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Abstract

High resolution radioisotope and proxy element profiles were measured on five sediment
cores forming a transect over the eastern part of the Atlantic sector of the Antarctic
Circumpolar Current in order to achieve a more detailed reconstruction of sedimentary
and paleoenvironmental conditions of this key.area for global climate change during the
late Quaternary.

Comprehensive previous stratigraphic work which was carried out within the Special
Research Project (SFB) 261 of the German Science Foundation (DFG): ”Der Siidatlantik
im Spatquartdr: Rekonstruktion von Stofthaushalt und Stromsystemen”, can mostly be
corroborated by results of the 2*°Th,, dating method, by which rough average sedimenta-
tion rates may be calculated. In addition, a high resolution dating within single isotope
stages is shown to be possible applying 2*°Th,, constant flux models, which enable the in-
vestigation of short-term paleoenvironmental changes during the last about 300,000 years,
corresponding to isotope stages 1-9. Short periods of drastically increased sedimentation
rates by up to a factor of 8 are for example determined in the sediments of the Antarctic
Zone during the climate optima at the beginning of the Holocene and the beginning of
isotope stage 5e, about 125,000 years ago.

By a comparison of the expected and measured accumulation rates of 2°Th,,, which
should be constant due to the short residence time of 2°Th in the water column of the
ocean, lateral sediment redistribution (focusing and winnowing) is quantified and vertical
particle rain rates are calculated. It is possible to show that lateral contributions to the
sediment accumulation rates locally were up to six times higher than the vertical particle
rain rates. During other periods and at other locations only about 25 % of the vertical
particle rain were at last deposited. Only the ***Th,, normalized vertical particle fluxes
represent a correct reconstruction of accurnulation rates, which has, for example, a strong
impact on estimations of export paleoproductivity that are calculated using accumulation

rates of proxies like biogenic barium.

The ?°Th,, normalized accumulation rates (rain rates) are inserted into a paleopro-
ductivity transfer function, basing on biogenic barium results of a previous study, carried
out on the same cores as this study. It is shown that the peak export paleoproductivity
occurring in the Antarctic Zone of the ACC during the interglacials was by far not as high
as previously assumed. From fluxes of biogenic opal and vertical sediment accumulation
rates it is deduced that the high particle flux area, presently located south of the Antarctic
Polar Front (Opal Belt) in the Antarctic Zone, was shifted to the north by about 4 to
5° during glacials. The intensity of the glacial particle flux, however, as already deduced
from previous investigations, was slightly lower than in the Antarctic Zone during the

interglacial periods.

The ?'Pagy rain rates are suggested to be a suitable proxy indicator for biogenic
particle flux in the past. The rain rates rates of cosmogenic "Be which yield a pattern just
opposite to the expected one, turned out not to be a suitable tracer for biogenic particle
flux in the past. As shown by a comparison to the rain rates of terrigenous material, the



scavenging of '“Be seems to be mainly controlled by aluminosilicate deposition originating
from aeolian dust flux and ice rafted debris. Nevertheless, biogenic '*Be deposition was
increased during the climate optima in the Antarctic Zone sediments.

Changes in the redox conditions of the surface sediments and the deep water are
investigated by authigenic 28U concentrations and accumulation rates and Mn/Al ratios.

Assuming that the increased glacial dust flux released additional iron to the surface
waters of the transect, the results obtained from the sediments of the Antarctic Zone
suggest that a glacial fertilization by detrital input of iron, as recently discussed, was not
the case. Altogether, a glacial increase in Southern Ocean productivity and thus a glacial
Southern Ocean CO; sink seems to be rather unlikely, as previously deduced from other

investigations.

Zusammenfassung

Zeitlich hochauflosend wurden an finf Sedimentkernen eines Transects iiber den 6stlichen
atlantischen Sektor des Antarktischen Zirkumpolarstromsystems Profile von Radioisoto-
pen und Proxyindikatoren gemessen. Ziel dieser Arbeit war es, eine detailliertere Re-
konstruktion der sedimentaren Bedingungen und der Paldoumweltbedingungen dieses
Schlisselgebietes fiir globale Klimaveranderungen im Spatquartar zu erméglichen.

Umfassende stratigraphische Arbeiten, die im Rahmen des Sonderforschungsbereichs
(SFB) 261 der Deutschen Forschungsgemeinschaft (DFG): "Der Siidatlantik im Spat-
quartdr: Rekonstruktion von Stoffhaushalt und Stromsystemen” an den Kernen durch-
gefihrt wurden, konnten mit Hilfe der #%Th-Datierungsmethode, die die Berechnung
von groben durchschnittlichen Sedimentationsraten ermdglicht, zunachst weitgehend be-
statigt werden. Erganzend ermdglicht die Berechnung von 229Thex-Konstant-Flu-Model-
len eine hochauflésende Datierung innerhalb einzelner Isotopenstadien, die es moglich
macht, auch kurzzeitige Veranderungen von Paldoumweltbedingungen wahrend der letz-
ten etwa 300000 Jahre, also den Isotopenstadien 1-9, zu erfassen. Drastische Anstiege der
Sedimentationsraten um bis zu einem Faktor von 8 konnten wahrend der Klimaoptima
des Holozan und am Beginn des Interglazialstadiums be vor etwa 125000 Jahren in der
Antarktischen Zone stidlich der heutigen Position der antarktischen Polarfront festgestellt
werden.

Durch einen Vergleich der erwarteten und gemessenen ?3*°They-Akkumulationsraten,
die aufgrund der niedrigen Verweilzeit des #*°Th in der Wassersaule konstant sein sollten,
kann der Anteil lateralen Sedimenteintrags oder -abtransports (Focusing und Winnowing)
quantifiziert werden und vertikale Sedimentakkumulationsraten (*Rain Rates”) konnen
berechnet werden. Es wird gezeigt, dafl der Anteil an lateral eingetragenem Sediment
lokal bis zu sechs mal hoher als das tatsachlich vertikal aus der Wassersdule akkumulierte
Material war. An anderen Stellen wurden aufgrund des Einflusses von Bodenstrémungen
nur 25 % des aus der dariberliegenden Wassersdule stammenden Sediments letztendlich
abgelagert. Nur die 2°Thec-normalisierten vertikalen Sedimentakkumulationsraten stel-
len eine korrekte Rekonstruktion der Akkumulationsraten der Vergangenheit dar, wenn



zum Beispiel die Exportpalioproduktivitit mit Hilfe von Akkumulationsraten von Proxy-
indikatoren wie biogenem Barium abgeschitzt wird.

Durch Einsetzen der #*Th.-normalisierten vertikalen Sedimentakkumulationsraten
in die Transferfunktion einer Paldoproduktivitatsstudie, die auf den Akkumulationsraten
biogenen Bariums an den gleichen Sedimentkernen basiert, wird gezeigt, dafl die Paldo-
produktivitat aufgrund des lateralen Sedimenteintrags zum Teil wesentlich niedriger war
als vorher berechnet. Anhand der Akkumulationsraten biogenen Opals und der vertika-
len Sedimentakkumulationsraten kann eine glaziale Nordwartsverlagerung des biogenen
Hochproduktivitatsgebiets, das heute sidlich der Polarfront liegt (Opalgiirtel), um etw 4
bis 5° abgeleitet werden. Dabel zeigt es sich jedoch, wie auch in anderen Untersuchungen
vorher schon festgestellt, daB die Intensitat des biogenen Partikelflusses in den Glazialen
etwas niedriger als in den Interglazialen siidlich der Polarfront war.

Es deutet sich an, daB die "Rain Rates” von *'Pa., aufgrund ihrer relativ guten
Ubereinstimmung mit anderen Proxyindikatoren geeignete Tracer fiir den biogenen Par-
tikelfluB der letzten 150000 Jahre sind. Die "Rain rates” des kosmogenen Radionuklids
10RBe, die stidlich der Polarfront einen Verlauf genau entgegengesetzt zu den Erwartungen
zeigen, konnen nach dieser Arbeit nicht als geeigneter Tracer fiir biogenen Partikelfluss an-
gesehen werden. Ein Vergleich mit den ”Rain Rates” terrigenen Materials legt nahe, dafl
der adsorptive Abtransport von '°Be aus der Wassersaule, trotz eines groen Angebots an
biogenen Partikeln, hauptsichlich von Tonmineralen kontrolliert wird, die durch dolischen
Eintrag verstirkt wihrend der Glazialzeiten in den Siidatlantik gelangten. Siidlich der
Polarfront zeigt die Berechnung des Anteils an biogen gebundenem °Be trotz der ernied-
rigten Gesamt-1°Be-Rain Rates wiahrend der Klimaoptima einen Anstieg.

Anderungen der Redoxbedingungen im Tiefenwasser und im Oberflichensediment wer-
den anhand der authigenen ***U-Konzentrationen und der Mn/Al-Verhaltnisse untersucht.

Eine glaziale Diingung des Oberflichenwassers durch verstarkten Eintrag von Eisen
mit windtransportiertem Staub, die vermutet wird, um eine postulierte hohere biologi-
sche Produktivat des glazialen Zirkumantarktischen Ozeans zu erklaren, kann zumindest
in den Sedimenten, die an der heutigen Position des Opalglirtels abgelagert wurden, nicht
nachvollzogen werden. Vielmehr ist eine insgesamt hohere glaziale Produktivitat des Zir-
kumantarktischen Ozeans mit den Ergebnissen dieser Untersuchung nicht zu vereinbaren.
Wie auch in anderen Untersuchungen gezeigt, hat der Sidatlantik daher wahrscheinlich
nicht als die gesuchte fehlende Senke fiir atmospharisches CO; wahrend der Kaltzeiten

fungiert.



1 Introduction

1.1 Motivation of the Study

The global thermohaline conveyor belt is driven by the sinking of cold water masses in
the high latitudes forming the main bottom water currents in today’s ocean (Broecker
and Peng, 1982).

In contrast to the high northern latitude ocean basins, the Southern Ocean with the
Antarctic Circumpolar Current system (ACC) is considered the most important linkage
for mass and energy exchange between the three main ocean basins. This is a consequence
of the geographic situation, which allows a continuous current system to be established
around Antarctica. At the frontal systems of the ACC the nutrient rich and cold Antarctic
water masses are gradually separated from the nutrient poor and warm water masses of
low and middle latitudes. The pattern and the position of the frontal systems which
control the distribution of these cold and warm water masses, together with the sea ice
extension influence the heat transfer and the budget of the constituents of the world
ocean. The production of intermediate and deep water masses, as well as wind stress and
wind fields of the atmosphere are influenced. The sea ice distribution controls the spatial
and temporal extension of biologically productive areas of the surface waters as well as
the albedo and last but not least the CO, exchange between atmosphere and ocean is

influenced.

Motivated by the above mentioned importance of the Southern Ocean, extensive re-
search has been. carried out in the eastern Atlantic sector of the ACC. Within the spe-
cial research project (SFB) 261: ”Der Sidatlantik im Spatquartar: Rekonstruktion von
Stoffhaushalt und Stromsystemen” various expeditions took place and a large number of
sediment cores were collected (see for example the ”SFB 261 Arbeits- und Ergebnisbericht
1989-1992” for a summary). One main topic where interest has been focussed on, is the
reconstruction of changes of the surface layer of the ocean, which are controlled by the
glacial/interglacial paleoclimatic conditions in the Late Quaternary.

It is indispensable for any paleoceanographic reconstruction to achieve a stratigraphy
as precise as possible. Today modern mass spectrometers allow the measurement of oxygen
isotopes in very small samples of carbonaceous microfossils (mostly foraminifera). This
enables the establishment of §180 stratigraphies for sediments with very low carbonate
content, as it is the case in high southern latitudes.

With the help of transfer functions proxy data of paleo-water temperature, salinity
and nutrient content are produced, which allow the reconstruction of the distribution of
warm and cold surface water masses, of the position of the frontal systems and of the
gradients during the last about 300 kyr. Core sections representing glacial conditions can
be identified using the abundances of certain radiolarian species (Cycladophora davisiana
and Fucampia antarctica stratigraphy). The increased abundance of the diatom species
Nitzschia curta and Nitzschia cylindrus are applied for reconstructing the extension of
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the sea ice cover (see Gersonde and Patzold, 1992, for a summary). These biofluctua-
tion stratigraphies of siliceous microfossils (Hays et al., 1976; Burckle and Cooke, 1983;
Abelmann and Gersonde, 1988) could be given a reliable time frame by the improved
oxygen isotope measurement techniques and may themselves be applied as independent
dating tools. The accumulation rates of biogenic opal may, considering some uncertainties
concerning dissolution, serve as paleoproductivity proxy (Charles et al. 1991; Mortlock
et al., 1991).

The 6'80 records of these high latitude sediments may be obscured by the influence of
meltwater and thus may often not be applied without additional stratigraphic information.
Additionally, there are large sections which are definitely barren of biogenic carbonate,
thus mostly only allowing the calculation of linear sedimentation rates between the ma-
jor climatic transitions. There were, however, severe changes of the paleoenvironmental
conditions and the sedimentation rates within certain climatic stages (Gersonde et al., in
prep.). These changes are linked to significant variations of the sea ice distribution and the
hydrography of the surface water and thus may help to understand the processes leading
to short-term climatic changes in the past, which may have influenced the budget of the
constituents of the entire ocean. The interhemispheric comparison of such climate events,
as for example the Younger Dryas period, is essential for reconstructing the mechanisms
of global climate change.

A high resolution record of the sedimentation rates which is necessary to investigate
these short-term changes, can for example be achieved by '*C measurements. This, ho-
wever, is time consuming and expensive if a large number of samples have to be analyzed
and this method is restricted to the last 30,000 to 40,000 years. One of the goals of this
study was to address the described dating problems by applying radioisotopic methods:

e Sediments which are either completely barren or which contain sections barren of
biogenic carbonate may be roughly dated applying the ?*°Thex method, thus provi-
ding a time frame for other stratigraphic investigations.

e Changes of the concentration of 2°The, in the sediments may be interpreted as chan-
ges 01f dilution with sedimenting particles and thus as changes of the sedimentation
rates assuming a constant flux. This constant flux model enables the calculation
of a high resolution record of the sedimentation rates, also within previously fixed
stratigraphic sections during the last about 300,000 years.

There is a process which may lead to false conclusions when calculating paleo accumulation
rates from sediment cores, especially adjacent to topographic elevations or in areas where
high bottorm water current velocities occur. Sedimenting particles from the surface water
may be transported with bottom currents or within the nepheloid layer to other areas
and may be deposited there. Additionally sediment particles can be resuspended and
transported by bottom currents. These lateral contributions or losses can not be quantified
in the deposited sediments because the transport mostly occurs on small scales of distance
and no lithological changes are recorded. Accumulation rates calculated for sediments
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which laterally received or lost material, are then too high or too low and may lead to
incorrect conclusions, for example when evaluating paleoproductivity from the fluxes of
Corg or biogenic barium. The lateral supply of particles may be more than ten times as
high as the vertical contribution, as for example determined in a sediment core from the
Indian sector of the Southern Ocean (Francois et al., 1993).

In this context, problems arise from the development and application of modern sonar
systems on board of the research ships, like for example "parasound” (Gersonde and Hem-
pel, 1990; Gersonde, 1993). These tools enable the finding of places with a sufficiently
thick Quaternary sediment cover. This may, however, also result in some disadvantages,
because in areas where apparently only low sedimentation rates and thus a poor time
resolution is expected, often no sediment cores are recovered. This is a general problem
in areas where intricate topography causes uneven sedimentation of particles. The effect
is that sediments are preferentially sampled at locations where lateral contributions (fo-
cusing) may have occurred. When balancing mass fluxes and accumulation rates of proxy
elements, estimates may be significantly too high. This problem may also be addressed
by 220Th,, investigations:

e Sediment redistribution effects (focusing and winnowing processes) may be quanti-
fied by comparing the measured *°Th,, accumulation rates to the expected values
from production in the water column. The vertical flux of °Th,. can be consi-
dered constant, which means that any significant deviation from this flux may be
attributed to lateral import or export of particles loaded with adsorbed 2%Th.,.

Furthermore there is no independent tracer of paleoproductivity for which a masking by
dissolution or other disturbing factors can unambiguously be excluded. Therefore, the
suitability of the accumulation rates of the particle reactive natural radionuclides °Be
and 2'Pa,, as tracers for the paleointensity of biogenic particle flux is investigated in this
study. Promising attempts have already been made in other areas of the world ocean (c.f.
Anderson et al., 1990; Frank et al., 1994) and in the Southern Ocean (Francois et al.,
1993; Kumar et al., 1993):

e Are the accumulation rates of 1°Be and #*!'Pa,, suitable tracers of paleoproductivity
in the Southern Ocean? This is checked by comparison to other tracers of paleopro-
ductivity like biogenic opal and biogenic barium, which are available for the cores
of this study.

e Can a glacial northward shift of the frontal zones of the ACC, which was suggested
in various studies (Charles et al., 1991; Mortlock et al., 1992; Kumar et al., 1993)
be corroborated by the different approaches of this study?

e Finally, is it possible to deduce additional information on the overall paleopro-
ductivity of the Southern Ocean during glacials and interglacials and thus on the
probability of the Southern Ocean as glacial CO; sink from the results of this study?
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1.2 Oceanography
1.2.1 Global Circulation Patterns

The global thermohaline circulation is driven today by the formation of deep water masses
from two sources. In the Norwegian-Greenland Sea high saline and oxygen rich North
Atlantic Deep Water (NADW) is produced by cooling and subsequent sinking of water
masses which were more or less in equilibrium with the atmosphere. It flows southward
along the North and South American continents until it enters the Circumpolar Deep
Water (CDW) in the Argentine Basin (Reid et al., 1977) after a residence time of about 80
years (Broecker and Peng, 1982). In the Weddell Sea, Antarctic Bottom Water (A ABW)
is formed by mixing of water masses that were only partly in contact with the atmosphere
(see chapter 1.2.2). Consequently AABW is lower in oxygen and rich in nutrients and
12C. Thus, it is the NADW which accounts for the ventilation of the deep ocean basins.

The conveyor belt model (Broecker and Peng, 1982) explains the chemical differences
between Atlantic and Pacific deep waters by differences in age: While the NADW is less
then 100 years old when it enters the CDW, the Pacific deep water is several hundreds
up to 1500 years old. Correspondingly, it is characterized by low oxygen content, more
negative §°C values and high nutrient and $CO; concentrations. However, there are
indications that the circulation pattern was significantly different through glacial periods
of the paleoclimate. One key area for studying these changes is the Southern Ocean
because there, changes in deep water supply from the north are expected to have strong

consequences.

The 613C, Cd and Ba sediment profiles measured on benthic foraminfera in the Paci-
fic and Atlantic sectors of the Southern Ocean show that the contrast between the two
deep ocean areas was weaker during glacials, suggesting that deep water ventilation was
reduced (Boyle and Weaver, 1994). Stronger ventilation was observed for a more interme-
diate glacial NADW circulation cell which, however, was restricted to the Atlantic basin
(Fichefet et al., 1994). According to these authors, the NADW production was redu-
ced by approximately 40 %, whereas the AABW production was slightly increased and
penetrated farther north. Charles and Fairbanks (1992) used results from 6*3C studies
of benthic foraminifera to reconstruct changes of NADW production and input into the
global thermohaline circulation. They observed an abrupt increase of the NADW pro-
duction at 12.6 to 12.2 kyr B.P., exactly preceding the first large scale melting events of
the northern hemisphere ice sheets and suggested that the restarting NADW production
was the primary amplifier for glacial/interglacial climate change.

Recent results of Howard and Prell (1994) imply that increased carbonate dissolution
in the Southern Ocean during glacials is strongly correlated to a diminished NADW
inflow, corroborating earlier results of Raymo et al. (1990). However, the lower input of
NADW can not account completely for the total decrease in deep CO2™ ion concentrations.
Yu (1994), on the other hand, deduced from a comparison of last glacial and Holocene

B1Pa/?0Th., ratios of the whole Atlantic Ocean that the intensity of NADW input into
the Southern Ocean remained more or less unchanged during the last glacial.
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In summary, it is still neither known whether NADW production was completely swit-
ched off nor to what extent it was active during the glacials and during the transitions bet-
ween two stable glacial and interglacial modes of the thermohaline circulation. However,
there are more indications at the moment that there was at least a certain percentage of
NADW input into the glacial Southern Ocean. Although the two principally used proxies
for the investigation of this question, §'*C and Cd, yield a consistent picture throughout
the world’s ocean, this is not the case in the southernmost part of the Southern Ocean.
Various suggestions for resolving this contradiction have recently been discussed (chapter
1.4), but as long as these do not give a satisfactory and consistent explanation, the role of
NADW and the exchange between the Atlantic and the Southern Ocean during glacials
cannot be unambiguously resolved.

Water Masses and Currents

NADW North Atlantic Deep Water CDW Circumpolar Deep Water
AABW  Antarctic Bottom Water AAIW  Antarctic Intermediate Water
LCDW  Lower Circumpolar Deep Water UCDW  Upper Circumpolar Deep Water
WSDW  Weddell Sea Deep Water WSBW  Weddell Sea Bottom Water
WDW  Warm Deep Water WSW  Western Shelf Water

ISW Ice Shelf Water AASW  Antarctic Surface Water
SACW  South Atlantic Central Water SASW  Subantarctic Surface Water
SAC South Atlantic Current ACC Antarctic Circumpolar Current

Fronts and Frontal Zones

STF Subtropical Front SAF Subantarctic Front
APF Antarctic Polar Front SAZ Subantarctic Zone
PFZ Polar Frontal Zone A7 Antarctic Zone

Table 1: Glossary of the applied abbreviations for water masses, fronts and frontal zones of the

Southern Ocean.

1.2.2 Present Hydrography of the Southern Atlantic Ocean and the Antarctic
Circumpolar Current System (ACC)

The circulation pattern of the Atlantic section of the Southern Ocean is in many respects
extraordinary, as shown already by the first investigations in the 1920’s and 1930’s (Wiist,
1935). The wind driven near-surface circulation of the water masses of the Atlantic sector
of the Southern Ocean is dominated by the westward flowing equatorial current system
in the north and by the eastward flowing circumpolar current system in the south (c.f.
Peterson and Stramma, 1991) (Fig. 1). Nearly zonal isobars in the high latitudes of the
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Figure 1: Schematic picture of the large-scale, upper-level geostrophic currents and fronts in the
South Atlantic Ocean, from Peterson and Stramma (1991). The bold solid line in the eastern southern

Atlantic marks the transect of the sediment cores of this study.

southern Atlantic produce strong westerly winds and drive the ACC, which flows eastward
around the Antarctic continent without being disturbed by any bigger landmasses, thus
leading to a thermal isolation of Antarctica. The South Atlantic Subtropical Gyre is
bounded to the south by the South Atlantic Current (SAC) which itself is separated from
the ACC to the south by the Subtropical Front (STF) (Stramma and Peterson, 1990).
The STF is characterized by a sharp drop in temperature of 5°C or more. The ACC,
which represents the transition zone between highly nutrient enriched cold water masses
in the south and warmer nutrient depleted water masses in the north, itself consists of a
sequence of zonal jets of geostrophic transport and bands of quiescence (Fig. 2).

These zonal jets, where the main geostrophic transport occurs, define the location of
the fronts within the ACC, which from the north to the south are the Subantarctic Front
(SAF), the Antarctic Polar Front (APF), and the ACC-Weddell Gyre Boundary (Fig. 1)
(Whitworth and Nowlin, 1987; Peterson and Whitworth, 1989). The area between the
STF in the north and the SAF in the south is called Subantarctic Zone (SAZ). North of
the Polar Front the Polar Frontal Zone (PFZ) and south of it the Antarctic Zone (AZ)
complete the transect.
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Figure 2: Vertically-averaged geostrophic speeds in the Drake Passage in the upper 2500 m, relative
to 2500 m water depth. The solid line marks 1000m water depth, adapted from Peterson et al. (1982) in
Peterson and Stramma (1991).

The SAF is characterized by a pronounced salinity and temperature gradient which
marks the beginning of the steep northward deepening of the salinity maximum of the
Antarctic Intermediate Water (AAIW), which is generated at the surface ocean in the
PFZ. A strong southward increase of the concentrations of dissolved nutrients like nitrate
(NO3) and phosphate (POy) is also located at the SAF (Fig. 3). The PFZ itself represents
a complex zone of mixing north of the APF and is a region of transition between Antarctic
and Subantarctic surface waters (Nowlin et al., 1977), where NO3 and POy concentrations
are already high, but dissolved silica (H4S104) is not.

The APF which has been investigated to a much greater extent than the SAF (see
Peterson and Stramma (1991) for an overview), represents the northern boundary between
cold near-surface water (-1.5° to 2°C) in the south and warmer water masses in the north
(Mosby, 1934) and is about equivalent to the term Antarctic Convergence. Besides a
small southward increase in dissolved nutrients, a drastic increase in dissolved silica gives
way to an enhanced opal productivity. In the AZ south of the APF the cold Antarctic
Surface Water (AASW) is underlain by the huge and relatively homogeneous water mass

of the CDW. The ACC-Weddell Gyre Boundary separates the ACC from the clockwise
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Figure 3: Nutrient concentrations and temperature in the surface water on a NE-SW transect over
the ACC from about 14°E to 4°E (from van Bennekom et al., 1988). The shaded area marks the PFZ,

where the most pronounced changes occur.

rotating Weddell Gyre, the eastern boundary of which is located at about 20° to 30° E.

Volume transport estimates of the ACC vary between some 200 Sv (10° cm®/s) of
eastward flow and even flow in the opposite direction (see Peterson and Stramma (1991) for
a summary), while, according to newer results, realistic estimates are somewhere between
90 and 130 Sv, taking into account relatively large interannual variations (Whitworth and

Peterson, 1985).

The deep circulation in the Atlantic sector of the Southern Ocean is dominated by the
eastward flowing ACC, which in many places extends to the sea floor, and the generally
northward flowing AABW. The bulk of the ACC consists of a thick layer of CDW which
in the southwest Atlantic is divided into a lower (LCDW) and an upper branch (UCDW)
at depths between 1000 and 2000 m by the inflow of NADW (Reid et al., 1977). The high
salinity core of the NADW rises towards the south across the ACC (Fig. 4). The deep
water is mainly dominated by Weddell Sea Deep Water (WSDW) and the Weddell Sea
Bottom Water (WSBW), which is the densest component in the production of AABW
(potential temperature § < -0.8°C (Carmack and Foster, 1975)). WSDW (f = 40.4 -
-0.1°C) is mainly formed in the southern and western Weddell Sea by mixing of Warm
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Deep Water (WDW, § = +0.4°C) derived from LCDW (Whitworth and Nowlin, 1987))
and high saline and cold Western Shelf Water (WSW) at the shelf break (Foster et al.,
1987), but also by mixing of WSBW and WDW.

Downslope flowing supercooled Ice Shelf Water (ISW), formed below the Filchner and
Ronne Ice Shelves (Foldvik et al., 1985), mixes below about 2000 m with WDW from the
east and forms WSBW (Foldvik and Gammelsrgd, 1988). WSBW may also form from
mixing of WSW and WDW. While WSBW does not leave the Weddell Sea, WSDW flows
northward and by mixing with CDW, AABW is formed which can today be identified as
far as 35° N in the subtropical North Atlantic (Tucholke et al., 1973).

30°S 40° 50° 60°S

Figure 4: Schematic picture of the vertical distribution of water masses on a N-S profile in the
southern South Atlantic Ocean west of the Mid Atlantic Ridge, from Peterson and Whitworth IIT (1989)

In the central Weddell Gyre the WDW, which represents the intermediate water mass
in the Weddell Sea, was shown to be derived from the LCDW (Whitworth and Nowlin,
1987), which on its way around Antarctica has interacted with deep waters from the
Pacific, Indian and Atlantic Oceans.
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1.3 Paleoclimate

The global climate was subject to major cycles of warming and cooling during the Plei-
stocene. Applying the theory of Milankovitch (1930), these changes probably have been
triggered by cyclic variations of the Earth’s orbital parameters precession (23,000 year
cycle), obliquity (41,000 year cycle), and excentricity (100,000 year cycle) (Berger et al.,
1987; Imbrie et al., 1984, 1992). The control of the seasonal and latitudinal distribu-
tion of incident solar radiation is considered the driving mechanism for climate cyclicity,
where mainly the 100 kyr (kyr = 1,000 years) cycle seems to have been responsible for
the duration of one complete glaciation cycle during the last 500 kyr.

The Pleistocene climate changes have been recorded in the deep-sea sediments of the
oceans, where the same cyclicity is found in the §'®0 records of foraminiferal calcite (c.f.
Martinson et al., 1987). Another important archive for climate change in the past are
the continental ice caps of Greenland and Antarctica, where the atmospheric composition
(CO4, CHy, etc.) of the last about 200 kyr is preserved in gas inclusions (Barnola et
al., 1987; GRIP-members, 1993). CO, and CH, are the main contributors to the Earth’s
greenhouse effect. It was shown that increased atmospheric concentrations of these gases
occur during warmer global climate and vice versa. Prominent maxima of the CO, con-
centration of the atmosphere were observed during the peak interglacial periods of the
paleoclimate (present interglacial and Eemian), which are in good agreement with the
preindustrial CO; concentration of about 280 ppmV. During the glacials, the atmosphe-
ric concentration was lowered by about 90 ppmV. The origin of these changes is not yet
completely understood and can neither be explained by changes of the land vegetation nor
by lower glacial ocean temperatures. A major point of discussion is the coupling between
climate change.and CO,: Are the changes recorded in the ice cores both, in Antarctica
and Greenland, a consequence of orbitally forced global climate change or did changes
in the concentrations of the greenhouse gases at least trigger for example deglaciation
periods (Broecker, 1984)7

It is reasonable to look for the origin of the observed variations in changes of the
chemistry and circulation of the largest CO; reservoir, the world ocean (c.f. Siegenthaler,
1990), with the underlying oceanic sediments representing the long-term sink of CO,, with
respect to Late Quaternary climate change. Even small variations in oceanic chemistry
or biology may cause significant changes in atmospheric CO; concentrations because of
the fast exchange between the two reservoirs (the turnover time of the entire ocean is in
the order of 1000 years (Broecker and Peng, 1982)).

1.4 The Polar Nutrient Hypothesis

Besides physical processes like upwelling, one important mechanism controlling CO ex-
change between the ocean and the atmosphere and between the surface ocean and the
deep-sea, is the so called biological pump. Organisms, mainly phytoplankton, living in the
euphotic zone of the surface ocean transfer surface water CO; to organic matter, which
then sinks to the deep-sea. The activity of the biological pump is traditionally thought
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to be mainly controlled by nutrient supply (phosphate and nitrate) to the surface waters,
which itself is linked to upwelling of deeper waters enriched in nutrients. Surface water
nutrient concentrations are normally strongly depleted due to efficient biological removal.

In the Southern Ocean nutrient concentrations are not depleted (c.f. Levitus et al.,
1993) suggesting that the biological activity is not limited by nitrate and phosphate and
that nutrient utilization is low (High Nutrient Low Chlorophyll (HNLC) area). This led
to the hypothesis that the Southern Ocean may represent the missing glacial CO, sink.
According to multi box modelling approaches of Sarmiento and Toggweiler (1984) and
Keir (1988), an increased primary productivity during glacials and thus an enhancement
of the efficiency of the biological pump was proposed. The more efficient removal of CO,
consequently was suggested to decrease surface water pCO5 and thus also atmospheric
pCO;. The modelling approach of Sarmiento and Toggweiler yielded an atmospheric
pCO; as low as 165 ppmV if all nutrients were removed.

Martin (1990) suggested iron as the biolimiting factor responsible for the increase of
glacial Southern Ocean productivity. He claimed a strongly increased aeolian iron supply
to the glacial Southern Ocean, for example originating from the desert -areas of Patagonia
due to more arid conditions and stronger wind stress. This follows the work of Duce
and Tindale (1991) who suggested that about 10 % of the iron contained in the dust
particles are leached out in the ocean water column. Recently, further support for the
iron hypothesis was gained by a large scale experiment, during which iron was introduced
artificially into a patch of equatorial Pacific surface water 500 km from Galapagos. This
area, as the Southern Ocean, is a HNLC area, where the productivity of the surface
water is not limited by nutrient availability. Instead, it was suggested that herbivore
grazing is the controlling factor for keeping chlorophyll levels and thus phytoplankton
productivity low (Walsh, 1976; Frost, 1991). Although grazing effects led to a fast return
to preexperimental levels and to the effect that by far not all the available nutrients were
utilized, there is strong evidence from the iron experiment that the availability of iron
may indeed be important in controlling phytoplankton paleoproductivity in HNLC areas:
Subsequent to the introduction of the iron, plant biomass was doubled, chlorophyll levels
were increased threefold and plant production was increased fourfold after a relatively
short period of time (Martin et al., 1994; Kolber et al., 1994).

Such a control may also be deduced from a comparison of the area of artificial iron
enrichment to the Galapagos Plume area, where natural phytoplankton productivity and
iron concentrations in the surface water are higher. The analysis of various parameters of
both areas before the experiment showed that only the iron concentrations were signifi-
cantly higher in the Plume area and thus may be responsible for the higher productivity.
In the Southern Ocean constant geostrophic transport and supply of iron at the APF ori-
ginating from the Antarctic Peninsula, the Scotia Ridge and the north-eastern Georgian
Ridge was recently suggested to be responsible for the intensity of phytoplankton spring
blooms (deBaar et al., 1995). These authors compared iron concentrations in the upper
300 m of the water column, pCO; and primary productivity in the southern ACC and at
the APF. They found increased productivity and a CO; undersaturation in the area of
the increased iron supply. In contrast, in the southern ACC the upwelling of deep waters
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only allowed moderate productivity to develop.

The validity of these hypotheses for the global glacial atmospheric CO, decrease may
be checked by reconstructing surface water nutrient concentrations of the glacial Southern
Ocean: Significantly lowered nutrient concentrations would support the hypothesis and
unchanged concentrations consequently would disprove it. The main proxy indicators for
surface water nutrient concentrations, which are themselves not recorded in the sediments,
are the §3C values and the Cd/Ca ratio in planktonic foraminifera.

The use of the §'3C as a surface water nutrient proxy is based on the kinetic fractio-
nation of the carbon isotopes during the production of organic matter. 12C is enriched in
the organic matter and leaves the dissolved inorganic carbon enriched in 3C, while at the
same time the phosphate concentration is lowered. The inverse relationship was shown to
be linear, allowing the §'3C in planktonic foraminifera to be applied as a nutrient proxy
(Kroopnick, 1985).

The Cd/Ca ratio shows a positive correlation with the phosphate concentrations and
thus may also serve as a nutrient proxy (Boyle, 1988b). Both records yield consistent
results throughout the world ocean, with the exception of the Southern Ocean: §3C
results of planktonic foraminifera from Southern Ocean sediments, deposited during the
last glacial, show a decrease, both south and north of the present day position of the
Antarctic Polar Front (APF), suggesting that there was no decrease in glacial nutrient
concentrations but, instead, that there was an increase (Charles and Fairbanks, 1990).
The Cd/Ca ratio at the same time does not show any systematic glacial/interglacial
changes (Boyle, 1988b; 1992; Keigwin and Boyle, 1989), instead of an expected decrease
following the hypothesis, suggesting that surface water phosphate concentrations did not
change. This is not ‘only a discrepancy between the two proxies, but also a discrepancy
to the hypothesis of a high glacial productivity in the Southern Ocean.

Various attempts were made to explain the contradiction between the two proxies.
Mackensen et al. (1994) suggest that a glacial northward shift of the high productivity
area, presently located south of the APF, was responsible for at least a part of the ob-
served change in §*C. Deep convection and thus efficient atmospheric exchange during
interglacials is indicated by equal §'3C values in the planktonic and benthic records and
a more stratified water column during glacials is documented by differences in the ben-
thic and planktonic §*C records. Just opposite, isotope data of Niebler (1995) from the
eastern Atlantic sector of the ACC suggest a stronger stratification of the water column
during interglacials. Broecker (1993) appealed to the temperature dependence of the iso-
tope fractionation between atmospheric CO; and surface ocean LCO;. Saager (1994)
claims that spatial variations in the Cd/P Oy ratio which are observed today in the world
ocean may also have occurred temporarily at the same location, whereas McCorkle et al.
(1994) discuss a selective dissolution of Cd and Ca through time. Finally, an increased
accumnulation of Cd in suboxic sediments, which may also have changed the Cd/POy ratio,
is suggested by Van Geen et al. (1995), but none of the explanations has yet proved to
be undoubtfully correct.

Recently, the §'°N value has been introduced as a tool to trace surface water nitrate
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utilization (Calvert et al., 1992; Francois et al., 1992). High sedimentary §!°N values in
organic matter indicate an increased nitrate depletion of the surface waters. In contrast
to the expectations, Francois et al. (1993) found higher §'°N values and correspondingly
higher nitrate depletion during periods of low particle flux and thus also low export
productivity, and vice versa, in a sediment core presently located south of the Subantarctic
Front in the Indian sector of the Southern Ocean. They interpreted this feature as a
reduction in the rate of nutrient supply to the surface water during the last glacial and
deglacial period caused by a stratification of the water column by a meltwater lid.

The accumulation rates of the particulate organic matter may be traced directly by
the organic carbon accumulation rate or indirectly by the accumulation rates of biogenic
carbonate or biogenic opal. Uncertainties for all three sediment components (biogenic
opal, carbonate and Cgy) arise from the variability of decomposition effects in the water
column and in the sediments. Most severe recycling is experienced by the organic car-
bon. Only about 1 % of the amount produced in the surface water reaches the sediment
(see Berger et al. (1987) for a summary), which makes it a questionable tracer for the

accumulation rate of organic matter.

Bottom water undersaturated in CaCQj; allows biogenic carbonate to accumulate in
the sediments of the Southern Ocean south of the APF only at high elevations. The
decay of the high amounts of settling organic matter itself releases CO; to the bottom
water which consequently dissolves CaCQj;. Additionally, there are strong glacial inter-
glacial variations of the depth of the lysocline and CCD, related to mixing patterns of the
Southern Ocean (Howard and Prell, 1994) (see chapter 4.5).

Following DeMaster (1981), at present two thirds of the sedimentary biogenic opal are
deposited in the Antarctic Ocean forming the opal belt of the Antarctic Zone with sedi-
ments consisting of 50-95 weight-% biogenic opal. The biogenic opal consists of frustules
of marine plankton (radiolarians and diatoms), which can develop due to the high supply
of nutrients and dissolved silica upwelling in the AZ and the PFZ. Investigations with
time-series sediment traps in the Atlantic sector of the Southern Ocean showed that the
biogenic opal flux is negligible during periods of sea ice cover and that opal flux pulses
with a duration of only 2-9 weeks during austral summer account for 70-95 % of the
total annual flux. It was shown by Nirnberg (1995) that although the opal accumula-
tion has been high, export paleoproductivity does not reach the values determined at the
coastal upwelling areas at the western continental margins off North and South America
and Africa (Berger, 1989). However, also biogenic opal is subject to dissolution due to
the undersaturation of sea water with respect to silica. Dissolution intensity depends on
the sediment accumulation rate: In case of low accumulation rates most of the opal is
dissolved in the surface sediment, whereas much more can be preserved when the rates
are high, as for example in the high productivity zone south of the APF (Pichon et al.,
1992). Nevertheless, changes in opal accumulation may at least deliver relative variations
of the organic carbon flux due to their good correlation determined in sediment traps (c.f.,
Fischer et al., 1988).

In this context the study of the biogenic barium (excess Ba over the lithogenic back-
ground) as a measure for opal productivity was introduced because of its higher preser-
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vation rates and high resistance against remobilization in oxic sediments (Dymond et al.
1992). Dehairs et al. (1980) found a positive correlation between particulate barium (ba-
rite - BaS04) and primary productivity. With the help of transfer functions the biogenic

" barium accumulation rates can be translated into paleoproductivity rates (see chapter
4.3.3). The formation of the barite occurs in the sulphate-saturated microenvironments
of decaying and settling diatom frustules, thus.explaining the very good correlation bet-
ween biogenic opal and biogenic barium (Bishop, 1988). Biogenic barium has already
been applied for tracing biogenic particle fluxes in the Southern Ocean (Shimmield et al.
1994; Frank et al., in press). For a detailed summary on biogenic barium see Dymond et
al. (1992), Gingele and Dahmke (1994) and Niirnberg (1995).

Studies of the opal accumulation history of the Southern Ocean suggest that the zone
of high opal productivity which is mainly dependent on the sea ice extension and the
position of the frontal zones moved northwards during the glacials by about 5° (Charles
et al., 1991; Mortlock et al., 1991), resulting in opal accumulation features just opposite
to each other in sedimentary profiles north and south of the APF. The same feature was
deduced by Kumar et al. (1993) from **!Pa,,/?**Th., ratios in two sediment cores north
and south of the APF. The total amount of Southern Ocean opal accumulation, however,
did not change or was even decreased during glacials (Mortlock et al., 1991).

