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the result of different foraminiferal microhabitats. On the one hand, 
the 6 13 C record of the infaunal Uvigerina peregrinajU. hollicki group is 
strongly, although not linearly influenced by varying local accurnulation 
rates of (isotopically light) carbon and thus, mainly by the local ma­
rine plankton production. On the other hand, the 6 13 C values of the 
epifaunal species C. wuellerstorfi to a great extent reflect the large 
scale variations of total dissolved C02 in the ambient (regional) bot tom 
water mass such as already postulated by Woodruff et al. (1980), Dup­
lessy (1982) , Duplessy et al. (1984) and Duplessy and Shackleton (1985). 

Duplessy (op . cit.) mainly related such changes in dissolved C02 to 
fluctuating residence times of the deep water masses, but they can 
equally reflect fluctuations of ocean productivity (sensu P. Weyl in 
Broecker, 1982). 

In this paper, we compare our paleoproductivity data with 6 13 C 
curves from C . wuellerstorfi, which were measured at sediment cores from 
about 3000m water depth by Sarnthein et al. (1984) and Zahn et al. 
(1986) . Based on the above reasoning, we regard these 6 13 C curves as a 
bulk measure, a "memory" of the total C02 gradually accurnulated from 
various high productivity cells in the ambient North Atlantic Deep Water 
(NADW) while it flows from its formation area in the North Atlantic to 
the south . Accordingly, we expect that an increase in surface ocean 
productivity (in addition to the effects of increasing NADW residence 
time) will result in overall reduced 6 13 C values, and vice versa. Our 
6 13 C data were measured parallel with the 6 18 0 "data . 

Paleo-wind Strength 

Trade winds are the main driving mechanism of low latitudinal 
oceanic upwelling. However, they control the plankton productivity and 
C02 transfer within upwelling regions only to a limited degree in a non­
linear fashion (Codispoti, 1983). Other major factors are the original 
nutrient concentration of the upwelled source water and the perturbation 
of plankton blooms by excessive storminess, which may decrease the de­
gree of carbon utilization. 

Despite these complicating factors, it is tempting to evaluate 
paleo-wind speeds, because the relation between surface wind strength 
and (merely physical) coastal upwelling intensity is probably linear. 
This is suggested by the findings of Speth et al . (1978), who observed a 
linear connection between upwelling controlled zonal sea surface 
temperature (SST) anomalies and large-scale pressure gradients in the 
surface atmosphere off northwest Africa. 

Paleo-wind speeds can be deduced from the grain-size distribution 
of aeolo-marine dust sediments based on a formula of Sarnthein et al. 
(1981) . This calculation requires that both the thickness of the turbid 
atmospheric dust layer and the length of the dust trajectory from the 
shoreline to the sample location are known. However, the latter vari­
able may be an indeterminant if the (trade) winds blow largely longshore 
such as offshore from northwest Africa . Here slight variations in wind 
direction and of sea level may result in large changes of the length of 
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the trajectory, a problem which can be on1y overcome by carefu1 se1ec­
tion of the 10cation of the sediment core. 

RESULTS 

Pa1eoproductivity Variations During the Last 140,000 Years 

Fig. 8c presents two records of pa1eoproductivity change as ca1cu-
1ated by equation (10) during the 1ate Quaternary . The re cord of 
'Meteor' core 12392 is derived from the outer inf1uence range of an 
oceanic upwe11ing ce11 offshore from northwest Africa. This high-pro­
ductivity region is one of the four major trade wind driven upwe11ing 
zones of th~ wor1d ocean attached to an eastern (passive) continenta1 
margin (Fig. 3). The re cord of 'Meteor' core 13519 is obtained from the 
non-upwe11ing region of the Sierra Leone Rise, i . e. from an oceanic 
"desert" (Fig. 3) . 

