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Central European warm phases recorded
by episodic speleothem growth

during MIS 3

M| Check for updates

Jennifer Klose ® 4, Michael Weber® & Denis Scholz®

Speleothems provide exceptional age control and are a valuable archive for the identification of warm
phases in temperate climates. Here we present a speleothem composite record from Germany, which
shows episodic growth during the last glacial period, coinciding with several Greenland Interstadials.
Using a combined approach of high-resolution solution and in-situ laser ablation *°Th/U-dating, we
were able to precisely constrain the timing and duration of several particularly warm phases during
Marine Isotope Stage 3. Climatic conditions favourable for speleothem growth occurred episodically
until 32,000 years ago, much longer than reported from existing speleothem records. The inception of
speleothem growth lags the onset of Greenland Interstadials and covers approximately 88% of their
total duration during early, and approximately 25% during middle and late Marine Isotope Stage 3. This
indicates progressive climatic cooling during Marine Isotope Stage 3, with the speleothem growth
phases representing persistent Central European warm phases.

The last glacial period and especially Marine Isotope Stage (MIS) 3 was
characterised by several events of abrupt climate change known as
Dansgaard-Oeschger (DO) events'”, resulting in re-occurring warm
Greenland Interstadials (GI) and cold Greenland Stadials (GS). The DO
events are visible as rapid shifts in the §'*0 and §"°N values of Greenland ice
cores’ reflecting regional temperature increases of up to 16 °C (+ 3 °C)*,
coinciding with almost a doubling of the local snow accumulation® and
rapid changes in aerosol concentrations’. These shifts towards warmer
conditions often occurred within only a few decades'*”. The DO events have
been linked with rapid changes in ocean and atmospheric circulation in the
North Atlantic region'*"* and were associated with a reduction and
retraction of North Atlantic sea ice, a strong Atlantic Meridional Over-
turning Circulation (AMOC) and a reduced influence of Antarctic Bottom
Water (AABW)"”. However, their main trigger still remains a topic of
debate'*".

The DO events show a supra-regional character with sites ranging from
the North Atlantic to Asia as well as monsoon regions in the southern
hemisphere®*, and have been identified in numerous climate archives,
such as ocean sediment cores from the Atlantic”™** and terrestrial records
from monsoon regions””’. These records indicate that the timing of climate
change was synchronous in the North Atlantic, the Asian, and South
American Monsoon regions'® as well as in the low to mid-latitudes™”.

Due to the usually short duration and rapid onset of the DO events, the
determination of their precise timing remains challenging. For the Green-
land ice cores, the commonly used GICCO5 time scale®, which was

constructed by counting continuously accumulating annual layers, the
accumulative counting errors progressively increase from 0.8 ka (at ~28 ka
BP) to 2.5 ka (at ~60 ka BP)**. This uncertainty hampers the cross-dating
and general comparability with other records, including the identification of
potential leads and lags between regions and climate subsystems. This is
further complicated by the low temporal resolution and dating accuracy
achievable in many climate archives. Speleothems offer the exceptional
possibility to establish precise and accurate independent age models based
on U-series dating’*. Corrick et al."* compiled 63 published speleothem
records from the European Mediterranean region, the Asian Summer
Monsoon region, and the South American Monsoon realm, constructed a
Speleothem Interstadial Onset Compilation data set (SIOC19) and com-
pared it with the GICC05 chronology of GI onsets. The SIOC19 chronology
does not include any speleothems from Central Europe. Most MIS 3 spe-
leothem records from Europe stem from the Alps, where liquid water
underneath temperate glaciers and pyrite oxidation allowed for speleothem
growth even in case of absence of soil cover’™”. Additional speleothem
records from MIS 3 come from caves located in southwestern Europe®**. So
far, the northernmost speleothem MIS 3 proxy record from Central Europe
is from Bunker Cave, western Germany (49°N, 7°E, Fig. S1), where two
relatively short growth phases during MIS 3 have been identified™.
Located in close vicinity to and downwind of Greenland and the North
Atlantic, Central Europe is highly susceptible to climatic perturbations in
higher latitudes, and the influence of the DO events has been recorded in
other palaeoclimate archives from the region””. However, it has proven
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challenging to constrain the precise timing of the DO events in Central
Europe due to the lack of independently dated records (i.e., not tuned to
GICCO05). The lack of speleothem records from Central Europe during MIS
3 may have numerous reasons, including flooding or infilling of cave pas-
sages, drought, permafrost conditions, or a general lack of vegetation above
the cave. To enable speleothem growth, liquid water, as well as soil and
vegetation cover, are required, which may not have been continuously
available during MIS 3 due to the cold and dry periglacial climate™.

Ground temperature thus is a key factor for speleothem growth, which
when falling below zero for more than two consecutive years initiates per-
mafrost conditions***'. The extent of periglacial periods and (continuous)
permafrost conditions during MIS 3, as for instance documented by the
occurrence of cryogenic cave calcites in Central Europe“, is, however, both
spatially and temporally poorly constrained. It is also uncertain whether the
(short) warming during the DO events was able to initiate sufficient per-
mafrost thaw to allow active infiltration and speleothem deposition. These
questions highlight the need for precisely and absolutely dated last glacial
climate records from Central Europe.

Here we present three exceptionally precisely dated speleothems from
Bleflberg Cave, Central Germany, which show several distinctively sepa-
rated growth phases during MIS 3. These growth phases coincide with GIs,
but do not cover entire DO cycles. The flowstone samples are characterised
by small, episodic growth phases resulting in complex growth characteristics
on the pm-scale. Therefore, we applied a variety of sampling approaches,
including in-situ dating techniques.

