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Abstract

We present the first transect of dissolved '°Be depth profiles across the Antarctic Circumpolar Current (ACC) in
the Atlantic sector. North of the Polar Front the '°Be concentrations increase continuously from very low values at
the surface to values of up to 1600 atoms/g at depth. Deep water '°Be concentrations of particular water masses are
consistent with earlier results obtained further north. South of the Polar Front and in the Weddell Sea the distribution
of 1°Be is also characterised by low surface concentrations but below 1000 m depth the concentrations are relatively
constant and significantly higher (up to 2000 atoms/g) than further north, probably as a result of mixing and
advection of water masses of Pacific origin. Overall the deep water '°Be distribution is obviously not significantly
affected by scavenging processes or ice melt and comparison with the density distribution suggests that '°Be can be
viewed as a quasi-conservative tracer. This provides a tool for an improved understanding of the behaviour of other
more particle reactive trace metals in the Southern Ocean such as 2Th: in deep waters north of the ACC/Weddell
Gyre boundary (AWB) '°Be/?**Th has a relatively constant value (1.7+0.3X10° atoms/dpm) over a wide density
range whereas south of the AWB the ratio is significantly lower (1.1 £0.2x 10° atoms/dpm). This normalisation to
10Be corroborates that 2*°Th is enriched by 50% due to accumulation south of the AWB as a consequence of minimal
particulate fluxes. The quasi-conservative behaviour deduced from our results also implies that '°Be can only be used
as a tracer for Southern Ocean particle fluxes in the past if ocean circulation patterns and water mass residence times
did not change significantly. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The behaviour of the particle reactive radionu-
clides 9Be, 2*'Pa and 2*Th in the oceans has been
subject of numerous studies. The value of these
three isotopes arises from their constant produc-
tion rates, but different residence times, which al-
lows detailed investigation of particulate fluxes
and water mass advection in the present and
past ocean.

Cosmogenic '°Be (half-life=1.5 Myr) is pro-
duced at an essentially constant rate in the upper
atmosphere and is then transferred to the surface
ocean by precipitation. For this study we will use
a global average '"Be production rate of
1.21+0.26 X 10° atoms/cm? yr [1]. Although there
are latitudinal variations in the atmospheric depo-
sition of °Be [2], these are expected to be homo-
genised due to the relatively long average resi-
dence time of °Be in the ocean of about 500-
1000 yr [3-5]. The residence time is a function
of the particle reactivity of 'Be and allows the
buildup of nutrient-type water column profiles
[6]. It also leads to a pronounced effect of bound-
ary scavenging, i.e. 'Be is transported from low
particle flux areas such as central ocean gyres to
the ocean’s boundaries or other high particle flux
areas and is scavenged there in excess of its pro-
duction rate [7,8]. In deep waters the ratio be-
tween !°Be and stable *Be has been used to trace
deep ocean circulation [9]. The '"Be/’Be in deep
waters increases with the age of the water masses,
which is mainly a consequence of a 2.5-fold in-
crease of the 'Be concentration along the deep
thermohaline circulation from the deep north
Atlantic to the deep north Pacific [4,6,10].

20Th  (half-life=75200 yr) and 2'Pa (half
life=32000 yr) are produced at constant rates
of 0.0263 dpm/m?® yr and 0.00233 dpm/m’ yr,
respectively, by radioactive decay of U which is
homogeneously distributed in the ocean. Their
particle reactivities are much higher than that of
10Be leading to water column residence times on
the order of 5-40 yr for Th and 50-200 yr for Pa
[11-13].

These differences in residence times are accom-
panied by differential adsorption as a function of
particulate matter composition in the ocean. Th is

the most particle reactive of the three elements
and shows little differential scavenging, although
there have been suggestions that detrital clays
may be the most efficient scavengers [14]. Pa
shows an enhanced adsorption to biogenic opal
[15,16]. For '"Be, efficient scavenging by detrital
aluminosilicates [17,18] and biogenic opal have
been discussed [19].

In the Atlantic sector of the Southern Ocean
the behaviour of Th and Pa is controlled by the
balance between scavenging, ingrowth and advec-
tion [20]. It has been demonstrated that 2*°Th is
enriched in the Weddell Sea water column, which
is most likely explained by the coincidence that
the ventilation time (~35 yr) of the Weddell
Sea by LCDW (Lower Circumpolar Deep Water,
including a contribution of North Atlantic Deep
Water, NADW) is of the same order as the scav-
enging residence time of Th, which is on average
about 30 yr. This situation, stimulated by an even
longer scavenging residence time within the Wed-
dell Sea as a result of extremely low particulate
fluxes, allows a buildup and finally an export of
Th from the Weddell Sea to the Antarctic Cir-
cumpolar Current (ACC). A similar enrichment
of !Pa was not observed, in line with its longer
average scavenging residence time of approxi-
mately 100-200 yr and the short Weddell Sea ven-
tilation time. This does not allow the isotope to
accumulate significantly during residence in the
Weddell Sea. Walter et al. [21] have shown that
the Th scavenging rate in the Weddell Sea is in-
deed reduced by approximately 60%, thus verify-
ing the assumptions made for the modelling that
gave the best fit to the 2°Th data from the central
Weddell Sea (station 227 in [20]).

