.5 ppm points to an end of the glacial stratification of the water 
column and a restart of the upwelling and vertical water mass 
exchange, causing increased 02 supply to the deep water as 
suggested by Francois et al. [1997] on the basis of nitrogen 
isotopes. The efficient transfer of nutrients and dissolved silica to 
the surface waters started again and led to a pronounced increase 
of opal productivity mirrorred by high rain rates of Babio, both 
starting at ca. 15 ka. In contrast, the rain rates of Fe and løBe 
show exactly the opposite trend. They decreased more or less 
continuously from about •-18 to 12 ka. A similar overall pattern is 
observed for all proxies at the transition from glacial MIS 6 to 
interglacial MIS 5e (134-126 ka). 

We suggest the following scenario to explain the pattern of the 
løBe and Fe rain rates. Seasonal or year-round occurrence of sea 
ice and water column stratification would restrict neither the 

availability of løBe nor the availability of detrital particles of 
aeolian origin for the sedimentary record on timescales of 

hundreds to thousands of years. However, owing to greatly 
reduced production and export of biosiliceous particles, detrital 
particles became the most abundant type of particle available for 
løBe scavenging in the water column south of the APF during 
glacials, as suggested by the data of core PS1768-8 (Figure 3). 
This is also supported by the fact that fluctuations in the rain rates 
of løBe and Fe in this core match quite well during glacial stages 
2-4, for example, in the pronounced maximum at 55 ka, whereas 
biogenic opal rain rates have remained constantly at low values, 
consistent with water column stratification, a shallow 

remineralization and sea ice cover (Figure 2a). In contrast to the 
situation south of the present APF, the surface waters north of the 
APF were mostly year-round ice-free during the last glacial, and 
the water column was not stratified [Francois et al., 1997], 
giving way to an unrestricted response of export productivity to 
iron fertilization and hence to a positive correlation of all 
potential productivity proxies examined [Kumar, 1994; Kumar et 
al., 1995; this study], except for the Ba•io, which is biased in the 
sections containing authigenic U. 

Despite the apparent affinity of løBe to detrital material, there is 
also clear evidence for scavenging of løBe by biogenic opal, as 
previously found in other studies [Lao et al., 1992b, 1993]. If 
løBe rain rates are compared with Fe (detrital) rain rates in the 
cores south of the APF (including the data presented by Kumar et 
al. [1995]), it is immediately evident that there is no 1:1 
relationship as would be expected if detrital particles were 
exclusively responsible for løBe scavenging. In particular, the 
location of the southernmost core PS1772-8 at the present 
northern winter sea ice edge was year round sea ice-free only 
during MIS 5e as indicated by the lack of sea ice indicator 
species and massive contemporaneous peaks of biogenic opal and 
Ba•o rain rates (Figure 2). The drastic minimum of Fe rain rates 
in this core during MIS 5e did not coincide with a significant 
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minimum in •øBe rain rates which we ascribe to enhanced 

scavenging of løBe by biogenic opal. A similar pattern is 
observed at the transition from the last glacial to the Holocene in 
core RC13-259, also from a location south of the present APF 
[Kurnar, 1994]. In this core an interglacial minimum in detrital 
particle flux coinciding with strong maximum rain rates of 
biogenic opal, Bauo, and 23•pa•,,, which started at 15 ka in very 
good agreement with core PS1768-8, was not accompanied by a 
minimum in •øBe rain rate but by a small increase after correction 
for •øBe production rate variations. These observations taken 
together suggest that the total •øBe rain rate is not a suitable 
quantitative tracer for biogenic particle flux in the Southern 
Ocean owing to its sensitivity to both detrital particle flux and 
biogenic opal flux. 

