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Marine and Ice Core Record of Ocean and Climate Change

1.0 INTRODUCTION
1.1 The Marine and Ice Core Record of Ocean and Climate Change

The evolution of global climate is intimately tied to the mode and
strength of the ocean's thermohaline circulation. The causal links between
thermohaline forcing and climatic response are not understood in full detail,
but there is general agreement that the ocean's thermohaline circulation may
act as a catalyst for climatic change [Broecker and Denton, 1989; Boyle, 1990;
Sarnthein and Altenbach, 1995]. Atmospheric circulation models suggest that
thermohaline overturn in the glacial maximum North Atlantic may have held
oceanic heat transport close to modern levels [Macdonald and Wunsch, 1996].
Enhanced mid-depth ventilation - at water depths above 2000 m - of the North
Atlantic is indeed suggested by the distribution of paleoceanographic proxies
that have been compiled from glacial-maximum sections of mid-depth sedi-
ment cores [Duplessy et al., 1988; Lehman and Keigwin, 1992; Yu et al., 1995;
Sarnthein et al., 1995]. The lead of southern hemisphere climate relative to
global ice volume has been linked to an early response of thermohaline over-
turn in the high-latitude North Atlantic to orbital forcing that is transmitted to
the south by southward flowing deeper water masses [Crowley, 1992; Imbrie et
al., 1992]. These conceptual models explain the long-term evolution of ocean
and climate change in terms of varying planetary energy budgets that are
driven by variations of the Earth's orbital parameters on time scales of 10%-10°
years, and associated changes in solar radiation - the so-called Milankovitch

cycles of climate change [Milankovitch, 1941; Ruddiman and McIntyre, 1984;
Berger et al., 1994].

Ice core proxy-records from the Greenland ice cap that monitor the varia-
bility of climate in the North Atlantic region have added considerably to our
understanding of ocean and climate change in that they provide convincing
evidence for significant climatic variability on sub-Milankovitch (<10* yr) time
scales (Figure 1). The ice core data show that the last glacial period, and the sub-
sequent glacial-interglacial climate transition, were punctuated by rapid and
high-amplitude climatic variation - the Dansgaard-Oeschger oscillations - that

resulted in annual mean temperature increases of up to 7°C, lasting for several
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‘Heinrich’ Events as Examples for Rapid Climatic Change

hundred years and then disappearing within decades [Dansgaard et al., 1993;
Grootes et al., 1993; Taylor et al., 1993]. Similar variability - even though docu-
mented at a lesser resolution - is also seen in various sediment properties from
North Atlantic sediment cores and in cores from the Norwegian-Greenland
Seas (Figure 1) [ Bond et al., 1992, 1993; Keigwin and Lehman, 1992; Grousset et
al., 1993; Sarnthein et al., 1994; Fronval et al., 1995; Rasmussen et al., 1996 a, b].

1.2 'Heinrich' Events as Examples for Rapid Climatic Change

The most outstanding documentation of rapid climatic variation in
marine records from the northern North Atlantic are sedimentary sequences
that are faunally nearly barren and enriched in ice-rafted detritus (IRD)
[Ruddiman, 1977; Heinrich, 1988; Broecker et al., 1992; Alley and MacAyeal,
1994; Broecker, 1994]. These so-called 'Heinrich' layers have been attributed to
sporadic collapses of the Laurentide ice sheet in response to ice sheet instability
that occurred episodically during the last glacial and triggered sudden surges of
icebergs to the North Atlantic [Heinrich, 1988; Broecker et al., 1992; Alley and
MacAyeal, 1994; Broecker, 1994]. Based on a conceptual model that invokes free
ice sheet oscillation as a function of atmospheric and geothermal parameters, it
has been predicted that the 'Heinrich'-IRD events were accompanied by a fresh
water flux to the North Atlantic in the order of 0.16 Sv over a period of 250-500
years [MacAyeal, 1993]. Negative planktonic foraminiferal 8180 excursions in
conjunction with increased abundances of polar planktonic foraminiferal
species which are characteristic features of the 'Heinrich' layers lend support to
this hypothesis [Bond et al., 1993; Keigwin and Lehman, 1994; Bond and Lotti,
1995]. This evidence has been used to infer that the density of North Atlantic
surface waters was lowered during these periods thus enhancing the buoyancy
of the surface layer to an extent that vertical overturn spun down or was
brought to a complete halt [Maslin et al., 1995]. This would be consistent with
numerical simulations which have shown that freshwater forcing of much
shorter duration and smaller magnitude may cause convective instabilities that
weaken or temporarily even terminate deep convection in the North Atlantic
[Paillard and Labeyrie, 1994; Rahmstorf, 1994; 1995; Weaver and Hughes 1994;
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Figure 1. (a) The Greenland ice core record provides evidence for rapid
oscillations of climate during the last glacial period (after Dansgaard et al. [1993]).
(b) Similar oscillations are found in paleoceanographic proxy records at northern
North Atlantic Sites 609 and V23-81 (Bond et al. [1993]). The correlation between
the ice core and marine data are used to infer a close coupling between
atmospheric and surface ocean forcing in the northern North Atlantic. Redrawn

after Bond et al. [1993].
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Manabe & Stouffer 1995].

1.3 Impact of 'Heinrich' Events on North Atlantic Thermohaline Circulation:

Paleoceanographic Data and Modelling Approaches

Paleoceanographic research in the North Atlantic has long revealed the
close relation between changing glacial-interglacial surface ocean conditions
and the strength of thermohaline overturn [e.g., Mix and Fairbanks, 1985; Boyle
and Keigwin, 1987], the so-called conveyor-belt circulation [Broecker et al., 1990].
Using changes of planktonic foraminiferal communities as indicators for chan-
ging surface conditions, CLIMAP [1981] inferred a southward shift of the North
Atlantic polar front from the Norwegian-Greenland Seas to the northern
North Atlantic, around 40°N. Convection of deep waters also shifted
southward into the northern North Atlantic. The reduction in thermal dise-
quilibrium between surface waters and overlying atmosphere that was associa-
ted with the southward shift of the polar front likely caused evaporation rates
to decrease leading to lower salinities and densities of surface waters which
ultimately should have resulted in reduced rates of convection in the North

Atlantic [Boyle and Keigwin, 1987; Duplessy et al., 1988; Sarnthein et al., 1994].

Compilation of planktonic and benthic foraminiferal 5'°C along meridio-
nal transects documents in detail the changes in the North Atlantic's vertical
water mass structure that went along with changes in surface ocean conditions
[Duplessy et al., 1988; Sarnthein et al., 1994]. The principal change was a shift in
depth of the core layer from 3000 m to around 2000 m during the last glacial in
response to enhanced buoyancy of convecting water masses. Only in the imme-
diate vicinity of convection, i.e. north of 45°N, did the influence of newly-con-
vected deep waters reach water depths similar to today [Sarnthein et al., 1994].
Ocean general circulation models that were devised to test the sensitivity of
North Atlantic thermohaline overturn to various freshwater and heat flux
conditions confirmed the existence of a variety of stable modes of thermoha-
line circulation. Each mode is characterised by its own rates and depths of con-
vection and imposes different states of climate upon the North Atlantic region

[Bryan, 1986; Manabe and Stouffer, 1988; Mikolajewicz and Maier-Reimer, 1990;
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Fichefet et al., 1994; Bintanja and Oerlemans, 1996; Rahmstorf, 1996; Seidov et
al., 1996].

Evidence for rapid and high-amplitude climatic oscillations during the
last glacial period and the last deglacial recorded in Greenland ice cores
[Dansgaard et al., 1993; Grootes et al., 1993; Taylor et al., 1993] has provided new
momentum to the search for links between climate change and the ocean's
thermohaline circulation. Marine records from the North Atlantic region show
some correlation with the ice core data from Greenland providing circumstan-
tial evidence for changes of the North Atlantic's circulation in association with
rapid fluctuations of the regional climate [Lehman and Keigwin, 1992;
Sarnthein et al., 1992; Bond et al., 1993; Weinelt, 1993; Bond and Lotti, 1995;
Fronval et al., 1995; Sarnthein et al., 1995; Jung, 1996, Rasmussen 1996 a, b].

Various models have been proposed to evaluate potential forcing factors
that may have contributed to the climatic oscillations. The most striking result
of the models [Rahmstorf, 1994; Paillard and Labeyrie, 1994; Weaver and
Hughes, 1994; Rahmstorf, 1996] is that rapid and high-amplitude climatic
changes that closely resemble those seen in the Greenland ice core record do
not necessarily need to be linked to dramatic changes of thermohaline circula-
tion e.g., a total collapse of convection in the North Atlantic and a shut-down
and later resumption of the conveyor-belt circulation as has been proposed
previously [Stommel, 1961; Broecker et al., 1985]. Instead, changes in northward
heat transport may occur either through changes of the conveyor's mass trans-
port or changes of its temperature. The former would be driven by various
rates of freshwater flux in association with changes in the hydrological cycle
resulting in a weaker conveyor [Weaver and Hughes, 1994]. The latter would be
driven by shifts of convection sites from colder (higher) latitudes (e.g.,
Norwegian-Greenland Seas; NGS) to warmer (lower) latitudes (e.g., Labrador

Sea) while convection continues at similar rates [Rahmstorf, 1994].

A further important feature of the models is that thermohaline overturn
displays a hysteresis response to changes in external forcing in that convection
and forcing are linked in a non-linear fashion [Stocker and Wright, 1991,

Mikolajewicz and Maier-Reimer, 1994; Rahmstorf, 1995]. Convective overturn




‘Heinrich’ Events and North Atlantic Thermohaline Circulation: Data and Modelling

first declines gradually as freshwater input to the North Atlantic increases, and
then collapses abruptly once freshwater forcing exceeds a certain threshold
value. After freshwater input has decreased to its initial value, a new stable
mode is found with different convection rates. The response of thermohaline
circulation to enhanced inputs of freshwater, either through varying rates of
precipitation or meltwater flux, or through changes of surface circulation, does
not depend so much on the total amount of freshwater input but more on

whether or not the freshwater is targeted directly at the site of convection.

The general features of these theoretical considerations have been confir-
med by 3-D model runs that use North Atlantic sea surface temperature and
salinity reconstructed from paleoceanographic time series [Seidov et al., 1996].
In the 3-D model three different modes of circulation occur that are a function
of glacial, deglacial, and post-glacial surface boundary conditions: (1) a glacial
mode of convection where convection is reduced by some 30% relative to its
modern value in response to a southward shift by 10° latitude of convection
sites and resultant changes in surface temperature and salinity; the mode of cir-
culation is similar to that of modern winter time circulation; (2) a meltwater
mode of circulation in which a prominent freshwater incursion that is docu-
mented in marine records from the Norwegian-Greenland Seas during the
early stages of the last deglaciation (14.2-13.2 1*C-kyr; Weinelt [1993], Sarnthein
et al. [1995]) leads to an intermittent shut-down of convection and a current
reversal with a southward surface flow and a northward deeper flow; (3) a
modern mode of circulation with meridional overturning, deep export of
NADW to the south, and weaker abyssal AABW advection to the north
[Seidov et al., 1996]. The early deglacial meltwater event undoubtedly was of
much larger magnitude than the freshwater spikes used e.g., by Weaver and
Hughes [1994] and Rahmstorf [1995] to produce convective instability, but it was
targeted at the northernmost North Atlantic and the Norwegian-Greenland
Seas i.e., areas where deep convection occurs and which are especially vulne-

rable to changes of surface conditions.

'Heinrich' events are thought of as intermittent periods of iceberg surges
and meltwater flow from the Laurentide and Scandinavian ice sheets that

occurred during the last glacial period [Bond and Lotti, 1995]. Iceberg drift and
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associated meltwater flow during the events was largest in a belt between 40°
and 50°N across the North Atlantic [Ruddiman, 1977; Bond et al., 1992], an
oceanographically important region that was close to sites of convection during
the last glacial [Duplessy et al., 1992; Sarnthein et al., 1994; Seidov et al., 1996].
Paleoceanographic studies at northern North Atlantic sites have suggested that
'Heinrich' events caused a significant drop of surface temperatures and salini-
ties, and resulted in changes of surface circulation [Bond et al.,, 1993; Maslin,
1995; Maslin et al., 1995; Sarnthein et al., 1995]. Enhanced meltwater flux during
the 'Heinrich' events in this area thus likely induced convective instabilities
that would have slowed-down or even stopped thermohaline overturn. As
such, 'Heinrich' events provide potentially valuable records of the sensitivity

of thermohaline circulation to perturbations of external forcing.

2.0 SCIENTIFIC OBJECTIVES AND STRATEGIES

In this thesis I use benthic and planktonic stable isotope records in con-
junction with records of IRD abundance and mineralogy along sediment cores
from the southern Portuguese margin to monitor the North Atlantic's ventila-
tion response to the 'Heinrich' events (Figure 2, Table 1). Special emphasis is
given to the evolution of Mediterranean Outflow Water (MOW) in association
with other North Atlantic mid-depth water masses, which are monitored at
sediment cores from the upper Portuguese margin at water depths above 1500
m. Today, these cores are in the northward advection path of MOW that flows
at water depths between 700 and 1400 m along the western Iberian margin

[Zenk and Armi, 1990].

Because the Portuguese margin is outside the North Atlantic's belt of
maximum IRD deposition, hemipelagic sedimentation continued during the
'"Heinrich' events and abundances of planktonic and benthic foraminifers
remained high enough to allow for continuous stable isotope records and detai-
led *C-AMS dating across the IRD layers. Furthermore, sedimentation rates at
the upper Portuguese margin are higher by a factor of three compared to the

open North Atlantic and allow to monitor ventilation changes during the
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Relation to Submitted, Accepted and Published Manuscripts

'Heinrich' events at much higher resolution.

Planktonic §'%0 variation will be used to infer the timing and extent of
surface ocean change off Portugal during the 'Heinrich' events. In conjunction
with foraminiferal census counts, surface temperature and salinity changes will
be deduced and compared to similar records from the northern North Atlantic.
Benthic 8!%0 will be used to monitor the variable contribution of Mediterra-
nean Outflow Water to the upper Portuguese margin. The concept of 5180 equi-
librium fractionation in T-S fields will be applied to estimate possible contribu-
tion of cold and low-salinity mid-depth waters from the open North Atlantic -
as opposed to warm high-salinity Mediterranean waters - to the Portuguese

margin.

Benthic 8!3C records will provide insight into the degree of mid-depth
ventilation during the 'Heinrich' events. The data are compared with marine
records from the northern and subtropical North Atlantic and the Greenland
ice core record to determine the relation between North Atlantic climate and
thermohaline circulation. The benthic 8'°C data will also serve as proxies in an
attempt to quantify water mass oxygen levels as a primary indicator of ventila-
tion. Finally, the benthic 8'°C record from the upper Portuguese margin is
compared to paleoceanographic proxy records from the shallow northern and
deep subtropical North Atlantic and to the ice core records from Greenland and
Antarctic to provide an interhemispheric perspective of rapid climate change

and its effects on thermohaline circulation.

2.1 Relation to Submitted, Accepted and Published Manuscripts

The evolution of the Mediterranean Outflow and mid-depth ventilation
at the upper Portuguese margin and its implications for thermohaline circula-
tion is subject of a manuscript that has been recently accepted for publication in
Paleoceanography [Zahn et al., 1997]. Central parts of the chapters on stratigra-
phy and the interpretation of benthic 5180 and §!3C in this thesis are either
directly taken from or expand on the discussions in this manuscript. I provide
the manuscript as an attachment to this thesis. The discussion of Mediterra-

nean paleoceanography in this thesis is related to the review that is provided in

- 10 -




The Western Iberian Margin: Oceanographic Setting and Paleoceanographic Evolution

the ODP Leg 161 Initial Reports introductory chapter on western Mediterranean
tectonics and paleoceanography [Comas, Zahn, Klaus et al., 1996].

Estimation of absolute water mass O levels is part of the manuscript by J.
Baass, J. Schonfeld and R. Zahn that has been submitted in December 1996 to
the ENAM special issue of Marine Geology (guest editor J. Mienert, GEOMAR).
This manuscript is currently under review. The O estimates given in this
manuscript deviate from those discussed in this thesis. They require revision
in view of the revised T-S estimates from benthic 180 in Zahn et al. [1997] and
in this thesis, and in view of glacial-interglacial changes of mean-ocean
813Csco2. These revisions will be done after the reviews have been received

from the editor of the Marine Geology ENAM special issue.

3.0 THE WESTERN IBERIAN MARGIN: OCEANOGRAPHIC SETTING AND
PALEOCEANOGRAPHIC EVOLUTION

The surface hydrography at the Portuguese margin today is defined by
equatorward advection of surface waters in the Portugal current that extends
southward into the Canary Current and comprises the northern part of the
North Atlantic's eastern boundary current [Wooster et al., 1976] . During au-
tumn and winter, a nearshore northward surface current develops in response
to weakened southward trade winds and is associated with a northward advec-
tion of warm saline surface waters along the western Iberian margin [Haynes
and Barton, 1990]. This current is opposite to the summer-time surface circula-
tion when the Portugal Current carries cold surface waters to the south that are
derived from upwelling of subsurface waters in local upwelling patches which
occur over the entire shelf and upper continental slope off Portugal [Fuiza, 1982
and 1983].

The hydrography of deeper water masses at the Portuguese margin is defi-
ned by the advection of North Atlantic Central Water (NACW), Mediterranean
Outflow Water (MOW), upper and lower North Atlantic Deep Water (NADW),
and Antarctic Bottom Water (AABW) (Figure 3) [Harvey and Theodorou, 1986;
McCartney, 1992; Schmitz and McCartney, 1993]. MOW is the most outstanding

- 11 -



The Western Iberian Margin: Oceanographic Setting and Paleoceanographic Evolution

hydrographic component in that it comprises a prominent salinity maximum
(Figure 4). MOW today enters the North Atlantic with temperature-salinity (T-
S) values of 13°C/38.4 [Howe, 1982; Zenk, 1975; Ambar et al., 1976]. Potential
density of this water is around 37.4 (s,=density on 200 dbar surface), i.e. consi-
derably higher than that of 36.7 for North Atlantic Deep Water (NADW). Rapid
mixing with less saline North Atlantic Central Water (T-S=13°C/35.6; Zenk
[1975]) and Labrador Sea Water (LSW, a component of upper NADW; T-
$=3°C/34.85; Talley and McCartney [1982]) that both flow at the depth level of
MOW reduces the density of MOW so that it flows northward along the upper
Portuguese Margin in an upper (750 m) and lower (1250 m) core layer [Zenk
and Armi, 1990] (Figure 4). Inmediately west of the Gulf of Cadiz, T-S values
for upper and lower MOW are around 12.5°C/36.2 and 11.5°C/36.4, respectively;
northward advection (compared to the 2000 dbar surface) in the upper layer is
highest, around 2.73 Sv (1 Sverdrup = 10® m® s°!), compared to 1.24 Sv in the
lower layer [Zenk and Armi, 1990].

Paleoceanographic research at the Portuguese margin has largely con-
centrated on the glacial-interglacial evolution of coastal upwelling and associa-
ted changes of microfossil assemblages. The Portuguese upwelling system is
driven by northerly trade winds which change in intensity in conjunction with
seasonal variations of the Azores anticyclonic cell and concomitant meridional
migrations of the subtropical (atmospheric circulation) front [Fiuza et al., 1982;
Fiuza, 1982]. During summer, the area of maximum upwelling shifts from
south of Morocco to the western Iberian margin [Fiuza et al., 1982]. Faunal
patterns along sediment cores from the Portuguese margin provide circum-
stantial evidence that coastal upwelling was increased off Portugal during the
last glacial, either because of more intense upwelling or longer annual upwel-
ling seasons [Abrantes, 1988]. Increased glacial upwelling conceivably resulted
from enhanced trade winds and possible northward penetration of nutrient-
enriched South Atlantic Central Waters that would have injected more nutri-

ents into the Portuguese upwelling system [Abrantes, 1991]. Regional distribu-
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ion patterns of diatom assemblages and diatom accumulation rates indicate
that the upwelling front off Portugal migrated further offshore during the last
glacial in response to coastline changes due to the glacially lowered sea level
[Abrantes, 1991, 1995]. As such, the patterns of upwelling intensity and atmo-
spheric circulation at the Portuguese margin is similar to that of the Northwest
African upwelling system which has been documented on the basis of micropa-
leontological and sediment geochemical data from the Northwest African
margin [Sarnthein, 1978; Koopmann, 1981; Sarnthein et al., 1982, 1987].

Synoptic mapping of planktonic foraminiferal assemblage changes and
inferred sea surface temperature (SST) variations in the North Atlantic con-
vincingly demonstrate that the North Atlantic polar front migrated from the
Greenland Sea today to a more zonal position in the open North Atlantic at
around 40°N during the last glacial maximum [CLIMAP, 1981]. Off Portugal, the
polar front was bent to the south [CLIMAP, 1981], possibly due to an intensified
eastern boundary current during the last glacial-maximum. Increased anticy-
clonic wind stress over the glacial-maximum North Atlantic [Lautenschlager
and Herterich, 1990; Lautenschlager, 1991] led to an enhanced eastward surface
water transport along the North Atlantic polar front and conceivably stimula-
ted increased southward mass transport in the North Atlantic eastern boundary
current. Detailed examination of glacial-maximum planktonic foraminiferal
patterns at the western Iberian margin indeed reveals a southward penetration
of polar-subpolar species off Portugal to 38°N, and further south to the
Moroccan margin [Thiede, 1977; Molina-Cruz and Thiede, 1978; Duprat, 1983].
However, the presence of warmer waters over the central Portuguese margin
during glacial maximum times suggests a northward deflection of a branch of
warm subtropical waters that are derived from the North Atlantic Drift current
(Duprat [1983]; see also discussion below). Evidence from planktonic foramini-
feral census counts and planktonic 5'80 has been used to infer a rapid retreat of
the polar front off Portugal during the last deglaciation which led to rapid SST
changes that covaried with surface salinity changes, implying regional changes
in evaporation-precipitation balances and a variable influence of saline subtro-
pical surface waters [Bard et al., 1987, 1989; Duplessy et al., 1992, 1993].
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The paleoceanographic evolution of deeper water masses in the Northeast
Atlantic has been reconstructed by mapping benthic foraminiferal 813C from
sediment cores at the Northeast Atlantic continental margin, the open North
Atlantic, and the Norwegian-Greenland Seas [Boyle and Keigwin, 1987; Zahn et
al., 1987; Duplessy et al., 1988; Veum et al., 1992; Oppo and Lehman, 1993;
Sarnthein et al., 1994; Jung, 1996]. These studies infer enhanced ventilation of
the mid-depth North Atlantic, in response to the formation of a Glacial North
Atlantic Intermediate Water (GNAIW, sensu Duplessy et al. [1988]) or enhan-
ced formation of Upper North Atlantic Deep Water at the expense of Lower
North Atlantic Deep Water [Boyle and Keigwin, 1987; Sarnthein et al., 1994].
Northward advance of AABW far into the northern North Atlantic caused
significantly decreased ventilation there at depths below 3500 m. The net result
of the reorganization of vertical water mass architecture in the North Atlantic
was a steeper vertical gradient of biologically cycled nutrients between nutrient

depleted mid-depth and nutrient-enriched deep and bottom waters.

From this pattern it is concluded that during the last glacial the upper
Portuguese margin, at water depth above 1500 m, was influenced by the
presence of a well ventilated water mass. Enhanced glacial benthic $13C levels at
the upper Moroccan continental margin have been inferred to document a
stronger influence of MOW on the North Atlantic mid-depth hydrography.
This hypothesis has also been used to explain enhanced benthic 513C further
north, at the Portuguese margin and the Rockall Plateau area in the open
northern North Atlantic [Sarnthein et al., 1994; Jung, 1996]. Evaluating benthic
180 in view of equilibrium 8. fractionation as a function of ambient water
temperature and salinity, I will show below that MOW contribution must have
been reduced during the last glacial, and that enhanced mid-depth ventilation
at the Portuguese margin must have come from a North Atlantic source, simi-

lar to today's North Atlantic Central Water.

