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Abstract

Understanding whether vigorous bottom currents redistribute biogenic components coming
from the surface water is critical to evaluating the results from paleoenvironmental reconstruc-
tions based on sediment accumulation rates in the Southern Ocean. A large contourite drift
along the southern flank of the Southeast Indian Ridge (SEIR) is recognized in published
sediment thickness maps. We use the 23°Th method to estimate the contribution of advected
sediments to the bulk sediment and rare-earth elements (REE) and trace-element compositions
to determine the possible differences in sedimentary origin of the transported material. Mag-
netic susceptibility and “focusing factor” distributions suggest that (a) accumulation and
sediment redistribution on the contourite drift have occurred throughout the last 40 ka, (b) the
lateral transport of biogenous and detrital material represents 50-90% of the input at the foot
of the SEIR, and (c) transport was even higher during glacial periods. Both REE profiles and
trace-element ratios (La,/Tb, and Th/Sc) reveal that during the last glacial period, the
terrigenous particles were mainly of volcanogenic origin, i.e., from the Crozet and Kerguelen
slopes. The more significant contribution from the volcanic sources during the last glacial
maximum is consistent with the action of the Antarctic Circumpolar Current-Circumpolar
Deep Water (ACC-CDW). In addition, the formation of this tongue would be strongly linked to
the long-term interactions between the Antarctic Bottom Water (AABW) and the ACC-
CDW. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One of the most exciting discoveries of this decade regarding the global carbon
cycle was the demonstration that the carbon dioxide content of the glacial age
atmosphere was about one-third lower than typical Holocene values (190 versus
280 ppm). The evidence is contained in the air trapped within polar ice (Barnola et al.,
1987). The Southern Ocean seems to be a key area to explain the glacial lowering of
atmospheric CO,. Investigators have attempted to link variations in CO, content,
recorded in ice cores, to the variability of the Southern Ocean productivity (Knox and
MCcElroy, 1984; Sarmiento and Toggweiler, 1984; Martin, 1990).

Several tools, such as stable isotopes, trace element and particle-reactive element
ratios, redox-sensitive trace element concentrations, and accumulation rates of bio-
genic detritus buried on the seafloor, have been used to infer past Southern Ocean
productivity (Labeyrie and Duplessy, 1985; Boyle, 1988; Keigwin and Boyle, 1989;
Charles and Fairbanks, 1990; Mortlock et al., 1991; Charles et al., 1991; Kumar et al.,
1995; Francois et al.,, 1997; Anderson et al., 1998; Bareille et al.,, 1998). However,
estimates of past changes in Southern Ocean productivity are still uncertain. Indeed,
although there is a large choice in the paleoproductivity tools, they lead to ambiguous
interpretations originating in the significant uncertainties related to the precise mean-
ing of each tool, and to various processes altering the link between the surface product-
ivity and the sedimentary record. For example, sediment redistribution by deep
currents is a particularly significant process, because it can significantly dilute the
vertical rain rate of biogenic particles. It also contributes to the preservation state of
biogenic components and influences steady-state redox conditions in the sediment by
advecting metabolizable organic matter.

In the Southern Ocean, sediment redistribution may be especially significant
because of the relatively strong currents associated with the Antarctic Circumpolar
Current and the Antarctic Bottom Water. Evidence for strong currents is found in
scour zones and in contourite deposits, such as along the eastern margin of the
Kerguelen Plateau (Kennett and Watkins, 1975; Kennett and Watkins, 1976; Kolla
and Biscaye, 1976; Houtz et al., 1977; Kolla et al., 1978). There is also evidence for
current-driven sediment redistribution from studies on the distribution of particulate
matter in the water column. Within the Crozet Basin and around the north end of the
Kerguelen Plateau, strong bottom-water activity is suggested by strong excess turbid-
ity values (Kolla and Biscaye, 1976; McCave, 1986).

From a simple model that compares the expected and measured accumulation rates
of 23°Th in the sediment, Suman and Bacon (1989) argue that the lateral sediment
redistribution could be quantified and the vertical rain rates could be reconstructed
even from cores collected in areas where sediment deposition is dominated by lateral
transport by bottom currents. Such an approach using 23°Th has been recently used
in some sedimentary cores from the Southern Ocean (Kumar et al., 1995; Frank et al.,
1996; Francois et al., 1997; Anderson et al., 1998). The laterally advected contribution
of sediment has been shown to exceed the vertical particle flux by an order of
magnitude in some localities in the Indian sector (Francois et al., 1997) and the
Atlantic sector (Kumar et al., 1995; Frank et al., 1996; Anderson et al., 1998) of the
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Southern Ocean. However, this method has not been used to understand the lateral
sediment input at the scale of the ocean basin. Consequently, little information is
available about the spatially current-controlled sediment redistribution, how redis-
tribution varies during glacial-interglacial periods and what implications sediment
redistribution may have for paleoclimatic and paleoproductivity reconstructions.

In this study we investigated the effects of water-mass circulation on deep marine
sedimentation along the southern flank of the Southeast Indian Ridge (SEIR). In
particular, by combining the sediment thickness map from Houtz et al. (1977) with
physical (magnetic susceptibility) and sedimentological (detrital and opal contents)
measurements, we qualitatively demonstrate that long-term current-controlled sedi-
mentation along the SEIR occurred also at the scale of the last glacial-interglacial
cycle (40 ka). With the 23°Th method and “focusing factor” maps, we quantitatively
estimate spatial and temporal (glacial-interglacial) accumulation variability of
laterally advected sediment on the SEIR for the last 40 ka. Finally, trace-element
compositions can be used to indicate possible differences in sedimentary origin,
providing insight into the possible mechanisms of sedimentary input.

2. Oceanography

At present, water-mass circulation in the Southern Ocean is controlled by: (1) wind
stress, which drives the eastward-flowing Antarctic Circumpolar Current (ACC);
(2) deep convection, which renews bottom and deep waters; and (3) cyclonic subpolar
gyres (Weddell, Ross and East Indian) (Nowlin, 1991). The ACC constitutes the
largest current system in the World Ocean, transporting about 100-140 x 10° m?® s !
(Sv) of water in an eastward direction (Orsi et al., 1995). In the Indian sector, the ACC
is strongly concentrated in a single narrow band (Fig. 1), formed by the confluence of
the Subantarctic Front (SAF) and the Subtropical Front (STF) to the north of the
Crozet and Kerguelen Plateaus (Park et al., 1991, 1993). This narrow frontal zone,
with a width of 2-3° Iatitude, hugs the northern flank of the Kerguelen Plateau and
contains about 80% of the ACC transport to the southeastern Indian sector. This
main flow path of about 100 Sv, lying between 46°S and 43°S, is controlled by the
topography of the Kerguelen Plateau and generates high energy on the northern part
of this plateau (Park and Saint-Guily, 1992).

In the South Indian Basin (SIB), the movement of Antarctic Bottom Water
(AABW), which originates along the Adélie Land coast and in the Ross Sea (Jacobs
et al., 1970; Eittreim et al., 1972a, b; Rintoul, 1998), is clockwise. AABW, which
travels westward and close to the Antarctic continent, is diverted to the north by the
Kerguelen Plateau (Fig. 1), until it flows east along the southern margin of the SEIR
(Kennett and Watkins, 1975, 1976; Kolla et al., 1976b). The influence of the north-
ward-moving AABW on sediment transport and seafloor was previously demon-
strated to be widespread in the western and northwestern part of the SIB, i.e., along
the eastern margin of the Kerguelen Plateau and on the southern margin of the SEIR
(Kolla et al., 1976a, 1978). These influences have been inferred from both turbidity,
current indications, and bottom photographs (Eittreim et al., 1972a; Kolla et al.,



1902 L. Dezileau et al. | Deep-Sea Research I 47 (2000) 1899-1936

ANTARCTICA
100°E km
P p——}

Fig. 1. Circulation patterns of Antarctic Bottom Water (AABW) and the Antarctic Circumpolar Current
(ACC) (taken from Kolla et al., 1976; Park and Gambéroni, 1995).

1976a, 1978) and have been attributed to vigorous bottom-water activity. Such strong
bottom-water currents have a significant erosive capacity that generates a large
nepheloid layer. This layer consists of both terrigenous and biogenous particles from
bottom sediments (Barron et al., 1991; Ehrmann and Grobe, 1991). In some places,
such as along the western margin of the basin, the AABW particle load mostly settles,
building a large sedimentary ridge parallel to the eastern flank of the Kerguelen
Plateau (Eittreim et al., 1972a; Houtz et al., 1977). Strong AABW ecastward current
flow seems to occur at depths of around 4000 m in the northern sector of the SIB, as
inferred from sea beds of Mn pavement to abundant nodules (Kennett and Watkins,
1975, 1976). This strong eastward flow of AABW may be enhanced by the addition of
high-velocity ACC that is concentrated along the northern flank of the Kerguelen
Plateau.