The evaluation of the scavenging behaviour of
Pa is complicated by the fact that »*'Pa is ad-
vected southward from the Atlantic into the
Southern Ocean [22]. South of the Polar Front
the preference of Th over Pa scavenging collapses,
probably as a result of enhanced Pa scavenging by
biogenic opal. As a result, Pa is scavenged effec-
tively in the Weddell Sea despite low overall par-
ticulate fluxes.

The distribution and scavenging behaviour of
cosmogenic '“Be in the world ocean has many
similarities to those of 2**Th and ?*'Pa. Although
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Fig. 1. Map with locations of the stations. The stations PS1751 to PS1785 are indicated by their two last digits. The positions of
the Subantarctic Front (SAF) and the Polar Front (PF) east of 20°W are based on hydrographic observations during the expedi-
tion ANT VIII/3. The mean positions of the PF west of 20°W and of the ACC-Weddell Gyre Boundary (AWB) are given ac-

cording to [46]. For comparison also the locations of previous water column studies of °Be in the Southern Ocean (Kk [29]) and
sediment core studies (RC cores [24]; PS1772-8, PS1768-8, PS1756-5, PS1754-1, PS2082-1 [18]; PS1170, PS1388 [39]) are indi-

cated.

its source function is entirely different from that
of the two uranium daughters all three are subject
to reversible exchange with suspended particles,
their scavenging flux depends on the particle
rain rate, and the extent of boundary scavenging
depends on the distance that can be covered dur-
ing the scavenging residence time, being largest
for Be and smallest for Th. Comparative studies
of these elements allow insights into processes
linked to particulate fluxes, scavenging preferen-
ces and advective transport within water masses
in the ocean of the present day [23] and the past
[24,22,18,25]. In this study we present a set of
eight new water column profiles of '°Be concen-
trations in the Weddell Sea and the Atlantic sec-
tor of the ACC from where up to now no '“Be
measurements have been available. Together with
20Th and *’'Pa measurements which were ob-
tained on the same sample set and published pre-
viously [20] and sedimentary data from similar

locations [24,18] these data offer a unique oppor-
tunity to improve the understanding of the
scavenging behaviour of all three radioisotopes.
They allow the investigation of the relative impor-
tance of amount and material of the particulate
fluxes and advective transport in the complex hy-
drography of the Atlantic sector of the Southern
Ocean. These results also have implications for
the use of °Be, 2*°Th and Z!'Pa to reconstruct
Late Quaternary particle fluxes and export pro-
ductivity.

2. Materials and methods

During Polarstern expedition ANT VIII/3 in
November 1989, the water column was sampled
at eight stations situated along two transects
across the frontal system of the ACC (Fig. 1).
Details on station location and hydrography are
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Table 1

Dissolved 'Be concentrations, 1*Be/?**Th and '°Be/?’!Pa ( % 1o uncertainties)

Water depth Density (6,) 10Be 10B¢/20Th 10B¢/231 Pa
(m) (kg/m3) (at/g) (10° at/dpm) (10° at/dpm)
PS1755

10 36.118 369190 2.07+0.73 -t

100 - 517+£99 -t -t

2500 37.059 1015322 1.64+0.52 343+ 1.13
PS1759

10 36.341 0+0 0+0 —*-

100 - 0£0 -t —*-

300 36.559 266 £ 149 0.82+0.46 2.78+1.67
800 36.838 898 + 141 2.18+0.35 3.55%0.70
2200 37.077 1333£253 1.70+0.33 5.89+1.32
3600 37.137 1692 + 235 2.54%0.36 4.81+0.79
PS1759

10 36.674 532194 0.87+0.17 -t

100 - 386198 - —*-

300 36.806 7921127 2.11+0.36 5.38%1.17
600 36.944 767+ 146 1.27£0.25 2.66+0.56
1900 37.119 1188 £ 109 1.39+0.13 4.411+0.62
3200 37.170 1493 £209 1.46+0.21 3.59%0.61
PS1772

10 36.969 608112 1.05+0.21 —*-

130 - 512+ 88 -t -t

265 - 558+ 141 —*- —*-

400 37.069 969 + 187 0.95+0.18 3.66£0.73
1600 37.167 1869 £ 277 1.38+0.21 5.54£0.88
2800 37.198 1621£120 1.01£0.08 5.26%£0.46
4000 37.207 1568 £125 1.03+0.08 3.79%£0.35
PS1777

