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Changes in east Atlantic deepwater circulation over the
last 30,000 years: Eight time slice reconstructions

Michael Sarnthein,! Kyaw Winn,' Simon J.A. Jung,! Jean-Claude Duplessy,? Laurent
Labeyrie,? Helmut Erlenkeuser,® and Gerald Ganssen *

Abstract. Using 95 epibenthic 8"*C records, eight time slices were reconstructed to trace the
distribution of east Atlantic deepwater and intermediate water masses over the last 30,000 years.
Our results show that there have been three distinct modes of deepwater circulation: Near the
stage 3-2 boundary, the origin of North Atlantic Decp Water (NADW) was similar to today
(mode 1). However, after late stage 3 the source region of the NADW end-member shifted from
the Norwegian-Greenland Sea to areas south of Iceland (mode 2). A reduced NADW flow per-
sisted during the last glacial maximum, with constant preformed §°C values. The nutrient con-
tent of NADW increased markedly near the Azores fracture zone from north to south, probably
because of the mixing of upwelled Antarctic Bottom Water (AABW) from below, which then ad-
vected with much higher flux rates into the northeast Atlantic. Later, the spread of glacial melt-
water over the North Atlantic led to a marked short-term ventilation minimum below 1800 m
about 13,500 *C years ago (mode 3). The formation of NADW recommenced abruptly north of
Iceland 12,800-12,500 years ago and reached a volume approaching that of the Holocene, in the
Younger Dryas (10,800-10,350 years B.P.). Another short-term shutdown of deecpwater forma-
tion followed between 10,200 and 9,600 years B.P., linked to a further major meltwater pulse
into the Atlantic. Each renewal of deepwater formation led to a marked release of fossil COp
from the ocean, the likely cause of the contemporaneous “C plateaus. Over the last 9000 years,
deepwater circulation varied little from today, apart from a slight increase in AABW about 7000
*C years ago. It is also shown that the oxygenated Mediterranean outflow varied largely indepen-

dent of the variations in deepwater circulation over the last 30,000 years.

1. Introduction

The modern Atlantic is characterized by the extensive for-
mation of oxygenated North Atlantic Deep Water (NADW),
leading to a deepwater outflow of about 20 sverdrups (Sv) (106
m3s-1), which serves as the "lung” of the world ocean. NADW
largely originates from highly saline surface water that is ad-
vected from and across the equatorial Atlantic and is down-
welled in the Baffin Sea, the Greenland and Iceland Seas, and
the Arctic Ocean. Following Stommel [1961] , Rooth [1982],
and Emiliani et al. [1978], Broecker et al. [1985a,b, 1990],
Broecker and Peng [1989], and Broecker [1992] named this
current system the "salinity conveyor belt" (SCB). Except for
a restricted region west of the Mediterranean, the present
NADW is widely overlain by less ventilated, nutrient-enriched
South Atlantic Intermediate Water that is formed in the

1Geologisch-Palziontologisches Institut, University of
Kiel, Germany.
Centre des Faibles Radioactivités, Laboratoire mixte
CNRS-CEA, Gif-sur Yvette Cedex, France.
C-14 Laboratory, University of Kiel , Kiel, Germany.
Institut voor Aardtwetenschappen, Vrije Universiteit,
Amsterdam, Netherlands.

Copyright 1994 by the American Geophysical Union.

Paper number 93PA03301.
0883-8305/94/93PA-03301$10.00

southern ocean (Geochemical Ocean Sections Study
(GEOSECS) data in the work of Bainbridge [1981] and
Transient Tracers in the Ocean data (unpublished data, 1987)).

In contrast to today, the Atlantic of the last glacial maxi-
mum (LGM) had strongly reduced deepwater ventilation. The
lack of ventilation probably resulted from reduced NADW for-
mation [Boyle and Keigwin, 1985; Boyle, 1992; Broecker et
al., 1985a,b; Charles and Fairbanks, 1992; Duplessy et al.,
1988], which implies an increased spreading of sea ice in the
southern ocean [Stocker and Wright, 1991]. This glacial
system was paralleled by a better ventilation of the Atlantic
Intermediate Water the source of which is still controversial
[Zahn et al., 1987; Boyle, 1988, 1992].

Hence the Adantic, and perhaps the global ocean had per-
haps two or three quasi-stable states of general circulation,
with each controlled by a different distribution of high-latitude
salinity [Rooth, 1982; Broecker et al., 1985 a,b; Bryan,
1986; Maier-Reimer and Mikolajewicz, 1989]. Reversals in
the state of ocean circulation, that is changes in the SCB are
widely regarded as key to a better understanding of the abrupt
climatic changes that marked the transition from glacial to
interglacial times. These changes include (1) the heat advec-
tion to northern Europe (the "Nordic heat pump"), (2) the tem-
perature regime in the deep Atlantic [Labeyrie et al., 1987,
1992], (3) the deepwater ventilation of the global ocean, and
o some extent, (4) the variations in atmospheric CO9
[Barnola et al., 1987; Michel, 1991; Broecker and Peng,
1992].

It is the strategy of this paper to trace the evolution of
Atlantic deepwater masses across various climatic regimes
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over the last 30,000 years by revealing the three-dimensional
structure of the §'3C signal from epibenthic foraminifera in the
east Atlantic basins using eight time slice reconstructions
(continuing the approach of Zahn et al. [1987] and Duplessy et
al. [1988]). This strategy can successfully circumvent com-
mon problems linked to assessing the variable net fluxes of
deep water from single-core records, that is problems related to
local peaks in the vertical flux of particulate organic carbon
(POC) or to simple vertical shifts in the mixing zone between
Antarctic Bottom Water (AABW) and NADW.

The main objectives of our reconstruction are (1) To study
the history of NADW and AABW circulation, especially the
link between the SCB and the history of deglacial North
Atlantic warming, (2) to trace the impact of meltwater-induced
salinity reductions in the North Atlantic on the NADW cell (in
the sense of Berger [1977], Berger and Vincent [1986], and
Fairbanks [1989]) and, moreover, on European cooling epi-
sodes such as the Oldest, Older, and the Younger Dryas (in the
sense of Broecker [1992), (3) to explore variations in AABW
and NADW flux subsequent to §'%0 event 3.1, close to the
buildup of continental ice, which led into the LGM, (4) to
measure variability in NADW formation during the Holocene,
which may have been linked primarily to changes in high-lati-
tude precipitation. It may have led to a salinity reduction in
areas of deepwater formation and thus to a reduction of the SCB
[Weaver et al.,, 1991]. Such internal response mechanisms
could account for the climatic variability of the Holocene, and
they could explain the marked short-term variability in
deepwater ventilation and sea surface temperatures in pre-
Quaternary intervals such as the early Pliocene [e.g.,
Tiedemann, 1991], when climatic forcing by continental gla-
ciations and sea ice formation in the northern hemisphere were
less significant, (5) to explore possible linkages (as sug-
gested by Reid 1979) between the evolution of the SCB and
variations in the Mediterranean outflow, the strength of which
is linked to the degree of Mediterranean/subtropical continen-
tal aridity [Zahn et al., 1987].

2. Methods
2.1. Benthic 313C Signals

In this study, benthic §'3C data serve as the major tracer for
reconstructing the nutrient (PO4), the carbon flux, and the
ventilation (02) of past deepwater masses flooding the deep
Atlantic [Broecker and Peng, 1982; Curry and Lohmann,
1982; Duplessy, 1982; Michel, 1991]. The 8'3C values were
measured on the benthic foraminifer Cibicidoides wuellerstorfi
and on Cibicidoides ariminensis in cores at less than 1000 m
water depth. Lutze and Thiel [1987, 1989] have demonstrated
that these species only colonize "elevated" epibenthic micro-
habitats up to 14 cm above the seafloor [Linke and Lutze,
1992]. Hence their 8!3C test composition serves as a particu-
larly useful "sensor” of the ambient bottom water properties
[Graham et al.,, 1981; McCorkle et al., 1990; Zahn et al.,
1986, 1991; Duplessy et al. 1988; Altenbach & Sarnthein,
1989; Boyle, 1992]. By contrast, 8!3C values of many other
species, such as Uvigerina peregrina, cannot be employed as
reliable tracers of deepwater 8!3C because these species live in
both (mostly) infaunal and epifaunal microhabitats, depending
on the varying conditions of local nutrient supply [Linke and
Lutze, 1992]. The 8'3C composition of these foraminifera is

thus influenced strongly, but to a varying extent, by the local
pore water composition and does not reflect the ambient
deepwater chemistry in a predictable manner. This bias is also
indicated by the clearly nonlinear relationship between 8!3C
values of Uvigerina peregrina and C. wuellerstorfi, recently
confirmed by the data of Zahn et al. [1991].

In a number of cases, however, the §!3C values of C.
wuellerstorfi can also deviate from the values of the ambient
oceanic water by up to -0.45%c. Based on increased local
paleoproductivity estimates [Sarnthein et al., 1988, 1992], we
were able to recognize such 8'3C outliers of C. wuellerstorfi
that clearly resulted from a high local accumulation of 13C-de-
pleted organic fluff. Major fluff layers indeed also affect the
epibenthic habitats on the seafloor, in particular, below zones
of coastal and equatorial upwelling, which experienced en-
hanced productivity during the LGM [Sarnthein et al., 1987;
Climate: Long-Range Investigation, Mapping, and Prediction
(CLIMAP), 1981]. We distinguished (and discarded) the local,
possibly fluff-induced '3C depletion by comparing exceptio-
nally low 8'3C data from potential upwelling regions with (1)
the paleocarbon flux exceeding 2.0-2.5 g C m y'! on the
seafloor [Altenbach, 1992; Sarnthein et al., 1988; Samnthein
and Winn, 1990] and with (2) 8!3C values from locations
outside, at similar water depths, and below well-known ocean
deserts such as the subtropical gyres.

2.2. Reconstruction of
Transects

Paleoceanographic

The reconstruction of vertical profiles of paleonutrients and
deepwater paleoceanography in the east Atlantic was based on
the technique of Zahn et al., [1987]. High-resolution epiben-
thic 8!3C records were obtained from numerous sediment cores
that were retrieved from different water depths along vertical
transects running across the east Atlantic continental margin,
various aseismic ridges and oceanic plateaus, and the Mid-
Atlantic Ridge (Figures 1 and 2a). The 8!3C values from each
station for any selected time interval ("time slice™) were pro-
jected (horizontally) onto an imaginary vertical plane running
north-south along the central basin axis of the eastern
Adtlantic, covering water depths from zero to more than 5 km
(Figures 1 and 2a). The spatial 8:3C patterns appearing on this
plane were interpreted directly as vertical transects of chemical
oceanography, based on the assumption that the stratification
of water masses in the east Atlantic is essentially horizontal
and homogenous from east to west. This assumption is less
true in higher latitudes because of enhanced Coriolis forcing.
Hence we constructed an additional, NW-SE running transect
for Atlantic core sites near 40°-60°N to assess more precisely
the local water mass variability in an east-west direction,
particularly across the initial rack of NADW (Figure 2b).
Because of the strong east-west variation in these water
masses (see later discussion), we only included those data from
the higher latitudes into the north-south running transects
(Figure 2a) that were derived from the eastern flank of the
Rockall Plateau and further east (east of the divide shown in
Figure 1). Only the water masses in this restricted region show
properties compatible with the chemical oceanography found
throughout the low-latitude east Atlantic basins (as discussed
in section 5.2. on modern water masses).

Altogether, we compiled continuous isotopic records from
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Figure 1. Core locations in the east Atlantic. Dashed line separates core locations north of 40°N below
east and west Atlantic water masses. Hyphenated numbers on the Sierra Leone Rise have prefix ENO 66-.

* Hyphenated numbers on Sierra Leone Rise have prefix ENO 66-
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Figure 2.

about 95 core locations (a number of which were sampled by
double and triple cores). In addition, data was included from
about 20 stations which only had ("modern") sediment surface
samples. The total represents about 4000-5000 epibenthic
8'3C and 8*®0 data items for the last 30,000 years.

2.3.

Benthic 8'3C and 8'®0 values were analyzed according to
standard techniques, mostly at the laboratories of the
University of Kiel, Kiel, Germany, and the Centre des Faibles
Radioactivités, Laboratoire mixte CNRS-CEA, Gif sur Yvette,
France (Table 1). In Kiel, sediment samples of known volume
were weighed and freeze-dried for the calculation of water con-
tent, and then wet-sieved through a 63-mm mesh sieve and
then dry-sieved through a 250-mm sieve. A micrometer was
used to exclude specimens over 400 mm. Generally, about 5-7
specimens of C. wuellerstorfi were picked from the 315- to
400-mm fraction for stable isotope measurements. In the case
of rare specimens, some measurements were based on only one
or two individuals. Further details of the preparation techni-
ques used are given by Ganssen [1981, 1983].

