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Abstract—Authigenic metals (uranium, cadmium, and molybdenum), organic carbon (OC) and tgtal C
alkenone (totG,) concentrations were measured for the last 350 kyr in core MD900963, located in the eastern
equatorial Arabian Sea. Authigenic metal concentrations on a carbonate-free basis range between 1 and 17
ppm, 0.5 and 6 ppm, and 0.5 and 4 ppm for U, Cd, and Mo, respectively. The profiles are characterized by
well-defined 23 kyr cycles between oxic and mildly suboxic conditions. The redox-sensitive metal profiles
also follow variations in the concentrations of OC (0.2—0.9%) and alkenones (0.2—-6.7 ppm). The coupled
variations in inorganic and organic constituents are attributed to a 23-kyr cycle in primary production above
site MD900963, as suggested by clear correlations with independent micropaleontologic proxies (primary
productivity indices based on foraminifera and coccoliths and fragmentation of foraminiferal shells). The
23-kyr cycles do appear to be primarily driven by productivity rather than changes in bottom water oxygen.
Comparison with other records indicates that if this interpretation is correct, productivity variations across
much of the Indian Ocean have been dominated by precessional forcing, with high productivity in phase with
low summer insolation in the Northern Hemisphere. This interpretation contrasts with the traditional attribu-
tion of enhanced productivity in the Indian Ocean with periods of high summer insola@opyright © 2002
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1. INTRODUCTION tion of foraminiferal shells), and (3) pointing out strikingly
related features in several sediment cores distributed through-
out the Indian Ocean.

During the SEYMAMA expedition of the R.V\Marion Du-
fresnein 1990, core MD900963 was recovered from the eastern
slope of the Maldives archipelago at 5°BB3and 73°53E at a
water depth of 2446 m (Fig. 1). Compared to the western

The Arabian Sea is an area of very high productivity driven
by the Asian monsoon, a pronounced climate feature of global
significance (Nair et al., 1989; Brock et al., 1991; Curry et al.,
1992; Haake et al., 1996). Since these conditions are reflected
in the nature of sediment accumulating on the seafloor, it is not

surprising that sediment cores from the Arabian Sea have long Arabian Sea, summer winds at the core site are weaker (6—10

been studied to reconstruct past variations in the Asian mon- .
: . L . m/s compared to 12-15 m/s), more westerly, and not oriented
soon in response to orbital changes in insolation. Proxy records .

from various locations have traditionally been used to infer a in a direction relative to the coast that favors upwelling. This

. 7 . wind pattern is well established from May to September and
connection between enhanced productivity in the Arabian Sea .
i . . . extends to October closer to the equator (Knox, 1987; Naidu et
and summer insolation over Asia (Prell, 1984; Clemens and

Prell, 1990; Clemens et al., 1991, 1996; Murray and Prell, al., 19.92’ 1999). Sa_telllte ba_sed plgme_nt dl_strlbutlons suggest
. X . that primary production (PP) in the Maldives-i160 gC/nt/yr
1992; Emeis et al., 1995). In contrast, Reichart et al. (1997), . ! .
(Antoine et al., 1996), considerably less than in the northwest-
Rostek et al. (1997), and Schubert et al. (1998) have shown . .
2 : . ern Arabian Sea of 200 to 600 gCfyr (Antoine et al., 1996).
across several glacial-interglacial cycles that the accumulation . . .
) X . Elevated pigment concentrations occur mainly from August to
of organic carbon in the northeast Arabian Sea was strongly . )
: ) o - October (Antoine et al., 1996) and probably reflect upwelling
dominated by a 23-kyr cycle, with maxima in organic carbon . , .
. i : .~ along the west coast of India (Sastry and D’Souza, 1972;
content corresponding to periods of low summer insolation in

the Northern Hemisphere. Despite these extensive efforts, a(Sl\T;liijmuaét 2?781){99;())(:6“ wind stress may play a role as well
consensus has yet to emerge on the basic nature of climate N " .

; . The water column is relatively well oxygenated at the core
processes recorded by a series of well-dated sediment recordssite today. Dissolved oxvaen concentrations reach a minimum
from the region. We contribute to the debate in this paper by (1) Y. Y9

. L of 40 to 60 umol/L between 200 and 800 m depth before
presenting new downcore records for the redox-sensitive met- increasing steadily to 15@mol/L at the bottom depth of
als Cd, Mo, and U at a site near the Maldives in the southeast- 9 y P

. . : . ~2500 m (Levitus and Boyer, 1994a). The core site is influ-
ern Arabian Sea, (2) interpreting these records in the context of o ;
enced by three principal water masses. A hydrological front
a broader set of measurements performed on the same core
) . . . -~ separates two water masses above 2000 to 2500 m depth across
(organic carbon, alkenone concentration, primary productivity

S - : the Indian Ocean at10°S (Wyrtki, 1973; Tchernia, 1980). To
indices based on foraminifera and coccoliths, and fragmenta- ; : .

the north, warm and highly saline surface water sinks and
mixes with the Red Sea and Persian Gulf outflows to form

* Author to whom correspondence should be addressed (bard@ OXygen-depleted north Indian high salinity intermediate water
cerege.fr). (NIHSIW): S%0 > 34.8%o (Tchernia, 1980; Olson et al., 1993).
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Fig. 1. Core MD900963 location and modern climatology of the Arabian Sea. Full gray arrows are for summer sea surface
circulation, empty arrows stand for winter sea surface circulation (adapted from Wyrtki, 1973). Wind roses display seasonal
tendencies for wind strength (one graduation on the arrows represents ~5 m/s) and direction (Da Silva et al., 1994). Open
dots aso show the locations of cores used in the discussion: RC27-61 (Murray and Prell, 1992), MD88-769 (Rosenthal et

al., 1995h), NIOP 464 (Reichart et a., 1998).

To the south, cold, relatively fresh (S¥%o < 34.7%0) and well-
oxygenated surface water from the polar front sinks below
subtropical gyre surface water between 45°S and 60°S. Ant-
arctic intermediate water (AAIW) extends northward between
700 and 2000 m before losing its properties by mixing with
NIHSIW of the same density in the vicinity of the front at 10°S
(Wyrtki, 1973; Tchernia, 1980). Below 2000 to 2500 m, the
deep Indian Ocean is occupied by arather uniform water mass
(34.7 < S¥ko < 34.8) of circumpolar and Atlantic origin,
spreading northward into the Indian Basin (Wyrtki, 1973; Man-
tylaand Reid, 1995). With temperature and salinity of 2°C and
34.75%o (Levitus et a., 1994; Levitus and Boyer, 1994b), the
site of core MD900963 lies within the upper part of the Indian

Ocean deep water and potentialy, therefore, could also be
influenced by changes in NHISIW. The oxygen content (150
wmol/L) is lower than in the deep Antarctic (200—220 wmol/L)
(Levitus and Boyer, 19944), reflecting oxygen utilization dur-
ing the northward transit of deep Antarctic circumpolar water
(Stuiver et al., 1983; Kroopnick, 1985).

Oxygen stable-isotope measurements of planktonic forami-
nifera Globigerinoides ruber (white) provide a detailed chro-
nological framework for the core (Fig. 2a) Bassinot et a.,
1994a). An orbitally-derived age model was develop by tuning
the 620 record to the ice-volume model of Imbrie and Imbrie
(1980). The upper 19 m of the core provides a continuous
record of the past 350 kyr at a sedimentation rate of 5.6 = 1.4
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Fig. 2. Biogenic indices for the last 350 kyr in core MD900963: (a) 880 stratigraphy from Bassinot et al. (1994b); (b)
OC content; (c) Cs, alkenones concentration; (d) PP estimates obtained from F. profunda (Beaufort et al., 1997) and
planktonic foraminifera (Cayre et a., 1999), this latter being limited to the last 270 kyr; (e) fragmentation index of shells
of foraminifer expressed as the percentage of the sum of whole foraminifers plus fragments to whole foraminifers (Bassinot
19944). Data for OC content and totC,, are listed in Table 3.

cm/kyr. Because of the relatively constant sedimentation rate,
concentration profiles of the constituents in this core closely
resemble profiles of mass-accumulation rates (Rostek et al.,
1997). The carbonate content of core MD900963 varies be-
tween 40 and 80% (Bassinot et al., 1994b). The power spectra
of the carbonate content of the core, which is its major con-

stituent, is dominated by different major frequencies (Bassinot
et a., 1994b) than the organic carbon (OC) concentration for
thetop 10 m (Rostek et al., 1997). Thisindicates that downcore
variations in the concentration of noncarbonate constituents
reflect changes in input rather than variations in dilution (Ros-
tek et al., 1997). The age model is consistent with an indepen-



852 D. Pailler et al.

Table 1. Detection limits, accuracy, and reproducibility of the analyses.