3. Materials, methods and stratigraphic framework
3.1. Core material

Four gravity cores from the southern flank of the SEIR (Table 1, Fig. 2) were
analysed for 2*°Th to quantify the amount of material transported and deposited by

bottom currents on the ridge. All cores were collected at water depths between 3000
and 3500 m beneath the eastward-flowing ACC and AABW. We also examined one
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Table 1

Locations of the gravity cores studied for 23°Th,, are in bold. The others were used only for mapping opal
and detrital accumulation rates for the Holocene period, or to examine sediment thickness variablity for the
last 160 ka

Cores Longitude (°E) Latitude (°S) Water depth (m)
MD 94-102 79.8 43.5 3205
MD 88-768 82.9 45.8 3330
MD 94-103 86.5 45.6 3559
MD 88-767 79.5 46.7 2920
MD 94-108 90.0 46.0 3409
MD 94-109 90.1 44.7 3315
MD 94-104 88.1 46.5 3460
MD 88-769 90.1 46.1 3420
MD 88-770 96.5 46.0 3290
MD 94-107 90.2 47.8 3525
MD 88-771 100.1 49.9 3310
MD 88-772 104.9 50.0 3240
MD 84-527 51.2 435 3269
MD 88-773 109.5 52.55 2460
MD 94-106 89.3 48.5 3709
MD 84-552 73.8 54.9 1780

core from the Kerguelen plateau (MD 84-552). All cores were recovered during the
APSARA 1I (1984) and IV (1988) and PACIMA (1994) cruises. We selected cores to
cover the frontal zones that constrain the ACC, i.e. from the Subtropical Front to the
Polar Front.

Other cores (Table 1), which were the subjects of previous geochemical and mag-
netic susceptibility studies (Bareille, 1991; Bareille et al., 1994), were also used. These
cores were used first to map both detrital and opal accumulation rates for the
Holocene and second to investigate spatial and temporal changes in sediment thick-
ness on the SEIR.

The gravity cores were sampled with a resolution of 5-25 cm between samples
depending on macroscopical changes in lithology and previously determined strati-
graphies. The age resolution ranged from about 200 yr to about 15000 yr between
samples. Cores, were from shallow ridges and were selected from depths near or above
the lysocline in order to minimize the effect of dissolution as a variable controlling the
carbonate content of the sediment.

3.2. Analytical methods

3.2.1. U and Th isotopes

Uranium and thorium concentrations were measured by a-spectrometry following
separation on anion exchange column and deposition onto aluminium foil. Uranium
and thorium were analysed following the procedure described by Legeleux (1994). The
analytical uncertainty for 23°Th concentration due to counting statistics was 5%.
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@ Cores studied for *Th,,

O Cores with magnetic susceptibility profiles and/or biogenic silica
and detrital accumulation rates

1: MD 94-102; 2: MD 94-104; 3: MD 88-769; 4: MD 88-770;

5: MD 84-552; 6: MD 88-767;7: MD 88-768; 8: MD 94-103;

9: MD 94-109; 10: MD 94-108; 11: MD 94-107; 12: MD 94-106;

13: MD 88-771; 14: MD 88-772; 15: MD 88-773; 16: MD 84-527;

Core MD 84-527 and MD 88-773 have been previously studied

for **Th,, by Frangois et al. (1992, 1998)
Fig. 2. Topography of the studied area and cores location. CP: Crozet Plateau; CB: Crozet Basin;
KP: Kerguelen Plateau; SEIR: Southeast Indian Ridge; SIB: South Indian Basin; SAB: South Australian
Basin; Al: Amsterdam Island.

Samples were only occasionally run in duplicate, and uncertainties were less than or
equal to those due to counting statistics. Analytical uncertainty in *®*U due to count-
ing statistics was 6%. Precisions (10) are reported in Table 2.

3.2.2. Rare-earth elements (REE)

Analyses of Th, Sc, La and Tb (Table 3) were carried out by Epithermal Neutron
Activation Analysis (ENAA) at the Pierre Stie Laboratory (Saclay, France). Two
USGS standards, Mag 1 and Al, were used. Sediment samples and standards were
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Table 2
The 23°Th, 232Th, 238U and 23°Th,, activities
Core Depth Age 230Th 232Th 238y 230Th,,
(cm) (ka) (dpmg™") (dpmg™") (dpmg™) (dpmg™)
MD 94-102 0 6.5 7.65+037 0.75 + 0.05 0.43 +0.04 7.66 + 0.39
10 8.2 729 £ 048 0.81 +0.06 0.46 +0.03 7.35 +0.51
20 9.9 712 +£0.17 047 +0.02 0.27 £ 0.02 7.50 +0.19
30 11.6 6.69 +0.51 0.47 £+ 0.05 0.32 +0.02 7.14 + 0.57
40 133 644 +026 047 +0.03 0.31 +£0.02 6.97 +0.29
50 15.0 5.01 £0.37 0.37 +£0.04 0.31 +0.02 6.64 + 0.43
60 16.6 5.65+0.28  0.50 £+ 0.04 0.31 +0.02 6.25 +0.32
70 17.6 6.33 +0.39 0.66 + 0.06 0.38 + 0.06 7.00 £+ 0.46
80 20.7 6.64 + 039 0.71 £ 0.05 0.41 £ 0.02 7.54 +0.47
90 24.9 6.58 +0.36  0.69 + 0.05 0.40 £+ 0.03 7.78 + 0.46
100 29.1 6.64 + 040 0.72 +0.05 0.36 + 0.02 8.16 + 0.53
110 32.6 6.30 +0.29 0.67 + 0.04 0.39 +0.02 7.98 + 0.40
120 34.8 6.23 +£ 030  0.69 +0.04 0.36 + 0.03 8.05 +0.42
130 35.8 5254026 0.58 +0.04 0.38 +0.03 7.65 +0.37
140 36.8 5054020 044 +0.03 0.33 +£0.03 6.71 £ 0.29
150 40.3 5454035 0.57 £0.05 0.32 +0.01 7.45 + 0.50
160 43.7 475+021 044 +£0.03 0.25 £ 0.01 6.74 £ 0.32
MD 94-104 50 43 9.90 £ 031  0.35+0.02 0.29 +0.03 10.05 +0.32
100 8.6 890 +0.50 0.43 +0.04 0.24 +0.03 9.36 + 0.54
130 11.1 7.38 £ 036 043 +0.04 0.31 +£0.03 7.89 +0.39
160 13.0 893 +0.32 0.61 +£0.03 0.55 £ 0.02 9.63 +0.36
180 13.8 841 +0.26 084 +0.04 1.01 £ 0.05 8.92 +0.30
200 14.6 938 +0.38 1.15 +0.07 3.48 +0.14 9.53 +0.44
230 16.0 894 +040 1.30 £+ 0.09 3.40 + 047 9.03 +0.47
300 19.1 7.51 +£030 1.07 +£0.07 334 +0.16 7.61 + 0.36
380 227 852 +032 1.32+40.07 321 +£0.10 8.98 +0.39
470 27.5 8.16 £ 042 145+ 0.09 2.19 +0.09 8.99 + 0.54
600 351 6.94 + 040 0.94 +0.07 1.98 £ 0.16 8.25 +0.56
640 374 548 +£0.26  0.68 + 0.06 1.98 + 0.09 6.54 + 0.37
700 41.0 745 +046 1.15+0.08 1.73 £ 0.19 9.35 £ 0.68
800 47.0 7.63 +046 097 +0.08 234 +0.12 9.84 +0.70
MD 88-769 15 8.5 798 +0.78  0.31 + 0.06 0.17 £ 0.02 8.44 + 0.85
20 9.7 713 £0.50 031 +0.04 0.18 £ 0.02 7.59 +0.55
25 11.0 6.66 +0.35 0.26 +0.03 0.18 £+ 0.02 7.21 +0.39
35 134 7.25+035 040 +0.03 0.24 +0.03 7.94 +0.40
52 15.7 7.80 +0.47  0.80 + 0.06 0.29 +0.03 8.52 + 0.55
64 16.4 10.21 £ 0.69  1.06 + 0.09 0.88 + 0.04 11.15 + 0.80
76 17.2 994 +0.72 1.12 £0.10 2.65 +0.18 10.50 + 0.84
85 18.0 9.55+090 1.19+0.14 4.40 +0.26 9.72 + 1.06
95 19.5 10.14 £ 0.55 1.01 +0.07 5.07 £ 0.30 10.47 £+ 0.66
109 21.5 11.51 £ 073 124 +0.09 511 +0.59 12.13 +£0.89
130 24.2 11.53 £ 045 140 +0.07 4.58 +£0.18 12.42 + 0.56
149 26.5 891 +£0.85 1.11+0.13 427 +0.24 9.40 + 1.08