5.3. Authigenic Uranium: Proxy for Export Productivity? 

The pattern of glacially increased authigenic U concentrations 
corresponds well to the patterns of other particle flux proxies 
(23•Paex?3øThex, rain rates of •øBe, and biogenic opal) north of the 
present-day APF. This finding led Kumar et al. [1995] to the 
suggestion that authigenic U deposition in the Atlantic sector of 
the ACC has mainly been controlled by Corg flux and thus export 
palcoproductivity. A contribution to this authigenic U deposition 
by decreased glacial O2 levels of Southern Ocean deep water was 
dismissed on the basis of a missing glacial authigenic U 
enrichment in core RC13-259 [Kumar et al., 1995; Anderson et 
al., 1998]. The concentrations of authigenic U are, however, as 
mentioned in section 2, a function of three parameters: Corg 
supply, bulk sedimentation rate (and thus also focusing) and deep 
water oxygen content. All last glacial authigenic U enrichments 
presented in the study of Kumar et al. [1995] and in this study 
coincide with sediment focusing, which obviously contributed 
strongly to the U accumulation. The preferential selection of 
coting locations from sites with high sedimentation rates is the 
reason why we observe focused sediments in almost all cores 
[Frank et al., 1996]. In addition, it is important to note that the 
widespread occurrence of focused MIS 2 sediments in the study 
area is probably due to a change in bottom water circulation 
patterns [Frank et al., 1999]. Given that the integrated focusing 
over an ocean basin has to be 1, the authigenic U from the 
currently available set of cores cannot be used for any balances of 
authigenic U deposition and, consequently, biogenic particle flux 
in the study area during MIS 2. In contrast to these focusing- 
dominated sediments, Francois et al. [1997] showed records of 
two cores from the Indian sector of the Southern Ocean where 

glacial authigenic U enrichments are present, although none of 
the inferred productivity proxies indicated an increased Corg flux 
and although glacial sediment focusing was either negligible or at 
least lower than during the following interglacial, which is only 
explainable by lowered 02 levels of the bottom water. 

The data of this study corroborate the complex relationships 
leading to the precipitation and preservation of authigenic U. 
Whereas glacial ingreases in authigenic U are found in most cores 
at or north of the present-day APF, there is no evidence in core 
PS1754-1, which is clearly located in the area of the glacial opal 
belt. The sediments recovered at this site have a relatively high 
porosity, and sedimentation rates during MIS 2-5 were very low 
due to winnowing (Table 3) [Frank et al., 1996], which probably 
prevented authigenic U deposition at this location during MIS 2. 
Alternatively, some authigenic U may have initially been there 

0 10 

MIS 2 

,,,,i,,,,l•,l,l,,,,i,•,•l•,•, 
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Figure 4. Average authigenic U concentration (ppm) versus 
sedimentation rate (cm kyr '•) for all MIS 2 sections of the cores of this 
study and those of Kumar et al. [1995] and Koschmieder [1996]. The 
shaded area marks the range of a cutoff sedimentation rate of 8 cm kyr '• 
below which no deposition of authigenic U occurred. 

and been removed by postdepositional remobilization, taking into 
account the presently high pore water oxygen penetration depths 
between 30 and > 50 cm in most cores recovered from the eastern 

Atlantic sector of the ACC [Rutgers van der Loeff and Berger, 
1991; M. Schltiter, personal communication, 1999]. 

Low sedimentation rates during the last 100 kyr are also 
responsible for the lack of glacial authigenic U deposition and 
preservation in core PS1772-8 in the AZ for which the oxygen 
penetration depth is presently higher than 50 cm [Rutgers van der 
Loeff and Berger, 1991; M. Schltiter, personal communication, 
1999]. The absence of glacial authigenic U enrichment in core 
RC13-259, with a sedimentation rate of 7.5 cm kyr -• and focusing 
factor ~1 during MIS 2, implies a low export production at this 
position. The argument of Kumar et al. [ 1995] mentioned above 
that the record of this core constitutes a proof against lowered 
bottom water 02 levels may have to be reconsidered in the light 
of the evidence for such reduced bottom water oxygen levels in 
the glacial Indian Ocean [Francois et al., 1997]. We suggest that 
the combined effects of sediment accumulation rate and low 

bottom water 02 level, on the one hand, were not sufficient to 

compensate for the very low Corg flux, indicated by the very low 
Co•g/biogenic opal ratios in this area [Schliiter et al., 1998; M. 
Schltiter, personal communication, 1999], on the other, and thus 
not sufficient to cause accumulation of authigenic U in core 
RC13-259. A comparison of all available MIS 2 sediment 
sections from the Atlantic sector of the Southern Ocean (Figure 
4) shows that RC13-259 is just at the border of a cutoff 
sedimentation rate of 8 cm kyr '•, below which no deposition of 
authigenic U occurred. This relationship may hold despite 
lowered 02 levels. Above this rate, apparently enough organic 
carbon was buried to cause the suboxic conditions required for 
authigenic U accumulation. For the Holocene data such a 
transition is not visible, and the authigenic U concentrations 
remained close to the detection limit. 

