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ABSTRACT

Offshore archives retrieved from marine/lacustrine environments receiving sediment from
large river systems are valuable Quaternary continental records. In the present study, we
reconstruct the Danube River activity at the end of the last glacial period based on
sedimentological, mineralogical and geochemical analyses performed on long-piston cores
from the north-west Black Sea margin. Our data suggest that the Danube River produced
hyperpycnal floods throughout the ca. 33-17 ka period. Four main periods of enhanced
Danube flood frequency, each of 1.5-3 kyr duration, are recorded at ca. 32.5-30.5 ka
(equivalent to the first part of Heinrich Stadial -HS- 3), at ca. 29-27.5 ka (equivalent to
Greenland Stadial 4), at ca. 25.3-23.8 ka (equivalent to HS 2) and at ca. 22.3-19 ka. Based on
mineralogical and geochemical data, we relate these events to enhanced surface melting of the
Alpine Ice Sheet (AIS) that covered ~50,000 km? of the Danube watershed at the Last Glacial
Maximum (LGM). Our results suggest that (i) the AIS growth from the inner Alps to its LGM
position in the northern Alpine foreland started from ca. 30.5 ka, ended no later than
ca. 25.3 ka, and was interrupted by a melting episode ca. 29-27.5 ka; (ii) the AIS volume
drastically decreased from ca. 22.3 to 19 ka, as soon as summer insolation energy at the AIS
latitude increased; and (iii) HSs strongly impacted the AIS mass balance through enhanced
summer surface melt. This, together with evidence of severely cool winters and the rapid
expansion of sea ice in the North Atlantic, implies strong seasonality in continental Europe

during stadials.

Keywords: Danube River, floods, hyperpycnites, Alpine Ice Sheet, Heinrich Stadials,

seasonality, Black Sea.
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1. INTRODUCTION

Fluvial landforms and sediments can be used to reconstruct past hydrological conditions since
rivers are highly sensitive to environmental changes (Blum and Tornqvist, 2000; Macklin et
al., 2012). Prominent examples from the British Isles (Macklin et al., 2005; Macklin and
Lewin, 2003) and continental Europe (Busschers et al., 2007; Gébris and Nédor, 2007;
Gibbard, 1988; Kasse et al., 2010; Macklin et al., 2006; Mol et al., 2000; Pastre et al., 2003;
Starkel et al., 2015; Vandenberghe, 2002) point to the impact of Quaternary climate change
on river system dynamics. However, the riverine archives are highly complex (e.g. spatially-
dependant types and rates of sedimentation, hiatus and erosion, difficulties in dating; Blum
and Torngvist, 2000; Coulthard et al., 2005; Macklin and Lewin, 2003; Vandenberghe, 2003).
Hence the use of sediment archives retrieved offshore of large river systems can provide
complementary high-frequency sediment flux records resulting from river discharge and
climate variability (Simpson and Castelltort, 2012). This has been demonstrated in various
geographic and climatic settings (e.g. Bonneau et al., 2014; Covault et al., 2011; Goodbred
and Kuehl, 2000; Revel et al., 2010), including the giant glaciated catchments of European
rivers, i.e. the Channel River (Ménot et al., 2006; Toucanne et al., 2009; Zaragosi et al., 2001)
and the Dniepr River (Soulet et al., 2013). These studies provided remarkable new insights
into the paleohydrology of Europe during past glacial intervals as well as into the impact of
the Fennoscandian Ice Sheet (FIS) in amplifying, pacing and driving regional and global
climate changes (e.g. Boswell et al., 2019; Soulet et al., 2013; Toucanne et al., 2015).

It is well-known that the Black Sea received vast amounts of sediment and meltwater from the
Alpine Ice Sheet (AIS) and FIS during glacial periods (Bahr et al., 2006; Gorlach et al., 2017;
Grosswald, 1980; Major et al., 2006; Mangerud et al., 2004; Soulet et al., 2013, 2011a;
Tudryn et al., 2016). The Red Layers (e.g. Bahr et al., 2006), deposited in the north-west
Black Sea by the Dniepr River and the retreating FIS between ca. 17.2 and 15.7 £ 0.3 cal ka
BP (Soulet et al., 2013), constitute a prominent example further highlighting the ability for
ice-sheets to impact sediment routing systems down to the deep sea ‘sink’ (Jaeger and
Koppes, 2016). By comparison, the impact of AIS fluctuation on the Danube River discharge
and Black Sea sedimentary system has received much less attention. Yet, the entire north-east
part of the AIS (~50,000 km?) drained into the Black Sea and sediment accumulated in the
Danube delta (Giosan et al., 2006, 2005; Panin et al., 1983) and deep-sea fan (Constantinescu
et al., 2015; Lericolais et al., 2013; Popescu et al., 2001; Wong et al., 1994) must have

recorded Danube River activity and AIS fluctuations during the late Quaternary. Here, we
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provide a continuous, high-resolution record of the Danube River discharge into the Black
Sea ‘Lake’ at the end of the last glacial period (from ca. 33.5 ka) through the study of two
sediment cores retrieved midway between the Danube delta and the Danube deep-sea fan
(Fig. 1). Millennial-scale variability in sediment input and source observed in our multi-proxy
records suggests rapid regional-scale glacier fluctuations in the north-eastern Alps over the

course of the AIS to its maximum extent and during the deglaciation.

2. GEOLOGICAL AND ENVIRONMENTAL SETTINGS

2.1 The north-west Black Sea and the Danube sediment routing system

Since its opening during the Upper Cretaceous, the Black Sea basin acts as a large sediment
catchment area that accumulated a thick sedimentary cover of ~19 km in its western margin.
Since the Pliocene, a 2.5 to 3 km-thick prograding depositional wedge has been formed by
Danube and Dniepr sedimentary supplies (de Leeuw et al., 2018; Nikishin et al., 2003). This
geological feature, forming the wide north-west Black Sea continental shelf (<140-170 m
water depth) and margin, is incised by numerous erosive canyons (Riboulot et al., 2017)
including the Danube Canyon which deeply incises the shelf over 26 km down to -110 m
water depth (Popescu et al., 2004) (Figs 1 and 2). The Danube Canyon has fed an extensive,
deep depositional (turbidite) system (i.e. Danube deep-sea fan) at water depths greater than
2000 m (Lericolais et al., 2013; Popescu et al., 2001; Wong et al., 1994). It has been active
during the last glacial period and until ca. 11.7 ka (Constantinescu et al., 2015) when the
Black Sea was a giant freshwater lake and lowstand conditions (~90-120 m below the present
sea level) dominated (Deuser, 1972; Lericolais et al., 2011; Ross et al., 1970; Ryan et al.,
1997; Yanchilina et al., 2017). The Danube deep-sea fan thus represents the final sink of the
Danube sediment routing system (Matenco and Andriessen, 2013) (Fig. 1), i.e. the integrated
dynamical system connecting erosion in mountain catchments of western Central Europe to
downstream deposition in the Black Sea.

The Danube River is the second longest river in Eurasia, with a length of 2,900 km from the
Black Forest (Germany) to its delta (Romania) (Fig. 1), a drainage area of 801,000 km? and a
modern sediment load estimated at 42-67 Mt per year (sediment yield: ~80 t.km2.yr!). Today,
it constitutes by far the main sediment source for the northern Black Sea considering the low
sediment load, estimated to be less than 10 Mt per year in total, for the rivers Dniestr
(sediment yield: ~30 t.km2.yr!), Dniepr and Don (sediment yield: <5 tkm2yr'). This

difference is due to the mountainous character of the Danube drainage area in comparison to
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the lowlands-dominated Dniestr, Dniepr and Don watersheds (Milliman and Farnsworth,
2013; Milliman and Syvitski, 1992; Panin and Jipa, 2002; Sommerwerk, 2009). Indeed, the
Danube River collects water and sediment from the mountainous areas of the northern and
eastern Alps (up to 4,049 m high at Piz Bernina; Fig. 3), the Dinarides and the Carpathians
(Fig. 1), mainly formed of Variscan metamorphic and magmatic basements and Mesozoic
calcareous rocks (Asch et al., 2005). In detail, from its source to its mouth, the Danube River
receives the following: on its right bank, the tributaries Iller, Inn, Enns, Drava and Sava,
originating in the Alps and the Dinarides, as well as the Velika Morava flowing from the
Balkans; and on its left bank, the major tributaries Morava, rising in the Bohemian Forest, and
Tisza, originating in the Carpathians, and the Jiu, Olt, Siret and Prut rivers, with sources in the
Carpathians (Garnier et al., 2002) (Fig. 1). In addition to the riverine material from the
mountainous areas, the glacial loess deposits constitute a significant additional sediment
supply to the Danube sediment load, especially in the Pannonian (Middle Danube) and Dacic

(Lower Danube) basins (Markovi¢ et al., 2015).

2.2 Paleoenvironmental changes in the Danube drainage area

The loess and glacigenic sequences preserved in the Danube catchment provide information
on the intensity of Alpine glaciations (Markovi€ et al., 2015), with the first major glaciation in
the Alps dating from Marine Isotope Stage (MIS) 22 (Muttoni et al., 2003). The (local) Last
Glacial Maximum (LGM) in the Alps (Upper Wiirmian, MIS 2; Chaline and Jerz, 1984,
Figs 1 and 3) lasted from not later than ca. 24 to 20-19 ka (e.g. Ivy-Ochs, 2015; Ivy-Ochs et
al., 2008; Monegato et al., 2017), with glaciers extending tens of kilometers out onto
forelands and coalescing into huge (Rhine, Isar/Loisach, Inn, Salzach and Traun, from west to
east) piedmont lobes (up to 700 m in thickness) in the Molasse Basin, Upper Danube (Ivy-
Ochs, 2015; van Husen, 2000) (Fig.3). This time period is coeval with peak loess
accumulation rates in the Panonnian Basin (Fitzsimmons et al., 2012) and the development of
the Duttendorf loess sequence in the Salzach palaeoglacier area (Starnberger et al., 2011).
Recent compilation of '°Be surface exposure dating and radiocarbon ages demonstrate that if
LGM glaciers vanished rapidly from the foreland at ca. 20-18 ka, the initiation of retreat from
their maximum positions occurred as soon as ca. 24-22 ka (Ivy-Ochs, 2015; Ivy-Ochs et al.,
2004; Reber et al., 2014). Note that the timing for the growth and demise of cirque and
cirque-valley glaciers in the western and southern Carpathians mountains matches that

recognized in the northern Alps (Makos et al., 2018, 2014, 2013; Reuther et al., 2007).
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In contrast, little is known about pre-LGM ice fluctuations (Ivy-Ochs et al., 2008). The
Middle Wiirmian (MIS 4 and 3; Chaline and Jerz, 1984) is poorly preserved in the Alps due to
the excavation of valleys by the LGM ice advance soon after ca. 33-32 ka (i.e. onset of the
Upper Wiirmian, as redefined by Spétl et al., 2013). However, recent '°Be data from the
western Alps and the Rivoli-Avigliana end-moraine system (northern Italy) yield a minimum
age of 41.2 £ 1.9 ka (MIS 3) for pre-LGM glacier advance(s) in the P6 Valley (Ivy-Ochs et
al., 2018). This age fits well with the deterioration of climatic conditions over the Alps after
ca. 45 ka (Heiri et al., 2014; Starnberger et al., 2013). These results, including recent ones
from the Berchtesgaden basin (Germany; Mayr et al., 2019), corroborate numerical
simulations suggesting that a highly dynamic ice-sheet occupied the inner-Alpine regions
throughout the last glacial period, with possible recurrent short-lived advances onto the

forelands well before the LGM (Seguinot et al., 2018).

