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Abstract :

Marine Isotope Stage (MIS) 4 (ca. 71-57 ka; within the Middle Weichselian Substage) is considered a
significant Pleistocene glaciation, but it remains poorly constrained in comparison to that of the Late
Weichselian Last Glacial Maximum (LGM; ca. 29-19 ka, during MIS 2), or even the Late Saalian MIS 6
(ca. 190-130ka). Most MIS 4 glacial landforms in Europe were erased by the more extensive LGM ice
advance, precluding a robust reconstruction of its extent and dynamic through time. Marine sedimentary
archives, in preserving the source-to-sink sediment transfer signals of ice-sheet and glacier processes,
help to bridge this gap. Here, the signals west of the European Ice Sheet (EIS) are tracked for MIS 4 from
the deep Bay of Biscay (NE Atlantic), which was the outlet for Fennoscandian Ice Sheet (FIS) sediment-
laden meltwater during extensive glaciations, specifically when the British-Irish Ice Sheet (BIIS) and the
FIS coalesced into the North Sea (as during MIS 6 and the LGM). Sedimentological, geochemical, and
mineralogical proxies reveal the absence of FIS-derived material in Bay of Biscay sediment throughout
MIS 4, which indicates that FIS meltwater and huge river systems from the North European Plain never
drained into the Bay of Biscay at that time. This suggests that contrary to MIS 6 and the LGM, the BIIS
and FIS were not likely large enough to coalesce and form a (grounded) ice bridge onto the North Sea,
thus confirming geomorphic evidence for a significant, but relatively limited, glaciation in Europe during
MIS 4.
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Closer to the Bay of Biscay, ice-marginal fluctuations of the BIIS are identified in the Celtic-Irish Sea region
from the deep-sea record. More specifically, our findings suggest an early retreat of the Irish Sea Ice
Stream as soon as ca. 68-65ka, a few millennia before the demise of the EIS, and the Northern
Hemisphere ice sheets as a whole, during Heinrich Stadial (HS) 6. This pattern is similar to that already
recorded during MIS 2. Finally, this study reveals that the MIS 4 period in Western Europe corresponds,
as for MIS 2, to a complex combination of general ice advance interspersed by preliminary-to-final EIS
demises highlighted by HS conditions.

Highlights

» No evidence of Fennoscandian Ice Sheet meltwater inputs into the Bay of Biscay during MIS 4. »
British and Fennoscandian ice sheets were not large enough to form a grounded ice bridge onto the North
Sea. P Early retreat of the Irish Sea Ice Stream, comparable with Marine Isotope Stage 2. » Obliquity-
forced changes were critical for the early waning of the Western European Ice Sheet.

Keywords : European Ice Sheet, Marine Isotope Stage 4, Climate dynamics, Northeast Atlantic, Bay of
Biscay, Heinrich stadials, Quaternary, Deep-sea cores



1. INTRODUCTION

Precise reconstructions of the timing and extent of past ice-sheet and glacier fluctuations are
prerequisite for a thorough understanding of Earth’s climate system. Such reconstructions exist for
the North American Laurentide (LIS) and European ice sheets (EIS) but are limited to the Late
Wisconsinan/Weichselian substages (in North America and Europe, respectively) during which these
ice sheets reached their maximum volume ca. 29-19 ka (corresponding to the Last Glacial Maximum -
LGM- sensu Hughes et al., 2022b), and to the last deglaciation ca. 19-11 ka (Clark et al., 2009; Dalton
et al., 2020; A. L. Hughes et al., 2016; Palacios et al., 2020; Stroeven et al., 2016). Difficulties in dating
terrestrial evidence of older glaciations has restricted pre-LGM reconstruction. However, to bridge
this gap, terrestrial cosmogenic nuclide dating is evolving and inrreasingly applied (Allard et al.,
2021; Balco, 2020) together with numerical modelling (Kleman et al 2."3; Seguinot et al., 2018) and
reconstructions from deep-sea sediments (Colville et al., 20'1; Wilson et al.,, 2018). These
approaches reveal that the maximum extent of continental ce sieets and mountain glaciers are
diachronous (e.g. Hughes et al., 2016) and confirm, by ex.>nsion, that changes in the global ice
volume and sea level (as reconstructed using 8'%0 of . awe ter) do not necessarily correspond to
regional changes in ice extent (Gillespie and Molnar, 1993). For example, contrary to general
expectation, Doughty et al. (2021) showed that th> ex ent of many mountain glacier systems and
some portions of the continental ice sheets v._ " la"oer during Marine Isotope Stage (MIS) 4 (ca. 71-
57 ka), when sea level was 80-100 m lower *bh.n at present (Cutler et al., 2003; Waelbroeck et al.,
2002) than during the LGM (during MIS2), when sea level reached -110-130 m. Recent
reconstructions of the Northern Hemispr cre ice sheets demonstrate a significant build-up of ice to
almost LGM extent at ca. 60 ka (Bat_. =lc. et al., 2019; Dalton et al., 2022). This likely indicates that
MIS 4 can be regarded as a majc k. istocene glaciation (e.g. Ehlers and Gibbard, 2007). However,
the MIS 4 glaciation is poorly coi."tra:ned in comparison to the LGM and evidence for millennial-scale
ice-sheet fluctuations at th>* tn. -~ remain insufficient, especially for Europe (Rodriguez-Rodriguez et
al., 2016; Salonen et al , 20.%).

The volume of the EIS cor..slex, extending from 11°west to 90°east, and composed of the British-Irish
(BIIS; ~50-60°N), Fennoscandian (FIS; ~55-70°N) and Barents Sea ice sheets (BSIS; ~55-82°N), is
estimated at 7-8 million km?® (ca. 17-25 m sea level equivalent) during MIS 4 (Gowan et al., 2021;
Patton et al., 2022; Fig. 1). This volume is roughly similar to that reported for the LGM (A. L. Hughes
et al.,, 2016) but the EIS configuration differs between the two periods: the first, known as the Middle
Weichselian glaciation (MIS 4), is far more extensive in the Kara Sea and Siberian sector, while the
Late Weichselian glaciation (MIS 2) reached Northern Central Europe which was ice free since the
second part of the Late Saalian MIS 6 ca. 150-130 ka (e.g. Svendsen et al., 2004). In the west, over
Britain and Ireland, the LGM ice advance removed previous glacial landforms in most areas but
sedimentary evidence (e.g. Courtmacsherry Raised Beach and overlying shallow marine sands in
southern Ireland; O Cofaigh et al., 2012), together with exposure ages from ice-moulded bedrock in

North Wales and in the Celtic Sea (Lundy Island), indicate the presence of ice over the Southern



British Isles and the Celtic-Irish Sea during MIS 4 (Gibbard et al., 2017; Hughes et al., 2022a; Rolfe et
al., 2012). Between the British Isles and Scandinavia, MIS 4 grounded ice is reported from geophysical
and sedimentological data in the Witch Ground basin area (offshore NE Scotland, 58°N) of the central
North Sea (Carr et al., 2006; Graham et al., 2011) and in the Norwegian Channel (Karmgy Stadial;
Mangerud, 2004; Sejrup et al., 2000) (Fig. 1). Based on this evidence, it is thought that the BIIS and
FIS coalesced in the North Sea during MIS 4 (e.g. Carr et al., 2006), consistent with the final stage of
the last glacial cycle ca. 30 to 18 ka (Carr et al., 2000; Graham et al., 2007; Sejrup et al., 2009, 1994;
Toucanne et al.,, 2010). This latter configuration led to the formation of a mega-river system
(2.5 x 10° km?; Patton et al., 2017), the so-called Fleuve Manche, or Channel River, that drained
western Europe and the southern EIS as far east as northern central Europe, and finally flowed into
the NE Atlantic (Bay of Biscay), the only possible outlet for meltwai . vs at that time (Gibbard, 1988;
Grosswald, 1980). This drainage pattern is highly dependent o'1 th. regional ice extent and the
associated isostatic adjustment (Busschers et al., 2007; Gibbarr!, .09>; Patton et al., 2017). However,
previous studies highlight that Middle to Late Pleistocer: E.Z fluctuations, and specifically the
melting episodes of the North Sea and Baltic ice streams ai. recorded off the Channel River outlet,
in the deep Bay of Biscay (46-48°N), for as long as the Nnr.~ Sea was covered by ice (Boswell et al.,
2019; Toucanne et al., 2015). This routing is acct ra~ely highlighted during the early deglaciation
ca. 20-17 ka when the rapid retreat of the weste~1 Eis (ca. 20-18 ka), leading to the unzipping of the
BIIS and FIS and the subsequent ice-free cor.ditisns in the North Sea (ca. 17 ka; Hughes et al., 2016),
caused a dramatic increase followed by a cess. *ion of FIS-derived sediment inputs into the Bay of
Biscay (Ménot et al., 2006; Toucanne et ai., 2015, 2010; Zaragosi et al., 2001). Recent geomorphic,
seismic and stratigraphic evidence fronm the central and southern North Sea support this
palaeoenvironmental evolution (C-tten.. et al.,, 2017; Evans et al., 2021; Sejrup et al., 2016). No
evidence for MIS 4 glaciation has . =en found so far in the southern North Sea (Gibbard et al., 2022;
Laban and van der Meer, 2017\, w-iich is in agreement with the deposit of only thin loess sequences
in northwest Europe (A1tone et al, 2016; Rousseau et al., 1998). However, recent EIS
reconstructions for MIS 4 :~clude, as for the LGM, a complete ice coverage of the central North Sea
as far as 54-56°N south (oatchelor et al., 2019; Gowan et al., 2021; Greenwood et al., 2022; Fig. 1).
Here earlier works on the deep Bay of Biscay are further developed to investigate MIS 4 sediment
funnelled by the southern British Isles and Channel River. The configuration and dynamics of the EIS
in the Celtic-Irish Sea and the North Sea region, and whether the central North Sea was indeed

covered by ice, are also explored.



