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Abstract. A quantitative analysis of planktonic foraminifera in a core from the Iberian Margin allows a 
reconstruction of the evolution of oceanographic parameters during the last glacial cycle with a resolution of ~ 1000 
years. A principal component analysis performed on 19 species allows the identification of 11 intervals characterized by 
increased abundances of the subpolar species. The youngest six of these intervals are correlated with the last 6 Heinrich 
events (HEs). The five cold events older than stage 4 are dated at 81, 90, 110, 129, and 140 ka, respectively. 
Paleotemperatures reconstructed using the modern analog technique indicate 4øC decreases during all even-numbered 
isotopic stages and stage 3. During the HEs, temperature decreases reach ~ 10øC and seawater •18 O anomalies reach 
~ 1%o. Temperature and salinity reconstructions indicate that the environment of the Iberian Margin has been under the 
combined influence of global factors such as the migration of the polar front and iceberg discharge and of regional 
factors such as the precipitation/evaporation regime on both oceanic and continental area. 

1. Introduction 

High concentrations of detrital elements in Quaternary 
sediment layers from the North Atlantic [Pastouret et al., 
1975; Fillon, 1985; Heinrich, 1988] have been interpreted as 
resulting from short periods of intense iceberg discharge and 
labeled Heinrich layers [Broecker et al., 1992]. Transported 
by the anticlockwise polar gyre from the Laurentide [Pastouret 
et al., 1975; Heinrich, 1988; Bond et al., 1992] and 
Scandinavian [Grousset et al., 1993; Revel et al., 1996; Elliot 
et al., 1998] ice sheets, icebergs encountering warm waters in 
the northeast Atlantic melt and release ice-rafted detritus 

(IRD). The last six Heinrich events (HEs) have occurred during 
the past 70 kyr and are now well documented in the North 
Atlantic [Grousset et al., 1993; Broecker, 1994; Bond and 
Lotti, 1995; Maslin et al. 1995; Cortijo, 1995; Manighetti et 
al., 1995; Robinson et al., 1995; Revel et al., 1996; 
Rasmunssen et al., 1996, 1997; Cortijo et al., 1997; Elliot et 
al., 1998]. The southern limit of their extension remains 
uncertain. Although the southern portion of the Iberian 
Margin is located south of the position of the polar front 
during the Last Glacial Maximum (LGM), according to 
Ruddiman and Mcintyre [ 1981 ], Mix and Ruddiman [ 1985], 
and Ruddiman [1987] (Figure 1) the influence of subpolar 
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conditions during short periods correlated with iceberg 
discharges has been shown [Fatela, 1995; Lebreiro et al., 
1996; 1997]. Moreover, the occurrence of IRDs in sediments 
has been reported as far south as the Portuguese and Moroccan 
Margins [Kudrass and Thiede, 1970; Zahn et al., 1997]. HEs 
induce strong hydrographic changes in surface waters of the 
North Atlantic which have been reconstructed until a latitude 

of ~45øN [Broecker et al., 1992; Bond et al., 1992; Sancetta, 
1992; Thomas et al., 1995; Maslin et al., 1995; van Kreveld 
et al., 1996; Auffret et al., 1996; Cortijo et al., 1997; Elliot et 
al., 1998]. The purpose of this paper is to estimate if all HEs 
have reached the southern Iberian Margin and to assess 
temperature, salinity, and productivity changes produced by 
these events at this latitude. Such changes can be 
reconstructed using the distribution of planktonic 
foraminifera in the sediment accumulations. 

The surface circulation of the North Atlantic (Figure 1) 
mainly consists of an anticyclonic gyre which is represented 
in its northern part by the Gulf Stream and the North Atlantic 
Drift (NAD). The northern branch of the NAD brings warm and 
salty waters into the Norwegian, Greenland, and Arctic Seas 
whereas, in contrast, southerly currents bring cold and low- 
salinity waters into lower latitudes. The boundary between 
low-salinity polar waters and Arctic waters constitutes the 
polar front, and the boundary between cold Arctic waters and 
warm Atlantic waters constitutes the Arctic front. Linked with 

the different water masses, the foraminiferal fauna is divided 

in six assemblages called polar, subpolar, transitional, 
subtropical, tropical, and upwelling assemblages [Bd and 
Tolderlund, 1971; Kipp, 1976; Pujol, 1980; Hemleben et al., 
1988; Ottens, 1992; Johannessen et al., 1994] (Figure 1). At 
midlatitudes the sea surface temperature (SST) is relatively 
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reconstructed from transfer functions using MAT [Hutson, 
1979; Prell, 1985], and paleosalinities are estimated from the 
•180 record. The foraminiferal accumulation rate is calculated 

to estimate the surface productivity during HE1. 

2. Material and Method 
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Figure 1. Surface circulation in the North Atlantic simplified from 
Pickard and Emery [1982]. Positions of modem polar and Arctic fronts 
are from Johannessen et al. [1994], and the position of the polar front 
for the Last Glacial Maximum (LGM) is from Ruddirnan and Mcintyre 
[1981]. Numbers 1-6 refer to planktonic foraminiferal provinces 
identified from plankton tows and surface sediments (data from Bd and 
Tolderlund [1971], Pujol [1980], Hernleben et al. [1988], Ottens [1992], 
and Johannessen et al. [1994]): 1, polar; 2, subpolar; 3, transitional; 4, 
subtropical; 5, tropical; and 6, upwelling assemblage. 

easily and reliably derived from analyses of the planktonic 
foraminiferal fauna using transfer functions. Two methods are 
commonly used: that of lrnbrie and Kipp [1971] and the 
modern analog technique (MAT) [Hutson, 1979; Prell, 1985; 
Pfiaurnann et al., 1996]. Sea surface salinity (SSS) also can be 
estimated from transfer function in areas where it is 

independent from the SST [Kipp, 1976]. It is also commonly 
calculated from the oxygen isotopic composition of the 
foraminifera [Duplessy et al., 1991, 1992, 1993; Rostek et 
al., 1993; Maslin et al., 1995]. Sea surface productivity can 
also be reconstructed by transfer function [Kiefer et al., 1995; 
Cayre et al., 1999] or using the foraminiferal accumulation 
rate [van Kreyeld et al., 1996]. 