10 36.123 0£0 0£0 —-*-

100 - 367+ 156 -t —x—

400 36.594 486+ 131 1.68 £ 0.46 3.04£0.88
900 36.852 860 155 1.97+0.36 3.21£0.64
1650 37.005 1007 £ 166 1.54+0.26 3.27£0.72
2400 37.101 1144 £ 152 1.62+0.22 4.541£0.92
PS1782

10 36.522 29042 0.72%£0.13 —-*-

100 - 248 +29 -t —x—

600 37.056 1198 £ 117 1.79+£0.18 4.99£0.64
2000 37.156 1936 £120 1.79+0.12 5.45%+0.42
3500 37.197 2027+£233 1.82+0.21 6.77+0.82
5000 37.209 1684 £ 194 1.37+0.16 4.61£0.58
PS1785

10 36.559 S511+97 1.13+0.23 -t

100 - 335+48 -t —*-

600 37.072 1291 £ 115 1.83+0.17 4.72£0.67
2500 37.180 1605 £ 143 1.28+0.12 5.19%0.68
4000 37.212 1776 £ 142 1.23+0.10 6.26+0.68
5500 37.220 1329+ 82 1.09£0.07 4.19+0.35
6500 - 2006+ 112 -t -t

227

25 - 254+23 -t —*-

160 37.102 1103£70 1.34+0.10 -t

1300 37.165 1721£112 1.10+£0.07 4.56£0.58
2600 37.197 1724+ 107 0.95%0.06 4.06+0.59
3900 37.219 1597+ 86 0.90+0.05 4.09£0.42
5200 37.228 1493 £ 84 1.04+0.06 4.19£0.76

For reference we have also included the density (o3) from [20], where the original 2°Th and 2*'Pa data and additional informa-
tion for these water samples are available.
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given in the cruise report [26]. Station 227 in the
Weddell Sea was sampled during expedition ANT
IX/3 in March 1991. This station was selected to
be in the centre of the Weddell Gyre. Profiles of
dissolved and particulate Th and Pa were ob-
tained with COSS stand-alone pumps following
procedures given earlier [20]. Discrete large-vol-
ume water samples were taken with Gerard bot-
tles deployed at the same depth and on the same
wire.

The samples were filtered through 142 mm 1 um
nuclepore filters and separate 20 1 samples were
collected for '°Be analysis. These samples were
weighed, acidified with 20 ml of concentrated
HNO;, different yield tracers (such as >*Th and
233Pa) and 0.5 ml of a ?Be carrier (with a concen-
tration of 1.04 mg °Be ml™!) were added, and
250 mg Fe carrier (FeCl;) in dilute HCI were
added and mixed. After a 24 h equilibration
time, Th, Pa, and Be were coprecipitated as
Fe(OH); and Mg(OH), with NHj3 at pH 9.5-10.
The precipitate was dissolved in concentrated HCI
and Th was coprecipitated as Fe(OH); for 2**Th
analysis with concentrated NHj; until pH 8.5.
After the procedure to separate Th and Pa on
anion exchange columns, the supernatant and
washings of the Fe(OH); precipitate were com-
bined with the rinses of the anion exchange col-
umn and brought again to pH 10 with NHj3 in
order to coprecipitate Be with Mg(OH),. The pre-
cipitate was dissolved in 1.5 N HCIl and Mg was
separated on a DOWEX 50X 8 ion exchange col-
umn. For removal of B and Al some millilitres of
saturated Na—EDTA solution were added to the
1.5 N HCI eluate of the ion exchange column, the
pH was set to 4 and 20 ml acetyl-acetone were
added. On the following day 20 ml of chloroform
were added and the solution was stirred for 2 h
whereby the Be was transferred to the chloroform
phase while Al and B remained in the solution,
which was separated. After addition of 20 ml 8§ N
HCI and by stirring for another 2 h the Be was
transferred to the acid phase, separated and pre-
cipitated at pH 9 again. After several washings
with distilled water to reduce the remaining
amount of B in the samples the Be(OH); was
ashed to BeO at 1000°C and prepared for accel-
erator mass spectrometry (AMS) measurements at

the AMS facility of ETH Zurich and the Paul
Scherrer Institute following standard procedures.
The concentrations were normalised to internal
standard S555 with a nominal '"Be/’Be ratio of
95.5% 10712 (Table 1). The 1o statistical uncer-
tainties of individual samples take into account
both the statistics of the °Be ‘counts’ and the
reproducibility of repeated measurements, which
were performed for each sample. This is the rea-
son why some of the samples, for which high
water column concentrations were obtained,
have larger uncertainties than others with lower
concentrations.

