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Abstract

Sediment cores collected from the shelf of the Weddell Sea (GC808) and from ca. 3500 m
depths of the Weddell Sea (GC801), the Ross Sea (GC1208) and off the Enderby Land
(GC1002) in the Antarctic Ocean were analyzed for opal, calcium carbonate, carbon, nitrogen
and for 25 major and trace elements by neutron activation analysis. Foraminiferal tests were
isolated from calcareous ooze layers of the cores and AMS '“C ages were determined. As the
results, opal contents varied remarkably from <2% in the lower part of Core GC1002 to ca.
45% of Core GC808, which correspond to the average accumulation rates of from ca. 0.6
cm/kyr to ca. 200 cm/kyr, respectively. Ba contents showed positive correlation relative to
opal contents in each core but the slopes were quite different among the four cores.
Relationship between opal and Br showed a linear correlation for the four cores. Based on the
AMS 'C ages and opal contents, biological productivity due to diatom increased abruptly at
12 kyr BP in the Weddell Sea. It has been revealed that opal contents as well as Ba and Br
contents will become very good proxies of paleoproductivity in the oceans.
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1. Introduction

All products of processes occurred in marine environments aceumulate on the sea-floor as
bottom sediments and sediment cores are the dominant continuous records of marine
environments. Major components of marine sediments are: biological products in the surface
ocean such as organic matter, opal, and calcium carbonate, authigenic minerals such as iron
and manganese oxyhydroxides, lithogenous clay minerals and organic matter carried as run-
off and/or as eorian dusts, and anthropogenic heavy metals and organic compounds. The
oceans seem to play important roles in the global environmental change for thermal transfers
and also for material transfers of green-house effect gases such as carbon dioxide and
methane. In order to clarify the roles of the oceans, mechanisms of material cycles and their
short-term and long-term changes must be resolved. Mechanisms of biogeochemical cycles
of materials in the oceans and their changes are the most important problems to be solved.
These processes are also related to the deep ocean circulation.

The purposes of the present study are: to analyze biogenous materials and trace elements
of marine sediment cores, to determine '‘C ages of these cores by accelerator mass
spectrometry (AMS), and to develop a methodology to estimate paleoproductivity using
sediment core samples collected from the Antarctic Ocean, where biological productivity is
quite high.

2. Materials and Methods

Sediment core samples: Sediment core samples have been collected with a gravity corer
during R/V Hakurei-maru cruises in the Antarctic Ocean and stored at 5C. Sub-samples were
taken at every 10 cm and dried at 60°C for 3 days from the following four core samples (Figs.
1 and 2): GC808 from the shelf of the Weddell Sea (61.0°S, 45.1°W; 376 m deep; 545 cm
long), GC801 from the Weddell Sea (60.0%, 52.3°W; 3328 m deep; 666 cm long), GC1208
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from the Ross Sea (68.5%, 172.5%; 3605 m deep; 470 cm long), and GC1002 from the
Enderby Land Basin (63.8, 78.9%; 3658 m deep; 396 cm long).

S eparation of foraminiferal tests: Planctonic and benthic foraminiferal tests were picked up
using a moistened writing brush under a microscope after passing through a 63-um sieve.

AMS '“C age determination: Planctonic foraminiferal tests were washed with diluted
hydrochloric acid to remove the surface contamination of ca. 10% in weight and rinsed with
Milli-Q water. After drying they were decomposed with phosphoric acid at 60°C and evolved
CO2 gas was purified in a vacuum line and converted to graphite by the Fe-catalytic hydrogen
reduction method to form targets (Kitagawa et al., 1993). '*C/**C ratios were measured
relative to NBS oxalic acid standard (NBS SRM-4990C) with a Tandetron accelerator mass
spectrometer at Nagoya University and calculated as conventional '*C ages after correcting the
isotope fractionation using *C/'?C ratios (Stuiver and Polach, 1977), which were measured
with a MAT 252 mass spectrometer using a portion of the CO2 gas. In Cores GC808 and
GC801 from the Weddell Sea calcium carbonate were not found and '“C ages were
determined using organic carbon after removing inorganic carbon.

Biogenic amorphous silica (opal): Biogenic amorphous silica (opal) was analyzed after the
method of Mortlock and Froelich (1989). About 100 mg of dried sediment sample was taken
in a polypropylene test tube and treated with 10% hydrogen peroxide and also with 1M HCI to
remove organic matter and calcium carbonate, respectively.  After washing and drying, the
residue was leached with 2M Na2CO3 solution at 85°C by shaking occasionally. A portion of
the supernatant solution was sampled at 3 and 5 hours later for the analysis of dissolved silica
by the molybdenum yellow method with a flow injection analyzer attached with a
autosampler. Opal content was clculated from the O hour content, which was estimated from
the 3 and 5 hour contents.