Results and Discussion

Timing and duration of growth phases

Three flowstones (BB-9, BB-10, and BB-15) were retrieved from Blef8berg
Cave, Central Germany (Fig. S1, ca. 500 m above sea level, 50°25"28” N and
11°01’13” E, see supplement for details). All flowstones are composed of
calcite and show distinct growth intervals, interrupted by episodes of
deposition of detrital material. **Th/U-dating reveals that speleothem
growth occurred episodically during MIS 3 when environmental conditions
were favourable (Tables Sla — fand S2). The uppermost parts of all samples
grew during the Late Glacial and early Holocene, which is not part of this
study. All three samples grew discontinuously between 60 and 33 ka BP. BB-
10 and BB-15 (Fig. S2) more prominently cover the earlier phases of MIS 3
between ca. 60 and 50 ka BP and show only sporadic growth in the later
phases of MIS 3 (ca. 39-33 ka BP). BB-9 covers a longer, but strongly
intermittent period during the middle and late part of MIS 3 (ca. 47-33 ka
BP), with shorter growth phases interrupted by many growth stops (hia-
tuses) (Fig. S3).

The episodic growth pattern of the samples is characterised by alter-
nating bright (continuous growth phases) and dark (hiatuses) sections.
Some of the bright sections—especially of sample BB-9—only have a
thickness of 0.6-2 mm (Fig. 1). The hiatuses are often associated with det-
rital material, such as clay, deposited during periods without speleothem
growth. These periods coincide with phases of colder climate, and we
interpret them as growth stops forced by climatic changes and limited water
availability inside the cave. Since Th preferably sticks to clay minerals, the
hiatuses show elevated Th concentrations. The **Th/U-dating method
relies on the decay of **U and **U to *°Th, with the assumption of the
absence of initial **Th*". Due to the high content of detrital Th, this
assumption is violated for the hiatuses and can result in apparently too old
ages close to the growth stops. Accurate ***Th/U-dating of these sections is
thus challenging and requires precise determination of the spatial extent of
the detrital layers to avoid detrital contamination of the samples.

Macro- or microscopic assessment of the spatial extent of the detrital
layers is difficult due to their spatially heterogeneous character (Fig. 1a - c).
The detrital content of speleothem calcite is also reflected by elevated
concentrations of specific trace elements (such as Th or Al). We determined
trace elements by applying conventional line scan analysis for samples BB-9
and —10 as well as trace element mapping for sample BB-9 (Fig. 1a - ¢). The
line scan data were used for a principal component analysis (PCA), with the

first principal component (PC1) representing the elements related to detrital
contamination (Fig. 1a). PC1 was then used to precisely constrain the spatial
extent of the detrital layers (grey bars in Fig. 1). The trace element maps also
show the spatial heterogeneity of the layers (Fig. 1b and c), especially in close
vicinity to the hiatuses. Based on these data, we used a combination of
different approaches for the sampling and **Th/U-dating (handheld dril-
ling, micromilling, and laser ablation (LA)) to avoid contaminated areas.
Samples obtained by handheld drilling or micromilling will further be
referred to as solution **Th/U-ages.

For the solution **Th/U-ages, sampling of detrital material often could
not be avoided. This is reflected by low (**Th/**Th) activity ratios
(Table Sla - f) and results in increased age uncertainties due to the cor-
rection for detrital contamination, which is conventionally applied to all
*Th/U-ages. To construct a reliable age model using conventional age-
depth models, at least three precise **Th/U-ages for each growth phase are
required. However, in many cases, only 1—2 high-precision solution ages
per growth phase could be obtained, in particular for very thin growth
sections. Therefore, we performed high-spatial-resolution LA **Th/U-
dating along the growth layers (Fig. S3b) on samples BB-9 and —10. In
addition, we measured continuous LA **Th/U-dating line scans perpen-
dicularly to the growth layers (Fig. S3¢) on all three samples. The latter was
then used to calculate further **Th/U-ages based on the obtained data
(Fig. 1h and i, see methods for details). These individual LA line scan **Th/
U-ages were calculated at 0.2 mm resolution and represent a mean **Th/U-
age of the corresponding material. This combination of some very precise
solution *"Th/U-ages (age uncertainties < 0.4%) and a large number of LA
“Th/U ages with larger uncertainty (~ 5-10%) but very high spatial reso-
lution (0.2 mm) enables us to calculate age models for all growth phases of
the three flowstone samples. In total, 566 **Th/U-ages (BB-9: solution
n=22,LAn=101;BB-10 solution n = 13, LA n = 259; BB-15 solution n = 8,
LA n=163) were determined and used for age modelling.

The high-resolution LA **Th/U-data also provide detailed informa-
tion about the distribution of U and Th across the samples. The con-
centration of **Th is an indicator of detrital contamination, whereas high
(®*Th/**U) and low (**Th/*’Th) ratios reflect a high degree of con-
tamination. This is the case around and within the hiatuses (Fig. le and f),
and the corresponding LA **Th/U-ages are apparently too old (Fig. 1d).
These data support our observations based on the trace element data. Initial
(P*U/PU) activity ratios, (**U/?*U);, also show distinct changes around the
hiatuses (Fig. 1h), and can thus also be used as an indicator for growth stops,
even if they do not coincide with a visible detrital layer. Based on this
observation, we identified two further growth stops in apparently con-
tinuous growth phases of samples BB-10 and —15. These are also reflected
by apparently too-old LA **Th/U-ages (Fig. S4).