An important aspect for this thesis is the occurrence of IRD layers on the
Portuguese margin [Kudrass and Thiede, 1970; Kudrass, 1973]. The IRD layers
indicate a flow of icebergs from the northern North Atlantic along the western
Iberian margin during the last glacial and deglacial. Recently, Lebreiro et al.

[1996] have reported on the occurrence of discrete IRD layers on Tore

- 16 -




Materials and Methods: Stable Isotopes

Seamount off Portugal. Oxygen isotope stratigraphy and mineral composition
of these layers revealed that they correspond to ‘Heinrich' events 1, 2,3, and 6.
Le., IRD deposition during the North Atlantic's 'Heinrich' events also occurred
outside the area of maximum iceberg drift (the so-called 'Heinrich' belt,
between 40° and 55°N; Bond et al. [1993], Broecker [1994]), on the Portuguese

margin.

4.0 MATERIALS AND METHODS
4.1 Stable Isotopes

Benthic and planktonic foraminiferal isotope records were measured for 9
sediment cores from the southern Portuguese margin at water depths between
800 m and 3600 m (Figure 2; Table 1). The cores were routinely sampled at 10-20
cm intervals to establish a first oxygen isotope stratigraphy. Mid-depth cores
between 1000 m and 2000 m water depth (S075-6KL, -26KL, -31KL, -32KL) were
then re-sampled at 2-5 cm across the last glacial-interglacial transition to
enhance stratigraphic resolution for better paleoceanographic interpretation of
intermediate water and upper deep water variability. IRD layers were sampled
at 2 cm intervals to obtain higher stratigraphic resolution and check for hydro-

graphic and sedimentologic fine structure during these intervals.

Benthic foraminiferal isotope measurements were carried out on 1 to 21
specimens of Cibicidoides wuellerstorfi, C. pseudoungerianus, and C. mollis.
These species inhabit epibenthic microhabitats and are therefore assumed to
reliably record s13C variations of ambient bottom water total dissolved carbon
[Zahn et al., 1986; McCorkle et al., 1990]. Within the IRD layers, isotope measu-
rements were carried out on a minimum of 6 benthic specimens per isotope
sample. The foraminiferal tests were picked from the size fractions >250 um.
The planktonic isotope records were measured using 25 specimens of
Globigerina bulloides from the 315-400 pum size fraction. Prior to isotope analy-
sis, all foraminiferal shells were cracked open to release potential sediment
fillings. They were then ultrasonically rinsed in methanol and transferred to a
CARBO KIEL automated carbonate preparation device that is linked on-line to
a FINNIGAN MAT 251 mass spectrometer. The measurements were carried
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out at the isotope laboratories of the Universities of Bremen, Erlangen and
Kiel. The mass spectrometers at these laboratories are intercalibrated with an
internal laboratory standard (Solnhofen limestone) to insure compatibility of
the isotope data. Long-term reproducibility was 0.08%. for 5180 and 0.05%o for
513C as calculated from replicate analyses of the internal carbonate standard.
The isotope data are referred to the PDB scale and are deposited at GEOMAR in

an electronic data repository.

4.2 ¥C-AMS Dating

14C ages were determined via accelerator mass spectrometry (AMS) using
the 3MV Tandetron system at the Leibniz-Labor of Kiel University, and using
the Tandetron Accelerator at the Centre des Faibles Radioactivités in Gif-sur-
Yvette, Paris [Duplessy and Arnold, 1989] (Table 2). For core SO75-6KL, 11 sam-
ples containing 287 to 1549 specimens of G. bulloides from the size fraction >250
um were analysed. For core SO75-26KL, dated were 15 monospecific samples of
G. bulloides containing 590 to 1090 tests in the same size fraction (>250 pm) and
two shell fragments. For core MD95-2039, 14C-AMS datings were carried out on
13 samples containing 275-1,529 tests of G. bulloides (>250 um) and 1,464-1,648
tests of N. pachyderma (sin.) (150-250 pum). All samples were ultrasonically
rinsed in methanol. The shell fragments were treated with 10% H>O, and

dilute HCI to remove organic material and carbonate dust.

Ice-rafted detritus (IRD) was counted from the size fraction > 250 um at 10
cm intervals. Discrete IRD maxima were found in all cores that correlate with
the North Atlantic 'Heinrich' events H1, H2, and H4, as revealed by radiocar-
bon dating (see below). For cores SO75-6KL and SO75-26KL, detailed IRD coun-
tings were carried out at 2 cm intervals across the IRD maxima to check for IRD
variability within the maxima. Bulk volume of the samples was 45 ccm on
average. IRD grains were counted from the total sample, no split samples were
used for the countings. Maximum countings reached 689 grains for IRD layer 3
in core SO75-26KL.
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4.3 Planktonic Foraminiferal Census Counts

Planktonic foraminiferal counts were performed on samples from core
SO75-26KL by Dr. Uwe Pflaumann (Geologisch-Paldontologisches Institut, Kiel)
and Dr. Devesh Sinha (Varanasi University, India).l Supplementary counts
were performed by Dipl.-Geol. Thorsten Kiefer (GPI, Kiel). The census matrix
was then used as input to the SIMMAX Modern Analog Technique (MAT)
routine to obtain estimates of surface paleo-temperatures. The SIMMAX MAT
equation was calibrated using 738 analogue samples from the Atlantic between
60°W-30°E and 40°5-87°N [Pflaumann et al., 1996]. SST estimates are within
0.31°C (winter temperature) and 0.30°C (summer temperature) of the modern
control. A detailed description of the SIMMAX-MAT and its relation to

concurrent transfer function techniques is given by Pflaumann et al. [1996].

4.4 IRD Counting and X-Ray Diffractometry

The mineral composition of IRD layers in core SO75-26KL was determi-
ned by X-ray powder diffraction (XRD) scans on IRD samples [Park, 1994] using a
Siemens D 5000 automated diffractometer with incident and diffracted beam
monochrometer (CuKa radiation at 25 mA and 40 kV; scanning angle was 20°-
50°). The dnk peaks were identified using the reference lists of Brindley and
Brown [1984] and Bayliss et al. [1986]. Individual mineral percentages were
determined from analogue records using Biscaye's [1965] planimetry factors.
Additional XRD scans were run on samples immediately below and above the
IRD layers to obtain the mineralogy of the sediments which were deposited
prior to and after the IRD events. The XRD measurements were carried out at
GEOMAR by Dipl.-Geol. Myong-Ho Park as part of his Diplom thesis [Park,
1994].

1 Dr. Sinha worked at GEOMAR in August to October 1994 under a cooperational research grant of
the Indian National Science Academy (INSA) and the Deutsche Forschungsgemeinschaft.
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4.5 Stratigraphy
4.5.1 Cores SO75-6KL and SO75-26KL

Cores SO75-6KL and SO75-26KL that have been dated with '*C-AMS serve
as stratigraphic master series for the benthic and planktonic isotope records
along the Portuguese margin cores that are used in this thesis. Age control on
the last glacial-interglacial transition in core SO75-26KL was obtained by correla-
ting the planktonic 8180 record with the planktonic 5180 record from nearby
core SU81-18 that has been dated by *C-AMS in great detail [Bard et al., 1989]. A
series of 17 1*C-AMS ages was measured further down in core SO75-26KL (Table
2). One sample at 174-178 cm yields a 14C-age (reservoir corrected, see Table 2) of
14.32 ka that fits well with the early phase of deglaciation which is documented
by the initial decrease of benthic and planktonic 5180 at this core depth (Figures
5a, b). Two samples bracketing the subtle benthic 5'%0 minimum around 400
cm core depth yield ages of 22.95 ka and 24.87 ka, somewhat younger than the
age of 25.4 ka that has been estimated by Martinson et al. [1987] for oxygen iso-
tope event 3.1. A coral fragment from 385 cm depth with an age of 24.26 ka
(Table 2) supports the association with 3.1. A much more pronounced mini-
mum occurs in the planktonic 8180 record at this level constraining late stage 3

isotope event 3.1 at 401.5 cm core depth.

An additional age control point was obtained by assigning oxygen isotope
event 3.13 of Martinson et al. [1987] to the 880 minimum at 651.5 cm in the
benthic isotopic record (Figure 5b). Beyond about 20 ka the Martinson et al.
[1987] time scale is based on tuning to orbital parameters compared with U/Th
dates. Le., the age of 43.9 ka given by Martinson et al. [1987] for oxygen isotope
event 3.13 must be considered calendar or calibrated ages. Laj et al. [1996] suggest
a correction of 2000 yrs at 40 ka (*C), rapidly decreasing to zero around 47 ka
(14C), to convert the C time scale to calendar years. Thus a e age of 42 ka is
used here for oxygen isotope event 3.13 to ensure compatibility with the con-

ventional C time scale that has been established for core SO75-26KL.

For core SO75-6KL, eleven '*C-AMS ages have been determined that span

the last glacial-interglacial transition and reach back to the late stage of the Last
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Figure 5. The stratigraphy for core SO75-26KL was established using planktonic
and benthic oxygen isotope records (a, b) together with radiocarbon data. High-
resolution dating of the two upper IRD layers (c) and the interpolated age for
the third layer suggests they are coeval with 'Heinrich’ events H1, H2, and H4.
Sedimentation rates in (d) are calculated using a calibrated time scale.
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radiocarbon dating. The age of 13.7 14C-ka for the upper IRD layer (c)
suggests it was coeval with 'Heinrich' event H1. Sedimentation rates in
(d) are calculated using a calibrated time scale.
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Table 2. "C-AMS ages for cores SO75-6KL and SO75-26KL

labcode depthinterval meandepth speciess individuals '*Cage® error (ka) UC age< calibrated age 4
5075-6KL

GifA 94516 82-85cm 8350 cm G. bulloides 1,549 5,970 +07 5,570 5,570
GifA 94517  101-104 102.50 G. bulloides 1,400 8,410 +08 8,040 8,740
GifA 94518  136-139 137.50 G. bulloides 1,810 10,670 +09 10,270 11,340
GifA 94519 155-158 156.50 G. bulloides 632 11,120 +08 10,720 12,432
GifA 94520  175-178 176.50 G. bulloides 1,330 12,320 +09 11,920 14,033
GifA 94539  215-218 216.50 G. bulloides 1,044 13,440 +10 13,040 15,700
GifA 94541  245-248 246.50 G. bulloides 631 14,350 +10 13,950 17,625
GifA 94550  255-258 256.50 G. bulloides 287 14,680 +13 14,280 17,966
GifA 94552 275-278 276.50 G. bulloides 353 14,930 +12 14,530 18,126
GifA 94553  307-310 308.50 G. bulloides 380 16,200 +13 15,800 19,028
GifA 94556 336-339 337.50 G. bulloides 400 17,190 +14 16,790 20,082
SO75-26KL

KIA 0002 122-126 cm 124cm  G. bulloides 1,090 13,040 +.14 -13 12,640 14,700
KIA 0003 128-132 130 G. bulloides 840 13,310 +.10 -.10 12,910 15,375
KIA 0004 132-136 134 G. bulloides 680 14,020 +11 -1 13,620 17,130
KIA 0005 136-140 138 G. bulloides 800 13,960 +16 -.16 13,560 17,000
KIA 0006 140-144 142 G. bulloides 680 13,870 +.90 -.90 13,470 16,775
KIA 0007 144-150 147 G. bulloides 640 13,880 +.23 -.20 13,480 16,800
KIA 0008 174-178 176 G. bulloides 690 14,710 +.13 -13 14,310 17,985
KIA 0009 251-257 254 G. bulloides 59 20,560 +.22 -.21 20,160 23,673
KIA 0010 261-265 263 G. bulloides 1,080 20,150 +.22 222 19,750 23,234
KIA 0011 267-269 268 G. bulloides 890 20,800 +.24 -.23 20,400 23,933
KIA 0012 271-275 273 G. bulloides 900 20,700 +.38 -.36 20,300 23,825
KIA 0013 275-277 276 G. bulloides 930 20,910 +.15 -.14 20,510 24,052
KIA 0014 279-287 283 G. bulloides 760 21,060 +.23 -.23 20,660 24,214
KIA0015 320-322 321 gastropod shell 22,220 +.37 -.36 21,820 25,469
KIA0016 385 385 deep-water coral 24,660 +.34 -.33 24,260 27,875
KIA 0017 390-394 392 G. bulloides 725 23,350 +.52 -.49 22,950 26,652
KIA 0018 413.5-4165 415 G. bulloides 930 25,270 +.66 -.61 24,870 28,445
MD952039

KIA 779 38-39cm 385cm  G. bulloides 1,529 6,150 +.05 -.05 5,750 5,750
KIA 780 168-169 168.5 G. bulloides 1,053 12,620 +.11 -.11 12,220 14,283
KIA 781 208-209 2085 G. bulloides 447 13,520 +.10 -.10 13,120 15,900
KIA 782 208-209 2085 N. pachyderma 1,648 13,930 +.10 -.10 13,530 16,925
KIA 783 288-289 288.5 G. bulloides 3% 14,250 +11 -11 13,850 17,475
KIA 784 268-289 288.5 N. pachyderma 1,464 14,650 +.11 -.11 14,250 17,946
KIA 785 542-543 542.5 G. bulloides 519 20,140 +.21 -.21 19,740 23,223
KIA 786 542-543 542.5 N. pachyderma 1,521 20,720 +22 -21 20,320 23,846
KIA 787 647.5-648.5 648.0 G. bulloides 1,000 22,810 +.28 -.27 22,410 26,108
KIA 788 818-819 8185 G. bulloides 1,000 27,980 +.52 -.49 27,580 30,883
KIA 789 948.5-949.5 949.0 G. bulloides 578 29,000 +.59 -.55 28,600 31,775
KIA 790 1018.5-1019.5  1019.0 G. bulloides 275 30,130 +.69 -.64 29,730 32,764
KIA 791 1018.5-1019.5  1019.0 N. pachyderma 1,588 31,950 +.86 -77 31,550 34,473

aG.bulloides was picked from the >250 pm size fraction; N. pachyderma (sin.) in core MD 952039 from the 150-250 pm fraction
b uncorrected

< corrected for reservoir age of 400 years

d calibration data are given in Table 4
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Glacial Maximum (Figure 6, Table 2). The ages increase steadily with increasing
core depth, age reversals similar to those observed in the 14C-AMS record of
Bard et al. [1989] are not observed. The ages fit well into the North Atlantic
marine and climate stratigraphy. Interpolating linearly between the Hc.AMS
ages, the first marked minimum during the early stage of Termination Ia in the
G. bulloides 510 record, at 210-250 cm core depth, occurs between 12.9 and 14.1
ka, in good agreement with the age range of 13.2-14.2 ka of an extreme mini-
mum in planktonic (N. pachyderma sin.) 5180 records from the Norwegian Sea
[Sarnthein et al., 1995]. A second 80 minimum occurs between 173.5 and 195
cm depth in core SO75-6KL and is dated to 11.9-12.4 ka (by interpolation
between the C-AMS ages of 10.72, 11.92 and 13.04 ka at 156.5, 176.5 and 216.5
cm core depth; samples GifA 94520, 94539, 94541; Table 2), also in good agree-
ment with a second meltwater event during the last deglaciation in the

Norwegian Sea that has been dated to between 12.1 and 12.4 ka [Sarnthein et al.,
1995].

The distinct planktonic §'%0 maximum between 137.5 and 156.5 cm in core
SO75-6KL that marks the Younger Dryas cold event is dated by two 14C-AMS
ages to between 10.72 and 10.27 ka which correlates well with an age of 11-10
MC-kyr for the Younger Dryas chronozone as defined in continental Europe
and dated in marine sequences [Mangerud et al., 1974; Jansen and Veum, 1990;
Lehman and Keigwin, 1992; Lowe, 1992; Kaiser, 1993]. The abrupt termination
of the Younger Dryas has been dated in the Greenland Dye-3 ice core to
10.72+.15 ka by annual layer counting [Hammer et al., 1986]. This age was later
revised by Alley et al. [1993] to 11.64+.25 ka using annual layer countings in the
Greenland GISP 2 ice core in conjunction with measurements of electrical con-
ductivity, laser-light scattering and isotopic composition of the ice. The age
undercount in the Dye-3 ice core by Hammer et al. [1986] probably resulted from
flawed electrical conductivity measurements that had a decreased vertical reso-
lution. Because of this, some annual layers were missed in the countings which
finally led to an erroneously young age for the end of the Younger Dryas (see
comments of Alley et al. [1993] in the caption to their Table 2). Converting the

ice core calendar age of 11.64 ka to the conventional *C scale reveals an age of
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10.0-10.2 MC-kyr, to which the 14C.AMS age of 10.27 ka that has been measured
in core SO75-6KL for the upper margin of the Younger Dryas planktonic 5180

maximum fits perfectly well (Figure 6).

4.5.2 Detailed C-AMS Dating of IRD Layers 1 and 2 (equivalent to 'Heinrich’
Events 1 and 2)

In core SO75-26KL, six 1*C ages each were measured across IRD layers 1
(127-143 cm) and 2 (264- 278 cm) (Figure 7). Of the six 14C ages across IRD 1 the
first two show an increase with depth, while the lower four form a plateau in
the age-depth function and even decrease with increasing depth by 140 years.
This decrease is, however, similar to the standard deviations and therefore
statistically not significant. The closely similar ages at different core depths
indicate increased sedimentation rates for this part of the core, which contains
the heart of the IRD layer 1, between 130 and 142 cm core depth (Figure 7a). The
three AMS-dates for this interval give a mean age of 13.54+.07 ka (average
depth 136 cm). The apparent age discontinuity between the IRD layer and over-
lying sediments is expected as a result of bioturbation whereby, after the rapid
deposition of the IRD layer younger tests of G. bulloides are mixed down to and
into the upper reaches of the IRD layer, but few older tests are mixed up. This
leads to artificially young dates for the upper boundary of the IRD layer
[Manighetti et al., 1995; Trauth, 1995]. The same reasoning predicts an artifici-
ally high age for the bottom of the IRD layer due to lack of young tests being
mixed down once rapid deposition of the IRD layer started. This is not observed
as sample KIA 0007 at 147 cm shows the same age as the IRD layer. For the age
model for core SO75-26KL the average value of 13.54+.07 ka at 136 cm (samples
KIA 0004-0006, Table 2) for IRD layer 1 is used together with the other three ages
measured.

For the six AMS 'C dates across IRD 2 the age differences are likewise small
and, due to the larger statistical uncertainties at this age, generally not sta-
tistically significant (Table 2, Figure 7b). The three dates from the heart of the
IRD layer (265-279 cm, Figure 7b) give an age of 20.46+0.12 ka at 272 cm depth for

this episode of rapid accumulation. Again the two overlying dates are younger,
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though the age difference to sample KIA 0009 at 20.16+.2 ka is statistically signi-
ficant. The average of 20.46+0.12 ka (KIA 0011-0013, Table 2) for IRD layer 2 toge-

ther with the other three dates is used in the age model.

The age model for core SO75-26KL was derived using a polynomial fit
through the 1¥C-AMS data for H1 and H2, and through the '*C-AMS data fur-
ther down the core (Figure 7). The oldest 14C-AMS age in the core of 24.87 ka at
415 cm core depth (sample KIA0018) was linked linearly with the Martinson
[1987] age of 42 14C_ka for oxygen isotope event 3.13 at 651.5 cm core depth.
According to this model, IRD layers 1 and 2 lasted from 13.1-13.4 ka and 20.2-
20.6 ka. Mean sedimentation rates are 22 cm ka'! at core SO75-26KL (Figure 5d).
Sedimentation rates increase to 55 cm ka! and 32 cm ka™ during IRD layers 1
and 2, respectively, suggesting rapid sedimentation during HI and H2. Seven-
to tenfold increases in sediment flux during 'Heinrich' events have been infer-
red using 230Th,, data from 'Heinrich' layers in the open North Atlantic
[Francois and Bacon, 1994; Thomson et al., 1995]. Smaller increases at the site of
core SO75-26KL support the contention that sediment flux from icebergs was

reduced off Portugal because the site is outside the region of maximum iceberg

flow.

Using the polynomially fitted age model, total duration of H1 and H2 in
core SO75-26KL is 300 and 400 years, respectively. These estimates depend on
how good the age estimates for top and bottom of the 'Heinrich' layers are.
Rapid sedimentation in conjunction with differential bioturbation likely make
the top age too young and the bottom age too old. As discussed above, the detai-
led *C-AMS datings show some evidence for the first, but not for the latter.
Still, spacing of the 14C data across both IRD layers is not sufficient to estimate
ages of IRD boundaries unambiguously. Using 14C-AMS data and age errors at
face value, this would limit IRD 1 to 200-300 yrs, and IRD 2 to 300-600 yrs dura-
tion. These are still fairly wide ranges, but they fit to similar estimates derived
from 230Th,, data [Francois and Bacon, 1994; Thomson et al., 1995]. They are at
the low side of estimates (250-1250 yr) that have been derived from theoretical
considerations of iceberg calving and sediment flux [MacAyeal, 1993;

Dowdeswell et al., 1995].
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Figure 8a. Age-depth function for core SO75-6KL. The function
shows a subtle kink below the IRD layer that is indicative of the
deflection towards too old bottom ages of the IRD layer. This would
be consistent with bioturbation models that use IRD layers as an
effective barrier that suppresses bioturbational admixture of younger
foraminiferal shells across the layer.
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Figure 8b. Age-depth function for core SO75-26KL. Similar to the
function for core SO75-6KL, the age-depth function shows subtle
kinks at the IRD layers (H1, H2). Again, this would be consistent
with bioturbation models that postulate differential bioturbational
mixing around sedimentological barrier facies. See text for discus-

sion.
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For core SO75-6KL, three 14C_AMS dates are within immediate reach of
IRD layer 1 that occurs between 233.5 and 250 cm core depth (Figure 6, Table 2).
Sample GifA 94539 at 216.5 cm lies 17 cm above the upper boundary of IRD 1,
sample GifA 94541 at 246.5 is in the lower part of the layer, and sample GifA
94550 at 256.5 cm is 6.5 cm below the lower boundary of the IRD layer. Using
these ages, IRD 1 in core SO75-6KL lasted 500 yrs, from 14.07 and 13.56 ka. The
mean age of 13.7+.04 ka for H1 in this core is slightly older than that for the
same event in core SO75-26KL (13.54£.07 ka), but within the range of error both

ages are the same to within 50 years.

Mean sedimentation rates at the site of core SO75-6KL are 33.6 cm/ka with
maximum rates of 96.6 and 80 cm/ka prior to H2 and H1 (Figure 6d). Increases
in sedimentation rates before both 'Heinrich' events are also seen in core SO75-
26KL and may be due to an early slow down of circulation in association with

gradual decreases in convective overturn prior to the 'Heinrich’ events.

The coverage with C-AMS dates of H1 in core SO75-6KL is not as dense
as in core SO75-26KL. But the age-depth functions of both cores show subtle
kinks around the IRD layers (Figure 8a and b) that are indicative of deflections
towards too old bottom ages of the IRD layers which suppress bioturbational
admixture of younger foraminiferal shells from above, as postulated by biotur-
bation models (see discussion above). These kinks are reflected in the sedimen-
tation rate profiles by distinctive increases in sedimentation rates just below the
IRD layers (Figures 5d and 6d). The age models imply that sedimentation rates
during the IRD events were 25-33 cm/cal-ka i.e., not much different from the
long-term means (34 cm/cal-ka for core SO75-6KL; 22 cm/cal-ka for core SO75-
26KL).

4.5.3 Lower Deep Water Reference Core MD95-2039

Core MD95-2039 was retrieved from the lower Portuguese margin during

the third leg of the first IMAGES ("International Marine Global Change
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Studies", a subprogram of PAGES-"Past Global Changes" in the International
Geosphere Biosphere Program) cruise in July 1995. This was the maiden cruise
of R/V Marion Dufresne and the intention was (i) to test the vessel's operatio-
nal functions and (ii) to serve as a platform for an international research pro-
gram on high-resolution paleoceanography of the North Atlantic [Bassinot et
al., 1996].