40°W 30°W 20°W 10°W 0° 10°E 20°E 30°E 40°E 50°E

60°N

North Atlantic

50°N

MD04-2822
V29-191

50°N

DSDP609
o

Zyse S R ;
MD95-2002 / MD13-3438 /////// Sei. /

/
F

40°N

MD03-2692 e NC: Norwegian Channel
B £ é. WGB;: Witch Ground Basin
ay ol biscay SU: Southern Uplands
MD04-2845-° i LK: Lake District
- P: Pennines
PC 2 . MM: Mullaghafreik mts
2 .  WM:Welsh Massif
"BC: Bristol Chanriel
DB DoggerBank
GP: Grande Pile
AC: Abaliget Cave
VC: Villars Cave
PC: Pindal Cave

10°W 0° 10°E 20°E

Figure 1. Palaecogeography of Western Europe i, “wi.~ the glacial limits of the European Ice Sheet (EIS)
complex, including the British-Irish (BIIS) and “en’.oscandian (FIS) ice sheets, during MIS 4 (ca. 71-57 ka)
according to Batchelor et al. (2019; thick white line) . "d Gowan et al. (2021; thin grey line). The glacial limits for
MIS 2 (dashed black line) and MIS 6 (dotted .'~ck line) are shown for comparison (Batchelor et al., 2019). The
coalescence of the BIIS and FIS in the North 5.~ pi bposed by Batchelor et al. (2019) and Gowan et al. (2021) for
MIS 4 implies a routing of the central Eur pean rivers (e.g. Vistula, Oder, Elbe, Rhine, etc.), through ice-
marginal meltwater spillways, towards cthe Cnannel River system (blue arrows; Gibbard, 1988), as shown for
MIS 2 and MIS 6 (see the main text fcr . ~tails). Key sites discussed in the main text are identified here (e.g. the
Witch Ground Basin -WGB- in the no.*hern North Sea). The white shaded area on the Celtic Shelf depicts the
extension of the Irish Sea Ice Strean. ‘1SIS) ca. 27-26 ka (Clark et al., 2022). The southern limit of the Channel
River catchment at its maximum vt.nt (e.g. MIS 2, MIS 6; thick dashed black line), and the main European
river systems (Gi.: Gironde, .0.: vL»ire, Sv.: Severn, Sol.: Solent, Th.: Thames, Sei.: Seine, Meu.: Meuse, Rh.:
Rhine, Ems, Wes.: Wesscr, ~Ib.. Zioe, Od.: Oder, Vis.: Vistula, Nem.: Nemen, Daug.: Daugava), are also shown.
The white arrows depict the min ice streams of the Western EIS. Core locations for DSDP609/V29-191, MD04-
2822 (NE Atlantic) and MDY3-2283 (northern North Sea margin) from McManus et al. (1994), Hibbert et al.
(2010) and Lekens et al. (2009), respectively. Core locations for MDO04-2845, MD03-2692 and MD95-
2002/MD13-3438 in the Bay of Biscay from Sanchez Goiii et al. (2008), Mojtahid et al. (2005) and Grousset et
al. (2000), respectively.
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2. MATERIALS AND METHODS

This study is based on four Calypso long-piston cores from the Bay of Biscay, NE Atlantic (Fig. 1). The
first set is located directly off the mouth of the Channel River, northern Bay of Biscay, with the twin
cores MD95-2002 and MD13-3438 (Meriadzek Terrace; Labeyrie et al., 1995; Woerther, 2013) and
core MD03-2692 (Trevelyan Escarpment; Bourillet and Turon, 2003). Previous studies have shown
that these cores are suitable for reconstructing the deglacial pulses of meltwater emanating from the
Western EIS (Eynaud et al., 2007; Fersi et al., 2021; Ménot et al., 2006; Mojtahid et al., 2005; Penaud
et al., 2009; Toucanne et al., 2015; Zaragosi et al., 2001). These cores were compared with core
MDO04-2845 (Gascogne Seamount; Turon and Bourillet, 2004), located far from the Channel River
influence, and in which terrestrial and marine proxies [pollen foraminiferal oxygen isotopes,
foraminifer-derived sea-surface temperatures (SSTs), iceberg-rafted u-bris (IRD)], provide a high-
resolution palaeoenvironmental characterisation of Western E.rop: for the last climatic cycle

(Sanchez Goiii et al., 2013, 2008). Details on cores and coring s.*es a "e given in Fig. 1 and Table 1.

To reconstruct EIS ice-margin fluctuations during MIS 4, t!c *ei.igenous and organic fluvial inputs in
the northern Bay of Biscay were tracked through the qua. *irication of terrigenous sediment fluxes
and the use of appropriate molecular biomarkers, rzs:.ectively. The geographical provenance of the

sediment was explored by measuring the radioger ic 1.codymium (Nd) isotope ratios.

Core Label Lat.N Long. W Depth (m) Cruise (year)

MD13-3438 47°27,13 8°27,03 2180 VT133-MERIADZEC (2013)
MD95-2002 47°27,12 8°32,03 2171 IMAGE1-MD101 (1995)
MDO03-2692 46°49,72 9°30,97 <06- MD133-SEDICAR (2003)
MD04-2845 45°20,86 5°13,17 41.5 MD142-ALIENOR 2 (2004)

Table 1. Core locations
2.1 Terrigenous mass acc. muiation rates

The terrigenous mass accumulation rates (tMAR, in g cm? kyr?) were calculated at the Meriadzek
Terrace (MD13-3438) and the Trevelyan Escarpment (MDO03-2692) according to the following

formula:
tMAR = LSR x DBD x (1 - carbonate content) (1)
where

LSR: Linear Sedimentation Rate (cm kyr) and, DBD: Dry Bulk Density (g cm™), calculated assuming a

mean grain density of 2.65 g cm™ and an interstitial water density of 1.024 g cm™ as follows:

DBD = 2.65 x (1.024 x Dwet) / (1.024 - 2.65) (2)



Wet bulk densities (Dwet) were derived from gamma-ray attenuation density measurements. Details
on coring disturbances and depth corrections (for the LSR calculation), carbonate content and
physical properties measurements (including Dwet) are described in Toucanne et al. (2009). Note
that tMAR at the Meriadzek Terrace are from core MD13-3438 that benefit, contrary to the twin core
MD95-2002 (Auffret et al., 2002; Toucanne et al., 2009), of high coring performance (as supported by
the absence of sediment stretching and deformation) with the upgraded R/V Marion Dufresne
CALYPSO corer (Bourillet et al., 2007; Govin et al., 2016).

2.2 Clay mineralogy

The clay mineralogy composition of MIS 4 sediments in core MD13-3438 (n=73) was determined by
X-ray diffractometry (XRD), using a D2 PHASER BRUKER model, 1 Bragg-Brentano device type
equipped with a Cu X-ray tube, and the LYNXEYE Detector with a r.ckc' fiiter (Ni 2.5). To separate the
clays from the rest of the matrix, the sample underwent sr..a: stages of preparation: various
chemical treatments to eliminate carbonates, iron oxides as 've.. ~~ the organic matter and a settling.
Finally, these clays were plated on an oriented glass slide ".vi.’~h was analysed in three different ways:
without treatment, after saturation with ethylene glycol a. < after calcination at 490°C (Moore and
Reynolds, 1989). Measurements were made from 2 « 30° with a resolution of 0.02° lasting 1 s. The
voltage and amperage were set to 30 kV and 10 *1A, . _spectively. Peak areas of basal reflections for
the main clay mineral groups (smectite-17 A, illi 2-10 A, and kaolinite/chlorite-7 A), used to calculate
the relative abundance of clays, were estim."=d based on diffractograms of ethylene-glycolated
samples using MacDiff software. The illite ¢. 'stallinity (ICr, *’A2®) index, or Kiibler index (Kisch, 1991),
was measured from the saturated etl.y’aen= glycol glass slide and represents the full width at half
maximum (FWHM) determined from the ‘llite peak at 10 A (Chamley, 1989).

2.3 Analysis of biomarkers

Glycerol dialkyl glycerol tr.tra >ther (GDGT) lipids are membrane lipids, which are synthesised by
archaea and bacteria (S."ou.cn et al., 2013). Due to their contrasting relative abundances in the
marine and continental ~~alms, the branched and isoprenoid tetraether (BIT) index was initially
proposed to reconstruct the input of terrestrial organic matter fluvially transported to the ocean
(Hopmans et al., 2004): while bacteria thriving in soils and peats produce branched GDGTs (Weijers
et al., 2006), crenarchaeol, a structurally related isoprenoid GDGT is characteristic of ubiquitous
planktonic marine thaumarchaeta (Schouten et al., 2008; Sinninghe Damsté et al., 2002). Values of
the BIT index are generally > 0.9 in soils, but close to 0 in remote marine sediments (Weijers et al.,
2014, 2006). Consequently, the BIT index has been increasingly used to trace the input of soil organic
matter in different environments (e.g. Herfort et al., 2006; Ménot et al., 2006; Wu et al., 2013).
However, subsequent work has revealed some complications in its application, e.g. in-situ production
of branched GDGTs in marine sediments (Sinninghe Damsté, 2016) and aquatic production of
crenarchaeol in river waters (De Jonge et al., 2014; Zell et al., 2013). However, in the vicinity of large

river systems, marine BIT records can still be faithfully applied to reconstruct the input of fluvially



transported organic matter (e.g. Zell et al., 2015). Since the BIT index is based on the abundance of
brGDGTs, relative to that of crenarchaeol, which is linked to marine productivity, its use provides a
first-order estimation of fluviatile organic matter input to a marine realm and should be cautiously

applied in the continental realm (Schouten et al., 2013; Xiao et al., 2016).