The age models for all three samples were calculated using a section-
wise linear fit based on a Monte-Carlo simulation with 10,000 iterations
(Fig. 2a and b, see methods for details), which weights precise ages more
strongly and does not only provide the age-depth model and its 95% con-
fidence intervals, but also a distribution of all calculated ages (Figs. 2c, d and
3d - f). This distribution is shown as a histogram to visualise the probability
of the age ranges of the individual growth phases (see Fig. S5 for details). To
allow comparison between the growth phases, the number of bins for the
histograms was set to 20 for all growth phases (Fig. 3). Therefore, the width
of the individual bins and the histogram reflect the precision of the age
model for the individual growth phases. Even for sample BB-9, which
proved to be the most challenging sample due to the very thin growth layers,
we obtained precise age models for the majority of the individual growth
phases (Fig. 3d). This highlights the great potential of our dating approach
for flowstone samples with particularly thin growth layers, which are often
considered as less suitable climate archives due to their episodic growth
pattern. Unfortunately, in a few cases, even our approach resulted in rela-
tively imprecise age models, and a clear assignment to a single GI was not
possible. The reason for the lower precision of the corresponding age models
is a lack of precise solution ages, either due to unavoidable detrital con-
tamination (e.g., growth phase 4 of BB-9 or growth phase 3 of BB-15) or due

Communications Earth & Environment| (2024)5:719


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01863-0

Article

DFT [cm]
5.0

Al U
1000 1
(0] 0]
_ 80 d ug/g
& 60 |
i ! Y
g. 40 s ,“"‘|L“ VYN it TR i ‘
° e b N
o 20
< 4
0 x10
_T3e fE 100 =
=) |
g 04 10 &
L &
F 001 A /\N\f? 1
- A /i g
0.001 ‘ A | 01 &~
4 — _ hi™ 2.0
— = L 15 5
2 2 2
= — 1. N
B F
=% - 0.5 &
0.0
4.0 45 5.0 5.5 6.0
DFT [cm]

Fig. 1 | Overview of measurements applied to sample BB-9. Grey bars indicate the
defined spatial extent of the hiatuses. a detrital component of the trace element
principal component analysis (black line) on a scan of the sample showing the area of
the trace element concentration mapping of Al (b) and U (c). d shows corrected
**Th/U-ages obtained by laser ablation line scan analyses in high resolution (black)
and smoothed by a 10 pt Adjacent-Averaging (red). Solution ages are given as light

green diamonds (micromilling) and dark green squares (handheld drill). e and

f indicate the degree of detrital contamination within the sample obtained by laser
ablation, both axes are on a logarithmic scale. g and h show the laser ablation line
scan data of (**U/**U) (red) and (**Th/**U) (blue), which were used to calculate the
ages in d, the black dots indicate (**U/**U); at 0.2 mm resolution.

to a lower spatial resolution in case of longer growth phases (e.g., growth
phase 1.3 of sample BB-10). Thus, our dating approach works best with a few
high-precision solution ages that can be used as anchor points for the high-
resolution LA **Th/U-ages with larger age uncertainties.

Speleothem growth requires both liquid water and a vegetation cover
above the cave. These requirements were fulfilled for some time intervals
during MIS 3 in Central Europe, as demonstrated by the formation of
speleothems in Ble8berg cave (Fig. 3). However, these growth phases were
frequently interrupted, when environmental conditions inhibited spe-
leothem formation during cold stadial periods. Permafrost conditions in
Central Europe can explain the absence of speleothem formation. Cryogenic
cave calcites can be a proxy for permafrost conditions, as they require an ice
body inside the cave to form®. The occurrence of cryogenic cave calcites in
Central Europe™*** indicates that the climate conditions during MIS 3
stadials were, at least temporarily, cold enough to form permafrost and
inhibit flowstone formation (Fig. 3).

However, other processes, such as re-routing of drip water within the
aquifer, can also inhibit speleothem formation. Thus, the absence of growth
does not necessarily indicate cold and/or dry conditions. In contrast, spe-
leothem growth always requires favourable climate conditions and the
periods of speleothem growth in BlefSberg Cave generally align with warm
GIs. During these phases, any permafrost above the cave, which might have
been present during stadial conditions, must have been absent. After cli-
matic amelioration, the growth of the BleSberg flowstones will most likely be

delayed due to permafrost and/or the absence of vegetation cover above the
cave. At the onset of a GI, even if the warming will reach Central Europe
relatively quickly, the initiation of speleothem growth will thus be delayed
due to the buffered warming by the karst above the cave as well as the time
required for permafrost thawing and vegetation development. Therefore,
the growth phases of the BlefSberg flowstones can be considered a sensitive
proxy for the minimum duration of warm climate conditions in Central
Europe during MIS 3.

