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Abstract :

The Marine Isotope Stage (MIS) 3 records abrupt transitions from cold stadial to temperate interstadial
climate conditions, termed Dansgaard-Oeschger (DO) events. Reconstructing these rapid climate
changes is crucial for documenting the prevailing climatic conditions in Europe during the extinction of the
Neanderthals. However, only few continental records are available to define the continental climatic
responses to DO changes. Here, the elemental and stable isotope compositions of a well-dated
speleothem in Belgium covering the MIS 3 are documented. This speleothem precipitated under
equilibrium conditions based on A48 thermometry, allowing the use of A47 thermometry with confidence.
Moreover, the precision and accuracy of our clumped-isotope analyses are demonstrated through the
long-term monitoring of international A47 standards. The acquired unique thermometry paleoclimatic
dataset enables the reconstruction of temperature based on the hydrological information (oxygen-18 of
drip water; 5180w) and sheds new light on the DO climate variations. A temperature differential of ~7 °C
is associated with alternating temperate warm and wet Interstadials to cold and dry stadials. The DO-12
is the most pronounced MIS 3 interstadial in the record and appears to be marked by a delay of 1000
years between climate enhancement (warmer temperature) and water availability (moisture increase). By
combining our speleothem record with other continental and marine archive, the spatial variability of DO
changes in Europe during the MIS 3 is defined. A gradual climate deterioration with colder and drier
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conditions, associated with the Heinrich 4 event, progressed southwards through Europe. This spatial
climatic degradation, during the last phase of Neanderthal populations occupation in Europe, provides
better environmental constraints for human mobility models.

Highlights

» We study an isotopically equilibrated speleothem covering the MIS 3 in Western Europe. » A
temperature differential of ~7 °C is associated with alternating interstadials to stadials. » DO-12, the
most pronounced interstadial, start with a 1000-years delay between climate enhancement and water
availability. » A southward gradual climate deterioration with colder and drier conditions is observed
through western Europe. » As no comparable southward Neanderthal decline is observed, a climatic role
in the Neanderthals' extinction may be excluded.
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1. INTRODUCTION

The Marine Isotope Stage 3 (MIS 3) — a period between 57 and 27 ka ago during the
Last Glacial (Lisiecki and Raymo, 2005) — is associated with several abrupt climatic warming
phases known as Dansgaard-Oeschger (DO) events. Registered in Greenland ice core oxygen
isotope ratio records (Johnsen et al., 1992; Dansgaard et al., 1993; Svensson et al., 2008),
these events are characterized by abrupt changes from cold (stadial climate conditions, noted
GS for Greenland Stadial) to mild (interstadial climate conditions, noted Gl for Greenland
Interstadial), eventually followed by a return to stadial conditions (Dansgaard et al., 1993).
Temperature reconstructions from Greenland ice cores suggest a rise of mean annual surface
air temperature of around 15°C in only a few decades (Severinghaus et al., 1998; Huber et al.,
2006; Kindler et al., 2014). A total of 11 MIS 3 DO-events have been identified, based on the
GICCO5 timescale (DO 5 to 15, Rasmussen et al., 2014). Within certain stadials, massive ice
surges from the Laurentide Ice Sheet flushed into the North Atlantic Ocean, during so-called
Heinrich events (HEs, Heinrich, 1988), as highlighted by the presence of ice-rafted debris (IRD)
layers found in North Atlantic sediments (Heinrich, 1988). This freshwater input slows down
the formation of North-Atlantic deep-water (Bohm et al., 2015). The HEs 3 to 5 are recorded
in the MIS 3 section of Greenland ice cores and North Atlantic sediment cores, corresponding
to cold phases with a typical duration of a few thousand years (Bond et al., 1993; Cacho et al.,
1999; Sanchez Goiii et al., 2002). Therefore, these DO events and HEs correlate with rapid
climatic changes in the circum-North Atlantic region (Bond et al., 1993; van Kreveld et al.,
2000; Hemming, 2004; Rasmussen and Thomsen, 2004) and European continent (Genty et al.,
2003, 2005, 2010; Wainer et al., 2009; Pons-Branchu et al., 2010; Fankhauser et al., 2016;
Weber et al., 2018) with warm and wet episodes during Gl and cold and dry during GS.

The MIS 3 is also characterized by the disappearance of Neanderthals, at ~41 - 39 ka
in western Europe (Higham et al., 2014). Several hypotheses have been invoked to explain the
Neanderthals disappearance. Recent updated archaeological synthesis shows that the onset
of the Homo sapiens occupation of western Europe likely preceded the extinction of
Neandertals (Talamo et al., 2020; Fourcade et al., 2022; Rios-Garaizar et al., 2022; Djakovic et
al., 2022). This overlap may have led to competitive exclusion (Banks et al., 2008), assimilation
(Smith et al., 2005) or demographic weakness (Degioanni et al., 2019). An alternative
hypothesis to Neanderthal decline is abrupt changes in climate and vegetation (Staubwasser
et al., 2018). The proposed mechanisms may vary regionally and temporally and could have
taken place contemporaneously. However, recent simulations suggest only a regional role of
rapid climate change in the European Neanderthal extinction, specifically in its western parts
(Timmermann, 2020). Furthermore, the Mediterranean area (Italy) seems to record stable
environmental (rainfall and vegetated soils) conditions during this period (e.g., Columbu et al.,
2020). This could agree with a less strong influence of the rapid DO events in southern Europe.
Unfortunately, only a few MIS 3 continental archives (Genty et al., 2003, 2005, 2010; Wainer
et al., 2009; Pons-Branchu et al., 2010; Stoll et al., 2013; Sirocko et al., 2016; Weber et al,,
2018) are available in western Europe. Therefore, more records are needed to better constrain
the spatial climate variability in Europe during the MIS 3 and its potential influence on the
Neanderthals.

Speleothems, one of the most suitable terrestrial archive, do not grow extensively
during the MIS 3 in Northern Europe. The majority of MIS 3 speleothem records originate from
the Alpine region (Sp6tl and Mangini, 2002; Spétl et al.,, 2006; Holzkamper et al., 2005;
Moseley et al., 2014, 2020; Luetscher et al., 2015), where the basement of glaciers provides
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continuous meltwater enabling speleothem growth despite cold surface conditions (Spotl and
Mangini, 2002). Other European speleothems grow during the warm and wet interstadials
(Genty et al., 2003, 2005, 2010; Wainer et al., 2009; Pons-Branchu et al., 2010; Fankhauser et
al., 2016; Weber et al., 2018) but generally stop growing during cold stadial climates (Genty
et al.,, 2003, 2005, 2010; Wainer et al., 2009; Pons-Branchu et al., 2010; Fankhauser et al.,
2016; Weber et al., 2018) due to the reduced temperature and decrease in available moisture
(Wainer et al., 2009; Moseley et al., 2020).

Multi-method approaches disentangle the variety of effects and processes that control
the geochemical proxy-signals. Oxygen isotope variations in carbonate (5%0c) record both
temperature and the isotopic composition of the water in which the carbonate formed
(8'80w), associated with the amount of rainfall, regional circulation system and/or through
cave-specific processes, transferring the climatic signatures (McDermott, 2004; McDermott et
al., 2011; Tremaine et al., 2011; Lachniet, 2009). The carbon isotope values (3*3C) indicate
changes in vegetation or vegetational activity (Genty et al., 2003; Tremaine et al., 2011).
Because of the difficulty in interpreting the complex 60 and &'3C variability, mainly due to
the contribution of multiple physical and climatic processes, trace element records often
provide complementary paleoclimate reconstructions. Trace element records follow changes
in paleo-recharge processes in karst systems (Fairchild et al., 2001; McDermott, 2004) related
to water availability (magnesium [Mg], barium [Ba], and strontium [Sr] concentrations) and to
vegetation conditions above the cave (Fairchild et al., 2001; Huang et al., 2001; Treble et al.,
2003; Borsato et al., 2007, phosphorous [P] concentrations). However, absolute temperature
values remain necessary to constrain quantitative interpretations. The classic approach is to
measure the hydrogen and oxygen isotope ratios of fluid inclusions, provided they contain
sufficient water. The carbonate clumped-isotope method (As7) constitutes an alternative
thermometer, independent of the §'80.,. However, kinetic effects often affect speleothems
leading to isotopic disequilibrium and overestimated temperatures (Affek et al, 2008, 2014;
Daéron et al.,, 2011; Kluge et al.,, 2013; Matthews et al., 2021; Nehme et al., 2023).
Nevertheless, speleothems that precipitate close to isotopic equilibrium retain the original
clumped isotope signal, allowing precise reconstruction of paleo-temperature variations in
caves (Daéron et al., 2019). Measurement of dual-clumped isotopes (Ass alongside As7; Fiebig
et al., 2021) allows to trace potential kinetic effects and to determine whether a speleothem
has precipitated in near-isotopic equilibrium (Bajnai et al., 2020).

