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Abstract. The sedimentary sequence in Scladina Cave (Belgium) is well-known for its rich Middle Paleolithic assemblages
and its numerous faunal remains. Of particular interest is the presence of a nearly complete mandible of a Neandertal child.
To place all these finds in the correct chronostratigraphic context, various dating techniques have been applied over the past
decades. This resulted in a reasonably well-constrained age model, roughly spanning the last glacial cycle. Age constraints of
the lower part of the Scladina sequence as well as from the underlying Sous-Saint-Paul Cave were however absent until now.
Previous attempts to date several speleothem layers in Scladina Cave, using U-Th dating were only partly successful,
presumably because diagenetic alteration of speleothem material compromised the ages. In the present study we re-assessed
U-Th dating of various speleothem levels in Scladina Cave, applying state-of-the-art U-Th dating, and carefully selecting
material that experienced little to no diagenetic alteration. The new results constitute a robust age framework for the Scladina
sequence, which provides precisely dated stratigraphic anchor points that improve the previous age model. Furthermore, new
U-Th analyses, for speleothems from the lower part of the Scladina sequence and from the Sous-Saint-Paul sequence, document
Middle Pleistocene ages, making this one of the longer fossil-rich cave sedimentary sequences in NW Europe. The new data

confirm that speleothem growth predominantly took place in periods of warmer climate, while siliciclastic sediments
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characterize the colder intervals. New speleothem ages further suggest that the Neandertal mandible found in the sequence,

and previously placed in Marine Isotope Stage 5a or 5b, could potentially be as old as Marine Isotope Stage 5d.

1 Introduction

Scladina Cave is situated near the Belgian town Sclayn in a valley branching off the Meuse River (Fig. 1). The cave has been
investigated since 1971, following the discovery of Middle Palaeolithic artefacts at the entrance of the cave (Bonjean et al.,
2014). The cave at that time was nearly completely filled with a stack of siliciclastic sediments and intercalated flowstone
levels. After several decades of careful scientific excavation, a significant part of the sedimentary infill has been excavated
(Fig. 2), and the cave continues to deliver a wealth of archaeological and paleontological information (Bonjean et al., 2014).
Arguably the most significant fossils retrieved from the cave are the mandible, a fragment of right maxillary and sixteen teeth
of a juvenile Neandertal (Bonjean et al., 1996; Otte et al., 1993; Toussaint and Bonjean, 2014). Owing to careful excavation
methods and favourable conditions for the preservation of ancient DNA in Scladina Cave, it has been possible to extract
valuable genomic information from the mandible (Orlando et al., 2006; Peyregne et al., 2019). Besides this Neandertal material,
a wealth of artefacts (stone tools) and fossil faunal remains have been retrieved from the sedimentological sequence in the
cave (Bonjean et al., 2014; Otte, 1992), and geochemical analyses on that material have provided valuable insight in the
paleoenvironmental and palaeoecological setting (Bocherens et al., 1997; Bocherens, 2014).

The chronostratigraphic context of the finds from the cave has been reconstructed using a variety of dating techniques,
anchored in meticulous reconstruction of the lithostratigraphy and sedimentary dynamics (Bonjean, 1998; Pirson, 2007, 2014;
Pirson et al., 2014b; Pirson et al., 2008). The dating technique that is often most reliable in cave settings, Uranium series dating
of speleothem CaCO3, however, did not yield very precise ages initially (Bonjean, 1998; Gewelt et al., 1992). Presumably this
was due to diagenetic alteration of speleothem calcite, as most speleothem material has been buried in siliciclastic sediments
in Scladina Cave, and degradation of speleothem calcite is commonly observed in the excavated material.

Summarizing all the dating efforts done so far, a consistent age model is available for the spatially complex Scladina Cave
infill stratigraphy (Pirson, 2014; Pirson et al., 2014b). In that age model, flowstone levels separating the different siliciclastic
stratigraphic units generally seem to represent the warmer climate periods through the last glacial cycles, as is also the case in
other caves in Belgium (Quinif, 2006). However, the accuracy of the existing age model for Scladina has not been easy to
establish, as the dating methods used have significant uncertainties, some parts of the sedimentary infill are difficult to date
and some discrepancies between age estimates remain (Pirson et al., 2014b). Furthermore, the age model of the lower part of
the sequence, including the sediments in the underlying Sous-Saint-Paul Cave is essentially unknown.

In the present paper, we have reinvestigated the potential for Uranium series dating of speleothem material in Scladina Cave.
This is done because significant progress has been made in U-Th dating of speleothem material over the past decades.

Particularly the advent of Multi-Collector Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) has enabled more
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precise analysis of U and Th on smaller samples than previously possible (Cheng et al., 2013; Scholz and Hoffmann, 2008).
Furthermore, new and better-preserved speleothem material has been excavated from the cave. The objective of this study was
to carefully select the best-preserved flowstone and stalagmite material in the cave. In doing so, we targeted all known
speleothem levels that were thick enough to preserve good quality speleothem calcite. We included two flowstone levels from
the Sous-Saint-Paul Cave, the sediments of which stratigraphically underlie Scladina Cave (Otte, 1992; Pirson et al., 2008).

In addition to our dating efforts, we used laser ablation ICP-MS elemental analysis on the speleothem material to characterize

the diagenetic state of the material.

2 Materials and methods

2.1  Speleothem sample collection

The current stratigraphic profile of the sediment infill of Scladina Cave, including the sediments from the underlying Sous-
Saint-Paul Cave, is shown in Fig. 3. It contains several levels with speleothem material, the most prominent of which are the
currently still active speleothems growing on top of unit H. From this level we collected 2 stalagmites and a column for
analysis. A single speleothem was collected from layer 1B-BK (in unit 1B-BRUN). Two more stalagmites were collected from
another prominent speleothem growth interval in unit 4A, previously dated to marine isotope stage (MIS) 5: one is coming
from an in-situ speleothem (CC4 in unit 4A-IP), while the other one consists of two halves of a stalagmite reworked from CC4
in a gully (unit 4A-CHE). From a speleothem complex in stratigraphic unit 6B, we collected two stalagmites, and from two
more speleothem levels in Sous-Saint-Paul Cave, covering the lowermost part of the composite sequence, we cut flowstone
fragments. Slabs prepared from the samples collected, are shown in Fig. Al. Standard petrographic thin sections of selected

samples were cut and polished from these slabs.

2.2 U-series analysis

20Th/U-dating of the selected material was performed over a period of several years in four different laboratories. In all
laboratories, samples were dissolved in nitric acid before adding a mixed ?*Th-233U-236U spike solution and separating U and
Th using ion exchange columns. The spike solutions were independently calibrated in the corresponding laboratories. The
analyses were performed by MC-ICP-MS, but with different instruments in the individual laboratories.

