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Abstract

Variations of intensity and composition of biogenic particle flux at the northern boundary of the present Polar Frontal
Zone in the Atlantic sector of the Southern Ocean are indicators of major changes of paleoenvironmental conditions on
glacialrinterglacial time scales during the Late Quaternary. In order to estimate those past changes, sediment accumulation
patterns of two piston cores, one from just north and one just south of the present day position of the Subantarctic Front were
reconstructed. Using the 230Th method large contributions of laterally supplied material were quantified and used toex

correct sediment accumulation rates. During the last glacial focussing of biogenic opal-dominated material exceeded the
original contribution from the surface water above by a maximum factor of 8.7. The initial activity ratio of 231Pa r230Thex ex

was used as tracer for biogenic particle flux and composition and indicates that during the glacial stages 2 and 4 the area of
high opal productivity was situated above the location of the southern core whereas the northern core has not been reached
by this northward shift during the last 130 kyr as shown by the pattern of focussing-corrected bulk accumulation rates. If the
position of the Antarctic Polar Front has remained at the northern boundary of the high opal productivity area during the last
130 kyr, the results suggest that was located exactly between the two core sites during glacial stages 2 and 4. A two-box
modeling approach involving particle flux and boundary scavenging intensity of 231Pa was applied to estimate the possible
range of the 231Pa r230Th ratio recorded in Southern Ocean sediments. Previous estimates on the export of 231Pa fromex ex

the Atlantic into the Southern Ocean are corroborated but the model suggests a low sensitivity of the 231Pa r230Th ratioex ex

in Southern Ocean sediments to variations of the residence time of North Atlantic Deep Water in the Atlantic Ocean. q 1999
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1. Introduction

The Atlantic sector of the Southern Ocean is
considered one of the key areas for global climate
change. In particular, the knowledge of changes of
biogenic particle flux and export productivity during

Ž .the last climatic cycle 130 kyr B.P. until present is
important for understanding the mechanisms that led
to drastic variations of ocean chemistry and nutrient
availability as well as global atmospheric CO con-2

centrations. There are, however, difficulties in find-
ing suitable and well-preserved tracers for past bio-
genic particle fluxes in marine sediments. The accu-
mulation rate of organic carbon as the primary tracer
may be obscured by dissolution and preservation
processes and current-driven sediment redistribution.
Alternatively, the CdrCa ratio in planktonic
foraminifera may serve to derive phosphate and con-
sequently nutrient contents of the corresponding sur-
face water masses, which are themselves not pre-

Ž .served in ocean sediments Boyle, 1988 . A further
tool to determine paleonutrient contents is the
foraminiferal d

13C ratio. In general the d
13C and the

CdrCa-methods correspond well, but in the glacial
Southern Ocean the results are not in agreement.
While the d

13C method suggests an increase of
nutrient content in glacial Antarctic surface waters
Ž .Charles and Fairbanks, 1990 , the CdrCa ratio indi-

Ž .cates only insignificant changes Boyle, 1988 .
The 231Pa r230 Th activity ratio in marine sedi-ex ex

ments was suggested to represent a proxy to reveal
changes in biogenic particle flux avoiding the disad-

Žvantages of the mentioned methods Kumar et al.,
. 2311993, 1995; Francois et al., 1993, 1997 . Pa andex

230 ŽTh ex standing for the amount of a radionuclideex
.adsorbed onto particles from the water column orig-

inate in the ocean water column from the 235U and
238 U decay series with half lives of 32,500 and
75,200 years, respectively. Dissolved U is homoge-
nously distributed in the ocean with a concentration

Ž .of 3.3 mgrl c.f. Mangini et al., 1979 . Hence, the
initial 231Pa r230 Th activity ratio is 0.093. Be-ex ex

cause of the high particle reactivity of Pa and Th
their mean residence time of 150 to 200 years and 5
to 40 years, respectively, is very short compared

Žwith their radioactive half lives Nozaki et al., 1981;
.Anderson et al., 1983 . On account of a lower parti-

cle reactivity compared with Th, Pa is not always

found in the expected amount in the sediments as it
is susceptible to preferential scavenging to sediments
in areas with high particle fluxes, a process called

Ž .boundary scavenging Spencer et al., 1981 . There,
the sedimentary 231Pa r230 Th activity ratio wasex ex

observed to be higher than the expected initial ratio
Žfrom radiogenic production Anderson et al., 1983,

.1990, 1994; Bacon and Anderson, 1982 . As a con-
sequence, areas with low particle fluxes yield
231Pa r230 Th ratios lower than the productionex ex

ratio. The correlation between particle flux and
231Pa r230 Th ratio was shown to be near linearex ex
Ž .Kumar et al., 1995 . This isotope ratio is not af-
fected by disturbing influences of dissolution of bio-
genic opal or carbonate or sediment redistribution. In
the Atlantic Ocean enhanced boundary scavenging of
231Pa is found at the coastal regions off West Africa

Ž .and in the South Atlantic Walter et al., 1997 .
Ž .Kumar et al. 1993 deduced a glacial northward

shift of the high opal productivity area presently
Ž .located south of the Antarctic Polar Front APF

from variations of sedimentary 231Pa r230 Th ra-ex ex
Ž .tios. Walter et al. 1997 demonstrated that this

variability may not originate from changes in particle
flux alone but, due to a strong affinity of 231Pa to
adsorb to biogenic opal, may to a large extent be
caused by alternations between periods of opal- and
non-opal-dominated particle flux.

Recent results suggest that 231Pa produced in the
Atlantic Ocean has been transferred to the Atlantic
sector of the Southern Ocean south of the actual
position of the Antarctic Polar Front by deep water
circulation, mainly North Atlantic Deep Water
Ž . Ž .NADW Yu et al., 1996 . These authors also con-
cluded that the similarly strong glacial and inter-
glacial sink of 231Pa in the southern Atlantic Ocean
sediments indicates glacial NADW production and
circulation as strong as during interglacials.

Two sediment cores PS2499-5 from the northern
boundary of the present day position of the Polar

Ž . Ž X XFrontal Zone PFZ 46830.7 S, 15820.0 W water
depth 3175 m, from the western flank of the Mid-
Atlantic Ridge, about 18 south of the present position

.of the Subantarctic Front, SAF and PS2498-1
Ž X X44809.2 S, 14813.7 W, water depth 3783 m, from
the eastern flank of the Mid-Atlantic Ridge, about 18

.north of the SAF , recovered during the ANT-XIr2
cruise of RV Polarstern with a recovery of 15.53 m
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Fig. 1. Locations of the sediment cores PS2498-1, PS2499-5, RC13-271, RC13-254, RC15-93 and the frontal system in the Atlantic sector
Ž .of the Southern Ocean. The present-day position of the fronts are from Peterson and Stramma 1991 . The data of the sea ice distribution are

Ž .from the Sea Ice Climatic Atlas 1985 .

