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GLACIAL/INTERGLACIAL CHANGES IN SEDIMENT
RAIN RATE IN THE SW INDIAN SECTOR OF
SUBANTARCTIC WATERS AS RECORDED BY *°Th,
#pa, U, AND 3"N

Roger Francois, Michael P. Bacon, and Mark A. Altabet

Department of Marine Chemistry and Geochemistry, Woods
Hole Oceanographic Institution, Woods Hole, Massachusetts

Laurent D. Labeyrie

Centre des Faibles Radioactivités, Laboratoire Mixte, Centre
National de la Recherche Scientifique et Commissariat a
I'Energie Atomique, Gif-sur-Yvette, France

Abstract. High-resolution records of opal, carbonate, and
terrigenous fluxes have been obtained from a high-
sedimentation rate core (MD84-527: 43°50’S; 51°19°E; 3269
m) by normalization to 2**Th. This method estimates
paleofluxes to the seafloor on a point-by-point basis and
distinguishes changes in sediment accumulation duse to
variations in vertical rain rates from those duse to changes in
syndepositional sediment redistribution by bottom currents.
We also measured sediment 8'*N to evaluate the changes in
nitrate utilization in the overlying surface waters associated
with paleoflux variations. Our results show that opal
accumulation rates on the seafloor during the Holocene and
stage 3, based on “C dating, were respectively tenfold and
fivefold higher than the vertical rain rates, At this particular
location, changes in opal accumulation on the seafloor
appear to be mainly controlled by sediment redistribution by
bottom currents rather than variations in opal fluxes from the
overlying water column. Correction for syndepositional
sediment redistribution and the improved time resolution that
can be achieved by normalization to “°Th disclose important
variations in opal min rates. We found relatively high but
variable opal paleoflux during stage 3, with two maxima
centered at 36 and 30 kyr B.P., low opal paleoflux during
stage 2 and deglaciation and a pronounced maximum during
the early Holocene, We interpret this record as reflecting
variations in opal production rates associated with climate-
induced latitudinal migration of the southem ocean frontal
system. Sediments deposited during periods of high opal
paleoflux also have high authigenic U concentrations,
suggesting more reducing conditions in the sediment, and
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high Pa-231/Th-230 ratios, suggesting increased scavenging
from the water column. Sediment §'°N is circa 1.5 per mil
higher during isotopic stage 2 and deglaciation. The low
opal rain rates recorded during that period appear to have
been associated with increased nitrate depletion. This
suggests that opal paleofluxes do not simply reflect
latitudinal migration of the frontal system but also changes
in the structure of the upper water column. Increased
stratification during isotopic stage 2 and deglaciation could
have been produced by a meltwater lid, leading to lower
nitrate supply rates to surface waters.

INTRODUCTION

In response to arguments that biological production in high-
latitude surface waters may be an important control on the
steady state level of atmospheric CO, [Sarmiento and
Toggweiller, 1984; Siegenthaler and Wenk, 1984; Knox and
McElroy, 1984], attention has focussed on the accumulation
history of opal in sediments from the southern ocean. Thus
far, efforts have been directed towards estimating opal
accumulation rates in cores with established stratigraphy
[Mortlock et al., 1991; Charles et al., 1991; Bareille, 1991
Bareille et al., 1991]. An inherent uncertainty in that
approach, however, is the inability to distinguish between
changes in accumulation resulting from variations in
productivity-controlled vertical rain rate and those resulting
from variations in syndepositional sediment redistribution by
bottom currents. In the southern ocean, this uncertainty may
be especially significant because of the presence of relatively
strong abyssal currents associated with the Antarctic
Circumpolar Current and Antarctic Bottom Water. Synoptic
sediment maps clearly indicate the presence of scour zones
produced by high bottom water velocities [Heezen and
Hollister, 1971; Watkins and Kennett, 1972; Anderson, 1990].
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Fig. 1. Core location (MD84-527: 43°50'S; 51°19'E; 3269 m) and position of present-day Subtropical Convergence
(STC), Sub-Antarctic Front (SAF), and Polar Frontal Zone (PFZ). Also illustrated is the northward deflection of the

Antarctic Circumpolar Current (ACC).

Sediment winnowed from these areas is eventually deposited
in regions of lower current intensity, where sediment
accumulation must be in excess of the vertical particle flux
originating from surface water. As opal-rich sediments
appear to be particularly susceptible to resuspension, such
redistribution may be especially important in the opal-rich
zone associated with the Polar Frontal Zone, and it becomes
difficult to ascertain whether changes in opal accumulation
recorded at any point on the seafloor reflect changes in
productivity in the overlying water or simply result from
shifts in the position or intensity of bottom currents, leading to
changes in the amount of sediment brought to the site by
lateral transport.

In a recent study of Holocene sedimentation on the Bermuda
Rise drift deposit, Suman and Bacon [1989] addressed this
groblem. They demonstrated that, by normalizing to excess

30Th activity in the sediment, changes in vertical pelagic rain
rates could be reconstructed even from cores collected in
areas where sediment accumulation is dominated by lateral
transport of sediment by bottom currents. They used the term
"sediment focusing™ to convey the idea that this redistribution
results in the accumulation of sediment in excess of what is
produced in the overlying water column. We use a similar
approach in a core from the SW Indian sector of the southern
ocean (MD84-527; 43°49.35'S, 51°19.1'E; 3269 m; Figure 1).
The isotopic and micropaleontological records of this core
have been extensively studied [Labeyrie et al., 1986;
Labracherie et al., 1989; Pichon et al., 1992], and detailed 4C
AM.S. dating shows large variations in sediment
accumulation rates apparently associated with Quaternary
climatic cycles [Bard et al., 1989; Labracherie et al., 1989]
(Figure 2). This core thus provides an opportunity to further
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Fig. 2. Accelerator mass spectrometer 14C dates on planktonic
foraminifera (triangles, G. bull.; circles, N. pachyd.). Data
from Labracherie et al. [1989].
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test the potential of excess 230Th normalization as a means of
retrieving paleoflux (or pelagic rain rate) information from the
sedimentary record, to estimate the impact of sediment
redistribution (or sediment focusing) on opal accumulation
rates in this region, and to study variations in opal and
carbonate rain rate in subantarctic waters during the last
40,000 years.

In addition to excess 22%Th, we also measured excess 23!Pa,
authigenic uranium, and bulk sediment 315N, Protactinium-
231 is preferentially scavenged (relative to 230Th) in areas of
higher particle flux [Anderson et al., 1983; Yang et al., 1986;
Bacon, 1988; Anderson et al., 1990; Lao et al., 1993], so that
excess 231Pafexcess 23CTh ratios in sediments can be used to
identify areas of the seafloor subjected to higher particle rain
rates. Authigenic U concentrations reflect reducing
conditions in sediments [Cochran and Krishnaswami, 1980;
Bames and Cochran, 1990; Klinkhammer and Palmer, 1991]
which can be linked to higher primary production in the
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overlying water column. We will show that the sediment
profiles of these other constituents are consistent with the
conclusions derived from 2°°Th normalization. Finally,
sediment 315N was measured to evaluate changes in nitrate
utilization in surface waters [Calvert et al., 1992; Francois et
al., 1992; M. A. Altabet and R. Francois, Sedimentary
nitrogen isotopic ratio records surface ocean nitrate
utilization, submitted to Global Biogeochemical Cycles, 1993
(hereinafter referred to as Altabet and Francois, submitted
manuscript, 1993)] associated with the recorded changes in
paleoflux.