In Kiel, isotopic measurements were made with a Finnigan
MAT 251 mass spectrometer installed at the C-14 Laboratory
of the Institut fiir Kernphysik, Kiel University, Kiel,
Germany. This instrument is coupled on-line to a Carbo-Kiel
device for automated CO7 preparation from carbonate samples

Analytical Techniques

(continued)

(down to 10 mg) for isotopic analysis. Samples were reacted
by individual acid addition. The system can routinely measure
with an accuracy (on the d scale) of + 0.07%o for oxygen and +
0.04%c for carbon isotopes. Results were calibrated using
National Bureau of Standards and Technology, Gaithersburg,
Maryland, NBS 20 (and, in addition, NBS 19 and 18) and are
reported on the Pee Dee belemnite (PDB) scale.

In Gif-sur-Yvette, analyses prior to 1990 were made on a
manually operated VG 602 mass spectrometer. Since 1990,
analyses have been run on an automated MAT 251 mass
spectrometer using individual acid reactions (such as in Kiel).
Results are calibrated using a value of 8'%0 = -2.20%o0 versus
PDB, and 8!3C = 1.95%0 versus PDB for NBS 19 [Hut, 1987],
as recommended at the Third Paleoceanography Conference
Isotopic Workshop, Cambridge, England, (1989, unpub-
lished). Mean reproducibility is +0.06%c for 6'20 and +0.04%0
for 8'3C.

Further benthic stable isotope data were compiled from va-
rious published and unpublished sources as listed in Table 1,
especially from Curry and Lohmann [1985], Curry et al.
[1988], Boyle and Keigwin [1986], N.J. Shackleton
(unpublished data, 1986, core V 28-14 and BOFS), G. Ganssen
(unpubl. data, 1991, core T86-15b/s), and core NA 87-22,
analyzed in a joint project between Gif and the Netherlands'
Institute for Sea Research, Texel, Netherlands. The entire §'3C
data file is available on request from the German "Past Global
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Table 1. Epibenthic 813c Averages for Time Slices 1-8 Listed for 95 Atlantic Deep Sea Cores and 20 Surface
Sediment Samples

Core Lati- Longi- Water &13C (per mil versus PDB) Cibicidoides wuellerstorfi 3
tudes tudes  Depth 0-4 7-8 9.25 12.3 16.9 18.3 21.5 28.3
deg deg m 98 -128 -17.1 -19.3 -23.5 -29.5
V28-14k 64.78N 29.57W 1855 0.69 0.32 0.59 1.13 1.39 20.79
10.22
V29-198t 59.00N 19.00W 1139 1.09% 1.70
BOFS 17K™ 58.00N 16.50W 1150 1.29 1.74
170512 56.16N 31.99W 2295 1.04 0.69 1.04 0.47 0.75 1.05 1.04
V28-73¢ 57.00N 20.00W 2063 1.11 1.26
DSDP 552¢ 56.05N 2323w 2311 >1.25 129 7>1.00 0.94 1.05 1.24
NA87-22b 5550N 14.70W 2161 11.08 0.94 0.92 0.86 0.30 0.70 0.86 0.83
170502 5547N 27.89W 2795 0.51 0.73 20.54
170492 5526N 26.73W 3331 0.73 0.99 0.99 0.81 0.27 0.57
V29-193t 5500N 19.00W 1326 1.32 0.85 1.28V 1.31 1.58*
CH73-139cb 54.63N 1635W 2209 0.93 10.81 10.73 0.89 7041 70.61 0.70 0.47
234192 5496N 19.76W 1491 1.29 1.31 1.15 1.56 1.50 1.51
17048b 543IN 18.18W 1859 1.31 1.11 1.24 1.13 0.63 1.26 1.11 1.15
V23-810 5425N 16.83W 2393 0.93 1.13 2096  0.83 0.10 0.61 20.08 0.70
234142 53.54N 2029W 2196 1.13 1.17 1.29 0.87 0.65 0.93 082 (70.98
170452 52.43N 16.66W 3663 0.79 0.77 0.85 0.02 0.26 0.13 0.28
170542 4845N 27 70W 1834 1.32 1.29 1.31 1.08
17055-12 48.22N 27.06W 2558 1.24 1.32 0.86 0.28 0.97 1.06 20.89
17055-22 4821N 27.06W 2510 1.27 1.31 1.26
170562 48.04N 2590W 3599 0.93
SU81-50b 4538N 04.65W 4320 0.70 0.60 20.52
156122 44.69N 26.54W 3050 1.21 21.25 091 0.60 0.52 0.60 0.51 1.10
SU81-44b 4425N 02.70W 1173 71.05 0.66 1.06
SU81-45b 44.10N 0248W 994 1.10
V29-1792 44, 00N 24.53W 3331 0.63
CHNS825020"  43.50N 29.87W 3020 1.23 1.07 0.94 0.21 20.72 0.72
CHNS824115h  4337N 28.23W 2151 1.24 1.31 1.21 20.95 1.18 21.20
SL58-79-8! 42.83N 23.07W 3520 0.92 0.60
SU81-32b 42.10N 09.78W 2280 0.90 0.69 20.51
KS-11¢ 40.69N 10.21W 3590 0.87 0.95 0.63 0.69 20.67
CH72-02b 40.60N 21.70W 3485 0.90 0.92 0.80 0.70 0.92
SuU81-21b 38.25N  09.55W 1260 70.98
SU81-18b 37.77N 10.18W 3135 0.77 0.79 0.78 7050 70.10 0.1t
M8-158! 37.73N 09.72W 1819 095
CH74-231! 36.87N 26.62W 2354 71.00
SU92-212 36.57TN 23.74W 4170 2094  0.59 -0.23 -0.10 0.04 -0.41
LYII-13A3 3597N 07.82w 1201 0.66 1.58 1.57 1.51
119442 35.65N  08.06W 1765 1.21 1.21 0.99 0.64 0.53 1.07 1.01 0.88
156662% 34.96N 07.12W 803 1.27 1.25 1.27 1.29 1.35 1.60 1.76 1.53
156702 3491IN 07.58W 1482 0.97 0.95 0.98 0.73 1.29
15669-12 34.89N 07.82W 2022 1.09 1.12 1.15 0.84 0.34 0.81 0.90 0.61
15669-22 3489N 07.81W 2001 1.04Y
15672-1/28 3486N 08.12W 2455 1.18 1.14 1.11 0.76 0.34 0.68 0.65 0.77
15672-22 3486N 08.13W 2435 0.90Y
156763 34.66N 08.85W 3515 1.10¢
156772 34.13N  10.83W 4410 0.88Y
156782 3347N  12.76W 4305 0.85Y
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Table 1. (continued)

Core Lati- Longi- Water S13C (per mil versus PDB) Cibicidoides wuellerstorfi 2
tudes tudes  Depth 0-4 7-8 9.25 12.3 16.9 18.3 215 28.3
deg deg m 98 -128 -17.1 -19.3 -23.5 -29.5
156512 33.19N 09.83W 3816 0.95Y
T86-15Pf 30.43N 37.07W 3375 0.95 0.73 0.53 0.47 0.74
T86-15S¢f 30.33N 36.95W 3280 1.15
160043 2998N 10.65W 1512 1.19 0.92 0.79 0.56 1.16 1.11 1.05
160063¥ 29.27N 11.50W 79 1.20 1.03 1.01 1.22 0.90 1.50 1.48 1.34
156272 29.17N  12.09W 1024 70.97 0.70 1.45 1.35 1.31
123012 27.05N 15.05W 2896 1.08Y
156372 27.0IN 1899W 3849 0.93 0.91 0.55 0.13 20.04 0.29
12309-12 26.83N 15.11W 2849 1.14y
12309-22 26.84N 15.11W 2820 1.10 10.92 0.87 0.55 0.16 0.15 0.27 0.21
123082 26.65N 15.05W 2090 1.15¥
1239228 25.17N  16.85W 2575 1.02 1.01 0.96 0.70 0.25 043 0.50 0.38
12310-3/4 2 23.50N 18.72W 3080 1.06 0.82 0.52 10.50 0.35 -0.07 0.33
12310-12 23.50N 18.72W 3075 1.16Y
123792 23.14N 17.75W 2136 1.06 091 0.68 0.40 0.15 0.43 0.43 041
123272 23.13N  17.74W 2032 0.98Y
123262 23.04N 1741W 1024 1.20v
123252 2299N 17.33W 787 0.92Y
V23-100¢ 21.30N 21.68W 4579 0.59 -0.03 70.12 20.07 20.27
160172 21.25N 17.80W 812 0.99 1.04 1.01 0.77 0.95 1.13 1.08 0.82
160302 21.24N  18.06W 1500 0.94 0.89 0.71 0.80 70.95 1.04 0.86 0.79
123282 21.15N  18.57W 2778 0.86 0.58 0.50 048 0.03 0.23 0.35 0.28
ODP 6582 20.75N  18.58W 2263 0.79 0.68 0.63 0.57 0.30 048 0.51 0.44
12329-62 19.37N  1993W 3320 0.82 0.90 0.81/ 047 20.34 0.18 0.20 0.66
20.57
12329-23 19.37N  1993W 3314 0.85Y
V30-49p 18.43N 21.08W 3093 0.84 0.48 0.18 0.23 0.28
ODP 6592 18.08N 21.03W 3069 0.99 11.04 0.87 70.11 20.16 70.33 0.61
132892 18.07N 18.01W 2490 0.95 0.92 0.49 0.21 0.48 0.50 0.33
ALB-2264 1795N  21.05W 3100 0.88 0.73 0.56 0.37 0.04 0.19 0.45
123373 1595N 18.13wW 3088 0.67 0.55 0.58 0.10 -0.10
123472 15.83N  17.86W 2576 10.81 0.97 0.64 0.51 -0.28 0.23
123452 1548N 17.36W 945 0.75 0.58 20.52 047v 0.85 70.92
164022 14.42N 20.57W 4203 0.64 0.43 0.61 70.04 -0.17 -0.03 -0.18 0.00
170.32
V22-197k 14.17N  18.58W 3167 0.62 0.74 0.37 0.36 0.19 0.21 0.03
V22-1968 13.83N 18.97W 3728 0.86 0.67 ?-0.07 -0.19
164152 09.57N 19.11W 3841 0.55 0.68 0.84 0.20 0.08 -0.20 0.07
164072 09.04N 21.96W 4596 ?0.75 0.20 0.85 20.03
164082 09.0IN 21.50W 4336 0.71 0.48 041 048 7-0.04 -0.14 -0.25
164592 07.28N 26.19W 4835 0.58 0.71 0.50 0.24 -0.19 -0.13 0.03 0.22
ENO66-10i 06.65N 21.90W 3527 0.82 047 0.40 20.50
135192 05.66N 19.85W 2862 1.05 0.97 0.97 70.63  20.39 0.37 0.52 0.62
/10.88
ENO66-16i 05.46N 21.14W 3152 0.94 0.99 20.57 0.38 0.47 0.84
164572 05.39N 21.72W 3291 1.11 0.94 0.88 0.88 0.13 0.29 20.31
164583 05.34N 22.06W 3518 090 20.34! 0.89 0.77 20.36 0.34 20.02 0.42
164552 05.27N 22.87TW 4160 0.65 0.93 0.40 0.76 20.08 -0.06
ENO66-44i 05.26N 21.71W 3428 1.05 20.60 0.45 0.57
ENO66-38i 04.92N 20.50W 2931 1.05 1.24 0.89 041 20.64 20.62

164532 04.73N  2095W 2675 1.17 11.04 !1.13 0.92 70.36 0.43 0.60
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Table 1. (continued)