Results which were achieved by investigations within the SFB 261 led to a somewhat
different interpretation concerning a glacial northward shift of the frontal systems. Pa-
leotemperature reconstructions of the surface water did not show a significant shift of
the fronts. However, the temperature gradients at the fronts during the climate optima
were lowered. Various proxy records show a clearly reduced glacial productivity south
of the APF and a higher glacial productivity north of the Polar Front, but the amount
was suggested not to be comparable to the interglacial values south of the Polar Front,
in accordance to the results of Mortlock et al. (1991)

The main problem with these studies is that the effect of sediment redistribution (focu-
sing and winnowing) related to paleocurrent speeds was not considered, with the exception
of the studies of Francois et al. (1993) and Kumar et al. (1993). Additionally, it may be
possible that dissolved silica became a biolimiting nutrient in the glacial surface water,
thus decoupling organic carbon and silica fluxes (Berger, 1991; Kumar, 1994). In the
study of Kumar (1994) it is suggested that this decoupling is visible in the accumulation
rate pattern of authigenic uranium north and south of the APF: North of the APF much
higher accumulation rates of authigenic uranium, accumulated under reducing conditions
for example caused by high accumulation rates of organic matter, than in the Antarc-
tic Zone south of the APF were determined. This pattern which yields opposite results
compared to the biogenic opal record is interpreted as being caused by a decoupling of
the organic carbon and biogenic opal flux. Further the author infers an overall increased
productivity during glacials in the Southern Ocean from the accumulation rates of the

authigenic uranium.

Recent modelling invokes a glacial alkalinity increase of the Southern Ocean surface
water to explain pCO; changes (Boyle, 1988a; Broecker and Peng, 1989). The increase of
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CO; is suggested to be driven by reductions in NADW inflow into the Southern Ocean lea-
ding to an increase in deep water nutrient supply and dissolution of carbonate sediments.
Thus the alkalinity increases in the CDW, which upwells in the Southern Ocean. Howard
and Prell (1994) suggest that the main driving force for the glacial alkalinity increase was
a diminished carbonate productivity and thus also a decreased CaCO3/Corg rain ratio.
However, the carbonate preservation signal apparently leads the restarting admixture of

NADW.

In summary, there are still various problems and inconsistencies when reconstructing
the climatically forced changes in Southern Ocean paleoenvironmental conditions. In
the following it is tried to contribute to the understanding and solving of some of these
problems by a radionuclide study of Southern Ocean sediments from the eastern Atlantic.

1.5 Radionuclide Geochemistry
1.5.1 '%Be

1°Be (T(1/2) = 1.52 Ma (Hofmann et al., 1987)) is produced in the upper atmosphere
by cosmic radiation induced spallation of oxygen and nitrogen atoms depending on the
geographical latitude (Lal and Peters, 1967) and is then transferred to the Earth’s surface
by wet and dry precipitation with a residence time in the atmosphere of about 1 year (c.f.
Turekian et al., 1983) (Fig 5). The present global average production was calculated to
be 1.21 4 0.26 - 105 atoms/cm? - yr (Monaghan et al., 1985/1986). There are, however,
great differences in the estimates of today’s 1°Be production that range from 0.1 to 1.6 -
10% atoms/cm? - yr depending on the method by which they were determined (see Lao
(1991) for a summary).

The production rate is influenced by variations of the geomagnetic field intensity as
deduced from investigations of sediments covering the Brunhes/Matuyama geomagnetic
reversal (Henken-Mellies et al., 1990). These authors suggested that a weakening or
even breakdown of the Earth’s geomagnetic field during reversals allowed the cosmic
rays to produce more 1°Be. Recent results showed that the production of cosmogenic
radionuclides also varied during periods of smaller excursions of the geomagnetic field.
There are indications that there was a 30 % increase of the production of *°Be during the
last glacial maximum (Lao et al., 1992a). This was also considered to be the maximum
range of variation during the last about 420 kyr, as suggested by Southon et al. (1987).

However, more recently detailed investigations of the production rate variations of 14C
during the last 50 kyr were published which show an increase of about 40 % during the
period from about 20-30 kyr B.P. as deduced from U/Th mass spectrometric calibrations
of C ages in corals from Barbados (Bard et al., 1990). Mazaud et al. (1991) calculated
an increase of the C production rate of up to 90 % above the present-day value from 15
to 24 kyr and from 37 to 46 kyr B.P.. Recent records of the dipole intensity, which has
controlled the amount of cosmic rays reaching the earth’s atmosphere are extended back
to 200 kyr B.P. (Meynadier et al., 1992; Tric et al., 1992, Yamazaki and loka, 1994).
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Figure 6: Relative variations of the global °Be production deduced from variations of the geomagne-
tic field intensity. The period from 140 kyr B.P. until present was adapted from Mazaud et al. (1994) and
from 200 until 140 kyr B.P. variations of the production rate were estimated from the record of Yamazaki

and Ioka (1994).

These were converted into a profile of global 1°Be production rate for the last 140 kyr
(Mazaud et al., 1994) following the calculations of Lal (1988) (Fig. 6). For this study the
production rate changes between 200 and 140 kyr B.P. were evaluated from the virtual
axis dipole moment (VADM) reconstructions of Yamazaki and Ioka (1994).

Mazaud et al. (1994) showed that their synthetic record correlates very well to a record
of the flux of 1°Be onto the Antarctic ice sheet measured at the Vostok ice core (Raisbeck
et al. 1987; 1992) and thus corroborates the fluctuations of the global production. These
results also show that there must be an efficient transport of aerosols loaded with °Be from
low latitudes to Antarctica where significant modulations of the production by changes
of the geomagnetic field intensity are not expected due to the vertical field.

Having reached the oceans, °Be is quickly adsorbed to particles, preferably alumino-
silicates (Sharma et al., 1987) (Fig. 5). The biological activity in the surface waters of the
ocean produces bigger particles (e.g., fecal pellets) incorporating the clay minerals. The
bigger particles have a higher sinking velocity than the smaller ones and partly redissolve
in the deeper water column, thus partly releasing the adsorbed °Be again. This explains
the nutrient-like behavior of !°Be in ocean water column profiles (Kusakabe et al., 1987).
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From this relation !°Be accumulation in the sediments and biogenic particle fluxes are
expected to show a positive correlation. This is indeed observed in sediments from the
Arctic Ocean and the Norwegian Sea (Eisenhauer et al. 1990; 1994) and at the Weddell
Sea margin (Frank et al., in press), where the "Be records are applied for stratigraphic

purposes.

However, there are still uncertainties concerning the °Be adsorber phases, as shown
by Lao et al. (1993), who did not find a relationship between Al and '°Be in sediment
trap samples from off the west coast of the United States. It is proposed that in such
a high particle flux area, biogenic opal may be a more important scavenging factor than
clay minerals (Lao et al., 1992c; 1993). This was also deduced by Bourlés et al. (1989a)
from sequential leaching experiments of natural sediments and by Bourlés et al. (1989b)
from the comparison of Be and Si in pore water profiles.

Fe oxihydroxides which are the products of the oxidation of Fe sulphides emanated by
hydrothermal activity, may be another scavenging factor for 1°Be in the direct neighbour-
hood of mid-ocean ridges (Valette-Silver et al., 1987; Bourlés et al., 1991). According
to Anderson et al. (1990), Mn, for example, released to the bottom water by diagenetic
recycling does not scavenge '“Be to any great extent. However, Bourlés et al. (1989a)
found a relationship between “Be and Mn and Fe oxihydroxides in sequential leaching
experiments of various sediments and a relationship between Mn and Be in pore waters of
the hydrothermally influenced sedimentary environment of the Guayamas Basin (Bourlés
et al., 1989b). Nevertheless, the affinity of **Be for adsorbing to oxihydroxides should
be small relative to 2°Th and ?*'Pa (Mangini et al., 1986; Anderson et al., 1990; Lao et
al., 1993; Frank et al., 1994). Remobilization of 1°Be from the sediments was deduced by
Bourlés et al. (1989b; 1991) from the analysis of hydrothermal pore waters emanating
from sediment-covered mid ocean ridges. The amount of remobilized 1°Be, however, was
shown to be very low and negligible compared to the atmospheric supply. The influence
of remobilized Be also appeared to be restricted to a small area of a few kilometers around
the hydrothermal centers. The authors also demonstrated that remobilization is generally
of minor importance for the use of °Be as a geochronometer in marine sediments. In the
water column of the open ocean, the mean residence time of '°Be varies between 400 and
1000 years (Segl et al., 1987; Kusakabe et al., 1991; Ku et al., 1990), but it can be shorter
at the ocean boundaries, where high particle fluxes account for very efficient scavenging
(Anderson et al., 1990).

1.5.2 230Th and 231Pa

BOTh (T(1/2) = 75,200 years) and **'Pa (T(1/2) = 32,400 years) are produced by decay
of 34U and 2°U in the water column with a constant rate due to the homogeneous U
concentration of 3.3 g/l in the ocean, which is a result of the relatively long residence time
of U in the oceans of about 400 kyr (cf. Mangini et al., 1979) (Fig. 7). The production
amounts to 2.6 dpm/cm? - kyr - 1000 m water column for 2°Th (dpm = disintegrations
per minute) and to 0.24 dpm/cm? - kyr - 1000 m water column for #*'Pa.
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Figure 7: Schematic picture of the path of 3°Th and ?3!Pa from production to deposition in the

marine sediments.
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Both isotopes are highly particle reactive and are quickly adsorbed to particles in
the water column. Important particulate adsorber phases for both isotopes are Mn and
Fe oxihydroxides if their abundance is high (Bacon and Anderson, 1982; Hunter et al.,
1988), with Mn having been suggested to be more efficient in scavenging **'Pa relative to
29Th (Anderson et al., 1983b). This is, however, very doubtful regarding the fact that
MnQ, coated cartridges adsorb Th appreciably better than Pa (Rutgers van der Loeff and
Berger, 1993). The mean residence time of 2*°Th in the oceans’ water column amounts
to between 20 and 40 years and the residence time of #!Pa is about 100 years (Anderson
et al., 1983a; Nozaki et al., 1981). It is generally accepted that no remobilization of both
isotopes in the sediments occurs (e.g., Ivanovich and Harmon, 1992).

The measured concentrations of **°Th and #*'Pa have to be corrected for detrital
contributions produced by decay of #**U and ?*°U in the sediment in order to achieve
the amount of °Th and ?*'Pa originating from scavenging in the oceanic water column
(excess concentrations). Additional U may be added to the sediments from the water
column if reducing conditions occur close to the sediment water interface (Cochran and
Krishnaswami, 1980; Barnes and Cochran, 1990; Klinkhammer and Palmer, 1991). Such
a proximity is observed either in areas where bottom waters are low in dissolved oxygen
or where a high flux of organic matter consumes the oxygen available and leads to a
precipitation of the U from the soluble U*® to the insoluble Ut*. These conditions, for
example, exist in the sedimentary regimes of coastal upwelling areas. In contrast to Mn,
a downward diffusion of U occurs, which is controlled by the gradient between the U
concentration in the water column and the sediment pore water. As a consequence, the
accumulation of authigenic U occurs very close to the sediment water interface and may
thus be assumed to coincide with the deposition of the sediment for studies concerning

periods of several hundreds to thousands of years.

For calculating excess ***Th and ?**Pa activities (concentrations) the following equa-

tions are applied

230Thez — zaoThmea.s. -. (232Th . 075) _ (238Uam}1. . (1 _ e_)‘(Z’GOTh)At)) (1)

and

zslpaEI — 227Thmeas,-813‘5"1"\(227Th)—~(zazTh~O.O338)—(238Uauth;0.045-(l—e"\(%lpa)'t)) (2)
with
auth. = *Umeas. — (**Th - 0.75) (3)

where

(*B2Th - 0.75) rtepresents the estimate of the mean activity of detrital ***U in dpm/g
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(cf. Wedepohl, 1995),

(¥**Th - 0.0338) represents the activity of detrital **U in dpm/g,

A is the corresponding decay constant of the isotope in brackets in 1/y,
t is the age in years estimated from previous stratigraphic results.

The %80, .. term represents the equilibrium activity of 2*°Th and 2*'Pa respectively,
which was produced from authigenic U under the assumption of U precipitation during
the time of deposition of the sediment. The first exponential term in the **'Pa excess
calculation is necessary to correct for decay of 22"Th. Decay starts during chemical pre-
paration at the HCI column separation step where the mother nuclide 2*'Pa is separated
from the daughter > Th. 22"Th then decays with a halflife of 18 days and thus has to be
decay corrected for the time from separation to measurement d in days.

After the establishment of a stratigraphy the excess activities of the radionuclides may
be decay corrected to the time of deposition of the sediment (**°Th?,, **'Pal, and 1°Be?):

230Th0 (231Pa0 .10 BEO) :230 Th (231Pa .10 BG) . eA»t (4)

with A being the decay constant of the corresponding radionuclide.

1.6 Geochemistry of Mn and Al

In this chapter the geochemistry of the elements Mn and Al and their importance for the
problems investigated in this study will briefly be introduced.

Peaks of Mn occurring at the transition from the reduced to the oxidized zone of the
sediment column are found in nearly all marine sedimentary settings. They have been
caused by remobilization and upward migration of Mn along the redox gradient until it
reprecipitates at the base of the oxidized zone (Froelich et al., 1979; Berger et al., 1983;
Frank et al., 1994). If the transition between the reduced and oxidized zone (redoxcline)
moves upwards at the same speed as sedimentation, the surface Mn peak keeps pace and
also moves upwards. If the redoxcline, on the other hand, moves upwards fast, for example
caused by a sudden increase of the sedimentation rate, it can not be dissolved fast enough
and is buried (Berger et al., 1983). The decreased activity of benthic burrowing organisms
may also play a role. Another possibility for the burial of a Mn peak is a downward shift
of the redoxcline in the sediment because of a decrease in the supply of organic matter.
As a third possibility the supply of Mn from the water column may vary. This may be
due to changes in hydrothermal production or due to an increased Mn precipitation in the
deep water at the beginning of interglacials, caused by the reestablishment of the global
oceanic thermohaline circulation and ventilation system (Mangini et al., 1990).

In order to identify Mn which was reprecipitated after diagenetic remobilization or
added by other mechanisms from the water column, the Mn/Al ratio is calculated and was
at first compared to the value for average pelagic sediments of 0.06 (Chester and Aston,
1976). The source of the detrital material, and with it the Mn/Al ratio, probably did not
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change too much because of the narrow range of the Mn/Al values in crustal material
(Best, 1982, Taylor and McLennan, 1985). However, some sedimentary deposits, as for
example from the Barents Sea, show Mn/Al ratios below 0.01 (Calvert, 1976). Apparently,
the value of 0.06 is too high for Southern Ocean sediments because the measured values
in many sections are far lower, which is very difficult to explain.

Taking into account the possible sources ‘of the detrital material, the Mn/Al ratio
of 0.004 of the standard granodiorite GSP-1 (Flanagan, 1968) is applied for lithogenic
background evaluation. An increase over this value suggests authigenic Mn input. High
accumulation rates of aluminosilicates can mask an input of hydrothermal Mn which may
only be seen during periods of low aluminosilicate accumulation (Kumar, 1994). Taking
into account the high sedimentation rates at the ACC and the high mobility of Mn in the
sediments, such a hydrothermeﬂ input is very unlikely to be identified.

For these evaluations it'is assumed that the Al content is exclusively of terrigenous
origin. Various investigations, however, have shown that there may also be a biogenic
Al component (MacKenzie et al., 1978). Coale and Bruland (1985) suggested that the
intensity of adsorptive scavenging of dissolved Al is likely to be a function of biological
productivity. The overall average residence time amounts to between 50 and 150 years
(Orians and Bruland, 1985) and thus allows an Al boundary scavenging. Murray et al.
(1993) could even demonstrate that the Al/Ti ratio (assuming Ti to be exclusively of
terrigenous origin) may be a paleoproductivity tracer in the high productivity area of the
central equatorial Pacific ocean. Thus, in high productivity areas the background Mn/Al
ratio may even be lower than 0.004 and smaller variations of the Mn/Al ratio may also

be caused by changes of biologically enhanced Al boundary scavenging.

In summary, peaks of authigenic Mn probably trace changes of the sedimentary en-
vironmental conditions for a number of reasons that will be addressed in detail in the
discussion chapter for the setting of each sediment core.

1.7 Boundary Scavenging

The few available open ocean water column data yield dissolved 23°The, /%' Pa., activity
ratios of the two radionuclides in the range from 3 to 5, reflecting the stronger affinity
of °Th to particles (Anderson et al., 1983a). Correspondingly, the ratio in deep-sea
sediments from the Central Pacific is increased to values between 20 and 30 (Anderson et
al., 1983a;b; Yang et al., 1986), whereas in areas of enhanced particle fluxes the situation

may be different.

Scavenging effects of 2*°Th, ?*'Pa and '°Be resulting from increased particle fluxes
at the ocean boundaries have been another important field of research in the recent
past (Spencer et al., 1981). Increased **Pa and '"Be accumulation in the sediments
of the oceans’ boundaries is explained by transport of isotopes via eddy diffusion along
isopycnals through the water column from areas of lower particle fluxes while this effect
is negligible for 2°Th due to its high particle reactivity (Yang et al., 1986; Anderson et
al., 1990; Lao, 1991; Frank et al., 1994).
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Additionally, the advective transport may play a major role in redistributing these
radionuclides after production. Rutgers van der Loeff and Berger (1993) demonstrated
from water column profiles of dissolved and particulate 2**Th and ?*'Pa in the ACC that
large amounts of these radionuclides were supplied to the high particle flux areas via
upwelling water masses from the north. In a recent study it could be shown that the
advective transport probably has been more important than boundary scavenging for
the distribution of ?*'Pa in the sediments of the Atlantic Ocean (Yu, 1994; Yu et al.,
submitted).

Increased particle fluxes which may lead to enhanced scavenging of radionuclides
mainly occur at the ocean margins. Particles originate from terrestrial sources such as
fluvial input, for example, in the area of the Congo fan (Jansen et al., 1987) or from
aeolian input as in the Mediterranean Sea (Brown et al., 1992). Changes in hydrother-
mal influence on deep-sea sediments were investigated by comparison of the measured
fluxes of **'Pa., and 2°Th., to the values expected from production and by comparing
the measured ?°Th,,/** Pa.y ratios to the production ratio in the water column of 10.8
(Shimmield and Price, 1988). These authors found increased fluxes of both radionuclides
to the sediments of the East Pacific Rise at 20°S, and they interpreted #The,/?* Pa
activity ratios in the range of 3-4 as a consequence of hydrothermal activity.

There are, however, exceptions to the rule. In a study from the Mid Atlantic Bight
which is an area of high particle fluxes Anderson et al. (1994) found an expected enhanced
deposition of particle reactive radionuclides. However, in contrast to the expectations,
a relative enhancement of the deposition of ?*°Th,, compared to *'Pa,, and ?'°Pb was
determined. The authors explained this unusual feature by an offshore transport of *Pa,,
and ?'°Pb with resuspended Mn rich particles. The increased amounts of Mn are suggested
to originate from a recycling of reduced Mn?* from the organic rich sediments of the Mid
Atlantic Bight. This is a process also proposed for increased *'Pa., concentrations in
the suboxic sediments of the Panama Basin, where the diagenetically remobilized Mn
reprecipitates near the sediment water interface and leads to a near bottom boundary
scavenging of 2!Pa (Yang et al., submitted).

Another source of high particle fluxes which may lead to radionuclide boundary sca-
venging effects are areas of high biological production, for example induced by coastal
upwelling of nutrient enriched water masses (Mangini and Diester-Haass, 1983). Kumar
et al. (1993) were able to trace high biogenic particle fluxes in the area of the Antarctic
Polar Front in the Atlantic sector of the Southern Ocean by increased ?*'Pa, /**°They ra-
tios. This corroborated results of Charles et al. (1991) who deduced a northward shift of
the high particle flux area during glacials. Francois et al. (1993) could also trace biogenic
particle fluxes at the ACC in the Indian sector of the Southern Ocean by 2Py /P They
ratios.
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1.8 23Th,, Constant Flux Modelling:
High Resolution Sedimentation Rate
and Age Determination

If a constant flux of 2*°Th,, to the sediments is assumed, variations of the concentrations
of the initial decay corrected ?*°Th,, in the sediment may be directly interpreted as varia-
tions of dilution with accumulating sediment and thus as variations of the sedimentation
rates. Using a 2¥Th,, constant flux model, it is possible to calculate high resolution
sedimentation rates per sample and thus also ages per sample (e.g. Bacon, 1984; Francois
et al., 1990; Frank et al., submitted). For this kind of model it is important to have
a continuously sampled record of the sediments to avoid interpolations between single
data points. The sedimentation rates and ages calculated by this approach thus represent
average values for the corresponding sampled sediment interval.

The flux or accumulation rate F of 2*°Th,, is calculated as

F=Cyg-S-0 (8)
where C(;) is the concentration of 20Th,y at a depth z in the sediment, S is the sedimen-

tation rate and g is the dry bulk density. It follows that

F Az
S Cm e M

(6)

where Az is the depth interval and At is the time interval of the corresponding sample.
Solved for At gives

A:E‘C(I)‘g
= —————
A F

(7)
With this relation Aty of the first sample of the sediment core is calculated and the 2*°Th,,
concentration of the second sample is decay corrected. At, of the second sample is then

Az - C(z) . 6“1 Y

Atg = F

(8)
with
A (POTh) = 9.24-107% 1/y

All other time intervals may be calculated this way. The age ¢ for a certain depth z is
then calculated by adding all At’s from the top of the core down to z. The sedimentation
rate of a sample n is calculated as
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=22 (9)

If no additional stratigraphic information on a sediment core is available, the average
20T, flux is calculated from the average sedimentation rate estimated by **°Th., dating,
the average decay corrected **°Th,, concentration and the average dry bulk density. This
flux F is inserted into the equations 7 and 8. The 23°Th,, dating method simply works by
exponentially fitting the downcore decreasing ***Th,, concentrations and thus determining
a rough average sedimentations rate and an average flux for the whole sediment core. In
case there is more stratigraphic information the flux #'is varied within certain age intervals
until the sum of the A#’s corresponds to the age previously fixed.

If F deviates significantly {from the expected production value within a distinct dated
sediment section, particle redistribution processes must have occurred. Nevertheless, as-
suming constant flux and constant sediment redistribution, sedimentation rates and ages
may be calculated this way and yield a better evaluation of the "true” pattern of the
sedimentation rates than a linear interpolation between two age fix points.

This method may be considered a reliable and simple dating tool, especially within
certain isotope stages. It is also applicable for sediments where standard dating methods
like 6'80 and **C do not work due to missing biogenic carbonate. )

1.9 Resedimentation Phenomena: Focusing and
Winnowing

One important problem for paleoceanographic reconstructions based on sediment accu-
mulation rates is the quantification of lateral sediment redistribution. This process may
either directly affect particles which sink through the water column and are subject to
transport by currents, or may cause resedimentation of already deposited particles, espe-
cially adjacent to shallow shelf areas. The motors for this process are either bottom
current activity or transport in the nepheloid bottom layer, where fine grained particles
are preferentially affected. In the case of nepheloid transport, already very low current
velocities are sufficient for resedimentation of particles and subsequent transport from
morphological highs to lows. That means that sediment accumulation everywhere in the
ocean may be influenced.

If applying accumulation rates, for example of Copg, biogenic opal or biogenic barium,
to calculate proxy fluxes, lateral redistribution of sediments may completely mask original
features of vertical particle flux (rain rate). The lateral contributions may amount to more
than 10 times the vertical particle flux, as demonstrated for Southern Ocean sediments
for example by Francois et al. (1993) and Kumar (1994). A strong lateral contribution to
sediment trap material in the Bransfield Strait and at the Maud Rise, which are close to
topographic elevations, could be deduced from particle fluxes into sediment traps which
were up to a factor of ten higher in the deep traps than in the shallow ones (Abelmann
and Gersonde, 1991). A significant part of this laterally transported material had been
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resedimented from the shallow water sediments, as documented by the high amounts of
lithogenic components. Redistribution of biogenic silica from the Maud Rise was also

reported by van Bennekom et al. (1988).

In order to achieve accumulation rates corrected for lateral sediment redistribution,
the measured flux of **Th,, (Fe) within an independently dated sediment section is
compared to the flux expected from the producfion in the overlying water column (Fp).
Assuming that lateral transport of 2°Th along isopycnals is negligible, Fa/Fp ratios < 1
indicate a lateral export of particles loaded with 2°Th., (winnowing) and Fa/F'p ratios
> 1 indicate an import (focusing) (Cochran and Osmond, 1976; Bacon, 1984; Suman and
Bacon, 1989; Francois et al. 1990; 1993; Scholten et al., 1994; Frank et al., in press).
Thus, average vertical sediment rain rates Fe,icqi for a certain sediment section may be
calculated by dividing the measured sediment accumulation rate F' by the Fu/Fp ratio:

F
F‘uer ical & TS 4 10
tical Fa/Fp (10)
Further assuming that the flux of *°Th and the Fu/Fp ratio were constant during the
investigated section in the sediment (Francois et al., 1993), the vertical rain rate i of

any particulate substance 7 may be calculated by

. prz-fi
= — 11
Crorng,) -

with

p = production of ?°Th in the water column

z = water depth

fi = weight fraction or concentration of in the sediment
Clsorpg,y = initial decay corrected ?*°Th,, concentration

This approach is limited by some uncertainties: The dissolution of labile biogenic phases in
the sediments may alter the ratio between fi and Cpasoryo y (Yang et al., 1990), which means
that the rain rates presented are referred to as "preserved fluxes”. Another uncertainty
may arise from a grain size fractionation between bigger particles of biogenic origin like
radiolarians and fine grained particles like aluminosilicates, especially if transport in the
nepheloid layer is responsible for sediment redistribution. The bigger particles may not
be affected as strongly as the fine grained fraction. However, if strong bottom currents
account for lateral particle transpors, this effect of fractionation should be small (Frank

et al., in press).

Long range transport of 2*°Th along isopycnals may be considered negligible, so that
regionally the deposition of 2°Th should match its production in the water column. This
is probably valid for most of the ocean areas. However, there are some exceptions to
the rule. Under ideal conditions of a strong upwelling and high mass flux, as given for
example at the upwelling areas off West Africa or South America, a lateral supply of
230Th along isopycnals may lead to an increased flux of 2*°Th to the sediments (Mangini
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and Diester-Haass, 1983). From sediment trap data Francois et al. (1990) .deduced that
this contribution may amount to maximum 50 % excess of the production-in the Panama
Basin, corresponding to a high particle flux of about 10 g/cm? - kyr. At particle fluxes of
5 g/cm? - kyr or below no excess of the production was observed.

Such a process may also be important in the Atlantic sector of the Southern Ocean,
where upwelling of deep and 2*°Th-enriched water masses, as well as accumulation of 22°Th
in the Weddell Sea, which is charcterized by extremely low particle flux rates (Fischer et
al., 1988), cause enhanced concentrations of **°Th in the water column (Rutgers van der
Loeff and Berger, 1993). When these water masses are supplied to the high biogenic par-
ticle flux areas south of the Polar Front (PF) regional **°Th scavenging and accumulation
may excceed local production. However, the maximum lateral contribution should also be
about 50 % in excess over production. This was measured for example in sediment traps
from the high particle flux area in the Bransfield Strait and the King George Basin, where
a large contribution by laterally transported material, besides from the 23°Th,, flux, could
also be deduced from the **°Pb content of the trap material (Rutgers van der Loefl and
Berger, 1991).
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2 Core Material

Five gravity cores and the corresponding multicores which deliver undisturbed surface
sediments forming a transect over the ACC from 56°S to 43°S were analyzed in this study
(Tab. 2, Fig. 8). All cores and multicores were recovered during German research vessel
RV Polarstern Cruise ANT VIII-3 (Gersonde and Hempel, 1990), except the northernmost
core P52082-1 and the multicore PS2082-3, which were recovered during RV Polarstern
Cruise ANT IX-4 (Bathmann et al., 1992).

In choosing the cores, it was ifnportant that all frontal zones of the ACC were covered
and, additionally, that a good sedimentological, micropaleontological and stratigraphical
data base produced at the SFB 261 was available to calibrate the results of this study,
and to improve further the results achieved within the SFB 261.

Water Total Sampled
Name, Instrument, Location, Depth, Recovery, Core Length,

m cm cm
PS1772-8 GC 55°27.5°S, 1°09.8’E 4135 1329 640

PS1772-6 MUC 55°27.5°S, 1°10.0'E 4136 24.5 24.5
PS1768-8 GC 52°35.6’S, 4°28.5’F, 3270 896 896
PS1768-1 MUC 52°35.5'S, 4°27.6’E 3298 34 34
P51756-5 GC 48°43.9’S, 6°42.8'E 3787 862 862
PS51756-6 MUC 48°53.7°S, 6°43.7E 3803 27 27
PS1754-1 GC 46°46.2’S, 7°36.7'E 2471 356 200
PS1754-2 MUC 46°46.0°S, 7°36.1°E 2476 25 25
PS2082-1 GC 43°13.2°S, 11°44.3’E 4610 1391 1091
PS2082-3 MUC 43°13.1°S, 11°45.5'E 4661 26 26

Table 2: Locations of the gravity cores (GC) and multicores (MUC) from the transect over the ACC

The gravity cores were sampled continuously and then split with a resolution between
2 and 25 cm per sample depending on macroscopical changes in lithology and previously
determined stratigraphies. The measurement of each sample thus represents the average
value for the corresponding core section. The age resolution ranges from about 100 years
to about 10000 years per sample. For the multicore measurements between 8 and 10 of
the already freeze fried 1 cm sections were mixed to carry out average measurements. The
only exception is multicore PS1754-2, where six 1 cm sections were analyzed. In Fig. 9
the lithologies of the cores, as described in the cruise reports, are displayed (Gersonde
and Hempel, 1990; Bathmann et al., 1992).

2.1 Description of the Cores

The transect starts at 56°S in the Antarctic Zone with gravity core PS1772-8 and multicore
PS1772-6, which were recovered at a position roughly corresponding to the present day



2.1 Description of the Cores 29

40° 30° 20° 10° 0° 1Q° 20°

30°
® Core locations

30°

e Winter sea ice maximum (Sept.-Oct.)

o
35 average sea ice maximum (1973/82)
s

Cape Town

35°

4 Winter sea-ice minimum (Sept.-Oct.) Subtropital Front
i
HE—— - 40°

© PS2082

45° Subantarctic Front ss0

Frbm ‘

gamh{ o @ PS1768
e GE0TQIR Bouvet I
550 Ry srmeprfsrosnt

50°

1 500

55°
A

RIS AR
7 00 PNANANG
LA NS ENANE ANANENENENENENNS
NG AN NRARRR00 2y
0 SUANENANEN SN A A NN AN NN AN
AR NG AN NN N0k L
A A N I AN N S NN AN NN NN NN SN
NN NN NN AN NN NN 2N R0 o
CNNNNAINN NN South R A N N N N N N SN N NN NN
AN NN AT NN N RN 0%
NEIAVENENINENEN NN . I A A A N NN SN
N N N T T T TN NN ANA N NN NN NN AN A
(AN NENENANENENAN NENINING AV NN NN SNENENINN AN EAVAYS AYDIRVANENENENENAN
NRRRNNNNNR NN VRN RN NN NN N0 00X . PN
S S O N S AN NN NNy
NN NN A NN NN PN LA NN e
60° s AR IECUA SRANAHETAVEANE AEaiNdes 2 gpo
o o o o o o o
40 30 20 10 0 10 20

Figure 8: Locations of the five sediment cores forming the transect over the eastern Atlantic sector
of the ACC. The present day position of the fronts is taken from Peterson and Stramma (1991) and the
data of the sea ice distribution are from the Sea Ice Climatic Atlas (1985).

average sea ice maximum (Sea Ice Climatic Atlas, 1985). The location of the cores is
on the southern slope of the SW Indian Ridge. The gravity core mainly consists of
diatomaceous mud with two layers of lightly coloured diatomaceous ooze (150-360 cm

and 600-675cm). Only the upper 640 cm of the core are included in this study due to the
expected limitation of the ¥°Th,, measurements.

About 2° north of the present day average sea ice maximum, gravity core PS1768-8 and
multicore PS1768-1 were recovered north of Bouvet Island in the permanently sea ice free
Antarctic Zone (Fig. 8). This core also consists of the typical sedimentary components of
the opal belt, which are alternating layers of diatomaceous muds and diatomaceous oozes
(0-138 cm, 595-625 cm, 640-695 cm and 730-830 cm), respectively.

From the Polar Frontal Zone two sediment cores were analyzed. Gravity core PS1756-
5 and multicore PS1756-6 were recovered from a location about 1° north of the present
day position of the Polar Front, and south of Meteor Rise. The core shows a monotonous
record of diatomaceous mud with only one layer of diatomaceous coze (673-760 cm).
The top of the piston core (0-12 cm) and the multicore consist of foraminiferal ooze and
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siliceous foraminiferal ooze.

The second location from the Polar Frontal Zone is represented by gravity core PS1754-
1 and multicore PS1754-2 from a location about 1° south of the Subantarctic Front.
These cores were recovered at the bottom of a morphological depression at the foot of
a submarine mountain on Meteor Rise, close to ODP site 704. The mountain reaches a
water depth of about 1000 m. The sediment consists of a siliceous foraminiferal ooze with
the upper 20 cm being a foraminferal ooze.

The transect is finished at 43°S in the Agulhas Basin with gravity core PS2082-1 and
multicore PS2082-3 from a position north of the Subantarctic Front in the Subantarc-
tic Zone. The core site is located at the bottom of a small morphological depression.
Several layers of calcareous muds consisting of calcareous nannoplankton appear in the
diatomaceous mud. The top of the core (upper 50 cm) is enriched in nannofossils and
from 6-19 cm a foraminiferal ooze was deposited. The section from 33-39 cm is coloured
in dark brown, caused by an enrichment in Mn and Fe. Only the upper 1091 c¢cm of the
entire recovery of 1391 c¢m were analyzed due to the expected limitation of the 239The,

measurements.
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Figure 9: Lithological description of the gravity cores taken from the cruise reports (Gersonde and

Hempel, 1990; Bathmann et al., 1992).
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3 Results

3.1 Dating and Stratigraphy

In Fig. 10 the results of the 2*°Th,, dating are shown. The drastic decreases of the 2*°Th,,
concentrations from 360 cm to 150 cm core depth in core PS1772-8 and from 20 to 160
cm and 780 to 830 c¢m core depth in core PS1768-8 are omitted for the exponential fitting
because the sedimentation rates in these sections were significantly different. From the
exponential fits average sedimentation rates for the whole cores may be calculated.
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Fz'gure 10: Results of the 23°Th,, dating of the five cores: The uncorrected 2307, concentrations
are plotted versus depth. The bold black curves are the exponential fits to the downcore decreasing
230T}h, . concentrations. The error bars represent the statistical errors of one standard deviation from the

mean.

The higher the differences between the fit and the **°Th,, profile are, the higher is the
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uncertainty. It turned out that these rough estimates corroborate previous stratigraphic
work for all cores (Tab. 3).

Core Previous work, 2*°Th,, dating,
cm/kyr cm/kyr
PS1772-8 1.9 2.2
PS1768-8 6.4 4.4
PS1756-5 6.1 -
PS1754-1 1.2 1.4
PS2082-1 4.3 4.8

‘able 3: Comparison of previously fixed average sedimentation rates and the ***Th,, datings.

The only exception is PS1756-5, where no significant downcore decrease of the 29Th,,
concentrations can be determined. This may have two causes: Either the sedimentation
rates were extremely high so that no significant decay of #°Th,, has occurred or the
sedimentation rates were constantly increasing with time. This is discussed in more detail
in chapter 3.2.3.

Baseline stratigraphic age interpretation was focused on the determination of isotopic
stage and substage boundaries using integrated lithostratigraphic, isotope stratigraphic
and and siliceous microfossil biofluctuation stratigraphies (Mackensen et al., 1994; Zielin-
ski, 1993; Niebler, 1995; Fischer et al., submitted; and unpublished results of A. Abel-
mann, G. Bohrmann, R. Gersonde, H.-W. Hubberten, A. Mackensen and G. Kuhn). The
absolute age assignment of isotope stage boundaries back to 300 kyr B.P. is after Martin-
son et al. (1987). The topmost section of core PS1768-8 was dated by AMS-C at three
core depths (Tab. 4). The raw *C ages were reservoir corrected according to Bard (1988)
and recalibrated versus U/Th ages after Bard et al. (1990). The stratigraphic results
are also displayed on an age/depth plot of all cores (Fig. 11). More detailed results on
age determinations and paleoenvironmental changes during the past 20,000 years in the
Southern Ocean are reported by Gersonde et al. (in prep.).

3.2 Individual Core Results

As described in chapter 1.8, a high resolution record of the sedimentation rates and thus
also of the ages within certain climatic stages can be achieved by #*°Th., modelling (Fig.
17). Additionally, the depth of climatic transitions which can not be fiXed by other
methods may be evaluated.

Rutgers van der Loefl and Berger (1993) did not find the expected depletion of 2°Th in
the water column of the ACC. They concluded from the calculation of a mixing/advection
model that deep and ?°Th enriched water masses from the north flow upwelling into the
Weddell Sea, where they get additionally enriched in °Th due to very low particle fluxes
and therefore low scavenging intensity (Fischer et al., 1988). The average residence time
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Age, Depth,
kyr cm
PS1772-8 PS1768-8 PS1756-5 PS1754-1 PS2082-1
10.06 - 54(14C) - - -
11.26 - 78(14C) - - -
12 17 97 12 22 33
14.16 - 142(14C) - -
24 55 244 240 54 245
44 - - - - 300
59 80 469 440 78 370
74 100 585 530 88 440
111 (136) 730 720 (140) 523
130 360 830 770 160 570
153 - - - - 730
190 460 . - - 900
225 - - - - 980
244 528 - - - 1040
300 588 - - - -

Table 4: Age models of the cores. Depths in brackets indicate that these values were only fixed by
230Th,, constant flux modelling. Three ages of core PS1768-8 were determined by 14C AMS measurements

of organic matter, which were reservoir corrected and U/Th-calibrated (see text).

of 2°Th in the water column (20-40 years) is in about the same range as the residence time
of CDW in the Weddell Sea Gyre, which amounts to about 30 years. In this low particle
flux regime the 2*°Th may then build up in the water column. For the *°The constant
flux modelling this means that the total sedimentation rates and accumulation rates calcu-
lated between certain independently fixed isotope stages, assuming a constantly increased
lateral advection of *9Th are still reliable (chapter 4.2). In the case of dating stage 5e
in the three southern cores by *9Th,, constant flux modelling (chapter 3.2), the total
sedimentation rates, the sediment accumulation rates and the core length corresponding
to isotope stage 5e represent minimum estimates. Maximum estimates, however, are not
higher than a factor of 1.5 above the minimum estimates, as deduced from the maximum
lateral supply of 2*°Th along isopycnals.

The measured concentrations of ?*°They, **'Pacy, and “Be are decay corrected to the
time of deposition of the sediment, applying the final ages derived from the **°Th,, con-
stant flux modelling (Fig. 11). In this chapter these initial decay corrected radionuclide
concentrations are plotted versus core depth together with the authigenic ***U concen-
trations and the Mn/Al ratio. The **'Pa., concentrations represent three point running
means. The dashed vertical lines on the figures mark the Mn/Al ratio of the standard
granodiorite GSP-1 of 0.004 (Flanagan, 1968). The lightly shaded sections mark the inter-
glacial isotope stages and the darkly shaded ones mark the stage 5efollowing Martinson
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et al. (1987). The error bars represent the statistical errors of one standard deviation
from the mean, except the authigenic 28U, where the error bars mark an estimated range

of the lithogenic 228U /%3*Th activity ratio between 0.5 and 1.
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Figure 11: Age/depth plot for all cores of the transect.
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3.2.1 Piston Core PS1772-8 and Multicore PS1772-6
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Figure 12: Profiles of the initial radionuclide and the authigenic 238U concentrations and the Mn/Al
ratio of cores PS1772-8 and PS1772-6 versus core depth.

In the area south of the APF, the deep water has been highly corrosive for carbonate
which results in a severe dissolution of foraminifera. For the sediments of core PS1772-8
which therefore do not contain sufficient biogenic carbonate for oxygen isotope analysis,
the stratigraphy is based on the interpretation that the diatomaceous ooze sections repre-
sent at least the beginning of the warm stages of the paleoclimate. Diatom biofluctuation
stratigraphic results corroborate and complete this interpretation by fixing the 2/3 and
4/5 stage boundaries (Gersonde, unpub. results). These stage boundaries at are verified
by the results of the 2*Th,, dating (Fig. 10).

