Palaeogeography, Palaeoclimatology, Palaeoecology 281 (2009) 66-78

Contents lists available at ScienceDirect gﬁlAEﬂ‘¥"3
, ©
Palaeogeography, Palaeoclimatology, Palaeoecology ©

°

journal homepage: www.elsevier.com/locate/palaeo

What forced the collapse of European ice sheets during the last two glacial periods
(150 ka B.P. and 18 ka cal B.P.)? Palynological evidence

A. Penaud **, F. Eynaud 2, J.L. Turon ?, S. Zaragosi ?, B. Malaizé ¢, S. Toucanne ?, J.F. Bourillet

¢ Université Bordeaux 1, Avenue des Facultés, CNRS, UMR 5805-EPOC, F-33405 Talence, France
b [FREMER, Département Géosciences Marines, Laboratoire Environnements Sédimentaires, BP 70-29280 Plouzané, France

ARTICLE INFO

Article history:

Received 31 October 2008

Received in revised from 6 July 2009
Accepted 18 July 2009

Available online 28 July 2009

Keywords:

Dinoflagellate cysts
European ice sheets
Celtic-Armorican margin
MIS 2 and MIS 6
Terminations I and 1I

1. Introduction

ABSTRACT

We present a new marine palynological record from the temperate North-eastern Atlantic (core MD03-2692,
Celtic-Armorican margin) in the area of influence of the ‘Fleuve Manche’ paleoriver during glacial times. The
runoff of this paleoriver was connected to the glacial history of European ice sheets (including the British
Irish Ice Sheet—BIIS). Our study conducted on dinoflagellate cysts assemblages over the last 200 ka,
associated with quantification of palynological remains reflecting continental influence (pre-Quaternary
dinocysts and micro-algae Pediastrum spp. coenobia), yields detailed insights into the sea-surface
paleoenvironments of this sector. More specifically, mechanisms responsible for the origin of unusual
deposits of laminated sequences found at the end of Marine Isotope Stage (MIS) 2 and within mid-MIS 6 are
here constrained. We provide evidence of genetic similarities between fluvial discharges occurring before
and during times of deposition of the laminated deposits. Our study clarifies the causes of the collapse of
European glaciated systems. At the end of MIS 2, prior to the deposition of the laminated deposits, pleni-
oceanic influence characterized by high concentrations of Quaternary dinocysts prevailed, and a dinocyst
species tracing the penetration of the warm North Atlantic Drift into the Bay of Biscay is recorded. However,
this scenario did not recur prior to the deposition of laminated sediments of mid-MIS 6. In addition, contrary
to the laminated deposits found at the end of MIS 2 and directly associated with Termination I, MIS 6 laminae
appeared 20 ka earlier than Termination II. Our work shows that, during the penultimate glacial stage, the
collapse of mid-latitudes ice sheets around 170 ka B.P. may have immediately followed the MIS 6.5 warming
phase. Then, the most important melting event around 150 ka B.P. may be linked to a peak in insolation at
65°N, though less important than those during MIS 6.5 and Termination I

© 2009 Elsevier B.V. All rights reserved.

Stage (MIS) 2 and within mid-MIS 6, consisting in millimetre-scale
IRD-rich clay laminae. This facies has been linked to seasonal

Terminations constitute major shifts from glacial to interglacial
periods during the late Quaternary. The penultimate and last
Terminations (Termination II and Termination I, respectively)
recorded off the present-day English Channel (Bay of Biscay), i.e. off
the ‘Fleuve Manche’ paleoriver, one of the largest river that ever
drained the Western Europe during glacial episodes (Gibbard et al.,
1988; Lericolais, 1997; Lericolais et al., 2003; Bourillet et al., 2003;
Gupta et al., 2007), have been the subject of several studies (e.g.
Zaragosi et al., 2001, 2006; Mojtahid et al., 2005; Eynaud et al., 2007;
Toucanne et al., 2008, 2009). These studies demonstrate a close
relationship between European continental paleoenvironments and
‘Fleuve Manche’ runoff. A compilation of several cores in the Celtic
sector from 51.7°N to 46.8°N (Eynaud et al., 2007) illustrates the
regional occurrence of a peculiar facies at the end of Marine Isotope
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sedimentary discharges associated with major episodes of seasonal
European ice sheets collapse (Mojtahid et al., 2005; Zaragosi et al.,
2001, 2006; Toucanne et al., 2009).

Our work brings new information about the sequencing at the
origin of the laminated deposits. With a view to improving knowledge
of the regional hydrological and oceanographical settings that
influenced the dynamics of European ice sheets, we have conducted
palynological investigations (including Quaternary and reworked
dinoflagellate cysts (dinocysts), coenobia of Pediastrum spp.) on
long-piston core MDO03-2692 retrieved directly off the ‘Fleuve
Manche’ paleoriver. Dinocysts have proved to be very helpful in
reconstructing North Atlantic Quaternary paleoenvironments for
more than two decades (e. g. Turon, 1984; Turon and Londeix, 1988;
Eynaud et al., 2000; de Vernal et al., 2001; Zonneveld et al., 2001;
Mudie et al., 2002; de Vernal et al., 2005; Grosfjeld et al., 2006). Our
results are furthermore compared with several other paleoceanogra-
phical proxies obtained from the same core (core MD03-2692;
Mojtahid et al., 2005; Eynaud et al., 2007; Toucanne et al., 2009).
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The new dinocyst sequence produced here is then discussed in parallel
with a proximal abyssal core MD95-2002 (Eynaud, 1999; Zaragosi et al.,
2001). It allows us to discuss in detail for the first time a paleohy-
drological scenario for MIS 2 termination in this area. Moreover, until
now, few studies focussed on MIS 6 detailed sea-surface paleohydrology.
Our study constitutes the first detailed dinocyst sequence obtained in
the NE Atlantic on the penultimate Glacial Complex (MIS 6) and the
following Termination IL

