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ABSTRACT. Based on organic carbon accumulation rates, nine time slices of oceanic export paleopro-
ductivity (Ppew) are presented which depict the variability of Ppey on a global scale through the last 30,000
years and document that the basic distribution patterns did not change through glacial and interglacial times.
However, the glacial ocean shows an increased contrast of high- versus low-productivity zones. 3°C val-
ues of near-surface-dwelling planktonic foraminifera Globigerinoides ruber suggest that the same contrast
applies to the glacial nutrient inventories of the ambient surface waters, with a significant glacial transfer
of PO4 from low- to high-productivity zones. In this way, glacial Ppey increased by a global average of
about 2-4 Gt Cyr~! and led, via an enhanced CaCQj dissolution and alkalinity in the deep ocean, to a
significant extraction of CO, from the surface water and the atmosphere.

1. INTRODUCTION

Based on polar ice core studies, atmospheric carbon dioxide decreased by about 100 ppmv
during glacial stages 6 and 2, that is, by one-third of the atmospheric CO, pressure found
during interglacial stages 1 and 5.5 (Barnola et al., 1987). This glacial-to-interglacial
difference had a considerable feedback on global climatic cooling and warming (Hansen
et al., 1984) and on the climatic link between the Northern and Southern Hemispheres
(Mitchell, 1988). The scientific community has largely agreed that combined variations
in the “biological pump” (Berger and Keir, 1984) driving carbon dioxide into the deep
ocean, and in the chemical and physical circulations of the ocean, must provide the dom-
inant forcings for the observed changes in atmospheric CO,. In this context numerous
models were proposed and examined in the literature (Sundquist and Broecker, 1985)
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Most recently, Boyle (1988) calculated and tested a model that recognizes the primary
driving factor for atmospheric pCOchange to be a glacial rearrangement of the vertical
ocean chemistry distributions, that is, a global shift of labile nutrients and (isotopically
light) metabolic CO, from the Intermediate Water to the deep ocean. Sarnthein et al.
(1988) observed a clear increase in biological productivity of wind-driven low- and mid-
latitude upwelling zones during the last glacial maximum (LGM) which enhanced the
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Figure 1. Basic pattern of organic carbon reservoirs in the ocean and their effect on

the 8C composition of benthic Foraminifera (from Altenbach and Sarnthein, 1989).
G. ruber is considered to build its shells in the surface mixed layer of the ocean. C.
wuellerstorfi represents an elevated epibenthic species such as indicated near the sea
floor.
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annual global transfer of particulate organic matter (POC) by about 24 Gt C across
the thermocline into the deep ocean. Strengthened currents in the level of the upper
Intermediate Water (<800m), such as the South Atlantic Central Water, were regarded as
the main supply channels which probably fed additional nutrients from little-used high-
latitude reservoirs to the glacial high-productivity zones in lower latitudes. Boyle (1988)
suggested that the basin-wide vertical transfer of light carbon is integrated and reflected
by the (reinterpreted) increased glacial carbon isotopic contrast between intermediate and

surface water, and the bottom water (ASBCH,,,hm_Bmmos). In harmony with Berger and
Vincent (1986), Boyle (1988) inferred that the CO,-induced higher acidity of the bottom
water temporarily increased the carbonate dissolution and, hence, the oceanic alkalinity.
With a delay of about 3000 years, this higher alkalinity resulted in an extraction of CO,
from the atmosphere to the ocean, a mechanism that is related to, and enhances, the
general effect of the organic carbon/carbonate carbon rain ratio proposed by Berger and
Keir (1984).

In this chapter we trace back the spatial and temporal variability of oceanic export
productivity in nine time slices through the last 30,000 years. Special attention is given
to the narrow high-productivity belts in low latitudes. Based on the distribution patterns
(Koblentz-Mishke et al., 1970) and empirical relationships found by Eppley and Peterson
(1979) and Berger and Keir (1984), these belts may be expected to dominate the budgets
of vertical carbon transfer in the ocean. Moreover, we document the carbon isotopic
response of the ocean to paleoproductivity changes, in particular, the phase relationships
between the oceanic response, productivity variations and atmospheric pCO, changes, to
arrive at a better understanding of the possible forcing chains for climatic change.