Calcium carbonate: Calcium carbonate content was estimated from the calcium content of
the hydrogen peroxide plus HCI fraction of opal analysis by atomic absorption spectroscopy.

Carbon and nitrogen: Total carbon and nitrogen were determined with an elemental
analyzer.

Neutron activation analysis : Instrumental neutron activation analysis (INNA: Koyama et
al., 1987; Masuzawa et al., 1992) was performed using the KUR reactor of Kyoto University
for the determination of 25 major and trace elements (Al, V, Mn,’Cl, Na, Br, As, Sb, Zn, Co,
Cr, Ba, Rb, Cs, Th, Hf, Ta, U, Sc, La, Ce, Sm, Eu, Tb, Yb, and Lu) of sediment samples.

3. Results and Discussion

Table 1 lists opal, calcium carbonate, carbon, nitrogen and 25 major and trace elements in
Core GC1208 from the Ross Sea. AMS “C ages for the four cores were compiled in Fig. 3.
Vertical profiles of opal, calcium carbonate, Al, Ba, Br, and U in the four cores were shown
in Figs. 4-7.

The Antarctic Ocean is the place of quite high biological productivity due to up-welling of
nutrient rich deep waters and the Weddell Sea and Ross Sea are the places of the formation of
deep and bottom waters in addition to the northern North Atlantic. Such high biological
production is carried out mainly by diatom. Diatom is the dominant component of settling
particles (Tsunogai et al., 1986; Fisher et al., 1988) and the bottom surface is covered mainly
with diatomaceous ooze.

According to the results of this study, not only opal, calcium carbonate, and organic
matter contents but also sedimentation rates showed remarkable differences among the four
cores. Opal content of sediments is controlled by the balance between the supplies of opal
and lithogenous aluminosilicate. High opal contents indicate very high biological productivity
in the surface layer of the oceans, which also control the sedimentation rates. Sedimentation
rates varied significantly among the four cores from ca. 0.6 cm/kyr at Core GC1002 from the
Enderby Land Basin to ca. 200 cm/kyr at Core GC808 from the shelf of the Weddell Sea
(Fig. 3). This order of sedimentation rates is consistent with the order of opal contents. The
difference in opal contents between ca. 45% of Core GC808 at 376 m depth and ca. 10% in
the upper part of Core GC801 at 3328 m depth in the Weddell Sea suggest the dissolution of
opal through sinking and depositing processes.
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Ba has been considered to be a good proxy of marine biological productivity (Dymond et
al., 1992). Figure 8a plots Ba vs. opal in the four cores. Positive correlation between opal
and Ba is observed except for Core GC808 but the slopes of Ba vs. opal are different among
the cores. It is noted that Ba shows no accumulation in Core GC808 where opal contents are
quite high. This seems to be important to solve the accumulation mechanism(s) of Ba
associating with opal in settling particles and sediments.

Figure 8b shows relationships between opal and Br, which is considered to associate with
marine organic matter, in the four cores. Almost all points are plotted along a line throughout
the four cores although the points are scattered for Core GC808. This suggests a possibility
of Br in settling particles and marine sediments as a useful proxy of biological productivity.

Figure 9 plots the relationships between Al and Th in the four cores. Both Al and Th are
lithogenous components (Masuzawa et al., 1989) and Th content reflects the differences in the
weathered mother rock(s) supplied to deposited places. Samples of the two cores from the
Weddell Sea (Cores GC808 and 801) are plotted along a line, which indicates the mother
rock(s) for the two cores were almost the same. The slopes of Th vs. Al increase in the order
of the Weddell Sea (ca. 0.0012), the Ross Sea (ca. 0.0020), and the Enderby Land Basin (ca.
0.0035). The high Th/Al ratio of the Enderby Land Basin (0.0035) may reflect that
Precambrian granitic rocks are dominant in the Enderby Land.

Martin (1990) proposed that biological productivity in the Antarctic Ocean might have
been much higher than the present (iron hypothesis). According to the vertical profile of opal
in Core GC801 from the Weddell Sea (Fig. 5), it had increased abruptly at 12 kyr BP, that is,
after the Last Glacial Period on the contrary to the Martin’s hypothesis.
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Table 1. Major and minor chemical composition of Core GC1 208 from the Antarctic Ocean.