Based on their age models (Figs. S6 — S8), most of the BlefSberg
flowstone growth phases can be unambiguously assigned to GIs (Fig. 3
and Table S2). This clearly shows that flowstone growth in Blef8berg Cave
primarily occurred during warm phases, while it was inhibited during
stadial periods. This is reasonable considering the requirements for
speleothem growth mentioned above. We can assign most growth phases
to specific GIs based on the most abundant Monte-Carlo ages (i.e., the
center bins of the age distribution, Fig. 3). In case of less precise age
models (e.g., growth phases 4 and 8 of BB-9), the identification of the
corresponding GIs is constrained by the surrounding growth phases
(Fig. 3). The Ble8berg flowstones show growth during GIs 17 - 5, the
only exception being GI 9. The lack of speleothem growth during GI 9
may be related to its short duration (260 years’) and the limited tem-
perature increase in Greenland of 6.5 °C*, which might not be sufficient
to cross the threshold for conditions favourable for speleothem growth in
Central Europe.
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Fig. 2 | Age models and age distributions for two growth phases of sample BB-9.
aand b: Age models (red line) for growth phases 6 (a) and 8 (b) of sample BB-9 and
the corresponding 95% confidence intervals (grey area). Both are also indicated by
the red and dashed lines in c and d. All ages used for the calculations including their
uncertainty in depth (Table S3) are also shown: handheld drilled (dark green
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squares), micromilled (light green diamonds), LA ***Th/U-ages parallel (black
upside-down triangles) and LA **Th/U-ages perpendicular (blue triangles) to the
growth layers. cand d: Histograms showing the individual ages calculated for growth
phases 6 (c) and 8 (d) during the Monte-Carlo simulation. The number of bins for
each histogram was set to 20.

Previous studies showed that speleothems can be used to precisely
determine the onset of individual GI (sub-)events'’. However, this is only
possible if growth is continuous over the transition from stadial to inter-
stadial conditions (i.e., the onset of the event). This may be the case for
monsoon systems*’ or underneath temperate glaciers™. Based on these data,
the onset of the GIs appears to be synchronous within a century between the
European Mediterranean region, and the Asian and South American
Monsoon regions'*. However, in Central Europe, speleothem growth during
MIS 3 is strongly related to the climatic conditions above the cave and thus
restricted to warm phases, as has been shown for Bunker Cave®. Similar
growth restrictions are true for BlefSberg Cave. During phases of comparably
warm and wet climate, such as the Holocene, continuous speleothem
growth in Blefberg Cave is possible”. In contrast, the short duration of
favourable conditions during MIS 3 in combination with small growth rates
(~ 10 um/a) of the flowstone samples causes very thin growth layers. Given
the proximity to Greenland and the North Atlantic, it is reasonable to
assume that the climate signal reaches Central Europe relatively quickly.
However, there is still a debate about whether there is a delay (~ 200 years)
before these changes are recorded'™" or whether they coincide within
uncertainty, as suggested for both Central Europe™ and the Asian and South
American monsoon regions'®.

Central European warm phases

We created a combined density plot using the age distribution counts of all
three flowstone samples (Fig. 4d-f) and the Frequency Counts function
provided by the software Origin. This reduces the impact of less well-
constrained growth phases. For instance, growth phase 4 of BB-9 (Fig S9),

which is probably associated with GI 10, is not visible in the combined
record due to the large age scatter spanning multiple GIs (Fig. 4d). Growth
during GI 15, associated with growth phase 1.2 of BB-15 (Fig. 4f), is still
visible in the combined record, but the corresponding peak is small and
shifted towards the stadial period. The composite record represents phases
of exceptionally warm and humid climate in Central Europe based on the
Blef3berg speleothem growth phases (Fig. 4i). In total, eight growth phases
can be identified distinctively correlating with GIs 16, 14 - 11 and 8 - 6. In
the following we refer to these phases as Central European warm phases.
These Central European warm phases correlate with periods of a
strong AMOC and diminished influence of AABW (Fig. 4a)", higher sea
level (Fig. 4b)’, warm sea surface temperatures (SST, Fig. 4c)*, reduced sea
ice cover (Fig. 4d)™ and the absence of ice-rafted debris (IRD, Fig. 4h)™.
Vegetation records from the Eifel Maar lakes (Fig.4e - g and S1)*°, which are
located approximately 300 km west of Bleberg Cave (see Supplementary
material for details), indicate a warm temperate mixed forest during early
MIS 3 (around 60 - 48 ka BP) in Central Europe, which was characterised by
an increased abundance of Picea and Carpinus and a low abundance of
Poacaea. This phase is also characterised by a very low abundance of IRD
and correlates with the longer growth phases of the BlefSberg speleothems
during GIs 16, 14 and 13 (Fig. 4i). Speleothem growth was absent during
Heinrich event 5 (H5), and the increased abundance of Poacaea suggest
generally cold climate. This is supported by reduced SST, a peak in the IRD
record and increased sea ice cover (Fig. 4). The middle part of MIS 3 (ca. 47 -
40 ka BP) was characterised by a continuous abundance of Picea and
sporadic abundance of Carpinus. During GI 12, the abundance of Poacaea
briefly decreased, but then increased again indicating a cold temperate
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Fig. 3 | Distribution of ages for all three Ble8berg flowstone samples plotted in
comparison with GI and Heinrich events. The timing of the GIs (grey bars) is based
on the NGRIP GICCO05 §"0 values (a, grey line)’ and temperature reconstruction
(b, black line)*. Because there is no exact agreement regarding the timing and

duration of Heinrich events"*"*, the blue bars for these events are based on the

stadial in which they took place based on the NGRIP GICCO5 chronology. The black
dots represent speleothem GI onsets based on the SIOC19 record', and the blue dots
show **Th/U-ages of cryogenic cave calcites”.

forest. Speleothem growth during this phase was restricted to two short
growth phases corresponding to GIs 12 and 11. Speleothem growth was
absent during H4, which was preceded by the relatively short GI 9 and is
characterised by a large peak in IRD. The vegetation was sparse and
dominated by Poacaea. During late MIS 3 (38 - 32 ka BP), the vegetation in
the Eifel region consisted of Poacaea-dominated grassland. Nevertheless, we
observe three speleothem growth phases, which occurred during times of
reduced abundance of Poacaea. In general, the most prominent speleothem
growth phases occurred during phases of low IRD, reduced sea ice and
higher SST (Fig. 4).