2. Present and past regional setting
2.1. Present environmental context of core MD03-2692

This study is based on a ‘Calypso’ long-piston core MD03-2692
(46°50'N, 9°31'W, 4064 m water depth, 39 m length; Fig. 1), retrieved
during the SEDICAR oceanographic cruise of the RV Marion Dufresne Il
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(IPEV; Bourillet and Turon, 2003). The site is located in the Bay of
Biscay (NE Atlantic), along the Celtic-Armorican margin, in the axis of
the ‘Fleuve Manche’ paleoriver and the Irish Sea. The studied core was
retrieved from the Trevelyan Escarpment, a rise 500 m higher than the
abyssal plain in this area. The core is then situated in hemipelagic
environments of the Bay of Biscay, far from any turbiditic influences,
which makes it suitable for reconstructing paleoenvironmental
scenarios throughout the two last glacial periods. This hemipelagic
sequence has provided a high resolution paleoceanographic record
extending back to about 340 ka (i.e. MIS 10) (Mojtahid et al., 2005).
Four deep water masses control present-day sedimentation (Frew
et al,, 2000): the Lower Deep Water (LDW, abyssal water mass),
overlain by the Northeast Atlantic Deep Water (NEADW, 2800 m
depth), the Labrador Sea Water (LSW, 1500 m depth) and the
Mediterranean Outflow Water (MOW, 800 m depth). Surface waters
derive from the North Atlantic Drift (NAD), the major surface current
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Fig. 1. Paleogeographic reconstruction of NW Europe during the Late Weichselian (MIS 2) and Saalian glaciations (MIS 6). British Irish Ice Sheet (BIIS) margins, Fennoscandian Ice
Sheet (FIS) and the Alps Glaciers are taken from Svendsen et al. (2004) and Ehlers and Gibbard (2004); the white colour delimits the BIIS during MIS 2 and the thick dark line delimits
the extent of the BIIS during MIS 6. Blue lines represent the drainage basin and the main European rivers, taken from Major et al. (2002) and Bourillet et al. (2003). The ‘Fleuve
Manche’ paleoriver is represented with a dark blue dotted line, and its surrounding drainage basin is lightened on the map. Bathymetry and altimetry correspond to the ETOPO2
(http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html) and SRTM (Global Land Cover Facility, http://www.landcover.org) data, respectively. Sea-level is lowered 120 m everywhere
such as the LGM configuration. Therefore, the part of the shelf emerging at that time is represented in light green. The studied core MD03-2692 (46°50'N, 9°31’'W, 4064 m water
depth, Trevelyan Escarpment), as well as core MD95-2002 (47°27'N, 08°32'W, 2174 m water depth, Meriadzek Terrace) and core MD01-2461 (51.75°N, 12.55°W, 1153 m water depth,
Western Porcupine Bight), discussed in the paper, are located on the map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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of the North Atlantic Ocean that also constitutes a key branch of the
thermohaline circulation, supplying boreal basins with warm and
salty waters (Broecker et al., 1990).

2.2. Sedimentary mechanisms for the origin of the laminations

During glacial maxima, the ‘Fleuve Manche’ paleoriver was connected
to the open ocean in the Bay of Biscay via submarine canyons on the
continental shelf which channelled turbidite material towards two mid-
sized deep-sea fans, the Celtic and the Armorican turbidite systems
(Auffret et al., 2000; Zaragosi et al., 2001; Toucanne et al., 2008). Many
studies deal with the ‘Fleuve Manche’ paleoriver discharges associated
with European ice sheets collapse, and the Bay of Biscay is considered as a
depocentre for European erosional products (Zaragosi et al., 2001, 2006;
Mojtahid et al., 2005; Eynaud et al., 2007; Toucanne et al., 2008, 2009).
Core MD03-2692 is not affected by turbidites but registered hemipelagic
sedimentation. However, increasing concentrations of large detrital
grains (>150 pm) reveals several events of ice-rafting during glacial
periods (MIS 2 and MIS 6). Previous studies in the area (e.g. Zaragosi et al.,
2001) have already demonstrated that coarse lithic grains are primarily
supplied by ice-rafting and not by turbiditic processes.

Associated with coarse detrital grains, a peculiar facies of lami-
nations was evidenced by Mojtahid et al. (2005) at the end of MIS 2
and within mid-MIS 6. The laminated facies is characterized by light
and dark couplets on X-ray imagery. Millimetre to centimetre-scale
layers of ungraded mud layers (bright laminae) alternate with
millimetre-scale layers of IRD-rich mud (dark laminae) (Zaragosi
et al, 2001; Mojtahid et al., 2005). The absence of cross bedding,
graded bedding and the mainly clayey composition of all the laminae
exclude a contouritic or turbiditic origin for the laminae (cf. Eynaud
et al,, 2007).

Eynaud et al. (2007) asked the question of laminae frequency
(multiannual, annual, or seasonal). According to a seasonal decay
assumption, the counting of the laminae (a couplet ‘clear-dark’
representing one year) would indicate that MIS 2 sequence records
91 years and not 800 as suggested by the age model (Eynaud et al.,
2007). However, continuous fine laminae deposition through time is
rare, even in lakes (Tian et al., 2005), and should therefore not be
expected in deep-sea environments of the Bay of Biscay. Almost 200
laminae were counted during mid-MIS 6 laminated episode and we
expect that this event could represent around 1000-2000 years by
analogy with MIS 2. Extremely important sedimentation rates
(around 500 cm/ka at the end of MIS 2) characterize the laminated
periods. Therefore, laminae were firstly interpreted as constituting
annual or semi-annual changes in sedimentation, considering a
scenario of seasonal British Irish Ice Sheet (BIIS) decay during
springtime (cf. Mojtahid et al., 2005, for further details about the
conceptual model). More recently, Toucanne et al. (2009) suggested a
mechanism of periodic expulsion of anchor-ice (Reimnitz and
Kempama, 1987; Kempama et al., 2001) and of sediment-rich frazil
ice (Reimnitz and Kempama, 1987) formed in the ‘Fleuve Manche’
paleoriver system during winter, when the activity of the river was
low, and released during springtime in response to the increased
runoff of the surrounding ice sheets and glaciers (see Toucanne et al.,
2009, for further details).

3. Materials and methods
3.1. Stratigraphy of core MD03-2692

The stratigraphical framework of core MD03-2692 is based, for the
first 20 ka of the record, on 12 AMS radiocarbon dates derived from
monospecific samples of the planktonic foraminifera species G. bulloides
or N. pachyderma s. include six dates within the laminated sequence, at
the end of MIS 2 (cf. Eynaud et al., 2007, for a complete description of the
methodology). In this study, we have delimited Heinrich event 1 (HE 1)

by the extent of the cold event as revealed by a clear plateau of nearly
100% of the polar foraminifera Neogloboquadrina pachyderma s., marking
at that time a southward migration of the Polar Front and cold SST in the
Bay of Biscay (Pujol et al,, 1973, 2000; Pujol, 1980). These limits for HE 1
coincide with the radiocarbon ages given by Elliot et al. (1998, 2001 ) and
Bard et al. (2000), between 18.3 and 15.9 ka cal B.P. (15.1 and 13.4 ka '*C
B.P.).