Detection Limits

Standard Sediment

This Zheng et al.

study 2001c This study Zheng et al. 2001c
element ppm ppm ppm RSD (%) n ppm RSD (%) n
Mo 0.03 0.06 258 = 0.10 3.80 11 257+ 011 42 15
Cd 0.04 0.08 1.10 = 0.04 32 11 1.12 + 0.05 45 7
U 0.05 0.03 434+ 0.12 27 11 4.64 = 0.05 11 15
Th 0.07 0.06 10.07 = 0.44 44 9 10.61 + 0.46 43 15

dent stratigraphic marker at 3.5-m depth, an interval rich in
volcanic shards and low in carbonate (Bassinot, 1993). The
8'80-derived age of 71 ka is consistent with a radiometric age
of 73 = 4 ka (Chesner et a., 1991) for volcanic ash from the
well-documented Toba eruption in Sumatra (Ninkovich et al.,
1978; Westgate et al., 1998). Previous pal eoceanographic prox-
ies measured at high resolution in core MD900963 include the
degree of fragmentation of foraminifera (Bassinot et a.,
1994a), the flux and concentration of OC and a kenones (Ros-
tek et al., 1997), and faunal studies of coccoliths (Beaufort et
al., 1997) and planktonic foraminifera (Cayre et a., 1999).

The present contribution includes detailed downcore records
of concentrations of the redox-sensitive metals uranium (U),
cadmium (Cd), and molybdenum (Mo) over the past 330 kyr, in
comparison with an extension of the organic carbon and alk-
enone record between 170 and 350 ka (10—19 m core depth).

Long-chain C,,-alkenones are produced by a few species of
the class Prymnesiophyceae (Volkman et al., 1980a,b; Marlowe
et al., 1984). The concentration of akenones, therefore, pro-
vides a qualitative measure of productivity by these organisms,
in contrast to bulk organic carbon, which is less specific (Prahl
and Muelhausen, 1989; Rostek et al., 1997; Schubert et al.,
1998; Villanueva et a., 1998).

Concentrations of U, Cd, and Mo are also influenced by
primary production, because the degradation of organic matter
reaching the sediment consumes a sequence of oxidants, i.e.,
oxygen, nitrate, iron (Fe), and manganese (Mn) oxides and
sulfate (Froelich et al., 1979; Berner, 1981). Different threshold
levels of oxidant consumption trigger a series of reactions that
lead to precipitation of U, Cd, and Mo in the sediment (Lapp
and Balzer, 1993; Legeleux et al., 1994; van Geen et a., 1995;
Rosenthal et al., 1995a,b; Crusius et a., 1996; Zheng, €t d.,
2000, 2001a). Authigenic U precipitation typicaly starts at the
redox potential of Fe-oxide reduction (Cochran et al., 1986;
Klinkhammer and Palmer 1991; Zheng, et al., 20018). The
threshold level for authigenic Cd formation is reached next
under increasingly reducing conditions and appears to require
nanomolar levels of hydrogen sulfide (Rosenthal et al., 1995a;
van Geen et al., 1995; Kuwabara et al., 1999). Mo enrichments
in marine sediments are largely limited to anoxic sediments
(Crusius et a., 1996; Zheng et al., 2000), although suboxic
conditions can aso cause Mo enrichment in association with
the precipitation of Mn oxides (Shimmield and Price, 1986).
There is an additional link between productivity and authigenic
metal accumulation in the sediment reflecting the U and Cd
fraction associated with settling biologic matter (Anderson,
1987; van Geen et a., 1995; Zheng et a., 2001a). However,

thisfraction contributes to only ~10% of the total authigenic U
in marine sediment if the bottom water dissolved oxygen con-
centration is ~140 umol/L (Zheng et a., 20018a).

2. ANALYTICAL METHODS
2.1. Authigenic Metals

The core was sampled every 10 cm (=2 kyr) in plastic vias to
measure Mo, Cd, U, and Th by isotope dilution and inductively-
coupled plasma mass spectrometry (ICP-MS). Dried and ground sedi-
ment weighing ~10 mg was spiked with ®*Mo, *'Cd, and 23°U.
Ultrapure (Seastar) concentrated HCIO,, HF, and HNO; was succes-
sively added on a hotplate until complete digestion and final redisso-
lution in 1% HNO;, following the method of Zheng et al. (2001c). The
solution was analyzed with a VG PlasmaQuad |1+ ICP-MS at LDEO
under standard recommended conditions. Detection limits and preci-
sion of the method were monitored during the entire process by
repeated analysis of spiked blanks, an internal laboratory sediment
standard (MC-E Ph6, Santa Barbara Basin), and several replicates of
the studied samples. Mo, Cd, U, and Th determinations were repro-
ducible to 3 to 4.5%, and results for standard sediment material werein
agreement with previously reported values (Table 1). Isobaric interfer-
ences were checked for Mo and Cd by measuring three different
unspiked samples. The Cd/**3Cd ratio of the unspiked samples
(1.00) was close to the true ratio (1.04) within the precision of the
method. On the other hand, ®*Mo/*®Mo ratios for the unspiked samples
(0.74-0.85) were significantly above the natural ratio (0.6611), indi-
cating an interference at **Mo. Overestimation of natural ®*Mo was
negligible compared to the ®*Mo spike added, however.

2.2. Organic Carbon and Alkenones

OC was determined by gas chromatography with a method adapted
from Verardo et a. (1990). Carbonate carbon was removed by in situ
acidification with sulfurous acid inside aluminum sample cups. Preci-
sion of analysis with a Fisons NA-1500 Elemental Analyzer (Carlo
Erba NA-1500 Elemental Analyzer) was on the order of 5%.

Alkenones were extracted and quantified by the manual procedure
used at CEREGE for the O- to 350-kyr interva in the same core
(Sonzogni et al., 1997). Briefly, 1 to 2 g of ground dry sediment was
extracted with a mixture of CH,CI,:CH;OH (2:1, 2 X 20 mL) and
CH,CI, (1 X 20 mL). After concentration, the total extract was ana-
lyzed with a gas chromatograph fitted with an on-column injector and
flame ionization detector with an estimated precision of 15%. The
concentration of total C5; alkenones (totC,,) was normalized to an-Cgq
internal standard added to each sample before the extraction. Precision
and accuracy of our protocol was checked in the framework of the
international alkenone intercomparison (Rosell-Melé et al., 2001).

3. RESULTS
3.1. Authigenic Metals

Total metal concentrations are listed in Table 2. These con-
centrations were also converted in concentrations on a carbon-
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Table 2. Concentrations of total U, cfb total U, Uauth, cfb Uauth, Th, cfb Th, Mo, cfb Mo, Cd and cfb Cd for core MD900963.