(continued on next page)
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Table 2 (continued)

Core Depth Age 230Th 232Th 238y 230Th,,
(cm) (ka) (dpmg™')  (dpmg')  (dpmg™')  (dpmg™)
170 29.1 9724066 1264010 345+0.19  10.50 + 0.86
190 317 982+ 046 1864006 3.12+0.16  10.11 + 0.61
210 343 8174040  0.73+005  2.60 +0.22 9.75 + 0.56
230 36.8 7154048  0.65+008  242+0.16 8.62 +0.67
250 39.6 9394048  087+006 301+017  11.53 +0.68
270 425 8104086 0924012 205+014 1041 +026

MD 88-770 19 73 6.06+028  0.114+002  0.13 +0.02 641 +0.28

39 10.2 4694016 0124001 0.6+ 001 507 +0.17
49 11.7 5574019 0174001  0.14 + 001 6.09 + 0.22
97 16.6 9814046 0544004 593+033 1007 +0.54
117 18.2 906 +077 0644008 6134032 9.13 +0.90
159 19.8 9414046 0694005 550 +0.21 9.75 + 0.55
198 212 8204053  0.60+008 438 +0.24 8.55 + 0.64
278 24.6 8534027 059+003 433+033 9.10 + 0.34
339 28.1 6744033  052+004  445+023 7.01 +043
419 340 4944048 0194005 376 +0.24 5.08 +0.63
519 432 6444031 040 +£003  3.59 +022 739 + 046
MD 54-552 19 7.7 2184008  008+001  0.18 +0.02 228 +0.08
29 8.0 2044011  006+002 018+ 003 2.14 +0.12
39 8.3 1.814£007 0074002  0.19 +0.02 1.90 + 0.08
49 8.5 1.62+009  0.09+003  0.19 +0.03 1.68 + 0.10
59 8.7 174 +011 0074002  0.19 +0.03 1.83 +0.12
69 9.3 1854013 0124003 021 +0.02 1.92 + 0.14
77 9.7 141 4£009 0074003 023 +002 1.48 +0.10
89 10.3 1.81+008 0104002  0.18 +0.01 1.92 + 0.09
97 10.7 1954016  024+004 0304003 2.00 +0.17
109 11.6 2404006 0264001 037 +0.02 247 +0.06
118 12,0 2294018  024+004  031+005 238 +0.20
127 12.3 2724021 0434006 048 +0.03 274 +0.24
139 12.7 3644026 0744008 072 +0.11 3.57 £ 030
149 13.1 3774025 082+007 067+ 008 3.69 +0.29
157 13.9 4344020 1014007  0.80 + 0.05 424 4023
169 18.1 4184031 1064009  0.79 +0.06 4.18 +0.37
179 20.1 446 +029 1014009  1.15+0.14 438 +0.36
199 239 4284013 1024004  1.16 +0.03 445 4+ 0.16
219 33.0 420+022 094 +006  0.68 + 003 4.90 +0.30
239 41.0 3724023 079 £005 057 +0.02 471 +0.34

enclosed in aluminium bags; thus corrections were required and were made for each
element by subtracting the contribution of the element from the bag (this correction is
< 5%). After irradiation, sediment samples and standards were measured with an HP
Ge detector (FWMH 1.7 keV at 1332 keV; relative efficiency: 20%) at the Laboratoire
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3.2.3. Detrital contents

The detrital fraction (Table 4) of the sediment was estimated from bulk sediment
weight minus biogenic components (opal, carbonate, organic matter) with detrital
fraction = 1 — (opal fraction + carbonate fraction + 3 x organic carbon fraction).

3.2.4. Biogenic (opal and carbonates) contents

Most of the opal and carbonate (Table 4) data used in this study were previously
published by Bareille et al. (1991, 1998). The content of opal was determined by
chemical dissolution following the procedure of Mortlock (Mortlock and Froelich,
1989), with resulting uncertainties of less than 2%. The carbonate content (% CaCO3)
was determined with a calcimeter by the CO, volumetric method. The precision was
estimated to be about 2%.

3.2.5. Magnetic susceptibility profiles

Continuous measurements of low-field magnetic susceptibility (MS) were taken on
all core samples with a pass-through Bartington magnetometer. This instrument
integrates the sediment section within the coil (12.5cm diameter) with a signal
resolution of about 5-10 cm. Down-core integrated MS depends on: (1) the average
susceptibility of individual particles; (2) the relative volume of both low (or negative)
MS and high MS particles; and (3) the sediment porosity. We used this non-
destructive, physical, and extremely rapid method to examine spatial and temporal
changes in material input on the southern margin of the SEIR (Bareille et al., 1994).

3.3. Stratigraphic framework and age model

To allow for a more detailed discussion of the signals and their comparison with
other records, a chronostratigraphic scale was constructed. Time scales for cores MD
94-102, MD 88-769 and MD 88-770 are based on AMS '*C dates (Labeyrie et al.,
1996; Lemoine, 1998). These measurements were obtained from monospecific samples
N. pachyderma (sin.) at each level. '*C dates were corrected for reservoir age (Bard
et al., 1990). For two cores, MD 94-104 and MD 84-552, we have no absolute age
constraints. The proposed age scale for these cores was developed as follows:

Core MD 84-552 was correlated graphically to core MD 84-551, which is located in
the same area and has age constraints from both §'80 benthic records and AMS
14C ages (Labracherie et al., 1989). The same procedure was used for core MD 94-104,
which was correlated with core MD 88-769.

The results are displayed on an age/depth plot for all the cores (Fig. 3).

4. Results and discussion

4.1. Does long-term current-controlled sedimentation along the SEIR affect
climate-driven glacial-interglacial sedimentation?

Current-controlled sedimentation in the SIB has been previously investigated by
sediment isopach map (Houtz et al., 1977), seafloor photography, direct current
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Table 4
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Sediment composition

Core Depth Age CaCO; Opal Terrigenous
(cm) (va) (%) (%) (%)
MD 94-102 0 6.5 68 6 25
10 8.2 69 6 24
20 9.9 73 5 21
30 11.6 79 5 15
40 133 80 5 14
50 15.0 71 5 24
60 16.6 67 6 26
70 17.6 61 7 31
80 20.7 51 9 40
90 249 48 6 45
100 29.1 49 6 45
110 32.6 50 7 43
120 34.8 52 7 41
130 35.8 60 7 32
140 36.8 61 9 30
150 40.3 66 7 28
160 43.7 71 5 23
MD 94-104 50 43 54 27 20
100 8.6 62 22 13
130 11.1 65 15 16
160 13.0 58 22 26
180 13.8 49 24 26
200 14.6 28 22 53
230 16.0 15 22 66
300 19.1 15 31 59
380 22.7 12 27 63
470 27.5 12 29 58
600 35.1 21 40 37
640 374 25 38 51
700 41.0 26 33 48
800 47.0 25 32 32
MD 88-769 15 8.5 79 7 14
20 9.7 85 6 9
25 11.0 83 6 11
35 134 71 9 20
52 15.7 42 13 44
64 16.4 25 20 54
76 17.2 18 22 57
85 18.0 17 24 57
95 19.5 16 26 58
109 21.5 11 28 59
130 24.2 10 27 62
149 26.5 17 31 51
170 29.1 12 28 59
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Table 4 (continued)

Core Depth Age CaCO; Opal Terrigenous
(cm) (va) (%) (%) (%)
190 31.7 13 35 50
210 343 25 37 37
230 36.8 29 33 37
250 39.6 29 24 45
270 42.5 25 25 45