Ž .and 11.61 m, respectively, Fig. 1, Gersonde, 1995
were chosen for this study. The SAF marks the

Ž .boundary between the Sub Antarctic Zone SAZ
and the PFZ and is characterized by high gradients
of density, salinity, nutrient concentrations and tem-

Ž .perature c.f. Peterson and Stramma, 1991, Fig. 1 .
At present, the lithologies of both sediment cores are
dominated by biogenic carbonate sedimentation, in-
dicating a lower surface water productivity than in
the opal-dominated high biogenic particle flux areas

Žpresently located mainly south of the APF Kumar et
.al., 1993, 1995; Frank, 1996 . Whereas core PS2499-

5 shows a downcore alternation between biogenic
opal and carbonate, core PS2498-1 is dominated by
carbonate throughout. The stratigraphy of core
PS2499-5 was established applying the d

18 O method
Žusing planktonic foraminiferal species G. bulloides

.and N. pachyderma sin. and benthic foraminifers in
Žcombination with lithostrathigraphic carbonate and

.biogenic opal and biostratigraphic methods. The
18 Žstratigraphy of the PS2498-1 is based on d O N.

.pachyderma sin. . These stratigraphic data will be
published separately together with the opal and car-
bonate data.

The motivation for the application of the radionu-
clide tracer methods to these two cores were their
locations north and south of the Subantarctic Front
and their water depths above the CCD. This implies
a potential to sensitively record any paleoenviron-
mental changes at this location during the last about
130 kyr, such as shifts of the high biogenic particle
flux area related to glacialrinterglacial climatic con-
ditions similar to investigations of Kumar et al.
Ž .1993 at the position of the APF further south.

2. Analytical methods

To determine the 231Pa activity via a spec-
troscopy, the Pa of the sediment samples was chemi-
cally separated and then electrodeposited on stainless
steel plates. A detailed description of this method,
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Table 1
PS2499-5: core depth and corresponding age, initial 231Pa ,ex

initial 230 Th , and 231Pa r230 Thex ex ex
231 230 231Depth Age Pa Th Pa rex ex ex

230Ž . Ž . Ž . Ž .cm kyr dpmrg dpmrg Thex

4 3.01 0.72"0.06 8.06"0.31 0.089"0.01
15 5.87 0.68"0.03 8.00"0.33 0.085"0.01
25 8.36 0.69"0.03 7.90"0.40 0.087"0.01
35 10.47 0.79"0.04 8.99"1.17 0.088"0.01
45 11.90 0.80"0.06 7.67"0.46 0.104"0.01
57 12.46 0.97"0.13 6.20"0.52 0.157"0.02
86 12.90 0.90"0.11 4.15"0.49 0.217"0.04

116 13.31 0.65"0.07 3.99"0.20 0.162"0.02
146 13.71 0.72"0.08 3.63"0.34 0.198"0.03
177 14.18 0.72"0.08 4.03"0.41 0.178"0.03
207 14.74 0.56"0.06 3.71"0.27 0.151"0.02
246 15.27 0.55"0.05 3.96"0.36 0.139"0.02
277 15.68 0.56"0.06 3.31"0.32 0.168"0.02
317 16.03 0.52"0.05 2.90"0.44 0.177"0.03
346 16.37 0.55"0.04 3.42"0.32 0.162"0.02
377 16.80 0.86"0.08 4.45"0.80 0.193"0.04
407 17.24 0.59"0.05 3.90"0.37 0.152"0.02
446 17.68 0.27"0.03 3.51"0.63 0.077"0.02
477 18.27 0.76"0.06 4.18"0.42 0.180"0.02
517 18.64 0.46"0.06 2.92"0.54 0.157"0.03
546 19.01 0.36"0.04 3.23"0.35 0.112"0.02
577 19.41 0.70"0.07 3.80"0.39 0.185"0.03
607 19.98 0.38"0.04 4.54"0.41 0.084"0.01
646 20.55 0.67"0.06 4.35"0.26 0.153"0.02
675 21.00 0.49"0.06 4.55"0.38 0.108"0.02
697 21.25 0.37"0.04 3.42"0.57 0.109"0.02
717 21.62 0.54"0.03 4.09"0.46 0.131"0.02
746 22.00 0.56"0.06 4.10"0.33 0.137"0.02
767 22.29 0.53"0.09 4.16"0.61 0.128"0.03
787 22.56 0.56"0.04 3.16"0.50 0.178"0.03
817 23.04 0.69"0.07 3.97"0.34 0.175"0.02
846 23.45 0.85"0.10 3.84"0.45 0.222"0.04
875 23.93 0.60"0.06 3.84"0.36 0.155"0.02
916 26.70 0.50"0.05 4.35"0.28 0.115"0.01
946 29.15 0.63"0.05 4.76"0.55 0.132"0.02
966 31.04 0.55"0.04 3.89"0.24 0.141"0.01
996 35.01 0.65"0.09 5.35"0.50 0.121"0.02

1026 37.18 0.51"0.08 3.85"0.50 0.133"0.03
1046 40.96 0.53"0.06 6.11"0.48 0.086"0.01
1076 43.90 0.37"0.08 4.85"0.54 0.077"0.02
1097 46.93 0.22"0.07 4.86"0.50 0.046"0.01
1126 50.49 0.70"0.12 5.72"0.57 0.122"0.02
1146 53.46 0.85"0.06 5.65"0.38 0.151"0.02
1168 55.26 0.76"0.09 3.24"0.65 0.236"0.05
1198 58.88 0.83"0.13 5.42"0.59 0.154"0.03
1228 60.77 0.67"0.08 3.92"0.55 0.171"0.03
1245 62.18 0.57"0.07 3.46"0.44 0.164"0.03
1269 64.53 0.87"0.11 3.98"0.72 0.218"0.05
1299 66.79 0.48"0.09 3.86"0.54 0.125"0.03
1324 69.13 0.49"0.12 4.55"0.62 0.107"0.03
1346 71.65 0.78"0.10 4.91"0.57 0.158"0.03

Ž .Table 1 continued
231 230 231Depth Age Pa Th Pa rex ex ex

230Ž . Ž . Ž . Ž .cm kyr dpmrg dpmrg Thex

1368 73.99 0.76"0.12 4.93"0.73 0.154"0.03
1388 80.50 0.83"0.11 7.17"0.66 0.116"0.02
1407 86.34 1.04"0.13 7.28"0.50 0.143"0.02
1417 91.00 0.66"0.11 6.21"0.44 0.106"0.02
1438 103.70 0.87"0.17 11.99"1.07 0.072"0.02
1457 108.21 0.81"0.16 6.86"0.95 0.117"0.03
1467 112.87 0.68"0.17 9.62"1.11 0.071"0.02
1477 117.68 0.44"0.16 8.29"1.12 0.054"0.02
1487 123.27 0.39"0.17 7.71"0.60 0.050"0.02
1497 129.51 1.64"0.49 10.51"1.65 0.156"0.05