Depth Age tot U cfb tot U Uauth cfb Uauth Th cfb Th Mo cfb Mo Cd cfb Cd
cm kyr ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
8 7.30 2.03 7.88 0.96 3.72 2.24 8.70 0.19 0.74 0.48 1.86
225 9.95 2.50 7.20 1.49 4.29 281 8.09 0.22 0.63 0.56 161
35 12.30 2.38 5.77 142 344 3.38 8.20 0.25 0.61 0.60 1.46
55 16.00 477 11.29 3.96 9.37 3.82 9.04 0.29 0.69 0.72 1.70
65 17.85 343 7.93 2.69 6.21 3.50 8.09 0.29 0.67 0.73 1.69
74 1951 2.73 6.09 1.90 4.25 3.90 8.71 0.29 0.65 0.36 0.80
825 21.07 2.83 6.38 2.09 471 3.49 7.86 0.22 0.50 0.56 1.26
95 2343 3.39 7.98 2.66 6.26 343 8.07 0.29 0.68 0.70 1.65
105 25.28 2.82 6.84 2.05 497 3.63 8.80 0.31 0.75 0.44 1.07
115 27.15 211 5.18 1.46 3.58 3.06 751 0.29 0.71 0.47 1.15
125 29.00 2.52 6.38 1.87 4,73 3.06 7.75 0.25 0.63 0.97 2.46
135 30.83 3.30 8.80 2.64 7.04 3.10 8.27 0.29 0.77 0.84 224
145 32.69 2.96 8.22 2.20 6.12 331 9.19 0.29 0.81 0.41 1.14
162.5 35.96 3.17 8.71 2.56 7.04 2.86 7.86 0.34 0.93 1.04 2.86
1715 37.67 3.56 9.79 2.94 8.09 2.92 8.03 0.39 1.07 0.63 1.73
181.5 39.57 3.48 9.90 2.90 8.25 2,74 7.80 0.37 1.05 0.52 148
1915 41.47 3.47 8.98 2.72 7.03 3.55 9.18 0.38 0.98 0.62 1.60
201.5 43.36 314 7.31 2.40 5.59 349 8.13 0.36 0.84 0.76 177
2115 45.26 351 9.07 2.86 7.39 3.07 7.93 0.34 0.88 1.55 401
2215 47.16 3.59 9.73 2.98 8.07 2.88 7.80 0.76 2.06 0.63 171
2315 49.06 3.92 10.20 3.32 8.64 2.83 7.37 111 2.89 112 2.92
2415 50.96 3.22 8.05 2.50 6.26 3.38 8.45 0.30 0.75 0.68 1.70
253 53.15 2.52 5.93 1.80 4.23 341 8.03 0.30 0.71 0.51 1.20
263 55.05 2.58 5.62 1.88 4.09 3.32 7.24 0.29 0.63 1.08 2.35
2715 56.66 2.22 4.59 1.26 2.61 4.29 8.86 0.28 0.58 0.40 0.83
2815 58.56 2.16 4.02 111 2.06 4.61 8.58 0.32 0.60 0.29 0.54
2915 60.48 2.38 4.17 141 248 4.55 7.97 0.35 0.61 0.61 1.07
3135 64.73 4.01 8.38 2.80 5.84 5.72 11.96 0.60 125 0.64 134
322 66.35 4.20 8.69 3.04 6.30 5.45 11.28 0.57 1.18 0.61 1.26
332 68.30 4.45 8.79 3.10 6.12 6.37 12.58 0.78 154 0.80 1.58
342.5 69.96 4.04 7.39 251 459 7.22 13.21 0.84 154 0.67 1.23
3525 7130 3.98 6.05 181 2.76 10.20 1551 1.16 1.76 0.48 0.73
362.5 72.67 3.90 7.48 2.69 5.17 491 9.42 0.75 144 0.69 1.32
3715 73.85 4.02 10.72 2.76 7.37 4.70 12.53 0.73 1.95 0.78 2.08
382.5 75.26 3.96 10.65 191 5.14 8.38 2254 1.05 2.82 0.59 1.59
3925 76.58 3.77 9.78 281 7.30 3.05 7.91 0.56 145 0.97 2.52
402.5 77.95 3.33 10.25 244 7.52 244 7.51 0.56 1.72 0.54 1.66
412 79.22 2.63 9.65 174 6.37 2.18 8.00 0.50 1.83 0.87 3.19
422 80.52 2.13 7.91 1.18 4.39 2.20 8.17 0.52 1.93 0.40 1.49
432 81.85 177 5.57 0.82 2.60 242 7.62 0.37 117 0.38 1.20
443 83.33 1.48 4.39 0.43 1.26 3.72 11.05 0.35 1.04 0.29 0.86
451.5 84.47 144 455 0.49 1.55 3.67 11.60 0.37 117 0.42 1.33
460.5 85.67 2.63 8.93 1.70 5.79 344 11.68 0.33 112 0.61 2.07
470 86.92 3.19 11.53 245 8.86 244 8.82 0.33 119 0.46 1.66
480 88.27 431 15.96 354 13.10 254 941 1.10 4.07 0.64 2.37
490 89.62 3.58 12.62 2.87 10.13 2.15 7.58 0.38 134 0.99 3.49
500.5 90.98 3.36 11.87 2.64 9.33 2.22 7.84 0.46 1.63 0.52 1.84
510.5 92.34 345 1358 2.67 10.52 2.26 8.90 0.46 181 0.83 3.27
520.5 93.68 2.92 11.45 2.30 9.03 157 6.16 0.54 2.12 0.52 2.04
530.5 95.04 2.85 10.75 213 8.03 213 8.04 0.47 177 0.53 2.00
540.5 96.38 2.99 11.68 2.23 8.70 2.24 8.75 0.42 1.64 0.69 2.70
550.5 97.68 294 11.76 218 8.70 2.15 8.60 0.44 1.76 0.86 3.44
560.5 99.04 3.03 10.17 2.29 7.68 2.22 7.45 0.45 151 0.59 1.98
570 100.32 231 7.71 153 511 2.32 7.74 0.62 2.07 0.65 217
580 101.62 2.47 7.48 157 4,74 2.86 8.67 0.48 145 0.38 1.15
590 102.97 2.36 6.32 1.50 4.03 2.52 6.75 0.40 1.07 0.53 142
600 104.30 2.52 6.81 1.63 4.39 2.58 6.97 0.43 1.16 0.43 1.16
611.5 105.83 3.56 9.71 2.68 7.30 3.18 8.67 0.55 1.50 0.51 1.39
621 107.12 3.58 10.50 2.82 8.27 271 7.95 0.60 1.76 0.68 1.99
631 108.45 4.79 15.81 3.97 13.10 247 8.15 0.67 221 119 3.93
641 109.79 4.32 15.08 351 12.27 2.38 8.31 0.74 2.58 0.78 2.72
653 111.35 3.76 13.29 2.87 10.16 2,57 9.08 0.70 247 0.74 2.61
660.5 112.36 3.50 11.67 2.66 8.87 2.33 7.77 0.74 247 0.77 2.57
670.5 113.72 312 10.80 231 7.98 211 7.30 0.70 242 0.80 2.77
680.5 115.02 3.09 11.70 231 8.75 1.99 7.54 0.61 231 0.68 2.58
690.5 116.32 271 10.07 1.90 7.06 211 7.84 0.66 245 0.67 2.49

(Table 2 continued on next page)
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Table 2. (Continued)

Depth Age tot U cfb tot U Uauth cfb Uauth Th cfb Th Mo cfb Mo Cd cfb Cd
cm kyr ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
700.5 117.66 2.82 10.56 2.01 7.53 2.01 7.53 0.49 1.84 0.69 2.58
7105 119.01 2.59 8.95 1.76 6.08 2.22 7.67 0.58 2.00 0.52 1.80
723 120.61 2.82 10.00 1.87 6.64 2.19 7.77 0.53 1.88 0.65 2.30
730 121.55 2.67 8.78 1.63 5.38 2.32 7.63 0.41 135 0.62 2.04
740 122.89 2.83 8.46 171 5.10 2.50 7.47 0.30 0.90 1.04 311
750 124.19 2.58 7.38 1.42 4.07 277 7.93 0.51 1.46 0.68 1.95
760.5 125.57 254 6.84 1.36 3.65 3.26 8.77 0.26 0.70 0.88 2.37
769.5 126.77 2.69 7.29 1.66 451 3.08 8.35 0.23 0.62 0.43 117
779.5 128.26 2.66 7.58 1.76 5.01 2.94 8.38 0.26 0.74 0.54 154
787 129.49 2.66 7.28 1.89 517 2.82 7.72 0.31 0.85 0.56 153
797 131.17 4.64 12.04 4.04 10.48 2.84 7.37 0.40 1.04 1.02 2.65
805 132.50 6.13 16.51 551 14.83 294 7.92 0.38 1.02 177 4.77
815 134.10 531 13.53 4.73 12.06 2.72 6.93 0.54 1.38 111 2.83
825 135.74 441 11.17 3.78 9.59 2.95 7.47 0.49 124 0.72 1.82
835 137.40 4.17 11.01 3.57 9.42 2.84 7.50 0.61 161 0.94 248
845 139.03 4.38 11.27 3.74 9.62 3.02 7.77 0.68 175 0.94 242
855 140.70 4.00 9.97 3.35 8.36 3.04 7.58 0.55 1.37 0.91 2.27
865 142.33 3.04 6.83 235 5.29 3.23 7.26 0.52 117 0.59 133
880.5 144.88 2.22 5.75 1.38 3.57 2.92 7.56 0.37 0.96 0.40 1.04
889.5 146.33 2.35 7.09 135 4.06 2,74 8.26 0.35 1.06 0.38 115
899.5 147.95 2.08 5.97 1.18 3.40 3.06 8.78 0.39 112 0.25 0.72
911 149.83 193 4.64 1.03 248 3.97 9.53 0.33 0.79 0.32 0.77
921 151.46 242 5.54 1.59 3.63 3.74 8.56 0.36 0.82 0.46 1.05
931 153.12 2,77 6.60 215 511 294 7.00 0.42 1.00 0.53 1.26
941 154.76 3.89 9.15 3.12 7.35 3.17 7.46 0.46 1.08 0.87 2.05
951 156.36 3.79 9.15 3.09 7.46 3.02 7.29 0.42 101 0.67 1.62
961 157.98 3.68 9.08 2.96 7.29 341 841 0.37 0.91 0.59 1.46
971 159.63 4.09 9.91 3.33 8.06 3.59 8.70 0.43 1.04 0.96 2.33
981 161.50 3.94 10.00 331 8.40 2.96 7.51 0.29 0.74 1.01 2.56
991 163.50 2.62 7.42 2.00 5.67 291 8.24 0.32 0.91 0.58 164