At Xi’An Jiaotong University, China, U and Th were co-precipitated using a Fe solution and subsequently extracted using an

anion exchange resin (BioRad AG 1-X8) to extract Th and U, respectively. The final solution was analysed on a Thermo Fisher
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Scientific Neptune Plus MC-ICP-MS. The entire procedure was carried out at the Institute of Global Environmental Change,
Xi'an Jiaotong University (China) and followed established protocols (e.g. Cheng et al., 2020).

At the University of Melbourne, Australia, sample preparation and chemical separation of U and Th and MC-ICP-MS
measurements followed established protocols (Hellstrom, 2003). The equilibrated and spiked solution was loaded onto an ion
exchange column containing Eichrom TRU and pre-filter resin to discard the calcite matrix and finally elute U and Th. The
U-Th fractions were analysed on a Nu Instruments Plasma MC-ICP-MS at the University of Melbourne (e.g. Weij et al.,
2024).

At the Max Planck Institute for Chemistry (MPIC), Mainz, Germany, U and Th were separated from the spiked sample solution
using ion exchange column chemistry (Yang et al., 2015) and analysed using a Nu Instruments Plasma MC-ICP-MS (Obert et
al., 2016).

At the Institute for Geosciences, Johannes Gutenberg University (JGU), Mainz, Germany, samples were passed through ion
exchange columns filled with 1.5 mL of Bio-Rad AG 1-X8 anion exchange resin to separate U and Th. Mass spectrometric

analyses of U and Th (cf Obert et al., 2016) were conducted using a Thermo Fisher Scientific Neptune Plus MC-ICP-MS.

All activity ratios and ages were calculated using the half-lives reported by Cheng et al. (2013) and corrected for detrital
contamination assuming a >?Th/>*¥U weight ratio of 3.8 for the detritus and 2™, 23U and 2**U in secular equilibrium
(Wedepohl, 1995). To account for the uncertainty of the correction, we assumed an uncertainty of 50 %, which was fully

propagated to the corrected activity ratios and ages. All uncertainties are reported at the 2c-level.

2.3  Stable isotope analysis of CaCOs3

Samples were analysed on a Thermo Delta-V mass spectrometer at MPIC Mainz equipped with a Gasbench II preparation
device. ~8-50 microgram of CaCOs sample, placed in a He-filled 12 ml exetainer vial, were digested in >99% H3POa.
Subsequently the CO2-He gas mixture was transported to the Gasbench in 5.0-grade Helium carrier gas. In the Gasbench, water
vapor and various gaseous compounds were separated from the He-CO» mixture prior to sending it to the mass spectrometer
for isotope analysis, and reported as CaCO3 §'3C (8'*Ccc) and CaCO3 8'80 (8'80cc) on the “Vienna PeeDee Belemnite” (VPDB)
scale.

The In-house CaCO3 standard VICS (having a 8'*C value of 1.45%0 VPDB and a 8'%0 value of -5.44%0 VPDB) was analyzed
with each run of samples. CaCOs standard weights of standards are chosen so that they span the entire range of sample weights
of the samples. After correction of isotope effects related to sample size the reproducibility of the standards typically is better

than 0.1 %o (1SD) for 8'30 and 0.1 %o (1SD) for 5'C.
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2.4  Stable isotope analysis of dripwater

A single dripwater sample from Scladina Cave taken on 5 July 2010 was analysed by use of a Thermo TC-EA pyrolysis furnace
coupled to a Delta XP mass spectrometer at Vrije Universiteit Amsterdam (VU). Analytical precision (1SD) of 4 in-house
water standards (8 repetitive analyses for each) in the sample series that contained this sample did not exceed 0.2 %o 5'30 and
1.0 %o for 8?H. Triplicate analysis of the sample itself resulted in a 1SD precision smaller than that of the standard water
reproducibility. Isotope data of the dripwater sample is reported on the “Vienna Standard Mean Ocean Water” (VSMOW)

scale.

2.5  Fluid inclusion isotope analysis

Fluid inclusion isotope analyses were performed on discrete ~ 0.5-1.0 g chips of speleothem calcite, cut from the speleothem
slabs using a Dremel microdrill with diamond-lined rotary drill blade. These samples were crushed under a controlled
atmosphere in a crushing cell attached to a Picarro L2140i water isotope analyser at the Max Planck Institute for Chemistry in
Mainz, Germany. The resulting hydrogen and oxygen isotope values of fluid inclusion water (5*Hs and 8'%Os respectively) are
reported on the VSMOW scale. Typical 1SD precisions for this technique, based on standard water injections in this system,

are better than 0.3 %o for 5'30x values and 1.0 %o for 3*Hsi values (De Graaf et al., 2020).

2.6  Laser ablation trace element analysis

Trace element concentrations were measured by laser ablation ICP-MS at the MPIC following the procedure of Jochum et al.
(2012), with a high-resolution sector-field ICP-MS ThermoElement2, interfaced with a New Wave UP-213 Nd:YAG laser
ablation system. The silicate glass NIST SRM 612 was analysed for external calibration of the trace element analyses. Data

are reported in pg/g (ppm) units.

3 Results
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3.1 Cave site and regional climate

The mean annual surface temperature in the nearby town of Andenne is ~10.4 degrees Celsius and average monthly
temperatures typically range between 3 and 18 degrees Celsius (KMI, 2024). Cave temperature monitoring from July 2010
until July 2011 showed an annual cycle between 8 and 13 degrees C, with an average annual value of 10.5 degrees C, which
is dampened in seasonality, but very close to the mean annual surface temperature of the region. Based on accounts of the
archeological staff on site, drip rates in the cave are variable, depending on rainfall amounts above the cave. This likely relates
to the small hydrological catchment area of Scladina Cave (see Fig. 1). Relative humidity measurements in the cave taken at

different points in time typically were close to 100%.

3.2  Diagenetic screening of speleothem samples

The thinner speleothem layers, present in the cave sediments, commonly appear significantly altered, which is macroscopically
evidenced by yellow and brownish discolorations, and sometimes even loss of the original “brittle” nature of the calcite. Such
altered samples have become much softer than pristine speleothem calcite from this site. In contrast, the more prominent
speleothem layers, particularly when developed in stalagmite morphology, appear visually much better-preserved,
Stalagmites growing from the top of unit H (specimens 2010#1, 2010#2 and 2012#5) appear overall well preserved,
presumably because they represent the only material that has not been covered by siliciclastic sediments.