During the cruise Images I of the R/V Marion Dufresne in 
July 1995 a 32.5 m piston core (MD 952042) was retrieved 
from the Iberian Margin off Portugal (37ø48'N, 10ø10'W) in 
3146 m of water depth. The core offers a good potential for 
high-resolution analysis of the paleoceanographic evolution 
of the midlatitude North Atlantic. In our study a principal 
component analysis allows the identification of the 
succession of assemblages throughout the core. A reliable 
chronostratigraphy has been obtained by calibration of the 
oxygen isotopic composition of Globigerina bulloides with 
the stacked record of Martinson et al. [1987] and the nearby 
core SU 81-18 [Bard et al. 1987]. SSTs have been 

Core MD 952042 consists mainly of an alternation of 
clayey mud and carbonate ooze. Only the upper 30 m of the 
core were sampled because sediments in the lower 2.5 m show 
evidence of coring disturbance. Samples were taken every 10 
cm between 3 and 6 m and every 20 cm throughout the 
remainder of the core. Samples 1 cm thick and corresponding 
to ~10 g of sediments were dried, weighed, and washed over a 
63 gm mesh sieve. The >63 gm residue was dried and weighed. 
The core was recovered well above the carbonate 

compensation depth, and no trace of dissolution was observed 
on whole foraminiferal tests. 

Twenty specimens of G. bulloides from the 250-350 gm 
fraction were handpicked from all samples for measurement of 
their oxygen and carbon isotopic composition. The 
foraminiferal tests were immersed into hydrogen peroxide for 
30 min, crushed, and ultrasonically cleaned for 20 s in 
acetone. The floating part was removed, and foraminifera were 
dried at 50øC. Isotopic measurements were performed at the 
Godwin Laboratory (University of Cambridge, Cambridge, 
United Kingdom) on a VG Isogas SIRA mass spectrometer 
with automatic carbonate preparation system. Calibration to 
the Vienna Peedee Belemnite (PDB) standard is via the 
National Bureau Standards (NBS)-19 standard. Analytical 
precision is better than 0.1%o. 

Counts of the planktonic foraminiferal fauna were 
conducted on samples collected every 20 cm. The >150 gm 
fraction was split until an appropriate quantity of foraminifera 
was obtained for counting. One of the two last splits was 
distributed on a gridded tray. About 350 planktonic 
foraminifera were picked in a known number of squares, 
identified, glued on a micropaleontological slide, and counted 
according to the Climate: Long-Range Investgation, 
Mapping, and Prediction (CLIMAP) taxonomy [Kipp, 1976]. 

Foraminiferal assemblages were identified by principal 
component analysis (PCA) using the relative abundance of 19 
species in 150 samples. The PCA is a descriptive statistical 
method which determines the resemblance between individuals 

(sediment samples in this study) and linear links between 
variables (planktonic foraminiferal species). The PCA fits the 
set of points in order to obtain the best representation in a 
subspace (usually in two dimensions). The first factorial axis 
has the maximum inertia; the next axes are perpendicular with 
decreasing inertia. We use a standardized PCA where variables 
are of mean 0 and variance 1, so that the most or the least 

abundant species have the same influence to calculate 
distances between individuals. Calculations were obtained via 

MacMul and GraphMu software [Thioulouse, 1990]. 
Paleo SSTs were reconstructed from planktonic 

foraminifera using the transfer function MAT [Hutson, 1979; 
Prell, 1985]. The database contains 617 core tops covering 
the North Atlantic [Pflaurnann et al., 1996]. The MAT is based 
on the dissimilarity coefficient (squared chord distance) 
existing between each fossil sample of the core and core tops 
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of the database. The mean SSTs of August and February 
associated with each fossil sample were calculated from the 10 
best modem analogs (minimum dissimilarity coefficient). 

Paleo SSSs were estimated from the 5]80 record. The 

oxygen isotope ratio in planktonic foraminifera shells 
reflects the temperature and salinity of the water where 
calcification occurs and is also dependent on global ice 
volume. Subtracting the effect of temperature and global ice 
volume, it is possible to calculate the 5]80 anomaly due to the 
salinity [Duplessy et al., 1991,1992; Rostek et al., 1993]. 
Erez and Luz [1983, equation (1)] enables us to calculate the 
seawater 5]80 from the global 5180 and the temperature of 
calcification. 