Here, we present the first geochemical study of a Belgium flowstone speleothem
(named “Incomparable”; taken in the Vervietois gallery in the Han-sur-Lesse cave) that
documents the climatic conditions during the Early MIS 3, and advances knowledge of
continental MIS 3 climate. Chronologically well constrained based on U-Th ages, the
speleothem is investigated using a multi-proxy approach based on 8§*3C and 680 analysis and
trace element concentration time-series. Due to insufficient water contents in fluid inclusions,
absolute A47-derived temperatures are obtained and used to estimate the 60w from which
the speleothem precipitated. Ass measurement is also performed to ensure that the
speleothem precipitated near isotopic equilibrium. This study constitutes a unique
paleoclimatologic application of clumped isotope thermometry in a speleothem precipitated
close to theisotopic equilibrium, allowing the quantification of the first absolute temperatures
across the MIS 3 in western Europe. Finally, our data are compared with available climatic
records and the current archeological chronology of the last Neanderthal occupation in
Europe to document the potential effect of climate on the Neanderthal demise.
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2. SITE STUDY AND GEOLOGICAL SETTINGS

The Incomparable sample is a calcite core taken from a speleothem flowstone from
the Vervietois gallery in the Han-sur-Lesse cave (Fig. 1.a&b), the largest known subterranean
karstic network in Belgium, with a total length of ~ 10 km. It is located within the Calestienne,
a SW-NE trending limestone belt of Middle Devonian age (50.121°N; -5.192°E WGS184). The
cave system is the result of a meander cutoff of the Lesse River within the Massif de Boine,
which is part of an anticline structure consisting of Middle to Late Givetian reefal limestones
(Quinif, 2006). The thickness of the limestone host rock above the cave system is estimated
to be around 40-70 m (Quinif, 2006). The cave is located ca. 200 km inland at an elevation of
200 m above sea level. Following the Koppen-Geiger classification (Peel et al., 2007), the
climate in southern Belgium is maritime with cool summers and mild winters. For the period
1991-2020, the mean annual continental temperature was 10.0 °C with an average yearly
rainfall of 855 mm at the Rochefort meteorological station, located approximately 10 km from
the cave site. This rainfall is spread across the entire year with no distinct seasonal distribution
(Royal Meteorological Institute, RMI). The current mean 880 value of drip water, sampled
once a month in the Salle du Dome (Fig. 1c) from August 2016 to July 2018, is -7.4 %o + 0.1 %o
(1SE), in agreement with previously published 580 values for drip water of -7.6 %o in the Han-
sur-Lesse cave (Van Rampelbergh et al., 2014) and of -7.5 %o in the Pére Noél cave, a nearby
cave from the same cave system (Verheyden et al., 2008). The air temperature (June 2021-
July 2022), at the entrance of the Verviétois gallery where the core was taken (at the
Mystérieuses; Fig. 1.c) varied from 9.5 to 10.8°C, with a mean annual value of 10.2°C (Fig. 1.d).
These temperatures were recorded using a home-made temperature logger ‘Niphargus’,
Burlet et al., 2015).

The Han-sur-Lesse Cave system has been intensively studied during the last decades,
making it the best understood cave system in Belgium. These studies included speleothem
date and pollen analysis (Quinif and Bastin, 1994; Quinif, 2006), detailed hydrographic studies
(Bonniver, 2011) and extended cave monitoring surveys (Genty and Deflandre, 1998; Poulain
et al.,, 2015; Verheyden et al., 2008; Van Rampelbergh et al., 2014), leading to successful
paleoclimate reconstructions down to the seasonal scale via speleothem analysis (Verheyden
et al., 2000, 2006; 2012, 2014; Van Rampelbergh et al., 2015; Allan et al., 2018; Vansteenberge
et al., 2019, 2020).
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Figure 1: Site map and modern temperature profile. (a) European map with the locations of
the speleothem studied here as well as of other speleothem archives (1. Fankhauser et al.,
2016; 2. Weber et al., 2018; 3. Pons-Branchu et al., 2010; 4. Genty et al., 2003, 2010; Wainer
et al., 2009), lacustrine archives (5. Sirocko et al., 2016) and marine archives (6. Sanchez-Goiii
etal., 2008), (b) location of Han-sur-Lesse within Belgium, (c) Han-sur-Lesse cave with location
of the Incomparable speleothem in the Verviétois gallery, the Mysterieuses gallery and the
Salle du Dome (big room) (after Quinif, 2017) and (d) a temperature profile over one year at
the entrance of the Verviétois gallery in the Mystérieuses gallery.

3. ARCHEOLOGICAL CONTEXT IN WESTERN EUROPE

In the south western Europe, the Neanderthals are associated with the
Chatelperronian culture (south of France, Cantabria [north Spain] and Catalonia [northeastern
Spain], e.g. D’Errico et al., 2003; Dayet et al., 2014; Ruebens et al., 2015). No consensus on the
attribution of the Chatelperronian to Neanderthals or anatomically modern humans (e.g.
Hublin et al., 1996; Higham et al., 2010; Gravina et al., 2018; Gicqueau et al., 2023). However,
we consider, in this article, that the Chatelperronian is attributed to Neanderthals because
studies on the paleoproteomic technique suggest evidence for Neanderthal craftsman
(Welker et al., 2016), and the only human remains dated within the Chatelperronian time
range have Neandertal characters (Hublin et al., 2012; Balzeau et al., 2020; Guérin et al., 2023;
Gicqueau et al., 2023).

In north-western Europe, Neanderthal occupation is less well-documented. Belgium
has been repopulated by Neanderthals at the onset of MIS 3 (Romagnoli et al., 2022). Their
last settlements in the region are estimated between 44 and 42 ka (Deviese et al., 2021;
Abrams, 2023), while first occupation clearly attributed to Anatomically Modern Humans
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could have taken place later, around 42-40 kyrs (Abrams et al., 2024). As these dates are based
on individual remains, further evidence may be required to compare the Neanderthal
occupation based on the archeological units associated with “cultural” manifestations. The
Lincombien-Ranisien-Jerzmanowicien (LRJ) culture was developed from Poland to England,
and is dated between ca. 44 and 41 ka (Picin et al., 2022). However, this culture is not clearly
identified anthropologically (Semal et al., 2009; Flas et al., 2011; Demidenko et al., 2023).
Despite the intense ongoing debates on the attribution of LRJ, rare records from northern
France place the end of the Late Middle Palaeolithic (Neanderthals occupations) around 40 ka
(Locht et al., 2016; Locht, 2019), confirming the dates from Deviese et al. (2021) and Abrams
(2023) as the timing of last occupation of Neanderthals in northwest Europe.

4. MATERIAL AND METHODS
4.1. Sample preparation

The flowstone core was cut vertically into two segments. One part was used for the
analyses, while the other was kept as archive. The speleothem is 85 cm long and is divided in
4 parts (I-A, -B, -C and -D; Fig. 2.A). Each part was cut in slices of 1 cm thick. This study only
focuses on the second part, labelled I-B, from 17.6 to 37.4 cm, and in particularly on the 1-B2
facies (Fig. 2.A).
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Figure 2: Speleothem description and methodological sampling location. Photographs of the
entire Incomparable speleothem with a blow-up of the (I-B) part of the speleothem studied (I-
B2). The sampling locations for each of the methods used as highlighted in this article are also
indicated. The discontinuities are noted D. The intervals used for constructing the age model
of the part studied (I-B2) are marked in red. The sample locations used for the U/Th dating are
numbered corresponding to the dating listed in Table S1.