2. EXPORT PALEOPRODUCTIVITY: PRINCIPLES OF RECONSTRUCTION
AND CARBON ISOTOPIC RESPONSE

Export productivity, Py, is the flux of sinking particulate organic matter that escapes
recycling in the surface layer of the ocean by crossing the thermocline (Eppley and
Peterson, 1979, Fig. 1). It amounts to 7-10% of the bulk primary production in low-
productivity zones and reaches more than 50% both in high-productivity belts and during
short-term high-productivity events (Lochte and Turley, 1988). Only minor parts of Ppew
reach the deep ocean and the deep sea floor. Based on a combination of the partly modified
concepts of Miiller and Suess (1979), Suess (1980), and Eppley and Peterson (1979), we
deduced values of export paleoproductivity from carbon accumulation rates in deep-sea
sediments via the following empirical equation:

Pnew = 0.0238(:064298%8575DBD05364208292859(:2392 " gm-zyr—l A (1)

where C is the concentration of organic carbon, DBD the dry bulk density, Sg the bulk
sedimentation rate, Sg ¢ the (organic) carbon-free sedimentation rate, and z the water
depth. The correlation coefficient for measured versus calculated Ppew is r = 0.84, sug-
gesting that the presentation of the productivity signal is trustworthy.

A detailed discussion of Eq. (1) and its caveats is given in Sarnthein er al. (1987,
1988). These estimates of paleoproductivity reflect the ephemeral carbon output from
pulsating bloom populations rather than the continuous “drizzle” from the day-to-day
phy;op}%%lgon activity which is largely recycled in the surface layer of the ocean (Bruland
et al., ).

The production of organic carbon is coupled with a strong fractionation of the iso-

topes. This leads to a 8“c depletion in planktonic organic matter and remineralized
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CO; resulting in values of about —20 %/00 as compared with more than +1-2 900 (Broecker,
1982) in the XCO, of the surface water, the latter of which is dominated by the exchange
with the atmosphere (Fig. 1). As a result, the stable isotope composition of oceanic deep
water reflects the contents of dissolved CO, and nutrients, and thus forms a response to
the intensity of both deep ocean physical and chemical circulations, and the vertical Corg
fluxes from the sea surface productivity (e.g., Shackleton, 1977; Duplessy et al., 1980,

1984). Therefore, the 8" c signal of a foraminiferal species with elevated epibenthic
microhabitats such as Cibicidoides wuellerstorfi (Lutze and Thiel, 1987, 1989) can serve
as an ancient sensor of the basin-wide state of the geochemical organic carbon cycling in
the deep sea (Zahn et al., 1986; Altenbach and Sarnthein, 1989). However, an enhanced
local supply of organic fluff from high-productivity belts may bias this record by inducing

an additional local depletion of the epibenthic s°c signal by up to 0.45%00 (Kroopnick,

1971; Sarnthein et al., 1988), a feature that affects much more strongly the 8'C records
of infaunal species such as Uvigerina sp. dwelling 1-6 mm below the sediment surface
(Woodruff and Savin, 1985; Berger and Vincent, 1986; Zahn et al., 1986; recent direct
observations by Altenbach and Sarnthein, 1989).

Berger and Vincent (1986) and Curry and Crowley (1987) gave recent summaries
on the carbon isotopic record of planktonic foraminifers which is far more difficult to
interpret than the benthic signal because: (i) the regional and seasonal patterns of nu-
trients and carbon isotopes near the ocean surface vary substantially both vertically and
between seasons, and (ii) the life habitats, vital and symbiotic effects of different plank-
tonic foraminiferal species and foraminiferal life stages vary greatly (Fairbanks et al.,
1982; Ganssen, 1983; Curry et al., 1983). A few species produce their tests dominantly
in the subsurface layer, for example, Neogloboquadrina dutertrei, N. pachyderma and
Globorotalia inflata. Other species such as Globigerinoides ruber and G. sacculifer dwell

in the surface mixed layer (Deuser er al., 1981) and may provide a 8"C record of the
seasonal nutrient depletion or enrichment in the surface ocean (Deuser and Ross, 1980),
a record which markedly differs from that of the thermocline and further below (Deuser
et al., 1981). In addition, the carbon isotopic record of G. ruber, such as that of other
species, may be subject to some error due to vital effects. The depth habitat of the forma-
tion of Globigerina bulloides tests still appears controversial, but its light carbon isotopes
probably reflect the composition of the subsurface layer (Ganssen, 1983).

Shackleton et al. (1983) first documented an increased glacial carbon isotopic con-
trast between the surface and deep ocean. Based on the principles outlined above, the
stronger contrast can be derived, in theory, from three possible rearrangements of the
nutrient distribution in the ocean, each time at the expense of the Intermediate Water, this
as demonstrated by Zahn et al. (1987), Duplessy et al. (1988), Kallel et al. (1988) and
Boyle (1988). These three possible rearrangements are: (i) both the deep ocean and the
surface ocean may have been CO, and nutrient enriched, but the deep ocean somewhat
more strongly (Broecker, 1982); (ii) the nutrient and CO; budgets of the surface layer
remained as today, only the deep water was enriched; and (iii) the deep ocean was CO,
and nutrient enriched at the expense of both the Intermediate and surface waters.