MD 88-770 19 7.3 86 6 7

39 10.2 80 7 13
49 11.7 80 6 13
97 16.6 13 50 34
117 18.2 12 57 28
159 19.8 10 46 39
198 212 11 57 30
278 24.6 12 52 34
339 28.1 12 60 25
419 34.0 11 63 24
519 432 23 50 25
MD 54-552 19 7.7 25 71 4
29 8.0 10 87 3
39 8.3 11 86 4
49 8.5 9 86 5
59 8.7 14 83 4
69 9.3 16 77 7
77 9.7 14 82 4
89 10.3 18 79 5
97 10.7 11 77 13
109 11.6 8 78 14
118 12.0 6 81 13
127 12.3 6 70 23
139 12.7 8 52 41
149 13.1 8 47 45
157 13.9 9 38 56
169 18.1 9 33 58
179 20.1 9 38 55
199 239 12 33 56
219 33.0 15 33 52
239 41.0 15 42 43

measurements and bottom-water turbidity (Eittreim et al., 1972a; Kolla et al., 1976b,
1978; Kennett and Watkins, 1976). Direct observations of the seafloor and direct
current measurements have been used to interpret the accumulation pattern of several
million years worth of sediment in the SIB (Kolla et al., 1976b, 1978; Kennett and
Watkins, 1976; Houtz et al., 1977). Unfortunately, there is no study available on
the glacial-interglacial accumulation pattern.
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Fig. 3. Stratigraphic results: Age (ka) versus depth (cm). Triangles: Accelerator mass spectrometer '#C dates
corrected for reservoir age as proposed by Bard et al. (1990) on planktonic foraminifera (G. bulloides and
N. pachyderma s). Data from Labeyrie et al. (1996) and Lemoine (1998). Squares: Ages derived from different
stratigraphic parameters (carbonate, opal, abundance of Cycladophora davisiana) by detailed correlation of
isotopic stages with cores located in the same area and having age constraints from both 6'®O benthic
records and AMS '#C ages.

Before discussing our own geochemical results, in the following sections we will
discuss previously published data and will examine glacial-interglacial sedimentation
cycles.

4.1.1. The effect of modern currents on the seafloor and long-term sedimentation

The modern northward-moving AABW has widespread effects on sediment trans-
port and accumulation in the western and northwestern part of the SIB, i.e., along the
eastern margin of the Kerguelen Plateau and on the southern margin of the SEIR.
This influence is determined from the presence or absence of current indicators and
manganese nodules on the seafloor of the SIB (Kolla et al., 1976b; Kennett and
Watkins, 1976). The strong erosive capacity of intense bottom-water movement in the
SIB between 80 and 100°E and 50 and 60°S is revealed by Mn pavement and
abundant nodules. This zone is also the location of the lowest sediment thickness
(Houtz et al., 1977) (Fig. 4). This correlation suggests that intense bottom currents
have persisted in this deep area over 2.5 Ma. This strongly eroded zone has been
attributed to the increase in speed of the current as it turns to the east along the
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Fig. 4. Sediment thickness (m) inferred from seismic profiles from Eltanin cruises in the Southeast Indian
sector of the Southern Ocean (adapted from Houtz et al., 1977). Magnetic suceptibility profiles in Fig. 5 are
for the two transects T1 and T2.

southern flank of the SEIR by addition of the high-velocity ACC (Kennett and
Watkins, 1976). Strong bottom currents would prevent deposition and result in
sediment resuspension, thus generating a large nepheloid layer composed of ter-
rigenous and biogenic particles from bottom sediments (Eittreim et al., 1972a; Kolla et
al., 1976b; McCave, 1986; Barron et al., 1991; Ehrmann and Grobe, 1991).

In contrast to the evidence for bottom-water transport and removal of sediments in
the zone described above, there is no evidence to suggest any major resuspension from
northeast of the Kerguelen Plateau to as far as 110°E (i.e., on the southern flank of the
SEIR) from a water depth of 4000 m to the top of the ridge or in the southeastern part
of the SIB (south of 56°S). These areas are characterized by relatively high sediment
thickness (Fig. 4) and are separated by the low sediment accumulation/high bottom-
current zone with Mn pavement to abundant nodules. In the southernmost zone,
a sedimentary ridge called the East Kerguelen Ridge (EKR) has been identified along
the southern flank of the Kerguelen Plateau. It has been suggested that the EKR could
be the product of preferential sediment deposition by the westward-flowing bottom
current that is turned northward by the Kerguelen plateau. This suggestion is based
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on the combined evidence of a sedimentary ridge (the EKR), the moderate-to-large
amount of material in suspension (Kolla et al., 1976b, 1978) and the northward-
moving bottom current (Kolla et al., 1976b) along the eastern margin of the plateau
(Kolla et al., 1976b; Houtz et al., 1977).

The northern high sediment thickness zone along the southern flank of the SEIR
has not been examined in detail. The sediment thickness map of Houtz et al. (1977)
suggests the presence of a sediment tongue with sediment thickness decreasing east-
wards from the foot of the Kerguelen Plateau. In detail, the pattern of sediment
distribution is more complex, with channels of low and high sediment thickness. We
suggest that this complexity is due to both topographic effects and bottom-current
interactions between the AABW and the ACC, which is strongly concentrated
north of the Crozet and Kerguelen Plateaus (Park et al., 1991, 1993). Considering
that the sediment tongue probably is the result of millions of years of sedimentation,
we selected several Kullenberg cores according to the morphology of the tongue
to investigate the last cycle of climate-driven sedimentation on the SEIR (Figs. 2
and 4).

4.1.2. Qualitative evidence of glacial-interglacial current-controlled sedimentation
on the SEIR

In the Southern Ocean, glacial-interglacial sedimentary cycles are known to be
dominated mainly by substantial amounts of sediment contributed from surface
productivity (DeMaster, 1981; Cooke and Hays, 1982). Indeed, material accumulating
on the seafloor of the Southern Ocean consists mainly of carbonate oozes north of the
Polar Front Zone (PFZ), of silica-dominated oozes between the PFZ and 60°S, and of
silty clay or clayey silt (glaciomarine sediments) with varying amounts of biogenic
silica between 60°S and the Antarctic continental margin. During glacial periods, the
northward migration of the PFZ resulted in the input of detrital material farther north
(as far as 42°S) by ice rafting or bottom-current transport (Cooke and Hays, 1982;
Howard and Prell, 1992; Bareille et al., 1994). This larger input of detrital material is
recorded by an increase in the bulk magnetic susceptibility of glacial sediment
intervals (Bareille et al., 1994).

We used this characteristic variability in MS to evaluate the sediment thickness
patterns of interglacial and glacial intervals in the sedimentary tongue along the
SEIR. Two transects are shown in Fig. 4, one crossing the tongue (T1, Fig. 5a) and the
other along the axis of the tongue (T2, Fig. 5b). MS variability suggests that both
glacial and interglacial sediment thicknesses follow the millions-of-years sedimentary
pattern of the tongue, i.e., higher glacial and interglacial sediment thicknesses are
found at the centre and to the west of the sedimentary tongue and decrease eastward,
northward and southward from the axis of the tongue. This suggests that late
Quaternary sedimentation has been controlled largely by bottom currents in the SIB,
despite the input of sedimentary material from surface-water biogenic productivity.
Focusing on the Holocene period, additional qualitative evidence for current redis-
tributed sediment on the seafloor comes from the distribution of biogenic silica
accumulation rates on the SEIR. Indeed, because biogenic silica production is con-
strained by frontal zones (PFZ), biogenic silica accumulation rates should be greatest
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Fig. 5. (Continued).

south of the PFZ. However, very high Holocene biogenic silica accumulation rates are
found on the SEIR despite their northern location at a distance from the PF (Fig. 6a),
highest detrital accumulation rates (Fig. 6b) are also found in this area. In addition,
the Holocene distributions of both biogenic silica and detrital accumulation rates
(Fig. 6a and b) are in agreement with the eastward trending sediment thickness tongue
identified for the long-term sedimentation in the SEIR.