Ž .The error represents one standard deviation of the mean 1 s .

first applied to MnrFe crusts is given by Frank and
Ž .Mangini 1995 and is in this study for the first time

applied to marine sediments. Every sample was dried
and homogenized. Then an a

233Pa spike was added
to 0.5–2.0 g of material. This 233Pa spike addition
was necessary, because the yield of the chemical
separation procedure varies between 40 and 90%.
The 233Pa spike was produced at the DKFZ Heidel-
berg. After treatment with HF and heating until
dryness twice, melting with LiBO followed for total2

dissolution of the sample in 8 N HCl. To separate the
largest part of Ca, a solution of FeCl was added and3

the Pa was coprecipitated with iron hydroxide by
adding an excess of NH . After 10 h the remaining3

residue was separated, washed, dried and dissolved
in hot 8 N HCl. Pa was then separated via ion

Žexchange columns in several eluation steps Frank
.and Mangini, 1995 . The final solution was treated

with HCl and HNO to destroy Pa complexes, heated3

until dryness, redissolved and buffered. Finally, elec-
trodeposition on stainless steel plates took place to
measure the a and b activity.

Excess 231Pa originating from the water column is
obtained after subtraction of supported 231Pa activi-
ties, since 231Pa also originates from authigenic and
lithogenic U sources in the sediment. The correction
was carried out according to the following equation
Ž .Francois et al., 1993 :

231Pa s231Pa y231Pa y231Pa 1Ž .ex total lith auth
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Table 2
PS2499-5: age, mean sedimentation rate, 230 Th constant flux
sedimentation rate, bulk SAR and rain rate

Age Mean Const. flux Sed. acc. rate Rain rate
2 2Ž . Ž . Ž .kyr sed. rate sed. rate grcm kyr grcm kyr

Ž . Ž .cmrkyr cmrkyr

3.01 4.17 3.65 2.45"0.09 1.04"0.04
5.87 4.17 3.68 2.46"0.10 1.04"0.04
8.36 4.17 4.01 2.49"0.13 1.06"0.05

10.47 4.17 4.73 2.18"0.28 0.93"0.12
11.90 4.17 7.68 2.54"0.15 1.09"0.06
12.46 70.83 36.88 11.80"0.99 1.35"0.11
12.90 70.83 67.68 17.60"2.08 2.01"0.24
13.31 70.83 73.24 18.31"0.93 2.09"0.11
13.71 70.83 74.64 20.15"1.91 2.30"0.22
14.18 70.83 64.77 18.13"1.85 2.07"0.21
14.74 70.83 61.71 19.75"1.44 2.25"0.16
15.27 70.83 65.91 18.45"1.67 2.11"0.19
15.68 70.83 88.23 22.06"2.14 2.52"0.24
16.03 70.83 96.79 25.16"3.77 2.88"0.43
16.37 70.83 88.87 21.33"1.97 2.44"0.22
16.80 70.83 71.41 16.43"2.96 1.88"0.34
17.24 70.83 78.03 18.73"1.79 2.14"0.20
17.68 70.83 80.09 20.82"3.76 2.38"0.43
18.27 70.83 60.33 17.49"1.75 2.00"0.20
18.64 70.83 92.54 24.99"4.59 2.86"0.52
19.01 70.83 80.67 22.59"2.47 2.58"0.28
19.41 70.83 76.97 19.24"1.95 2.20"0.22
19.98 70.83 59.73 16.13"1.46 1.84"0.17
20.55 70.83 60.05 16.82"1.00 1.92"0.11
21.00 70.83 57.36 16.06"1.33 1.83"0.15
21.25 70.83 82.02 21.32"3.53 2.44"0.40
21.62 70.83 66.23 17.88"2.01 2.04"0.23
22.00 70.83 65.94 17.80"1.45 2.03"0.17
22.29 70.83 70.27 17.57"2.58 2.01"0.29
22.56 70.83 92.43 23.11"3.64 2.64"0.42
23.04 70.83 61.33 18.40"1.58 2.10"0.18
23.45 70.83 70.45 19.02"2.22 2.17"0.25
23.93 70.83 73.27 19.05"1.78 2.18"0.20
26.70 8.57 12.81 3.59"0.23 1.92"0.12
29.15 8.57 10.21 3.27"0.37 1.75"0.20
31.04 8.57 13.25 3.98"0.25 2.15"0.13
35.01 8.57 7.56 2.95"0.28 1.56"0.15
37.18 8.57 11.52 4.03"0.52 2.17"0.28
40.96 8.57 6.61 2.58"0.20 1.37"0.11
43.90 8.57 8.70 3.22"0.36 1.72"0.19
46.93 8.57 8.25 3.22"0.33 1.72"0.18
50.49 8.57 6.87 2.75"0.27 1.46"0.15
53.46 8.57 7.09 2.76"0.19 1.48"0.10
55.26 8.57 14.45 4.77"0.95 2.58"0.51
58.88 8.57 8.29 2.90"0.32 1.54"0.17
60.77 11.33 12.43 3.48"0.49 2.13"0.30
62.18 11.33 14.52 3.92"0.49 2.41"0.30
64.53 11.33 11.47 3.44"0.62 2.10"0.38
66.79 11.33 12.21 3.54"0.49 2.16"0.30
69.13 11.33 10.02 3.01"0.41 1.83"0.25

Ž .Table 2 continued

Age Mean Const. flux Sed. acc. rate Rain rate
2 2Ž . Ž . Ž .kyr sed. rate sed. rate grcm kyr grcm kyr

Ž . Ž .cmrkyr cmrkyr

71.65 11.33 8.74 2.80"0.32 1.70"0.20
73.99 11.33 8.97 2.78"0.41 1.69"0.25
80.50 2.41 3.00 1.32"0.12 1.16"0.11
86.34 2.41 2.48 1.29"0.09 1.15"0.08
91.00 2.41 3.32 1.50"0.11 1.34"0.10

103.70 2.41 1.57 0.83"0.07 0.70"0.06
108.21 2.41 3.22 1.35"0.19 1.22"0.17
112.87 2.41 2.15 0.97"0.11 0.87"0.10
117.68 2.41 2.08 1.12"0.15 1.01"0.14
123.27 2.41 1.79 1.22"0.09 1.08"0.08
129.51 2.41 1.60 0.90"0.14 0.79"0.12

Ž .The error represents one standard deviation of the mean 1 s .

equivalent to:
231Pa s231Pa y235U y 235U y235UŽ .ex total lith total lith

= 1yexp yl
231Pa tŽ Ž .Ž .