In their critical review of six glacial-to-interglacial 8"C records obtained from the
surface dwelling species G. sacculifer in the Atlantic, Curry and Crowley (1987) clearly
demonstrated that the glacial ambient surface water near the equator was generally 3C
depleted by about 0.2 %00 30-16 ky ago, and by up to 0.5 %0 at 16-9 ky BP, that -

is, it was nutrient enriched (Broecker, 1982). In contrast, a 8"C record of the surface-
dwelling species G. ruber from the low-productivity Sargasso Sea shows a last glacial
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13C increase by more than 0.3 %0, indicating a regional nutrient depletion, at least season-
ally. For example, Deuser and Ross (1980) reported a modern annual range of net primary
productivity variations, hence nutrient variations, near Bermuda by a factor of 4. This
range probably was much reduced during glacial times, and the average values lower, as
shown by the results of Curry and Crowley (1987). Based on G. ruber in a Caribbean core

(Broecker, 1982), analysis reveals a 8"C increase of more than 0.5 0/oo, that is, possibly

an even stronger nutrient exhaustion. In contrast, a subsurface 813C record of N. dutertrei
from the east Pacific core V19-30 (Shackleton et al., 1983) remains difficult to interpret
because this species calcifies within the nutrient-enriched thermocline and strongly feeds

on symbiotic algae (Hemleben et al., 1989). Similarly, the respective Aﬁlacmm_gems
record, where A indicates the glacial-interglacial difference, is difficult to interpret. Ac-
cordingly, we may expect a more polarized distribution of the nutrient inventory in the
glacial surface ocean than for the distribution today, with a shift from the widespread
low-productivity zones to the narrow high-productivity zones. Furthermore, this shift will
induce a general increase in the ‘rain ratio,” which varies nonlinearly with the strength
of the productivity (Berger and Keir, 1984) and produces, in turn, an increase in (deep)
ocean alkalinity (Boyle, 1988). This mechanism possibly has the potential to explain the
carbonate dissolution spikes that are characteristic of the abrupt climatic change linked
to the onset of glaciations.

In this study we supplement the data on paleoproductivity by a set of related plank-

tonic 8"°C data which record glacial-to-interglacial regional changes of nutrient concen-
trations in the surface mixed water. Moreover, we try to add to the understanding of the

ASBCMW_BCM,S) values which may record a wide variety of different rearrangements
of the ocean chemistry distribution.

Stable isotopic records and chronostratigraphy of most cores were obtained from
Zahn-Knoll (1986) and Sarnthein ez al. (1988). The stratigraphy of further cores and

additional 8"C values for G. ruber (315-400mm) were derived from Sarnthein ez al.
(1984), Pflaumann (1989), Kassens and Sarnthein (1989), Sirocko (1989), and from
Duplessy (1981), Fontugne and Duplessy (1981, 1986), Curry and Crowley (1987) and
Broecker (1982).
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Figure 2. Maps of the global distribution patterns of export productivity Ppew during

the past 30,000 years in nine time slices as indicated (a—j). Pnew €stimates are obtained

from Eq. 1. Dotted lines demarcate areas of data extrapolation. The numbers in Figure
2a refer to the cores listed in Table 1.
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Table 1. 3"C values of Globigerinoides ruber for 0-8ky and 17-21ky, together with the global Export Production values for the
past 30,000 years in 9 time slices. For core locations see Fig. 2a.

8"C Globigerinoides sp.

Export Production, Ppew, g m=2 yr!

Core Lat. Long. Depth G.sp. 0-8 17-21 ASPC 04 4-8 7-9 9-11 11-13 14-16 17-21 21-27 27-30 Ref.
Number m (1000 years) (1000 years)
Pacific Ocean