The other two available cores from the AZ (PS1768-8 and 
RC13-271) show enrichments of authigenic U during glacials, 
mainly as a consequence of the high focusing intensities, which 
do not coincide with the peaks of other proxies, such as 
23•Paex/23øThex and rain rates of opal. In the case of these two 
cores the present oxygen penetration depth is -30 cm [Rutgers 
van der Loeff and Berger, 1991 ], but the bulk sedimentation rate 
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in both cores has been high enough to allow for the deposition of 
authigenic U and prevent it from post&positional removal. 
Similarly, cores containing glacial authigenic U enrichments 
without significant enrichment of other biogenic particle flux 
proxies (231paex/23øThex and rain rates of opal) are found north of 
the SAF (RC15-94 and V22-108), which is attributed to intense 
sediment focusing. 

We conclude that despite the fact that Corg flux has been an 
important factor for the enrichment of authigenic U in Southern 
Ocean sediments, particularly during glacials in the present PFZ, 
the apparent sensitivity of authigenic U accumulation to bulk 
sedimentation rate and sediment focusing, on the one hand, and 
lowered bottom water oxygenation, on the other, suggests that 
authigenic U is not a suitable proxy for export paleoproductivity 
in the eastern Atlantic sector of the Southern Ocean. 

5.4 Reconstruction of Export Productivity 

We combined the average glacial and interglacial rain rates of 
all parameters of this study with the results obtained by Kumar 
[1994] and Kumar et al. [1995] which show a very good internal 
consistency in all parameters (Figure 5). In view of the 
shortcomings of each proxy discussed before, the rationale of this 
reconstruction cannot be to come up with unambiguous 
quantitative estimates of export paleoproductivity. Rather the 
estimates for the main interglacial export areas south of the 
present APF are compared with those for the main glacial export 
areas, which were shifted north of the present APF. In doing so, 
we expect that the systematic underestimation of the 23øTh- 
normalized rain rates, which is caused by an additional import of 
23øTh from the Weddell Sea into this area [Rutgers van der Loeff 
and Berger, 1993; Walter et al., 2000], mostly cancels out. We 
also assume that opal dissolution and Corg/biogenic opal ratios 
have remained constant within the moving opal belt on glacial- 
interglacial timescales. For opal dissolution this assumption has 
recently been strengthened by the finding that dissolution may 
modulate opal rain rates in the Southern Ocean but not as a 
primary factor [Pondaven et al., 2000]. The approach of this 
study will thus provide the possibility to assess whether overall 
glacial export productivity in the eastern Atlantic sector of the 
Southern Ocean was higher than during interglacials or not. Such 
a productivity comparison has crucial implications for the 
question whether the glacial Southern Ocean was a potential sink 

of atmospheric CO2 or not. As discussed before, we do not 
consider •øBe rain rates and authigenic U reliable proxies for 
biogenic particle flux and will therefore base our synthesis on the 
rain rates of biogenic opal and Babio (in those sections without 
authigenic U) complemented by other available paleo- 
environmental parameters (sea ice extent, water column 
stratification, and Fe fertilization). 

Higher interglacial than glacial values of the rain rates of Babio 
and biogenic opal are observed for most of the cores from the AZ 
whereas in the PFZ north of the present-day position of the APF 
the opposite is observed (Figures 5d and 5e). The overall 
comparison of the interglacial maxima of biogenic opal rain rates 
south of the present APF with the glacial maxima north of the 
APF shows either similar or even somewhat higher interglacial 
than glacial values, in particular when comparing MIS 6 and 5e. 
In the case of the only three valid glacial Ba•io rain rates (cores 
PS1772-8, RC13-259, and PS1754-1) it has to be assumed that 
the absence of authigenic U in these core sections is a primary 
feature and has not been caused by postdepositional burn-down. 
We therefore suggest that even these data have to be considered 
with some caution. Biogenic opal rain rates appear to be the most 
reliable proxy in view of the rationale of comparing proxy data 
from the interglacial position of the opal belt south of the APF 
with those from the glacial position north of the APF and display 
very systematic changes and a nearly perfect mirror image of each 
other for MIS 1 and 2 (Figure 5e). Translating this pattern into a 
correct quantitative comparison of the overall amount of 
Southern Ocean glacial/interglacial opal rain rates would require 
a precise knowledge of the exact spacial extent of the glacial and 
interglacial opal belt which is, unfortunately, not yet available. 