T = 17 - 4.52(5180 carbønate- 518 0 seawater) 

+ 0.03(518Ocarbonate- 51.8Oseawater) 2 (1) 

The SST obtained by transfer function does not necessarily 
correspond to the temperature of calcification of the species 
on which the 5]80 is measured (because of the seasonal and/or 
depth habitat signal recorded by the 5180). Duplessy et al. 
[1992] showed that in the North Atlantic the oxygen isotopic 
record of G. bulloides corresponds to a calcification 
temperature between 7 ø and 22øC and that the estimated SST 
must be corrected by -IøC (TøC calcification = TøC August-1). 
Since our estimates lie in the specified temperature range 
(except for very short periods) we used the August temperature 
minus 1 øC in (1). The temperature anomaly was then calculated 
by subtracting the modern 5180 value from the past ones. The 
impact of the global ice volume was calculated by Labeyrie et 
al. [1987]. We normalized their results to the value of 1.2%o 
for the LGM/Holocene transition, established with the 
calibration of the ]4C-dated Barbados sea level curve of 
Fairbanks [1989]. Our 5]80 record and the global ice volume 
record are linearly interpolated with an interval of 200 years 
in order to have the same resolution. The seawater 5]80 

anomaly obtained after subtracting the temperature and global 
ice volume anomalies results from salinity changes. These 
salinity changes can be induced by local changes in the 
precipitation-evaporation balance affecting the freshwater 
ranoff from the continent and/or by inputs of freshwater from 
ice sheet melting. Since equations used to estimate the 
salinity from the seawater 5180 anomaly include many 
approximations and have different slopes when due to changes 
in the precipitation-evaporation balance rather than inputs of 
freshwater, we will discuss only our results in terms of the 
seawater 5180 anomaly. 

The occurrence of IRD in the sediments was analyzed by a 
qualitative study of the >150 !,tm fraction. Minerals were 
summarily identified, and their abundance was estimated 
visually, according to four rankings: rare, present, abundant, 
and dominant. 

3. Results 

3.1. Isotopic Stratigraphy 

The 5]80 record of core MD 952042 covers the last glacial 
cycle (Figure 2b). Isotopic stages are identified by 
comparison with the stacked isotope record of Martinson et 
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Figure 2. Oxygen isotopic stratigraphies. (a) The stacked record of 
Martinson et al. [1987] as a function of time. Numbers above the curve 
refer to isotopic stages. (b) The 5180 values for Globigerina bulloides 
in core MD 952042 (37ø48'N, 10ø10'W) as a function of depth. (c) The 
5180 values for G. bulloides in core SU 81-18 (37ø46'N, 10ø11'W) as a 
function of depth [Bard et al., 1987]. 

al. [1987] (Figure 2a). All stages and boundaries are easily 
identifiable except the transition 3/2. The Younger Dryas 
(YD) is well marked by a 5180 maximum at 340 cm. The 
decrease of the B611ing period (410 cm) does not reach the 
values of the Holocene period. The amplitudes of the 5]80 
steps at the transition 2/1 and 6/5 reach 2.65%0 and 2.50%0, 
respectively. Glacial interstadials of stage 5 (corresponding 
to stages 5.2 and 5.4 following the Martinson's event 
nomenclature) are characterized by values ~2%o higher than 
interglacial interstadials (stages 5.5 and 5.3). Oscillations of 
1.5%o occur during stage 3. 

The 5180 record of core MD 952042 is compared to that of 
the nearby core $U 81-18 (37ø46'N, 10ø11'W) [Bard et al., 
1987, 1996] for the last deglaciation (Figure 2c). Both cores 
reach 5180 values near 3%o for the LGM, which decrease down 
to 1%o in the B611ing period. An increase of ~0.7%o 
characterizes the YD in both cores, and Holocene values are 



CAYRE ET AL.: PALEOCEANOGRAPHIC RECONSTRUCtION-IBERIAN MARGIN 3 87 

Table 1. Chronostratigraphy of Core MD 952042 

Depth in Core MD Depth in Core SU Isotopic Ages, kyrs 
952042, m 81-18, m Event a 

2.80 1.40 9.7 b 
3.40 1.80 12.1 b 
4.20 2.30 14.6 b 
5.70 3.30 17.2 b 
17.60 4/3 59.0 a 
19.80 5/4 73.9 a 
21.60 5b 91.0 a 
24.00 5d 110.8 a 
26.20 6/5 129.8 a 

a From Martinson et al. [1987] 
b Calendar ages from core MD 81-18 [Bard et al., 1987, 1996], 

which correspond to 14C datings at 8.76, 10.28, 12.26, and 14.59 ka, 
respectively. 

near 0.5%0. Both cores record an increase from 2 to 3%0 just 
before the LGM. 

3.2. Age Model 

For the interval spanning stages 6-4 the age model for core 
MD 952042 (Table 1) is based on ages of isotopic boundaries 
given by Martinson et al. [1987]. For the Holocene and the 
last deglaciation we used the ages of core SU 81-18 (located ~3 
miles from core MD 952042) derived from more than 22 
accelerator mass spectrometry (AMS)-14C ages converted in 
calendar ages [Bard et al., 1987, 1996]. 

The •180 record of stage 3 of core MD 952042 shows a 
rapid alternation of glacial and interglacial values. It could be 
tempting to try to relate those to the "Dansgaard-Oeschger" 
events (DO) [Broecker and Denton, 1989] detected in the 
Greenland Ice Core Project (GRIP) ice core [Dansgaard et al., 
1982, 1993; Bond et al, 1992; Johnsen et al., 1992], but 
synchroneity cannot be established because the resolution as 
well as the chronological databases are very different in the 
two records. 