1 SO50-37 18.91N 115.76E 2695 ruber 1.36 1.29 0.07 27.1 29.7 33.2 347 354 39.0 405 390 296 a
2 SO50-29 18.44N 115.65E 3766 445 438 42.8 462 49.8 634 612 589 647 a
3 S026-12 13.12N 103.00W 3105 — 202202 186 156 146 13.1 127 167 a
4 MANOP S 11.05N 140.08W 4904 33 30 26 — 6y - 2005210 2.3 S 3241 b
5 S026-58 2.73N 95.19W 3200 13.8 119 10.1 94 105 16.7 242 249 277 a
6 MANOPM 8.80N 104.00W 3100 88107 — — — — _ — — b
7 S026-47 2.66N 100.25W 4027 12.4 13.1 146 13.8 140 166 20.1 195 — a
8 P7 2.6IN 83.99W 3085 ruber 1.79 145 0.34 — 29.6 309 309 36.6 51.8 562 47.5 32.5 ac
9 S026-90 2.25N 92.35W 2211 7:8:01.1:13.1 "10:3° 12:0:."—" .16.1 153 '— a
10 MANOP C 1.03N 138.94W 4423 123 98 — — — — —_ - — b
11 W8402A-14 0.95N 138.96W 4287 103 90 85 82 79 96 128 101 80 e
12 S026-96 0.69N 85.84W 2706 ruber 1.72 1.21 0.51 12.2 13.8 19.2 21.1 258 45.1 413 406 — a
13  S026-127 1.55S 85.39W 2463 19.8 224 215 21.8 29.7 254 336 375 314 a
14 V19-28 2.47S 84.65W 2670 29.5 30.0 33.3 41.8 437 516 604 526 212 e
15 S026-131 3.53S 85.00W 3381 — 375355 409 47.0 517 504 609 578 a
16 SO12-229 4.24S 10391W 3327 79493 84 153+ 148-719.3“ 50 67 - = a
17 S012-98 10.54S 109.75W 3271 ruber 1.49 1.62 -0.13 13.8 99100 6.6 107 88 110 7.1 54 a
18 SO35-211 14.29S 177.15E 2890 ruber 0.77 1.06 -029 — 40 — 24 38 38 39 35 119 » a
19 S035-272 16.02S 177.69E 3410 ruber 1.25 134 -0.09 — 98100 103 83 187 215 184 206 a
20 S026-189 18.59S 113.08W 3324 — e AREAS Y 55 58y 51 52 A
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Table 1. (continued)

8"C Globigerinoides sp.

Export Production, Ppew, g m=2 yr!

Core Lat. Long. Depth G.sp. 0-8 17-21 ASPC 04 48 7-9 9-11 11-13 14-16 17-21 21-27 27-30 Ref.
Number m (1000 years) (1000 years)
Pacific Ocean (continued)
21 SO35-102 22.41S 177.45W 2910 ruber -0.36 -0.33 -003 — 47 48 33 — 30 26 ~2.3~ a
22 S035-101 22.45S8 177.33W 3125 ruber 069 0.70 -001 70 70 67 50 44 72 81 85 74 a
23 DSDP594 45.52S 174.95E 1204 235 23.1 246 21.1 288 334 310 329 303 a
24 Q 208 45.99S 177.99E 2830 149 *12:7°0:135 <175 472" 163 158 7136 '6.7- ' a
25 10127-2 13.70N 151.67W 5686 —_ 22 - - - 28 28 — 27 e
26 10132-1 6.22N 148.96W 5004 37 — — 49 — — 44, = = £
27 10140-1 9.25N 148.74W 5144 37 38 — 42 — 46 48 — 59 ' -if
28 10141-1 9.10N 148.78W 5189 33 — 41 — — 41 45 48 — f
29 10145-1 3.99N 148.82W 4599 2] — — 24 — 214" =23, AR WAL A
30 10147-1 3.84N 145.03W 4619 2.7 v 352 3 e 33 .36 39 42 46 f
31 10175-1 9.32N 146.02W 5164 —_ 29 — — 3.1 — £ 1% et 1 ol AR
Southern Ocean
32 MD84-527 43.82S 51.32E 3262 51.1 586 52.6 486 290 — — 408 413 g
33 MD84-551 55.00S 73.28E 2230 152 167: 42.15:13.3, :25.6" 109 186" 122 118 ¢
Indian Ocean
S042-57 2091IN 63.01E 3422ruber 08 050 035 — — — — — — — — — h
34 MD77-203 20.69N 59.57E 2442 ruber 0.76 0.02 0.74 123.3 109.9 105.1 101.4 101.4 109.0 1120 — — gi
35 MD77-202 19.22N 60.67E 2427 ruber 0.62 0.12 0.50 — 46.1 445 444 394 61.1 758 826 66.1 g
36 MD76-132 16.98N 71.51E 1430 — 282 31.8 33.1 327 285 287 — — g
37 MD77-200 16.54N 67.89E 2910 ruber 0.51 0.61 -0.10 — 157 — 142 123 130 156 175 170 ¢
38 MD76-131 15.52N 72.57E 1230 ruber 127 097 030 — 624 59.6 56.0 689 66.1 960 922 652 gj
39 MD76-135 14.43N 50.52E 1895 ruber 0.94 0.64 0.30 90.0 76.1 70.5 53.5 455 500 609 589 506 g,j
RC12-344 12.77N 96.07E 2140 ruber 094 098 - 0.4 — — — — — — — — — j
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Table 1. (continued)
8C Globigerinoides sp. Export Production, Ppew, g m=2 yr!
Core  Lat. Long. Depth G.sp. 0-8 17-21 A8°C 04 4-8 7-9 9-11 11-13 14-16 17-21 21-27 27-30 Ref.
Number m (1000 years) (1000 years)
Indian Ocean (continued)
MD77-171 11.75N 94.15E 1760 ruber 0.86 105 -0.19 — — — — — — — — — j
MD77-169 10.20N 95.05E 2360 ruber 096 106 -010 — — — — — — — — — j
40 MD77-194 10.47N 75.23E 1222 104.3 783 69.0 88.1 96.1 1004 — — — g
41 S028-5 6.66N 61.13E 3335 ruber 1.30 1.24 006 9.3 100100 — 94 93 133 128 126 gh
42 SO28-11 5.39N 60.25E 3859 ruber 1.25 1.23 002 — 165223 164 — 193 244 218 199 gh
43 S028-28 141N 67.37E 4101 ruber 1.40 1.34 006 179 437 169 170 154 257 259 284 258 gh
43a 16672-1 24.00S 69.66E 3390 ruber 1.06 0.87 019 =7 748 8.8 ¥5:2 .1 6,07 152 556 45 44 ,76.3 %a
44  14807-1 16.94S 118.84E 1186 ruber 1.24 1.32 -0.08 20.5 23.5 234 233 228 242 220 — — k
Atlantic Ocean