1001 165.44 244 6.42 1.72 454 3.37 8.87 0.35 0.92 0.46 121

1008.5 166.90 2.08 5.07 127 3.09 3.53 8.61 0.42 1.02 0.45 1.10

1018.5 168.90 2.23 5.95 1.20 3.20 3.72 9.92 0.39 1.04 0.39 1.04

1024.5 170.10 3.00 9.52 2.26 7.16 1.86 5.90 0.25 0.79 0.56 1.78

1031 171.40 2.39 471 1.24 244 4.64 9.15 0.50 0.99 0.38 0.75

1038 172.76 2,74 4.70 1.68 2.87 5.01 8.59 0.64 1.10 0.81 1.39

1047.5 174.60 351 7.67 2.78 6.08 342 7.48 0.73 1.60 0.68 1.49

1058 176.70 342 7.99 273 6.38 3.25 7.59 0.84 1.96 0.89 2.08

1067 178.50 3.37 8.12 2.69 6.49 3.18 7.66 0.71 171 0.68 1.64

1077 180.50 3.88 10.93 311 8.76 3.07 8.65 0.95 2.68 0.77 217

1086.5 182.38 411 13.40 3.27 10.66 2.60 8.48 0.69 2.25 0.90 2.93

1096.5 184.33 3.62 1157 2.75 8.79 251 8.03 0.70 224 0.69 221

1107 186.40 2.86 8.80 1.94 5.97 2.97 9.14 0.67 2.06 0.54 1.66

1117 188.65 2.95 9.37 2.08 6.61 271 8.60 0.53 1.68 0.66 2.10

1127 191.20 2.36 8.43 154 5.49 2.39 8.54 0.60 2.14 0.40 143

1137 193.75 1.89 6.94 115 421 2.10 7.71 0.29 1.06 0.37 1.36

11475 196.43 1.67 6.07 0.94 341 1.83 6.65 0.39 142 0.39 142

1158 199.12 3.09 11.93 218 8.40 244 9.42 0.40 154 147 5.68

1167.5 201.53 4.10 17.37 3.30 13.98 1.86 7.88 0.24 1.02 0.85 3.60

11785 204.35 2.99 11.49 2.22 8.54 1.65 6.34 0.30 115 0.72 2.77

1188.5 206.92 3.07 12.66 2.26 9.33 1.44 5.94 0.26 1.07 0.88 3.63

1198.5 209.48 2.58 11.56 1.68 7.53 1.50 6.72 0.24 1.08 0.67 3.00

1208.5 212.03 2.38 8.72 1.50 5.48 1.64 6.01 0.28 1.03 0.57 2.09

1217.5 214.33 2.05 6.10 121 3.60 221 6.58 0.24 0.71 0.70 2.08

1228 217.00 1.68 4.02 0.89 214 3.22 7.71 0.29 0.69 0.48 1.15

1237.5 219.47 188 459 113 2.76 3.52 8.59 0.34 0.83 0.40 0.98

12475 222.03 2.86 8.32 2.08 6.05 3.68 10.71 0.27 0.79 1.07 311

1257.5 224.57 4.14 13.56 347 11.36 254 8.32 0.49 161 0.70 2.29

1267.5 227.13 3.56 14.35 2.68 10.79 2.27 9.15 0.36 145 0.63 254

1277.5 229.67 312 14.67 219 10.28 177 8.32 0.49 2.30 0.61 2.87

1287.5 232.27 2.78 12.19 1.86 8.16 1.74 7.63 0.43 1.89 0.66 2.89

1297.5 234.83 247 10.65 155 6.68 191 8.23 0.38 164 0.55 2.37

1307.5 237.37 2.28 9.27 1.40 5.69 191 7.76 0.57 2.32 0.63 2.56

1317.5 239.99 197 6.47 1.08 3.57 3.00 9.86 0.29 0.95 0.40 131

1329 243.01 2.67 7.84 2.08 6.09 2.80 8.22 0.31 0.91 0.76 2.23

(Table 2 continued on next page)
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Table 2. (Continued)

Depth Age tot U cfb tot U Uauth cfb Uauth Th cfb Th Mo cfb Mo Cd cfb Cd

cm kyr ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
1338 245.55 3.76 10.73 3.15 8.98 2.88 8.22 0.41 117 0.99 2.82
1348.5 248.85 4.40 13.44 3.77 1151 2,97 9.07 0.40 122 0.98 2.99
1358 251.94 3.47 10.80 2.90 9.02 2.69 8.37 0.37 1.15 0.61 1.90
1368 255.14 3.60 10.89 3.10 9.38 2.36 7.14 0.52 157 0.67 2.03
1379 258.66 2.47 7.23 1.84 5.39 2.97 8.70 0.30 0.88 0.65 1.90
1388 261.54 2.15 5.66 1.50 3.95 3.07 8.08 0.34 0.90 0.54 142
1398 264.79 212 4.68 1.24 2.74 4.15 9.17 0.36 0.80 0.53 117
1409 268.35 1.86 3.85 0.93 194 4.36 9.04 0.35 0.73 0.31 0.64
1419 271.55 2.38 5.01 147 3.09 4.30 9.05 0.33 0.69 0.35 0.74
1428 274.44 3.68 8.03 2.83 6.18 3.98 8.68 0.55 1.20 0.61 133
1438 277.64 3.94 9.91 3.15 7.92 3.12 7.85 0.53 1.33 0.86 2.16
1448 280.85 3.60 11.25 281 8.79 2.61 8.16 0.50 1.56 0.75 2.34
1458 283.35 2.93 11.68 2.25 8.96 221 8.81 0.59 2.35 0.59 2.35
1467 285.04 2.85 11.72 2.16 8.88 2.01 8.27 0.44 181 0.75 3.08
1479 287.28 2.29 8.64 142 5.36 2.59 9.77 0.32 121 0.64 242
1490 289.35 217 7.24 132 4.40 244 8.14 0.39 1.30 0.46 153
1499 291.06 2.29 6.91 1.58 4.76 2.53 7.64 0.33 1.00 0.38 1.15
1509.5 293.04 2.39 7.60 184 5.84 2.61 8.30 0.35 111 0.39 124
1519 294.85 3.17 12.60 2.76 10.98 1.93 7.67 0.38 151 0.94 3.74
1528.5 296.65 2.68 12.79 217 10.35 178 8.50 0.38 181 0.64 3.06
1538 298.45 3.28 16.40 2.72 13.62 1.38 6.90 0.46 2.30 0.69 3.45
1548.5 300.40 2.56 13.89 1.98 10.75 141 7.65 0.43 2.33 0.51 2.77
1559 302.35 2.80 1343 2.19 10.52 1.72 8.25 0.81 3.88 0.68 3.26
1569 304.25 2.88 12.06 211 8.85 2.52 10.55 0.55 2.30 0.57 2.39
1581 306.54 2.45 10.38 1.76 7.45 1.89 8.01 0.88 3.73 0.61 2.58
1591 308.45 2.62 11.55 1.90 8.36 2.15 9.48 0.51 2.25 0.43 1.90
1601 310.35 2.46 10.17 191 7.89 2.10 8.68 0.49 2.02 0.77 3.18
1611 312.25 2.18 8.13 1.59 591 2.22 8.28 0.54 2.01 0.44 164
1621 314.09 2.96 11.33 221 8.47 2.53 9.68 0.52 1.99 0.66 253
1631 315.95 3.68 16.34 3.00 13.32 174 7.72 0.52 231 0.66 2.93
1641 317.85 3.28 17.40 2.56 13.59 161 8.54 0.54 2.86 0.87 4.62
1651 319.75 3.07 19.04 244 1513 124 7.69 0.52 3.22 0.79 4.90
1661 321.65 3.06 20.78 2.46 16.69 112 7.61 0.56 3.80 0.86 5.84
1671 323.55 2.84 16.73 2.27 13.38 121 7.13 0.63 3.71 0.68 4.01
1681 325.45 2.74 12.92 2.18 10.26 1.56 7.36 0.38 1.79 0.85 401
1691 327.35 194 7.87 1.38 5.60 181 7.34 0.45 1.83 0.49 1.99
1701 329.25 1.58 6.64 0.89 3.74 2.23 9.37 0.49 2.06 0.49 2.06
1711 33115 1.86 742 111 4.43 2.56 10.21 0.40 1.60 0.48 191
1720 332.86 2.08 6.91 1.29 4.30 3.19 10.60 0.38 1.26 0.54 1.79