3.3. Sedimentation Rate 

Sedimentation rates have been calculated assuming a 
constant accumulation between the dated levels (Figure 3). For 
the entire core the sedimentation rate has an average value of 
21 cm kyr -1, but there are large variations between the 
different stages. The minimum rate occurs during stage 5 with 
values as low as 12 cm kyr-1; it increases to 15 cm kyr -1 for 
stage 4 and to 28 cm kyr -1 in stages 3 and 2 below the LGM. 
The sedimentation rate reaches the value of 58 cm kyr -1 during 
the last deglaciation and decreases to ~30 cm kyr -1 for the 
Holocene. A marked increase in sedimentation rate during the 
deglaciation is in agreement with previous studies on cores 
from the same area [Bard et al., 1987; Crerner et al., 1992], but 
values obtained for the Holocene and the deglaciation in our 
core are surprisingly high. The comparison of the 
sedimentation rates of core MD 952042 with those of core SU 

81-18 [Bard et al., 1987] indicates that the sedimentation 
rates in core MD 952042 are ~30-40% higher than in core SU 
81-18 (Figure 3). It appears that the sedimentation rate in core 

MD 952042 is overestimated for the first meters of the core 

because of coring artefacts. A study of magnetic properties 
shows that the core is stretched in the upper 14-15 m with a 
maximum effect on the first 10 m (N. Thouveny and E. 
Moreno, personal communication, 1996). No disturbance of 
sediment structure was visually observed during the 
description of the core, and both the isotopic and magnetic 
records show no evidence of stratigraphic disturbance. It 
appears that stretching of the upper part of the core occured 
during the penetration of the core barrel into the upper soft 
layers under the influence of an excessive aspiration caused by 
rapid upward motion of the piston accompanying a rebound in 
the kevlar cable. The excess material that was incorporated in 
the core must have entered the barrel in the normal 

stratigraphic successsion without changing noticeably the 
stratigraphy or the compostion of the sediment. We 
constructed a sedimentation rate model assuming that cores 
MD 952042 and SU 81-18 should have approximately the 
same sedimentation rates. Between the Holocene and the LGM 

we took the sedimentation rate values from core SU 81-18; 
between the LGM and the transition 4/3 we took a mean value 

of 22 cm kyr-l; and for sediment older than transition 4/3 we 
took values obtained in core MD 952042. 

3.4. Coarse Fraction: Absolute Foraminiferal 

Abundance and Lithogenic Inputs 

The percentage of the coarse fraction (>63 gm) shows a 
correlation with the 5180 record with high percentages of ~4- 
6% occurring during interglacial stages and low values of 1% 
during glacial stages (Figure 4a). Foraminiferal abundance in 
the bulk sediment correlates rather well with the coarse 

fraction, indicating that planktonic foraminifera are, in most 
samples, the main component of the coarse fraction (Figures 
4a and 4b). High values of coarse fraction corresponding with 
low values of foraminiferal abundance indicate coarse detrital 

inputs. The relatively low values (near 900 forams g-l) shown 
at the end of the Holocene result from dilution by abundant 
iron sulfide concretions. Peaks of coarse fraction at 9.60 and 

between 27 and 28 m result from the presence of indurated clay 
aggregates and ferric concretions or from the occurrence of 
organic tubes mineralized by iron sulfides. Rounded quartz 
grains suggesting ice transport are abundant between 4.80 and 
5.20 and at 8.40, 13.80, and 15.80 m. They are present at 
18.10 m and rare at 11.00 m. Volcanic ash is present in 
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Figure 3. Sedimentation rates in cores MD 952042 (solid line) and SU 
81-18 (dashed line). Isotopic stages are indicated at the top. 
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Figure 4. Percentage of the (a) >63 gm sediment fraction and (b) 
foraminiferal abundance in the bulk sediment as a function of depth in 
core MD 952042. Isotopic stages are indicated at the top. 

samples near 11.00 and 18.10 m and abundant in samples at 
20.00, 21.60, 26.20, and 29.80 m. 

3.5. Planktonic Foraminiferal Assemblages 

The first and second axes of the PCA, computed from 
foraminiferal counts in core samples, account for 23 and 17% 
of the total inertia, respectively, and they define three 
assemblages (Figure 5). The first assemblage contains 
Globigerinoides tuber, Globigerinoides sacculifer, 
Globigerinoides tenellus, Globigerinoides conglobatus, 
Globoturborotalita rubescens, left- and right-coiling 
Globorotalia truncatulinoides, Globorotalia crassaforrnis, and 

Globigerinella aequilateralis. The second assemblage 
contains Orbulina universa, Globigerina falconensis, 
Globigerinita glutinata, Globigerinella calida, Globorotalia 
infiata, Globorotalia hirsuta, Neogloboquadrina dutertrei, and 
right-coiling Neogloboquadrina pachyderma. The third 
assemblage consists of left-coiling N. pachyderma, 
Turborotalita quinqueloba and G. bulloides. According to their 
species composition the first and third assemblages belong to 
the subtropical and subpolar provinces, respectively (Figure 
1). The second assemblage contains species characteristic of 
transitional or upwelling areas. 