3. MATERIALS

3.1. Sediment cores

This study focuses on the Calypso long-piston cores GAS-CSO01 (44°05.1'N, 30°47.5'E) and
MDO04-2790 (44°12.8'N, 30°59.6'E) retrieved from the north-west Black Sea margin (Figs 1
and 2; Table 1). Core GAS-CSO01 (33.4 m long) was collected at 240 m water depth from the
shelf margin, ~40 km east of the Danube Canyon head, during the GHASS oceanographic
cruise (R/V Pourquoi Pas?; Ker and Riboulot, 2015). Core MD04-2790 (30.3 m long) is
located at 352 m water depth, ~19.6 km east of GAS-CSO1. This core was collected during
the ASSEMBLAGE-1 cruise (R/V Marion Dufresne; Lericolais, 2004) and has been
extensively studied over the last few years for chronostratigraphical and paleoenvironmental
studies (e.g. Soulet et al., 2011a,b; Sanchi et al., 2014). Note that the length of cores GAS-
CSO01 (this study) and MD04-2790 (Soulet et al., 2011a) has been corrected after removal of
coring gaps (corrected length of 32.1 and 27.8 m, respectively). Core depths discussed in this
study thus correspond to depth (cm, m) below sea floor (bsf), and corresponding depths (raw -

cm- versus -cmbsf-) are presented in Tables 2 and 3.

3.2. Danube River and tributary samples
In order to track paleoenvironmental changes in the Danube sediment routing system,
eighteen riverine sediments have been recovered from the Danube River and its tributaries to

compare their mineralogy with that of the GAS-CSO01 core samples (Fig. 1; Table 3). Fine-
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grained river sediments constitute the mineralogical diversity of catchment areas. As such
they can provide a reliable average mineralogical and geochemical composition of their
corresponding drainage basin (Chamley, 1989; Sionneau et al., 2008). Considering the
disproportionate role of mountains and glaciers in the erosion processes and the river
sediment yields (Hallet et al., 1996; Milliman and Syvitski, 1992; Comiti et al., 2019), we
mainly collected river sediments from tributaries draining the northern Alps (e.g. Iller, Inn;
n=35), the western Carpathians (e.g. Tisza, Morava; n=5) and the Dinarides (Sava and Velika
Morava rivers; n=2). Additional samples were collected along the Danube mainstream (n=6)
from Passau (Germany) to the Black Sea, near the confluence with the Tisza and Velika
Morava rivers. At every location where fine sediment was available, samples were collected

from fresh bank deposit.

4. METHODS

4.1 Core-scale analyses

The sedimentological analysis of GAS-CSO01 is firstly based on visual description and X-ray
images that allow the recognition of the main sedimentary facies and sequences, and the
manual counting of laminae/beds (see Part 6.1; Fig. 4). 2D X-ray images were acquired with a
Geotek XCT system (Ifremer, Brest) from split core sections. Detailed identification of the
sedimentary facies was completed by hyperspectral reconstructed images. The hyperspectral
spectroscopy technique consists of combining reflectance spectroscopy and digital imaging. A
high-resolution digital image of a sediment core and a reflectance measurement for a specified
wavelength range are collected in each pixel of the digital image. The wavelength intervals at
which absorption features appear in their reflectance spectra are determined by the chemical
compounds (e.g. organic matter) and physical properties (e.g. grain size) of the sediments
(Debret et al., 2018; Jacq et al., 2019; Van Exem et al., 2019). In this study, we present high-
resolution reconstructed images (spatial resolution of ~61 um/pixel) in order to highlight the
sedimentary features in GAS-CSO1. Hyperspectral images were acquired at the University of
Rouen (France) using a Specim (Spectral Imaging Ltd.) sediment-core-scanning system in
combinations with a Specim PFD-xx-V10E camera (Specim Ltd., Finland) and OLES22.5
lens. These high-resolution images were acquired in the VNIR (Visible and Near InfraRed)
spectral range between 400 to 1000 nm. The colour obtained with the VNIR is a false
(highlighted) colour constructed after selecting three bands in the RGB system (697.94,
548.87 and 469.59 nm).
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The bulk intensity of major elements for core GAS-CS01 was analysed using an Avaatech
XREF core-scanner (Ifremer, Brest). XRF data were collected every 1 cm along the entire core,
with a count time of 10 s, by setting the voltage to 10 kV (no filter) and 30 kV (Pd thick filter)
and the intensity to 600 mA and 1000 mA, respectively. Millimetre-scale analyses were also
conducted on some sections (30 s., 10-30 kV, 1000 mA) (Fig. 5).

The global mineralogy composition of GAS-CSO1 sediments was determined by X-ray
diffractometry (XRD), using a D8 Advance BRUKER model, a device type Bragg-Brentano
equipped with a Cu X-ray tube, a primary Soller slit of 0.6 mm, a nine-position sample holder
and the VANTEC-1 Position Sensitive Detector with a nickel filter (Ni 0.5). Prior to analysis,
dried sediment powders were inserted into the sample holder, and flattened. Measurements
were made from 5 to 70° with a resolution of 0.01° lasting 1 s. The voltage and amperage
were set up to 40 kV and 30 mA, respectively.

The clay mineralogy composition of GAS-CSO1 sediments was determined by X-ray
diffractometry (XRD), using a D2 PHASER BRUKER model, a Bragg-Brentano device type
equipped with a Cu X-ray tube, a primary Soller slit of 0.6 mm and the LYNXEYE Detector
with a nickel filter (Ni 0.5). In order to separate the clays from the rest of the matrix, the
sample undergoes several stages of preparation: various chemical treatments to eliminate
carbonates, iron oxides as well as the organic matter and a settling. Finally, these clays are
plated on an oriented glass slide which is analysed in three different ways: without treatment,
after saturation with ethylene glycol and after calcination at 490°C. Measurements were made
from 2 to 30° with a resolution of 0.02° lasting 1 s. The voltage and amperage were set to
30kV and 10 mA, respectively. The illite crystallinity (ICr) index, or Kiibler index (Kisch,
1991), was measured from XRD results. The illite crystallinity (°A280) is the full width at half
maximum (FWHM) determined from the illite peak at 10 A (Chamley, 1989). The clay
mineralogy and the ICr of the riverine samples (n=18) were also determined.

Finally, the geographical provenance of the GAS-CS01 sediments was determined measuring
Nd isotopic ratios of fine-grained detrital fraction (n=14). The neodymium isotopic
composition (eng) of terrigenous sediment is a powerful tracer for geographical provenance
because the eng signature of detrital sediment is retained during continental weathering and
subsequent transport (Bayon et al., 2015; Goldstein and Jacobsen, 1988). We focus on the
<63 um fraction because the meltwaters of ice margins predominantly transport the clay and
silt fractions of continental detritus (Boswell et al., 2018; Brown and Kennett, 1998). All bulk
samples were first treated to quantitatively remove any biogenic, authigenic and organic

compounds (Bayon et al., 2002) and residual detritial fractions were digested by alkaline
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fusion prior to isolation of the Nd by ion-exchange chromatography (Bayon et al., 2009). Nd
isotope measurements were performed on a Thermo Scientific Neptune MC-ICP-MS at the
Pole Spectrométrie Océan, Brest (France). Mass bias corrections on Nd were made with the
exponential law, using “Nd/'*Nd = 0.7219. Nd isotopic compositions were determined
using sample-standard bracketing, by analysing an internal standard solution every two
samples. Mass-bias corrected values for '“*Nd/'*Nd were normalized to a JNdi-1 value.
Replicate analyses of the JNdi-1 standard solution during the course of this study gave
SNd/"Nd = 0.512113 £ 0.000013 (2SD, n=28), in full agreement with the reference value
(0.512115) of Tanaka et al. (2000), and corresponding to an external reproducibility of ~
+0.25 e-units, taken as the estimated uncertainty on our measurements. In this study, both
measured '¥Nd/'*Nd ratios and literature data are reported in eng notation
[(*Nd/"*Nd)sample/("*Nd/"*Nd)chur - 1] x 10%, using ("**Nd/'**Nd)caur = 0.512638
(Jacobsen and Wasserburg, 1980). The ena dataset available in core MD04-2790 for the
ca. 28-10 ka period (Soulet et al., 2013) was produced using this procedure.

4.2 Laminae-scale analyses

To characterize the sedimentary facies of core GAS-CS01, and the laminations in particular
(see Part 6.1), we performed microscopic observations of 8 cm long thin-sections of
impregnated sediments. The thin sections were prepared at the Université de Bordeaux (UMR
EPOC) according to the protocol described in Zaragosi et al. (2006). The studied intervals
were selected from well-preserved and representative sedimentary facies (Fig. 4). The thin
sections were then used for geochemical characterization of the sediments via scanning
electron microscopy (SEM) at Ifremer, using a Thermo Scientific Quanta 200 equipped with
an OXFORD Instrument X-MAXN silicon drift detector energy-dispersive X-Ray
spectrometer (detector size: 80 mm?2). The thin sections were coated with a thin layer of
carbon and X-ray EDS maps acquired on an area of about 300 mm? to investigate the
microscale geochemical distribution/composition of the sediments. Each area is composed of
over 30 fields (3.47 x 3.04 mm each) scanned with a resolution of 1024 x 896 pixels (1 pixel
= 3.4 um). Additionally, morphological analyses of lithic grains were performed through
SEM (Quanta 200). The grains were deposited onto SEM sample holders covered with a gold
layer, and the SEM images were obtained with the secondary electron detector mode and an
accelerating voltage of 5.0 kV.