4.2. 29Th/?38U dating

A total of 11 calcite samples, 9 samples of which from within the 1-B2 section (Fig. 2.A)
and each equivalent to ~ 300 mg were drilled for U-Th dating using a manual microdrill with
a diamond drill bit. The analyses were performed on a Thermo-Scientific Neptune Plus multi-



230

235

240

245

250

255

260

265

270

275

collector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the Isotope
Laboratory at Xi'an Jiaotong University. A full description with more details of the U-series
methodology, on the applied chemical procedures, instrumentation, standardization, and
half-lives, is available in Edwards et al. (1987), Shen et al. (2012) and Cheng et al. (2013). The
uncertainties on uranium and thorium isotope ratio data were calculated offline at the 2c
level, including corrections for blanks, multiplier dark noise, abundance sensitivity and
contents of the same nuclides in the spike solution. The 23°Th were corrected assuming an
initial 22°Th/232Th atomic ratio of 4.4 + 2.2 x 107, the values for material at secular equilibrium
with a bulk earth 232Th/?38U values of 3.8 (Edwards et al., 2003). Ages are presented in years
before 1950 CE. The age model was constructed using StalAge code (Scholz and Hoffmann
2011). Dates are available in supplementary material Table S1.

4.3. Bulk stable isotopic analysis of calcite

Stable carbon and oxygen isotope ratio values (§'3C and 6*0c) were obtained at the
Vrije University Brussel (VUB), Brussels, Belgium. In total, 104 samples were drilled using a
Merchantek video controlled MicroMill device with a spatial resolution between 500 um and
1 mm (Fig. 1.A). The speleothem surface and drill bit were cleaned with methanol before
sampling. The 8%3C and &0 analyses were performed using a Nu-carb carbonate sample
preparation system combined with a Nu-Perspective-isotope ratio mass spectrometer (IRMS).
Two international standards (IAEA-603 and IAEA-CO8) were analyzed with each series of
samples. Analytical precision for the 613C and 680 measurements is better than 0.05 %o for
813C and 0.1 %o for 60 (both at the 1SD level). The quality of the measurements is ensured
by analyzing an in-house Carrara marble standard and an international reference material
NBS-18. All 86'3C and 60 values are reported relative to V-PDB. Samples are regularly
replicated to ensure the reproducibility of the measurements. The data are available in
supplementary material, Table S2.

To account for changes in seawater 60 values due to changing sea level and ice
volume, a correction factor from Duplessy et al. (2007) was applied, assuming a decrease of -
0.008 £ 0.0002 %o per meter of global sea-level rise and using the sea-level reconstruction of
Bates et al. (2014). The effect of these corrections on the 630 values is 0.56 %o.

4.4. LA-ICP-MS trace element analysis

The LA-ICP-MS measurements were performed using a nanosecond 193 nm ArF*
excimer-based Analyte G2 laser ablation system (Teledyne Photon Machines) coupled to an
Agilent 8800 tandem ICP-MS instrument (Agilent Technologies) via 1 mm ID PEEK tubing of
1 m length and a glass mixing bulb and chamber (Glass Expansion), at the Atomic and Mass
Spectrometry — A&MS research unit of Ghent University (Belgium). All analytes were
monitored in no-gas mode (with a vented collision/reaction cell). An overview of the nuclides
selected for monitoring and the corresponding dwell times is provided in the Table S3 of the
Supplementary material.

For quantification purposes, a bracketing approach that consists of performing five
consecutive analyses using 1.5 mm line scans of five different glass references materials BCR-
2G, BHVO-2G, BIR-1G, GSD-1G, and GSE-1G of the United States Geological Survey (USGS) was
employed before and after analyzing according to a line scan over the length of a polished
speleothem sample (Fig. 1.A). To compensate for a slight slope of the speleothem samples,
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the laser beam focus (Z position) was corrected every 2 mm. Samples and standards were
ablated using the same instrument settings and data acquisition conditions which were as
follows: a circular laser spot size of 50 um diameter, energy density of 4 J cm™2, repetition rate
of 20 Hz, dosage of 20 shots per position and a lateral scan speed of 50 pm s*. HDIP software
(version 1.3.) was used to synchronize the transient ICP-MS data to the time stamps in laser
log files. Subtraction of the background signal was performed based on the gas blank signal
for all nuclides monitored and the calibration approach was based on external calibration in
combination with internal standardization based on the **Ca* signal. The trace element data
were averaged by applying a 10 point-running mean (dataset including reference material is
available in Table S4 of the supplementary material).

4.5.  uXRF trace elemental mapping

High-resolution elemental abundance maps of the polished sample surfaces were
produced using the M4 Tornado micro-X-ray fluorescence (uXRF) scanner (Bruker nano
GmbH) at the VUB, Brussels, Belgium. The uXRF mapping was performed along a 2D grid with
25 um spacing, a spot size of 25 um and an integration time of 5 ms per pixel. The X-ray source
was operated under maximum energy settings (600 pA, 50 kV) with no source filters. This
UXRF mapping approach resulted in qualitative information on the distribution of the
elements in the form of elemental maps.

4.6. Clumped isotopes analysis

A total of 226 measurements (9 samples, each replicated between 6 and 11 times,
together with 123 standard measurements with 1 replicate equivalent to in between 450 and
550 ug of pure carbonate powder) were carried out to obtain clumped isotope values in the
AMGC (Archaeology, Environmental Changes and Geo-Chemistry) stable isotope lab at the
VUB, Brussels, Belgium using a Nu-Carb carbonate sample preparation system combined with
a Nu Instruments Perspective-1S-IRMS, as descripted in De Vleeschouwer et al. (2021). Possible
contamination is monitored by scrutinizing raw Asg values for high deviations from the mean.
The ETH standards are measured following the recommendations of Kocken et al. (2019) with
a sample-to-standard ratio of 1:1. Analyses and results are monitored in the lab using the
Easotope software (John and Bowen, 2016). The carbonate standards ETH-2, IAEA-C1 and
IAEA-C2 are systematically measured and compared to InterCarb values (Bernasconi et al.,
2021) for quality control purposes. The raw measured As7 values are processed using the
IUPAC isotopic parameters (Brand et al., 2010; Daéron et al., 2016; Petersen et al., 2019) and
converted to the ICDES 90 °C scale, using the most recent values for the ETH-1, ETH-3, and
ETH-4 carbonate reference materials (Bernasconi et al., 2021) within the ClumpyCrunch
software (Daéron, 2021). The average As; values for each sample are converted into
temperatures using the Anderson et al. (2021) calibration. Both analytical and calibration
uncertainties are propagated to calculate the final uncertainties on the temperatures derived.
The average temperature uncertainty is calculated to be 1.9°C (1SE). The data are available in
Table S5 of the supplementary material.

The drip-water 680y, is calculated using As47-derived temperatures and the 6§80 value
of the calcite from the same speleothem level using the equation of Daéron et al. (2019). The
final uncertainties are calculated by propagating the analytical uncertainties of both Aaz-
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derived temperatures and 680 values, as well as the equation uncertainties of Daéron et al.
(2021).

The ETH 1-4, IAEA-C1 and IAEA-C2 standards have been measured over one entire year
at the AMGC-VUB lab. The long-term repeatability of As7 for all standards (after the data
processing described above) is 0.027 %o (1SE). The calculated §*3C, §'80 and As; of the
clumped-isotope standards are compared to the expected values as follows (Table 1). The A4y
values are compared to the most recent values from Bernasconi et al. (2021). The 8'3C and
880 values for ETH 1-4 as well as the 380 values for IAEA-C1 and IAEA-C2 are compared to
Bernasconi et al. (2018) instead, while the 3'3C of IAEA-C1 and IAEA-C2 are compared to
Rozanski et al. (1992). The difference between the values measured in this study and the
expected values is considered negligible (lower than the SE associated with the carbonate
reference materials) for 513C, 520 and A47. These comparisons are used as a means of quality
control for the measurements. Also, it is important to note that the IAEA-C1 and IAEA-C2
powders used in this study are from different batches than those used in the InterCarb study
(Bernasconi et al., 2021). Based on comparison between two different standard batches, IAEA-
C2 powder appears to be homogenous, confirming its value as a standard for clumped isotope
analyses. However, the difference between measured and expected values for A7 IAEA-C1 is
larger (0.01 %o; Table 1) and therefore additional data are required for IAEA-C1 to verify its
homogeneity.

Table 1: Isotopic measurement results (8'3C, §'80 and A47) for the ETH1-4 and IAEA-C1 and
IAEA-C2 standards calibrated against three ETH reference materials. References (Ref)
represent the follow: 1. This study — one year of measurement; 2. Bernasconi et al. (2021); 3.
Bernasconi et al. (2018); 4. Rozanski et al. (1992). SD and SE are at the 1 sigma level.

