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Abstract

Marine Isotope Stage 3 (MIS 3, 57 — 27 ka) was characterised by numerous rapid climate
oscillations (i.e., Dansgaard-Oeschger (D/O-) events), which are reflected in various climate
archives. So far, MIS 3 speleothem records from central Europe have mainly been restricted to
caves located beneath temperate Alpine glaciers or close to the Atlantic Ocean. Thus, MIS 3

seemed to be too cold and dry to enable speleothem growth north of the Alps in central Europe.

Here we present a new speleothem record from Bunker Cave, Germany, which shows two
distinct growth phases from 52.0 (+0.8, -0.5) to 50.9 (+0.6, -1.3) ka and 47.3 (+1.0, -0.6) to
42.8 (= 0.9) ka, rejecting this hypothesis. These two growth phases potentially correspond to
the two warmest and most humid phases in central Europe during MIS 3, which is confirmed
by pollen data from the nearby Eifel. The hiatus separating the two phases is associated with
Heinrich stadial 5 (HS 5), although the growth stop precedes the onset of HS 5. The first growth
phase is characterised by a fast growth rate, and Mg concentrations and Sr isotope data suggest
high infiltration and the presence of soil cover above the cave. The second growth phase was
characterised by drier, but still favourable conditions for speleothem growth. During this phase,
the 5'3C values show a significant decrease associated with D/O-event 12. The timing of this
shift is in agreement with other MIS 3 speleothem data from Europe and Greenland ice core

data.

Keywords: Speleothems; Pleistocene Paleoclimatology; Europe; Dansgaard-Oeschger event;

Marine Isotope Stage 3; Bunker Cave; Multi-proxy approach, U-Th series
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1. Introduction

Marine Isotope Stage 3 (MIS 3, ca. 57-27 ka; Lisiecki and Raymo, 2005) was characterised by
rapid climate oscillations (i.e., the Dansgaard-Oeschger (D/O) events). This high-frequency
climate variability was first discovered in Greenland ice cores by Johnsen et al. (1992) and
Dansgaard et al. (1993). Stable oxygen isotope (6*30) records obtained from ice cores show the
occurrence of high-magnitude climate cycles, where a rapid temperature increase (up to 10 to
16 °C on the summit of Greenland, Huber et al., 2006; Kindler et al., 2014) occurred within
decades and was followed by a gradual cooling. For MIS 3, eleven D/O-events have been
described in Greenland ice cores (D/O 5 — 15), based on the GICCO05 timescale (Rasmussen et
al., 2014). Furthermore, MIS 3 was characterised by Heinrich events 3 to 5, triggered by
freshwater input in the North Atlantic, slowing down North-Atlantic deep-water formation
(Bohm et al., 2015) and identified by ice-rafted debris (IRD) layers (Heinrich, 1988). The
corresponding Heinrich stadials were cold phases with a typical duration of few thousand years,
identified both in Greenland ice cores and in North Atlantic and Mediterranean sediment cores
(e.g., Bond et al., 1993; Cacho et al., 1999; Sanchez Gofii et al., 2002). These marine records,
however, often lack independent and precise dating control, rendering the identification of leads

and lags during D/O-events partly ambiguous.

Speleothems have been used as archives of past climate and environmental variability in Europe
(e.g., Fankhauser et al., 2016; Fohlmeister et al., 2012; Genty et al., 2003; Luetscher et al.,
2015). The U-series disequilibrium method (Richards and Dorale, 2003; Scholz and Hoffmann,
2008) allows to obtain accurate and precise age-depth models. In addition, stable carbon and
oxygen isotopes as well as trace elements can be measured at high temporal resolution in
speleothems and have been widely used to investigate past climate change (Fairchild et al.,
2006; Fairchild and Treble, 2009; Lachniet, 2009; McDermott, 2004). Furthermore, speleothem

growth itself can be used as climate proxy, especially during glacial periods. Speleothem
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growth depends on several climatic and environmental factors, such as the availability of water
(i.e., temperature > 0 °C) and a high pCO: in the soil above the cave (Mattey et al., 2016).
Consequently, speleothem growth is mainly restricted to relatively warm and humid climate
periods that are characterised by the availability of water, sufficient soil development and
vegetation cover above the cave, such as during the Holocene (Mangini et al., 2007; McDermott
et al., 1999) and previous interglacials (Baker et al., 1993; Gordon et al., 1989; Hennig et al.,
1983). This results in drip water supersaturated with respect to calcite entering the cave and,

eventually, the precipitation of speleothem calcite.