45 23055-2 68.41N 4.02E 2308 122" 12:0.10.6 102 119 86 .88 98 98 a
46  23199-1 68.38N 5.23E 1968 190 150146 110 11.8 134 87 94 67 a
47 15612-2 44.69N 26.54W 3050 e 4 71.07253,436.1.31.9 3657 21.97 305" .a
48 15672-1 34.86N 8.12W 2455 ruber — 0.63 — — 245 — — 170 167 153 — — a)l
49  16006-1 29.27N 11.50W 796 ruber 1.08 0.77 031 16.1 179204 184 141 155 178 147 155 a]l
50 15637-1 27.01N 18.99W 3849 ruber — 0.33 — — 252248 208 179 181 84 8.6 11.1 a]l
51 12392-1 25.17N 16.85W 2575 ruber 1.18 0.56 0.62 22.0 224235 749 77.6 94.6 101.4 102.1 79.8 gj
52 12379-3 23.14N 17.75W 2576 ruber 1.28 0.46 0.82 48.8 46.2 56.7 65.6 71.8 723 82.1 69.7 848 a)l
53  12328-5 21.15N 18.57W 2778 ruber 1.32 0.79 0.53 689 74.7 88.9 101.3 68.7 553 600 772 844 a]l
54  13289-2 18.07N 18.01W 2490 ruber 1.34 0.90 044 — 385454 436 494 275 263 224 — a]l
55 12347-2 15.83N 17.86W 2576 166.7 1056 — — 1074 783 69.0 832 — a
56 164022 14.46N 20.54W 4234 3319302 27.2 7271 302 306" 258 325 279 - a
57 13239-1 13.88N 18.31W 3156 ruber 1.74 1.05 06 — 559605 80.0 56.8 575 98.0 98.2 103.7 a,
58 16415-1/2 9.57N 19.11W 3841 273253 219:°22.1 224 21.7 282 — — an
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Table 1. (concluded)
8°c Globigerinoides sp. Export Production, Ppew, g m=2 yr!
Core Lat. Long. Depth G.sp. 0-8 17-21 ASPC 04 48 7-9 9-11 11-13 14-16 17-21 21-27 27-30 Ref.
Number m (1000 years) (1000 years)
Atlantic Ocean (continued)