It is noted that only the dissolved phase was
analysed for 'Be concentration. For the far
more particle-reactive 2*°Th, the particulate activ-
ity usually accounted for 5-20% of the total ac-
tivity, with some values up to 38% in surface
waters and up to 45% in deep waters containing
resuspended material [20]. As the oceanic resi-
dence time of 'Be in the ocean is about an order
of magnitude longer than that of 2*Th, it is rea-
sonable to assume that the particulate concentra-
tion of 'Be is =10% of the total concentration
and much less than 10% in mid-depth waters.

3. Results

The dissolved '"Be concentrations for all eight
stations of this study increase with depth from
values between non-detectable amounts and 600
atoms/g in the surface water to values between
1400 and 2000 atoms/g at depth (Fig. 2). The
pattern of the !°Be distribution, in particular
that of the four southern profiles, seems to resem-
ble that of nutrient-type elements: there is a sur-
face depletion, some increased values below the
euphotic zone, constantly high values below, and
sometimes a decrease again towards the bottom.
A similar pattern has been observed for '°Be in
other ocean basins before and has been inter-
preted as a consequence of adsorption/desorption
processes associated with sinking and reminerali-
sation of biogenic particulates [6]. The intermedi-
ate-depth maximum in '°Be concentration, which
is most pronounced in the southernmost stations
PS1772 and 227, is, however, not at the shallow
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Fig. 2. Profiles of dissolved °Be (atoms/g) against water depth (m) with 10 uncertainties of the AMS measurements. For each lo-
cation the depth of the sea floor is given as grey bar. The data of PS1782 are given by grey line and symbols.

depths where major remineralisation of biogenic
materials occurs in the Weddell Gyre [27] but
rather at a depth of about 1500 m. This suggests
a different origin of these !°Be variations, namely
a predominant control of the different water
masses with their distinct '°Be concentrations
(see Section 4).

The four northern profiles from the Polar Fron-
tal Zone and the northern Antarctic Zone show
systematic differences to the southern profiles
from the southern Antarctic Zone and the Wed-
dell Sea (Fig. 2). The northern profiles show some
variability in the '°Be concentrations in the upper-
most 500 m but then increase linearly to the bot-
tom. Maximum concentrations above bottom
range from 1000 to 1700 atoms/g. In contrast,

the southern profiles show a more rapid increase
of concentration with depth, which is then either
followed by constant values between 1000 m
depth and the bottom or a slight decrease near
the bottom. The only exception is the deepest
sample from the deep profile PS1785, which
shows a marked near bottom maximum. In gen-
eral, the 'Be concentrations at depths greater
than 1000 m are higher than in the northern pro-
files and range between 1400 and 2000 atoms/g.
All profiles located between 52°S and 56°S
show a slight enrichment in the uppermost sam-
ple, pointing to either the precipitation-controlled
atmospheric °Be input into the ocean, which has
been suggested before [3,6], or to some input from
melting of icebergs in this area. No such surface
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Fig. 3. (a) Dissolved '°Be concentration (atoms/g) and (b) salinity (%o) for a composite water column section between 46°S and
62°S (combining profiles from different longitudes). In panel b salinity contours between 34.55 and 34.80 %o are given in 0.05 %o
steps (solid lines) and two additional contours at 34.675 and 34.685%o are given as dashed lines. This section includes the Sub-
antarctic Front (SAF), the Polar Front (PF) and the ACC-Weddell Gyre Boundary (AWB, position according to Whitworth and
Nowlin [31]). The positions of the stations 82 and 85 which are located west of the other locations were shifted according to their
positions relative to stations 68 and 72, respectively, in the o, density distribution at 2000 m. Despite this adjustment the data
between 1000 m and 3000 m depth at station 85 are slightly different (dashed isoline) which is due to the large distance between
the stations and thus small differences in the water masses involved. Note that the morphology of the sea floor appears to be
steep due to the inclusion of the two more westerly located stations, one of which is from the deep South Sandwich Trench. It is
also emphasized that the southward intrusion and upwelling of the salinity maximum in panel b is entirely due to the advection
of NADW.
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enrichment is found in the Polar Frontal Zone
and the central Weddell Sea.

4. Discussion

4.1. The distribution of '’Be in the Atlantic sector
of the Southern Ocean

A previous study has shown that the dissolved
10Be concentrations in the South Atlantic are uni-
formly low at about 800-1000 atoms/g in NADW
until the depth where Antarctic Bottom Water
(AABW) is encountered, in which the concentra-
tions increase to over 1400 atoms/g [28]. In the
Pacific, '’Be concentrations are homogeneous at
around 2000 atoms/g below a depth of 2000 m
[6,10]. A profile of dissolved °Be from a location
in the Drake Passage close to the PF [29] shows
intermediate, rather homogeneous concentrations
around 1400 atoms/g throughout the water col-
umn which points to efficient vertical mixing of
waters of Pacific and Atlantic origin.