No. Depth Name Opal CaCO3 C N Al Fe Na Cl Mn Br As Sb In Co Cr \
(cm) (%) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

5-7 60 1 833 078 054 009 559 425 309 326 1066 120 3.1 097 176 19.2 68 83
5-8 70 2 930 079 0.34 006 6.14 439 259 215 1154 73 3.5 039 185 199 79 116
5-9 80 3 5.33 1435 1.82 0.04 561 368 223 165 906 52 32 075 1417 172 58 94
5-10 90 4 5751573 212 0.03 581 361 224 212 870 64 3.2 060 142 154 63 99
4-1 100 5 592 640 074 0.03 556 4.02 257 2.14 1083 69 32 093 154 16.4 73 80
4-2 110 6 7.45 163 0.24 003 536 336 248 181 618 52 - 0.40 123 104 67 76
4-3 120 7 7.72 0.88 0.10 0.02 498 348 27 1.82 904 57 - 051 123 1137 70 67
44 130 8 656 1.06 0.18 003 596 402 281 206 930 68 - 093 160 196 71 87
4-5 140 9 512 493 0.70 003 571 434 257 199 534 70 3.5 097 165 18.2 67 77
4-7 160 10 4.43 7.19 074 004 566 411 246 227 520 72 - 092 155 18.8 74 97
4-9 180 11 519 1.04 0.16 003 6.18 4.12 242 1.84 1124 61 46 0.90 165 202 69 76
4-10 190 12 5.73 5.10 072 003 581 3.85 247 198 999 65 2.8 055 154 179 65 132
341 200 13 4.88 072 0.11 0.03 6.9 420 237 1.61 1249 56 43 095 156 19.6 76 93
3-2 210 14 546 0.64 0.09 003 607 404 2.4 201 1183 59 4.3 0.70 154 207 78 105
3-3 220 15 5.93 0.62 0.10 0.03 6.11 4.16 254 2.11 938 65 3.2 075 168 179 73 10s
34 230 16 5.29 071 0.1 0.03 582 4.0 231 1.96 1140 56 3.1 0.84 150 18.1 68 10
3-5 240 17 5.39 066 008 0.02 578 4.09 229 173 952 54 3.3 077 148 196 72 99
3-7 260 18 5.95 0.59 0.0 003 585 395 241 1.75 878 58 - 1.00 154 178 69 95
3-9 280 19 647 068 010 0.02 579 3.57 227 161 691 49 - 071 133 13 66 91
3-10 290 20 7.34 0.69 0.0 002 6131 341 221 148 543 49 4.0 053 127 129 63 74
2-1 300 21 6.92 0.82 013 0.02 555 347 219 152 575 49 - - 52 13.8 78 98
2-2 310 22 546 101 0.10 002 6.15 3.94 241 181 845 55 - - 142 147 64 113
2-3 320 23 607 1.68 0.18 002 544 3.77 244 151 606 56 - 0.68 140 156 65 93
24 330 24 4.92 3.97 048 002 629 3.56 226 1.61 1274 50 3.9 088 181 258 65 101
2-5 340 25 608 876 109 002 541 359 234 172 842 SS' - 068 142 173 65 90
2-7 360 26 5.62 251 033 003 563 390 244 1.66 968 56 4.4 1.02 38 179 78 90
2-8 370 27 558 1.36 0.19 003 598 374 244 167 890 60 - 089 117 168 70 90
2-9 380 28 5.81 075 0.09 0.03 577 3.75 233 167 885 5t 3.3 064 154 146 67 92
2-10 330 29 691 0.75 0.12 002 6.04 378 242 163 716 51 - 067 128 144 71 98
11 400 30 695 0.84 0.09 003 602 385 242 1.7 753 55 2.6 074 160 145 76 101
1-2 410 31 6.2 0.88 009 0.02 642 3.79 236 1.74 849 51 - - 41 149 70 101
1-3 420 32 5.65 0.74 008 0.02 6.19 3.54 224 155 910 47 - 064 134 167 59 1
1-4 430 33 5.68 0.77 009 003 580 362 243 165 918 52 - 0.89 133 182 62 95
1-5 440 34 5.78 0.68 0.09 003 6.06 3.80 245 1.72 806 53 - 041 141 163 59 88
1-7 460 35 539 1.39 0.16 003 624 380 243 167 950 56 - 076 46 17.8 69 107
1-8 470 36 5.50 B8.26 097 003 582 353 242 174 753 54 49 083 139 156 57 102
1-9 480 37 5.01 6.47 077 003 573 3.63 242 1.79 999 56 3.6 - 117 17 78 96
1-10 490 38 6.09 8.80 097 003 559 371 238 175 955 55 - 088 169 236 65 95
cc-1 500 39 552 1294 1.46 002 548 337 226 179 853 56 5.9 1.54 - 143 73 117
cc-2 510 40 4.63 9.36 1.00 002 609 343 238 1.62 958 52 - 0.80 57 16 65 100
cc-3 520 41 499 5.29 0.60 0.02 ND 4.08 2.37 ND ND 56 $.1 1.8 153 21.6 69 ND