European speleothem records from MIS 3 are limited. Besides some records from southern and
south-eastern Europe with only single ages indicating growth during MIS 3 (Constantin et al.,
2007; Hodge et al., 2008), the majority of MIS 3 speleothem records have so far been reported
from the Alpine region (Holzk&mper et al., 2005; Luetscher et al., 2015; Moseley et al., 2014;
Spotl and Mangini, 2002; Spétl et al., 2006). These speleothems grew in caves underneath
temperate glaciers, which provided enough meltwater to enable speleothem growth (Spétl and
Mangini, 2002), despite of cold climate conditions at the surface. Therefore, their growth cannot
be used as a direct climate indicator, in particular for central Europe. Further speleothems from
MIS 3 have been found in south-western (SW) and north-eastern (NE) France. In particular,
MIS 3 stalagmites from Villars Cave (SW France) were subject of several studies and provided
valuable information about climate variability during this period (Genty et al., 2003; Genty et
al., 2005; Genty et al., 2010; Wainer et al., 2009). Another MIS 3 speleothem was found at
Grotte des Puits de Pierra-la-Treiche (NE France, Pons-Branchu et al., 2010). The most north-
western European MIS 3 speleothem record was published from Crag Cave (SW Ireland),
where several broken stalagmites have been dated (Fankhauser et al., 2016). These authors
showed that speleothem growth occurred episodically during MIS 3 interstadials, especially

during mid to late MIS 3.



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

Here we present a new record of a stalagmite from Bunker Cave, central Germany, which grew
during MIS 3. Currently, this is the northern-most MIS 3 speleothem record for central Europe,
where centennial-scale climate records of this time interval are rare (McDermott, 2004;
Voelker, 2002). The record shows two warm and humid phases during early MIS 3 separated

by a hiatus corresponding to the Heinrich 5 cold event (HS 5).

2. Site and sample description
2.1. Bunker Cave

Bunker Cave has been described in detail by Riechelmann et al. (2011) and Fohlmeister et al.
(2012) and is thus only briefly discussed here. The cave (51°22°03°’N, 7°39°53"’E) is located
in western Germany (Sauerland, Fig. 1), the cave entrance at 184 m above sea level. The cave
is developed in Middle to Upper Devonian low-Mg limestone, which contains dolomite veins,
and the limestone overburden ranges from 15 to 30 m (Grebe, 1993). At present, the host rock
is covered by up to 70 cm of brownish loamy soil, which developed from loess loam deposited
during the last glacial (von Kamp and Ribbert, 2005). The thin soil horizon A (<10 cm) is
humic, covering a brown/yellow soil horizon B. Soil horizon C is built up by this brown/yellow
soil and the limestone host rock (Riechelmann et al., 2011). Today, the vegetation above the
cave consists of C3-plants, mainly ash and beech trees as well as shrubs. The mean annual cave
air and drip water temperature is 10.6°C (2006 — 2009). Mean annual precipitation in the area
is 919 mm (1988 — 2007, weather station Hagen-Fley), equally distributed over the year. The
5180 values of precipitation range from -5 %o in summer to -13 %o in winter (Riechelmann et
al., 2017). The 580 values of cave drip water (mean §'0 =-7.9 + 0.3 %o, 16 SD, n = 384, 2006
— 2013, Riechelmann et al., 2017) imply a well-mixed aquifer. Calcite precipitation in Bunker
Cave was observed during the whole year by watch glass experiments at several drip sites (mean

d13C = -8.6 + 0.6 %o, 16 SD, n = 16; mean 880 = -6.1 + 0.2 %o, 1o SD, n = 16, Riechelmann,



125  2010; Riechelmann et al., 2014). Therefore, Bunker Cave is highly suitable for reconstruction
126  of long-term multi-annual climate trends in central Europe (Fohlmeister et al., 2012;

127  Riechelmann et al., 2011; Riechelmann et al., 2012b; Riechelmann et al., 2017).
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Fig.1: Map showing north-western parts of Europe with the location of MIS 3 climate records from Bunker Cave [A, this study], Crag Cave [B,
Fankhauser et al. (2016)], Grotte des Puits de Pierra-la-Treiche [C, Pons-Branchu et al. (2010)], Villars Cave [D, Genty et al. (2003)], H6lloch Cave

[E, Moseley et al. (2014)], Kleegruben Cave [F, Spétl et al. (2006)] and the Eifel maar lakes [G, Sirocko et al. (2016)].
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2.2. Stalagmite Bu2

Bu2 (Fig.2) is a 32 cm-long stalagmite, sampled under an active drip site, which was
investigated in the framework of a long-term cave monitoring program (corresponding to drip
site TS 7, Riechelmann et al., 2011). The upper 76 mm of Bu2 grew during the Holocene and
were already studied by Fohlmeister et al. (2012). Bu2 consists of clear white to beige calcite
with only few detrital layers (Fig. 2). A single brown layer at 76 mm distance from top (DFT),
separating the Holocene growth phase from the older part of Bu2, is clearly visible. The base

of the stalagmite (Fig. 2) consists of brownish calcite and was not analysed.
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141 Fig. 2: Slab of speleothem Bu2 showing petrographic features and sampling details. Sample