Thereafter, and up to MIS 10, we used the age model established by
Toucanne et al. (2009), slightly modified from Mojtahid et al. (2005),
as it provides a better constraint on mid-MIS 6 chronology which is of
particular interest in the present study. Indeed, the benthic 6'®0
composite record obtained in core MDO03-2692 (by using benthic
foraminifera species Uvigerina peregrina, Pullenia bulloides and Pla-
nulina wuellerstorfi; Mojtahid et al., 2005) shows a lag between 2380
and 2600 cm due to the scarcity of benthic foraminifera. Toucanne
et al. (2009) compared the benthic isotope record from core MD03-
2692 with that of the Ocean Drilling Program Site 980, drilled off the
eastern edge of the Rockall Plateau (McManus et al., 1999), and
synchronised them with the LR-04 chronology proposed by Lisiecki
and Raymo (2005) (cf. Toucanne et al., 2009, for details about the
chronology and for the age versus depth graph with marker points).
MIS 6 boundaries were positioned according the LR-04 chronology
between 130 and 191 ka B.P. Concerning mid-MIS 6, we cannot know
the precise duration of laminated deposits because of the lack of
benthic foraminifera for isotopic analysis during this specific interval.
By analogy with the laminae found at the end of MIS 2, we can assume
that the scarcity of benthic foraminifera may result from a dilution due
to extremely high sedimentation rates, or may also be due to an
extreme weakening of the deep/intermediate water production
reducing the ventilation at the bottom (Peck et al., 2006). The
stratigraphical framework of the core locates the laminated event
around 150 ka B.P. The observation of laminae in core MD01-2461
(Eynaud et al., 2007), retrieved from the Western Porcupine Bight
(51.75°N, 12.55°W, 1153 m water depth; Fig. 1), validates this age.
Indeed, the dating by U-Th methods (GEOTOP, http://www.geotop.
ugam.ca/) of a perfectly preserved coral, found 200 cm above the
uppermost occurrence of laminae during MIS 6, has given a date of
139.77 ka B.P. 42500 years (C. Hillaire-Marcel and B. Ghaled, personal
communication, 2003). It implies therefore that mid-MIS 6 laminated
deposits occurred prior to 140 ka B.P.

Isotope analysis, conducted on the three benthic foraminifera used
to establish the benthic 6’80 composite record, allowed us to construct
a composite benthic 6'>C record (cf. Penaud et al., 2008) evidencing
also clearly the stratigraphy of the core through the reconstruction of
the deep water paleocirculation (Duplessy and Shackleton, 1985;
Raymo et al., 1990; Vidal et al., 1997).

3.2. Palynomorph analysis

3.2.1. Quaternary dinoflagellate cysts

Dinocysts were extracted from the <150 pm sedimentary fraction.
Samples were taken every 10 cm in the core. 153 slides were analysed
from MIS 7 to MIS 5, between 3220 and 1700 cm, and 29 slides
document the transition from the end of the Last Glacial Maximum to
the Holocene, between 400 and 60 cm. The preparation technique
followed the procedure described by de Vernal et al. (1999), slightly
modified at the UMR 5805-EPOC, Bordeaux I University (see Penaud et al.,
2008). For each sample, an average of 300 specimens were identified
and counted using a Leica DM 6000 microscope at 400x magnification,
except for the two laminated episodes between 2576 and 2424 cm (mid-
MIS 6) and between 295 and 186 cm (MIS 2 termination) for which an
average of 30 and 60 specimens per slide was respectively obtained. In
order to estimate palynomorph concentrations on volume of dried
sediment, aliquot volumes of Lycopodium spores were added to each
sample before chemical treatments (marker grain method; de Vernal
et al., 1999). Taxonomic identifications conform to the ones of Fensome
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et al. (1998) and Fensome and Williams (2004), and Brigantedinium
cysts are grouped and include all spherical brown cysts as it is difficult to
identify them to species level. Dinocysts assemblages are described with
the relative abundances of each species calculated on the basis of the
total sum of dinocysts including unidentified taxa and excluding pre-
Quaternary cysts.

3.2.2. Reworked tracers

Other palynomorphs were systematically counted separately on
each slide. Pre-Quaternary cyst concentrations and the ratio Reworked
(pre-Quaternary) versus Modern dinocysts (Rd/Md) allowed deter-
mination of periods with allochthonous sedimentary supply (Spiegler,
1989), as previously demonstrated in the Bay of Biscay (Eynaud, 1999;
Kaiser, 2001; Zaragosi et al., 2001). Kaiser (2001, unpublished data)
worked on several slides from laminated intervals of core MD95-2002
in order to qualitatively study pre-Quaternary cysts and infer
geological sources for the terrigenous inputs occurring in the Bay of
Biscay. This study has revealed a biostratigraphic distribution of
reworked cysts from the second half of the Mesozoic (late Jurassic) to
the early Tertiary (Miocene). Specific sources were not identified since
most of NW European geological formations are that age. However,
the ‘Fleuve Manche’ paleoriver substratum may have been a source of
pre-Quaternary dinocysts as it is formed by early Jurassic to early
Tertiary geological formations (Kaiser, 2001; Gupta et al., 2007). Lands
drained by the paleoriver tributaries are also potential sources.

Coenobia of the freshwater micro-algae Pediastrum spp. were also
counted on the same slides. The occurrence of Pediastrum spp. coenobia
in marine environments is related to fluvial discharges (Lézine et al.,
2005) towards the open ocean, as also previously observed in the Bay of
Biscay (Zaragosi et al., 2001; Ménot et al., 2006).

4. Results from core MD03-2692
4.1. MIS 2—Termination I

The termination of the LGM sequence shows high relative
abundances of the species Operculodinium centrocarpum (Fig. 2a),
considered to be a tracer of the North Atlantic Drift (NAD) since its
present-day distribution in surface sediments of the North Atlantic
follows the superficial branch of the thermohaline circulation and
especially the NAD (Turon, 1984; Rochon et al,, 1999; Eynaud et al.,
2004; Penaud et al., 2008). The percentages of this species, up to 80%
of the total dinocysts assemblages, are consistent at that time with low
relative abundances of the polar foraminifera Neogloboquadrina
pachyderma s. (Fig. 2a). The latter, whose percentages do not exceed
20% of the planktonic foraminifera assemblage at the end of the LGM,
reflects subpolar conditions similar to the one recorded today North of
the NAD where the same relative abundances are reached within
surface sediments. At the end of the LGM, high Pediastrum spp.
coenobia concentrations are observed as well as the presence of
reworked dinocysts (Fig. 2a). Pediastrum spp. coenobia concentrations
decrease then just before Heinrich Event 1 (HE 1; Fig. 2a).

In the North Atlantic Ocean, Heinrich events are recognized usually
on the basis of the presence of ice rafted detritus (IRD), high polar
foraminifera (N. pachyderma s.) relative abundances and heavy
planktonic 8'80 values (e.g. Heinrich, 1988; Bond et al., 1993; Grousset
et al., 1993; Bond and Lotti, 1995; Lebreiro et al., 1996; Bard et al.,
2000; de Abreu et al., 2003; Hemming, 2004). The beginning of HE 1
in our record (Fig. 2a) is characterized by the strong decline of Oper-
culodinium centrocarpum. HE 1 is then identifiable by nearly 100% of
the polar foraminifera N. pachyderma s. and very low Quaternary
dinocyst concentrations reflecting a very low primary productivity or
adilution by terrigenous material (Fig. 2a). Based on the occurrence of
laminae, HE 1 can be divided into two distinct phases, a laminated
interval that we have called HE 1a, and a second phase without
laminae that we have called HE 1b (Fig. 2a). Synchronous with the

appearance of the unusual laminated facies, a substantial rise in the
ratio [Rd/Md] and in Pediastrum spp. coenobia concentrations is
observed (Fig. 2a), and very few Quaternary dinocysts were counted
(average of only 60 specimens per slide). Therefore, interpretation
based on Quaternary dinocysts assemblages during this interval must
be considered with caution and we decided to downplay their
significance (Table 1; cf. “quasi-barren samples” on Fig. 2a).