Core Lati- Longi- Water 813C (per mil versus PDB) Cibicidoides wuellerstorfi 2
tudes tudes  Depth 0-4 7-8 9.25 12.3 16.9 18.3 215 28.3
deg deg m 98 -128 -171 -193 235 295
CH71-07b 0438N 20.87W 3083 1.08 0.28 0.32 0.51
ENO66-21i 04.23N  21.63W 3995 0.83 0.90 20.69 10.17 0.12 0.12 0.09
(0.4-0.7k)
KW-31b:z 03.52N 05.57E 1515 170.29 -0.35 0.19 0.22 0.62 0.48 0.19
ENOG66-26i 03.09N 20.02W 4745 20.52!  20.24 0.15 -0.16 0.07
135212 03.02N 22.03W 4504 10.74 0.89 20.16 -0.13 -0.42
ENO66-32i 0247N 19.73W 5003 0.91 20.60 0.04 -0.20 0.22
ENO66-29 02.46N 19.76W 5104 0.85 20.48 -0.04 -0.16 20.27
V25-59° 01.37N 3348W 3824 0.86 0.92 0.71 0.02 0.06 0.06 -0.02
V30-404 00.20S 23.15W 3706 2091* 0.88 0.58 0.11 -0.16  -0.06
V22-182! 00.558 17.27TW 3937 0.67 v
167712 00.825 1551W 2764 1.26
167732 00.97S 09.44W 4662 0.76 0.75 0.84 20.25 0.32
/0.19
167728 01.21S 11.96W 3912 0.86 0.85 0.71 -0.18 1-0.32 -0.03
168672 02.20S 05.10E 3891 0.81 0.65 0.87 0.67 022 -0.67 -031
RC13-205! 02288 O05.18E 3731 098
BT-4x 04.33S 10.43E 1000 0.33 043 20.12 -0.06 0.24 0.00 0.19
MG-237° 05.20S 11.33E 1000 -0.11 -0.19 025 -015 -0.07 -0.10
GeoB 11132 05.758 11.04W 2374 093 0.92 0.99 20.66 0.45 0.4 0.36
V22-174! 10.07S 12.82W 2630 0.80
V29-135a¢ 19.60S 08.88E 2675 0.65 0.66 0.72 0.27 20.09 ?7-0.11 0.12 0.20
CIR-211b 20.008 10.75E 1300 0.24 0.28
RC13-228k 22.33S  11.20E 3204 0.56 0.59 0.12 -0.25 0.09 -0.15 0.17
RC13-229% 2550S 11.30E 4194 0.30 10.41 0.20 -0.15 047 -044 -042
RC12-294! 37.27S  10.10W 3308 0.86* -0.23
RC11-83i 41.60S 09.72E 4718 0.10 0.00 -0.83 -0.68  -0.81
RC13-253! 46.60S 07.63E 2494 ?20.62
ODP 704" 46.88S 0742E 2532 0.58 026 -0.50

Derivation and averaging of time slice values from analytical data is marked on 813C records in Figure 3. PDB, Pee Dee belemnite.

a University of Kiel (published and unpublished), 1 Jansen and Veum [1990].

Centre des Faibles Radioactivites, Laboratoire mixte o Mix and Ruddiman [1985].
CNRS-CEA, Gif-sur Yvette Cedex, France.(published and P Mix and Fairbanks [1985].
unpublished), 4 Oppo and Fairbanks [1987].

C Abrantes (unpublished data, 1993). T Shackleton and Hall [1984].

Bornmalm (unpublished data, 1993). S Shackleton [1977],

€ Faxrbanks (unpublished data, 1992). Oppo and Lehman [1993].

f Ganssen (unpublished data, 1992). U Hodell [1993].

g Shackleton (unpublished data, 1992). W C. wuellerstorfi and P. ariminensis.

Boyle and Keigwin [1985, 1987]. X C. kullenbergi.

I Charles and Fairbanks [1992]. Y living rose bengal stained C. wuellerstorfi,
i Curry and Lohmann [1985]. [Ganssen, 1983].

kK Curry et al. [1988]. Z C. pseudoungerianus.

! Duplessy et al. [1984]. 32 Time slices are in 1000 calendar years.

M7 abeyrie et al. [1992].

Changes” (PAGES-) marine data repository SEDAN (grobe @  samples came from Duplessy [1972] and Kroopnick [1985],
awi-bremerhaven.de). with few additional data from a study by the Kiel group (H.

In addition, 8'C data of total dissolved CO? in east Atlantic ~ Erlenkeuser and M. Sarnthein, unpublished data, 1993) from
ocean water was compiled to validate the modern benthic §'3C  the northeastern Atlantic. A comparison of data produced by
record as a tracer of ocean chemistry. Most of the data on water  the different studies at nearby stations in the northwestern and
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Figure 3. The 8'3C and 8'®0 records of C. wuellerstorfi in east Atlantic deep-sea cores. Vertical zigzag

lines in various records show hiatuses. Numbered bars mark time slices 1

averaged over the time slices are listed in Table 1.
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Figure 3. (continued)
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Figure 3. (continued)

the equatorial east Atlantic [Duplessy, 1972; Kroopnick,
1985; Kroopnick et al., 1972] suggests a general agreement of
the analytical data, with deviations of less than 0.1%o.

3. Age Control

The age control and stratigraphic correlation of more than
90 sediment cores were based on benthic §!%0 records of C.
wuellerstorfi, where a detailed event stratigraphy was defined
for the last 30,000 years (Figure 3) (a full documentation of
the stratigraphy in most Kiel 8'®0 records is presented by
Winn et al., 1991). In six benthic 8'%0 records from the study
area the event stratigraphy was dated directly by accelerator
mass spectrometry (AMS) !4C ages (Figure 4).

Based on the average ages of six 4C dated events, we de-
fined a detailed framework of age control points for 820 re-

cords, comprising (1) 9100 years B.P. for the end and (2)
10,400 years B.P. for the beginning of termination Ib, (3)
13,600 years B.P. for the end and (4) 14,800 years B.P. for the
beginning of termination Ia, (5) 20,000 years B.P. for a 3'%Q
minimum in the middle of 3!80 stage 2, and (6) 26,000 years
B.P. for 3'%0 event 3.1 (Figure 4). This stratigraphic frame-
work allowed us to estimate "AMS !4C analogue ages" [Winn et
al., 1991] for the vast majority of benthic isotope records not
directly dated by radiocarbon ages.

Special problems occur with dating the surface sediment
samples ("core tops") from gravity, piston, and kasten cores,
where the top 10-20 cm of sediment are usually lost or distur-
bed. Precise surface ages and complete late Holocene sediment
sections were reconstructed by means of a detailed core fit with
neighboring box cores or multicorers, both of which typically
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Figure 4. Accelerator mass spectrometry (AMS)

14C dated (in kiloyears) 8180 records of various

planktonic foraminiferal species and 8'3C and 580 records of C. wuellerstorfi from cores 13289, 17045,
CH73-139¢c, RC 11-83 , SU81-18, V23-81, and Ocean Drilling Program holes 658 A/B. Vertical arrows
mark the end of marked 8'*C minima during termination I related to '4C plateaus. Zigzag line in core 17045

marks hiatus. AMS -'*C ages were measured at Gif-sur-

Fairbanks, 1992].

contain largely undisturbed sediment surfaces corresponding
to an age of zero calendar (not 4C) years.

Linear interpolations were applied between the selected age
control points to obtain ages of the sediment in between. This
was essential if the correct depths were to be selected for each
time slice. This, however, causes further problems: Based on
findings of Bard et al. [1990], any direct interpolation of ages
and sedimentation rates between 4C ages are iuvalid because
of the fact that the conversion of C years into calendar years
is nonlinear, particularly across glacial termination I (14,800-
9,100 *C years B.P. equating to 18,300-9,800 calendar (cal)
years B.P.), as there are at least two major "*C plateaus,” that
is hundreds of years with no !4C change. The first of these
occurs between 9,000 and about 10,300 !4C years B.P. [Becker
et al., 1991], and a further plateau probably lies near 12,500-
13,000 *C years B.P. [Lotter et al., 1992].

Based on these findings, prior to interpolations between
the age control points, we converted the !*C age control
points into calendar ages using the tree ring conversion
scheme of Stuiver et al. [1991] for the Holocene and the con-

Yvette, except for ages in core RC11-83 [Charles and

version into U/Th years between 10,000 and 30,000 years
B.P., as published by Bard et al. [1990]. The simplified con-
version scheme of “C to calendar ages is based on six age
switch points at 9.1 ka to 9.8 ka, 10.0 ka to 11.6 ka, 10.4 ka
to 12.4 ka, 13.0 ka to 15.0 ka, 13.6 ka to 17.1 ka, and 26.0
ka to 29.5 ka (for further details see the work by Winn et al.
[1991]). It was found that this method of selecting the range of
the time slices was far superior to the conventional straight-
forward interpolation on the nonlinear radiocarbon age scale,
as shown by the reduced downcore variability of sedimentation
rates and also by clearly improved stratigraphic correlations
between different cores. Finally, the interpolated calendar ages
were converted back into *C ages to facilitate general com-
parisons with published '*C dates for readers unfamiliar with
the calendar age of common climatic events. We are aware of
the fact that the details of the calibration scheme between
radiocarbon and “"calendar” years currently are rapidly impro-
ving. Because these changes [e.g., Bard et al., 1993} are on-
going, however, they cannot be considered anymore in this

paper.
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Figure 4. (continued)

Generally, we were encouraged by the fact that an increase
in sampling density, time resolution, and stratigraphic accu-
racy led to increased internal consistency, simplicity, and
greater predictability of the 8'3C patierns presented in the
various transects.

4. Time Slice Selection

In this study, the evolution of Atlantic deepwater oceano-
graphy is traced by examining eight "time slices” over the last
30,000 years. These time intervals, which each may average
several isotopic data points, have been selected in view of the
following aspects (compare Figure 3):

The interval 0-3600 “C years (0-4000 cal years) ago ap-
proximates the regime of modern sedimentation and serves for
“calibrating” the epibenthic 8'3C record with 8!3C data of
dissolved inorganic carbon (DIC) in the modemn ocean water.
The long duration of this time interval takes into account both
the frequent loss of the actual sediment surface in many cores
and the need to test the modern 8'3C distribution pattern at as
many sites as possible. At a few sites, §'°C values of "living,”
that is, rose bengal stained specimens of C. wuellerstorfi (1)

[Ganssen, 1983], illustrate the actual modern 8'3C signal.

The interval 6100-7200 #C years (7000-8000 cal years)
ago was selected to investigate the climatic fluctuation bet-
ween the early and middle Holocene climatic optimum, which
is recorded in a minor '*C minimum in many high-resolution
813C records.

The interval 8350-9100 !4C years (9250-9800 cal years)
ago corresponds to the sudden onset of the Holocene peak
conditions, as indicated by the benthic 8'*0 records (Figure 3),
immediately subsequent to the last solar insolation maximum
in the northern hemisphere.

The interval 10,350-10,800 !4C years (11,800/12,300-
12,800 cal years) ago represents the Younger Dryas cooling
event. The "4C plateaus” toward the end of and subsequent to
this time [Kromer and Becker, 1992; Bard et al., 1990] may
have led to inaccuracies in the extension of the absolute age
range. The end of this time slice is well defined in the §'%0 re-
cords by the end of the C. wuellerstorfi based "3'%0 plateau”
near 3.4%o, dividing glacial termination I.

The narrow interval 13,400-13,600 #C years (16,900-
17,100 cal years ) ago is marked by the first 80 minimum
immediately subsequent to the LGM and is picked by a precise
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Figure 4. (continued)

interpolation of sediment thickness on the calendar age scale.
This time slice depicts the spatial distribution of a short-lived
epibenthic $'3C minimum, the most pronounced excursion
found in our high-resolution records (Figures 3 and 4; for ex-
ample, cores 11944, 12328, 13289, 17045, Ocean Drilling
Program (ODP) 658, V23-81, etc.). The minimum starts with
the onset of termination Ia, culminates about 13,500 14C years
ago [Sarnthein and Tiedemann, 1990], and parallels precisely
a major planktonic 8'®*0 minimum in the Norwegian Sea
[Weinelt et al., 1991; Sarnthein et al.,, 1992] and western
North Atlantic [Keigwin et al., 1991] that is interpreted as a
meltwater spike. The short-term 8!3C excursion is lost in
about 1/3 of the records, where the sampling resolution and/or
sedimentation rates are low (less than 2.5 cm kyr!).

The interval 14,800-15,800 4C years (18,300-19,300 cal
years) ago records the oceanographic regime during the LGM,
prior to its end. The time slice appears in most 8!%0 curves as a
180 maximum immediately below the pronounced 3'®0 shift
that marks the onset of glacial termination I (Figure 3).

The interval 18,000-20,000 C years (21,500-23,500 cal
years) ago was selected to study the paleoceanography during a
central part of the LGM and to assess the trends in the evolu-

tion of deepwater circulation from the early to the late LGM.

The interval 24,800-26,000 14C years (28,300-29,500 cal
years) ago records the ocean system response to the initial
glacial advance during the first 1200 years of stage 2 after the
moderately warm (interstadial) 8'®0 event 3.1 and a
(immediately preceding) short $'*C minimum found in high-
resolution records.