142 locations for 2°T/U-dating are presented in supplementary Table Al.
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3. Methods
3.1. 2°Th/U-dating

In total, 25 samples were cut along the growth axis of Bu2 using a diamond wire saw. The
samples were subsequently prepared for 22°Th/U-dating by multi-collector inductively coupled
plasma mass spectrometry (MC-ICP-MS, 23 samples) and thermal ionisation mass
spectrometry (TIMS, 2 samples). The TIMS analyses were performed at the Heidelberg
Academy of Sciences, following the methods described by Scholz et al. (2004), using an
updated spike re-calibration (Hoffmann et al., 2007). For the MC-ICP-MS analyses, sample
amounts of approximately 0.3 g were used. After sawing, the samples were briefly leached in
weak HNO3 to remove potential surface contamination. The chemical separation of U and Th
was performed as described by Hoffmann (2008) with the respective adjustments described by
Yang et al. (2015). Uranium and Th fractions were measured separately, using a Nu plasma
MC-ICP-MS at the Max Planck Institute for Chemistry (MPIC) in Mainz. A standard-
bracketing approach was applied to correct for mass fractionation, ion counter gain and tailing.
The mass spectrometric procedures were generally explained in Hoffmann et al. (2007) and in
detail for the laboratory at the MPIC by Obert et al. (2016). The calibration of the U-Th-spike
was described in detail by Gibert et al. (2016). Introduction of the sample solution was
performed using a CETAC Aridus Il desolvating nebulizer system, connected to the MC-1CP-
MS. Daily tuning (including torch position, gas flows and ion lenses) was performed to obtain
highest signal intensities at optimized peak shapes. Resulting ages were then used for the
calculation of the age-depth relationship (Fig. 3), using the algorithm StalAge (Scholz and

Hoffmann, 2011). Further details are summarised in supplementary Table Al.
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3.2. Trace element analysis

Trace element concentrations were determined by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). The upper 98 mm of the sample were analysed at the Goethe
University Frankfurt, using a New Wave UP213 UV-laser system, connected to a Thermo-
Finnigan Element 1l SF-ICP-MS (Gerdes and Zeh, 2006). For the measurements between 98
and 324 mm DFT, an ArF Excimer 193 nm laser system (ESI NWR193), coupled to an Agilent

7500ce ICP-MS at the Johannes Gutenberg University Mainz, was used (Jochum et al., 2012).

Prior to both LA-ICP-MS analyses, the signal was tuned for maximum intensities at low oxide
formation rates measured as 28U0/%®U <0.2 % (Mainz) and <0.5% (Frankfurt). lon
intensities for °Mg, “*Ca, 88Sr and 89Y were continuously acquired parallel to the growth axis,
located within 2 mm distance of the stable isotope track (Fig. 2). Prior to each analysis, a pre-
ablation was performed. Background counts were measured for 15 s without the laser firing
before each analysis and subtracted from the raw data. The transect was divided into
consecutive lines of approximately 4 cm length, allowing to analyse NIST SRM 610 (Frankfurt)
and NIST SRM 612 (Mainz) at the beginning, between each line and at the end of the routine
for calibration purposes. To monitor accuracy and reproducibility, NIST SRM 610 (n =24),
USGS MACS-3 (n =24) and USGS BCR-2G (n = 24) were monitored as unknowns during the
analyses at the Johannes Gutenberg University Mainz (see supplementary Table A2). Data
reduction was performed using an in-house Excel spreadsheet. Details of the calculations are

given in Mischel et al. (2017).

43Ca was used as an internal standard, applying the corresponding Ca concentration from the
GeoReM database (Jochum et al., 2005). For the stalagmite sample, a Ca-content of 39.4 wt%
was assumed. Reference values for NIST SRM 610 and 612 were adapted from Jochum et al.

(2011). Further operational parameters are given in supplementary Table A3.
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3.3. Stable isotope analysis

High-resolution stable carbon and oxygen isotopes values (6*3C and §'®0) were obtained at the
Institute of Geology, University of Innsbruck. In total, 1078 samples were drilled using a
Merchantek video-controlled MicroMill device with a spatial resolution of 150 um in the upper
part of Bu2 (between 76 and 141.75 mm DFT) and 300 pm in the lower part of Bu2 (between
142 and 324 mm DFT, Fig. 2). The §*3C and 580 analyses were performed using a Thermo
Fisher Delta?"sX L isotope ratio mass spectrometer linked to a Gasbench 11. Analytical precision
for the §!3C and 580 measurements is 0.07 %o for 8*C and 0.09 %o for §'80 (both at the

1o level). All $C and §'80 values are reported relative to V-PDB.