The most prominent growth phase of the BlefSberg composite record
(Fig. 4i) is from ca. 53.5 - 50.5 ka BP and corresponds with GI 14, which is
the longest (4.6 ka) GI during MIS 3. GI 14 was characterised by persistently
high summer SSTs (Fig. 4d), a reduced sea ice cover (Fig. 4c) and a per-
sistently, relatively high (~ 50%) abundance of Picea (Fig. 4f). The abun-
dance of Carpinus reaches the highest level (~ 30%) of MIS 3 during GI 14,
suggesting the warmest climate conditions of MIS 3. The onset of GI 14 is
characterised by a sharp decrease in AABW contribution into the Atlantic
and a delayed, but substantial (ca. 10 m) rise in sea level. The prominent
Blef3berg growth phase (Fig. 4i) correlates very well with these observations,
documenting that long, continuous speleothem growth phases in BleSberg
Cave were only possible during the warmest and most stable phase of MIS 3.
This is supported by the observation that speleothem growth stopped
coincidently with the high abundance of Carpinus, even if the abundance of

Picea, which needs less warm conditions, remained on the same level. While
a recent study*® suggested that DO 14 is only weakly expressed in European
speleothem records, we clearly show that the long growth phase of the
Blef8berg speleothems during GI 14 was related to long-lasting favourable
climatic conditions for speleothem growth. This is further supported by the
Bunker Cave record, which shows exceptionally fast speleothem growth
during GI 14 (up to 390 um/a) suggesting that this was the warmest and
most humid phase of MIS 3 in Central Europe™.

The growth phase during GI 12 is relatively short (0.74 ka), even if
GI 12 was the second longest event (2.6 ka) of MIS 3 and associated with
the highest summer SST (Fig. 4). The timing of our growth phase is
consistent with the warmest phase of the event, as suggested by a
minimum in sea ice cover and the peak abundance of Picea (ca. 60%).
Interestingly, the stop of speleothem growth coincides with a large IRD
peak (Fig. 4). This may indicate a climatic reason for the cessation of
speleothem growth. Due to dating uncertainties in the sediment record™,
it cannot be excluded that the IRD peak corresponds to H5 and thus
occurred before our growth phase. A peak in the abundance of Carpinus
towards the end of GI 12 (ca. 45 ka BP) suggests a short phase of warm
climate, but speleothem growth did not resume. This short climate
amelioration was either too short for speleothem growth to resume, but it
may also indicate that speleothem growth in this case may be affected by
other processes than climate, such as re-routing of the drip water within
the aquifer and thus, the absence of growth does not necessarily indicate
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Fig. 4 | Blelberg speleothem growth phases in comparison to other climate
records. a AABW reconstruction based on a Pa/Th record from core CDH19 from
the Bermuda Rise (dark turquoise line)"”. b Red Sea sea level reconstruction (dark
blue line)'. ¢ North Atlantic sea ice cover reconstruction based on P,IP,s (brassi-
casterol C25 isoprenoid lipid) from the SE Norwegian Sea (light turquoise line with
triangles)”’. d Summer alkenone-based SST (U¥5,) from core MD01-2444 at the

Iberian Margin (37°N, black line)™. e, f and g Vegetation reconstructions based on
pollen data from Poacaea (green), Picea (dark green) and Carpinus (yellow-green)
from different Eifel Maar cores (AU3, AU4, HM4)™. h Ice rafted debris (IRD) record
from core MD01-2040 at the Iberian Margin (40°N, light orange)** i Combined
relative frequency of growth of all three Blefberg flowstone samples (red, Table S4).
GI (grey) and Heinrich (blue) events are indicated by the coloured bars.

less favourable climate conditions for speleothem growth. The occur-
rence of speleothem growth, however, certainly shows that the climatic
conditions were favourable at some point (i.e., no permafrost and at least
some vegetation cover above the cave).

The only growth phase of the composite record, which is recorded in all
three speleothem samples, is the growth phase concordant with GI 8. The
timing of the onset in sample BB-10 s ca. 0.5 ka later than in BB-9 and BB-15
(Table S2). As the climatic conditions above the cave are identical for all
three samples, this could be caused by a difference in the routing of the drip
water. GI 8 followed H4, and vegetation in Central Europe was dominated
by grassland and trees suggesting colder conditions™. H4 is reflected by a
substantial amount of IRD in the Atlantic (Fig. 4h), which gradually reduced
with the beginning of our speleothem growth phase associated with GI 8.
The timing of the growth phase agrees with the peak of summer SST and the
reduction of AABW. Since previous studies’>*’ showed no speleothem
growth prior to H4 in Central Europe, this is also the first evidence of MIS
3 speleothem growth in Central Europe.

During GI 7, a short growth phase at BlefSberg Cave was recorded,
which fits very well with a short reduction of IRD in the middle of the GI.
Similarly, the timing of the growth phase is in agreement with a brief
reduction in the abundance of Poacaea and the minimum of sea ice cover
during the GI. GI 7 is one of the shortest events (740 years duration) when
speleothem growth in Bleflberg Cave was recorded. In addition, the

vegetation reconstruction from the Eifel maar lakes does not indicate par-
ticularly warm conditions. While the duration of 260 years of GI 9 seems to
be too short to establish favourable speleothem growth conditions, the short,
but still longer GI 7 is recorded in the Blefiberg record. This suggests that
even short speleothem growth phases can occur without a well-established
vegetation cover when short phases of favourable climate conditions occur
and highlight their potential as a climate proxy.