The ACC in the Atlantic sector of the Southern
Ocean is characterised by the southward ascent of
isopycnal surfaces in three steps: at the SAF, the
PF, and the AWB [30,31]. The bulk of the ACC
consists of a thick layer of Circumpolar Deep
Water (CDW). From the north it receives contri-
butions from NADW at depths between 1000 and
2000, which tends to cause a division of CDW
into two parts: upper (UCDW) and lower
(LCDW) Circumpolar Deep Water. Deep water
formation in the Weddell Sea produces Weddell
Sea Deep Water (WSDW). Through mixing pro-
cesses with LCDW AABW is formed, which
underrides CDW at greater depth from the south.
In Fig. 3 the water mass distribution is displayed
as characterised by salinity measured on the same
profiles as the radionuclides [20] (the water mass
distribution in Fig. 3 as given by potential density
would essentially look the same but would have
required the introduction of different o values,
which is why salinity was chosen here). The rising
high salinity core of NADW can clearly be iden-
tified until station PS1772. The southward rising
isoconcentration lines of '°Be distribution (Fig. 3)
reflect the southward rising isopycnals and thus it

is clear that the dissolved '°Be distribution is con-
trolled by hydrography despite high particle fluxes
between the AWB and the PF, much like the sit-
uation found previously for 2*Th on the same
samples [20] and also similar to recent results
for 2°Th, 23'Pa and '°Be from the southwestern
Pacific sector of the Southern Ocean [32]. This
suggests that Be behaves quasi-conservatively in
the Atlantic sector of the Southern Ocean. This
is supported by a plot of 'Be concentration ver-
sus potential density (Fig. 4). In the density range
that indicates a high proportion of NADW, °Be
concentrations are low (500-1000 atoms/g), in
agreement with other °Be data obtained for
NADW [28]. At higher densities °Be concentra-
tions rise rapidly to values in the range of 1400-
2000 atoms/g. This density range represents
LCDW, a water mass consisting of high propor-
tions of '"Be-enriched Indian and Pacific deep
waters, but with some NADW admixed, which
causes the '"Be concentrations to be somewhat
lower than in the deep Pacific [10].

The deepest samples representing AABW/
WSDW and the very dense Weddell Sea Bottom
Water (WSBW) have somewhat lower '’Be con-
centrations than LCDW. This is probably a con-
sequence of the admixed proportions of ‘younger’
water masses with lower '"Be concentrations.
These ‘younger’ water masses, which are the
main sources of dense WSBW and WSDW, either
form beneath the Filchner and Ronne ice shelves
[33] or originate further east, such as Warm Deep
Water (WDW) [30].

4.2. Unusually high '°Be concentrations in the
water column of the deep Weddell Sea?

When comparing the intermediate '°Be concen-
trations in the water column of the Drake Passage
(around 1400 atoms/g) [29] with CDW in the At-
lantic sector of the ACC, it appears that an addi-
tional '°Be source is required to arrive at concen-
trations of up to 2000 atoms/g in the southern
profiles of this study. Although it is not clear
how representative the Drake Passage data from
a location close to the PF are as a source value
for the deep ACC water masses further east (in
addition, samples from different depths, such as
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from 2500 to 3700 m, were combined in [29] and
thus maxima in '°Be concentrations above 1500
atoms/g may have been missed), we will discuss
whether additional sources or accumulation (sim-
ilar to 2°Th) can be invoked to explain the ap-
parent enrichment of 'Be.

The most likely additional input source would
be melting of ice originating from the Antarctic
ice shelves which contains high '°Be concentra-
tions relative to seawater (40000-200000 atoms/
g [34]). This source was invoked by Kusakabe et
al. [29] to explain the high '"Be concentrations
observed in surface waters of the Drake Passage.
Ice melt could influence the °Be distribution in
two different ways. The first is direct input by
melting into the surface water. In the South At-
lantic, icebergs drift with the clockwise circulation
of the Weddell Gyre. Strong iceberg melt occurs
in the region between the AWB and the PF. Near
the PF the iceberg melt is thought to contribute to
the local salinity minimum and may also play a
role in controlling the supply of other metals such
as iron to the surface waters in this area [35-37].
Our data only show very small '°Be enrichments
in the surface waters of the main area of iceberg
melt between 52°S and 56°S [38], which are, how-
ever, not nearly as high as the ones reported for
the Drake Passage [29]. The small surface enrich-
ments are the result of the combined effects of
scavenging efficiency, precipitation, and iceberg
melt. It is difficult to quantify the '°Be flux caused
by the icebergs given that it is not possible to
constrain the '"Be removal rates by scavenging
independently. There has, however, been an esti-
mate of Loscher et al. [36] that the contribution of
melting icebergs to a salinity drop of about
0.05 %o in the vicinity of the Polar Front approx-
imately corresponds to the admixture of 1.5%0 of
water from icebergs per volume of surface water.
Using '"Be concentrations in icebergs ranging
from 40000 to 200000 atoms/g [34] this corre-
sponds to a concentration of 60-300 atoms/g.
This estimate is, however, of limited precision be-
cause the salinity decrease of 0.05 per mill is not
very well defined [36]. It also has to be considered
an upper limit of iceberg influence given that the
salinity decrease may also partly be caused by
precipitation and by melting sea ice that would

supply much lower amounts of '°Be. In summary,
we state that in particular in the area around the
Polar Front, where a large quantity of icebergs
melt and at the same time particulate scavenging
is high, a contribution from iceberg melting can-
not be excluded.