231Pa s231Pa y232 ThP0.0338ex total

y 0.045P
238Uy232 ThP0.0338Ž .

= 1yexp yl
231Pa t 2Ž Ž .Ž .Ž .

with:

231Pa activity of the 231Pa in dpmrg,ex

originating from the water column
from dissolved 235U, removed by
particles to the sediment

231Pa activity of the 231Pa in dpmrg,total

measured by a spectroscopy
231Pa activity of the 231Pa in dpmrg,lith

originating from the detrital 235U in
the particles themselves, 231Palith

s235U s232 ThP0.0338lith
231Pa activity of the 231Pa in dpmrg,auth

originating from 235U, which
diffused into the sediment after
sedimentation due to pore water
gradients caused by underlying re-
duced sediment sections 2 231Paauth

235 Ž Ž Ž231 . ..s U 1yexp yl Pa tauth
232 Th measured activity of the 232 Th in

dpmrg
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Table 3
PS248-1: core depth and corresponding age, initial 230 Th , mean sedimentation rate, 230 Th constant flux sedimentation rate, bulk SAR andex

rain rate
230Mean Age Th Mean Const. flux Sed. acc. rate Rain rateex

2 2Ž . Ž . Ž . Ž .depth kyr dpmrg sed. rate sed. rate grcm kyr grcm kyr
Ž . Ž . Ž .cm cmrkyr cmrkyr

9 2.13 9.54"0.46 8.33 8.45"0.41 6"0.29 1.04"0.05
20 2.64 10"0.43 8.33 7.84"0.33 5.64"0.24 1"0.04
36 5.8 9.2"0.61 8.33 8.85"0.58 6.29"0.41 1.08"0.07
62.5 8.86 10.53"0.37 8.33 8.18"0.28 5.48"0.19 0.94"0.03
80 9.97 11.5"0.55 8.33 8.97"0.43 4.93"0.24 0.86"0.04
90 10.96 12.17"0.66 8.33 10.13"0.55 4.66"0.25 0.82"0.04

100 12.01 12.89"0.56 9.38 9.56"0.42 4.4"0.19 0.77"0.03
110 13.4 11.13"0.54 9.38 7.2"0.35 3.38"0.17 0.89"0.04
120 14.36 7.69"0.51 9.38 10.38"0.69 4.88"0.32 1.29"0.09
137.5 16.65 7.72"0.57 9.38 10.92"0.81 4.91"0.36 1.29"0.1
162.5 19.13 8.77"0.49 9.38 10.08"0.56 4.33"0.24 1.13"0.06
187.5 21.32 7.91"0.58 9.38 11.41"0.84 4.79"0.35 1.26"0.09
212.5 24 9.73"0.47 9.38 9.32"0.45 3.92"0.19 1.02"0.05
237.5 25.54 8.96"0.48 13.57 16.23"0.87 6.98"0.37 1.11"0.06
262.5 27.07 8.7"0.4 13.57 16.33"0.76 7.19"0.33 1.14"0.05
287.5 28.62 9.02"0.44 13.57 16.13"0.78 6.93"0.34 1.1"0.05
312.5 30.03 7.62"0.29 13.57 17.83"0.68 8.2"0.32 1.31"0.05
337.5 31.52 7.97"0.37 13.57 16.7"0.77 7.85"0.36 1.25"0.06
362.5 33.34 8.63"0.36 13.57 13.72"0.58 7.27"0.31 1.15"0.05
387.5 35.43 9.55"0.37 13.57 11.96"0.46 6.58"0.25 1.04"0.04
412.5 37.4 8.81"0.38 13.57 12.73"0.55 7.13"0.31 1.13"0.05
437.5 39.21 8.25"0.39 13.57 13.82"0.65 7.6"0.36 1.21"0.06
462.5 40.85 7.36"0.32 13.57 15.19"0.66 8.51"0.37 1.35"0.06
487.5 42.63 7.98"0.48 13.57 14.04"0.84 7.86"0.47 1.25"0.07
512.5 44.54 9.04"0.44 13.57 13.09"0.64 6.94"0.34 1.1"0.05
537.5 46.85 10.22"0.42 13.57 10.82"0.44 6.17"0.25 0.97"0.04
562.5 48.84 8.92"0.46 13.57 12.58"0.64 7.04"0.36 1.12"0.06
587.5 50.75 8.56"0.41 13.57 13.1"0.62 7.34"0.35 1.16"0.06
612.5 52.69 8.72"0.47 13.57 12.86"0.69 7.2"0.39 1.14"0.06
637.5 54.67 8.85"0.44 13.57 12.67"0.63 7.1"0.35 1.12"0.06
662.5 56.58 9.23"0.46 13.57 13.08"0.65 6.8"0.34 1.08"0.05
687.5 58.58 9.86"0.56 13.57 12.49"0.71 6.37"0.36 1.01"0.06
712.5 63.82 12.01"0.33 6.43 4.77"0.13 2.57"0.07 0.83"0.02
737.5 67.69 8.9"0.4 6.43 6.47"0.29 3.43"0.15 1.12"0.05
762.5 71.13 7.91"0.52 6.43 7.25"0.47 3.84"0.25 1.26"0.08
784 73.81 8.8"0.48 6.43 6.73"0.37 3.43"0.19 1.13"0.06
805.5 76.63 9.75"0.51 6.57 8.87"0.46 5.15"0.27 1.02"0.05
830.5 80.38 11.53"0.55 6.57 6.65"0.31 4.39"0.21 0.86"0.04
855.5 83.74 10.74"0.37 6.57 7.46"0.26 4.7"0.16 0.93"0.03
880.5 87.31 10.47"0.39 6.57 6.99"0.26 4.83"0.18 0.95"0.04
905.5 90.56 9.1"0.92 6.57 7.69"0.78 5.54"0.56 1.09"0.11
930.5 94.65 13.38"0.8 6.57 6.12"0.36 3.8"0.23 0.74"0.04
955.5 98.9 13.33"0.88 6.57 5.87"0.39 3.82"0.25 0.75"0.05
980.5 103.36 13.35"0.53 6.57 5.61"0.22 3.82"0.15 0.75"0.03

1005.5 106.88 10.63"0.58 6.57 7.09"0.39 4.75"0.26 0.94"0.05
1030.5 110.96 12.34"0.52 6.57 6.14"0.26 4.11"0.17 0.81"0.03
1055.5 115.37 14.06"1.05 6.57 5.66"0.42 3.62"0.27 0.71"0.05
1080.5 120.24 14.02"0.49 6.57 5.14"0.18 3.65"0.13 0.71"0.02
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Ž .Table 3 continued
230Mean Age Th Mean Const. flux Sed. acc. rate Rain rateex

2 2Ž . Ž . Ž . Ž .depth kyr dpmrg sed. rate sed. rate grcm kyr grcm kyr
Ž . Ž . Ž .cm cmrkyr cmrkyr

1105.5 123.95 10.57"0.63 6.57 6.74"0.4 4.79"0.29 0.94"0.06
1130.5 126.31 6.74"0.89 6.57 10.59"1.41 7.41"0.98 1.48"0.2
1152 128.43 7.84"0.89 6.57 8.48"0.96 6.36"0.72 1.27"0.14

Ž .The error represents one standard deviation of the mean 1 s .