ate-free basis to account for the effect of dilution by carbonate
(also available in Table 2).

Authigenic U (U_) concentrations were calculated by sub-
tracting a crustal component determined from the measured Th
concentration and a detrital Th/U weight ratio of 4.71 (Taylor
and McLennan, 1985). Aragonite contributed by the nearby
Maldives platform is an additional source of detrital U. Sedi-
ments from core MD900963 contain up to 20% of bank-derived
aragonite on a total sediment basis, with the most-elevated
intervals corresponding to high sealevel stands that flooded the
platform (Haddad, 1994). Platform-derived detrital U was es-
timated by assuming a U content of 3 ppm in cora aragonite.
The total detrital U correction averages 2.5 ppm, compared to
an average U concentration of ~9.4 ppm (carbonate-free ba-
sis). Figure 3c clearly shows that U and U, profiles are
roughly parallel and that the two records exhibit the same
variability. Therefore, using the U or U, profile would not
change the discussion below.

U CONcentrations range between 1 and 17 ppm in the core
(Fig. 3c). Particularly striking is a series of well-defined cycles
from 340 to 80 ka with an average separation between peaks of
23 kyr. Thiscycle closely follows variations in the precessional

index, with maximain U, (Fig. 3c) corresponding to minima
in summer insolation as indicated by high values of precession
index (Fig. 3a) in the Northern Hemisphere (June insolation at
30°N and 0°) (Berger and Loutre, 1991). The U, cycles are
not as well defined in the upper 5 m of the core, which include
the Toba ash layer.

Cd concentrations on a carbonate-free basis range from 0.5
to 6 ppm (Fig. 3d) and are significantly above the mean crustal
level of 0.1 ppm (Taylor and McLennan, 1985). Four elevated
values (> 4 ppm) correspond to sediment deposition dates of
322, 199, 132, and 45 ka. Many of the variations in Cd
concentrations parallel the U, cycles, although the cyclicity
is less well defined for Cd.

Mo concentrations on a carbonate-free basis vary between
0.5 and 4 ppm in the core, with several broad maxima at 330,
310, 280, 235, 180, 130, 88, 75 to 70, and 49 ka (Fig. 3e). Mo
concentrations are usualy within the 1 to 2.6 ppm range re-
ported for the continental crust (Taylor and McLennan, 1985).
The Mo peak at 75 to 70 ka coincides with the Th-enriched
layer of Toba ash. It is worth noting that several of the prom-
inent U, and Cd cycles, particularly those at 210 and 160 ka,
are not mirrored in the Mo data.
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Fig. 3. Trace elements on a carbonate-free basis for the last 350 kyr in core MD900963: (a) precession index (Berger and
Loutre, 1991); (b) Th concentration; (c) U (solid line without dots) and U, (solid line with dots), see text for details on
the calculations; (d) Cd; (e) Mo; (f) (Cd/U),y, ratio. Data for U, Th, Uy, Mo, and Cd are given in Table 2 (total
concentrations and concentrations on a carbonate-free basis). Arrows in (d) highlight examples of maxima of Cd probably
due to postdepositional remobilization.
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Table 3. Concentrations of total C37 akenones (tot C37) and organic carbon (OC).

Depth Total C37 oC Depth Total C37 oC Depth Total C37 oC Depth Total C37 oC
cm nolg % cm no/g % cm nolg % cm nolg %
1 0.62 475 1.83 0.50 945 214 0.50 1379 113 0.56
11 0.46 485 279 0.55 955 3.08 0.58 1388 0.99 0.55
21 0.50 495 2.08 0.43 965 221 051 1398 0.52 0.47
31 054 505 3.36 0.52 975 217 051 1409 0.32 0.36
41 0.81 0.79 515 1.62 0.39 985 151 0.45 1419 1.28 054
51 1.08 0.87 525 184 0.44 995 0.90 0.43 1428 155 0.51
61 1.06 0.79 535 1.74 0.49 1000 122 0.35 1438 3.45 0.63
71 0.71 0.67 545 153 0.44 1005 0.66 1448 0.46 0.59
81 0.72 0.73 555 0.49 1010 0.46 0.44 1458 0.79 0.61
91 0.85 0.74 565 113 0.43 1015 0.94 1467 1.02 0.49
101 0.58 0.62 575 1.08 0.43 1024 2.25 0.62 1479 3.76 0.73
111 0.77 585 0.63 0.34 1029 1.76 0.63 1490 3.01 0.67
121 0.71 0.64 595 0.85 0.40 1037 3.42 091 1499 1.36 0.50
131 0.60 0.63 609 0.92 0.39 1047 1.98 0.53 1509.5 1.56 0.43
141 0.63 625 241 0.56 1057.5 3.86 0.63 1519 1.80 0.50
150 0.47 0.57 635 224 0.54 1066.5 5.14 0.63 15285 155 0.52
161 0.97 0.62 645 1.67 0.52 1076.5 6.44 0.72 15385 212 054
171 0.97 0.64 655 2.99 0.53 1086 5.08 0.79 1549 1.52 0.58
181 0.84 0.59 665 253 0.53 1096 6.70 0.77 1559 1.89 0.76
191 0.83 0.60 675 1.75 0.40 1106.5 2.05 0.60 1569 174 0.55
201 0.86 0.56 685 0.37 1116.5 2.88 0.60 1581 174 0.57
211 1.05 0.61 695 1.00 0.38 1126.5 1.87 0.57 1591 1.89 0.57
221 0.88 0.57 705 0.77 0.37 1136.5 0.46 0.45 1601 0.75 0.49
231 0.93 0.58 715 0.41 1147 0.81 0.58 1611 0.52 0.51
241 0.78 0.57 725 0.48 0.44 1157.5 1.93 053 1621 1.08 0.44
245 0.84 735 0.32 0.32 1167 240 0.67 1631 2.69 0.62
251 0.61 745 0.32 11785 227 0.47 1641 1.83 0.56
261 0.67 0.53 757.5 0.35 11885 1.90 0.39 1651 240 0.65
271 0.33 0.40 765 0.50 0.31 11985 146 0.72 1661 172 0.62
281 0.41 0.48 775 0.26 12085 101 0.71 1671 175 0.61
291 0.56 0.63 785 0.74 0.39 1217.5 0.75 0.70 1681 0.96 054
300 0.83 0.73 795 0.50 1228 0.50 0.46 1691 0.47 0.61
327 184 0.63 805 312 0.69 12375 0.64 0.37 1701 0.28 0.32
337 157 0.56 815 3.85 0.68 12475 148 0.40 1711 0.29 0.37
347 0.46 825 3.46 0.69 1257.5 294 0.62 1720 0.67 0.57
359 1.46 0.53 835 359 0.81 1267.5 254 0.67 1728 0.27 0.18
367 1.50 0.55 845 424 0.77 12775 3.50 0.69 17355 135 0.38
377 1.32 0.50 855 2.90 0.66 1287.5 212 0.53 1744 3.49 054
387 1.85 0.55 865 0.94 0.56 1297.5 1.93 0.48 1756.5 6.06 0.59
397 1.49 054 875 0.98 0.49 1307.5 1.69 0.48 1766.5 294 054
407 119 0.49 885 0.63 0.38 1317.5 0.24 0.38 17705 476 054
417 101 0.47 895 0.28 1329 0.68 0.53 17855 1.63 0.42
427 0.58 906 0.59 0.32 1338 2.01 0.58 1796 1.46 0.38
447 0.38 915 1.04 0.39 13485 3.69 0.77 1806 173 0.40
457 0.34 925 154 0.47 1358 2.19 0.67 18105 1.69 0.40
465 1.36 0.48 935 1.83 0.50 1368 244 0.77