Difference
Samples N 813C_VvPDB SD 3$'20_VPDB SD Agy SE Ref
313C 8180 Az
132 2.01 0.2 -2.44 0.2 0.2080 0.0069 1
ETH-1 -0.01 0.25 0.0028
Expected values 2.02 0.03 -2.19 0.04 0.2052 0.0031 2,3
119 -10.17 0.2 -18.91 0.2 0.2065 0.0042 1
ETH-2 0 0.22 -0.0021
Expected values -10.17 0.06 -18.69 0.11  0.2086 0.003 2,3
115 1.72 0.2 -1.77 0.2 0.6084 0.007 1
ETH-3 0.01 -0.01 -0.0048
Expected values 1.71 0.02 -1.78 0.06 0.6132 0.0027 2,3
114 -10.15 0.09 -18.85 0.2 0.4533 0.0042 1
ETH-4 0.05 0.16  0.0028
Expected values -10.2 0.03 -18.69 0.11 0.4505 0.0035 2,3
43 2.44 0.09 -2.89 0.3 0.3125 0.0048 1
IAEA-C1 0.02 0.57 0.0107
Expected values 2.42 0.33 -2.32 0.03 0.3018 0.0025 2,3,4
50 -8.2 0.2 -9.13 0.4 0.6466 0.0048 1
IAEA-C2 0.05 0.13 0.0057
Expected values -8.25 0.31 -9.00 0.05 0.6409 0.003 2,3,4

4.7.

Dual clumped isotopes analysis

Dual clumped isotope analysis (i.e, analysis of Asg alongside A4z in CO; evolved from
phosphoric acid digestion of carbonates) has been performed at the Goethe University in
Frankfurt using an automated preparation line HAL (Hofmann's Auto Line) that is connected
to the dual inlet of a MAT 253plus gas source mass spectrometer (Fiebig et al., 2019). The
sampled layer is taken at 27.3 cm, called I-B2-27.3. Data were acquired within a single session
lasting from 31/03/2023 to 10/06/2023. In a first step, mass spectrometric m/z 47-49
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intensities of each cycle were corrected for a negative background that is continuously
monitored on half mass cup 47.5, using cup-specific, iteratively determined scaling factors
(Fiebig et al., 2021). Background corrected raw 6%-6%’ values were then further processed
using D47crunch in its pooled mode (Daéron, 2021) and CO; equilibrated at 25°C and 1000°C,
respectively, as anchors. Final As7 and Asgvalues are reported on the CDES 90 and compared
to the CDES 90 calibration provided by Fiebig et al. (2021). Uncertainties are provided as fully
propagated 2SE. Long-term repeatability for this session is 7.0 ppm for As7 and 25.0 ppm for
A4s (1SD). This compares well with the predicted shot noise limits of 7.0 ppm and 23.4 ppm
characteristic of the applied analytical conditions, i.e., m/z 44 ion beam intensity of 16000 mV
and a total ion counting time of 2600 s (13 acquisitions with 10 cycles and 20 seconds
integration time). All data (replicate values of equilibrated gases, carbonate standards and
samples, their corresponding mean values and 2SE, repeatabilities of As4; and Aass
measurements, a, b and c-factors determined using D47 crunch; Daéron, 2021) can be found
in Supplementary material Table S6.

4.8. Archeological dating model

The chronology of the Chatelperronian and especially regional durations in western
Europe are hampered by the evolution of the *C calibration curve (IntCal13 into IntCal20,
Reimer et al., 2013, 2020). It is important to use the new radiocarbon calibration curve
(IntCal20) because it takes into consideration the radiocarbon time dilation, related to the
Laschamp geomagnetic excursion, around 41 ka BP (Bard et al., 2020). This may impact the
length of overlap between Neanderthal and anatomically modern humans in Eurasia (Bard et
al., 2020). Therefore, we used the archaeological synthesis based on the most recent 4C
calibration curve IntCal20 (Brad et al., 2020; Djakovic et al., 2022; Fourcade et al., 2022; Rios-
Garaizar et al., 2022; Guérin et al., 2023). We also remodel the Chatelperronian time-range
from the Ormesson site, using the ages of Bodu et al. (2017), with the same method as
Fourcade et al. (2022). The most reliable age is integrated in a Bayesian chronological model
(ChronoModel v. 2.0.18, Lanos and Dufresne, 2019). The recalculated age can be found in
supplementary material, Table S7.

5. RESULTS
5.1. Speleothem description

Three discontinuities (D1, D2 and D3) are identified, allowing the recognition of 3
different growth phases (I-B1, 2 and 3; Fig. 2). At 30.1 cm from the top, a thin detrital layer
(D1) marks the transition from layered white opaque and relatively porous, columnar calcite
to translucent beige and more compact, elongated columnar calcite (between 1-B3 and I-B2;
Fig. 2). The uXRF maps indicate higher concentrations of K and Fe at the D1 (Fig. 3; Fig. S3 to
6 for the high-resolution maps). Between 28.8 and 27.4 cm from the top, a gradual change in
lithology is observed with a whitening of the calcite. The top of I-B2 records 2 detrital layers
(Fig. 2). A first one occurs at 25.4 cm (D2) and shows millimetric-sized dissolution features,
leading to an irregular layer. Subsequently, a ~¥3 mm-thick beige-grey translucent calcite layer
is deposited, which, except for the color, is relatively similar to the former calcite, and ends
with a more visible detrital layer 25.6 cm from the top (D3; Fig. 2). Bright-orange calcite layers
(red layer) are deposited with the incorporation of several millimetric-sized clay clumps in the
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first six to seven layers, followed by a progressive transition to finely layered white calcite,
returning to characteristics more similar to the base of the speleothem I-B (I-B3; Fig. 2). The
UXRF maps indicate higher concentrations of Al, K, Fe and Si at the D2, D3 levels and the red
layer (Fig. 3; Fig. S4 to 6 for the high-resolution maps), suggesting deposition of thin clay layers,
incorporated in the calcite.
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Figure 3: Trace elemental uXRF maps to highlight the I-B2 discontinuities. Photography of
the I-B2 speleothem with the location of the uXRF-scan (red squares) with the spatial
distribution of Al, Ti, K, Fe and Si, and the Al content (blue line). Discontinuities 1 to 3 are
indicated using the letter D.

5.2. Age model

A total of 11 U/Th dates were obtained for this study, all focusing on part I-B of the
speleothem (Table S1). The ages are given in ka before 1950 CE. The part I-B1 stops growing
at 76.6 ka BP (+/- 0.3 ka; sample 11 in figure 2). The speleothems started to grow again after
D1, at 57.7 ka BP (+/- 0.6 ka; sample 10 in figures 2 & 4). This part corresponds to part |-B2,
which includes 9 dates. The second discontinuity (D2) is dated between 42 ka BP (+/- 1.5 ka;
sample 3 in figures 2 & 4) and 37 ka BP (+/- 0.1 ka; sample 2 in figures 2 & 4), which is followed
by the red layer and the last discontinuity (D3). Part I-B3 is dated to the Holocene with an
associated age of 11.5 ka BP (+/- 0.01 ka; sample 1 in figure 2).

For the age model, we used the uncertainties due to the sampling (+ 0.2 cm), calculated
assuming a constant deposition rate between 2 ages. The age model indicates a low
deposition rate of 2.6 um/year on average (Fig. 4).

Between D1 and D2, no other discontinuities were identified in the uXRF maps (Fig. 3).
The Al content also records variations that are relatively small compared to the Al content
recorded at the discontinuities (maximum 0.03 pg/g between D1 and D2 compared to 0.5 ug/g
at D2 and 0.8 pg/g at D1; Fig. 3), a strong argument for the absence of other discontinuities,
even undetectable by macroscopic observation. Even if an eventual hiatus cannot be
completely eliminated, the absence of even a small detrital layer makes this option less
probable. The production of additional ages, especially between samples 5 and 6 would
ameliorate the precision of the age model, however, the low growth rate limits the thickness
of deposited calcite (only a few millimeters) hampering additional sampling- Moreover,
related to the slow but most probably variable growth rate in Interstadial and Stadial climate
conditions, we acknowledge some limitations due to the linear fit obtained with StalAge (not
always necessarily linear, but this is the case of our study). Additional discussion on the age
model (linear fit including all the ages or linear fit only between 2 ages), and potential
implications on our interpretation is included in the supplementary material.
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Figure 4: Age model between D1 and D2. The dating used for this age model correspond to
the red dating in Fig. 2. The age model is calculated at 2SE.