After freeze-drying and grinding, 1 to 5 g aliquots of sediment horizons from the MD95-2002 core
(n=35) were extracted for GDGT analysis by the accelerated solvent extraction method (ASE 200
system, Dionex, California, USA) at 120°C and 100 bars with dichloromethane/methanol (9:1, v/v) at
CEREGE (France). The total lipid extract was subsequently separated into polar and apolar fractions
using a column packed with Al,O; wusing hexane/dichloromethane (9:1, v/v) and
dichloromethane/methanol (1:1, v/v) as eluents, respectively at N'OZ (The Netherlands). The polar
fraction was then filtered through a 0.45-um, 4-mm diameter PTFE filte - prior to injection. Following
an initial set of analyses at NIOZ, GDGTs were then re-analysel at CEREGE by high-performance
liquid chromatography/atmospheric pressure chemical ionisa ion 11ass spectrometry using a HP LC
1100 Series-MS (Hopmans et al., 2004; Sanchi et al., 2013). It “hould be noted that this method is not
capable of separating the 5- and 6-methyl brGDGTs isom. *s a¢ with the now commonly used method
of Hopmans et al. (2016). However, to determine the E.T inuex, it is not necessary to separate the
isomers and differences between the two methcs 7re minor (Hopmans et al., 2016). In fact,
application of the initial method for GDGT ar."ssi. (Hopmans et al., 2004) facilitates comparison of
the record of the BIT index ratio obtained .~r: with that previously reported for core MD95-2002
(Ménot et al., 2006).

Leaf wax n-alkanes are one of the l.p’d tomponents in marine sediments, providing important
insights into organic matter sources (Pe.>rs et al., 2005; Rodrigues et al., 2009). Here, long-chain (C,3
to Cs3) n-alkanes, wax lipids, sy:.*hesised by terrestrial higher plants to protect the plant cuticle
(Eglinton and Hamilton, 1967 ar.. used. The sedimentary n-alkane content results from net wax
production and transport (vie fluvial and aeolian) processes, where higher concentration in the
sediments would result -om either increased leaf wax production or higher leaf wax transport

(Grimalt and Albaiges, 192Z).

To quantify n-alkanes in sediment horizons (n=54) in marine core MD13-3438, 2.5 g of sediments
were freeze-dried, and homogenised. Before extraction, 10 ul of internal standard solution (n-
hexatriacontane, tetracontane, and nonadecanol-1-ol) was added to the sediment samples.
Biomarker lipids were extracted using dichloromethane in an ultrasonic bath (x3) and the combined
extracts were subsequently hydrolysed with 6% potassium hydroxide in methanol. After
derivatisation with bis (trimethylsilyl) trifluoroacetamide, the biomarker lipid extractions were
analysed with a Varian gas chromatograph Model 3800 equipped with a septum programmable
injector and a flame ionisation detector at IPMA (Portugal). The n-alkanes were identified by
comparing the retention times to an external standard mixture (n-alkanes ranging from C,;-Cs¢). The

n-alkanes concentration (ng/g, dry weight sample) was determined based on the internal standard n-



hexatriacontane (Cs). In this study, it was considered that n-alkanes are likely predominantly derived
from riverine particles and the Channel River, and not from aeolian transport (see Section 5.1 for

details).
2.4 Radiogenic neodymium isotopes

Nd isotope ratios of fine-grained detrital fraction (<63 um) from core MD13-3438 (n=31) were
analysed. The neodymium isotopic composition (eNd) of terrigenous sediment is a powerful tracer
for geographical provenance because the eNd signature of detrital sediment is retained during
continental weathering and subsequent transport (Bayon et al., 2015; Goldstein and Jacobsen, 1988).
Here, the <63 um fraction was targeted to track the precise origin of the river-sediment inputs from
Western Europe (Boswell et al., 2019; Toucanne et al., 2015). Henc . this approach strongly differs
from that of Grousset et al. (2000) which used the >150 um fract’on .2 examine the origin of IRD at

the same site.

Dried fine-grained fractions (typically ~ 0.5 g) were crushed « ~d digested by alkaline fusion (Bayon et
al., 2009) after removal of all carbonate, Fe-Mn oxyde -nd « rganic components using a sequential
leaching procedure (Bayon et al., 2002). Prior to anal' sis, .he Nd fractions were isolated by ion
chromatography (see details in Bayon et al., 2002, ',o0iopic measurements were performed at the
P6le Spectrométrie Océan, Brest (France), usi~= a Thermo Scientific Neptune multi-collector ICPMS.
Mass bias corrections on Nd were made w*h .he exponential law, using “**Nd/***Nd = 0.7219. Nd
isotopic compositions were determinecd ‘1sing sample-standard bracketing by analysing an in-house
(SPEX-Nd) standard solution every twr, ."myles. Analyses of JNdi-1 standard solutions during the
course of this study gave “*Nd/*N- of 2.512113 + 0.000005 (2 SD, n = 5), in agreement with the
recommended value (0.512115) rzported in Tanaka et al. (2000), and corresponding to an external
reproducibility of ~+0.11e (2S2). Insilon Nd values (eNd) were calculated using the chondritic
(CHUR) *Nd/™“*Nd value of 0.5 %38 (Jacobsen and Wasserburg, 1980).

2.5 X-ray fluorescence cu *@ scanner

The bulk intensity of major elements for late MIS 5 - early MIS 3 interval of cores MD95-2002/MD13-
3438 and MD04-2845 was analysed using an Avaatech X-Ray Fluorescence (XRF) core scanner at the
Institut Frangais de Recherche pour I'Exploitation de la Mer (IFREMER, France) and the University of
Bordeaux (France), respectively. XRF data were measured every 10 mm along the entire length of the
core, with a count time of 10 s, by setting the voltage to 10 kV (no filter) and the intensity to 600 mA.
Only data for calcium (Ca; marine carbonate content) and iron (Fe; terrigenous-siliciclastic
components) are reported in this study, through the use of the Ca/Fe ratio. The former is known to
reflect climatically-driven biogenic carbonate fluxes and is considered, by extension, as a relevant
proxy for regional-scale stratigraphic synchronisation (e.g. Hodell et al., 2015). Similar XRF data are
available for the upper part of core MD95-2002 (Toucanne et al., 2015) as well as for cores MD13-
3438 (Fersi et al., 2021) and MD03-2692 (Mojtahid et al., 2005). They all show the footprint of the



Heinrich Stadials (HS), i.e. stadials that contain a Heinrich event (HE) (Barker et al., 2009; Sanchez
Goiii and Harrison, 2010), i.e. short-lived events of massive iceberg discharges (and hence IRD inputs)

in the subpolar North Atlantic from the Hudson Strait Ice Stream (Hemming, 2004; Fig. 2).



3. CHRONOLOGY

The revised chronology of cores MD13-3438 (Fersi et al., 2021), MD03-2692 (Eynaud et al., 2007) (as
far back as ca. 85 ka) and MD04-2845 (for the ca. 85-44 ka interval; Sanchez Goni et al., 2008) is
based on the synchronisation of high-resolution XRF Ca/Fe ratios, reflecting climatically-driven
biogenic carbonate fluxes (e.g. Hodell et al., 2013), with that of the reference core MD95-2002
(Fig. 2). MD95-2002 core chronology (here extended to ca. 85 ka) is based on 30 **C dates and 28
identified calendar tie-points (Tables2 and 3) obtained through aligning polar planktonic
Neogloboquadrina pachyderma (s.s. sinistral) abundances and XRF Ca/Fe ratios (per Toucanne et al.,
2021) to the composite Asian Monsoon (AM; Hulu/Sanbao) 80 record (Cheng et al., 2018, 2016;
Southon et al., 2012; Wang et al., 2008, 2001). Recent independen’. evidence of synchronous glacial
high-latitude-to-tropical coupling of climate changes support this annro>ch (Corrick et al., 2020). The
¢ dates were obtained from the **C measurement of monospec: “c p anktonic foraminifer samples.
These dates have been published with methods detailed in tt = ori 3inal publications (e.g. Eynaud et
al., 2007; Grousset et al., 2000; Toucanne et al., 2021). The '“C dates were calibrated (Christen and
Pérez, 2009) using the Marine20 calibration curve (Hea'n €: al., 2020). Before calibration the *C
dates were corrected for a local marine reservoir age adjus.ment (AR) according to an approach
recently developed and recommended by Heaton ( t al. (2023). The approach and the reasons why
this approach should be used are extensively .:-cu.<ed elsewhere (Heaton et al., 2023). In brief, the
oceanic carbon cycle now used to model th. Piarine20 calibration curve (Heaton et al., 2020) does
incorporate global-scale surface ocean *'~ changes that occurred in the glacial period (Heaton et al.,
2023). However, in polar regions (e.g. l.t-'de higher than 40° in the Northern Hemisphere), an extra
marine reservoir age correction is nr.. Yeu because significant additional localised changes in surface-
water *C concentration occurred du, g the glacial period (Butzin et al., 2005) that are not captured
by the global-scale Marine20 ¢ 'rvc (Heaton et al., 2023). Thus, following Heaton et al. (2023)
recommendations, the *C d~te_ “.ave been corrected for marine reservoir age (AR) as follows: i) the

Hol value v ~s oot 5 =155 + 60 *C yrs, calculated based on 17 local pre-bomb AR values

Holocene AR
from locations within 500 km around the core location (Faivre et al., 2019; Harkness, 1983;
Mangerud et al.,, 2006; Monge-Soares, 1993; Tisnérat-Laborde et al., 2010). These AR values are
available in the maintained marine reservoir database at http://calib.org/marine/ (Reimer and

Reimer, 2001). For the glacial period (pre-Holocene), an extra AR correction must be added to that of

Hol Hol->GS .

the Holocene AR™. The extra value AR is estimated to be 420 *C yrs at latitude 46.25°N close to
that of the core location (Heaton et al., 2023). Thus, the local maximum AR correction for the glacial
is AR®® = ARM' + ARM™SS = 265 MC yrs. However, the AR®® value was parametrised as 55 + 105 *C yrs
so that AR® covers the range -155 to 265 “*C at 95%, i.e. the expected AR minimal and maximal
values for the glacial period. Note that the local marine reservoir age AR is as defined in Stuiver et al.
(1986) and Stuiver and Braziunas (1993). The identified tie-points are calendar ages and do not need
to be calibrated. The whole set of dates was entered into the Bayesian age-depth modelling software

Bacon (Blaauw and Christen, 2011). The model needs a set of parameters to be run. The thickness



parameter was set to 30 cm (thick = 30), the uncertainty on the marine reservoir age was set to -
155 + 60 “*C yrs for Holocene *C dates and to 55+ 105 *Cyrs for glacial **C dates (as discussed
above). A boundary was set at depth 2300 cm and the prior value on the accumulation rate below
the boundary was set to 100 yrs cm™ and above the boundary to 20 yrs cm™ (acc. mean = ¢(20, 100)).
The sample size governing the number of Markov chain Monte Carlo (MCMC) iterations was set to

10,000 (ssize = 10000). All other parameters were left at their default value.