4.2. Quantification of lateral sediment redistribution
As qualitatively shown above, climate-driven biogenic and terrigenous sedimen-

tation in the Southern Ocean should be controlled by the particularly strong bot-
tom-water circulation. A recently developed method, the 23°Th normalization
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flux method (Bacon, 1984; Suman and Bacon, 1989; Francois et al., 1990, 1993; Frank
et al., 1995), can be used to identify sections of redistributed sediments and to quantify
the amounts of laterally supplied material on the SEIR.
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4.2.1. Theory

Thorium-230 is produced at a rate of 2.63 x 10™> dpm cm ™ ka ™' in the oceanic
water column from the radioactive decay of ***U dissolved in seawater. Because of its
long (4 x 10°a) residence time in the ocean, uranium concentration in seawater shows
no significant geographical variations (Ku et al., 1977). Since Th is strongly adsorbed
by marine particulate matter, its residence time in the water column is short (<40 a,
(Moore and Sackett, 1964)), and the rate of 2*°Th delivery to the sediments is
approximately equal to the rate of production, i.e., practically none of the **°Th is lost
by decay in the water column. Measurements with deep-sea sediment traps (Anderson
et al., 1983) have confirmed that the production and vertical flux of 23°Th carried by
settling particles are nearly in balance. Thus, 23°Th-normalised flux calculations are
based on the assumption that the flux of 2*°Th to the seafloor is constant and equal to
its rate of production in the water column (Bacon, 1984; Suman and Bacon, 1989;
Francois et al., 1990). In the sediment, this flux constitutes the flux in excess at the time
of the deposition, i.e., corrected for the amount of >3°Th in the lattice of lithogenic
material, for the decay of authigenic uranium, and for the decay of **°Th with time
(*3°Th,,). When lateral sediment redistribution occurs, the flux of 2*°Th,, into the
sediments (F,) deviates from expected flux value based on the production in the
overlying water column (F,). Suman and Bacon (1989) introduced the focusing factor
concept. The focusing factor (@) is defined as the ratio of F to F,,. @ < 1 indicates
a lateral export of particles loaded with 2*°Th,, (sediment winnowing) and & > 1
indicates, an import (focusing). Thus, average vertical sediment rain rates (Fepica1) fOr
a certain sediment section may be calculated by dividing the measured sediment
accumulation rate F by the F,/F,, ratio:

F

Fvertical = W = 5 (1)

S|

where, F,..ca 18 the average vertical sediment rain rate for an independently dated
section (gecm~?ka™!); F is the accumulation rate (gcm~?ka™'); F, is the flux or
accumulation rate of 23°Th,, (dpm cm ™2 ka™ ')

F, = C,S DBD,

where C|,, is the concentration (decay-corrected) of >*°Th,, (**°Th,,) at the depth x in
the sediment, S is the sedimentation rate (cm ka~ '), and DBD is the Dry Bulk Density
(gem ™ 3); and F,, is the constant production rate of **°Th in the water column
(dpmcm ™% ka™ ')

F, = pZ,

where Z is the water depth (cm) at the core location and f is the production rate of
239Th in the water column (2.63 x 10~ dpm cm ~*ka ™).

This approach was successfully applied in localities where lateral re-sedimentation
is significant (Suman and Bacon, 1989; Francois et al., 1993).
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4.2.2. Calculating age-corrected excess **°Th activity at the time of deposition

There are two prerequisites for utilization of 2*°Th data to determine accumulation
fluxes. Firstly, the measured concentrations of 23°Th have to be corrected for both
detrital and authigenic contributions produced from decay of 2**U in the sediment in
order to calculate the amount of 2*°Th originating from scavenging in the oceanic
water column (excess concentrations). Secondly, an independent time-scale for the
core is necessary to calculate the corresponding value at the time of deposition
(33°Th,,) for each measured 23°Th,, content.

4.2.2.1. Evaluation of detrital and authigenic **8U activities. The total 238 uranium

measured in the samples consists of two components: uranium present in detrital

minerals (?*®Uy) and bio-authigenic uranium (**®Uy,) derived from seawater.
Detrital uranium (**8U,) is estimated as

238Ud — (238U/232Th)d(232Th)5,

where (2*3U/?32Th), is the detrital U/Th ratio and (*32Th), is the measured content of
232Th in the sediment samples. *2Th is considered to be present exclusively present in
detrital minerals (Anderson, 1982).

The bio-authigenic uranium (**®U,,) contents of the samples were then calculated:

238Ub _ 238U 238Ud
a T — >

where 238U is the measured total uranium content.

In core MD 94-102, the good correlation of 232Th with 238Uy (r* = 0.8) suggests
that bio-authigenic uranium is not present. The detrital (>*¥U/?>32Th), ratio of 0.58
from this core is applied to the calculations for all cores in the study area.

In order to calculate the activities of detrital and bio-authigenic uranium, Francois
et al. (1993) assumed a (**®U/?*?Th), activity ratio of the detrital sediment phase in
the range of 0.5-1, and Frank, 1996 used an activity ratio of 0.75. Our U/Th ratio is
within the range used in these previous studies.

4.2.2.2. Age-corrected excess **°Th activity. The following equations are applied to
calculate the age-corrected excess 2*°Th activity (**°Th,,):

230Th, = 239Th,_ . — (332Th x 0.58) — 238U, . X [(1 — e~ ")
+ A230/(Aa30 — Aaza) X (1 — e e T Rey(234 238U) — 1)),
where
238U, um. = 238U neas. — (2*2Th x 0.58)

with (>3?Th x 0.58) being the estimate of the mean activity of detrital 2*3U in dpm g~ !,
2230 and A,3, are the decay constants of 2*°Th and ?**U in a~ !, and ¢ is the age in
years estimated from previous stratigraphic results.

The 2*®U,,,. term represents the equilibrium activity of **°Th produced from
authigenic uranium, assuming that uranium precipitation occurred at the time of
sediment deposition. After the stratigraphy is established, the excess activities of the
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radionuclides are decay-corrected to the time of deposition of the sediment (**°Th,,):
230Tp. = 230 oM,

Measured age-corrected 23°Th,, activities are shown in Table 2. These activities show
small fluctuations in most of the cores investigated from the SEIR and the Kerguelen
Plateau.

4.2.3. Fluxes estimated by the **°Th,, method compared with accumulation fluxes

When comparing the sediment accumulation rates to the vertical particle rain rate
calculated by the constant 23°Th,, accumulation method (Eq. (1)), we note dramatic
differences between the two records for all deep-sea cores (Fig. 7).

In the northwestern part of the SIB and in the plateau area, the sediment accumula-
tion rates are several times higher than our estimated rain rates throughout the
investigated period of time (approximately 2-14 times higher). This confirms our
initial assumption about anomalies of high accumulation of biogenic silica in the PFZ
along the SEIR during the Holocene period.

In order to facilitate a more convenient core-to-core comparison, we used the
focusing factor concept introduced by Suman and Bacon (1989). There are, however,
several assumptions and problems that lead to uncertainties in calculating the focus-
ing factor. Having demonstrated that these problems are negligible for our cores (see
appendix), we present a map showing F,/F,, ratios in two time slices in order to see if
any systematic links to paleoclimate-driven changes of the current regime can be
recognized.

4.2.3.1. The Holocene. The Holocene (here 0-13 ka BP) redistribution map (Fig. 8a)
shows that all sites are affected by sediment focusing. Application of Eq. (2) indicates
that the amount of **°Th,, that accumulated at the coring location exceeded that
which was produced in the overlying water column by a factor of 3-5 and by as much
a factor of 9 in core MD 94-104 located just east of Kerguelen Island, and a factor of
10 in core MD 84-527 located just northeast of Crozet Plateau.

In comparing the sediment distribution map reconstructed from seismic profiles to
the geographic pattern of focusing factor, we observe a general correspondence
between high thickness and @, suggesting a strong link between circulation and
laterally supplied material.

4.2.3.2. Isotope stage 2. The pattern for the last glacial period is not very different
from the pattern for the Holocene except that a stronger lateral contribution of
sediment (i.e., higher values of @) can be observed along the base of the SEIR (Fig. 8b).
Compared with the Holocene period, the focusing factor is clearly above 4 in cores
MD 88-769 and MD 88-770 during stage 2, and is up to a factor of 12 in core MD
94-104. On the northern slope of the Crozet Plateau (MD 84-527), the focusing factor
is below 1, suggesting a weak winnowing, which means that an export of particles,
probably due to increased bottom-current velocities, occurred.

Although the patterns of sediment dispersal and accumulation are similar for gla-
cial and interglacial times, there are significant differences in the quantity of material
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advected. These differences are quite clear and must reflect a change in the position or
intensity of the bottom currents of the AABW or ACC-CDW, which are believed to be
the agent that delivers sediment to the sites. So, it is interesting to note that the
mapping of the focusing factor data shows dynamic erosion of the northern slope of
the Crozet Plateau and an increasing lateral supply of sediment to the base of the
SEIR during the glacial period. A preliminary interpretation of this pattern is that
near the present-day location of the SAF, there has been a significant hydrographic
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change between the last glacial conditions and those now prevalent during the
Holocene. This change in conditions may be related to a higher flow speed of the
ACC-CDW during the glacial period in comparison with the Holocene. However,
a major contribution of Antarctic material transported by enhanced AABW during
the glacial period cannot be ruled out. Consequently, we investigated the origin of
glacial lateral inputs.