0.0338 ratio of the 235Ur232 Th activity,
235Ur232 Ths0.0338"0.0113

0.045 ratio of the 235Ur238U activity,
235Ur238Us0.045

238U measured activity of the 238 U in
dpmrg

Ž231 . 231 Ž231 .l Pa decay constant of Pa, l Pa
s2.13=10y5 yy1

t sample age in years

230 Th, 238 U and 235U activities were determined
Ž .in a similar way as described by Frank et al. 1994

via a spectroscopy.

3. Results and discussion

Depth profiles of initial 231Pa and 230 Th activ-ex ex
Ž .ities of cores PS2499-5 Tables 1 and 2 and

Ž . 230PS2498-1 Table 3 are plotted in Fig. 2. The Thex

activity profiles of both cores show pronounced max-
ima during isotope stages 5 and 1. The 231Pa activity,
in contrary, does not show any significant features
related to glacialrinterglacial changes.

In order to derive realistic sediment accumulation
rates and fluxes of 231Pa from these data in a regime

Ž .such as the Antarctic Circumpolar Current ACC
with high bottom current velocities, lateral sediment
redistribution has to be quantified. Driven by bottom
currents, sinking particles, loaded with 230 Th mayex

Ž .be laterally removed winnowing to be deposited
Ž .elsewhere focussing . In addition, resuspension and

redeposition of surface sediments may occur. Assum-
ing that all the 230 Th produced in the water columnex

is deposited in the sediments below due to its high
particle reactivity, the flux of 230 Th to the sedi-ex

ments is expected to match its production rate. Any

observed significant deviations from this constant
flux are attributed to sediment redistribution effects.
Hence, by calculating the ratio between the measured

230 Žand the expected Th accumulation rate focuss-ex
.ing factor these effects can be quantified. By divid-

Ž .ing the bulk sediment accumulation rate SAR
Ž230 Th constant flux-derived sedimentation rateex

.multiplied by dry bulk density by the focussing
factor, rain rates are calculated, which represent
sediment redistribution-corrected accumulation rates
Žc.f. Francois et al., 1993; Kumar et al., 1993, 1995;

.Frank et al., 1996 . This calculation may be biased
by an additional advective contribution of 230 Th

Žfrom the Weddell Sea Rutgers van der Loeff and

231 230 w x w xFig. 2. Initial Pa and Th activities dpmrg vs. age kyrex ex

for core PS2499-5 and 230 Th activity for core PS2498-1 vs. age.ex
Ž .The error bars mark the standard deviation of the mean 1 s . The

shaded areas mark the glacial stages 2 and 4.
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.Berger, 1993 which may result in a slight underesti-
mation of the rain rates. Another potential bias may
arise from the lateral supply of sediments originating
from shallower water depths which have experienced
lower 230 Th fluxes. In the case of the two cores ofex

this study this is negligible because they were recov-
ered relatively close and not much deeper than the
crest of the Mid Atlantic Ridge which would be the
only possible source of sediments from slightly shal-
lower water depths. Potential effects disturbing the
application of the 230 Th constant flux model wereex

Ž .discussed in detail in Frank et al. 1996 where it
was concluded that the maximum deviation from a
constant flux due to these effects may be about 50%.
Any deviations from a constant flux above 50% must
be attributed to sediment redistribution.

In Fig. 3 the SAR is compared to the rain rate of
the two cores. In core PS2499-5 a high focussing
factor of 8.7 for the opal sediments of the last glacial
period led to a high SAR of up to 25 grcm2 kyr. A
factor of around 2.4 for isotope stage 1 and a factor
of around 1.9 and 1.6 for the isotope stages 3 and 4
is observed, while during the rest of the last 130 kyr
sediment focussing was not significant. At the loca-

Ž . w 2 xFig. 3. Sediment accumulation rates SAR grcm kyr of the
cores PS2498-1 and PS2499-5 compared with the sediment redis-
tribution corrected rain rate vs. age. The error bars mark the

Ž . 230standard deviation of the mean 1 s of the Th activities. Theex

shaded areas mark the glacial stages 2 and 4.

Fig. 4. Rain rate profiles of the cores PS2498-1 and PS2499-5
w 2 xgrcm kyr vs. age. The error bars mark the standard deviation

Ž . 230of the mean 1 s of the Th activities. The shaded areasex

mark the glacial stages 2 and 4.

tion of core PS2498-1 sediment focussing occurred
during the whole period of the last 130 kyr. Maxima

Fig. 5. Initial 231Pa r230 Th ratios of the core PS2499-5 vs.ex ex
Ž .age kyr . The dashed line indicates the ratio expected from the

production rate of the two radionuclides in the water column. The
Ž .error bars mark the standard deviation of the mean 1 s . The

shaded areas mark the glacial stages 2 and 4.
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Ž .are found during isotope stage 1 factor 5.7 and
Ž .isotope stage 3 factor 6.3 and isotope stage 5

Ž .factor 5 . The influence of opal dissolution on the
sediments of this core was probably moderate. Fol-

Ž .lowing the estimate of Broecker and Peng 1982 of
the opal dissolution rate in marine sediments, opal in

Ž .PS 2498-1 should be well preserved )50% be-
cause of the high bulk sediment accumulation rate
between 5 and 8 grcm2 kyr throughout the core.

The rain rates of both cores show a much smaller
Ž .variability than the SARs Fig. 4 . In core PS2499-5

values between 2 and 2.9 grcm2 kyr during the
glacial stages 2, 3 and during stage 4 compared to
values around 1 for the interglacial stage 5 and 1. In
core PS2498-1 the rain rate shows no significant
variations from 1 grcm2 kyr in the whole core while
there is a trend towards slightly higher values during
the isotope stages 2 to 4. At the very beginning of
isotope stage 5 a slight maximum may also be due to

disturbances caused by the proximity to the bottom
of core. This suggests that there have only been very
minor changes in particle flux at this location.