Speleothems collected from under unit H have all been buried in siliciclastic sediments. These speleothems often show
discolorations on the outer surface of such stalagmites, that look much alike those of the poorly preserved material from the
thinner layers. For some specimens, like 2014#618, the discolorations appear on the inside of the speleothem as well, but
generally closer to the surface that had been exposed to the siliciclastic sediment. In all stalagmite material we took subsamples
from near the growth axis, avoiding visible discolorations, and targeting areas that showed clear lamination that we interpreted
to be the original calcite fabric. Thin section observations from several of these samples reveal columnar fabrics (Fig. 4), which
are generally taken to represent unaltered speleothem calcite (Frisia et al., 2000), suggesting that this sampling strategy indeed
selects the well-preserved material. One thin section of a sample that seemed less well-preserved, (2012#6) shows fine
microsparite (Fig 4), which is considered to point towards diagenetic recrystallisation. That sample was removed from the
dataset before further analysis.

Two flow stones from the Sous-Saint-Paul cave (2012#3 and 2012#4) were sampled along the central axis of the sample we

took, and show columnar calcite fabrics (Fig 4).
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The effect of diagenetic alteration on speleothem material that was buried in siliciclastic sediments in the cave was
geochemically characterized in a laser ablation ICP-MS transect measured at high spatial resolution from the visually well-
preserved core of stalagmite 2014#618 (unit 6B) to its diagenetically altered outer surface (Fig. 5). The transect in total is 42
mm long. Whitish and yellowish discoloration, black irregular laminae, and loss of visible lamination and transparency
towards the more altered zone near the outer surface of the speleothem suggest diagenetic alteration upon macroscopic
inspection. Calcite fabric at the growth axis lacks these features, and macroscopically looks unaltered.

Clearly shown in the trace element data is that 228U and 2*>Th have high concentrations at the outer surface of the stalagmite,
that has been in direct contact with the sediment in which it was buried. 238U shows a gradient of decreasing values towards
the core of the speleothem, reaching stable ~0.1ppm concentrations in the central growth axis of the speleothem which
represents the CaCOs material that appears unaltered at visual inspection. This gradient is much sharper for 2*Th, which shows
markedly increased values only at the outer surface of the stalagmite.

Elements like Strontium and Phosphorus show patterns very comparable to that of U, In contrast, the Mn distribution does
not compare well to that of 238U, nor to 22Th.

Please note that single scattered datapoints towards higher values, best visible in the *¥Sr and 2**Th traces in Fig. 5 are

considered to be analytical artefacts (outliers) occurring during laser ablation.

3.3  U-Th ages

The results of U-Th dating are presented in Table 1 and Fig. 6. The speleothems from unit H, all yield Holocene ages, which
generally confirms previously published U-Th ages of this unit (Gewelt et al., 1992). The stratigraphically oldest sample from
the base of stalagmite 2012#5 from that speleothem complex, reaches 8.9 ka, and the ages of the composite record of
stalagmites on top of unit H seem to suggest near-continuous speleothem growth until the present day.

Stalagmite 2014#206 from layer 1B-BK (unit 1B-BRUN) produced four ages (Table 1). Two of which, at the base of the
stalagmite, indicate growth in MIS-5a and another two higher up in the stalagmite correspond to MIS-3 (Fig. 6). Comparatively
little stalagmite growth thickness between these two age clusters may suggest reduced or no growth in MIS-4.

Unit 4A stalagmites yield consistent ages, that all fit in MIS-5e, the warmest stage of MIS-5 (Table 1; Fig. 6). The oldest ages
we captured for unit 4A are 121 ka. The youngest age for the two unit-4A stalagmites analysed is 116 ka.

Two stalagmites from flowstone levels in stratigraphic unit 6B yield ages at 197 ka for specimen 2014#618, and ages from
142 to 174 ka for specimen 2010#6. The older ages can be attributed to the warm period MIS-7a, which fits the general pattern
that, in Scladina Cave, speleothems grew predominantly during interglacials. Interestingly, the younger age range of specimen
2010#6 places it in MIS-6, which is a glacial period.

The next speleothem level further down in the Scladina Cave stratigraphy, is in fact situated in the underlying Sous-Saint-Paul

Cave, in unit XVII, which is connected to Scladina cave by an open vertical shaft near the entrance of the cave. For the sub-
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samples taken from flowstone sample 2012#4 we have consistent ages of 300-311 ka at +9 ka 2o uncertainties, suggesting the
flowstone formed under interglacial conditions in MIS-9 (Fig. 6; Table 1).

The lowest speleothem level encountered in the Sous-Saint-Paul Cave (2012#3) again is a flowstone layer, related to unit XIX.
For this layer the ages plot between 363 and 536 ka (Table 1), measured in three labs, roughly spanning the time period between
MIS-14 and MIS-10. The ages are partly inversed, which is perhaps not surprising in view of the high and variable dating
uncertainties (from 105 to 14 ka at 2c level) in a time interval that is so close to the limit of what can still be dated with the U-

Th technique. In any case, the ages of Sous-Saint-Paul Cave suggest that its sedimentary infill predates that of Scladina cave.

3.4  Fluid inclusion stable isotope data

For all specimens studied we performed isotope analysis of fluid inclusion water on multiple subsamples. The isotope
composition of fluid inclusion water in speleothem calcite (§?Hs and 5'30x) is considered to represent that of the drip water in
the cave at the time of speleothem growth, which in turn is a direct proxy for the isotope composition of (paleo)rainfall
recharging the cave aquifer (Dennis et al., 2001; Van Breukelen et al., 2008). The oldest specimen, 2012#3, contained too little
fluid inclusion water for analysis. Fluid inclusion isotope values from most other speleothems, presented in Table 2 and Fig.
7, fall on a trend with part of the samples plotting around an endmember close to the Global Meteoric Water Line (GMWL).
Part of the data trend away from the GMWL at a relatively low angle towards higher 6*Hs and 5'30s values (Fig. 7). This trend
seems to occur in data from all studied time intervals, with one clear exception. This exception is specimen 2012#4, dated at
MIS 9 age, that displays the lowest 8?Hs and 8'%0x data of all material analysed and plots in a tightly constrained field close
to the GMWL (Fig. 7).