ANALYTICAL METHODS

U, Th and Pa isotopes: U, Th, and Pa isotopes were
measured by o spectrometry after separation on anion
exchange resins (AG1-X8, 100-200 mesh) and
electrodeposition on silver disks. The procedure of Anderson

TABLE 1. The 230Th, 231Pa, 234U, and 238U Activities in Core MD84-527

Depth,  Time*, 230Th, 231p,, 234y, 238y, 2347238y
cm ka dpm/g dpm/g dpm/g dpm/g
10 2.14 9.61+.45 2.22+.14 2.06t.12 1.08+.07
30 293 9.13+.24 0.97£.03 2.45+.18 2.23+.13 1.10£.07
78 4,66 10.63+.27 1.16£.04 2.07+.13 1.83+.11 1.13£.08
98 533 9.27+.30 0.841.06 2.32+£.10 2.19+.09 1.061.05
134 6.49 9.46+.26 2.71+.14 2.461.12 1.10+.07
158 731 5.67+.18 0.88+.07 2.75+.10 2.39+.08 1.15+.04
188 8.49 5.34%.19 0.75%.06 3.77+.20 3.28+.18 1.15+.06
198 8.88 5.93+.19 0.83+.05 4.28+.16 3.66+.16 1.17+.05
218 9.48 5.57+.18 0.72+.06 3.47+.19 2.92+.17 1.19+.07
228 9.78 5.60+.11 0.87+£.06 3.71+.32 3.23+.26 1.15+.11
238 10.10 6.20+.11 0.53£.02 1.851.16 1.47+.12 1.26+.14
246 10.30 7.58+.25 0.68+.05 1.50+.11 1.47+.10 1.02+.09
256 10.80 8.60£.32 1.66+.07 1.51+.06 1.10+.06
268 11.43 7.55+.22 0.76+.07 1.34+.06 1.17+.04 1.15+.06
289 12.70 9.89+.42 1.35+.09 1.30+.07 1.04+.08
298 15.73 8.661.36 0.71+.07 1.17+.05 1.10+.04 1.061.06
308 19.63 8.19+.47 0.56+.06 1.124.11 0.92+.10 1.22+£.19
318 23.50 6.52+.31 0.53+.04 1.26+.14 1.22+.12 1.03+.14
338 26.50 5.27+.19 0.48+.05 5.31+.25 4,74+.22 1.12+.05
348 27.10 6.03+.20 0.49+.04 7.01£.30 6.32+.27 1.11+.04
386 28.80 4.31+.13 0.39+.03 2.12+.12 1.93+.11 1.10+.07
406 30.00 4.11+.12 0.40+.03 2.07+.20 1.95+.17 1.06+.11
428 31.30 5.33%.10 2.38+.12 2.29+.12 1.04+.06
448 32.50 5.02+.23 0.34£.02 1.81+.10 1.64+.08 1.10+£.07
468 33.60 5.27+£.20 1.50+.10 1.53+.08 0.98+.07
485 34.60 47117 1.25+£.09 1.21+.08 1.03+.10
508 36.00 421,19 0.35£.03 1.79+.14 1.70£.13 1.05+.09
516 36.47 448+.14 0.35+£.04 1.88+.07 1.71£.07 1.10+.07
528 37.20 587122 0.49+.04 2.40+.15 2.14+.13 1.12+.08
548 38.40 4.64+.08 0.30+£.04 1.58+.11 1.61+.10 0.98+.08

* Time scale is based on accelerator mass spectrometry 14C dates [Labracherie et al., 1989,
Figure 2].
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and Fleer [1982] was followed for U and Th. Protactinium-
231 was analyzed following the procedure described by Fleer
and Bacon [1991]. Briefly, 231p, was separated from Th
isotopes by adsorption on AG1-X8 from 9N HCI and from U
isotopes by elution with 12N HCI containing 0.13N HF. In
the presence of HF, polypropylene columns (chromaflex,
Kontes) were used. After elution, the Pa fractions were
evaporated and taken up in 8N HNO;. Pa was then
readsorbed on AG1-X8 from 8N HNOj;, washed with 9N HCl
and eluted with 12N HC1/0.13N HF, The recovered Pa
solutions were then evaporated to a small drop of
concentrated HNO; and taken up in 0.01M HNO; and 2M
NH,CI1 before electroplating. Protactinium-233 was used to
monitor chemical yields. Counting eff1c1en01cs were
estimated by adding known aliquots of 21Am to the Pa
solutions prior to electroplating to serve as an internal
standard. Precisions (10) are reported in Table 1.

Calcium carbonate: CaCO; was measured by a gasometric
method [Jones and Kaiteris, 1983]. Precision ranged from 2
to 5 %, depending on CaCO, content.

Opal: Opal was measured by dissolution into 2M Na,CO;, at
85°C for 5 hours, followed by colorimetric determination
[Mortlock and Froelich, 1989]. Duplicate analyses on
different samples agreed within 0.2 to 8.7%, with an average
3% reproducibility. Opal concentrations were obtained by
multiplying extracied Si concentrations by 2.4 to account for
the average water content of diatomaceous silica [Mortlock
and Froelich, 1989].

Terrigenous materials: Detrital aluminosilicates were
assumed to make up the remainder (noncarbonate; nonopal) of
the sediment.

Sediment 8°N : Bulk sediment 5'5N analyses were made on
dried and homogenized sediment samples using the
conventional Dumas combustion procedure [Minagawa et al.,
1985]. Isotopic analyses were made using a Finnigan MAT
251. Precision, based on reproducibility of a peptone
standard, was £ 0.15 per mil.

Nitrogen: Sediment samples were precisely weighed prior to
combustion for nitrogen isotopic analysis. N was estimated
from the ion source intensity on the mass spectrometer. The

precision obtained on replicate peptone analyses was 1.6% (1 ©).

PALEOFLUX RECONSTRUCTION BY NORMALIZATION
TO EXCESS 230Th

Thorium-230 normalized ﬂux calculations are based on the
assumption that the flux of 230Th to the seafloor is constant
and equal to the rate of production from the decay of B4y in
the overlying water column [Bacon, 1984; Suman and Bacon,
1989; Francois et al., 1990]. Excess 23'OTh activity in settling
parucu]ates is then inversely related to total mass flux, and
excess 230Th activities (decay corrected) in sediment can be
used as a reference against which the flux of other
sedimentary components can be estimated:

Bez. f:
[ b/ 2 1
i [230Th] )
0
where
F; normalized flux (rain rate) of sedimentary
component i;
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B constant production rate of 220Th in the water
column (2.63 x 103 dpm cm3 kyr‘l);
z water depth;

f; weight fraction of component i in the sediment;
[230Th]o activity of excess 23OTh (i.e., the fraction of 23O'I‘h
not supported by 4y present in mineral
lattices) decay corrected to time of deposition
using an independent time scale based on 14C or
5180 stratigraphy.

By normalizing to [230Th]0, each point becomes a measure
of flux, and the extent to which variations in flux can be
resolved is, in principle, limited only by bioturbation.

The val1d1ty of the underlying assumption has been verified
by 230Th flux estimates obtained from sediment traps
deployed for at least 1-year periods in different oceanic
regions ranging from the Sargasso Sea to the Antarctic Ocean
[Francois et al., 1990; E.-F. Yu, unpublished data, 1993]. The
data indicate that while total mass flux collected by the traps
varies 15-fold between low and high-productivity regions,
the accompangmg flux of 230Th varies only from a deficit
(compared to OTh production rate) of circa 40% in
oligotrophic regions to an excess of circa 50% in high flux
areas. Larger deficits (>50%) have been observed in traps
deployed in oligotrophic regions close to ocean margins, at
relatively shallow depths (1000 m or less [Lao et al., 1993;
E.-F. Yu, unpublished data, 1993]), suggesting that boundary
scavenging might be more pronounced in the upper water
column, where circulation is more intense. As most deep-sea
sediments are deposited at much greater depths, this effect
should have a relauvely minor influence on the application of
the constant 2*0Th flux model, as reflected by the sediment
traps deployed at greater depths. Therefore, although
paleoflux reconstructions based on this method tend to
underestimate high rain rates and overestimate low ones, we
believe that, in most instances, the accuracy of the
reconstructed fluxes should be within 40%, while small
changes in rain rate can be resolved within the precision of
the ex.230Thg analysis (i.¢., better than 5%).

NITRATE UTILIZATION RECONSTRUCTION FROM
SEDIMENT 8N

The underlying principle of this approach is detailed in
Altabet and Francois (submitted manuscript, 1993) and
Francois et al. [1992]. Phytoplankton discriminate against
15y during nitrate uptake [Wada and Hattori, 1978; Montoya,
1990]. As a result, the 8'°N of sinking organic matter
increases as nitrate becomes more depleted in surface waters
[e.sg., Alabet et al., 1991; Nakatsuka et al., 1992], and the

N of suspended particulate organic matter (POM) has been
found to decrease markedly across the Subtropical
Convergence, from circa +7 per mil in the oligotrophic water
just north of the convergence to circa -2 per mil in the cold
nitrate-rich water of the subpolar and polar regions (Altabet
and Francois, submitted manuscript, 1993). Analysis of core
tops revealed that the 815N of total nitrogen in the underlying
sediment reflects the signal produced in surface waters.
Sediment 51°N was low (circa + 5 per mil) in the polar region
and increased gradually across the subpolar region to a
maximum (circa + 11 per mil) just north of the Subtropical
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Convergence. Early diagenesis appears to increase 1N at
the sediment-water interface by 5 to 7 per mil, but the fact
that we can nonetheless recognize the expected pattern of
!N distribution in core tops indicates that diagenetic
overprinting does not obliterate the surface signal, but instead
offsets it by a more or less constant value. These observations
lead to the suggestion that sediment 8'°N could be used as an
indicator of past changes in the degree of nitrate utilization in
the overlying water column, as higher nutrient utilization
would translate into higher 81N in sediment [Altabet and
Francois, submitted manuscript, 1993; Francois et al., 1992].