A second path of meltwater influence originates
from melting underneath the Antarctic ice shelf.
This process yields the supercooled Ice Shelf
Water (ISW) which is one of the constituents of
newly formed WSBW filling the deepest parts of
the Weddell Sea [33]. This ice is young enough
that decay of '°Be should not be significant. Our
data for the four southern stations show, how-
ever, that '°Be concentrations in the deep water
decline towards the seafloor, excluding WSBW as
a source for enrichment of WSDW/AABW. We
conclude that there is no indication for additional
inputs of '°Be that contribute to the deep Weddell
Gyre.

According to results by Kumar et al. [24] and
Frank et al. [18] '"Be rain rates (corrected for
focussing and winnowing effects using 2°Th) in
the uppermost sediment layer are generally close
to the value expected from atmospheric produc-
tion across the ACC. The only exceptions are lo-
cations from close to the AWB where values be-
tween 1.5 and 3.5x10° atoms/cm® kyr are
reached (cores PS1768-8, PS1772-8 [18]; RC13-
259, RC13-271 [24]). Local '°Be residence times
calculated from these data (170-220 yr) are long
compared with circumpolar transit time and Wed-
dell Sea water renewal time. In Holocene sections
of sediments from the Weddell Sea margin, Frank
et al. [39] found a '°Be flux that is a factor of 2.5—
5 above production after correction for sediment
focussing (1°Be rain rates are 3.3 and 5.8x10°
atoms/cm? kyr in cores PS1388-1 and PS1170-3,
respectively). In a 4000 m water column with an
average '"Be concentration of 1500 atoms/g this
translates into a residence time on the order of
55-200 yr. The lowest residence time was ob-
tained for core PS1388-1, which is situated in
the rather productive Antarctic coastal current.
For the interior Weddell Sea we expect a scaveng-
ing residence time of at least several hundred
years. Thus, ventilation of the Weddell Gyre on
a time scale of 35 yr [20] and transit until incor-
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Fig. 4. 1°Be concentration versus density (02) for water samples deeper than 300 m. The densities of the main water masses in
the Atlantic sector of the Southern Ocean are indicated for comparison.

poration into the ACC are too rapid to allow a
significant effect of accumulation or scavenging
on the distribution of °Be. This is supported by
the fact that in the four profiles that contain the
density range of WSDW/AABW no latitudinal
gradient in the '°Be concentrations is observable
(Fig. 4), in contrast to the observations for 2Th
[20]. Concentrations (1500-2000 atoms/g) are not
lower at stations at the AWB (PS1782, PS1785)
than at stations south of this front (PS1772, 227),
which indicates that the transition from the low
particle flux area in the south to the higher par-
ticle flux area further north is not accompanied by
a decrease in '’Be concentration as is the case for
230Th [20].

These considerations suggest that the one exist-
ing depth profile of '“Be concentrations in the
Drake passage [29] may not be representative
and that there must be a pathway for advection

of Pacific deep waters with high '°Be concentra-
tions on the order of 2000 atoms/g into the At-
lantic sector of the Southern Ocean.

4.3. Use of '"Be as quasi-conservative water mass
tracer in the Southern Ocean

The data of our study clearly suggest that the
10Be concentration of particular water masses be-
low 1000 m depth does not change significantly
during transit through the Weddell Sea and dur-
ing advection through the high biogenic particle
flux areas of the ACC. We thus infer that °Be
can be used as a quasi-conservative reference trac-
er to study the behaviour of other scavenged iso-
topes in the Weddell Sea.

It should be noted that '°Be only behaves qua-
si-conservatively in intermediate and deep waters.
The surface water '“Be depletion, which has not
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Fig. 5. Profiles of 1Be/?Th and 'Be/?*'Pa versus water depth. Symbols for the stations are the same as in the previous figures.
The shaded area marks the water masses south of the AWB with a decreased '°Be/?Th of 1.1£0.2X10° atoms/dpm (10), ex-
plained by 2Th accumulation. The data of PS 1782 are given in grey. Note that only the data below 500 m depth are displayed
for the '"Be/**Th ratios because above 500 m there is a lot of scatter, probably due to differences in scavenging processes.