To account for changes in seawater 580 values due to changing sea level and ice volume, we
applied the correction factor of Duplessy et al. (2007) assuming a decrease of -0.008 + 0.002 %o
per meter of global sea-level rise and using the sea-level reconstruction of Bates et al. (2014b),
which is based on the composite ODP record 162-980/981 (Bates et al., 2014a). The effect of
the correction on the 580 (slc = sea-level corrected) values of Bu2 is +0.56 %o between 76
and 139.3 mm DFT and +0.63 %o between 139.3 and 324 mm DFT. Thus, the difference
between these two sections is only 0.07 %o, which is comparable with the analytical uncertainty
of the §'80 measurements. The effect of the sea-level correction is shown in supplementary

Fig AL.

3.4. Sr-isotope analysis

87Sr/85Sr ratios were determined for Bu2 as well as for several other samples from the cave
environment (i.e., soil and host rock). The samples of Bu2 (20 to 30 mg) were processed and

analysed using a Neptune MC-ICP-MS at the Laboratory of Isotope Geochemistry of the
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Department of Chemical and Geological Sciences, University of Modena and Reggio Emilia,
Italy, following the methods described by Lugli et al. (2017) and Weber et al. (2018) for

dissolution analyses and separation of Sr from matrix elements.

Seven Faraday detectors were used to measure the ion beams of the following masses
simultaneously: 82Kr, 8Kr, 8Sr, 8Rb, 8Sr, 8/Sr, 8Sr, Strontium solutions were diluted to
~0.25 mg/l and introduced into the mass spectrometer via a quartz spray chamber and a
nebulizer with an uptake rate of 100 pl/min. Samples were analysed, together with standard and
blank solutions, in a static-multi-collection mode with single blocks of 100 cycles (integration
time 8.4 s per cycle). A bracketing sequence was employed to correct for instrumental drifts.
Krypton in the Ar gas was monitored and corrected using a 8Kr/®Kr ratio of 1.505657 and
background subtraction. To correct for the presence of isobaric Rb on mass 87, a 8’Rb/®°Rb
ratio of 0.3856656 was used. Mass bias correction was performed using an exponential law and
a stable 8Sr/%Sr ratio of 8.375209. Strontium ratios were corrected using the NIST SRM
987 &7Sr/®5Sr ratio of 0.710248 (McArthur et al., 2001). Daily repeated measurements of the

NIST SRM 987 yielded a mean 8’Sr/®%Sr ratio of 0.710241 £ 0.000012 (25; n = 20).

87Sr/85r ratios of host rock and soil samples from Bunker Cave were measured by TIMS at the
Institute of Environmental Physics, Heidelberg University. Strontium separation was performed
using Sr spec™ ion exchange resin columns. The sample size was chosen according to the Sr
concentration providing approximately 100 ng of Sr on the filament and assuming 100%
chemical yield. Soil samples were quantitatively extracted using HF. Column chemistry was
performed two times using supra pure acids in order to receive sufficient chemical separation
from CaCOs. The eluate was reduced to 2 pl and transferred onto a Re filament. Subsequent
measurements (10 sequences a 10 measurements) were performed using a Finnigan MAT 262
in multi-dynamic mode. All isotopes were measured on Faraday cups with minimum 8Sr

intensities of 0.5 V. Each measurement was checked for 8Rb. Isotope ratios were corrected for
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internal mass fractionation assuming a stable ®Sr/®Sr ratio of 8.375209. Repeated

measurements of NIST SRM 987 yielded 8'Sr/®%Sr = 0.710266 + 0.000010 (25; n = 14).

4. Results
4.1. #°Th/U-dating

Results of 22°Th/U-dating are presented in supplementary Table 1. In addition to the previously
published Holocene part of Bu2 (Fohlmeister et al., 2012), dating revealed two distinct growth
phases during early MIS 3. Based on the age model, the first growth phase (in the following
referred to as MIS 3 phase 1) started at 52.0 (+0.8, -0.5) ka and ended at 50.9 (+0.6, -1.3) ka.
The second growth phase (in the following referred to as MIS 3 phase 2) began at 47.3 (+1.0, -
0.6) ka and ended at 42.8 (x 0.9) ka. The growth rates calculated based on the age-depth model
are remarkably different between the two growth phases (supplementary Fig. A2). MIS 3
phase 1 is characterised by an exceptionally fast growth rate of 120 — 390 um/a, which
decreases to ~40 — 60 um/a at approximately 170 mm DFT. MIS 3 phase 2 starts with an
average growth rate of ~25 pm/a, which further decreases to ~8 um/a at approximately 100 mm

DFT.