Finally, we performed a total of 398 grain-size analyses using a Malvern Mastersizer 3000

laser diffraction particle size analyser (0.1-2000 um) coupled with a Hydro LV wet dispersant
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unit. Ultrasonic dispersion (2 minutes) was conducted before analysis. The average resolution

is 0.25 cm along the studied intervals.

5. AGE-DEPTH MODEL

Core chronologies based on radiocarbon dates are hampered in the Black Sea by
unconstrained reservoir age (Guichard et al., 1993; Jones and Gagnon, 1994; Kwiecien et al.,
2008; Soulet et al., 2011a, 2019). To circumvent the reservoir age issue, it is possible to
reconstruct a meaningful environmental proxy from the core sediment and align it to a
calendrically-dated reference record (e.g. Bard et al., 2004, 2013; Heaton et al., 2013; Skinner
et al.,, 2010, 2020; Soulet et al., 2011a) in order to obtain the calendar age-depth model
without using radiocarbon dates. Original calendar age-depth model of core MD04-2790 is
based on the alignment approach (Soulet et al., 2011a): TEX86-derived Lake Surface
Temperature (LST) reconstructed from MD04-2790 sediments was aligned to Hulu Cave §'30
speleothem record (Wang et al., 2001). The GAS-CSO01 calendar age-depth model is based on
that of core MDO04-2790, through the alignment of their respective XRF-Ca records (Fig. 5)
which provided calendar ages at tie-points. The striking resemblance of XRF-Ca records
confirms that the XRF Canom is a basin-wide stratigraphic proxy in the Black Sea (Bahr et al.,
2005, 2008; Kwiecien et al., 2008; Soulet et al., 2011a; Constantinescu et al., 2015). Original
MDO04-2790 age-depth model was performed until to the depth 1990 cmbsf (31.3 ka),
corresponding to depth 1595 cmbsf in core GAS-CSO1. Below, MD04-2790 LST record did
not provide reliable tie-point compared to Hulu Cave record (Soulet et al., 2011a). Hence,
below the depth 1990 cmbsf in MD04-2790 and the depth 1595 cmbsf in GAS-CSO1, the
chronology is based on radiocarbon dates (Dreissena sp. and bulk organic matter; Table 2).
We implemented these chronological constraints (Supplementary Table S1 and S2) in Oxcal
(Bronk Ramsey, 2001, 2008, 2009; Bronk Ramsey and Lee, 2013; Bronk Ramsey, 2017). As
reservoir ages are unconstrained for this period, we applied a vague reservoir age correction
following a uniform distribution spanning 0 to 5000 “C yrs correction. Oxcal codes and
further details of the modelled age-depth models are available in Supplementary Online
Material. We found that the base of both cores consistently dates back to ~33.5 ka

(Supplementary Figs. S1 and S2).

6. RESULTS
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6.1 GAS-CSO01 lithology

The analysis of core GAS-CSO1 shows the the classic regional lithological succession
consisting of the microlaminated coccolith ooze (MCO; 0-0.04 mbsf), the black-brown micro-
laminated sapropel (0.04-0.52 mbsf), and the carbonate-rich layers (down to 2.53 mbsf)
overlying the Red Layers (2.53-4.26 mbsf). Below the Red Layers down to the bottom
(32.1 mbsf), the GAS-CSO1 lithology consists of even, parallel clastic rythmites. This
lithological succession, found from the north-west Black Sea upper slope (Bahr et al., 2005;
Major et al., 2002; Soulet et al., 2011a) to the Danube deep-sea fan (Constantinescu et al.,
2015), corresponds to ‘marine’ Unit I (MCO, <2,720 £ 160 cal a BP) and Unit II (sapropel,
deposited from 8,080 + 250 cal a BP) and below, ‘lacustrine’ Unit III (glacial ‘banded lutites’)
described by Ross and Degens (1974). Consequently, the carbonate-rich silty clay is
interpreted as the upper part of the ‘lacustrine’ Unit III (Dean and Arthur, 2011). This
sediment deposited during the late glacial (including the Bglling-Allergd Interstadial and the
Younger Dryas cold event), from 15.7 + 0.3 cal ka BP (upper part of the Red Layers; Soulet et
al., 2011a) and the Initial Marine Inflow ca. 9 ka (Soulet et al., 2011b). Based on the above,
core GAS-CSO1 therefore consists of a very high-resolution record of the glacial (sensu
stricto, > 16 ka) ‘lacustrine’ Unit III (until ca. 33.5 ka; see Part 5 ‘Age-depth model’).

In detail, the glacial sequence of GAS-CSO1 is fully laminated (total of 3815 laminae/beds
revealed by X-ray imagery) and consists of even, parallel clastic rhytmites that resemble the
varve pattern of Degens et al. (1978). They consist of silty to sandy graded deposits, evolving
gradually from millimetre- (i.e. laminae; Scandinavian-type lacustrine varves of Degens et al.,
1978) to decimetre-thick deposits (i.e. beds; megavarves of Degens et al., 1978) from the Red
Layers (2.53-4.26 mbsf) to the core bottom (32.1 mbsf) (Figs 4 and 6). They are separated by
muddy intervals of similar thickness (i.e. mm- to dm-thick from top to bottom). Interestingly,
the grain-size of the deposits is positively correlated with the thickness of the clastic intervals,
from silt-sized grains in the Red Layers to sand-sized particles in the deeper part of GAS-
CSO01. High-resolution grain-size analyses reveal the superposition of (basal) coarsening-up
and (top) fining-up sequences throughout GAS-CSO1. This pattern is mirrored by the
millimetre-scale XRF Zr/Rb, well-known as a semi-quantitative grain-size indicator (Dypvik
and Harris, 2001) (Figs 7, 8 and 9). All these results (and the inversely graded facies in
particular) suggest that the clastic rhytmites in GAS-CSO1 are hyperpycnite sequences, i.e.
deposits that are related to quasi-steady hyperpycnal (i.e. ‘above a density threshold’)
turbidity currents (Mulder et al., 2003; Mulder and Alexander, 2001). The detailed

observation of X-ray images and thin-sections reveal similar sedimentary deposits (including
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4841 laminae) at site MD04-2790 (Soulet et al., 2011a), ~20 km east of GAS-CSO01. This
highlights the regional imprint of hyperpycnal flows in the north-west Black Sea ‘Lake’
during the last glacial period.

6.2 Hyperpycnal turbidites frequency

The frequency of hyperpycnal turbidite deposits (hyp.250 yr'') has been estimated for cores
GAS-CSO1 and MD04-2790 (Fig. 10b and Supplementary Online Material). The two cores
present similar trends. A peak in hyperpycnal turbidite frequency (>100 hyp.250 yr!) is
observed from ca. 32.5-30.5 ka with a maximum (up to 380 hyp.250 yr! at GAS-CS01)
estimated at ca. 31 ka. A rapid decrease is observed thereafter (<50 hyp.250 yr'!), followed by
a new increase centred at 29-27.5 ka (~150 hyp.250 yr'! at MD04-2790). Then, a ~10-kyr-
long period (from ca. 27 to 17 ka) of moderate hyperpycnal turbidite frequency fluctuating
between ~15 and 50 hyp.250 yr'! is observed. During this interval, two main episodes of
increasing frequency (up to ~50-70 hyp.250 yr'!) are observed, at ca. 25.3-23.8 ka and at
ca. 22.3-19 ka. A last peak in hyperpycnal turbidite frequency is observed at the two sites
at 17.2- 16 ka, i.e. during the deposition of the Red Layers. The evolution of sediment
accumulation rates calculated for the two cores strictly follows that of the hyperpycnal

turbidite frequency (Fig. 10c).

6.3 Sedimentary geochemistry

6.3.1 Clay mineralogy

The GAS-CSO1 clay mineralogy (n=146; Fig. 10d,e and Supplementary Online Material)
reveals the dominance of both smectite (39 +£13%) and illite (36 £ 10%) over chlorite
(15 £7%) and kaolinite (11 +5%). From ca. 31 to 17.2 ka, the abundance of clay minerals
fluctuates (up to ~15-20% variability for smectite) but is relatively stable in comparison to the
>31 ka (peak in hyperpycnal turbidite frequency; see Part 6.2) and <17.2 ka (Red Layers)
intervals. Indeed, the oldest interval of GAS-CSO1 is characterised by high abundances in
illite (~40-45%) and chlorite (~20-30%), but low abundances in smectite (~30%)
and kaolinite (~5-10%), in comparison to the subsequent ca. 31-17.2 ka interval. Similarly,
the smectite content abruptly decreases from ca. 17.2 ka (<10%) while the content in kaolinite
(up to 25%) and illite (up to 60-70%) significantly increases. Note that despite a general low
abundance, kaolinite is the only clay mineral to show a distinct signature for the three time

periods considered.
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The Danube River tributary samples (n=12) were divided into three groups corresponding to
the north-eastern Alps (n=5), the Carpathians (n=5) and the Dinarides (n=2) mountainous
areas (Table 3). River samples from the Alps show an illite content of ~40-50% while chlorite
represents ~25% of the clayey fractions. Kaolinite and smectite contents are low, usually
<5%, except in the Iller River where the smectite content reaches 40%. Smectite (~55%)
dominates over illite (~25-30%) in the Carpathians, while an inverse pattern is observed in the
Dinarides (~45-50% and ~20-25% of illite and smectite, respectively). The clay mineralogy of
these zones contrasts with that of the north-eastern Alps with significant abundance of
kaolinite (~10-20%) and very low content of dolomite (<2%). Dolomite abundance is

significant (up to 17%) in the Alpine rivers.

6.3.2 Illite crystallinity index

The illite crystallinity index (ICr) in GAS-CSO01 (n=146) shows values ranging from ~0.25° at
the core bottom to ~0.60° in the Red Layers interval (Fig. 10f and Supplementary Online
Material). In between, the ICr values range from ~0.30° to 0.40°. The increase in ICr values
in the Red Layers is abrupt (at ca. 17.2 ka). In contrast, the ICr decreases gradually from ca.
33.5 ka to ca. 30 ka.