4.3. Detrital input

To the east of Kerguelen, Copin-Montegut and Copin-Montegut (1978) noticed an
increase (approximately double) in particulate silica with depth in the water column.
This increase has been attributed to the resuspension of bottom sediment rich in
siliceous tests by bottom water. The increase in Si is accompanied by an increase in Al,
Fe and Mg, showing that significant amounts of terrigenous material are also brought
into suspension. The application of the 23°Th,, method provides evidence for signifi-
cant biogenous and terrigenous sediment redistribution during the last 40 ka. These
results raise questions about the origin and the mode of transport of this material.
Here, we propose an original approach to this question by identifying the origin of
particles and the variations in their composition as a function of time. Terrigenous
particle origin can be determined by using rare-carth elements (REE) and other trace
elements.

4.3.1. Rare-earth elements and other trace elements

In the northwestern part of the SIB, terrigenous particles may originate from any
of the surrounding land masses, i.c., old Antarctic continental craton and volcanic
oceanic islands (Kerguelen, Crozet). These potential source areas are characterized by
different REE or trace-element compositions. Thus, by connecting the REE or trace-
element composition of source areas to the terrigenous particles in the sediment, the
origin of the particles can be identified. In order to characterize the spatial and
temporal changes in detrital fluxes during that last 40,000 yr, we chose to focus on
three cores (MD 94-102, MD 88-769 and MD 94-104) selected from the contourite
drift.

4.3.1.1. Rare-earth elements. In order to obtain the best resolution in this identifica-
tion, we chose to use the degree of light REE enrichment with respect to heavy, REE,
which discriminates between the two potential source areas and is defined as:

Lan/Tbn = (Lasample/Lashale )/(Tbsample/Tbshale)-

The old Antarctic continental craton is characterized by La, /Tb, ratio above 1.00 and
the young volcanic islands (Crozet, Kerguelen) by a ratio under 0.90 (Table 3). The
lithogenic signal of the bulk sediment may be altered by biogenous skeletal materials
and by a hydrogenous-hydrothermal signal. Elderfield et al. (1981) showed that the
direct contribution of plankton and carbonate and siliceous skeletal materials to REE
contents of sediments is negligible. In the cores from this study, the contribution of La
and Tb from biogenous material is negligible (< 10%) when the biogenous material
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constitutes less than 80% of the bulk sediment. Samples of cores MD 88-769 and MD
94-104 have biogenous material contents greater than 80% during the Holocene. In
order to determine the Holocene lithogenic characteristics at these sites, we carried
out measurements on carbonate-free fractions. Core MD 94-102 has biogenous
material contents of less than 80%, permitting reasonably accurate determinations of
the Holocene lithogenic characteristics at this site.

The lithogenic signal may also be altered by a hydrogenous-hydrothermal signal
in coatings of oxide hydroxide on the grains analysed (Elderfield et al., 1981;
Palmer, 1985). However, REE analyses of the samples revealed no significant
cerium anomaly, the latter being expected in the case of a hydrothermal component,
ferromanganese nodules or diagenetic products associated with an authigenic
Fe-Mn-rich phase adsorbed onto surface of particles. The Fe/Se ratio is constant
for all cores, with a value around 3.4 (r* = 0.98), which signifies a detrital rather
than authigenic origin for Fe. Moreover, the accumulation rates in that area are too
high to permit an increased Fe—Mn-rich phase. Consequently, we assume that the
geochemical composition of our samples is more likely to represent the lithogenic
signal. The La,/Tb, and Fe/Sc ratios of the sediments from the cores are shown in
Table 3.

The measured La,/Tb, ratio (Fig. 9a) clearly shows a change in terrigenous origin
between the glacial period and the Holocene. Samples representing glacial stages
2 and 3 reveal lower La,/Tb, ratios compared with those from the Holocene.
Although the variations are small, La,/Tb, ratios are well above 0.8 during the
Holocene, indicating a higher relative contribution of terrigenous particles from
the Antarctic source than the volcanic source at this time. These ratios were lower
during the glacial period, indicating a likely relative increase in the volcanic
contribution.

4.3.1.2. Other trace elements. In addition to the La/Tb ratio, we also considered the
distribution of Th and Sc for the purpose of determining the origin of detrital particles.
Both strongly incompatible elements (like Th) and strongly compatible elements
(like Sc) are present in clastic sedimentary rocks (Taylor and McLennan, 1985). Their
ratios provide an index of chemical differentiation (e.g., Th/Sc) and may provide
a sensitive index of overall chemical composition (i.e., mafic versus felsic). A lower
Th/Sc ratio in sediments could reflect a higher proportion of detrital particles derived
from oceanic crust (e.g., Kerguelen, Crozet). The advantage of the Th/Sc ratio over the
La,/Tb, ratio is that the lithogenic signal of the bulk sediment is not altered by
biogenous skeletal materials or by a hydrogenous-hydrothermal signal. The Th/Sc
ratios are shown in Table 3 and Fig. 9b.

The measured Th/Sc ratios (Fig. 9b) differ between interglacial and glacial periods.
These variations in Th/Sc ratios are interpreted to indicate a change in the origin of
the detrital material. Samples from cores representing glacial stages 2 and 3 have
lower Th/Sc ratios than those from the Holocene, with values ranging from 0.3 to 0.4.
As volcanic rocks from Kerguelen have Th/Sc ratios ranging from 0.01 to 0.4 (Storey
et al., 1988), and as the Th/Sc ratio of core MD 84-552 is constant (0.35) for both
glacial and interglacial periods, the Th/Sc ratio in sediments at the base of the SEIR
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Fig. 9. Downcore evolution of La,/Tb, and Th/Sc ratio in the cores MD 94-102, MD 94-104 and MD
88-769.

supports enhanced material coming from the Crozet-Kerguelen sources during glacial
times.

The La,/Tb, and Th/Sc ratio data suggest that during the last 40 ka, the ter-
rigenous particles originated from two major sources: the volcanic oceanic islands
(Kerguelen, Crozet), consistent with the action of a bottom water mass (i.e., ACC-
CDW) flowing from the volcanogenic islands into the SIB, or the old Antarctic
continental craton, consistent with the action of a bottom water mass (i.e. AABW)
flowing from the Antarctic continent into the SIB. The lower La, /Tb, and Th/Sc ratio
during the glacial period might be related to greater volcanic inputs because of
increased erosive capacity of the ACC-CDW due to its higher speed during this
period. The increase of these ratios in the Holocene suggests less ACC-supplied
material of Crozet and Kerguelen origin.
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4.3.2. Sediment supply and transport mechanisms

The main question remaining to be addressed pertains to the increase in the glacial
detrital flux: does this increase reflect a change in bottom-current strength or a change
in transport mechanisms?

The detrital fraction can be transported into the ocean by wind (acolian particles),
by surface circulation (ice-rafted detritus), by turbidity currents and by bottom
currents. Our interpretation of geochemical and focusing data is that deep-current
transport is the likely explanation for detrital flux into the basin. However, the possi-
bility of contributions of detrital material transported by these other means has not
been discussed. We here investigate the input of sediment via different transport
mechanisms and demonstrate that their contributions to the detrital sediment flux in
the SEIR are negligible.

4.3.2.1. Aeolian input. Grousset et al. (1992) showed that dust from the last glacial
maximum found in East Antarctica at Dome C came mostly from Argentine loesses
(Patagonia). These dusts are therefore likely to have an old continental cratonic
signature. In oceanic sediments, however, the detrital fraction accumulated on the
SEIR commonly consists of volcanic material. In addition, Duce and Tindale (1991)
showed modern aeolian fluxes of 0.001-0.01 gcm ™2 ka ! for the Southern Ocean.
Assuming that Vostok dust flux was greater by a factor of 15 during the last glacial
maximum (Petit et al., 1990), glacial dust flux to the Southern Ocean would be about
0.015-0.15gcm ™2 ka™ !, representing less than 5% of the total detrital flux of the
southeast Indian sector. We thus exclude aeolian input as a main transport mecha-
nism of detrital sediments to the basin.

4.3.2.2. Ice-rafted detritus supply. Higher detrital input during glacial periods could
potentially be explained by greater input of ice-rafted detritus. In the Atlantic sector of
the Southern Ocean, Cooke and Hays (1982) showed a higher IRD input during
glacial periods with a decreasing gradient from the Weddell sea to the Indian Basin.
On the other hand, evidence for input of iceberg melt water in the surface waters of the
Antarctic polar front has been clearly identified in 5'®0 anomalies in the Atlantic and
the western sector of the Indian Basin (Labeyrie et al., 1986). No anomaly due to input
of iceberg melt water in the surface waters was identified in the eastern sector, i.e., from
the Kerguelen Plateau to the SEIR (cores MD 80-304, RC 11-120, MD 88-769, MD
88-770, MD 94-102 (Labeyrie et al., 1986, 1996; Lemoine, 1998)).