At the end of HE 1a, the sudden and drastic drop in laminae is
accompanied by a strong decline of reworked tracer concentrations
(Fig. 2a). During HE 1b, coarse lithic grain concentrations increase by a
factor 4 to 5 in comparison with the laminated interval, reaching
2000 grains/g of dry sediments (Fig. 2a). Two major occurrences of
the subpolar dinocyst Bitectatodinium tepikiense (Fig. 2a) are
observed, corresponding with two major peaks of coarse detrital
material. B. tepikiense has also been observed previously during HE 1
in the Mediterranean Sea (Combourieu-Nebout et al., 2002) and off
the Iberian margin (Eynaud, 1999; Turon et al., 2003). This taxon,
abundant in present-day dinocysts assemblages north of 53°N in
North-western Atlantic sediments, with a maximum occurrence at the
mouth of the Gulf of St. Lawrence, tolerates large seasonal amplitudes
of temperatures and a wide range of salinities (Rochon et al., 1999). A
brief incursion of the respectively subpolar and polar taxa Spiniferites
elongatus and Islandinium minutum (Rochon et al., 1999) can also be
noted, even if they do not represent a significant part of the
assemblage (Fig. 2a).

HE 1 is followed by the Bolling/Allerod (B/A) mainly characterized,
in our sequence, by increasing percentages of Nematosphaeropsis
labyrinthus. N. labyrinthus is abundant in cool areas, between 45 and
65°N in the North Atlantic (Marret et al., 2004; de Vernal et al., 2005).
During this relatively warm interval, N. pachyderma s. percentages
decrease strongly and the warm set of Impagidinium spp. develops
(Fig. 2a).

The succeeding Younger Dryas (YD) is marked by a strong decline of
N. labyrinthus, an increase in cysts of Pentapharsodinium dalei, and high
percentages of the polar foraminifera N. pachyderma s. Cysts of P. dalei
are well represented in modern sediments from polar to subpolar
environments that experience sea-surface summer temperatures higher
than 4 °C (Rochon et al., 1999; Matthiessen, 1995; Marret et al., 2004; de
Vernal et al., 2005).

4.2. MIS 6—Termination II

Fig. 2b presents our data over a period including MIS 7, MIS 6 and
MIS 5. The warm set of species composed of Spiniferites mirabilis and
Impagidinium spp., abundant today in warm to temperate domains
(Turon, 1984; Rochon et al., 1999), shows clearly the two Interglacial
Complexes (MIS 5 and MIS 7), while the central part of the diagram
describes the penultimate glacial stage (MIS 6). For a detailed study of
MIS 5 and MIS 7 paleoenvironmental history in the Bay of Biscay, we
refer to Penaud et al. (2008). Recurrent successions of species both at
the beginning and at the termination of the Interglacial Complexes
were noted by these authors, with the temporal succession of Oper-
culodinium centrocarpum, Nematosphaeropsis labyrinthus and cysts of
Pentapharsodinium dalei, from an interglacial period to a glacial one;
and the succession of N. labyrinthus followed by O. centrocarpum, the
latter marking the onset of the Interglacial Complexes, when the
climate switched from glacial to interglacial conditions. Glacial
conditions are indicated by the strong development of cysts of P.
dalei (Fig. 2b) at the onset of MIS 6. Within the penultimate glacial
stage cold taxa developed significantly include Bitectatodinium
tepikiense, cysts of P. dalei (cf. Marret et al., 2004; de Vernal et al.,
2005, for the actual distribution of these taxa), and Spiniferites
septentrionalis (Penaud et al., 2008).

Within mid-MIS 6, as in HE 1, an extremely important cold interval
centred around 2500 cm is deduced from a plateau of high abundances
of the polar foraminifera N. pachyderma s., synchronous with increasing
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Table 1

Comparison of MIS 2 termination with mid-MIS 6 laminated deposits: average of
Pediastrum spp. coenobia concentrations, Modern (Md) and Reworked (Rd) dinocyst
concentrations, as well as ratio “Reworked versus Modern dinocysts” (Rd/Md).

Concentrations (cysts or Pediastrum/cm?)

Pediastrum spp.  Md dinocysts  Rd dinocysts

MIS 2 laminae 271 960 1304
MIS 6 laminae 286 504 2286
MIS 6/MIS 2 laminae 11 0.5 1.8
MIS 2 and MIS 6 (except laminae) 139 8226 405

The ratio MIS 2/MIS 6 enables quantification of the difference in terms of reworked tracer
concentrations and of dinocyst productivity in between the two laminated intervals. “MIS 2
and MIS 6 (except laminae)” represents the average of palynomorph concentrations in core
MD03-2692, except for those recorded during the laminated events.

concentrations of coarse detrital material and extremely low Quaternary
dinocyst concentrations (Fig. 2b). This cold event can be divided into two
distinct parts, the first one displaying very high concentrations of
laminae (Fig. 2b). However, the laminated facies is not restricted to the
interval described above and appears as early as 2780 cm depth in the
core (Fig. 2b). For this reason, we have differentiated the two laminated
phases referring to “Phase 1” (2780 cm-2580 cm), and “Phase 2” (2580~
2420 cm). “Phase 1" laminated event is coeval with a small increase of
Pediastrum spp. coenobia and pre-Quaternary cyst concentrations,
while “Phase 2” is coeval with very strong concentrations of these
reworked tracers (Fig. 2b).

5. Discussion
5.1. The primary productivity pattern of MIS 6

Fig. 3 depicts a multiproxy compilation which shows the distinc-
tion between colder and warmer intervals through MIS 6. During
warmer periods, Quaternary dinocyst concentrations are very high
(20,000 to 50,000 cysts/cm®) and Neogloboquadrina pachyderma s.
percentages are extremely low. This may be linked to a high primary

productivity related to high SST, as also suggested synchronously by
higher planktonic foraminifera concentrations and higher values of
Ca-XRF. The calcium is considered as mainly originating from biogenic
CaCOs since this parameter has been previously observed as co-
varying with strontium data and absolute abundances of foraminifera
(Mojtahid et al., 2005). The measurement of major elements in core
MDO03-2692 has been undertaken by CORTEX X-ray-fluorescence
(XRF), using the ‘Avaatech core-scanning XRF of the University of
Bremen, at 2 cm resolution (Mojtahid et al., 2005). Brigantedinium
spp. concentrations are also shown on Fig. 3. These species are a good
indicator of regions influenced by high productivity such as those
influenced by seasonal upwelling (e.g. Marret, 1994; Zonneveld et al.,
2001; Radi and de Vernal, 2004). Indeed, the occurrence of Brigante-
dinium spp. is more often the result of prey availability, including
diatoms. It supports indirectly the interpretation of higher primary
productivity resulting from higher nutrient concentrations in the
water column. In addition, it is worth noting that Brigantedinium spp.
concentrations follow the general trend of Quaternary dinocyst
concentrations.