Core MD95-2039 was retrieved at 3381 m water depth using the French
long coring facility. The core is used here as a paleoceanographic reference sec-
tion for the evolution of Northeast Atlantic lower deep waters off Portugal.
The core is 35.7 m long and contains a continuous sedimentary sequence from
the Holocene down to oxygen isotope stage 9.3 at 331 ka (Figure 9). The magne-
tic susceptibility record displays discrete maxima that correlate with enhanced
IRD abundances as revealed by IRD countings across the upper 5 susceptibility

maxima (J. Baas, unpublished data).

Paired 'C-AMS data that were measured for the same sample consistently
show higher ages for N. pachyderma (sin.) relative to ages determined for G.
bulloides (samples KIA 781/782, KIA 783 /784, KIA 785/786, KIA 790/791; Table
2). Since N. pachyderma (sin.) was picked from a smaller size fraction (150-250
um compared to >250 pm for G. bulloides) contamination of the ages derived
from this species with redeposited small shells cannot be excluded. Differential
bioturbational in association with offsets in abundance peaks of both species
may have further added to the apparent differences in age [e.g., Manighetti et
al., 1995; Trauth, 1995). Using the means of the paired measurements, the
following ages were obtained for 'Heinrich' events H1 to H4 that are seen in
the susceptibility record: H1 (214 cm core depth, c.d.) =13.38 Y4C-ka, H2 (544 cm
c.d.) =20.06 14C-ka, H3 (768 cm c.d.) =26.05 '*C-ka, and H4 (1019 cm c.d.) =30.64
14C-ka. Ages for H1 and H2 are reasonably close to those determined in core
SO75-26KL. The “C-AMS age of 26.05 ka for H3 is between that of 27 *C-ka
determined by Bond et al. [1992, 1993] in the northern North Atlantic and an
interpolated age of 25.14 1C-ka for a planktonic foraminiferal faunal anomaly
in core SO75-26KL that likely represents a cooling episode off Portugal coeval
with H3 (see further below). The age of 30.64 14C-ka is much younger than that
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Figure 9. The stratigraphy for core MD95-2039 was established using the
benthic oxygen isotope record together with radiocarbon datings and
oxygen isotope event ages (a). The magnetic susceptibility record
provides information on IRD layers (b). The benthic carbon isotope
record (c) suggests only little response to the 'Heinrich' meltwater events
at this water depth (3381 m). Sedimentation rates in (d) are calculated
using a calibrated time scale.
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of 36.1 C-ka for H4 that has been determined by interpolation in core SO75-
26KL, and also much younger than the !*C-age of 35.5 ka from the northern
North Atlantic [Bond et al., 1992, 1993]. The source for this apparent shift of
more than 5 ka towards too young ages is hard to define: accidental contamina-
tion of the foraminiferal sample with carbonate dust or tap-water bicarbonate
during sample preparation. To ensure stratigraphic comparability with the
upper margin core SO75-26KL and other records from the northern North
Atlantic, the C-AMS ages of samples KIA 790 and KIA 791 are discarded, and
an age of 36.1 1C-ka is used for H4.

The time scale for the upper 12 m of core MD95-2039 was derived using
1C-AMS age data and chronostratigraphic events listed in Table 3. From
oxygen isotope stage 4 down the base of the core, ages of oxygen isotope events
listed in Imbrie et al. [1984] and Martinson et al. [1987] were used (Figures 9).
According to the age model, the base of core MD95-2039 reaches oxygen isotope
event 9.3 (331 ka; Imbrie et al. [1984]). Mean sedimentation rates at the site of
core MD95-2039 are 17.9 cm/ka with maximum rates of 48.2 cm/ka between H1
and H2, and minimum rates of 2.9 cm/ka during stage 7.2. The decreased rates
result from stretching the record so that the double 510 minimum prior to and

after oxygen isotope event 7.2 match with isotope events 7.1 and 7.3.

During oxygen isotope stage 5, susceptibility maxima occur in core MD95-
2039 in stages 5.5, 5.3, 5.1, and at the stage 5/4 boundary (Figure 9). These
maxima correlate with 'Heinrich' events H11, H10, H8, and H8 as defined by
Heinrich [1988] in sediment cores from the Dreizack seamount area in the
Northeast Atlantic. H6 has been dated to 66 ka [Bond et al., 1992] and should
occur in early stage 4 (between stages 4.22 and 4.23 of Martinson et al. [1987]).
This event is not caught in the susceptibility record because of a gap in the data
series. According to Heinrich's [1988] scheme, H9 occurs at the 5.3/5.2 transi-
tion, but the susceptibility record for core MD95-2039 does not show a peak in
the corresponding core section. A secondary susceptibility peak occurs at 16.76
m, about 40 cm below the peak that correlates with H8, in the stage 5.2/5.1 tran-
sition. Whether or not this peak is associated with H9 is uncertain. The benthic

(Pyrgo murrhina) and planktonic (G. bulloides) oxygen isotope records from
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Table 3. Stratigraphic marker events used in this thesis for time scale development

Event 14C-age, ka Source

1.1 9.1 Martinson et al. [1987], Bard et al. [1989]
H1 13.7 S075-6KL, 14C-AMS

H2 20.46 S075-26KL, 14C-AMS

H3 27 Bond et al. [1993]

H4 36.1 S0O75-26KL, interpolated

3.13 42 Martinson et al. [1987] (in 14C-ka)
H5 50 Bond et al. [1993]

Hé6 66 Bond et al. [1993]

H7 7041 MD950239, SPECMAP stratigraphy
H8 76.48 MD950239, SPECMAP stratigraphy
H9 missing

H10 96.18 MD950239, SPECMAP stratigraphy
Hi11 121.3 MD950239, SPECMAP stratigraphy
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core Me69-17 that Heinrich [1988] used in his study do not resolve isotope stages
5.1 through 5.4 well enough to allow for a detailed comparison between the
stratigraphic position of the stage 5 susceptibility peaks in core MD95-2039 and
his IRD and foraminiferal faunal peaks. Thus, in this core section as well as
further down in core MD95-2039 preference was given to ages of oxygen isotope

events as chronostratigraphic fixpoints to establish the age model (Figure 9).

Further susceptibility peaks occur in early oxygen isotope stage 6 and in
stages 7 and 8 and are numbered tentatively in Figure 9. Whether or not these
peaks are associated with IRD maxima will be subject to future microscopic

work.

4.5.4 Master Stratigraphy for the Portuguese Margin Cores: e Ages and
Calibrated Time Scale

14C ages of 13.54%.07 ka and 13.7+.04 ka for IRD layer 1, 20.46+0.12 ka for
IRD layer 2, and an interpolated age of 36.1 ka for IRD layer 3 fit well to C-ages
for 'Heinrich' layers 1 (13.64-14.99 "C-ka), 2 (19.86-21.77 *C-ka), and 4 ( 33.5-
39.13 14C-ka) in sediment cores from the North Atlantic [Andrews and Tedesco,
1992; Bond et al., 1993; Cortijo, 1995; Manighetti et al., 1995]. The ages thus con-
firm that the IRD layers off Portugal are coeval with 'Heinrich' events in the
open North Atlantic and represent the far eastern branches of iceberg drift

across the northern North Atlantic during 'Heinrich' events 1, 2 and 4.

Time scales were derived for the benthic and planktonic isotope records of
the Portuguese margin cores using these ages as chronostratigraphic fixpoints.
For H1, preference was given to the mean Hc.AMS age of 13.7 ka derived from
core SO75-6KL that has higher sedimentation rates. Further fixpoints are iso-
tope events 1.1 and 3.13 of Martinson et al. [1987] (see Table 3). For all cores, IRD
countings were performed to determine the position of the 'Heinrich' events
in the cores. Age scales of individual cores were then refined by graphical corre-
lation of the isotope records to the records from cores SO75-26KL and SO75-6KL

using the AnalySeries time series routine of Paillard et al. [1996]. The benthic
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Table 4. Calibration data set for conversion
of 14C-time scale into a calibrated (calendar-
year) time scale

1C age calibrated age ~ 'C age shift
ka ka ka
7.0 7.71 0.7
9.1 9.81 0.7
10.0 10.82 0.8
10.4 11.6 13 1.2
109 1293 2.0
11.4 13.62 2.2
12.6 14.6° 2.0
13.6 17.11 3.5
14.1 17.852 3.75
14.8 1831 3.5
15.68 18972 3.22
20.0 2351 3.5
22.68 26.42 3.72
26.0 29.51 3.5
30.0 33.04 3.0
35.0 37.754% 2.75
40.0 42.04 2.0
45.0 4554 0.5
49.0 49.04 0.0

calibration according to age assignments in Table 1
of Winn, Sarnthein and Erlenkeuser [1991]

turning point at *C-plateau

age assignments were revised to take *C-plateaus
at 10.0 ka and 12.7 ka into consideration (M.
Sarnthein, pers. communication, Jan. '97)

“C-time scale older than 26 ka was calibrated
using the magnetic correction of Laj et al. [1996]
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and planktonic oxygen isotope stratigraphies of the Portuguese margin cores

are shown along their age scales in Figures 10 and 11.

The isotope records are discussed with reference to their 14C age scales. To
derive linear sedimentation rates and to compare the isotope records with
paleo-records from ice cores that monitor the variability of North Atlantic and
Antarctic climate, the conventional '*C-time scale is converted into a calendar
year or calibrated age scale (Figure 12, Tables 2, 4). The calibration of the past 26
14C_ka followed the unpublished calibration of Bard (International Conference
of Paleoceanography, Kiel, 1992) using additional age assignments given in
Table 1 of Winn et al. [1991]. Age assignments between 10.4 and 13.6 14C-ka were
revised to take 14C-plateaus near 10 and 12.7 1C-ka [Lotter et al., 1992; Becker
and Kromer, 1993] into account (M. Sarnthein, personal communication,
January 1997). For the period prior to 26.0 14C-ka, calibration followed the

magnetic correction given in Laj et al. [1996] (Figure 12).

5.0 MINERALOGY OF IRD LAYERS OFF PORTUGAL AND ITS RELATION
TO NORTH ATLANTIC 'HEINRICH' LAYERS

A distinct property of the 'Heinrich' deposits in the North Atlantic is the
elevated concentration of detrital carbonate and the presence of dolomite grains
in the IRD layers [Bond et al., 1992; Bond and Lotti, 1995]. This has been related
to limestone bedrocks in the Hudson Strait area and in Arctic Canada which
where eroded by ice, transported by floating icebergs into the North Atlantic
and finally delivered to the sea floor during melting of the icebergs. Lead, stron-
tium and neodymium isotope compositions of the IRD particles support this
hypothesis in that these data point to the Canadian shield as the primary source

for the lithic particles [Gwidazda et al., 1996; Revel et al., 1996].

To better constrain if the IRD layers that occur in sediment cores off
Portugal are linked to the northern North Atlantic 'Heinrich' layers, the mine-
ralogy of IRD layers 1, 2, and 3 in core SO75-26KL has been determined by X-ray
diffractometry (XRD) [Park, 1994]. Ice-rafted particles in IRD layer 1 off Portugal

and Morocco consist of a great variety of rock types with 17 % detrital carbonate
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Figure 10. Planktonic (G. bullvides) oxygen isotope records from the southern Portuguese
margin cores. Age scales are in 1000 radiocarbon years. The stratigraphic record of cores
SO75-31KL and SO75-32KL is interrupted by a hiatus. The structure of the isotope record
below the hiatus in both cores does not allow to determine a precise stratigraphy. Isotope
events that are marked along these parts of the records are tentative. The depth positions

of 'Heinrich' events have been determined by IRD counting.
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Figure 11. Benthic (Cibicidoides spp.) oxygen isotope records from the southern Portuguese
margin cores. Age scales are in 1000 radiocarbon years. Numbering of isotope events
below the hiatus in cores SO75-31KL and SO75-32KL is the same as in Figure 10. The
isotope records are shown on the basis of increasing water depth of individual sediment

cores. Position of 'Heinrich' events is derived from IRD countings.

- 40 -



Mineralogy of IRD Layers off Portugal and its Relation to North Atlantic 'Heinrich’ Layers

5180 (% PDB) 5180 (% PDB)

51%0 (% PDB)

SO75-3KL,
_SO75-3KL, 2430 m_,

50 ka

H4
39 ¢ H2 VI
4~ e %. --------------- W
5 T Y T T T T T T ]
0 5 10 15 20 25 30 35 40 45 ka
2-1MD952039, 3381 m
. H1
] H4
3 ¢ H2 H3 ¢
. v
5 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45
2-<4S075-35KL, 3582 m
] H1
37 ¢ H2
: L T .
5 T T T T T T T
0 5 10 15 20 25 30 35 ka

Figure 11, continued.

- 41 -



Mineralogy of IRD Layers off Portugal and its Relation to North Atlantic ‘Heinrich’ Layers

(ka)

calibrated time scale

(ka)

calibrated time scale

1 1 1
30 - a
25 -
+ Barbados corals

20 (Bard et al., 1990a,

- A Tahiti corals

(Bard et al., 1996)

15 +

P . # = S coral polynomial
10 dendro-~-, ice core, paleo-

magnetic chronologies
- + g ,_
5 T T T T T T T T 1
S 10 15 20 25
14c geale (ka}
1 1 1 i 1 I i 1 i 1 1 1 1 1 | 1
45 b o.s |
40 2.0 -
2.75

35 1 o

- o -
30 =

- 3.5 L.
25 o -

7 3. B
20 - 3.5 -

- 2. coral polynomial -
15 2.0 -

4 1. - dendro-, ice core, paleo- -
10 o 71'2 magnetic chronologies L

0.7 [~

5 1 i ] i i ] 1 I 1 i i i { 1 I {

5 10 15 20 25 30 35 40 45

14c geale (ka)
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See also Tables 2 and 4.
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and some striated specimens [Kudrass, 1973]. The XRD scans from core SO75-
26KL show that primary IRD components are quartz, plagioclase, feldspar, and
calcite [Park, 1994] (Figure 13). Since the XRD measurements were performed
on bulk samples, most of the carbonate signal likely is of biogenic origin i.e.,
from calcareous foraminiferal tests and nannoplankton. Dolomite has been
detected in minor quantities in samples from IRD layers 1 and 3 (equiv. H 1 and
H4; Figure 13). After treatment with acetic acid the carbonate peaks disappeared
from the diffractograms but the intensity peak of dolomite was still observed

confirming the presence of dolomite in both IRD layers.

Dolomite-bearing carbonate bedrock is widespread in the Laurentide
domain but small outcrops also exist on Ireland and Great Britain, and along
the western shores of Norway and Svalbard (see Figure 1 in Bond et al. [1992]).
Thus the presence of dolomite cannot uniquely document a Laurentide versus
Scandinavian source for the icebergs. Yet, the XRD data show that the minera-
logy of the IRD deposits off Portugal is not different from those of the open
North Atlantic 'Heinrich' layers. In addition to the apparent close chronologi-
cal correlation with the 'Heinrich' layers in the northern North Atlantic, this
similarity in mineralogy is further evidence that the IRD layers on the
Portuguese margin are derived from the same iceberg surges and ice sources

that caused the North Atlantic 'Heinrich' events.

6.0 THE NORTH ATLANTIC EASTERN BOUNDARY CURRENT DURING
'"HEINRICH' MELTWATER EVENTS: SURFACE CONDITIONS OFF

PORTUGAL
6.1 Planktonic 5'%0 Response to North Atlantic Climatic Anomalies

Marked negative planktonic 580 anomalies in conjunction with signifi-
cantly decreased SST - inferred either from massive incursions of polar fora-
minifera N. pachyderma (sin.) or from planktonic foraminiferal census counts
[Bond et al., 1992, 1993; Maslin et al., 1995] - at core sites in the northern North
Atlantic document increased meltwater flux and cooling in the course of the

'Heinrich' events. Negative anomalies during or immediately after the
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Figure 13. Mineral composition of IRD layers and sediments immediately above and below in core SO75-26KL. Dolomite
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'Heinrich' events are also observed in the planktonic 8'®0 records off Portugal
(Figure 10). 8'80 depletion is strongest in cores SO75-3KL (H2, H4) and SO75-
35KL (H1, H2, post-H4 at 35 '*C-ka) that are farthest offshore. 5'%0 amplitudes
are between 0.6% (H1 in core SO75-3KL) and 2%. (post-H4 in both cores).
'Central margin' sediment cores that are further inshore display similar
anomalies, but the amplitudes are reduced to 0.7-1.0%.. Stratigraphic resolution
in the deeper part of core SO75-12KL that is at the "inner" Portuguese margin,
i.e. furthest nearshore, is lower due to larger sample spacing (20 cm), so that the
potential post-H4 anomaly is not resolved. In the upper part of the core, howe-
ver, stratigraphic resolution is comparable to that of the other cores, and the
subdued 5'%0 response during H2 suggests a less intense hydrographic change
at this site. For H1, the isotope record of core SO75-12KL displays the largest
5'80 anomaly seen in all records, with an amplitude of 2.3%.. An inferred
hiatus (see Chapter 4.5, Stratigraphy) immediately above this anomaly prohibits

to evaluate the post-H1 surface response at this site.

The planktonic 8180 records off Portugal show a further negative anomaly
during mid-Termination I that occurs after H1 and immediately before the
positive 8180 excursion that marks the Younger Dryas cold event. The mid-
Termination I negative §!80 event is best resolved in core SO75-6KL with an
amplitude of 2.3%. The peak value of this anomaly of +0.3%. PDB reaches the
Holocene 320 level recorded at this site. This value is at the culmination of a
negative trend that is covered by a sequence of 12 data points and is, therefore,
considered reliable rather than a single-point excursion ("flyer"). Using i
AMS ages of 10.7, 11.92, and 13.04 (samples GifA94519, 94520, 94539; Table 2) that
were determined for samples immediately above, in the upper part of, and
below the anomaly (Figure 6) yield an interpolated age range of 11.7-12.4 MC-kyr
for the anomaly. A similar anomaly is documented between 11.0 and 12.4 i B
ka in nearby core SU81-18 that has been dated in detail with 14C.AMS [Bard et
al., 1987, 1989]. Mean ages of the anomaly are 12.1 14 ka and 12.0 ¥C-ka in cores
SO75-6KL and SU81-18, respectively, and fit well to the age of 12.0 14C-ka for
meltwater pulse la (MWP 1la) that has been determined by Fairbanks [1989]
using an "age-depth" growth function derived from 14C-AMS dates along cores

drilled into coral reefs offshore Barbados. Similar '*C-AMS datings along coral
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drill cores offshore Tahiti give an age of 11.79+.22 *C-ka for the end of MWP 1a
[Bard et al., 1996], confirming the association of the negative planktonic §'%0
anomaly in core SO75-6KL with this event that partly overlaps with the first
phase of deglaciation (Termination IA: 15.8-13.3 1C-kyr [Duplessy et al., 1986)).
A mid-Termination I negative 5!30 excursion is observed at the other cores as
well (Figure 10) and is used there for stratigraphic correlation among the

records.

To synoptically map the response of planktonic 880 to North Atlantic
climatic events, 13 stratigraphic reference levels were chosen for inter-core

comparison (Figure 14):

o level 1 mean Holocene 5'%0 is calculated using depleted
interglacial values between 0 *C-ka and < 9 '¥C-ka that generally form a pla-

teau with only little 580 variation;

* level 2 represents the positive §'%0 anomaly of the Younger
Dryas, between 10.2 and 10.9 14 ka;

* level 3 documents the negative §'%0 anomaly during mid-

Termination I that is associated with meltwater pulse (MWP-) 1a;

* levels4,5. 6 represent the periods immediately after, during and
before 'Heinrich' event H1; to calculate the §'%0 signal during H1, only values
of samples from the absolute IRD maximum were chosen (rather than values
from across the entire section where IRD abundances are increased above back-

ground);
* levels 8,9, 10 same as above, except for H2

* levels 11,12,13 same as above, except for H4

In Figure 15 the 8'%0 signals are compared to signals that are documented
in sediment cores from the northern North Atlantic (see also Figure 14). Core
ENAM 93-21 from the Faeroe-Shetland Channel has been chosen for its high-
resolution planktonic 8!%0 record that allows in part a direct correlation with
the Greenland ice core §'%0 record [Rasmussen et al., 1996a]. BOFS Core 5K
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Figure 14. Planktonic oxygen isotope records from the Portuguese margin and the
northern North Atlantic. Reference levels are chosen along the isotope records to
compare oxygen isotope patterns that were associated with the 'Heinrich' events and
deglacial climatic and hydrographic anomalies. The reference levels are described in the
text. Time scales of the North Atlantic reference cores are used as published, no
adjustments were made for optimal fitting to the Portuguese cores. The 'Heinrich' events
are assumed to be synchronous stratigraphic markers, differences in timing are assumed
to mirror differential influence of sedimentologic boundary conditions at the different
core sites e.g., bioturbation. LCM is Last Glacial Maximum, MWP 1a is Meltwater Pulse
1a as defined in Fairbanks {1989].
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from the Rockall Plateau has been chosen for its good documentation of the
information (SST from planktonic foraminiferal census counts) is available
from this core [Maslin et al., 1995]. DSDP Site 609 from the southern Rockall
Plateau area has been chosen because it is located in the belt of maximum IRD
abundance during the 'Heinrich' events [Bond et al., 1992, 1993]; as such, it is
used here as a reference for maximum changes of North Atlantic surface condi-

tions during 'Heinrich' events.

Planktonic 8'%0 in the Holocene sections of the sediment cores offshore
Portugal are similar, between 0.1%. and 0.5% PDB with no systematic trend
between the cores (Figure 15a). This uniform distribution goes along well with
the only small temperature-salinity changes along the Portuguese margin. In
the northern North Atlantic, a 1.2%. increase in 8180 from core BOFS-5K to
core ENAM 93-21 documents the rapid decrease in temperature (and to a minor

extent in salinity) upon approach of the Norwegian-Greenland Sea.

During the Younger Dryas (Figure 15b), core SO75-3KL displays the lightest
values, 1.2% PDB compared to 1.4-1.9%. PDB in the other Portuguese cores.
The slightly depleted values in cores SO75-26KL, -31KL, and -32KL are either
based on single data points or are calculated from sections that contain signifi-
cant 5'%0 variability (core SO75-31KL); these data may not be representative of
Younger Dryas conditions offshore Portugal. The range of §!%0 variation of
0.7% between the core sites is similar to the 880 difference between the
northern North Atlantic cores. There, core ENAM 93-21 again displays most
increased §'%0, implying a marked oceanic front south of the core. This meri-
dional pattern is similar to the one documented for the Holocene, in agree-
ment with distribution patterns seen in the compilation of planktonic §'%0
from the northern North Atlantic and the Norwegian-Greenland Seas of
Sarnthein et al. [1995] that shows north-south gradients similar to Holocene

patterns.

Meltwater pulse IA is well documented in all cores from the Portuguese
margin (Figure 15c). Most pronounced §'%0 depletion compared to post-H1
values is documented for cores SO75-3KL (A8'%0=-1.3%) and SO75-35KL

(A5180='1.2%0) from the outer margin region. Over the central margin,
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amplitudes are smaller, 0.8%. -1.1%0, implying a slightly decreased influence of
meltwaters closer to the Portuguese margin. Peak negative values reach similar
8180 values, 1.0-1.1% PDB. Exceptions are cores SO75-3KL and SO75-26KL
where the depletion reaches values of 0.65-0.7%. PDB. As is seen in core SO75-
6KL, the negative planktonic 8'%0 anomaly during MWP 1la builds up gradually
and reaches most negative values in the later part of the event (Figures 10 and
14). In cores SO75-3KL and SO75-26KL, MWP 1a is captured by two (-3KL) and
one (-26KL) measurements only (Figure 10) which may not be representative of

mean MWP 1la conditions.