CORE LOCATION

Core MD84-527 was collected on the N.E. slope of Crozet
Plateau (Figure 1), a location underlying the present-day
transition zone between warm, saline subtropical surface
waters to the north of the Subtropical Convergence (41°S-
42°S) and cold, less saline, antarctic surface waters to the
south of the Polar Frontal Zone (43°S- 49°S). In this sector,
the bulk of the geostrophic flow associated with the eastward
flowing Antarctic Circumpolar Current (ACC) is diverted to
the north of the Crozet Plateau [Gamberoni et al., 1982; Park
etal., 1991]. This topographic steering of the bulk of the
ACC results in the merging of the Subtropical Convergence
and the Subantarctic Front, steep temperature, salinity, and
nutrient concentration gradients in surface waters and
relatively strong geostrophic currents between 40°S and 43°S.
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GLACIAL/INTERGLACIAL CHANGES IN
ACCUMULATION RATE

Core MD84-527 has been extensively dated by accelerator
mass spectrometry 1*C measured on monospecific planktonic
foraminifera samples [Bard et al., 1989; Labracherie et al.,
19907; (Figure 2). The data indicate high accumulation rates
during isotopic stage 3 (circa 17 cm kyr'!) and the Holocene
(circa 27 ¢cm kyr“) and a dramatic drop in accumulation rate
during isotopic stage 2 (circa 2.5 cm kyr‘l). Because of the
near absence of foraminifera, there are no C dates for the
LGM section. The lack of visual or lithological evidence for
unconformities suggests a slow but continuous sedimentation
over this 30-cm core section, uninterrupted by hiatuses. It
seems unlikely that such large and abrupt changes in
sedimentation rate would reflect changes only in upper water
column processes. Instead, as we will show later, periods of
high accumulation represent periods of intensified lateral
transport of sediment to the core location, which was chosen
to be within a topographic setting promoting sediment
accumulation,

RESULTS

Uranium

Uranium 238 concentrations (Table 1, Figure 3a) are
remarkably high considering the relatively low clay content of
the sediment. Because 233U/232Th activity ratios for most
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Fig. 3. (a) Uranium-238 activity profile (o) and 238y contribution from the lithogenous sediment component
estimated from 232Th activities (the two solid lines represent the range of detrital 238y estimates, assuming
23815232 activity ratio in the sediment detrital phase to be 0.5 and 1). (b) Measured 23%Th activity profile (o) and
estimated activities of 230Th scavenged by settling particulates (decay and ingrowth corrected; dotted lines). The
two horizontal lines delineate the core section corresponding to isotopic stage 2.
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TABLE 2. Evaluation of Detrital and Authigenic 238U Activities

Francois et al.: Sediment Fluxes in the Southern Ocean

in Core MD84-527

Depth, Time, 232Th, 2387], Detrital 238U, Authigenic 238U,
cm ka dpm/g dpm/g dpm/g dpm/g
10 2.14 0.2210.04 2.06+0.12 0.11-0.22 1.84-1.95
30 2.93 0.29+0.02 2.23+0.13 0.15-0.29 1.94-2,08
78 4.66 0.35+0.02 1.8340.11 0.18-0.35 1.48-1.66
98 5.33 0.36+0.04 2.1940.09 0.18-0.36 1.83-2.01
134 6.49 0.36+0.03 2.4610.12 0.18-0.36 2.10-2.28
158 731 0.22+0.02 2.39+0.08 0.11-0.22 2.17-2.28
188 8.49 0.21+0.03 3.2840.18 0.11-0.21 3.07-3.17
198 8.88 0.21£0.02 3.6610.16 0.11-0.21 3.45-3.55
218 9.48 0.2610.03 2.9240.17 0.13-0.26 2.66-2.79
228 9.78 0.2740.02 3.2340.26 0.14-0.27 2.96-3.09
238 10.10 0.360.02 1.47£0.12 0.18-0.36 1.11-1.29
246 10.30 0.39£0.04 1.47£0.10 0.20-0.39 1.08-1.28
256 10.80 0.58+0.04 1.5110.06 0.29-0.58 0.93-1.22
268 1143 0.55£0.04 1.1740.04 0.28-0.55 0.62-0.89
289 12.70 0.810.07 1.30£0.07 0.41-0.82 0.49-0.89
298 15.73 0.860.06 1.10£0.04 0.43-0.86 0.24-0.67
308 19.63 0.89+0.04 0.92+0.10 0.45-0.89 0.03-0.47
318 23.50 0.67+0.07 1.2240.12 0.34-0.67 0.55-0.89
338 26.50 0.621+0.05 4.74£0.22 0.31-0.62 4.12-4.43
348 27.10 0.59+0.05 6.3240.27 0.30-0.59 5.73-6.02
386 28.80 0.37+0.03 1.9310.11 0.19-0.37 1.56-1.74
406 30.00 0.31+0.02 1.95+0.17 0.16-0.31 1.64-1.80
428 31.30 0.441+0.02 2.29+0.12 0.22-0.44 1.85-2.07
448 32.50 0.60+0.07 1.6410.08 0.30-0.60 1.05-1.35
468 33.60 0.7240.05 1.53£0.08 0.36-0.72 0.81-1.17
485 34.60 0.5310.04 1.21+0.08 0.27-0.53 0.68-0.95
508 36.00 0.3910.04 1.70+0.13 0.20-0.39 1.31-1.51
516 36.47 0.36£0.03 1.71£0.07 0.18-0.36 1.35-1.53
528 37.20 0.58+0.05 2.1440.13 0.29-0.58 1.56-1.85
548 38.40 0.61+0.02 1.61+0.10 0.31-0.61 1.00-1.31

Detrital 238U activities were estimated by assuming 238U/232Th activity ratio between
0.5 and 1. Authigenic 238U activities were estimated by difference.

major minerals and pelagic marine sediments vary within a
narrow range, detrital 223U can be estimated from 232Th
activities [Anderson, 1982; Anderson et al., 1989]. An
envelope of detrital 2>*U values was thus estimated, assuming
38y/2%2Th activity ratio of the sediment detrital phase in the
range of 0.5 to 1 (Table 2, Figure 3a), and authigenic 8y
activities were estimated by difference (Table 2). Clearly, a
large fraction of the uranium found in this core cannot be
detrital, but instead must have been added to the sediment as a
result of reducing conditions either in the sediment [Cochran
and Krishnaswami, 1980; Barnes and Cochran, 1990;
Klinkhammer and Palmer, 1991] or in microenvironments
within settling particules [Anderson, 1982]. The relatively
high 2341J/238Y ratios measured in this core (Table 1; average:
1.10 £ 0.07), similar to that of seawater, are also consistent
with this explanation.

Thorium 230

Because of the addition of relatively large amounts of
authigenic U from seawater into the sediment after deposition,
calculation of excess [*3°Th]q (i.c., the amount of 23°Th
derived by scavenging from seawater, decay corrected to the
time of deposition) requires corrections not only for detrital
230Th and decay since the time of deposition but also
corrections for ingrowth of 230Th from authigenic 24U, If we
assume that authigenic U was added at the time of sediment
deposition, these corrections can be estimated from the
following equation:

Ay =AM Ao (4 - 4y7) A3 (e(“‘“)-‘_]) @

A3-A2

where A4’ is the decay- and ingrowth-corrected 230Th activity
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TABLE 3. Decay- and Ingrowth-Corrected Excess 230Th and 231Pa