5.3. Isotopic equilibrium

Firstly, the I-B2 part mainly consists of white and opaque columnar calcite with very
fine laminations (typical of flowstone) with some larger euhedral spar crystals (typical of local
small pools). The calcite appears to have been deposited continuously (in continuation of
underlying layers). Based on the age-depth model, I-B2 starts to grow at 57.7 ka BP and
continues until 37.0 ka BP. The chronology indicates a low deposition rate of 2.6 um/a, which
is rather low compared to other central European speleothem deposition rates such as in
Bunker cave, Germany (between 10 and 70 um/a, Weber et al., 2018) or in Villars cave in
southwest of France (between 100 um/a during the D/O 12 and 10 um/a during the cold
periods; Genty et al., 2003, 2005 and 2010). Low deposition rate of speleothems favors
precipitation close to isotopic equilibrium, by reducing the CO,-degassing and/or the
evaporation of drip water (Daéron et al., 2019; Guo & Zhou, 2019). Also, the deposition of
columnar crystals and the presence of micro pool structures suggest slow calcite precipitation
under a water film or in subaqueous conditions, which limits rapid CO,-degassing. Following
Daéron et al. (2019), these are fundamental conditions to record the original clumped isotope
signal.

Secondly, as suggested by Hendy (1971), the isotopic disequilibrium may be verified
using stable isotope ratio values by investigating the &'3C and 60 correlations and the
isotopic variations along single growth layers. The high covariance between §'3C and 820
suggests potential disequilibrium. Here, the covariance is low for the whole data set (Pearson
coefficient R? of 0.14) (Fig. 5.A). Similarly, the correlation coefficients of the main climatic
events (individual DO events), highlighted by the different colors in Figure 5.A, are low (R2
between 0.06 and 0.41; Fig. 5.A). The orange period (from 56.3 to 50.0 ka) shows higher
correlation (R? of 0.41), but it is still quite low. Furthermore, the isotopic variations along a
single layer are tested by measuring 613C - 6180 five times on five different single growth layers
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(Fig. 2 and Fig. 5.B). The results indicate a variation lower than 0.2%. for §'3C and for §'80. The
limited variations of 80 within a single line, combined with the absence of §'3C - §0
correlation do not indicate potential disequilibrium.
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Figure 5: isotopic measurements for the Hendy test. A. calcite 680, vs 63C comparison with
coefficient correlation associated with Greenland Interstadial (Gl) -16 (blue circle), section 2
(orange diamond), GI-12 (grey triangle), Greenland Stadial (GS) -11 (yellow scare), GI-11
(green parallelogram) and the full database (black) and B. 60, (empty symbols) and &*3C
(filled symbols) values at 5 positions on 5 different single growth layers (labelled 1 to 5,
associated with different symbols), as shown in Fig. 1.

Thirdly, dual clumped isotope thermometry (high precision analysis of Asg together
with A47) allows to determine to which extent the isotopic composition of a given carbonate
sample has been affected by kinetics (Bajnai et al., 2020; Fiebig et al., 2021). Dual clumped
isotope analysis reveals the absence of any significant kinetic bias in sample I-B2-27.3 (taken
in the I-B2 part at 27.3 cm from the top — at 45.77 ka), as measured As7 (0.6513%o0 + 0.0027%.o;
1SE) and Asg (0.2667%0 + 0.0096%.; 1SE) values plot both within 2SE and 1SE indistinguishable
from equilibrium (Fig. 6). Moreover, the temperature of 6.4 + 1.7 °C obtained based on dual
clumped isotope thermometry overlaps with the temperature of 6.4 + 1.5 °C inferred from A4y
thermometry. The sampled layer at 27.3 cm from the top exhibits the highest growth rate
(Between dating samples 4 and 5). If no significant kinetic effect is observed for the
highest growth rate, no kinetic effect would be noticeable if the growth rates were lower.
Based on these observations, the I-B2 speleothem represents an excellent candidate for
temperature reconstructions based on the application of the Aszthermometer.
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Figure 6: isotopic equilibrium highlighted by As7-Ass measurement. Dual clumped isotope
composition of sample I-B2-27.3, relative to predicted and expected equilibrium A7 - Assg
values (Fiebig et al.,, 2021). Asg uncertainties are at 1 SE (black) and 2 SE (grey). A4y
uncertainties are at 2 SE (black).

5.4. Elemental & isotopic climatic records

Calcite 680 and 83C values vary between -3.8 to -5.8 %o and -1.5 to -5 %o, respectively
(Fig. 7). The 8%3C curve appears congruent to the 630 data, except from 56.7 to 50.2 ka BP
where the 8'3C value exhibits more variability than the 620 value. From the older to the
younger part, the 680 variations start with a decrease of 0.5 %o, followed by a plateau at
around -4.5 %o until 50.2 ka BP. The 80 values exhibit small negative peaks, but overall
remain relatively stable compared to 63C. Between 50.2 and 43.8 ka, the 680 and §*3C curves
show stronger, with higher values of -3.7 %o and -1.5 %o respectively around 45.7 ka and 48.3
ka and lower values of -5.7%o. and -5%o respectively around 47.7 and 46.9 ka (Fig. 7).

The concentrations of the elements Zn and P show a progressive increase through the
section with larger variations (Fig. 7). The Mg, Sr, and Ba concentrations display stronger
variability (Fig. 7). The Mg concentration (between 0.1 ug/g up to 0.3 ug/g) displays the same
relative variations as Sr (ranging from 14 to 48 ug/g) and Ba (ranging from 1 to 9 ug/g) with R?
values of up to 0.47 from 59.2 to 56.4 ka and 0.47 from 47.9 to 49.2 ka BP. However, from
45.0 to 42.4 ka BP, the Sr concentrations display variations similar to those for §'3C, while the
Mg concentrations decrease progressively, resulting on a poor agreement between the two
elements (R? = 0.01). Furthermore, [P] and [Zn] show good agreement with 8*3C variations
from 47.9 to 42.4 ka (R? = 0.48 and 0.56 respectively).

The samples display T- As7 values between 2.8 £ 2.1 °C and 14.8 + 2.6 °C (Fig. 7). Four
samples, from the most recent part of the record, overlap within error with the modern cave
air temperature (ca. 10.2 °C), while the remaining five constrain colder temperatures (Fig. 7).
Higher T- A47 correspond to the lower carbonate 30 values (Fig. 7). Reconstructions of the
drip water 580 (8'80y) value provide a range from -7.2 + 0.6 %o to -5.3 + 0.4 %o, lower than
or in the range of the modern cave 50y, (-7.5 %o) (Fig. 7). While at low resolution, the 380y
curve follows the variations of the 8'3C curve (Fig. 7).
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Figure 7: Isotopic and elemental data from I-B2 speleothem. Data from |-B2 speleothem from
the top to the bottom: the NGRIP §*0 value of the ice (Svensson et al., 2018) (a), the contents
535 of Zn, P (b, c), the 6%3C curve, with the drip water 8§80 datapoints reconstructed from the
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combination of clumped isotopes and the calcite 6§80 value (d and e), the contents of Sr, Ba
and Mg (f, g and h), the calcite 680 curve with the T-A47 reconstructed from clumped isotope
measurements (i and j). The grey dots correspond to the replicates of the bulk isotopic
measurements. The ages and their 2SE uncertainties are plotted at the bottom of the graph
and are correlated to the 1-B2 speleothem photograph (k). The Gls within the MIS 3 are
highlighted using grey rectangles. The H-events are marked using blue rectangles.

6. CLIMATIC PROXIES INTERPRETATION

The 8%3C values reflect soil thickening and/or soils activity (Fairchild et al., 2001; Huang
et al., 2001; Treble et al., 2003; Borsato et al., 2007). Low values are associated with denser
vegetation above the cave (Genty et al., 2003; Tremaine et al., 2011). A decrease in §*3C
suggests favorable conditions for soil development. Negative §3C peaks are often correlated
with high P and Zn concentrations. Low concentrations of P and Zn indicate a reduction of soil
activity at the surface — respectively vegetation dieback (Fairchild et al., 2001; Borsato et al.,
2007; Allan et al., 2018) and soil flushing events (Hartland et al., 2012). An increase in [P] and
[Zn] therefore suggests more soil activity. Negative peaks of §'3C can be correlated to high [P]
and [Zn], indicating more active soil.