been observed in such a pronounced way any-
where in the ocean before, suggests that scaveng-
ing by particles, such as biogenic opal, is impor-
tant in the euphotic zone of the surface waters.
This is supported by the fact that the water sam-
ples were collected during the period of the Ant-
arctic spring bloom. One can estimate the resi-
dence time of '"Be in the uppermost 100 m of
the water column by comparing the '°Be concen-
trations of the surface waters and the average
concentrations of the complete profiles with the
average residence time for the entire water depth.
For the locations near the AWB, residence times
in the upper 100 m between 9 and 20 months are
estimated, whereas in the area of the PF the res-
idence times appear to be rather on the order of
2-3 yr. These values are estimated assuming no
additional inputs by iceberg melting, which has
been suggested to be small (see Section 4.2), but
would tend to reduce these estimates. These val-
ues can be compared with residence times of the
most particle reactive tracer of this study, which is

Th. From the PF there are 2**Th data that suggest
a residence time of Th in the uppermost 100 m on
the order of 4 months during the period of the
spring bloom [40]. Given that the ratio between
the average residence times of '’Be and **°Th in
deep waters of the Southern Ocean is about 10,
this suggests efficient scavenging of !Be by bio-
genic particles in the surface waters of the ACC.
The deep water Be concentrations are at the
same time not significantly affected, probably
caused by rapid lateral advection of water masses
within the ACC.

In Fig. 5 the dissolved “Be/***Th and '°Be/
21pa ratios are plotted versus water depth. The
three profiles from south of the AWB show sig-
nificantly decreased '°Be/>**Th values in a narrow
range compared with the profiles further north.
This is even more apparent from Fig. 6 where
10Be/239Th ratios for densities (03) >36.7 kg/m?
are plotted against density for water masses deep-
er than 300 m. The average '°Be/>**Th for these
data amounts to 1.7%0.3 X 10° atoms/dpm north
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cumulation. Data of PS1782 are given in grey.

of the AWB with no observable trend with depth
or density. South of the AWB the ratio diminishes
to 1.1+0.2%x10° atoms/dpm, implying a signifi-
cant enrichment of 2*Th. This 2°Th enrichment
has previously been explained in terms of upwell-
ing, ingrowth and reduced scavenging [20,21]. The
normalisation to '"Be now allows it to be quanti-
fied and identified in more detail. The graph
clearly shows an accumulation of >*Th in the
Weddell Sea of 50% above the activity expected
from conservative behaviour.

The highest total (particulate+dissolved) 2°Th
concentration has been observed for a AABW
sample just north of the AWB (at station
PS1782) [20]. The corresponding °Be/>**Th ratio
is low despite the high '"Be concentration, in ac-
cordance with the Weddell Sea origin of this
water mass (potential temperature is —0.6°C).

The samples above (3500 and 2000 m) have high
0Be concentrations and high '"Be/?*Th. These
waters were obviously not enriched in **Th in
the Weddell Sea but are probably closest in com-
position to the deep waters entering the south
Atlantic through Drake Passage (the samples of
PS1782 are given in grey in the figures to visualise
their somewhat exceptional composition). Station
PS1785 clearly shows the influence of the >**Th
enriched waters from the Weddell Sea in its low
10Be/230Th ratios, probably because of its location
south of the AWB. Station PS1768 from a com-
parable position relative to the AWB as PS1782,
but further east is obviously less influenced by
water masses enriched in 2*Th, probably as a
consequence of ongoing mixing of waters of Pa-
cific origin with waters advecting from the Wed-
dell Sea across the AWB.
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When comparing the *'Pa data with '°Be and
230Th there is a lot of scatter and no clear system-
atic north-south difference in the '°Be/>’! Pa ratio.
If anything, there may be a trend of the 1°Be/>*! Pa
values towards higher values in the southern pro-
files compared to the northern ones which would
probably reflect the more efficient scavenging of
21Pa over '"Be. Normalisation of 2°Th to 2*'Pa
gives a similar result as normalisation to '°Be. In
the mixing-scavenging model of the Weddell Sea
[20] a 15% accumulation of >*'Pa activity in the
water column has been predicted. The scatter of
the data when normalising to '°Be is too high to
verify this but the results agree with the observa-
tion that 2*'Pa accumulation in the Weddell Sea
sediments is close to its production in the water
column, whereas 60% of the 2**Th production is
exported [21].

4.4. Some implications for the use of "’Be as a
tracer of past particle flux and productivity

We have shown that '°Be behaves essentially
conservatively in intermediate and deep waters
of the Weddell Sea Atlantic sector of the ACC.
This suggests that the use of '"Be as a tracer of
past particle flux in the Southern Ocean is justified
because the upwelling CDW will supply a con-
stant amount of !°Be to the areas of high particle
flux which is then available for scavenging in the
surface waters. This is, however, only true as long
as there have not been additional supplies or sig-
nificant changes in the circulation patterns.