Ice rafting is an important delivery mechanism if the terrigenous sediment flux has
a tremendous control over vertical rain rates. We have determined the vertical rain
rates and the detrital particle fluxes for our cores and can show that variations in the
bulk accumulation rain rates are not correlated with the detrital rain rates (MD
94-102 (r*=0.09), MD 94-104 (r*=0.05), MD 88-769 (r*=0.30), MD 88-770
(r*=0.18), MD 84-527 (r*=0.10). Moreover, a high-resolution time study in MD
88-769 has been carried out by Manthe and Bareille (2000) in order to identify and
separate the ice-rafted sediment contribution. They showed that most of terrigenous
debris deposited in the sediment accumulation band is relatively fine and that the
fraction >45 pum (which may be considered as ice-rafted detritus) represented less
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than 5% during glacial periods. Ice rafting is therefore unlikely to be a major
transport mechanism for detrital sediment on the SEIR.

4.3.2.3. Turbidity current processes. During glacial periods, as a result of lower sea
level, shelves and shallow plateaus may be destabilized. Compared with the inter-
glacial periods, when most of the detrital particles were trapped on the shelves, during
glacial periods, sediments may be transported to the deep sea by turbidity currents or
slumping. The only likely source of turbidities is Kerguelen Plateau, and the sediment
body cored lies on the flank of the SEIR, separated from Kerguelen by a depression
that would take turbidity currents down into the SIB. They are most unlikely to have
been direct supplies of material. Moreover, in the case of strong turbidity currents
during glacial periods, *C age-inverted sections are expected, but not observed, in
our cores.

4.4. Paleoceanographic implications

4.4.1. Bottom-current variability in the Indian sector of the Southern Ocean

Physical (magnetic susceptibility profiles), sedimentological (detrital and opal con-
tents) and geochemical (?3°Th,,, REEs and trace elements) results suggest that
changes occurring in the accumulation pattern on the southern flank of the SEIR
during the last 40 ka were derived mainly from the decreased supply of advected
material from glacial to Holocene. We believe that this change is related to changes in
the interactions between the ACC-CDW and the AABW.

During the Holocene epoch, the detrital material supplied to the SEIR clearly
shows a mixed continental (the Antarctic craton) and volcanic (Kerguelen Plateau)
origin. This mixed origin suggests that the detritus was transported in suspension by
deep-water currents along both Antarctica and the Kerguelen plateau. Large inputs of
biogenic silica were also found in the same area as evidenced by comparison of vertical
rain rates and accumulation rates in sediments. This is also supported by the presence
of Antarctic diatom species (L. Armand, personal communication, 1999) along the
Kerguelen plateau. Thus, there is new evidence supporting the interpretation that
significant amounts of biogenous and terrigenous material are brought into suspen-
sion by the bottom nepheloid layer (northward-moving AABW), as previously stated
by Kennett and Watkins (1975, 1976).

During the glacial periods, both detrital and biogenic silica fluxes of advected origin
were higher than in the Holocene on the SEIR. Enhancement of volcanic material
input relative to that from the Antarctic continental source supports the idea of
resuspension processes and transport by deep-water currents along the northern part
of the Kerguelen Plateau. Focusing factor data show dynamic erosion of the northern
slope of the Crozet Plateau, confirming this assumption. This source of terrigenous
material is consistent with the action of stronger bottom-water currents associated
with the ACC-CDW flowing eastward from the Crozet and Kerguelen Plateaus
during the glacial period, as stated by a simple wind-driven model (Klinck and Smith,
1993). Concerning the source of biogenic silica, a portion could be associated with the
dispersal of local productivity as the PFZ moved to the north during the glacial
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periods, and some is likely to originate from the northern slopes of the Crozet and
possibly Kerguelen plateaus, as suggested by the occurrence of winnowing processes
in these areas. Taking into account the main terrigenous source, this latter source
should be of greater importance. Consequently, we believe that increasing lateral
supply at the foot of the SEIR during the glacial period comes from sediment
resuspension from the north slopes of Crozet and Kerguelen plateaus, just west of
the coring locations. This interpretation is consistent with hydrographic data from
the region (Park et al., 1991, 1993), indicating that the northward deflection of the
circumpolar current results in relatively strong eastward currents that could scour the
northern slope of the plateau. There is some evidence for rather low bottom-water
current velocities associated with the AABW during glacial periods. For example,
velocity estimates obtained in the Weddell Sea suggest that during the coldest periods,
when sea ice cover was more extensive than today, bottom currents were weaker
(Pudsey, 1992). A similar conclusion has been made for the North Atlantic Deep
Water (Duplessy et al., 1988). Ehrmann and Grobe (1991) found cyclic changes in
Pleistocene sedimentation from the East Kerguelen Ridge, a contourite ridge asso-
ciated with the AABW movement along the eastern flank of the Kerguelen plateau
(sites 745 and 746, ODP leg 119). On this contourite, facies rich in biogenic silica
alternate with clay-siliceous facies; these facies are associated with interglacial and
glacial periods, respectively. Glacial periods are characterized by lower sedimentation
rates that could be interpreted as resulting from a decrease in the deposition of
material. This decrease could result from a weaker current, or from higher current
velocities inhibiting sedimentation. In the latter case, we would find evidence for
erosion on the East Kerguelen Ridge, but we have no indication of such a process. On
the other hand, the material should be deposited in a northern location like the SEIR,
but we have not found clear evidence of higher quantities of material from Antarctica.
This suggests that the AABW circulation was not significantly different than today
and may have been less erosive in the southeast Indian basin during glacial periods
than during interglacial times as stated by Ehrmann and Grobe (1991). Consequently,
an enhancement in bottom-water current strength associated with the ACC-CDW
seems to be the principal factor causing more significant transfer of terrigenous pro-
ducts to the contourite drift.

Because of its close relation to wind stress, the ACC could have changed in strength
in response to wind stress changes. Micropaleontological reconstructions of sea
surface temperature in the SW Indian Ocean during the last glacial maximum (LGM)
suggest a northward migration in the position of the Subtropical Front (STF) and
the Polar Front (PF) (Labeyrie et al., 1996; Lemoine, 1998). The foraminiferal record
also suggests that the PF migrated more than the STF, resulting in a contraction of
the Polar Frontal Zone during the LGM. In that case, an increase in speed of the
ACC-CDW may also have been induced by an increase in the meridional density
gradient.

4.4.2. The contourite formation along the SEIR during the glacial period
Currents causing contourite formation must be slow enough to allow the accumula-
tion of suspended material. One ambiguity comes from the fact that in our hypothesis,
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glacial increase in ACC-CDW would probably not create conditions to deposit larger
quantities of material on the ridge.

During the glacial period a combination of increased wind stress and contraction of
the Polar Frontal Zone results in faster flow of the ACC-CDW. The currents associ-
ated with the ACC-CDW are accelerated around the north end of major obstructions
presented by Crozet and Kerguelen plateaus. The higher erosive capacity of these
currents along the northern slopes of these plateaus could generate a larger nepheloid
layer which incorporated terrigenous and biogenous particles from bottom sediments.
Downstream of Kerguelen a decrease of the topographic control induced a decrease of
the bottom-current intensity and resulted in the sedimentation of most of the particle
load of the CDW against the SEIR.

5. Conclusion

Sediment redistribution over the last 40 ka by bottom currents has been investi-
gated using a suite of cores obtained from three distinct environments. These environ-
ments are: the eastern part of the Crozet Islands (MD 84-527), the western part of the
Kerguelen plateau (MD 84-552) and the northwestern part of the SIB (MD 94-102,
MD 94-104, MD 94-106, MD 88-769, MD 88-770). Sediment thickness distribution,
magnetic susceptibility profiles, detrital and opal contents, 2*°Th,,, REE and trace-
element analyses have permitted several conclusions to be drawn:

(1) Dramatic changes in accumulation rates of sediments recorded in cores were
caused principally by changes in lateral transport by bottom currents rather than by
changes in aeolian or IRD particles settling from the overlying water column or
turbidity current supply.