In this "desert", the pa1eoproductivity on1y varied by 50 to 80% 
during the last 140 , 000 years, as compared to more than 300% in the 
vicinity of nearshore coasta1 upwe11ing. In both cores, 10w and approx­
imate1y equa1 productivity levels of about 60-90 ge m- 2y-1 generally oc­
curred during interg1acia1 stages, whereas high va1ues are characteris­
tic of glacia1 stages as depicted by the (benthos ) 0 18 0 curve (Fig . 
8d). High productivity also occurred in oxygen isotope stage 3 , an in­
termediate state of c1imate which is poor1y understood . In princip1e , 
these productivity variations were a1ready recognized by Müller et a1. 
(1983). Their data showed a c1ear signal of a 100,000 to 110,000 year 
productivity cyc1e, which can be traced as far back as approximate1y 
500,000 years, and 1ess distinct1y, back to 750,000 years B.P. ( Fig. 9) . 

Un1ike the pa1eoproductivity curves, the 013 e va1ues of C. wueller­
storfi in core 13519 vary almost identica11y with those in core 12392 
through time (Fig. 8a and b) . In general, the two 0 13 e curves corre1ate 
inverse1y with the strong f1uctuations of pa1eoproductivity found in 
core 12392, but parallel those of co re 13519 on1y to a 1imited extent. 
Likewise , the 10ng-term 100,000 years productivity cyc1e of core 13519 
can hard1y be recognized on the 013e curve on Fig . 9. 

Lowered 013 e va1ues of C. wuellerstorfi generally record a e02 en­
richment in (here: North Atlantic) deep water (Duplessy, 1982). This 
enrichment may now be explained by a strong1y increased flux of organic 
carbon from high productivity zones of coastal upwe1ling, as expected by 
our model . According to Duplessy (1982), an interglacial to glacial 
013 e decrease of about 0 . 8% (probably nearer 0 . 6 0/00) in the NADW 
should correspond to an additional 1150 GT (or 860 GT) of carbonstored 
away into the deep ocean (equal to about 150 years of the total new pro­
duction; combined ev idence of Koblentz-Mishke et al., 1970, and Platt 
and Harrison, 1985) . Unfortunately, we cannot verify this number in 
terms of a paleoproductivity balance for the total north Atlantic or any 
other ocean, because these data are not yet available through last 
glacial and interglacial times . Nevertheless , the data obtained from 
core 12392 and other da ta sets from neighbouring cores along the east 
At1antic continental margin (e.g., Müller et al . , 1983, and other 



325 

N 
(0) CO2 

IIC 

C '"' ... .1 

j .. .... 
.. 0 

> 
0 

~N 
(b) 

v""' 
M 

~o 

0 
>-00 

'" N 
E 
0-

tJ) Ce) 
>-8 

::: N 
> 
.., 12392 :> 

-0 0 
ON 

0.""' 
0 
GI 

C 
""0 

~ 

IIC 

C 
.... N ... 
> 
0(') 

~ 
~ 

"p 
I<)(() 

0 20 40 60 80 100 120 140 
Age ka 

Figure 8. Late Quaternary ehanges in produetivity during glaeia1 and 
interg1aeia1 stages. The 6 18 0 eurve of Cibicidoides wuellerstorfi in 
eore 12392 1arge1y re fleets ehanges of global iee volume . The 6 13 C 
eurve measured from the same foraminifera speeimens documents the total 
disso1ved C02 eontent in iee eores (Nefte1 et a1 . , 1982). Chrono1ogy of 
eore 12392 after Thiede et a1 . (1982). Time sea1e of eore 13519 after 
Herterieh and Sarnthein (1984; modified). 
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Figure 9. Cyclic paleoproductivity changes based on equation (10) and 
da ta of Müller et al. (1983) and Sl3C record (Sarnthein et al., 1984) of 
dissolved bottom water C02 during the last 750,000 years as recorded in 
core 13519. 

unpublished data) make such a linkage highly likely, because coastal up­
welling regions may be crucial for inducing major changes of the carbon 
transfer in the ocean (Flohn, 1983). 