Depth, Time, €x.230Th, ex.230Th,, ex.231Pa, ex.231Pa,,
cm ka dpm/g dpm/g dpm/g dpm/g
10 2.14 9.39-9.50 9.54- 9.65
30 2.93 8.84- 8.99 9.02-9.17 0.96-0.96 1.01-1.02
78 4.66 10.28-10.46 10.66-10.83 1.14-1.15 1.26-1.27
98 5.33 8.91-9.09 9.25-943 0.82-0.83 0.91-0.92
134 6.49 9.10- 9.28 9.51- 9.69
158 7.31 5.45-5.56 5.66- 5.77 0.87-0.88 1.00-1.01
188 8.49 5.13-5.24 5.26- 5.37 0.74-0.75 0.86-0.87
198 8.88 5.72-5.83 5.87-5.98 0.82-0.83 0.96-0.97
218 9.48 531-5.44 5.52-5.65 0.71-0.71 0.84-0.85
228 9.78 5.33-5.47 5.52-5.65 0.86-0.86 1.03-1.04
238 10.10 5.84-6.02 6.29- 6.46 0.51-0.52 0.63-0.64
246 10.30 7.19-7.39 7.78-7.98 0.66-0.67 0.82-0.82
256 10.80 8.02- 8.31 8.75-9.03
268 11.43 7.00-7.28 7.70-7.97 0.74-0.75 0.93-0.95
289 12,70 9.08-9.48 10.14-10.54
298 15.73 7.80- 8.23 8.75-9.18 0.67-0.69 0.89-0.90
308 19.63 7.30-7.75 8.68-9.12 0.52-0.54 0.78-0.80
318 23.50 5.85-6.19 7.19-7.51 0.50-0.51 0.84-0.85
338 26.50 4.65- 4.96 4.64-4.94 0.45-0.47 0.66-0.68
338* 5.29-5.64 0.73-0.76
348 27.10 5.44-5.74 5.14-5.42 0.46-0.48 0.63-0.64
348* 6.09- 6.42 0.74-0.75
386 28.80 3.94-4.13 4.60-4.78 0.37-0.38 0.64-0.64
406 30.00 3.80-3.96 442-4.57 0.39-0.39 0.67-0.68
428 31.30 4.89-5.11 5.82-6.03
448 32.50 442-4.72 5.55-5.84 0.31-0.33 0.59-0.60
468 33.60 4.55-4.91 5.87-6.21
485 34.60 4.18-445 546-5.71
508 36.00 3.82-4.02 4.74-492 0.33-0.34 0.66-0.66
516 36.47 4.12-4.30 5.16- 5.33 0.33-0.34 0.66-0.67
528 37.20 5.29- 5.58 6.73- 7.00 0.46-0.48 0.95-0.97
548 38.40 4.03-4.34 5.26- 5.55 0.27-0.29 0.56-0.59

* Bxcess 230Th, and excess 231Pa, computed with the assumption that authigenic
U was added to these sediment sections at 14 ka B.P. (see text for explanations).
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(ex.239Thg); A is the 230Th not supported by detrital 238U
(ex.230Th); A, is the activity of authigenic 238U; A, is the
activity of authigenic B4y initially added to the sediment
(ie., 1.14 x A,"); A2 and A3 are the decay constants of 24U
and 230Th respectively; and ¢ is the age of the sediment.

If authigenic U has diffused from the overlying seawater
into the sediment along a pore water gradient [Cochran and
Krishnaswami, 1980; Barnes and Cochran, 1990;
Klinkhammer and Palmer, 1991], then the assumption that
authigenic U was added at the time of sediment deposition is
not correct. However, as we will show later, in order to
sustain the authigenic U burial rates measured in this core, the
U reduction zone would have to be within 30 cm of the
sediment water interface. Considering the high sediment
accumulation rates measured throughout most of this core, the
error associated with our initial assumption must be less than

2000 years (except for sediment deposited during isotope
stage 2 and the close of isotopic stage 3 - see below), which is
small compared to the 75,200-year half-life of 230Th,
Measured total 23%Th activities (Table 1) and decay/ingrowth-
corrected excess 2>°Th activities based on the above
assumption (Table 3) are shown in Figure 3b.

Protactinium-231

As for 23%Th, the calculation of 2'Pa scavenged by
sediment from the water column (cx.[23lPa]o) requires
correction for lautice-held 23!'Pa (supported by lattice-held
2354), decay since the time of deposition and ingrowth from
authigenic 35U. The following equation was used:

A = Ase}‘s" _ A4°(e"5" _1) 3)

where A;” is the decay- and ingrowth-corrected 231Pa activity;
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TABLE 4. Sediment Composition, 815N, and Th-Normalized Paleoflux and ex.231Pa,/ex.230Th,
Activity Ratio in Core MD84-527

Depth, Time, Fraction 3N, 815N,  Total Flux, €x.231Pa,

cm ka CaCO3; Opal Terrigenous % permil g/ cmZka™! €x.230Th,,
10 2.14 0.23 0.60 0.17 0.090 42 0.89-0.90 0.111-0.112
20 2.54 0.17 0.084 40

30 293 0.27 0.56 0.17 0.079 4.5 0.94-0.95 0.117-0.118
58 3.94 0.25 0.082 47

78 4.66 0.26 0.52 0.22 0.077 4.9 0.79-0.81 0.098-0.099
98 5.33 0.26 0.46 0.28 0.073 49 0.91-0.93

134 6.49 0.31 0.51 0.18 0.073 50 0.89-0.90

148 6.97 0.26 0.071 49

158 7.31 0.28 0.59 0.14 0.075 4.5 1.49-1.52 0.175-0.177
168 7.71 0.21 0.080 4.7

178 8.10 0.23 0.083 438

188 8.49 0.20 0.57 0.23 0.110 4.6 1.60-1.63 0.162-0.164
198 8.88 0.28 0.56 0.16 0.084 4.6 1.44-146 0.162-0.164

208 9.18 0.28 0.085 43

218 9.48 0.26 0.56 0.18 0.077 45 1.52-1.56 0.150-0.153
228 9.78 0.29 0.54 0.17 0.045 4.5 1.52-1.56 0.183-0.187
238 10.10 031 0.49 0.20 0.049 5.0 1.33-1.37 0.098-0.100
246 10.30 0.39 0.36 0.25 0.048 51 1.08-1.10 0.103-0.105
256 10.80 0.37 0.37 0.26 0.061 6.1 0.95-0.98

268 11.43 0.22 0.51 0.27 0.054 6.2 1.08-1.12 0.119-0.121
289 12.70 0.27 0.33 0.40 0.053 6.4 0.82-0.85

298 15.73 0.15 0.39 0.46 0.062 6.3 0.94-0.98 0.099-0.101
308 19.63 0.12 0.42 0.46 0.065 6.2 0.94-0.99 0.086-0.090
318 23.50 0.13 047 0.40 0.040 54 1.14-1.20 0.114-0.117

328 25.65 0.14 0.081 53
338 26.50 0.12 0.49 0.39 0.076 4.5 1.74-1.85 0.138-0.142
338* 1.53-1.63 0.135-0.139
348 27.10 0.14 047 0.39 0.068 50 1.59-1.67 0.118-0.122
348* 1.34-1.41 0.116-0.122
358 27.55 0.13 0.072 53
368 27.99 0.17 0.068 4.6

386 28.80 0.15 0.62 0.23 0.055 5.0 1.80-1.87 0.135-0.138
406 30.00 0.14 0.68 0.18 0.078 4.6 1.88-1.95 0.149-0.152
428 31.30 0.22 0.57 0.21 0.071 5.1 1.43-1.48

448 32.50 0.08 0.62 0.30 0.062 5.1 1.47-1.55 0103-0105

468 33.60 0.18 0.54 0.28 0.065 51 1.38-1.47

478 34.19 0.08 0.072 5.1
485 34.60 0.17 0.58 0.25 0.061 49 1.51-1.58
498 35.39 0.12 0.067 5.0

508 36.00 0.14 0.66 0.20 0.073 48 1.75-1.82 0135-0138
516 36.47 0.14 0.65 0.21 0.058 50 1.61-1.67 0126-0129
528 37.20 0.21 0.52 0.27 0.058 53 1.23-1.28 0138-0142
548 38.40 0.16 0.57 0.27 0.050 5.6 1.55-1.64 0106-0107

* Paleofluxes and ex.231Pay/ex.230Th,, activity ratios computed with the assumption that authigenic U
was added to these sediment sections at 14 ka B.P. (see text for explanations).
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As is the 231Pa not supported by detrital 235U; A,° is the
activity of authigenic 235U; As is the decay constant of 23!Pa.
Detrital and authigenic 235U were estimated from 238U
activities (i.e., 235U (dpm/g) = 238U (dpm/g) x 0.045). The
results of these calculations are shown in Table 3.

Sediment 8'°N

Bulk sediment §'°N was relatively low (circa 5 per mil)
prior to 25 kyr B.P., increased by circa 1.5 per mil during the
last glacial maximum, remained higher than 6 per mil
throughout deglaciation, and decreased abruptly to circa 4.5
per mil at 10 kyr B. P. (Table 4).

DISCUSSION

Thorium 230 Normalized Paleofluxes

Application of equation (1) to ex.[>>°Th],, data reveals
relatively high but variable rain rates during isotopic stage 3,
relatively low fluxes during isotopic stage 2 and deglaciation,
followed by a prominent maximum during early Holocene,
centered at circa 9 kyr B.P. (Table 4, Figure 4).