59 16408-5 9.0IN 21.37W 4336 — 284 267 — 243 281 233 — — a
60 ENO66-10 6.33N 21.90W 3527 — 200 200 184 156 150 147 153 — go
61 13519-2 5.66N 19.85W 2862 — 119 119 — 85 — 101 99 —
62 16457-1 5.39N 21.72W 3291 ruber 1.90 1.82 008 — 11.7 152 106 97 105 90 96 96 gn
63 16458-2 5.34N 22.06W 3518 ruber 1.71 1.49 022 132 11.7 100 120 105 117 115 — gn
64 ENO66-38 4.92N 20.50W 2931 — — 116 140 104 106 89 10.1 8.4 m,0
65 16453-2 4.73N 20.95W 2675 ruber 1.62 1.45 017 97 76 63 58 67 65 63 68 68 gn
66 ENO66-36 4.31N 20.21W 4270 — 196 186 148 187 181 200 252 — go
67 13521-1 3.02N 22.03W 4504 241258 223 17.8 173 183 182 184 309 gl
68 ENO66-29 2.46N 19.76W 5104 — 292 276 236 20. 186 21.7 36.1 337 go
68a 16772-1/2 1.21S 11.96W 3912 ruber 1.82 1.22 0.60 233223 113 82 133 42, 546 494 292 a
69 10S-10529 4.95S 0.46E 4735 — 215 — 348 564 504 446 63.6 40.6 gp
70  T78-33 5.188 7.97E 4120 41.5 359 38.7 399 160.7 1485 1550 850 ggq
74| T7846 6.84S 10.76E 2100 108.9 92.8 100.5 110.7 1302 2034 239.0 191.1 204.0 gq
72  T7845 7.80S 10.62E 4070 533 46.0 41.7 454 1002 1419 137.7 181.6 1994 ggq
73  V15-142 44908 51.63W 5885 61.1 479 457 47.6 853 134.8 132.7 132.6 128.8 dg
74 V15-141 45.73S 50.75W 5934 482 35.6 376 314 727 — 1236 1093 949 dg

References: a, this work; b, Emerson et al. (1985); c, Pederson et al. (1988); d, Stevenson and Cheng (1972); e, Lyle et al. (1988);
f, Miiller and Mangini (1980); g, Sarnthein et al. (1988); h, F. Sirocko (1989); i, Fontugne and Duplessy (1986); j, Duplessy (1981);
k, Zahn (1982); 1, Zahn-Knoll (1986); m, Curry & Crowley (1987); n, H. Kassens (pers. comm.); o, Curry and Lohmann (1985); p,
Morris et al. (1984); q, Jansen et al. (1984).
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3. RESULTS AND DISCUSSION

3.1. Temporal and Spatial Variability of Ppey

Ppew Tecords of 74 cores from the Pacific, Indian and Atlantic Oceans were averaged in
nine time slices covering the last 30,000 years (Table 1 and Fig. 2). The time range of the
slices varies, and they were selected with the intent of characterizing the distributional
patterns of Ppew during particular short-term phases and events of climate generally rec-
ognized on oxygen isotopic curves. These include, for example, a last pre-glacial phase
27-30 ky BP; the state of early, peak and latest glaciation (21-27, 17-21, and 14-16 ky
BP); the Aller6d warm phase (11-13 ky BP); the Younger Dryas cooling (9-11 ky BP);
and two versions of the early Holocene climatic optimum (7-9 and 4-8 ky BP). The
range of the “Recent” time slice (04 ky BP) is broad because many core locations lack
a reliable surface sediment record. However, the detailed match of the Recent Pqew data
with those 4-8 ky ago may suggest that the Holocene patterns and intensities of Ppew
remained fairly constant. Also, the time slice 7-9 ky BP hardly differed from that of 4-8
ky ago. The only exceptions occur in the upwelling zones off the Congo and off the south
Arabian coast where Py, increased by 10-25% during the late Holocene. In general, the
spatial distribution pattern closely follows the well-known productivity patterns mapped
by Koblentz-Mishke ez al. (1970), that is, comparatively narrow high-productivity belts
parallel to the equator, the eastern ocean margins in low latitudes, the margins of the Ara-
bian Sea, and the higher middle latitudes of the circum-Antarctic ocean. These contrast
with much wider extended areas where productivity is low.

In near-shore areas an important fraction of the organic carbon registered in our
samples may originate from riverine supply of organic matter (Ittekkot, 1988) and thus
bias our paleoproductivity data. However, both first isotopic data of the organic carbon
fraction and C/N data (summarized in Sarnthein er al., 1988; L. Westerhausen, letter to
M. Sarnthein, November, 1988) imply that the bulk of organic matter originates from the
marine plankton production, except for a few of the shallower sites such as off the mouth
of the Senegal river and in the northern Bay of Bengal (not included in the data set,
Tablel). It appears that most of the riverine organic matter is deposited in the estuaries
and on the shelf and upper slope.