From these results we, nevertheless, can infer that the increased 
input of aeolian dust and a potentially linked fertilization of the 
surface waters during the last glacial [Martin, 1990; Kumar et al., 
1995] may only have resulted in increased export 
paleoproductivity north of the present-day position of the APF. 
For the area south of the APF we suggest that a seasonal or, in 
the case of PS1772-8, even year-round sea ice cover during the 
last glacial together with a shallow remineralization [Usbeck and 
Schlitzer, 1999; Rutgers van der Loeff and Hoppema, 1999] and 
an increased stratification of the water column [Francois et al., 
1997] prevented a positive response of opal-dominated export 
fluxes to such fertilization. The possible Fe fertilization north of 
the APF did, however, apparently not result in a significantly 

Fig. 5: Comparison of the average rain rates for the last glacial and present interglacial as well as the penultimate glacial and 
interglacial MIS 5e as a function of latitude in the eastern Atlantic sector of the Southern Ocean (the results of this study (crosses) 
are shown together with the data from Kurnar [1994] and Kurnar et al. [1995] (solid circles): (a) løBe; (b) total (detrital) Fe; (c) 
concentrations of authigenic U; (d) preservation-corrected Babio only for those sections where authigenic U concentrations are 
below 0.5 ppm, which is considered to be the uncertainty of the calculation of authigenic U from the mean crustal U/Th ratio; and 
(e) biogenic opal. The solid lines mark the average values for the present MIS 1 (Holocene) (except for PS1768-8, where it 
reflects the average value for the last 14.5 kyr) and the MIS 5e climate optimum (120-125 ka), and the dashed lines mark the 
average last glacial MIS 2 and MIS 6 values. The vertical lines at 50 ø and 45.5øS represent the average present, day positions of 
the APF and SAF, respectively. The dashed horizontal line in Figure 5a is the present-day global average løBe production rate 
[Monaghan et al., 19985/86]. The shaded areas mark periods where glacial values are higher than the corresponding interglacial 
values. A spike calibration problem at the Lamont group rendered their løBe results by Kurnar [1994] and Kurnar et al. [1995] 
40% too high (R.F. Anderson, personal communication, 1999). The data taken from these sources were adjusted to this offset and 
were additionally corrected for cosmogenic production rate variations caused by variations of the geomagnetic field intensity 
[Guyodo and Valet, 1996; Frank et al., 1997] to allow a direct comparison. In Figure 5c authigenic U concentrations of two more 
cores (PS2499-5, 46ø3 I'S, 15ø20'W and PS2498-1, 44ø10' S, 14ø14'W) from Koschrnieder [ 1996] are added. Above the transect 
the approximate extent of sea ice cover is plotted. The solid bar indicates year-round sea ice cover during the last glacial MIS 2 
and MIS 6, whereas the broken bar marks the approximate extent of seasonal (winter) sea ice. Note that the southernmost location 
of core PS 1772-8 was covered by seasonal sea ice during the Holocene, whereas it was year-round ice-free during MIS 5e. 
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higher glacial productivity than during the interglacials south of 
the APF. 

We applied the algorithm given by Francois et al. [1995] to 
estimate export productivities from Babio rain rates, although 
there are additional uncertainties related to variable Bauo/Corg 
ratios [Dymond and Collier, 1996] and variable preservation 
efficiencies [Kumar et al., 1996; McManus et al., 1999] derived 
from sediment trap studies. For MIS 1 we obtain values of 10-20 
g C m '2 yr '• for the area of the present APF. This is in relatively 
good agreement with export productivity at 100 m water depth of 
-15 g C m '2 yr '• determined from sediment traps in the same area 
[Wefer and Fischer, 1991], which were, however, not corrected 
for collection efficiency. Results based on 234Th from the same 
area showed values -26 g C m '2 yr -• at 100 m water depth (M.M. 
Rutgers van der Loeff et al., Steady summer production and a 
sudden spring bloom make a comparable contribution to carbon 
and opal export near the Antarctic Polar Front, SE Atlantic, 
submitted to Deep Sea Res., Part II, 2000) Maximum levels of 
export productivity for the entire transect are calculated from the 
MIS 3 Bauo rain rates of core PS 1754-1. These are, as discussed 
before, probably somewhat too high but reach -50 g C cm '2 kyr '•, 
which is comparable to the highest interglacial maxima south of 
the APF (-30 C cm '2 kyr '• during MIS 5e in cores PS1772-8 and 
PS1768-8), but, by far, not as high as in coastal upwelling high 
productivity areas. 