Sediment composition (Table 4) indicates that the high flux
periods are mainly due to increased opal rain rate (Figure 4),
and presumably higher production in the overlying surface
waters. Low opal fluxes recorded during isotopic stage 2
could also reflect higher opal dissolution due to lower
sediment accumulation rates. However, estimates of opal
dissolution from a diatom transfer function [Pichon et al.,
1992] did not reveal any clear increase in opal dissolution for
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Fig. 4. Ex.23%Th-normalized fluxes (circles, total; diamonds,
opal; squares, carbonate). Circles connected by dotted line are
total paleofiux assuming that authigenic U found in this core
section was added at 14 ka B.P. (see text for explanations).
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Fig. 5. Ex.2*0Th-normalized fluxes. Circles: terrigenous
fluxes estimated from 2*2Th fluxes and an average 1.7 dpm/g
232Th activity in the detrital fraction of the sediment.
Asterisks: terrigenous fluxes calculated by difference (total -
carbonate - opal). Dotted line: biogenic fluxes (opal plus
carbonate).

that period [Bareille, 1991}, Our opal rain rate estimates fall
within the range of Holocene opal accumulation rates (0.1 to
1.5 g/cm2 kyr) measured in a series of box cores collected
north of the Polar Frontal Zone, which had been taken on a
relatively shallow ridge (Southeast Indian Ridge) to limit the
influence of syndepositional sediment redistribution [Bareille
etal.,, 1991]. The Holocene maximum is also associated with
high carbonate fluxes which peaked just prior to the opal
maximum (Figure 4).

In contrast to biogenic fluxes, terrigenous fluxes (calculated
by difference or estimated from 232Th fluxes), which are also
relatively high and variable during isotopic stage 3, remain
high during stage 2 and gradually decrease during
deglaciation to low Holocene values (Figure 5). Thisisa
pattern very similar to that observed in the equatorial Atlantic
[Francois and Bacon, 1991]. This observation was attributed
to higher fluvial input into the deep-sea during periods of
lowered sea level, as rivers were able to flow across the
continental shelves and discharge their load directly into deep
water. This effect appears still to be measurable in this area
which is far removed from any important river systems,
although in this region, the higher detrital input during the
glacial could also reflect the influence of ice-rafted debris
[Labeyrie et al., 1986], or originate from the Crozet Plateau
during low sea level stand [Bareille, 1991]. The terrigenous
flux pattern is also reminiscent of the dust record in ice cores
[Petit et al., 1990], suggesting that the detrital phase found in
this sediment may be partly eolian. The terrigenous flux
recorded in this core, however, is 3 orders of magnitude
higher than that recorded in the Vostok ice core (0.1to 1 mg
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cm2 kyr'!), which indicates either that eolian material
contitutes an insignificant fraction of the detrital phase of
southern ocean sediment or that the dust flux near 40°-50°S,
at sea level, was much higher than recorded at the Vostok site.

Ex.[>31Pa] 5/Ex.[?3°Th] ; Profile

Maxima in ex.[231Pa]0/ex.[23°Th]o coincide with maxima in
paleofluxes (Figure 6). The sediment ratios are similar to the
production rate ratio (0.093) at the minima but increase to
values as high as 0.185 during the early Holocene (Table 4).

Data from year-long sediment trap deployments in the deep
sea indicate that, unlike 230Th, 231Pa flux to the seafloor
increases significantly as total mass flux increases (E.-F. Yu,
unpublished data, 1993). This is a reflection of the lower
particle reactivity of 231pg and its longer residence time in the
water column, which enables it to be more effectively
transported laterally before scavenging. This translates into
higher 231pg fluxes compared to 230Th in areas of higher
settling fluxes [Anderson et al., 1983; Bacon, 1988, Anderson
etal., 1990]. Higher ex.[>*'Palo/ex[%°Th]q thus confirms
that the higher paleofluxes deduced from 230Th normalization
reflect higher rain rates (and thus higher efficiency for the
scavenging of particle-reactive metals) from the overlying
water column.

The paleoflux maxima of isotopic stage 3 reach slightly
higher values (1.75 - 1.95 g cm 2 kyr!) than the Holocene
maximum (1.6 g cm2 kyr'1), but ex.[231Palo/ex[>*0Th]o
values are comparatively higher during the early Holocene
event (Figure 6). Enhanced 23'Pa scavenging depends not
only on the local intensity of scavenging but also on the
degree of scavenging in surrounding oceanic regions with
lower particle flux, which must act as sources for the excess
21py  Thus the comparatively high 231p, 2301 activity

0 '
x N
(x10) Pa-231/Th-230
(x10)
101
Kyrs ] J
B.P. 20
30T 7
0 t + it + + +
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Fig. 6. Authigenic U activities (dpm/100 mg), % nitrogen
(x10), ex.23!Pa/ex.23%Th ratio (x10) and total normalized flux
(g Jem2ka'l). The vertical dotted line represents the

231py 230y, production ratio (x10) in seawater.
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ratios of the early Holocene suggest that the high rain rate
recorded at that time was a relatively localized event. In
contrast, the stage 3 maxima may be a reflection of increased
opal production over a broader region. Higher particle flux in
surrounding areas would have prevented the accumulation of
a large 21pa inventory at the site. Further data from other
cores in the region are necessary to confirm this.

Authigenic U Profile

The authigenic U profile displays two distinct maxima, one
centered near the 9 kyr B.P. horizon and the second occurring
at the close of isotopic stage 3 (Table 2, Figure 6).

Authigenic U could have been added to the sediment as a
result of more reducing conditions in the sediment produced
by higher settling flux of planktonic debris [Cochran and
Krishnaswami, 1980; Barnes and Cochran, 1990;
Klinkhammer and Palmer, 1991]. The abrupt increase in
authigenic U at circa 10 kyr B.P. coincides with the sharp
increase in 230Th-normalized paleoflux and 231py230Th ratio
discussed above. It is therefore consistent with our
interpretation of these profiles as reflections of higher rain
rates of biogenic materials from the overlying water column.
At the same depth, we also observe an increase in %N (Figure
6), also supporting the view that this U maximum reflects a
higher flux of organic matter at that time. A similar pattern,
with higher 2382321 activity ratios in interglacial
sediments deposited during periods of higher productivity,
was also observed in the Labrador Sea [Hillaire-Marcel et al.,
1990]. On the other hand, the more prominent authigenic U
peak centered at 27 kyr B.P. does not appear to be associated
with a clear maximum in % N, 23%Th-normalized paleoflux or
23071231y ratio and must have arisen through a different
mechanism.

In sediments with constant accumulation rate, higher
authigenic U concentrations suggest a shoaling of the depth of
the sedimentary horizon where U is reduced and removed to
the solid phase, resulting in steeper pore water U
concentration gradients. If we assume, as a first
approximation, a linear pore water gradient from seawater
concentration at the sediment-water interface (1.3x10‘11 mol
em™) to 0 mol cm™ at the depth of U reduction, we can
estimate the depth at which U must be reduced in order to
produce the U concentration gradient required to sustain the
measured authigenic U accumulation rates.

We know the accumulation rate of authigenic U (Fy):

Fy (molecm? s1) = §xpx[U] @)

where

§ sediment accumulation rate at the time of U
deposition (cm s1);

P dry bulk density (g cm™);

[U] U concentration in sediment (mol g‘l).

Note that S is not the accumulation rate of the sediment in
which U is found, but instead is the accumulation rate of the
sediment deposited later, at the time of addition of authigenic
U after diffusion along its pore water concentration gradient.
Fy must also equal the diffusive flux of U along the pore
waler gradient, i.e.,
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Fy (mol cm? s‘1)= bx¢; (&)
Zy

where

D pore water diffusion coefficient for U (3x10°%
cm? 5'1; Klinkhammer and Palmer, [1991));

Ci concentration of U in seawater (1.3x10°!! mol cm'3);

2y depth of the U reduction zone below the
contemporary sediment-water interface (cm).

Hence

ry =—22Ci ©

Sxpx[U]

Besides changes in pore water U concentration gradients,
variations in sediment accumulation rates can also produce
changes in authigenic U concentration, as a sediment
subjected to a given diffusive flux will accumulate more
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authigenic U at lower sediment accumulation rate [e.g.,
Klinkhammer and Palmer, 1991]. Sediment accumulation
rates in core MD84-527 are not constant. Instead, they
decrease abruptly at circa 25 kyr B.P., and increase again
around 13 kyr B.P. (Figure 2). Therefore, the prominent
authigenic U peak at the close of isotopic stage 3 could result
from the sharp decrease in sediment accumulation rate during
isotopic stage 2.