Figure 2. (A, D) XRF log (Ca/Fe) (Fersi et al., 2021; Mojtahid et al., 2005; Toucanne et al., 2015); (B, C) the
composite AM 50 record (Cheng et al., 2016); (E) normalised counts of iceberg-rafted detritus (IRD; Grousset
et al., 2000; Mojtahid et al., 2005; Sanchez Goifii et al., 2008); (F) relative abundances of the polar planktonic
foraminifera N. pachyderma s. (%NPS; Grousset et al., 2000; Mojtahid et al., 2005; Sanchez Goiii et al., 2008).
The summer (June) insolation at 45°N (B) is also shown (Laskar et al., 2004). Open circles in the lower part of
the figure depict the chronological control points obtained through aligning both N. pachyderma s. abundances
and/or XRF log (Ca/Fe) ratios to the composite AM &'%0 record (see Table 2 for details). Open diamonds depict
core-to-core (XRF-based) correlations (without AM counterpart) that improve the regional stratigraphic
synchronisation. Stratigraphic events from the composite AM 50 record (Chinese Interstadials A1-A22; Cheng
et al.,, 2006; Wang et al., 2008) and their equivalent in the Greenland ice-core records (GI-1 to GI-22;
Rasmussen et al., 2014). Numbered marine polar episodes (C17 to C20) from sites DSDP609 and V29-191, NE
Atlantic (Fig. 1; McManus et al., 1994). GS: Greenland stadials; HE: Heinrich events; HS: Heinrich stadials
(including HQ, see Bassis et al., 2017 and Zhou et al., 2021).
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4. RESULTS
4.1 Terrigenous mass accumulation rates

The tMAR at the Meriadzek Terrace (MD13-3438) are <5-10 g cm?kyr’ for late MIS 5, abruptly
increase to 20 g cm? kyr' during early MIS 4 (GI-19.2, ca. 70 ka) and reach a plateau at around 30-
40 gcm? kyr' during MIS4 (Fig. 3). At the Trevelyan Escarpment (MDO03-2692), the tMAR are
significantly lower but show a similar pattern to the one identified on the Meriadzek Terrace. The
tMAR are less than 5-10 g cm? kyr™ for late MIS 5 and early MIS 4 then increase during MIS 4, to
reach 10-30 g cm? kyr™ (Fig. 4). At both sites, maximum MIS 4 tMAR at the two sites are coeval with
HS 6, then decrease (to 10-20 g cm? kyr™) during early MIS 3 (GI-17, ca. 60-58 ka).

4.2 Clay mineralogy

Illite dominates over the studied interval (45-57%), and sm--t..2, chlorite and kaolinite reach
maximum values of 10-20% each (not shown). lllite crystalli=it, (1Cr; A2®) show values of 0.26-0.33
during late MIS 5 and early MIS 3, and a significant peak is _"“se.ved during the first part of MIS 4 (i.e.
during GS-19.1) with values up to 0.41 reached just befo.~ G1-18 (ca. 65 ka), when ICr values drop
sharply down to 0.28. Kaolinite peaks to 20% duri*.g 5S-19.1 then decreases to 13% during GI-18

(Fig. 3). No trends are observed in the other mineralcical data.
4.3 Biomarkers: BIT-index and n-alkanes

The BIT-index shows values ranging fro.~» 0.02 to 0.23 from late MIS 5 to early MIS 3 (Fig. 3).
Maximum values are observed during M.> *, with peak values of 0.23 and 0.13 during the GS-19.1
and HS 6, respectively. The n-alkene. snow values ranging from 300 ng/g during late MIS5 to
1800 ng/g during MIS 4 and the GS-.J.1. A decreasing trend is observed throughout MIS 4, with
contents of 500-700 ng/g during >arly MIS 3. It is noticeable that both the BIT-index and n-alkanes

show decreasing values at *u..~ oi GI-18 (Fig. 3).
4.4 Radiogenic neodymiun . isotopes

The eNd record shows values ranging from -11 to -12.2, with a mean value of -11.4 + 0.3 over MIS 4.
The maximum values (-11 to -11.2) are found in the early part of GS-19.1, at the end of HS 6 and at
the MIS 4-3 transition (ca. 60 ka). On the other hand, the minimum value of -12.2 is observed during
the second part of the GS-19.1 interval. This eNd minima is embedded in five GS19.1 sediment

characterised by eNd values lower than -11.8. A significant increase in eNd coeval with GI-18 (Fig. 3).
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Figure 3. (A) The composite AM 5'°0 record (Cheng et al., 2016) and the NGRIP §"°0 record (GICCO5 modelext
timescale; Rasmussen et al., 2014; Seierstad et al., 2014); (B) June insolation at 45°N, obliquity (Laskar et al.,
2004) and the Red Sea relative sea-level record (AM timescale; Grant et al., 2014); (C) summed concentration
of C,3-C3; alkanes at site MD13-3438 (anomalous result at 74 ka is indicated by a question mark), and the
record of the branched and isoprenoid tetraether (BIT) index at site MD95-2002; (D) terrigenous mass
accumulation rates and the neodymium isotopic composition (expressed in €Nd) at site MD13-3438; (E)
kaolinite content and illite crystallinity (ICr) at site MD13-3438. ICr allows to distinguish between metamorphic
(anchizone, ANCH.) versus non metamorphic (burial diagenesis, DIA.) illite sources (Kubler, 1967); (F) Pollen
percentage changes of three vegetation types at site MD04-2845 (Sanchez Goiii et al., 2013, 2008). The highest
percentages of the temperate Atlantic forest identify the Ognon | and Il warm phases (interstadials) first
recognised in La Grande Pile pollen sequence, NE France (Woillard, 1978); (G) normalised counts of iceberg-
rafted detritus (IRD) and relative abundances of the polar planktonic foraminifera N. pachyderma s. (%NPS) at
site MD04-2845 (Sanchez Goiii et al., 2008). Numbered marine polar episodes (C17 to C20) from sites DSDP609
and V29-191, NE Atlantic (Fig. 1; McManus et al., 1994). GS-: Greenland stadials; HS: Heinrich stadials (including
HQ, see Bassis et al., 2017 and Zhou et al., 2021).

5. DISCUSSION
5.1 The Channel River catchment during MIS 4: Palaeoenvirc 'mental implications
5.1.1 Regional drainage evolution and its impact on Brv uf Biscay sedimentation

Sedimentation in the northern Bay of Biscay varic1 dramatically throughout the descent into the last
ice age (late MIS 5) and during MIS 4, whe'( th'. strong thermal gradient between cold air and the
warmer NE Atlantic fed moisture over the b, *ish Isles and Scandinavia and favoured the rapid
growth of the EIS (Sadnchez Goiii et al., 2012). A 6-8 fold increase in terrigenous accumulation rates
starts at site MD13-3438 around 70 ka_ a¢ soon as the end of the long-lasting GI-19.2, and rates
remained high until the end of HS € at cu. 60 ka (Fig. 3). This change in terrigenous input is supported
independently by the BIT-index a\.1 the concentration of terrestrial n-alkanes, which are biomarker
proxies used to reconstruct “he ielative fluvial input of terrestrial organic matter in the marine
environment (see Section ‘.3), with values at around 70-60 ka that are noticeably higher than those
at MIS 5 and early MIS = (Fig. 3). Due to their methodological distinctiveness and corresponding
environmental meaning (1egarding sediment, soil, or vegetation; e.g. Eglinton and Hamilton, 1967;
Schouten et al., 2013), these two proxies, as well as the terrigenous accumulation rates, reveal their
own evolution and structures throughout MIS 4. They all, however, point to an increase in
continental-derived material inputs into the northern Bay of Biscay during MIS 4. Eustatic sea-level
changes are a primary forcing since the lowstand conditions of MIS 4 (-80-100 m; Cutler et al., 2003;
Waelbroeck et al., 2002) forced the westward migration of the modern, Western European rivers
(e.g. Loire, Severn) across the emerged continental shelf, thus increasing terrigenous inputs on the
Bay of Biscay slope. This is clearly illustrated by the abrupt 30-40 m sea-level fall that occurred in the
early MIS 4, ca. 71-68 ka, and the concomitant abrupt increase in terrigenous inputs (tMAR) at site
MD13-3438 (Fig. 4). This pattern is reinforced by an increase in on-land sediment availability, which is

primarily caused by a reduction in vegetation cover (Dosseto et al., 2010), as evidenced in Western