3.2. Organic Constituents

The extended OC data vary between 0.3 and 0.8%, a range
comparable to that obtained by Rostek et al. (1997) for the
upper of 10 m of the core (Fig. 2b; Table 3). These concentra-
tions are significantly lower than in sediment records from the
oxygen minimum zone (OMZ) of the northern Arabian Sea
(Schulz et a., 1998). The OC profile iswell correlated with the
580 record, with the highest OC levels associated with glacial
580 maxima. The extension of the totC,, record is also within
the 0.2 to 7 ng/g range of the previously published data (Fig.
2c; Table 3). The OC record contains a 23-kyr cycle, athough
the pattern is better defined by the totC,, data. The correlation
between the OC and totC,, records suggests that both reflect
changes in marine productivity rather than changes in the input
of terrestrial carbon. As in the case of authigenic metal con-

centrations, maximain OC and totC,, correspond to minimain
summer insolation for the Northern Hemisphere (Fig. 3a).

4. DISCUSSION

4.1. Changes in the Sedimentary Environment and the
Deposition Processes

4.1.1. The redox state of the sediment indicated by
U and Mo

At least a significant fraction of authigenic U in core
MD900963 is likely to be derived from reductive precipitation
driven by organic carbon flux to the sediment, because the
contribution from surface-derived particulate nonlithogenic U
is likely to be small at the present bottom water dissolved
oxygen level (Zheng et al., 2001b). The low end of total U
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concentrations measured in core MD900963 is equivalent to
total U concentrations of ~2 ppm in the upper 15 cm of the
sediment at a number of oxic sites, including the MANOP S
site (Klinkhammer and Palmer, 1991; sedimentation rate = 0.3
cm/kyr) and the mesotrophic EUMELI (sedimentation rate =
1.5 cm/kyr) sites of the northeast tropical Atlantic (Legeleux et
al., 1994). Concentrations of 2 to 5 ppm of total U measured in
suboxic areas of the NE African margin (sedimentation rate =
4.4 cmikyr; Legeleux et d., 1994) are similar to the high end of
the range of U concentrations in core MD900963. Both the
mesotrophic and suboxic NE African sites are overlaid by
well-oxygenated waters (140—150 pmol/L; Levitus and Boyer,
1994a) with PP in the region ranging between 125 and 180
gC/m?lyr (Legeleux et a., 1994). Such conditions appear to
span the full amplitude of redox conditions recorded in core
MD900963 during the past 330 kyr. Evidently conditionsin the
sediments of the eastern Arabian Sea at the depth of
MD900963 never became as reducing as the OMZ on the
western slope of India (3-7.5 ppm of raw U; Nagender et a.,
1997). Such comparisons are justified, since the sedimentation
rates in core MD900963 are comparable to that of the other
sites. However, a more precise assessment would require a
comparison of U, mass accumulation rates on a carbonate-
free basis (Anderson, 1987; Barnes and Cochran, 1990;
Klinkhammer and Palmer, 1991).

Total Mo concentrations below 0.6 ppm in MD900963 (i.e.,
below 4 ppm on a carbonate-free basis) rule out strongly
reducing conditions in the eastern Arabian Sea. Conditions
similar to the Black Sea or the Cariaco Trench, where sedi-
ments contain 20 to 60 ppm Mo (Emerson and Huested, 1991,
Crusius et a., 1996) were clearly never reached at the core site
(Zheng et a., 2000). Considerable Mo enrichments have been
observed in other regions within the Arabian Seathat are more
reducing. Sediment deposited over the past 300 kyr within the
OMZ of the Oman margin contain between 2 and 23 ppm of
total Mo (ODP 724C; Shimmield, 1992), for instance, whereas
sediment in the OMZ (O, < 5 umol/L) of the Indian Margin
contain up to 30 ppm of total Mo (Sirocko, 1995). Instead, the
Mo record for MD900963 suggests conditions similar to the
suboxic eutrophic and mesotrophic sites of the NE African
margin (0.4-2 ppm of total Mo; Legeleux et a., 1994), the
well-oxygenated Japan Sea, and the ventilated region of
Saanich Inlet (1-2 ppm of total Mo; Crusius et a., 1996).
Unlike Sarkar et al. (1993), we see no evidence that water
below 2000 m off the west coast of India became anoxic during
the Last Glacial Maximum (LGM).

Cyclic variations in Mo concentrations in MD900963 could
also be linked to Mn cycling since coprecipitation with Mn
oxides can lead to elevated concentrations (up to 21 ppm of raw
Mo) under fairly oxic conditions (Shimmield and Price, 1986).
However, this mechanism would not explain Mo peaks that
correlate with Cd and U peaks, since the Mn oxides should
have been reduced before Cd and U could accumulate.

4.1.2. OC, totCs,, and authigenic metals accumulation
driven by organic matter accumulation and
remineralization

Variations in U, Cd, and to some extent, Mo concentra-
tions are positively correlated with the organic constituents OC

Table 4. Correlation coefficients matrix between organic constituents
and metals for the 330-0 ka period (n = 170). Metal concentrations are
expressed on a carbonate-free basis. All correlations with coeffi-
cients > 0.3 are statistically significant with p < .0001.

totC37 Corg Uauth Mo
Cd 0.30 0.18 0.79 0.50
Mo 0.33 0.09 0.59
Uauth 0.50 0.35
Corg 0.52

and totC,;, (Figs. 2 and 3). The sedimentary environment at site
MD900963 alternated in a 23-kyr cycle between an oxic state,
when accumulation of authigenic metals, OC, and totC,, was
low, and a suboxic state, when accumulation of the same
constituents was high. Relationships between the different pairs
of proxies were determined by linear regression for the 330- to
0-kyr period for confirmation (Table 4). For these regressions
(n = 170), all correlation coefficients >0.3 are highly signifi-
cant (p < 0.0001). Variationsin OC and totC,, concentrations
are well correlated (r = 0.52). Variations in authigenic metal
concentrations are significantly correlated with totCs, (Table
4). The best of these correlations is between U, and totC,,
(r = 0.50). The best correlation between two metalsisfor U,
and Cd (r = 0.79), confirming the similarity of the environ-
mental conditions required to drive sedimentary enrichment for
U and Cd (Rosenthal et a., 1995a,b).