In order to evaluate the variations of the biogenic
particle flux, the initial 231Pa r230 Th ratios ofex ex

Ž .core PS2499-5 were determined Fig. 5 . This iso-
tope ratio was shown to generally correlate to bulk

Ž .particle flux c.f. Kumar et al., 1995 which repre-
sents a reasonable approach to evaluate biogenic
particle flux in this study because the lithologies of
both cores are dominated by biogenic carbonate and
opal. Contributions by terrigenous material are small.
Maxima of the 231Pa r230 Th ratio around 0.2ex ex

during the glacial stages 2 and 4 and also at the
beginning of stage 3, which exceed the value of

Ž .0.093 expected from production Fig. 5 coincide
Žwith periods of increased sediment rain rates Fig.

. 231 2304 . Those Pa r Th maxima were caused byex ex

increased biogenic particle fluxes and productivity

231 230 Ž . Ž .Fig. 6. Average Pa r Th ratios for the isotope stages 1 to 5 of sediment core PS2499-5 circles , glacial boxes and interglacialex ex
Ž . 231 230 Ž .crosses Pa r Th ratios of several sediment cores Kumar et al., 1995 , plotted against bulk sediment rain rate.ex ex
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Table 4
Latitude, glacial rain rates and glacial 231Pa r230 Th ratios ofex ex

Ž .several sediment cores Kumar et al., 1995

Core Latitude Glacial Glacial
231Ž .8 rain rate Pa rex
2302Ž .grcm kyr Thex

RC15-94 42.9 1.4 0.08
V22-108 43.18 0.95 0.04
PS2498-1 44.15 1.1 –
RC15-93 46.1 2.8 0.24
PS2499-5 46.51 2.6 0.16
RC13-254 48.57 3.9 0.2
RC13-271 51.98 2.5 0.1
RC13-259 53.88 1.5 0.12

and an increased scavenging intensity of 231Pa caused
Žby higher opal to carbonate ratios Luo and Ku,

.1996, Walter et al., 1997 .
During isotope stages 5, 3 and 1 biogenic particle

fluxes were greatly diminished and, as suggested by
231Pa r230 Th ratios below 0.093, even an exportex ex

of 231Pa occurred. To compare the measured initial
231Pa r230 Th ratios of the core investigated hereex ex

with data of former investigations we plotted avail-
able values against the corresponding rain rates in

Ž .Fig. 6 Table 4 . In spite of a large uncertainty and
the changing opal to carbonate ratios the plot shows
an increase of the 231Pa r230 Th ratio with the rainex ex

rate.

4. The relationship between 231Pa rrrrr230 Th ratioex ex

and sedimentation

The observed glacial 231Pa r230 Th ratio andex ex

the rain rates in the zone of high productivity and the
open ocean during isotope stage 2 may be related
according to a simple two-box model described by

Ž .Broecker and Peng 1982 and recently applied by
Ž .Rutsch et al. 1995 . The ocean residence times of

the tracer metals are assumed to be approximately of
the same order of magnitude as the mixing time of
the ocean. In this two-box model one box represents

Ž .the open ocean Atlantic Ocean and the other one a
coastal region or any other zone of high productivity
Ž .SOC where a higher particle flux and enhanced

Ž .trace metal scavenging take place Fig. 7 . Constant
glacial boundary scavenging in that zone is assumed

because of the relatively large mean water residence
time therein according to Rutgers van der Loeff and

Ž .Berger 1993 . A trace metal’s ratio R of coastal to
open ocean flux density can be described by the
following equations:

n
1q

F 1ya sŽ .c
Rs s 3Ž .nFo 1q

1ys aŽ .
with F : coastal flux density of the metal in dpmrcm2

c

kyr; F : open ocean flux density of the metal ino

dpmrcm2 kyr

asV rVsA rA 4Ž .o o

with V: total volume of the two boxes; V : volume ofo

the open ocean; A: total surface of the two boxes;
A : surface of the open oceano

nstPTrV 5Ž .
with t : ocean residence time of a tracer metal; T :
transfer rate of water between the two boxes in
km3rkyr and:

S ao
ss s 6Ž .rrcS aq 1yaŽ .

rro

with rr : rain rate in the zone of high productivity inc

grcm2 kyr; rr : rain rate in the open ocean in grcm2
o

kyr; S: total flux of particles in grkyr; S : total fluxo

Fig. 7. Simple two-box model relating total flux of particles S
w x w xgryr and total flux of a tracer metal M dpmrkyr with water

w 3 xtransfer rate T km rkyr and sediment flux densities of the metal
w 2 x Ž .dpmrcm kyr according to Broecker and Peng 1982 and

Ž .Rutsch et al. 1995 . The abbreviations are explained in the text.
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of particles of the open ocean in grkyr; M: total flux
of a tracer metal in dpmrkyr, with M rM sPa Th

0.093.
The ratio R rR describes how the flux ofPa Th

231Pa is enhanced in comparison to the flux of 230 Th
Ž Ž .. Ž Ž ..Eq. 7 , whereas the F rF ratio Eq. 8cPa cTh

corresponds to the measured 231Pa r230 Th ratio inex ex

the SOC sediment. It can be shown that the maximal
ratios of R rR and F rF are functions of thePa Th cPa cTh

ratios a, t rt and rr rrr according to the fol-Pa Th c o

lowing equations:

tpa
nTh nt ThTh

1q 1q
R 1ya s 1ys aŽ . Ž .pa

s 7Ž .t npa ThRTh n 1qTh
t 1ya sŽ .Th

1q
1ys aŽ .

tpa
nTh nt ThTh

1q 1q
F M 1ya s 1ys sŽ . Ž .cPa pa

s 8Ž .t npa ThF McTh Th n 1qTh
t 1ya sŽ .Th

1q
1ys sŽ .

To find the maximal values:

Rpa
d

RTh s0 9Ž .
dnTh

and:

FcPa
d

FcTh s0 10Ž .
dnTh

t PaAssuming Vsconst., /1 and s/a, the ex-
t Th

treme values are for R rR :Pa Th

as sy1 ay1Ž . Ž .
n s" 11Ž .Th Žmax . t Pa)

t Th

Ž .with s expressed according to Eq. 6 the extreme
R rR ratio then results as:Pa Th

2
rr tc Pa

1q( rr tR o ThPa
s 12Ž .

t rrR Pa cThŽmax . q� 0( (t rrTh o

and for F rF :cPa cTh

sy1 ay1Ž . Ž .
n s"s 13Ž .Th Žmax . t Pa)

t Th

with:

FcPa

FcThŽmax .

2
t rrPa o

q a q 1yaŽ .( (t rrM Th cPa
s 14Ž .