At the northern North Atlantic core sites, no discrete 3'%0 anomaly is
documented during mid-Termination IA (Figure 14). Detailed evaluation of
planktonic §'80 from the northern North Atlantic and the Norwegian-
Greenland Seas has shown that two meltwater phases existed during
Termination IA, at 13.2-14.2 14C-kyr and 12.1-12.4 1‘;*C-kyr [Sarnthein et al.,,
1995]. The first event conceivably was coeval with 'Heinrich' event H1 (see
below), the second event occurred in the same time interval as the culmination
of MWP la. However, the event was not always discernible as a distinct nega-
tive excursion in the planktonic 5'%0 records and was then picked on the basis
of YC-AMS datings (see Figure 3 in Sarnthein et al. [1995]). Chronostratigraphic
control on the northern North Atlantic sites ENAM93-21, BOFS 5K, and DSDP
Site 609 that were chosen here for reference is not sufficient to allow for such
selection and thus, faithful extraction of a MWP 1a §'%0 signal was not possible.
Since a discrete $'%0 minimum is not seen in the records (Figure 14), however,
it may be concluded that either the event was overprinted by the effects on
planktonic 8'%0 of deglacial temperature increases or it was masked by the
generally increased flux of 180-depleted meltwaters during Termination IA.
These effects were less pronounced off Portugal and thus, the influence of
MWP 1a on the surface hydrography and planktonic %0 was much stronger
there (see also Bard et al. [1987, 1989]).

During 'Heinrich' event H1, planktonic %0 depletion decreases from
north to south along the Portuguese margin (Figure 15d). The largest !0
depletion of A8'0=-1.7% is documented for core SO75- 12KL from the inner

Portuguese margin. At the outer margin, amplitudes are 0.6-1.2%., amplitudes
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at the central margin sites are consistently around 0.6%. towards more negative
values. No amplitudes could be determined for cores SO75-31Kl and -32KL
where the stratigraphic record is interrupted by a hiatus immediately below the
H1 IRD layer. Far larger 5'80 depletion is observed at the northern North
Atlantic sites ENAM 93-21 (A8!80=--2.0%) and DSDP Site 609 (A% 0=--1.9%).
For core BOFS-5K, an amplitude of 0.6% was determined using an early
Termination-IA level as reference for the pre-H1 conditions, during which
planktonic 8'%0 was already depleted. If LGM values of +4.2%> PDB are chosen
for reference, the amplitude of 5'80 depletion during H1 is 1.2%o, i.e. still smal-
ler than those observed for core ENAM 93-21 and DSDP Site 609.

Regional mapping of the early-Termination-IA meltwater event in the
northern North Atlantic (13.2-14.2 'C-kyr) reveals a gradient towards stronger
5180 depletion in the central northern North Atlantic (Figure 9a in Sarnthein
et al. [1995]). This regional gradient is mirrored in the apparent AS'80 offset
between BOFS-5K and the two other North Atlantic reference cores that are fur-
ther to the west (DSDP Site 609) and north (ENAM 93-21). The regional distri-
bution pattern of planktonic 5'80 in the Norwegian-Greenland Seas was used
to infer melting of the Barents ice shelf that was independent from the
Laurentide surge which resulted in enhanced IRD deposition of 'Heinrich’
event H1 in the northern North Atlantic [Sarnthein et al, 1995]. The enhanced
meltwater flux from the Barents shelf supposedly promoted the development
of an anticyclonic surface circulation in the Norwegian-Greenland Seas which
brought cold and less saline waters along the Norwegian cost to the northern
North Atlantic [Sarnthein et al., 1995] resulting in the observed 8180 /meltwater
gradient there. The strong planktonic 5180 depletion that is documented for
core SO75-12KL at the inner Portuguese margin may point to a coastal current

that carried cold low-salinity waters from the northern North Atlantic to the

south.

During the Last Glacial Maximum (LGM) distribution of planktonic 510
along the Portuguese margin and at the northern North Atlantic reference sites
is more uniform (Figure 15e). This pattern is consistent with a southerly posi-
tion of the North Atlantic polar front at approximately 40°N during this period,

that was bent towards the south upon approaching the Portuguese margin
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[CLIMAP, 1981]. Planktonic 5"°C that apparently was near equilibrium with the
atmosphere [Spielhagen and Erlenkeuser, 1994], occurrence of sub-polar
planktonic foraminiferal species in the northern Norwegian Sea [Hebbeln et al.,
1994], as well as planktonic foraminiferal census counts that imply remarkably
warm summer-time SST estimates of 2.8°-5.1°C in the northern North Atlantic
and Norwegian-Greenland Seas [Sarnthein et al., 1995; Weinelt et al., 1996] all
provide circumstantial evidence of partly ice-free conditions at the LGM in the
area. These findings are to some extent reproduced in numerical simulations of
surface conditions in the northern North Atlantic and Norwegian-Greenland
Seas [Seidov and Maslin, 1996; Seidov et al., 1996] and are in direct contrast to
the early assumptions e.g., of CLIMAP [1981]. The rather uniform distribution
of planktonic 5'%0 seen in Figure 15e (and in Figure 6a of Sarnthein et al. [1995])
is nevertheless consistent with a southward shift of the polar front and strongly
reduced temperature and salinity gradients north of the front. Increased 380
values at the central and inner margin cores relative to values in core SO75-
3KL from the outer margin likely document colder nearshore waters in

response to increased upwelling during the LGM [Abrantes, 1991].

Planktonic §'%0 patterns during 'Heinrich' events H2 and H4 off Portugal
are different from those observed during MWP 1a and H1, and also different
from the patterns observed at the northern North Atlantic core sites (Figure
15f, g). '%0 values during both events are increased compared to conditions
prior to and after the events. This pattern is most evident in cores SO75-3KL
and -35KL from the outer continental margin area. Whereas core SO75-35KL
does not reach the IRD layer of 'Heinrich' event H4 (apparently, penetration of
the core into the sediments was stopped by the H4 IRD layer) it shows a nega-
tive 5180 anomaly at the base of the core which is comparable to that seen after
H4 in core SO75-3KL (Figure 10). Planktonic 180 depletion after H2 and H4 fits
into conceptual models and evidence from Greenland ice core data that imply
rapid warming after the meltwater events as thermohaline convection started
up again after the meltwater events [Dansgaard et al., 1993; Bond et al., 1993].
Exceptions from this pattern are cores SO75-26KL and -34KL that show a slight
5180 depletion during H4 (-26KL) and H2 (-34KL). The post-H2 5180 decrease is

small at the coring sites from the central and inner margin cores. The lack of a
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post-H2 decrease in 5180 in core SO75-34KL suggests that the influence on sur-
face conditions of the meltwater events - both in terms of surface temperature
and salinity changes - was weakest at this site which is furthest south along the
Portuguese margin. Likewise, the negative 5!%0 anomaly that is documented in
core SO75-26KL during H4 results from the lack of a post-H4 negative 5180
excursion that is best developed in cores SO75-3KL and -35KL (assuming the
penetration of core SO75-35KL into the sediments was stopped by the H4 IRD
layer and the pronounced negative 5'%0 anomaly at the base of core SO75-35KL
represents the post-H4 anomaly). Thus, the larger amplitudes in 5'%0 change
during H2 and H4 in cores SO75-3KL and -35KL suggest that surface conditions
changed strongest at these sites that are farthest offshore, implying the existence
of distinct onshore gradients of surface temperature and salinity during the

events.

During the H2 and H4 events, planktonic 5180 at the northern North
Atlantic reference sites is depleted, contrary to the positive anomalies seen off
Portugal. This offset in planktonic 3180 patterns during both events suggests
that meltwater flux to - and thus planktonic 5180 depletion at - the Portuguese
margin was reduced during H2 and H4 compared to the northern North
Atlantic, thus enhancing the effects of cooling during the events on planktonic
180 off Portugal. In the northern North Atlantic, meltwater advection was
strong enough to partly compensate for the effects of surface cooling that

would have increased planktonic 51%0.

The observed planktonic 5180 patterns suggests that surface conditions off
Portugal were highly variable during the past 50 1C-kyr. Distinct gradients of
surface ocean conditions existed across the Portuguese margin during the
climatic events listed above. Negative 5180 signals, during MWP 1a as well as
post-H4 and post-H2, are strongest developed at the outer margin core sites.
During the LGM and the Younger Dryas cold event, core SO75-3KL at the
northernmost position over the outer Portuguese margin consistently shows
depleted values compared to the other cores from the Portuguese margin. This
points to colder surface temperatures over the central and inner Portuguese
margin probably in association with enhanced glacial-maximum upwelling

[Abrantes, 1991].
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During the last glacial maximum, the polar front was shifted to the south
and was in immediate reach of the Portuguese margin, as implied by steep sur-
face temperature and salinity gradients in the area [CLIMAP, 1981; Thiede, 1977,
Duprat, 1983; Duplessy et al., 1991]. Planktonic foraminiferal census counts
imply a southward penetration of cold subpolar waters further offshore, and
the presence of warmer waters over the central margin and further nearshore
[Thiede, 1977; Molina-Cruz and Thiede, 1978; Pflaumann, 1980; Duprat, 1983]
(Figure 16). This nearshore incursion of warmer surface waters is reminiscent
of today's northward advection of warm saline surface waters along the
western Iberian margin that develops during periods of weakened trade wind
strength [Haynes and Barton, 1990]. However, during the last glacial, the warm
water incursion more likely reflects a northward branch of warm saline surface

waters that were derived from the North Atlantic Drift Current (Figure 16).

Distinct negative planktonic §'%0 anomalies suggest that low-salinity sur-
face waters reached the Portuguese margin during meltwater pulse la and
'Heinrich' event 1 (Figure 15). During H2 and to a minor extent during H4,
planktonic 5180 off Portugal remains increased and negative anomalies occur
after the events. This suggests that cooling as indicated from planktonic census
counts (see below) partly compensated for the effects of low-salinity surface
waters on planktonic 5180, and caused 5'%0 values to remain increased. It was
only after the 'Heinrich' meltwater events when surface temperatures rose that
the last spurs of meltwater, combined with the temperature increase, resulted
in marked negative planktonic 8180 decreases. The negative %0 anomaly
during H1 implies that the flow of low-salinity water which contained glacial
meltwater was stronger compared to the previous 'Heinrich' events. H1 occur-
red early in the last glacial-interglacial transition during the onset of ice sheet
disintegration around the North Atlantic. Therefore, meltwater flow to the

North Atlantic and its southward export in the North Atlantic eastern
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boundary current was strong enough that surface cooling could not suppress

the negative planktonic §'30 anomaly.

Meltwater and SST anomalies coeval with 'Heinrich' events are also
recorded at subtropical Northeastern Atlantic sites as far south as Cape Blanc
(21°N, Northwest Africa) and presumably document export of cold low-salinity
waters from the northern North Atlantic by way of the Portugal and Canary
Currents [Wang et al., 1995; Zhao et al. [1995], possibly in association with an
enhanced strength of the North Atlantic's eastern boundary surface current

[Thiede, 1977; Molina-Cruz and Thiede, 1978].

6.2 Variability of Sea Surface Temperature Derived From Planktonic

Foraminiferal Census Counts

To gain further insight into surface conditions off Portugal during the
‘Heinrich' meltwater events, planktonic foraminiferal census counts were car-
ried out along core SO75-26KL. The counts show an enhanced abundance of
polar N. pachyderma (sin.) during H1, H2, and H4 (Figure 17b) that is also cha-
racteristic for 'Heinrich' layers at northern North Atlantic sites and signifies
marked SST decreases there [Bond et al., 1993; Maslin et al., 1995]. A third mar-
ked increase in N. pachyderma (sin.) abundance in core SO75-26KL - centered
at 25.1 1%C-ka - likely is coeval with H3 that did not result in deposition of an
IRD layer on the central Portuguese margin. The census counts imply SST
decreases during H1, H2, and H4 by 8°-9°C during winter and 8°-10°C during
summer (Figure 17) (reference levels for calculating SST anomalies are LGM
for H1, pre-H2 for H2, and glacial mean, 'gla’, for H3 and H4; see lists of SST
statistics along Figure 17). During H3, SST is estimated to decrease by 7°C
(winter SST) to 8°C (summer SST). Glacial mean summer and winter SST of
17°C and 12°C, respectively, are decreased by 4°C relative to Holocene values.
Conditions prior to H2 are slightly warmer than mean glacial SST, estimated

temperatures are around 20°C for summer and 15°C for winter.

The warm mean glacial and glacial-maximum temperatures that were

estimated from the planktonic census counts clearly demonstrate that subtropi-
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Figure 17. Planktonic oxygen isotope (a), faunal (b, c), and inferred SST records
(d, e, f) from core SO75-26KL. Marked cooling during H1, H2, and H4 suggests
an incursion of subpolar waters off Portugal. The distinct faunal and SST anom-
aly at 25 1“C-ka likely represents cooling during H3. H3 did not result in an IRD
layer off Portugal. In the absence of direct radiocarbon dating, the association of
the faunal and SST anomaly with H3 remains speculative. SST statistics for the
'Heinrich' events and other reference levels are given along panels d, e, and f.
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cal waters reached the site of core SO75-26KL during the last glacial and that the
site was south of the glacial polar front (see also Figure 16). It must be noted,
however, that the SST estimates that are derived from the SIMMAX MAT
technique are 2-5°C warmer than those published by Duprat [1983] and Bard et
al. [1989]. SIMMAX MAT SSTs may be off 'true' temperature in areas with
strong temperature gradients, as has been discussed by Pflaumann et al. [1996].
The existence of such front off Portugal during the last glacial may explain at
least in part the offsets between SIMMAX SST estimates in core SO75-26KL and
previous estimates-by Duprat [1983] in the same region. Marked decreases of the
SST estimates in core SO75-26KL during the 'Heinrich' events suggest advec-
tion of subpolar waters during these periods and a migration of the polar front

across the site of core SO75-26KL.

SST estimates from core SO75-26KL for the 'Heinrich' events appear
unexpectedly warm in view of IRD deposition that documents the presence of
icebergs off Portugal. This may in part come from weaknesses of the SIMMAX
analogue technique near oceanic fronts (see above). Yet, earlier SST reconstruc-
tions for the glacial maximum by Duprat [1983] imply that strong temperature
gradients existed off Portugal with the presence of warmer waters over the cen-
tral and inner margin (Figure 16). Therefore, it appears conceivable that ice-
bergs drifted to the south in a tongue of subpolar waters at some distance from
the margin. When they crossed the hydrographic front that separated cold sub-
polar from warm subtropical waters they melted rapidly in the warmer nears-

hore waters resulting in the deposition of IRD on the Portuguese margin.

SST decreases during the 'Heinrich' events were felt as far south as Cape
Blanc (21°N, Northwest Africa; Wang et al. [1995]). From 20-17 ”C—kyr ie.,
immediately after H2, SST was similar to or even slightly higher than
Holocene values. For this interval, enhanced occurrences of "warm" plankto-
nic foraminiferal species Globigerina ruber (white variety) are documented in
core SO75-26KL that are not seen in the post-H3 and -H4 periods (Figure 17c).
The marked increase in G. ruber (white) abundance and the inferred SST
increase imply stronger advection of subtropical waters, possibly in conjunction
with an enhanced surface circulation in the North Atlantic subtropical gyre

that brings warm subtropical waters to the Portuguese margin.

- 58 -



Paleo-Salinity Variations Derived From Planktonic Foraminiferal 580 and SST Estimates

Despite the significant cooling of surface waters during the 'Heinrich’
events, planktonic 5180 displays negative anomalies during H1 and H4 in core
S075-26KL (Figures 15d, h). Cooling by 8°-10°C during these events should
have caused planktonic $'80 to increase by 2.0-2.5%.. The negative 5180 excur-
sions therefore document changes in local seawater 5180 composition (3y) in
association with salinity decreases that partly compensated the effects of cooling
on planktonic 5'80. During H2 and the assumed H3 faunal and SST anomaly
planktonic 8180 does not show a decrease that is comparable to those seen
during the other 'Heinrich' events. The fact that planktonic 5180 does not
increase in accordance with the inferred SST decrease (the inferred SST
decrease of 7°-8°C would be equivalent to a planktonic 5180 increase by 1.8-
2.0%) implies significant 8w and salinity decreases during both events. As has
been discussed previously, icebergs did not reach the central Portuguese margin
during H3 as implied by the lack of a coeval IRD layer. The combined SST and
planktonic 5'80 pattern, however, suggests that low-salinity subpolar surface

waters reached the site of core SO75-26KL during H3.

6.3 Paleo-Salinity Variations Derived From Planktonic Foraminiferal 5180 and
SST Estimates: Local Variability off Portugal and Comparison to the Open
North Atlantic

Using planktonic 8180 and the SIMMAX SST estimates as input to paleo-
temperature equations, surface salinities (555) can be calculated.
Paleotemperature equations are designed to determine water temperature
during the precipitation of calcite as a function of seawater 580 composition
(dw) and calcite 5180 composition (8.) (see review by Mix [1987]). Here I use
Shackleton's [1974] paleotemperature equation that was empirically calibrated
to low temperatures (<16.9°C) by comparing benthic foraminiferal §'°0 from

deep Pacific sediment cores to ambient water temperatures:

T=16.9 -4+ (5. - dw) equation 1
Glacial-interglacial variation of seawater 8, that is driven by ice volume

changes is derived from the mean ocean 3y record of Vogelsang [1991] (Figure
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18a). The mean ocean &, record has been constructed by using benthic forami-
niferal §'20 data from Norwegian Sea sediment cores and assuming that bot-
tom water salinity (and temperature) there remained constant during glacial-
interglacial times; data gaps in some glacial sections (stages 6, 8, 10) of the record
were filled in by using benthic foraminiferal 5'%0 data from deep Pacific core
V19-30 [Labeyrie et al., 1987; Vogelsang, 1990]. A mean-ocean §,, increase by
1.1%0 during the Last Glacial Maximum that is implied by these data has
recently been confirmed by pore-water 5180 measurements in sediment cores

from the equatorial Atlantic [Schrag et al., 1996].

I have normalised the mean ocean &, record to local &, at the site of core
SO75-26KL that was calculated from equation 1 by using the late Holocene G.
bulloides 8'0 value of 0.2% PDB from core SO75-26KL as input for §..
Summer SST as inferred from the planktonic foraminiferal census counts was
used for T in equation 1, after correcting by -1°C to account for an apparent off-
set from equilibrium fractionation as revealed by statistical analysis of G.
bulloides 5'%0 from core-top samples [Duplessy et al., 1992]. Le., "isotopic" tem-
perature recorded by G. bulloides 3'®0 is lower by 1°C than "true" summer SST
[Duplessy et al., 1992]. The pattern of 5'30 values from modern G. bulloides and
of surface temperature shows that 5'%0 of G. bulloides is highly correlated with
summer SST at 7°-22°C, at a constant offset of 1°C, but is only poorly correlated
to winter SST [Duplessy et al., 1991, 1992]. Therefore, "isotopic" summer SST is
the more reliable input to equation 1. Late Holocene "isotopic" summer SST at
the site of core SO75-26KL is 20.9°C, local &, is calculated to be 1.4%. PDB
(1.67% SMOW, using an offset of 0.27%. between PDB and SMOW scales [Hut,
1987)).

Using the records of local §,, and "isotopic" summer SST shown in Figure
18a, equilibrium §. was predicted and compared to the measured 5180 record
from core SO75-26KL (Figure 18b). The offset between measured 8180 and

Ny g



Paleo-Salinity Variations Derived From Planktonic Foraminiferal 520 and SST Estimates

518
%. PDB

A8 180
observed
minus
predicted

local
salinity
anomaly

SIMMAX summer SST minus 1°C

local &, (f mean ocean 8)

25°C
H4
20
15
10
5 -
0
! predicted &,
-1
observed 8180 (G. bulloides)

AS scales
r-3

-2

1.2:1
-40%.

estimated
surface
salinity

(4c -k a)

Figure 18. Estimated SST from core SO75-26KL in combination with a seawater
oxygen isotope record (a) has been used to predict equilibrium oxygen
isotope variations at the core site (b). The deviation of observed planktonic
from predicted oxygen isotope levels monitors local salinity variations that are
calculated using different isotope signals for glacial freshwater endmembers
(c). An estimated surface salinity record is shown in (d). Inferred SST has been
corrected to account for offsets between 'isotopic' and 'true’ temperature
[Duplessy et al., 1991].
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predicted 8. is the local seawater dw anomaly and is converted into a local sali-
nity anomaly (Figure 18c) by applying a 8, :salinity (8,:5) slope of 0.5 that is
determined from a zero-salinity freshwater 8, for the North Atlantic of -18%o
SMOW [Ostlund et al., 1987; Duplessy et al., 1991, 1992]. Taking colder glacial
atmospheric precipitation temperatures into account as well as larger contribu-
tion of glacial meltwaters, a 8,:S slope of 0.8 (zero-salinity freshwater 8, =-30%o
SMOW) is used for the glacial part (>10 *C-kyr) of the record (e.g., Mix and
Ruddiman [1985]) (Figure 18c). For the 'Heinrich' events, glacial ice is assumed
to be the dominant freshwater source, therefore using a §,,:S slope of 1.2 as
determined by a freshwater 8,, endmember of -40%> SMOW. The final record of

salinity change that combines the three different 3,,:S slopes is given in Figure

18d.

The paleo-salinity record derived for core SO75-26KL suggests salinity
decreases by 1.5 (H2) to 2.0-2.8 (H1, H4) during the 'Heinrich' events. For the
assumed H3 temperature anomaly at 24-26 M4C-kyr, a salinity decrease of 1.2 is
inferred. A salinity decrease around 2.5-3.0 has been inferred previously by
Duplessy et al. [1992, 1993] at nearby core SU81-18 for the post-glacial-maximum
period 14.5-13.0 *C-kyr, and was linked to a first meltwater spike coming from
the Barents and Fennoscandian ice sheets. These authors estimated local 8,
variations from a numerical ocean circulation box model that involved melt-
water flux (derived from the coral growth function during deglacial sea-level
rise given in Fairbanks [1989]) and residence time of surface water (assumed to
remain constant); deglacial meltwater &, was set to -40%.. The fact that a simi-
lar salinity anomaly (even though estimated from a different computation
scheme) is observed at core SO75-26KL and that the anomaly in this core is
associated with H1 suggests that the low-salinity waters were derived from the
northern North Atlantic and presumably also contained major meltwater

components from the Laurentide ice sheet.

The paleo-salinity estimates from core SO75-26KL also show that mean-
glacial salinities were similar to Holocene salinities supporting the earlier sug-
gestion based on inferred warm SST that the site of core SO75-26KL was in the
advection path of subtropical surface waters during glacial-interglacial times

and that it was only during the North Atlantic 'Heinrich' meltwater events
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that low-salinity subpolar waters reached the Portuguese margin, conceivably
in conjunction with intermittent southward/onshore migrations of the polar

front.

6.4 Comparison With the Northern North Atlantic: BOFS Core 5K

I have applied the computational scheme that has been used to derive
paleo-salinities for core SO75-26KL also for BOFS (Biogeochemical Ocean Flux
Study; Elderfield and Thomas [1995]) core 5K from the northern North Atlantic.
Planktonic §80 (N. pachyderma (sin.)) and SIMMAX summer SST estimates
are available from Maslin et al. [1995]. In this case summer SST has been correc-
ted by -2.5°C to account for the larger offset between "true” temperature and
"isotopic" temperature that is contained in the N. pachyderma (sin.) 5180
record [Duplessy et al., 1991] (see right-hand scales in Figure 19b). This offset is
larger than that of 1.3°C determined by Weinelt et al. [1996] that includes data
from the cold end of the SST range by using calibration points from the
Norwegian-Greenland Seas. The temperature offsets of 1.3°C and 2.5°C between
'true' SST and 'isotopic' SST account for 5180 offsets of 0.3%. (AT of 1.3°C) and
0.6% (AT of 2.5°C) which is equivalent to salinity offsets of 0.3 and 1.2,
respectively, applying the modern 8,:S slope of 0.5 (see above). If a 8y:S slope of
0.8 is used that accounts for stronger 180-depletion in glacial freshwater supply
to the North Atlantic, the 'isotopic’ versus 'true' salinity offsets would be 0.4
and 0.8. However, the offsets between 'true' and 'isotopic’ temperature (and
therefore also between 'true' and 'isotopic' salinity) are assumed to remain
constant through glacial-interglacial times. Depending on the choice of either
correction value, the paleo-salinity estimates would shift on an absolute sali-
nity scale but amplitudes of variation would remain the same. To circumvent
the problem of selecting the most appropriate correction value, I have norma-
lized the paleo-salinity estimates to modern salinities, thus documenting abso-
lute salinity variations relative to the modern that are independent from the

choice of an 'isotopic' correction value.