The decay corrected 23°Th,, values decrease from an average of 13 dpm/g to about
2 dpm/g in the upper ooze section and to about 5 dpm/g in the lower ooze section.
The last value at 640 cm shows an increase although it is still in the ooze section. These
variations, which are interpreted as changes of the sedimentation rates by 2*°Th,y constant
flux modelling, only show small variations between 1 and 2 cm/ky in the diatomaceous
mud sections and increase to values of up to 32 cm/ky in the stage 5 coze section and up

to 3.5 cm/ky in the stage 9 ooze section.

It may be deduced from the record of the sedimentation rates that the diatomaceaous
ooze section between 150 and 360 cm core depth was deposited in only about 8 kyr (during
about the period from 127-119 kyr B.P.; if 360 cm is the correct depth of the stage 6/5
transition at 130 kyr B.P.), thus representing just the beginning of interglacial substage e.
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During the isotope stages 2-4 no significant sedimentological changes occurred. Isotope
stage seven is not clearly seen in the record and the lower ooze section is attributed to
isotope stage 9. As in the stage He ooze section, the upper boundary of this ooze at 600 cm
core depth certainly does not correspond to the transition between stage 9 and 8, which
can only be roughly evaluated in this case because the ooze section was not analyzed
for *Th,, completely. The approximate boundaries of the other isotope stages may be

evaluated, taking into account the poor age resolution of the samples.

The ?*'Pa.y profile shows relative maxima in the core sections representing the stages 2
and 5a-d and a minimum in the stage 5e section. The °Be profile shows the same features
as the #*°Th,, profile decreasing from an average of 3 — 4 - 10° at/g to 0.5-10° at/g. The
sediment contains only very small amounts of authigenic 228U, which are mainly found in
the ooze section and reach maximum values of 0.4 dpm/g. The Mn/Al ratios are mostly
in the range of the assumed lithogenic background value of 0.004, with the exception of a
very strong enrichment in the stage 5e ooze section where values up to 1 are reached. A
small peak appears at the beginning of the Holocene section.

A comparison between the multicore and the piston core results shows no strong offsets
suggesting that no significant loss of sediment of the topmost sediment sequence occurred
while recovering PS1772-8.

3.2.2 Piston Core PS1768-8 and Multicore PS1768-1

For this core a dating by a §80 record of the planktonic foraminferal species Neoglo-
boguadrina pachyderma sin. (Niebler, 1995) could be achieved, which is corroborated by
the exponential decrease of the 2*°Th,, concentrations. Additionally, 3 AMS C datings
were performed to achieve a more detailed picture of the Holocene sedimentation history.
After reservoir correction and calibration to the U/Th ages of Bard et al. (1990) the 1C
datings suggest that the changes of the opal increase at 168 cm core depth occurred at an
age of about 16 kyr B.P. (Gersonde et al., in prep.). The diatomaceous ooze sections in
the.lower part of the core are attributed to the 3 warm substages of interglacial stage 5.

The initial 2°Th,, concentrations show significant decreases from 5-10 dpm/g to about
2 dpm/g during the end of the last glacial and at the beginning of the Holocene and du-
ring the isotope substage 5e. Applying the 2°Th,, constant flux model, a huge increase
of the sedimentation rates from about 5-8 cm/kyr to up to 25 cm/kyr during the Holo-
cene climate optimum is determined. This increased sedimentation rate does not have a
comparably intense counterpart at the transition from stage 6 to stage 5e, where the ma-
ximum rates amount to 11 em/kyr, although the litholegy is equivalent. A slight decrease
in sedimentation rate from 5-8 cm/kyr to 3-5 cm/kyr, rather than an increase is observed
in the ooze sections representing the warm interglacial substages 5a and 5c.

As deduced from the *%Th,, constant flux model, the section between 140 cm and
about 60 cm core depth was deposited in only 4 kyr (14-10 kyr B.P.), which is corrobo-
rated by the C datings. There is a discrepancy between the end glacial and Holocene
sedimentation rates, which increased by a factor of about 5, and 2*°Th,, concentrations
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Figure 13: Profiles of the initial radionuclide and the authigenic 23U concentrations and the Mn/Al
ratio versus core depth of cores PS1768-8 and PS1768-1. The dotted horizontal lines mark the depths of
the 14C AMS datings.

only diluted by a factor of 2 to 3. This will be discussed in more detail in chapter 4.1.
The diatomaceous ooze sections representing the warm substages of interglacial stage 5
were not deposited as rapidly. The model shows that the core section from 755 to 830 cm
was deposited during about 10 kyr (130-120 kyr B.P.).

The #!Pa,, concentrations are relatively constant at about 1 dpm/g and rise to about
1.5 dpm/g in the stage 5e section. Again the patiern of the °Be profile is similar to the
230Th,, profile and varies from about 2-10° at/g to 0.4-10° at/g. The values of authigenic
2387 vary between 0 and 1 dpm/g and show a marked peak of up to 3 dpm/g during the
last glacial maximum. The Mn/Al ratios are in the range of 0.004 throughout the core,
with the exception of a small peak at the beginning of stage 5e and a marked peak of 0.45
at the beginning of the Holocene.

A significant loss of sediment representing about 3 kyr at the core top occurred while
recovering PS1768-8 (M. Rutgers van der Loeff, pers. com.). The values of PS1768-1
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could not be adjusted to the top of PS1768 implying that the loss amounted to at least
the length of the multicore. Therefore the multicore values are interpreted as representing
the upper 30 cm of PS1768-8.

3.2.3 Piston Core PS1756-5 and Multicore PS1756-6

230 231 10 authigenic Isotope
IPS1756-5 Thcxccss Paexcess Be P

PS1756-6) [dpmvg] [dpm/g] [109 at/g] By [dpm/g] Mr/Al Stages
0246810 02 4 68100 1 2 301 2 3 4 0003 0006 0.009

0 i s R e

& G S
100
200

300

400

Depth [em]

500

600

700

800

Figure 14: Profiles of the initial radionuclide and the authigenic *3¥U concentrations and the Mn/Al
ratio versus core depth of cores PS1756-5 and PS1756-6.

Due to the lack of lithological changes and biogenic carbonate the establishment of a
stratigraphy was very difficult in this core. The stratigraphy is mainly based on a §3C
profile measured at the organic matter of the sediment (Fischer et al., in prep.) and diatom
biofluctuation stratigraphy (Gersonde, unpub. res.). It was planned to achieve further
information by the expected decrease of the *°Th,, concentrations which, unfortunately,
was not possible due to the insignificant decrease below 10 cm core depth (Fig. 10). With
all results, the diatomaceous ooze layer is interpreted to be part of interglacial substage
oe.

The #3°Th,, profile shows highest values of about 10 dpm/g during the Holocene and
in the sections representing stages 5 and 6. Decreased concentrations around 3 dpm/g
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occur during stages 2, 3 and Se. The section representing isotope stage 2 is thus marked
by increased sedimentation rates between 14 and 24 cm/kyr, compared to 1-7 cm/kyr
in the stage 1 and 3 sections. The rates during stage 4 show an increase to values of
7-12 cm/kyr and there is another increase to values of up to 11 cm/kyr in the stage Se

diatomaceous ooze section.

Keeping in mind the doubts concerning the stratigraphy, the **°Th., constant flux
model showed that there was a continuous decrease of the sedimentation rates at the
beginning of the Holocene from about 14 cm/kyr to about 1 cm/kyr within a period of
about 3.5 kyr (12-8.5 kyr B.P.). The section corresponding to stage 5e could be fixed
between 680 and 790 cmn where the sedimentation rates are increased by a factor of about
2 compared to the sections above and below. No significant changes of the sedimentation

rates occurred during the other isotope stages.

The #'Pa,, shows a continuous downcore increase from about 1 dpm/g at the core
top to about 7 dpm/g at the bottom, which could be the result of a too high estimate of
the age in the lower sections of the core. The °Be profile shows only small variations with
a slight increase from about 1 to 2+ 10° at/g during stage 5 and a decrease during stage
Se, similar to the 2*°Th,y, profile. The sediment contains authigenic ?*8U, which decreases
continuously downcore from about 2 dpm/g at 10 cm core depth to about 1 dpm/g at
the bottom. Very low concentrations of about 0.3 dpm/g were measured in the Holocene
section of the core and a peak of more than 3 dpm/g was measured at the beginning of
stage Se. The Mn/Al ratio is homogenously about equal to the lithogenic background

value.

When comparing the multicore results to the piston core, a loss at the core top of
PS1756-5 of about 15 cm was evaluated and adjusted by the multicore results.

3.2.4 Piston Core PS1754-1 and Multicore PS1754-2
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Figure 15: Profiles of the initial radionuclide and the authigenic 233U concentrations and the Mn/Al
ratio versus core depth of cores PS1754-1 and PS1754-2.

For this core §*0 stratigraphies of the foraminiferal species Neogloboquadrina pachy-
derma sin., Globigerina bulloides and Globigerina inflata could be established (Niebler,
1995). Due to severe disturbances in the lower part of the core (pers. com. R. Gersonde,



41

H.-S. Niebler) only the section above 200 c¢m core depth was included in the interpretati-
ons. The possibility of similar disturbances in the upper part of the core cannot be ruled
out, which renders the conclusions concerning this core more uncertain than the other
ones. The core material is relatively coarse grained, which may indicate bottom current

activities.

The initial 29Th,, concentrations vary between 3 and 6 dpm/g and show peaks during
the Holocene, at the beginning of stage 5e and at the end of stage 5. The generally low
sedimentation rates show only slight variations with a tendency towards higher values
of about 2 to 3.5 cm/kyr in the stage 2 and 6 sections compared to 0.5 to 2 cm/kyr in
the stages 1 and 3 to 5. The 23°Th,, constant flux model showed that the decrease of
the sedimentation rates at the end of the glacial stages preceded the glacial /interglacial
isotope stage boundary by about 7 kyr at the transition from stage 6 to 5 and by about 4
kyr at the transition from stage 2 to 1. There is also a small increase of the sedimentation

rates in the middle of stage 5.

The 'Pa,, profile shows a steady downcore increase from about 1 dpm/g to about
4 dpm/g with a marked minimum at the end of interglacial substage 5e. The °Be con-
centrations vary between 1 and 2.5 - 10° at/g with maxima during glacial stages 2 and 6.
Authigenic 2T concentrations are negligible until 170 cm core depth and then increase
drastically to about 2 dpm/g which probably must be seen in the context of the above
mentioned disturbances. The Mn/Al ratio is slightly higher than 0.004 throughout the
core. It is significantly increased to 0.03 during the Holocene and shows two small peaks
at the beginning and at the end of stage 5. With the exception of the **!Pa,, concentra-
tions, the records of multicore and piston core do not show significant deviations, which

implies that no loss occurred during the recovery of core PS1754-1.

3.2.5 Piston Core PS2082-1 and Multicore PS2082-3

The northernmost cores of the investigated transect were recovered in the Agulhas Basin
in the Subantarctic Zone of the ACC, where the CCD is today located at a water depth
below 5000 m and the foraminiferal lysocline is located at about 4000 m water depth.
Nearly continuous §'80 stratigraphies of the benthic foraminiferal species Fontbotia wuel-
lerstorfi and Clibeidoides spp. and the planktonic species Globigerina bulloides and Neo-
globoquadrina pachyderma sin. were established (Mackensen et al., 1994). Additionally,
a C. davisiana biofluctuation stratigraphy (U. Brathauer, unpub. results) corroborates
the 6180 stratigraphic results where there were uncertainties due to the lack of biogenic

carbonate (e.g. the stage 2/3 boundary).

The profile of the initial 2**Th,, concentration shows relatively high values between
10 and 40 dpm/g with maxima in the interglacial core sections. Correspondingly the
sedimentation rates are increased to up to 21 cm/kyr in the glacial stage 2 and to up to
9 em/kyr in the glacial stage 6, while the interglacial values range from 2 to 5 cm/kyr.
The 2*°Th,, constant flux model also shows a continuous increase of the sedimentation
rates within the stage 6 from about 1 cm/kyr at the beginning to about 4 cm/kyr at the
transition to isotope stage 5.
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The #3'Pa,, profile shows only small variations but increases from values of about 2
dpm/g to about 5 dpm/g in the section below 450 cm which corfesponds to the stages 5
and 6. The °Be values vary between 4 and 5-10° at/g with two distinct minima of about
2-10° at/g in the Holocene core section and at the end of glacial stage 6. Authigenic ***U
concentrations are only found in the glacial core sections with maxima of 2 and 3 dpm/g
at the end of the glacial cores sections 2 and 6 respectively. Mn/Al ratios significantly
above 0.004 are determined at the transitions from the isotope stages 6 to 5 and 2 to 1.
Minor peaks are observed during the interglacial stages 3, 5 and 7.
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Figure 16: Profiles of the initial radionuclide and the authigenic 233U concentrations and the Mn/Al
ratio versus core depth of cores PS2082-1 and PS2082-3. The dashed horizontal lines mark isotope events
which could unambiguously be identified from the 6180 stratigraphy (Mackensen et al., 1994).
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4 Discussion

4.1 Sediment Redistribution Versus
Vertical Particle Flux

As stated in chapter 1, it is important to distinguish between laterally supplied material
and vertical particle flux, which is particularly important in the Southern Ocean with its
strong bottom currents. Francois et al. (1993) demonstrated at a core from the Antarctic
Zone of the Indian sector of the Southern Ocean that the interglacial sections 1 and 3
were strongly affected by lateral supply of biogenic material. Up to 12 times the amount
derived from vertical particle rain was added laterally to the sediments. Kumar (1994)
obtained results from the Antarctic Zone of the Atlantic sector of the ACC, where some
sediment sections received up to 17 times more material laterally than from the water

column above.

In Fig. 17 the sediment accumulation rates (sedimentation rate derived from #*°Th,,
constant flux modelling multiplied by dry bulk density) and the vertical particle rain rates
(eq. 11) are plotted versus age for the five cores.

The sediments of core PS1772-8 were not significantly affected by sediment redistri-
bution. The vertical rain rates are only slightly higher than the sediment accumulation
rates suggesting a weak winnowing with the exception of isotope stage 2 where a weak
focusing is observed. The contrast between the winnowing of 70 % during stage 3 and
the focuging of about 70 % during stage 2 may represent an artifact caused by a small
mistake of the position of the transition from stage 3 to stage 2, which is possible due
to the relatively low sedimentation rates in these sections. In the stage 9 section, where
dating is questionable, the vertical rain rates are about twice as high as the accumulation

rates.

Further north, however, in core PS1768-8 the deglacial and Holocene sediments re-
ceived about 4.5 to 5 times more particles by focusing than by vertical supply, which is
about the same range as observed in the Antarctic Zone by Francois et al. (1993) and
Kumar (1994). During stage 2 the factor even rises to about 6.5. Focusing intensity then
decreases downcore and in the stage Se section it amounts to about a factor of 2. The
correction for focusing yields equally high rain rates for the sections representing stage 5e
and the last glacial/Holocene transition (about 14-9 kyr B.P.).

In the stage 3 and 5e sections of core PS1756-5 only about 50 % of the vertical rain rate
reached the sediments which means that an export of particles occurred, probably due to
increased bottom current velocities. During stage 2 and 6 a weak sediment focusing (factor
1.4) is observed while during the other periods, no significant sediment redistribution

occurred at this location.

Almost throughout the core sections representing stages 3 to 6, the location of core
PS1754 was a region of export of sediment particles. Only during the stages 1 and 2 no
export occurred.
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Figure 17: Sediment accumulation rates (dashed line) and vertical particle rain rates which were
corrected for sediment redistribution effects (solid line). Due to the calculation of the accumulation rates
and vertical rain rates by the ?39The, constant flux model, the error bars represent the statistical errors
of one standard deviation from the mean of the 23°Th., measurements. Note the different scales of the

profiles.

The sediments of core PS2082-1 were affected by focusing almost throughout the investi-
gated period of time with strongest lateral supply of about the 6 fold vertical rain rate
during glacial stage 2 and up to the 3 fold vertical rain rate during glacial stage 6, where

an increase in focusing intensity during the stage may be deduced.

Both, the sediment accumulation rates and the vertical particle rain rates have to be
taken into account for the calculation of paleoenvironmental proxy accumulation rates
like biogenic barium or Corg. The vertical rain rates yield a reconstruction of the particle
supply from the surface water and the sediment accumulation rates serve as a measure for
preservation rates. If this lateral component of sediment supply is not addressed, drastic

misinterpretations may be the result.
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4.2 . Vertical Sediment Rain Rates

Low vertical sediment rain rates around 1" g/cm? - kyr in the southern core PS51772-8 are
caused by the sea ice cover preventing the production of biogenic particles (Fig. 17).
Seasonally sea ice free conditions only occurred during the beginning of isotope substage
5e and isotope stage 9. At the beginning of isotope stage 5e, up to 8 g/cm? kyr of mainly
biogenic particles were deposited, which represents the by far highest value reached in the
sediment cores of the transect. During the climate optimum at the beginning of stage 9,
as far as it was analyzed, about 2 g/cm? - kyr were deposited. The conditions during the
climate optima at the beginning of stage 7 and the Holocene obviously were not sufficient
to cause a significantly less dense sea ice cover at the location of core PS1772-8 to allow

a stronger increase in biogenic particle production.

In core PS1768-8 which is located north of the present day winter sea ice maximum, sea
ice free conditions occurred during the Holocene and during isotope stage 5, as deduced
from the abundance distribution of the sea ice indicator didtom species N. curta and N.
cylindrus (Gersonde, unpub. res.). These periods are represented by rain rates of up to 4
g/cm? - kyr, while values between 1 and 2 g/cm? - kyr in the other core sections indicate
that the sea ice cover was not as dense during the cold periods as at the location of core
PS1772-8. The differences between the other warm and cold substages of interglacial stage

5 are not resolved in the vertical rain rate record.

At the location of core PS1756-5 from the Polar Frontal Zone, which was not covered
by sea ice during the last 150 kyr, maxima of the rain rates of 3-4 g/cm?- kyr are observed
in the glacial stages 2 and 3, while the interglacial stages 1 and 5 are represented by values
between 1 and 2 g/cm? - kyr. No increased values are observed at the end of the stage 6
section. During stage Se the rates were increased to values of up to 3.5 g/cm? - kyr.

The second core from the Polar Frontal Zone, PS1754-1, which was influenced by
winnowing processes, shows a pattern of the rain rates similar to PS1756-1. However, the
amounts of deposited sediment are much lower. The interglacial stages 2 and 3 and also 6
are represented by maxima of up to 2.5 g/cm? - kyr, while the interglacial values of stage
1 and 5 amount to between 1 and 1.5 g/cm? - kyr with a minimum below 1 g/cm? - kyr
during interglacial stage 5e. In the middle of stage 5 a maximum of about 2 g/cm? - kyr
is observed.

In the Subantarctic Zone, as in the PFZ, higher sediment rain rates during the glacial
stages 2, 3 and especially the end of stage 6 are found. There is a trend of slow increase of
the vertical rain rates during glacials followed by a sharp decline at the transitions from
stage 6 to 5 and 2 to 1, The amounts of the rain rates, however, are as low as 1 g/cm?-kyr,
which is comparable to the values observed during sea ice cover in the Antarctic Zone. In
the interglacial core sections the rates decrease to values of 0.35 g/cm? - kyr.

With the knowledge of these discrepancies between sediment accumtlation rates and
vertical rain rates, the paleoproductivity reconstructions of Mackensen at al. (1994) for
this core have to be reinterpreted. The basic pattern of higher glacial productivity remains
the same after the focusing correction. The amount of productivity, however, is lower by
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about a factor of § during glacial stage 2 and by about a factor 3 during glacial stage 6
after the correction.

4.3 Rain Rates of Biogenic Material

4.3.1 Biogenic Opal

The pattern of the biogenic opal rain rates (Fig. 18) is very similar to the total vertical rain
rate pattern, which is no surprise because the sediments of the three southern cores consist
of up to 95 % of biogenic opal. The maximum opal rain rate amounts to 6 g/cm?® - kyr
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Figure 18: Profiles of the biogenic opal rain rates in g/cm?-kyr versus age in kyr B.P. The error bars
represent the statistical errors of one standard deviation from the mean of the ?3°Th., measurements.
Note the different scales for the two northern cores. All opal concentrations are from G. Bohrmann

(unpub. res.).
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in the stage 5e section of core PS1772-8. High values between 2 and 4 g/cm?® - kyr are
determined in the stage 1 and 5e core sections of PS1768-8 and in the stage 2, 3 and Se
sections of PS1756-5.

There are, however, some differences. In core PS1772-8 very low amounts of biogenic
opal (0.1-0.2 g/cm? - kyr) accumulated during the periods with dense sea ice cover, while
in core PS1768-8 about 0.5 g/cm? - kyr accurnuiated, clearly indicating a less dense sea ice
cover at the location of core PS1768-8. The two cold and three warm substages of stage

5 are resolved in the opal record.

The two northern cores show low opal rain rates, which are in the range of the ice
covered sections in the south, indicating either a low production or a high dissolution.
Nevertheless, their glacial rain rates (0.3 to 0.6 g/cm?- kyr) are about a factor of 3 higher
than the interglacial ones (0.05 to 0.2 g/cm? - kyr).

4.3.2 Biogenic Barium

In the two cores from the Antarctic Zone the biogenic barium rain rates (Fig. 19) perfectly
resemble the pattern of biogenic opal with maximum values of 3.5 to 4 mg/cm? - kyr in
the interglacial stages 5e and in the Holocene core section of core PS51768-8. In contrast
to the pattern of the opal rain rate, the 5¢ maximum of the biogenic barium rain in core
PS1772-8 amounts to the same value as the maxima of core PS1768-8. Additionally, the
transition from glacial stage 2 to the Holocene in core PS1772-8 is clearly visible in the
biogenic barium record. In the core sections representing sea ice coverage, rain rates of
around 0.4 mg/cm? - kyr (PS1772-8) and 0.9 mg/cm? - kyr (PS1768-8) are calculated. As
in the biogenic opal record, the cold and warm substages of interglacial stage 5 can be
identified. In core PS1756-5 the biogenic barium also follows the pattern of biogenic opal
with peak values in the glacial stages 2 and 3 and interglacial substage 5S¢ of about 2
mg/cm? - kyr.

In contrast to biogenic opal, the biogenic barium rain rates in core PS1754-1 are as
high as in the Antarctic Zone, reaching peak values of 3 mg/cm?- kyr in the glacial stages
3 and 6. Interglacial values amount to around 1.5 mg/cm?- kyr. This inconsistency might
indicate an increased opal dissolution in the sediments of the northern Polar Frontal Zone,
leading to a glacial decoupling of the biogenic barium and opal rain rates.

In core P52082-1 there are pronounced maxima of the generally low biogenic barium
rain rates of about 1 mg/cm? - kyr in the glacial stages 2, 4 and 6. Interglacial values
amount to about 0.2 to 0.5 mg/cm?-kyr. These features again are in accordance with the
biogenic opal record suggesting that there have been no glacial biogenic particle fluxes
in the Subantarctic Zone during the last 250 kyr comparable to the interglacial ones in
the Antarctic Zone. Thus, the high particle flux area of the opal belt did not extend to
43°S. The decrease of the biogenic barium rain rate at the end of glacial stage 6 precedes
the stage transition by about 8 kyr. There is no difference between the younger part

-

of isotope stage 7 and stage 6. Both of these features are not observed in the biogenic
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AR Bay, et . 5—0.0937 (1)
)

P‘n.ew = J. 6 B
35 (0.209 log (SR tor, —0.213

with
AR B,,,, = biogenic barium rain rate [pg - cm™? - year™’]
SR . = total sediment accumulation rate [ug - cm™ - year™!]

z = water depth [m]
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Figure 20: Profiles of the export paleoproductivity calculated from the biogenic barium rain rates
following equation 12 in gC/m? - yr versus age in kyr B.P. The error bars represent the statistical errors
of one standard deviation from the mean of the 23%Th,, measurements. Note the different scales for the

northern and southern cores.

These paleoproductivity values were calculated with the focusing and winnowing cor-
rected biogenic barium rain rates on the one hand and the non corrected total sediment
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accumulation rates on the other. This has to be done to account for the degree of barium
preservation which is positively correlated to the total sediment accumulation rate. The
values are presented in Fig. 20 and resemble the pattern of the biogenic barium rain rate.

However, there are some differences. The paleoproductivity maximum during stage 5e
in core PS1768-8 is more pronounced than the Holocene maximum (30 compared to 20
gC/m?-yr), which is caused by the higher Holocene barium preservation due to the higher
total sediment accumulation rates. In core PS1772-8 the total sediment accumulation
rates were slightly lower during stage 5e compared to PS51768-8 yielding maximum values

of paleoproductivity of about 20-30 gC/m? - yr.

In core PS1756-5 paleoproductivity maxima are in general about a factor of 2 lower
than south of the APF (values around 10 gC/m?- yr) and the stage 3 paleoproductivity is
calculated higher than in stage 2 due to the sediment winnowing with a peak value of 20
gC/m? yr at about 32 kyr B.P.. In core PS1754-1 the paleoproductivity values during the
stages 3 and 4 amount to about the same values as in the Antarctic Zone and also reach
a marked peak of 42 gC/m? - yr at about 40 kyr B.P., which may be synchronous with
the peak in core PS1756-5 due to the low time resolution in this section. No significant
differences compared to the biogenic barium record are observed in the northernmost core
where productivity was very low (maxima between 4 and 7 gC/m? - yr).

4.3.4 21pgy, .
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Figure 21: Profiles of the 231Pacy rain rates in dpm/cm? - kyr versus age in kyr B.P.. The error bars
represent the statistical errors of one standard deviation from the mean of the 23%Th,, and the 23!Pa,,

measurements.

The rain rates of ?*'Pa,, are, more or less throughout all cores, significantly increased
compared to the value expected from production, with the exception of PS2082-1. This
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corroborates the high biogenic particle fluxes in the AZ and PFZ of the ACC (Kumar et
al., 1993). o

Due to the very high statistical uncertainties the indirect measurements of **!Pa in
the stage 5e sections of the two AZ cores were not included in the interpretation. Instead,
direct reference measurements of Rutgers van der Loeff and Walter, AWI Bremerhaven,
were carried out, which are reliable. These direct 2*1Pa measurements corroborate a high
1Py, rain rate of up to 7.5 dpm/cm? - kyr in core PS1772-8 during stage 5e with a
statistical uncertainty of about 10 %. In core PS1768-8 the stage be value is increased
to 3.3 dpm/cm? - kyr, which is about equal to the increased 2*'Pa. rain rate (up to 4
dpm/cm? - kyr) during the last deglaciation. The glacial 2*!Pay rain rates are close to
the value expected from production and thus are still higher than in central ocean gyres,
where rain rates lower than the production are observed. This suggests that, although
restricted by the sea ice cover, particle fluxes were significantly higher than in central
ocean gyres.

The pattern of the 231 Pa,, rain rates in the two AZ cores is quite similar to the biogenic
opal and biogenic barium rates suggesting that the variations of the paleoproductivity are
also mirrored by ?'Pa,, (Fig. 21). From the two cores of this study alone, this correlation
to paleoproductivity would be quite weak. However, a comparison to the results of Kumar
(1994) obtained from A7 sediments corroborates this suggestion.

A different picture is observed in core PS1756-5, where the values show a more or less
continuous downcore decrease with peak values in the stages 3, 4 and 5e. In this core
where the statistical uncertainties are relatively low (in the order of 20 %), the peak values
in the stage be section exceed production by an order of magnitude. This either means
that the observed decrease is realistic or that it might be caused by too high estimates
of the ages in the lower part of the core. Assuming that the stratigraphy is correct, a
decreasing biogenic particle flux with time at the location of this core is concluded from
the 2!Pa,, record. This feature is not observed at the other paleoproductivity indicators,
except a peak value during stage 5e, which exceeds the ?'Pa production by a factor of
10, and the minimum during the Holocene.

Core PS1754-1, similar to PS1756-5, yields a decreasing trend of the ®!Pa., rain
rates with time, however, with a minimum at the beginning of stage 5e. The amounts
of the accumulated 2*'Pa,, are comparable to PS1756-5 during most of the time, with
the exception of the stages 5 and 6 where they are significantly lower. The multicore
PS1754-2, where the age could only be estimated from the 22°Th,, constant flux model,
shows a questionable ?*'Pa,, rain rate maximum, about corresponding to the Holocene

climate optimum.

In core PS2082-1 only a very low variability around the production value with small
maxima in the stages 2, 4 and in the middle of stage 5 occurred. It may be argued that
the low rain rates of 2*'Pa,, in this core were caused by the very efficient scavenging in
the south. However, the water column investigations of Rutgers van der Loeff and Berger
(1993) showed that today there is no depletion of **'Pa in the water column of the area
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of this study, which suggests that the supply of 2*'Pa did also reach the northern part of
the ACC, where particle fluxes obviously were too low for a strong increase in scavenging.

In summary, it may be stated that 2*'Pa., rain rates higher than the production
corroborate high biogenic particle fluxes in the AZ and PFZ and low ones north of the
SAF. Thus, keeping in mind the high statistical uncertainties of the measurements of
this study, the rain rates of 'Pa,, may be a suitable tracer for paleoproductivity at the
ACC. This is in accordance with previous results (Francois et al., 1993; Kumar et al.,
1993; Kumar , 1994).

4.4 Potential Sources for Additional ?*'Pa at the Southern
ACC

The accumulation rates of *'Pa,, during the beginning of stage 5 are increased by up
to a factor of 7.5 in the southern core PS1772-8 and up to a factor of 10 compared to
production in core PS1756-5 taking into account statistical uncertainties (Fig. 21). Such
an increase in the **'Pa,, accumulation rate can hardly be reached simply by boundary
scavenging effects. (The results of Kumar showed a maximum increase of the **'Pa., rain
rate over production by a factor of 3 and Francois et al. found a maximum increase of a
factor of 2). It is therefore reasonable to ask where the additional supply of **'Pacy comes
from. The definite answer to this question may certainly not be given due to a lack of
knowledge of the geochemical behaviour of the radionuclide and to the as yet relatively
small data set. Nevertheless, a scenario is developed that covers the observed features.

As demonstrated by Rutgers van der Loeff and Berger (1993), the advectional supply
of #1Pa with water masses from the north contributes today to a **'Pa excess in the AZ
and the PFZ sediments. The mixing pattern at the ACC probably was about comparable
to the present day conditions at the beginning of stage 5 giving way to an upwelling of a
water mass at the ACC which was enriched in 2*'Pa. This, however, can not be the reason
for the observed enhancement because the ?>'Pa,, rain rates presented, were normalized
to 9Th.,. As discussed in chapter 3.2, the 2°Th is stronger enriched by this advection
effect than the 2*'Pa and thus this explanation may be excluded.

Results of Yu (1994) show that *'Paey is depleted in the sediments of the whole
Atlantic Ocean including the ocean margins in the Holocene and the LGM sections, with
the exception of the Southern Ocean south of the Polar Front. This suggests an export of
231Pa from the Atlantic into the Southern Ocean, which possibly may have occurred via
NADW,

Coinciding with the stage 5e peak of *'Pacy in core PS1772-8, a strong peak of authi-
genic Mn (Mn/Al ratio about 1 compared to a value of 0.004 of the standard granodiorite
GSP-1) is observed (Figs. 12 and 21). No other measured parameter shows a compara-
tively strong increase. In core PS1756-5 no increase of authigenic Mn is observed parallel
to the 2! Pa,, increase during stage 5e, as discussed in chapter 4.8.

The key to understanding the feature of core PS1772-8 may be the strong affinity
of 21Pa to adsorb to MnQOj. In the suboxic sedimentary regimes of the Panama and
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Guatemala Basins the increased presence of Mn oxides was shown to contribute to the
boundary scavenging of 2! Pa,, (Anderson et al. 1983b). Yet unpublished data of Yang et
al. (1994) corroborate these results. The remobilization of Mn from the suboxic sediments
into the bottom water column and the following reprecipitation as Mn oxides (Mn cycling
(Spencer et al., 1981)) may lead to an enhancement of the scavenging of *!'Pa.,. **1Pa,,
may be stronger enriched in the sediments compared to #*°Th,, due to its higher residence
time in the water column and thus larger supply area for boundary scavenging.

Anderson et al. (1994) report anomalous boundary scavenging in sediment traps from
the Mid Atlantic Bight (MAB), where 2*°Th is stronger enriched in the investigated trap
material than **'Pa and ?'°Pb suggesting a selective enhancement of ?*Th scavenging.
However, the authors conclude that the opposite is the case: A selective scavenging
enhancement of ®'Pa and ?'°Pb relative to 1°Be and 2*°Th by fine grained MnO, coated
particles, which are subsequently transported downslope by current activity have led to
a relative depletion compared to '*Be and 2*°Th in the water column of the MAB.

It must be pointed out here, that such a geochemical behaviour of **'Pa and #*°Th is
in contradiction to results of Frank et al. (submitted to Geochim. Cosmochim. Acta),
who are able to demonstrate that during the growth of Mn encrustations a fractionatjon
occurs, which clearly prefers 2°Th. That means that the affinity of **Th to adsorb to
Mn oxides is higher than that of 2*!'Pa, which is shown by a comparison of the fluxes of
231p,  and #°Th,y, to two Mn crusts from the Pacific Ocean. A preferential scavenging of
Pa by MnOj is also very doubtful regarding the fact that MnO, coated cartridges adsorb
Th appreciably better than Pa (Rutgers van der Loeff and Berger, 1993).

If, nevertheless, it is assumed that there is a process by which **'Pa., and Mn are
added to the NADW and if it is further assumed that the situation described at the
MAB is not a single event but occurs at various localities along the continental margin
of North and South America, it be may be argued that the NADW becomes enriched in
Mn and ®'Pa on its way south. This is also reasonable with respect to the mean oceanic
residence time of 2'Pa of about 100 to 150 years and especially the one in the North
Atlantic of about 70 years. Both values are in the same range as the residence time of
the NADW in the Atlantic of about 80 years (Broecker and Peng, 1982). A model which
demonstrates the possible enrichment of the NADW with ?3!Pa,, and subsequent supply
to the Southern Atlantic south of the APF was first suggested by Yu et al. (submitted).

In the western Atlantic the NADW is admixed to the CDW (Reid et al., 1977). With-
out losing too much ?'Pa and Mn this water mass may then reach the area of strongly
enhanced biogenic opal fluxes north of the sea ice cover and south of the API, where the
231Pa and Mn may be scavenged to the sediments.

Additionally, these sediments may, as in the Panama Basin, have become suboxic due
to the high oxygen consumption. This can be caused by the high flux of organic matter,
which can also be deduced from the laminations of the opal rich sediments representing
the beginning of substage 5e which is an indication for oxygen poor conditions restricting
benthic living and bioturbation. It is thus reasonable to infer a Mn cycling similar to the
observations in the Panama Basin which also may contribute to the #*!Pa,, enrichment.
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In summary, the combination of NADW enrichment with ?*'Pa., and Mn and a subse-
quent exposition of this water mass to the high biogenic particle flux area of the opal belt,
where a Mn-cycling caused a near bottom scavenging enhancement, may be a reasonable
explanation for the strong ' Pa,., enrichment in the stage 5e sediments. Due to the above
described scenario, the absolute values of the ?'Pa,, rain rates at the ACC may not be
applied as direct tracers for biogenic particle flixes in the past, whereas relative variations
of the rain rates of ' Pa,, in the sediments are certainly related to past particle fluxes.

4.5 NADW Input into the Southern Ocean

The increased supply of carbonate poor, and nutrient and XCO; enriched Pacific Deep
Water during glacials was suggested to cause stronger dissolution of calcium carbonate
in the Southern Ocean (Howard and Prell, 1994). As mentioned previously, the three
southern cores only have very low concentrations of biogenic carbonate, if any. That
means, that this hypothesis may only be checked on the two northern cores of the transect,
where biogenic carbonate is one of the main components of the sediment. A positive
correlation between the CaCOQOj content and the 2%°Th,, concentrations was shown to be
the result of carbonate dissolution (Francois et al., 1990), which can be resolved by the
calculation of the (decay corrected) #**Th../CaCQj3 ratio (Riediger, 1994; Riihlemann et
al., in prep.). High carbonate dissolution increases this ratio, while low dissolution leaves
it unaffected. In the 2°Th,,/CaCO; record of the cores PS1754-1 and PS2082-1 different
intensities of the carbonate dissolution are recorded assuming a more or less constant
CaCOj; production (Fig. 22).

At the location of the shallower core PS1754-1 (water depth 2471 m) two small in-
creases at the end of the glacial stages 6 and 2 are observed, which might not have been
caused by a diminished admixture of NADW to the CDW, but as well by an increased
supply of organic material. In the deep core PS2082-1 a strong dissolution signal caused
by near zero carbonate concentrations during the glacial stages 2, 4 and 6, as well as in
the cold substage 7d of interglacial stage 7 is seen. During these periods the carbonate
compensation depth (CCD) was clearly raised above a water depth of 4600 m. During
glacial stage 6 peak dissolution was active at the beginning and then decreased towards
the end. The features of core PS2082-1 are in accordance with the results of Howard and
Prell (1994) suggesting that the diminished glacial NADW input causes strong carbonate
dissolution in the Southern Ocean. Core P51754-1 might be too shallow to be severely in-
fluenced by the changes of the deep water chemistry but, nevertheless, a slightly increased
glacial carbonate dissolution occurred as well.
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Figure 22: The ?3Th,,/CaCQj ratio as a measure for carbonate dissolution versus age in kyr.
The error bars represent the statistical errors of one standard deviation from the mean of the 239Th,,

measurements.

How do these results fit to other investigations? Mackensen et al. (1994) suggested a
high input of northern component water into the ACC during the stages 3 and 5.1 to 5.3,
which is in accordance with the above derived results. A rejection of northern component
water by northward advancing AABW during stage 5e, suggested by Mackensen et al.
(1994), contradicts the above results because no carbonate dissolution is observed. Results
of Yu et al. (submitted) deduce no significant difference between Holocene and last glacial
maximum NADW input into the Southern Ocean from a sedimentary 23'Pa,,/?°Th,,

ratios, which also contradicts the results of this study.

The above results are in very good accordance with the results of Raymo et al. (1990)
and Howard and Prell (1994) from the Cape Basin and the Indian sector of the ACC.
Peak dissolution and thus lowest NADW input was found during stage 8 and and at the
beginning of stage 6, whereas the minima during stages 4 and 2 apparently were not as
strong. The NADW history reconstructed in this study is also in accordance with the
strong increases of the ?*!Pa,, rain rate during the beginning of interglacial stages 5e
and 1 in the AZ, which may have been caused by an enhanced input of NADW into
the Southern Ocean compared to the glacials (Charles and Fairbanks, 1992). Altogether,
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the results of this study suggest that the NADW input into the Southern Ocean during
glacials was at least diminished.

More data are required, especially because today the main input of NADW into the
ACC takes place in the western part of the South Atlantic at intermediate water depths
(Reid et al., 1977). Further investigations of the **'Pa., rain rate on a set of sediment
cores recovered on RV Polarstern Cruise XI-2 (Gersonde, 1995) at relatively shallow water
depths on the Mid Atlantic Ridge in the area of the Polar Frontal Zone may deliver a
#1Pa,, record which shows a NADW fluctuation signal more clearly.

5.2 Rain Rates of Terrigenous Particles
5.2.1 1°Be Rain Rate

In the two cores from the Antarctic Zone the 1°Be rain rates do not show any positive
correlation to the features previously observed in the records of the other components
(Fig. 23). The “Be rain rate exceeds the production rate by about a factor of 2 to 4
throughout the cores, which is expected in a high particle flux area. However, the pattern
of the variations of the °Be rain rate seems to be random. Especially in the core sections
representing the Holocene and the stage 5e climate optimum where the paleoproductivity
was Increased and biogenic particle fluxes were high, in contrast to the expectations, no
maxima but minima of the °Be rain rates are obtained. There is also a strong minimum
in the stage 9 section of core PS1772-8, where the biogenic opal and barium records show
peaks of the rain rates. These features indicate that a process other than biogenic particle
flux controlled the 1°Be rain rate during the periods of high productivity in the Antarctic

Zone.

In core PS1754-1 a variability coinciding with the other components, showing peak
values in the stage 2 and 6 sections, can be observed. This feature is even more pro-
nounced in core PS2082-1, where the °Be rain rates show marked maxima in the sections
corresponding to glacial stages 2-4 and 6 and where the value expected from produc-
tion is exceeded by a factor of 3. Thus, in the two northern cores the expected positive

correlation of particle rain rate and °Be rain rate is given.

Minimum rain rates of *°Be with values slightly lower than the production rate are thus
observed in all five cores of the transect during the isotope substage 5e and the Holocene
except core PS1756-5. 1°Be rain rates exceeding the production by a factor of 2 to 3 are
observed during the glacial stages 2-4 and 6. This pattern suggests that a scavenging
process independent from the shifts of the high biogenic particle flux area affected the
1%Be rain rate. With the well known affinity of 1°Be to adsorb to clay minerals (Sharma
et al., 1987) the rain rates of terrigenous material are investigated for comparison.