The fluid inclusion isotope data that plot near the GMWL have isotope values close to the annually-averaged isotope
composition of modern regional rainwater (5*Hp and 8'80y), of -47.3 and -6.8 %o (VSMOW) for §°H and 5'30 respectively.
Rainfall data is provided by the Global Network of Isotopes in Precipitation (IAEA/WMO, 2023) database for the Liege
Weather station (for the years 1966-1970). A single drip water sample from Scladina Cave (taken on July 5, 2010) gave a 8°H
value of -42.4 %o and a 5'%0 value of -6.5 %o, which is also close to the weighted-average rainfall isotope values for Liege, as

documented in the Global Network of Isotopes in Precipitation database.
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4 Discussion

4.1 Diagenetic screening of the samples

While there is no doubt that diagenesis has at least partly altered the Scladina Cave speleothems, we have made several
observations indicating that diagenesis is not pervasive, and that in the samples we selected for U-Th analysis we successfully
avoided diagenetically altered parts of the speleothems. Particularly the Laser Ablation ICP-MS trace element patterns (Fig.
5) suggest significant diagenetic alteration on the stalagmite outer surface, while the calcite in the growth axis shows trace
element concentrations that fit unaltered speleothem calcite. The different gradients of 28U and 2*Th from the diagenetic
surface towards the unaltered growth axis are interpreted to reflect the contrasting solution chemistry of U and Th. U can move
in dissolved form with diagenetic fluids into the speleothem, while the less soluble Th, stays behind in particulate or colloidal
state, on the outside. Elements like Strontium, also readily mobile in solution, show very comparable concentration trends to
Uranium, suggesting that, once buried in detrital cave sediments, a dissolution-reprecipitation diagenetic front penetrated into
the speleothems from the surface inwards, altering trace element patterns.

Diagenetic alteration of speleothem calcite is described in several earlier studies, and different diagenetic processes have been
suggested. Commonly observed is the post depositional transition from aragonite to calcite fabrics (Frisia, 2015 and references
therein), which is a process we do not believe to be of significance for the present study, as we find no evidence for aragonite
mineralogy in our material. Another process is redissolution of speleothem material due to changing dripwater chemistry,
which may lead to recrystallisation along the stalagmite growth axis (Scholz et al., 2014). Further, neomorphism, or “cryptic”
diagenesis has been reported for stalagmites (Bajo et al., 2016; Frisia, 2015) which is often seen as fine scale infiltration of
water in speleothems accompanied by thin-film dissolution - reprecipitation reactions capable of affecting the geochemical
composition of speleothems, without clearly visible changes to the texture of the calcite. The latter process has been suggested
to be able to affect U-Th ages (Bajo et al., 2016).

The diagenetic patterns that we observe in the trace element data seems to be in line with such neomorphic processes. Also,
the less commonly-observed elevated phosphorous content, that lines up well with diagenetic increase of U and Sr, likely result
from mobilisation of bat guano phosphate present in the detrital sediment matrix, and subsequent diagenetic precipitation in
the speleothem calcite fabric (Audra et al., 2021).

For the present study, the most important observation is that well before the transect reaches the growth axis of the speleothem,
the trace element concentrations stabilize at values which are typical of well-preserved speleothem calcite. It appears therefore
that the speleothem calcite we selected for U-Th analysis is sufficiently well-preserved to yield good radiometric ages.

One more observation that follows from the trace element data is that the black laminae, occurring in some of the specimens

studied, contain Manganese. These Manganese enrichments do not line up with the diagenetic patterns in Sr, U, and P. If these
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Mn enrichments are diagenetic, it appears that they are not formed by the same diagenetic process. In any case, we stayed
away from these dark laminae when sampling for U-Th analysis.

This careful diagenetic screening of speleothem samples has led to what appears to be a relatively consistent U-Th chronology
of the Scladina speleothem sequence. When properly applying 2**Th corrections and considering the analytical uncertainties
that result from that, no age reversals are present in the dataset, with the exception of the samples from the oldest flowstone
level 2012#3, which are very close to the dating limit of the U-Th technique. Where different specimens from a single
stalagmite horizon were analysed, the resulting ages appear generally consistent, also between the different labs where the

dating took place.

4.2  Fluid inclusion isotope ratios

In “low water-rock ratio” systems like speleothem calcite and its fluid inclusions, diagenetic alteration is expected to impact
the fluid inclusion isotope composition more readily than it will impact the calcite (Uemura et al., 2020).

Still, about half of fluid inclusion isotope data in Fig. 7 plots close to the GMWL, which suggests that these isotope data still
represent the original rainwater values. This is corroborated by the relatively good comparison of these fluid inclusion isotope
data to modern dripwater and rainwater isotope values from the area. The observation that another sub-set of the fluid
inclusions trend away from the GMWL (Fig. 7), resembles a case of diffusive water loss from speleothem calcite, reported as
being the result of an analytical artefact in a recent study by Fernandez et al. (2023). Fernandez and co-workers describe how
sample heating prior to isotope analysis in fluid inclusion isotope instrumentation can lead to partial water loss from fluid
inclusions, because the host mineral loses sealing capacity under higher temperatures. Such partial water loss leads to isotope
fractionation of the remaining water. While in the study by Fernandez et al. (2023) diagenesis did not play a role, we postulate
that, in the case of Scladina Cave, diagenetic alteration may have contributed to the weakening of the fluid inclusion sealing
capacity, leading to isotope fractionation very similar to what Fernandez et al. (2023) describe. Thus, the fluid inclusion isotope
data of diagenetically compromised samples are more likely to plot away from the GMWL. This seems to be supported by the
observation that two samples, taken from the most altered parts of stalagmite 2014#618-3 (Table 2), lost so much of their water
in the warm-up stage already (presumably because of diagenetic weakening of fluid inclusion sealing), that they could not be
analysed anymore.

We next combined the oxygen isotope composition of the fluid inclusions (8'*0x) with that of the corresponding host calcite
(8'%0¢), to calculate past cave temperatures based on the assumption of 1) isotope equilibrium during formation, and 2) absence
of post-depositional alteration of fluid inclusion water or calcite (Table 2). Based on a widely accepted calculation specifically
made for speleothems (Tremaine et al., 2011), these data show that fluid inclusion isotope values plotting further away from
the GMWL lead to unrealistically high temperatures (Fig. B1), which supports that these fluid inclusion isotope values indeed

were no longer original when they were measured. Most of the data plotting close to the GMWL, however, result in
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paleotemperatures in the range of the modern (interglacial) cave temperatures, suggesting, in good agreement with the
observations by (Fernandez et al., 2023), that these fluid inclusion and calcite isotope values are essentially unaltered, and

provide what we interpret to be the original rainwater isotope values during formation of the speleothems.

4.3  Paleoclimatological backdrop of speleothem growth in Scladina Cave

Based on the robust age framework for the horizons of speleothem growth in Scladina Cave it is now possible to consider the
paleoclimatological backdrop of speleothem growth at this site in more detail than previously possible. Alignment of the
Scladina speleothem ages along the late Quaternary Probabilistic Benthic Stack (Ahn et al. 2017) confirms that speleothem
growth in Scladina Cave generally took place during Interglacial periods. (Fig. 6). During Glacial periods, sedimentation in
Scladina Cave was dominated by siliciclastic influx (Pirson et al., 2014b).