The majority of the Blef3berg speleothem growth phases and thus show
a lag (see methods for details) compared to the GI onsets recorded in
Greenland ice cores (Fig. 4, Table $4). The magnitude of the lag is not related
to the magnitude or length of the cold periods prior to the event (e.g., for
Heinrich events). Similarly, we do not observe a relationship with the
magnitude of the temperature increase of the corresponding GI. A recent
study™® shows that GICCO5 is on average systematically younger than the
U-Th timescale, at least for the last 48 ka. Therefore, the lag observed in this
study should be treated as a maximum difference between the GI onset and
the occurrence of favourable growth conditions for speleothems in Central
Europe. The absence of the shortest and coldest GIs in the Blefberg spe-
leothem record suggests that the delay of the BlefSberg growth phases is
rather related to the time required to establish favourable conditions for
speleothem growth (i.e., inherent to the speleothem archive) than the time
required to transfer the climate signal from the North Atlantic to Central
Europe. This includes the availability of liquid water, the thawing of
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permafrost, and the development of soil and vegetation cover above the
cave. The total duration of the Blelberg speleothem growth phases is gen-
erally shorter than the duration of the corresponding GIs. The duration of
the speleothem growth phases covers approximately 88% of the total
duration of GIs during early MIS 3 and is strongly reduced to 25% during
mid and late MIS 3. This supports the assumption of a generally warmer
early MIS 3 as suggested in previous studies*>”. This also indicates that
during the onset of the GIs, the climate in Central Europe was still too cold,
and potential permafrost conditions in combination with a strongly reduced
or absent vegetation cover above the cave prohibited speleothem growth.
The beginning of speleothem growth in Ble8berg Cave then marks the
crossing of a certain climate threshold, and the following growth period
reflects persistent warm climate conditions during the corresponding event
in Central Europe. In most cases, speleothem growth ceased prior to the end
of the corresponding GI, indicating that non-favourable conditions for
speleothem formation returned towards the end of the event.

In summary, the flowstones from Blefberg cave can provide a better
understanding of the periods of warm and stable climate conditions during
MIS 3 in Central Europe even if our data suggest a systematic lag between
the onset of the speleothem growth phases and the Gls recorded in
Greenland ice cores. Similarly, the duration of our growth phases is sys-
tematically shorter than that of the corresponding GIs suggesting that the
speleothems mainly record the persistent warming of the events. The record
of Blefiberg speleothem growth phases can thus be interpreted as snapshots
of the Central European warm phases during MIS 3, and our results high-
light that large portions of MIS 3 in Central Europe had favourable con-
ditions to enable speleothem growth. Our data suggest that climatic
conditions in Central Europe during MIS 3 were much longer favourable for
speleothem growth than previously expected. So far, MIS 3 speleothem
records from Central Europe suggested that speleothem growth occurred no
later than 42.8 ka in Bunker Cave™ and 37.1 ka in Han-sur-Lesse Cave’,
respectively, and that climatic conditions subsequently were too cold and
dry for speleothem formation. The samples from Blefiberg Cave, however,
show that speleothem deposition in Central Europe occurred at least until
ca. 32 ka. This shows the great potential of speleothems from temperate
climate zones, when speleothem growth can be used as a direct proxy to
determine favourable climatic conditions. Especially during phases with
oscillating climatic, as during the DO events within MIS 3, speleothem
growth phases will record the peaks of favourable climate conditions.
However, the oscillating climate conditions will cause speleothem growth to
frequently start and stop within a relatively short amount of time. This will
result in very thin growth layers interrupted by hiatuses and complex growth
characteristics on the pm-scale. To make use of the full potential of this
remarkable climate archive, a variety of sampling and analytical techniques
is required.

Methods

Sampling procedure

All sampling procedures and measurements described in the following were
conducted at the Institute for Geosciences, Johannes Gutenberg
University Mainz.

Due to the typically very thin growth layers of our flowstone samples,
we applied different sampling techniques. Since BB-10 and BB-15 show
longer/thicker sections of continuous growth, the majority of samples was
taken using a handheld drill (sample sizes of approximately 50 mg). For BB-
9, the thickness of the individual MIS 3 growth phases is much thinner and
varies between 3.9 and 0.6 mm. Therefore, we used a MicroMill device®
with a drill bit of 300 or 500 um thickness for sampling (approximately
15 mg). However, even with these sampling techniques, it was not always
possible to completely avoid detrital contamination, indicated by
(**Th/**Th) < 200 (compare Table Sla, c and e).

Solution ?*°Th/U-dating
Powdered samples were processed in a clean room laboratory for chemical
separation of U and Th (see Table S5 for details). All acids used during

chemical treatment were of trace-metal grade quality. Samples were
weighed, dissolved in 7 N HNO; and subsequently spiked with a previously
calibrated **Th-**U-**U spike solution. The spike was gravimetrically
prepared and then calibrated against IRMMO074/10°' and a solution pre-
pared from speleothem sample WM 1 from Wilder Mann Cave, which has
an approximate age of 2.02 Ma®* and is therefore in secular equilibrium® i.e.,
(P*U/7*U) = (*°Th/?*U) = 1. The samples were evaporated to dryness and
treated with concentrated HNO;, HCl and H,0, in order to destroy any
organic material prior to chemical separation. The samples were then
evaporated again, dissolved in 7 N HNO; and passed through ion exchange
columns filled with 1.5 mL of Bio-Rad AG 1-X8 (200 - 400 mesh size) anion
exchange resin to separate U and Th. The procedure (Table S5) was carried
out twice and followed a method developed at the Berkely Geochronology
Center, which is based on the procedure described in Edwards et al.*, With
each sample set, a subsample of the WM 1 solution was prepared and
analysed for quality control, yielding activity ratios of
(®°Th/?*U) = 1.00001 + 0.00038 and (***U/**U) =0.99997 + 0.00021 (2SE,
n =55, within a 12-month period).