The ICr values of the Danube tributary river samples (n=12) are more homogeneous than in
core GAS-CSO1. ICr values reach a maximum of only 0.34-0.39° in the northern Alps (Iller
River and the Danube at Passau). The ICr minimum (0.20°) is found in the (upper) Drava

River sample, eastern Alps (Table 3).

6.3.3 ena

The eng dataset used in this study is from core MD04-2790 (n=84) for the ca. 28-10 ka period
(Soulet et al., 2013) and from core GAS-CSO01 (n=14) for the ca. 32-28 ka period (Fig. 10g).
GAS-CSO01 sediment show an &na value of -11.0 at ca. 28 ka, in line with the &ng signature of -
11.3 £ 0.3 (n=53) for the glacial MD04-2790 sediment (except Red Layers, see the discussion
below). &na values gradually change towards the core bottom, reaching about -9.4 + 0.1 (n=9)

over the ca. 33.5-31 ka period (Supplementary Online Material).

7. DISCUSSION

7.1 Linking GAS-CS01 and MD04-2790 sedimentary sequences to Central European

rivers
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7.1.1 Sedimentological evidence for direct connection between Central European
sediment sources and Black Sea depositional sinks

The sedimentological investigation of core GAS-CSO1 shows that the continuous, rhythmic
layering observed throughout the core (Fig.4) consists in the succession of coarsening-
upward and fining-upward units characteristics of hyperpycnal turbidity-current deposits (i.e.
hyperpycnites; Mulder et al., 2003), at both the decimetre (lower part of GAS-CSO1; Fig. 7)
and millimetre scales (upper part of the core; Fig. 9). Thus, we attribute each clastic rhythmite
(laminae or beds; Fig. 4) in GAS-CSO01 to a discrete hyperpycnal flow. Hyperpycnal flows are
defined as a bottom-riding flow evolving from a hyperpycnal plume, which descends to the
basin floor as a result of excess density generated by its sediment load. Hyperpycnal flows are
thus seen as the continuation of river discharges (i.e. floods) in subaqueous environments
(Mulder et al., 2003, 1998; Mulder and Syvitski, 1995; Normark and Piper, 1991; Piper and
Normark, 2009). They are frequent in freshwater lakes where only small particle density
thresholds are necessary to trigger plunging (Mulder et al., 2003). The brackish water
conditions prevailing in the Black Sea during the last glacial period (Deuser, 1972; Marret et
al., 2009; Ross et al., 1970; Schumilovskikh et al., 2014; Soulet et al., 2010; Wegwerth et al.,
2016), combined with the increased surface runoff and sediment load of the western Black
Sea rivers (e.g. Danube, Dniepr) due to the combination of reduced vegetation cover and
widespread permafrost (Kasse et al., 2010; Sidorchuk et al., 2011, 2008) likely favoured the
generation of hyperpycnal flows and their deposits at the GAS-CSO1 site. The recording of
these events, and by extension of the river floods, was also favoured by the proximity to the
GAS-CSO01 site and the delta of the western Black Sea rivers. Indeed, the glacial lowstand
conditions (lake level ~90-120 m below the present sea level; Figs 1 and 2) significantly
reduced the river mouth distance to the shelf margin. This evidence suggests that the 3815
hyperpycnites of core GAS-CS01 provides a high-resolution flood record in the north-west
Black Sea over the ca. 33.5-15 ka interval. Similarities in both the stratigraphy (see the XRF
Canorm for a prominent example; Fig 5) and sedimentology (i.e. thythmic layering throughout;
Fig. 6) observed in core MDO04-2790 (Soulet et al., 2011a), ~20 km east of GAS-CSO1,
highlights the regional imprint of river floods in the north-western part of the glacial Black
Sea ‘Lake’.

Reconstructed hyperpycnite frequency indicates that both GAS-CS01 and MDO04-2790 sites
experienced five main periods of increased flood frequency (Fx), each of 1.5-3 kyr duration,

over the ca. 33.5-15 ka interval. These periods occurred simultaneously at both sites, at
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ca. 32.5-30.5 ka (Fs), corresponding to the peak maximum, and at ca. 29-27.5 ka (Fa),
ca. 25.3-23.8ka (F3), ca.22.3-19ka (F2) and ca. 17.2-15.7ka (F;) (Fig. 10b,c). The
simultaneity of each of the Fx periods at sites GAS-CSO1 and MDO04-2790 importantly
suggests a common forcing and, potentially, a unique river source at the two sites. This is
fittingly demonstrated for the F; period, ca. 17.2-15.7 ka. Geochemical investigations of
MDO04-2790 sediment and the use of neodymium isotopic composition show that the sediment
composing the Red Layers originated from the decaying FIS and were transported to the
Black Sea by the Dniepr River (Soulet et al., 2013). Thus, the F; peak in GAS-CS0O1 and
MD04-2790 result from the increase in the frequency of hyperpycnal flows generated at the
Dniepr River mouth in response to ice mass fluctuations ~1,200 km northward (Fig. 1; Soulet
et al., 2013). The available geochemical dataset reveals that the unique, major river source for
hyperpycnal flows over the ca. 33.5-17.2 ka interval and the F», F3 F4+ and Fs peaks was the
Danube River (see Part 7.1.2). The concomitance between climate, sediment input and
geochemical signature changes (smectite abundance, &€ng, etc.; Fig. 10) excludes both an
autogenic origin (i.e. internally generated ‘noise’) and lake-level changes (highly debated over
the last glacial period; see Lericolais et al., 2011 and Vidal et al., 2010 for contrasting
conclusions) for the observed variability in the sedimentary record at the GAS-CSO1 and

MD04-2790 sites (see Part 7.2).

7.1.2 Deciphering river sources

7.1.2.1 Neodymium isotopic composition

The sediment of the Red Layers deposited between ca. 17.2 and 15.7 ka (F; peak) are
characterised by &xg values of -14.5 £ 1.3 (down to -18; n=24; Soulet et al., 2013). These
values are close to €ng values of sediments of the Baltic area (Boswell et al., 2019, 2018;
Soulet et al., 2013; Toucanne et al., 2015) and the rivers Dniepr (€ng of -14; Soulet et al.,
2013) and Don (-14.3, this study) showing that the Red Layer sediments originated from the
decaying FIS (Soulet et al., 2013). In contrast, the glacial sediment in MD04-2790, from
ca. 28 ka (oldest €xq analysis in Soulet et al., 2013) to 11.7 ka shows homogenous but very
distinct &ng values of -11.3 + 0.3 (n=53). The latter signature is close to that of the European
Alps (Soulet et al., 2013), for which the northern and eastern parts (sediment yield of 160 and
220 t.km2.yr”!, respectively; Hinderer et al., 2013) represent a substantial contribution to the
Danube sediment discharge (mean sediment yield: 83 t.km2.yr'!). Indeed, Alpine rivers carry

fine-grained sediments with modern &ng values ranging from about -10.8 for the P6 River
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(south-western Alps; Frost et al., 1986), -10.2 + 0.5 for the Rhone River (western Alps; Henry
et al., 1994) and -9 for the Rhine (north-western Alps; Bayon et al., 2015) and the Danube
(north-eastern Alps) rivers (Soulet et al., 2013). The Nd isotopic values of these Alpine rivers
match those of the Quaternary loess of the Carpathian Basin (-10.4 + 0.6, n=20; Ijjvéri et al.,
2012). Based on the above, we thus assume that the glacial €xq signatures of -11.3 £ 0.3 at site
MDO04-2790 are mainly ascribed to the Alps-Carpathian realm and, by extension, to the
Danube River. Nevertheless, it cannot be ruled out that a slight contribution from the Dniepr
and Don (&ng of about -14) at the studied sites possibly lowered the ‘pure’ €ng signature (-11/-
9) of the Danube to its lower (i.e. unradiogenic) end members during the last glacial period.
This mixing is supported by the significant increase in &€ng at ca. 33-31 ka (Fs peak), with
radiogenic values (about -9) that undoubtedly excludes all river sources except that of the

Danube at that time.

7.1.2.2 Clay mineralogy and illite crystallinity

Illite and smectite dominates the clay mineralogy of GAS-CSO1 sediment (Fig. 10d). Illite is a
good marker for northern river sources in the Black Sea (Stoffers and Miiller, 1978; Tudryn et
al., 2016), including the Danube River (Table 3), but it shows a maximal abundance (>40%)
both during the ‘non-radiogenic’ Dniepr-sourced F; peak (i.e. Red Layers; &nd down to -18)
and the ‘radiogenic’ Danube-sourced Fs peak (e&ng about -9). Thus, it cannot be used to
decipher sediment sources in the north-west Black Sea. The combination of illite with
kaolinite at GAS-CSO1 during the F; peak is a peculiar mineralogical signature over the
studied interval. Illite and kaolinite are typical of (paleo)soils, pedogenic processes and long-
term weathering of sedimentary basins (Chamley, 1989) and appear as the main clay minerals
in the Volga and Dniepr-Donets basins (Makshaev and Svitoch, 2016; Misch et al., 2018;
Vishnevskaya and Sedaeva, 2000), thus supporting an eastern Central European origin for the
deposition of Red Layers (Soulet et al., 2013). On the other hand, the low kaolinite content
(~5-15%), together with the e€ng values, exclude this source (at least as a major contributor)
for glacial sediment input to the margin between ca. 33.5 and 17.2 ka.

Smectite content is low to absent in the Red Layers but represents 30 to 60% of the ca. 33.5-
17.2 ka interval at GAS-CSO1. Smectite is well-represented in the Danube drainage basin
(Tudryn et al., 2016), particularly in the Dinarides (~20-25%) and the Carpathians (~45-55%;
Table 3). In the latter region, it probably originates from chemical hydrothermal weathering of

volcanic rocks (Chamley, 1989), as shown in the Tisza basin (e.g. Tokaj Mountains and the
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Calimani-Gurghiu-Hargita volcanic chain in the northern and eastern Carpathians,
respectively; Bobos, 2012; Kiss et al., 2010). In the Alpine domain of the Danube, smectite is
restricted to the western part of the Molasse Basin as shown by mineralogical data from the
Iller River (40%; Table 3) and the neighbouring Lake Constance (Miiller and Quakernaat,
1969). It is important to note that the Rhine glacier covered Lake Constance during the last
glacial period and drained into the Danube (Ellwanger et al., 2011), thus providing a
significant source of Alpine smectite, with chlorite and dolomite (Miiller and Quakernaat,
1969; Schmieder et al., 2004), to the north-west Black Sea. Chlorite content is also significant
(~25-30%) in the Alpine domain, in rivers draining both the northern (e.g. Inn, Enns) and
central eastern Alps (i.e. eastern Dolomites and the Drava River; Table 3), where physical
weathering at high altitudes dominates (Chamley, 1989; Miiller and Quakernaat, 1969).
Chlorite content in GAS-CSO01 reaches a maximum (~25%) during the Fs peak together with
an increase in dolomite (~10%), a common mineral in the inner Alps (Upper Rhine, Iller,
Enns, Drava; Table 3). Thus, the mineralogical signature for the Fs peak suggests a significant
Alpine contribution. More generally, these data together with Eng support our contention that
the Danube River was the main source for sediment input to the margin over the ca. 33.5-
17.2 ka interval.