Europe by the gradual replacement of Atlantic and boreal forests by steppic environments (Sanchez
Goiii et al., 2013, 2008; Fig. 3), and by the development of the Channel River, which significantly
increases the catchment of the Bay of Biscay basin. This includes catchments of the northern French
(e.g. Seine, Somme) and southern British rivers (e.g. Solent) (Antoine et al., 2003) and, during EIS
glacial maxima, those of the Thames, Rhine and northern central European rivers (Elbe, Oder, Vistula,
Daugava; Gibbard, 1988) (Fig.1). This major drainage reorganisation can be tracked through
inorganic sediment geochemistry and the Nd isotopic ratios. The westward routing of the northern
central European rivers, combined with FIS sediment-laden meltwaters from the Baltic region (Fig. 1),
causes the arrival of ‘old’ (Precambrian) unradiogenic sediment (Table 4) into the northern Bay of
Biscay, with eNd values < -13 that significantly differ from those found today (-11 at core tops) and
derived from ‘younger’ (Phanerozoic) Western European formatior . (e.g. Parra et al., 1998). Such
transient, unradiogenic excursions (eNd down to -14.1) have been .=ported for MIS2 and MIS6
(Fig. 4), when melting FIS flushed the glacigenic sediment of nciu.>rn central Europe (-14.8 < eNd < -
13.1; Table 4) and increased the Baltic contribution to the Chani._! River system (Boswell et al., 2019;
Toucanne et al., 2015). Below, the possibility that northe' n ¢ “niral European rivers and the southern

FIS drained into the Channel River during MIS 4 is exploreA.

| 2

Geographic EIS clusters Coul try ‘' ~.ngitude) (S:Ir;p es eNd + od
SE Ireland (southwestern BIIS - ISIS) .. 2land (8.1 -6.1°W) 5 11.8 + 0.7
East UK and North Sea (eastern BIIS - weste . -
FIS) UK (0.3°W - 2.2°E) 6 13.1 £ 0.6

Denmark, Germany (8.7- -
North European Plain - West (sout!. ~ves.~rn FIS) 13.8°E) 19 142 + 15
North European Plain - E-._* (s 'tk arn FIS) Poland (16.2-19.4°E) 26 148 + 0.8

Table 4. Mean neodymium isotope sighature (expressed in eNd) of Middle-Late Pleistocene glacigenic
sediments (< 63 um; n=56) collected along the southern margins of the British-Irish (BIIS) and Fennoscandian
(FIS) ice sheets (Boswell et al., 2019, 2018; Toucanne et al., 2015). Geographic clusters correspond to potential
sediment sources at sites MD95-2002 and MD13-3438 according to LGM (and LGM-like) palaeogeography in
Western Europe (Fig. 1), as follows: SE Ireland (western BIIS — ISIS; n=5) = Ballycrooneen, Ardmore Bay,
Whitting Bay, Killiney Bay, Skerries (from West to East; O’Cofaigh and Evans, 2007); East UK and North Sea
(eastern BIIS — western FIS; n=6) = Filey Bay, Happisburg, Dogger Bank (e.g. Carr et al., 2000; Evans and
Thomson, 2010); North European Plain — West (southwestern FIS; n=19) = Knud Strand, Rubjerg Knude, Karup,
Rgjle, Trelde Naes, Ashoved, Travermunde, Beelitz, Althtttendorf, Macherlust (e.g. Lithgens and Bése, 2011;
Pedersen, 2005); North European Plain — East (southern FIS; n=26) = Hetmanice, Karchowo, Gorzen, Trzciniec,
Woypaleniska, Kozlowo, Chrostkowo, Rogowiec, Szczercow, Oborki, Glaznoty (e.g. Krzyszkowski et al., 1999;
Weckwerth, 2010). Note that the mean eNd signatures for SE Ireland and East UK - North Sea do not include
the (outlier) samples from Kilmore Quay (KQE1) and Dogger Bank (BGS11), respectively. Depositional
environments and stratigraphy (with associated references) are detailed in Toucanne et al. (2015) and Boswell
et al. (2019).



5.1.2 Was the Channel River connected to the North European Plain and the southern EIS during
MIS 4?

€Nd values in MIS 4 sediment at site MD13-3438 range from -11 to -12.2. Late MIS 5 and early MIS 3
were distinguished by values greater than -11.5, similar to those found for the early MIS 5 and MIS 1
(Boswell et al., 2019). A minimum (i.e. unradiogenic) value of -12.2 is reported during GS-19.1
(ca. 66 ka). This interval is coeval with sea-level lowstand conditions (Fig. 3). Thus, the associated eNd
signature most likely highlights the palaeogeographical shifts outlined above and the Channel River
regional imprint. However, MIS 4 eNd values differ significantly from those reported for MIS 6 and
MIS 2 (Fig.4), implying a substantially distinct palaeogeography for the MIS4 Channel River
watershed. More specifically, the absence of Baltic-type eNd va:.~s (i.e. North European Plain
clusters in Table 4) in the northern Bay of Biscay sediment sugge sts \hat the Channel River did not
drain the North European Plain or the Baltic Shield during '/I> 1. As a result, the Channel River
watershed was undoubtedly limited to the northern Fre-ch \,eine, Somme) and Belgian rivers
(Schelde, possibly combined with the Rhine; Hijma et al.. 20.7) and the southern British Isles during
MIS 4. This reduced configuration for the Channel River ratc.>ment, and the absence of FIS erosional
imprint (e.g. Patton et al., 2022) in its upstream par ¢, :x»lain the low MIS 4 terrigenous flux and BIT-
index values in the northern Bay of Biscay (<32 acm?kyr’ and <0.23, respectively) compared to
MIS 2 (up to 200 g cm? kyr™* and 0.65, respe cive'y) (Fig. 4).

The lack of Baltic-type eNd signals in “he northern Bay of Biscay during MIS 4 has profound
palaeoenvironmental implications. It ir dira“es, in particular, that during MIS 4, the FIS meltwater and
huge river systems from the North Eur. nean Plain (i.e. Oder, Vistula, Daugava) never drained into the
Channel River system. As a result. ou. data indicate that the eastern BIIS and western FIS ice lobes
were not sufficient in extent anu *oiume to form a grounded ice bridge (ice saddle) onto the North
Sea, the latter being requir_ tu. river systems east of the North Sea to be diverted to the Bay of
Biscay (Gibbard, 1988 Mat.~r et al., 2017). Thus, it is hypothesised that FIS meltwater and North
European Plain rivers draine d northward into the Nordic Seas. This could have happened beneath the
ice if the coalescent (thin) ice lobes were floating, or more likely (considering the lowstand
conditions) through a terrestrial corridor (similar to the Ling Bank drainage channel ca. 19-17 ka;
Sejrup et al., 2016) between the opposing grounded ice lobes reported in the Witch Ground basin
and in the Norwegian Channel (Carr et al., 2006; Graham et al., 2011; Mangerud, 2004; Sejrup et al.,
2000). The presence of such a corridor and the associated drainage route could explain the planktic
880 evidence at the northern North Sea margin (site MD99-2283; Fig. 1) for fresher and/or warmer
surface water during MIS 4 compared to the LGM when the North Sea was covered by ice (8*°0
values 0.2-0.4%o higher at ca. 30-20 ka; Lekens et al., 2009). Unfortunately, there are no planktic 50
values at site MD99-2283 (Lekens et al., 2009) for the time interval when the BIIS and FIS unzipped
ca. 19-17 ka (Hughes et al., 2016 ; Sejrup et al., 2016), preventing this hypothesis from being

explored further. Nevertheless, findings from the Western European margin suggest that glaciation in



Western Europe during MIS 4 was less significant than glaciation during MIS 6 (Drenthe Stadial) and
MIS 2 (LGM), when grounded ice covered the North Sea and caused FIS meltwater to flow into the
Bay of Biscay. This interpretation is supported by the lack of evidence for MIS 4 glaciation in the
southern North Sea (Gibbard et al., 2022; Laban and van der Meer, 2011), as well as the fact that
most relics of this glaciation in Northern Central Europe (i.e. Germany, Poland and Lithuania; Marks
et al., 2022) and on the Mid-Norwegian continental margin (Sejrup et al., 2005; Sejrup and Hjelstuen,
2022) are within MIS 6 and MIS 2 glacial limits and were buried by FIS-derived sediments during the
LGM ice advance. Loess-palaeosol characteristics (facies succession, loess thickness, structures and
mineralogy) in western Germany, Belgium and northern France likewise differ significantly between
MIS 6-2 and MIS 4. Loess accumulations are 4 to 5 times finer during MIS 4 than during MIS 6 and
MIS 2, indicating lower ice volume and no damming in the North _=a basin (Antoine et al., 2021,
2016). Thus, the findings presented here call to question pr :vio.'s numerical and data-based
reconstructions that conclude for a North Sea glaciation during, v.'S 4 (Batchelor et al., 2019; Gowan
et al., 2021; Greenwood et al., 2022). Data-based reconstruc.ion. urimarily rely on the conclusions of
Carr et al. (2006) from a study on buried North Sea sed’ine.~ts. However, these authors emphasise
that their reconstruction « should be considered tentative a. nest » because of the ambiguous status,
in nature and stratigraphy, of the formations they s.ur.ied (i.e. Ferder and Coal Pit Formations at 58-
61°N).

It is difficult to estimate the significance, in '~r volume and sea-level equivalent, of our conclusion.
The numerical simulations of global ice-.“eet reconstructions (at 2.5 kyr-resolution) by Gowan et al.
(2021) could help consider that they prodnce a transition from a narrow ice-free corridor to a
grounded ice bridge over the Nort'. “e. wice over the last glacial cycle (at 62.5-60 ka and 22.5-
20 ka). Such palaeogeographical c1ar.-es occur at 40-ky intervals, under different climatic conditions,
and imply increases in ice volu,~e of similar magnitude of 0.6-0.8 x 10°m?, or 1.6-1.9 m sea-level
equivalent (Gowan et al., 2n?1). Tais change represents up to 2% of the eustatic sea level at MIS 4 (-
97 to -103 m at 64 ka; ~=ra. * e’ al,, 2014). This change in ice volume, added to the consequence of a
meltwater routing scenaric (i.e. directly into or upstream to the Nordic seas) on thermohaline
circulation (Roche et al., 2010; Toucanne et al., 2021), strongly highlights the need to accurately

constrain regional ice-sheet patterns.