In general, the 2%2Th and 23U concentrations decrease with increasing age (supplementary
Table 1). The (3°Th/?%2Th) activity ratio, an indicator for the degree of detrital contamination,
changes between the two growth phases. MIS 3 phase 1 shows generally higher (23°Th/?%2Th)
activity ratios between ~1000 and 5100 (mean = 2335 £ 1125, 1 SD; besides sample Bu2-29),
while MIS 3 phase 2 shows ratios between ~150 and 840 (mean = 371 + 212, 16 SD). Detrital
correction does not have a significant influence on the 2°Th-ages (supplementary Table 1). An
unsuccessful dating attempt at 291.5 mm DFT (Bu2-29), which included parts of the detrital

layer, yielded an age of ~45 ka instead of an expected age of ~51 ka, which indicates that this



265  layer is possibly influenced by post-depositional U-addition (Bajo et al., 2016; Scholz et al.,

266  2014).

267  We note that there is a step in the age model of Bu2 between 98 and 101 mm DFT (Fig. 3). To
268  evaluate the possibility of a hiatus at this depth, thin sections (supplementary Figs. A4 and A5)
269  and trace elements were analysed. As none of these analyses showed evidence of a growth
270  interruption, the age model was constructed without including a hiatus resulting in a slow

271  growth rate between these two data points of approximately 5 pm/a.

272
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274 Fig. 3: Age-depth relationship for stalagmite Bu2. Black points show the MC-ICP-MS #°Th-

275  ages, blue points highlight the two ages measured by TIMS (supplementary Table Al). The



276  green line represents the age model calculated by StalAge (Scholz and Hoffmann, 2011), while
277  red lines show the corresponding age-uncertainties (95% confidence interval). The vertical
278  black line marks the hiatus between the two growth phases and was guided by the abrupt change

279 inY concentration (see section 4.2).
280
281  4.2. Trace elements and stable isotopes

282  The trace element records of Mg, Sr and Y as well as the stable isotope values are shown in

283  Fig. 4. The trace element data were averaged by a 25 point-running mean.
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286  Fig. 4: Concentrations of Mg, Sr and Y (high resolution data shown by grey lines) as well as

287 880 (blue) and 5*3C (red) values of speleothem Bu2 shown versus distance from top (DFT).
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Note that the $*3C axis is inverted. A hiatus was identified at 139.3 mm DFT. The spike in Mg

and Y at 280 — 282 mm DFT is due to a detrital layer (see Fig. 2).

At 76.3 mm DFT, a rather high Mg concentration is visible. This corresponds to the growth
stop between MIS 3 and the Holocene and is in agreement with the dating results showing the
oldest Holocene age at 75 mm DFT and the youngest MIS 3 age at 79 mm DFT. Furthermore,
the stalagmite shows a prominent brownish layer at this depth (Fig. 2). The boundary within
the MIS 3 growth phase between approximately 47 and 51 ka (Fig. 3) can be also recognised in
the trace element data. Based on the dating results, this hiatus is located between 145 and
131 mm DFT (Fig. 3). The concentration of the different trace elements changes between the
two MIS 3 growth phases. Yttrium shows a significant peak of up to 7 pg/g at 139.3 mm DFT,
which is much higher than the usual background value of <<1 ug/g. At the same DFT, Mg
shows a gradual increase from ~500 pg/g up to ~800 ug/g (Fig. 4). The Mg concentration
ranges between 300 and 400 pg/g for MIS 3 phase 1 and shows higher concentrations during
MIS 3 phase 2, ranging from 800 to 1000 ug/g. This is robust evidence for the location of the

hiatus at ~139.3 mm DFT.

Magnesium and Y show a rapid increase at 280 — 282 mm DFT (Fig. 4), which corresponds to
a layer of brownish calcite (Fig. 2). This increase is probably related to detrital material.
Although we cannot exclude a short hiatus associated with this detrital layer, our age model

cannot resolve it. Thus, we assume continuous growth during MIS 3 phase 1.

Strontium concentrations vary between 40 and 90 pg/g. During MIS 3 phase 1, Sr shows a
significant increase (20 up to 80 pg/g) at the beginning of the record followed by a general
decrease towards the hiatus. During MIS 3 phase 2, Sr starts to increase again followed by a

decreasing trend, which occurs around 100 mm DFT and is also observed in the Mg record.
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The §*0gc record can be divided into two parts: MIS 3 phase 1 shows, on average, less negative
518041 values (-4.8 + 0.3 %o, 16 SD) than phase 2 (-5.4 + 0.3 %o, 16 SD). In MIS 3 phase 2, the

5180sic values show an increasing trend with decreasing DFT.

The §'3C values of both growth phases vary between -5.6 %o and -10.4 %o0. MIS 3 phase 1 has
a mean 3'3C value of -8.4 %o (+ 0.8 %o, 1o SD) and shows high-frequency variations. MIS 3
phase 2 is characterised by a mean value of -8.8 %o (+ 0.9 %0, 1o SD) and shows a rapid
decrease from -5.6 %o up to approximately -9.0 %o between 139 and 130 mm DFT. The
youngest section of MIS 3 phase 2 shows a rapid increase of the 5'C values from -9.8 to -

6.2 %o.