Ages for the oldest speleothem (flowstone) material in this record have higher age uncertainties, and can therewith not be tied
to a single interglacial period. All we can say is that growth occurred in the time period from MIS-10 to MIS-14 based on the
U-Th data we collected for these older samples.

Finally, two speleothems have ages that suggest deposition in non-interglacial conditions. Stalagmite 2010#6 has U-Th ages
ranging from 174 ka to 142 ka, which corresponds to Glacial period MIS-6, and stalagmite 2014#206 has ages of ~78-74 ka
at the base (corresponding to MIS-5a), and ages around 53 ka towards the top (corresponding to MIS-3). For stalagmite 2010#6,
growth of particularly the older part of this specimen coincided with wetter conditions in Southern Europe, and the well-
documented Mediterranean Sapropel S6 event that relates to a maximum in Northern hemisphere summer insolation (Bard et
al., 2002; Kroon et al., 1998; Sancho et al., 2015; Wainer et al., 2013). Stalagmite 2010#6 may suggest that these wet conditions
occurred further North in Europe as well. Even though Western Europe and the Mediterranean region experienced relatively
wet conditions at that time, global sea level was significantly below the modern values (Bard et al., 2002). This appears to
indicate that speleothem growth in Scladina Cave did not necessarily require full interglacial settings in the past. Favourable
hydrological conditions around 170-174 ka could perhaps relate to comparatively high sea surface temperatures (SST’s) at the
Iberian margin at that point in time (Martrat et al., 2007). At 142 ka, the youngest age of stalagmite 2010#6 coincides with
some of the lowest temperatures in MIS 6. Iberian margin SST’s are also low, coinciding with the maximum ice extent in
Northern Europe (Ahn et al., 2017). While we cannot discard this U-Th analysis on analytical grounds, this remains an age
that we regard with some caution. Growth conditions for speleothems in Scladina Cave must have been rather unfavourable at
142 ka, and we are also not aware of other speleothem occurrences of this age in Northern Europe.

Stalagmite 2014#206 is another specimen that grew under non-interglacial conditions. It has ages of ~78-74 ka at the base
(corresponding to MIS-5a), and ages around 53 ka towards the top (corresponding to MIS-3).

This interval is characterized by millennial-scale Dansgaard Oeschger variability (Rasmussen et al., 2014), which is well

documented in Greenland Ice cores, whereby Greenland interstadials (warmer periods) would likely have been more
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favourable than Greenland stadials (colder periods) for speleothem growth in Scladina Cave. The oldest ages of 2014#206
correspond to the time interval of Greenland interstadial GI-21, and Greenland stadial GS-20; (Rasmussen et al., 2014), and
the younger ages of 2014#206 correspond to pronounced Greenland interstadial GI-14. (Fig. 6). Regardless of their assignment
to Greenland stadials or interstadials, all measured ages of speleothem 2014#206 correspond to relatively high SST’s at the
Iberian margin, that are to some extent decoupled from Dansgaard Oeschger variability recorded in the NGRIP ice core for
this time interval (Martrat et al., 2007). Particularly the interval around 53 ka also corresponds to a clear peak in tree pollen,
and other forest indicators in the Eifel Maar record (Riechelmann et al., 2023). For both intervals around 76 ka and 53 ka,
speleothem growth occured at several other European sites (Lechleitner et al., 2018; Peral et al., 2024; Riechelmann et al.,

2023).

4.4  New U-Th ages in comparison to the existing Scladina Cave age model

The new ages we present here compare favourably to the existing age model of Scladina Cave (Fig. 8; Pirson et al., 2014b).
Methodological progress made over the past decades clearly comes forward in the direct comparison to previously published
U-Th ages (Bonjean, 1998; Gewelt et al., 1992) that are generally in the same range as our ages, but with much larger
uncertainties. Because we have more precise ages now, and provided ages in previously undated intervals, our data allow for
several changes and additions to the existing age model.

First, the ages we provide for the lower part of the Scladina stratigraphic sequence chart new territory. The oldest units in the
Scladina Cave sequence that we could date are from a speleothem complex in unit 6B. At an age of 197 ka, these speleothems
correlate to the latest part of MIS-7, while it has previously been systematically positioned inside MIS 5 (Bastin, 1992;
Bonjean, 1998; Cordy and Bastin, 1992; Pirson et al., 2014b). These new ages demonstrate that the older part of the Scladina
sequence belongs to the Middle Pleistocene, and more specifically to the Late Saalian.

Furthermore, the ages of the unit 4A-IP stalagmites unequivocally indicate that they grew in MIS-5e, equivalent to the Eemian
period (Shackleton et al., 2003), while in the previous age model, these were attributed to MIS-5a or MIS-5¢ (Pirson et al.,
2014b). This has implications for the currently accepted age of the Scladina 1-4A Juvenile Neandertal remains, as these were
found in a unit directly overlying this stalagmitic floor. Even though the reworked nature of the Neandertal fossils (Pirson et
al., 2014a) as well as the lack of precision in the chronology of the sequence situated immediately above unit 4A-IP (Pirson,
2014) prevent firm conclusions, the new ages make it more plausible that the deposition of the Neandertal remains predate
MIS-5a, and more probably belong to MIS 5d.

These ages further suggest that the Middle Palaeolithic assemblage from unit 5 (Bonjean et al., 2014), that so far was dated at
130 + 20 ka (Huxtable and Aitken, 1992) and positioned inside MIS-5 (Pirson et al., 2014b), predates MIS-5e. If we would
choose to reject the 142 ka age in the top section of speleothem 2010#6 from unit 5B, on the grounds that speleothem growth
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would have been rather unlikely in the glacial conditions that prevailed at that time, then the Middle Palaeolithic assemblage
from unit 5 postdates the brief climate amelioration dated at 170-174 ka in MIS-6 (as recorded in the two older ages from
stalagmite 2010#6). The stratigraphical placement of the unit 5 archaeological assemblage in MIS-6 (Fig. 3) is then also in
good agreement with the Infrared-stimulated Luminescence (IRSL) derived age of 153 + 15 ka obtained from unit 4B,
overlying unit 5 (Pirson et al., 2014b). If the 142 ka age of the top of stalagmite 2010#6 is taken to be accurate, however, then
the unit 5 Paleolithic assemblage would most likely have been deposited in the last and coldest part of MIS 6.

Finally, our results allow, for the first time, to assign ages to the stratigraphy of the underlying Sous-Saint-Paul Cave, showing
that this sequence developed during the Middle Pleistocene. Adding the sedimentary record of the underlying Sous-Saint-Paul
Cave to that of Scladina Cave extends the complete sedimentary sequence down to at least MIS-10 or perhaps even to MIS-

14, which makes this one of the stratigraphically longer cave sedimentary records in North-West Europe.