In order to test such a scenario, and using the method as Shackle­
ton et al. (1983), the bottom water l3C record of Fig. 8 is juxtaposed 
with the range of past C02 concentrations in the atmosphere as estimated 
by Neftel et al. (1982) from ice core data (Fig. 1). The scales of at­
mospheric C02 and Sl3C are positioned on the assumption that the l3C 
difference observed at the top of the core reflects a pre-anthropogenic 
atmospheric CO 2 level of about 280 ppmv. The scales are adjusted using 
Broecker's (1982) model to scale the isotopic range for an implied 
record of surface-water (!) C02 content. In Fig . 8, the range of atmo­
spheric atmospheric C02 variations indeed appears entirely consistent 
with the l3C record of bottom water C02. The last glacial to inter­
glacial increase of atmospheric C02 by about 50% ( 100 ppmv, equal to 230 
GT carbon) parallels the outlined (almost four fold) 860 GT decrease of 
carbon in the NADW (Duplessy, 1982, modified) and perfectly matches the 
abrupt reversal of productivity in the coastal upwelling zone . Three 
quarters of the carbon lost by the deep water were probably added to the 
concentration in the (lOOOm thick) ocean surface water, and 1/4 to the 
atmosphere. 

Flohn (1986) estimated a similar order of magnitude for the C02 ex­
change as controlled by oceanic productivity in upwelling regions during 
modern interannual variations of atmospheric pC02. 
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PHASE RELATIONSHIPS DURING GLACIAL TERMINATIONS I AND 11 

Temporal leads and lags across climatic reversals provide an impor­
tant tool for identifying the cause-effect relationships and the exter­
nal forcing mechanisms controlling (abrupt?) climatic change. Based on 
its high sedimentation rates (7-10 cm/lOOOy) and the large number of 
climatic proxy data already determined, core 12392 gives an excellent 
opportunity to test, in detail, the phase relationships between changes 
of paleoproductivity, bottom water and atmospheric pC02, and global 
deglaciation during the last two Terminations. 

The onset of Glacial Terminations is defined by a sudden and long 
term turn in the (benthos) oxygen isotope curve towards lighter values 
indicative of large-scale glacial melting and global sea level rise 
(Fig. 8) (Broecker and van Donk, 1970; Ruddiman and Mclntyre, 1976). To 
facilitate discussion, the onset ages of the various steps of Termina­
tions land 11 in core 12392 are summarized in Table land compared with 
the age of turning points (also stepwise) in the history of productivity 
and bottom water C02 during this time. 

Broecker (1982) related the general decrease of ocean paleoproduc­
tivity during deglaciation time to limited phosphate and nitrate reser­
voirs and ultimately to the sea level rise and a flooding of the shelf. 
However, it is clear from Fig . 8 and Table I that the onset of the mas­
sive decrease was either synchronous with the start of both Terminations 
land 11 or occurred slightly earlier. Hence, the decrease in paleopro­
ductivity cannot be the result of glacial melt and sea-level rise. How­
ever, the apparent l500-year lead of the productivity decrease over 
glacial melting, as suggested at Terminations IA and IIA, mayaIso be 
incorrect. The deep (early) position of the turning point in paleopro­
ductivity may be caused by post-depositional processes. Possibly, bio­
turbation lowered the carbon concentration to sediment depths below the 
actual reversal by the consumption of "fossil" carbon as soon as the 
contemporaneous flux of carbon to the sea floor was reduced. The 1,500 
years lead under discussion (Table 111) corresponds to about l5cm sedi ­
ment thickness , which perhaps would still be accessible to consumption 
by bioturbational mixing (Rowe, 1985) . 

Of course, it is legitimate to question the extent to which phase 
relationships observed in a single core (although obtained from a key 
location)have general implications, at least for one major upwelling 
region. For example, the turning point of the paleoproductivity curve 
at 18,200 y B.P., which is problematic in core 12392, forms the only 
dominant event in the paleoproductivity re cord of core 16415 near the 
southern margin of the same east Atlantic coastal upwelling region, at 
about 10 0N (Fig. 10) and also in core 13519 (Fig. 8). Thus, onlya fu­
ture regional integration of different records will provide a final an­
swer to the exact timing of the paleoproductivity event . For example, 
Legeckis (1986) depicts contrasting occurrences of EI Nino situations in 
the equatorial Atlantic and the eastern Pacific . However, its full syn­
chroneity or even its lead to global ice melt can already be obtained 
from the present data . 
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Figure 10. Pa1eoproductivity record of core 16415 . Estimates ca1cu-
1ated from equation (10) based on data and stratigraphy of Vogelsang 
(1985). 