This is further supported by the ICr values of 0.32 £ 0.04 at GAS-CSO01 (Fig. 10f) that fit well
with those obtained for the Danube river samples (0.3 + 0.05; Table 3). Such values are
indicative of illite formation in low-grade metamorphic, high anchizonal conditions (i.e. lower
greenschist facies; Kubler, 1967), typical of the central and eastern Alps (Bousquet et al.,
2008; Krumm et al., 1988; Rantitsch, 1997; Schramm, 1991), the Dinarides (Rainer et al.,
2002) and the Carpathians (Arkai, 1991; Arkai et al., 2003; Ciulavu et al., 2008).
Interestingly, the Fs peak shows ICr values down to 0.23° pointing to anchizonal-epizonal
thermal conditions (i.e. blueschist facies). Such metamorphic conditions are restricted to the
western (Gemer and Biikk units; Arkai, 1991) and southern parts (Danubian window; Ciulavu
et al., 2008) of the Carpathians, and the Engadine (up to 4,049 m at Piz Bernina) and Taeurn
(up to 3,898 m at Grossglockner) windows of the eastern and central Alps, respectively
(Bousquet et al., 2008; Nievergelt et al., 1996; Schramm, 1991) (Figs 1 and 3). The dolomite
enrichment at ca. 33-31 ka together with the above ICr values, points to these high alpine
sources for the Fs peak sediments, and by extension to the Drava (and its tributaries; e.g.
Mur), that drain both the Dolomites and the southern Taeurn window, and the Inn rivers. The
Inn River has its source in the Bergell Massif (upper Engadine valley) and the Salzach River,

its main tributary, drained the northern part of the Tauern window (Fig. 3). Interestingly, the
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end values of the Fs peak (-9.4 £ 0.1, n=9) match with the lower range of &ng values (-
8.0 £ 1.4, n=9) determined for recent granites in the high Central Alps, including the Bergell
Massif (Juteau et al., 1986). Altogether, the neodymium isotopic composition, the clay
mineralogy and the ICr highlight the imprint of the Danube River on the north-west Black Sea
margin sedimentation during the ca. 33.5-17.2 ka interval.

The above finding is in line with geomorphological aspects from the continent interior to the
deep Black Sea. First, the modern contribution of the ‘mountainous’ Danube to the Black Sea
exceeds that of the ‘lowlands’ Dniester, Dnieper and Don by a factor 8 (see Part 2.1; Milliman
and Farnsworth, 2013; Milliman and Syvitski, 1992; Panin and Jipa, 2002), and this
difference was strongly enhanced during the last glacial period by the presence of the AIS and
Carpathian glaciers in the Danube drainage area (see Part 2.2). In contrast, the southern limb
of the FIS entered the Upper Dniepr basin only during a short period ca. 20-17 ka (Hughes et
al., 2016; Karabanov and Matveyev, 2011; Soulet et al., 2013) (Fig. 1). Moreover, the
physiography of the shelf-penetrating Danube Canyon (Popescu et al., 2004) and the high
sediment inputs into the Danube deep-sea fan (Constantinescu et al., 2015) are indicative of
both a high Danube sediment discharge and of a good connectivity between the Danube delta
and the shelf margin where cores GAS-CS01 and MDO04-2790 are located (Fig. 2). As such,
the physiography of the margin suggests that the GAS-CSO01 site was located at only ~20-
30 km (~50 km for MD04-2790) from the Danube paleo-delta front (~130 km today) during
glacial lowstand conditions (Popescu et al., 2004). Sediments deposited at sites GAS-CSO1
and MDO04-2790 between ca. 33.5 and 17.2 ka therefore record the evolution of the Danube

basin.

7.2 From the Black Sea sedimentary record to the Alpine Ice Sheet

The above geochemical constraints, together with the timing for the Fs (ca. 32.5-30.5 ka), F4
(ca. 29-27.5 ka), F3 (ca. 25.3-23.8 ka) and F> (ca. 22.3 to 19 ka) peaks, suggest increased
Danube sediment discharges during Heinrich Stadial (HS; i.e. a stadial which contains a
Heinrich event as defined by Sanchez Goiii and Harrison, 2010) 3 (ca. 32-29 ka), Greenland
Stadial 4 (ca. 28.6-27.8 ka), HS 2 (ca. 26-23.5 ka) and during the period corresponding to the
transition from the global LGM to the Northern Hemisphere deglaciation, respectively. This
correlation highlights a close relationship between Danube River flood frequency and climate
change. Nowadays, severe floods in the Alpine-Carpathian range are triggered by heavy, late
spring to fall precipitation (e.g. Bloschl et al., 2013; Parajka et al., 2010). Holocene



583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

reconstructions of the flood frequency in the central and north-eastern Alps reveal centennial-
to millennial-scale fluctuations in flood activity, with high flood activity correlated with cool
periods (lows in solar activity, global/alpine glacier advances; Glur et al., 2013; Swierczynski
et al., 2013; Wirth et al., 2013).

During the last glacial period, the continental ice build-up promoted cooling and enhanced
aridity over Europe (Wu et al., 2007). Precipitation over the Alps and Carpathians occurred
mainly in the form of snow. This inhibited the generation of floods from high-altitude sites,
but participated in the build-up of glaciers over the Carpathians and of the AIS during the last
glacial period (Figs 1 and 3). The AIS built up, reached its glacial maximum extent (covering
up to ~50,000 km? of the Danube watershed) and thickness (up to 2,500 m in the Hohe Tauern
region; Figs 3 and 11), and eventually shrunk over the ca. 33-17.2 ka interval (e.g. Ivy-Ochs,
2015; Ivy-Ochs et al., 2008; Seguinot et al., 2018). Pullback of glaciers from their maximum
extent (i.e. Alpine LGM) was underway by ca. 24-22 ka, and glaciers had receded within the
mountain front by ca. 19-18 ka (e.g. Ivy-Ochs, 2015; Monegato et al., 2017; Reitner, 2007).
This has been widely documented in the north-eastern Alps, including the Rhine, Iller, Isar,
Loisach, Inn, Salzach, Enns and Drava valleys (Ellwanger et al., 2011; Habbe and Rogner,
1989; Heiri et al., 2014; Ivy-Ochs et al., 2008; Preusser, 2004; Reitner, 2012; Spoétl et al.,
2013; Starnberger et al., 2009; Van Husen, 2004). Thus, glaciers retreat must have supplied
meltwater and sediment to the to the Danube sediment routing system.

The timing for the Alpine (and Carpathian; Makos et al., 2018, 2013) deglaciation closely
matches that of enhanced Danube river floods from ca. 22 to 19 ka (F> peak). This strongly
suggests that the F. peak originated from the rapid downstream transport of glacigenic
sediments by AIS (and possibly Carpathian glaciers) meltwater, an assumption supported by
the glacigenic character of the lithic grains found in GAS-CSO1 (Supplementary Fig. S3).
Onshore ice retreat and concomitant offshore sediment pulse is a common feature of large-
scale glaciated sediment routing systems (e.g. Mississippi in North America, Kolla and
Perlmutter, 1993; Channel River, Rhine, Rhone or Po in Europe, Bonneau et al., 2017;
Hinderer, 2001; Pellegrini et al., 2017; Toucanne et al., 2010). In these systems, sediment
production greatly exceeds transport capacity, hence downstream release of sediments occurs
through pulses of meltwater floods when glaciers retreat. Thus, the F> peak (sourced by the
AIS-Danube system) as well as the F; peak (sourced by the FIS-Dniepr system; Soulet et al.,
2013) share the common genetic origin of ice melting. Together with the geochemical results,

we thus suggest that the Fs (ca. 32.5-30.5 ka), F4 (ca. 29-27.5 ka) and F; (ca. 25.3-23.8 ka)
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peaks, just like F», were triggered by significant ice melting and meltwater production in the
Danube basin.

Little is known about ice fluctuation in the Alps before the deglaciation (e.g. Ivy-Ochs et al.,
2008). The Tagliamento end moraine system of the south-eastern Alps (Fig. 3) provides
insights into AIS fluctuations at the LGM. Two phases of glacial culmination occurred from
26.5ka and at ca. 23-21 ka, separated by a distinct recession which ended no later than
ca. 23 ka (Monegato et al., 2017) (Fig. 12e). This recession, also recognized in the
neighbouring Brenta glacier region (Rossato and Mozzi, 2016; Fig. 3), is concomitant with
enhanced Danube river floods and the F; peak, while the two glacier advances are coeval with
the minima in the Danube River discharge at ca. 27-25.3 ka and from ca. 23.8 ka (Fig. 12b).
The Tagliamento and Brenta glaciers were draining south into the Adriatic, suggesting that
the timing of ice fluctuations in the Danube basin was similar to that of the south-eastern Alps
with a significant melting episode at ca. 25.3-23.8 ka (F3 peak). The hypothesis is supported
by the fact that both the Tagliamento and Brenta glaciers in the south-eastern Alps, and the
Inn, Salzach, Traun, Mur and Drava glaciers in the Danube basin were all draining the Hohe
Tauern region and the Engadine ice dome in the central eastern Alps (Florineth and
Schliichter, 2000; Seguinot et al., 2018; Fig. 3). Geochemical data characterizing the GAS-
CSO01 sediment during Fs peak (high €ng and dolomite content, and low ICr; see Part 7.1 and
Fig. 10) also suggest this region as the source of sediment.