— 154_



Table 1. (continued)

No. Depth Name Ba Rb Cs Th Hf Ta u Sc La Ce Sm Eu Tb Yb Lu

(cm) {(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) {ppm) (ppm) (ppm)
5-7 60 1 1350 145 88 124 S5 184 1.6 120 322 67 54 103 0.85 31 044
5-8 70 2 1690 152 9.3 125 58 188 21 122 346 72 59 1.10 083 26 03}
5-9 80 3 1190 146 7.4 121 65 165 1.8 98 309 61 54 1.08 084 22 046
5-10 90 4 1150 130 84 116 51 167 1.9 101 311 57 54 102 082 25 045
4- 100 5 823 126 83 122 61 206 19 109 345 67 60 1.17 1.08 26 060
4-2 110 6 S77 97 49 100 68 268 20 85 364 68 57 123 091 25 048
4-3 120 7 580 127 42 102 76 279 22 86 386 72 57 131 096 32 050
44 130 8 1120 147 79 123 70 269 32 108 400 79 68 126 1.01 3.1 050
4-5 140 9 912 145 95 128 7.1 2312 1.9 117 343 71 60 115 116 1.9 053
4-7 160 10 1020 150 91 120 59 171 25 11.6 31.8 71 58 111 099 21 044
4-9 180 11 1280 154 93 137 6.6 193 21 11.5 359 73 62 111 1.02 25 0.54
410 190 12 1040 150 84 120 64 201 1.9 110 331 66 56 1.05 0.89 31 043
31 200 13 1300 157 9.0 133 7.0 180 3.0 1.7 372 73 64 1.17 106 30 057
32 210 14 992 158 88 135 73 214 32 116 353 71 60 111 111 32 037
33 220 15 1220 151 85 120 7.0 201 25 125 348 69 62 105 089 26 051
34 230 16 1120 146 83 122 65 188 25 113 355 69 61 113 091 25 043
35 240 17 1020 163 87 123 64 175 29 115 340 68 60 120 100 30 037
3-7 260 18 946 142 88 130 69 184 29 112 333 73 60 1.0 092 25 0.46
3-9 280 19 981 128 6.8 11.7 69 176 30 104 338 61 59 105 097 3.1 054
310 290 20 698 145 7.8 120 62 1.47 25 101 334 63 61 1.12 083 32 048
2-1 300 21 681 98 69 132 60 147 - 102 369 65 6.3 1.2 - 3.6 064
2-2 310 22 757 135 73 115 69 210 20 110 413 71 70 1.18 063 3.0 038
23 320 23 701 140 7.5 120 68 215 33 103 379 70 65 130 141 35 047
24 330 24 714 142 85 117 54 1.86 - 99 369 75 68 1.28 - 26 044
2-5 340 25 961 - 80 125 7.0 198 - 107 363 67 6.1 1.04 - 30 058
2-7 360 26 1260 147 9.1 127 63 178 3.2 11.2 374 69 67 1.27 - 27 043
2-8 370 27 1170 135 7.9 127 62 207 24 110 380 72 65 1.19 146 3.4 043
2-9 380 28 1190 - 76 1.1 67 200 27 103 369 72 65 111 - 3.4 052
2-10 390 29 853 - 70 118 71 178 32 105 373 66 64 125 079 2.6 051
11 400 30 744 119 79 121 69 206 24 107 394 71 67 122 130 3.1 042
1-2 410 31 644 - 75 124 7.2 236 - 104 396 74 69 1.2% - 3.2 045
1-3 420 32 770 116 79 11,5 59 159 23 103 362 67 6.4 1.5 - 43 05
14 430 33 1050 143 87 116 6.4 179 3.0 108 365 74 65 1.19 - 29 047
1-5 440 34 942 120 84 115 65 194 24 107 378 80 67 127 084 31 056
1-7 460 35 1253 101 7.8 126 68 190 23 110 388 71 68 1.29 - 2.8 04
1-8 470 36 1207 141 82 11.2 63 1.58 20 101 354 63 58 113 094 2.5 04
1-9 480 37 1330 151 79 118 53 178 20 105 360 67 63 1.10 - 3.6 042
1-10 490 38 995 179 84 118 66 1.88 - 105 368 72 63 1.25 080 2.4 0.49
ce-1 SO0 39 1045 139 78 119 50 179 1.6 9.7 324 61 S8 1.0 - 26 036
cc-2 510 40 936 114 81 130 63 1.76 21 9.8 352 64 59 1.03 - 31 057
-3 520 41 1270 231 97 133 58 173 27 114 369 71 66 133 - 3.5 045
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Fig. 1. Topographic map of the Antarctic Ocean and the locations of sediment cores analyzed.
Dotted lines show contour lines of 3000m depth.
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