The abundance of the subtropical assemblage is maximum 
during the Holocene and during warm periods of stage 5, 
whereas the transitional/upwelling assemblage is maximum 
during glacial stages and interstadials except during short 
intervals where the subpolar assemblage increases drastically 
(Figure 6). Although in the PCA results G. bulloides belongs 
to the same group as the two subpolar species left-coiling N. 
pachyderma and T. quinqueloba, its distributional trends in the 
core are different from those of the two latter species (Figure 
7). Throughout the core, G. bulloides represents an average of 
~15% of the total foraminiferal population and never drops 
below 12%, whereas the two other subpolar species are nearly 
absent during warm periods and show significant and abrupt 
increasing abundances during short intervals. Increases of G. 
bulloides are not necessarily synchronous with those of the 
subpolar species, and the amplitudes of increases are often 
different. In the North Atlantic, G. bulloides seems to 

proliferate in nutrient-poor environments, where other 
species cannot grow for various reasons [Pujol, 1980]. In core 
MD 952042, peaks of abundance of G. bulloides usually occur 
during a transitional period just after or before a stable (warm 
or cold) period. The two subpolar species left-coiling N. 
pachyderma and T. quinqueloba are dominant at the end of 
stage 6, during substage 5b, stage 4, and short events of 
stages 3 and 2, and just before the deglaciation. Their last 
increase occurs during the YD. 
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Factorial Coordinates on Axis 1 

AEQU: Globigerinella aequilateralis 
BULL: Globigerina bulloides 
CALI: Globigerinella calida 
CRAS: Globorotalia crassaformis 
DUTR: Neogloboquadrina dutertrei 
FALC: Globigerina falconensis 
GLUT: Globigerinita glutinata 
HIRS: Globorotalia hirsuta 

INFL: Globorotalia infiata 
LPAC: (L) Neogloboquadrina pachyderma 
LTRU: (L) Globorotalia truncatulinoides 
RPAC: (R) Neogloboquadrina pachyderma 
RTRU: (R) Globorotalia truncatulinoides 
QUIN: Turborotalita quinqueloba 
RUBR: Globigerinoides ruber 
RUBS: Globoturborotalita rubescens 

SACC: Globigerinoides sacculifer 
TNUS: Globigerinoides tenellus 
UNIV: OrbMina universa 

Assemblage 1 
subtropical species 

Assemblage 2 
transitional species 

Assemblage 3 
subpolar species 

Figure 5. Foraminiferal assemblages defined by the principal component analysis (PCA) in the 150 samples of core MD 
952042 with 19 planktonic foraminiferal species. Factorial coordinates on axes 1 and 2 correspond to the factor score of each 
species in relation to factor 1 and factor 2, respectively. 
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Figure 6. Percentages of the foraminiferal assemblages in core MD 952042 as a function of depth. Isotopic stages are 
indicated at the top. 

3.6. Characterization of the Heinrich Events 

Eleven short intervals of abrupt cooling are identified by 
the dominance of the subpolar foraminiferal assemblage. They 
correspond to the following depths down the core: between 
4.80 and 5.20 m and near 8.40, 11.00, 13.60, 15.80, 18.10, 
20.00, 21.60, 23.60, 26.20, and 29.80 m. They are labeled 
c l-cll in Figure 7. The coarse fractions of these intervals 
contain IRDs and exhibit high and sharp peaks in magnetic 
susceptibility [Candon et al., 1996] (Figure 7d). The magnetic 
susceptibility peaks identified in core MD 952042 are 
believed to result from the presence of iron-rich detrital grains 
coming from the Canadian belt. Thus the six youngest periods 
of intense cooling can be identified as the six HEs described in 
the literature [Heinrich, 1988; Broecker et al., 1992; Bond et 
al., 1992; Grousset et al., 1993; Cortijo, 1995; Maslin et al., 
1995; Robinson et al., 1995; Revel et al., 1996; van Kreyeld, 
1996; van Kreyeld et al., 1996; Rasmunssen et al., 1997]. The 
five oldest major coolings recorded by planktonic 
foraminifera (called c7-cl 1 in Figure 7) occur at the end of 
stage 5, during interstadials 5b and 5d, just before the 
transition 6/5, and at the bottom of the core, respectively. Our 
record is similar to those described by Heinrich [1988] and by 
Grousset et al. [1993]. Events c7, c8 and c10, however, have 
not been reported in sediment cores from the NE Atlantic 
[Manighetti et al., 1995; van Kreyeld et al., 1996]. 

Following our chronology, the last six HEs are dated 16, 
27, 35, 45, 52, and 64 ka (Table 2), respectively. The calendar 
age of HE1 in our study corresponds to about the calendar age 
obtained after transformation of the 14C age of this event in 
most recent studies. HE2 and HE3' are older than in other 

studies, but our chronology has no dated point between the 
beginning of stage 3 and the LGM. The calendar age of HE4 is 
in agreement with that from Manighetti et al. [ 1995], whereas 
the calendar ages of HE5 and HE6 are near those attributed to 
Bond et al. [1992, 1993]. Events c7, c8, c9, c10, and cll are 
dated 81, 90, 110, 129, and 140 ka (Table 2), respectively. 
Events c7, c8, c9, and c10 correspond to events h7, h8, h10, 

and hl 1 of Heinrich [1988], and c10 also corresponds to event 
H7 of Manighetti et al. [1995] (Table 2). These events have 
also been detected over the North Atlantic by peaks in 
magnetic susceptibility [Robinson et al., 1995]. In the South 
Atlantic, Little et al. [1997] noted two events, at 95 and 110 
ka, that have characteristics similar to those leading the North 
Atlantic HEs. 