The vegetation is also linked to water availability. Different proxies provide information on
hydrology. The 3*0c records both temperature and the 50w, associated with rainfall
amount, regional circulation system and/or through cave-specific processes, transferring the
climatic signatures (McDermott, 2004, 2011; Tremaine et al., 2011; Lachniet, 2009). This proxy
is promising when combined with [Mg], [Ba] and [Sr]. These elements are interpreted to
reflect water availability (Fairchild et al., 2001; Huang et al., 2001; McDermott, 2004),
especially in the case of the Han-sure-Lesse cave system (Verheyden et al., 2008; Allan et al.,
2018) and the Bunker cave (Weber et al., 2018). An agreement between increase in [Ba], [Mg]
and [Sr] and decrease in the isotopic compositions (8'3C and 8'80c) suggests warmer and/or
wetter conditions. However, [Mg], [Ba] and [Sr] in antiphase may indicate incongruent
dissolution, occurring during drier conditions (Vansteenberge et al., 2020).

Despite this information, these proxies provide only qualitative information. To obtain
quantitative climatic information, we have determined As7-derived temperatures (T(As7)) and
used these temperatures to reconstruct the 6*20y. Today, the 580 drip water at the site study
correlate with the 880 rainwater with a 5 to 6 months residence time of the water in the
epikarst (Van Rampelbergh et al.,, 2014). The 50, changes would indicate changes in
circulation schemes and/or moisture source. Combined with [Ba], [Mg], [Sr] and bulk isotopic
measurement, this approach traces changes in water availability.

7. DISCUSSION
7.1. A climatic amelioration at the MIS 3 onset

This study focuses only on the second part, labelled I-B, from 17.6 to 37.4 cm from top,
and particularly on the I-B2 facies, covering the early MIS 3. The D1 discontinuity indicates a
hiatus of ~18 ka, covering the end of MIS 4 and the beginning of early MIS 3 (Table S1), which
can be related to the Heinrich H6 cold event (Sanchez-Goii et al., 2013). Its presence suggests
poor conditions for speleothem deposition, in agreement with models indicating rapidly (in
~5 ka) decreasing mean annual air temperatures to 0 °C or below starting from 80 ka to ~55 ka
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in Belgium (Govaerts et al., 2016). However, the climatic conditions may have warmed before,
as the I-B2 part started growing around 59.2 ka (dating sample 10 = 57.7 ka = 0.2 ka),
associated with GI-16 (Greenland Interstadial 16 = GI-16, after H6) in the NGRIP 50 values
(Svensson et al., 2008). Until 57.9 ka, the 8'3C and 8'80c values show a decrease of 1 %o and
0.5 %o, respectively (Fig. 7). Low 8'3C values are associated with denser vegetation above the
cave (Genty et al., 2003). The decreasing trends in 8'3C suggest favorable conditions for soil
development during the GI-16.

At 56.7 ka, the GS-15 is marked by a progressive increase in 83C and abrupt shift to higher
8'80c. The T(A47) remain stable during the GS-15, suggesting limited temperature variations.
The obtained temperatures are colder than today (between 2 and 4.8 °C; Fig. 7) but warmer
than during the H6 associated with the D1 (cessation of growth) and as also supported by the
model (Govaerts et al., 2016). The reconstructed 8'80,, values show changes by up to 1 %o
(Fig. 7) during the GS-15, indicating that §'80c is dominated by 880w rather than temperature
variations. Since the Sr, Ba and Mg concentrations remain low (Fig. 7), reflecting high water
availability (Fairchild et al., 2001; Huang et al., 2001; McDermott, 2004; Verheyden et al.,
2008; Allan et al., 2018), the 380w changes are more likely related to changes in circulation
schemes and/or moisture source with enriched 30w corresponding to northern Atlantic
Ocean precipitation origin (McDermott et al., 2011).

The data show a climatic amelioration from the H6, as supported by models with the
disappearance of permafrost in Belgium, associated with a temperature increase, triggering
permafrost melting (Govaerts et al., 2016). This melted water could account for sufficient
water within the cave system to precipitate speleothem in near isotopic equilibrium. The GS-
15 was warmer than H6, as also indicated by models showing that permafrost completely
disappeared in Belgium during GS-15.

7.2. A weak climatic signal in speleothems during the DO14

By comparing with the NGRIP 380 changes, the DO-14 event is not well recognized in the
I-B2 speleothem. The DO-14 shows only variations in 8'3C values and [Sr]. No significant
variations are observed in 520 or other elemental measurements. Furthermore, this part is
associated with more covariance between 3'3C and §'®0c values (R? = 0.41; Fig. 5.A), which
may suggest the influence of kinetic effects during this period only. Interestingly, the DO-14 is
also not well-delineated or only partially marked in the isotopic signal of speleothems from
southwestern France (Genty et al., 2003, 2005, 2010; Wainer et al., 2009; Fig. ) or from Bunker
cave in Germany (Weber et al., 2018). The absence of a strong DO-14 signal in European
speleothems may suggest a delay between the warm and humid conditions during DO-14 and
the onset of speleothem growth. Additional investigations are necessary to formulate
hypotheses explaining the weak expression of the DO-14 in speleothem records.

7.3. Climatic responses to the DO 13 and 12 events in Belgium

The GI-13 is associated with wet conditions (small negative peak in 3'3C values and low
[Mg], [Ba] and [Sr]; Fig. 7). The water availability may have increased the development of
vegetation above the cave, as indicated by lower §*3C values and a positive concentration peak
in P and Zn (Fairchild et al., 2001; Borsato et al., 2007; Allan et al., 2018; Hartland et al., 2012).
However, a fast and major increase in 8'3C (2.3 %o) during the following stadial (GS-13)
suggests a rapid decrease in surface soil activity due to colder and drier climate conditions
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(increase in 8'80c, [Mg], [Ba] and [Sr]). During the DO-12, similar variations are observed in
the 8'80c, [Ba], [Mg] and [Sr] and in the 3'3C, [P] and [Zn] (Fig. 7; R? > 0.4), suggesting warmer
and/or wetter conditions during the interstadials and colder and/or drier climate during the
stadials. The absolute T-A47 confirms the warm condition with cave temperatures relatively
similar or slightly higher (within the uncertainties) especially at the onset of the GI-12
(14.9 + 2.6 °C). Due to uncertainties linked to our age model (see discussion in supplementary
material), the second high temperature data point (12.0 + 1.6 °C) may correspond to the onset
of the DO-11. However, it is interesting to note that the temperature decreases significantly
(equivalent to stadial temperatures) withing the DO-12. This temperature decrease is
concomitant to high water availability (low [Mg], [Ba], [Sr]) and stronger development of soil
above the cave (lower 6*3C values and positive peak of [P]). The 3'3C decreases 0.8 kyr before
the 8'80c. This time lag may reflect a delay between a climatic amelioration (more negative
8'80c and high T(A47)) and change in vegetation (more negative 8*3C and increase of [P];
Fig. 7). This likely derives from a delay between the enhancement in temperature and
moisture availability as the 3'3C and the 8'80,, decrease simultaneously (Fig. 7). Alternatively,
the time lag can also result from poor soil preservation during GS-12, associated with the H5-
event, which does not permit a fast return of the vegetation, as suggested by Genty et al.
(2003), or a combination of both.

7.4. Climatic responses to the DO events in western Europe

By comparing the |-B2 records with those embedded in other continental and marine
archives important similarities appear to reflect the large-scale response to the DO millennial
scale oscillations in Europe: speleothems from the south (France; Genty et al., 2003) or closer
to the ice sheets (Ireland; Fankhauser et al., 2016), recorded DO events similar to the |-B2
speleothem. Also, the good agreement between the NGRIP 30 and stable isotopic
speleothem records, such as I-B2, Villars cave (south-west part of France; Genty et al., 2003,
2005; Wainer et al., 2009) (Fig. 8) or even in Soreq cave (Israel; Bar-Matthews et al., 2000)
confirm this larger spatial distribution and evidence of rapid responses to DO. The I-B2
speleothem data also confirm the previous qualitative observations, with warm and wet
climate associated with Gls and cold and dry conditions to GSs, as suggested by the deposition
rate and the elemental and isotopic measurements of European MIS 3 speleothems (Genty et
al., 2003, 2005, 2010; Wainer et al., 2009; Pons-Branchu et al., 2010; Weber et al., 2018), and
by the dust records from Maar Lakes (Sirocko et al., 2016).