The data from BOFS-5K suggest that summer SST in the open North
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Figure 19. Paleosalinity estimates for core BOFS-5k from the northern North Atlantic
followed the same scheme as shown in Figure 18. Comparison of estimated salinity
variation along cores SO75-26KL and BOFS-5K suggests that salinity gradients were
reduced between both cores during the 'Heinrich' events. This implies an expansion
of subpolar conditions to the southern Portuguese margin, as has also been inferred
from estimated SST decreases there.
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Atlantic was continuously lower and glacial salinities depleted compared to
core SO75-26KL (Figure 19), as is expected from the hydrographic gradient bet-
ween subpolar and subtropical waters that separates both core sites [CLIMAP,
1981]. The SST gradient between both sites was increased by 3°C during the last
glacial, i.e. 10° for the mean-glacial period as compared to 7°C during the
Holocene. Inferred salinity decreases of 0.5 for H1 and H2, and 1.5 for H4 at core
BOFS-5K are distinctly smaller than those of 1.5-3.0 that are estimated for SO75-
26KL. Coverage with planktonic 5'%0 and SST estimates during H3 is insuffi-
cient in core BOFS-5K due to low abundances of planktonic foraminifera in this
interval. For the post-H2 warm period at SO75-26KL a temperature gradient of
nearly 20°C is indicated, which appears unrealistic at first glance but cannot be
ruled out as the occurrence of 'warm' planktonic foraminiferal species G. ruber
(white) indeed suggests warmer than mean-glacial conditions off Portugal (see

above) for this period.

There are few instances when SST and paleo-salinity estimates indicate a
reduced (or even reversed) hydrographic gradient between cores BOFS-5K and
SO75-26KL. During H1 and H4, values converge and reach similar levels. The
SST convergence during H1 is caused by deglacial warming by 5°C at BOFS-5K
and cooling by 8°C at SO75-26KL. The salinity decrease at BOFS 5K during H1,
however, is only 0.5 i.e., one fifth of the coeval decrease estimated for SO75-
26KL (AS=2.5) further south. During H4, cooling at core SO75-26KL is 10°C whe-
reas at core BOFS-5K SST barely decreases by 2°C. SST and paleo-salinity values
remain on a similar level for a brief period after H4 when SST and paleo-sali-
nity increases at both sites, before SST and paleo-salinity decreases at core BOFS-
5K but remain high at core SO75-26KL. A reversed gradient is indicated for a
brief period at 13.0 14C-ka when paleo-salinity at the northern core BOFS-5K
increases over that inferred for core SO75-26KL. This may well be an artefact of
inadequate stratigraphical resolution in core SO75-26KL for which the age
model suggests decreased sedimentation rates during this interval (see Figure
5d; note that a similar minimum in the sedimentation rate curve is indicated if

14C-ages are used for computation instead of calibrated ages as in Figure 5d).

If the SST anomaly between 27-24 MC-kyr in core SO75-26KL is indeed

coeval with H3, then would the SST and paleo-salinity anomalies have to be
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lined up (i.e., shifted to older ages) with the occurrence of H3 in BOFS-5K. In
this case the SST estimates at BOFS-5K and SO75-26KL would converge where-
as the paleo-salinity gradient would have remained similar to what is indicated
for the periods before and after H3. It must be noted that no SST estimates were
possible from the peak maximum of the H3 IRD layer in core BOFS-5k because

of low planktonic foraminiferal abundances in this section [Maslin et al., 1995].

Maslin et al. [1995] used the occurrence of distinct salinity decreases during
the 'Heinrich' events as circumstantial evidence for significantly decreased sur-
face density that potentially led to a strong reduction (H1) if not a complete halt
(H4, H3) of thermohaline overturn in the northern North Atlantic. This infe-
rence is supported by benthic foraminiferal §'°C data and numerical circulation
experiments which suggest strongly reduced ventilation of the deep North
Atlantic during the 'Heinrich' events and deglacial meltwater events [Jansen
and Veum, 1990; Keigwin et al., 1991; Lehman and Keigwin, 1992; Sarnthein et
al., 1994; Jung, 1996; Seidov et al., 1996]. The salinity anomalies that Maslin et al.
[1995] estimated for core BOFS-5K, however, are larger (AS=1.0-2.5) - and there-
fore potentially more effective in reducing water mass sinking - than those
estimated here (AS=0.5-1.5) for the same core (Figure 19). The difference is due
to a more positive meltwater 5y value of -35% SMOW (compared to -40%.
SMOW used here) that these authors used for their estimation of salinity draw-

down.

The amplitude of inferred salinity anomalies during the 'Heinrich' events
decreases along with the 5, value that has been used to estimate the salinity
decrease. The fact that SIMMAX MAT and concurrent transfer function SST
estimates deviate from each other adds further uncertainty to the determina-
tion of salinity change through time. But paleoceanographic time series that are
available from the northern and subtropical North Atlantic and new data from
shallow sediment cores at the upper Portuguese margin consistently demon-
strate that the meltwater incursions that went along with the 'Heinrich' events
and the deglacial of ice sheets around the North Atlantic affected the North
Atlantic's thermohaline circulation and caused distinct reductions in ventila-
tion from mid-depth water masses around 1100 m off Portugal (shown further

below in this thesis) to water depths around 4000 m in the northern North
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Atlantic [Veum et al., 1992; Keigwin and Jones, 1994; Sarnthein et al., 1994;
Jung, 1996]. From this it must be inferred that the salinity reductions - whate-
ver their true magnitude was - were large enough to slow down thermohaline

overturn in the northern North Atlantic, or bring it to a complete halt.

Bond et al. {1993] argued that 'Heinrich' events mark the final stages of
longer-term cooling cycles which drove the glacial North Atlantic from subpo-
lar to polar conditions. Cooling cycles are not seen in the SST record from core
S075-26KL (Figure 17). If the cycles indeed existed, it appears they were not
transmitted southwards across the southern border of the 'Heinrich' belt (appr.
40°N). Surface water cooling off Portugal occurred only during the 'Heinrich'
events. Cooling (inferred from the Ukgzy temperature index) that was coeval
with 'Heinrich' events is also observed as far south as Cape Blanc (21°N) off
Northwest Africa [Zhao et al.,, 1995]. Apparently, the temperature signals
"leaked" through the glacial polar front to the south by way of the Portugal and
Canary Currents. The incursion of polar and subpolar foraminiferal taxa off
Portugal and evidence of surface cooling and salinity decreases off Cape Blanc
[Wang et al., 1995; Zhao et al., 1995] indicate an increased southward transporta-
tion of surface water in the North Atlantic's eastern boundary current, in gene-
ral agreement with earlier micropaleontological evidence [Thiede, 1977;
Molina-Cruz and Thiede, 1978]. Such scenario also concurs with results from
numerical circulation models that simulate changes in North Atlantic circula-
tion in response to freshwater anomalies and indicate a southward penetration
of low-salinity waters along the northeast Atlantic margin to 30°-20°N (see

Figure 2 in Manabe and Stouffer [1995], Figure 8 in Seidov et al. [1996]).
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7.0 GLACIAL-INTERGLACIAL EVOLUTION OF MID-DEPTH CIRCULATION
OFF PORTUGAL: MEDITERRANEAN OUTFLOW VERSUS MID-DEPTH

WATERS FROM NORTH ATLANTIC SOURCES

Benthic isotope studies have revealed distinct changes of deep water pat-
terns in the North Atlantic during late-glacial and deglacial meltwater surges
[Keigwin et al., 1991; Veum et al., 1992; Sarnthein et al., 1994; Seidov et al., 1996].
'Heinrich' events and associated meltwater surges also affected deep water pro-
perties that reflect re-organisations in mid-depth and deep circulation [Jung,
1996; Rasmussen, 1996]. The close correlation between marked benthic §'°C
decreases and the occurrence of 'Heinrich' layers in cores SO75-6KL and -26KL
from the upper Portuguese margin are suggestive of mid-depth circulation
changes that were related to changing surface ocean conditions in the northern
North Atlantic during the 'Heinrich' meltwater and IRD events. However,
ambient bottom waters at both core locations today receive a significant contri-
bution of saline Mediterranean Outflow Water (MOW). Variations either in
the relative amount of MOW received at the core sites or in depth of MOW
core layer may have contributed to the observed negative benthic §'3C anoma-
lies. Glacial-interglacial variability of MOW advection and hydrography needs
therefore to be evaluated to better constrain the interpretation of benthic §°C
from the upper Portuguese margin in view of the North Atlantic's thermoha-

line circulation.

7.1 Mediterranean Paleoceanography: Glacial-Interglacial Evolution and

Conceptual Models

Advection of MOW to the North Atlantic is driven by the Mediterra-
nean's water budget and limited by the internal hydraulics of the Gibraltar
Straits [Madelain, 1970; Bethoux, 1979; Bryden and Stommel, 1984; Armi and
Farmer, 1985; Bryden and Kinder, 1991]. Today, Atlantic surface waters enter the
Mediterranean with a salinity of 36.5. By the time they reach the Levantine
Basin in the easternmost Mediterranean, salinity of these waters is increased by
more than 2.5 due to continued evaporation that is in excess to precipitation

thus causing a net freshwater loss to the atmosphere. Haline overturn in the

- 68 -



Mediterranean Paleoceanography: Glacial-Interglacial Evolution and Conceptual Models

Levantine Basin leads to the formation of saline Levantine Intermediate Water

and Eastern Mediterranean Deep Water [Malanotte-Rizzoli and Robinson,

1988].

Intermediate and deep water formation is very limited in the western
Mediterranean. It occurs regionally in the Ligurian Sea when dense surface
waters sink to greater depth in response to winter cooling and enhanced evapo-
ration due to dry “Mistral” winds, producing Western Mediterranean Deep
Water (WMDW) [MEDOC Group, 1970; Schott and Leaman, 1991; Leaman,
1995]. These waters contribute only very little - if at all - to the body of MOW as
the shallow sill of the Strait of Gibraltar (280 m) inhibits an outflow of WMDW
into the Atlantic. Only if winter-time buoyancy loss due to cooling results in a
small enough density contrast between intermediate and deep water can the
deep waters be drawn up into the outflow layer and flow over the sill [Bryden
and Stommel, 1983; Bryden and Kinder 1991].

Numerous paleoceanographic studies have focused on the history of the
Atlantic-Mediterranean water exchange in the course of late Quaternary glacial-
interglacial sea-level changes in conjunction with changes of the Mediterra-
nean’s hydrography [e.g., Faugeres et al., 1984; Vergnaud-Grazzini et al., 1986;
Thunell et al., 1987; Thunell and Williams, 1989; and references therein]. Early
work on sedimentary patterns east and west of the Strait of Gibraltar suggested
that current reversals towards an estuarine flow pattern (i.e., deep inflow,
surface outflow) as opposed to today's anti-estuarine flow pattern (i.e., surface
inflow, deep outflow) occurred during post-glacial sea-level rises [Olauson,
1961; Huang and Stanley, 1972]. The current reversal would have been caused
by enhanced fresh water fluxes from melting alpine glaciers and re-establish-
ment of the marine connection between the eastern Mediterranean and the
Black Sea at the end of the last glacial [Kullenberg, 1952; Olausson, 1961]. The
net effect of this re-organisation would have led the Mediterranean towards a

positive water balance forcing surface waters to flow to the west and out into

the Atlantic.

The sedimentological evidence used in support of this hypothesis was

discussed controversially, however, in part because of inadequate stratigraphic
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resolution but in part also because of different concepts in interpreting grain
size distributions [Huang and Stanley, 1972; Diester-Haass, 1973; Huang and
Stanley, 1974; Sonnenfeld, 1974]. Foraminiferal faunal, stable isotope and trace
element patterns on both sides of the Gibraltar Strait suggested that the modern
current pattern was maintained during the last glacial and during the post-gla-
cial sea level rise [Faugeres et al., 1984; Stow et al., 1986, Zahn et al., 1987;
Grousset et al., 1988; Vergnaud-Grazzini et al., 1989]. According to these studies,
MOW continued to flow into the North Atlantic during the last glacial even
though sea level was about 80-120 m below its present level thus reducing the
dimensions of the Strait of Gibraltar [Bethoux, 1984; Bryden and Stommel, 1984;
Thunell et al., 1987].

Mediterranean climate change and associated hydrographic variations do
not strictly follow a glacial-interglacial pattern but are strongly influenced by
insolation changes in the course of Earth's orbital precession variations, at a
period of 21,000 years. During periods of minimum precession, enhanced
northern hemisphere insolation leads to increased precipitation and larger
volumes of river discharge to the Mediterranean [Rossignol-Strick, 1983 and
1985; Hilgen, 1991; Lourens et al., 1994; Mommersteg et al., 1995]. Coeval varia-
tions in intensity of the North Atlantic Oscillation [Hurrell, 1995] in response to
varying meridional pressure gradients likely drove North Atlantic depression
tracks further to the east enhancing moisture transport to the Mediterranean
[Rohling and Hilgen, 1991]. The combined effects of these orbitally driven
changes would reduce Mediterranean salinity every 21 ka, leading to distinctive
changes in the Mediterranean's physical circulation [Hilgen, 1991; Rohling,
1994]. Most recent precession-related wet climate conditions occurred in the
Mediterranean during the early Holocene and are marked by the deposition of

Sapropel 1, 5.0-8.3 14C-ka ago [see discussion in Rohling, 1994].

During the Last Glacial Maximum, Mediterranean climates conceivably
were more arid than today. Compiling planktonic foraminiferal §'®O records
from sediment cores at similar latitudes in the Mediterranean and the open
North Atlantic, Thunell and Williams [1989] estimated glacial-interglacial
hydrographic changes in the Mediterranean. Changes in glacial-interglacial

5180 amplitudes from 1.8%. in the open North Atlantic over 2.9%. in the
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western Mediterranean to 3.1%o at core sites in the eastern Mediterranean were
used to infer salinity increases of 1.2 and 2.7 for the western and eastern basins
in response to a more negative water balance due to higher evaporation rates
[Thunell and Williams, 1989]. Glacially increased aridity is also implied by cli-
mate modelling that predicts about 10% decreases of rainfall over the eastern
Mediterranean region [Clemens and Prell, 1991; Prell and Kutzbach, 1992;
deMenocal and Rind, 1993], and by increased abundances of pollen assemblages
in the Mediterranean borderlands that today are associated with dry climates
[Rossignol-Strick, 1983; Gasse et al., 1990; Gasse and van Campo, 1994;
Mommersteg et al., 1995].

7.2 Hydraulic Constraints on MOW Flow to the North Atlantic: the Overmix-
ing Model

I use the overmixing model of Bryden and Stommel [1984] to estimate the
limiting effects of glacial-interglacial sea-level change and varying Atlantic-
Mediterranean salinity contrasts on the advection of MOW (Figure 20). The
model is designed to predict salinity difference and inflow and outflow through

the Strait of Gibraltar by way of the mass and salt conservation equation

O, = ——5A . pa=__ %2 equation 2
M SM - SA SA * —%VZF q
with
2
E
H
Py (W-?)
F=-—M. equation 3
ﬁ'SA E
8 2
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modern AS = 1.7, modern MOW = 1.6 sv
glacial AS = 4.0, glacial MOW = 0.8-1.1 sv

E = modern E = 2 x modern

m\ 1 0
f—
W - -50
k A MOW=
(48] -30%
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| 2 3 4 SRk -+
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Figure 20. Advection of Mediterranean Outflow Water

(MOW) through the Strait of Gibraltar depends on the
Atlantic-Mediterranean salinity gradient (a function of

evaporation over the Mediterranean) and the geometry
of the Gibraltar Strait (a function of sea level). Using the 'overmixing' model of Bryden and Stommel [1984],

reductions in MOW flow can be estimated as a function of glacial-interglacial sea level variation and varying

Atlantic-Mediterranean salinity gradient. The calculations indicate that MOW advection during the last glacial
should have been reduced to 30-50% of its present rate.
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where Q1 is the rate of MOW in 102 cm® s’!, S4 and Sy are salinity of inflo-
wing Atlantic and outflowing MOW, E is the evaporation in 10" em® s, F
describes flow velocity as a function of evaporation and the seastrait's geometry
(non-dimensional, comparable to the Froude number), ppy is the density of
MOW, f relates density to salinity (0.77 x 10 g cm™ %, !; permil is used here to
indicate salinity which otherwise is non-dimensional), W and H are width and

depth of the Strait of Gibraltar, and g is the gravitational acceleration.

Independent parameters for equations 2 and 3 are [Bryden and Stommel,
1984]:

¢ width (W) and depth (H) of the Gibraltar sill: 12 km and 284 m;

e salinity of incoming Atlantic surface water (S4): 36.5;

3 -1

e evaporation (E) over the Mediterranean: 0.76 x 10" em?® s

Using the modern control parameterization, the model predicts a mean
salinity difference between inflowing Atlantic surface waters and outflowing
Mediterranean intermediate waters of 1.7 and an flow rate of MOW of 1.59
x101%2 cm® 57!, in reasonable agreement with oceanographic observations

[Bryden and Stommel, 1984].

Prescribing Atlantic-Mediterranean salinity difference as a function of glo-
bal climate in conjunction with lowered glacial sea level and varying
Mediterranean hydrography, the model may be used to estimate rates of advec-
tion (Figure 20). Assuming a hyperbolic geometry of the Strait of Gibraltar, the
width of the strait is linked to its depth (which, in turn, is a function of sea

level) by the square function

H .
W = .2 equation 4

010079

where W and H are width and depth at a given sea-level low or high stand.

Substituting equation 4 in equation 3 allows to predict reductions in MOW
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advection through the Strait of Gibraltar into the Atlantic as a function of sea-

level change and varying Atlantic-Mediterranean salinity offsets.

Thunell and Williams [1989] estimated Mediterranean salinity to be
higher than today, by 1.2 in the western Mediterranean and 2.7 in the eastern
Mediterranean (see above). These salinity increases are in addition to the mean
ocean salinity increase of 1 that accounts for a sea-level drop of 120 m.
Assuming that the salinity increase due to the ice volume effect was the same
for the Atlantic and Mediterranean and using a mean Mediterranean salinity
increase of 2.0, the Atlantic-Mediterranean salinity offset was increased at the

glacial maximum to 3.7 (i.e., 1.7 today plus 2.0).

As Figure 20 shows, a glacial maximum sea-level lowering by 120 m and
an increase in the Atlantic-Mediterranean salinity offset to 3.7 [Thunell and
Williams, 1989] would reduce MOW by some 50 %, from 1.6 Sv today to 0.8 Sv
at the glacial maximum. If one allows for a two-fold increase in evaporation
over the Mediterranean, MOW would be reduced to 1.1 Sv, equivalent to 63 %
of its modern advection. Hence, the contribution of MOW to the North
Atlantic conceivably was reduced, giving way to a stronger influence of North
Atlantic mid-depth water masses on the hydrography of the upper Portuguese

margin.

7.3 Benthic Foraminiferal 50 at the Upper Portuguese Margin: T-S Fields and
MOW Mixing with North Atlantic Mid-Depth Waters

The concept of combining T-S diagrams with equilibrium §'%0 (5.) fractio-
nation estimates (Figure 21; Zahn and Mix [1991]) is a valuable tool to estimate
water mass properties on the basis of foraminiferal §%0. T-S-5. diagrams pro-
vide the constraint of vertical density stratification to the T-S related interpreta-
tion of foraminiferal 5'%0 that helps to narrow down paleo T-S estimates to
physically plausible solutions [Zahn and Mix, 1991; Labeyrie et al., 1992;
Sarnthein et al., 1995; Weinelt et al., 1996]. I use this concept here to estimate
the contribution of MOW and Atlantic type water masses to the upper

Portuguese margin during the last glacial.

e, e
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The modern §. fractionation lines shown in Figure 21 have been compu-
ted using the paleotemperature equation of Shackleton [1974] (equation 1, page
59) and a 8y:salinity slope of 0.5 (8w=0xygen isotope composition of seawater)
which results from a North Atlantic freshwater endmember around -18%. in
8w (SMOW). This slope represents the §:salinity relationship for modern
North Atlantic deep and mid-depth waters (see also discussion in Duplessy et
al. [1991]). NADW is fixed in the diagram at a benthic 8. of +3.6%. PDB and T-S
values of 2°C/34.9 that are commonly measured at coring sites in the North
Atlantic [Labeyrie et al., 1992; Sarnthein et al., 1994; Jung, 1996]. For the T-S
values of 11°C/36.3 that have been measured in hydrocasts near the sites of
S075-6KL and SO75-26KL (Figure 4), a 8. value of +2.1%. PDB is obtained. This
value is consistent with late-Holocene 5'%0 of C. wuellerstorfi of +1.5+.08 %o
PDB (n=18) in cores SO75-6KL and -26KL (Figure 11) once the values have been
corrected to the Uvigerina-scale by adding 0.64 %o.

The mid-depth water mass at the upper Portuguese margin today is deri-
ved from mixing between MOW, NACW, and LSW (see page 11, Chapter 3.0,
Oceanographic Setting and Paleoceanographic Evolution ). Using endmember
T-S values of 13°/38.4 for MOW in the Gulf of Cadiz, 13°/35.6 for NACW, and
3°/34.9 for LSW, one arrives at a mixing ratio of 0.34:0.50:0.16 for
MOW:NACW:LSW to generate in situ T-S values of 11°/36.3 at the site of
cores SO75-6KL and SO75-26KL (Figure 21). Le., the mid-depth water mass at the
upper Portuguese margin today consists of approximately 30% MOW and 70%
mid-depth waters from the open North Atlantic, in good agreement with esti-

mates derived from the "cascade box model" of Zenk [1975].

For a first evaluation of water mass distribution at the LGM, the & fractio-
nation lines have been computed using the same slope as for the modern &,
lines (Figure 22a). Glacial maximum lower NADW (LNADWgMm) was fixed to
T-S values of 0°C/35.8 and a §. value of +5.3% PDB [Labeyrie et al., 1992;
Sarnthein et al., 1995; Jung, 1996]. From glacial-interglacial variations of plank-
tonic foraminiferal §%0 and from planktonic foraminiferal census counts
along sediment cores from the Mediterranean it was concluded that salinities

of glacial-maximum Mediterranean waters were higher by 1.2-2.7 and tempera-
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Figure 22. (a) Same as in Figure 21, except for the Last Glacial Maximum. T-S values for
mixing endmembers have been changed to estimated LGM values (see text). UNADW
(diamond) is Upper North Atlantic Deep Water. Crosses indicate T-S values at a benthic
oxygen isotope value of +4.1%. (PDB) that is documented in cores SO75-6KL and -26KL.
Estimates are made for largest possible MOW contribution, if MOW mixes with cold (cross
1) or warm (cross 2) NACW. Mixing ratios for crosses 1 and 2 are indicated. &
fractionation is computed by using the same parameterization as in Figure 21 and
correcting for a mean glacial dw increase of 1.2%.. (b) Same as in (a), except that dw:salinity
slope is set to 0.8, freshwater dw is -30% (SMOW). This configuration accommodates
glacially lowered precipitation temperatures and the contribution of meltwaters.
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tures lower by 4°-6°C [Thiede, 1978; Thunell, 1979; Thunell and Williams, 1989].
Using AT(Lgm)=-5°C and AS(Lgm)=+2 sets MOWgMm as it enters the North
Atlantic to T-S values of 8°/40.3 (Figure 22a).