By contrast, during colder intervals, very low Quaternary dinocyst
concentrations (500 to 5000cysts/cm?) reflect low primary produc-
tivity, and high N. pachyderma s. abundances are observed. Cold
events are also systematically found coeval with a high content of
coarse detrital material and high inputs of terrigenous elements
illustrated by the ratio: sum (counts/second) of XRF-derived
terrigenous elements (Titane: Ti and Iron: Fe) versus sum of XRF-
derived biogenic elements (Calcium: Ca and Strontium: Sr). Toucanne
et al. (2009) used the ratio of XRF intensities Ti/Ca to estimate
terrigenous inputs from the ‘Fleuve Manche’ paleoriver at MD03-2692
site.

Although foraminifera and dinocysts are two marine proxies with
very different ecological affinities and requirements, as well as different
chemical compositions of their walls, we observed an unambiguous
anti-correlated signal between N. pachyderma s. relative abundances
and Quaternary dinocyst concentrations throughout MIS 6. This
observation is consistent with results from Rasmussen et al. (2002).

Core MD03-2692

Terrigenous / Biogenic
@ Dinocyst conc. Bsppconc.  Plank. foram. conc. Ca-XRF elements CLG.c.
*%N. pachydermas. g cygisiem’)  (10° Cystslem®) (10°No/ gdry sed)  (I0°cpsisec)  (Ti+Fe)(Ca+Sp)XRF  (NoJg dry sed.)
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Fig. 3. Core MD03-2692. Synthetic figure summarizing some results, obtained between MIS 7 and MIS 5, plotted along depth in the core: Relative abundances of the polar
foraminifera N. pachyderma s., Brigantedinium spp. (Bspp) concentrations, Quaternary dinocyst concentrations, planktonic foraminifera concentrations, records obtained by XRF
(Calcium, and ratio terrigenous (Ti and Fe) versus biogenic (Ca and Sr) elements), Coarse Lithic Grain concentrations (CLG. c.). Dark gray bands mark the last and penultimate
Interglacial Complexes (MIS 5 and MIS 7, respectively) and bright gray bands mark warmer intervals through the glacial MIS 6.
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They studied benthic and planktonic foraminifera on North Atlantic
cores during the last glacial period and found a lower productivity signal
during stadials and Heinrich events. Our data reveal that the Quaternary
dinocyst community, representing a significant part of the global
phytoplanktonic community, shows also a clear pattern of paleopro-
ductivity during MIS 6. Schmittner (2005) recently studied the
consequences of disturbances of the thermohaline circulation on the
marine ecosystem, injecting freshwater in the North Atlantic in a
coupled climate-ecosystem model of intermediate complexity. Simula-
tions show that a disruption of the thermohaline circulation leads to a
collapse of the plankton stocks. The response is most dramatic in the
North Atlantic and is caused by the decrease of upper ocean nutrient
concentrations (Schmittner, 2005). We can assume that a weakening of
the deep water formation occurred during MIS 6 cold events as it was the
case during the Heinrich events of the last glacial cycle (Vidal et al.,
1997). Our data would be then in accordance with such modelling,
showing that the global ocean productivity (zoo- and phytoplankton) is
sensitive to changes in the Atlantic Meridional Overturning Circulation.

5.2. MIS 2/Termination I: A scenario for the last European deglaciation
based on cores MD03-2692 and MD95-2002

5.2.1. The end of the Last Glacial Maximum

The end of the Last Glacial Maximum (LGM) is characterized by the
presence of high relative abundances of the dinocyst species Opercu-
lodinium centrocarpum (Fig. 4), considered to be a tracer of the NAD.
The presence of the NAD in the Bay of Biscay, during the last part of the
LGM, is also coherent with GCM model results which have shown a
shift of the NADW convective centres during this period towards
temperate latitudes (Cottet-Puinel et al.,, 2004), with then deep
convection occurring only in a small area off the western coast of
Europe, namely the Bay of Biscay. We reinforce here the idea that the
LGM interval can be interpreted, in the North Atlantic, as a “warm” SST
episode in comparison with the surrounding cold Heinrich events
(HE 2 and HE 1). The LGM has long been considered as a period of
extremely cold sea-surface conditions as far as 40°S (CLIMAP Project
Members, 1981). A recent re-evaluation of global SST (MARGO Project;
Kucera et al., 2005), based on the international EPILOG initiative to
define an accurate chrono-interval for the LGM (carefully avoiding
HE 1 and HE 2; Mix et al., 2001), but also based on the new and
diversified proxies available for SST reconstructions (e.g. Mg/Ca,
alkenones, Quaternary dinocyst and foraminifera new transfer
functions), has shown that this period is actually marked by
contrasting conditions, with SST that could be as high as present-
day ones in the northern Atlantic Ocean (GIN seas, Greenland-
Iceland-Norwegian Seas), at least during summer (e.g. de Vernal et al.,
2005, 2006).

At the end of the LGM, relatively high SST were previously suggested
in the same area as a trigger for BIIS instability during HE 1 (Zaragosi
et al,, 2001; Mojtahid et al., 2005; Peck et al., 2006). Since the NAD is
today responsible for mild and moderate climatic conditions over the
Western European region, two hypotheses have been formulated
previously to explain European ice sheets destabilization. Firstly, the
northward penetration of low-latitude warm and saline waters from the
NAD brought humidity into northern latitudes. The collapse of European
ice sheets may then derive from an increase of precipitation amplifying
in return the ice accumulation and reducing ice sheets stability,
according to the binge/purge model of Alley and MacAyeal (1994).
Secondly, the instability of BIIS shelves may have been induced by
warmer SST (Moros et al., 2002; Hulbe et al., 2004). Indeed, Ballantyne

et al. (2008) calculated the projected minimum offshore extent of the
BIIS during the LGM, implying that the ice sheet expanded 25 km
offshore towards western Ireland. However, it seems that both concepts
(sea-level rise due to iceberg calving and subsurface ocean warming)
must be combined to obtain a credible scenario for European ice sheets
destabilization, as it was demonstrated by simulations of abrupt glacial
climate changes (Fliickiger et al., 2006).

At the end of the LGM, high concentrations of freshwater algae
Pediastrum spp. coenobia are observed in core MD03-2692 around
18.2 ka cal B.P. (Fig. 4a), as well as in core MD95-2002 around
20 ka cal B.P. (Zaragosi et al., 2001). An increase of the BIT (Branched
and Isoprenoid Tetraether) index (core MD95-2002; Ménot et al.,
2006), as well as enhanced seaward sediment transfer on the Celtic-
Armorican margin (Toucanne et al., 2008, 2009), was also previously
observed at that time. Therefore, increasing continental supplies and
fluvial discharges via the ‘Fleuve Manche’ paleoriver system, caused
by the gradual retreat of European ice sheets and glaciers, occurred at
the end of the LGM in response to the last deglaciation inception and
to the rise in insolation at 65°N. The following abrupt sea-level rise
may have prevented seaward transfer of material by the ‘Fleuve
Manche’ paleoriver around 18 ka cal B.P,, just before HE 1, as revealed
synchronously by the decrease of Pediastrum spp. coenobia concen-
trations (Fig. 4), the episodic decrease of the frequency of turbidite
deposits in the Armorican system (Toucanne et al., 2008), and the
decrease of the BIT-index (Ménot et al., 2006).