5. Results

5.1. Modern Water Masses in the East Atlantic:
The 813C Record of Dissolved Imorganic Carbon
Versus Oceanographic Data

A joint reevaluation of all 8'3C profiles measured on the
total dissolved CO2 (DIC) in the eastern Atlantic [Duplessy,
1972; Kroopnick, 1985; Erlenkeuser and Sarnthein, unpub-
lished data, 1993] (Figure 5a) illustrates the present sources
and spread of the major intermediate and deepwater masses and
their gradual alteration, that is, the effect of ongoing physical
mixing and chemical reactions within them. From 1200-1500
m to 3500 m depth, the most prominent feature in the modern
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Figure 4. (continued)

eastern Atlantic is the NADW. A large portion of it, about 5-8
Sv [Saunders, 1982] spreads from the eastern to the western
basin at 54°N through the Gibbs fracture zone (FZ) [Dickson et
al., 1990]. Contrary to widespread belief, however, Saunders
[1982] demonstrated that a further 6 Sv of NADW continues to
flow south through the eastern basin and gradually crosses the
Mid-Atlantic Ridge from east to west (not from west to east),
with a flux approximately uniform with latitude (Figure 5b). At
32°N, the basinwide N-S flow still amounts to 2 Sv, while near
18°-20°N, its characteristic oxygen signal (more than 5.6 mL
L!) fades out [McCartney et al., 1991]. Further south, espec-
ially south of the Sierra Leone Rise, the NADW signal in the
east Atlantic is dominated by west to east geostrophic trans-
port of NADW from the Brazil Basin across the Mid Atlantic
Ridge, at 11°N through the Vema FZ and at 1°S through the
Romanche and Chain FZ [McCartney et al., 1991].

At abyssal depths, below 3500-4000 m, cold dilute AABW
(£2°C) is supplied into the east Atlantic [Warren, 1981,
Saunders, 1982, McCartney et al., 1991]. North of the Sierra
Leone Rise, the bottom water debouches through the Vema FZ
toward east and northeast into the Canary basins, which are
bounded to the north by the east Azores FZ scarps. Here only
two narrow passages with depths over 4500 m are cut through
to the north [McCartney et al., 1991], which will be of great
significance for understanding the features of LGM deepwater

circulation (see section 5.4.). South of the Sierra Leone Rise,
AABW debouches via the Romanche FZ into the southeast
Atlantic abyssal basin. Hardly any AABW that fills the Cape
Basin enters from south to north across the western end of the
Walvis Ridge.

As expected from its high oxygen content, NADW in the
east Atlantic is represented by high 8'3C values of 1.1-0.9%o,
which dominate the north-south transect of Figure 5c between
2 and 5 km depth and 25°N and 10°S. Further south, the values
decrease to 0.6/0.7%c near 30°/40°S. This decrease reflects the
gradual influence of both ongoing remineralization of '2C-en-
riched POC and admixture of AABW from below.

North of 15°N, Figure 5c contains hardly any 3!3C data in
the depth range of NADW, below 2000 m, over some 40° of la-
titude. At 50°-60°N, however, the E-W transect of Figure 5d
depicts pronounced small-scale 8'3C variations (D0.5%o0). West
of the Rockall Plateau, the track of "juvenile” NADW is clearly
traced near the seafloor by maximum 8'3C values of 1.25-1.3%0
down to 2300 m as compared with about 1.00%0 near 25°N
(Figure 5c) (the track at 50°N is missing in Figure 5c, with data
from east of the Rockall Plateau). Hence the 13C values in
NADW show an overall decrease by about 0.25%o0 from 50° to
25°N, an alteration that matches a decrease in dissolved
oxygen from about 6.0 to 5.6 mL L [McCartney et al., 1991].

Near the equator, the local §'3C values of NADW increase by
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Figure 4. (continued)

about 0.25%o from north to south (Figure 5c), contrary to the
outlined general trend. This pattern is linked to west-east
running currents along the equator through the Vema (11°N)
and Romanche FZ at 0°N. Here it is the Equatorial Undercurrent
within the top 1000 m depth and the incursion of better oxy-
genated NADW at 2000-4000 m; at the Vema FZ, AABW
spreads from the western into the eastern Atlantic (Figure Se).
This interpretation is corroborated by a local increase in dis-
solved O3 from 5.5 up to 6.0 mL L' [McCartney et al.,, 1991]
and a decrease in phosphorus and CO7 [Bainbridge, 1981].
The incursion of nutrient-enriched AABW (and/or lower
Circumpolar Deep Water (CPDW)) into the South Atlantic
Cape Basin is clearly reflected by low 8!3C values (Figure 5c),
which parallel highs in the nutrient and CO2 distribution
[Bainbridge, 1981]. Minimum 8'3C values of 0.25%0 occur in
the Cape Basin south of 40°S versus 0.4%o in the west Atlantic
off Brazil (Figure Se). In the abyssa! basins of the
northeastern Atlantic, the modern presence 5»f AABW is hardly
seen (Figure 5c) except for a few low 8!3C values near the
northern margin of the Sierra Leone Rise cast of the Vema FZ.
The oxygenated Weddell Sea Bottom Water (WSBW), which
downwells below the CPDW because of an extremely high den-

sity, is clearly traced in Figure 5c by intermediate 8'3C values,
reaching 0.75-0.8%¢ on the Antarctic basin floor, south of the
mid ocean ridge (53°S) in the southern ocean.

Above 1500-2000 m, the outflow of nutrient-depleted
Mediterranean outflow water (MOW) leads to a most pronoun-
ced, mesoscale §!3C maximum (up to 1.3/1.4%o ), extending
from Gibraltar to the south and up to about 25°N (Figure 5c).
The dominant flow toward north [Price et al., 1993] cannot be
traced in Figure Sc because of a lack of data stations. The MOW
signal is largely restricted to the eastern Atlantic margin but
can still be recognized near the Mid-Atlantic Ridge south of
the Azores [Kise et al., 1986; Duplessy, 1972]. The MOW is
surrounded on either side by mesoscale water masses with 8'3C
minima in the top 1000 m of the east Atlantic. In part, they
reflect the position of the nutrient-enriched South Atlantic
central water penetrating north up to 22°N [Labracherie,
1980]. Other minima result from remineralization of
particulate organic matter below local zones of high plankton
production in the surface water, such as in equatorial and
coastal upwelling regions. The latter 8'C minima are marked
by small-scale local east-west gradients among the various
813C profiles [Duplessy, 1972; Kroopnick, 1985].
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Figure 4. (continued)

5.2. Epibenthic 313C Record of Present Water
Masses In the East Atlantic 0-3.6 14C kyr B.P.
(= 0-4 Cal kyr)

The density of 8'3C contours in Figures 6 to 20, our main
database, may appear controversial. In our view, however, the
larger number of contours serves (1) to avoid an arbitrary
overemphasis on any single 8'3C level that is subject to ana-
lytical noise, (2) to demonstrate more clearly the gradients in
ocean chemistry between different water masses, and (3) to
ease the comparability between the various time slices where
different 8!3C levels dominate.

Most features of modern Atlantic deepwater circulation, dis-
played by the 83C record of DIC, also occur in the epibenthic
813C records of the average data of the last 4000 years (Figures
6a and 7). As in Figure 5c, the positive epibenthic 8'3C values
in Figure 6a show the presence of NADW between 2 and 4 km
depth and from 60°N-20°S, thus recording the most salient
feature in the east Atlantic. The chemical alteration of NADW
on its way from the Norwegian Sea to the south is minor. It is
reflected by a two-step 8'3C shift from a maximum of >1.3%o
near the top of Rockall Plateau down to less than 1.2%¢ south
of 35°N and to values of less than 1.0-0.8%0 south of 0°-15°S.
The benthic 8'3C data also appear to reflect details in chemical
oceanography as small as a slight nutrient depletion near
3800 m at the equator, depicted as a minor positive §'3C
deviation. As in the DIC 8'3C record (Figure 5¢), we relate this

feature to more oxygenated deepwater advecting west to east
through the Romanche FZ.

In contrast, local sample clusters with negative benthic
813C deviations, up to -0.3 to -0.45%o, occur in tlie depth range
of NADW all along the African and Portuguese continental
margin (dotted ovals in Figure 6a). They are linked, as pre-
viously suggested, to high fluxes of organic carbon to the sea-
floor (exceeding 2.0/2.5 g C m2y!) and fluff layers, induced
by cells of coastal-upwelling productivity as deduced from
high accumulation rates of total organic carbon TOC
[Sarnthein and Winn, 1990]. Likewise, extremely low 3!3C
values south of the equator near 1000 m depth, which strongly
deviate from the local DIC data (Figure 6b), reflect the local
impact of high TOC fluxes and productivity triggered by nu-
trients from tropical river mouths. It is not clear yet whether
the extended 8'>C minimum at 2 km depth, marking the top of
the NADW at 20°-40°N, is also an artifact of local high carbon
fluxes or is related to an intermediate water mass advected from
the south.

Below 3800 to 4400 m, more negative values of 0.6-0.8%o¢
reflect the northward incursion of dilute AABW into the
Canary basin and further north, up to 50°N, east of Rockall
Bank (Figures 6a and 7). Because a large portion of this abys-
sal geostrophic current flows along the east Atlantic continen-
tal margin [McCartney et al., 1991], the AABW is more clear-
ly displayed in the epibenthic signal than in the few samples
of the DIC record (Figures Sc and 5d). Between 800 and 1800 m
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Figure 4. (continued)

depth southwest of Gibraltar (23-36°N) (Figure 6a), the small
but pronounced 8'*C maximum of 1.2-1.25 %o matches the
position of MOW, such as recorded in the 3'3C values of mo-
demn DIC.

In general, our benthic 8!3C record deviates from the §!3C
values of marine DIC (interpolated between nearby sample sta-
tions) by less than + 0.2%o (Figure 6b). The few outliers are
linked either to local organic fluff layers or to an insufficient,
too widely spaced coverage of DIC data. Boyle [1992] surmi-
sed that 813C values of epibenthic foraminifera, sampled in
shallow water depths of less than 1000-2000 m, may systema-
ticaly exceed the 8'3C values in marine DIC. Figure 8 demon-
strates that two 3'3C values measured on "living" specimens of
C. wuellerstorfi from 800-1000 m depth do not exceed the
DIC-based 8'3C record by more than 0.2%o, a difference that
also occurs at 2500-3000 m water depth and that does not ap-
pear to be statistically significant. Furthermore, the two out-
liers are derived from near Cape Blanc, a region with a particu-
larly small-scale but strong variability of water masses, where
the DIC profile of Figure Sc might have simply missed the lo-

cal plume of MOW and/or picked a season with high values of
remineralized POC. In summary, we consider the §'3C values of
benthic foraminifera as faithful recorders of ocean chemistry at
all sites where the local flux of orgamic carbon is low,
independent of water depth.

Having examined the most recent (modern 4 kyr) condi-
tions, we discuss the evolution of deep water proceeding from
older time slices (28.3-29.5 kyr) to younger.

5.3. Reconstruction of East Atlantic Deepwater
Masses After the End of Moderately Warm Stage
3.1, 24.8-26.0 ¥CkyrB.P. (=28.3-29.5 Cal kyn

In the wake of stage 3, the 3!3C distribution patterns in
Figures 9a and 10 (raw data uncorrected for any global §!3C
shift) and the corresponding main water masses still largely
resemble the modern circulation pattern within the top 3500 m
depth. Different features, however, appeared further down, the
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chemistry already anticipating the onset of the glacial regime
of stage 2.

A tongue of 1*C-enriched values depicts a southward bound
water mass between 2000 and 3500 m (Figures 9a and 10) si-
milar as today. This water mass originated from north of
Rockall Plateau, probably in the Norwegian-Greenland Sea
(but not in the northwestern Atlantic off Greenland, where §3C
values were as low as 0.22-0.76%o), and extended about as far
south as today (0.6-0.84%0 5'3C on top of the Sierra Leone
Rise). This water mass is thus referred to, by analogy, as
NADW. As compared to the present (Figures 6a and 7), the $3C
values north of 40°N were little reduced, by only 0.1-0.25%,
especially west of Rockall Plateau. South of 35°-40°N,
however, the 8'3C values were significantly lower, by -0.5 to -
0.65%o (Figure 9b). The steep N-S gradient in the NADW §!3C
values east of the Azores may have had various origins,
including (1) a reduced N-S transport, (2) an increased mixing
of 13C-depleted abyssal water from below, andfor (3) an
enhanced advection of 13C-depleted POC from above.

At the same time, the incursion of MOW at Gibraltar was
well oxygenated, showing a slight 3C enrichment (by >
0.2%0) as compared to the present (Figure 9b). Outside the
MOW and further south (possibly also further north), the in-
termediate water at 800-2000 m depth was slightly 13C deple-
ted by 0.1-0.3%o.