M t rrTh Pa o
1q a q 1yaŽ .� 0( ž /t rrTh c

Maximum initial SOC 231Pa r230 Th ratios de-ex ex
Ž .rived from this function 14 are given in Fig. 6 for

three different ratios of t rt together with thePa Th

data from a number of sediment cores from the area
Ž .as0.66 . The model calculations correspond quite

Ž .well with the observed ratios Fig. 6, Table 5 with
the exception of some of the sediment sections in-
cluding stages 2 and 4 of core 2499-5 which were
dominated by high opal rain rates where enhanced
231Pa scavenging took place. These results suggest

Table 5
Ž Ž ..Calculated Eq. 14 maximal R rR and F rF ratios,Pa Th cPa cTh

resulting from the two-box model calculation with as0.66,
t rt s10 and rr s1 grcm2 kyrPa Th o

rr R rR F rFc Pa Th cPa cTh
2Ž .grcm kyr

2 1.43 0.114
2.5 1.60 0.121
3 1.75 0.125
3.5 1.89 0.129
5 2.24 0.137
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that our simple model describing the boundary scav-
enging of 231Pa and sediment accumulation in the
SOC of the Southern Ocean is realistic. Further
applications of this model are discussed below.

5. The glacial scenario

During the glacial isotope stages 2 and 4 the
231Pa r230 Th ratio of the PS2499-5 core wasex ex

Žabout double that expected from production inter-
.glacials . Various investigations applying different

methods have demonstrated a glacial northward shift
of the high particle flux areas and possibly also the
frontal system in this part of the Southern Ocean
ŽCharles et al., 1991; Mortlock et al., 1991; Kumar et

.al., 1993, 1995; Frank et al., 1996 . The area of high
biogenic opal fluxes and high export productivity is
presently located south of the APF in the Antarctic

Ž .Zone of the ACC Fig. 1 . During glacials this area
was located above or slightly north of the position of
sediment core PS2499-5, as indicated by the
231Pa r230 Th ratios but also the change in lithol-ex ex

ogy from interglacial carbonate sedimentation to
glacial biogenic opal sedimentation. The 231Pa rex
230 Th ratios during the glacial stages are compara-ex

ble with the ratios determined on sediment samples
of isotope stage 1 recovered south of the present-day

Žposition of the APF Kumar et al., 1993, 1995; Yu et
.al., 1996 . The bulk rain rates and lithology of core

PS2498-1 which is dominated by the accumulation
of biogenic carbonate above the lysocline, clearly
imply that the high opal flux area did not reach the
position of this core during the last 130 kyr. It
follows that the maximum glacial northward shift of
the area of high biogenic particle flux, possibly
together with the APF, in this area amounted to
about 58.

Additionally, the total width of the glacial zone of
high productivity may be deduced using data from

Ž .Kumar et al. 1995 . The records of cores PS2499-5,
RC13-254 and RC15-93 reveal an increased glacial
particle flux and an increased 231Pa r230 Th ratio,ex ex

in contrast to the PS2498-1 and RC13-271 cores
Ž .Fig. 1, Table 4 . Hence, the positions of the latter
two cores limit the zone’s maximum latitudinal width

Ž .to about 68 448S–508S assuming a glacial north-

ward shift of the high productivity zone and possibly
also the frontal system as a consequence of the
extended sea ice. The longitudinal width in the At-
lantic sector of the Southern Ocean is supposed to be
about 708. Resulting is a total area of 3.5=106 km2,
equivalent to 4.7% of the Atlantic Ocean’s surface of

7 2 Ž .7.42=10 km Keir, 1988 and equivalent to 10.9%
of the Southern Ocean’s surface of 3.2=107 km2.
This is essentially in agreement with the estimates

Ž .used by Yu et al. 1996 .
Assuming an average bulk rain rate of about 3.0

grcm2 kyr for the high opal productivity area, an
average initial 231Pa activity of 0.8 dpmrg and anex

average water depth of 3.8 km, a total 231Pa flux of
2.4 dpmrcm2 kyr during the glacial stage 2 results.
Comparing the average 231Pa r230 Th ratio of 0.20ex ex

during the stage 2, from PS2499-5 and 3 cores from
Ž .Yu et al. 1996 , with the production ratio of 0.093,

the total 231Pa flux of 2.4 dpmrcm2 kyr representsex

215% of the produced 231Pa in this area. Hence,ex

there was an additional 231Pa flux of 1.28 dpmrcm2
ex

kyr. According to the calculated surface of 3.5=106

km2, an additional 231Pa flux of 4.5 = 1016
ex

dpmrkyr results. For the glacial stage 4 a similar
additional 231Pa flux results when the same surfaceex

area is assumed. This additional 231Pa flux in theex

glacial zone of high productivity represents about
8% of the total 231Pa produced in the Atlantic Ocean
Ž 7 2assumed surface of about 6.3=10 km , Atlantic
Ocean without Atlantic Sector of Southern Ocean,

.average depth of 3.8 km .
The evaluation of 231Pa deposition in the remain-

ing area of the Southern Ocean is more uncertain.
Applying the average 231Pa r230 Th ratio of 0.14ex ex

Ž ."0.02 given by Yu et al. 1996 and a rain rate
value of 2.5 grcm2 kyr yields a depositional flux of
2 dpmrcm2 kyr, of which 0.67 dpmrcm2 kyr,

2 Ž .calculated as: 2 dpmrcm kyr= 1y0.093r0.14 ,
are imported into the Southern Ocean. This flux

7 2 Žtimes an area of 2.85=10 km derived as 3.2=
7 6 2 . 23110 –3.5=10 km yields an import of Pa of

1.91=1014 dpmryr. Together with the import of
231Pa in the zone of high productivity of 4.5=1013

dpmryr a total import of 2.36=1014 dpmryr re-
sults which amounts to about 42% of the total 231Pa

Žproduced in the Atlantic Ocean without Atlantic
.sector of Southern Ocean . This corroborates the

Ž .previous estimations by Yu et al. 1996 .
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6. Sensitivity of 231 Pa rrrrr230 Th in Southernex ex

Ocean sediments to changes of deep water circu-
lation

In order to test how sensitive the 231Pa r230 Thex ex

activity ratio and the import flux of 231Pa into South-
ern Ocean sediments react to changes of deep water
circulation the trace metal’s flux density in the SOC

Ž .F is expressed according to Rutsch et al. 1995 as:c

atn
1q1q

M M 1ya stŽ .1ya sŽ . water
F s sc n atA A1q 1q

1ys s 1ys stŽ . Ž . water

15Ž .

Assuming constant ratios of MrA, a, s and constant
V and t , the flux density is a function of residence
time of ocean water masses, t sV rTsaVrTwater o

satrn. Fig. 8 shows the resulting functions for
230 Th and 231Pa, respectively. In this model F ,cPa

Ž .F and the ratio F rF dashed line are notcTh cPa cTh

very sensitive to changes in water residence time.