5.2 New insights into the southwestern BIIS during MIS 4
5.2.1 Evidence for ice-margin fluctuations in the Celtic-Irish Sea during MIS 4

The above findings suggest that northern Bay of Biscay sediment dating from MIS 4 was non-Baltic in
origin. Here, it is proposed that part of this sediment could originate from the north of the Bay of
Biscay and the southwestern British Isles, especially during GS-19.1 ca. 68-65 ka. For that period in
time, sediment at MD95-2002/MD13-3438 is characterised by a substantial decrease in eNd (down to



-12.2), a peak in BIT-index (up to 0.23) and kaolinite content (up to 20%) and illite crystallinity (ICr)
increasing from 0.26-0.33 to 0.41 (Figs 3 and 4). Such ICr values indicate that illite during GS-19.1 no
longer originates from source(s) characterised by low-grade metamorphic, anchizonal conditions (i.e.
lower greenschist facies), but through diagenesis processes (Kubler, 1967; Kibler and Jaboyedoff,
2000). Greenschist facies in Western Europe are widely associated with the Variscan belt in which
Palaeozoic sediment has suffered from deformation as a result of orogenic activity (e.g. the Rhine
graben/Rhenish Massif, with ICr down to 0.2; Hueck et al., 2022). Cornwall and southwest Ireland
(North Variscan domain), the Armorican Massif in northwest France (Central Variscan domain) and
the Iberian Massif in northern Spain (South Variscan domain; Edel et al.,, 2018) all provide
metamorphic illite (ICr £0.3) to the Bay of Biscay (Gutiérrez-Alonso and Nieto, 1996; Meere, 1995;
Primmer, 1985). The substantial flux of metamorphic illite (45-57% ¢ . the clay assemblage) at MD13-
3438 throughout MIS 4 likely originates from these Variscan regi.ns, and it is speculated by
extension, that surrounding regions (but not the kaolinite-poc. \:2rtn Sea, Irion and Zo6llmer, 1999;
see Section 5.1) are the cause of the GS-19.1 non-mutai..Zrphic sediment excursion. River
catchments of the southern Bay of Biscay (e.g. Loire, Giron.'=; fig. 1) are excluded because of their
‘high’ eNd signatures (-11< eNd < -8; Bayon et al., 2015; Pa, -3 et al., 1998), as well as the Seine and
Rhine basins of the Channel River that produce smr.ct’.e-rich sediments (63% and 52%, respectively;
Bayon et al., 2015). Conversely, the mid- to late valacuzoic formations of Northern Cornwall, South
Wales (Upper Carboniferous; Primmer, 198",; W irr et al., 1991) and the Welsh Borderland (Silurian;
Robinson and Bevins, 1986) produce diagenetic illite, together with kaolinite (Allen, 1991; Primmer,
1985; Teale and Spears, 1986), that both ¢, aracterise the clay assemblage of the Welsh mountains
(Battiau-Queney, 1984). Until 20-19 ka, chi* Welsh mountains hosted the >1000-m-thick Welsh Ice
Cap (Hughes et al., 2022a; P. D. Hu hes <t al., 2016), subsumed by the BIIS and fuelling the Irish Sea
Ice Stream (ISIS) that extended do. 'n through the Celtic-Irish Sea at least as far as Lundy Island (51°N,
ca. 400 km north of site MD12-34.:3) during MIS 4 (Gibbard et al., 2017; Hughes et al., 2022a; Rolfe
et al.,, 2012). Thus, the :har.ze in sediment composition at MD13-3438 during GS-19.1 likely
originates from this sourc. region, and specifically from ISIS activity. It is interesting to note that the
Mullaghareik mountains (i eland), Southern Uplands (Scotland), Lake District and Northern Pennines
(England; Fig. 1), that hosted additional ice centres of the western BIIS, are composed of mid- to late
Palaeozoic formations that resemble those of Northern Cornwall and Wales (see Fortey et al., 1993
and Merriman et al.,, 1995 for ICr values). Rocks from these regions provide heterogenous eNd
(Davies et al., 1985; Stone and Evans, 2000). In contrast, river sediments, because they correlate with
the mean age and isotopic signature from drainage basins (Goldstein and Jacobsen, 1988), give eNd
values with a compact range of -12.4 + 0.3 for the Blackwater (Ireland), Severn, Trent and Ouse rivers
(central England and Wales) that all drain from the Palaeozoic formations of the central British Isles
(Bayon et al., 2015; Toucanne et al., 2015). These values, as well as those of LGM glacigenic

sediments from southeast Ireland (11.8 + 0.7; Table 4), are close to those found for the GS-19.1



sediment at MD13-3438, and confirm that the Celtic-Irish Sea region, via the ISIS, was the likely

source for northern Bay of Biscay sediment at that time.

The mobilisation and transport of BlIS-derived sediments to the northern Bay of Biscay during GS-
19.1 required sediment availability and enhanced meltwater production, two conditions fulfilled by
accelerated glacier melt (e.g. Church and Ryder, 1972; Delaney and Adhikari, 2020). Thus, the GS-
19.1 sediment at MD13-3438 probably highlights a significant ice-margin retreat of the ISIS ca. 68-
65 ka. This scenario implies a significant build-up of the BIIS in the Celtic-Irish Sea region before
ca. 68 ka, possibly from ca. 72-71 ka as suggested by the strong regional air-sea thermal contrast
(Sanchez Goiii et al., 2013) and the rapid decrease in eustatic sea level (Grant et al., 2014). Such a
timing is consistent firstly with the arrival of diagnostic BIIS IRD rorthwest of Ireland (site MDO04-
2822; Fig. 1) as early as ca. 70 ka, indicating that the western BIIS re.-hed the ocean at that time
(Hibbert et al., 2010), and secondly, with MIS 2 constraints for t. 2 I1S.S that rapidly grew from the
mountains (53°N; ca. 31 ka) to close to the continental shelf brezk (49°N; ca. 27 ka) in only about
4 kyr (Clark et al., 2022). It is noteworthy that the MIS 4 IRD 1. 'x offshore Ireland (MD04-2822) is 2 to
6 times lower than during MIS 2 (Hibbert et al., 2010), . us : uggesting, in the same way as for the
North Sea (Section 5.1), that the ice volume over the Bri“.ish Is.es during MIS 4 was lower than during
MIS 2 (except locally where ice volumes were thick »r ovar some mountain areas such as Wales; e.g.
Hughes et al., 2022).

Figure 4. (A) The composite AM 50 record (Cheng et al., 2016) and NGRIP 50 record (GICCO5 modelext
timescale; Rasmussen et al., 2014; Seierstad et al., 2014); (B) June insolation and integrated summer energy at
45°N (t ~ 400), and the precession and obliquity (Huybers, 2006; Laskar et al., 2004); (C) neodymium isotopic
composition (expressed in eNd) and BIT-index at the Meriadzek Terrace (sites MD95-2002 and MD13-3438) for
MIS 2 (Ménot et al., 2006; Toucanne et al., 2015) and MIS 4 (this study). MIS 6 eNd data from Boswell et al.
(2019); (D) terrigenous mass accumulation rates at sites MD13-3438 (red lines; this study) and MD03-2692
(black lines; Boswell et al., 2019 for MIS 6), and the Red Sea relative sea-level record (Grant et al., 2014); (E)
normalised counts of iceberg-rafted detritus (IRD) at MD03-2692 (Mojtahid et al., 2005), and speleothems §"°0
records from Pindal Cave (MIS 2; Moreno et al., 2010), Villars Cave (MIS 4; Genty et al., 2003) and Abaliget Cave
(MIS 6; Koltai et al., 2017) (see Fig. 1 for cave locations). Growth hiatuses indicate cold/dry conditions; (F) WDC
(MIS 2 and late MIS 4; WAIS Divide Project Members, 2015) and Dome Fuji (MIS 4 and MIS 6; Dome Fuji Ice
Core Project Members et al., 2017) &'°0 records of Antarctica ice, and the composite CO, record (Ahn and



Brook, 2014; Bereiter et al., 2012; Marcott et al., 2014; Petit et al., 1999; Schneider et al., 2013). HS: Heinrich

stadials (including HQ, see Bassis et al., 2017 and Zhou et al., 2021).
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5.2.2 Early retreat of the southwestern BIIS during MIS 4 and comparison with the post-LGM retreat

The MIS 4 ISIS retreat at ca. 68-65 ka occurred well before the MIS 4-3 transition and the associated
deglaciation (ca. 64-60 ka) testified by the concomitant ~35-m eustatic sea-level rise (Grant et al.,
2014; Waelbroeck et al., 2002; Figs 4 and 5). The latter, occurring throughout HS 6, was likely forced
by enhanced boreal summer insolation and atmospheric CO,. It is interesting to note that similar
conditions in boreal summer insolation (490-520 W m™ at 45°N) and atmospheric CO, (ca. 20-40 ppm
increases) characterise both HS 6 and the massive deglacial FIS retreat events of HS12 (MIS 6,
ca. 155 ka) and HS 1 (18-17 ka) (Fig. 4). Thus, by drawing an analogy between these events, HS 6 can
be considered as a global deglacial period (or 'unfinished termination'; see Dalton et al., 2022 and
Schaefer et al., 2015) and the FIS melting, although not recorded 'n the Bay of Biscay (see Section
5.1), likely contributed to the HS 6 sea-level rise (Lambeck et al., 2010; Jiegert et al., 2001; Svendsen
et al., 2004; Salonen et al., 2008). This climate scenario for MIS 4 t.'chli shts how early the ISIS retreat

was.