Fs peak in hyperpycnal flow frequency suggests a significant retreat of the AIS at ca. 32.5-
30.5 ka, with significant remobilization (via meltwater) of the glacigenic sediment from the
Engadine (e.g. upper Inn) and Tauern (e.g. upper Salzach and Drava) valleys. By extension,
this indicates that ice caps were mainly restricted to the high Central Alps before ca. 32 ka,
with a configuration that could resemble that proposed in Figure 11. This is consistent with
the radiocarbon chronology of the Inn Valley that indicates that glaciers were upstream of
(but close to) the Innsbruck region (i.e. ~100 km of the Alpine foreland) ca. 33-32 ka (Spotl et
al., 2013). It is noteworthy that the sediment flux at the GAS-CS01 and MD04-2790 sites was
greater during the Fs peak than during the F2, F3, and Fs4 peaks. The amplitude of the Fs peak
could be explained by very low lake-level conditions, basinward migration of the Danube
delta or even lateral changes in sediment dispersal and depocenter considering the fact that the
Fs peak is higher at site GAS-CSO1 than at site MDO04-2790 (Fig. 10). However, these
forcings alone cannot explain the alpine geochemical signature (i.e. high Central Alps)
observed at that time. As a result, we propose that the Fs peak (as well as the F4 peak, see

below) is the result of a short term glacier retreat event that occurred in the course of the
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longer term growing phase of the AIS toward its LGM extent. Resulting pulse in meltwater
flood flushed a huge amount of glacigenic material (i.e. no longer available) accumulated in
the high Alps since the previous glaciation (MIS 4 or even before; Ivy-Ochs et al., 2008; van
Husen, 2000). In addition, our results suggest that the rapid ice growth that led to the invasion
of the northern Alpine foreland by the major AIS ice-streams at the LGM started after
ca. 30.5 ka, i.e. after the retreat interval mirrored by the Fs peak, and ended no later than
ca. 25.3 ka (onset of the F3 peak). Such timing is consistent with that reported for the western
Carpathians (Makos et al., 2018) and the northern foreland of the Swiss Alps (e.g. Rhine
glacier; Preusser et al., 2011) (Fig. 12d). Finally, the Fs peak suggests that the LGM ice
advance was interrupted (with glaciers melting in the north-eastern Alps) between ca. 29 and
27.5 ka. Our results imply that the ice front in the Inn Valley (Spétl et al., 2013) advanced to
its LGM position at a rate of about 20-45 m/year (~100 km in a maximum of 2,200-5,200
years).

This rapid change in AIS volume and extent modified the regional pattern of erosion (e.g. Jiao
et al., 2018), which may explain the mineralogical changes observed at the GAS-CSO1 site
after the Fs peak. This includes in particular the dominance of smectite in clay assemblages
(Fig. 10d) and the disappearance of the signature (ICr, €ng; Fig. 10f,g) of the Engadine and
Tauern source areas. These two regions were rapidly covered by ice (>1 km in thickness at the
LGM; Florineth and Schliichter, 2000) and the sediment-laden meltwater reaching the north-
west Black Sea then mainly originated from the ice-streams located in the northern Alpine
foreland, including those of the Rhine (Ellwanger et al., 2011) and the Iller valleys (Habbe
and Rogner, 1989) that remobilize smectite-rich sediments (Miiller and Quakernaat, 1969;
Table 3) (Fig. 11).

It is striking how Danube River flood activity ca. 33-17 ka closely resembles that of the Po
River, Italy (Fig. 12¢). Indeed, the Fs, F4, F3 and F, Danube peaks are coeval with rapid
increases in sediment flux (up to 200 km?/kyr) in the Po delta, which accumulated ~350 m of
sediment from the southern AIS ca. 32-14 ka (Pellegrini et al., 2018, 2017). This result
indicates that the sediment flux of the Danube and Po rivers was not controlled by basin base
level changes (i.e. water-level fluctuations) because they evolved independently in the
Mediterranean and Black Seas during glacial periods (Badertscher et al., 2011). Hence, AIS
mass-balance changes must explain the similar sediment flux pattern observed offshore of the
Po and Danube rivers during glacial times. The close resemblance between AIS fluctuations

in the Danube catchment and the regional precipitation pattern (i.e. 7H &'80 record of the
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Sieben cave system; Luetscher et al., 2015), that partly controlled glacier mass balance

(Fig. 12d), suggests that the AIS as a whole was responding to large-scale climate forcing.

7.3 Enhanced surface melting of the Alpine Ice Sheet during periods of North Atlantic

cooling

In the above discussion, we have showed that the Fs (ca. 32.5-30.5 ka), F4 (ca. 29-27.5 ka), F3
(ca. 25.3-23.8 ka) and F> (ca. 22.3 to 19 ka) peaks in hyperpycnal flow frequency, resulting
from increased Danube sediment discharges, likely resulted from enhanced surface melting of
the AIS during HS 3 (ca. 32-29 ka), Greenland Stadial 4 (ca. 28.6-27.8 ka), HS 2 (ca. 26-
23.5 ka) and the very end of the global LGM. The timing of these episodes of AIS melting has
important implications, at regional to continental scales. The last episode of AIS melting
recorded in this study (i.e. F> peak in the Danube record, and its equivalent in the Po delta)
occurred ca. 22-19 ka. This time interval corresponds to the onset of the widespread retreat of
the Northern Hemisphere ice sheets in response to high northern latitude summer insolation
forcing (Carlson and Clark, 2012; Clark et al., 2009). This event is well-documented for the
FIS that rapidly retreated in the Baltic lowlands at that time (Hughes et al., 2016; Larsen et al.,
2009; Stroeven et al., 2016; Toucanne et al., 2015, 2010). In contrast, the rapid acceleration in
the FIS retreat from ca. 18 ka (HS 1; Hughes et al., 2016; Toucanne et al., 2015, 2010;
Zaragosi et al., 2001) has no AIS equivalent in the north-west Danube and Po sedimentary
records. Sediment flushed by AIS fluctuations younger than ca. 19 ka (i.e. Alpine Lateglacial,
including the Gschnitz stadial ca. 17-16 ka; Ivy-Ochs, 2015) could have been trapped in
glacier-shaped lake basins that formed during deglaciation (Hinderer, 2001). This is consistent
with the idea that glaciers receded back into the mountain front during the ca. 22-19 ka
melting event, especially in the north-eastern Alps (Ivy-Ochs, 2015; Reitner, 2007; van
Husen, 2000). By extension, this suggests that the HS 1 melting episode (ca. 18-16.5 ka;
Toucanne et al., 2015), if it existed at all in the Alps (e.g. Ravazzi et al., 2014; Wirsig et al.,
2016; Lehmann et al., 2020), impacted only a restricted area and volume of ice. This implies
that the forcing that caused the initial retreat of the FIS at ca. 22-19 ka was important enough
to cause a catastrophic collapse of the AIS. The rapid AIS collapse from ca. 22 ka was likely
forced by the summer energy of Huybers (2006) that increase from 23.5 ka at 45°N and
precede the summer insolation by 1.5 kyr (22 ka at 45°N; Laskar et al., 2004) (Fig. 12e). This

suggests that summer energy is a better indicator of glacial variability than insolation intensity
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(Huybers, 2006), and confirms that the AIS was a highly dynamic ice-sheet (Seguinot et al.,
2018).

AIS melting events during HS 3 and HS 2 in both the Danube and Po catchments (Fig. 12¢)
and the substantial FIS recession in the Baltic lowlands (Boswell et al., 2019; Hughes et al.,
2016; Toucanne et al., 2015) are concomitant within age-model uncertainties. HS 3 and HS 2
in the North Atlantic correspond to cold air and sea-surface temperatures, widespread sea ice
and increased iceberg calving and dispersal from surrounding marine-terminating ice margins
(Bard et al., 2000; Barker et al., 2009). This is in contrast to the expectation that ice sheets
should expand in colder climates and shrink in warmer climates, given constant precipitation.
Considering that ablation of land-based ice in mid-latitudes occurs primarily during summer
months (Oerlemans et al., 2001), the melting of both the AIS and the FIS during HS 3 and
HS 2 (as well as during Greenland Stadial 4 for the AIS) requires a high seasonality in
western Europe. High seasonality implies enhanced summertime melting, and thus rising
summer temperature, despite severely cool winters and the rapid expansion of sea ice in the
North Atlantic as previously discussed by Buizert et al. (2014) and Denton et al. (2005, 2010)
for HS 1 and the Younger Dryas cold reversal. High-resolution climate simulations and proxy
evidence, including the disintegration of Alps glaciers and the Scottish ice cap, support the
occurrence of warm European summers during HS 1 (i.e. the so-called Gschnitz stadial in the
Alps; Lehmann et al., 2020) and the Younger Dryas (Bromley et al., 2018; Schenk et al.,
2018; Magyari et al., 2019). The atmospheric blocking of cold westerly winds over western
Europe would be a key mechanism according to Schenk et al. (2018) and such a forcing
would have prevailed during HSs of the last glacial period. A strong shift in atmospheric
circulation in Europe and over the Alps during and around the LGM (Becker et al., 2016;
Beghin et al., 2015; Florineth and Schliichter, 2000; Ludwig et al., 2016), including
millennial-scale climate changes (Luetscher et al., 2015; Monegato et al., 2017), partly
support this assumption. Whatever the mechanism responsible for driving stadial decay of the
AIS, our results, together with those obtained for the FIS for the last (Toucanne et al., 2015)
and penultimate glacial periods (Boswell et al., 2019), strengthens the idea that warm

European summers are likely a recurring feature of North Atlantic stadials.