5.2.2 Al20O;3 and Fe

The rain rates of terrigenous material, either ice rafted debris (IRD) or aeolian dust, are
inferred from the rain rates of Al,O3 and Fe (Figs. 24 and 23). The two records yield
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Figure 23: Profiles of the 1°Be rain rates in 10%at/cm? - kyr versus age in kyr B.P. The error bars
represent the statistical errors of one standard deviation from the mean of the ?*°They, measurements.

The rain rates were corrected for variations of the global 1°Be production (Fig. 6).

a consistent picture of relatively high terrigenous particle input during glacials and low
input during interglacials. The strongest minima are observed in the Holocene and the
stage Be core sections where the values are about a factor of 5 lower than during glacials.
The total amounts of glacial detrital fluxes tend to be higher in the AZ and the southern
part of the PFZ.

The overall picture is in accordance with the observations of Kumar (1994) who sug-
gested an increased aeolian dust flux to the eastern part of the Atlantic section of the
ACC during glacials, probably derived from the Patagonian deserts of Argentina.

This origin of the detrital components was also deduced by investigations in the Vostok
ice core (De Angelis et al., 1987), for which Grousset et al. (1992) also suggested a
Patagonian source. The eastern Atlantic sector of the ACC is directly located in a zone
where the prevailing westerly winds may transport dust from this potential source area.
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Figure 24: Profiles of the Al;O3 rain rates in mg/cm? - kyr versus age in kyr B.P. The error bars
represent the statistical errors of one standard deviation from the mean of the 280Th.. measurements.
Note the different scale of the PS2082-1 profile. All Al303 concentrations are from Nirnberg (1995)
except core PS1754-1.

The glacial increase in dust flux may be caused by an increase in wind strength and
more arid climatic conditions in Patagonia and, in addition, the lower sea level during
glacials may have led to the exposure of a part of the Patagonian and western Atlantic
shelves to the atmosphere and thus also made it a potential source for wind blown dust

particles.

In the AZ and the southern PFZ a higher amount of IRD compared to the northern
part has been released to the water column and the sediments (Labeyrie et al., 1986;
Kumar, 1994), which probably has contributed to the higher detrital fluxes.

When comparing the 1°Be rain rates to the other investigated components, it is obvious
that a correlation is found only with the terrigenous rain rates (Fig. 26). From this, it
may be argued that the scavenging of !°Be at the ACC is mainly controlled by clay
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Figure 25: Profiles of the Fe rain rates in mg/em?-kyr versus age in kyr B.P. The error bars represent
the statistical errors of one standard deviation from the mean of the 23°The, measurements. Note the

different scales of the profiles.

particles (Sharma et al., 1987). Additionally the dust particles themselves may transport
adsorbed °Be from the Patagonian deserts. Shengde et al. (1922) report increased rain
rates of 1°Be with dust particles in Chinese loess during colder and more arid periods of
the paleoclimate, which are in about the same range as the rain rates of '°Be in the ACC

sediments.

The pattern of maximum and minimum !°Be rain rates at the ACC may, at least
partly, also have had its origin at the ocean margin of the Weddell Sea, where only very
low amounts of 1°Be were deposited in the sediments during glacials and may thus have
been transferred to the ACC (Frank et al., in press). On the other hand, in these sediments
increased °Be rain rates are determined in the core sections representing the interglacial
stages 7, be and 1, which may have contributed to the interglacial minima at the ACC.
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Figure 26: Correlation between the rain rates of Al;03 and !°Be. The solid line represents a linear
fit to the three southern cores (left plot) and to the two northern cores (right plot). The dashed line
represents the relation of 1°Be adsorbed to terrigenous material according to the method of Rutsch et al.

(1995).

In order to evaluate biogenic 1°Be rain rates, the amount of °Be adsorbed to terrige-
nous particles is evaluated by the relations

F(wBe)det’l‘itaZ = 0.016 - F(AlgOg) (1)
for the three southern cores and by
Fuopeydetrital = 0.038 - Fiao,) (2)

for the two northern cores, similar to the method of Rutsch et al. (1995). It is obvious
that two different terrigenous °Be background values (Fig. 26) in the two northern and
the three southern cores have to be applied for calculating biogenic '°Be. How can this

difference be explained?

As mentioned above, in the southern part of the ACC the enhanced release of IRD may
have significantly contributed to the observed higher rain rates of terrigenous material.
The IRD which tends to be coarser grained has a smaller surface and consequently a
lower adsorption capacity for 1°Be. In the two northern cores only the fine grained aeolian
dust with its larger surface and higher amount of initially adsorbed "Be seems to have
controlled the 1°Be scavenging. Additionally, the IRD does not carry 'Be itself. It may,
however, be argued that the melting ice with its average concentration of 4 - 10%at/g
(McHargue and Damon, 1991) and an estimated annual iceberg production of about 2000
Gt (Jacobs et al., 1992) also releases a significant amount of 1°Be to the surface water of
the ACC (Kumar, 1994). According to the results of this study, the iceberg derived *Be
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contribution obviously was not high enough to account for a significant increase of the
1%Be rain in the southern part of the ACC, if compared to the dust controlled scavenging
in the northern part.

The biogenic Be rain rate is calculated by subtracting the detrital 1°Be rain rate from
the total rate (Fig. 27). In the two southern cores it is seen that biogenic °Be rain rate was
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Figure 27: Profiles of the biogenic °Be rain rates in mg/cm? - kyr versus age in kyr B.P. The error

bars represent the statistical errors of one standard deviation from the mean of the 230Th ., measurements.

indeed enhanced during the climate optima. In core PS1772-8 an increase of the biogenic
19Be rain rate from glacial values around 1 -10%t/cm? - kyr to about 2 10%t/cm? - kyr
during stage 5e occurred. In core PS1768 the Holocene climate optimum is also mirrored
by increased biogenic Be rain rate of about 1-10%at/cm?-kyr, compared to glacial values
of about 0.5 - 10%at/cm? - kyr, whereas in interglacial substage 5e no significant increase

is observed.

In the three northern cores paleoproductivity was shown to be increased during gla-
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cials. The coinciding biogenic 1°Be rain rates, however, are mostly very low. In core
PS1756-5 this pattern is most pronounced and even the cold substages of interglacial
stage 5 are visible and here is the only exception because the increased stage 5e biogenic

19Be rain rate coincides with increased paleoproductivity.

Apparently, the ratio between settling terrigenous and biogenic material was increased
during glacials. This resulted in very low biogenic !°Be rain rates because the °Be
preferentially adsorbed to the offered aluminosilicates. In turn, this may be seen as
further support for lower glacial biogenic particle fluxes in the northern PFZ and the
SAZ compared to the AZ. If the biogenic particle fluxes had been higher, the amount of

biogenic 1°Be rain rate would also show increases.

All these features together suggest that in the PFZ and the SAZ the detrital particle
fluxes account completely for the increased total °Be rain rate during glacials and that
the biogenic particle fluxes were too low to cause a significant contribution to the total

rain rate of 1°Be.
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Figure 28: Correlation between the rain rates of biogenic Ba and '°Be in the AZ sediments. The
dashed line represents the relation of the rain rates of 1°Be (1.2 at/cm? - kyr) and Ba (0.12 mg/cm? - kyr)
in the open ocean. The circles mark the data of core PS1768-8 and the squares mark the data of

PS1772-8. The solid line curve represents the modelling results for open ocean fluxes of 1°Be and Ba of

0.5 - 10%t/cm? - kyr and 0.12 mg/cm? - kyr respectively.



5.3 Comparison of Biogenic '°Be and Biogenic Ba 63

5.3 Comparison of Biogenic 1’Be and Biogenic Ba

In a recent publication Rutsch et al. (1995) compared the the rain rates of biogenic '°Be
and biogenic Ba in sediments from the Angola Basin. They showed that the biogenic Ba
deposition exceeds the biogenic 1°Be deposition due to the higher residence time of Ba in
the oceans, which amounts to about 10,000 years and thus is about 10 times higher than
that of 1°Be. The measured rain rates of both elements were reproduced by a box model.

If the biogenic Ba and °Be rain rates of this study are compared to each other, it can
be seen that this only makes sense in the two southern cores because, as discussed in the
previous chapter, in the three northern cores biogenic 1°Be fluxes are masked by aeolian
dust flux.

In Fig. 28 the correlation between biogenic !°Be and Ba of the sediments from the AZ
is shown. While the biogenic '°Be rain rates are comparable to the ones in the Angola
Basin, the corresponding biogenic Ba rain rates are up to three times higher during the
climate optima of the stage 5e and the Holocene. For comparison, maximum biogenic
Ba rain rates in Angola Basin sediments were in the range of 1.3 mg/cm? - kyr. Such an
increase can by far not be reached with the residence time model of Rutsch et al. (1995).
In addition, if an average 1°Be flux of 1.2 - 10%at/cm? - kyr (as marked by the dashed line
in Fig. 28) is applied for the model, the curve marking the modelling results would even
be shifted closer to the x-axis. This suggests that there must be an additional source of
Ba for the AZ, especially during peak climate optima, which weakens the applicability of
biogenic Ba as a paleoproductivity proxy at the ACC. The origin of the additional Ba is
not known.

5.4 Authigenic 2*®U Accumulation and
the Mn/Al Ratio: Tracers for
Redox Changes in the Sediments

As stated in the chapter 1.5.2, increased deposition of authigenic *8U may be interpreted
in terms of more reducing conditions in the surface sediments due to increased accumu-
lation rates of organic matter and thus equates to periods of higher paleoproductivity.
Strictly speaking, it does neither make sense to calculate rain rates of authigenic #3%U
by multiplying the concentration by vertical sediment rain rates nor by total sediment
accumnulation rates. If authigenic ***U accumulation rates are nevertheless estimated, the
total sediment accumulation rates have to be applied (Fig. 29) because the amount of
authigenic 2%8U diffusing into the sediment is only dependent on the total amount of accu-
mulated organic material, no matter whether it originated from the water column above

or was supplied laterally.

High oxygen consumption caused by the decomposition of the organic matter leads to
the development of reducing conditions close to the sediment water interface. However, if
the deposition of organic material was the only factor controlling the accumulation rates
of authigenic 28U, they should coincide with the pattern of biogenic barium or opal.
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Figure 29: Profiles of the 23U accumulation rates in dpm/cm? -kyr versus age in kyr B.P.. The error
bars mark the range of the estimates of the lithogenic 23U /232Th activity ratio between 0.5 and 1. Note

the different scales of the profiles.

Peak accumulation rates of about 2 dpm/cm? - kyr are determined in the stage Se
section of core PS1772-8 while, however, the concentrations are very low. In the other
sections of core PS1772-8 practically no authigenic 2*¥U was deposited.

In contrast, relatively high values were accumulated during the isotope stages 3 and
2 in core PS1768-8 with a peak value of 25 dpm/cm? - kyr in the middle of glacial stage
2. The pattern of the 238U accumulation rates is similar to the one of the concentrations.
The glacial stage 2 peak, which was analyzed with a very good time resolution, clearly
leads the peaks of biogenic barium and biogenic opal rain rate. This is also the case at
the stage 5e enrichment of this core, which does not completely precede the stage 6/5
transition but at least extends into the glacial section.

This feature might be explained by differences in the depth of the redoxcline. While in
core PS1772-8 the accumulation rates of organic material were so high that the redoxcline
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was about equal to the sediment/water interface, there may have still been an oxygenated
layer during peaks of biogenic particle flux in core PS1768-8, leading to a downward
migration and subsequent precipitation of authigenic 2**U. This clearly shows that the
deposition of 28U can not exclusively be related to the deposition of organic matter.

It may be argued that a deposition of about 25 dpm/cm? - kyr may even have lowered
the U concentration of the water column of the Southern Ocean. If this accumulation rate
is compared to the standing crop (an assumed body of water with a base area of 1 cm?
and a length corresponding to the average water depth of about 3000 m) of #8U in the
water column of about 800 dpm/cm?, even a short-term peak flux of 25 dpm/cm? - kyr

would not change the **U concentration in the water column significantly.

Similar to core PS1768-8, in the southern PFZ the pattern of the authigenic 234U
accumulation shows high values during isotope stage 2 of up to 9 dpm/cm? - kyr which is
in accordance with a period of increased biogenic particle flux. However, stage 3 is not
represented by equally high values. In this core the concentrations of **U show a much
more homogenous distribution, indicating no significant changes of the redox conditions
with the exception of a small peak during stage 5e and very low Holocene values.

Further north, in core PS1754, practically no authigenic **®U was deposited during
the investigated period of the last 140 kyr, which probably is a consequence of the low
sediment accumulation rate (see next page). In the core from the Agulhas Basin the
glacial/interglacial contrasts are very pronounced with zero authigenic ***U accumulation
and concentration during the interglacial stages 7, 5 and 1 and peak values of up to 10
dpm/cm? - kyr, especially at the end of the glacial sections 6 and 2.

Besides variations of the accumulation of organic matter, another possibility con-
trolling the variations of authigenic #***U is discussed here, which for example may be
responsible for the low concentration during the Holocene in core PS1768-8.

A lower oxygen content of the deep water during the glacials caused by a weaker
thermohaline circulation may have caused reducing conditions close to the sediment water
interface. Such a lower oxygen content of the deep waters of the Southern Ocean is
difficult to evaluate. Howard and Prell (1994) suggested low oxygen CDW during glacials
and Hodell (1993) found only very small amounts of benthic foraminifera in the glacial
sections of DSDP site 704A. On the other hand, Charles and Fairbanks (1991) found that
glacial deep water was high enough in oxygen to permit benthic foraminifera to live in
a sediment core from the PFZ in the eastern Atlantic sector of the ACC. Presently, the
deep water in the area is well oxygenated (Rutgers van der Loeff and Berger, 1991).

In a modelling approach the glacial oxygen concentration of the deep water may be
evaluated from the authigenic **®U and C,,, concentrations (between 0.4 and 0.6 % ) of
the cores PS2082-1 and PS1756-5. It turned out that during the glacial peak productivity
periods a maximum concentration of 0.5-0.7 ppm authigenic 2**U may have been reached
without changing the oxygen content of the deep-water. To achieve the observed maxima
of about 3 ppm, the deep-water oxygen content had to be decreased from the present day
values of about 150-200 pmol/kg to values of about 20 gmol /kg (A. Mangini, pers. com.).
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Looking at the fact that the authigenic ?*®U is enriched in the glacial stage 2 sections of
the 4 northern cores, no matter whether the paleoproductivity was high or not, suggests
that deep-water oxygenation may indeed have played an important role in controlling
geochemical conditions in the deep water and the surface sediments of the Southern
Ocean. The only exception is core PS51772-8 where no authigenic enrichment in stage
2 is observed. This, however may be explained by a postdepositional burn-down of the
uranium enrichment due to the low sedimentation rates. Such a link is confirmed by
the almost linear increase of the stage 2 authigenic 2*®*U enrichment with the sediment

accumulation rate in the four other cores.

The redox conditions which were reconstructed by authigenic ?**U can now be compa-
red to the geochemical information delivered by the Mn/Al ratio in the sediment column.

In core PS2082-1 the peaks of the Mn/Al ratio in excess of the lithogenic background
clearly lag the authigenic 28U peaks and exactly mark the transitions from isotope stages
6 to 5 and 2 to 1. Minor peaks of the Mn/Al ratio are found in the middle of stage 7
and during stage 3 also occurring immediately after authigenic **®*U maxima. In core
PS1754-1 only at the transition from isotope stage 2 to 1 a significant Mn/Al increase

occurred.

These features in the two northern cores may well be explained by the drop of the
accumulation of biogenic particles at the end of the glacial periods. This led to a higher
oxygen level and thus to a burial of the Mn enrichment due to the deepening of the redox-
cline on the one hand. On the other, the diminished supply of Cor, was not able to reduce
the Mn at the surface any more. Additionally, the increase in bottom water oxygenation
caused by the enhanced circulation at the beginning of the interglacials contributed to
the reprecipitation of the MnQO,. In turn, the high authigenic ***U concentrations during
glacials are consistent with a diminished oxygenation and a contemporaneous high supply

of organic matter to the deep water.

In core PS1756-5 conditions were more or less reducing throughout the last about 140
kyr, except the Holocene, as inferred from the relatively high rates of authigenic 2%8U.
This is corroborated by Mn/Al ratios which are about equal to the lithogenic background
throughout the core. The redoxcline was probably located above the sediment/water
interface and permitted a release of remobilized Mn to the water column. At this location,
the continuous high supply of organic matter apparently was the main controlling factor
for sediment geochemistry throughout the last 140 kyr. No significant changes in deep-
water oxygenation or supply of organic matter are recorded, with the exception of the
Holocene, where the deposition of authigenic 2**U decreased.

In the AZ the geochemical and sedimentary conditions must have been different be-
cause peaks of biogenic particle fluxes occurred during the beginning of the interglacial
stages 5 and 1. The peaks of the Mn/Al ratio appear in the core sections representing
high biogenic particle fluxes. It may be argued that the sudden increase of the sedimen-
tation rates caused the burial of the Mn/Al peak (Berger et al., 1983), which is not very
reasonable because the increase of organic matter supply would probably keep conditions

reducing.
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A more reasonable explanation which would also be able to explain the authigenic
238U enrichment described before, is a cycling of Mn remobilization in the sediments and
reprecipitation at the sediment water interface. This is consistent with an oxygenated
water column during these periods which prevented the deposition of large amounts of
authigenic #%¥U.

An increased Mn inventory in the water column which was built up during periods
of diminished glacial circulation with corresponding lower oxygen content in the Atlantic
Ocean may also have been an additional source of Mn. The Mn may have been precipi-
tated and deposited during the reestablishment of the circulation at the beginning of the
interglacials (Mangini et al., 1990).
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5 Reconstruction of the Paleoenvironmental
Conditions at the ACC during the last 330 kyr

5.1 Interglacial Isotope Stage 9 and Glacial Stage 8
(330-244 kyr B.P.)

As only core PS1772-8 covers the complete period of the last 330 kyr, the reconstruction
is started with isotope stage 9 at the location of the present day average sea ice maximum.
During the beginning of interglacial stage 9, the winter sea ice boundary was shifted to a
position south of the present one, giving way to an increased production and accumulation
of biogenic opal. This is consistent with the results of Hodell (1993) who found the inter-
glacial optima of the stages 9 and 11 to represent the warmest interglacial conditions in
the Southern Ocean. However, only a small export paleoproductivity increase (maximum
10 gC/m? - yr) is deduced from the biogenic barium rain and accumulation rates. The
rain rates of 1°Be were very low, coinciding with the minimum of the rain of terrigenous
material.

During the rest of stage 9 and during glacial stage 8, the location was ice covered
during summer and winter, which strongly restricted biological production and particle
fluxes. Export productivity values ranged at 5 gC/m? - yr, which is only slightly higher
than the very low values determined in sediment traps below permanent sea ice cover in
the Weddell Sea (Wefer and Fischer, 1991). 1°Be rain rates exceeded the production by a
factor of 2.5, indicating a terrigenous particle flux which was sufficient to cause boundary

scavenging of '“Be.

5.2 Interglacial Stage 7 (244-190 kyr B.P.)

During isotope stage 7 a continuous summer and winter sea ice cover still kept particle
flux low at the location of core PS1772-8.

At the beginning of stage 7 an export paleoproductivity minimum is observed in the
Subantarctic Zone from the beginning of the isotope stage 7 until about isotope event 7.4,
followed by a period of full glacial conditions during the period from about 225 to 210 kyr
B.P. (Full glacial conditions in the three northern cores are characterized by relative ma-
xima of the rain rates of terrigenous material, 1°Be and the proxies for paleoproductivity.
In contrast, in the two cores from the AZ full glacial conditions are characterized by low
rain rates of the paleoproductivity proxies, caused by the extension of the sea ice cover).
From 210 kyr B.P. until the end of stage 7, the results again indicate a lower biological
activity in the surface waters. The contrasts between the interglacial conditions in stage
7 and the glacial ones in the following stage 6 were, however, not very strong, as deduced
from the biogenic barium and the °Be rain rate records. This implies that the intergla-
cial stage 7 was a period with intermediate palecenvironmental conditions, contradicting
results of Hodell (1993) who deduced strong interglacial conditions in the Southern Ocean
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from a study of oxygen and carbon isotopes in ODP core 704A. Paleoproductivity ranges
from almost 0 gC/m? - yr at the beginning of the stage to values of about 7 gC/m? - yr
during the middle of the stage 7. The very beginning of stage 7 is also marked by a small
peak of paleoproductivity (7 gC/m? - yr).

An interpretation of the maxima and minima of the Subantarctic Zone records in terms
of shifts of the high particle flux area in the south suggests conditions at the beginning
and the end of stage 7 about equal or slightly colder relative to the present. A northward
shift of the high particle flux area may have occurred fromm about 225 to 210 kyr B.P.

5.3 Glacial Stage 6 (190-130 kyr B.P.)

The end of interglacial stage 6 1s covered by all 5 cores of the transect, permitting a more
detailed palecenvironmental reconstruction. An overview of the results of this study is
given by six time slices representing the average values of each tracer for the interglacial
optima of the Holocene and the isotope substage 5e and for the glacial stages 2-4 and 6
(Fig 30).

Full glacial conditions with peak paleoproductivity values of 7.5 gC/m? - yr in core
PS2082-1 and still very low values around 3 gC/m?- yr in core PS1772-8 are observed. In
these cores the entire stage 6 sections were analyzed. This suggests a northward shift of
the high particle flux area by about 3 to 5° degrees. At the end of glacial stage 6, winter
sea ice extended to the location of core PS1768-8, indicated by relatively low rain rates
of biogenic opal (about 0.5 g/cm? - kyr) and increased amounts of the sea ice indicating
diatom species N. curta and N. cylindrus (Gersonde and Patzold, 1992).

Throughout the transect, sediment rain rates amounted to about 1-1.5 g/cm? - kyr at
the very end of isotope stage 6. At this time a decrease in the two northern cores resulted
in an export productivity of about 3 to 10 gC/m? - yr in all cores of the transect, except
PS2082-1 where productivity was almost zero. It can be argued that the winter sea ice
cover already had started to retreat from the locations of the two southern cores. The
end glacial export productivity was 2-3 times lower than the present day values at the
Polar Front (Wefer and Fischer, 1991).

In summary, the data of this study suggest that, during the end of glacial stage 6, no
high productivity area comparable to other periods was developed (taking into account
the uncertainties of the mentioned decoupling between biogenic opal and barium). This
period of low biological activity, which was clearly leading the transition from stage 6 to
stage 5, suggests that the reorganisation of the ACC towards an interglacial mode was
already beginning about 9 kyr before the end of glacial stage 6. This may also be deduced
from the gradual increase of the productivity at the end of stage 6 in core PS1772-8.
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Figure 30: Time slices of the rain rates of total sediment, paleoproductivity, biogenic opal, 231 Pag,,
10Be and Fe as a measure for terrigenous material from 56°S to 43°S. The solid line time slices represent
average values for the Holocene, the stage 3 and Be, whereas the dashed line time slices represent the
glacial stages 2, 4, and 6, as far as they are covered by the cores. The thin dashed lines at the ?3!Pa,,
and '%Be rain rate plots mark the values expected from production. The vertical lines at 50°S and 45.5°S

mark the present day positions of the APF and the SAF, respectively.

5.4 Interglacial Substage 5e (130-111 kyr B.P.)

Most drastic changes in paleoenvironmental conditions at the ACC occurred at the transi-
tion from glacial stage 6 to interglacial substage 5e. Paleoproductivity reaches maximum
values of 31 gC/m? - yr in core PS1772-8 and 30 gC/m? - yr in core PS1768-8, which
is about double the present day value (Wefer and Fischer, 1991). It must, however, be
stated that the biogenic barium rain rates were about three times higher than modelling
calculations of Rutsch et al. (1995) allow (chapter 4.7), suggesting that there may have
been an additional source of Ba for the AZ, at least during the climate optima. This
additional contribution renders the applicability of biogenic Ba as a paleoproductivity
tracer more uncertain. This aspect will be subject of future studies.

Peaks of #*!Pa,, (up to 8 times higher than production) and biogenic opal rain rates (up
to 6.5 g/cm?-kyr), as well as the decrease of sea ice diatoms (Gersonde and Pitzold, 1992)
and an abundance maximum of the radiolarian species Antarctissa (Abelmann, unpubl.
results in Miiller, 1992) indicate a shift of the winter sea ice boundary and thus also of the
high biogenic particle flux area to a position south of core PS1772-8. The position of the
winter sea ice boundary, however, probably was not shifted too far south of the location
of P51772-8. The maximum increase in biogenic particle flux of the transect in this core
suggests that the productivity increase was caused by the proximity to the ice edge.

In the southern part of the Polar Frontal Zone a contemporaneous increase of the ex-
port productivity was also clearly developed, which means that the high biogenic particle
flux area also extended to the north into the Polar Frontal Zone during stage 5e. Very low
paleoproductivity is deduced from all parameters in the cores PS1754-1 and PS2082-1,
which means that the high productivity area was located south of 48°S.

Within the isotope stage Se, which was investigated at a very high time resolution of
only a few hundred years per sample in cores PS1772-8 and PS1768-8, some variations of
the palecenvironmental conditions are recorded that might corroborate the strong paleo-
temperature variations recorded in the GRIP ice core (GRIP members, 1993; Taylor et
al., 1993). The rain rate record of °Be in core PS1772-8 and the biogenic barium and
biogenic opal records in the more northerly located core PS1768-8 might suggest that
the period of high biogenic particle flux did not pass as undisturbed as for example the
sediment rain rate record shows.

However, the significance of these variations is low and in many cases within the
uncertainties of the data. It is also difficult to correlate these variations from core to
core due to the too low precision of the dating within the isotope substage 5e in core
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PS1768-8. The sedimentary records of this study can thus not decide wether the ice core
record represents an artifact, caused by ice tectonics, or wether the observed variations
in the GRIP ice core represent real paleoclimatic variations. More detailed investigation
of these variations will be subject of a continuation of this study on high sedimentation
rate cores from the Mid Atlantic Ridge area of the Southern Ocean.

‘ The minimum !°Be rain rate in all five cores of the transect and especially in the three
southern cores, where export productivity was shown to have been relatively high, was
probably caused by a drop of the supply of terrigenous material to the ACC. However,
there was a biogenic contribution to the '°Be rain rate in core PS1772-8 (Fig. 27).

The features of the Mn/Al ratios and authigenic 238U concentrations suggest an im-
proved ventilation of the deep water which started at the beginning of interglacial stage
5. This increase in oxygen may have been linked to an increased inflow of NADW into the
Southern Ocean, as also indicated by the low carbonate dissolution in the two northern
cores. In the southern part of the AZ the high accumulation rate of biogenic silica proba-
bly led to suboxic conditions in the sediments, caused by which a Mn cycling occurred,

as indicated by high amounts of authigenic Mn.

5.5 Interglacial Substages 5d-a (111-74 kyr B.P.)

During the rest of isotope stage 5 the contrasts between the paleoenvironmental conditions
in the northern and the southern part of the ACC were much less pronounced than during
substage 5e. While the particle flux at the location of core PS1772-8 was again restricted
by the permanent sea ice cover, paleoproductivity, biogenic opal and the 2*'Pa,, rate
indicate relatively high biogenic particle fluxes at the location of core P51768-8, where at
the same time the existance of a seasonal sea ice cover is indicated by increased abundances
of N. curta and N. cylindrus. The biogenic opal and the paleoproductivity record show a
subdivision into the substages 5a to 5d, where paleoproductivity varies from 10 gC/m?-yr
in the warmer substages to 4 gC/m?- yr in the colder substages. These values are in good
agreement with the present day export productivity at the Polar Front determined by
Wefer and Fischer (1991).

In the southern Polar Frontal Zone biogenic opal accumulation was comparable to
the Antarctic Zone and then decreased sharply towards the north. In the middle of
stage 5 a small excursion of higher biogenic particle fluxes is developed in core PS1754-1.
Productivity decreased to quite low values between 2 and 10 gC/m? - yr in the southern
Polar Frontal Zone but showed relatively high values of around 16 gC/m? - yr in the
northern Polar Frontal Zone. All indicators suggest a relatively high particle flux in the
Polar Frontal Zone and a low one in the Subantarctic Zone. Still relatively low rain rates
of 1°Be and correspondingly low terrigenous supply is observed in the three northern cores.
The paleoenvironmental conditions probably were intermediate between the glacial and

interglacial extrema.
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5.6 Glacial Stages 3 and 4 (74-24 kyr B.P.)

A northward shift of the high productivity area by about 3 to 5° from a position south
of the Polar Front into the Polar Frontal Zone may be deduced from the proxy records in
glacial stage 4 and even more pronounced in glacial stage 3. The maximum opal accumu-
lation of the transect is found in the southern Polar Frontal Zone (up to 3 g/cm?- kyr),
whereas the paleoproductivity maximum is more located in the northern Polar Frontal
Zone. High particle fluxes are indicated by the ?3!Pa,, rain rates in the whole Polar Fron-
tal Zone. The “Be rain rates were increased to values exceeding production by a factor
of 2-3 in all cores caused by the increased terrigenous supply. Peak paleoproductivity
values reach 42 gC/m? - yr in stage 3 during the period from about 30 to 40 kyr B.P.
at the location of core PS1754-1 and about 19 gC/m? - yr at the location of PS1756-5,
while at the same time paleoproductivity values between 2 and 5 gC/m? - yr are observed
in the cores PS1768-8 and PS1772-8. These low values south of the Polar Front were
caused by the northward extension of the winter sea ice cover, indicated by abundance
maxima of N. curta and N. cylindrus (Gersonde and Patzold, 1992). The amount of the
paleoproductivity values implies that the high productivity area was shifted to the north
during stages 4 and 3, and reached about the intensity of the paleoclimate optima in the
Antarctic Zone.

During stage 4 high carbonate dissolution probably indicates a diminished admixture
of oxygen rich NADW to the ACC, which subsequently was increased again during stage
3.

5.7 Glacial Stage 2 (24-12 kyr B.P.)

At the beginning of the last glacial, the winter sea ice boundary was shifted to the north by
about 5-6° compared to the present day position. Productivity decreased to a minimum
vatue of about 2 gC/m? - yr in the northern Antarctic Zone and was almost zero at the
location of core PS1772-8, indicating a permanent sea ice cover during summer and winter.
Relatively high paleoproductivity values between 5 and 16 gC/m? - yr are observed in the
Polar Frontal Zone and a maximum of about 4 gC/m? - yr is observed in core P52082-1.

Starting at about the LGM (about 18 kyr B.P.) the paleocenvironmental conditions
changed in the Antarctic Zone. A gradual increase of the rain rates of biogenic barium
and opal as well as 21 Pa,, is observed, which is accompanied by a drop in the abundance of
sea ice diatoms, significantly preceding the glacial/Holocene transition. At the same time
the particle flux proxies do not show a significant decrease north of the APF, suggesting
that the high particle flux area was enlarged. The intensity of particle flux during this
period, however, was relatively low and about equal to the glacial values north of the APF.
In the northern AZ the paleoproductivity increase starts at about 16 kyr B.P. and reaches
full interglacial values of about 20 gC/m? - yr already at 14 kyr B.P., which indicates full
deglaciation at about this period.

The **Be accumulation profiles show relatively high values throughout the whole tran-
sect, which are caused by the persisting high terrigenous input. Marked peaks of authi-
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genic 28U throughout the transect and high carbonate dissolution in the northern part
suggest reduced NADW input and lower deep water oxygenation of the Southern Ocean.

5.8 Interglacial Stage 1 (12 kyr-B.P. to Present)

At the beginning of the stage 1 the peak warm climate forced the sea ice to retreat and
the high productivity area shifted to a position south of the Polar Front again. Export
productivity values of up to 20 gC/m?-yr and biogenic opal rain rates of up to 3 g/cm? kyr
were reached at the location of core PS1768-8. At the same time the proxy records only
indicate a slight improvement of the conditions at core PS1772-8, suggesting that even the
Holocene climate optimum was not strong enough to force the winter sea ice boundary
far enough south to give way to a productivity increase comparable to the stage 5e. The
Holocene climate optimum was again mirrored by a high rate of **'Pa,, and also a slight
increase of biogenic °Be accumulation, caused by the increased biogenic particle fluxes.

In the Polar Frontal Zone and the Subantarctic Zone, very low productivity and par-
ticle fluxes were determined during the Holocene climate optimum, corroborating that
the opal belt was again located south of the Polar Front. The record of core PS51756-5
which is located in the southern part of the PFZ suggests that siliceous particle fluxes
were relatively high at the location of this core throughout the last 150 kyr, except the
Holocene, when the particle fluxes drastically decreased.

When comparing the average values of the proxies for the stages 1 and 2 north and
south of the Polar Front, it can be seen that the glacial stage 2 maxima north of the Polar
Front are only slightly lower than the Holocene maximum south of the Polar Front, thus
favouring a shift of the high productivity zone by about 3 to 5°.

Peaks of the Mn/Al ratio at the beginning of the Holocene core sections of all cores
except PS1756-5 again indicate a better deep water ventilation, possibly linked to a re-
starting input of NADW into the ACC. This may also be deduced from the low carbonate
dissolution intensity in the northern part of the transect.

After the Holocene climate optimum, productivity decreased again south of the Polar
Frontal Zone, leading to the present day situation with moderate export productivity and
biogenic particle fluxes at the APF and in the AZ on one hand and low biological activity
in the northern PFZ and the SAZ on the other, which is about comparable to the overall

situation during isotope stages 5a-d.

5.9 The Southern Ocean:
The Missing Sink of Glacial CO5?

Which are the conclusions concerning an increased Southern Ocean paleoproductivity
and thus also a glacial CO, sink, that may be drawn from this study? Can the results
of Mortlock et al. (1991) and Charles et al. (1991) of a lower glacial productivity be
“supported or does the hypothesis of Martin (1990) which was recently strengthened by
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the results of the iron experiment in the equatorial Pacific (Martin et al., 1994) revive
the modelling results of Sarmiento and Toggweiler (1984) and Keir (1988), as suggested
by Kumar (1994)7

The hypothesis of Kumar (1994) is based on the assumption that an increased supply
of aeolian dust and thus also of iron, originating from the Patagonian deserts, during
glacials enhances paleoproductivity following the hypothesis of Martin (1990). However,
there is a fundamental discrepancy in the interpretation of glacial productivity north
of the APF, deduced from the accumulation of authigenic uranium, between this study
and the one of Kumar (1994). In both studies, high authigenic uranium contents were
determined in the glacial core sections of the Polar Frontal Zone and the Subantarctic
Zone. Interpreting high authigenic uranium contents in terms of high accumulation of
Corg, led Kumar to the conclusion that there was a decoupling of the biogenic opal fluxes
from the Cy fluxes during the glacials in the Polar Frontal Zone and the Subantarctic
Zone. Kumar inferred an overall higher glacial productivity referring to the northward
shift of the high particle flux area and the C accumulation rates calculated from the

authigenic uranium contents.

The authigenic uranium hypothesis remains highly questionable because in the cores
of this study no higher glacial authigenic ?*®U accumulation rates than in the AZ could be
determined in the northern PFZ and the SAZ. In contrast, highest values were determined
in the glacial stage 2 section of core PS1768-8, where productivity was shown to be lower
in the glacials than in the Holocene.

In this study, as in the study of Kumar, a higher glacial supply of aeolian dust may
be deduced from the iron and Al,O3 rain rates, which show very low values in the peak
interglacial sections and are increased in the sections representing lower glacial sea level. If,
however, the iron input really was the biolimiting factor for Southern Ocean productivity,
the glacial periods throughout the transect should yield higher export productivity values,
which they do not. Only the cores from the PFZ and the SAZ show an increased glacial
productivity, which, however, probably was caused by the northward shift of the high
productivity area. As demonstrated in chapter 4.3.3, the amount was equal or slightly
lower compared to the values calculated for the interglacial sediments south of the APF.

In the Antarctic Zone pronounced maxima of the paleoproductivity coincide with
strong minima of the aeolian dust and iron supply. This strongly suggests that the iron
limitation (Martin, 1990; Martin et al. 1994) is not valid for the Antarctic Zone of the
ACC, as also suggested by Kumar (1994). There are probably other processes such as sea
ice dynamics and the pattern of upwelling of deep waters, loaded with iron in the PFZ
and not in the AZ (de Baar et al., 1994), which control paleoproductivity and biogenic
particle flux in the AZ of the ACC.

In summary, the results of this study favour an interpretation of an overall slightly
lower glacial productivity of the eastern Atlantic sector of the Southern Ocean during the
last 150,000 years, and thus do not support the hypothesis of a glacial Southern Ocean
COz sink.
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This is consistent with the lower glacial 6'3C values of planktonic foraminifera in the
Southern Ocean (Charles and Fairbanks, 1990) and thus resolves the contradiction that a
higher glacial paleoproductivity caused by a more efficient nutrient utilization would have
increased the planktonic §'*C. The northern Atlantic may have played a more important
role in controlling the global CO; dropdown as recently proposed by Heinze and Broecker
(1995) who modelled a close off of the Southern Ocean surface for gas exchange and carbon
export. In their model the unexpected increase of atmospheric COj, after a close off could
be compensated by an increase in nutrient utilization in the northern Atlantic, consistent
with observations of a higher glacial §13C gradient in the northern Atlantic, reported for
example by Boyle and Keigwin (1987). However, even a complete surface water nutrient
consumption in the northern Atlantic is not able to reduce glacial atmospheric CO4 by
the observed 90 ppmV (Barnola et al., 1987). Thus, the missing sink of glacial CO; has
still not been found.

5.10 Reliability of the Results

Although the different tracers yield a more or less consistent scenario of the paleoenvi-
ronmental conditions there are still discrepancies. As stated above, the overall patterns
and relative variations of proxy rain rates mostly agree with the results of Kumar (1994)
who analyzed sediments from comparable locations at the ACC. His absolute values of
the 9Th normalized rain rates of total sediment, the biogenic barium and opal and the

lithogenic material are corroborated by this study.

However, there are differences in the absolute values of the rain rates, especially 1°Be
and °'Pa.,. For the 'Pa,, results of this study it may be argued that the statistical
uncertainties of the measurement account for the discrepancies. For the '“Be concentra-
tions and consequently also for the 1°Be rain rates, where the results of Kumar are higher
throughout all zones of the ACC, this is certainly not the case. The °Be rain rates in
two cores from the AZ, not very far from the two cores of this study, are a factor of 2 to
3 higher, which certainly can not be explained by differences in scavenging intensity or
differences in the palecenvironmental conditions at such a small distance. Comparatively
high 23°Th,, normalized °Be rain rates have never previously been reported. If these va-
lues are indeed too high, as the results of this study suggest, then also the interpretation
concerning the °Be geochemistry of Kumar (1994) would be different. If on the other
hand, the results of this study are too low, scavenging of °Be by biogenic material plays
a more important role in accumulating °Be at the ACC then estimated.

An interlaboratory comparison will show whether any differences in chemical prepara-
tion are responsible for the systematic offset, because the measurement procedure of the
®Be concentrations at the ETH Ziirich AMS facility was exactly the same.
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5.11 Outlook to Future Work

With this study it was possible to add some parts to the puzzle of the Late Quater-
nary paleoenvironmental conditions in the Atlantic sector of the Southern Ocean. Some
questions, however, remain still unsolved or were even raised by the results:

o The spatial density of data concerning the '°Be and biogenic Ba rain rates has
to be increased in order to understand the transport and burial processes of both

elements.

o Detailed modelling of the authigenic uranium accumulation rates in connection with
Corg and bulk sediment accumulation rates must be provided to achieve further
information on glacial deep water oxygen content and thus also on the intensity of
glacial NADW input into the Southern Ocean.

e Further, it is necessary to find more suitable sediment cores with a sufficient time
resolution of the sections representing isotope stage 5e. A sedimentary proof for a
possible stage 5e climate variability will significantly contribute to the understan-
ding of the processes that run global climate change. Such sediment material was
recovered during RV Polarstern Cruise X1-2 (Gersonde, 1995) on the Mid Atlan-
tic Ridge in the eastern Atlantic sector of the ACC and will be subject to further
investigations. In addition, some of these cores are nowadays bathed in NADW
and it is planned to compare glacial/interglacial 2'Pa.y rain rates to evaluate the
paleointensity of NADW input in the past.

e Probably the most important result: for reconstructions of paleoenvironmantal con-
ditions by means of proxy tracer rain rates lateral sediment redistribution by norma-
lization to 2°They has to be considered. Unfortunately this normalization to 23°Th,,
is only possible for the last about 250 kyr. Future efforts should focus on the finding
of other more stable parameters that provide a quantification of sediment redistri-
bution. This will permit reliable reconstructions also for sediments older than 250
kyr.
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6 Summary

230They, High Resolution Dating

Applying the #*°Th,, dating method, average sedimentation rates for the 5 cores of the
transect could be estimated and may serve as a time frame for previous stratigraphic
and palecenvironmental investigations. It turned out that earlier stratigraphies could be
mostly corroborated, which implies that the method may also be applied to gain rough
estimates on sedimentation rates and ages of sediment cores, where no other stratigraphic
information exists and although significant variations of the sedimentation rates within
the core may have occurred. Unfortunately, the only core where the method was planned
to be applied without detailed additional information on stratigraphy, could not be dated
due to an insignificant downcore decrease of the 2*°Th,, concentrations.