The timing of the ISIS retreat during MIS 4 resembles the € IviiS 2. Indeed, the last ISIS reached its
maximum extent into the Celtic Sea at ca.27-26 ka anu :apidly receded, together with the ice
streams of northwest Ireland (Callard et al., 2018; O’c: faigh et al., 2019), at ca. 26-24 ka (Clark et al.,
2022). This retreat is early for the EIS as a whr.te 1. which deglaciation started at ca. 21 ka and
strongly accelerated during HS 1 (A. L. Hughs e al., 2016; Ménot et al., 2006; Zaragosi et al., 2001).
Hence, the periods of ISIS retreat during MIS * (ca. 68-65 ka) and MIS 2 (ca. 26-24 ka) precedes in
both cases the onset of the (unfinishe. or full) global deglaciation (ca. 64 ka and ca. 21 ka,
respectively) by a few millennia (Fig. 5'. " nis time lapse is highlighted by short-term interstadial
warming periods (GI-18 and GI-2) favou: ~ble to EIS growth (Sdnchez Goiii et al., 2013). Also, both the
ISIS retreat and the subsequer.  rapid deglaciation during MIS4 and MIS 2 coincide with HS
conditions, i.e. strong North Atla.:tic sea-surface and atmospheric cooling testified by pollen (i.e.
expansion of semi-desert taxa, Fig. 3) and speleothem records over Western Europe (Fig. 4), and the
high content of polar plai.""tonic foraminifera and IRD in the Bay of Biscay and eastern North Atlantic
sediment (Fig. 3). Indeed, 1 MIS 4, the ISIS retreat occurred during the so-called HQ and preceded
global deglaciation which is coeval with HS 6. In MIS 2, the ISIS retreat is coeval with HS2 (e.g.
Scourse et al., 2000) and preceded the global deglaciation that dramatically accelerated during HS 1
(Fig. 5). This pattern of unexpected ice-sheet retreat during HS conditions (see Toucanne et al., 2015
for HS 1, HS 2 and HS 3) reinforces, together with concomitant evidence for warmer sea-surface
conditions in the mid-latitude central North Atlantic (Naafs et al., 2013) and the Norwegian Sea
(Wary et al.,, 2017), the Heinrich summer hypothesis of Denton et al. (2022). These authors
emphasised extreme seasonality during HS, with warmer-than-usual summers on continental ice
sheets adjacent to the North Atlantic that led to discharges of meltwater and icebergs of sufficient
volume to stimulate very cold winter conditions from widespread sea ice on a freshened ocean
surface. This hypothesis postulates that the causative variations in freshwater fluxes were driven by a

climate signal most evident in Antarctic ice cores. The early ISIS retreats discussed here are coeval



with Antartic warming episodes and ca. 10-20 ppm atmospheric CO, rises (Fig.5), and are likely
strengthened by obliquity (from 22.5-23°), that increased as soon as ca. 70 ka and ca. 29 ka (Fig. 5).
Increases in obliquity cause symmetric, sustained increases in intensity (together with CO,) and
duration of summer at latitudes above 40° in both hemispheres, and hence control the temperate
and high-latitude ice-sheet (including BIIS) mass balance. Consequently, obliquity is considered to be
a strong forcing on deglaciation (Bajo et al., 2020; Huybers, 2007; Huybers and Denton, 2008). It is
consequently presumed that the MIS 4 ISIS retreat during HQ likely originates from enhanced surface
melt in response to regional sustained changes in summer conditions (intensity, duration). The
increase in oceanic subsurface (2150 m depth) temperature associated with the HS conditions
(Marcott et al., 2011; Max et al., 2022) could also have favoured the ice retreat, but only if the ISIS
was marine-based. Local sea-level rise, as well as topographical fac .~rs, have been widely explored
over these last years to explain the last retreat of the ISIS and neignbo.'ring ice streams, that all were
marine-based at ca. 27-26 ka (see Clark et al., 2022 for a thurc 'gn review). These factors are of
primary importance, but the palaeoclimatic constraints fo. M.C 4 ISIS fluctuations, together with
MIS 2, strongly emphasise the role of climate (obliquity) 01.ing, and HS conditions in particular, on
the ISIS behaviour. This is in line with the very southern pos.-1on of the ISIS ice centres (53-55°N) and
their close proximity to the ocean and the North At'an.ic Drift current, that necessarily make the ISIS
(and more generally the BIIS; Peck et al., 2006) a *-ary sensitive portion of the EIS and, by extension, a

sentinel of climate and ice-sheet changes in .ne r astern North Atlantic region.

Figure 5. (A, H) The composite AM 5'®0 record (Cheng et al.,, 2016) and the NGRIP 5'%0 record (GIccos
modelext timescale; Rasmussen et al., 2014; Seierstad et al., 2014); (B, G) 5"°0 records of Antarctica ice (Dome
Fuji Ice Core Project Members et al., 2017; WAIS Divide Project Members, 2015), and the Red Sea relative sea-
level record (Grant et al., 2014); (C, F) June insolation at 45°N, and the precession and obliquity (Laskar et al.,
2004). The coloured (full) triangles on the insolation/obliquity scale highlight the insolation/obliquity forcing
corresponding to the onset of ice-margin retreat for both the EIS (blue) and ISIS (green). Open triangles in the
MIS 2 panel correspond to the full triangles in the MIS 4 panel, and vice-versa; (D, E) Schematic evolution of the
EIS and ISIS volume/extent for MIS 2 (D) and MIS 4 (E), consistent with the continuous (ice advance) and
dashed (ice retreat) arrows at the top of each panel (blue arrows: EIS; green arrows: ISIS). See the main text for
details. The vertical blue/green bands highlight the evolution of the EIS/ISIS, respectively. The vertical
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(continuous, coloured) lines show the LGM (-like) conditions for the EIS/ISIS. HS: Heinrich stadials (including
HQ, see Bassis et al., 2017 and Zhou et al., 2021).
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6. CONCLUSIONS

The sediments of the northern Bay of Biscay provide insight into the drainage and dynamics of the
Western EIS during MIS 4. Their study reveals the absence of Baltic-derived material in the Bay of
Biscay throughout MIS 4, which indicate that the routing of FIS meltwater into the NE Atlantic via the
Channel River, reported for the Late Saalian MIS 6 (Drenthe Stadial) and the Late Weichselian LGM
(during MIS 2), did not occur during the Middle Weichselian MIS 4 glaciation. This indicates a limited
Channel River catchment, likely centred on northern France and the southern British Isles, and
excludes the North European Plain and the southern Baltic region, that constituted the upstream
sources of the Channel River system when the BIIS and FIS coalesced into the North Sea. Thus, it is
supposed that the BIIS and FIS did not form a grounded ice bridge anto the North Sea during MIS 4
and, by extension, that the MIS 4 glaciation in Western Europe was re.~tively limited in comparison
to those of MIS 6 and MIS 2, although with some regional and loc.' exr.eptions such as over Wales in
the British Isles. These findings balance the recent conclusions »f Di ughty et al. (2021) in placing MIS

4 as a medium-scale glacial event, at least in Western Europe.

The MIS 4 drainage configuration, and more precisely the . “sence of huge inputs of Baltic material,
also allowed southwestern BIIS fluctuations to be rzc rded (i.e. not diluted) in the northern Bay of
Biscay sediments. MD13-3438 data suggest ice-margu..i retreat in the Celtic-Irish Sea sector as soon
as ca. 68-65 ka (HQ), a few millennia befors. the dernise of the EIS (ca. 64-60 ka, HS 6). This timing
resembles that described for the LGM, highlig~ting the southwestern BIIS as a sentinel of climate
changes in the NE Atlantic. It is noteworthy “hat the successive local (BIIS) and regional (EIS) retreats,
both during MIS 4 and MIS 2, are coeval w n increasing obliquity. Thus, they each likely result from
increasing summer duration that i~ tur, promotes ice melting and increases meltwater flux to the
ocean. The latter, in stimulating . ~ld winter conditions from widespread sea ice, likely explains the
HS conditions with which the sucucssive MIS 4 and MIS 2 ice-margin retreats coincide. Thus, as for
MIS 2 (Denton et al.,, 2010, .122), the MIS 4 interval corresponds to a complex combination of

general ice advance inter. ~ersed by preliminary-to-final EIS demises highlighted by HS conditions.
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COMPLEMENTARY CAPTIONS (SEE THE TABLES BELOW)

Table 2. Chronological framework (tie-points) for cores MD13-3438, MD04-2845 and MD03-2692 (see their
location of Fig. 1) based on their synchronisation (depth scale) to reference core MD95-2002 (age scale; see
Table 3 and ‘Chronology’ section for details) via the XRF log (Ca/Fe) ratio (Fig. 2). Regional stratigraphic
nomenclature (e.g. LGM-n, HS1-n, etc.) according to Toucanne et al. (2021). Core-to-core (XRF-based)
correlations without Hulu counterpart (ca. 68-60ka) are used to improve the regional stratigraphic
synchronisation. Stratigraphic events from Hulu Cave (Hulu Chinese Interstadials A1-A22; Cheng et al., 2006;
Wang et al., 2008) and their equivalent in the Greenland ice-core records (GI-1 to GI-22; Rasmussen et al.,
2014). LGM- (1 to 9) refers to the Last Glacial Maximum. HS (HS1 to 4) refers to Heinrich stadials. HE (1 to 4)
refers to Heinrich events (i.e. discharge of icebergs from the Hudson Strait Ice Stream of the LIS to the North
Atlantic). GS: Greenland stadials; YD: Younger Dryas.