Additionally, we run a balance in which the im-
port fluxes of 230 Th and 231Pa are determined by the
flux of NADW into the Southern Ocean, for compar-

Ž .ison with the results of Yu et al. 1996 . The total
yearly depositional fluxes D of 231Pa and of 230 Thex

are evaluated as:

Ds TC qb V 16Ž .Ž .Ž t . SOC

with t : age of the NADW arriving at the SOC,water

t sV rTsaVrTsatrn; T : transfer rate of wa-water o

ter into the SOC; C : concentration of 231Pa orŽt.
230 Th in the open deep Atlantic Ocean depending on
t ; b : production rate of 231Pa and 230 Th in thewater

SOC

with:

C sbt 1yeyt rt 17Ž . Ž .Ž t .

We used for C , b , V , and V the same valuesŽt. o SOC
Ž . y3as Yu et al. 1996 of, respectively, 2.33=10

dpmrm3 yr, 2.52=10y2 dpmrm3 yr, 2.39=1017

m3 and 1.22=1017 m3.

231 230 Ž Ž ..Fig. 8. Calculated flux densities F of Pa and Th according to the two-box model Eq. 15 with as0.66; ss0.44; t s25 yr;c Th

t s220 yr; M rAs0.885 dpmrcm2 kyr; M rAs9.576 dpmrcm2 kyr. The abbreviations are explained in the text.Pa Pa Th
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The results for different residence times of NADW
Ž .between 100 and 600 years column 1 are listed in

Table 6. Columns 2 and 4 show the total depositional
231 230 w xfluxes of Pa and Th dpmryr together with the

fraction of Atlantic 231Pa and 230 Th advected into the
Ž .southern ocean columns 3 and 5 . Finally, column 6

lists the activity ratio of 231Pa r230 Th of the SOCex ex
Žsediments resulting from the total fluxes import

.from the Atlantic plus in situ production . The evalu-
Ž .ation by Yu et al. 1996 corresponds to a residence

time of the water of 180 years, and yields an ADV of
0.68 for 231Pa and 0.14 for 230 Th, and a 231Pa rex
230 Th activity ratio of 0.17. As can be seen in theex

next columns a doubling of the residence time of
deep water lowers the activity ratio in the sediments
to 0.16. Thus this estimate confirms the results of the
previous model suggesting that the activity ratio in

Table 6
Calculated balance of the 231Pa and 230 Th deposition south of the
APF as function of changes in the water residence time in the
Atlantic and Southern Oceans, t s220 yr and t s25 yrPa Th

231Water Total flux ADV Total flux ADV ParPa Th
231 230 230residence Pa Th Th

w x w x w xtime t yr dpmryr dpmryr

100 7.31Eq14 0.80 4.55Eq15 0.25 0.16
120 7.13Eq14 0.77 4.31Eq15 0.21 0.17
140 6.96Eq14 0.74 4.14Eq15 0.18 0.17
160 6.8Eq14 0.71 4.01Eq15 0.16 0.17
180 6.64Eq14 0.68 3.91Eq15 0.14 0.17
200 6.5Eq14 0.66 3.82Eq15 0.12 0.17
220 6.36Eq14 0.63 3.75Eq15 0.11 0.17
240 6.23Eq14 0.61 3.7Eq15 0.10 0.17
260 6.11Eq14 0.59 3.65Eq15 0.10 0.17
280 5.99Eq14 0.57 3.61Eq15 0.09 0.17
300 5.88Eq14 0.55 3.57Eq15 0.08 0.16
320 5.77Eq14 0.53 3.54Eq15 0.08 0.16
340 5.68Eq14 0.51 3.51Eq15 0.07 0.16
360 5.58Eq14 0.49 3.49Eq15 0.07 0.16
380 5.49Eq14 0.48 3.47Eq15 0.07 0.16
400 5.41Eq14 0.46 3.45Eq15 0.06 0.16
420 5.32Eq14 0.45 3.43Eq15 0.06 0.16
440 5.25Eq14 0.43 3.41Eq15 0.06 0.15
460 5.17Eq14 0.42 3.4Eq15 0.05 0.15
480 5.1Eq14 0.41 3.38Eq15 0.05 0.15
500 5.04Eq14 0.39 3.37Eq15 0.05 0.15
520 4.97Eq14 0.38 3.36Eq15 0.05 0.15
540 4.91Eq14 0.37 3.35Eq15 0.05 0.15
560 4.86Eq14 0.36 3.34Eq15 0.04 0.15
580 4.8Eq14 0.35 3.33Eq15 0.04 0.14
600 4.75Eq14 0.34 3.32Eq15 0.04 0.14

the SOC is not very sensitive to circulation changes.
Ž . 231A slower circulation 360 years lowers the Pa

flux into Southern Ocean sediments to about 84% of
Ž .the one during faster circulation 180 years , whereas

230 Ž .Th would be less sensitive 89% . Because of the
large uncertainty of the average values for the glacial

Ž .activity ratio of the SOC sediments at least "0.02
and of the value for the import of 231Pa from the

Ž .Atlantic estimated to be at least "30% , the conclu-
sion is that neither the flux of 231Pa nor the
231Pa r230 Th ratio in SOC sediments are reliableex ex

proxies for changes in ocean circulation. The similar-
ity between the glacial and the Holocene SOC sedi-
ments does not exclude significant changes of pro-
duction of NADW in the past.

7. Conclusions

The sediments of two locations, one north and
one south of the present position of the Subantarctic
Front, have been strongly influenced by variable
bottom current-induced sediment focussing during
the last 130 kyr. Correction for these sediment redis-
tribution effects yielded pronounced maxima of
opal-dominated sediment rain rates during glacial
stages 2 and 4 in the southern core whereas no
significant variations are recorded at the northern
location. These variations in particle flux and its
composition in the southern core have also been
recorded by the 231Pa r230 Th ratio, which is wellex ex

independent of sediment redistribution. We infer from
these results that the high opal productivity area
presently located south of the APF was shifted north-
wards to at least the position of the sediment core
PS2499-5, but not until the position of PS2498-1, 28

further north, during the glacial stages 2 and 4. This
limits the glacial northward shift of the high opal
productivity area, and possibly also the APF itself, to
a maximum of about 5 degrees.

Modelling of the particle fluxes, the 231Pa rex
230 Th ratios and the boundary scavenging intensityex

in the Atlantic sector of the Southern Ocean applying
a simple two-box model constrains the maximum
possible 231Pa r230 Th values which can be re-ex ex

lated to increased particle fluxes. The model reveals
that the total 231Pa flux and the 231Pa r230 Thex ex
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activity ratio have not been very sensitive to changes
Ž .of water mass residence times e.g., NADW in the

Atlantic Ocean. We conclude from this that it is
probably not possible to exclude from Southern
Ocean 231Pa r230 Th data that significant changesex ex

of NADW production have occurred on glacialrin-
terglacial time scales.
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