8. CONCLUSION

The GAS-CSO01 and MD04-2790 glacial sedimentary sequences of the Black Sea ‘Lake’

provide a continuous high-resolution record of the Danube River discharge over the ca. 33-
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17 ka period. The main results, based on sedimentological, mineralogical and geochemical

analysis, are the following:

1. The Danube sediment routing system produced hyperpycnal discharges into the north-west
Black Sea throughout the study interval, and their deposits (i.e. hyperpycnites) at the GAS-
CS01 and MD04-2790 sites provide a continuous, high-resolution paleoflood record of the
Danube River at the end of the last glacial period (ca. 33-17 ka);

2. Four main periods of enhanced Danube flood frequency (Fx), each of 1.5-3 kyr duration,
are recorded at ca. 32.5-30.5 ka (Fs), at ca. 29-27.5 ka (Fs4), at ca. 25.3-23.8 ka (F3) and at
ca. 22.3-19 ka (F2). The sediment of the F» period are typical of the Alpine foreland, whereas
that deposited during the Fs period shows mineralogical and geochemical signatures typical of
the inner Alps (i.e. Engadine and Taeurn windows). This suggests that the Danube River
activity over the ca. 33-17 ka interval provides a valuable record of paleoenvironmental
changes in the European Alps, and by extension of the north-eastern AIS, from the second

part of MIS 3 to the deglaciation;

3. Our data and continental morphostratigraphical evidence, suggest that the AIS volume has
drastically decreased at ca. 19 ka (and as soon as ca. 22 ka) since no fluctuation of the AIS is
recorded at the studied sites after this date. On the other hand, millennial-scale fluctuations of
the north-eastern AIS are recorded before the deglacial 22-19 ka event (F»), with three
significant melting episodes, able to remobilize glacigenic sediment to the Black Sea, at
ca. 32.5-30.5 ka (Fs), at ca. 29-27.5 ka (F4) and at ca. 25.3-23.8 ka (F3). Ice advance occurred
between these periods and both the mineralogical and geochemical data suggest that the rapid
AIS growth from the inner Alps to its LGM position started from ca. 30.5 ka and ended no
later than ca. 25.3 ka;

4. The Fs (ca. 32.5-30.5 ka), Fs (ca. 29-27.5 ka) and F3 (ca. 25.3-23.8 ka) events indicates
enhanced surface melting of the AIS during HS 3 (ca. 32-29 ka), Greenland Stadial 4
(ca. 28.6-27.8 ka) and HS 2 (ca. 26-23.5 ka) when severely cold winters and the rapid
expansion of sea ice prevailed in the North Atlantic. This new finding is in line with those
recently reported for the southern FIS and reinforces the emerging view that warm summers
and hence strong seasonality are key climatic features of western Europe during North

Atlantic stadials.
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FIGURE CAPTIONS

Fig. 1: Paleogeography of the Danube sediment routing system at the Last Glacial Maximum
(LGM) including the Alpine Ice-Sheet (AIS, ~130,000 km?; Ehlers and Gibbard, 2004), the
river course (~2,900 km; ~801,000 km?) from the Black Forest (Bf) to the (modern) Danube
delta (Dd), and the Danube deep-sea fan (Df; ~20,000 km?; Danube Canyon and channel-
levees in orange) in the Black Sea ‘Lake’ (level ~90-120 m below the present sea level,;
paleoshoreline at -120 m in the Black and Adriatic Seas in light blue). A significant part of the
Rhine glacier (~14,000 km?; red arrows) drained into the Danube River at the LGM
(Ellwanger et al., 2011), thus increasing the AIS surface in the Danube watershed to ~50,000
km?. Filled circles indicate the location of the modern river samples, with the colors referring
to the Alpine (white), Dinaric (purple) and Carpathians (green) sources. Orange circles refer
to the samples collected along the Danube mainstream (Table 3). Tagl.: Tagliamento glacier;
EW: Engadine window; TW: Tauern window (Alps); GW: Gemer-Biirkk window; DW:
Danubian window (Carpathians). White stars in the Black Sea indicate the location of cores
GAS-CS01 and MD04-2790. Black stars in the north-western Alps and the Adriatic Sea refer
to the Sieben Hengste cave system (7H; Luetscher et al., 2015) and the PRAD1-2 borehole
(Pellegrini et al., 2017, 2018) respectively. The limits of the Fennoscandian Ice Sheet (FIS) at
22 ka (continuous white line) and 17 ka (dashed white line) are also shown (Hughes et al.,
2016). The retreat of the FIS in the upper Dniepr from ca. 17 ka caused the deposition of the
Red Layers into the Black Sea (Soulet et al., 2013). Note the absence of an ice-sheet on the
Carpathians at the LGM.

Fig. 2: Detailed map of the north-western Black Sea margin showing the location of the long-
piston cores GAS-CSO1 and MD04-2790 in front of the modern Danube delta. The numerous
canyons (including the shelf-penetrating Danube Canyon; Popescu et al., 2004) visible on the
continental slope are indicative of high Danube sediment discharge and of a good connectivity
between the Danube delta and the shelf margin during the last glacial period, when the Black
Sea was a giant freshwater lake and lowstand conditions dominated (see Part 2 for details).

Danube paleovalleys from Popescu et al. (2004).

Fig. 3: Detailed map of the eastern Alps showing (i) the main geographical and geological
features discussed in the main text, including the Tauern (TW) and Engadine (EW) windows

(Bousquet et al., 2008); (i1) the main rivers (blue lines) draining into the Danube River (except
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the Rhine and Adige); (iii) the Alpine Ice-Sheet (AIS) at the LGM (Ehlers and Gibbard,
2004). The thick white line shows the AIS ice-divide at the LGM (based on Seguinot et al.,
2018). Star labeled 7H: Sieben Hengste cave system (Luetscher et al., 2015).

Fig. 4: Digital photographs and X-ray images of representative sections of the glacial
sequence of core GAS-CSO01 (i.e. ‘banded lutites’ -Unit III- of Ross and Degens, 1974). Note
that the sequence is fully laminated, with clastic rhytmites evolving gradually downward from
millimetre- (i.e. laminae; Scandinavian-type lacustrine varves of Degens et al., 1978) to
decimetre-thick deposits (i.e. beds; megavarves of Degens et al., 1978). Clastic rhytmites in

GAS-CSO01 are interpreted as hyperpycnite sequences. See Figs 7, 8 and 9 for details.

Fig. 5: Stratigraphic correlation between cores GAS-CS01 (magenta line) and MD04-2790
(black line; Soulet et al., 2011a) based on XRF-Canom profiles. See section 5 ‘Age-depth

model’ and Supplementary Online Material for details, and Table 2 for the radiocarbon dates.

Fig. 6: Depth-depth relationship between cores GAS-CS01 and MDO04-2790 based on the
stratigraphic correlations shown in Figure 5. See section 5 ‘Age-depth model’ and
Supplementary Online Material for details, and Table 2 for the radiocarbon dates. The
laminae / bed thickness and the Red Layers interval are also shown. Note that sediment
accumulation rates (SAR) at site GAS-CSO01 are significantly higher than at site MD04-2790
before ca. 31 ka (i.e. below depth 1595 cmbsf in core GAS-CS01 and depth 1990 cmbsf in
MDO04-2790), consistent with the significant thickness difference of hyperpycnal beds
observed at the two sites on the same time interval. The decimeter-scale hyperpycnite beds

recognized in the lower part of core GAS-CSO01 are detailed in Figure 7.

Fig. 7: High-resolution analysis of the pluricentimeter-thick clastic rhytmites, interpreted as
hyperpycnites (H), observed in the basal part of core GAS-CS01 (>28.5 mbsf; here Section
34/34, 3139-3214 cmbsf; ca. 33 ka). a, Digital photograph; b, X-ray image and grey-level
measurements (yellow line); ¢, Hyperspectral image highlighting changes in the sediment
texture and/or composition. Colored circles refer to the grain-size analyses shown in e and g
(sedimentary sequences S1, S2 and S3); d, Schematic lithological succession based on grain-
size (e) and XRF (f) measurements. Ha and Hb correspond to the (basal) coarsening-up (i.e.
waxing period of river discharge) and (top) fining-up (i.e. waning period of discharge)

sequences of the hyperpycnites (Mulder et al., 2003) respectively. C: clay. S: silt-sand. e,
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Grain-size measurements (median or D50, i.e. grain-size -um- at which 50% of sample is
finer). Mean sampling resolution of 0.25 cm (n=218). Black arrows highlight some
representative coarsening-up and fining-up sequences. Colored circles refer to the grain-size
analyses shown in ¢ and g; f, XRF Zr/Rb ratio, here used as a semi-quantitative grain-size
indicator (Dypvik and Harris, 2001); g, Particle size distribution of discrete sediment samples

(colored circles in ¢ and e) from the coarsening-up sequences S1, S2 and S3.

Fig. 8: High-resolution analysis of the centimeter-thick clastic rhytmites, interpreted as
hyperpycnites (H), observed in the lower part of core GAS-CSO1 (from ~22 to 28.5 mbsf;
here Section 30/34, 2804-2859 cmbsf; ca. 32 ka). a, Digital photograph; b, X-ray image and
grey-level measurements (yellow line); ¢, Hyperspectral image highlighting changes in the
sediment texture and/or composition. Colored circles refer to the grain-size analyses shown in
e and g (sedimentary sequences S1, S2, S3 and S4); d, Schematic lithological succession
based on grain-size (e) and XRF (f) measurements. Ha and Hb correspond to the (basal)
coarsening-up (i.e. waxing period of river discharge) and (top) fining-up (i.e. waning period
of discharge) sequences of the hyperpycnites (Mulder et al., 2003) , respectively. C: clay. S:
silt-sand; e, Grain-size measurements (median or D50, i.e. grain-size -um- at which 50% of
sample is finer). Mean sampling resolution of 0.25 cm (n=149). Black arrows highlight some
representative coarsening-up and fining-up sequences. Colored circles refer to the grain-size
analyses shown in ¢ and g; f, XRF Zr/Rb ratio, here used as a semi-quantitative grain-size
indicator (Dypvik and Harris, 2001); g, Particle size distribution of discrete sediment samples

(colored circles in ¢ and e) from the coarsening-up sequences S1, S2 and S3.

Fig. 9: High-resolution analysis of the subcentimeter-thick clastic rhytmites, interpreted as
hyperpycnites (H), observed in core GAS-CSO1 (down to ~22 mbsf; here Section 22/34,
2031-2083 cmbsf; ca. 31 ka). a, Digital photograph; b, X-ray image and grey-level
measurements (yellow line); ¢, Hyperspectral image highlighting changes in the sediment
texture and/or composition; d, XRF Zr/Rb ratio, here used as a semi-quantitative grain-size
indicator (Dypvik and Harris, 2001); e, Focus on the XRF Zi/Rb ratio. The Zr/Rb variability,
similar to that observed for thicker clastic rhythmites in GAS-CSO1 (Figs 7 and 8), suggest
coarsening-up and fining-up sequences; f, Thin section photograph (2039-2047.5 cmbsf)
showing subcentimeter-thick clastic rhytmites. White circles refer to the grain-size analyses
shown in g. Mean sampling resolution of 0.25 cm (rn=31); g, SEM-EDX image of a

coarsening-up sequences (see the red square in f for location). The color variability highlights
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the sediment geochemistry (see the color boxes). Coarse grains are mainly quartz (Si) and
dolomite grains (Mg, Ca). Note their angular character. Particle size distribution (white boxes)
for clayey (n=9) and silty (n=5) intervals are shown. A schematic lithological succession is

proposed on the right. Ha and Hb according to Mulder et al. (2003).