4. Paleoceanographic Reconstructions 

4.1. Paleotemperatures 

Average SSTs reconstructed for the Holocene oscillate 
around 16.6 ø _+ 1.5øC in winter and 21.3 ø _+ 1.2øC in summer 

(Figure 8) and are slightly warmer than temperatures measured 
today [Levitus, 1982], which are 15.1 ø and 20.3øC, 
respectively. The discrepancy between estimated and measured 
SSTs is not significant. It results from using some modern 
analogs coming from the Mauritanian Coast where SST is near 
18.0øC in winter and 22.0øC in summer (in addition to core 

tops coming from the Iberian Coast). The YD is characterized 
by a cooling down to 11.7 ø _+ 2.0øC in winter and 17.7 ø _+ 
2.0øC in summer. During the B611ing period, SSTs reach, and 
even exceed, Holocene values. These reconstructed high SSTs 
result again from modern analogs coming from the West 
African Coast. The occurrence of the subpolar assemblage just 
before the deglaciation indicates SSTs near 5.0 ø _+ 1.0øC in 
winter and 10.0 ø +_ 1.5øC in summer. The best analogs for that 
period are found at ~58øN and 45øW (SE Greenland). All 
intervals dominated by the subpolar assemblage yield similar 
low reconstructed SSTs. Mean SSTs during stages 2, 3, and 4, 
calculated after removal of these cold intervals, remain 
between 12 ø and 13øC in winter and 17 ø and 18øC in summer 

and are in agreement with the glacial temperatures estimated 
by CLIMAP [CLIMAP Members, 1981' Prell, 1985]. The best 
analogs for these stages are found between 42 ø and 50øN in the 
central east Atlantic. Reconstructed temperatures during warm 
periods of stage 5 compare well to those obtained for the 
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Figure 7. Percentages of planktonic foraminiferal species in core MD 952042: (a) G. bulloides, (b) left-coiling 
Neogloboquadrina pachyderma (solid line) and Turborotalita quinqueloba (dashed line) (shaded intervals correspond to the 
last six HEs and the five older coolings, c7-cl 1), and (c) magnetic susceptibility [Candon et al., 1996] (shaded intervals with 
high susceptibility values are labeled s 1-s 10). Isotopic stages are indicated at the top. 

Holocene. Except for the rapid cooling occurring just before 
transition 6/5, SSTs for stage 6 are ~12øC in winter and 17øC 
in summer; they are quite similar to those of stage 2. 

All the coolings recorded correspond to a temperature 
decrease of ~8øC, except those occurring during the YD and 
during stage 5d where the temperature drop reaches only 4øC. 

For stage 5d the signal recorded by the magnetic 
susceptibility is similar to those recorded during other cold 
events. The event being very short and corresponding to a 
period of very low foraminiferal abundance, the bioturbation 
can dilute the cold foraminiferal signal. For the YD, despite 
the fact that cores MD 952042 and SU 81-18 have similar 

Table 2. Ages Attributed to Heinrich Events (HE) and to Cold Events Older Than HE6 in This Study Compared to Those 
Obtained by Heinrich [1988], Bond et al. [1993], Cortijo [1995], Manighetti et al. [1995], Kiefer [1997], Little et al. 
[ 1997], Voelker et al. [ 1998], and Elliot et al. [ 1998] 

This Study Heinrich Bond et al. Cortijo Manighetti et aL [1995] Kiefer Little et al. Voelker et Elliot et al. 
[1988] [1993] [1995] [1997] [1997] al. [1998] [1998] 

Event Calendar Ages Calendar Ages 14C Ages 14C Ages 14C Ages Calendar Ages 14 C Ages Calendar Ages 14C Ages 14C Ages 
HE1 16 11 
HE2 27 22 
HE3 35 32 
HFA 45 48 
HE5 53 59 
HE6 64 71 

C7 76 (h7) 80 
C8 91 (hS) 91 
C9 111 (h10) 112 
C10 129 (hl 1) 128 
C11 140 

14 14 15 17 14 14 
21 21 22 25 21 21 
27 28 28 31 26 26 
35 35 39 43 34 34 
50 a 44 55 44 
66 a 70 >51 

(PS7) 95 
(PS8) 110 

15 

22 

27 

35 

a Calendar ages after Bond et al. [ 1992]. 
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Figure 8. August (dashed lin. e) and February (solid line) sea surface temperature (SST) reconstructed by the modern analog 
technique for core MD 952042. Isotopic stages are indicated at the top. 

fi180 records the cooling recorded in core SU 81-18 [Bard et 
al., 1987] is more pronounced than in our core since the 
temperature for the YD reaches 7øC in winter and 14øC in 
summer. Similar temperature reconstructions are obtained in 
core SU 9228 (37ø05'N, 09ø28'W) [Boelaert, 1998]. The 
discrepancy between the records in the different cores does not 
result from the methods used for the temperature 
reconstructions but from a real difference in the percentage of 
foraminiferal species. In core MD 952042 a mixing with 
reworked sediment from stages 2 or 3, where the temperature is 
~14øC in winter and 18øC in summer, could induce an apparent 
increase of the temperature of YD interval associated with a 
small increase of the 15180. The presence of reworked sediment 
in the interval corresponding to the YD has been detected by 
AMS-14C dating in core SU 81-14 (36ø46'N, 9ø51'W) [Bard et 
al., 1989], and similar analyses should be performed on our 
core in order to confirm our hypothesis. 

4.2. Paleosalinities 

We subtracted the fi•80 anomalies due to the temperature 
(Figure 9b) and the fi180 anomaly due to change in ice volume 
(Figure 9c) from the oxygen isotope values of G. bulloides 
(Figure 9a). The resulting seawater fi180 anomaly (Figure 9d) 
shows a very good correlation with the temperature record. 
The major coolings recorded by planktonic foraminifera at 
various levels such as the bottom of the core, the transition 
6/5, substage 5b, the end of stage 5, and the six HEs 
correspond to periods of strong decrease in salinity. During 
most of stage 5, with the exception of abrupt short duration 
coolings, the salinity is about equal to that of the modern day. 
The beginning of stage 4 is characterized by a major positive 
seawater 1518 anomaly (+1.2%o) followed by a rapid salinity 
decrease preceding the major one associated with HE6. Again, 
except for the short duration coolings, stages 3 and 2 seem on 
the average just slightly saltier than the Holocene, and the 
seawater 15•80 anomaly has a mean value of +0.5%o. During 
the six HEs and the older cooling events the salinity 
anomalies reach values between -0.8 and-2.1%o. The 