5 Conclusions

In Scladina Cave, and in the underlying Sous Saint Paul Cave, burial of speleothems in siliciclastic sediments deposited in
glacial periods has led to diagenetic alteration of speleothem calcite. Neomorphic alteration from the speleothem surface
inwards, leads to visible discolorations, and is shown in trace element patterns. In the diagenetic process, observed mobilisation
of 28U, compromises U-Th dating of altered material. In the same process, PO, likely sourced from bat guano in the sediment,
was mobilised and remineralised in the speleothem fabric. Still, the diagenetic process was not pervasive, and through careful
sample screening we identified speleothem material with little to no diagenetic alteration from Sous-Saint-Paul and Scladina
Caves, for U-Th dating. U-Th ages of these well-preserved speleothems confirm that their formation in these two connected
caves predominantly occurred in warm (interglacial or interstadial) periods of the late Quaternary. Intercalated siliciclastic
sediments were the dominant mode of deposition in colder periods. The data provide a robust age framework for Scladina
Cave, and add precisely dated stratigraphic anchor points to the younger part of the sequence, that improve the previous age
model. One notable consequence of the new U-Th ages is that a juvenile Neandertal mandible, previously placed in Marine
Isotope Stage 5a or 5b, could now potentially date back to Marine Isotope Stage 5d. Furthermore, new U-Th analyses, provide
Middle Pleistocene ages for the previously undated lower part of the Scladina sequence, and the underlying Sous-Saint-Paul
sequence. All ages combined suggest this system to be one of the longer fossil-rich cave sedimentary sequences in NW Europe.
Fluid inclusion isotope analysis, performed on the same material indicates that many samples are well preserved, and the
measured isotope values inform us on the isotope composition of past rainfall for the Scladina site. A sub-set of fluid inclusion
isotope data trend away from the GMWL, which we postulate to be potentially related to diagenetic weakening of the
speleothem calcite fabric. All data combined serve to remind us of the importance of careful sample selection in cave settings

where burial in siliciclastic sediments has led to diagenetic overprints on speleothem calcite.
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Table2

Sample DFT [mm] Lab  “Th(nglg] Uncertainty *Ufuglg] Uncertainty (™UP™U) Uncertainty (ThA"U) Uncertainty (Th”Th) Uncertainty mamﬂnﬂ Uncertainty >nn~mﬂ.%._ Uncertainty [ka]
201001 7 Melbourne 0427 0038 [XEE) 0013 10417 00036 000765 000055 972 082 0.740 0057 0.673 0066
201061 102 Meboume 0238 0.023 0209 0016 10414 00029 00098 000060 272 22 0974 0.063 0943 0.065
201061 152 Meboume 0332 0.032 0211 0016 10414 00037 001127 000091 224 23 1122 0.097 1.080 0.097
201061 256 Meboume 0240 0.025 0.190 0014 10516 00030 001521 000045 378 22 1524 0.048 1491 0,051
201061 330 Meboume 223 0.18 0220 0017 10542 00031 002410 000073 747 027 2458 0078 219 0.15
201061 418 Mcboume 0782 0.069 0214 0016 10512 00038 00293 00013 252 14 102 0.13 292 0.15
201002 80 Melbourne 2,18 0.9 0211 0016 10422 00032 001310 000065 399 024 1316 0070 104 0.5
201002 170 Mcboume 0872 0076 0212 0016 10480 00037 001536 000088 1171 081 1,546 0.092 1.44 I
201002 415 Meboume 2.5 0.18 0223 0017 10476 00037 002999 000096 974 0.40 310 0.10 285 0.16
201002 S0 Mcboume 173 L5 0.187 0014 10513 00090 00669  0.0044 227 017 711 0.48 6 13
201265 0 Melbourne 126 0.10 0.196 0015 10495 00039 003646 000049  17.84 032 3788 0.055 362 0.10
201265 376 Meboume 188 015 0.187 0014 10400 00034 006576 000059  20.53 029 7053 0.068 678 0.5
201265 740 Mcboume 407 12 0203 0015 10172 00035 01202 00017 1878 0033 13.64 022 80 29
201245 740 MainzJGU 12056 00076 01911 00011 10358 00005 008226 000037 3986 0.19 8.964 0.042 8789 0.096
20144206 20 XiAn 3661 074 025621 000074 11042 00026 04608  0.0018 9.86 020 5825 035 s45 18
20144206 0 XiAn 1191 024 021763 000031 13464 00019 05429 00013 3033 061 484 020 5372 050
20144206 75 XiAn 667 013 029772 000057 10895 00018 0541 0.0014 78 Ls 74.01 032 7342 0.42
20144206 85 XiAn 891 018 023302 000037 10737 00017 05619 00012 4493 090 79.86 033 7886 057
2010414 25 Mclbourne  8.09 065 0237 0018 10769 00041 07199  0.0088 662 1 1180 27 7.2 27
2010614 97 Melboune 0833 0075 0254 0019 11059 00047 07351 00066 704 17 16.1 20 1160 21
2010414 150 Meboume 315 026 0326 0025 11301 00044 0758 00077 2465 45 17s 22 173 23
201202 0 Mclbourne 0298 0.025 0.191 0014 10741 00030 07117 00030 1433 It 162 1 162 I
201242 255 Mcboume 0375 0,030 0.208 0016 10589 00021 07079 00029 1228 10 118.50 0.98 185 10
201202 30 Meboume 781 0.64 0.198 001s 10597 00021 07124 00027 5658 059 119.70 093 187 10
201202 410 Meboume 0590  0.050 0.186 0014 10609 00028 07165 00047 707 N 120.6 16 1206 16
201261 2 Mainz MPIC 1166 012 02160 00014 10604 00016 07215 00044 4084 0.42 1223 14 1208 16
201261 84 ManzMPIC 2282 0024 02332 00016 10709 00016 07222 00036 2256 21 1200 n 198 12
201261 172 MainzMPIC 3308 0033 01810 00012 10656 00020 07199 00038 1204 I 1206 12 1201 13
201261 244 ManzMPIC 7831 0078 01895 00012 10768 00017 07279 00035 5385 0.49 1204 1 1193 12
201046 35 MainzIGU 4237 0030 02550 00016 109156 000042 08087 00029 14879 067 1427 10 1422 1
201046 a8 Melbourne 1135 092 0256 0019 10736 00054 08624 00083 6102 096 1712 146 1701 16
201046 70 MiinzJGU 12052 00085 02877 00018 107447 000033 08694 00033 6343 31 174.0 16 1739 16
2014#618-2-8V12 XiAn 3289 0066 025767 000029 10492 00012 08857 00013 2120 43 196.5 L1 196.1 L1
20144618-2-8V11 XiAn 737 0.5 023568 000025 10549 00013 08934 00013 873 18 197.6 L 1967 12
201446183 80 ManzMPIC 03955 00055 02337 00016 10545 00026 08919 000§ 1610 2 196.9 39 196.8 39
201244 20 Melbourne 0703 0,059 0.184 0014 11094 00026 10734 00046 883 1 3037 +82 277 3037 +84 -7
201244 48 MaimzMPIC  LIS6 0012 01475 00010 11069 00020 10679 00059 4166 41 3004 194 .86 3002 88
201264 a8 Mclbourne .73 047 0.147 0011 11043 00023 10728 00052 8650 095 3120 92 3 194 -84
201264 84 Mclbourne  9.49 081 0.192 0014 11074 00029 10709 00052 618 10 3036 193 -86 3025 194 -86
201263 15 Melbourne 0157 0013 0276 0021 10849 00024 10949 00057 6040 8 429 432 225 429 +33 226
201263 IS MainzMPIC 00852 00018 02941 00020 10838 00023 11026 00100 11630 260 am +101 -s5 am +105 - 55
201263 35 Mclbourne 0213 0.018 0240 0018 10881 00034 10998 00049 3895 59 431 435 -27 431 +34 226
201263 50 Mclbourne 0,141 0012 0381 0029 10907 00020 11031 00035 9379 100 40 s21 -17 430 22 18
201263 S0 MainzMPIC 00722 00016 05491 00036 10982 00027 1.092 0011 25370 580 363 429 24 363 +31 -2
201243 $V-10 10 XiAn 0.603 0012 033958 000039 10822 00012 11001 00016 1894 38 e 16 -14 475 16 -14
201263 $V-9 60 XiAn 00411 00029 029206 000032 10876 00012  L1ISO 00017 7060 140 536 129 .23 536 +30 223