4.3 Sr-isotopes

Bu2 Sr-isotope data show significantly different values for the two growth phases (Fig 5).
MIS 3 phase 1 shows &Sr/®Sr ratios between 0.70923 + 0.00001 and 0.70938 + 0.00001 (mean
value= 0.70931 £ 0.00005, 1o SD), while ratios for phase 2 are lower (i.e., between 0.70907 +
0.00001 and 0.70919 £ 0.00001, mean value = 0.70915 + 0.00005, 1c SD). The Middle to
Upper Devonian limestone at Bunker Cave has an average 8'Sr/®°Sr ratio of 0.70836 + 0.00006
(n = 4, 16 SD, Fig. 5), which is in agreement with the Sr-isotope value expected from the
seawater curve (McArthur et al., 2001). Soil horizon A at Bunker Cave has an average Sr
isotope ratio of 0.7237 + 0.0003 (n = 2, 16 SD, Fig. 5). The 8'Sr/®Sr ratio of soil horizon C
(0.71893 + 0.00001, n = 1) is lower than the 8’Sr/%Sr ratio of soil horizon A, but still much

more radiogenic than the limestone (Fig. 5).
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Fig. 5: [A] 8’Sr/®Sr ratios of the host rock (blue circle), soil horizon A (orange diamond) and soil horizon C (green diamond) at Bunker Cave compared

to stalagmite Bu2 values (black squares). [B] Close-up of Bu2 8Sr/®Sr ratios during MIS 3 (black squares). The mean value is shown as a black line

for each phase with the red box indicating the 16 SD. MIS 3 phase 1 shows generally higher 8Sr/®Sr ratios than MIS 3 phase 2. The soil samples

show much more radiogenic 8’Sr/%Sr ratios than the host rock and the speleothem. All measurement uncertainties are 26 SE.
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5. Discussion
5.1. Timing of growth phases

Based on the age-depth model, Bu2 started to grow at 52.0 (+0.8, -0.5) ka with high growth
rates between 120 and 390 pum/a. In comparison, the growth rate of Bu2 during the Holocene
was only 10 to 30 pum/a. Other Holocene speleothem samples from Bunker Cave also show low
growth rates of <30 um/a (Bu6) and <70 pum/a (Bu4), while a third sample (Bul) shows growth
rates around 100 pum/a (Fohlmeister et al., 2012). In this context, the high growth rate of MIS 3
phase 1 is remarkable, especially for MIS 3 in central Europe. Based on the 23°Th/U dating
results, MIS 3 phase 1 corresponds to D/O-events 13 and 14 of the NGRIP record. Applying
our age-depth model the age range for MIS 3 phase 1 is reduced to between 50.9 (+0.6, -1.3) ka
and 52.0 (+0.8, -0.5) ka, rendering a correlation with D/O 14 unlikely. This is interesting given
the fact that D/O 14 was the longest interstadial in MIS 3. However, at least the inception of
growth of Bu2 may have been related to rather warm and humid conditions during D/O 14,

despite the onset of growth was later than D/O 14.

The high growth rate of Bu2 is also exceptional in comparison with other speleothem records
from Europe. For instance, the Villars Cave record (Vil-stm9, Genty et al., 2003) shows a
growth rate of approximately 100 um/a during D/O 12 and 10 um/a during colder periods.
Interestingly, Bu2 MIS 3 phase 1 coincides with a flooding event in Villars Cave (Genty et al.,
2003; Genty et al., 2005; Genty et al., 2010), expressed by the lack of growth in Vil-stm27,
suggesting wet climate conditions during this time interval. A speleothem record from Grotte
des Puits de Pierra-la-Treiche (NE France) predates the onset of growth of Bu2 and shows a
growth rate between 20 and 80 um/a for the time period from 55.4 + 1.0 ka to 53.3 £ 0.7 ka
(Pons-Branchu et al., 2010), which is also lower than most parts of MIS 3 phase 1. For Bu2
MIS 3 phase 2 the growth rate is much lower (40 — 50 um/a until ~46 ka, below 10 um/a

between ~46 and ~42.8 ka), but still higher than in the Holocene. Between 47.3 (+1.0, -0.6) and
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50.9 (+0.6, -1.3) ka, Bu2 stopped growing. Interestingly, stalagmite Vil-stm14 from Villars
Cave showed a significantly diminished growth rate during this period. In contrast, stalagmite
Vil-stm27 started to grow at this time around 48.5 ka and shows rapid growth between 47 and
44 ka (see supplementary Fig. A3). For this sample, growth inception was probably related to

drier conditions subsequent to the flooding event in Villars Cave (Genty et al., 2010).