The basic patterns of the Prw distribution persisted in the time slices 9-27 ky BP
and further back. However, the intensities changed in several key areas. Only in the At-
lantic do we observe a new glacial high-productivity region (from 2.5-2 to 35 gC m~2
yr-! Phew) emerging north of the Azores which lasted from 9-30 ky BP. We interpret
this as the result of an ancient North Atlantic divergence zone similar to that in the
present South Atlantic. This North Atlantic divergence zone probably ceased after the
perennial current advection to the Norwegian Sea had been established at about 9 ky
BP (Jansen and Erlenkeuser, 1984). The glacial high-productivity belts in the near-shore
upwelling areas along the Atlantic eastern margin off Africa were much enhanced (by
about 150%), likewise off South Argentina (by 200%). In contrast, various locations in the
low-productivity subtropical Atlantic further offshore (e.g., on the western and southern
- Sierra Leone Rise) and in the Norwegian Sea show a slight decrease in productivity. Based
on the distribution of planktonic foraminiferal species, Mix (1989) arrived at basically
similar trends, a general increase in LGM paleo-(primary) productivity of the Atlantic,
particularly beneath the equator. Some different patterns in middle latitudes have yet to be
explained. In the Indo-Pacific region similar trends are observed. Glacial productivity was
higher by up to 50-100% in the upwelling belts of the equatorial eastern Pacific; by up
to 50% in the Fiji-Lau Basin, off east New Zealand, and in the South China Sea; by
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Figure 3a. Planktonic 8"C curves of G. ruber. For core locations and credits refer to
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up to 70% in the western equatorial Indian Ocean; by only 10% in the southern Indian
Ocean; and was approximately equal along the western margin of India. Changes in the
low-productivity areas of the central equatorial Pacific, off northwest Australia, and in the
southeastern Arabian Sea were minor in most cases, with slightly higher values during
glacial time slices than in the Holocene.

A nonuniform mode of change characterized the various productivity zones of the

ocean during the phases of climatic transition (Fig. 2). During preglacial 5"%o stage 3.1,
27-30 ky BP, several high-productivity zones again attained a Holocene-style low level,
for example, in the eastern equatorial Pacific, in the southwestern Pacific off New Zealand,
in the southern Indian Ocean, off the western coast of India, off northwest Africa, and
off south Argentina. In contrast, the equatorial east Atlantic, the high-productivity zone
north of the Azores, and the South China Sea showed a glacial productivity level.

During the time slices from deglacial and latest glacial times, productivity started
to decrease in most parts of the ocean very early, about 16-17 ky ago (Sarnthein et
al., 1988). A delayed decrease in Ppew (after 14 ky BP) occurred only in the southwest
Pacific, the South China Sea, locally in the eastern equatorial Atlantic and, especially,
north of the Azores, with an extreme excursion to high values 13 ky ago. A second phase
of pronounced productivity reduction after 11 ky BP is found in many regions such as
the eastern and southwestern Pacific, and in the eastern Atlantic.

Contrary to the other margins of the Arabian Sea, the local productivity variations
off Hadramaut, in the outer Gulf of Aden, form an exception from the general trends
observed elsewhere in the ocean. Ppew reached a clear maximum 4-9 ky and 21-27 ky
BP, and minimum values 11-16 and 27-30 ky ago. This irregular temporal pattern does
not directly match the record of upwelling intensity found by Prell and Curry (1980) and
needs more regional sampling resolution to be understood better.

In summary, we recognize a peak glacial ocean that strongly contrasted with the
interglacial ocean by the fact that it was much more ‘polarized’ in terms of paleoproduc-
tivity. Based on estimates of Sarnthein et al. (1988), the high-productivity zones, which
comprise about 37% of the total ocean surface today (Koblentz-Mishke et al., 1970),
raised their contribution to the total budget of the Ppew from about 85% to almost 91%
during the Last Glacial Maximum, an increase that caused the reported Py, growth by
about 2—4 Gt Cyr-!. ‘Losers’ in glacial productivity were the high latitude ocean, for ex-
ample, the Norwegian Sea, the circum-Antarctic ocean poleward of 50°S and, especially,
the great subtropical gyres, which altogether make up about two-thirds of the ocean. The
preglacial time slice 27-30 ky BP showed an interesting intermediate regime of the ocean,
a glacial-style, rather ‘polarized’ Atlantic contrasting with a less polarized Holocene-style
Pacific ocean.

3.2. Variations in the Surface Water Inventory of Nutrients: The Planktonic 8"C Record

Based on G. ruber which inhabits the surface mixed layer, Fig. 3 depicts over 30 8°c
records of the nutrient content in the low and middle latitude surface ocean during the
last 30ky. Unfortunately, the low number of recent estimates does not permit systematic
regional mapping to enable conclusions on the small-scale nutrient distributions in the -

surface water. During the last 8 ky, average 8"C values varied between —0.12 and + 2.23
0/00, with most of the higher estimates concentrating in the low-productivity regions such
as the Sierra Leone Rise, and the lower estimates being more abundant near upwelling -
cells with enhanced productivity.