415

14



Table 1: Results of the *Th/U-dating of the Scladina samples. The ages are given in ka before 1950

Sample DFT 6°Cee 5%0.  CaCO; weight yield rel yield 5"%04 &Hg calculated T

cm VPDB VPDB g ul ulg VSMOW  VSMOW °C
2012#5 29 - - 0.50 0.27 0.54 -4.97 -43.08 -
2012#5 20 -8.8 -4.4 0.60 0.25 0.42 -6.05 -46.66 11.1
2012#5 2 -6.7 -3.9 0.40 0.26 0.65 -5.94 -44.69 8.8
2012#5 2 -7.0 -4.2 0.40 0.20 0.50 -6.95 -47.01 5.3
2012#5 2 -6.9 -4.2 0.30 0.18 0.60 -6.04 -45.49 9.7
2012#5 25 -6.8 -3.8 0.40 0.09 0.23 -6.86 -46.42 4.1
2012#5 10 -1.8 -4.5 0.40 0.18 0.45 -4.54 -42.76 19.4
2012#5 41 -8.5 -4.6 0.50 0.40 0.80 -6.21 -43.83 10.9
2012#5 10 -1.8 -4.6 0.40 0.21 0.53 -4.88 -44.44 17.9
2012#5 5 -8.1 -4.2 0.50 0.30 0.60 -5.21 -43.12 14.0
2012#5 29 -8.5 -4.6 0.60 0.48 0.80 -5.21 -43.89 16.0
2012#5 45 -1.5 -4.2 0.46 0.21 0.46 -2.89 -39.84 26.4
2012#5 50 -8.6 -4.8 0.70 0.28 0.40 -6.41 -44.29 113
2012#5 455 -8.4 -4.6 0.72 0.20 0.28 -5.29 -41.6 15.6
2012#5 60 -7.8 -4.8 0.38 0.33 0.87 -7.04 -46.86 7.9
2012#5 70 -8.4 -4.9 0.39 0.07 0.18 -4.73 -41.35 20.5
2012#5 60 -7.6 -4.6 0.40 0.41 1.03 -6.96 -46.51 7.4
2012#5 70 -8.8 -4.9 0.57 0.14 0.25 -3.907 -40.36 25.0
2010#2 50 -8.0 -4.4 0.68 0.05 0.07 - - -
2010#2 7 -10.0 5.1 0.90 0.33 0.37 -6.11 -42.12 139
2010#1 37 -10.3 -5.5 0.70 0.34 -6.62 -47.13 13.5
2010#2 24 -10.0 -5.3 0.81 0.29 0.36 -6.96 -44.68 10.6
2010#1 11 -8.6 -4.6 0.56 0.05 0.09 - - -
2010#1 27 -10.9 -5.2 0.76 0.28 0.37 -7 -44.38 10.1
2012#4 2 9.5 -5.0 0.81 1.01 1.25 -7.67 -53.62 5.8
2012#4 8 -8.7 -4.9 0.46 1.02 222 -7.56 -53.8 5.8
2012#4 2 -9.7 -5.0 0.27 0.51 1.89 -7.6 -54.39 6.3
2012#4 8 -9.0 -4.9 0.33 0.54 1.64 -7.98 -55.49 3.9
2012#1 21 -7.0 -3.4 0.45 0.03 0.07 - - -
2012#1 2 -9.4 -4.6 0.87 0.29 0.33 -6.89 -46.43 7.8
2012#1 10 -8.6 -4.3 0.95 0.44 0.46 -6.68 -44 7.1
2012#1 21 -7.6 -3.6 0.98 0.20 0.20 -4.74 -41.09 133
2012#2 38 -7.4 -3.9 0.90 0.43 0.48 -6.08 -43.49 8.4
2012#2 19 -5.2 -3.2 0.89 0.31 0.35 -5.12 -41.9 9.3
2012#2 4 -9.0 -4.2 0.75 0.40 0.53 -6.78 -46.92 6.4
2012#2 31 -8.1 -4.2 0.78 0.41 0.53 -6.53 -44.01 7.4
2010#14 30 -8.6 -4.5 0.79 0.18 0.23 -4.25 -41.21 20.5
2010#14 19 -8.4 -4.7 0.88 0.15 0.17 -591 -44.44 13.1
2010#14 some visible diagenesis 22 -5.3 -3.2 0.74 0.02 0.03 - - -
2010#6 10 -8.8 -4.7 0.88 0.41 0.47 -6.17 -44.07 11.7
2010#6 4 -8.2 -4.1 0.80 0.22 0.28 -1.27 -37.77 35.6
2010#6 13 <19 -3.9 0.84 0.17 0.20 -0.65 -36.58 375
2010#6 6 -8.0 -4.1 0.93 0.51 0.55 -6.35 -46.06 7.6
2010#6 4 -8.1 -4.1 0.80 0.05 0.06 - - -
2014#618-3 base 10 -7.9 -4.1 0.80 0.44 0.55 -6.25 -44.52 83
2014#618-3 Middle 5 -7.0 -43 0.79 0.56 0.71 -6.47 -44.61 8.1
2014#618-3 side some visible diagenesis - -5.41 -3.62 0.68 0.02 0.03 - - -
2014#618-3 top side significant visible diagenesis - - - 1.10 failed - - - -
2014#206 base of stal 90 -7.01 -4.45 0.50 0.93 1.86 -6.75 -49.29 7.6
2014#206 24 -1.97 -4.88 0.50 0.64 1.28 -5.45 -47.48 16.3
drip water sample Scladina Cave -6.48 -42.40