Fig. 10: a, 3'%0 from GISP2 on the GICCO5 timescale and the INTIMATE event stratigraphy.
Greenland Stadials (GS) and Greenland Interstadials (GI) are the Greenland expressions of
the characteristic Dansgaard-Oeschger events that represent cold and warm phases of the
North Atlantic region, respectively (Rasmussen et al., 2014). The Greenland synthetic 5'0
record (GLT_syn) of Barker et al. (2011), placed on the absolutely dated Chinese speleothem
record (Hulu Cave on this time interval), is also shown; b, ¢, Flood frequency and sediment
accumulation rates (SAR) off the Danube River, respectively; d, e, f, Clay mineralogy,
dolomite abundance and illite crystallinity (three-points average) at core GAS-CSOI,
respectively. The green arrow highlights the increase in smectite content to higher values,
interpreted as the signature of the western Molasse Basin and Rhine glacier in response to the
rapid growth of the AIS (see Fig. 11 for details); g, Neodymium isotopic composition
(expressed in €Nd) in core MD04-2790 (ca. 28-10 ka; Soulet et al., 2013) and GAS-CSO1
(ca. 33.5-28 ka; this study) as a proxy for sediment provenance. The vertical light blue bars
highlight the timing for the Fs (ca. 32.5-30.5 ka), Fa (ca. 29-27.5 ka), F3 (ca. 25.3-23.8 ka), F»
(ca. 22.3- 19 ka) and Fi (ca. 17.2-15.7 ka) peaks -based on both the flood frequency (b) and
the SAR (c¢)- interpreted as periods of enhanced flux of sediment-laden meltwater on the

north-west Black Sea margin. HS refers to Heinrich Stadials.

Fig. 11: Paleogeography of the central and eastern Alps, including the hydrographic network
(blue lines) and glacial limits (white shaded areas) at (a) ca. 33 ka (i.e. before Heinrich Stadial
3 = Fs peak at the GAS-CS01 and MDO04-2790 sites) and (b) during the local Last Glacial
Maximum (LGM; Ehlers and Gibbard, 2004), ca. 26 ka (i.e. before Heinrich Stadial 2 = F3
peak). The proposed configuration at ca. 33 ka is based first on the geochemical evidences
(ICr, eng) found at GAS-CSO1 for significant inputs of terrigenous material from the Engadine
(EW) and Taeurn (TW) windows (purple dashed lines; via the Inn, Salzach, Enns, Mur and
Drava rivers) into the north-west Black Sea ca. 32.5-30.5ka (i.e. during the Fs peak
interpreted as AIS melting; see the main text for details); and second, on the low content of

smectite at the GAS-CSO01 site before ca. 30.5 ka (and until ca. 33.5 ka at least; Fig. 10d). The
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smectite in the Alpine domain being restricted to the western part of the Molasse Basin (e.g.
Iller River; Table 3) and the upper Rhine (Miiller and Quakernaat, 1969), the clay mineralogy
at GAS-CSO1 suggests that these areas were mainly free of ice at ca. 33 ka (and until
ca. 30.5 ka) as shown in (a). Such an ice configuration (with the Iller, Lech and Isar/Loisach
rivers not connected to the AIS) is found using an equilibrium line altitude at ~2300 m above
sea level (white, high-altitude areas; also shown in (b) for comparison). Note that the invasion
of the northern Alpine foreland by the major AIS ice-streams (Alpine LGM) strongly
modified the glacial hydrographic pattern of the Alpine Danube. Smectite content at GAS-
CSO01 suggests that the AIS growth (including the Iller glacier; Habbe and Rogner, 1989) and
the subsequent re-routing of the Rhine glacier meltwaters to the Danube (Ellwanger et al.,
2011) occurred from ca. 30.5 ka. The white arrows show the main sources for AIS meltwater

to the Danube. HS refers to Heinrich Stadials.

Fig. 12: a, 8'80 from GISP2 (Rasmussen et al., 2014) and the GLT_syn record (Barker et al.,
2011). See Fig. 10a for details; b, Flood frequency of the Danube River (Fig. 10b). The
dashed lines (between ca. 17.2 and 15.7 ka) correspond to the Dniepr River flood (Red
Layers; Soulet et al., 2013); ¢, Sediment volume of the Po River lowstand wedge, based on
seismic reflection data and the PRADI1-2 borehole (Fig. 1; Pellegrini et al., 2017, 2018); d,
Ice-mass balance of the north-east AIS based on the Danube sediment records (open circles
and black line) and the 7H &'%0 record from the Sieben Hengste cave system, Switzerland
(Figs 1 and 3; Luetscher et al., 2015). Thick blue arrows highlight AIS melting intervals,
meltwater production and sediment-laden meltwater inputs to the north-west Black Sea
margin (b); d, Fluctuations of the Rhine (purple; Preusser et al., 2011) and Tagliamento
(green; Monegato et al., 2007) glaciers. Arrows highlight the glaciers fluctuations discussed in
the main text; e, Summer energy (red line, T ~ 400) (Huybers, 2006) and 21 June-20 July
insolation for 45°N (blue line; Laskar et al., 2004). The vertical light blue bars highlight the
timing for the Fs (ca. 32.5-30.5 ka), Fs4 (ca. 29-27.5 ka), F3 (ca. 25.3-23.8 ka), F2 (ca. 22.3-
19 ka) and Fi (ca. 17.2-15.7 ka) flood events. HS refers to Heinrich Stadials.



973

974
975
976
977

978
979
980
981
982
983
984
985

TABLE CAPTIONS

Table 1: Core locations.

Table 2: New radiocarbon (**C) dates for cores GAS-CS01 and MD04-2790. Analyses were
carried out at the Beta Analytic radiocarbon dating laboratory (USA).

Table 3: Clay mineralogy of the Danube River and its main tributaries. Geographic
‘mountainous’ clusters (raw -f- and weighted -#- mean values considering the river drainage
surface, with the upper Drava excluded in the latter calculation) correspond to the main
sediment sources of the Danube watershed. Note that the weighted mean clay mineralogy of
these clusters (i.e. Alps + Dinarides + Carpathians) is close to that obtained for the Danube

River mainstream.
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Core Label  Lat. N Long. E Water depth (m) Length (m) Year Cruise IGSN

GAS-CS01 44,0865 30,7993 240 33,4 2015 GHASS http://igsn.org/BFBGX-127384
MDO04-2790 44,2219 30,9935 362 30,3 2004 ASSEMBLAGE-1 http://igsn.org/BFBGX-88381




“c age (yr

Core ID Depth (cm)® Depth (cmbsf)” Lab. Number Sample type BP) error (1o)

GAS-CS01

GAS-CS01 1651 1614 Beta-440157 Dreissena sp. 24,920 120
GAS-CS01 1870 1831 Beta-440158 Dreissena sp. 25,070 120
GAS-CS01 2280 2238 Beta-463971 Dreissena sp. 25,710 110
GAS-CS01 2650 2604 Beta-463972 Dreissena sp. 26,220 110
GAS-CS01 2851 2796 Beta-479030 Organic matter 28,290 120
GAS-CS01 2853 2798 Beta-440160 Dreissena sp. 27,260 110
GAS-CS01 2955 2882 Beta-463973 Organic matter 28,700 140
GAS-CS01 3336 3214 Beta-479031 Organic matter 29,450 140
MD04-2790

MD04-2790 2835 2600 Beta-477223 Organic matter 27,720 130
MD04-2790 3001 2765 Beta-463974 Organic matter 29,840 150

* Raw (i.e. uncorrected) depth in cores

® Corrected depth in cores (i.e. after removal of gaps), in cm below sea floor (cmbsf)



River Drainage area (km?)  Lat. N Long. E  ICr(°A26) Smectite (%) Illite 2M1 (%) Kaolinite (%) Chlorite (%) Dolomite (%)

Danube Tributaires (n=12)
Alps (n=5) t+ 026+004 92+154 51.2+13.3 44+19 28.4+3.8 11.2+49

¥ 028+0.04 122+16.2 44.7+12.6 5622 27.8+3.9 9.6+5.8
ller 26,130 48,36232 10,00110 0,34 40 34 5 21 17
Inn 26,128 47,78181 12,12609 0,28 0 38 3 29 6
Enns 6,185 48,21270 14,48660 0,23 3 65 3 30 17
upper Drava 40,087 46,60046 13,89860 0,2 0 66 3 31 10
lower Drava 40,087 45,69050 18,41658 0,26 3 53 8 31 6

— t 03+004 255+145 445+95 17+0 14+5 1+1

Dinarides (n=2)

¥ 028+0.04 19.2+158 48.7+10.4 170 16.2+£55 14+11
Sava 95,793 44,72358 20,30960 0,26 11 54 17 19 2
Velika-Morava 37,571 44,60580 21,08620 0,34 40 35 17 9 0

. t+ 03x0 4424255 344 +15 11.8+7.2 94+45 0.8 £0.8

Carpathians (n=5)

¥ 03z0 55.6 + 28 27.6+16.4 8679 77+4.8 0.3 £0.9
Morava 27,267 48,19118 16,97450 0,3 32 38 21 9 0
Tisza 15,609 46,14687 20,06457 0,3 55 28 8 8 0
Siret 46,289 45,39911 28,01163 0,3 66 22 5 7 1
Prut 28,568 45,47172  28,19500 0,3 68 22 5 5 1
Vah 1,966 47,91403 18,01211 0,3 0 62 20 18 2
Alps + Dinarides + Carpathians (351,593km?) ¥ 028+0.01 29.6+19.1 40.4+9.2 109+4.9 16.6 £8.3 3.3+4.2
Danube River (n=6) t+ 03+005 29.8+175 39.6+7.8 11+£55 195+7.1 52 1
Passau 801,093 48,59673 13,38283 0,39 3 41 23 33 0
Upstream Tisza 801,093 45,16503 20,10953 0,28 24 46 8 22 6
Upstream Sava 801,093 44,92347 20,32111 0,33 41 35 9 16 6
Downstream Sava 801,093 44,66575 20,78006 0,27 15 52 11 21 4
Moldava-Noua 801,093 44,69287 21,66701 0,29 42 37 7 14 4
Braila 801,093 45,32294  28,00246 0,25 54 27 8 11 6