Glacial maximum benthic §'%0 in cores SO75-6KL and -26KL is 3.44+.21 %,
PDB (n=59, Cibicidoides-scale), equivalent to 4.08%» PDB on the Uvigerina-scale
of 8'80 that is assumed to be close to equilibrium with sea water 8y and tempe-
rature. Le., benthic §'80 is increased by 2% relative to modern values. Mean-
ocean &, was increased at the LGM by approximately 1.1%. [Labeyrie et al., 1987;
Fairbanks, 1989; Vogelsang, 1990] due to the removal of 5180 depleted water
from the world ocean by evaporation and its fixation in global ice sheets. The
increase of 0.9%. of benthic §'80 at the upper Portuguese margin that was in ex-
cess to the mean-ocean increase in 3y either reflects cooling by 3.5°C of mid-
depth waters off Portugal, or an increase in salinity by 1.8 (using a modern 8y:5

slope of 0.5; Figures 21 and 22a).

To determine the potential changes in contribution of MOWLgwMm to
ambient water masses at the upper Portuguese margin that may have led to the
T-S changes which resulted in the significant benthic 5180 increase , T-S values
for mid-depth waters in the glacial-maximum North Atlantic need to be
known. One endmember water mass is Glacial North Atlantic Intermediate
Water (GNAIW) [Duplessy et al., 1988] or Upper North Atlantic Deep Water
(UNADW/GMm) [Sarnthein et al., 1994; Jung, 1996]. Reconstructions by Duplessy
et al. [1992], Labeyrie et al. [1992], and Sarnthein et al. [1994, 1995] consistently
infer that salinities of UNADW gm were similar to those of LNADW gm, 35.8.
Using a benthic §'%0 of +5.0 PDB that is documented in sediment cores from
the northern North Atlantic at water depths of 1100-1500 m [Labeyrie et al.,
1992; Sarnthein et al., 1994; Jung, 1996] and a salinity of 35.8 yields a paleotem-
perature of +1°C for UNADWcm (Figure 22a). The T-S values for
UNADWigMm thus are 1°/35.8.

Not much paleodata are available to trace the glacial-interglacial evolu-
tion of NACW as the second endmember for mixing with MOWrgm. Slowey
and Curry [1995] infer a cooling of 2°C at mid-depths (1-2 km) around the

Bahamas, pointing to similar cooling of surface waters in the North Atlantic
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subtropical gyre, the potential source region for NACW. Summer SST in the
glacial maximum North Atlantic ranges from 5°C to > 13°C at the northern
margin of the subtropical gyre [CLIMAP, 1981; Sarnthein et al., 1995; Weinelt et
al., 1996]. Winter temperatures were lower, approaching 0°C in the northern
North Atlantic [Sarnthein et al., 1995]. Thus, glacial NACW temperatures could
have been anywhere between present-day values (13°C) and close to upper gla-
cial deep water temperatures. Warmer than today's temperatures appear unli-
kely, given that upper North Atlantic water masses were colder during the last

glacial [Slowey and Curry, 1995].

Two scenarios (Figure 22a) are discussed here, using the surface ocean
temperature and salinity estimates for the central and northern North Atlantic
given in Duplessy et al. [1991] and Sarnthein et al. [1995]. (1) A cold subpolar
NACW_cMm that formed in the area of the positive salinity anomaly at 51°-54°N
inferred by Duplessy et al. [1991], with T-S values of 6°/36. (2) A warm
NACW_gm that formed along the northern margin of the subtropical gyre
(around 40°N), with T-S values of 13°/37.5. In the first scenario, NACW would
have been considerably colder than today (AT = -7°C) and salinity increased by
0.4 whereas in the second scenario NACW temperature is the same as today but

salinity is considerably increased, by 1.9.

To estimate the maximum possible contribution of MOW to mid-depth
waters at the Portuguese margin, the following boundary conditions apply:
equilibrium §. of +4.1%. PDB has to be maintained to be consistent with the
observed benthic 0 value (corrected to the Uvigerina-scale) in cores SO75-
6KL and SO75-26KL; density of the ambient water mass at the core sites must
not exceed that of underlying UNADW|gM. Maximum density for this mid-
depth water mass is defined in the T-5-8. diagram as the intercept between the
+4.1%o 8¢ isoline and the 37.6 (s,) isopycnal of UNADWgm at a T-S value of
7.2°/37.1 (Figure 22a). This point also defines the maximum contribution of

MOW as it is closest along the +4.1%. & isoline to the T-S coordinate of glacial

MOW (Figure 22a).

As is shown in Figure 22a, the cold and warm NACW scenarios both indi-

cate a maximum possible contribution of 10% to the mid-depth water mass at
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the Portuguese margin. In the case of the cold NACW, maximum MOW con-
tribution is entirely defined by mixing between MOW and NACW, T-5 values
of the mixing product are 6°/36.4. In the case of a warm NACW, MOW mixes
with a water mass that consists of roughly equal parts of UNADW and NACW.
T-S values are 7.2°/37.1 as defined by the intercept between the +4.1%o 8. isoline
and the 37.6 (s,) isopycnal of UNADW|gum (Figure 22a).

Both scenarios imply that the contribution of MOW to mid-depth waters
at the upper Portuguese margin was only 10% compared to 30% today. These
numbers change slightly if a more negative freshwater &, value of -30%.
(SMOW) is used to account for lower glacial precipitation temperatures in the
North Atlantic region, and a stronger contribution of glacial meltwater (Figure
22b). Using a 3w value of -30%. (SMOW), the slope of the §. lines in the T-S
field is steeper and the +4.1%. &. fractionation line does not intersect the den-
sity isoline of UNADW. Thus, the maximum possible MOW contribution is
defined by the intercepts of the +4.1%. §. fractionation line with the mixing
lines between MOW and warm or cold NACW. Maximum MOW contribution
is 5% if it mixes with cold NACW, and 15% if it mixes with warm NACW
(Figure 22b). Le., the contribution of glacial MOW to the mid-depth North
Atlantic would have been reduced by 50% to more than 80% of its present con-

tribution.

Sea-level lowering by as much as 120 m during the last glacial reduced the
geometry of the Strait of Gibraltar and must have reduced the through-flow of
MOW to the North Atlantic [Bryden and Stommel, 1984]. Using Bryden's and
Stommel's [1984] overmixing model implies reductions of MOW by 30-50%,
depending on the rates of evaporation over the Mediterranean (see page 71,
Chapter 7.2, Hydraulic Constraints on MOW Flow to the North Atlantic:). The
T-S considerations shown in this chapter, in association with potential mixing
scenarios, also imply a reduced MOW flow to the upper Portuguese margin.
Both contentions are further supported by physical considerations, that T-S
values of 8°/40.3 estimated for MOW| gy yield a density of 40 (s,) which is con-
siderably higher than that of 37.6 for UNADWygm. The density contrast
between MOW and underlying deep waters is thus increased from 0.7 today
(Figure 21) to 2.4 at the LGM (Figure 22). If MOW still contributed to the hydro-
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graphy of the shallow North Atlantic, significant mixing with less saline North
Atlantic waters was required to lower MOW density and to allow it to flow at
shallow depths. Enhanced MOW density that requires intensive mixing with
less saline Atlantic waters to increase its buoyancy together with a reduced mass
flow of MOW therefore supports the conclusion that MOW must have played a

less significant role in the glacial-maximum mid-depth North Atlantic.

Based on elevated benthic 8'°C levels during the last glacial at core sites
immediately west and south of the Gulf of Cadiz, Zahn et al. [1987] postulated a
stronger influence of MOW on the North Atlantic's hydrography during the
LGM. This hypothesis was subsequently supported by Oppo and Fairbanks
[1987] using similar isotope evidence from Caribbean sediment cores. Even
though it was recognized that the advection of MOW must have been reduced
at the LGM due to lower sea level it was hypothesized that MOW left a stronger
imprint on the North Atlantic than today because convection rates and water
mass renewal was thought to be significantly reduced in the glacial-maximum

northern North Atlantic [Zahn et al., 1987].

With new data from the northern North Atlantic and the Nordic Seas
[Duplessy et al., 1991; Labeyrie et al., 1992; Oppo and Lehman, 1993; Sarnthein et
al., 1994, 1995; Weinelt et al., 1996; Yu et al., 1996] it seems today more plausible
to assume that the subpolar North Atlantic remained an important source of
mid-depth and deep ventilation also during the last glacial. Therefore, the
influence of MOW on the upper water masses of the North Atlantic must have
been reduced at the LGM, as is also inferred from the T-S-3. discussion above.
The reduction was probably less severe during early stage 2 and stage 3 when
sea level was higher, but from the above considerations it must be concluded
that the glacial sections of the benthic isotope records from upper Portuguese
margin cores SO75-6KL and -26KL primarily document the variability of North
Atlantic mid-depth ventilation and, as such, monitor thermohaline overturn

in the glacial North Atlantic.
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7.4 Regional Differences in Benthic 510 and 5"°C at Subtropical and Northern
North Atlantic Core Sites - Implications for Mid-Depth Hydrographic Gradients

Comparing the benthic isotope record of core SO75-26KL with similar
records from other North Atlantic mid-depth sediment cores [Zahn et al., 1987;
Slowey and Curry, 1995; Jung, 1996; Rasmussen et al., 1996; Lackschewitz et al.,
1997] shows that benthic 8'%0 at the upper Portuguese margin is depleted rela-
tive to 5'80 data from the subtropical and northern North Atlantic (Figure 23).
Most positive values - conceivably indicating lowest mid-depth water tempera-
tures - are documented for northern North Atlantic cores SO82-05 (Reykjanes
Ridge; Lackschewitz et al. [1997]) and ENAMO93-21 (Faeroe-Shetland Channel;
Rasmussen et al. [1996]). Core ENAM93-21 today is in the advection path of
'young' overflow waters from the Norwegian-Greenland Seas to the northern
Northeast Atlantic [Hopkins, 1991], and conceivably also during the latest
Quaternary as is indicated by a tongue of extremely positive benthic §1°C
immediately south of the Iceland-Faeroe Rise [Sarnthein et al., 1994]. This
regional benthic 813C maximum is best developed during the late Holocene, the
Younger Dryas cold episode, and the LGM, but it is also seen during the pre-
LGM period early in oxygen isotope stage 2 (see benthic 5'°C map series in
Sarnthein et al. [1994]) and documents the presence of a chemically 'young'

water mass in the area.

Core SO82-05 from the Reykjanes Ridge southwest of Iceland is influenced
by Norwegian-Greenland Sea overflow waters that flow through the Denmark
Strait, and by re-circulating mid-depth waters that form locally in the northwe-
stern North Atlantic e.g., the Labrador Sea [Talley and McCartney, 1982;
McCartney, 1992; Schott et al., 1993; Visbeck et al., 1995]. The extremely positive
Holocene and glacial benthic 813C values in this core support the contention of
a continuous flow, but at different rates, of young mid-depth waters - upper
NADW - through the northern North Atlantic (Figure 23) [Zahn et al., 1987,
Duplessy et al., 1988; Labeyrie et al., 1992; Oppo and Lehman, 1993; Sarnthein et
al., 1994]. Paleoceanographically reliable benthic 513C data are not available for
core ENAM93-21 because epibenthic foraminifera are rare in this core. The ben-

thic isotope curve from this core, shown in Figure 23, was measured using
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Figure 23. Benthic isotope records from mid-depth core sites in the
subtropical and northern North Atlantic. Comparison with the isotope
records from core SO75-26KL reveals gradients that monitor distinct
circulation changes during the last glacial. See text for discussion.
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Nonion zaandamae [Rasmussen et al., 1996b], an infaunal benthic foraminife-
ral species that documents pore-water 51°C signals rather than 81°C signals from
overlying bottom waters [Corliss and Chen, 1988]. Benthic 5180 in core SO82-05,
however, is continuously depleted relative to values from core ENAM93-21,
most likely reflecting admixture of 180-depleted waters that contain some con-

tribution of glacial ice melt, either from the Greenland Sea or the Labrador Sea.

Benthic 80 from subtropical North Atlantic core OC205-2-100GGC
(Providence Channel, Bahamas; Slowey and Curry [1995]) is closer to but still
more positive than that of upper Portuguese margin core SO75-26KL, whereas
benthic 8'°C throughout most of the last glacial is similar in both cores (Figure
23). The close similarity in §13C at the different mid-depth core sites imply that
ventilation throughout the upper North Atlantic was increased during the last
glacial, in agreement with similar conclusions drawn in previous studies
[Boyle, 1986; Zahn et al., 1987; Oppo and Fairbanks, 1987; Boyle, 1988; Duplessy
et al., 1988; Labeyrie et al., 1992; Oppo and Fairbanks, 1990; Oppo and Lehman,
1993; Sarnthein et al., 1994; Oppo and Lehman, 1995; Slowey and Curry, 1995].
Periodically, 8'°C in core SO75-26KL is increased over that from northern
North Atlantic core SO85-02 (Figure 23), but these offsets may come from strati-
graphic weaknesses in the core-to-core correlation. Radiocarbon data are avai-
lable for the last 23 *C-ka for cores OC205-2-100GGC (see Table 3 in Slowey and
Curry [1995]) and SO82-05 [Lackschewitz et al., 1997]. These data have been used
here to establish chronologies for the upper parts of both cores. For the earlier

parts of the records, the 5'°C profiles have graphically been correlated to the
813C profile of core SO75-26KL.

The differences in benthic 5'®0 between the North Atlantic coring sites
point to basin-wide T-S gradients that most likely document regionally diffe-
rent mixing ratios between type-water masses that contribute to the glacial mid-
depth and deep North Atlantic. Assuming that densities of ambient water mas-
ses were similar at the subtropical and northern North Atlantic coring sites,
one can estimate T-S values by plotting glacial-maximum benthic 5'%0 values

from each core into a T-S-8. diagram, following the track of a narrow density
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range that is defined by the lowest and highest plausible density. In Figure 24,
glacial-maximum benthic 580 is plotted in such a way that the upper
Portuguese margin value of +4.1 (£0.21)%. is fixed at the same T-S coordinate
as in Figure 22a, using scenario 1 i.e., the cold NACW case. The most positive
glacial-maximum 8180 of +5.5 (£0.09)%. that is documented for core ENAM93-
21 falls close to the 320 value of +5.3 for glacial-maximum lower NADW
[Labeyrie et al., 1992; Sarnthein et al., 1994; Weinelt et al., 1996] and is used as
the high-density margin of the isopycnal range in which the 5180 values from
the other North Atlantic should fall (Figures 23, 24).

The data distribution shows that northern North Atlantic values from
cores SO82-05 (Reykjanes Ridge) and ENAM93-21 (Faeroe-Shetland Channel)
are grouped around the benthic 5180 values for upper and lower NADW, in
the T-S range of -0.5° to +1.5°C and 35.8-35.9 salinity (Figure 24). The T-S estima-
tes for core SO82-05 depend on whether a contribution of 160-enriched glacial
ice melt is assumed that would alter the §,:S relation and result in too warm
temperature and/or too low salinity estimates. At best, the T-S coordinate
shown in Figure 24 for core SO82-05 are too warm, and would fall closer to
UNADW if corrected for potential meltwater effects. L.e., cores SO85-02 and
ENAM93-21 both document advection of a water mass that formed in the gla-
cial-maximum northern North Atlantic, conceivably between Rockall Plateau
and Greenland and in the area south of Iceland [Labeyrie et al., 1992; Sarnthein
et al., 1994]. A minor contribution of overflow waters in association with limi-
ted convection in the glacial-maximum Norwegian-Greenland Sea appears also
possible [Veum et al., 1992; Volker et al., 1995; Seidov et al., 1996; Weinelt et al.,
1996].

Warmest mid-depth temperatures and highest salinities are inferred in
the T-S-8. diagram for the upper Portuguese margin (Figure 24), which would
be consistent with an admixture (of smaller amounts than today) of MOW, or
(stronger than today) contribution of NACW (see page 74, Chapter 7.3, Benthic
Foraminiferal 5180 at the Upper Portuguese Margin). A critical test here is to
compare benthic isotope data from core SO75-26KL with similar data from
upper Moroccan margin core 16004 (Figure 23).

Core 16004 today lies in the southern extension of MOW, and its benthic
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513C record was used by Zahn et al. [1987] to infer a stronger imprint of MOW
on the glacial mid-depth North Atlantic. During the Holocene, benthic 51°C in
core 16004 is similar to that in core SO75-26KL indicating that both cores are
influenced by the same water mass i.e,, MOW. During the last glacial, values of
both cores diverge with benthic 813C in core SO75-26KL being increased by up to
0.6%o over that in core 16004. The benthic 5'%0 offset between cores SO75-26KL
and 16004 is decreased from 0.7%. during the Holocene to 0.5%0 during the last
glacial. A reduced glacial 5180 offset together with an increased 813C offset im-
plies that T-S conditions were more similar during the last glacial whereas ven-
tilation was significantly enhanced at the upper Portuguese margin but remai-
ned on latest Holocene levels at the upper Moroccan margin. On the other
hand, glacial benthic §13C from core OC205-2-100GGC from the mid-depth
western tropical North Atlantic is closer to values from SO75-26KL than from
16004 (Figure 23). This suggests that mid-depth waters at the upper Portuguese
margin and the mid-depth subtropical western North Atlantic were better ven-

tilated than at the upper Moroccan margin.

The observed benthic 8!3C pattern suggests that an upper ocean hydrogra-
phic front existed between the Portuguese and Moroccan margins during the
last glacial, and that the degree of ventilation was similar off Portugal and in
the western subtropical North Atlantic. Such mid-depth front and an east-west
similarity in benthic 8'°C may have developed during the last glacial in associa-
tion with a strong upper ocean reverse (i.e., anticyclonic) gyre that is indicated
by numerical circulation experiments using glacial boundary conditions
[Seidov et al., 1996]. The mid-depth reverse gyre circulation is entirely driven by
North Atlantic salinity changes in conjunction with decreased heat and salt
flux in the North Atlantic Drift Current and a more pronounced low-salinity
Labrador Current [Seidov et al., 1996]. Newly formed well-ventilated mid-depth
waters would flow from the northern North Atlantic along the Portuguese
margin in southwesterly direction and pass the Moroccan margin at great
distance before they turn directly west at about 30°N and flow into the western
sector of the North Atlantic (see Figure 7c in Seidov et al. [1996]). The observed
benthic 8'°C gradients between cores S075-26KL, 16004, and OC205-2-100GGC

(representing the western subtropical North Atlantic) may serve as paleoceano-
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graphic evidence for the existence of such mid-depth anticyclonic gyre circula-
tion during the last glacial. Such circulation pattern would also support the
conclusion drawn above from benthic 80 in conjunction with 8. fractionation
and water mass mixing that Mediterranean Outflow Waters played a minor
role in defining the hydrography of glacial mid-depth waters in the North
Atlantic, and that the upper Portuguese margin was mainly under the influ-

ence of mid-depth waters that formed in the glacial North Atlantic.

7.5 Benthic 81°C Anomalies in Cores SO75-6KL and -26KL: Thermohaline Insta-
bilities in the North Atlantic During 'Heinrich' Meltwater Events

Benthic 8!3C in mid-depth cores SO75-26KL and -6KL (1099 m and 1281 m
water depth) is increased during the last glacial by 0.5-0.7% compared to
Holocene values (Figure 25). Increased benthic 813C has been observed in glacial
sediments at mid-depth sites from various ocean basins and has been used to
infer an enhanced partitioning of carbon between the upper and deep ocean
[Boyle, 1986; Zahn et al., 1987, Oppo and Fairbanks, 1987; Boyle, 1988; Duplessy
et al., 1988; Oppo and Fairbanks, 1990; Mix et al., 1991; Zahn et al., 1991; de
Menocal et al., 1992; Oppo and Lehman, 1993, 1995]. For the North Atlantic it
was speculated that a shift of convection cells from the Nordic Seas to the
northern North Atlantic was accompanied by cooling of surface waters and
decreased evaporation rates that resulted in decreased salinities and enhanced
buoyancy of the surface waters north of the glacial polar front [Boyle and
Keigwin, 1987; Oppo and Lehman, 1993]. As a result, surface densities in the
northern North Atlantic were just high enough to allow for convection to
mid-depths or upper deep water levels, thus enhancing ventilation there over
that of lower deep waters and bottom waters [Duplessy et al., 1988; Sarnthein et

al., 1994; Sarnthein and Altenbach, 1995].

Increased benthic §'°C levels in cores SO75-26KL at 1099 m water depth
and SO75-6KL at 1281 m water depth support this conceptual model in that they
document enhanced ventilation of glacial mid-depth levels at the upper

Portuguese margin. Benthic 81°C in both cores is significantly decreased during
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the 'Heinrich' events documenting strongly reduced water mass ventilation at
the upper Portuguese margin during 'Heinrich’ events H1, H2, and H4 (Figure
25). In core SO75-26KL, benthic $13C decreases by 1.1% during H4, by 0.7 %o
during H2, and 0.25% during H1. In core SO75-6KL, decreases are 0.5%0 during
H2 and 0.4 during H1. A further $'°C anomaly occurs at interpolated ages of
25.4-23.4 14C-ka in core SO75-26KL and 29.0-26.1 **C-ka in core SO75-6KL (Figure
25). This anomaly is not associated with an IRD layer. In core SO75-26KL, a
‘cold’ planktonic foraminiferal faunal anomaly occurs in the same core section
that likely documents an influx of subpolar surface waters during H3 (see page
56, Chapter 6.2, Variability of Sea Surface Temperature). Two planktonic *C-
AMS datings (samples KIA0017 and 0018, Table 2) of 24.87 14C-ka (415 cm core
depth, c.d.) and 22.95 14C_ka (392 cm c.d.) constrain the timing of the planktonic
faunal and benthic 8'°C anomalies in core SO75-26KL. There is no independent
chronostratigraphic control on the third benthic $!3C anomaly in core SO75-

6KL, but it cannot be excluded that it documents the ventilation slow-down

during H3.

"Heinrich' event H3 has been considered exceptional in that its IRD and
trace element composition point to a more northerly (Scandinavian?) origin,
and its IRD layer contains little or no carbonate minerals and is not well repre-
sented in the North Atlantic's 'Heinrich' belt [Grousset et al., 1993]. None of
the sediment cores from the upper and central Portuguese margin presented
here contain an H3 IRD layer. However, the magnetic susceptibility record of
deep water reference core MD95-2039 that was taken at the lower continental
slope - i.e., farthest offshore - displays a positive anomaly that represents the
H3 IRD layer. Also, an IRD layer coeval with H3 was found in core D11975P on
Tore Seamount (39°N, 12.5°W), about 50 nmi to the northwest of the site of
core SO75-26KL. [Lebreiro et al., 1996]. Le., the icebergs reached Tore Seamount
and the outer Portuguese margin during H3 but they did not reach the central
and upper continental slope coring sites, likely because of regional surface cir-

culation patterns prevented the icebergs to reach the site of core SO75-26KL.

At the deeper core sites along the Portuguese slope, the benthic 51°C
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Figure 25. Benthic (Cibicidoides spp.) carbon isotope records from the southern Portuguese margin
cores. Numbering of isotope events below the hiatus in cores SO75-31KL and S0O75-32KL is the
same as in Figures 10 and 11. The isotope records are shown on the basis of increasing water
depth of individual sediment cores. Position of 'Heinrich’ events is derived from IRD countings.
The isotope records are used to monitor the North Atlantic’s ventilation response to the 'Heinrich’

meltwater events.
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response to the 'Heinrich' events is not adequately resolved, either because dis-
continuous occurrence of epibenthic Cibicidoides species makes establishment
of continuous epibenthic isotope records impossible or because of sedimenta-
tion gaps (cores SO75-31KL, -32KL). Disappearance of epibenthic foraminiferal
species in conjunction with the Heinrich layers is indicative of ventilation
changes and decreases in oxygenation that is a limiting factor in benthic ecology
(see next chapter below; Baass, Schonfeld, Zahn, manuscript submitted
[December 1996)). It is only for H1 in cores SO75-3KL and MD95-2039 that few
benthic §!3C data are available which indicate decreases by 0.3%. (SO75-3KL)
and 0.1% (MD95-2039). Le., the ventilation response to H1 at the site of core
S075-3KL is similar to that indicated by benthic 5'%C in the shallower cores
S075-6KL and -26KL. It is, however, strongly subdued at the lower deep water
reference site MD95-2039 at 3381 m water depth. Modelling studies and synoptic
benthic 8'°C mapping in the glacial Northeast Atlantic indicate the presence of
a 8'°C-depleted water mass of possibly Southern Ocean origin at this depth
[Sarnthein et al., 1994; Seidov et al., 1996]. Thus, ventilation of lower deep
waters was already decreased, and the ventilation slow-down during H1 did not
result in a further benthic §'°C depletion in core MD95-2039.