Table 3. The radiocarbon ages and calendar tie-point (from Hulu Ca' ¢, =.g. Cheng et al.,, 2016) used to
reconstruct the age-depth model of core MD95-2002. See ‘Chronology’ - ~ctic a for further information [Ref. 1:
Zaragosi et al. (2001); 2: Zumaque et al. (2017); 3: Cheng et al. (21>, Cheng et al. (2016), Southon et al.
(2012), Wang et al. (2001); 4: Zaragosi et al. (2006); 5: Toucanr=2 .* a'. (2008); 6: Eynaud et al. (2007); 7:
Toucanne et al. (2021); 8: Grousset et al. (2000); 9: Auffret et al. {.102)]. Stratigraphic events from Hulu Cave
(Hulu Chinese Interstadials A1-A22; Cheng et al., 2006; Wang et al., 2008) and their equivalent in the Greenland
ice-core records (Gl-1 to GI-22; Rasmussen et al., 2014). GS. =reenland stadials; YD/PB: Younger Dryas /
Preboreal.



TABLE 2

MD95-2002 age” MD13-3438 MDO04-2845 MD03-2692

Stratigraphic Label
depth (cm)  (cal kyr BP) depth (cm) depth (cm) depth (cm)

End YD 201 11.64 150 - 42
Start YD 262 12.71 187 - 75

HS1-7 (Start Al / Gl-1e) 385 14.69 254 - 106
HS1-6 (HEL s) 455 16.19 292 - 132
HS1-5 515 16.63 328 - 161
HS1-4 548 16.79 338 - 183
HS1-3 690 17.27 441 - 212
HS1-2 745 17.46 488 - 264
HS1-1 865 17.86 579 - 296
LGM-9 940 18.31 630 - 352
LGM-8 970 18.51 651 - 374
LGM-7 1000 18.70 €r4 - 394
LGM-6 1040 18.96 o - 438
LGM-5 1145 19.65 79 - 523
LGM-4 1230 20.24 268 - 583
LGM-3 1260 20.78 892 - 614
LGM-2 (End A2 / GI-2.1) 1340 22.47 963 - 714
LGM-1 1355 22.85 972 - 731
HS2-4 (Start A2 / GI-2.2) 1415 23.6¢ 1022 - 770
HS2-3 (HE2 ss) 1460 23.3 1061 - 797
HS2-2 1495 0452 1094 - 823
HS2-1 (End A3/ GI-3) 1550 26..7 1134 - 898
Start A3/ GI-3 1591 27.92 1187 - 944
HS3-4 (Start A4 / GI-4) 1635 29.05 1224 - 980
HS3-3 1695 29.90 1297 - 1010
HS3-2 (End GI-5.1) 1747 30.69 1349 - 1048
HS3-1 (End A5 / GI-5.2) 279 31.81 1384 - 1070
Start A5 / GI-5.2 279 32.63 1398 - 1100
Start A6 / G1-6 1825 34.06 1432 - 1150
Start A7/ GI-7¢ 1858 35.50 1467 - 1181
HS4-3 (Start A8 / GI-8c) 1906 38.24 1520 - 1200
HS4-2 (HE4 ss) 1966 39.34 1581 - 1242
HS4-1 (End A9 / GI-9) 1990 40.11 1607 - 1270
Start A9/ GI-9 2000 40.61 1617 - 1286
Start A10/ GI-10 2013 41.34 1632 - 1298
Start A11/GI-11 2044 43.58 1669 - 1337
Start GS-12 2059 44.63 1683 1312 1350
Start A12 / GI-12¢ 2090 46.74 1722 1339 1364
Start GS-13 2129 48.48 1770 1386 1398
Start GS-13¢ 2150 49.40 1791 1401 1420
Start A14/ GI-14e 2218 54.16 1878 1453 1458
Start A15/ GS-15.2 2240 55.16 1903 1466 1488
Start GS-16.1 2262 56.356 1928 1484 1496
Start A16 / GI-16.2 2300 57.78 1971 1522 1522
Start GI-17.1c 2314 58.15 1986 1532 1528
Start A17/ GI-17.2 2328 58.99 2003 1521 1534
- 2359 60.36 2040 1554 1554

- 2422 62.62 2116 1593 1580



Mid A18/ GI-18

Mid GI-19.1

Start GS-19-2

Start A19 / GI-19-2
Start A20/ GI-20c
Start A21/GI-21.2
Start A22 / GI-22g

2460
2497
2527
2576
2597
2623
2666
2692
2729
2773
2801

63.95
65.22
66.36
68.29
69.10
70.27
72.46
75.95
79.77
84.87
89.36

2162
2203
2234
2298
2320
2348
2395
2443
2498
2567
2611

1638
1679
1690
1777
1791
1801
1810
1842
1866
1906
1938

1622
1646
1658
1710
1720
1724
1744
1760
1800
1840
1866

* Ages given by the age modelling software Bacon (Blaauw and Christen, 2011) and the chronological

constraints summarized in Table 3



TABLE 3

Depth in ¥c
Cal.
Core label Depth core Lab. Species age error Age error  o¢
(cm)  MD95-2002 Number (yr (10) (1o)
(cm) BP) (yr BP)
MD95-2002 0 0 LSCE-99360 G.bull 2060 70 - - 1
MD95-2002 34 34 0S-98831  G.bull 4235 25 - - 2
MD95-2002 72 72 0S-98831  G.bull 7145 35 - - 2
MD95-2002 104 104 0S-98831  G.bull 8915 40 - - 2
MD95-2002 140 140 LSCE-99361 G.bull 9480 90 - - 1
YD/PB - 195-205 - - - - 11610 40 3
MD95-2002 240 240 LSCE-99362 N.pch(s) 111y° 100 - - 1
MD03-2690 626 371-379  SacA-003234 G.bull 13rZ2 80 - - 4
Al/Gl-1e - 380-390 - - - 14674 50 3
MD03-2690 692 389-397  SacA-003235 N.pch(s) 10.70 70 - - 4
MD95-2002 420 420 LSCE-99363 N.pch(s) *3730 130 - - 1
MD95-2002 454 454 LSCE-99364 N.pch(s, 14200 110 - - 1
MD95-2002 463 463 LSCE-99365 N.n:h(s, 14420 120 - - 1
MD95-2002 510 510 LSCE-99366 N.pcn.1 14570 130 - - 1
MD95-2002 550 550 SacA-003242 M pch(s) 14830 70 - - 4
MD95-2002 580 580 Beta-14170z 'd. ich(s) 14810 200 - - 1
MD95-2002 869 869 SacA-003213 . pch(s) 15300 70 - - 4
MD95-2002 875 875 SacA J0:244 N.pch(s) 15280 160 - - 4
MD03-2690 2923  1210-1216 Saca 05972 G.bull 17390 110 - - 5
MD03-2692 580 1220-1225 SacA-00.305 G.bull 17290 90 - - 6
MD95-2002 1320 1320 Sac.*-003245 G.bull 18850 90 - - 4
MD95-2002 1340 1340 S 003246 G.bull 19430 100 - - 4
MD95-2002 1370 1370 STA-75010 G.bull 20148 70 - - 7
MD95-2002 1390 1390 $acA-003247  G.bull 20620 80 - - 4
A2 /Gl-2.2 - 141+ - - - - 23744 70 3
MD95-2002 1424 1424 Beta-123696 N.pch(s) 20240 60 - - 8
MD95-2002 1453 2153 Beta-123698 N. pch(s) 20430 80 - - 8
MD95-2002 1464 . 164 Beta-123699 N. pch(s) 20600 80 - - 8
MD95-2002 153 . 1534 Beta-123697 N.pch(s) 22250 70 - - 8
A3/GI-3 - .590-1593 - - - - 27945 75 3
MD95-2002 1610 1610 Beta-99367 N.pch(s) 24410 250 - - 9
A4/ Gl-4 - 1635 - - - - 29117 75 3
MD95-2002 1664 1664 Beta-99368 N.pch(s) 25820 230 - - 9
Gl-5.1 - 1756 - - - - 30871 135 3
A5/GI-5.2 - 1793 - - - - 32647 135 3
A6/ GI-6 - 1825 - - - - 34034 175 3
A7/ GlI-Tc - 1858 - - - - 35501 110 3
A8/ Gl-8¢c - 1906 - - - - 38284 90 3
MD95-2002 1948 1948 GifA-100123 N.pch(s) 34320 520 - - 9
MD95-2002 1976 1976 GifA-100124 N.pch(s) 35480 520 - - 9
A9/GI-9 - 2000 - - - - 40255 190 3
Al10/GlI-10 - 2013 - - - - 41659 220 3
All/GlI-11 - 2044 - - - - 43581 80 3
Al12/Gl-12c - 2096-2098 - - - - 47232 145 3
A13/GI-13c - 2155 - - - - 49610 130 3
Al4 | Gl-14e - 2218 - - - 54229 521 3



GS-15.2
GS-16.1
A16/GI-16.2
GI-17.1c
Al7/GI-17.2
A18 / GI-18 (mid)
GI1-19.1 (mid)
GS19-2
A19/GI-19-2
A20/ GI-20c
A21/Gl-21.2
A22 | GI-22g

2240
2262
2300
2314
2328
2497
2597
2623
2666
2692
2773
2801

55261
56232
58542
59337
59770
65076
68844
70125
72273
76227
84277
89749

530
320
635
855
730
740
985
740
400
640
950
675
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HIGHLIGHTS

o No evidence of Fennoscandian Ice Sheet meltwater inputs into the Bay of Biscay during MIS 4

e British and Fennoscandian ice sheets were not large enough to form a grounded ice bridge onto the
North Sea

e Early retreat of the Irish Sea Ice Stream, comparable with Marine Isotope Stage 2

Obliquity-forced changes were critical for the early waning of the Western European Ice Sheet