After the core depths of the main climatic transitions in the cores were fixed, 23°Th,,
constant flux models were run to achieve a high resolution record of the sedimentation
rates within the isotope stages. It could be shown that in the southern core PS1772-8 the
diatomaceous ooze section deposited during sea ice {ree conditions, previously believed
to represent the isotope stage 5, was deposited during about 8 kyr at the beginning
of isotope stage He. Similarly, in the northern AZ and the southern PFZ during stage
5e diatomaceous oozes were deposited within relatively short periods of time. In the
northern AZ a drastic increase of the sedimentation rates is observed in the Holocene
climate optimum. In the SAZ a continuous increase of the sedimentation rates during
isotope stage 6 is determined by **®Th,, constant flux modelling.

Quantification of Lateral Sediment Redistribution

A comparison of the accumulation rates of *°Th,, to the values expected from production
shows that lateral sediment redistribution locally affected the accumulation rates during
certain periods severely. During the Holocene, sediment focusing contributed up to six
times more sediment than accumulated vertically to the location of core PS1768-8. The
same focusing intensity was determined for the glacial stage 2 section of core PS2082-
1. During stage 3 winnowing caused by bottom currents only left about 25-50 % of
the vertically accumulating sediment at the locations of the two cores from the PFZ.
All sediment accumulation rates were corrected for sediment redistribution effects by
normalization to the ?*°Th,, concentrations, which enables the calculation of the "true”
vertical particle rain rates. Only these vertical rain rates deliver reliable accumulation
rates of any proxy tracer, which then may be compared between different locations and
which may be applied for the balancing of any constituent in the ocean.

Paleoproductivity Reconstructions

The pattern of the vertical sediment rain rates and the biogenic opal rain rates suggest
a glacial northward shift of the high biogenic particle flux area, presently located south
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of the APF, by about 3-5°, where the amount of peak particle fluxes was slightly lower
in the PFZ than in the AZ. During the isotope stage 5e the high particle flux area was
extended to the north as well as to the south, compared to the present day situation.

Export paleoproductivity was calculated applying the vertical biogenic barium rain
rates and the total, not redistribution corrected sediment accumulation rates to account
for the degree of preservation of biogenic barium. Peak paleoproductivity values around
30 gC/m? - yr are calculated for the interglacial climate optima 5e and 1 in the AZ. In the
northern cores glacial paleoproductivity was higher than during the interglacials and the
peak values are about comparable to the AZ. This suggests that a glacial northward shift
of the high productivity area occured, which was possibly accompanied by a weakening
of the gradients at the frontal systems. However, as demonstrated by a comparison
of biogenic Ba and biogenic 1°Be in the two southern cores, there may have been an
additional source of excess Ba during the climate optima in the AZ which may render
export paleoproductivity deduced from biogenic Ba too high.

Paleoenvironmental Information from 231Pag,

Rain rates of 2*'Pa,, higher than the production rate in the AZ and the PFZ throughout
most of the last 150 kyr corroborate high biogenic particle fluxes. The *3'Pa., rain rate
pattern shows a positive correlation to the periods of increased biogenic particle flux with
peak values during the climate optima south of the APF. In the PFZ relatively high
rain rates of **'Pa., are determined more or less throughout the cores. North of the
SAF low ?'Pa,, rain rates indicate a low biogenic particle flux. Apparently, the rain of
biogenic particles primarily controls the scavenging of »'Pa,, to the sediments and thus
the #°Th,, normalized rain rates of ¥*'Pa., may serve as a tracer for paleoproductivity in
the Southern Ocean. This pattern is confirmed by investigations of Kumar (1994) with
lower statistical uncertainties of the ?*'Pa measurements.

A diminished admixture of NADW during glacials was suggested to result in a rise of
the glacial CCD and thus a severe carbonate dissolution by various investigations. This
could also be observed in' the pattern of the ?3°Th,,/CaCQj3 ratio in the Agulhas Basin
sediments of this study. Peak ?'Pa., rain rates during the interglacial stage e exceed
production by up to a factor of 10, keeping in mind the high statistical uncertainties. This
can hardly be explained by boundary scavenging effects alone. An increased input of 23!Pa
with NADW at the beginning of the interglacials may help to explain the observed ! Pae,
rain rate peaks.

Paleoenvironmental Information from °Be

In contrast to expectations, the rain rates of °Be which were corrected for production
_rate changes caused by variations of the geomagnetic field intensity, did not show an
enhancement of the deposition during the interglacial climate optima in the AZ but,
exactly opposite, mimima are observed. North of the APF pronounced peak °Be rain
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rates coinciding with increased biogenic particle fluxes are determined. Minimum °Be
rain rates occurred in all cores of the transect during the Holocene and, with the exception
of P51756-5, during the stage 5e climate optimum.

The rain rates of terrigenous particles are the only parameters which show a good
correlation with the 1°Be rain rates, which suggests that aluminosilicates are the main
factors controlling the scavenging of 1°Be at the ACC, no matter how high biogenic particle
fluxes may be. The terrigenous material probably originates from aeolian dust flux from
the Patagonian deserts with additional amounts of IRD derived from melting icebergs in
the southern part of the ACC transect. Calculating a terrigenous background level of
19Be deposition, the biogenic 1°Be rain rates may be evaluated. It appears that in the
AZ during the climate optima an increased amount of °Be was deposited, which may
be ascribed to scavenging by biogenic particles. North of the APF no such increase may
be observed but, opposite, the biogenic 1°Be rain rates show pronounced minima during
periods of higher biogenic particle fluxes. This may be explained by an increased ratio
between fine grained wind blown dust particles and relatively low biogenic particle fluxes
in the northern part of the transect. ***The, normalized '°Be rain rates may thus not be
considered a suitable tracer for biogenic particle fluxes but, instead, trace the input of
fine grained terrigenous material.

Geochemical Tracers: Authigenic Uranium and Manganese

Authigenic ?*®U and Mn/Al ratios were applied for tracing past changes of the redox
conditions of the surface sediments and the deep water. Reducing conditions, on the one
hand caused by enhanced accumulation of organic matter and/or also by a lower deep
water oxygen content, caused an accumulation of authigenic **®U during glacial periods in
all cores except PS1772-8. In this core and also in core PS1754-1 this is a consequence of
the very low sediment accumulation rates which allowed a postdepositional burn-down of
the accumulated uranium. At the locations of the cores PS1772-8 and PS1756-5, the stage
5e accumulation of authigenic **®U probably was mainly controlled by the accumulation
of organic matter. Peaks of the Mn/Al ratios mark transitions from reducing to oxidizing
conditions, i.e. the transitions from glacials to interglacials. There are indications for a
Mn cycling during the high productivity periods in the AZ which requires an oxygenation
of the deep water.

The Iron Hypothesis

The hypothesis of a fertilization of the glacial Southern Ocean and thus a higher nutrient
utilization by the increased supply of biolimiting iron can at least for the high productivity
areas south of the APF not be corroberated, if it is assumed that the glacial increase of
the rain rate of terrigenous material by a factor of up to 5 also releases a lot of iron to
the Southern Ocean surface water. The increase in terrigenous input obviously is not
accompanied by an increase of biogenic particle flux and export paleoprodcutivity in the

AZ.
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Glacial Southern Ocean as COj Sink?

Altogether, the results of the proxy records suggest that the export paleoproductivity
in the glacial Southern Ocean was not increased compared to the interglacials. Thus
the hypothesis of the Southern Ocean being the glacial sink for atmospheric CO; is not
supported by the results of this study.
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A Methods

A.1 Chemical Preparation of 23Th and ?3'Pa

For the chemical preparation of the radionuclides Th, Pa and U, the method described
by Mangini (1984) and Eisenhauer (1989) with minor modifications was applied. The
sample material is dried and homogenized. For the measurement of the radioisotopes
by a-spectroscopy, 0.5 to 1.5 g sample material depending on the expected activity is
weighed and a 22Th /%21 spike in radioactive equilibrium is added. The sample material
is then dissolved in HF conc. (30 %) and evaporated to dryness twice. After melting
the residues with LiBO,, they are dissolved in 8 N HCI and loaded onto a Dowex 1 X
8 ion exchange column to separate U/Fe from Th/Ca. The solution containing Th is
evaporated to dryness again and then dissolved in 8 N HNO; and loaded onto a Dowex 1
X 8ion exchange column to separate Ca. Th is then back-extracted from the column with
8 N and 10 N HCI and evaporated to dryness again. After being evaporated to dryness
and dissolved in a mixture of ammonium acetate and acetic acid (ca. 50 %) with a pH of
about 4.5-5, the solution containing U is loaded onto a ion exchange column to separate
Fe (Bhat et al., 1969). After back-extraction of the U with warm 1N HCI and H,0, the

solution is evaporated to dryness as well.

For the electroplating procedure 2ml HNOj; conc. and about 10 drops of HCI conc.
are added and evaporated to near dryness in order to get rid of organic matter originating
from the ion exchange resin. The solution is then, having added a suitable indicator
solution, titrated to a basic pH with NH,OH and backtitrated to an acidic pH. A buffer
solution consisting of 3.5 ml 0.01 N HNO3;, 4.5 ml saturated ammonium oxalate solution
and 4.5 ml 2 M NH,CI solution is added and titrated to a pH of 4-4.5 with 3.5 N HNOQs.

In a copper electrolysis cell the radionuclides are then electrodeposited onto stainless
steel plates using a platinum wire as anode and the steel plate as cathode for about 1 h
at 12 V and 0.7 A. At the end of the electroplating procedure 2 ml of NH,OH are added
and the electrolysis is stopped.

A.2 Measurement of the 2°°Th and ?3'Pa Activities

A.2.1 230ThH

" The steel plates with the electrodeposited U and Th isotopes are put into the vacuum
chamber (p < 5 Torr) of a silicon surface barrier detector with a distance of 1 to 2 mm
to the detector. Only 30 % of the a-decay events are registered due to the geometry of
the detector, with the plates having a diameter of 10 mm and an area of 450 mm?. The
simple principle of the measurement is that the emitted a-particles of each isotope which
have a characteristic energy are completely stopped in the barrier. They loose their entire
energy and produce an electronic signal proportional to the energy loss at the detector.
The signal is transmitted to a computer after amplification via an ADC.
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For calculation of the activity of 2°Th it has to be considered that the decay spectra
comprise a number of other alpha emitting isotopes like 2*2Th and 2*"Th, as well as a
number of daughter nuclides of the **¥Th spike, the energies of which partly overlap. The
background intensity (counts per unit of time), the radioactive equilibrium amount of
2287} produced by decay of the ?*?Th in the sample and overlapping 5 % of the ??“Ra
intensity have to be subtracted from the measured intensity of the ??®*Th. The chemical

efficiency is then calculated by:

28T h intensity - 3.3
time of measurement - spike activity - spike volume

(15)

chemzical ef ficzency =

with the factor 3.3 representing the geometrical efficiency of 30 %. The 3°Th activity is
then calculated by

20, [dpm] BOTh intensity
A

- ey (16)
g

~

with A = sample weight - time of measurement - chemical ef ficiency

The error of the 2*°Th activity is calculated as the quadratic sum of the lo statistical
uncertainties of the 2**Th and 22Th intensities:

d 1
error 2OTh [ﬂ] = - - - (17)
g \/23°Th intensity + 22Th intensity

A.2.2 231pg

The #3'Pa activities were determined by a-counting of **"Th (Mangini and Sonntag, 1977).
1P, decays into *?"Th via "Ac, which both are in radioactive equilibrium with their
mother in the samples due to their short half lives of 18 days and 21.6 years respectively.
The peak of the 22"Th intensity is located at the same energy of 6 MeV as the one of 22Bi
(a daughter nuclide of the 2?¥Th spike) and thus has to be corrected for the intensity of this
isotope. The '?Bi intensity corresponds to 56 % of the intensity of the ?!?Po intensity
which is also a part of the spectrum (at 8.76 MeV). A further correction is necessary
because only 45% of the 22"Th decay events occur at an energy of 6 MeV.

(18)

21 p dpm 2TTh intensity — 0.56 - 212Po intensity
a —_ =
g 045-A

The error of the 2'Pa activity is calculated by

error P1Pa [dpm] _ V/2Th intensity + 0.562 - 212Po intensity

g 045-A
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The procedure was improved by correcting the spectra for peak tailing, which occurs
at detectors with a low energy resolution and may result in too high 2*'Pa activities. The
overall chemical yields for the measurement of 2**Th and ?*'Pa range from 50 to 90 %.

The measurement of 2*'Pa by this method yields high statistical uncertainties. This
was especially important in the core sections corresponding to the isotope stages 4 to 6,
where after 3 to 4 half lives of 2'Pa the initial activity is already strongly lowered. Refe-
rence measurements by direct a-counting of 2! Pa were carried out on aliqout samples and
compared to the results of the indirect measurements following Frank and Mangini (1995)
(Tab. 5). Additionally, the decay corrected **!Pay results of core PS1768-8 could be com-
pared to a directly measured ?*'Pa,, profile of M. Rutgers van der Loeff (Bremerhaven)

which, however, was performed on different sample intervals.

Core Depth, 231p, 231p,
via 227Th, direct,
cm dpm/g dpm/g

PS1772-8 270 -280* 0.19+0.17 0.056 £ 0.01
300 - 310 0.15+0.14 0.12+x0.01
380-390 010+0.14 0.19x0.16
PS1756-5 762-772 0.32+0.08 0.38 =+ 0.06
842-852 0.38+£0.07 0.31 &+ 0.04
PS2082-1 94-104 1.00+0.15 1.32%0.17
513-525 049+0.12 0.25+0.06

Initial Initial
Wlpy Blp,
via 227Th direct.

PS1768-8 0- 25 1.81%x0.37 1.5+ 0.15
25- 45 0714030 0.90=+x0.10
70- 95 0.80x0.34 0.40x0.08

107-131 0.83+£0.33 045+ 005
156 - 181 0.88+£0.29 0.90 &+ 0.30
181-206 " 2.09+ 043 1.00% 0.10
231-256 0.68+ 036 1.10+ 0.40
281 -306 0.80+0.40 1.00 4% 0.30
306-331 0.18%£0.31 0.90 & 0.50
331-35 092+ 041 1.20% 0.30
381-406 140+ 0.40 0.90% 0.50
431-456 1.18 £0.40 0.70 £ 0.60
589-599 1.04+0.60 1.55+ 0.80
624-634 180+ 0.64 1.50=%0.70
729-740 240+ 095 150+ 0.50
810-820 237157 080+ 0.60

Table 5: Comparison between directly and indirectly measured 23'Pa. The values of core PS1768-8
represent initial 231py, . concentrations. The errors represent statistical errors of one standard deviation
from the mean (1 o). The two values of PS1772-8 marked with * were measured by H.J. Walter, AWI

Bremerhaven.

Within the high statistical uncertainties both methods deliver the same results with
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a trend of the indirectly measured samples towards higher values. Because of the un-
certainties the records of the indirect »*!Pa measurements are shown in this study as
three-point running means within the isotope stages and no ?*'Pa data older than 140
kyrs are included in the interpretations. In the sections corresponding to the isotope sta-
ges Se (110-130 kyrs B.P.) of the cores PS1772-8 and PS1768-8 only the available directly

measured values were included in the interpretations.

A.2.3 28U and 234U

The activities of 238U and #*U are calculated from the ratio of the measured intensity
to the intensity of the ?*?U spike. Again, the background intensity and 5 % of the ***Ra
have to be subtracted from the **2U spike intensity. The chemical efficiency is calculated
equivalent to the 2°Th efficiency and the 28U activity is then

20877 [dpm} _ 8 intensity (20)
g A
The error of 28U is calculated by
d 1
error *381J [ﬂ} = - = - (21)
g /22U intensity + 38U intensity

The activity of **U is calculated from the intensity ratio between ***U and ***U (AU)

BAY intensity
B8] yntensity

AU = (22)

with the error

1
/B4 intensity + 228U intensity

error AU = AU (23)

This error corresponds to the statistical error of one standard deviation from the mean
(1 o) of the 4V activity.

A.3 Chemical Preparation and Measurement of °Be

For the chemical preparation of 1°Be the leaching method described by Henken-Mellies et
al. (1990) was applied with minor modifications:

About 0.5 to 1 g of the dried and homogenized material are weighed in a teflon beaker
and some drops of distilled water and 1 to 2 ml of a °Be spike (concentration = 1000
ppm) in nitric acid solution are added. 5 ml of H,0,, about 25 ml of 8 N HCI are added
to desorb the °Be from the sediment particles during the night. On the next day the
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solution is separated from the sediment and another 15 ml of 8 N HCI are added to
complete the desorption. After some hours the solution is separated from the sediment
again, the solutions are poured together and are evaporated to dryness during the night.

The residue is dissolved in 2 ml of HNOj3 conc. and 2 ml of HCI conc. (about 30 min.)
and is then titrated with a NaOH solution until pH 2.5. 2 ml EDTA solution are added
and after another hour it is titrated until pH 7-8. During the night Be and Fe precipitate
as hydroxides while Al and other alkali metals remain in solution as EDTA complexes.

The residue is separated from the solution and is dissolved in NaOH conc. During the
night Be dissolves again, while Fe and other metals stay precipitated. On the next day
the Al complexation step is repeated with the solution and is finally titrated until pH 8-9.
On the last two days the Be(OH)s precipitate is rinsed with distilled water and a drop of
ammonia to get rid of boron which disturbs the measurement at the accelerator. Finally
the precipitate is filtered (0.4 pm) and put into a quartz crucible. In the oven it is then
oxidized to BeO at about 1100 °C.

The BeOQ is mixed with Cu powder and pressed into Cu targets. The 1°Be concentrati-
ons were measured by accelerator mass spectrometry (AMS), applying the Zirich tandem
accelerator. A detailed description of the AMS facility in Ziirich and the measurement
technique is given for example by Mangini et al. (1984), Suter et al. (1984) and Wolfli
(1987) and will only be discussed very briefly here.

The samples are brought into the ion source chamber and with a Cs* ion beam, BeO~
ions are produced which are subsequently accelerated in an electric field. At the positive
pole the BeO™ ions pass a stripper where the molecule is destroyed and the Be ions loose
a part of their electron shell resulting in Be** ions. These Be cations are again accelerated
in a 4.5 MeV electric field and then are deviated by an electromagnet according to their
mass. °Be and °B can not be separated due to their similar mass and thus the boron is
absorbed in a argon filled gas absorption cell before counting at a'semiconductor detector.
Typical °Be/°Be ratios in sediment samples amount to between 107'% and 1073,

The “Be results were calibrated to the internal standard S555 of the ETH Ziirich with
a '9Be/Be ratio of 95.5 - 10712, Blank corrections are negligible and the statistical error

represents one standard deviation of the mean (1o).
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A.4 Chemical Preparation and Measurement of the Other Com-
ponents

Mn and Fe concentrations of all cores and the Ba and Al concentrations of the cores
PS1754-1 and PS1754-2 were measured by AAS after LiBO, melting and complete dis-
solution applying standard techniques. The Al and Ba concentrations of the other cores
were determined by atomic emission spectroscopy.(ICP—AES) at the GEOMAR in Kiel
(Niirnberg, 1995). Unpublished biogenic opal data of the five investigated cores were
kindly put to disposal for comparison as paleoproductivity proxies by G. Bohrmann,
GEOMAR Kiel (pers. com.). Carbonate contents for the cores P51754-1 and P52082-1
and physical property data (wet bulk density in g/cm® and porosity in %) for all five
cores were determined by G. Kuhn, AWI Bremerhaven, and put to disposal for dry bulk
density determination:

porosity

dry bulk density = wet bulk density — (1.026 - 700

) (24)
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B Data

B.1 Average Rain Rates

Isotope Stages

Holocene Last Stage Se
Climate Glacial Climate
Core 1 Optimum Maximum 2 3 4 5a-d  HSe  Optimum 6

Sediment Rain Rate [g/cm? - kyr]

PS1772-8  0.80 0.72 0.79 0.82 0.94 0.80 0.94 4.00 6.00 0.90
PS1768-8 2.37 2.83 1.30 2.38 1.60 1.46 1.70 2.60 3.00 1.40
PS1756-5 1.50 1.90 3.20 3.20 3.37 2.07 1.75 247 2.50 1.29
PS1754-1 1.20 1.25 2.20 1.80 2.00 1.60 1.40 1.00 1.00 1.00
PS2082-1 0.77 0.90 1.00 093 087 064 0.45 0.60 0.35 0.70

Biogenic Barium Rain Rate [mg/cm? - kyr]

PS1772-8  0.69 0.43 0.35 0.35 043 043 044 168 2.43 0.57
PS1768-8 2.50 2.79 0.94 1.65 091 1.00 1.35 2.85 3.20 1.05
PS1756-5 - 1.20 1.50 1.38 1.40 0.60 0.90 1.60 2.00 0.86
PS1754-1 1.47 1.65 1.90 1.68 225 1.70 1.56 1.06 1.10 1.21
PS2082-1 0.62 0.61 0.85 0.64 031 0.60 0.37 041 0.35 0.47
Export Paleoproductivity [gC/m? - yr]
PS1772-8 4.5 2.3 1.2 1.2 27 23 2.5 144 16.8 3.0
PS1768-8 13.8 15.5 3.3 76 3.5 4.0 7.5 20.1 26.0 4.4
PS1756-5 7.0 6.1 7.0 69 94 25 4.9 13.3 19.0 4.3
PS1754-1 10.4 12.0 14.4 12.8 294 21.7 146 9.7 7.6 12.4
PS2082-1 2.6 2.7 3.2 22 10 27 1.5 2.0 1.9 2.8

Biogenic Opal Rain Rate [g/cm? - kyt]

PS51772-8  0.29 0.20 0.19 0.17 0.17 0.13 0.15 2.80 4.50 0.20
PS1768-8 1.78 2.18 0.48 1.56 0.60 0.50 1.06 2.30 2.60 0.50
PS1756-5 0.40 0.50 2.00 2.01 212 1.14 1.11 1.68 1.61 0.73
PS5S1754-1 0.12 0.14 0.60 041 047 038 037 0.19 0.20 0.14
PS2082-1 0.11 0.12 0.30 0.29 0.18 0.19 0.10 0.10 0.06 0.19

Average rain rates of the tracers of the five studied cores. The Holocene climate optimum represents the
average values for the period from 12 to 9 kyrs B.P., the last glacial maximum represents the period from

18 to 20 kyrs B.P. and the stage 5e climate optimum represents the period from 124 to 120 kyrs B.P.
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Isotope Stages

Holocene Last Stage Se
Climate Glacial Climate
Core 1 Optimum Maximum 2 3 4 5a-d 5e Optimum 6
231Pa,,. Rain Rate [dpm/cm? - kyr)
PS1772-8 1.48 1.25 1.51 148 1.72 228 238 5.00 6.00 2.40
PS51768-8 2.48 3.87 1.66 2.10 144 1.06 2.40 3.30 3.30 -
PS1756-5 1.40 1.60 1.90 2.07 3.20 3.50 4.40 8.70 9.90 7.20
PS1754-1 1.15 1.20 2.70 2.17 2.20 3.70 3.72 3.30 3.10 4.70
PS2082-1 1.02 1.10 2.50 ©1.36 1.24 1.54 1.58 3.25 1.40 3.60
10Be Rain Rate [10%t/cm? - kyr]
PS1772-8 3.29 3.30 1.72 241 2.78 265 251 2.14 2.20 2.23
PS1768-8 1.52 1.56 1.84 1.61 2.15 190 1.70 0.87 0.87 1.80
PS1756-5 2.79 2.80 2.42 2.64 3.10 2.50 2.13 2.14 2.40 1.87
PS1754-1 1.47 1.80 1.91 1.95 210 1.60 1.33 0.77 0.70 1.87
PS2082-1 1.94 1.90 3.56 3.33 3.37 3.00 1.79 1.42 1.10 3.00
Fe [mg/cm? - kyr]
PS1772-8 28.5 28.5 25.5 25.5 35.0 35.0 350 15.0 5.8 27.0
PS1768-8 7.4 7.7 30.0 21.5 36.8 33.0 26.7 8.8 7.0 31.3
PS1756-5 13.0 13.0 31.9 31.0 295 32.8 16.1 166 19.3 16.3
PS1754-1 6.0 9.8 11.6 120 9.0 8.0 64 4.0 2.9 22.0
PS2082-1 10.5 12.0 27.0 24.3 183 20.7 8.4 8.9 7.0 22.8

Average rain rates of the tracers of the five studied cores (continued).
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B.2 PS1772-8 and PS1772-6

B DATA

Depth, Age, DBD, 230They, 230TRY, SR, SAR, VRR,

cm kyr  g/em® dpm/g dpm/g em/kyr g/cm? -kyr  g/cm? kyr
Multicore PS1772-6
0—- 95 4.58 0.35 10.19 £ 0.25 10.63 £ 0.27 2.08+£ 0.06 0.73+££002 1.0240.03
9.5 - 19.5 10.07 0.36 10.82 +£ 0.28 11.87 £ 0.30 1.824+0.06 0.66 £ 0.02 0.92+0.02
19.5 — 295 17.82 0.43 12.16 £ 0.26 14.34 &+ 0.30 1.29 £ 0.03 055 £ 0.01 0.76 +0.02
Gravity Core PS1772-8

0—- 115 6.16 0.35 11.91 £ 046 12.61 + 0.48 1.87 £ 0.07 0.65 + 0.03 0.86 4+ 0.03
115 — 13.5 7.26 0.34 11.93 £ 0.48 12.76 £ 0.51 1.82 £ 0.07 0.62 4 0.02 0.8540.03
13.6 — 20 11.72 0.37 13.51 £ 0.47 15.05 £ 0.52 1.46 £ 0.06 0.64 £ 0.02 0.72 £0.02
20 — 25 13.20 0.40 12.32 £ 0.38 13.92 £ 0.43 3.37 £0.11 1.35 £0.04 0.78 &£ 0.02
25 - 32 15.60 0.45 12.50 + 0.38 14.43 + 0.44 291+009 1.31+£004 0.75+£002
32 — 40 18.38 0.48 11.68 £ 0.37 13.73 £ 0.44 2.88 +£0.09 138+ 004 0.7940.03
40 - 50 21.49 0.46 10.54 £ 0.39 12.85 & 0.47 3.22+£012 148+ 005 0.85+£0.03
50 — 60 24.08 0.42 9.48 4+ 0.55 11.84 £+ 0.69 3.86 £0.22 160+ 009 092+ 0.05
60 — 70 37.17 041 8.18 +£ 0.33 11.53 £ 0.47 0.76 £ 0.03 031 £0.01 0.94+0.04
70 — 80 51.86 0.46 7.25 £0.27 11.71 £ 0.44 0.68 &£ 0.03 0.31 £ 0.01 0.93 +0.04
80 — 90 61.62 0.48 8.19 £ 0.33 14.48 £ 0.59 1.02+ 0.04 0.49 £ 0.02 0.75 +0.03
90 — 100 70.96 0.51 6.73 £ 0.32 12.97 £ 0.61 1.07+ 005 0.554+003 0.84+0.04
100 - 110 80.55 0.52 6.29 £ 0.26 13.23 £ 0.54 1.04 £ 004 054+£0.02 0.82+£003
110 - 120 94.08 0.53 5.94 £ 0.256 14.17 £ 0.60 074 £ 003 039+£002 0.77+0.03
120 — 130 102.49 0.56 3.09 £ 0.26 7.95 + 0.68 1.19+£ 010 067+ 0.06 1.37+0.12
130 — 136 110.27 0.50 4.93 £0.28 13.65+£ 0.77 0774+ 004 039+£0.02 080+0.04
136 — 140 111.65 0.35 2.93 £ 0.20 8.21 £ 0.57 2.894+ 020 1.01+£0.07 1.3240.09
140  — 150 118.41 0.35 5.64 &£ 0.30 16.85 + 0.89 1,48 £ 0.08 0524003 0.65=+0.03
150 — 160 119.05 0.27 0.66 £ 0.06 198+ 019 15724+ 154 417+ 041 549 +0.54
160 - 169 119.35 0.18 0.50 £ 0.06 1.52 £ 0.19 30.15+ 3.82 543+ 069 7.18 4091
169 — 179 119.91 0.18 0.85 £+ 0.08 256+ 025 1786+ 1.75 321 £0.31 4.24 4041
179 - 190 120.43 0.18 0.72 £ 0.19 2.18 £ 0.58 20.97 £ 557 3774+ 1.00 498+ 1.32
190 - 200 120.81 0.17 0.61 £ 0.12 1.85+036 2614 +512 4441+ 087 587 +1.15
200 - 210 121.23 0.20 0.56 £ 0.12 173+ 036 23.80+501 476+ 1.00 6.20+1.32
210 — 220 121.67 0.24 0.48 + 0.06 1.49 +£ 0.20 23.00 4+ 3.07 5.52+0.74 7.29 + 0.97
220 -~ 230 122.23 0.22 0.68 £ 0.13 2094+ 039 1790+ 338 394+074 5204098
230 — 240 122.72 0.21 0.62 +£0.18 1924+ 055 2042+589 4290+1.24 5.66+ 1.63
240 — 250 123.15 0.19 0.60 £ 0.09 1.87 £ 0.27 23.14 £330 4.40 £ 0.63 5.81 + 0.83
250 — 260 123.45 0.18 0.45 £+ 0.06 1.39 £ 0.17 3276 £ 4.08 590+ 0.73 7.80 £ 0.97
260 — 270 123.99 0.19 0.74 £ 0.15 2.33+047 18624377 354 +£072 467095
270 — 280 124.43 0.20 0.57 £ 0.06 1.79 £ 0.18 22.94 £ 235 4.59 £ 0.47 6.06 + 0.62

Results of gravity core PS1772-8 and multicore PS1772-6. Abreviations: DBD = dry bulk density, SR

= sedimentation rate, SAR = total sediment accumulation rate, VRR = vertical rain rate. All errors

represent the statistical errors of one standard deviation from the mean (10) of the 230Th., measurement.

The age of each sample represents the age of the mean depth of the sampled core section.
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Depth,  Age, DBD.  0Th,, 2300 | SR, SAR, VRR,

cm kyr  g/cm? dpm/g dpm/g cm/kyr g/cm? - kyr g/em? - kyr
280 — 290 124.79 0.18 0.52 £ 0.12 1.65 +£0.38 27.73+6.31 499+ 1.14 6.60 % 1.50
290 - 300 125.21 0.19 0.57 £ 0.15 1.83 £0.48 2370+ 6.26 450+ 1.19 5.95 % 1.57
300 — 310 125.74 0.20 0.68 £ 0.05 218 +£0.17 1892+ 150 3.78+0.30 4.99 + 0.39
310 - 320 126.09 0.19 0.47 £ 0.05 1.50 &£ 0.17 28.80 £ 322 547 £0.61 7.23 £ 0.81
320 - 330 126.50 0.17 0.62 + 0.12 1.99 £ 0.37° 2428+ 455 4.13+0.77 545 £ 1.02
330 — 340 126.97 0.20 0.60 +£ 0.19 194+ 061 21.256+6.66 425+ 133 561+ 1.76
340 — 349 128.57 0.24 1.88 £ 0.21 6.17 + 0.68 562+062 135+£0.15 176+ 0.19
349 — 360 129.57 0.21 1.08 £ 0.13 358 +£044 11.01+137 231+0.29 3.04+0.38
360 — 370 132.16 0.28 2.68 £ 0.20 9.10 £ 0.69 3.86 £ 0.29 1.08 £0.08 1.19 £ 0.09
370 — 380 137.70 0.40 3.92+0.20 13.99+£0.71 1.81+£0.09 072+0.04 078+ 0.04
380 — 390 143.85 0.44 3.76 £ 0.28 14.20 &+ 1.07 163+ 0.12 072+ 0.05 0.77 £ 0.06
390 — 400 150.30 0.46 3.56 £ 0.19 14.28 £0.78 1.55 £ 0.08 0.71 £ 0.04 0.76 &+ 0.04
400 — 410 156.60 0.44 3.43 £ 0.17 14.59 £ 0.72 1.59 4+ 0.08 0.70+0.03 0.75 £ 0.04
410 — 420 162.13 0.46 271 +£0.21 1213+£0.92 1.81+0.14 0.83+0.06 0.90+ 0.07
420 — 430 167.73 0.51 2.36 £ 0.28 11.11 +1.32 178 £ 021 0914011 098+ 0.12
430 — 440 172.28 0.49 1.89 £+ 0.13 9.30 £ 0.65 2.20 £ 0.15 1.08 £0.07 1.17 + 0.08
440 — 450 178.53 0.48 2.54 +£0.16 13.24 £ 0.85 1.60+ 0.10 077 +£0.05 0.82+ 0.05
450 — 460 186.08 0.48 2.90 &£ 0.16 16.19 + 0.88 1.32+0.07 0.64 £0.03 0.67 & 0.04
460 — 470 194.81 0.46 2.89+0.24 17.48 + 1.42 1.15+0.09 053 £0.04 0.62 £ 0.05
470 — 480 20438 045 299+ 0.15 1977 £ 1.01 1.04 £ 0.056 047 £ 0.02 0.55 £ 0.03
480 — 490 211.21 0.49 1.79 £ 0.14 1260 £ 0.97 147+ 0.11 0.72+ 0.06 0.86 + 0.07
490 — 500 218.66  0.53 170 £ 0.12 12.81 £ 0.89 1.34+ 0.09 0.71+0.05 0.85=+ 0.06
500 — 510 22647  0.53 1.66 £0.13 13.45 + 1.09 1.28+0.10 0.68+ 0.06 0.81=%0.07
510 — 520 233.07 0.51 1.36 £0.14 1170 £1.21 151 +£0.16 0.77 £0.08 0.93 £ 0.10
520 — 530 239.41 0.49 1.28 £0.14 11.65 + 1.30 1.58 £ 0.18 0.77 £ 0.09 0.93 £ 0.10
530 — 540 24940 0.50 1.31 £ 0.15 13.15 £ 1.49 1.00 £ 0.11 0.50 £ 0.06 0.83 £ 0.09
540 — 550 258.62 0.50 1.10 £ 0.16 12.05 = 1.79 1.08+0.16 0.54 008 090+0.13
550 — 560 267.23 0.51 0.93 £ 0.16 10.97 £ 1.89 1.16 £ 0.20 0.59 £ 0.10 0.99 £ 0.17
560 — 570 276.00 0.52 0.86 £ 0.11 10.97 + 1.46 1.14+0.15 0.59 £ 0.08 0.99 + 0.13
570 — 580 286.08 0.53 0.89+012 1252+ 1.71 099 +0.14 0.53+0.07 0.87+0.12
580 — 590 296.18 0.52 0.83 £ 0.15 12.80 + 2.27 0.99+0.18 0.51+0.09 0.85+£0.15
590 — 595 300.61 0.48 0.60 £ 0.13 9.61 £ 2.08 1.13+£ 024 054+012 1.13+0.24
595 — 600 304.30 038 0.60+0.11 10.04 + 1.89 1.36 £ 026 0.52+0.10 1.08+0.20
600 — 605 307.22 0.32 055008 936+ 1.35 1.72£ 025 0.55+0.08 1.16 £ 0.17
605 — 610 30856 0.28 0.28+0.07 4.86 + 1.26 3.724+0.96 1.0440.27 2.244 058
610 — 620 311.32 0.27 0.30 £ 0.05 5.24 £ 0.97 3.63+£0.67 098+0.18 2.08+0.38
620 — 630 314.02 0.26 0.29 + 0.11 5.32 £ 1.93 3.71£ 134 096+£035 2.04+0.74
630 —~ 640 320.50 0.24 0.74 &£ 0.08 14.33 £ 1.60 1.54 £ 0.17 0.37£0.04 0.76 £ 0.08

Results of gravity core PS1772-8 and multicore PS1772-6 (continued).
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Age, 232y 238y, 21pg0 10360 Mn,  Fe,
kyr ppm dpm/g dpm/g 10%at/g PPM  ppm

Multicore PS1772-6

458 3.33+025 077+0.08 1.16+0.13 333+011 2250 27820
10.07 424+ 0.28 0.97+0.09 1.16+0.16 3620 31160
1782 564+£030 1.12+0.09 142+032 4.12+0.08 2810 33660

Gravity Core PS1772-8

6.16 3.71 +045 088+ 0.12 1.86+ 0.39 4.055 £ 0.170

7.26 4.06 £050 1.02+0.13 1.85+0.33 3.671 + 0.081
11.72 5.76 £ 0.48 1.36 £ 0.18 1.73 + 0.31 4.641 £ 0.070
13.20 6.95+ 049 1.15+0.14 2.29 +£0.31 4.206 £ 0.063
15.60 6.53 + 0.46 0.87 £ 0.11 2.17+0.32 3.969 £ 0.095
18.38 6.06 £ 0.43 1.02+0.15 190+ 029 2857 % 0.094
2149 5224040 091+0.15 146+ 024 4533+ 0.077 1121 42140
2408 469+ 039 1.03+0.29 1.36=+0.26 4.501+ 0.068
3717 544 +0.39 085+ 0.11 142+ 036 4.214 £ 0.097
51.86 4.99+0.39 0.79+0.07 2.26+0.72 2.935+ 0.062 1108 38500
61.62 5.36 £ 040 0.91+0.11 252+ 091 4.467 + 0.094"

70.96 552+ 045 086+ 0.11 3.17+ 1.04 3.355 £ 0.060
80.5656 4.65+ 0.35 0.87+0.10 3.00+ 1.01 3.485 £ 0.049 1324 44200
94.08 3.18£0.30 0.71+0.10 2.68+ 1.17 3.735 £ 0.052
102.49 230+ 0.28 0.37+0.08 2.39+ 1.41 2.647 + 0.122
110.27 271+ 034 052+ 0.10 219+ 152 4.213 £ 0.059 1226 42940
111.65 1.41+0.21 0.31+0.07 234+179 2587+ 0.060 1188 25860
118.41 2.83+0.34 064+0.11 175+ 1.44 4.008 £ 0.072 447 26740
119.05 0.33 £0.05 020+ 0.03 1.17+0.63 0.738 £ 0.034 178 6280

119.35 0.356 £ 0.06 0.13 £ 0.03 0.665 + 0.031 450 1076
119.91 0.58 £ 0.06 0.27 £ 0.05 0.732 £ 0.033 230 1068
12043 0.28 £ 0.07 0.16 £+ 0.06

120.81 0.36 £ 0.08 0.29 £ 0.06 0.5606 + 0.030

121.23 0.23 £ 0.07 0.29 £ 0.05 490 1074
121.67 0.21 £ 0.03 0.29+ 0.03 0.338 + 0.037

122.23 0.17 £ 0.06 0.29 £+ 0.05

122,72 0.30 £ 0.09 0.20 £+ 0.05 0.329 + 0.031 664 836
123.15 0.31 £ 0.08 0.27 £+ 0.03

123.45 0.20+£0.03 0.33+ 0.03 0.271 £ 0.023

12399 0.66 £ 0.15 0.34 + 0.06 1232 1312

12443 0.24+0.05 0.34+0.02 043 £0.14 0.288 £ 0.037

Results of gravity core PS1772-8 and multicore PS1772-6 (continued). All errors represent the statistical
errors of one standard deviation from the mean (1o). The ?3!Pa., data from 0-160 cm core depth

represent three times running means.
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Age, 232Th, 2387, 231pad | 100, Mn,  Fe,
kyr ppm dpm/g dpm/g 10%at/g ppm  ppm
12479 0.27+0.04 0.27 4+ 0.04
125.21 0.38+£0.14 0.37 £ 0.06 0.324 £ 0.038 974 1632
125.74 0.374+0.07 0.27+0.02 1514015
126.09 0.34+£0.04 0.38+ 0.03 0.699 & 0.046
126.50 0.30 £ 0.08 0.41 =+ 0.05 1903 3136
126.97 041 £0.07 0.40+ 0.09 0.438 £ 0.029
12857 1.68+0.16 0.414 0.07
12957 093 +£0.11 0.54 % 0.06 0.924 + 0.034 1891 7792
132,16 2.57 £ 0.19 0.76 & 0.09 2.086 £ 0.054 2940 17600
13770 4.76 £0.21 1.06 £ 0.11 2.965 + 0.059 2151 32340
143.85 4824027 1.27+0.17 342+ 1.31 1712 36460
150.30 5.19 £0.25 0.83+0.10 2.383 £ 0.067
156.60 5.00 +£0.28 0.50 & 0.08
162.13 5.30+0.26 0.95+ 0.12 2.391 £ 0.057 703 37180
16773 4.92+£0.25 1.14% 0.17
172.28 3.93 £0.19 0.74 4 0.08 2.577 £ 0.067
178.53 4.10 +£0.27 0.60 & 0.08
186.08 4.87 +£0.30 0.80 & 0.08 3.757 £ 0.060
194.81 4.94+ 038 0.87+0.11
204.39 3.31£0.21 0.624 0.07 4.811 £ 0.077
211.21 1.69£0.17 0.52 4+ 0.08
218.66 2.54 & 0.17 0.68 =+ 0.09 3.732 £ 0.097
226.47 3.3140.24 058 0.07
233.07 3.03+0.19 0.63+0.08 3.417 £ 0.058
239.41 4.36+0.32 0.80 £ 0.08
24940 3.86 £ 0.23 0.74 % 0.09 3.885 + 0.074
258.62 5.94+ 027 1.014+0.12
267.23 4.20 £ 021 068+ 0.12 3.324 £ 0.066
276.00 2.67+ 020 058+ 0.08
286.08 3.14 £ 023 0.43 £ 0.06 3.914 £+ 0.070
296.18 2.82+ 022 0.67 + 0.13 3.526 £ 0.060
300.61 2.56 4 0.19 0.54 £ 0.08 2.784 £ 0.056
304.30 2.044+0.20 045+ 0.06 2.714 £ 0.057
307.22 1.26+0.13 0.36 £ 0.05
30856 0.70 £ 0.09 0.26 & 0.05 0.403 £ 0.012
31132 0.46 +0.04 0.24 £ 0.04 0.148 & 0.008
314.02 1.56 £0.15 0.10 £ 0.02
320.50 0.48 £ 0.07 0.15 & 0.03 0.287 £ 0.011