5.2.2. Heinrich event 1 (HE 1a and HE 1b)

Ice-rafting that occurred during HE 1 (from 15 to 18 ka cal B.P, Fig. 4)
leads to a cold event which might have disrupted the convective
overturning (Broecker et al., 1990). The decline of the NAD is interpreted
in our results through the strong decrease in Operculodinium centro-
carpum percentages. The BIIS is situated close to the main Atlantic
convective centres and this context enhances the potential of freshwater
inputs to perturb the AMOC as was demonstrated in the Porcupine Sea
Bight, proximal to the BIIS, by a sharp decrease of the benthic 6'3C values
during periods of BIIS instability (Peck et al., 2006).

5.2.2.1. First phase of HE 1: Laminated interval (HE 1a). A substantial
rise in the ratio [Rd/Md] and in Pediastrum spp. coenobia concentra-
tions is observed around 18 ka cal B.P, in cores MD03-2692 and
MD95-2002 (Fig. 4), synchronous with the appearance of the
laminated facies. This facies is also characterized by high terrigenous
supply frequency in the Celtic and Armorican turbidite systems
(Toucanne et al., 2008, 2009), and maximal values of the BIT-index
(core MD95-2002; Ménot et al., 2006). Indeed, ‘Fleuve Manche’
paleoriver discharges increased significantly in response to the
seasonal influx of meltwater associated with the retreat of European
ice sheets and glaciers, especially during springtime (Mojtahid et al.,
2005; Toucanne et al., 2009). The fluvial discharges induced the
erosion of old geological European provinces, as well as the erosion of
the substratum of the ‘Fleuve Manche’ paleoriver itself (Gupta et al.,
2007), resulting in the presence of reworked dinocysts in the open
ocean.

It has been previously shown that the arrival of Canadian derived
material along the European margin (also referred to Heinrich layers
in the North Atlantic, and more precisely in the Ruddiman belt
between 40 and 55°N; Ruddiman, 1977) is preceded by European IRD
(e.g. sedimentological data, lithological identification, Sr and Nd
isotopic composition; Snoeckx et al., 1999; Grousset et al., 2000;
Scourse et al., 2000; Zaragosi et al., 2001; Peck et al., 2007). Therefore,

Fig. 4. Records in ka calendar B.P. obtained on two proximal cores from the Bay of Biscay, MD03-2692 (a) and MD95-2002 (b) between the end of the Last Glacial Maximum and the start of
the Younger Dryas. Comparison of the number of laminae per centimetre with Coarse Lithic Grain concentrations (CLG. Conc.), relative abundances of Neogloboquadrina pachydermas., as
well as relative abundances of selected dinocysts taxa (Operculodinium centrocarpum, Bitectatodinium tepikiense, Islandinium minutum, Nematosphaeropsis labyrinthus, cysts of Penta-
pharsodinium dalei, and Brigantedinium spp.), Pediastrum spp. coenobia concentrations, and ratio Reworked versus Modern dinocysts: Rd/Md. Heinrich Event 1 boundaries are deduced
from the plateau of N. pachydermas. in both cores. The dates given in the North Atlantic by Elliot et al. (1998, 2001) for HE 1, between 18.3 and 15.9 ka cal B.P,, are placed on each figure. LGM:
Last Glacial Maximum; HE 1a: first part of Heinrich Event 1 with laminae; HE 1b: second part of Heinrich event 1 without laminae; B/A: Bolling/Allerod; YD: Younger Dryas.
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the early instability of European ice sheets has been suggested to have
played a mechanistic role in the initiation of the Laurentide Ice Sheet
(LIS) collapse. Here, we reinforce the idea that the mixed signal of
massive clays associated with laminae rich in European fluvial coarse
detrital material (from 18 to 17 ka cal B.P.) is not a precursor for HE 1
in the North-eastern Atlantic, as suggested by many publications (e.g.
Snoeckx et al., 1999; Grousset et al., 2000; Zaragosi et al., 2001; Ménot
et al., 2006; Peck et al., 2007), but is integrated within HE 1 and
constitutes its first part.

5.2.2.2. Second phase of HE 1: Cold and dry interval (HE 1b).  The
simultaneous sudden and drastic drop of laminae and reworked tracer
concentrations (Pediastrum spp. coenobia and pre-Quaternary cysts),
around 17 ka cal B.P. (Fig. 4), indicates a substantial decrease of the
‘Fleuve Manche’ paleoriver runoff. Synchronously, a decrease in mass
accumulation rates (Toucanne et al., 2009) and of turbiditic activity in
the Celtic-Armorican turbidite systems (Toucanne et al., 2008),
suggests also a different mechanism of sedimentation on the Celtic-
Armorican margin with less inputs of terrigenous material.

During HE 1b, a brief incursion of the taxon Islandinium minutum, as
well as major occurrences of the subpolar dinocyst Bitectatodinium
tepikiense clearly associated with major peaks of coarse detrital material
(Fig. 4), indicate drastic sea-surface conditions, and probably the
development of a seasonal sea-ice cover along the continental borders
of the Bay of Biscay. Polar conditions prevailing over NW Europe were
also previously observed (Zaragosi et al., 2001; Mojtahid et al., 2005;
Peck et al., 2007). Moreover, a peak of magnetic susceptibility typical of
the Laurentide signature (Grousset et al., 2000) is noted in cores MD95-
2002 (Zaragosi et al., 2001) and MD03-2692 (Mojtahid et al., 2005), and
research on IRD on the basis of the yg(0) have permitted discrimination
of Canadian versus European IRD sources (Grousset et al., 2000). The
second part of HE 1 corresponds then to the major calving of pan-
Atlanticice sheets (Zaragosi et al., 2001; Mojtahid et al,, 2005), including
massive iceberg discharges from the Laurentide Ice Sheet (Grousset
et al.,, 2000; Zaragosi et al., 2001 ), documented as early as 17.5 ka cal B.P.
in the North Atlantic by a cessation of the AMOC (McManus et al., 2004).
The strong weakening of production of deep waters in the North Atlantic
is contemporaneous with the general re-advance phases of the BIIS
(McCabe et al., 2007), the Fennoscandian Ice Sheet, and European
glaciers (Buoncristiani and Campy, 2004; Everest et al., 2006; Ivy-Ochs
et al., 2006; Knies et al., 2007). At that time, the inactive NAD may have
prevented the melting of European ice sheets permitting them to
expand in a context of extremely cold climate.

5.3. MIS 6/Termination II: Towards a better understanding of the
hypothetical forcing acting on European glaciated systems

The cold event centred on 150 ka B.P. can be divided into two parts, as
in HE 1, with laminated deposits recorded in the earlier phase only (Fig. 5).
Contrary to MIS 2 laminae associated with Termination I, this strong
concentration of laminae within mid-MIS 6 appears 20 ka earlier than
Termination II (Fig. 5). Previous studies have suggested that the laminated
event identified within mid-MIS 6 may be linked to an early BIIS collapse
induced by low-latitude climatic changes (Mojtahid et al., 2005; Eynaud
etal,, 2007). This hypothesis was supported by the observation of a rise in
the low-latitude insolation at 15°N around 150 ka B.P. (Fig. 5), and also by
previous studies on equatorial cores reporting an early warming before
the onset of the northern hemisphere penultimate deglaciation (Schnei-
der et al, 1999; Lea et al, 2002). Here, we investigate in detail the
chronology of the paleoclimatological changes affecting the whole MIS 6
in order to better constrain the early decay of European ice sheets in the
broader frame of the penultimate glacial history.