A similar pattern is visible in the speleothem record from Crag Cave (Fankhauser et al., 2016).
One of their speleothem samples (CR032) revealed 2*°Th-ages of 56.8 + 0.3 kaand 47.9 + 0.2 ka
with a significant brownish layer in between, potentially related to a hiatus during HS 5. A
further sample (CR008-B) yielded a 2°Th-age of 50.5 + 0.4 Ka, i.e., slightly predating the onset
of HS 5 and coinciding within uncertainties with the growth stop of Bu2 at the end of MIS 3
phase 1. Combining these records results in a similar growth pattern as observed for Bu2, which
shows a hiatus between 50.9 (+0.6, -1.3) ka and 47.3 (+1.0, -0.6) ka and is therefore in good
agreement with Crag Cave (Fig. 6). The NALPS composite record (Moseley et al., 2014) shows
a similar growth pattern with a slow growth rate between D/O-events 12 and 13 and a short

break in speleothem deposition (Fig. 6).

The growth stop in Bu2 slightly predates the onset of HS 5 (~49.2 — 47.6 ka, Fig. 6), based on
IRD and foraminifera data from the MD99-2331 drill core (Sanchez Goifii et al., 2013). This
suggests that the climate at Bunker Cave was too cold and/or dry for speleothem growth even
before the onset of HS 5 and that the short-termed D/O 13 was not sufficiently warm and humid
to enable speleothem growth at Bunker Cave. This is coherent with the 5'3C data (see below).
Based on the age uncertainty of MIS 3 phase 1, the offset between the hiatus and the start of

HS 5 ranges from 400 to 2000 years.
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Fig. 6: Comparison of growth phases of different MIS 3 speleothems in Europe with the NGRIP
5180 and the marine MD99-2331 records. [A] NGRIP 580 record (Svensson et al., 2008). [B]
Abundance of the foraminifera Neogloboquadrina pachyderma (orange) and the number of
IRD per gram of sediment (black) in marine core MD99-2331 (Sanchez Goiii et al., 2013).
Heinrich event 5 is marked in the figure (grey box) based on these data. [C] 2°Th/U-ages of the
NALPS record (Moseley et al., 2014). [D] 2°Th/U-ages from Crag Cave (Fankhauser et al.,
2016). [E] 2°Th/U-ages of stalagmites Vil-stm27 (red diamond, Genty et al., 2010), Vil-stm9
(purple stars, Genty et al., 2010) and Vil-stm14 (grey circles, Wainer et al., 2009) from Villars
Cave. [F] 2°Th/U-ages from Bunker Cave stalagmite Bu2 (this study) [G] Growth phases based
on the age-depth model (green line) with the respective age uncertainties gives at 95 %

confidence levels (red triangles) of Bu2 (this study).

5.2. Bu2 stable isotope data
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There are several processes potentially affecting the 5!3C values of speleothems. An increase
in speleothem 8'3C values may be caused by an increased drip interval and, as a consequence,
enhanced disequilibrium fractionation on the stalagmite surface (Deininger et al., 2012;
Mihlinghaus et al., 2009; Riechelmann et al., 2013; Scholz et al., 2009). Furthermore, an
increase of the §*3C values can be caused due to a larger contribution of host rock-derived
carbon or a decrease in the soil CO2 production rate by reduced root respiration and soil
microbial activity (Cerling, 1984; Fohlmeister et al., 2011). Monitoring of Bunker Cave
(Riechelmann et al., 2011) showed only small variations in the present-day annual 5'3C values
of the dissolved inorganic carbon (DIC) of the drip water, collected at different drip sites of the
cave. Modern calcite precipitation from a drip site close to the location where Bu2 was collected
(watch glass VI, Riechelmann, 2010) revealed an average §**C-value of -8.6 + 0.6 %o, which
is in the range of the more positive 5'3C values of the MIS 3 growth phase of Bu2 (Fig. 7). As
described by Fohlmeister et al. (2012), vegetation density above Bunker Cave is assumed to be
the major factor influencing the 5*C values of speleothems. More positive §*3C values of soil
gas CO;, will therefore also yield increased 5'3C values in the stalagmite, coherent with periods
of lower drip rates. In contrast, more negative §*3C values in the speleothem are associated with
periods of denser vegetation as well as a thickening of the soil above the cave, increased
biological soil activity and higher drip rates. The most negative 53C values during MIS 3 are
in the range of the 5'3C values of the Holocene stalagmites and modern-day calcite samples
(Fig. 7). This indicates, at least for some time intervals of MIS 3, an enhanced biological

activity above the cave, almost as high as for present-day conditions.

Prior to the hiatus around 50.9 ka, the §*3C values increase rapidly from around -9 %o to -5.5 %o
(Fig. 8). This suggests a decrease in vegetation density and soil bioproductivity, resulting in
more positive 53C values of soil gas CO2 and ultimately in Bu2, similar to the §*3C values of
Villars Cave speleothem Vil-stm9 around the MIS 4 cold period (Genty et al., 2010). This

climate deterioration recorded in Bu2 precedes the onset of HS 5 (~49.2 — 47.6 ka, Fig. 8) and
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implies that the climate at Bunker Cave was too cold and/or dry even before the onset of HS 5,
potentially due to gradual cooling towards HS 5 and insufficient warming during D/O 13,

related to its short duration.