The organic and metal records closely track two independent
paleoproductivity proxies measured in the same core (Fig. 2d),
the first based on coccolith assemblages (Beaufort et a., 1997)
and the other on planktonic foraminifera (Cayre et al., 1999).
The correspondence strongly suggests that a 23-kyr cyclein PP
above site MD900963 primarily drove the recorded proxy
variations. An increased flux of organic matter would indeed
increase the oxidant demand at the water/sediment interface,
thereby steepening the redox gradient in the sediment and
increasing the accumulation of authigenic metals (Anderson,
1987; Barnes and Cochran, 1990; Klinkhammer and Palmer,
1991; Rosenthal et al., 19954d). Increased oxidation of organic
matter to carbon dioxide should also have increased the gen-
eration of metabolic acids in the sediment and, therefore, car-
bonate dissolution (Emerson and Bender, 1980). Indeed, the
index of foraminifera shell fragmentation shows higher shell
dissolution during periods of high organic matter and metal
accumulation (Fig. 2€). Our data cannot rule out, however, the
potential amplification of the effect of enhanced productivity
on authigenic metal accumulation due to aresulting decrease in
bottom water oxygen. In addition, the interpretation of the U, 1,
record as solely driven by benthic processes may be an over-
simplification. The contribution of particulate nonlithogenic U
(PNU) should be on the order of 10% of the authigenic uranium if
the bottom water dissolved oxygen concentration is ~140 wmol/L
(Zheng et d., 20014). However, paleoproductivity changes could
have enhanced this contribution both by leading to higher PNU
influx and to better PNU preservation linked to more reducing
conditions. In any case, both types of U, should be positively
correlated with the productivity. It remains difficult to separate the
past fluctuations of both contributions, which probably exhibited
the same cyclicity as primary productivity changes.



Redox-sensitive metals and organic matter 859

4.1.3. Mohility of authigenic metals

Although the metal and organic records are in phase and
dominated by 23-kyr cycles, there are some systematic discrep-
ancies. Particularly during isotopic stage 6.2, 132 kyr ago,
maximum Cd concentrations are afew samples (i.e., afew tens
of cm) above OC, totC,,, and U, maxima, which do match
each other. Similar offsets have been attributed to the migration
of redox fronts (Wilson et a., 1985; Wallace et al., 1988;
Rosenthal et al., 1995a; Thomson et al., 1998). The shape of the
Cd and U,,, peaks is aso distinctly asymmetric, whereas
peaks in organic proxies and the insolation curve are not.
Rosenthal et al. (19954) attributed the asymmetric shape of Cd
and U peaks to remobilization and showed that Cd was more
sensitive to this process than U. The explanation proposed by
Rosenthd et al. (1995a) is that when the flux of OC diminishes,
oxygen penetrates deeper into the sediment, thereby causing
redissolution and diffusion of authigenic metals. Since Cd
appears to be more sensitive to such mobilization by “burn-
down” than U, Rosenthal et al. (199538) also suggested that
(Cd/U) 4 rétios can provide a qualitative indication of post-
depositional redistribution. By considering porewater datafrom
different environments, Rosenthal et al. (1995b) calculated that
the flux ratio of Cd to U removal averages 0.2 under steady
state and, therefore, that Cd to U flux ratios >0.2 to 0.3 indicate
remobilization. Cd data measured on MD900963 do not allow
an explicit separation of detrital vs. authigenic Cd used to
calculate accurate (Cd/U),,, ratios. However, to mimic this
useful approach, a constant detrital background was subtracted
from bulk Cd valuesto calculate (Cd/U). 4 4 Values (the lowest
Cd content in Table 2 was used). Keeping this caveat in mind,
it isworth noting that (Cd/U). .~ ratiosin MD900963 average
0.2, with higher values corresponding to Cd maxima deposited
at 222, 199, 122, 85, and 80 ka and during the past 55 kyr (Fig.
3c). Within these intervals, Cd concentrations above 3 ppm
could, therefore, reflect postdepositional redistribution rather
than enhanced accumulation.

4.2. Paleoceanographic Implications

4.2.1. Could the observations be explained by changes in
ventilation?

Substantial changes in the chemistry and circulation of the
Indian Ocean since the LGM have been reported, and some of
these changes could be relevant to earlier periods covered by
core MD900963. Although the definition of the most recent
23-kyr cycles is not as good as further downcore, the LGM
clearly corresponds to a period of higher accumulation of
organic and metal indicators compared to the late Holocene.
Interestingly, higher concentrations of U, during the LGM
compared to the Holocene have been reported for the Indian
Ocean sector of the Southern Ocean (Rosenthal et a., 1995b;
Francois et a., 1997) and a region north of the polar front in the
South Atlantic (Kumar et d., 1995). The increase in U, ob-
sarved in glacid Subantarctic sediments, particularly in areas
where productivity proxies do not suggest export flux of OC
during the LGM, has been attributed to reduced ventilation of
glacid Antarctic bottom water (Rosentha et d., 1995b; Francois
et d., 1997).

Because the site of core MD900963 is influenced today by

ventilation in the Southern Ocean, the possibility that variations
in Uy, and Cd in the eastern Arabian Sea are linked through
this process must be evaluated. There is conflicting evidence
regarding changes in ventilation of the deep Indian Ocean
below 2500 m (Boyle, 1992; Rosenthal et al., 1997; McCorkle
et a., 1998). There is evidence of increased ventilation during
the LGM of intermediate water masses (above 2000 m) of the
northern Indian Ocean, however, which could have affected the
site of core MD900963. Glacial benthic foraminiferal 83C and
Cd/Caratios both suggest a reduction in the nutrient content of
intermediate water in the northern Indian Ocean (Boyle, 1992),
which is attributed to higher ventilation (Kallel et al., 1988) or
a greater contribution of Atlantic origin water (Boyle et a.,
1995). Such variations would have led to reduced preservation
of organic constituents and authigenic metals during the LGM,
which is the opposite of what is observed in core MD900963.

Further evidence against a dominant role of deep-water chem-
istry for the MD900963 records is that complete control by
changes in ventilation should have resulted in decreased degrada-
tion of organic matter, hence, decreased dissolution of foraminif-
era, during periods of high OC, or vice versa. (Note that the core,
being about 1 km above the lysocline, carbonate dissolution is
probably related to respiration within the sediments.) Insteed, the
records clearly show enhanced dissolution of foraminifera during
periods of high OC and authigenic meta accumulation.

An aternative way to constrain past changes of the ventila-
tion would be to measure §*3C or Cd/Ca in the benthic forami-
nifera from core MD900963. Willamowski et d. (2001) recently
measured Cd/Ca in shells of Uvigerina spp. and Cibicidoides
wuellerstorfi picked in core MD900963 within and outside several
PP maxima as reconstructed with coccoliths. The main outcomeis
that the Cd/Ca values are relaively stable with no obvious rea
tionship with the productivity proxies, which confirms that bottom
water conditions did not drive the 23-kyr cyclicity observed in the
organic and trace-element records.

4.2.2. How representative are productivity changes recorded
at MD900963?

Today, the elevated productivity of various regions of the
Arabian Seais attributed to a series of mechanisms, all driven
by wind patterns. Coastal upwelling driven by the summer
monsoon, as well as Ekman pumping associated with the Find-
later jet, have been invoked to explain increased productivity in
the western Arabian Sea during summer (Nair et a., 1989; Ittekot
et d., 1992; Hagke et d., 1996). The summer monsoon aso
increases productivity along the west coast of Indiain response to
wind- or current-induced upwelling (Sastry and D’ Souza, 1972,
Sharma, 1978; Naidu et al., 1992, 1999). In contrast, enhanced
biologic productivity in the northwestern Arabian Sea appears to
be driven by surface mixing during the winter monsoon (Banse
and McClain, 1986; Nair et al., 1989; Madhupratap et al., 1996).
Finally, late summer surface mixing and productivity maxima in
the eastern equatorial Arabian Sea have been attributed to inter-
monsoon westerlies (Beaufort et al., 1997, 1999).