5.3.1. Initiation of the penultimate glacial period
The onset of MIS 6 is marked by a clear drop of benthic oxygen values
(Fig. 5). Benthic oxygen isotopes usually permit assessment of the ice

volume covering northern hemisphere latitudes and thus deduction of
the amplitude of sea-level changes (e.g. Waelbroeck et al., 2002). The
composite relative sea-level (RSL) curve of Waelbroeck et al. (2002),
based on robust regressions applied to long benthic foraminifera oxygen
isotopic records from the North Atlantic and the Equatorial Pacific
Ocean, indicates an order of magnitude of sea-level changes within
MIS 6 (Fig. 5). Therefore, we can see that sea-level is decreasing as a
consequence of the formation of polar ice-caps in the northern
hemisphere at the beginning of MIS 6. No important ice-rafting occurred
at that time in the Bay of Biscay and this build-up without iceberg
calving lasted around 5-6 ka until the beginning of MIS 6.5 event

(Fig. 5).

5.3.2. MIS 6.5: “Interglacial” conditions within a glacial period

MIS 6.5 is known to record unusual warm conditions for a glacial
period, close to interglacial ones (e.g. Rossignol-Strick, 1983; Malaizé
et al., 1999, Masson et al., 2000; Bard et al., 2002). A strong envi-
ronmental change around 175 ka B.P. during MIS 6.5 has been
detected in ice-core records through an anomaly in the so-called
Dole effect (Malaizé et al., 1999). Studies conducted on each side of the
equatorial African continent, on the Socotra Basin (Indian Ocean)
(Malaizé et al., 2006) and on the Mauritanian margin (Tisserand et al.,
2009), suggested a northward shift of the ITCZ getting closer to mid-
latitudes between 180 and 165 ka B.P. Furthermore, a strong monsoon
index was calculated by Rossignol-Strick (1983; Fig. 5), an unusual
sapropel event (S6) for glacial conditions occurred in the eastern
Mediterranean Sea (Cheddadi and Rossignol-Strick, 1995; Fig. 5), and
strong Mediterranean rainfalls were registered by stalagmite 6'30
records (Argentarola Cave, Bard et al., 2002; Soreq Cave, Ayalon et al.,
2002; Fig. 5). Masson et al. (2000), who simulated this event for the
first time, concluded that strong insolation can generate an increase in
monsoon activities even during glacial times, and demonstrated that
increasing North Atlantic and Pacific surface winds during MIS 6.5 can
affect bioproductivity. Our results reveal furthermore that this warm
and humid period was actually marked by relatively high Quaternary
dinocyst concentrations (Fig. 5), probably reflecting warmer condi-
tions and higher productivity in the Bay of Biscay. Furthermore, typical
interglacial vegetation has been observed in Northern Iberia around
175 ka B.P. (Leymarie, 2008, unpublished data from core MD01-2447).

5.3.3. The laminated events within MIS 6

5.3.3.1. Comparison “Phase 1” (160-170 ka B.P.)-“Phase 2" (around
150 ka B.P.). Immediately following MIS 6.5, the primary produc-
tivity, as inferred from Quaternary dinocyst concentrations, decreases
abruptly and the first laminae are recorded (Fig. 5). The laminae,
between 160 and 170 ka B.P., show a two-step pattern consistent with
two peaks of Neogloboquadrina pachyderma s. relative abundances,
increases of coarse lithic grain concentrations, and slight increases of
Pediastrum spp. coenobia and pre-Quaternary cyst concentrations
(Fig. 5). During MIS 6.5, the increase in relative humidity in mid-
latitudes through higher precipitation (e.g. Bard et al., 2002; Ayalon
et al., 2002) may have contributed to the growth of European ice
sheets. These may have reached a threshold leading to their first
partial collapse and then to intensification of ‘Fleuve Manche’ paleo-
river discharges.

This first partial collapse of European ice sheets was probably not as
pronounced as the second one occurring around 150 ka B.P. in phase
with an increase in northern hemisphere summer insolation, though
less important than the insolation maxima recorded during MIS 6.5 and
Termination II (Fig. 5). This laminated event is synchronous with very
strong occurrences of reworked tracers showing an episode of extreme
fluvial discharges via the ‘Fleuve Manche’ paleoriver (Fig. 5). High
terrigenous supply is also revealed at that time through very important
mass accumulation rates (Toucanne et al., 2009), with values probably
comparable at least with those observed at the end of the last glacial
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Fig. 5. Multiproxy compilation plotted against age (ka B.P.) of some selected results acquired in core MD03-2692 compared with results obtained on different cores retrieved through
the Mediterranean Basin, versus July Insolation curves at 65°N and 15°N (Berger and Loutre, 1991), and the composite relative sea-level (RSL) curve established by Waelbroeck et al.
(2002). For the Monsoon index established by Rossignol-Strick (1983), a sapropel (S) is formed every time the index is above the threshold value of 41; it corresponds here to S5, S6,
and S7. The cold event within mid-MIS 6, around 150 ka B.P,, is divided into two parts represented by gray bands. The first part marked by laminated sediments is underlined by a
darker gray band. Isotopic events 6.6 (183 ka B.P.), 6.5 (175 ka B.P.), and 6.2 (135 ka B.P.) are placed along the benthic oxygen curve according to Martinson et al. (1987).

period during HE 1a (155 g/cm?/ka). It is interesting to note that the
signal of Soreq Cave shows minimum 680 values at 178 and 152 ka B.P.
(Ayalon et al., 2002), that is to say before “Phase 1” and “Phase 2”
respectively. Atmospheric conditions in the Mediterranean basin were
then relatively humid associated with wet tropics, and with a high
monsoon index related to precession minima and insolation maxima
(Fig. 5; Ayalon et al., 2002). Weldeab et al. (2003), working on several
sequences from the Eastern and Western Mediterranean Sea with
barium contents to reconstruct changes in sea-surface productivity
during times of sapropel formation, have detected an interval of elevated
productivity around 150 ka B.P. in phase with the summer insolation
maximum at 65°N. They have concluded that the northern hemisphere
insolation peak at 150 ka B.P. was insufficient to trigger a sapropel
formation; however, it was strong enough to induce productivity
changes six times higher than during deposition of the surrounding
sediments in between sapropels 5 and 7 in the Mediterranean Sea.
Several paleo sea-level records show a high global sea-level around 140-
135 ka B.P. (e.g. Winograd et al., 1992, 1997; Ludwig et al., 1992; Esat
et al.,, 1999; Henderson and Slowey, 2000; Gallup et al., 2002) that could
be the consequence of the early significant but partial melting of
European ice sheets 20 ka earlier than Termination II. During the period
of increasing ‘Fleuve Manche paleoriver’ discharges, Toucanne et al.