Results of gravity core PS1772-8 and multicore PS1772-6 (continued).
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VRR
rel, VRR VRR biog. VRR VRR
Age, PRC, 10Be, 231Pacy, opal, Bauio, AL O3, 2387 auth.,
10%at/ dpm/ g/ mg/ mg/
kyr em? - kyr em? - kyr em? - kyr em? - kyr cm? - kyr dpm/g
Multicore PS1772-6
4.58 095 359+009 118+0.14 0.45+0.01 083 +0.02 8659+ 216 0.16+ 0.20
10.07 1.05 1.07 + 0.15 069+ 0.02 7749+ 197 0.194+£0.26
17.82 1.3 240+ 0.05 1.08+ 0.25 0.38+ 0.01 8557+ 1.80 0.08+ 0.35
) Gravity Core PS1772-6

6.16 0.95 3.68+0.14 161+034 0.38+0.01 086+0.03 4865+ 186 0.19+ 0.23
7.26 1.08 290+0.12 158+0.29 030£0.01 077+0.03 4808+ 1.93 0.27+ 0.25
11.72 1.02 3294011 125+0.23 0.20£001 043+£0.01 6113+ 211 0.30+£0.35
13.20 1.13 291+£009 1.79+£025 0.15+000 0.39+0.01 8521+ 2.66 0.00+£0.30
15.60 1.33 225+0.07 163+0.25 0.14+0.00 0.33+0.01 87.82+ 2.70 0.00+ 0.07
18.38 1.32 1.724£0.05 1514023 0.19+£001 034+£001 8937+ 285 0.00+£0.27
21.49 1.38 278+£0.10 1.24+0.20 0.19+0.01 034+001 9546+ 3.51 0.00 % 0.27
24.08 1.25 331+0.19 125+0.25 0.20+0.01 0.37=£0.02 10359+ 6.00 0.16 & 0.29
37.17 1.22 3264013 1.344 035 0174001 0414002 10288+ 4.16 0.00+0.18
51.86 1.18 231 +£0.09 210+ 068 0.17+£001 044+0.02 102.18+ 3.86 0.00+£0.18
61.62 1.12 3.00+£0.12 189+069 013+001 041+0.02 8333+ 3.37 0.00%0.25
70.96 1.22 231 +£0.11 266=+0.88 0.13+0.01 044002 9460+ 449 0.00+0.18
80.55 1.08 2.66 +£0.11 246+ 083 0.13+001 041002 9426+ 3.87 0.0140.29
94.08 123, 233+£0.10 2.05+090 0.12+001 036002 87.27+ 3.68 0.124£0.20
102.49 1.35 26840.23 3274195 022+0.02 062+0.05 154.21 +£13.21 0.00 £ 0.09
110.27 142 236+0.13 1.74+122 0.13+0.01 038002 86.88+ 490 0.024£0.17
111.65 144 238+0.16 3.10+ 238 021+001 069+0.05 136.88+ 9.43 0.05+£ 0.09
118.41 147 176 +£0.09 1.13+0.93 0.19+0.01 035+ 0.02 4853+ 257 0.12+£0.17
119.05 142 285+0.28 643+352 121+012 3.02+0.30 2065+ 2.03 0.14 £0.02
119.35 1.42 3.36 £ 0.43 3.95+0.50 3.88+049 2024+ 257 0.07+0.02
119.91 140 2.22 £0.22 3484034 2204022 1356+ 1.33 0.16 £ 0.04
120.43 1.39 399+ 106 2.69+0.72 0.11 +£ 0.02
120.81 1.37 2174+ 042 452+ 089 3.05+060 1877+ 3.68 0.2240.02
121.23 1.37 4.84+£1.02 3144+066 1773+ 3.73 0.25+ 0.01
121.67 1.37 1.80 £ 0.24 6.20 £ 0.83 3.06 &£ 0.41 17.82 £ 2.38 0.25 +0.01
122.23 1.37 483 +091 182+ 0.34 0.26 £ 0.01
122.72 1.38 1.35+ 0.39 515+ 149 193+£056 1065 £ 3.07 0.14 + 0.02
123.15 1.38 4.76 £ 0.68 1.97 + 0.28 0.21 £ 0.02
123.45 1.39 152+ 0.19 6.39 £ 0.80 2.89 4+ 0.36 1759 £ 2.19 0.29 £ 0.01
123.99 1.41 374 £076 182+ 0.37 1317+ 2.67 0.22+0.04
124.43 140 1.25+0.13 2614089 479049 2244023 17.09x 1.75 0.29+0.01

Results of gravity core PS1772-8 and multicore PS1772-6 (continued). PRC = relative production rate

changes of cosmogenic radionuclides following Mazaud et al. (1994). Biogenic barium and AlyOz data are

from Nirnberg (1995). Biogenic opal data are from G. Bohrmann (unpub. res.). All errors represent the

statistical errors of one standard deviation from the mean (1¢) of the 239Th,, measurement except the

21py . errors where it represents the quadratic sum of the 1o uncertainties of the ?*9The, and 23!Pa,,

measurements. The error of the authigenic 23U concentrations represents the range of the lithogenic

2381 /#32Th activity ratio between 0.5 and 1.
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VRR
rel, VRR VRR biog, VRR VRR
Age, PRC, 10Be, 231Pa.., opal, Bayio, Al,O3, 23817 auth.,
10%at/ dpm/ g/ mg/ mg/

kyr em? - kyr cm? - kyr cm? - kyr cm? - kyr em? - kyr dpmi/g
124.79 1.39 508+ 1.16 2.244 0.51 0.22 £+ 0.02
125.21 1.38 1.40 £+ 0.37 4524+ 1.19 " 2024 0.53 16.77 £ 4.43 0.30 £+ 0.02
125.74 1.36 754+ 096 3.904+ 031 17040.13 0.20 £ 0.02
126.09 1.36 3.72 4+ 0.42 5.93 £ 0.66 2.03 &+ 0.23 2312+ 259 0.324 0.02
126.50 1.35 4.09+£0.77 126+ 0.24 1948 £ 365 0.35+£ 0.02
126.97 1.34 1.84 £ 0.57 3.824+1.20 2304072 84.41 + 26.44 0.32 & 0.03
128.57 1.33 1.20 £ 013 1.04£0.11 0.10 £ 0.10
129.57 1.33 211 £ 0.26 1.91 4+ 024 228+ 0.28 85.66 £ 10.64 0.37 £ 0.06
132.16 1.27 1.96 £+ 0.15 0.57 £ 0.04 1.08+£ 0.08 67.40 £ 5.13 029+ 0.16
137.70 1.20 1.92 4+ 0.10 0.23+0.01 0.58+0.03 65.75 £ 3.32 0.18 £ 0.29
143.85 1.10 2624+ 1.02 0.15+£0.01 0.44 4 0.03 8493+ 6.39 0.38 £ 0.30
150.30 1.10 1.65 £ 0.09 0.11 &+ 0.01 0.43 £+ 0.02 83.01 £ 452 0.00£ 0.19
156.60 1.25 0.13 £ 0.01 0424 0.02 0.00 £ 0.00
162.13 1.18 1824+ 0.14 0.18 4+ 0.01 0.5040.04 97.75 + 7.44 0.00 £ 0.30
167.73 1.25 0.18 £ 0.02 0.55 £ 0.07 0.23 £ 0.30
172.28 1.10 2.74 + 0.19 0204+ 0.01 071+£0056 12970+ 9.03 0014 0.24
178.53 1.20 0.13+0.01 0544 0.03 0.00 £ 0.10
186.08 1.40 1.80 + 0.10 0.12 +£0.01 046 £ 0.02 73.23+£ 4.00 0.00 £ 0.20
194.81 1.40 0.11 £ 0.01 044+ 0.04 0.00 £ 0.26
204.39 2.65 £ 0.13 0.11 £ 0.01 047 £0.02 5894+ 3.00 0.01 £ 0.20
211.21 0.21 +£0.02 0.86 £ 0.07 0.21 £ 0.10
218.66 3.17 + 0.22 0.20 £ 0.01 0.74 £ 0.05 87.80 + 6.09 0.21 £ 0.16
226.47 0.23+0.02 061+0.056 0.00 £ 0.17
233.07 3.18 +£ 0.33 0.28 £0.03 0.72+ 0.07 9436+ 9.78 0.07 £ 0.19
239.41 0.256+£0.03 075+ 0.08 0.00 £ 0.26
249.40 3.21 £ 0.36 0.18 £ 0.02 0.64 £+ 0.07 7928 £ 899 0.03 £ 0.24
258.62 0.16 £ 0.02 0.66 &£ 0.10 0.00 £ 0.28
267.23 3.30 &+ 0.57 0.20+0.03 0.734+0.13 113.70 &+ 19.63 0.00 £ 0.15
276.00 0.24 +£0.03 0.74£0.10 0.09 £ 0.16
286.08 3.40 + 0.46 0.244+£ 003 071£0.10 84,80 £+ 11.56 0.00 £ 0.04
296.18 2.99 + 0.53 0294+ 005 076+0.14 81.44 +£ 1442 0.15 £ 0.17
300.61 3.15 + 0.68 0.562+0.11 091 +0.20 102.10+ 22.09 0.07 £ 0.16
304.30 2.94 £+ 0.55 0.66+0.12 0.76 £+ 0.14 8142 4+ 15.28 0.07 £ 0.13
307.22 0.79+£0.11 0.70 £ 0.10 0.13 £+ 0.08
308.56 0.90 + 0.23 163 £ 042 1.25+0.32 63.09 £ 16.32 0.13 £ 0.04
311.32 0.31 + 0.06 1.70 £ 0.32 1.10 £ 0.20 585+ 1.08 0.16 + 0.03
314.02 1.84 £ 0.67 1.00 £ 0.36 0.00 £ 0.00
320.50 0.22 +£ 0.02 0.69 +£ 0.08 0.38+0.04 0.06 £+ 0.03

214+ 0.24

Results of gravity core PS1772-8 and multicore PS1772-6 (continued).
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B.3 PS1768-8 and PS1768-6

B DATA

Depth, ~ Age, DBD,  0Th,,  23Th0 SR, SAR, VRR,

cm kyr g/cm® dpm/g dpm/g cm/kyr g/em? kyr g/cm? - kyr
Multicore PS1768-6
0.5 — 10.5 0.86 0.81 8.18+ 0.54 8.25% 054 10.00+ 0.66 8.10 £ 0.53 1.04 4+ 0.07
105 — 20.5 1.75 0.81 8.36 £ 0.24 8494+ 0.25 10.00 £ 0.29 8.10 £ 0.23 1.01 £ 0.03
20.5 — 27.5 2.41 0.81 8.88 £ 0.24 9.08+0.24 10.00 4 0.27 8.10 £ 0.22 0.95 4+ 0.03
275~ 33.5 3.01 0.80 940 £ 0.27 9.66 + 0.28 10.00 £ 0.29 8.00 £ 0.23 0.89 £ 0.03
Gravity Core PS51768-8

1- 2 3.00 1.00 £+ 0.05
0-— 2b 7.04 0.81 7.97 £ 0.27 851+0.29 6.19 + 0.21 5.02 £ 0.17 1.01 +0.03
25 — 45 9.21 0.80 5.08 £0.21 553+0.23 9.22 +£ 039 738+£031 1.55+£0.07
45 — 70 10.66 0.78 2.73+£0.18 3.01+£020 17.24 +1.15 13.45+0.90 2.8540.19
70 — 95 11.66 0.77 1.89 £ 0.17 2114019 24.84 +£2.20 19.13+ 1.69 4.07 £ 0.36
95 — 107 12.17 0.78 1.96 £ 0.12 2204+ 0.13 23.47 £ 1.43 18314+ 1.12 3.924+0.24
107 — 131 13.26 0.79 2.06 £0.15 2324 0.17 22.02+ 1.64 17404+ 1.30 3.70 4+ 0.28
131 — 156 14.32 0.76 1.97 £ 0.16 2.24 4+ 0.18 23.69 + 1.88 18.01 &+ 1.43 3.83 &+ 0.30
156 — 181 16.61 0.8 558+ 029 651+ 034 1089+ 0.57 8.71 £ 0.46 1.32 4+ 0.07
181 — 206 19.13 0.84 5.70 £ 0.36 6.80 £ 0.43 9.94 £+ 0.62 8.35 £ 0.52 1.26 &£ 0.08
206 — 231 21.54 0.81 554 +£ 034 6.76 £ 0.42 10.36 + 0.64 840 + 0.52 1.27 £ 0.08
231 — 256 23.94 084 519+032 6484040 10.43 £ 0.65 8.76 £ 0.54 1.33 £ 0.08
256 — 281 28.96 0.83 5.72 £ 0.30 7.48'+ 0.39 4.98 + 0.26 413 +£0.21 1.1540.06
281 — 306 33.08 0.85 4.38 £ 0.28 5.94 4+ 0.38 6.07 + 0.39 5.16 +£ 0.33 1.45 4+ 0.09
306 — 331 37.59 0.82 478+ 0.27 6.77+0.38 5.54 £ 0.31 4.54 +£ 0.26 1.27 4+ 0.07
331 — 356 41.28 0.81 379 +£0.26 555+£038 6.78 £ 0.46 5.49 + 0.38 1.55 £ 0.11
356 — 381 45.25 0.82 3.90 &£ 040 5.93 4+ 0.60 6.29 + 0.64 5.16 £ 0.52 1.45 £ 0.15
381 — 406 49.00 0.87 3344+0.15 5264+0.24 6.67 £ 0.30 5.81 £ 0.27 1.64 £ 0.07
406 ~ 431 52.58 0.86 3.13+£0.19 5.08+0.30 6.97 £0.42 6.00 £ 0.36 1.69 £ 0.10
431 — 456 55.55 0.91 2.36 £ 0.14 3.95 £ 0.23 8.44 + 0.49 7.68 £ 045 2.18 +0.13
456 — 480 58.95 0.91 275+ 016 475+£0.27 7.05+£0.40 6.41 £ 0.36 1.81 4+ 0.10
480 — 505 62.19 0.86 3.17 £ 0.17 5.63 £ 0.31 7.73 £ 0.43 6.65 £ 0.37 1.53 £ 0.08
505 — 530 65.95 0.84 3.66 +0.17 6.73 £ 0.32 6.65 + 0.31 5.59 £ 0.26 1.28 &+ 0.06
530 — 555 69.29 084 314+£015 597+029 7.47+0.36 6.28 £ 0.31 1.44 £+ 0.07

Results of gravity core PS1768-8 and multicore PS1768-6. Abreviations: DBD = dry bulk density, SR

= sedimentation rate, SAR = total sediment accumulation rate, VRR = vertical rain rate. All errors

represent the statistical errors of one standard deviation from the mean (1) of the 23°Th.x measurement.

The age of each sample represents the age of the mean depth of the sampled core section.
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Depth,  Age, DBD, 20Th,, 20T SR, SAR, VRR,

cm kyr  g/em® dpm/g dpm/g em/kyr g/em? -kyr  g/em? - kyr
555 — 580 72.67 0.86 3.01 £0.19 5.89 +0.37 7.40 £ 047 6.36 £ 040 1.46 £ 0.09
579 — 58%  73.96 086 277016 549+0.31 701+ 039 602+034 1.57+0.09
589 — 599 77.26 0.87 2.82+0.18 5.76 £ 0.36 3.03£0.19 263+0.17 1.49 4+ 0.09
599 — 614 81.72 0.85 2.52 £ 0.15 5.36 + 0.33 3.36 £ 0.21 286+ 0.18 1.60 + 0.10
614 — 624 84.28 0.81 2.18 £ 0.13 4.75 £ 0.28 3.91+0.23 317+0.19 1.81+ 0.11
624 — 634 87.22 0.84 2.37+£0.14 5.29 + 0.32 3.40+£0.20 285+ 0.17 1.62+ 0.10
634 ~ 644 89.95 0.85 211+013 484+030 367023 3124020 1.78+0.11
644 — 654 92.84 0.85 2.18 £ 0.15 5.14 +0.34 3.45+0.23 294+020 1.67+ 0.11
654 — 663  95.62 0.84 229 +£017 554+£040 3.24£0.23 2724+0.20 155+ Q.11
663 — 672 97.99 0.83 1.93 £ 0.28 4.77 + 0.69 3.80 £ 0.55 38.15+ 045 1.80 £ 0.26
672 — 682 100.36 0.84 1.68 + 0.10 4.24 + 0.27 4.22+0.26 355+ 0.22 203+ 0.13
682 — 691 102.72 0.84 1.82 £ 0.15 4.69 + 0.38 3.81+0.31 320+ 026 183+ 0.15
691 — 700 105.00 0.84 1.72+0.14 4544036 3.94+032 331+0.27 1.9040.15
700 — 710 107.34 0.85 1.54 £ 0.11 4.14 4+ 0.29 427+ 030 3.63+0.25 208 +0.14
710 — 721 111.08 0.86 2.15 £ 0.19 6.01 £ 0.53 295+ 0.26 2.53+022 143 +0.13
721 — 729 113.53 0.83 2.32+£0.09 6.62 £ 0.26 3.26 £ 0.13 270+ 0.11 1.30 +£ 0.05
729 — 740 116.10 0.78 1.83 £0.09 5.36 £ 0.28 429 +0.22 335+ 0.17 1.61 + Q.08
740 — 750 118.19 0.77 1.63 £ 0.11 4.85 + 0.31 478 £ 0.31 368+ 024 1.77 +0.12
750 — 760 119.83 0.77 1.25 £ 0.12 3.79 + 0.37 6.09 £ 0.59 4.69 + 0.46 2.27 + 0.22
760 — 770 121.50 0.78 1.24 £ 0.12 3.81 +0.35 5.99 £ 0.56 4.67+ 044 2.26 + 0.21
770 — 780 123.04 0.77 1.14 £ 0.10 3.55 £ 0.31 6.50 £ 0.58 5.00+ 044 242+ 0.21
780 - 790 123.99 0.77 0.69 £ 0.10 2,18+ 0.30 1052+ 145 8.10+ 1.12 3.94 £ 0.54
790 — 800 125.87 0.78 1.34 £ 0.1> 428+0.49 533+£061 4.16+ 048 201 +0.23
800 — 810 127.08 0.78 0.85 £ 0.12 2.75 £ 0.40 825+ 121 644095 3.13+0.46
810 — 820 12798 0.77 0.63+0.10 207+x0.32 1109+ 170 854+ 131 4.16+ 0.64
820 — 830 129.06 0.76 076 £0.11 250+0.36 932+135 7.08+1.03 3.45+ 0.50
830 — 840 130.84 0.83 1.96 £ 0.15 6.56 £ 0.51 560+ 044 465+036 1.31+0.10
855 — 880 135.77 0.88 2.01 £0.22 7.04 £ 0.77 811 +£0.89 7.13+0.78 1.224+0.13
880 — 896 138.20 0.87 1.49 £ 0.19 5.34 + 0.69 660+ 086 575+ 074 161+ 0.21

Results of gravity core P51768-8 and multicore PS1768-6 (continued).
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Age, 232ph 2387y 231pgd | 10Be0, Mn,  Fe,
kyr ppm dpm/g dpm/g 10%at/g ppm  ppm
Multicore PS1768-6

0.86 2.33+0.54 0.84+009 151+ 036 1587+ 0.052

1.75 115+ 0.13 088+0.10 1.04+0.13 383 5520

241 099+ 013 0.63+£0.08 1.05+0.12 1643+ 0.062 562 6457

3.01 1.15+0.17 046 +0.05 1.34+0.14 488 5860
Gravity Core PS1768-6

3.00 1.665 4+ 0.097

704 130+0.19 040+ 007 1.28+0.34 1399+ 0.048 407 6060

9.21 078 £0.14 0.50+0.06 1.26+ 0.38 1.020+0.034 416 4940
1066 0.71£0.14 032+ 0.07 092+ 0.38 0.561+0.020 412 2640
11.66 0.20 £ 0.09 0.31+0.06 0.99+0.37 0410+ 0.015 218 1980
1217 041 +0.09 030+ 0.04 0.87+ 032 0465+ 0.017 1882 3540
13.26 0.66 £ 0.13 0.50 £ 0.06 0.75+0.30 0.377 £ 0.012 69 5160
14.32 0.58 £ 0.09 1.15+0.08 0.74 +£0.31 0.543 £+ 0.020 64 4880
16.61 2.25 +£0.23 332+0.14 117+ 0.34 1226+ 0.044 215 15860
19.13 284+ 0.30 2.79+0.18 132+ 040 1945 +£0.0563 346 23960
2154 3.17+ 035 200014 1.24+042 1798+ 0.040 386 23260
23.94 3.10+0.36 141+0.13 0.64+039 2101+ 0.086 242 13460
2896 3.71 £0.36 1.22+0.13 0.61+0.37 2.150 &+ 0.045 402 25760
33.08 229+028 105+0.11 0444035 1.874+0.039 378 25800
3759 156+ 0.23 107011 0.63+037 1887 +0.040 350 20340
41.28 253 +£031 1.35+0.14 055+ 036 1.993+0.066 350 20380
45.256 1.08 £ 0.18 1.52+0.20 1.16 +£0.41 1.413 £+ 0.031 305 19660
49.00 3.00£0.18 1.35+0.07 113+ 043 1.314+£0.033 292 22880
5258 296 +£0.21 165+ 0.10 1.144 042 1.129 +£0.024 367 18640
55.56 3.01 £ 0.18 1.21+0.07 1.08=% 055 1.373 £0.025 536 29740
58.95 263+ 0.24 092+006 120+ 060 1.575+ 0.027 442 24800
62.19 298 £ 0.16 0.99 £ 0.09 1.3563 £ 0.034 412 26000
656.95 3.84 £ 026 1.16 +0.07 2.120 £ 0.036 395 24000
69.29 2.84+0.20 097+0.06 042+ 092 1482 +0.062 268 16800

Results of gravity core PS1768-8 and multicore PS1768-6 (continued). All errors represent the statistical
errors of one standard deviation from the mean (1o). The 23!Pa,, data represent three times running

means.
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Age, 2327, 238y, B1pal | 1080, Mn, Fe,
kyr ppm dpm/g dpm/g 10%at/g ppm  ppm
72.67 219+ 0.17 075+ 0.09 069+0.72 1.691 4+ 0.034 364 20600
73.96 1.53 +£0.17 0.64 £ 0.07 1.01 +0.55 448 25860
77.26 150+ 0.19 0.60+ 0.07 0994+ 0.66 1.380 =+ 0.030 390 21060
8172 1.04+ 0.14 0.63 =+ 0.06 1.10 + 0.77 256 12360
84.28 0.69+0.11 058=+005 135+079 125840031 171 8620
87.22 158 +0.16 0.57 & 0.06 1.30+ 0.67 292 16980
89.95 165+0.16 0.41+ 006 1.64+ 081 1.647+0.035 588 32480
92.84 180+ 0.18 0.45+0.07 1.50 + 0.86 320 16220
95.62 156 +£0.21 0.48 +£0.07 1.86 + 1.03 209 11540
97.99 294+ 060 0.43+0.06 1.08+0.69 1.229+ 0.027 173 9620
100.36 097 +£0.12 0324+ 0.05 1.06 +0.78 206 9600
10272 1.03+0.17 0.36+0.06 1.11+0.87 267 12080
10500 0.87 +0.14 045+ 0.08 1204 1.01 1463+ 0.033 243 12380
107.34 1.00 +£0.20 0.50 +£0.06 1.96 & 1.37 337 17860
111.08 1.46 £0.25 0.36+0.04 196+ 1.23 1914+ 0.037 397 22140
11353 1.2140.10 042+ 0.05 2.10+ 1.13 261 15040
116.10 092+ 0.11 0.32 +£ 0.03 1.98 £+ 0.89 119 5320
118.19 057 +£0.10 0.30 £ 0.03 2.38+0.95 0.809 £ 0.023 94 3460
119.83 048 £0.12 0.33 £ 0.03 2154 1.03 80 2560
121.560 0.624+0.12 032 +0.04 180+ 1.06 0.548 4+ 0.022 81 3480
123.04 044 +0.11 0.32 £ 0.03 152+ 1.11 62 2600
123.99 046+ 0.10 053 £0.04 146+ 1.22 69 2140
125.87 0524+ 0.12 1.3540.06 1.95+ 1.87 0437+ 0.018 269 2560
127.08 0.84 +0.10 0.73 4+ 0.06 2.37 + 2.02 91 1960
12798 048 +£0.09 0.36+0.05 1.92+252 0.363+0015 75 3100
129.06 0.44 4+ 0.08 0.60 + 0.06 2.33+ 2.28 49 3100
13084 2254+ 0.16 1.45+0.09 231+ 264 1439+ 0046 355 19100
13577 3.97+0.29 1.57 +0.11 1.975 4+ 0.122 486 29060
13820 2324021 1.4040.09 0.34+270 1.397 4+ 0.032 384 20860

Results of gravity core PS1768-8 and multicore PS1768-6 (continued).
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VRR
rel, VRR VRR biog. VRR VRR
Age, PRC, 10Be, 231Pacy, opal, Bapio, Al,O3, 2387J auth.,
10%at/ dpm/ g/ mg/ mg/
kyr em? - kyr em? - kyr em? - kyr em? - kyr em? - kyr dpm/g
Multicore PS1768-6
0.86 1.00 1.65 £ 0.08 0.73 +£0.056 1.16 £ 0.08 10.78 £ 071 0.41 £+ 0.14
1.75 1.05 + 0.14 1.63 £ 0.05 16.00 &+ 0.46 0.67 £ 0.07
2.41 0.86 1.81 £0.09 1.00=+ 0.12 20.00 &+ 0.53 0.45 £ 0.06
3.01 1.19 + 0.13 15.00 &£ 0.43 0.25 £ 0.07

Gravity Core PS1768-8

3.00 1.00 1.66 £ 0.08

7.04 1.07 1.324+0.07 1294035 0.584£0.02 162+ 0.06 1634=+0.56 0.16 £ 0.08

9.21 1.00 158+ 0.08 1964+ 060 1.13+0.056 218+ 0.09 19.00£0.80 0.36 &+ 0.05
10.66 1.03 155+ 0.08 263+£1.09 220+£0.15 294+020 30.03£200 0.19 %+ 0.04
11.66 1.05 1594+ 0.08 4.034+ 154 3.22+0.28 326+0.29 3064+£271 027 +£0.01
12.17 1.06 1.72+0.09 3.42+1.29 3024018 251+0.15 31.67+ 193 0.22 % 0.02
13.26 1.07 1.30 £0.07 276+ 114 2.70+£0.20 296+ 0.22 29.24 £2.18 0.38 £+ 0.04
14.32 1.10 1.89+009 284+1.22 3034024 238x+0.19 3027240 1.04+0.04
16.61 1.33 1224+ 006 154+£046 071 +004 145+ 0.08 54.67+2.88 290+ 0.14
19.13 1.35 1824+ 0.09 166+052 048+0.03 094+0.06 87.96 552 227+ 0.17
21.54 1.34 171+0.09 158+0.54 051+£003 081+0.05 71.75+446 1.42+0.19
23.94 1.20 2.334+0.12 085+£0.52 0.49+0.03 048+ 0.03 12232+7.60 0.84 £0.19
28.96 1.20 2.06 +£0.10 0.70 £0.42 0.41+£0.02 072+0.04 7997414 0.54 % 0.23
33.08 1.18 2304+ 0.11 0.63+£051 054+0.03 0.75+0.05 100.65+645 0.63+£0.14
37.59 1.43 168 +0.08 080+047 060+0.03 074+0.04 59.71+£334 078+0.10
41.28 1.30 237+0.12 085+£0.66 070+0:05 091+0.06 7859+538 088+0.16
45.25 1.16 1.77+0.09 168+ 0.61 0594006 0.87=+0.09 80.14+£8.11 1.32+0.07
49.00 0.96 2.2440.11 1.84+£0.70 0.62+0.03 1.05=+0.05 104.51+4.77 0.80+0.18
52.58 0.93 2.05+0.10 1.93+£0.71 0.62+004 093 +£0.06 9221+551 1.10+0.18
55.55 1.06 2824014 2364121 057+0.03 1.05+0.06 159.69+9.33 0.65+ 0.19
58.95 1.13 2534 0.13 2174+ 1.09 0.674+0.04 1.16 £0.07 11579 +6.563 0.43 £ 0.16
62.19 1.28 1.62 4 0.08 0.47+£0.03 1.25 +0.07 83.31 + 4.59 0.44 4 0.18
65.95 132 2.05+0.10 0.36 £ 0.02 0.92 +£0.04 81.73 + 3.83 0.45 4 0.24
69.29 1.12 1914+ 0.10 0.61+1.33 058+ 0.03 097+ 0.05 81.30+3.96 0.45 4 0.17

Results of gravity core PS1768-8 and multicore PS1768-6 (continued). PRC = relative production rate
changes of cosmogenic radionuclides following Mazaud et al. (1994). Biogenic barium and Al2O3 data are
from Niirnberg (1995). Biogenic opal data are from G. Bohrmann (unpub. res.). All errors represent the
statistical errors of one standard deviation from the mean (1o) of the 230The, measurement except the
231Pg., errors where it represents the quadratic sum of the 1o uncertainties of the 230Th,y and 23!1Pagy
measurements. The error of the authigenic 23U concentrations represents the range of the lithogenic

2387 /232Th activity ratio between 0.5 and 1.



B.3 PS1768-8 and P51768-6 115
VRR
rel, VRR VRR biog. VRR VRR
Age, PRC, 10Be, 231 Pacy, opal, Bapio, Al 03, 2387 auth.,
10%at/ dpm/ 8/ mg/ mg/
kyr em? - kyr em? - kyr em? - kyr em? - kyr em? - kyr dpm/g
72.67 1.15 2.15+£0.11 101+ 105 048+£0.03 1.07-+0.07 76.92 £ 4.88 0.35 & 0.13
73.96 1.58 £ 0.87 0.58 +£0.03 0.83 +£0.05 12670+ 7.13 0.36 % 0.09
77.26 1.07 1.93+0.10 1.48+0.99 070+ 0.04 0.82+0.05 112.34+ 7.00 0.32 & 0.09
81.72 1.76 £ 1.25 0.79 £ 0.05 1.33 £ 0.08 66.36 + 4.08 0.44 £ 0.06
84.28 1.14 200+ 0.10 244+ 144 1.05+0.06 1.76+ 0.10 4428 + 2.63 0.45 % 0.04
87.22 2.11+1.09 063+0.04 175+0.10 54.96 £ 3.28 0.28 4- 0.10
89.95 1.32 222+011 291+144 064+004 1.16+0.07 147.12+ 9.26 0.11 % 0.10
92.84 252+ 145 090+ 0.06 1.09+ 0.07 91.20 £ 6.09 0.12 4 0.11
95.62 2.88 +1.62 1.20+ 0.09 0.87+ 0.06 70.04 £ 5.06 0.19 £ 0.10
97.99 1.37 162+008 1944128 148+0.21 1.17+0.17 6444+ 9.30 0.00 £ 0.07
100.36 2.16 £ 1.58 1.50+ 0.09 1.54 +£0.10 34.35 £ 2.15 0.14 + 0.06
102.72 203160 134+£011 141+0.12 55.15 + 449 0.17 £ 0.06
105.00 1.38 2.01+010 244+1.92 1404 0.11 159+ 0.13 64.16 £ 5.16 0.29 £ 0.05
107.34 4.08 + 285 1.35+0.09 1.87+0.13 81.98 + 570 0.324 0.06
111.08 148 1.854+0.09 281 +1.77 0.80+0.07 126+0.11 69.98 £ 6.17 0.09 & 0.09
113.53 273+ 147 082+ 0.03 1.08 +0.04 63.48 £ 2.51 0.20 & 0.07
116.10 3.19+£1.07 136+ 0.07 1.88 +0.10 57.35 £ 2.95 0.15 + 0.06
118.19 1.44 1.00 £ 0.05 153+ 0.16 2.93 £ 0.19 2334+ 151 0.19 &+0.04
119.83 198+ 0.19 3.75+ 0.36 1751 £ 1.70 0.24 £ 0.03
121.50 1.36 0.91 £ 0.05 2.08 £ 0.19 3.34 +£0.31 1742 £ 163 0.21 & 0.04
123.04 218+ 0.19 2.98 + 0.26 19.14 £ 169 0.24 &+ 0.03
123.99 3.55 £ 049 3.79 + 0.52 31.16 + 4.30 0.45 £ 0.03
125.87 1.38 0.64 £ 0.03 1.69 £+ 0.19 2.07 £ 0.24 1587+ 1.82 1.254 0.03
127.08 269+ 0.39 3.66+ 0.54 2294+ 3.37 0.58 &+ 0.05
127.98 1.34 113 +£0.06 3.33 £255 391+060 3.74+ 057 31.29 + 4.80 0.27 + 0.03
129.05 3.10 £ 0.45 2.14 £ 0.31 2722+ 3.95 0.52 % 0.03
130.84 1.26  1.50 £ 0.07 0.52 +£0.04 1.18 £0.09 59.12 + 4.60 1.03 + 0.14
135.77 1.1 219+ 0.11 0.33+0.04 0.79 £ 0.09 94.11 £ 10.31 0.84 £+ 0.24
138.20 1.15 1.96 + 0.10 0.57 £ 0.07 118+ 0.15 10294 + 13.33 0.97 £ 0.14

Results of gravity core PS1768-8 and multicore PS1768-6 (continued).
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B.4 PS1756-5 and PS1756-6

Depth,  Age, DBD, *®Th,,  %9Thg, SR, SAR, VRR,
cm kyr  g/cm® dpm/g dpm/g cm/kyr g/cm? kyr g/em?® . kyr

Multicore PS1756-6

0—- 1 0.50 11.00 £ 0.20 1.00 £ 0.20 0.91 £ 0.02
2—- 9 8.33 0.35 9524+ 0.16 10.29 £ 0.18 0.84 £ 0.01 0.29+0.01 097 +£0.02
10— 19 10.60 0.32 6.26 + 0.15 6.91 4+ 0.17 3.974+ 0.10 1.27 £ 0.03 1.45 4 0.03
21 — 27 11.48 0.26 4.39 £ 0.13 4.89 + 0.14 682+ 020 1.77+£0.05 2.05 +0.06
Gravity Core PS1756-5
4— 10 9.75 0.26 5.01 +£0.21 5.48 £ 0.23 4.00 £ 0.17 1.04+0.04 1.82 4+ 0.08
10 - 20 12.17 0.26 3.71 £ 0.25 416+ 029 13.25+0.91 344+024 241 +0.17
20 - 30 12.72 0.23 2.97 £ 0.24 3.34+£027 1830+ 150 421034 299 4+0.24
30 — 40 13.24 0.22 2.95 £ 0.24 3.33 £0.27 19.19 £ 1.57 4.22+0.35 3.00 £ 0.25
40 — 50 13.66 0.22 2.35 £ 0.25 2.67+0.28 23924250 526+0.55 3.74 +£0.39
50 — 60 14.17 0.23 2.73 £ 0.25 312+ 0.28 19.63 £ 1.78 451 +£0.41 321 £0.29
60 — 70 14.64 0.22 2.67 £ 0.21 3.0 +£0.24 2095+ 167 4.61+0.37 328 +0.26
70 — 80 15.12 0.22 2.65 + 0.25 3.00+£0.28 2095+ 1.94 4.61+0.43 328 4+ 0.30
80 - 90 15.59 0.22 2.58 + 0.20 2.98+0.23 2148+ 1.70 472+ 0.37 3.36 £ 0.27
90 — 100 16.14 0.24 2.82 £ 0.17 3.27+£0.20 1792+ 1.10 430+ 0.26 3.06 +£0.19
100 — 110 16.68 0.25 2.60 + 0.21 3.034+024 1854+ 149 4.64+£0.37 3.30 +0.26
110 — 120 17.24 0.26 259+ 0.19 3.03+0.23 1785+ 134 4.64+0.35 3.30 £ 0.25
120 — 130 17.84 0.27 2.66 + 0.22 3.14+ 026 1661 +1.40 449 +0.38 3.19 £0.27
130 — 140 18.39 0.28 2.31 £ 0.23 2744+ 027 18344+ 1.82 514+ 051 3.65 + 0.36
140 - 150 18.99 0.27 2.62 + 0.20 3124+ 023 1671 £1.25 4.51+0.34 321 +£0.24
150 — 160 19.57 0.26 2.64 + 0.21 3.16 £0.25 17.11 £ 1.35 445+ 0356 3.16 £ 0.25
160 — 170 20.19 0.25 2.90 + 0.21 3494025 16.13 4+ 1.15 4.03+0.29 286 4+ 0.20
170 — 180 20.74 0.26 2.44 £+ 0.20 2.96+ 025 1829 +1.52 475+ 040 3.38 + 0.28
“180 — 190 21.25 0.24 245+ 0.21 2.984+0.26 19.66 &£ 1.70 4.72+0.41 3.35 +£0.29
190 - 200 21.82 0.25 2.63 + 0.22 3224027 1751 +1.49 438+037 311 +0.26
200 — 210 22.42 0.25 2.73 £ 0.22 3.36 £ 0.27 16.76 + 1.36 419+ 034 297 +£0.24
210 — 220 2292 0.22 263+£0.22 3.256+0.27 19.69+ 162 433+0.36 3.08+£0.25
220 — 230 23.38 0.20 2.56 + 0.20 3.18+ 026 2210+ 1.76 442+ 0.35 3.14 £0.25
230 — 240 23.81 0.21 2.32 £ 0.19 289+024 2319+ 190 487 +040 346 +0.28
240 — 250 24.80 0.19 1.85 + 0.20 233+£0.25 1012+ 1.07 1924020 4.29 £ 0.45
250 — 260 25.84 0.20 1.84 £+ 0.20 2.34 + 0.25 9.60 &£ 1.03 192+ 0.21 4.28 £ 0.46

Results of gravity core PS1756-5 and multicore PS1756-6. Abreviations: DBD = dry bulk density, SR
= sedimentation rate, SAR = total sediment accumulation rate, VRR = vertical rain rate. All errors
represent the statistical errors of one standard deviation from the mean (1) of the 239The, measurement.

The age of each sample represents the age of the mean depth of the sampled core section.