strongest negative anomaly corresponds to HE1 and is similar 
to the anomaly reconstructed by Duplessy et al. [1993] for the 
same period in core SU 81-18. The fi180 salinity anomalies 

calculated for HEs are also in agreement with those calculated 
by Cortijo et al. [1997] for HE4 in two cores at 38 ø and 40øN. 
It can be noted that the small temperature decrease of the YD in 
our record leads to a salinity increase in contrast with the 
salinity decrease evidenced in core SU 81-18 [Duplessy et al., 
1993]. The difference between the two records (which have 
similar fi180 signals) can be explained by the gap of 3øC in 
the August temperature. Similarly, during substage 5d (event 
c9) the temperature decrease of 4ø-5øC is not accompanied by a 
major salinity decrease. 

5. Discussion: Evolution of the Environment 

off the Iberian Margin During the Last 
Glacial Cycle 

The variations of oceanic parameters recorded in the 
sediments from core MD 952042 allow a tentative 

reconstruction of the evolution of the environment off the 

Iberian Margin during the past 140 kyr. The record suggests 
that during that period the Iberian Margin has been under the 
combined influence of three different factors, namely, (1) 
migration of the polar front, (2) iceberg discharge events, and 
(3) evolution of the climate on the adjacent continent. 

The large-amplitude coolings observed in the surface waters 
off Portugal during the past 140 kyr are associated with strong 
salinity decreases generally corresponding with periods of 
large influx of low-salinity waters during major ice surges of 
continental ice sheets, as in most of the North Atlantic. The 

six youngest of these events are well documented by both 
signals, and also correspond with the presence of IRDs in the 
sediments. Therefore they are believed to represent a southern 
extension of the six HEs. Recently, three of the youngest HEs 
(HE1, HE2, and HE4) have been identified at approximately 
the same latitude as core MD 952042 in a shorter core taken 

on the Portuguese Margin in 1099 m of water depth [Zahn et 
al., 1997] whereas HE1, HE2, HE3, HE4, and HE6 have been 
identified on the Tore Seamount (39øN, 12øW) [Lebreiro et al., 
1996]. Our observations fully document the occurrence of all 
of the six HEs as far south as 37ø48'N. Furthermore, the five 
older cold events, which we have labeled c7-cl 1, are also 
characterized by strong coolings and salinity decreases. They 
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Figure 9. (a) The 5i80 values for G. hulloides in core MD 952042 as a function of age. (b) The b•80 anomaly due to the 
temperature calculated from the equation of Erez and Luz [1983] using the August reconstructed temperature minus 1 
[Duplessy et al., 1992]. (c) The b•80 anomaly due to the global ice volume [Labeyrie et al., 1987] normalized to 1.2%o for the 
LGM after Fairbanks [1989]. (d) The b•80 anomaly due to the salinity obtained by subtracting the b•80 temperature and ice 
volume anomalies from the b•80 record of G. hulloides. Isotopic stages are indicated at the top, and shaded intervals are those 
dominated by the subpolar assemblage. 

occur at the end of stage 6, just before transition 6/5, during 
interstadials 5d and ,5b, and near the transition 5/4, 
respectively, and are interpreted as equivalent to older HEs. 
Other cold events occurring during stage 3 (between HE3 and 
HE4 and between HE5 and HE6) also exhibit a good 
correlation between salinity and temperature minima. Since 
they lack IRDs, however, they are not considered typical HEs, 
although they may result from hydrological conditions 

similar to those prevailing during the HEs. They can be at 
midlatitude the expression of some of the millenial-scale 
iceberg discharges detected in high latitudes r n.•.,.t .,, ..t 
1997; Elliot •" .,t 1998] 

In general, if we discard the abrupt coolings and the 
corresponding sharp salinity minima, the average salinity 
relative to the mean ocean salinity appears to have varied 
only slightly and remains comparable to that of the Holocene 
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for the entire period studied here, even during stage 6. Notable 
exceptions occur during stage 4 where salinity increases 
strongly and, to a lesser extent, during stages 3 and 2. 
Salinity increases can be attributed to an advection of tropical 
water, enhanced oceanic evaporation, and/or regional drought 
affecting both the continent and oceanic areas. As the major 
positive seawater •80 anomalies do not correspond to 
significant warmings, the hypothesis of an advection of 
tropical water (more saline and warmer water) must be rejected. 
An increased aridity is documented by the pollen record from 
southern Spain during stage 4 [Pons and Reille, 1988], and we 
thus favor a change in the evaporation/precipitation regime 
on the oceanic and continental areas to induce salinity 
increases at the beginning of stage 4. This high-salinity 
episode terminates abruptly with a strong decrease in both 
temperature and salinity preceding HE6. This decrease 
corresponds to a peak in magnetic susceptibility and could be 
equivalent to an HE. Salinity increases characterizing stages 3 
and 2 have a lower amplitude than at the beginning of stage 4. 
Most continental records associate glacial stages with low 
rainfall periods, and as for stage 4, we attribute the salinity 
increases to variations in the regional precipitation/ 
evaporation regime. 