(2009) observed also a lightening of benthic 6'80 values of about 0.55%.
in ODP Site 980 (Rockall Plateau), that may represent a global rise of sea-
level of about 15-20 m according to Waelbroeck et al. (2002 ). Moreover,
if we take a look at the composite RSL curve (Fig. 5), we can notice a low
but significant sea-level rise following “Phase 2" laminated episode that
may result from the partial collapse of European glaciated systems.
According to our benthic oxygen values and to the composite RSL
curve of Waelbroeck et al. (2002; Fig. 5), it is obvious that sea-level was
higher during “Phase 1” than during “Phase 2”. Therefore, we can assume
that the BIIS was not connected to the Fennoscandian Ice Sheet during
“Phase 1", but that this connection was established during “Phase 2”
when sea-level was lower (Fig. 5). Meltwater from European lowlands
could then have been canalized only via the ‘Fleuve Manche’ paleoriver
in the Bay of Biscay during “Phase 2", resulting in stronger concentrations
of laminae and reworked tracers. This theory is reinforced by Toucanne
et al. (2009) who have depicted a schematic paleogeographical
configuration of Western Europe throughout the penultimate glaciation.

5.3.3.2. Comparison “Phase 2" (around 150 ka B.P.)-HE 1a (around 18-
17 ka cal B.P). “Phase 2” laminated interval is very similar to the
laminated deposits observed at the beginning of Heinrich event 1
(HE 1a) in terms of paleohydrological changes. However, the strength of
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the fluvial discharges during mid-MIS 6 was probably much higher than
during MIS 2 termination. This assumption is based on a comparison of
Quaternary dinocysts and allochthonous tracer (Pediastrum spp.
coenobia and pre-Quaternary dinocyst) concentrations between mid-
MIS 6 and HE 1a (Table 1). This may be due to the extent of European ice
sheets during the penultimate Glacial Complex MIS 6 (see Fig. 1 for the
extent of the BIIS during MIS 2 and MIS 6 after Svendsen et al., 2004 and
Ehlers and Gibbard, 2004). Toucanne et al. (2009) have correlated MIS 6
with the extensive Saalian glaciations, and Svendsen et al. (2004)
showed that during the Late Saalian (160-140 ka B.P.), one of the most
extensive glaciations of the last 160 ka, a huge ice sheet complex was
probably formed over northern Eurasia. We can assume that a
southward extension of European ice sheets occurred during MIS 6,
even if there is no evidence (cf. Fig. 1). It could then explain the stronger
sensitivity of southern European ice sheets margins to climate change
around 150 ka B.P.

5.3.4. The end of MIS 6: 140 to 130 ka B.P.

Finally, the latest part of the record after 140 ka B.P. shows very high
values of benthic oxygen isotopes (around 4.7%.; Fig. 5) indicating a very
low sea-level, as confirmed by Waelbroeck et al. (2002; Fig. 5). Species
such as Bitectatodinium tepikiense and Nematophaeropsis labyrinthus,
marking cold periods in the Bay of Biscay (Penaud et al., 2008), are
recorded (Fig. 2b). Considering the benthic carbon isotopic signal, very
light values suggest a strong weakening of the ventilation (Fig. 5). This
fact is even more obvious when comparing the later part of the record
between 130 and 141 ka B.P. (mean value of — 0.28%.) with the heavier
values recorded in the first part of MIS 6 between 170 and 190 ka B.P.
(mean value of —0.07%.). It demonstrates a lower ventilation of the
deep ocean at the end of MIS 6.

5.3.5. Termination II

Unlike Termination I, no laminae are recorded at the onset of
Termination II in the Bay of Biscay (Fig. 5). However, the substantial
retreat of European ice sheets occurring around 150 ka B.P. was
probably partial. Indeed, the transition between the end of MIS 6 and
the start of the last Interglacial Complex is marked by an important
decrease of about 2%. in the benthic 6'80 curve (Fig. 5), imprint of the
huge melting of pan-Atlantic ice sheets at the end of the penultimate
Glacial Complex inducing MIS 5 high sea-level (Waelbroeck et al.,
2002; Fig. 5). Toucanne et al. (2009) suggest that the non-occurrence
of laminae during Termination Il may be linked with the paleogeo-
graphical pattern of Western Europe and ice-free conditions between
the British Isles and the Scandinavia after the huge melting event
around 150 ka B.P. Therefore, during Termination II, European melt-
waters were probably able to flow via the Manche and through the
North Sea basin. This configuration would then have decreased the
strength of ‘Fleuve Manche’ paleoriver discharges diluting the melting
signal between several different basins.

6. Conclusions

Our results show that Pediastrum spp. coenobia and pre-Quaternary
dinocyst concentrations present maximal values during laminated
deposits found in the Bay of Biscay at the end of MIS 2 and within
mid-MIS 6. It results from a huge advection of ice-rafting, fluvial waters,
and sediments, from the proximal continent towards the Bay of Biscay
via the ‘Fleuve Manche’ paleoriver, in response to the seasonal melting
of European glaciated systems. Although both laminated events are very
similar, mid-MIS 6 episode is, however, more intense in terms of ‘Fleuve
Manche’ paleoriver discharges than those occurring at the end of MIS 2.
We illustrate here the fact that each deglaciation, more precisely here
Terminations I and II, responds to a distinctive deglaciation pattern.

During the MIS 2 laminated episode, seasonal melting events of
European ice sheets are the consequence of a climatic warming linked to
high northern hemisphere summer insolation at the onset of the last

deglaciation. In addition, our new dinocyst study conducted on core
MD03-2692 depicts a strong reproducibility with previous dinocysts
data acquired from a proximal sequence (MD95-2002), retrieved from
the Meriadzek plateau at a water depth of 2174 m, i.e. 2000 m above
MD03-2692 site. The good reproducibility underlines the important
preservation of dinocysts and eliminates bias due to transport of cysts. It
enables validation of Quaternary dinocysts as robust tools for recon-
structing paleohydrological and paleoclimatic changes.

During MIS 6, we show here that the collapse of European mid-
latitudes ice sheets around 170 ka B.P. may have immediately followed
MIS 6.5 warming phase, and thus may be linked to the warm and
humid Mediterranean climate prevailing during the formation of
sapropel 6. The second important collapse of European glaciated
systems occurred around 150 ka B.P., 20 ka earlier than Termination II,
and corresponded to a major event of maximal ice-rafting within mid-
MIS 6. This interval is synchronous with a maximum in June insolation
at 65°N, though less important than during MIS 6.5 and Termination II.
Similar to the first phase of laminae (170 ka B.P.), the laminae formed
around 150 ka B.P. are synchronous with an aborted sapropel in the
Eastern Mediterranean. The most pronounced second phase of
laminae registered in the Bay of Biscay during mid-MIS 6 may be
explained by the fact that, contrary to 170 ka B.P.,, the BIIS and the
Fennoscandian Ice Sheet were connected at 150 ka B.P.,, permitting
meltwaters to be canalized only via the ‘Fleuve Manche’ paleoriver.
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