Mass spectrometric analyses of U and Th were conducted using a
Thermo Fischer Scientific Neptune Plus multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) equipped with an Elemental
Scientific Apex Omega HF desolvator. U and Th were measured separately
in a standard-bracketing procedure and the data were corrected offline using
an in-house R-script® correcting for mass fractionation, ion counter yield,
instrumental drift and tailing. Each sample is analysed in standard-sample-
bracketing (SBB) mode, accounting for instrumental drift during the ana-
Iytical session. For U, the CRM112-A Uranium Isotopic Standard is ana-
lysed prior to and after each sample, while for Th an in-house Th standard
solution with known isotope ratios of *’Th, **Th and **Th is analysed.
Mass fractionation is determined for each standard by analysing **U/**U or
*Th/**Th, respectively. Within the same analysis, ion counter yield for IC1
is determined by analysing **U/**U or **Th/**Th, both previously cor-
rected for mass fractionation. Tailing is determined externally by analysing a
concentrated CRM 112-A U solution (containing ***U, **U, **U) or a
natural Th solution (containing **Th) at the beginning and at the end of
each analytical session. Abundance sensitivity is calculated and corrected for
isotopes of *’Th, **°Th, **U and *U.

All ages were calculated using the half-lives reported by Cheng
et al”. Due to the very thin growth layers of our flowstone samples
(especially BB-9), some samples show (**Th/***Th) < 10 (Table S1a) and
are thus significantly affected by detrital contamination. This is parti-
cularly the case for samples close to hiatuses. To better constrain the
(**Th/**U) activity ratio of the detrital material, we applied the approach
of Budsky et al.”* to the solution data of all three samples. This algorithm
minimises the sum of all apparent age inversions by iteratively varying
the (**Th/?*U) activity ratio of the detrital material, (**Th/**U)4". The
resulting (**Th/**U)4 is 0.953 £ 0.477, which is applied to all three
samples and in agreement within uncertainty with the conventionally
used correction factor of (**Th/?*U)q = 1.243 + 0.622 calculated based on
the average Th and U concentrations for the bulk upper continental
crust™”’,

Laser Ablation MC-ICP-MS >Th/U-dating
In-situ analyses for **Th/U-dating have been performed using the Neptune
Plus MC-ICP-MS coupled to an ESI New Wave NWR 193 nm ArF excimer
laser ablation system (LA-MC-ICP-MS) with a TwoVol2 cell. To enhance
sensitivity and introduce N, for signal stabilisation, an ESI Apex Omega HF
desolvator system was additionally coupled with the sample outlet being
connected with a Y-connector to the sample gas line originating from the
laser ablation system. Instrumental details are summarised in Table S6.
Due to the low abundance of the decay products ***U and *°Th, both
isotopes are monitored using the central ion counter. Therefore, two
separate line scans are necessary to calculate **Th ages with the instru-
mental setup during this study (cup configuration in Table S7). Prior to each
analysis, 30 s of background data was collected without the laser firing and
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subtracted from the signals monitored during sample ablation. Speleothem
sample WM 1 was used as bracketing standard, as this speleothem is in
secular equilibrium. A first line scan (line scan 1, Table S8) performed on
WM 1 was used to determine the mass fractionation factor § based on the
naturally invariant **U/**U, and a correction factor for (**Th/***U) cor-
recting for mass fractionation, ion counter yield and inter-element frac-
tionation, which was then applied to the unknown speleothem samples.
Similarly, a second line scan (line scan 2, Table S8) on WM 1 was used to
determine a correction factor for (**U/**U), correcting for mass fractio-
nation and ion counter yield. Similar to the solution **Th/U-dating, the
(**Th/**U) from the speleothem samples was used to correct for detrital
contamination, using the previously determined detrital correction factor of
(2Th/*U)4 = 0.953 £ 0.477.

LA-MC-ICP-MS allows fast data acquisition and less destructive
sampling compared to the drilling techniques. For each age determination,
two line scans parallel to the growth layers were conducted (1000 pum length,
150 pum spot size, 100 Hz laser frequency) in close proximity to determine
(**Th/”*U) and (**U/**U) in two separate measurements. LA-MC-ICP-
MS **Th-dating was applied to samples BB-9 and —10. A global correction
factor for *Th/**U and **U/**U was determined for each standard of WM
1. The obtained isotope ratios of **Th/**U and **U/**U were calculated
into activity ratios using the decay constants from Cheng et al.”, resulting in
a global correction factor accounting for mass bias, ion counter yield and
inter-element fractionation. This correction factor was then applied to
sample activity ratios of (**Th/**U) and (**U/**U).

In addition to the line scan measurements along the growth layers,
several line scans were conducted parallel to the growth axis (i.e., vertical
to the growth layers) across the hiatuses (Fig. S3¢). The data from these
transects was used to calculate mean *°Th/U-ages at 0.2 mm spatial
resolution between a selected depth, which increased the number of
individual ages. Large and rapid changes (Fig. S4) in the calculated initial
(Gao/0))! activity ratios, (P*UA0), calculated as
(*UPU) = (P*UU) * exp (Az4 * 1), where t is the *°Th/U-age, were
used to determine growth stops, which are not visible or reflected by
changes in the trace element data.