In accordance with Francois et al. [1997] this implies that an 
increased export productivity of the glacial Southern Ocean 
cannot serve as a viable process to lower glacial atmospheric 
CO2. Nevertheless, our data, in particular the high glacial 
authigenic U concentrations in core PS1768-8, support the view 
that a stratification of the Southern Ocean water column south of 

the APF during glacials, possibly linked to sea ice cover, 
diminished the "CO2 leak" to the atmosphere [Francois et al., 
1997]. A similar mechanism, which is also consistent with our U 
data and the reconstructions of sea ice extent [Gersonde and 
Zielinski, 2000], directly invokes sea ice cover to decrease 
surface exposure of glacial Southern Ocean deep-water and thus 
to decrease the CO2 transfer to the atmosphere [Stephens and 
Keeling, 2000; Elderfield and Rickaby, 2000]. Alternatively, a 
globally increased glacial export productivity linked to a global 
increase in dust flux and involving the oceanic nitrogen cycle 
may have played a role [Broecker and Henderson, 1998]. 

There are a lot of questions left. One is, for example, 
whether the biogenic opal rain rates represent a reliable proxy for 
export paleoproductivity or whether there was a glacial 
decoupling of Corg and biogenic opal rain rates [Kurnar et al., 
1995; Anderson et al., 1998]. Evidence for a present decoupling 
of Co•g and biogenic opal accumulation within the Southern 
Ocean has been shown by lower Co•g/biogenic opal ratios in the 
eastern Atlantic sector than in the Scotia Sea and Weddell Sea 

areas [Schliiter et al., 1998; M. Schltiter, personal 
communication, 1999]. On glacial-interglacial timescales the 
difference between the moderately increased glacial opal rain 
rates and the strongly increased glacial IøBe, 231paex/23øThex, and 
authigenic U accumulation rates was initially suggested to 
provide evidence for such a decoupling [Kumar et al., 1995]. The 
results of our study on løBe rain rates and authigenic U and the 

results of Walter et al. [1997, 1999] on 231paex/23øThex apparently 
do not support the use of those three proxies to reconstruct export 
paleoproductivity and thus also weaken the argument on 
decoupling of biogenic opal and Co•g on glacial-interglacial 
timescales. A comparison of biogenic opal and Co•g rain rates 
themselves [Anderson et al., 1998] also suggests lower biogenic 
opal to Corg ratios during glacials north of the APF than during 
interglacials south of the APF. In view of the effects deduced for 
the authigenic U signal in this study, however, it is inferred that 
Co•g accumulation and preservation have been similarly 
influenced by intense focusing and lowered glacial bottom water 
02 and must be considered with great caution. 

6. Conclusions 

Despite the uncertainties that still exist with all potential 
proxies for export paleoproductivity of this multiproxy approach, 
the good correspondance of biogenic opal rain rates and those 
Babio rain rates derived from core sections without authigenic U 
in comparing the interglacial maxima south of the APF and the 
glacial maxima north of the APF provides evidence that overall 
glacial export productivity of the Southern Ocean was similar to 
its values during interglacials. Whereas Fe fertilization may have 
contributed to glacial maxima in export productivity north of the 
present position of the APF as mirrored by maxima in most 
proxies presented, a response of opal export productivity to 
increased glacial Fe input south of the APF was apparently 
grossly restricted by water column stratification, sea ice cover, 
and a shallow remineralization depth. Despite a possible Fe 
fertilization the glacial opal productivity north of the APF was 
apparently not higher than during the interglacials south of the 
APF. It is also inferred that export productivity in the Atlantic 
sector of the Southern Ocean has, by far, not reached levels of 
coastal upwelling areas during the past 150 kyr. As a 
consequence, we suggest that increased export productivity in the 
Southern Ocean has not contributed to lowered glacial 
atmospheric CO2 levels. 

There is more work needed to better constrain and quantify the 
uncertainties associated with every proxy used in this study, such 
as oxygen levels of the deep water, spacial differences between 
the proxies in the eastern and western Atlantic sectors of the 
Southern Ocean, and variability of the relationships between Co• 
and biogenic opal and Bauo. Multiproxy approaches certainly 
provide more reliable reconstructions of export paleoproductivity 
than using single proxies alone, but even this does not necessarily 
imply that we are close to a quantitative estimate of export 
paleoproductivity as long as the uncertainties with each of the 
proxies are too high. 
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