In the following, we attempt to reconstruct past variations in
the depth of the U reducing zone (zy)), taking into account
changes in authigenic U concentration and sediment
accumulation rate. We start with the sediment deposited
during isotopic stage 3. Because sediment accumulation
appears relatively constant during that period (Figure 2), we
use S =17 cmkyr!l 1o compute Fy; (Table 5). Dry bulk
density (p) was estimated from the relationship between %
CaCOj, and dry bulk density found by Froelich et al. [1991]
for southern ocean sediments (p = 5.313 105x [CaC03]2 +

TABLE 5. Flux of Authigenic U Into the Sediment (Fy), Depth of the U Reducing Zone Below the
Sediment-Water Interface (zy), and Time of Authigenic U Deposition (Ty)

Z, Time, Authigenic 238U, Fy, zy, zs*, Ty*,
cm ka Ppm mg/ cm2 ka'l cm cm ka
10 2.14 2.62-2.48 26.1-27.6 8.1-8.6 1.6 0.1
30 2.93 2.81-2.61 27.5-29.6 7.6-82 22 0.8
78 4.66 2.24-2.00 21.1-23.5 9.6-10.7 68 25
o8 5.33 2.71-2.47 26.0-28.5 79-8.7 90 34
134 6.49 3.08-2.84 29.9-324 6.9-7.5 127 438
158 7.31 3.08-2.93 30.8-324 69-73 151 5.7
188 8.49 4.28-4.14 43.645.1 5.0-5.2 183 6.9
198 8.88 4.79-4.65 49.0-50.5 45-46 194 7.3
218 9.48 3.76-3.58 37.7-39.6 5.7-6.0 212 8.0
228 9.78 4.17-3.99 42.043.9 5.1-54 223 83
238 10.10 1.74-1.50 15.7-18.3 12.3-143 225 84
246 10.30 1.72-1.46 15.4-18.1 12.4-14.7 233 8.7
256 10.80 1.64-1.25 13.2-173 13.0-17.0 241 9.0
268 11.43 1.20-0.83 8.7-12.6 17.8-25.7 246 9.2
289 12.70 1.20-0.66 6.9-12.7 17.7-324 264 9.9
298 15.73 0.91-0.33 3.5-9.6 23.5-65.0 - (10.0)
308 19.63 0.67-0.11 1.1-7.1 31.8-203. - (10.5)
318 23.50 1.19-0.75 79-12.6 17.8-28.6 - -
338 26.50 5.98-5.56 5.0-54 41.8-45.0 295 11.1
348 27.10 8.12-7.72 7.0-73 30.8-324 316 13-25
386 28.80 2.35-2.10 12.9-14.4 15.6-17.5 369 28.0
406 30.00 243-2.22 13.6-14.8 15.2-16.6 390 29.0
428 31.30 2.79-2.49 15.3-17.1 13.2-14.7 414 304
448 32.50 1.82-1.41 8.6-11.1 20.3-26.1 425 31.0
468 33.60 1.58-1.09 6.7-9.7 23.3-33.6 440 319
485 34.60 1.28-0.92 5.6-7.8 28.7-39.9 451 32,5
508 36.00 2.04-1.77 10.9-12.5 18.1-20.7 489 34.7
516 36.47 2.06-1.82 11.1-12.6 17.8-20.2 497 352
528 37.20 2.50-2.11 12.9-15.3 14.7-174 512 36.1
548 38.40 1.76-1.35 8.3-10.8 20.8-27.2 524 36.8

* Ty was computed from zg obtained by substracting zy (averaged) from the depth at which U was

found (Z).
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9.346 10 x [CaCOs] + 0.3367). Applying equation (6)
yields a depth of circa 10 to 30 cm below the sediment water
interface for the U reducing zone (Figure 7, Table 5).
Therefore authigenic U found in sediment deposited during
late isotopic stage 3 (i.e., circa 15-20 cm below stage 2/3
boundary) must have been added during isotopic stage 2. The
high U concentration found in this core section (Figures 3a
and 6) is a result of the low sediment accumulation rate
prevailing during the last glacial maximum, which enabled
more authigenic U to accumulate in the underlying sediment.
For this core section, we use S = 2.5 cm kyr'1 for the
calculation of Fyj, resulting in zy; > 30 cm (Table 5, Figure 7).

This situation complicates the computation of ex.23°'I'ho,
ex.23lPa0 and associated paleofluxes in this core section,
because the assumption that authigenic U was added shortly
after sediment deposition is violated. Ex.23°Th0 and
ex.231Pao must have been overcorrected for ingrowth and thus
must be taken as minimum values. The actual ex.23°I‘ho and
ex.231Pa0 activities can be bracketed by assuming that all the
authigenic U found in this core section was added at the close
of isotopic stage 2, i.e., approximately 14,000 years after
sediment deposition. This calculation results in a decrease in
paleoflux and ex.230Th0/ex.231Pao activity ratio but does not
affect the conclusions (Figure 4, Tables 3 and 4).

Estimates of z(; during isotopic stage 2 and Holocene (Table
S, Figure 7) indicate that authigenic U found in sediment
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Fig. 7. Comparison between biogenic fluxes (opal +
carbonate) and estimates of the depth of U reduction zone
within the sediment (zy).
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deposited during the last glacial period was added during
deglaciation. This also violates the assumption underlying
ex.23°Tho and ex.”lPao activity calculations. However,
stage 2 sediment contain very little authigenic U (Figures 3a
and 6), as a result of small U pore water gradients (i.e., large
2y) and high sediment accumulation rates at the onset of
deglaciation (Figure 2). The error produced by assuming
simultaneous deposition of authigenic U and associated
sediment is thus negligible for this core section.

Estimates of z; for the last 38,000 years are compared to
biogenic paleofluxes (i.e., opal plus carbonate) in Figure 7.
There is a correlation between zy; and biogenic fluxes, with
relatively shallow U reducing zones coinciding with periods
of high biogenic fluxes and presumably higher production in
the overlying water. During the Holocene, for instance, the
depth of the U reduction zone might have risen to as close as
5 cm below the sediment-water interface during the period of
maximum paleoflux and maximum Blp, scavenging. A
similar correlation is observed during isotopic stage 3 with the
biogenic paleoflux maxima (mainly opal) centered at 30 and
36 kyr B.P. On the other hand, the prominent authigenic U
activity maximum centered around 27 kyr B.P. is not
associated with a shoaling of z;, because it is in large part
produced by the dramatic decrease in sediment accumulation
rate occurring during isotopic stage 2, which subjected this
sediment section to the same U diffusive flux for a longer
period of time. Estimates of z; during the last glacial period
suggest a very deep U reducing zone (up to circa 1 m; Table
5). This raises the possibility that some of the suboxic
sediment deposited at the close of isotopic stage 3 might have
been eroded by a deepening oxic front during stage 2,
resulting in the remobilization of some of the initially
deposited authigenic U to greater depth, in a pattern similar to
that observed in Atlantic turbidites [Colley et al., 1989]. The
authigenic U maximum found at 348 cm could thus also be
partly the result of the deepening of the redox front during
isotopic stage 2.

The correlation between biogenic paleoflux and zj; is not
perfect. This is particularly true for the last 6000 years when
z(; deepened only slightly while biogenic fluxes decreased by
a factor of two. Also, at equal biogenic flux, z;; tends to be
deeper during isotopic stage 3 than during the Holocene.
Obviously, in view of the very simple U diffusion model used
here to estimate zj, the calculated depths must be considered
with caution. More realistic modeling of the U data, however,
requires a better understanding of U diffusion into deep-sea
sediments, especially in those with low organic carbon
content but very high authigenic U concentrations, such as
found throughout most of this core. Moreover, a perfect
agreement between zg; and opal plus carbonate rain rates
should not necessarily be expected. The ratio between the
flux of planktonic organic matter and biogenic hard parts can
vary with plankton ecology and the degree of opal and
carbonate preservation on the seafloor. Also, because zy
reflects the redox conditions of the sediment, it depends not
only on vertical rain rates, but also on the nature of the
sediment which is redistributed by bottom currents.
Shallower zy;'s during late Holocene, when biogenic rain rates
were relatively small, could thus be the result of higher labile
organic matter content in the sediment redistributed during
that period, or higher organic matter concentration in the



Francois et al.: Sediment Fluxes in the Southern Ocean

settling biogenic flux. These possibilities appear
substantiated by the comparatively high %N found in this core
section (Figure 6).

Comparison Between Opal Accumulation Rates and Opal
Rain Rates Reconstructed by 230Th Normalization

One of the initial goals of this study was to establish the
extent to which sediment redistribution in this region could
influence opal accumulation rates and bias opal productivity
estimates reconstructed from such measurements. When
comparing our 230Th-normalized opal rain rates to opal
accumulation rates (estimated by multiplying opal
concentrations by dry bulk densities and sediment
accumulation rates of 27, 2.5, and 17 cm kyr‘1 for isotopic
stage 1, 2, and 3 respectively), we note dramatic differences
between the two records (Figure 8). Opal accumulation is
severalfold higher than our estimated rain rates during
isotopic stage 1 and 3 and increases abruptly at the onset of
deglaciation.