The comparisons between different MIS 3 recorded in Europe also provide information on
the permafrost front. The I-B2 speleothem-initiated growth after the H6 event agrees with the
onset of milder conditions at the beginning of the MIS 3, as also found in the Maar lakes (Eifel
in Germany; Sirocko et al., 2016) and marine archives (Shackleton et al., 2000; Sdnchez-Goiii
et al., 2008; through the presence of the cold-planktonic foraminiferal species and ice-rafted
debris; Fig. 8). However, a delay of ~2 kyr compared to southern European speleothems is
noticeable. The Villars speleothem (Genty et al., 2003) records a shorter phase of extremely
cold climate between to 67.4 (£ 0.9 ka) and 61.2 ka (£ 0.6 ka) compared to |-B2 phase (76.6
(£0.3) to 59.2 ka), indicating that the cold period started earlier and ended later in the
northern regions. The location of I-B2 speleothem could account for this delay, as it is closer
to the ice sheets and/or the permafrost (Govaerts et al., 2016).

These comparisons also highlight differences in vegetation and moisture availability in
Europe. The 8'3C values of the I-B2 speleothem are generally higher than those from other
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southern European speleothems and the Bunker cave in Germany (Weber et al., 2018;
latitudinal Northward to I-B2), indicating more restricted vegetational activity and soil
development in Belgium. Likewise, [Mg] remains low relative to those of the German Bu2
speleothem that shows values ranging between 25 and 1500 ug/g (Weber et al., 2018). The
Bunker cave [Mg] suggest an increase of water availability and precipitation enhancement
from 52 to 51 ka BP, followed, from 47 to 43 ka BP, by less precipitation (Fig. 8; Weber et al.,
2018), as also supported by the pollen data from Eifel Lake, with a transition from
thermophilous trees to boreal forests (Sirocko et al., 2016). The Mg concentration in the I-B2
interval advocates for relatively more moisture in Belgium, compared to Germany during the
entire MIS 3. This wetter condition likely reflects the more marine climate in Belgium.
However, the aluminum (Al) content shows an increase throughout the MIS 3 in Belgium (Fig.
8), which may suggest an enhancement of detrital input into the speleothem (Fairchild and
Treble, 2009) triggered by the accumulation of fine particles in drier environments. The |-B2
data likely confirm a drier north European climate through the MIS 3.
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Figure 8: Comparison of I-B2 data with those from other continental and marine records.
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(c), the Al content from this study (d), Mg content (green from Bunker cave; Weber et al.
(2018)) (e), the calcite 8*3C curve (black this article, blue from Villars cave; Genty et al. 2003,
green from Bunker cave; Weber et al. 2018) (f) with the reconstructed 680w from this study
(g), and the T-A47 (h) plotted with the calcite 680 curve (black this article, blue from Villars
cave; Genty et al. 2003) (i). The GlIs correspond to the grey rectangles and the H-events are
marked using blue rectangles.

7.5. A gradual paleoclimatic degradation in western Europe

The geochemical and petrographic description of the I-B2 speleothem suggests a rapid
degradation (cooling and drying) of the climate conditions during the most recent part of the
record. The two observed detrital hiatuses (D2 and D3), the incorporation of millimetric clay
clumps, and the high concentrations of Al, K, Fe and Si at the D2 and D3 levels in the uXRF
maps (Fig. 3) also arguments in support of cooling and drying. The D2 deposited between
42.4 ka (£ 0.1 ka) and 37.1 ka (+ 0.1 ka), while the D3 occurs between I-B2 (37.1 ka = 0.1 ka)
and |-B1 (above the red layer) at the onset of the Holocene at 11.5 ka (£ 0.1 ka). These
observations all point towards a growth cessation, resulting from a climatic degradation and
soil reduction. From 43.4 ka, the increase in 8'3C, 8'80c values and [Mg] suggest less
vegetation activity due to colder and drier condition (Fig. 8). The [Mg] and the [Sr] are in
antiphase, which may indicate incongruent dissolution, occurring during drier conditions
(Vansteenberge et al., 2020).

A similar climate deterioration is observed in other European MIS 3 speleothems,
however, with a different timing. North to South in western Europe, the climatic degradation
occurred gradually (Fig. 8):

i) in Germany, from 44.4 ka (marked by increased 3'3C and [Mg]) to 42.8 ka (marked by the
growth stop during MIS 3; Weber et al., 2018),

ii) in Belgium, from 43.4 ka (increased &'3C and 8'80c, [Mg] and [Sr]) to 37.1 £ 0.1 ka (short
restart of speleothem growth), followed by a growth cessation (D3), and,

iii) in the southwest of France, from 41.7 ka (less marked DO oscillations in the isotopic
measurements) to 31.8 ka (speleothem growth cessation; Genty et al., 2003, 2010).

An increasing time lag of climate degradation (considering the age uncertainties) is
observed from the north to the south in western Europe. The increase in 8'3C speleothem
shows that the progressive southward cooling is associated with slowing down of vegetation
activity. At around ~42-40 ka, growth of European speleothems stopped (Genty et al. (2003;
2010) and this study), suggesting colder conditions and potential presence of permafrost until
the start of the Holocene.

7.6. Implication of a southward climatic degradation to the Neanderthal extinction

This period of climatic degradation is also marked by the Neanderthal-modern human
interchange. To investigate a possible connection between climate change and the end of
Neanderthals, we use the most recent updated archaeological synthesis that remodeled key
sites in western Europe with the new *C calibration curve, based on the Chatelperronian
culture (Fig. 9; Brad et al., 2020; Djakovic et al., 2022; Fourcade et al., 2022; Rios-Garaizar et
al., 2022; Guérin et al., 2023; see methodology). The recalculated Chatelperronian interval
(using the new *C calibration curve) from Ormesson site is larger than the other sites in
western Europe (Fig. 9). This difference may be explained by large uncertainties on the original
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ages and methodological (model) issues, as in general, the intervals of Fourcade et al. (2022)
are longer than those in the other datasets (Fig. 9). This may be due to the probability
distributions, which are higher because the Chrono Model integrated all of the ages and their
uncertainties. The updated archaeological synthesis also includes Neanderthal remains
(Deviese et al., 2021; Abrams, 2023; Guérin et al., 2023; Fig. 9). Dated last Neanderthal
remains, in the northwest Europe, are estimated between 44.2 and 40.6 ka (Deviese et al.,
2021) and between 40.8 and 40.4 ka (Djakovic et al., 2022), similar to remains found in France
(Djakovic et al., 2022).

In Figure 9, climatic deterioration periods (marked by elemental and/or isotopic
measurements and stop of growth) are compared to the archeological synthesis showing the
occupation of Neanderthal. Any climatic role in the last occupation of Neanderthals in western
Europe would imply a southward extinction of Neanderthals, following climatic degradation.
However, no southward extinction of Neanderthal has previously been observed in north-
western Europe (e.g., Hublin & Roebroeks,2009; Roebroeks et al., 2011). A link between
climate and disappearance of the Neanderthals could be unlikely, regardless of the model
used for this archaeological synthesis. (Fig. 9). This comparison suggests that climate and/or
vegetation changes did not play an important role in the extinction of the Neanderthals in
western Europe, as suggested by the model of Timmermann (2020). Our data therefore
provides better environmental constraints on human mobility versus climate changes models.
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Figure 9: Climatic degradation compared to the Neanderthal occupations in Europe. A. Map
of western Europe with the locations of the paleoclimatic (stars) and archeological (diamonds)
records used in this study, against latitude (from north at the top to south at the bottom). B.
Ages of the climatic degradation (associated with elemental and/or isotopic measurements)
in speleothem archives compared with the Neanderthals occupations, based on the most
recent studies from north- to south-western Europe. The numbers correspond to the
speleothems and archeological sites presented in panel A. The references correspond to the
articles that published the age interval of the Neanderthal occupations. The climatic events
are highlighted by grey rectangles for the Gl and a blue rectangle for the H-4 event.

CONCLUSIONS

This unique continental MIS 3 record sheds new light on the climatic variability of this
period in western Europe and the potential consequences on Neanderthals human
replacement by Homo sapiens. Using state-of-the-art methods, we show that the speleothem
precipitated close to isotopic equilibrium, which enables the confident use of clumped-isotope
thermometry and allows to dissociate MIS 3 temperature from hydrology signals. Our results
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confirm a warm and humid climate during the interstadials and cold and dry conditions during
the stadials, with an estimated difference in temperature of approximately 7°C. The start of
MIS 3 is marked by a climatic amelioration, following the cold H5 at the end of MIS 4, allowing
the permafrost to melt and the speleothem to grow. Interestingly, DO-14 is not well-recorded
in our speleothem, similar to expressions in other western European speleothems (excluding
the Iberian margin). The DO-12 is characterized by a 1-ka delay between 3'3C and 380, with
880 changing before 613C, in agreement with observations in southwest France. This interval
is interpreted to reflect a delay between climatic improvement and the availability of water
leading to the development of vegetation. Finally, we document a climatic deterioration
extending from north to south. However, based on the most recent archaeological synthesis,
no comparable southward decline of Neanderthal occupation is observed. Therefore, a link
between climate change and extinction of the Neanderthals in western Europe is not
supported.
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Discussion age model:

In the manuscript, we apply a linear age model, including all dating in a single fit, performed
using StalAge. The limitation of this age model is the loss of potential changes in the deposition rate.
To check the impact of the deposition rate, we also calculated an age model assuming a constant
deposition rate between two neighboring dates only, using the OxCal V4.4 Bronk Ramsey (2021). As
discussed by Scholz et al. (2012), both StalAge and OxCal can be used to create an age model from
U/Th dating in speleothems. Figure S1 shows the age model recalculated with linear fits only between
2 neighboring dates, using the OxCal software.