B.4 PS51756-5 and PS1756-6 117
Depth,  Age, DBD,  2®Th,, 29T, SR, SAR, VRR,

em kyr  g/cm® dpm/g dpm/g cm/kyr g/cm? kyr g/cm®-kyr
260 — 270 26.98 0.21 190 £ 020 244 4+025 876+090 1.84+0.19 4.104 0.42
270 — 280 28.25 0.21 209+£019 271 +025 788+0.73 166+0.15 3.68+ 0.34
280 — 290 29.33 0.21 176 £ 0.19 230+ 025 9274102 1.954+021 4.34+ 0.48
290 — 300 30.57 0.22 191+ 017 254+022 804+069 1.774+0.15 3944 0.34
300 — 306 31.34 0.25 1.72 £ 0.17 2294 0.23 .7.80\:|: 0.77 195+ 0.19 4.36 £ 0.43
306 — 311  31.96 0.23 1.79+£0.20 2404027 8.08+0.91 1.8640.21 4.16 4 0.47
311 - 321 32.96 0.20 1.656 £ 0.18 2244+ 025 9.99 4+ 1.10 2.004+0.22 4.46 + 0.49
321 — 331 34.29 0.23 1.90 £ 0.19 2614+ 0.27 7494076 1.72+0.18 3.83+ 0.39
331 — 341 35.55 0.21 1.93 +£0.20 2.68+ 028 7.974+0.82 1.67+0.17 3.73+ 0.39
341 — 351  36.91 0.23 190 £ 0.22 2.674+031 7.324+0.84 1.684+0.19 3.75+ 0.43
351 — 361 38.86 0.24 2.56 £ 020 3664029 514+041 1.234+0.10 273+ 0.22
361 — 371  40.97 0.26 2.52+£0.19 368+£0.28 4.73+£036 1.234+0.09 272+ 0.20
371 — 381 43.59 0.27 2.96 £ 022 4424033 3.81+0.28 1.034+0.08 2264+ 0.17
381 — 391 45,79 0.24 2.714+0.22 414+£034 456+0.37 1.094+009 241+ 0.20
391 — 401 48.05 0.23 287+ 018 447+ 028 441+028 1.014+006 2.24+0.14
401 — 411 50.22 0.24 2.57T+£ 022 4094034 4624039 1.11+0.09 245+ 0.21
411 — 421 52.05 0.25 2.06 £0.18 3.31+0.29 545+048 1.364+0.12 3.02+ 0.27
421 — 431 55.21 0.27 321+£021 53+035 317021 085+0.06 1.87+0.12
431 — 441 58.32 0.29 2.85 +£0.17 489+029 3224019 0.934+0.06 2.05+0.12
441 — 452  60.30 0.32 247 4+0.17 431+£029 5544038 1.774+0.12 232+ 0.16
452 — 462 61.61 0.25 226 £021 399+038 7.62+0.72 190+0.18 251+£0.24
462 — 472 63.18 0.25 2.66 £ 020 477+036 6.38+048 1.59+0.12 2.1040.16
472 — 482 64.67 0.23 2.70 £ 0.18 491 +032 6734+044 1554+0.10 2.04+0.13
482 — 492 66.13 0.23 2.62+021 4824038 686+054 1584+0.12 2.08+0.16
492 - 502 67.60 0.24 249+ 0.17 465 +0.32 681 047 163+0.11 21564 0.15
502 — 512 69.11 0.23 265+ 015 5024+029 658+ 037 151+£009 1.994+0.11
512 — 522 71.00 0.27 277+ 015 533+029 530+029 143+0.08 1.8740.10
522 — 532 73.50 0.30 3.23£0.16 638+ 032 4.01+0.20 1.20+0.06 1.57+ 0.08
532 — 542 176.02 0.29 3.70 £ 030 7.474+ 061 3.974+0.32 1.154+0.09 1.34+0.11
542 — 552  78.63 0.27 402+ 031 832+064 383+0.30 1.03+0.08 1.20+0.09
552 — 562 80.38 0.27 2.64+£ 026 556+055 5694056 1.564+0.15 1.804+0.18

Results of gravity core PS1756-5 and multicore PS1756-6 (continued).
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Depth, Age, DBD, 230Th,y, 30THY, SR, SAR, VRR,

cm kyr  g/cm3 dpm/g dpm/g em/kyr g/em? - kyr g/cm?® - kyr
562 — 572 82.70 0.29 3.20 £ 0.23 687+ 050 431+£031 1254009 146 £0.11
572 — 582 84.77 0.29 2.78 £ 0.17 6.09+ 038 485+0.30 1.41+009 164 +0.10
582 — 592 86.78 0.28 2.76+0.19 6.16x£042 496+ 034 139+009 162+ 0.11
592 — 602 88.66 029 2434020 552+046 534+ 045 1554013 1.81+0.15
602 — 612 90.63 0.27 271 +£0.24 6.27 £ 055 506+ 044 137+£0.12 160 +0.14
612 — 622 92.27 027 221+0.19 518+044 609+052 165+0.14 193 +0.16
622 — 635 94.83 029 243+021 583+ 052 509+045 148+0.13 1.72+0.15
635 — 642 96.02 0.29 204+ 017 496+041 590+049 1.71+0.14 202+ 0.17
642 — 652 97.89 0.25 2.60 £ 0.19 6.42 4+ 046 5.32+0.38 1.33+£0.10 1.56 +0.11
6562 — 662 99.70 0.30 2.04 £ 0.16 5.14+ 040 5.54+043 1.66+0.13 1.95+0.15
662 — 672 101.97 0.29 262 £ 0.27 6.72+ 068 4.40+ 045 1.28+0.13 1.49 4+ 0.15
672 — 682 103.72 0.28 2.04 £ 0.18 532+ 046 574+050 161+0.14 1.88 +£0.16
682 — 692 105.68 0.28 2.26 £ 0.17 6.01+045 508+038 1.42+0.11 1.66 +0.12
692 — 702 107.02 0.25 1.69 + 0.18 455+ 049 7.48+ 0.81 1.87+0.20 2.20+ 0.24
702 — 712 108.20 0.28 1.32 £ 0.17 359+ 047 846 +1.11 237+0.31 2.79 +£0.37
712 — 722 110.35 0.31 2.14 £ 0.19 593+ 053 466+ 042 145+ 0.13 1.69 £ 0.15
722 — 732 114.33 0.29 1.79 £+ 0.23 513+ 066 2514032 073+£0.09 195+0.25
732 — 742 116.62 0.27 1.06 =+ 0.30 311+ 0.87 438+ 1.22 1.18+0.33 3.224+0.90
742 — 752 118.67 0.27 093 +0.21 280+ 061 4864107 131029 358+0.79
752 — 762 122.09 0.32 1.28 £ 0.28 397+ 087 2931064 094+021 2524055
762 — 772 128.80 0.28 2.79 £ 0.22 9.17+ 072 1.494+0.12 0.42+0.03 1.09 +0.09
772 — 782 130.14 0.26 2.19 £ 0.21 730+ 070 7.47+£0.71 1944019 1.37 £0.13
782 — 792 131.18 0.27 1.63 £ 0.19 548 £ 0.656 9.56 £ 1.14 258+ 0.31 1.83 £+ 0.22
792 — 802 132.69 0.32 1.96 +£ 0.12 6.70 £ 0.39 6.63+ 039 2124+0.12 1.49 + 0.09
802 — 812 134.35 031 2.20 £ 0.15 7.63+ 053 6.01 £042 186+0.13 1.31 +£0.09
812 — 822 136.04 0.32 2.4 £ 0.11 751+ 040 5924031 189+0.10 1.334+0.07
822 — 832 138.25 0.31 2844+ 0.13 10.18+ 047 453 +0.21 140+0.06 0.98+0.05
832 - 842 140.17 0.31 242+ 0.15 8.83+£0.55 520+032 161+0.10 1.13 £0.07
842 — 852 142.18 0.31 2.48 £ 0.22 922+ 081 499+ 044 1.55+0.14 1.08 £ 0.10
852 — 862 144.17 0.31 2.42 + 0.20 9.16 £ 0.77 5.02+0.42 1.56 +0.13 1.09 £ 0.09

Results of gravity core PS1756-56 and multicore PS1756-6 (continued).



B.4 PS1756-5 and PS1756-6 119

Age, 232Th, 2387, B1pal | 10Bef Mn, Fe,
kyr ppm dpm/g dpm/g 10°at/g ~ ppm  ppm
Multicore PS1756-6

0.50

8.33 2494 0.11 0724+ 0.07 0.90 £ 0.09 289 10240
10.60 243 4+0.11 0.77 £0.07 1.04 £0.10 219 12240
1148 2.33+£0.12 1.01 +£0.06 0.88 £ 0.10 65 5640

Gravity Core PS1756-5

9.75 2904024 1254+0.09 0.714+£0.17 1.45240.060 190 11820
12,17 235+ 0.21 2154+ 0.13 078 £0.19 1.334+£0.077 110 9480
12.72 2434024 2344014 0.754+0.21

13.24 1.75+£0.19 2.05+0.13 084022 0.877+0.045 116 9020
13.66 1.694+0.20 2.114+0.12 0.68+0.21 0.919 4+ 0.0562 102 8154
1417 1.864+0.18 191 4+0.13 0.614+0.21 1.164 £ 0.059 118 9960
1464 2.55+£0.19 2.15+0.13 0.60 £ 0.21
15.12 210+ 0.20 190+ 0.13 0.69+0.21 1.090+ 0.057 136 10394
15.59 '2.57£0.19 1.79£0.12 0.78 £0.19
16.14 275+ 0.21 1.75+0.08 0.69£0.18 1.146+0.058 120 10580
16.68 2.31+£0.16 1.62+0.11 058 +0.19
17.24 206+0.19 1.62+0.10 053+021 0916+ 0.061 99 8700
17.84 1.99 £ 0.18 1.49+0.11 0.46 £ 0.23
1839 1.73+0.18 1.78+0.13 048 +0.22 1.000+0.068 102 9760
1899 1.99+0.12 1.584+0.12 0.56 £ 0.25 1.048 +£0.064 115 9660
19.57 2.11+£0.19 1.724+0.13 0.65 £ 0.24
20.19 2.06+0.17 176 £0.13 0.68+0.25 1.021 £0.065 101 10160
20.74 221 4£0.19 1.734+0.13 0.58 +0.22
21,25 229+ 0.18 1.65+0.11 0.60+0.22 1.263+0.062 109 10720
2182 245+£020 1.72+0.13 063+0.23 1.169+0.062 103 10140
2242 259 +£021 188+0.13 065+0.24
2292 261+£020 165 +0.12 075+ 0.23
23.38 224+ 0.18 152+0.11 0.72+0.22
2381 197+0.16 143 +£0.10 066+ 0.21 0.956 &+ 0.061 86 8800
2480 168+0.16 1.32+0.10 058+0.21 0.933+0.058 77 7680
25.84 165+ 0.11 1.27 +£0.11 0.53 £ 0.22

Results of gravity core PS1756-5 and multicore PS1756-6 (continued). All errors represent the statistical
errors of one standard deviation from the mean (lo). The 231Pa,, data represent three times running

means.
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Age, 2327, 2387y Wip,0 10560, Mn,  Fe,
kyr ppm dpm/g dpm/g 10%at/g ppm  ppm
2698 160+ 0.14 1404 0.11 0.82 + 0.23

2825 190+ 0.17 117+ 0.09 0.96+ 0.25 0.816+ 0.043 97 7684
29.33 1.78+£0.18 1.29+0.09 1.02+0.24

30.567 1.79+0.15 1.40+0.08 0.95+ 0.24°

3134 154+£0.13 151+0.10 0.76+0.24 0976+ 0.084 100 7410
3196 1.81+016 160+0.12 0.78+0.25

3296 159+ 0.15 1404+ 0.10 0.72 + 0.27

3429 1.87+0.16 1.35+0.11 0.68+0.27 0.866 + 0.059 83 7608
35556 1.95+0.18 1.31+0.11 0.70+0.29

3691 2.14+0.18 137+0.12 0.75+0.30 0.966+0.0564 114 9080
38.86 2.01+0.18 145+0.10 0.71+0.30 1.143+0.062 105 8920

4097 275+ 0.17 147+ 0.10 0.88 +0.33

4359 297 +0.22 143+0.11 0.92+0.39

4579 229+ 0.20 147+0.11 1.23+045 1419+0.064 126 10940

48.05 2.74+0.18 1.43+0.10 122+ 048 1.418+ 0.075 1256 11260
50.22 2.66 +£0.23. 152+ 0.11 136048 ,

52.06 2.30+0.14 160+0.11 1.89+0.54 1.540=+ 0.062 142 12400
55.21 245+ 0.18 138+ 0.11 2.21 +£0.59 1510+ 0.071 179 12920

5832 2.75+0.15 147 +0.10 1.95=+ 0.59

60.30 2.66 + 0.18 1.36 £ 0.10 1.52 + 0.60

61.61 212+ 0.17 1.11 +£0.15 152+ 055 1.315+0.062 360 22120

63.18 2.25 +£0.17 130+ 0.11 1.50 + 0.52

64.67 2.28+0.17 1.23+0.11 1.56 £ 0.51

66.13 241 +£0.17 1.27+0.11 1.62 +£0.53 1.463 + 0.067 112 10520

67.60 2.11+0.14 1.15+0.10 1.67 +£0.53

69.11 2.16 +£0.14 1.13+0.08 168 +0.51

71.00 1.97+0.12 1.00 £ 0.08 2.02+0.53 1.571 £ 0.077 126 11220

73.50 2.66+0.18 123 +0.09 2.28 +0.54

76.02 299+ 030 1.32+0.14 2.307 £ 0.104 171 13940

78.63 3.02+0.33 148 +0.17 1.967 £ 0.090 155 12600

80.38 2.10+0.23 1.04+0.13 248 +0.88 1.638+0.072 168 11940

Results of gravity core PS1756-5 and multicore PS1756-6 (continued).

B DATA



B.4 PS1756-5 and PS1756-6

Age, 232Th, 23877, 2311’:’1&(, 10Be0, Mn, Fe,
kyr ppm dpm/g dpm/g 10%at/g ppm  ppm
82.70 2.21+ 026 1.17=+0.11 2.48 & 0.87
8477 225+0.18 1.20+0.10 1.86+0.82 1.725+0066 160 10940
86.78 2.18+ 0.17 1.024 0.09 1.74 + 0.87
88.66 200+ 0.15 1.56=+0.12 162+ 0.96
90.63 2.00+£0.19 1744014 189+1.01 198640081 122 8580
9227 1.61+0.16 1.34+0.11 219+ 1.02
04.83 2.63+0.22 1.2640.11 2.27+ 0.96
96.02 2.32+0.18 1.06=+ 0.09 2.62 + 0.93
9780 2614021 1.024+£0.08 2624092 1.315+£0.062 102 3440
99.70 2.61+£0.16 1.094 0.09 2.90 + 1.16
101.97 3.35+ 020 1.71+0.18 2.68 + 1.26
103.72 2.63+£0.17 1.36+ 0.11 2.78 + 1.32
105.68 2.46 4+ 0.18 1.074+0.10 2.76 £ 1.18 1.062 &+ 0.050 78 7940
107.02 247+ 0.19 1.214 0.10 241 +1.22
108.20 176 £0.16 1.744 0.10 265+ 1.30 0755+ 0.042 63 ~ 5600
110.35 262+ 0.18 145+ 0.11 2.82+1.48
114.33 2.194+£0.18 182+ 0.14 3324178 1.422+ 0.064 90 7900
116.62 1.33+0.14 246+ 0.16 3.54 + 1.87 :
11867 1434+ 0.16 3.74+£0.09 3324 2.06 0.929 £ 0.048 88 5040
122.09 1914018 3.004%£0.16 3.65+2.02 1.371 £0.084 109 7640
128.80 2.92+0.21 1.434 011 4.054220 232440100 160 12520
130.14 3.23+£020 1454011 475+ 2.12
131.18 2.34 4+ 020 1.42-+0.10 5.06+2.15 1.736 £ 0.087 131 10680
132.69 2434011 1.40 + 0.06 4.57 + 2.21
134.35 3.44+ 0.23 153+ 0.07 443+ 1.98 1745+ 0.075 160 12700
136.04 317 +£0.12 1.68+ 0.07 571+ 1.93
138.25 3.19+0.14 1.45+ 007 6424 1.75 1.654+ 0071 181 14360
140.17 277+ 0.19 143+ 0.07 6.97 + 2.17
142.18 329+ 022 161+ 0.13 6.46 + 2.53
144.17 306 £0.19 1.394+0.12 6614293 1.575+0.065 148 13620

Results of gravity core PS1756-5 and multicore PS1756-6 (continued).
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VRR
rel, VRR VRR biog. VRR VRR VRR
Age, PRC, 19Be, 231Pacy, opal, Bapio, Al O3, 2387] auth.,
10%at/ dpm/ g/ mg/ mg/ dpm/
kyr em? - kyr em? - kyr em? - kyr em? - kyr em? - kyr cm? - kyr
Multicore PS1756-6
0.50 0.36 £ 001 209+ 0.04 3999+ 0.73
8.33 0.87 £ 0.09 0.26 £ 0.15
10.60 1.50 + 0.15 0.32 £0.15
11.48 1.81 +£0.21 1.194+0.03 1.09+ 0.03 0.58 £ 0.14
Gravity Core PS1756-5
9.75 1.02 260+ 0.11 1.30 £ 0.32 1.09 & 0.05 85.70 £ 3.65 0.71 £ 0.18
12.17 1.08 2.97+0.20 1894 048 1.52 £ 0.10 109.02+ 748 1.72+0.14
12.72 223+£065 1.73+£0.14 156+ 0.13 1.89 £ 0.15

13.24 1.16 2274+0.19 252+0.68 200+0.16 126+ 0.10 10832+ 8.85 1.73 4+ 0.11
13.66 1.21 2.844+030 256+082 2414025 150+ 0.16 154.88+ 16.19 1.80+0.10
14.17 1.26 2974+027 197071 214+£0.19 122+ 0.11 14482+ 13.10 1.57 +£0.11

14.64 197+ 071 1.95+0.16 1.21 +£0.10 1.68 + 0.16
15.12 1.33 2694025 227070 204+£0.19 1.18+0.11 117.09+ 1087 1.51 +0.13
15.59 262+ 067 191+0.15 1.18 4 0.09 1.32+£0.16
16.14 14 2504015 2104058 177+011 1014006 13792+ 844 1.2440.17
16.68 192+ 065 198+0.16 1.25+0.10 1.19+0.14
17.24 1.37 2.21+£017 176070 183+0.14 139+ 0.10 14881+ 11.19 1.24+0.13
17.84 1.45+0.74 196+ 017 153+ 0.13 1.12 +0.12

18.39 1.36 2.68+0.27 177+083 234023 193+ 0.19 16469+ 16.35 1.46 % 0.11
18.99 1.37 2454+£0.18 1.80+0.81 185+0.14 1.564+0.12 14464+ 10.82 1.21 £0.12

19.57 206+£077 195015 136+ 0.11 1.33 £ 0.13
20.19 1.38 2124015 196+073 196+0.14 126+ 0.09 12926+ 9.20 1.38+0.13
20.74 1.97+0.75 2224019 152+ 0.13 1.32+0.14

21.25 1.34 3.16+£0.27 201076 2.15+0.19 151+ 0.13 145.03+12.54 1.23+0.14
21.82 132 2754+£0.23 1954+£0.72 193016 140+ 0.12 12863 £10.94 1.27+0.15

22.42 1.944+£0.73 167+014 140+ 0.11 1.40 £ 0.16
22.92 230+ 074 205017 148+ 0.12 1.17 £ 0.16
23.38 227+071 2114017 132+ 0.11 1.11 £ 0.14

23.81 121 2744+£022 2304075 230019 135+ 0.11 127.01+1043 1.07+0.12
24.80 1.12 3584038 247+093 3.03x£032 159+0.17 157.36+ 1661 1.01+0.10
25.84 225+ 096 285030 158+ 017 0.98 £0.10

Results of gravity core PS1756-5 and multicore PS1756-6 (continued). PRC = relative production rate
changes of cosmogenic radionuclides following Mazaud et al. (1994). Biogenic barium and Al;O3 data
are from Nirnberg (1995). Biogenic opal data are from G. Bohrmann (unpub. res.). All errors represent
the statistical errors of one standard deviation from the mean (10) of the 230The, measurement except
the 231Pa., errors where it represents the quadratic sum of the lo uncertainties of the *3°They and
231Pa,, measurements. The error of the authigenic 38U rain rates represents the range of the lithogenic

2387 /%32 Th activity ratio between 0.5 and 1.
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VRR
rel, VRR VRR biog, VRR VRR VRR
Age, PRC, 10Be, 21Pag,, opal, Bayio, Al,03, 2387 auth.,
10%at/ dpm/ g/ mg/ mg/ dpm/
kyr em? - kyr em? - kyr cm? - kyr em? - kyr em? - kyr em? - kyr
26.98 336 +£1.02 281+£0.29 152+0.16 1.10 + 0.10
28.25 1.19 253+0.23 354+£097 246+0.23 133+0.12 121.23+11.21 0.82 4+ 0.12
29.33 444 £ 114 279+ 031 152+ 0.17 0.96 & 0.11
30.57 3.75+£ 098 252+0.22 138+0.12 1.07 £ 0.11
31.34 1.2 355+£035 330109 2624+026 153+ 0.15 118.85+ 11.74 1.23 & 0.09
31.96 3.23+£1.12 3.00+£0.34 225+ 0.25 1.27 £ 0.11
32.96 3.20+£1.25 2.81+0.31 2.05+0.23 1.11 £ 0.10
34.29 1.18 281+0.29 2614108 255+£0.26 1.61+0.16 140.51 £ 14.34 1.00 % 0.12
35.55 260+ 112 2.09+0.22 157+0.16 0.95 & 0.12
36.91 141 2574029 283+ 1.16 241+£0.28 157+ 0.18 137.32+ 15.77 0.98 & 0.13
38.86 148 2114+017 194+083 164+£0.13 1.15+0.09 10014+ 7.96 1.08+ 0.12
40.97 2.39+£092 152+£0.11 1.28+£0.10 0.96 & 0.17
43.59 2.07£ 090 1.31 &£ 0.10. 1.20+ 0.09 0.88 & 0.18
45.79 1.23 2794+023 296+ 111 1414+0.12 1.164+0.09 111.22+ 9.11 1.05 £ 0.14
48.05 095 334+021 2724109 139+£0.09 096+0.06 10311+ 645 092+ 0.17
50.22 3.33+£1.22 147 4£0.12 1.05+£ 0.09 1.03 £ 0.16
52.05 095 489+044 572170 181+£0.16 130+£0.12 13899+ 12.36 1.18 +0.14
55.21 099 285+0.19 4.14+1.14 1.05+£0.07 077+£0.05 109.00+ 7.22 0.93 +0.15
58.32 3.98+£1.23 097+0.06 0.82+0.05 0.96 £ 0.17
60.30 3.52+ 140 1.06 £ 0.07 0.60 £ 0.04 0.87 % 0.16
61.61 127 260+£025 382+144 103+0.10 030+ 0.03 18864+ 17.83 0.72 & 0.13
63.18 3.14+£1.11 1.224+0.09 0.48 £ 0.04 0.88 + 0.14
64.67 3.18+1.05 1.18+£0.08 0.71 £ 0.05 0.81 +0.14
66.13 1.35 2.25+0.18 3.36+1.13 1204+0.09 0.71+0.06 10536+ 8.28 0.83+0.15
67.60 3.60£1.16 1.33£0.09 0.71+£ 0.05 0.76 £ 0.13
69.11 3.33 £1.03 1.19+£0.07 0.66+ 0.04 0.73 £ 0.13
71.00 1.11 265+0.14 379+1.01 1.16+ 0.06 0.62+ 0.03 86.35 £ 4.69 0.64 £ 0.12
73.50 3.57 £ 087 0.884+ 0.04 0.47+ 0.02 0.74 £ 0.16
76.02 1.08 2.86+ 0.23 0.60 £ 0.05 0.36 £ 0.03 8662+ 7.06 0.77+ 0.18
78.63 1.03 2.30+0.18 0724+ 0.06 0414 0.03 7799 £ 6.04 0.92 4 0.19

Results of gravity core PS1756-5 and multicore PS1756-6 (continued).
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VRR
rel, VRR VRR biog, VRR VRR VRR
Age, PRC, 10Be, 21Pa.., opal, Bapio, Al, O3, 2387 auth.,
10%at/ dpm/ g/ mg/ mg/ dpm/
kyr em? - kyr em? - kyr em? - kyr em? - kyr em? - kyr em? - kyr
80.38 1.08 2.73 +0.27 447+ 165 097 +£0.10 0.76 £ 0.07 116.73 &+ 11.54 0.65 + 0.13
82.70 3604129 0.87+£006 0.67+0.05 0.76 £ 0.14
84.77 1.15 2.46 + 0.15 3.06 +£1.36 0.924+ 006 0.82 4 0.05 90.71 £ 5.69 0.78 £ 0.14
86.78 282+ 142 097 £0.07 081 £0.06 0.62 £ 0.13
88.66 2944176 118+ 0.10 0.91 £ 0.08 1.19 £ 0.12
90.63 1.31 2.42 £ 0.21 3.01+1.64 1.01£0.09 0.83+£0.07 51.00 + 4.44 1.37+ 0.12
92.27 423+ 200 1.31+011 1.06 +0.09 1.04 £ 0.10
94.83 3.904+1.68 0.994+009 0.86+0.08 0.77 £ 0.16
96.02 528 +£1.92 1.174+0.10 0.93 £ 0.08 0.63 + 0.14
97.89 1.37 1.49+£0.11 4.07+ 146 0904007 0.72+0.05 56.48 £ 4.08 0.54+ 0.16
99.70 5.64 +£ 230 1.17+£0.09 0.90 £ 0.07 0.61 + 0.16
101.97 3.98+1.92 0864009 1.25+£0.13 1.09 + 0.21
103.72 523+ 253 1.25+£0.11 0.90 £ 0.08 0.87 £ 0.16
105.68 1.38 1.28 £ 0.10 4.60 £ 200 1254009 0.81 +£0.06 68.79 + 5.13 0.62+ 0.15
107.02 531 +274 1454016 1.12+0.12 0.75 £ 0.15
108.20 1.44 1.46 £0.19 7.39+£3.76 212+£0.28 1.62+0.21 83.89 + 11.00 1.42 4+ 0.11
110.35 4.75+£ 253 130+0.12 1.11 £0.10 0.97 £ 0.16
114.33 147 188+ 0.24 6.47 £ 3.56 1.35+0.17 1.11 £0.14 4760 £ 6.10 1.42+ 0.13
116.62 11.38 £ 6.79 231 +0.64 154+ 0.43 2.21 £ 0.08
118.67 144 2314051 11.874+7.83 2.54+0.56 2.25+ 050 87.44 + 19.21 3.48 £ 0.09
122.09 1.39 2.49 £ 0.55 921 +£549 1614035 1.94 + 0.43 61.62 £ 13.51 2.65 £ 0.12
128.80 1.36  1.85 + 0.15 4.41 4+ 2.42 0.60 £ 0.06 0.96 &£ 0.07 48.56 &£ 3.79 0.8+ 0.18
130.14 6.51 +£297 077+ 0.07 0.97 &+ 0.09 0.85 + 0.20
131.18 1.25 2.54 £ 0.30 9244+ 000 113+0.14 0.99+0.12 81.70 &£ 9.76 0.9940.14
132.69 6.83 £ 3.33 0.84 £0.06 0.90 & 0.05 0.95 £ 0.15
134.35 1.25 1.83£0.13 581 +£2.63 0.68+0.05 0.85+0.06 7147 &£ 5.00 0.90+ 0.21
136.04 7.60+£ 261 069+£004 093%0.05 1.10 4+ 0.19
138.25 1.06 1.53 £ 0.07 6.31 £ 1.74 057 £0.03 0.74 &+ 0.03 53.56 £ 2.45 0.86 &+ 0.20
140.17 7.89 4+ 251 0.664+0.04 0.83+£0.05 0.92 £ 0.17
142.18 7.01 4+ 281 0.56+005 0.76 &£ 0.07 1.00 £+ 0.20
14417 1.1 1.6 £0.13 7.22 £325 0.63+£0056 076+ 0.06 59.63 + 5.00 0.83 £ 0.19

Results of gravity core PS1756-5 and multicore PS1756-6 (continued).
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B.5 PS1754-1 and PS1754-2

Depth,  Age, DBD,  2Th,,  239Tpo SR, SAR, VRR,
cm kyr  g/cm3 dpm/g dpm/g cm/kyr g/em? - kyr g/em? . kyr
Multicore PS51754-2
1 0.55 0.78 426 +£020 429+020 2.00£0.09 1.56%0.07 1.52=+0.07
5 2.73 0.78 513 +£0.24 526+024 200+£0.09 156+ 0.07 1.24 4 0.06
10 5.46 0.77 550+0.29 579+031 200+£0.11 1.544+0.08 1.12+0.06
15 8.20 0.77 461+033 497+0.36 200+0.14 1.54+0.11 1.314 0.09
20 10.93 0.70 426 +£ 029 471033 200+0.14 140+0.10 1.38+0.10
25 13.13 0.60 4.27+£0.33 4.82+0.38 200+0.16 1.204+0.09 1.35+0.11

Gravity Core PS1754-1

2— 12 588 078 566+033 597+0.35 1.70=+0.10 1.33+0.08 1.094 0.06
12 - 17 8.48 077 479x£024 518+026 193+010 148+ 0.07 1.26 £0.06
17— 22 1087 070 474+023 524+£0.25 2.09+010 146+0.07 124+ 0.06
22 — 27 1373 060 431 +028 4894031 1.754+0.11 1.064+0.07 1.33+0.09
27 - 32 1573 051 345 +023 399+0.27 250x£0.17 1.28+0.09 163+0.11
32— 42 1846 048 246+ 0.22 292+ 0.26 3.66=+0.32 1.76+0.15 223+0.19
42 — 52 2163 049 273+035 333x042 3.15x£040 155020 1.95+0.25
52— 59 2966 052 239+026 3.14+035 087x0.10 0454 0.06 2.07+0.23
59 — 67 3782 054 190+0.18 269+0.26 098+0.09 053x0.05 242+0.23
67 — 72 4527 056 247+ 018 3.76x0.27 0.67=x0.05 038x003 1.73+0.13
72— 77 5233 059 2.08+0.18 337+0.30 071+£0.06 042+0.04 1.93+0.17
77— 83 6190 057 228+0.18 4.03+0.33 0.63+0.05 036+£003 161+0.13
83— 86 6632 056 1.96+0.16 3.62+0.30 0.68+0.06 0.384+0.03 1.80+0.15
86 -~ 91 7415 053 211+0.16 420+ 0.32 064=+0.05 0.34+0.03 155+0.12
91— 95 77.08 054 2364018 4804037 1.37+0.11 0744+ 0.06 1.35+0.10
95 — 102 8331 054 279+0.17 6.02+0.37 1.12+£0.07 0.614+0.04 1.08+ 0.07
102 - 111 89.81 049 236+0.17 540+ 038 138=+0.10 0.68=+0.05 1.20=+ 0.09
111 - 121 95.08 047 169+0.11 4.07+0.26 1.90=+0.12 0.89+0.06 1.60+0.10
121 — 126  97.70  0.49 153 +0.10 3.78+0.24 191 £0.12 093+ 0.06 1.724 0.11
126 - 129 9932  0.48 157+ 0.18 3.93+046 1.86+0.22 08%+0.10 1.65+0.19
129 - 134 101.44  0.49 119+ 0.19 3.05+050 236+0.38 1.16+0.19 2.13 +0.35
134 — 138 104.56  0.55 191+ 0.16 503+043 1.28=+0.11 0.71+0.06 1.29+0.11
138 — 145 110.53  0.64 175+ 0.12 486+ 033 1.17+0.08 0.754+0.05 1.34 £ 0.09
145 — 152 11948 0.72 221 +0.16 6.65+ 047 0.78 £0.06 0.56 £ 0.04 0.98 +0.07
152 - 157 125.21  0.70 187 £0.12 595+ 0.39 0.87+0.06 0.61+0.04 1.09+0.07
157 — 162 129.76  0.61 1.62+£0.12 537+ 040 1.1040.08 0.67+0.05 1.214 0.09
162 — 166 131.87 0.58 1.65+0.14 557+ 049 189+0.17 1.10+0.10 1.17 £ 0.10
166 — 170 13348 049 146 +0.18 500+ 062 126+0.16 0.62+0.08 1.30 £ 0.16
170 — 177 136.17 045 149+ 0.17 526+ 0.60 1.27=+0.15 057+ 0.07 1.24+0.14

Results of gravity core P§1754-1 and multicore PS1754-2. Abreviations: DBD = dry bulk density, SR
= sedimentation rate, SAR = total sediment accumulation rate, VRR = vertical rain rate. All errors
represent the statistical errors of one standard deviation from the mean (1) of the 23°Th.x measurement.

The age of each sample represents the age of the mean depth of the sampled core section.



126 B DATA
Ca
Age, COs, 232Th, 238y, 231pal | 1080 Mn, Fe, Al Ba,
kyr % ppm dpm/g dpm/g 10%at/g ppm  ppm  ppm  ppm
Mullicore PS1754-2
0.55 0.57 £ 0.11 0.22 4+ 0.10 0.64 £ 0.31 109 2040 3306 822
2.73 0.87 +£0.19 0.15 £ 0.03 0.67 +.0.18 122 2280 3860 1009
5.46 0.80 &£ 0.21 0.194+ 0.056 0.80&+ 0.21 145 3220 4854 998
8.20 1.1+ 0.32 0.204+ 0.06 2.31+£0.33 240 5920 7462 1427
10.93 1.03+ 0.27 0.35+0.09 2.19+0.30 229 7140 8100 1106
13.13 2.06 £ 036 040+ 0.10 0.67+0.28 291 13060 16868 1109
Mullicore PS1754-2

5.88 84 0.71%£0.21 0174 0.05 0974 0.19 0.899 £ 0.048 131 2900 4656 1032
8.48 77 0.84+0.18 0.26+ 0.06 1.00+£0.20 1.170 4+ 0.030 186 4680 6728 1372
10.87 62 137+ 0.21 0.274+£007 0924028 1.629+ 0.036 247 7880 9754 1389
13.73 52 2424035 047 +£0.08 1104032 1.778 &£ 0.039 249 10600 14736 1268
15.73 49 2724+ 033 042+ 0.07 1.13+0.30 1.509 % 0.048 101 6474 12519 960
18.46 47 1414+0.26 038+0.06 126+ 049 1.168 & 0.041 74 5220 106741_ 985
21.63 47 175+ 047 049+ 010 1.33£0.60 1.284 & 0.078 119 6227 14266° 989
29.66 50 244+ 0.43 0564+ 0.10 1.24 4+0.43 1.740 4 0.037 93 6500 11312 964
37.82 64 139+0.22 0324007 1.04+0.40 1.061+£ 0.041 56 4340 6462 1286
45.27 67 1.04 +£0.18 0.23+0.06 0.83+050 1.0414 0.029 48 3420 5354 1204
52.33 69 1.21+0.21 0.344+0.07 1.25+0.62 1.0324 0.035 56 3403 5817 1126
61.90 67 1.16+£0.18 0.28 +£0.08 199+ 0.77 1.221 £+ 0.031 81 4560 6736 1088
66.32 63 152+ 022 0274+ 006 255+ 0.80 1.188 + 0.037 65 5366 6522 1035
74.15 63 160+0.22 028006 2244077 1.1274 0.059 79 4540 6656 1170
77.08 66 1.0564+0.19 0.33+0.06 205+£082 1.221 4+ 0.037 99 3940 6030 1143
83.31 67 0724015 019+ 0.03 297 4+1.05 1313+ 0.033 76 3920 6120 1328
89.81 59 1.10+0.20 0.26 +£0.04 3.09+0.94 1.3524 0.034 54 4560 6760 1477
95.08 54 1.01%£0.13 028+ 004 3.21+105 1.245+ 0.059 57 4648 6016 994
97.70 53 1.13+0.13 027+£0.03 3.74+1.65 1.161 % 0.033 53 4949 6286 1160
99.32 52 1.294+0.25 0.31+£0.09 3.32%1.52 1.189 % 0.042 53 4803 5982 957
101.44 49 1214+0.16 061011 262+1.11 1.134 £ 0.060 60 4151 7944 942
104.56 55 1.04 £0.17 0.37 £0.06 0.90£0.83 1.244 £ 0.036 58 4160 6398 1270
110.53 74 0.93+0.11 0.35£005 1.39+0.95 1.018 £ 0.030 49 3380 5198 1284
119.48 74 070+ 0.13 0.39+0.07 268+1.256 1.007 % 0.043 49 2940 4852 1032
125.21 66 0.80+0.13 0.41+0.03 3.26 % 1.16 0.982 % 0.029 58 3060 4338 1190
129.76 61 107 £0.12 0.49+0.04 4.03x0.53 1.205% 0.036 63 4920 5990 1087
131.87 54 1683+ 0.15 0.503+ 005 4.84 +1.19 1.411 &£ 0.041 85 8760 9290 1329
133.48 48 2.333+020 0.97+010 4.32+2.34 2.002 £ 0.044 124 14160 15560 1321
136.17 30 2541020 0.98+0.10 432+ 1.15 1.980 % 0.044 112 11020 14880 1086

Results of gravity core PS1754-1 and multicore PS1754-2 (continued). All errors represent the statistical

errors of one standard deviation from the mean (1¢). The ?3!Pa., data represent three times running

means.
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VRR
rel. VRR VRR biog. VRR VRR
Age, PRC, 10Be, 21Pagy, opal, Bapio, Al O3, 238U auth.,
10%at/ dpm/ g/ mg/ mg/
kyr cm? - kyr em? - kyr em? - kyr em? - kyr em? - kyr dpm/g
Multicore PS1754-2
0.55 0.95 097+ 047 0.124+£0.01 1.21+0.06 942+ 044 0.11 &£ 0.04
2.73 0.98 0.83 £ 0.23 1.21 £ 0.06 8.97+ 042 0.00 £ 0.04
5.46 1.02 0.90 £ 0.24 1.08 4+ 0.06 10.25 +£0.54 0.04 £ 0.05
8.20 1.07 3.02 + 0.48 1.80 £ 0.13 18.34 &£ 1.31 0.07 £ 0.07
10.93 1.1 3.02 £ 0.46 1.45 +£0.10 21.004 145 0.16 &+ 0.06
13.13 1.13 0.90 + 0.39 1.34 £ 0.11 42.76 + 3.35 0.02 + 0.13
Multicore PS1754-2

5.88 095 1.03£0.06 1.06+021 0.10£0.01 1.09+0.06 952+ 055 0.04 &£ 0.04
8.48 1.03 143+007 1.254+026 0.134+£0.01 1.67=+0.08 1588+ 0.79 0.11 £ 0.05
10.87 1.03 196+0.10 1143+035 0.144+£001 164+£0.08 2276+ 1.11 0.02+ 0.08
13.73 1.13 2.09+0.13 1464044 0.204+£0.01 1.55+0.10 36.80+ 237 0.02+£ 0.15
15.73 1.30 1.894+0.13 1844050 031+£0.02 143+0.10 38.37 256 0.00% 0.09
18.46 137 1.90+0.17 281+1.12 062+£0.05 203+0.18 4468+ 391 0.12+ 0.09
21.63 1.30 1.934+024 2604+1.21 053£0.07 1.74+022 5234+663 017+ 0.11
29.66 1.20 3.00+0.33 2564+0.93 054+£006 184+020 44.04+ 485 0.11+ 0.15
37.82 1.25 2.03+0.19 251+1.00 053£0.05 3.00+029 29.38+279 0.06+ 0.09
45.27 1.30 1.38+0.10 1444 0.88 038+£0.03 202+015 1740+ 1.26 0.04+ 0.06
52.33 1.00 1.99+0.18 241+1.21 044+0.04 2094+0.18 21.06+ 186 0.12+£ 0.07
61.90 1.13 1.744+0.14 3214+£127 032+£0.03 168=+0.14 2040+ 1.65 0.07+ 0.07
66.32 1.30 164+ 0.14 458+1.49 0474004 178+0.15 22.04+1.84 0.00+£0.08
74.15 1.15 1.524+0.12 347+£122 036+£0.03 174+0.13 1938+ 1.50 0.00 £ 0.08
77.08 1.06 1.56+012 2774+1.14 026+£0.02 149+0.12 1534+ 1.18 0.14 £ 0.06
83.31 1.11 128 +£0.08 321+1.16 0.19+0.01 1.3940.08 12434+ 0.76 0.06 &£ 0.04
89.81 1.21 1.354+0.10 3.724+1.17 0.30£0.02 1724012 1530+ 109 0.06+£ 0.07
95.08 1.36 146 £0.10 5144171 048+0.03 152+0.10 18.08 £ 1.18 0.09+ 0.06
97.70 1.37 146+ 0.09 642+ 286 0504+0.03 1.92+0.12 2030+ 1.27 0.06 £ 0.07
99.32 1.33 148 £ 0.17 548 £260 0.58+0.07 1524018 1859+ 2.19 0.07 £ 0.08
101.44 1.32 1.83+0.30 55942583 0664+0.11 1.90+0.31 31.88+£520 0.39+£0.07
104.56 1.35 1.19+0.10 1.174+1.08 032+0.03 159+0.14 1555+ 1.33 0.18 £ 0.06
110.53 1.42 0.96 £ 0.07 186+ 1.28 0.254+0.02 1.67+0.11 13.06+ 0.89 0.18 + 0.06
119.48 145 068+ 0.05 2.624+1.24 0.1840.01 0.98+0.07 891+ 063 0.26 £0.04
125.21 1.38 0.78 £ 0.06 356 +£1.29 0.21+£0.01 127008 890+ 058 0.26 +0.05
129.76 132 1.11+0.08 4.88+0.74 0234002 127+£0.09 13644+ 1.02 0.29 % 0.07
131.87 1.26 131 +£0.11 565+148 02240.02 148+ 0.13 20394+ 1.79 0.19 &+ 0.10
133.48 1.26 260+032 561+312 0334004 158+020 38034473 054+0.14
136.17 120 245+ 028 534+154 0331004 1224014 3457+395 051+0.16

Results of gravity core PS1754-1 and multicore PS1754-2 (continued). PRC = relative production rate

changes of cosmogenic radionuclides following Mazaud et al. (1994). Biogenic opal data are from G.