During Terminations land 11, the respective reversals in the 013 C 
record began (in both cores!) marked1y 1ater than those of oxygen iso­
topes and of pa1eoproductivity, with a time lag of 2 , 000 to 4,500 years 
(Fig. 8; Tab1e I) . This result also may strongly affect existing mod­
els . Broecker et al. (1985) and Boyle and Keigwin (1985) expected that 
primarily, an increased formation of NADW gave rise to the large emis­
sion of CO 2 from the deep ocean to the atmosphere during deglaciation 
phases and thereby possibly enhanced the "abrupt" climatic change . 

The phase relationships depicted in Fig. 8 however suggest that the 
C02 emission was probably the result of several thousand years of re­
duced upwelling productivity in low 1atitudes and diminished C0 2 extrac­
tion from the atmosphere. Such a mechanism is in harmony with the ice 
core record of past atmospheric C02 concentrations (Fig . 8). These con­
centrations had already increased after 16,500 y B.P . , which was several 
thousand years prior to the increase of benthos 013C, but about syn­
chronous with the reduction of upwelling productivity. Unlike the atmo­
spheric C02 reservoir, that of the deep ocean just emerges as a slow 
system witp a delayed response to a quickly changing forcing by ocean 
productivity at the sea surface . 
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Figure 11 . Paleoproductivity and 6 18 0 record of global ice volume mea­
sured in core 12392 verses the history of average trade wind speeds (u). 
Approximative dust storm wind speeds were calculated from an equation of 
Sarnthein et al. (198~) and based on grain size data from aeolo-marine 
dust deposits in core 13289 (Koopmann , 1981) and on the assumption of an 
almost constant thickness of the turbid atmospheric dust layer (1 . 2km) 
and a constant length of dust transport from the shoreline (about 
200km). 
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POSSIBLE ORIGIN OF UPWELLING PRODUCTIVITY CHANGES 

Changes of coastal ocean productivity (and the "Rain Ratio Model" 
of Berger and Keir, 1984) appear established as a prime factor for the 
massive increase of atmospheric C02 synchronous or preceding the global 
ice melt . Consequently, the focus of our discussion must shift to the 
question of which factor induced the abrupt paleoproductivity changes . 

Labracherie (1980) demonstrated that the upwelling productivity 
offshore from northwest Africa was increased by an unknown order of mag­
nitude during the last glaciation, because nutrient-rich South Atlantic 
Central Water (SACW) penetrated farther north as suggested by the fre­
quency of certain radiolarian tracer species. Furthermore, the inten­
sity of the upwelling process itself increased by about 50% during 
glacial times as deduced from zonal sea surface temperature anomalies 
(Sarnthein, 1982). This enhanced upwelling appears clearly coupled with 
enhanced synglacial trade wind speeds (Sarnthein et al . , 1982). A con­
tinuous speed record across Termination I was tentatively calculated 
from the well dated core 13289 . Its dust deposits are little affected 
by fluctuations of the length of dust trajectory (rather by a mixture of 
dust from different sources) (Fig. 11) and reveal a marked, sudden de­
crease of wind speeds starting near 14,900 y B . P., although one cannot 
take literally the absolute range of 35-5 m/s because of the many possi­
ble pitfalls in the calculation as mentioned above . This event is re­
markably synchronous with the onset of global deglaciation and the de­
crease of productivity found in core 12392. 

Possibly, the sensitive response of meridional wind strength to 
deglaciation was induced by a large-scale break-up of North Atlantic sea 
ice during the very first phase of deglaciation, a break-up which in 
turn may have been the most sensitive response to an increase of the in­
solation budget during this time (Ruddiman and Mclntyre, 1981). At 
least seasonal open-sea conditions in middle high latitudes will effec­
tively reduce the oceanic temperature gradient from high to low lati ­
tudes and thus, quickly lead to decreasing meridional winds, which com­
pensate for this gradient. By this mode of interaction, the synchronous 
change (in geological terms) of upwelling productivity and atmospheric 
CO 2 concentration with the onset of deglaciation can be easily explained 
as joint immediate response to changes in the solar insolation regime 
and may provide an important, highly flexible positive (non-linear) 
feedback mechanism for accelerating climatic change. 
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TABLE I 

Organic carbon f1ux rates in the water co1wnn and mean 
"surface" primary production rates compi1ed from data sets 
of Suess (1980), Smith and Hinga (1983) and Emerson (1985). 