The effects of two age models on the isotopic measurements are compared in Figure S2. The
black color corresponds to the age model made using StalAge, while the orange color corresponds to
the age model made using OxCal. There are no significant changes between the two age models, except
between 48 and 47 ka (Fig. 2). During this period, the OxCal age model places the warmest temperature
derived from the clumped isotope, associated with the most negative 880 peak, during the H5 event,
which is expected to be cold. This model can thus be considered highly unlikely. For this reason, we
used the StalAge age model, placing the warmest temperature at the end of H5 and the start of DO-
12. The two dates of samples 6 and 7, corresponding to DO-13 as defined in the literature, were
sampled deeper in the stratigraphy compared to the clumped isotope measurement recording the
warmest temperature. This therefore implies that the recorded high temperature is probably not
associated with DO-13 but more likely with DO-12.

Slow growing speleothems, precipitated close to the isotopic equilibrium, are often not used
in paleoclimatology because they are rare and because of their low resolutions (Daéron et al., 2019;
Wassenburg et al., 2021). As a result the limitation of our age model can be due to the use of a slow
growing speleothem, making it difficult to identify potential changes in deposition rates due to the low
temporal resolution. Age model programs are maybe not well suited for these unusual speleothems.
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Figure S1: Age model performed using OxCal. The sampling uncertainties are used. Dark

blue corresponds to the 68.3% uncertainties and light blue to 95.4% uncertainties.
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Figure S2: Comparison between the effects of the two age models on the isotopic
measurements. The NGRIP 580 (a) is compared to isotopic measurements of 1-B2: 33C
curve (b) with 880 of the water (c) and 830 curve (d) with clumped isotope derived
temperatures (e). The obtained dates are also represented at the bottom of the plot. The
uncertainties are at 2SE. The black data correspond to the age model from StalAge. The
orange data correspond to the age model from OxCal.



Table S1: summary of the Incomparable speleothem dating. The orange columns are the dating using for the age model with associated
uncertainties resulting of the sampling uncertainties.

Sample 238y 232Th 230Th / 232Th SBAY* 230Th / 238y 230Th Age 230Th Age 8234U i ¥ * 23‘;'I;)h*A*g*e Deoth Final
Dat- (o0b) (opt) (atomic x10-6) | (measured) Teeiiay) (uncorrected) (corrected) ) ((CO”Z wted) P age SE
Interval-B1 SE SE SE SE SE ka SE ka SE SE ka SE cm SE ka
1 |177.1 |03 1733 | #35 | 488 | +10 | 1820 | +3 |0.2896 | 0.0007 | 11.6850 | +0.0003 | 11.5860 | +0.076 | 1881 | +3 | 11.5170 | +0.076 | 25.6 | 0.2 | _
Interval-B2
2 | 1161 ]02| 962 | +19 | 1611 | +33 | 1714 | 3 | 0.8099 | 0.0019 | 37.2080 | £0.0113 | 37.1247 | £0.127 | 1903 | +4 | 37.0528 | +0.127 | 25.7 | 0.2 |
3 | 863 01| 477 | +10 | 2578 | +52 | 1608 | 3 | 0.8656 | 0.0017 | 42.1380 | £0.0118 | 42.0810 | +0.124 | 1810 | +4 | 42.0810 | +0.124 | 263 | 0.2 | 1473
4 | 771 |01| 259 | +5 |4482| +92 | 1565 | +3 | 0.9145 | 0.0026 | 45.8752 | £0.0168 | 45.8244 | +0.170 | 1781 | +4 | 45.7634 | +0.170 | 26.8 | 0.2 | 1473
5 | 91,0 |0.1| 355 | +7 |3872| +78 | 1574 | +3 | 0.9181 | 0.0019 | 45.8746 | £0.0124 | 45.8339 | +0.127 | 1792 | +3 | 45.7673 | +0.127 | 27.3 | 0.2 | 0883
6 | 559 |0.1| 318 | +6 | 2745 | +56 | 1486 | +3 | 0.9482 | 0.0029 | 49.7763 | £0.0198 | 49.7151 | £0.203 | 1710 | +4 | 49.6431 | +0.203 | 27.8 | 0.2 | 0.671
7 | 736 |0.1| 391 | +8 |2837| +57 | 1421 | 2 | 0.914 |0.0016 | 49.2180 | £0.0118 | 49.1592 | +0.125 | 1632 | +3 | 49.0882 | +0.125 | 28.1 | 0.2 | 0.898
8 | 777 |01| 521 | +10 | 2438 | +49 | 1493 | 3 | 0.9915 | 0.0019 | 52.3724 | £0.0145 | 52.3018 | +0.154 | 1731 | +4 | 52.2308 | +0.154 | 28.8 | 0.2 | 9.921
9 | 1049 |01 1506 | +30 | 1219 | +25 | 1522 | 3 | 1.0616 | 0.0021 | 56.1374 | £0.0165 | 55.9871 | 0.196 | 1783 | +4 | 55.9161 | +0.196 | 29.6 | 0.2 | 0503
10 |1134 |0.1| 914 | +18 | 2248 | +45 | 1548 | +3 [1.0991 | 0.0019 | 57.8470 | 0.0147 | 57.7640 | +0.158 | 1822 | +3 | 57.6950 | +0.158 | 30.2 | 0.2 | 0.593
Interval-B3
11 | 57.6 [0.1| 934 | +19 | 1032 | %21 | 912 | +3 | 1.0151|0.0023 | 76.9050 | +0.0277 | 76.6840 | +0.317 | 1133 | +3 | 76,6150 | +0.317 | 30.9 | 0.2 | .

U decay constants: l,3g = 1.55125x1010 (Jaffey et al., 1971) and |34 = 2.82206x10° (Cheng et al., 2013). Th decay constant: |3 = 9.1705x10® (Cheng et al., 2013).
*§234U = ([23*U/?38U]activity — 1)x1000.
** §234Uniiat Was calculated based on 230Th gge (T), i.e., 83*Uinitial = 0%*Unmeasured X €(l232 X T). Corrected 23°Th ages assume the initial 2°Th/232Th atomic ratio of 4.4 +2.2 x 107,
Those are the values for a material at secular equilibrium, with the bulk earth 232Th/?38U value of 3.8. The errors are arbitrarily assumed to be 50%.
***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.




Table S2: Bulk oxygen and carbon isotope results
See CSV file, named “bulk-results”

Table S3: Overview of the nuclides selected for monitoring and the corresponding dwell times.

Element m/ZQl and Q2 | Dwell time (ms)
Mg 25 50

Al 27 25

P 31 50

Ca 43 100
Fe 57 50

Zn 66 100
Sr 88 50

Y 89 125
Ba 137 100
Pb 208 100
Th 232 100

u 238 100
Total scan cycle time 995.2

Table S4: Trace element results from LA-ICP-MS
See XLS file, named “element-results”

Table S5: Clumped-isotope results
See XLS file, named “clumped-results”

Table S6: Dual clumped isotope results
See XLS file, named “dual-clumped-results”

Table S7: Remodeled chronology of Ormesson Chatelperronian site (ages in years BP and
uncertainties at 95% interval).

Ormesson (seine et Marne) ages uncertainties 95%
(Bodu et al., 2017) interval (years BP)
End 40336 36328
Chatelperronian 46305 35842
Begin 45975 41631




Figures S1 to S4 represent the uXRF maps of Al, K, Fe and Si element content at high
resolution.
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Figure S3: High resolution uXRF map of Al content in I-B2
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Figure S4: High resolution uXRF map of K content in I-B2
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Figure S5: High resolution uXRF map of Fe content in |-B2



Figure S6: High resolution uXRF map of Si content in |-B2
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