7.6 Thermohaline Links Between Mid-Depth Ventilation off Portugal and
Northern North Atlantic Surface Conditions

The pattern of reduced mid-depth ventilation during the 'Heinrich'’
events that is implied by the negative benthic $'°C anomalies in cores SO75-
6KL and -26KL during IRD deposition confirms considerations of planktonic
$!80 and SST anomalies that have been used to infer significant density
decreases of surface waters in the northern North Atlantic during 'Heinrich'
events which should have resulted in reductions of water mass convection
[Maslin et al., 1995]. Similar evidence has been found for meltwater pulses
during the last deglaciation [e.g., Keigwin et al., 1991] and the evidence found in
the upper Portuguese margin cores supports the hypothesis of a close linkage
between surface ocean conditions in the North Atlantic and convective over-

turn [Paillard and Labeyrie, 1994; Weaver and Hughes, 1994; Rahmstorf, 1994,

- 09




Mid-Depth Ventilation off Portugal and North Atlantic Surface Conditions

2 ¥ ‘l & *‘ 2 ‘l I" A 2.2 L 2.4 2 30 32 kL 36 s
. 36 o 3 Tiedy 1
a) GRIP § 2 Yog 10
ice 2 - 1% s
core & gt e
ol : =

i

b) S075-26KL

Juemypes B/ Wil §SE< QUI Iequmu

3%3¢ (% PDB), Cibibicidoides spp.

c) site 609

‘pes B/uwil g§T< supeas ‘WAFT 0T

L

3% (% PDB)
&

N. pachyderma (sin.)
£

[

30 32 M 36 38 40

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

age (Rl l)

Figure 26. (a) Greenland ice core (GRIP) oxygen isotope variabiliy surrounding
'Heinrich' events 1 (left), 2 (center), and 4 (right). (b) Benthic carbon isotope and IRD
patterns in core SO75-26KL during these events. (c) Planktonic oxygen isotope and
IRD patterns at Site 609. Arrows mark episodes with minimum planktonic oxygen
isotope values at Site 609, minimum benthic carbon isotope values at core SO75-
26KL, and minimum ice core oxygen isotope values. The similarity of the
foraminiferal isotope and IRD patterns at both sites, and the apparent correlation of
the marine and GRIP data suggest a close coupling between surface forcing and
thermohaline overturn during peak meltwater flow. Early decreases and late
resumption of fully increased values around H1 and H4 indicate that thermohaline
reduction started well before the events and lasted much longer than the events.
Inferred gradual spin-up of thermohaline circulation over periods of 1-3 ka after all 3
Heinrich events is in direct contrast to sudden warmings seen in the GRIP data.
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1995].

To evaluate the relation between changing surface forcing in the northern
North Atlantic during the 'Heinrich' events and reduced thermohaline over-
turn, the IRD and benthic 8!°C records from core SO75-26KL are compared in
Figure 26 with the IRD and planktonic 5180 records from Site 609 and the GRIP
ice core 8180 record. Planktonic 820 at Site 609 and the GRIP ice core 5180
record are used as monitors for meltwater flux to the northern North Atlantic
and the evolution of North Atlantic climate [Bond and Lotti, 1995; Dansgaard et

al., 1993].

The records from core SO75-26KL and Site 609 do not exactly match each
other because of differences in chronology that are likely related to a stronger
influence of bioturbation at Site 609 where sedimentation rates are much lower
and IRD concentrations higher than at core SO75-26KL. Both factors potentially
enhance the effects of bioturbation e.g., on the top and bottom ages of IRD
layers at Site 609 [Manighetti et al., 1995; Trauth, 1995]. Comparison of the
marine records with the GRIP ice core §'80 record remains tentative as the age
models have been developed using different techniques (GRIP ice core: ice layer
counting and ice flow modelling; marine records: oxygen isotope stratigraphy

and 1*C-dating).

Despite the uncertainties in chronology, there are remarkable similarities
between the marine records (Figure 26). Absolute benthic 813C minima in core
SO75-26KL during H4, before and near the end of H2, and immediately after H1,
as well as the secondary §">°C minima during the late stage of H4 and during H1
are mirrored in planktonic §'80 minima at Site 609 that occur in the same stra-
tigraphic positions relative to the IRD layers. The structural correspondence
thus suggests a close correlation between maximum meltwater flux and decrea-
sed thermohaline convection during the 'Heinrich' events. A conspicuous fea-
ture in the benthic 8!°C record is the gradual decrease of values that starts 1.5-
2.5 ka before the abrupt onset of IRD deposition during H1 and H4. After both
events, benthic 8'°C gradually increases over 1.2-3 ka. Assuming a close correla-
tion between the rate of thermohaline circulation and benthic 5"°C levels, the

gradual changes in benthic 51°C mirror gradual changes of thermohaline over-
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turn in the North Atlantic that started well before the 'Heinrich' events and

lasted much longer than the events.

Successive reduction of oceanic heat flux to the North Atlantic as the con-
veyor circulation gradually weakened would have led North Atlantic climate
to colder conditions. A trend towards colder conditions prior to H4 is documen-
ted in increasingly more negative 5180 maxima of interstadials 11, 10, and 9 in
the Greenland ice core 8'®0 record (Figure 26). The benthic 313C decrease prior
to H4 thus is evidence that this cooling was associated with decreasing thermo-
haline overturn. Warming in the North Atlantic region, on the other hand,
occurred abruptly at the end of H4 as is indicated by sudden increases in ice core
$180 and in marine faunal records from the northern North Atlantic
[Dansgaard et al., 1993; Bond et al., 1993] (Figure 26). This is in contrast to the
gradual increase in benthic §13C that would suggest a gradual strengthening of

thermohaline circulation and associated heat flux to the North Atlantic.

A similar pattern of benthic 513C change is observed during H1 (Figure 26),
but this event occurred during a period of large-scale disintegration of northern
hemisphere ice sheets in the course of the last glacial-interglacial transition.
The early decrease of benthic §13C correlates with the initiation of ice sheet col-
lapse that culminated in a sequence of meltwater pulses and led to a reduction
if not complete halt of thermohaline overturn in the North Atlantic [e.g.
Keigwin et al., 1991; Lehman and Keigwin, 1992; Sarnthein et al., 1992].
Absolute minima in benthic §'°C are recorded during H1 and immediately after
H1. The second minimum likely corresponds to meltwater pulse la (MWP 1a)
of Fairbanks [1989]. The gradual increase in benthic §1°C after MWP 1a docu-
ments the transition to the Holocene mode of circulation as meltwater flux
decreased and surface circulation assumed its interglacial state. Thus, envi-
ronmental boundary conditions were different for H1 but the response of deep
circulation was similar during H1 and H4 in that the response was more gra-
dual than would have been predicted from the abrupt onset of IRD deposition

and the abrupt onset of warming seen in the Greenland ice core record at the

end of H1 and H4 (Figure 26).

Benthic §'°C changes during H2 are more rapid (Figure 26). The §'°C
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decline prior to and during H2 is less severe i.e., 0.8%o compared to 1.0-1.1%
during H1 and H4. It thus seems that the reduction in thermohaline overturn
was less intense during H2, either because glacial meltwater flux was less or not
continuously targeted at the site of convection because of variable surface circu-
lation. Apparently, the North Atlantic's conveyor circulation was less inert
during H2 allowing thermohaline overturn to respond rapidly to changes in

surface forcing.

Whether the inferred changes in thermohaline overturn were caused by
gradual increases and decreases of glacial meltwater flux as the Laurentide ice
sheet grew, collapsed, and later stabilized, or by changes in surface ocean and/or
atmospheric circulation remains speculative. The changes in benthic 5'°C that
were associated with the 'Heinrich' events were not monotonous but show
subtle maxima and minima (Figure 26). This suggests oscillatory behavior of
thermohaline circulation which is also indicated by numerical models that link
convective instabilities to changes in surface ocean forcing [Weaver and
Hughes, 1994; Rahmstorf, 1994, 1995]. These models also predict convective dis-
continuities during which thermohaline overturn abruptly jumps to mini-
mum rates as freshwater forcing exceeds critical threshold values. The abrupt
depletion of benthic §13C that is documented in core SO75-26KL at the culmina-
tion of IRD deposition during H1 and H4, and during MWP la may be evidence
for such discontinuous behavior. The early onset of benthic 51°C decrease clear-
ly suggests that thermohaline circulation started to spin down well before H4
and that it may have conditioned the North Atlantic region for further ice

sheet growth by way of reduced oceanic heat transfer.

Abrupt warming at the end of the 'Heinrich' events that is documented in
marine records from the northern North Atlantic [Bond et al., 1993] and in the
Greenland ice core record [Dansgaard et al., 1993] could not have been caused by
abrupt increases in oceanic heat transfer to the northern North Atlantic. The
more gradual increase in benthic 51°C suggests that thermohaline circulation
wound up slowly and resumed its full strength as much as 3 ka after the
events. From this it must be concluded that the high-frequency oscillations of
North Atlantic climate seen in the Greenland ice core record were at least in

part caused by changes outside the ocean system e.g., in atmospheric circula-
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tion.

7.7 Mid-Depth Water Mass Oxygenation off Portugal: Provisional Estimates of
O,.Levels From Benthic $13C

Marked minima in benthic §'°C at the upper Portuguese margin docu-
ment significant reductions in ventilation during the 'Heinrich' events. This
contention is based on the assumption that §13C of total dissolved inorganic
carbon (813C);CQ2) in ambient sea water is directly correlated to biologically
cycled nutrients and oxygen concentrations. In addition to this 'Redfield’ frac-
tionation, 513Czcoz and thus, foraminiferal 813C that presumably mirrors
ambient sea water 813Czco2, is also a function of thermodynamically controlied
isotope fractionation during air-sea gas [Mook et al., 1974; Broecker and Maier-
Reimer, 1992; Zahn and Keir, 1994]. Thus, benthic 613C variations do not trace
absolute O,-concentrations but are a function of O;-consumption - Apparent
Oxygen Utilization (AOU) - during the oxidation of organic matter [Kroopnick,
1985] and temperature-dependent carbon isotope fractionation during gas

exchange between the surface ocean and overlying atmosphere.

To estimate absolute O;-concentrations from benthic $1°C requires infor-
mation on 'preformed’ Oj-levels, 'preformed’ §13C (i.e., Op-concentrations and
512C prior to O-consumption by organic matter decomposition), and tempera-
ture during carbon isotope equilibration of dissolved CO; in surface waters
with the overlying atmosphere. The 'preformed' O;-level is best described by
the O,-saturation concentration which is a function of water mass temperature
and salinity (T-S) [Weiss et al., 1970]. Using Op-saturation as a starting point,
ambient bottom water Oj-concentrations at a coring site can be derived by sub-
tracting the Apparent Oxygen Utilization (AOU) estimate that has been derived
from benthic 5°C from the saturation Oz value. The empirical relation bet-

ween 813C of total dissolved carbon (ZCO3) and AOU is given by Kroopnick
[1985] as

§3Cycop = a - 0.0075 x AOU n=1107, r=0.95 equation 5
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where AOU is in umol kg1 and term 'a’ describes the 'preformed’ 813Czco2 ie.,
the zero-AOU intercept of 813C£c02. Typical modern values for 'a' are +1.5%o
PDB for the deep ocean [Kroopnick, 1985] and +1.2%. to +1.6% PDB for the
shallow ocean above 1.5 km water depth [Zahn and Keir, 1994].

Using glacial benthic 813C for 813Czcor in equation 5 requires correction of
the benthic §'°C values for changes of the marine carbon reservoir and associa-
ted shifts in mean-ocean 3'°Cyco; that went along with glacial-interglacial cli-
mate change [Shackleton, 1977; Curry et al., 1988; Duplessy et al., 1988].
Compilation of benthic 813C values from coring sites throughout the global
ocean suggest that the mean-ocean §°Csco2 was depleted during the Last
Glacial Maximum by 0.32% (A813Czcoz=-0.32%o) due to the transfer of 12C-enri-
ched carbon from the terrestrial biosphere to the ocean [Duplessy et al., 1988].
This value takes the presence of 13C-enriched water masses in the glacial-
maximum upper ocean into account and is therefore smaller than that of
A813C2C02='0.46%0 that has been determined by Curry et al. [1988] by using data
from deep-ocean sites at water depths below 2.5 km only. The correction value
of +0.32%. has been estimated for glacial-maximum conditions, and not neces-
sarily represents mean-ocean §13Cscon levels for pre-LGM conditions when
benthic 5'°C at deep-ocean sites was less depleted than during the LGM. Yet, I
use this value also for mean-glacial conditions with the caveat that 'true’
513Czcoz levels likely were less positive than what is implied by adding 0.32 %o
to glacial-benthic 8'°C during oxygen isotope stage 3 and early stage 2.

Mid-depth O; concentrations today at the upper Portuguese margin are 4.2
ml L as measured in hydrocasts at TTO (Transient Tracers in the Ocean pro-
gram, TTO [1986]) Station 113 off southern Portugal. The O,-saturation value is
6.0 ml L1, according to T-S values of 11°C/36.1 at this depth. Hence, in situ Op-
concentrations of 4.2 ml L! are 1.8 ml L'! below the saturation value. An AOU
of 1.8 ml L translates into a §'°Cycoy shift of -0.6%. as defined by the slope of
equation 5, assuming that all O, has been consumed by oxidation of marine

organic matter (Figure 27). Mean Holocene benthic 5'°C in core SO75-26KL is
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Figure 27. Oxygen concentrations in ambient water masses at the upper
Portuguese margin. Oxygen levels are estimated from benthic carbon isotope
values. Preformed’ carbon isotope values and oxygen saturation levels are
estimated from the gas saturation and isotope equilibration equations given
in Weiss [1970] and Mook et al. [1974]. Temperature and salinity that are

needed for the calculations were estimated from benthic oxygen isotopes in
cores SO75-6KL and -26KL (Figure 22). It is assumed that the T-S values

represent surface ocean conditions in the source region for the mid-depth

waters, and that full isotope equilibrium and oxygen saturation were
achieved.
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+1.0+0.08% PDB (n=10, range= 0.8-1.1% PDB). This value is the result of §"°C
depletion of 0.6%. induced by AOU i.e., the mean Holocene benthic 51°C value
in core SO75-26KL is depleted by 0.6%. relative to the 'original’ 51°Cscop value
of this water mass before it left the surface layer and got isolated from the
atmosphere. Adding this 0.6%. to the mean Holocene benthic 513C of 1.0%
PDB gives a 'preformed’ 83Czcon value of +1.6% PDB. This value agrees well
with the 'preformed’ 813Czcoz value of +1.56%. PDB that has been determined
for the mid-depth North Atlantic at potential densities of 26.8<64<27.7, equiva-
lent to water depths between 0.8-1.5 km [Zahn and Keir, 1994].

Evaluation of benthic §'80 from upper Portuguese margin cores SO75-6KL
and -26KL in T-S-8. diagrams (see page 74, Chapter 7.3, Benthic Foraminiferal
5180 at the Upper Portuguese Margin, Figures 21 and 22) suggests that the con-
tribution of mid-depth water masses from the open North Atlantic to the
upper Portuguese margin was increased during the last glacial at the expense of
Mediterranean Outflow Waters (MOW). A potential shift from a mixture of
MOW and North-Atlantic mid-depth waters today (T=11°C, 5=36.1) to a water
mass that contains major contributions of cold and saline North Atlantic
Central Water (T=7.2°C, S=37.1) goes along with an increase in Oj-saturation by
0.5 ml L}, from 6.0 ml L! today to 6.5 ml L during the last glacial (Figure 27).
As temperature also determines the fractionation of carbon isotopes of dissol-
ved carbon in surface waters during air-sea gas exchange (about 0.1%. increase
per 1°C decrease; Mook et al., 1974), a temperature decrease by some 4°C of gla-
cial waters (THolocene=11°C, Tglacial=7.2°C) would induce an increase in
613Czcoz by about 0.4%, if isotope equilibrium is achieved during air-sea gas
exchange. Glacial 'preformed' 813Czc02 thus is +2.0%. (PDB) for the last glacial
(1.6%0 PDB for modern 'preformed’ §'°Cscop plus 0.4%0=2.0% PDB; Figure 27).
Mean glacial benthic 513C is +1.7£ 0.06% PDB (n=11, range= 1.5-1.7% PDB) in
core SO75-26KL. Correcting this value for the mean-ocean shift in 8]3(:2(:02 by
adding 0.32%o, one arrives at a glacial benthic 813C value of +2.0%0 PDB for core
SO75-26KL. As has been mentioned above, the correction value of +0.32%o0 has
been estimated for glacial-maximum conditions and does not necessarily repre-
sent glacial conditions of stages 3 and early stage 2. The mean 5'°Czcop shift

likely was reduced during these earlier glacial periods. But even if it was half
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the LGM value would the corrected benthic §'°C value of +1.86% PDB (mean
glacial benthic 813C of 1.7% PDB plus 0.16%) be close to the estimated
'‘preformed’ 83Cscon plus of 2.0% PDB. These considerations imply AOU
values of 0-0.3 ml L' compared to 1.8 ml L™ today (Figure 27) suggesting dis-
tinctly higher oxygenation levels, between 6.1-6.5 ml L7 (compared 4.2 ml Lt
today) and much higher rates of mid-depth ventilation during the last glacial.

Assuming a glacial 'preformed’ 613Cscoz of +2.0% PDB (parameter 'a’ in
equation 5) and glacial Op-saturation of 6.5 ml L}, Oy-concentrations during
Heinrich events can now be estimated from benthic 5'C values - once the
values are corrected for the mean-ocean 813Cy_coz shift - and resultant AOU. In
core SO75-26KL, the range of benthic §13C is 1.1-1.4%. PDB with a mean value
of +1.240.11% PDB for H2 (n=6), and 0.5-1.2% PDB with a mean value of
+0.940.19%. PDB for H4 (n=17). Corrected benthic 813C values are +1.5% and
+1.2%0 PDB for H2 and H4, respectively. Using these values as input into equa-
tion 5, Oz-concentrations in ambient bottom waters at the upper Portuguese
margin were 4.7-5.6 ml L! (mean=5.0£0.33 ml LY for H2 and 3.0-5.1 ml Lt
(mean=4.2+0.57 ml L) for H4 (Figure 27). The range of benthic 513C during H1
is 0.5-0.8%. PDB with a mean value of +0.7120.1% PDB (n=12). H1 occurred
during the last glacial-interglacial transition when disintegration of northern
hemisphere ice sheets led to large-scale reorganization of ocean circulation.
Reliable T-S conditions in the North Atlantic region cannot be derived from
foraminiferal 8'%0 for this period because increased meltwater fluxes concei-
vably led to significant deviations in the 8,:S relation that is an essential para-
meter in paleotemperature equations. Therefore I use both the glacial and
mean Holocene parameterization to estimate in situ Oy levels. "True’ O; con-

centrations may have been somewhere around these estimates.

Correcting the benthic 813C value of 0.71%. PDB for the glacial scenario by
adding 0.32%., one arrives at around +1%. in §13C for H1. Comparing this
value with the glacial 'preformed’ 51°Cycoy of +2.0% PDB and an O; saturation
of 6.5 ml L'}, this suggests an AOU of 3.0 ml L}, arriving at ambient O, concen-
trations between 3.0-3.9 ml L1 (mean=3.6+0.30 ml L, 'ngm' in Figure 27). For
the alternative interpretation in a Holocene scenario, benthic §13C of +0.71

+0.1%o is left unchanged. Using a Holocene 'preformed’ 813Cscor of +1.6%. PDB
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and Oj saturation of 6.0 ml Ll AOU is estimated to 2.7 ml L! and absolute O

concentrations to 2.8-3.7 ml L'! (mean=3.4+0.30 ml LY for this event (Hlmog'

in Figure 27).

The above estimates suggest that oxygenation during the last glacial was
significantly increased at the upper Portuguese margin and that O levels were
close to the saturation value implying rapid ventilation with only little
‘ageing' of mid-depth water masses. This is in agreement with conceptual
models that use enhanced benthic 8'°C levels at shallow ocean coring sites
throughout the world ocean as evidence for increased upper ocean ventilation
[Zahn et al., 1987; Duplessy et al., 1988; Mix, Pisias, Zahn et al., 1991; Zahn and
Pedersen, 1991; Veum et al., 1992; Oppo and Lehman, 1993; Sarnthein et al.,
1994; Jung, 1996]. Decreased benthic §13C values indicate reductions in O con-
centrations during 'Heinrich' events. O; estimates for H4 and H2 of 4.2 and 5.0
ml L' are lower than mean-glacial levels (6.1-6.5 ml L") but remain above
Holocene levels (4.2 ml L!). Thus ventilation during both 'Heinrich' events
was reduced compared to conditions prior to and after both events, but was still
increased over Holocene levels. It was only during H1 when O; concentrations
decreased to 3.4-3.6 ml L"! (using the glacial and Holocene scenarios) that oxy-
genation sunk below Holocene levels. H1 occurred early in the last glacial-
interglacial transition when thermohaline overturn in the North Atlantic
wound down and conceivably came to a complete halt in response to large-
scale meltwater supply from the disintegration of the Laurentide and
Fennoscandian ice sheets [Keigwin and Jones, 1991; Sarnthein et al., 1994;
Seidov et al., 1996]. Benthic §!°C indicates that O, concentrations reached the
lowest values during this period thus confirming significant convective slow-

down during this period.

The estimates of absolute O, levels from benthic §'°C are intrinsically
provisional. Variable air-sea gas exchange and potential changes in the 513C-
composition of oxidizable organic matter may modulate the benthic §°C-data
and limit the reliability of benthic 8'°C as a means to estimate changes in O,-
concentration. E.g., the 'Heinrich' events were associated with temperature
decreases in the North Atlantic as indicated by the dominance of polar plank-

tonic foraminifera and transfer function SST estimates [Bond et al., 1993;
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Maslin et al., 1995]. It appears therefore plausible to assume that 'preformed’
813Czco2 could have been higher than mean-glacial values during the
'Heinrich' events due to the temperature dependent carbon isotope fractiona-
tion during air-sea gas exchange [Mook et al., 1974]. Decreased surface tempera-
ture would also result in enhanced O;-saturation levels [Weiss et al., 1970]. On
the other hand, reduced air-sea gas exchange due to enhanced stratification of
surface-subsurface waters brought about by meltwater-induced salinity reducti-
ons could have led to a decrease in 'preformed'’ 813Cycor in response to an
accumulation of metabolic 12C in the subsurface layer. Reduced surface water
PCO; in response to lower pCO; in the glacial atmosphere would result in
reduced carbon isotope fractionation of the marine biota and cause the 513C-
composition of marine organic matter to increase [Jasper and Hayes, 1994; Rau,
1994]. This would cause smaller changes in seawater 813Czcon per unit change of
AOU. The various factors outlined here can only be constrained if independent
proxies are used in addition to benthic 813C for monitoring ocean change
during the last glacial. Benthic Cd/Ca ratios are one such proxy that closely
mirrors the distribution of biologically cycled nutrients in the ocean. In contrast
to seawater 5 °Cycoz and to benthic 513C, Cd/Ca ratios are not influenced by air-
sea fractionation or variably atmospheric chemistry and have been successfully
used in paleoceanographic research [Boyle, 1992; Boyle, 1994; Lynch-Stieglitz
and Fairbanks, 1994; Zahn and Keir, 1994; Lynch-Stieglitz et al., 1996]. Benthic
Cd/Ca analyses are currently underway on sediment cores from the upper
Portuguese margin and the northern North Atlantic [C. Willamowski,
Dissertation in preparation] in an attempt to better constrain ventilation chan-

ges during the 'Heinrich' meltwater events.
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8.0 MILLENNIAL-SCALE CLIMATE OSCILLATIONS FROM GREENLAND
AND ANTARCTIC ICE CORES, AND NORTH ATLANTIC VENTILATION:
POSSIBLE INTER-HEMISPHERIC CORRELATION

Climatically sensitive proxy-records along ice cores from Greenland and
Antarctica provide clear evidence for rapid climatic oscillations in both hemi-
spheres during the last glacial [Dansgaard et al., 1993; Bender et al., 1994; Grootes
et al., 1993; Jouzel et al., 1996]. High-amplitude rapid oscillations in the oxygen
isotope composition along the GRIP and GISP2 ice cores have been used to
infer that climate in the North Atlantic region was highly instable during the
last glacial, shifting rapidly in annual mean temperature by as much as 7°C
within few decades [Dansgaard et al., 1993; Grootes et al., 1993]. Coeval oscillati-
ons in ice electrical conductivity on time scales of less than 20 years indicate
vigorous changes in dustiness, suggesting rapid changes in atmospheric circula-

tion [Taylor et al., 1993].