During the HEs the climatic signal is dominated by the 
migration of the polar front and by iceberg discharge. 
Quantitative analysis of the foraminiferal fauna reveals some 
of the cold episodes (Figure 7). In HE1, HE4, and HE6, T. 
quinqueloba is seen to increase (20-28%) at the end of the 
events after the domination of left-coiling N. pachyderma (46- 
56%). High percentages of T. quinqueloba (>20%) are 
characteristic of the Arctic front in the modern North Atlantic 

[Johannessen et al., 1994], and high abundances of left- 
coiling N. pachyderma characterize polar waters. These 
suggest that planktonic foraminiferal assemblages may have 
recorded the installation of a polar environment, followed by 
its northward migration at the end of the cold event. The 
cooling at the beginning of the HEs seems abrupt while 
warming seems more gradual, and the first warming step is 
characterized by an increase of T. quinqueloba which may 
correspond to the passage of the Arctic front. 

During HE2, HE3 and HE5 the foraminiferal assemblage is 
dominated by G. hulloides (45-55%), suggesting a slightly 
less intense cooling. For HE5 the second most abundant 
species is T. quinqueloba (22%), indicating that the core 
location was probably near the Arctic front. Our study 
indicates that quantitative analysis of foraminiferal species 
can be efficiently used to reconstruct the past position of the 
Arctic and polar fronts. It also shows that HE1 and HE6 (and 
maybe HE4) produce the most intense coolings while HE2 
occurs during the maximum volume of ice caps near 21 ka. Our 
results have to be confirmed by a very high resolution study in 
the Heinrich layers in order to characterize more precisely the 
different steps recorded for each HE. 

Considering the foraminiferal accumulation rate as a 
productivity indicator, we estimated productivity changes 
only during HE1 since we do not have reliable sedimentation 
rates throughout other HEs. Foraminiferal accumulation rates 
exhibit productivity decreases at the beginning and at the end 
of HE1 whereas the productivity seems relatively high during 
the event (Figure 10). High foraminiferal productivity during 
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Figure 10. Foraminiferal accumulation rate (solid diamonds) and SST 
(open circles) throughout HE1. 

HEs has been evidenced in the Irminger Basin [Elliot et al., 
1998] as well as in other parts of the IRD belt [Kiefer et al., 
1995; Chapman and Shackleton, 1995; Auffret et al., 1996; 
Rosell-Meld et al., 1997; Lebreiro et al., 1997]. High sea 
surface productivity during HEs could have been created by the 
mixing of deep nutrient-rich waters with surface waters during 
the iceberg drifting [Sancetta, 1992]. Decreases in 
productivity at the beginning and at the end of the event may 
be explained by rapid changes of SST and SSS. Analysis of 
coccoliths on core MD 952042 by Bouldoire et al. [1996] 
shows a strong increase of the species Floripheara profunda 
during HEs. Since this species lives in the lower photic zone 
its increase in relative abundance in the sediment is 

interpreted as a productivity decrease in the upper photic zone. 
Drops in productivity during HEs such as those indicated by 
coccoliths in core MD 952042 are commonly attributed to the 
dramatic salinity decrease and/or to the limitation of light 
penetration caused by suspended material and sea ice cover. 
The absence of foraminiferal productivity decrease during HEs 
could be explained by the fact that subpolar species as G. 
bulloides, T. quinqueloba, and left-coiling N. pachyderrna, 
which are adapted to cold and low-saline Arctic and polar water 
masses, are less sensitive than coccoliths to the hydrographic 
perturbations induced by HEs. 

6. Conclusion 

Quantitative analysis of the planktonic foraminiferal fauna 
from core MD 952042 provides reliable reconstructions of 
regional temperature and salinity changes of the surface waters 
throughout the past 140 kyr. Our study indicates that changes 
in the environment of the Portuguese Margin during the 
glacial cycle have been dominated by the migration of the 
polar front, the occurrence of abrupt iceberg discharge events, 
and the evolution of continental climate in Iberia. During 
major cooling episodes, iceberg discharge have produced the 
strongest imprint on the environmental record, while during 
the remainder of time, variations in the regional 
precipitation/evaporation regime on both oceanic and 
continental area could exercise an influence on the salinity 
signal. 

Our paleoceanographic reconstructions allow for the 
identification of 11 major cold episodes which are 
characterized by high abundances of the subpolar species of 
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planktonic foraminifera, cold SSTs (near 5øC in winter and 
10øC in summer), and low salinities (anomalies ranging from 
-0.8 to -2.1%o). The six youngest of these cold episodes are 
characterized by high magnetic susceptibility and the 
occurrence of IRDs in the sediment. They correspond wi•h HEs 
and fully document the extension of the flow of iceberg down 
to the southern Portuguese Margin during each of these six 
episodes as well as the southward migration of the polar front. 
The five older cold and low-salinity events occurring during 
stage 6, transition 6/5, glacial intersradials 5d and 5b, and at 
the very end of stage 5 are dated 140, 129, 110, 90, and 81 ka, 
respectively. Most of them show high magnetic 
susceptibility levels and can be considered as older HEs 
despite the fact that they have not always been identified in 
cores located farther north. 

The quantitative analysis of the foraminiferal fauna allows 
for the characterization of three cooling steps for the cold 
events: (1) the dominance of the subpolar assemblage by G. 

bulloides reflects a relatively moderate cooling only due to the 
input of meltwater; (2) the dominance of left-coiling N. 
pachyderrna represents the interval of the most intense 
cooling with the installation of a polar environment; and (3) 
high abundances of T. quinqueloba characterize the first step 
of the warming at the end of the event and may represent the 
passage of the Arctic front. The sea surface productivity seems 
high during HE1 when left-coiling N. pachyderma dominates. 
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