Latitude Longitude Water Carbon Primary 
(0) ( ° ) Depth f1ux production 

(m) (gm - 2 yr - 1 ) (gm- 2 yr- 1) 

3l. 5 N 55.9 W 976 0 . 89 40 
3l. 5 N 55 . 9 W 3694 0.32 40 
3l. 5 N 55 . 0 W 5367 0.45 45 
13.5 N 54.0 W 389 2 . 46 50 
13.5 N 54.0 W 988 l.44 50 
13 . 5 N 54 . 0 W 3755 0.63 50 
13.5 N 54.0 W 5068 0.62 50 
15.3 N 15l. 5 W 378 l. 30 40 
15 . 3 N 15l. 5 W 2778 0.40 40 
15.3 N 15l. 5 W 4280 0 . 32 40 
15 . 3 N 15l. 5 W 5582 0.24 40 
32 nm SE Bermuda 3200 0 . 77 40 
0.6 N 86 . 1 W 2650 2.28 100 

27 . 7 N 78.9 W 675 2 . 60 72 
33.5 N 76 . 2 W 1345 5 . 40 85 
38 . 3 N 69.6 W 3650 4.20 160 
24.9 N 77 . 7 W 2000 2.10 72 
36.7 N 122.2 W 50 158 . 00 500 
36 . 7 N 122.2 W 250 92.00 500 
36 . 7 N 122 . 2 W 700 42.00 500 
36.7 N 122 . 2 W 50 33.00 150 
36 . 7 N 122 . 2 W 250 19.00 150 
36 . 7 N 122.2 W 700 17.00 150 
32 . 8 N 144.4 W 75 25.00 100 
32 . 8 N 144.4 W 575 5.30 100 
32 . 8 N 144.4 W 1050 4 . 40 100 
38.8 N 72.5 W 2200 6.30 100 
38.5 N 72.0 W 2750 2 . 30 160 
55.6 N 15.4 E 55 65.00 305 
15.1 S 75.4 W 50 240.00 1200 
15.1 S 75.5 W 70 130.00 600 
15.1 S 75.5 W 100 110.00 600 
6.6 N 92.8 W 3500 l.44 91 
8 . 8 N 104.0 W 3100 l. 68 108 

34.0 N 65.8 W 5140 0.72 72 
32.5 N 117.8 W 1193 9.80 273 
32.3 N 11'7.5 W 1230 9.80 273 
32.5 N 120.6 W 3815 9.80 307 
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TABLE II 

Core da ta used in the derivation of the productivity formu1a 

Productivity 
Core No./ Water C p (1-<1» SB SB-C CA measured estimated 
Station depth 