In contrast, the 8!3C values of the AABW incursion were
strongly reduced, by up to -1.1%0 as compared to the present
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1200-3500m

53N
a8N BRITTANY

IBERIA

2N
MOROCCO

Figure 5. Profiles of §'3C in dissolved inorganic carbon
(DIC), and distribution of major water masses in the eastern
Atlantic. (a) Location of water profiles. (b) Circulation of
eastern North Atlantic at 1200-3500 m after Saunders [1982].
Transport is in sverdrup units of 10°m?3 s.! &) N-S §13C
transect across the east Atlantic. (d) NW-SE transect across the
northern Atlantic (NAD, North Adantic Drift). () W-E
transect across the equatorial Atlantic. For abbreviations of
locations see Figure 2.

(Figure 9b). A !3C reduction of more than 0.9%0 also occurs
further west, on the Mid-Atlantic Ridge (site V25-59), outside
the belt of high carbon flux below equatorial upwelling. This
station suggests that the strong !3C reduction observed in low-
latitude abyssal waters below 3500 m was definitely a general,
already glacial-style feature of AABW chemistry and not the
result of a locally increased POC flux. The source of AABW,
the CPDW, was also *C depleted by about 0.8%c during this
time [Duplessy et al., 1988].

AABW was at this time more advanced northward in the
northeast Atlantic than today, up to 50°N, as was the case du-
ring the subsequent LGM. Moreover, the upper boundary of
AABW lay slightly shallower, near 3500-3800 m. This en-
hanced abyssal circulation, when combined with the narrow
passages cut through the scarps of the east Azores FZ, pro-
bably led to a significant upwelling of 3C-depleted AABW
east of the Azores. This would have led to the local dilution of
the overlying NADW, as documented by the steep N-S gradient
in 8'3C found in Figure 9.

5.4. Reconstruction of East Atlantic Water
Masses During the LGM: 18.0-20.0 14C kyr B.P.
(= 21.5-23.5 Cal kyr) and 14.8-15.8 14C kyr B.P.
(= 18.3-19.3 Cal Kkyr)

The two time slices reconstructed for the LGM display very
similar §'3C records of east Atlantic deepwater masses. During
both intervals, the northern east Atlantic north of 35°N was
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dominated by a well defined tongue of high 8'C values (0.7-
1.2%o, uncorrected for any global 8'3C shift) (Figures 11a and
12a). As in the preceding time slice (Figure 9a), this tongue
reflects the track of a southward bound water mass that started
near Rockall Plateau (with 8'3C > 1.2-1.7%o) which was down-
welled to more than 3600 m depth at 35°-45°N in the east
Atlantic (similar to that presented by Duplessy et al. [1988]).
On its downward track it was increasingly diluted, and the §'*C
values became progressively lower by up to 0.7-0.8%.

A more 13C-depleted (i.e., more diluted and less oxygenated)
branch of this water mass (0.4-0.5/0.6%0 8'3C) can be traced
between 2000-3500 m depth from 35°N up to at least 10°S
(Figures 11a and 12a), that is, approximately as far south as
the 0.8-0.9%0 8'3C contours of the present NADW (Figure 5a).

50- 45- 40- 40° N
15 10 5 0 E/W
(continued)

This large-scale glacial circulation pattern only emerges after
deleting a number of local 8!>C minima along the continental
margin of west Africa and Portugal, patches that result from
high fluxes of POC linked to upwelling productivity (dotted
ovals in Figures 11a and 12a).

Contrary to previous models of a “glacial Atlantic
Intermediate Water" [Duplessy et al., 1988; Boyle, 1992], our
much enlarged new proxy data set allows us to reinterpret the
large downwelled water mass in the northeast Atlantic as an
embryonic version of North Atlantic Deep Water and the water
mass between 35°N and 10°S as its strongly diluted continua-
tion. This interpretation implies that a weakened salinity con-
veyor belt was active during the LGM.

During the earlier time slice of the LGM, the source of the
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Figure 5. (continued)

NADW-style deep water lay between Rockall Plateau and
Greenland (Figure 13a) (about 1.4%o 3'3C at core location V28-
14). Later, the main source region was confined to the central
North Atlantic south of Iceland, near 55°-60°N (Figure 13b).
This position fully matches the recent density-based model of
deepwater formation by Labeyrie et al. [1992]. Unlike both
the present and the end of stage 3.1, the glacial deep water did
not originate from the Norwegian-Greenland Sea, because 3'3C
values at site 552 are lowered, which lies at a "watchdog"
position in the Iceland Basin within the present mainstream of
the Norwegian Sea overflow [Dickson et al., 1990] (Figures 1

and 12). Note that in the glacial source regions of deepwater
the initial 8'3C values reached 1.74%o 8'3C (Figures 13a and b).
Hence the amount of preformed nutrients in NADW may have
differed little from the values found in modern downwelling
regions of the Greenland Sea (1.7-1.8%o0) (Figure 5d).

Below about 3500 m, the glacial east Atlantic was domina-
ted by the incursion of a strongly 1>C-depleted, thick water
mass of southern origin, such as was already noted in the time
slice that followed stage 3.1 (Figure 9a). The 8'3C values of
this glacial AABW decreased down to -0.8%0 at 41°S and to
less than -0.4%o near the equator. The 3C-depleted AABW ad-
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Figure 7. Benthic 8'3C profile running NW-SE across the
North Atlantic. Average of last 3600 !*C years = 4000 calendar
years. Location of profile shown in Figure 1, for abbreviat-
ions of locations see Figure 2.

vanced in the east Atlantic up to SO0°N, becoming gradually di-
luted, that is, !3C enriched from -0.4/-0.2%o up to more than
0.1/ 0.25%o (Figures 11a and 12a). This trend represents a gra-
dual admixture of '3C- (and oxygen) enriched deepwater from
above. In particular, the narrow deepwater passages cut
through the east Azores FZ scarps may have acted as an effect-
ive barrier to the (enhanced) northward bound bottom water
circulation, promoting the upwelling and admixture of AABW
into the overlying deep water. Bottom morphology probably
was thus the final cause of the marked N-S reduction in 3C and
dilution found in the glacial NADW derivative near 35°-40°N.

The third major feature of the glacial circulation in the east
Atlantic was the 8'3C signal of the MOW. As first shown by
Zahn et al. [1987], and in contrast to Boyle [1992], the con-
spicuous 3'3C signal of the MOW (up to 1.75%o) can be traced
unambiguously at various sites close to the point source of the
Straits of Gibraltar. From there, the MOW spread down to
1600 m depth and south to 20°N, approximately as far as
today. Figures 11a and 12a show that it can be clearly distin-
guished from the embryonic NADW tongue that started near
Rockall Plateau in the northern Atlantic. Moreover, the early
glacial 8'3C values near the MOW source were slightly higher
than those over the Rockall Plateau (Figure 11a), thus sugge-
sting a gradient opposed to N-S flow. Compared to the
Present, the MOW was 13C enriched by up to >0.4%o that is,
extremely nutrient depleted (Figure 12b). This depletion, ho-
wever, is no direct measure for the flux rate of the outflow
[Zahn et al., 1987].

A comparison of Figures 11a and 12a and of Figures 13a and
13b, shows a number of interesting 8!3C anomalies, revealing
the following differences in deepwater oceanography between
the early and the late LGM: (1) The source area of 13C-enriched

241

NADW shifted slightly from the northwestern corner of the
Atlantic, off southeast Greenland, to the east in the direction
of Rockall Plateau. This shift, however, did not result in any
change in the overall strength of the NADW signal. (2) The
marked '3C depletion of the AABW incursion decreased by
about 0.2%o both in the southern Cape Basin (from -0.81 to -
0.67%0) near the equator and at S50°N. Below the equator, the
maximum in benthic !3C reduction had already occurred at the
very beginning of stage 2, near 24 4C kyr (core 16772: -
0.85%c¢ near the onset versus -0.22%o at the end of the LGM).
This shift toward higher 8'3C values appears to be linked in
only a few cases to a decrease in the local carbon flux and
productivity (e.g., cores 16772 and 16867). (3) The extremely
high 13C values of the MOW near Gibraltar decreased by about
0.2%o.

In summary, these trends suggest that the extremes in !3C
reduction or enrichment of the various glacial water masses
occurred during the early LGM and diminished toward its end.

13
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Figure 8. 8!3C anomalies between "living" (bengal rose
stained) specimens of C. wuellerstorfi [Ganssen, 1983] and the
ambient DIC plotted versus water depth.
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Figure 10. Benthic 3'3C profile running NW-SE across the
North Atlantic; 24,800-26,000 *C years = 28,300-29,500
calendar years B.P. For abbreviations of locations see Figure
2.

5.5. The 513C record of East Atlantic Water
Masses During Glacial Termination IA: Response
to a Meltwater Spike 13.4-13.6 14C kyr B.P.

(= 16.9-17.1 Cal kyr)

In spite of the difficulties in many cores of resolving this
short time interval with the necessary stratigraphic resolu-
tion, Figures 4, 14, and 15 reveal various 813C features that are
coherent and that clearly illustrate the exceptional deepwater
regime about 13,500 *C years (17,000 cal years) ago, when
both the western and northern North Atlantic were covered by
meltwater lids originating from the Barents shelf and North
America [Weinelt et al., 1991; Keigwin et al., 1991; Sarnthein
et al.,, 1992; Bond et al., 1992].

Below 1600-2000 m, the 8'3C values in the east Atlantic
were uniformly low at this time, constrained to a range of 0.40
to -0.28%o. The 8'3C value was as low as 0.63%c even in core
17048, a key site on the Rockall Plateau for recording the
formation of intermediate and deep water in the North Atlantic
(Figures 14a and 15) (1860 m, 55°N). As compared to the end
of the LGM, the 8'3C values were reduced by 0.35-0.6%o in the
most significant 8'*C records from the Rockall Plateau, the
Moroccan continental margin, and the Mid-Atlantic Ridge
(sites 15672, 17055, CHN 82-50-20, and SU 92-21), that is,
at sites where the impact of local high carbon fluxes on §13C
values was low. Hence we conclude that no more ventilated
deep and intermediate waters spread from the North Atlantic to
the south at that time, in contrast to the patterns of the prece-
ding LGM. It is likely, however, that a poorly ventilated upper
deep water flowed in from the south (some 0.15 and 0.3%o con-
tours between 2500 and 4000 m are weakly substantiated, be-
cause the local impact of paleoproductivity on the various §13C
records is little known during this short time interval).

SARNTHEIN ET AL.: CHANGES IN EAST ATLANTIC DEEPWATER CIRCULATION

At this time, the 3'3C values below 4000 m, in the depth
range of AABW, hardly differed from the LGM values.
Exceptions to this are some extremely low 3'3C values in the
Cape Basin (-0.81%o0) and northeast of the Vema FZ in the
abyssal Gambia and Canary basins (Figure 14a), and further-
more in a high-resolution record from the deep western basin
of the North Atlantic (-0.78%o¢ in core EN 120-1 from Boyle
and Keigwin [1985] with stratigraphy modified after our guide-
lines). In summary, it appears that the 13C reduction and ad-
vection of AABW further increased below 4000-4500 m but
decreased between 3500 and 4000 m after the LGM.

In contrast to the general §!3C reduction below 1600 m
depth, the 8!3C values within the top 1600 m were con-
spicuously high, reaching 1.0-1.35%c near Gibraltar at 35°N
(Figure 14a). These high values indicate an ongoing advection
of MOW, possibly somewhat weaker than during the LGM.
This suggests that the great circulation changes further below
in the deep Atlantic occurred independently of the MOW advec-
tion.

In summary, the total east Atlantic between 1800 and 4500
m showed a fairly uniform $13C reduction by 0.75-1.00%o as
compared to today (Figure 14b), which we interpret as a re-
sponse to the great meltwater incursion from the Barents Shelf
that culminated about 13,500 !4C years ago [Sarnthein et
al.,1992] (first postulated by Berger [1977]). Extreme 3'3C
reductions reached -0.85 to -1.15%c. In part, they reflect the
chemistry of the water mass, in part an enhanced local carbon
flux.

This striking deglacial minimum in Atlantic ventilation en-
ded rapidly, as early as 12,700-13,200 !4C years ago, as de-
monstrated by the first pronounced 8!3C increase in high-re-
solution isotope records (e.g., in cores 13289, 17055, 658,
and RC 11-83) (Figures 3 and 4) that marks the start of post-
glacial NADW formation. A second increase in 8!3C values
ended about 12,500 C years ago (Figures 3 and 4), just prior
to the great meltwater pulse described by Fairbanks [1989].