420

Table 2: Stable isotope data of Scladina Cave fluid inclusion water samples, and one drip water sample (bottom). Also indicated are
the stable isotope values of the host calcite of the fluid inclusion samples, and the calculated temperatures from the paired fluid
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inclusion and host calcite oxygen isotope ratios. This calculation is based on the (Tremaine et al., 2011) equation. DFT = distance
from top.

Fig. 1: Left: Map of Belgium with the town Sclayn indicated, where Scladina Cave is situated. Right: Aerial view of Scladina Cave,

accessible from the Pontine valley, (© Google Earth 2020). Indicated in blue is our rough approximation of the catchment area of
dripwater in the cave.

Fig. 2: A) Schematic cross section of Scladina Cave and the underlying Sous Saint Paul Cave (Bonjean et al., 2014). The entrance at
the SE side is nowadays closed by a door. B) scaffolding and walkways installed in the cave, and positioning lines that mark the
archeological excavation grid. The irregular cave sediment depth (brown) represents the ongoing archeological excavation activity.
The lower Sous-Saint-Paul cave is in connection with the upper gallery through vertical pits that are mostly filled with sediments.
Only the connection in the entrance zone is visible in the figure.
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Fig. 3: Schematic stratigraphic column of the combined Scladina and Sous-Saint-Paul cave sedimentary sequence. Speleothem
occurrences are indicated in yellow coloring. Vertical scale bar is in meters. The position of the samples that were dated in this study
is indicated by the red arrows. Photograph indicates the position of the Neandertal mandible and teeth found in unit 4A.
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455

2012#2 2012#3 2012#6

Fig. 4: Some representative thin section images of the speleothem material studied. The top row are plain light (PL) images, with the
growth direction generally upward. The bottom row are the same pictures, in cross polarized light (CPL). Specimens 2012#2 and
2012#4 show micro-scale growth banding of speleothem calcite in PL and cross-cutting columnar crystallographic fabric visible in
CPL, which we interpret to reflect well-preserved speleothem calcite. Fluid inclusions in these images are shown as small black dots
that generally line up along the growth bands. The images of specimen 2012#3 show no growth banding, relatively coarse crystals
that are elongated in the growth direction, and a conspicuous scarcity of fluid inclusions. The images of specimen 2012#6 show a
lack of growth banding and very small equidimensional crystals which we interpret to indicate diagenetic alteration of speleothem
calcite. That specimen was discarded, and has not further been analysed in this study.
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Fig. 5: Stalagmite sample 2014#618 shows clear discoloration towards the right side of the stalagmite that was exposed to the
sediment in which it was buried. Laser ablation trace element analysis along the 42 mm long transect shown on the picture
demonstrates that Manganese is associated with the blackish layers that occur in the exterior portions of the stalagmite. It is further
clear that significant enrichment of U and Th occurs at the surface of the stalagmite that has been in contact with the sediment in
which it was covered. Uranium declines gradually from the outer surface towards the center of the stalagmite. Sr shows a similar
pattern to U. The Th content of the entire trace can be considered very low, with the exception of the increased Th concentration on
the outer surface. Circular holes in the basal part of the sample are samples taken for earlier investigations, unrelated to the present
study.
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470 Fig. 6: The U-Th ages of the individual speleothems that were obtained in this study are plotted as coloured dots with their 2¢-
uncertainty limits, and are projected onto global and regional climate proxy records. The global benthic §'%0 probabilistic stack
(Ahn et al., 2017) with the mean and 95% confidence interval given as a black solid line and grey areas, respectively. This global
benthic §'30 stack provides the glacial-interglacial variability, whereby the glacial and interglacial (grey bars) Marine Isotope Stages
are defined by Lisiecki and Raymo (2005). The orange line indicates the Uk'37 sea surface temperature (SST) record from marine

475 sediment core MD01-2443 off the Iberian Margin (Martrat et al., 2007). The high-resolution §'0 record of the North Greenland
Ice Core Project (NGRIP) site is plotted as a blue line together with the Greenland stadials (GS) and interstadials (GI: green bars)
(Rasmussen et al., 2014; Seierstad et al., 2014).
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Fig. 7: fluid inclusion isotope data of Scladina speleothems shown as round plot symbols. GNIP rainfall isotope data for Liege in the
time period between 1966 and 1970 are indicated as grey crosses. The GMWL is shown as a blue line, the local (Liege) MWL as the
dotted blue line. Parallel grey lines indicate the GMWL+5 to GMWL-5 envelope around the GMWL. Annually averaged rainwater
isotope value and the drip water isotope composition in the cave is shown as diamonds.
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Fig. 8: Schematic overview of the U-Th ages of the present study (color scheme the same as Fig 6), compared with, in grey, earlier
U-Th ages, as summarized in Bonjean (1998). Unit numbers are conform the stratigraphic column in Fig. 3. Please note that units
without U-Th ages are not shown. Dashed line connects the median values of the ages from the current study.
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Fig. Al1: Overview of slabs cut from the stalagmite specimens studied. The drill-holes visible on many of the slabs were made for
500 earlier student project analyses. Precise locations of samples in the present study can be retrieved from Table 1

Appendix B
Calculated isotope equilibrium temperatures Scladina speleothems d180 value vs water yield (microliter per gram)
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Fig. B1 A) Isotope equilibrium temperatures calculated from paired oxygen isotope values of fluid inclusions and their host calcite.
505 The blue shaded box spans the modern seasonal temperature variation measured in the cave. Higher 8'® 0y values lead to
unrealistically high temperatures, suggesting that the process that leads the fluid inclusion values away from the GMWL sends the
fluid inclusions and their host calcite out of isotopic equilibrium. B) Cross plot showing that lower water yield samples tend to have
higher 8'80y; values. Blue zone indicates samples with lower than 0.5 microliter per gram extraction yields which we postulate to be
the samples that may have lost water through diffusion, leading the remaining water to be isotopically fractionated towards higher
510  d'30g values.
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