Trace element analysis and mapping

Trace element analysis was conducted by LA-ICP-MS using an ESI New
Wave NWR 193 nm ArF Excimer laser system coupled to an Agilent 7500ce
ICP-MS. A continuous line scan from top to bottom was conducted for
samples BB-9 and BB-10 with the intensities of *’Al, **Th and ***U mon-
itored. The laser parameters used were a rectangular spot size of
130 x 50 pm, a transition rate of 10 pm/s and a laser repetition rate of 10 Hz,
resulting in a fluence of 3.5 J/cm’. For calibration purposes, NIST SRM 610
was analysed several times during the analyses, together with several other
quality control materials, including NIST SRM 612, BCR-2G and MACS3.
For all analyses, “3Ca was used as an internal reference, and data evaluation
was performed offline following the calculations presented in Mischel
et al.”". Prior to each analysis, a pre-ablation was performed. A principal
component analysis (PCA) of the trace element data was conducted using
the prcomp() function of the statistical software R”” in order to identify the
detrital component within the trace elements.

The mapping of the trace element distribution (VAl, **U) was per-
formed using the Matlab script MapIT!" using the same instrumental LA-
ICP-MS setup as described above. NIST SRM 610 was used for calibration
purposes. The final map consists of a total number of 33 line scans with a
circular spot size of 80 um resulting in a mapping area of 25,000 x 2640 pm.
A transition rate of 50 pm/s was used. No pre-ablation was performed prior
to the mapping.

Age-depth modelling

The individual growth phases of our flowstone samples are exceptionally
thin. For the majority of growth phases, it is, thus, not possible to
determine several high-precision solution **Th/U-ages, even if sampling
is conducted using the MicroMill. In addition, the solution ages are often

affected by detrital contamination resulting in substantially increased
uncertainties. This is particularly problematic for the thinnest growth
phases. However, for all growth phases several high-resolution LA-MC-
ICP-MS *°Th/U-ages are available, even if those are associated with
much larger uncertainties than the solution ages (Fig. 2a and b). The age
data for the individual flowstone growth phases, thus, usually consist of a
few (sometimes only a single) high-precision solution ages and several
less precise LA-MC-ICP-MS ages. The uncertainty of the LA-MC-ICP-
MS ages is, on average, larger by a factor of >10 compared to the solution
ages. This also implies that each growth phase shows various age
inversions within uncertainty (Fig. 2a and b).

The conventionally used methods for age-depth modelling in spe-
leothems are designed for ages with a spatial resolution of a few mm to a few
cm, comparable age uncertainty and only a limited number of age inversions
(for details see in refs. 74,75). Thus, these algorithms, such as linear inter-
polation, StalAge” or COPRA”, cannot be applied to the very high-spatial
resolution age data of our flowstone samples.

Here we use a modified version of an error-weighted linear
regression (i.e., the York” fit), which accounts for uncertainties in both x-
and y-direction (ie, the york() function implemented in R-package
IsoplotR”). Since the growth rate of the speleothem cannot be negative
(i.e., it needs to become progressively older with increasing distance from
top), negative slopes of the fit must be excluded. To account for this, we
perform a Monte-Carlo simulation with the results of the York-fit (i.e.,
slope, intercept and the corresponding covariance) and exclude those
simulations with a negative slope. Based on these simulations, we also
calculate the Mean Square of Weighted Deviates (MSWD) and the
probability of fit for the fits with a positive slope (Table S9). These two
parameters allow to assess whether the assumptions of a linear regression
are justified by the assigned analytical errors, i.e., if the observed scatter
around the regression is comparable with the age uncertainties (for a
detailed discussion see Ludwig®). In case of probabilities of fit <0.05,
indicating excess scatter, we use the established methods for excess
scatter isochrons and expand the uncertainties by the square root of
the MSWD and the corresponding Student’s t factor for a confidence
level of 95%". In other words, if the ages and uncertainties suggest that
the age data of a growth phase cannot be described by a linear regression
(e.g., due to a change in the growth rate), the uncertainties of the age
model are increased accordingly.

We then use the results of our Monte-Carlo simulations to calculate the
median age model, the corresponding 95%-confidence limits and the
probability  distributions/histograms of the simulated age data
(Figs. 2 and 3).

Determination of durations and lags compared to Gls

The Central European warm phases were established based on the Fre-
quency Counts function provided by the software Origin. This function
calculates the frequency of data within a specified range, i.e., the age ranges
of the individual growth phases based on the Monte-Carlo simulations. It
computes a set of bins using the minimum and maximum values and a
specified bin size, which was set to 100 years. Then, it examines each bin to
count how many times a value falls within each bin. For the calculation only
growth phases with >30% positive slopes were used (Table S9, Fig. S12). The
timing of the baselines and peaks of each warm phases were determined
using the Origin Peak Analyzer function. The onset and end of the warm
phase are determined at half peak height and subsequently used for the
calculation of the duration of each warm phases (Fig. S13). The comparison
of the onset and duration of the warm phases and the GIs were based on
these calculations (Table S$4).

Data availability

The **Th/U data compiled for this study are provided in Supplementary
Table Sla - f. The calculated age models, histogram data files and analysed
LA U/Th line scan data are available in an online open-access repository at
https://doi.org/10.6084/m9.figshare.27223863.v1.
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