5.6. Reconstruction of East Atlantic Water
Masses During the Younger Dryas: 10.35-10.8
14C kyr B.P. (= 12.3-12.8 Cal kyr)

Based on a comparison between the §'3C distribution pat-
terns of Figures 4, 16a, and 6a, and Figures 17 and 7, the late
Holocene-style deepwater circulation and its intensity were
established almost completely before and during most of the
Younger Dryas cooling phase. The NADW flow was strongly
developed with high 8!'3C values of up to 0.9%c. It spread
north-south between 2300 and 3700-4000 m depth from the
Norwegian-Greenland Sea, passing close to Rockall Plateau
and down to the equator. The boundary between NADW and
AABW (slightly more distinct than in the Holocene) lay below
4000 m depth near the equator, which is about the same depth
as today and 500 m deeper than during the LGM (Figures 11a
and 12a). The west Atlantic basin off southeast Greenland was
already as 13C depleted as during the Holocene (Figure 17),
which excludes any glacial-style deepwater formation in this
region. Finally, the §!3C values of the MOW were as high as in
the late Holocene.

Outside the MOW source region, the intermediate water had
813C values about 0.15-0.30%0 lower than during the present.
This applies to most parts of the eastern Atlantic, except for a
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Figure 13. Benthic 8'3C profiles running NW-SE across the
North Atlantic. (a) 18,000-20,000 “C years = 21,500-23,500
calendar years B.P. (b) 14,800-15,800 *C years = 18,300-
19,300 calendar years B.P. For abbreviations of locations see
Figure 2.

few particularly low 8'3C values at 20°-40°N (Figure 16b). At
these sites either the local productivity-induced carbon flux
then was particularly high or the stratigraphic resolution of
the record was insufficient to fully separate the Younger Dryas
from a subsequent 8'*C minimum.

This benthic §!3C minimum covered a very short time span
near the end and immediately subsequent to the Younger Dryas,
about 10,200-9,500 #C years BP. It was as extreme as that
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during Termination IA about 13,500 '4C years ago, but was
only recorded in a small number of high-resolution sediment
records (e.g., in cores 12310, 12347, 12379, 13289 (?),
16402, 16408, 16458, 17045, ODP 658, and V23-81) (see
Figure 3 and in West Basin core EN 120-1 [Boyle & Keigwin,
1985]). Since the time span was as short as few 100 years and
difficult to date because of a major #C "plateau” [Becker et al.,
1991], the 8!3C minimum remained unresolved in most
sediment cores and cannot be reconstructed as a time slice.
Note that no such minimum occurred in our 8'*C records prior
to the Younger Dryas, which was rather preceded by a 8"3C in-
crease.

5.7. Holocene Variability of East Atlantic Water
Masses: 8.35-9.1 MC kyr B.P. (9.25-9.8 Cal kyn,
6.1-7.2 14C kyr B.P. (7-8 Cal kyr), and Present

After the onset of Holocene peak interglacial conditions,
the benthic 8'3C patterns (Figures 18-20) differed only little
from the present, that is, from the average of the last 4000
years (Figures 6 and 7). Similar to the present, the main stream
of NADW from the Norwegian-Greenland Sea passed west of
the Rockall Plateau to the Mid-Atlantic Ridge (along sites 552
and 17055, 1.2-1.3% 8'3C) (Figure 20). Further northwest,
site V28-14 lay in poorly ventilated intermediate water (0.32-
0.69%o 8!3C) between the Mid-Atlantic Ridge and Greenland
south of the Denmark Strait, distal from deepwater formation
and advection.

The early Holocene chemistry of the NADW (Figure 18)
matched closely the late Holocene pattern (Figure 6a), perhaps
more than the pattern of the early mid-Holocene (Figure 19).
The base of the early Holocene NADW (0.8-0.9%o) lay a few
100 m deeper, suggesting that the NADW advection was inten-
sive. In contrast, the 3!C signal of the AABW was less nega-
tive 8350-9100 14C years ago than in the early mid-Holocene,
that is, the abyssal circulation increased slightly about 6500
14C years ago. The marked early Holocene 8'3C maximum
(0.85-0.9%o0) in the deep Sierra Leone Basin below 4500 m
clearly exceeded the values of the present. An extended §'3C
minimum near 4300-4600 m (0.25-0.6%c) remains un-
explained.

Near 7000 *C years B.P., the 8'C values in the central
NADW were slightly reduced (by 0.1-0.2 %o versus the present)
over a large region extending from the Azores down to the
equator near 2000-3000 m depth (Figure 19b). The 8'3C signal
of the lower part of the NADW then was clearly confined to the
west of Rockall Plateau in the North Atlantic (Figure 20b) and
remained basically unchanged. The ventilation and possibly
the advection of middle and upper NADW were thus somewhat
reduced in the middle Holocene, but the lower NADW had §'3C
values such as in the early Holocene and today. Further below,
at more than 4000 m depth, the middle Holocene 8'3C values in
the bottom water were lowered by more than 0.1-0.2%o versus
the present, more than in the early Holocene. This pattern
suggests that the circulation of AABW then was slightly
enhanced, possibly a response to the weakened NADW flux
(Figure 19a and 19b). Possibly, these intrawarm stage
variations in deepwater ventilation were a joint result of varia-
tions in northern high-latitude precipitation [Weaver et al.,
1991], as discussed in section 6.3.

In contrast to the deep water, the 8'3C values of the interme-
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Figure 15. Benthic 8!3C profile running NW-SE across the
North Atlantic 13,400-13,600 4C years = 16,900-17,100
calendar years ago. For abbreviations of locations see Figure
2.

diate water at 1000-1800 m depth clearly reached a minimum
during the early Holocene. At the position of the MOW, west
of Gibraltar they were lowered by up to 0.4%c versus the
present (and by up to 0.75%o versus the LGM). Furthermore,
the local productivity-controlled 8'*C minima offshore tropi-
cal African rivers reached extremes during this time. Both pat-
temns are in harmony with abundant evidence for pluvial condi-
tions in North Africa during the earliest Holocene [Sarnthein
et al., 1982; Rossignol-Strick et al., 1982; Hooghiemstra,
1989]. The strong monsoonal precipitation triggered both an
increased discharge of fluvial nutrients to the coast of tropical
Africa and a reduction in Mediterranean deepwater formation
and outflow.

The early middle Holocene 8'3C values of MOW at 1000-
1800 m increased slightly relative to the early Holocene, but
were still lower than today. This 8!C increase paralleled the
continental sediment record of increased African aridity during
this time [Fontes and Gasse, 1991; Sarnthein, 1978;
Sarnthein et al., 1982], which led to enhanced deepwater for-
mation in the Mediterranean.

6. Discussion

6.1. Significance of Epibenthic 813C Records for
Reconstructing Large-Scale and Mesoscale
Features of Deepwater Paleoceanography

The main thrust of this paper is to reconstruct past changes
in the thermohaline circulation of the Atlantic, as recorded by
proxies for variations in ocean chemistry. Such reconstruc-
tions may lead to a better understanding of past changes in
both climate and atmospheric chemistry. Moreover, they pro-
vide a basis for testing ocean general circulation models which

SARNTHEIN ET AL.: CHANGES IN EAST ATLANTIC DEEPWATER CIRCULATION

simulate and attempt to predict the physical processes of cli-
matic change, such as, the response to increasing atmospheric
carbon dioxide.

Our reconstructions are based on benthic 8§'3C records,
widely regarded as "established" tracers of ocean paleo-
chemistry [Duplessy, 1982; Broecker and Peng, 1982;
Duplessy et al., 1984, 1988; Zahn et al., 1986, 1987, 1991;
Curry et al., 1988]. Three problems, however, that may stron-
gly affect the significance of this reconmstruction technique
need to be discussed: (1) Discrepancies that were found bet-
ween the two main proxies of ocean paleochemistry, $'*C and
Cd/Ca [Charles and Fairbanks, 1990; Boyle, 1992; Zahn et
al., 1991], may imply that these were variations in high-lati-
tude gas exchange between ocean and atmosphere, altering the
preformed 8'3C distributions of downwelled surface water. (2)
During the LGM, the global average decrease in benthic fora-
miniferal 8'3C of about 0.3-0.35%c may have been induced by a
substantial transfer of organic carbon from the continents to
the ocean. (3) The technique of projecting benthic §'3C values
from the margin onto a transect across the central basin may
lead to spurious results, missing the actual tracks of circu-
lation.

With regard to problem (1), possible changes in gas
exchange, our basin-wide data permit us to precisely trace past
variations in the primary 8'3C composition of DIC in North
Atlantic surface waters at the time of convection. Today, the
freshly downwelled surface waters in the Iceland and Greenland
Seas show 813C values of 1.7-1.8%o0 [Weinelt, 1993]. After the
NADW has passed through the Firéer Channel, the values are
diluted to 1.25-1.3%0 (Figure 5d). These 8'3C values persisted
as long as the Norwegian overflow through the Firse Channel
was active, that is, in the wake of stage 3.1, during the
Younger Dryas, and in the Holocene (Figures 10, 17, and 20).
During the LGM, high 8!3C values also persisted directly
below the convergence zone. However, it then occurred west of
Rockall Plateau (Figures 11, 12, and 13). These glacial values
south of Iceland reached a maximum of 1.6-1.74%o similar to
those of the modern Norwegian-Greenland Seas. East of Green-
land, maximum 8!'3C values amounted to 1.38-1.45%o during
the early LGM (Figure 13a).

Based on “C results in the Pacific [Shackleton et al., 1988],
the ventilation of the LGM deep ocean may have decreased
because of widespread perennial ice coverage in the North
Atlantic and the Norwegian-Greenland Seas [CLIMAP, 1981]
that reduced the rate of deepwater production. From our evid-
ence, however, we conclude that in the northern North Atlantic
itself, no noticeable change took place in preformed §'*C (and,
possibly, in the local gas exchange) of the downwelled surface
waters over the last 30,000 years. Based on the work of
Duplessy et al. [1991], the downwelled waters during LGM
mostly originated from a sort of rudimentary North Atlantic
drift, then running to the north in the central Atlantic. During
this time, therefore, 8'3C variations in the Atlantic deep and
intermediate waters should form a reliable record of the
progressive increase in DIC as deep-ocean water flowed away
from the convection sites, because of (1) the continued input
and oxidation of 13C-depleted marine organic carbon and (2)
the lateral and vertical mixing of different oceanic water
masses more strongly enriched in DIC. In contrast, the history
of preformed 3'3C is as yet unknown for water masses’
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Figure 17. Benthic 8'3C profile running NW-SE across the
North Atlantic; 10,400-10,800 4C years = 12,300-12,800
calendar years B.P. For abbreviations of locations see Figure
2.

downwelled in the southern ocean [Charles and Fairbanks,
1990].

Regarding problem (2), as proposed by Shackleton [1977],
Curry et al. [1988], and Duplessy et al. [1988], the global de-
crease in the mean 8'3C content of the LGM ocean by about
0.3-0.35%0 may result from a large-scale transfer of 13C-de-
pleted carbon from the continental biosphere to the ocean du-
ring glacials. This portion of the total §!3C shift, which ac-
tually is linked to continental organic carbon, should be subtr-
acted from any oceanic 8'C differences between the LGM and
today (Figures 11b and 12b) prior to interpreting the 8'3C
variations of specific water masses in the east Atlantic in
terms of changes in deep-ocean circulation and the biological
pump.

The magnitude of this continental carbon transfer is still
highly controversial. Many factors, such as the conversion of
vegetational carbon into soil carbonate, are unknown and
estimates of the postglacial increase in terrestrial biomass
range from zero up to 1300 gigatons (Gt) C [Prentice and
Fung, 1990; Prentice and Sarnthein, 1993; Kern and
Schlesinger, 1992]. Moreover, terrestrial carbon enriched in
12C is characteristicaly inert and hardly dissolves in ocean
water [Tissot and Welte, 1984]. Recent new insights have
come from Leuenberger et al. [1992], who produced the first
313C estimates of glacial atmospheric CO; from air bubbles in
ice cores. These values were about 0.3%0 more negative than in
pre-industrial time, compared with -0.7%c measured on paleo-
C4 plant material [Marino et al. 1992]. As expected, this shift
parallels the 8'C difference found in the ocean but also does
not explain it.

More arguments arise from comparing the high Holocene
813C values of NADW with data from stage 5.5 [Sarnthein and
Tiedemann, 1990; Zahn et al., 1986], when atmospheric CO)
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was as high [Barnola et al., 1987] and land vegetation was as
well developed as during the early Holocene [e.g.,
Hooghiemstra, 1989]. The 8'3C values of NADW, however,
were at that time reduced by about 0.5%e. In summary, this evi-
dence is unlikely to support a simple linkage between the
general 8'3C shifts in the deep ocean and the transfer of con-
tinental carbon.