Several authors have studied deep-sea sediment cores to
document past conditions in these areas (Prell 1984; Fontugne
and Duplessy 1986; Murray and Prell, 1992; Reichart et a.,
1997, 1998; Rostek et al., 1997; Beaufort et al., 1997; Schubert
et al., 1998). For the western part of the Arabian Sea, the
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Fig. 4. Comparison between the variations of the sedimentary OC content (plain line with dots) in the equatorial Arabian
Sea and other locations in the Indian Ocean. §*®0 stratigraphy (dashed line) is also reported for each core to enable
comparisons independently of the age model: (a) Northern Arabian Sea, core NIOP 464 (22°15'N; 63°35'E; 1470 m water
depth). The 880 record is obtained from the planktonic foraminifera Neogloboquadrina dutertrei (Reichart et al., 1998);
(b) Oman Margin, RC27-61 (16°37'N; 59°51'E; 1893 m water depth) (Murray and Prell, 1992) and 60 record of
Globigerinoides sacculifer (Clemens and Prell, 1990); (c) equatorial Arabian Sea, core MD900963, this study; and (d)
sub-Antarctic Indian Ocean, core MD88-769 (46°04'S; 90°07’E; 3420 m water depth) and oxygen isotope record of
Neogloboquadrina pachyderma s. (Rosenthal et al., 1995a). The shaded areas indicate the isotope glacial stages. They are
labeled from core MD900963 620 record. The time scale used for the core NIOP464 is that of Reichart et al. (1998).
Glacia isotopic stages are shaded for each core to facilitate comparison of the profiles, despite some second-order
discrepancies in the chronologies published in the original papers.

common wisdom is that geochemical records are controlled
by a summer monsoon-productivity connection (e.g., Fon-
tugne and Duplessy, 1986). However, other zones of the
Arabian Sea may not behave in a similar fashion. In addi-
tion, shallow and deeper records are clearly different in
some cases. For example, Schulte et al. (1999) have shown
that organic compound records from the center of the OMZ
in the Arabian Sea, unlike the deeper records from various
locations of the Indian Ocean compared in the present paper,

predominantly reflect preservation (i.e, OMZ intensity)
rather than productivity.

To determine the relative importance of these mechanisms
in the past, we compared the productivity record of core
MD900963 to three other well-documented cores located
well below today’s OMZ in different areas of the Indian
Ocean (Figs. 1 and 4): core NIOP464 in the northern Ara-
bian Sea (Reichart et al., 1997, 1998), core RC27-61 in the
western Arabian Sea (Murray and Prell, 1992), and core
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Fig. 5. Comparison between the variations of concentrationsin U (a,b) and Cd (c,d) measured in cores MD900963 (this
work) and MD88-769 (Rosenthal et al., 1995a). The shaded areas indicate isotope stages in both core chronologies (no
adjustment was made to cancel second-order chronological differences). Note that concentrations are expressed vs. the total
sediment as provided in tables from Rosenthal et al. (1995a). This comparison suggests correlated U and Cd peaks during
isotope stages 6, 5.4, 5.2, and 4. This exercise is a first-order approximation only, since U, and Cd,, from Rosenthal
et al. (1995a) are truly extracted from the authigenic fraction, whereas data for MD900963 are based on assumed corrections

for U, and total Cd values.

MD88-769 in the Subantarctic Indian Ocean (Rosenthal et
al., 1995b). We use OC profiles for this comparison because
this proxy is available at all sites. Independent measures of
productivity are available for each of these cores and suggest
that OC is a reasonable proxy for surface productivity.
Visual comparison shows striking similarities among cer-
tain sections of the four OC records. The OC records of the
northern and eastern equatorial Arabian Sea are dominated
by a23-kyr cycle and although the NIOP464 record seemsto
slightly lead MD900963, both profiles show high productiv-
ity during high 880 intervals. In addition, maxima in OC
concentrations in all three cores appear to correspond during
stages 6, 5.2, and the end of 5.1, the middle of stage 3, and
the last glacial stage 2. These correspondences suggest that
changes in productivity, which were particularly well re-

corded in core MD900963, may be representative of much of
the Indian Ocean.

4.2.3. Were 23-kyr productivity cycles driven
by the monsoon?

Geologic records of productivity in the western and northern
Arabian Sea are usualy interpreted in terms of summer mon-
soon forcing (Prell, 1984; Fontugne and Duplessy, 1986; Si-
rocko et al., 1993). In agreement with climate models
(Kutzbach and Guetter, 1986; Luther et al., 1990; Prell and
Kutzbach, 1992), these records show a strengthened summer
monsoon in phase with high boreal summer insolation (low
precession index), due to the associated increase in land-sea
temperature contrast.
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Assuming that the summer monsoon did indeed respond as
predicted by the models, our study suggests an opposite relation
between OC accumulation in most of the Indian Ocean and the
strength of the summer monsoon. In other words, our records
suggest that the summer monsoon did not control PP over this
entire region. Thisis not unexpected since productivity outside
of the immediate area of coastal upwelling is inhibited during
strong summer monsoons by a negative wind-stress curl
(Luther et a., 1990).

There are other plausible wind-driven mechanisms that
could explain changes in productivity over much of the
Indian Ocean, such as changes in the seasonality of maxi-
mum productivity due to intermonsoon equatorial westerlies
(Beaufort et al., 1997, 1999) or changes in mixing driven by
the winter monsoon (Madhupratap et al., 1996; Rostek et al.,
1997; Schubert et al., 1998), which may play arolein certain
regions of the Indian Ocean. Similarities today between the
seasonal cycle of changesin mixed-layer depth in the eastern
Maldives and in the northern Arabian Sea (Rao et al., 1989),
combined with the similar downcore OC profiles from these
areas (Fig. 4) seem to support a winter monsoon linkage in
this area. It is worth noting, however, that sediment traps
moored in the eastern Arabian Sea and satellite-based pig-
ment distributions indicate that, at least today, PP in the
eastern part of the Arabian Sea during winter is considerably
weaker than in the northern Arabian Sea (Nair et al., 1989;
Curry et al., 1992; Ittekot et al., 1992; Antoine et a., 1996).
In addition, sediment traps show that PP is still higher in the
eastern Arabian Sea during summer under the current cli-
mate regime (Nair et al., 1989; Curry et al., 1992; Ittekot et
al., 1992).

As an dternative to direct forcing by summer insolation,
more complex scenarios can be invoked to explain the apparent
relationship between productivity in the Arabian Sea and win-
ter insolation. Webster (1987) and Webster et al., (1998), for
instance, proposed that latent heat forcing, rather than direct
heat forcing, is the main mechanism that controls the strength
of the monsoon. According to this explanation, strong trade
winds in the south Indian Ocean, when boreal summer
insolation is low, result in enhanced evaporation in the
Southern Hemisphere and increased water vapor supply to
the Arabian Sea. Condensation of water vapor, therefore,
intensifies the monsoon by releasing heat to the convective
cells on the Indian continent (Cadet and Reverdin, 1981;
Webster, 1987; Clemens and Oglesby, 1992; Clemens et al.,
1996). Such a link between an intensified summer monsoon
and stronger Indian Ocean trade winds could explain the
good match between OC profiles in cores MD900963 in the
eastern Maldives and MD88-769 in the Subantarctic Indian
Ocean (Fig. 4). This coupling could also be tested by com-
paring directly the U and Cd records in the same two cores
(Fig. 5). Although the records exhibit common maxima
during isotope stages 6, 5.4, 5.2, and 4, there are also clear
differences such as those between the two Cd records. This
suggests that coupling between Cd and U accumulation,
and/or the effects of secondary remobilization, are not
strictly equivalent at these two |ocations despite an apparent
similar burial of bulk organic matter (Fig. 4).

5. CONCLUSIONS

U, Cd, Mo, OC, and totC,, records, representative of the
eastern equatorial Arabian Sea over the past 330 kyr, are in
phase and dominated by a 23-kyr precessiona cycle. Compar-
ison with U, Mo, and Cd concentrations in different environ-
ments indicates that the water column never turned completely
anoxic in this area. Instead, the redox state of the sediment has
fluctuated between oxic and mildly suboxic conditions. Strong
positive correlations among organic constituents, authigenic
metals, and a number of other proxies keenly suggests that the
flux of organic matter reaching the sediment controlled the
redox state of the sediment and the accumulation of metals and
organic matter over the past 330 kyr. Cd and U enrichments
could be due to both mechanisms of precipitation of U and Cd
dissolved in porewaters and the direct influx of U and Cd with
sinking particles. Both processes are ultimately linked to sur-
face biologic productivity.

The geochemical records in core MD900963 are dominated
by precessional forcing due to primary productivity increase in
phase with low summer insolation in the Northern Hemisphere.
Comparison with other records from the Arabian Sea indicates
that periods of increased PP at core MD900963 were synchro-
nous possibly due to mechanisms regulating the winter mon-
soon winds and/or the southern trade winds. Primary produc-
tivity in the Arabian Sea, therefore, seems to have been in
phase with summer insolation only in the region directly influ-
enced by coastal upwelling.
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