(2) The La,/Tb, and Th/Sc ratio data revealed that during last glacial period, the
terrigenous particle source was mainly of volcanogenic origin, i.e., the Crozet and
Kerguelen slopes. The more significant contribution from the volcanic sources during
the last glacial maximum is consistent with the more vigorous action of ACC-CDW
bottom water mass. Moreover, mapping of the focusing factor data shows dynamic
erosion (@ < 1) of the northern slope of the Crozet Plateau and an increased lateral
supply (@ > 1) at the foot of the Southeastern Indian ridge during the glacial
period. A preliminary interpretation of this pattern is that there was a significant
hydrographic change from the last glacial period to the Holocene around the present-
day location of the SAF, which might be related to an increase in speed of the
ACC-CDW.

(3) To explain the contourite drift formation along the SEIR, we propose that
sediment that was eroded by high bottom-water velocities associated with the ACC-
CDW was deposited in a region of lower current intensity on the SEIR. The expansion
of the Polar Frontal Zone to the east of the Kerguelen Plateau, the lesser topographic
control and the confluence of the ACC-CDW with the northward flowing AABW,
would have induced a decrease in the circumpolar current velocity along the southern
flank of the SEIR, thus allowing the deposition of suspended material.
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In summary, the combined sedimentologic, seismic and geochemical approaches
used in this study have permitted us to understand the functioning of the basin. These
approaches hold great potential for study of oceanic sedimentation processes with
implications for paleocirculation.
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Appendix A

There are several assumptions and problems that lead to uncertainties in calculat-
ing the focusing factor.

(1) The first assumption is that lateral isopycnal transport of dissolved 2*°Th
within the water column (boundary scavenging) from high to low particle flux areas, is
negligible. This boundary scavenging occurs when marginal sediments receive a much
greater flux of particle-reactive elements than open ocean sediments. An increased
lateral transport of isotopes along isopycnals should result in increased radionuclide
fluxes to the sediment and should coincide with increased sedimentation rates. On the
other hand, a lateral isopycnal export of radionuclides should coincide with decreased
radionuclide fluxes and decreased sedimentation rates. In this study, cores have higher
230Th,, fluxes (F,) than the >*°Th production flux (F,,). So, an increased amount of
“boundary scavenging” due to a higher particle rain rate could explain the high >*°Th
fluxes. However, several lines of evidence suggest that this effect is unimportant for
our cores, Firstly, the **'Pa,,/**°Th,, ratio may be an indicator of biologically
induced scavenging Because it has a longer residence time in sea water, 23!Pa,, is
preferentially scavenged in high-flux regions (Anderson et al., 1990), where settling
materials and underlying sediments acquire a 2*!Pa,,/**°Th,, ratio higher than their
production-rate ratio from the decay of uranium dissolved in sea water (0.093). In
contrast, sediments deposited in low-flux regions have a **!'Pa., deficit (that is,
231py  /*3%Th,, < 0.093). Walter et al. (1997) recently reported that the relationship
between 23'Pa,,/*3°Th,, and particle flux was more complex and suggested that
231pa . /*3°Th,, ratios responded more to the rain rate of opal than to the total flux of
particulate matter sinking through the water column. Francois et al. (1997) used the
ratio 23'Pa,, /23°Th,, in order to study past changes in opal fluxes in the Southern
Ocean. Their results clearly give evidence that little glacial-to-Holocene change occurs
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in the Indian sector, suggesting a constant opal rain rate throughout the investigated
time period. They also suggest that biologically induced scavenging was not very
strong (**!'Pa.,/**°Th,, ratio not far from the production-rate ratio). Secondly, in
different oceanic regions, Francois et al. (1990) showed that while total mass flux
collected by the traps varies 15-fold between low- and high-productivity regions, the
accompanying flux of 23°Th varies from a deficit (compared to >*°Th production rate)
of circa 40% in oligotrophic regions to a maximum excess of circa 50% in high-flux
areas. In the extreme case, if we assume strong upwelling and a high mass flux in our
study, then the *3°Th,, flux would be increased by a factor of 2 by boundary
scavenging. In that case, only a focusing factor above 2 may then be interpreted as
sediment redistribution.

For the above reasons, the higher glacial 2*°Th,, fluxes (F,), which may be up to
14-fold the #*°Th production flux (F,,), cannot be due to increased scavenging by
changes in particle rain rate (Fig. 7).

(2) The second assumption that has to be made for estimation of the focusing factor
(@) is that the 2*°Th concentration in the redistributed sediment is equal to that of the
sediment raining down from the overlying water column (i.e., if the redeposited
sediment came from an area of similar water depth). As suggested by Francois et al.
(1993), it is also possible that the redistributed sediment was initially deposited at
a shallower depth prior to being transported to its final site of deposition. In this case,
® would underestimate the fraction of sediment brought by lateral transport and
vertical paleofluxes would overestimate true rain rates. However, several lines of
evidence suggest that this problem is not important for our cores.

If lateral transport of sediment initially deposited in shallower areas significantly
affected paleoflux estimates, we would expect a correlation between the two. Fig. 7
shows no obvious correlation between the two because Fqpcar 1S Virtually constant.
Since this correlation is not observed, the redistributed sediment must come from an
area of similar depth.

Consequently, we assume that the focusing factor represents more a measure of
additional sediment deposited as well as additional 23°Th,, deposited.

(3) Finally, there is another problem that leads to uncertainties in calculating the
focusing factor. Namely, in order to use down-core variations of the focusing factor,
one must assume that **°Th,, traces the redistribution of both biogenous and terri-
genous components. This implies that 23°Th is distributed over all the particles
without discrimination. In order to determine the degree to which particle composi-
tion influences the particle-reactive substances (like 23°Th, 23'Pa, 2!°Pb and '°Be),
covariations between these substances activities and the major constituents (organic
carbon, opal, carbonates and lithogenic fraction) were examined by different authors
in the particulate matter collected by sediment traps.

No evidence was found for a relationship between radionuclide scavenging inten-
sity and particle composition at the Nearshore site in the Southern Middle Atlantic
Bight (for 23°Th, ?*'Pa and '°Be, Lao, 1991; Anderson, 1975) or in the Bay of Biscaye
or off the Delmarva Peninsula (for 2!°Pb, Biscaye and Anderson, 1994; Radakovitch
and Heussner, 1999). These findings led the investigators to suggest that the composi-
tion of the particulate matter does not influence the initial partitioning of the chemical
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species between solution and the solid phase in these regions. These situations are
significantly different from those encountered in other areas, such as in the equatorial
Pacific (for 23°Th, Luo and Ku, 1999), in the tropical northeast Atlantic (for 2!°Pb,
Legeleux et al., 1996), or in the eastern Equatorial Pacific (for '°Be, Sharma et al.,
1987), where the composition of particulate matter (aluminosilicates more parti-
cularly) influences the scavenging. Particle composition undoubtedly does influence
scavenging under certain circumstances (Luo and Ku, 1999; Legeleux et al., 1996; Lao,
1991), and it appears that aluminosilicate may be the primary phase scavenging
radionuclides in typical open ocean areas where the flux of total particulate matter is
low (Biscaye and Anderson, 1994; Lao et al., 1993). However, it seems that in typical
ocean-margin regions, where both terrigenous material flux and biological productiv-
ity are higher (Biscaye and Anderson, 1994; Lao, 1991; Anderson, 1975; Radakovitch
and Heussner, 1999), the scavenging is regulated to a much stronger degree by the
production, aggregation, and settling of particulate matter, i.e., the processes that
contribute to the overall particle flux. In this latter case, >*°Th fluxes collected by
sediment traps are well correlated with the total flux of organic matter, but not with
the clay content of particles.

In our study, total particle fluxes are up to 14 times those occurring in typical
open-ocean areas. Therefore, in the Indian sector of the Southern Ocean, where both
terrigenous and biogenous material fluxes are high, it appears reasonable to compare
this area to a typical ocean-margin region. The difference is that, in our case, the total
particle fluxes are dominated by lateral fluxes of sediment; these conditions have also
been observed by Biscaye and Anderson (1994) in the southern Middle Atlantic Bight,
where no evidence was found for a relationship between radionuclide scavenging
intensity and particle composition.

Having shown (1) that 23°Th is not preferentially scavenged by clays in regions
where both terrigenous and biogenous material flux are high and (2) that the flux of
230Th correlates well with the total flux of particulate matter, we assume that the
focusing factor traces the redistribution of both biogenous and terrigenous compo-
nents. Resolution of this assumption would require measurement of particle composi-
tion and *3*°Th concentration in sediment traps in the Indian sector of the Southern
Ocean.
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