These differences mainly arise because sediment
accumulation at this location is primarily controlled by
syndepositional sediment redistribution processes or focusing.
Suman and Bacon [1989] define a focusing factor (¥) as the
ratio of 23%Th accumulating on the seafloor to 23°Th produced
in the overlying water column during the time interval of
sediment deposition, i.e.,

I:'[”ol‘h] oy dr

y==_ 7
Bz(t—1) M

where [230Th], is the activity of the decay- and ingrowth-
corrected excess 220Th in the sediment, r is depth in the core,
and t is the age of horizon r. The values pp, B, and z are as
defined for equation (1).

Application of equation (7) to different sections of core
MD84-527 (Table 6, Figure 9) indicates that the amount of
ex.23°Tho which accumulated at the coring location exceeded
that which was produced in the overlying water column by a
factor of 4 during isotopic stage 3 and by as much as a factor
of 12 during the Holocene, confirming that a large fraction of
the sediment reaching the coring site during these periods was
brought by syndepositional redistribution processes. In
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contrast, ¥ is close to 1 during isotopic stage 2, strongly
suggesting that sedimentation at that time was dominated by
pelagic settling from the overlying water column, with little
net addition by lateral transport or removal by winnowing.

If the 2*0Th 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, subjected to similar vertical rain
rates), W is also the ratio of sediment accumulation rate (due
to both vertical settling and lateral transport by bottom
currents) to vertical settling rate only. On the other hand, it is
also possible that the redistributed sediment was initially
deposited in a shallower area before being transported to its
final site of deposition. In this case, it can be shown that ‘¥
would underestimate the fraction of sediment brought by
lateral transport and 230Th-normalized paleofluxes would
overestimate true rain rates [Francois et al., 1990].

TABLE 6. Calculation of Focusing Factor (%)

230Th 230Th
accumulation production
Depth, Age, [\ [230Th], rate, rate, b4

cm ka glcm3 dpm/g dpm/cm?2 dpm/cm2

0-146 18-6.9 0.39 9.7 552 443 12,5
146-233 6.9-9.9 0.39 5.6 190 258 736
242-291 10.2-13.0 0.42 8.7 179 24.1 743
291-321 13.0-25.0 0.36 83 90 103 0.87
321-558 25.0-39.0 0.36 5.5 469 120 39
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Fig. 9. Changes in focussing factor (¥) in different core sections compared to changes in total 230Th-normalized

fluxes.

Several lines of evidence suggest that this potential problem
is not important for core MD84-527.

If lateral transport of sediment initially deposited in
shallower areas significantly affected paleoflux estimates, we
would expect a correlation between the two, i.e. the higher P,
the higher 230Th-normalized paleoflux. Also, we would
expect to observe discontinuities in the paleoflux record at
times when abrupt changes in sediment accumulation rate and
sediment focussing occur (i.e., near 13 and 25 kyr B.P.). This
is generally not observed. Although there is a relatively large
drop in paleoflux near 25 kyr B.P. (Figure 4), when sediment
accumulation (Figure 2) and sediment focusing (Figure 9)
decreased abruptly, there is no associated increase in
paleoflux at the 13 kyr horizon where sediment accumulation
and focussing increase sharply. Instead, a rapid increase in
paleoflux occurs at circa 10 kyr B.P., i.e., 60 cm above the
zone of abrupt change in accumulation rate, and is not
associated with a measurable variation in ¥, Also, during the
last 7000 years, total paleoflux dropped by almost a factor of
2 (Figure 4) while ¥ increased from 7.5 to 12.5 (Figure 9,
Table 6). This trend is opposite to expectation if lateral
transport of sediment initially deposited in a shallower area
were to influence paleoflux estimates.

Since lateral transport does not appear to affect significantly
the paleoflux estimates, the redistributed sediment must come
from an area of similar depth and vertical rain rates as the site
of final deposition. The source of this sediment is probably
the north slope of Crozet Plateau, just west of the coring
location (Figure 1). Hydrographic data from the region
[Gamberoni et al., 1982; Park et al., 1991] indicate that the
northward deflection of the circumpolar current results in

relatively strong eastward currents which could scour the
northern slope of the Plateau. The dramatic changes in
accumulation rates observed in this core (Figure 2) most
likely reflect a reduction or a shift in the position of these
currents during isotopic stage 2, associated with the
climatically induced northward migration of the front system.
If we accept that W is also an estimate of the ratio of total
sediment accumulation rate over pelagic rain rate, we can
calculate the relative proportion of sediment brought by
lateral transport and vertical settling. Between 0 and 7 kyr
B.P., 12.5 times (Table 6) more sediment accumulated at the
coring station than can be accounted for by the pelagic rain
rate of circa0.9 g cm2 kyr'1 (Table 4). Thus, in this core
section, sediment accumulation rate was 12 x 0.9 g cm2 kyr'!
=10.8 g cm™® kyr'!, and lateral transport rate was (10.8 - 0.9)

TABLE 7. Estimates of Vertical Rain Rates and Sediment
Focusing Rates in MD84-527

Total
Vertical Focusing Accumulation
Time, Rain Rate, Rate, Rate,
ka giem?kal  giom?kal  gm?ka!

0-7 0.9 10.2 11.1
7-10 1.5 9.8 11.3
10-13 1.0 6.4 74
13-25 1.0 -0.1 0.9
25-38 1.6 4.6 6.2
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g cm™? kyr“. Results obtained using a similar reasoning for
the other core sections are shown in Table 7.

This table clearly indicates that in areas where sediment
accumulation is dominated by lateral transport, as in the
present case, significant changes in vertical rain rate will not
necessarily be expressed by measurable changes in
accumulation rate. Thus, in this kind of environment, opal
accumulation rates on the seafloor cannot be used alone as a
proxy for opal production in the overlying water column, but
Th-normalization enables us to retrieve information on rain
rates which would otherwise be lost.

Interpretation of the 230Th-Normalized Paleoflux Records

Comparison between opal rain rates and accumulauon rates
has demonstrated the potential importance of 3
normalization for the reconstruction of changes in opal
production rates in the southern ocean. Although a clear
understanding of productivity changes in this region during
the last glacial maximum (LGM) will require the analysis of
many more cores, we here attempt a preliminary
interpretation of the record obtained from MD84-527.

Micropaleontological reconstructions of surface circulation
in the SW Indian Ocean during LGM suggest a northward
migration in the position of the STC and PF [Hays et al.,
1976; Prell et al., 1980; Pichon et al., 1992]. For instance,
while the LGM section of core RC14-7 (35°31'S; 44°45'E)
was still dominated by a subtropical foraminiferal
assemblage, that of core RC14-9 (39°01'S; 47°53E) was
dominated by subpolar assemblages, indicating that in this
region the STC migrated north of 39°S from its present
position at 41°-42°S [Prell et al., 1980]. Also, the
foraminiferal record of the LGM section of core RC8-39
(42°53'S; 42°21'E) revealed the presence of a polar
assemblage, indicating that the Polar Front migrated north of
43°S, The Polar Front appears to have migrated more than
the STC, resulting in a contraction of the subantarctic zone
during LGM.

The sediment from the LGM section of core MD84-527 was
therefore deposited when the overlying surface water was
situated south of the Polar Front. This is consistent with the
low carbonate content in this core section (circa 12%; Table
4), and estimates of sea surface temperature (SST) from
foraminifera [Labracherie et al., 1989] and diatom [Labeyrie
etal., 1986; Pichon et al., 1992] assemblages, indicating
surface temperatures below 3°C (Figure 10). At 13 kyr B.P.,
summer SST started to increase to circa 6°C. This warming
trend was interrupted by a brief cooling event between 11 and
12 kyr B.P., after which summer surface temperatures
increased to a maximum of circa 9°C between 8.5 and 10.2
kyr, when surface temperatures were slightly higher than
recorded during late Holocene.