Similar oscillations are seen in the Vostok ice core record from Antarctica,
even though less frequently and reduced in amplitude [Lorius et al., 1985;
Jouzel et al., 1987]. Extension of the Vostok paleoclimatic record back to marine
oxygen isotope stage 7.5 at 240 cal.-ka (modified "extended glaciological time
scale", EGT; Jouzel et al. [1996]) has revealed the existence of similar oscillations
during the penultimate glacial (oxygen isotope stage 6; Jouzel et al., [1996]).
Spectral analysis of the paleoclimatic records from the Greenland and Vostok
ice cores has revealed subtle differences between both cores in the main peri-
odicities of climate change [Yiou et al., 1995], but these likely are due to the
lower stratigraphic resolution of the Vostok core. Differences in climatic boun-
dary conditions between Greenland and Antarctica and resultant offsets in
snow accumulation - about 23 c¢m of ice equivalent per year at the Greenland
ice core site [Johnsen et al., 1992] compared to 1-3 cm for the Antarctic record
[Lorius et al., 1985; Jouzel et al., 1996] - thus limit the degree of certainty with
which both ice core records can be correlated. Yet, the Greenland and Antarctic
ice records display similar rapid oscillations, suggesting an interhemispheric
link between climate change at high northern and southern latitudes [Bender

et al., 1994a; Yiou et al., 1995].
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The recognition that the climatic oscillations seen in the ice core records
must have left their imprints in marine records has triggered a search for evi-
dence for similar oscillations in paleoceanographic proxy records from the
northern North Atlantic and the Southern Ocean [Sowers et al., 1993; Bond et
al., 1993; Bender et al., 1994b; McManus et al., 1994; Keigwin and Jones, 1994;
Yiou et al., 1995; Waelbroeck et al., 1995; Fronval and Jansen, 1996; Labeyrie et
al., 1996; Rasmussen et al., 1996]. Detailed correlation between marine and ice
core records for most part is hampered by the fact that sedimentation rates in
the open ocean are typically in the order of 2-5 cm cal-ka! i.e., many orders of
magnitude lower than ice equivalent accumulation rates in polar ice cores (ice
equivalent accumulation rates are 11 m cal.-ka! and 460 m cal.-ka! in the
GRIP/GISP and Vostok ice cores respectively, see above). Only if sedimentation
rates are exceptionally high are detailed marine versus ice core correlations
possible (Lehman and Keigwin [1992]: core TROLL 3.1 from the central
Norwegian Channel, sedimentation rates of 5 m ka'l; Keigwin and Jones [1994]:
core GPC-5 from the Bermuda Rise, sedimentation rates 20-200 cm ka'l;
Rasmussen et al. [1996]: core ENAM93-21 from the Faeroe-Shetland Channel,
sedimentation rates 14-30 cm ka’!). Sedimentation rates at the upper
Portuguese margin are high, 10-40 cm cal.-ka™! (Figure 5), thus making core
SO75-26KL a potential candidate for comparing the mid-depth record of North
Atlantic ventilation changes to the ice core records of glacial climatic oscilla-

tion.

First, oscillations in the ice-deuterium (6Djce) record from Vostok are
compared with stadial-interstadial (Dansgaard-Oeschger) cycles in the
Greenland record. The rapid isotope shifts seen in the Greenland record are less
pronounced in the Vostok record, but there is a striking resemblance in the
sequence of isotope oscillations between both records. As has previously been
observed by Bender et al. [1994], the most pronounced interstadials in the
Greenland record are also documented in the Vostok record, namely intersta-
dials 8, 12, 14, 16, and 19-23. These interstadials are well known from European
pollen records [Woillard, 1978; Kiittel, 1989; Kaiser, 1993] and their occurrence
on both hemispheres suggests that interstadial warming occurred on a global

scale. Finer-scale comparison of isotope oscillations between these dominant
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Figure 28. The ice core record from Greenland {Dansgaard et al., 1993; Grootes et al.,
1993] shows rapid stadial-interstadial oscillations that are also seen in the Vostok ice core
record from Antarctica [Lorius et al., 1985; Jouzel et al., 1996]. The marine records from
mid-depth to bottom water core sites in the northern and subtropical North Atlantic
[Keigwin and Jones, 1994; Rasmussen et al., 1996b] display similar oscillations suggesting a
direct response of thermohaline circulation to surface ocean forcing at high northern and
southern latitudes. Stadial-interstadial cycles are tentatively marked along the benthic
carbon isotope record from core SO75-26KL.
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interstadials reveals that other interstadials which are documented in the
Greenland record are also identified in the Vostok record (Figure 28). These
"secondary" interstadials are indexed in Figure 28 by transferring interstadial
numbers from the GRIP ice core to their apparent counterparts in the Vostok
record. In this way the complete sequence of interstadials that is documented in

the Greenland §%0jce record can be identified in the Vostok record (Figure 28).

As a next step, the high-resolution benthic $'80 and carbonate records
from cores ENAM93-21 (Faeroe-Shetland Channel, northernmost North
Atlantic; Rasmussen et al. [1996]) and GPC-5 (Bermuda Rise, subtropical North
Atlantic; Keigwin and Jones [1994]) are indexed following the same numeric
system as before for the Greenland-Vostok comparison. Both marine records
show a striking resemblance to the Greenland and Antarctic ice core records in
that they display variations on similar time scales as the stadial-interstadial
oscillations seen in the ice core records (Figure 28). As has been discussed by
Rasmussen et al. [1996 a, b] the ENAM93-21 isotope and benthic-planktonic
faunal records display distinctive cycles that can be directly correlated with the
Dansgaard-Oeschger climatic cycles seen in the GRIP ice core. The isotope and
faunal changes have been used to infer systematic changes in surface ocean
conditions that have led to shifts of convection sites between the Norwegian-
Greenland Seas and the northern North Atlantic. Oscillations in percent carbo-
nate along core GPC-5, on the other hand, together with concomitant changes
in benthic §!13C are indicative of high-frequency changes of carbonate dissolu-
tion in association with circulation changes of Atlantic deep and bottom waters
[Keigwin and Jones, 1994]. Core GPC-5 is located at 4500 m water depth on the
lower Bermuda Rise and lies within the transition zone between NADW and
AABW. Thus the changes in percent carbonate monitor variable fluxes of
North Atlantic versus Southern Ocean water masses during the last glacial.
The carbonate variations have been compared to isotope oscillations in the
Renland ice core from Greenland [Keigwin and Jones, 1994] using an indepen-
dent alphanumeric index (a through j; see Figure 10 in Keigwin and Jones
[1994]) for the GPC-5 record. In Figure 28 a direct correlation between the
Greenland, Vostok, ENAM93-21 isotope and GPC-5 carbonate records is propo-

sed by using the same interstadial index that is used for the Greenland intersta-
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dials.

As a final step, the benthic §13C record of core SO75-26KL from the upper

Portuguese margin is correlated to the other records. Fix points for interstadial

indexing were the pronounced negative &
events H1, H2, and H4, and the fourth anomaly around 27 cal.-ka that most

likely correlates with H3 (Figure 28). H1, H2, and H4 occurred at the culmina-
tion of longer-term cooling cycles that were terminated by abrupt warming
during interstadials 1 (equiv. Belling), 2, and 8 (equiv. Denekamp interstadial);
H3 occurred during stadial conditions immediately prior to interstadial 4 [Bond
et al., 1993; Rasmussen et al., 1996] (see also page 92, Chapter 7.6, Thermohaline
Links Between Mid-Depth Ventilation off Portugal and Northern North
Atlantic Surface Conditions, and Figure 26). Stratigraphic resolution of the
S075-26KL benthic 81°C record is lower than that of the paleoceanographic
records from cores ENAM93-21 and GPC-5 and does not allow correlation to the

ice core records in similar detail. E.g., the three §!1°C maxima between the H4

13C anomalies during 'Heinrich'

and assumed H3 negative anomalies are facing four interstadials (8-5) in the
corresponding stratigraphic section from the ice core record, and the increase of
maximum benthic 8!°C of the three maxima between H4 and H3 is in conflict
with an opposing trend towards decreasing §180jce maxima from interstadial 8
to 5. Benthic 5'°C maxima, on the other hand, that have tentatively been assi-
gned interstadial numbers 3, 4, and 9 through 11 correlate well with the inter-
stadials from the Greenland ice core record in that benthic 5'°C amplitudes are
similar to the ice core 8'0jce amplitudes (compared to whole-core 51°C and
51%0jce variations) and the benthic §'°C maxima occur at similar stratigraphic
positions relative to the benthic §!°C and ice core §'®0jce minima during
'Heinrich' events H2 and H4.

Proxy boundary conditions that determine the magnitude and timing of
anomalies in the individual records are different, and age models for the
marine and ice core records were derived from different analytical techniques.
As such, the correlation of marine and ice core records at millennial
Dansgaard-Oeschger time scales remains tentative. Yet, variability of the
paleoclimatic and paleoceanographic records shown in Figure 28 is strikingly

similar and suggests some mechanistic links existed between oscillations of
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high-latitude climate as seen in the Greenland and Antarctic ice cores, and
ocean circulation as documented in the marine records from the subtropical to

northernmost North Atlantic.

As has been discussed by Rasmussen et al. [1996], stadial episodes in the
northernmost North Atlantic were associated with an incursion of fully-polar
conditions and reduced thermohaline overturn in the Norwegian-Greenland
Seas. Coeval migration of benthic foraminiferal fauna that are adopted to war-
mer intermediate waters from the Atlantic into the southeastern Norwegian
Sea implies an advection of Atlantic intermediate waters into the Norwegian
Sea and a diminished outflow of deep water through the Faeroe-Shetland
Channel into the North Atlantic [Rasmussen et al., 1996b]. The conceptual
model of decreased flux of northern source deep waters through the North
Atlantic during stadials is supported by minimum carbonate concentrations in
core GPC-5 during these periods. Enhanced advection of corrosive AABW in
response to reduced flux of NADW would have increased carbonate dissolu-
tion and lowered carbonate contents at bottom water coring sites. Benthic 313C
in core SO75-26KL, although increased during the last glacial suggesting enhan-
ced ventilation of the upper North Atlantic, displays short-term decreases
during stadial episodes, implying that even mid-depth ventilation was inter-

mittently reduced during stadials periods (Figure 28).

Decreased planktonic 8180 (N. pachyderma (sin.)) during most stadial
periods when surface temperatures were at a minimum as implied by maxi-
mum occurrences of polar planktonic foraminifera N. pachyderma (sin.) [Bond
et al., 1993; Rasmussen et al., 1996] suggests that stadial-interstadial oscillations
went along with systematic changes of surface salinity in the northern North
Atlantic. The flux of salt through the North Atlantic has been proposed to be a
driving force in determining the rate of convection in the North Atlantic
which, in turn, determines climates in the North Atlantic region through
varying rates of advection of warm subtropical waters to high northern latitu-
des (‘conveyor circulation’ hypothesis, Broecker et al. [1990)). The correlation
between decreased planktonic 5180 and cold stadial conditions suggests that
salinity variations in the glacial northernmost North Atlantic were directly

coupled to Dansgaard-Oeschger climatic oscillations. Variations of minimum
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planktonic and benthic 5180 in the northern North Atlantic (core ENAM93-21),
decreased benthic 81°C in the mid-depth North Atlantic (core SO75-26KL) and
minimum carbonate contents in the deep subtropical North Atlantic (core
GPC-5) during stadial periods suggest that the Dansgaard-Oeschger cycles and
associated changes of surface ocean conditions affected the entire water mass

Atlantic circulation, from intermediate to bottom water depths.

The apparent coupling between stadial-interstadial 5180jce oscillations in
Greenland ice cores and 8Djce oscillations in the Vostok record implies rapid
climatic communication between both hemispheres. For the longer interstadial
episodes (8, 12, 14, 16/17) moderately increased summer-time insolation has
been proposed as a cause for these warmer periods [Bender et al., 1994]. The
more detailed correlation of stadial-interstadial oscillations that is proposed in
Figure 28 together with similar oscillations in paleoceanographic records from
the subtropical to northernmost North Atlantic requires additional inter-hemi-
spheric links. For instance, evidence for meltwater surges similar to those that
occurred in the North Atlantic during the 'Heinrich' events has also been
found in Southern Ocean sediment cores [Labeyrie et al., 1987; Shemesh et al.,
1994]. If the surges occurred synchronously on both hemispheres, this would
suggest sea level as a further interhemispheric link as a mechansim to destabi-

lize ice sheets on both hemispheres synchronously.

Spectral analysis of paleoceanographic time series that monitor wind-dri-
ven divergence in the equatorial Atlantic has revealed the existence of cycles
with a period of 7.6 *C-kyr, roughly in agreement with the period of 'Heinrich'
events in the northern North Atlantic [McIntyre and Molfino, 1996]. The peri-
od of 7.6 1C-kyr represents a combination tone of orbital precession and eccen-
tricity which exert primary control on low-latitude insolation. Varying zonality
of low-latitude winds, driven by low-latitude insolation, and associated changes
in advection of subtropical waters and oceanic heat to the northern North
Atlantic have been proposed as a mechanistic link between low-latitude forcing
and North Atlantic climate [McIntyre and Molfino, 1996]. Even though orbital
forcing during the past 60 kyr has been considered 'atypical' compared to the
preceding 300 kyr, this mechanism may provide important clues as to the role

of atmospheric circulation in transmitting climatic signals from low to high
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latitudes, and possibly on inter-hemispheric scales.

Coeval changes of surface ocean conditions at high northern and southern
latitudes would providé a viable explanation for the rapid oscillations that are
observed in paleoceanographic proxy records from mid-depth to bottom water
coring sites (Figure 28). To determine the timing and magnitude of paleoclima-
tic oscillations in Antarctica and their temporal relation to the North Atlantic
climatic oscillations with more confidence, proxy records from Antarctica are
needed at a stratigraphic resolution similar to the Greenland records. Detailed
planning to retrieve such cores from coastal sites in West Antarctica where
snow accumulation is high is currently underway under the auspices of the
WAISCORES program [West Antartic Ice Sheet Cores Program, 1996].

9.0 CONCLUSIONS

Discrete IRD layers on the Portuguese margin have been dated to 13.7 and
21.5 14C-ka, and an interpolated age of 36.1 14C-ka. These ages are within the
range of published ages for 'Heinrich' events H1, H2, and H4. A marked
anomaly in planktonic foraminiferal fauna and benthic §'°C near 25 '*C-ka
suggests an association with "Heinrich' event H3 (dated to 27 14C-ka; Bond et al.
[1993]). IRD deposition did not occur on the southern Portuguese margin
during H3, presumably because this event was too small and because the drift
paths of icebergs did not touch the Portuguese margin. Planktonic foraminife-
ral census counts imply SST decreases of 7-10°C during the 'Heinrich’ events
and suggest that subpolar surface waters reached the Portuguese margin during
these periods. Planktonic 8180 does not increase during H2 and H4 as would be
expected from the inferred cooling, suggesting that concurrent decreases in
salinity compensated for the temperature effects on planktonic 5'%0. During
H1, similar cooling is inferred, but a marked negative anomaly in planktonic
5180 implies that the salinity decrease during this event was larger than during

the previous 'Heinrich' events.

Using planktonic 5180 and inferred SST from the Portuguese margin and

the northern North Atlantic (core BOFS-5K, Maslin et al. [1995]), paleosalinity
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during the 'Heinrich' events is estimated to decrease by 1.5-3.0 units. These
estimates, however, must be regarded tentative as available SST estimates from
different transfer function and analogue techniques deviate from each other by
as much as 5°C. Together with deviations of 'isotopic' SST (as extracted from
planktonic 5'®0) from ‘true' SST [Duplessy et al., 1991; Weinelt et al., 1996], this
imposes uncertainty on surface salinity estimates. Yet, the combined SST and
planktonic !0 evidence points to significant salinity changes that altered the
North Atlantic's density structure and resulted in convective slow-down, as is

implied by decreases in benthic 513C.

The SST estimates do not display the longer-term cooling cycles inferred
by Bond et al. [1993] from faunal composition at northern North Atlantic Site
609. Rather, the data suggest that cooling occurred only during the 'Heinrich'
events. Concurrent cooling and salinity decreases are observed in sediment
cores from the Northwest African margin as far south as Cape Blanc (21°N;
Wang et al. [1995], Zhao et al. [1995]) and suggest enhanced export of subpolar

waters to the south in the North Atlantic's eastern boundary current.

Evaluating benthic 8'%0 in T-S diagrams in conjunction with estimated
equilibrium §. fractionation implies that the contribution of Mediterranean
Outflow Water (MOW) to the upper Portuguese margin was reduced by 50-90%
during the last glacial. Reduced advection of MOW to the North Atlantic is also
implied by theoretical considerations. A restricted geometry of the Strait of
Gibraltar that was caused by a glacially lowered sea level together with an
enhanced Atlantic-Mediterranean salinity gradient would reduce the flow of
MOW to the North Atlantic [Bryden and Stommel, 1984]. Furthermore, density
of MOW was increased because of decreased glacial temperature and increased
salinity [Thiede, 1978; Thunell and Williams, 1989]. This would make signifi-
cant mixing with less saline waters necessary to stabilize MOW at intermediate
water depths. These considerations suggest that water masses at the upper
Portuguese margin were primarily derived from North Atlantic sources and
that MOW played only a minor role in defining the regional mid-depth hydro-
graphy during the last glacial.

Benthic 8'C in cores from the upper Portuguese margin therefore prima-
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rily monitors variability of North Atlantic mid-depth water masses and, as
such, traces thermohaline overturn in the North Atlantic. Benthic 513C at the
upper Portuguese margin (1000-1300 m water depth) is increased by 0.5-0.7%o
during the last glacial documenting enhanced ventilation of mid-depth waters
that is also seen at other shallow core sites in the northern North Atlantic.
Glacial §!3C similar to that from the upper Portuguese margin is documented
in mid-depth core OC205-2-100GGC on the Bahama Rise [Slowey and Curry,
1995] whereas glacial 513C at the upper Moroccan margin does not increase
above the late Holocene level. From this pattern it is inferred that a hydrogra-
phic front existed at 1000-1500 m water depth immediately south of Portugal
lending credence to a strong reverse gyre circulation that has been predicted in
numerical circulation modelling for the glacial mid-depth North Atlantic
[Seidov et al., 1996].

Benthic 5!3C at the upper Portuguese margin displays marked minima
that are coeval with 'Heinrich' events H1, H2, and H4 as indicated by the ages
of concurrent IRD layers. These minima document marked ventilation
decreases during the 'Heinrich' events. A fourth benthic §'°C minimum at 25
14-_ka that is not accompanied by an IRD layer likely represents the ventilation
decrease during H3 that did not result in the deposition of an IRD layer on the
southern Portuguese margin. Enhanced meltwater flux that was associated
with the 'Heinrich' events apparently caused convective instabilities in the
North Atlantic. Comparison of the benthic 51°C pattern off Portugal with the
planktonic 5180 pattern from Site 609 implies that slow-down of thermohaline
circulation was coupled to enhanced meltwater flux to the North Atlantic
during the 'Heinrich' events, and that a thermohaline link existed between the
North Atlantic and mid-depth waters at the upper Portuguese margin. Benthic
513C at deep water sites off Portugal (>3000 m water depth) does not show signi-
ficant changes during the 'Heinrich' events. These sites were influenced by
Antarctic Bottom Water (AABW) that was already depleted in 51°C. Enhanced
northward penetration of AABW during the 'Heinrich' events would thus not

cause benthic 613C to decrease further.

Using benthic 813C in conjunction with T-S changes derived from benthic

5180 and glacial-interglacial mean ocean 8°Csco shift, Oy concentrations at the
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upper Portuguese margin are inferred to be close to saturation. During the
'Heinrich' events, O, levels decrease by 1-3 ml L'\ These provisional estimates
support the contention that mid-depth waters were vigorously ventilated
during the last glacial, and that convection slowed down during the 'Heinrich'
events. Minimum O, concentrations of 3.4 ml L! that are inferred for H1 are
still too high to suggest a complete shut-down of thermohaline circulation. The
values imply that limited convection occurred during H1, presumably outside

the region of maximum meltwater flux.

The high-resolution benthic §'°C record from the upper Portuguese mar-
gin allows to determine the timing of ventilation changes in relation to the
'Heinrich' events in more detail. Initial decreases in benthic §'°C started about
1.5-2.5 1C-kyr before H1 and H4 suggesting that the North Atlantic's conveyor
circulation started to slow down well before the 'Heinrich' events. Coeval
reduction in northward oceanic heat transfer likely conditioned North Atlantic
climate to enhanced ice sheet growth that ultimately triggered the H4 event.
The early spin-down of thermohaline circulation before H1 correlates with the
initiation of large-scale ice sheet collapse in the course of the last glacial-inter-

glacial transition.

The Greenland ice core record and marine records from the northern
North Atlantic suggest abrupt warming after the 'Heinrich' events [Bond et al.,
1993; Dansgaard et al., 1993; Grootes et al., 1993; Rasmussen et al., 1996 a]. The
gradual increases of benthic §'°C that are documented in core SO75-26KL after
H4 and H1 imply that thermohaline circulation resumed its full strength bet-
ween 1.2 and 3 1*C-kyr after the events, disqualifying abrupt increases in ocea-
nic heat transfer to the northern North Atlantic as a driving force for these
climatic jumps. From this it must be concluded that changes in atmospheric
circulation must have contributed to the climatic oscillations seen in the
Greenland record. Benthic §'°C changes during H2 are more rapid suggesting
a less inert North Atlantic conveyor during this period, either because glacial
meltwater flux was less or not continuously targeted at the site of convection

because of variable surface circulation.

The rapid fluctuations of benthic §'°C at the upper Portuguese margin
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bear some resemblance to oscillations of benthic 8'%0 in northernmost North
Atlantic core ENAM93-21 [Rasmussen et al., 1996b] and of carbonate content in
deep subtropical North Atlantic KNR31-GPC-5 [Keigwin and Jones, 1994]. Using
the GRIP SISOice record of climatic oscillation as a 'template’, stadial-intersta-
dial oscillations can also be seen in the Vostok dDjce record, even though reso-
lution of the Vostok record is lower than that of the Greenland record because
of different climatic boundary conditions in Antarctica. The apparent coupling
between climatic oscillations in the Greenland and Vostok ice cores implies
rapid climatic communication between both hemispheres. The existence of
similar oscillations in paleoceanographic records at intermediate water and bot-
tom water sites that are influenced by water masses forming in the Southern
Ocean and the North Atlantic suggests that surface forcing varied nearly simul-
taneously on both hemispheres. Varying zonality of low-latitude winds on sub-
Milankovitch time scales driven by low-latitude insolation may be an impor-
tant parameter that paces climatic change at low and high latitudes [McIntyre

and Molfino, 1996], and possibly on inter-hemispheric scales.
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