Other factors can be invoked to explain the mean ocean gla-
cial-to-interglacial benthic 3'3C shift of 0.3%c. From the
Atlantic up to the Pacific, the §'3C decrease may simply reflect
an increase in the overall residence time of deep water, that is,
a reduced turnover rate of organic matter and nutrients during
the LGM paralleled by enhanced formation of upper in-
termediate water. A more sluggish glacial deepwater circula-
tion is well documented by age differences between glacial
deep and surface water, which increased significantly, by about
500 years, as compared to the Holocene [Shackleton et al.,
1988]. This increased residence time must have increased the
alkalinity and thus the potential to absorb remineralized ma-
rine organic carbon in deepwater, sufficiently to produce the
given global 3!3C shift by 0.32%o. Recent modeling of Ku and
Luo [1992] indeed shows that circulation effects may account
for as much as two thirds of the 0.32%o shift in the Atlantic
and the southern ocean. Moreover, a reduction by 0.3%0 §'*C
may already occur after time spans as short as several hundred
years. This estimate can be derived in the Atlantic from the
modemn flux rates of POC, the distribution of modern deepwater
ages at 3000 m depth [Broecker et al., 1988], and the present
rate of deepwater flow. Based on these considerations, we
decided to assess directly the glacial-to-interglacial variability
in water mass chemistry from the local Atlantic 8!3C anom-
alies, irrespective of any impact of the transfer of continental
carbon.

Regarding problem (3), our reconstructions of deepwater
masses may suffer, provided that the age controls are correct,
from the straightforward technique employed to project ben-
thic 8'3C values from the ocean margins and ridges horizon-
tally onto imaginary profiles across the central basin. This
assumes a horizontal stratified water mass from east to west
across the east Atlantic. Both the distribution of modem DIC-
based 8'3C values [Duplessy, 1972] and the fact that benthic
isotopic data from the eastern continental margin and the Mid-
Atlantic Ridge largely match (where unbiased by local fluxes
of organic carbon) indeed suggest a largely uniform horizontal
water mass stratification in low and middle latitudes. This does
not apply, however, to extrapolations from the eastern to the
western Atlantic, where NADW is more !3C-enriched (see
GEOSECS data of Bainbridge [1981] and Kroopnick [1985]).
North of about 40°N the east-west differences and small-scale
effects become more pronounced because of enhanced Coriolis
forcing. At 55°N, mesoscale patterns already dominate the dis-
tribution of deepwater masses in an east-west direction
(Figures 5b, 7, 10, etc.).

Additional small-scale circulation patterns also occur near
the equator where better-ventilated deep water flows from the
west into the east Atlantic through the Romanche FZ (Figure
Se) and less ventilated AABW spreads through the Vema FZ.
These modermn features are recorded to a similar extent in most
time slices of the past. For example, 8'3C values from the
Sierra Leone Rise usually exceed the values from sites further
north by up to 0.25%¢ and thus depict the local advection of
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Figure 20. Benthic 8'3C profiles running NW-SE across the
North Atlantic. (a) 8350-9100 4C years = 9250-9800 calendar
years B.P. (b) 6100-7200 4C years = 7000-8000 calendar
years B.P. For abbreviations of locations see Figure 2.

water masses superimposed on the basin-wide circulation fea-
tures.

6.2. Modes of Atlantic Deepwater Circulation

Based on the assumptions outlined above, the paleo-8!3C
transects reconstructed in Figures 9-20 can be used to address
the crucial issue of whether there were two or three distinct sta-
tes of thermohaline deepwater circulation that can be identified
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over the last glacial-to-interglacial cycle. The possibility of
different modes of circulation in the modern and the LGM
ocean was first postulated Ly Stommel [1961]. Our reconstruc-
tions can also serve to test models suggesting that the LGM
mode of Atlantic circulation is characterized by (1) reduced
NADW flow compared to AABW flow, (2) enhanced interme-
diate water (IW) flux, (3) a sharp separation between IW that
was been more oxygenated than today and deep waters that
were less ventilated, and (4) significantly lower deepwater
temperatures [Peltier et al., 1993].

The eight time slices presented in Figures 6,7, and 9-20
clearly suggest grouping the distribution of east Atlantic water
masses into three different states of deepwater circulation.

The Holocene/interglacial mode. This interval is
marked by strong southward bound NADW flow in the
northeast Atlantic, originating from the Norwegian-Greenland
Sea, similar to the present (Figures 6 and 7). The mode applies
with minor variations to the last 9000 !4C years (mode la in
Figures 18 and 19). It also applies to the Younger Dryas
(Figures 16 and 17) and, with a weakened NADW flow, to the
stage 3-2 boundary (mode 1b in Figures 9 and 10).

The glacial mode. This second mode of circulation dif-
fers only in quantitative terms from the Holocene mode and
includes a southward bound, although much reduced, NADW
end-member. However, its well-oxygenated core is formed
south of Iceland and reaches down to 3600 m depth east of the
Azores, that is, clearly below the level of IW. Further south,
however, the glacial NADW end-member, which continues up
to the equator between 2000 and 3500 m, is strongly diluted
(Figures 11-13). Below 3500 m, the incursion of very cold,
oxygen-depleted AABW is clearly enhanced and can be traced
north up to Rockall trough. A large portion of the AABW ap-
pears to upwell near the scarps of the east Azores FZ, thereby
markedly diluting the overlying NADW from below.

The only significant flux of well-oxygenated IW in the
(east) Atlantic is linked to the Mediterranean outflow. This
glacial mode lasted from the early LGM until after its end, and
it was succeeded by mode 3.

The meltwater mode . This mode is characterized by
poorly ventilated and weakly differentiated deepwater masses
below 2000 m, that is, by stagnation or, more likely, by in-
flow of poorly ventilated deep water from the southern ocean
(Figure 14). The outflow of oxygenated IW from the
Mediterranean was also reduced. This third mode is encountered
twice. The first time it occurred was during early termination
Ia, about 13,800-12,800 !4C years ago (Figures 3 and 14),
when a major meltwater pulse came from the Barents ice sheet
[Sarnthein et al., 1992]. This event is recognized as a salinity
minimum down to Rockall Plateau and off Portugal [Duplessy
et al., 1992]. A second case occurred immediately after the
Younger Dryas, during early termination Ib, about 10,300-
9,600 !4C years ago (Figures 3 and 4) (not compiled as a time
slice).

6.3. History and Chemical Budgets of the
Salinity Conveyor Belt

Figure 21 and Table 2 summarize a time series scheme of the
three different circulation modes, especially of the variations
in NADW flow and, presumably, in the salinity conveyor belt
(SCB) over the last 26,000 14C years. The anomalies shown in
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Figure 21. Reconstruction of variations in the salinity conveyor belt (SCB) over the last 30,000 calendar
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carbon storage in the east Atlantic are calculated from the §'3C
anomalies between the various past time slices (Figures 9-20)
and the Recent (Figure 6a). The 8'3C anomalies between 60°N
and 30°S were converted into Gt of (dissolved) carbon using an
equation of Broecker and Peng [1982] (abbreviated):

1%0 AS3C = 1.4 *106 kg C (kg H20). ¢}
East Atlantic water volumes (in km®) were compiled between
the Mid-Atlantic Ridge and the eastern continental margin on
a grid of 10° latitude by 500 m water depth. Our estimates of
past anomalies in carbon storage ignore a possible global
813C shift linked to a LGM transfer of continental biomass
(see previous discussion) and any possible variations in car-
bonate compensation. Accounting for the global §'C shift of
0.3%0, however, would lead approximately to a reduction in
the LGM storage anomalies below 2000 m depth by about 1/3
and to an increase in the relative carbon release from the top
2000 m by up to a factor of 2.

Contrary to widespread assumptions (reviewed by Peltier et
al. [1993]), large parts of stage 3 and the stage 3-2 boundary
(subsequent to stage 3.1) were still characterized by a largely
Holocene-style mode of deepwater circulation that hardly re-
flects the massive growth of continental ice taking place at
this time, except for a significant 5!3C depletion below 3500
m depth, interpreted as a conspicuous increase in the north-
ward bound advection of AABW and its upwelling east of the

Azores (Figures 9a and b). Hence the glacial (AABW) signal
from the south clearly led the signal from the north. As com-
pared to the present, the total amount of carbon sequestered in
the deep Atlantic was higher, by about 10 Gt C below 4000 m
and by 34 Gt C above (Table 2 and Figure 21).

Only after the 5'%0 increase 26,000-24,500 !C years B.P.
was the glacial mode of deepwater circulation established
(Figure 3). Near its beginning, this mode showed the maxi-
mum 8!3C reduction, with 8!3C values increasing slightly
toward the end of the LGM. As compared to the present, the 13C
reduction of east Atlantic deep water during the LGM reflects
an additional storage of about 38-43 Gt C (D35-37.5 Gt C at 2-
4 km, $'2.515.5 Gt C below 4 km depth) (details in Table 2).
This additional carbon storage parallels the glacial minimum
in atmospheric pCO7 [Barnola et al., 1987]. We assume that
the accelerated glacial 8'3C decrease and alteration of the
southward bound NADW water mass east of the Azores mainly
resulted from the enhanced admixture of !3C-depleted southern
source bottom water (AABW) from below, that is, from a
reversed SCB in the abyssal Atlantic, as outlined in sections
54. and 6.2. Further important factors include (1) increased
vertical flux rates of degrading POC induced by higher
paleoproductivity in midlatitudes near the Azores [Curry et al,,
1988; Sarnthein et al., 1988; Mix, 1989] and (2) a slowed
down horizontal flow rate of NADW, which was linked to redu-
ced dynamics of NADW formation and thus a weakened SCB.

In contrast to the deep eastern Atlantic, the glacial IW (0-2
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Table 2. Anomalies of Carbon Storage in the East Atlantic Deep Water and Intermediate Water Over the Last

30,000 Years in Exess to Today

Water 6.1-7.2 8.35-9.1 10.35-10.8 13.4-13.6 14.8-15.8 18-20 24.8-26

mass 14C ka 14C ka 14C ka 14C ka 14C ka 14C ka 14C ka

0-2 km 3.7 8.2 1.7 14.0 -4.9 -5.1 6.0

2-4 km 24 5.6 18.8 43.8 36.3 38.7 29.0
2.0) 4.5) (17.4) (42.6) (35.3) (37.6) (28.0)

>4 km 2.2 1.2 59 12.7 12.6 15.5 10.0

(15.4)

Total 8.3 15.0 324 70.5 44.0 49.1 45.0

7.9) (13.9) 31.0) (68.3) 43.0) 47.9) 44.0)

Figures in parantheses exclude data influenced by local high fluxes of organic carbon. Negative values marked by italics.

See text for explanation.

km; more precisely, 0-1.5 km) became more 8'3C and oxygen
enriched (Figures 11 and 12), as first suggested by Duplessy et
al. [1988], and lost about 5 Gt C of total dissolved carbon.
This number originates from the effects of both the advection
of highly oxygenated Mediterranean water (-3 Gt C) [Zahn et
al., 1987] and the NADW end-member formed near Rockall
Plateau (as also proposed by Labeyrie et al. [1992]).

After the LGM, the estimated variations in East Atlantic car-
bon storage (Figure 21) record in detail the sequence of short-
term events in Atlantic paleoceanography linked to the last
deglaciation and suggest important insights into the internal
driving mechanisms of climatic forcing. This record of carbon
storage across termination I has benefitted especially from the
new precision in the chronostratigraphic interpolations of the
various short-lived isotopic oscillations in between the iso-
topic events, when based on the strict use of converted calen-
dar years instead of non-linear C years for age interpolations
of undated sediment intervals (see section 3.).

The onset of the 8'%0 decrease that marks the early deglacia-
tion of termination I (Figures 3 and 4) directly paralleled a
large benthic 8'3C reduction that appears in all medium- to
high-resolution records below 1800 m and that reflects the ab-
solute minimum level of ventilation of both east and west
Atlantic deep waters over the last 30,000 cal years. This §13C
minimum probably resulted from a short-term advection of
poorly ventilated deep water from the Southern Ocean. At grea-
ter depths, the generally low ventilation of AABW did not fur-
ther decrease during this time.

The Atlantic storage of carbon culminated about
13,600+100 (reconverted) #C years B.P., right when the
benthic foraminiferal 8180 record reached its first postglacial
minimum. This age matches precisely the culmination of a ma-
jor meltwater incursion into the northeast Atlantic [Weinelt,
1993; Sarnthein et al., 1992; Duplessy et al., 1992; Bond et
al., 1992] and hence suggests a strong causal relationship
between the two events, as proposed by the model of Maier-
Reimer and Mikolajewicz [1989]. During this time, the advec-
tion of ventilated Mediterranean IW continued, but also de-

creased abruptly, absorbing 6 Gt C (as compared to D 19 Gt C
in the total IW layer). The early pulse of deglaciation may thus
have had a similar influence on the formation of Mediterranean
IW as it did on the downwelling of NADW in the North
Atlantic, possibly via north Russian (via the Black Sea) and
Alpine meltwater.