Particle rain rates started to increase abruptly as SST was
reaching its maximum value (Figure 10). Considering the
steep temperature gradient at the STC, the early Holocene
SST maximum could reflect the southernmost advance of this
front in response to warming climatic conditions.
Temperature maxima during early interglacials appear to be a
recurring feature over the last 450,000 years and have been
interpreted as periods of maximum southward migration of
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Fig. 10. Changes in total flux (solid line) and sea surface
temperature evaluated from foraminifera (circles [Labracherie
et al., 1989]) and diatom (crosses [Labeyrie et al., 1986;
Pichon et al., 1992]) assemblages.

the STC [Morley, 1989; Howard and Prell, 1992]. In present
day southern ocean, higher levels of chlorophyll and plankton
biomass are often associated with the Subtropical
Convergence, in sharp contrast with subantarctic waters [e.g.,
Steyaert, 1973; Plancke, 1977; Jacques and Minas, 1981;
Allanson et al., 1981; Lutjeharms et al., 1985; Francois et al.,
1993]. Primary production could be enhanced in this region
as a result of increased water column stability from sloping
isopycnals, or injection of nutrients into well-stratified
subtropical waters and mixing by cross-frontal eddies
[Pingree, 1978]. As a consequence, the STC must be a region
of enhanced flux to the seafloor in comparison to neighboring
regions 1o the south. The early Holocene maximum in
paleoflux and ex.?3!Pag/ex.? X’l‘ho activity ratio found in
MD84-527 could thus record higher particle settling flux
resulting from the proximity of the STC to the north of the
coring site when the front was at its southernmost position.
Alternatively, it could also record a general increase in the
productivity of subantarctic waters. Analysis of cores taken
along a latitudinal transect crossing the STC and the Polar
Front is required to distinguish between these two
possibilities.

The higher particle flux found during that period was mainly
due to higher opal flux, which increased abruptly at 10 kyr
B.P.(Figure 4). There was also a higher carbonate flux which
appeared to increase slightly prior to the opal flux, at 10.3 kyr
B.P., in synchroneity with the SST record. At circa 8 kyr
B.P., SST started to decrease, followed by opal and carbonate
fluxes at circa 7.5 kyr B.P., possibly reflecting a small
northward migralion of the STC to its present position.

Sediment 8!°N also shows a striking pattern in relation to
the paleoflux record. During stage 2 and deglaciation,
sediment 5!>N was comparatively high. Just prior to 10 kyr
B.P., i.e. exactly at the time when opal and carbonate
paleofluxes increased sharply, sediment 55N dropped from
6.2 10 4.5 per mil (Table 4, Figure 11). Higher sediment 5'N
has been taken as an indication of increased nitrate depletion
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in the overlying surface waters [Calvert et al., 1992; Francois
et al., 1992; Altabet and Francois, submitted manuscript,
1993]. Increased nitrate utilization across the STC from
subpolar to subtropical water is reflected by an abrupt
increase in the 8'°N of suspended particulate organic matter
[Altabet and Francois, submitted manuscript, 1993]. One
would thus expect that, as the STC reaches its southernmost
position (i.e., between 8 and 10 kyr), so would sediment 81°N
reach its maximum value. However, the reverse is observed,
i.e., as we reach the point of maximum southward advance of
the STC and maximum flux of biogenic material, sediment
55N decreases. This suggests that paleofluxes do not simply
reflect the latitudinal migration of the frontal system, but in
addition there must have been significant chan§es in the
structure of the upper water column. Higher 8 SN suggests
higher nitrate depletion during the last glacial maximum when
the coring site was south of the polar front, and during
deglaciation, prior to 10 kyr. Yet these periods are
characterized by low biogenic fluxes and thus must have been
periods of low biological productivity. If our interpretations
of radionuclides and 815N sediment profiles are correct, they
imply a dramatic reduction in the rate of nutrient supply to the
euphotic zone.

One mechanism whereby this could be achieved is through
stratification of the upper water column with a meltwater lid.
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Anomalies in the 8'30 of planktonic foraminifera, estimated
by subtracting the benthic signal from the planktonic and
correcting for estimated changes in temperature in both
surface and deep waters, suggest the presence of low salinity
surface water during stage 2 and deglaciation [Labeyrie et al.,
1986]. This is also consistent with the presence of percent C.
davisiana which drops abruptly at the onset of high 2307
normalized rain rate (Figure 12). It has been suggested that
the predominance of C. davisigna in many glacial sediments
of the southern ocean is a result of low surface salinity and a
subsur{ace temperature minimum similar to that prevailing
today in the sea of Okhotsk [Morley and Hays, 1983].

The freshwater supply from melting of the Antarctic Ice
Sheet must have stopped at the end of deglaciation, at a time
when climatic conditions were such that the STC was at its
southernmost position and close to the coring site. The upper
walter column became well mixed, increasing the rate of
supply of nutrients and lowering 815N to values which are
more typical of present day polar rather than subpolar waters
[Altabet and Francois, submitted manuscript, 1993; Francois
etal., 1992]. This might be difficult to reconcile with the
explanation that increased paleoflux is a reflection of the
proximity of the STC, although SST estimates support this
idea. This apparent discrepancy may be due to the particular
hydrographic setting of this region, where the northward
deflection of the ACC causes the SAF and STC to merge,
almost eliminating the subpolar zone [Gamberoni et al., 1982;
Park et al., 1991].

The abrupt decrease in flux recorded at circa 7.5 kyr B.P.
was not associated with significant variations in §1°N. The
change in opal and carbonate productivity found at that time
was not associated with changes in nitrate utilization, which
remained low and equivalent to that observed for the most
recent sediment samples. The SST record suggests that this
drop in productivity may have been due to a slight northward
shift in the position of the STC. The decreasing 815N trend
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Fig. 12. Comparison between percent C. davisiana (relative
abundances [Bareille, 1991]) and 2**Th-normalized biogenic
(carbonate + opal) paleoflux.



Francois et al.: Sediment Fluxes in the Southern Ocean

observed during the last 5000 years is compatible with this
explanation.

With the available data, it is difficult to evaluate the causes
of the changes in paleofluxes recorded during isotopic stage 3.
During this period, changes in flux are not associated with
significant changes in SST (Figure 10). Diatom assemblages
suggest very low and relatively constant surface temperature
similar to polar waters, precluding shifts in the position of the
STC as causes for the higher fluxes centered at 30 and 36 kyr.
Sediment 8'°N was significantly lower during stage 3
compared to the LGM and equivalent to Holocene values
(Figure 10), suggesting a well-mixed upper water column
throughout this period. The Polar Front is also often
associated with chlorophyll maxima [e.g., Allanson et al.,
1981; Lutjeharms et al., 1985; Metzl et al., 1991]. During
stage 3, the Polar Front might have becn situated near the core
location. The variable paleofluxes recorded during that
period could thus reflect small latitudinal shifts in the position
of this front.

CONCLUSIONS

High-resolution records of opal, carbonate, and terrigenous
fluxes to the seafloor were obtained by normalization to 23°Th
in a high sedimentation rate core taken from the subantarctic
region of the SW Indian Ocean. We demonstrated that the
dramatic changes in accumulation rates recorded in this core
were due to changes in lateral transport by bottom currents
rather than reflecting changes in particle settling rates from
the overlying water column. In this case, opal accumulation
rates cannot be used to assess past changes in diatom
productivity. This information can be obtained, however, by
normalization to 23®Th which corrects for syndepositional
sediment redistribution. Also, the improved time resolution
achieved by this method discloses important variations in rain
rates. We found relatively high but variable opal and
terrigenous fluxes during isotopic stage 3, low opal and high
terrigenous fluxes during LGM, low opal with decreasing
terrigenous fluxes during deglaciation, low terrigenous fluxes
throughout the Holocene, and a pronounced maximum in opal
and carbonate fluxes, associated with a SST maximum,
between 7.5 and 10 kyr B.P. Sediment deposited during
periods of high opal fluxes also had high authigenic U
concentrations, suggesting more reducing conditions in the
sediment, and high ex.231Pa/ex.220Th ratios, indicating
enhanced scavenging of reactive metals from the water
column by settling particles,

Sediment 8'5N was circa 1.5 per mil higher during LGM
and deglaciation. The low opal rain rates recorded during
these periods thus appear to have been associated with
increased nitrate utilization, suggesting lower nutrient supply
rates into surface waters, possibly reflecting water column
stratification due to the presence of a meltwater lid. The early
Holocene opal and carbonate flux maximum has been
attributed to the southward migration of the STC to a latitude
close to the north of the coring site, while the opal maxima
recorded during isotopic stage 3 are thought to reflect the
proximity of the Polar Front. A more definitive interpretation
of these profiles will require additional data from cores taken
along a latitudinal transect in this region.
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This work demonstrates the potential of 230Th normalization
as a means of retrieving flux information relevant to upper
water column processes in regions where sediment
accumulation is dominated by bottom cutrent redistribution.
It also illustrates the potential errors which can result from
interpreting changes in opal accumulation rates in sediments
as variations in opal production. Application of this approach
to a large numbers of cores from the southern ocean will
provide a more accurate reconstruction of the past history of
opal productivity in this region, add insight into changes in
bottom water circulation and sites of sediment focusing and
improve our global silica budget estimates.
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