Kumar [41] suggested that the flux of °Be to
the surface waters originating from iceberg melt-
ing (see Section 4.2) may have been increased in
the past as reflected by increased '’Be deposition
in core RC13-259 (north of the ABW), which is
located in the main area of iceberg melting [38],
for periods around 185 kyr and 65-90 kyr ago
(approximately 20-30 kyr after the preceding
peak interglacials). He used average '°Be concen-
trations in Antarctic ice cores of 40000 atoms/g
[42], which is quite a conservative estimate given
the range in concentrations in the Vostok Ice core
[34], and an annual average of 2000 Gt of iceberg
melting given by Jacobs et al. [43], to calculate an
additional input of 1.6 X 10° atoms/cm? yr distrib-

uted over the PFZ, about equivalent to the global
average atmospheric input flux (1.2X10° atoms/
cm? yr). These estimates suggest that enhanced
iceberg melting, for example during surges, can
increase the amount of °Be available for scaveng-
ing significantly, possibly by up to a factor of 2.
Iceberg melting was invoked to be responsible for
a freshening of last glacial surface waters between
52 and 56°S [38] and may also have at least con-
tributed to the increased '°Be deposition rates ob-
served in Holocene sediments south of 53°S and
in glacial sediments some degrees further north
[24,18]. However, variations in scavenging pro-
cesses and particulate fluxes have most likely
been more important for the increased '°Be depo-
sition.

During the last glacial period the overall depo-
sitional flux of '°Be into the sediments of the en-
tire ACC north of about 52°S was enhanced by a
factor of 2-3 [24,18]. This may have been accom-
plished in different ways: (1) the '"Be distribution
in the water column was similar to present but the
increased biogenic and aeolian particle fluxes
caused enhanced scavenging in the northward-
shifted high opaline particle flux area. This would
strengthen the basis for the use of '°Be as a par-
ticle flux proxy because the concentration in the
water column from which the particles scavenged
10Be has remained virtually unchanged. (2) The
supply of low !°Be NADW during the last glacial
was diminished or even shut down [44,45], which
may have caused a predominance of '°Be-en-
riched water masses of Pacific origin in the
ACC. The residence time of water masses in the
deep Pacific with a more sluggish global thermo-
haline circulation was probably longer than today
which would promote the development of even
higher '°Be concentrations in the deep Pacific
than today. The result may have been a com-
pletely different pattern of the '°Be distribution
within the ACC water column with overall higher
concentrations and slower exchange of water
masses. Such a scenario would promote higher
glacial '°Be concentrations in the water column
and would thus probably also allow a higher
flux of '“Be into the sediments contributing to
the increase caused by enhanced particle fluxes
[24,18]. Such a contribution is hard to quantify
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without detailed synoptic maps of '°Be/>Th for
the periods of interest but combined with in-
creased particle fluxes that scavenged '°Be more
efficiently it may have been significant. Probably a
combination of several factors (more efficient
scavenging by higher biogenic and eolian particle
fluxes, iceberg melting and higher '°Be concentra-
tions in the water column) caused the observed
increased '"Be deposition rates in the glacial At-
lantic sector of the ACC although the intensity of
scavenging as a function of particle flux and com-
position has probably been dominant. Further
studies on the other factors are necessary in order
to use !Be as tracer for past particle flux in the
Southern Ocean.

5. Conclusions

The concentration of 1°Be in the Atlantic sector
of the ACC and the Weddell Gyre resembles
closely the distribution of deep water masses
with elevated values in Circumpolar Deep Water
and Antarctic Bottom Water and depleted values
in water masses with an increased North Atlantic
Deep Water component. '°Be concentrations are
obviously not modified in deep water masses, even
on transit across the areas of increased particle
fluxes in the opal belt. The fact that the '°Be de-
position rates below the high particle flux areas
are at least equal to or higher than the fluxes
expected from the atmospheric production rate
suggests that there is continuous scavenging
from water masses that only reside shortly above
each location. The deposition of °Be in the ACC
has thus been sensitive to changes in ocean circu-
lation and water mass residence time in the past
which complicates its use as a particle flux proxy.

The residence time of dissolved °Be in the
Weddell Sea with respect to input and scavenging
fluxes is far too long to allow a concentration
change to develop in view of the 35 yr ventilation
time of the Weddell Sea. !°Be can therefore be
viewed as a quasi-conservative tracer to gauge
the scavenging behaviour of more particle-reactive
isotopes and its use as a tracer for past particle
fluxes is supported as long as supplies and ocean
circulation have remained essentially the same.

Normalisation of dissolved **Th to '°Be confirms
the 2*Th ingrowth derived previously from a
model of the ventilation of the Weddell Sea.
This quantitative agreement provides additional
support for the conclusion that about 60% of
20Th produced in the Weddell Sea is exported,
whereas the uncertainties and the scatter in the
10Be/?31Pa data do not allow improved estimates
of potential 23!Pa export.
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