In total, the east Atlantic DIC exceeded the present DIC by
about 70 Gt C (27 Gt C more than during the late LGM) (Table
2). This additional transfer of carbon into the deep Atlantic
cannot be properly compared yet with variations in atmosphe-
ric pCO9, because the ice core records are still insufficient
[Barnola et al., 1987; Dansgaard and Oeschger, 1989; B.
Stauffer, personal communication, 1993]. Perhaps, the at-
mospheric pCO2 record deduced from carbon isotopes in peat
[White et al., 1994] may reveal the expected signal.

In harmony with various models, the complete shutdown of
the SCB implied by the 3'3C data resulted in an immediate stop
of heat transport to the North Atlantic, especially to northern
and central Europe. The response is documented by (1)
extremely low sea surface temperature in the northeastern
Atlantic, which persisted in a number of high-resolution
faunal records until about 13,000 !4C years B.P [Bard et al.,
1987; Duplessy et al., 1992; Veum et al.,, 1992; H. Schulz,
Ph.D. thesis in preparation, 1994] and (2) a marked short-term
cooling and glacial readvance in Europe, summarized as the
Oldest Dryas event [Lotter et al., 1992].

The meltwater mode of east Atlantic deepwater circulation
ended abruptly, about 12,800-12,500 4C years ago. The ben-
thic 613C values then increased to the level of the Younger
Dryas and record an abrupt return of oxygenated NADW simul-
taneously in the northeastern North Atlantic (e.g., AMS 4C
dated cores 17045, NA 87-22, and V23-81) (Figures 3 and 4),
the Norwegian-Greenland Sea [Veum et al., 1992], and in the
southern ocean (core RC 11-83). Here the age of the 8'3C rise
matches precisely the ages in the North Atlantic when based
on the age interpolation of converted calendar years, contrary
to a younger age estimate of 12,200-12,600 years B.P. inter-
polated from conventional 4C years [Charles and Fairbanks,
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1992]. The meltwater pulse in the Norwegian-Greenland Sea,
the pacemaker of the antecedent §!3C minimum, stopped a few
hundred years earlier, prior to 13,100 *C years B.P. [Weinelt,
1993; Sarnthein et al., 1992] (Figure 21). In total, the renewal
of NADW circulation about 12,800-12,500 years ago led to
the sudden release of almost 40 Gt C from the east Atlantic
(difference between time slices 13,600-13,400 years B.P. and
10,800-10,350 years B.P.) (Table 2). Note that this
pronounced release of carbon precisely paralleled the abrupt
pre-Bélling onset of warm climate about 14,650 cal years
equal to 12,650 C years ago as recorded in the Greenland ice
core record of Taylor et al. [1993].

The turning on of the SCB thus did not parallel [Charles and
Fairbanks, 1992] but immediately preceded a second meltwater
incursion centered in the Bélling near 12,500-12,300 y B.P.
that was the main meltwater pulse according to Fairbanks
[1989]. It was less conspicuous within the Norwegian-
Greenland Sea [Weinelt, 1993; Sarnthein et al., 1992], the
crucial site of deepwater formation. Hence, this second pulse,
although generally larger, did not impede the deepwater venti-
lation in most parts of the east Atlantic, unlike the meltwater
input 13,500 y ago.

Contrary to many models [Broecker et al., 1988; Broecker,
1992] (see the recent review in the work by Berger [1990]),
Figures 4 and 16a show that no shutdown of deepwater ventila-
tion occurred in the east Atlantic for more than 1500 years
prior to and during the (early) Younger Dryas cooling episode,
the origin of which remains an enigma. The observation that
deepwater ventilation was well developed at this time is do-
cumented in most high- to medium-resolution records in Figure
3 and also in core RC 11-83 from the southern ocean.
Altogether, the total carbon storage in east Atlantic deepwater
and intermediate water masses exceeded the present DIC only
by 32 Gt C (Table 2).

Subsequent to the Younger Dryas (and near its end), a further
conspicuous shutdown (mode 3) emerged in east Atlantic
deepwater circulation, which paralleled the climatic ameliora-
tion of early termination Ib near 10,200-9,600 years B.P.
This event is only documented in a few 8'3C records
(enumerated in section 5), the resolution of which exceed
about 10-15 cm kyr.! The stratigraphic correlation is based on
details in the sequence of §'%0 and 3'C records (Figure 4) and is
well substantiated. Although the number of carbon isotope
records that contain this short-term minimum in deepwater
ventilation is insufficient for reconstructing a complete ocea-
nic transect, the event can be clearly traced all over the deep
and abyssal Atlantic. Hence, it was incorporated into the car-
bon record of Figure 21 per analogy with the event near
13,500 years B.P. The striking synchrony between the short-
term preboreal ventilation low of Atlantic deep water and the
strong preboreal meltwater pulse of Fairbanks [1989] suggests
a direct causal relationship analogous to that discussed for the
event 13,500 years ago.

About 9,500-9,100 4C years ago, the Holocene mode of
deepwater circulation was fully established. Since then, the
east Atlantic carbon budgets have differed little from the pre-
sent (+15 Gt C near 9000 years B.P. and +8.3 Gt C about 6500
years ago). Minor Holocene variations in the carbon budget at
2-4 km depth (D3.5-5.5 Gt C) are ascribed to both variations
in the SCB because of precipitation changes in the high-lati-
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tude Atlantic [Broecker et al., 1990; Weaver et al., 1991] and
an incursion of AABW, which increased during the middle
Holocene. A ventilation minimum of MOW emerged 9000
years ago (+8.4 Gt C).

6.4. Deepwater Circulation and 14C Plateaus

During this study, it has proved difficult to precisely radio-
carbon date the end and/or beginning of these various modes
of deepwater circulation. Especially difficult was defining
when the SCB was renewed both at about 12,800-12,500 4C
years ago and prior to 9,600-9,500 “C years ago (Figures 3
and 4). Problems occurred because these two intervals directly
matched "!4C plateaus,” times when the *C ages remained
constant over several hundred calendar years. The existence of
these "plateaus” has been recently reported by Bard et al.
[1990, 1993], Stuiver et al. [1991], Kromer and Becker
[1992], and Lotter et al. [1992]. Based on tree ring chrono-
logy, Kromer & Becker [1992] defined a first plateau at 9600
14C years B.P., extending over about 400 cal years, and a se-
cond plateau at about 10,100 C years ago, lasting for more
than 400 cal years. Varve counts of Lotter et al. [1992] con-
firmed the duration of the first two plateaus as 428 and 356 cal
years, respectively, and revealed a third plateau at about
12,700-12,600 4C years ago that extended over more than
300 cal years subsequent to the Oldest Dryas, prior to the
Bélling starting 14,600 cal years ago [Taylor et al., 1993]
equal to 12,600 *C years B.P. These age ranges largely agree
with the age ranges revealed by U/Th dating [Bard et al.,
1990].

The striking contemporaneity between the 14C plateaus and
the now much better constrained ages for the "switch-ons" of
the SCB strongly suggests a joint origin of these features
(although the link to plateaus 1 and 2 needs more precise da-
tings in the future). Based on Table 2, the east Atlantic bet-
ween 60°N and 30°S alone released about 40 Gt C over the
short time span of #C plateau 3 when NADW circulation star-
ted. The total Atlantic (eastern plus western basin plus the cir-
cum Antarctic Ocean) must have then released at least two to
three times as much, that is, about one third to one half of a
glacial atmospheric carbon unit (about 300 Gt C, disregarding
any effects of carbonate compensation). Similarly, the same
amount of DIC was probably released along with 14C plateau 1
(possibly together with plateau 2), based on a rough conver-
sion of the extreme 3'C excursions during these intervals. We
surmise that the large amount of fossil carbon expelled at
these times from the deep ocean to the atmosphere induced ab-
rupt oscillations in atmospheric CO», by now poorly docum-
ented in ice cores [Barnola et al., 1987; B. Stauffer, personal
communication, 1993]. However, a high-resolution atmo-
spheric pCO2 record from carbon isotopes in peat [White et
al., 1994] clearly presents the "missing link", that is two
prominent CO7 spikes in the atmosphere precisely at the
times of Atlantic CO9 exhalation. Thus, we conclude that the
abrupt carbon transfer to the ocean surface has led to a short-
term decrease in the global atmospheric *C budget, producing
a relative increase of planktonic 14C ages over the time span of
the 1C plateaus.

Both #C plateau 3 and the renewal of Atlantic deepwater
ventilation after the first breakdown of the SCB 12,800-
12,500 #C years ago may be linked to a further exceptional



264

feature of ocean history, that is, the short-term minimum in
Pacific deepwater age (451-520 years versus 1500-2000 years)
lasting approximately from 14,340-14,020 to >12,000 4C
years B.P., as reported by Shackleton et al. [1988]. The abrupt
changes in Pacific deepwater ages clearly reflect a fast decrease
and increase in the oceanic carbon budget. Because of insuff-
icient age correlations, however, the precise cause and effect
relationships between the changes in Pacific and Atlantic
paleochemistry are not yet fully understood.

In summary, we conclude that the oscillations in Atlantic
deepwater circulation have been a major cause of variations in
the 14C balance of the atmosphere and the ocean during termi-
nation I and hence of the hitherto unexplained !C plateaus.

7. Conclusions

Our reconstructions of east Atlantic deepwater circulation
demonstrate that both the salinity conveyor belt (SCB) and
the abyssal incursion of AABW into the east Atlantic were
highly variable during the last 30,000 years. Basically, three
modes of deepwater circulation can be distinguished. During
the present interglaciation, the Norwegian-Greenland Sea has
been the dominant site of North Atlantic deepwater formation.
The same mode was still active, although strongly reduced,
near the stage 3-2 boundary, the time of major glacial advance
(mode 1b). At this time, the abyssal incursion of 13C-depleted
AABW had already reached a maximum similar to the glacial
mode and hence led to changes in glacial deepwater circulation
originating in the north.

During the glacial mode, the source region of the NADW
end-member shifted to the south of Iceland and resulted in a
much weakened, but still recognizable, southward bound flow
of NADW up to the equator. East of the Azores, it was strongly
diluted by upwelled AABW, which was at its maximum extent
during early stage 2. In total, the glacial east Atlantic absor-
bed about 44-50 Gt C below 2000 m, whereas the IW above
2000 m released about 5 Gt C. In these estimates no glacial
transfer of continental biomass into the ocean is considered.
Moreover, no noticeable changes are found in preformed *C,
that is, in the gas exchange of downwelled water in the North
Atlantic during glacial times versus the present.

The early deglaciation led to a major meltwater pulse in the
northeast Atlantic culminating 13,500 '4C years ago, which
induced the third mode of Atlantic deepwater circulation with a
massive ventilation minimum below 1800 m and a reduced
ventilation of the IW. NADW flow at that time was probably
fully replaced by an advection of deep water from the south.
This short-term reversal of the SCB resulied in a major
European cooling episode, the Oldest Dryas. A similar shut-
down of NADW formation occurred right after the Younger
Dryas, about 10,200-9600 “C years B.P. In both cases, the
subsequent renewal of NADW formation required only a few
hundred years and was synchronous with the recently dis-
covered *C plateaus near 12,800-12,500 years and at 10,000
and 9600 #C years B.P., furthermore, with abrupt global
warming. The sudden release of fossil carbon of an order of
magnitude of 1/3 of a glacial atmospheric carbon unit from the
Atlantic (2x40 Gt C expelled from the east and west Atlantic
plus, perhaps, about 40 Gt C from the South Atlantic and
southern ocean) is proposed as the main cause for observed va-
riations in the atmospheric C balance and global C ages.
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During the Younger Dryas, the Atlantic deepwater circula-
tion and the SCB largely approached the interglacial mode.
Intra-Holocene variations include a marked minimum in the
Mediterranean outflow about 9000 years ago and a slight in-
crease in the advection of AABW about 6500 C years B.P.

More efforts are clearly required to reconstruct the circula-
tion in the western basin of the Atlantic and also in the South
Atantic where the variability of incursions from the southern
ocean should be traced more precisely. Future high-resolution
records of changes in ocean paleochemistry will contribute to
a more precise documentation of the reversals in past deep-
ocean circulation that obviously took place within intervals
as short as a few hundred years or less.
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