(m) % g/ cm3 cm/ ka cm/ ka g/ m2 yr g/ m2 yr g/m 2 yr 

12392-1 2575 0 . 35 0 . 9780 5.05 5.02 0.17286 75 87 
12310 - 3 3076 0.34 0.6504 3.80 3 . 78 0 . 08403 90 70 
12327-4 2037 l. 34 0 . 4065 8 . 33 8.14 0.45374 130 108 
12328-4 2798 l. 66 0 . 5691 15 . 08 14.65 l. 42462 230 167 
12329-4 3315 0.61 0 . 6233 2.56 2.54 0 . 09733 90 105 
12336-1 3645 0.44 0.6775 2 . 20 2.18 0.06558 75 93 
12337-4 3085 l.46 0.5691 4.90 4.78 o .407l3 160 168 
12344-3 711 2.59 0 . 5691 16.45 15.73 2.42468 210 146 
12345-4 966 3.67 0.5691 16.45 15 . 43 3 . 43574 210 206 
12347-1 2710 2.34 0.5691 12.48 11.98 l. 66195 175 212 
13209-2 4713 0 . 51 0 . 5691 3.20 3.17 0 . 09288 85 98 
13521-1 4504 0.37 0.6450 3 . 50 3.48 0.08353 90 84 
16017-2 812 l. 81 0 . 9879 6 . 80 6.68 l. 21591 200 179 
16402-1 4203 0.46 0 . 6037 5.24 5.20 0.14552 llO 89 
16403-2 4234 0.45 0 . 6310 3.66 3 . 63 0.10393 llO 92 
16404-1 4787 0.42 0 . 6460 3.17 3 . 15 0 . 08601 95 94 
16405-1 4870 0.43 0.7501 3 . 40 3.37 0.10966 95 105 
16415-1 3841 0 . 61 0 . 6500 2.70 2.67 0.10705 90 ll4 
16432-2 4515 0.52 0 . 6447 5.40 5.35 0 . 18103 90 103 
V15-141 5934 0.72 0.6500 2.90 2.86 0.13572 100 145 
V15 -142 5885 0.92 0 . 6500 3.30 3 . 25 0 . 19734 100 169 
10127-2 5686 0.28 0 . 3710 0.19 0.19 0.00197 50 61 
10132-1 5004 0.22 0.5300 0.58 0.58 0 . 00676 75 60 
10140-1 5144 0.33 0.3735 0.41 0.41 0.00505 75 64 
10141-1 5189 0.31 0.3735 0.36 0 . 36 0.00417 75 62 
10145-1 4599 0.21 0.5300 0 . 32 0.32 0.00356 100 58 
10147 - 1 4619 0.23 0 . 5300 0.43 0.43 0.00524 100 61 
10175-1 5164 0.40 0.3968 0.23 0.23 0 . 00365 75 78 
7706-37 370 13 .20 0.2702 50 . 00 34.10 17.83320 185 255 
7706-39 186 13.20 0.2268 160.00 126.62 47 . 90016 330 154 
7706-41 411 19 . 60 0 . 1910 160 . 00 112 . 47 59.89760 330 250 
7706-44 580 7.83 0.4880 13 .00 ll.33 4.96735 185 278 
7706 -49 3970 3.23 0.2300 20.00 18.91 1 . 48580 llO 160 
7706- 50 4902 0.78 0.3500 6.00 5.92 0.16380 90 92 
7610 - 08 2060 l. 50 0.2904 10.00 9 . 74 0 . 43560 100 93 
MANOP H 3500 0 . 90 o . ll30 0 . 66 0 . 65 0 . 00671 90 49 
MANOP M 3100 l. 20 0.1700 l. 00 0 . 98 0 . 02040 75 73 
MANOP C 4450 0.36 0.3820 l. 80 l. 79 0 . 02475 80 60 
MANOP S 4915 0.90 0 . 2240 0.10 0 . 10 0 . 00202 75 94 
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TABLE III 

Interpo1ated ages (y B.P.) of major turning points in the 
S 18 0 deg1aciation record, the productivity history of 
coasta1 upwe11ing, and in the S13C record of deep-water 
C02 concentration as measured in Meteor core 12392. Age 
estimates of the last 30,000 years are 1arge1y based on 
radiocarbon ages of p1anktonic foraminifera 1arger than 
125m. 

S 18 0 
(C.wuellerstorfi) 

Onset Termination I 
Step B: 10,500 
Step A: 14,250 1 

Onset Termination 11 
Step B: 125,0002 
Step A: 130,0002 

Onset of 
Pa1eoproductivity 
decrease 

9,800 
15,700 

?l8,400 3 

124,500 4 

131,700 

Onset of 
S13C increase 
(C.wuellerstorfi) 

12,700 5 

127,400 5 

1) This turning point is about 1,500 years younger than that 
found in a weIl dated, high-resolution sediment core 700km 
further further south (Sarnthein et a1., 1982), but simi1ar 
to that of core 13519. 
2) By ana10gy with Ruddiman & McIntyre (1976) and Imbrie et 
al. (1984). 
3) Identification ambiguous, because it is based on1y on a 
single rneasurement. 
4) A preceding intra-Termination productivity cu1rnination 
near 125,000 y B.P. is regarded as real because it is 
supported by independent tantamount evidence from a 
synchronous, extreme 6 13 C minimum of Uvigerina peregrina 
(Zahn et al., 1986). 
5) On1y a single turning point occurs in each Termination . 
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