Figure 4 shows the planktonic 8"C differences between the last 8 ky (averaged) and
the LGM (17-21 ky BP). The regional variation of these difference values ranges from
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—0.3 to + 0.9 %00 and thus largely exceeds previous, in part stacked, estimates by Broecker

(1982) and Curry and Crowley (1987). We observe that negative 8"C differences in the
surface water are well correlated with the glacial high-productivity belts. The correlation
in Fig. 4 implies that the surface water of low and middle latitude glacial upwelling
belts was enriched in nutrients as compared with the depleted oceanic ‘deserts.” Based on
measurements of Kroopnick as summarized in Broecker (1982), the maximum bandwidth
in planktonic As"C (1.2 9%o0) may reflect an additional nutrient transfer from low- to
high-LGM. This transfer may provide a crucial mechanism to create the more ‘polarized’
paleoproductivity pattern characteristic of the LGM ocean (Fig. 2), and may, in turn, be
controlled by enhanced meridional surface winds (Sarnthein ez al., 1987).

8"C estimates of the marked epibenthic foraminiferal species C. wuellerstorfi show

that the 8"C values of the deep ocean below 2000 m also were subject to systematic
regional changes during the LGM. On a global average they were lowered by about
0.4-0.5%00, and by up to 0.9 %00 below high-productivity zones where the sea floor was
frequently covered by organic fluff (Duplessy et al., 1988; Sarnthein et al., 1988). These
numbers demonstrate the increased role of the glacial deep ocean as a sink for (organic

[}

[V
& Globigerinoides ruber °
=
(O] E
=
e o =i
; (=]
o |
=
(@) ad
()]

L

=
o i
D_C
®
74 | | | | l
-0.5 0.0 0.5 1.0
13
Delta delta "C (Holocene - LGM) %o
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versus LGM Pyw values (G. ruber values corrected for Glacial-Interglacial temperature
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carbon and) CO, and nutrients, whereas the intermediate waters were CO, depleted
(Boyle, 1988; Zahn et al., 1987; Kallel et al., 1988).
The outlined broad range of interglacial-to-glacial differences of both the planktonic

and benthic 8°C values makes it increasingly difficult to define meaningful average values
of the glacial and/or interglacial carbon isotopic contrast between the surface and bottom

water (ASBC Plankton-Benthos)> and to understand the significance of these estimates at all.
To a large degree they appear to be merely a result of a stochastic addition of differential,
small-scale local surface and bottom water nutrient inventories rather than signals of
the global nutrient transfer. (This statement does not apply to the benthic carbon isotopic
contrast between Intermediate and bottom water masses sensu Boyle, 1988.) Nevertheless,
our G. ruber results may tell which sites are representative of nutrient-depleted surface
water so that one can select suitable areas for defining this contrast parameter for the
evaluation of past nutrient transfers.

4. CONCLUSIONS

(i) Estimates of export paleoproductivity (Pn.w) show that the basic spatial distribution
patterns of ocean productivity persisted through glacial and interglacial times. How-
ever, the glacial ocean was characterized by a more ‘polarized’ productivity pattern
than today, that is, by more-productive upwelling cells and slightly less productive
ocean deserts, a regime that induced a bulk increase in the global carbon transfer
to the deep ocean by about 2-4Gt Cyr~! and an increase in CaCOj dissolution and
alkalinity in the deep ocean.

(i) During deglacial and late glacial times, productivity started to decrease in most parts
of the ocean as early as about 16-17 ky ago; however, in some marginal basins of
the western Pacific and north of the Azores, this decrease began only after about 14
ky BP.

(iii) 8"C values of near-surface dwelling planktonic foraminifera suggest that the glacial
nutrient inventories of the oceanic surface mixed layer also were more ‘polarized’
than today, with an additional nutrient transfer of up to 1.3 pmol PO4 kg~! from low-
to high-productivity zones. This transfer may present a major mechanism to enable
an increased glacial Py to induce an enhanced CO, storage in the deep ocean, this
via a higher organic carbon/carbonate carbon rain ratio and ocean alkalinity.

(iv) The broad range of small-scale interglacial-to-glacial differences of both planktonic

and benthic 8"C values makes it increasingly difficult to use the complex carbon
isotopic contrast between surface and bottom water as a meaningful signal of the state
of global average nutrient transfer between the surface and deep ocean. However,

G. ruber-based 5" C values may help to define nutrient-depleted surface waters as
a contrast parameter for the evaluation of past nutrient transfer.
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