Bohrmann (unpub. res.). All errors represent the statistical errors of one standard deviation from the

mean (1o) of the 239Th,, measurement except the ?*'Pacy errors where it represents the quadratic sum

of the 1o uncertainties of the ?3°Th,, and **'Pa., measurements. The error of the authigenic

238U

concentrations represents the range of the lithogenic **U/232Th activity ratio between 0.5 and 1.



B.6 PS2082-1 and PS2082-3

B DATA

Depth, Age, DBD, 0T hey, 280ThY, SR, SAR, VRR,
cm kyr g/em? dpm/g dpm/g em/kyr g/em? - kyr g/cm? - kyr
Mullicore PS2082-3
05— 6.5 1.27 0.43 31.58 £ 0.41 31.95 £ 0.42 2.6+ 0.03 1.08+0.01 0.384 0.00
6.5 - 14.5 3.82 0.58 24.19 £ 0.35 25.05 £ 0.36 25+0.04 1.45+0.02 0.48+0.01
145 - 21 6.45 0.62 1427 £ 0.53 15.14 + 0.56 2.5 +£0.09 1.55+0.06 0.804 0.03
Gravily Core PS2082-1
4 - 13 4.87 0.50 22.19 £ 041 23.21 £ 0.43 2.67+0.056 1.33+£0.02 0.52+0.01
13 — 23 9.19 0.60 14.12 £ 0.39  15.37 £ 0.43 2314+ 006 1.39+0.04 0.794 0.02
23 — 29 10.94 0.52 10.56 £ 0.30 11.69 + 0.33 3.43+£0.10 178+ 0.05 1.04 £ 0.03
29 — 39 12.02 0.45 14.52 £ 041 16.22 +£ 0.45 9.27 £ 0.26 417+ 0.12 0.75 £ 0.02
39 — 48 12.73 0.37 1283 £ 035 1443 £ 039 1263 £0.34 467+ 0.13 0.84 £ 0.02
48 — 54 13.11 0.33 11.33 £ 040 1279 £ 045 1593 £0.56 5.26 £ 0.19 0.95 £ 0.03
54 — 64 13.62 0.31 9.83 £ 037 11.15+042 1947 +£0.73 6.04+ 0.23 1.09 % 0.04
64 — 74 14.13 0.28 10.75 £ 0.40 12.26 £ 046 19.62 + 0.73 5.49+£ 0.21 0.99 4+ 0.04
74 — 84 14.66 0.29 10.63 £ 0.39 12.17£0.45 1907+ 0.70 553+ 020 1.00 £ 0.04
84 — 94 15.15 0.28 10.21 £ 0.38 11.74 £ 044 2047 £ 077 573+ 0.22 1.034+0.04
94 — 104 15.65 0.28 10.55 £ 0.41 12.20 £ 0.47 19.71 £ 0.76 5.524+ 0.21 0.99 £ 0.04
104 — 114 16.15 0.29 9.96 £ 0.37 11.56 £ 043 20.08+0.75 5.82+0.22 1.05+ 0.04
114 — 124 16.71 0.29 11,17 £ 0.27 13.04 £ 0.31 17.81 £ 042 5.17+ 0.12 0.93 £ 0.02
124 — 134 17.24 0.29 1043 £ 0.39 1223+ 045 1899+ 0.70 5.51+ 0.20 0.99 £ 0.04
134 — 144 17.79 0.28 1112+ 0.38 13.11 + 0.45 18.35 £ 0.63 5.14+ 0.18 0.92 + 0.03
144 — 154 18.31 0.27 11.11 +£ 042 13.16 £ 0.50 18.94+ 0.72 5.12+ 0.19 0.92 £+ 0.03
154 — 164 18.81 0.27 10.36 £ 0.51 12.33 £ 0.61 20.22+1.00 5.46 +£ 0.27 0.98 + 0.05
164 — 174 19.31 0.27 10.51 + 044 12.56 £ 0.53 19.85 + 0.84 5.36 + 0.23 0.96 £ 0.04
174 — 184 19.78 0.28 933+ 034 11.21+£041 2144 +0.78 6.00+ 022 1.08+ 0.04
184 — 194 20.39 0.30 1143 £ 0.31 13.80 £ 037 16.27 £0.44 488+ 0.13 0.88 +0.02
194 — 203 21.01 0.31 12.19 £ 0.28 14.80 £ 0.34 14.68 £ 0.33 4.55 £ 0.10 0.82 + 0.02
203 — 212 21.61 0.31 11.91 £ 0.30 14.54 £ 0.37 14.95 + 0.38 4.63 +0.12 0.83 + 0.02
212 — 221 22.14 0.30 10.84 + 0.28 13.31+0.34 16.87 £ 0.44 5.06 £ 0.13 0.91 &+ 0.02
221 — 231 22.80 0.30 1193 £ 0.36 1472+ 045 15.26 £0.46 458+ 0.14 0.82 % 0.03
231 — 241 23.56 0.31 13.37 £ 046 16.62 £ 0.58 13.09 £ 045 4.06+0.14 0.73 + 0.03
241 ~ 251 26.43 0.32 12.62 +£ 0.34 16.12 £ 0.44 3.48 £ 0.09 1.12+ 0.03 0.75 4+ 0.02
251 — 261 29.43 0.38 10.81 £ 0.27 14.19 £ 0.35 3.34 £ 0.08 1.27 £ 0.03 0.85 + 0.02
261 — 271 33.01 0.44 10.86 £ 0.29 14.73 £ 0.39 2.79 £ 0.07 1.23+£0.03 0.82+ 0.02
271 — 278 35.21 0.45 9.02 £ 0.30 12.49 +0.41 3.18 £ 0.10 1.43+0.05 0.97+0.03
278 — 280 35.80 0.45 8.26 £ 0.41 11.48 &+ 0.58 3.41 £0.17 153+ 0.08 1.06+ 0.05
280 — 283 36.73 0.44 8.87 £ 0.26 12.46 + 0.36 3.22+0.09 142+ 0.04 097 +0.03
283 — 285 37.29 0.43 8.10 £ 0.45 11.43 £ 0.64 3.58 £ 0.20 1.54+0.09 1.06 £ 0.06

Results of gravity core PS2082-1 and multicore PS2082-3. Abreviations: DBD = dry bulk density, SR

= sedimentation rate, SAR = total sediment accumulation rate, VRR, = vertical rain rate. All errors

represent the statistical errors of one standard deviation from the mean (15) of the 230Th., measurement.

The age of each sample represents the age of the mean depth of the sampled core section.



B.6 P52082-1 and P52082-3

129

Depth,  Age, DBD,  29Th,, 2300 SR, SAR, VRR,

cm kyr  g/cm® dpm/g dpm/g em/kyr g/cm? - kyr g/em? - kyr
285 — 295 40.54 0.44 915+ 0.36 13.31 £0.53 3.08+0.12 1.35+0.05 0.91 & 0.04
295 — 306 43.58 0.45 7.38+025 11.0440.37 3.6240.12 1634006 1.10+ 0.04
306 ~— 313 44.76 0.45 7.80£0.32 11.79+ 049 591024 2.66+0.11 1.03+ 0.04
313 — 317 45.67 0.46 10.12 £ 0.24 1543 £ 0.37 440+ 0.10 2.03+0.05 0.79 + 0.02
317 — 327 48.16 0.47 1079 £ 0.25 16.83 £ 0.40 4.01 4+ 0.09 1.8840.04 0.72 + 0.02
327 — 333 49.50 0.48 9.20 £ 0.27 1453+ 043 4.50+0.13 2.16+0.06 0.83 £ 0.02
333 — 344 51.99 0.49 9.07 £ 0.28 1467+ 045 4.414+0.13 2.16+ 0.07 0.83 £ 0.03
344 — 351 53.64 0.48 945+ 028 1551+ 046 4.23+0.13 2.03+£0.06 0.78 £ 0.02
351 — 360 5591 0.46 1035+ 0256 1734+ 042 397+ 0.10 1.83+0.04 0.70 £ 0.02
360 — 370 57.95 0.38 993+ 051 1695+0.87 490+0.25 1.86+0.10 0.71 £ 0.04
370 -~ 378 5950  0.35 10.02 £ 040 1737 £0.69 517+ 0.21 1.814+0.07 0.70 £ 0.03
378 — 388 61.40 0.35 9.71+040 17.12+0.71 526+ 0.22 184+0.08 0.71 % 0.03
388 — 398 63.17 0.35 8.90 £ 0.34 1595+ 062 5.656+0.22 198+ 0.08 0.76 + 0.03
398 — 404 64.31 0.35 938+ 039 1699+0.70 527+022 1.84+0.08 0.71 +£0.03
404 — 412 65.90 0.34 10.03 £ 043 1845+ 0.78 5.02+0.21 1.71 £0.07 0.66 &+ 0.03
412 — 421 67.67 0.34 9.73 £ 047 1819+ 089 510+ 0256 1.73+£0.08 0.67 £ 0.03
421 — 431 70.27 0.34 12.66 £ 0.40 24.24 £0.76 3.85+0.12 1.31 £ 0.04 0.50 &+ 0.02
431 — 440 73.06 0.36 1399 £ 042 2749 £0.82 3.21+0.10 1.16+0.03 0.44 + 0.01
440 — 450  77.03 0.43 14.25 £ 0.43 29.03 £ 0.87 2.39+ 0.07 1.034+0.03 0.42 £+ 0.01
450 — 463 82.66 0.55 10.70 £ 0.42 22.97 £ 0.90 240+ 0.09 132+ 0.05 0.53 £ 0.02
463 — 474 86.74 0.49 10.17 £ 0.39 22.66 £ 0.88 269+ 0.10 1.324+0.05 0.53 £ 0.02
474 — 488 92.90 0.46 12.36 £ 0.37 29.16 £ 0.87 2.27 4+ 0.07 1.05+0.03 0.42 4+ 0.01
488 —~ 501 98.93 0.50 11.33 £ 0.32 28.27 £ 0.80 2.15+ 0.06 1.08+0.03 0.43 - 0.01
501 — 513 104.23 0.48 10.61 £ 0.34 27.80 £ 0.88 2.27+ 0.07 1.09+ 0.03 0.44 £ 0.01
513 — 5256 109.05 0.39 11.33 £ 0.32 31.05 £ 0.87 249+ 0.07 097+ 0.03 0.39 & 0.01
525 — 537 114.89  0.40 1278 £ 0.35 36.95 £ 1.02 2.06 &£ 0.06 0.82+ 0.02 0.33 + 0.01
537 — 549 122.11 0.46 13.04 £ 0.38 40.28 £ 1.17 1.66+ 0.05 0.76 £ 0.02 0.30 & 0.01
549 — 561 127.23 0.59 674+ 026 2184+ 085 234+009 1.38+0.00 0.50+ 0.02
561 — 573 129.83 0.66 291 +0.19 9.66 £ 0.63 4.63+0.30 3.06+0.20 1.26 + 0.08
573 — 575 130.17 0.65 2.87 £ 0.19 9.56 £ 0.64 581+0.39 3.78+0.25 1.27 4 0.09
575 — 581 131.03 0.62 251 +026 842+0.87 696+ 072 431 +044 1444 0.15
581 — 595 132.98 0.54 2.77 £ 0.31 946 £1.06 7.18+ 080 3.87+0.43 128 +0.14
595 - 607 134.44 0.44 291+049 1009+ 1.69 822+ 138 3.624+0.61 1.204+ 0.20
607 — 620 136.74 0.42 437+ 049 1546 £ 1.75 5.66+ 064 238 £0.27 0.78 £ 0.09
620 — 635 138.72 0.39 3.46 £ 040 1245+ 144 755+ 087 295+0.34 097 £0.11
635 — 645 140.00 0.36 3.54+£043 1290+ 1.56 7.844+095 2.82+0.34 094+0.11
645 — 660 142.14  0.36 3.91+0.21 1453 +£0.78 7.02+038 253+£0.14 0.83+0.04
660 — 675 14434  0.38 3.73+£0.24 1417+ 090 682+ 0.44 2.59+0.17 0.86 £ 0.05

Results of gravity core PS2082-1 and multicore PS2082-3 (continued).



130 B DATA
Depth, Age, DBD, 2807 hey, 280Th) , SR, SAR, VRR,
cm kyr  g/cm? dpm/g dpm/g cm/kyr g/em? - kyr g/cm?-kyr
675-— 690 146.48 0.38 357+ 0.24 13.82+093 6.99+ 047 266+ 0.18 0.88+ 0.06
690 — 705 148.24 0.35 3124022 12274088 852+ 0.61 298+ 0.21 0.99+ 0.07
705 — 720 15037 0.35 3.71+0.22 1487 +0.89 7.00+0.42 2474 0.15 0.82+ 0.056
720 — 735 152.33 0.34 3.46 +£0.31 1414+ 1.27 7.6240.68 259+ 0.23 0.86+ 0.08
735 — 750 15487 034 3.60+0.22 15.044+091 591+ 036 201+0.12 0.81+0.05
750 - 765 157.22 033 334+ 034 14294+ 145 6.39+ 065 211+ 0.21 0.85+ 0.09
765 — 775 159.24 033 422+ 021 18374+092 496+ 0.25 164+ 0.08 0.66+ 0.03
775 — 790 16212 0.36 3.61+0.22 1614+0.98 521+0.32 188+ 0.11 0.75+ 0.05
790 — 805 16552 0.37 405+ 025 1870+ 1.14 4.40+ 0.27 163+ 0.10 0.65+ 0.04
805 — 814 167.54 0.37 3.88+0.19 1824 4+0.90 4.454+0.22 165+ 0.08 0.66+ 0.03
814 —~ 819 168.35 0.35 2.90 £ 0.29 13.75+1.38 6.18+0.62 2.16+ 0.22 0.88 £ 0.09
819 — 835 17137 0.36 326+ 0.22 1588+ 1.07 530+0.36 191+ 0.13 0.76+ 0.05
836 — 850 174.01 037 288+026 1438 +1.31 568+0.52 210+ 0.19 0.84 +0.08
850 — 865 177.37 0.36 3.68 £ 0.26 1894+ 1.34 4.46 4+ 0.31 1.61+0.11 0.64+ 0.05
865 — 877 180.14 0.35 3.78+0.22 19.95+1.16 4.33+0.25 1524009 0.61=+0.04
877 — 890 184.51 0.35 536 £ 025 2950+137 297+0.14 1.04+0.05 0.41=%0.02
890 — 905 189.15 0.33 5.03+024 288 +1.37 3.23+£0.15 1.07+0.05 0.42+0.02
905 — 915 19429 036 535+024 32.21+142 1.94+£0.09 0.70+ 0.03 0.38+ 0.02
915 — 925 200.11 039 532+0.23 3383148 1.724+0.08 0.67+0.03 0.36 £ 0.02
925 —~ 935 206.04 040 5.02+024 3366+158 1.69+0.08 0.67+0.03 0.36+0.02
935 — 942 209.80 0.45 383+021 26584148 186+ 0.10 0.84+0.05 0.46+0.03
942 — 950 213.35 0.44 313+ 019 2245+ 1.39 2.25+£0.14 0.99 £ 0.06 0.54 & 0.03
950 — 960 216.73 0.39 259+ 015 1921 +1.15 296+ 0.18 1.15+0.07 0.63+0.04
960 — 970 219.85 0.37 244017 1863+ 1.27 3.21%+0.22 1.19+0.08 0.65 £ 0.04
970 — 978 222.04 0.37, 2.09+015 1626+ 1.16 3.65+ 0.26 1.35 +0.10 0.75+ 0.05
978 — 985 22391 037 259+£017 2052+1.33 3.75+0.24 1.39+009 0.59+0.04
985 — 995 226.72 0.37 269017 21.82+134 3.56=+0.22 1324008 0.56=£0.03
995 — 1005 230.06 037 3.11+0.17 26.07+1.39 299+ 0.16 1.11 +£0.06 0.46 £ 0.02
1005 — 1012 23293 043 3.19+0.19 27434+ 162 244+014 1.05+£0.06 0.44+0.03
1012 — 1025 238.39 0.54 253 +£029 2291+265 238+0.28 1.29+0.15 0.563+0.06
1025 — 1037 241.04  0.40 1.71 +0.20 15824+ 1.89 4.53+ 054 1.81+0.22 0.77 £0.09
1037 — 1048 24249 0.36 1.19 £ 027 11194+ 251 7.556+ 169 2.72+0.61 1.08+0.24
1048 — 1060 245.16 0.38 1.86 £ 023 1795+ 2.24 451+£056 1.71+0.21 0.68+0.08
1060 — 1070 247.41 0.41 1.71 £ 0.34 1686+ 3.32 4.43+0.87 182+0.36 0.72+0.14
1070 — 1084 250.42  0.39 1.68 £ 021 16.96 +2.15 4.66 £059 1.82+0.23 0.71+£0.09
1084 — 1091  254.00 0.37 5.00 = 1.00

Results of gravity core PS2082-1 and multicore PS2082-3 (continued).



B.6 PS2082-1 and PS2082-3 131

Age, CaCOs,  232Th, 2387y 231pg0 | 1080 Mn,  Fe,
kyr % ppm dpm/g dpm/g 10%at/g ppm  ppm
Multicore P52082-3
1.27 444+ 030 0.55+0.07 1524014 3.744 4+ 0.086 1264 15600
3.82 441026 0.72+0.10 1.16+£0.26 2.715+ 0.084 1072 11840
6.45 1.81 £0.37 0.31 4 0.05 1.854 £+ 0.032 920 8820
Gravity Core PS2082-1
4.87 54.0 3.32+ 031 0494006 1.69+ 0.29 2.580 + 0.070 1086 11560
9.19 62.0 260+ 033 042+0.05 1404 0.27 1917 4+ 0.059 1012 8680
10.94 47.0 4.00 £ 040 056010 1.22+0.24 2443+ 0.034 2232 12600
12.02 30.0 587+ 045 0.75+0.11 1.094+0.26 3.533+0.170 13400 21880
12.73 11.0 579+ 040 097+0.11 1.33+0.26 7850 25440
13.11 6.0 577+ 045 1.13+£0.12 1.12+0.27 4.073 £ 0.077 6250 27280
13.62 11.0 6.00£ 040 2484+0.19 1.15+0.28 4.272 4+ 0.094 1246 25160

14.13 7.4 6.65 + 0.40 3.02+0.19 1.22 4+ 0.29

14.66 6.7 6.36 £ 041 2.73+£0.18 1.224+0.30

15.15 7.9 590+ 040 264017 1.26+ 031 4.026 = 0.101 1632 24780
15.65 6.0 528 +£0.39 2244019 1.30+0.32

16.15 3.7 713+ 048 2.24+0.16 142+ 0.31

16.71 1.5 6.59 +£0.21 199017 1.58+0.32 4.513+0.095 1510 24960
17.24 0.9 7.48 £ 047 2.004+0.17 1.53 4+ 0.32

17.79 1.0 7890+ 044 2274018 1.64+0.35

18.31 1.3 6.73 £ 048 2.16+0.20 1.78 %+ 0.39

18.81 1.3 7.63 £ 051 2214025 2524032 4.948 4+ 0.104 1282 26780
19.31 1.5 10.10 £ 069 2.04+0.16

19.78 1.3 6.25+ 042 1.814+0.15 4.879 & 0.132 1314 25680
20.39 1.1 6.46 £ 0.35 1.62+0.14 5.118 £ 0.102 1244 27980
21.01 1.0 713 £033 1.84=+0.11 1.59+0.25

21.61 0.9 6.32 037 185 %x0.11 1.554+0.26

22.14 1.0 7.14 £ 033 2.06+£0.12 1.46 % 0.27 4.843 + 0.097 930 25200
22.80 1.6 7.32 £ 047 2.00+0.12 1.49+0.29

23.56 5.0 730 £ 060 1.77+0.11 1.50% 030 4.418 £ 0.093 1234 24780
26.43 16.0 6.93 £ 043 176+ 0.11 1.59+0.30 2830 22980
29.43 20.0 6.56 £ 0.34 1.55+0.10 1.36 £ 0.30 2132 20860
33.01 27.0 507+ 026 136=+0.14 1.02+0.31 4.227 £+ 0.093 5670 18980
35.21 36.0 517 +£031 1.05+0.12 0.74 +0.41 4900 15180
35.80 32.0 39564+ 038 1104017 0.81 £042 6950 16940
36.73 25.0 481 +025 1304+0.14 1684049 5159+ 0.108 6763 28917
37.29 18.0 543 +0.54 1.26 +£0.17 1.59 £ 0.46 2040 13800

Results of gravity core PS2082-1 and multicore PS2082-3 (continued). All errors represent the statistical
errors of one standard deviation from the mean (1¢). The 2*'Pa,, data represent three times running

means.



132 B DATA
Age, CaCOj, 2327, 2387, 31pal | 10Be0, Mn, Fe,
kyr % ppm dpm/g dpm/g 10%at/g ppm  ppm
40.54 26.0 552+039 143+0.14 1.35+ 050 3022 19040
43.58 25.5 7.82+£031 1.94+0.16 0.46 £ 048
44.76 22.0 6.28+0.36 1.66=+0.15 0.91+045 4143 +0099 1652 22540
45.67 25.0 7.22+£030 1.754+0.12 1.59 £ 0.39
48.16 26.0 7.61+£033 143+0.10 1.84+ 042 4231 £0093 1494 23840
49.50 25.0 7.91+ 037 157+0.10 203+ 0.44 2040 21560
51.99 28.0 6.65+040 1214008 2024050 4.060+0098 3918 19400
53.64 26.0 5704035 0.87+0.09 162+0.53 4256 26800
55.91 26.0 6.80+032 0944010 169+ 0.62 2892 21200
57.95 110 6.91+0.60 0974017 2514077 5948+ 0125 1514 28940
59.50 2.5 854+056 1.41+018 287091
61.40 1.0 7204053 1.47+0.21 282+ 0.90
63.17 0.5 6.70+034 1.61+017 244+0.92 5493+ 0.110 994 31020
64.31 10 7.60+045 2464021 2.98 4 0.90
65.90 3.4 77+£053 2.37+0.18 247+ 1.00
67.67 37 7.53+£058 219+0.10 1.83+1.03 51220108 866 26900
70.27 75 7.27+046 237+£020 2324112
73.06 13.0 7.07+043 1.92+0.18 187 +1.19
77.03 27.0 7.03+£043 2004019 186+ 1.33 4.990 £ 0.090 880 20820
82.66 49.0 551043 1.74£015 1.224 136 3.499 £ 0070 1626 14100
86.74 325 598+ 046 1.16+0.16 2.90 + 1.46
92.90 20.0 7274046 101£0.14 5114157 5430 +0.109 674 20400
98.93 33.0 578 +£038 0.81+0.13 551 +1.84

104.23 27.0 5.90+0.39 0.94+0.16 503+ 1.86 5587 +0.145 1004 20300
109.05 20.0 6.86 4040 0.92+0.12 371+ 1.89

114.89 170 7.15+045 1.094£0.13 577+212 5789 £0.110 672 24740
122.11 33.0 7.4+ 049 0.89+0.13 473+ 255 5043 £0.096 1000 22720
12723 54.0 3.954 035 047+008 641+300 3261 +0068 2036 13960
129.83 62.0 2.824+027 048007 4.88+£310 2118+0.055 5368 10280
130.17 58.0 3.5240.31 0.63+011 7.01+3.32 13650 13200
131.03 52.0 3.97 4 0.43 0.69+0.10 4.46 + 3.72 10610 19220
132.98 470 2.67+0.36 1.27+0.18 3.97 +4.45 3514 14560
134.44 36.0 4.97 +0.46 3.70+025 4524531 2470+ 0.057 1668 16760
136.74 26.0 644 £0.64 4.11+022 4.65+ 555

138.72 146 592+ 046 330+021 551+ 3.81

140.00 7.5 7.60 £ 0.56 2.27 %+ 0.22 4107 £ 0.078 1624 25580
142.14 44 670+ 0.28 2.34 +0.13

144.34 9.3 5.86+029 2274013

Results of gravity core PS2082-1 and multicore PS2082-3 (continued).



B.6 P52082-1 and P52082-3

Age, CaCOs, 232, 2387y, 231pgl 10Re0, Mn,  Fe,
kyr % ppm dpm/g dpm/g 10%at/g ppm  ppm
146.48 136 6.01+0.26 238013
148.24 6.2 7.41+0.32 215+ 0.12 4.325 4+ 0.099 1524 29680
150.37 2.0 842 +0.32 2.10%+0.12
152.33 2.3 8.38+034 1.96+0.23
154.87 3.0 7.34+0.34 2.22+0.12 4.490 4 0.090 1896 26540
157.22 1.3 5684060 1.89+0.11
159.24 11 7.97+031 186+ 0.11
162.12 3.0 6.62+027 1.86+0.12
165.52 6.5 6.3240.31 1.97+0.13
167.54 7.0 7.77+0.32 1.67+0.09 5.207 + 0.099 1376 24660
168.35 5.0 6.82+ 046 1.61+0.16
171.37 2.3 7.20+0.37 1.8840.12
174.01 25 7.72+£049 1.8440.13 5.222 + 0.089 1006 28800
177.37 0.8 7.89+0.36 2.1440.15
180.14 0.5 827=+0.34 2.00+0.12 6.034 + 0.103 638 28420
184.51 06 9524045 2114012 6.552 + 0.177 508 25360
189.15 0.5 7.65+0.37 1.96+0.13
194.29 3.8 8.21+0.37 1.93+0.13
200.11 10.0 9.03+£0.40 1.61+0.12 5.655 + 0.130 706 28040
206.04 10.0 8.64 +0.37 1.53 4 0.12 5.922 + 0.113 776 27000
209.80 18.0 5.89 +0.33 1.33 £ 0.10 1442 23960
213.35 18.0 5.88 + 0.30 1.13 4 0.10 5.008 +0.102 2712 22740
216.73 55 7.57+0.31 1.10+0.08 1752 28320
219.85 1.0 7.35+0.31 0.98 % 0.09 4252 29800
222.04 0.6 7.0+ 0.30 0.98 =+ 0.08 4589 +0.092 1504 28601
223.91 08 676+028 1.20+0.12 696 22200
226.72 0.7 7.61+030 1.09+0.10
230.06 50 7.04=+0.28 1.10+0.09 5219+ 0.104 864 26910
232.93 26.0 5.1940.25 1.46 =+ 0.09
238.39 45.0 5.00+0.27 2.10+0.15
241.04 19.0 473 +£0.28 1.2140.12
242.49 8.0 6.36+£030 1.75+0.18 4.453 & 0.134 1608 25720
245.16 115 6.52+0.28 2.41+0.15
247.41 140 6.22+£0.29 3.19 4+ 0.22
250.42 7.0 6.924 033 2.07+0.12
254.00 18 7.17+£0.29 3.59 +0.25 4749 +£0.100 1613 26344

Results of gravity core PS2082-1 and multicore PS2082-3 (continued).
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134 B DATA
VRR
rel, VRR VRR biog. VRR VRR
Age, PRC, 10Be, 231Pa.,, opal, Bagio, Al O3, 2387 auth.,
10%at/ dpm/ 8/ mg/ mg/
kyr em? - kyr em? - kyr em? - kyr em? - kyr em? - kyr dpm/g
Multicore PS2082-3
1.27 0.95 1.495 £ 0.020 0.58 £ 0.05 0.00 + 0.00
3.82 1.00 1.313 £ 0.019 0.56 £ 0.13 0.00 £ 0.18
6.45 1.05 1.413 £ 0.052 0.00 £ 0.09
Gravity Core P§2082-1

4.87 0.93 1.449 +0.027 0.88+0.15 0.08+£ 0.00 0.50 & 0.01 24.54 & 0.46 0.00 £ 0.08
9.19 1.04 1.453 £ 0.040 1.10+0.22 0.09+ 0.00 0.44 £ 0.01 22.23 &+ 0.62 0.00 % 0.10
10.94 1.05 2.413 +£0.068 1.26 +0.25° 0.13 £ 0.00 0.78 £ 0.02 48.75 + 1.37 0.00 &+ 0.07
12.02 1.08 2.444 4 0.069 0.81 £0.19 0.13+0.00 0.75+£ 0.02 49.16 £ 1.38 0.00 &+ 0.02
12.73 1124+ 0.22 0.21£001 063+ 002 5841+ 159 0.00+0.26
13.11 1.18 3.2724£0.115 1.07+£ 026 0.28+0.01 067+ 0.02 67.71 £2.38 0.07 £ 0.35
13.62 1.22 3.806+0.143 1.24+£0.31 0.30+£0.01 0.67 4+ 0.03 91.95+ 3.45 1.37+£ 0.37
14.13 1.21+£0.29 0.35+0.01 045+ 0.02 1.79 + 0.41
14.66 1.214+0.30 0.344+0.01 0.28+ 0.01 1.56 £ 0.39
15.15 1.30 3.196 £0.120 1.30+0.32 0.33 £0.01 0.45+ 0.02 81.69 + 3.07 1.55+ 0.36
15.65 1.30 4+ 0.32 0.36 £ 0.01 0.60 & 0.02 1.27 £ 0.32
16.15 1494033 0.37 £ 0.01 0.67 £ 0.03 0.92 £ 0.44
16.71 1.39 3.018+0.072 1474030 033+001 063001 77424184 0.77+ 041
17.24 1.62 4+ 0.32 0.35 £0.01 0.83 £ 0.03 0.62 £ 0.46
17.79 1.61+£ 032 0.29 £0.01 0.92 £ 0.03 0.81 + 0.49
18.31 1.64 +037 024 +£001 0.83+0.03 0.92 + 0.41
18.81 1.37 3551 +£0.175 248+ 034 0.32+0.02 081+0.04 81.69+4.03 080+ 047
19.31 0.30 & 0.01 0.84 + 0.04 0.18 £ 0.62
19.78 1.37 3.852 £ 0.140 0.34 +£0.01 0.99+0.04 89.87 +£3.26 0.66+ 0.38
20.39 1.37 3.280 4 0.089 0.24 £ 0.01 0.75 £ 0.02 77.58 £ 2.10 0.43 £ 0.40
21.01 1.30 £ 0.21 0.26 £ 0.01 0.64 &+ 0.01 0.52 £+ 0.44
21.61 1.29 4 0.22 0.25 £ 0.01 0.60 & 0.02 0.68 £ 0.39
22.14 1.30 3.394 £0.088 1.334+£0.25 0.29+0.01 0594002 8049+ 209 0.74+0.44
22.80 1.22 4+ 024 0.26 £0.01 041+ 0.01 0.65 £ 0.45
23.56 1.22 2.640 £0.092 1.09 4 0.22 0.21 +£0.01 035+ 0.01 61.68 &+ 2.14 0.42 £ 0.45
26.43 1.20 £ 0.23 0.20+0.01 0.35+0.01 60.79 &+ 1.66 0.48 + 0.43
29.43 1.16 £ 0.26 0.21 £ 0.01 0.41 4+ 0.01 64.23 £1.59 0.34 £ 0.40
33.01 1.18 2.948 £ 0.079 0.84+0.26 0.19+£0.01 0.39 +£0.01 5879+ 1.58 0.42+ 0.31
35.21 0.724+ 040 0.194+0.01 044+ 0.01 6568+ 2.15 0.104+ 0.32
35.80 0.85+£045 0.20+£0.01 0464002 67.504+ 3.39 0.37+0.24
36.73 140 3.585 4 0.104 1644+ 048 0.23+0.01 043 +£0.01 62.19+ 1.80 0.41 +0.30
37.29 1.69 + 0.49 0.28 £ 0.02 0.42 + 0.02 71.74 £ 4.00 0.26 &+ 0.33

Results of gravity core PS2082-1 and multicore PS2082-3 (continued). PRC = relative production rate

changes of cosmogenic radionuclides following Mazaud et al. (1994). Biogenic barium and Al;O3 data are

from Niirnberg (1995). Biogenic opal data are from G. Bohrmann (unpub. res.). All errors represent the

statistical errors of one standard deviation from the mean (1) of the 2®*The, measurement except the

231 Pay errors where it represents the quadratic sum of the 1o uncertainties of the ?3°The, and 231 Pac,

measurempents. The error of the authigenic *3U concentrations represents the range of the lithogenic
238U /232Th activity ratio between 0.5 and 1.



B.6 PS52082-1 and PS2082-3
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VRR
rel, VRR VRR biog. VRR VRR
Age, PRC, 10Be, 231Pa.,, opal, Bayio, . Al,O3, 238U auth.,
10%at/ dpm/ g/ mg/ mg/
kyr em? - kyr cm? - kyr cm? - kyr em? - kyr cm? . kyr dpm/g
40.54 123+ 046 0.19+0.01 0.284+0.01 68.46 + 2.72 0.41 + 0.34
43.58 0.51 4+ 0.562 0.16 + 0.01 0.25+ 0.01 0.50 & 0.48
44.76 1.20 3.548 £ 0.146 093+ 0.46 0.15%+0.01 030001 77.29+ 3.19 0.504 0.39
45.67 1.256+£ 031 0.13+0.00 0.25£0.01 0.42 £ 0.44
48.16 1.02 2987+ 0.070 1.324+0.30 0.11+0.00 024 +0.01 5279+ 124 0.03+ 0.47
49.50 1.69+ 037 010+ 000 023+0.01 5801+ 1.70 0.11 4 0.49
51.99 0.95 3.5639 +£0.108 1.674+0.42 0.13+0.00 0.18+ 0.01 54.37+ 1.66 0.00 % 0.39
53.64 1.27 £ 042 0.17+0.01 0.19+0.01 5068+ 1.51 0.00=+ 0.17
55.91 1.18 £ 044 0.16 £ 0.00 0.18 £ 0.00 44.67 &+ 1.07 0.00 & 0.10
57.95 1.12 3.797 £0.196 1.79+ 056 0.21+0.01 036+£0.02 53.76+ 2.77 0.00=% 0.12
59.50 2.00 £ 0.64 0.20£ 0.01 0.56 £ 0.02 0.00 + 0.36
61.40 2.00 £ 064 0.21+0.01 0.64+0.03 0.14 £+ 0.44
63.17 1.28 3.2614+£0.126 1854070 0224+001 080%0.03 70.00%+ 271 037x£ 041
64.31 1634+ 064 0.204 0.01 0.86 + 0.04 1.06 &+ 0.47
65.90 1624+ 066 0.184 0.01 0.70 &+ 0.03 0.94 + 0.48
67.67 1.24 275240134 1224069 0204001 0.53+003 5888+ 287 0.80+ 0.46
70.27 1.16 £ 0.56 0.16 £ 0.00 0.37 + 0.01 1.03 & 0.45
73.06 0.82+ 052 0.13+£0.00 047+ 0.01 0.62 £ 0.43
77.03 1.07 1.947 £0.058 0.77 £ 055 0.11+0.00 0294001 2747+ 0.82 0.70 +0.43
82.66 1.09 1.694 £ 0.066 0.644+0.72 0.084+0.00 0.16 4 0.01 2777+ 109 0724 0.34
86.74 1.55 £ 0.78 0.124+£0.00 0.28+0.01 0.06 £+ 0.37
92.90 1.25 1.806 £0.064 2.124+065 0.09+0.00 032001 3048+ 091 0.004 0.12
98.93 2.36 £ 0.79 0.09+£ 000 0.39+0.01 0.00 £ 0.10
104.23 1.33 1.832+0.058 2194082 0094000 0524002 31.15%+ 099 0.00%£0.21
109.05 145+ 0.74 0.11+0.00 0.62 +0.02 0.00 & 0.08
114.89 1.47 1.29240.036 189070 0.09+000 052+£001 26834 074 0.004%0.21
122.11 1.43 1.061 £0.031 1.4240.77 0064000 042+ 001 2263+ 0.66 +
127.23 1.38 1.311 £ 0.061 3.56 £ 1.67 0.09+ 0.00 0.33 £0.01 23.99 4+ 0.93 +
129.83 1.33 1999 £ 0.130 6.12+£391 0.16+£0.01 038002 4247+ 2.76 0.00+£ 0.13
130.17 8.80 £4.26 0.16 £0.01 0.29+0.02 45304+ 3.04 0.0040.20
131.03 6.43 £539 0.24+£003 0234002 54.15+ 5.59 0.004 0.20
132.98 5.08+£ 573 0.294+£0.03 029+003 45.77+ 509 0.78 +0.16
134.44 1.24 2.392 £ 0.400 543 +£6.44 0.30+0.05 0.00+£0.00 6549+ 10.96 2.78 & 0.31
136.74 3.65 £4.37 0.20+£0.02 0.16 £ 0.02 2.92 + 0.40
138.72 5.36 £ 3.76 0.26 £ 0.03 0.58 &+ 0.07 2.21 + 0.36
140.00 1.15 3.356 £ 0.405 0.25+£0.03 094011 7949+ 959 0.87+ 0.47
142.14 0.23+£0.01 088+ 0.0 1.10 + 0.41
144.34 0.22 £0.01 0.90 £ 0.06 1.19+£0.36

Results of gravity core PS2082-1 and multicore PS2082-3 (continued).



136 B DATA
VRR
rel, VRR VRR biog. VRR VRR
Age, PRC, 10Be, 281pae,, opal, Bauio, Al O3, 2387 auth.,
10%t/ dpm/ g/ mg/ mg/
kyr em? - kyr em? -kyr  cm?-kyr em? - kyr em? - kyr dpm/g

146.48 0.20 £ 0.01 0.88 £ 0.06 1.27 £ 0.37
148.24 1.10 3.883 £ 0.279 0244002 1.054+0.08 9471+ 680 0.78 £ 046
150.37 0.22 +£ 0.01 0.96 £ 0.06 0.55 £ 0.52
152.33 027 £0.02 122+ 0.11 0.41 £+ 0.52
154.87 1.27 2.849 4+ 0.172 024+ 001 1.254+008 71.21+ 4.30 0.87 +£0.45
157.22 0.25+ 0.03 1.14 &£ 0.12 0.84 £ 0.35
159.24 0.20 £ 0.01 084+ 0.04 0.39 £+ 0,49
162.12 0.23+0.01 0.92 + 0.06 0.64 + 0.41
165.52 0.20 £0.01 0.91 £ 0.06 0.80 £+ 0.39
167.54 1.25 2,768 + 0.137 0.214+ 001 0944+005 5496+ 2.72 0.24 4+ 0.48
168.35 0.26 +£0.03 1.27 +0.13 0.35 & 0.42
171.37 0.21 £ 0.01 1.05 £ 0.07 0.55 £ 0.44
174.01 1.20 3.668 &+ 0.335 0244002 1.124+0.10 74.47+ 680 0.42 4 0.47
177.37 0.19 4+ 0.01 0.90 £ 0.06 0.68 £+ 0.49
180.14 1.19 3.080 + 0.179 0.194+ 001 1.03+£0.06 5596+ 3.26 047 £ 0.51
184.51 1.26  2.136 £ 0.089 012+ 001 0.84+0.04 3784 1.76 035 +0.59
189.15 0.11 £ 0.01 0.92 £0.04 0.55 £+ 0.47
194.29 0.07 £ 0.00 1.02 £ 0.04 0.42 + 0.50
200.11 1.22 1.661 +0.073 0.06 £ 0.00 0.82+004 3233+ 1.42 0.00 £ 0.50
206.04 2.132 £ 0.100 0.07 £+ 0.00 063 +£0.03 2877+ 1.35 0.00 £ 0.47
209.80 0.114+£0.01 0.55+£0.03 3171+ 1.76 0.24 £0.36
213.35 2.752 £ 0.171 0.16 £ 0.01 0.68£0.04 3857+ 2.39 0.05+£0.36
216.73 0.22 % 0.01 0.94 £0.06 4981 + 2.97 0.00 £ 0.17
219.85 023+ 002 090006 5380+ 3.66 0.00+£0.08
222.04 3.420 + 0.244 0.28 £ 0.02 1.06 +£0.08 5745+ 4.10 0.00 £ 0.11
223.91 0.18 £ 0.01 1.06 £0.07 54.40 + 3.54 0.00 +0.37
226.72 0.13 £ 0.01 1.06 +0.06 0.00 £ 0.15
230.06 2.427 £ 0.130 0.11 £ 0.01 0.93 4+ 0.06 41.08+ 2.19 0.00+0.23
232.93 0.08 £ 0.00 0.75 4 0.04 0.50 £ 0.32
238.39 0.14 £ 0.02 0.14 £ 0.02 1.18 4+ 0.31
241.04 0.30 + 0.04 0.69 £+ 0.08 0.34 + 0.29
242.49 4.824 + 1.082 0.42 & 0.09 1.25 4 0.28 77.40 &+ 17.36 0.58 x 0.39
245.16 0.22 4+ 0.03 0.78 £0.10 1.21 £ 0.40
247.41 0.24 £ 0.05 0.46 £+ 0.09 2.04 4+ 0.38
250.42 0.25 4+ 0.03 1.06 4 0.13 0.79 £+ 0.43

Results of gravity core PS2082-1 and multicore PS2082-3 (continued).