Bu?2 started to grow again at ~47.3 ka with similar §*3C values as prior to the hiatus (-5.5 %o,
Fig. 8). The following decrease in §*3C values to ~-9 %o is associated with D/O 12 and occurred
relatively slowly, in particular in comparison to other climate records, such as the 50 values
of NGRIP and NALPS (Fig. 8). This may be related to biological and/or buffering processes in
the soil, which are likely to occur on longer time scales than the processes controlling the §*20
values of precipitation. Although in a different climate setting, a similar discrepancy between
the evolution of §'3C and 80 values in response to rapid climate change within a single
stalagmite has been shown for Sofular Cave (Fleitmann et al., 2009). Another explanation for
the discrepancy of the duration of the transition into D/O 12 are the dating uncertainties of the
individual records, which is in the range of a few hundred years, in particular for the stalagmite
records (Fig. 6). In general, the §*3C values of Bu2 show a D/O-like pattern as the 580 values
of the NGRIP (Svensson et al., 2008) and NALPS records (Moseley et al., 2014), making the
correlation with D/O 12 plausible. The later part of MIS 3 phase 2 is characterised by rather
stable 5'3C values around -9 to -10 %o until ~44.5 ka (Fig. 8). Subsequently, the §*3C values
increase until 44.1 ka, followed by a decrease by about 1 %o, which, however, is insignificant
compared to the overall change in §*3C during MIS 3 phase 2. Thus, although the timing of this
decrease is synchronous within error with D/O 11 in the NALPS and NGRIP §*0 records
(Fig. 8), we cannot precisely identify D/O 11 in the Bu2 §*3C record. This finding is coherent
with the Villars Cave record, where D/O 11 is also not obvious; probably due to its short
duration (Genty et al., 2010). However, the significant increase in 5!3C values after ~43.3 ka
indicates a climate deterioration, associated with the cooling phase after D/O 11. While the
NAPLS record shows a growth stop during D/O 11, the Bu2 record shows a growth stop after

D/O 11, about 1000 years later. In contrast to the NALPS stalagmites, growth of the Bu2
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stalagmite did not recommence until the onset of the Holocene, probably related to a further
European cooling trend after ~45 ka, as described in the Villars Cave record (Genty et al.,

2010).

The 5'80sc values of Bu2 do neither show a similar pattern as the §*3C values (Fig. 7) nor strong
variability during D/O-events, as would be expected from other records (NGRIP, NALPS,
Fig. 8). MIS 3 phase 1 shows higher §'80sc values than phase 2. In addition, the second growth
phase shows progressively increasing 5'80sgc values. In general, the interpretation of the 20
values of Bu2 in terms of past climate variability is challenging, as has also been shown for
other speleothems from central Europe (e.g., Mischel et al., 2016; Scholz et al., 2012).

Therefore, the discussion of the §'80 values is only provided in the supplement.
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Fig. 7: Speleothem Bu2 §'3C (red) and 580 (blue) record plotted against age. Also shown
are the 8*°C and 880 values from modern calcite precipitated on watch glasses (Riechelmann,
2010) placed under a drip site (TS 7) close to the Bu2 drip site and the Holocene section of Bu2

(Fohlmeister et al., 2012). Note that the *°C axis is inverted.
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5.3. Palaeoclimate implications

The Bunker Cave system has been intensively studied by both cave monitoring (Immenhauser
et al., 2010; Riechelmann et al., 2011; Riechelmann et al., 2013; Riechelmann et al., 2012b;
Riechelmann et al., 2014; Riechelmann et al., 2017) and speleothem-based palaeoclimate
reconstructions (Fohlmeister et al., 2012; Riechelmann et al., 2012a). Based on the findings of
von Kamp and Ribbert (2005), Fohlmeister et al. (2012) argued that loess with a higher Mg/Ca
ratio than the Devonian limestone host rock was deposited above Bunker Cave during the last
glacial maximum (LGM). They assumed that progressive leaching of this wind-blown dust
resulted in elevated Mg/Ca ratios in the drip water and the speleothems at the beginning of the
Holocene. MIS 3 phase 1 (52.0 — 50.9 ka) shows significantly lower Mg values compared to
MIS 3 phase 2 (Fig. 4). Thus, the increase in the Mg/Ca ratio from MIS 3 phase 1 to phase 2
may be related to loess deposition during HS 5. This is consistent with the data of von Kamp
and Ribbert (2005), who suggested loess deposition in the area around Bunker Cave during
MIS 3. However, both speleothem growth phases show lower Mg/Ca ratios than during the
Holocene. Since the Mg-content of loess can be highly variable (Gallet et al., 1998; Taylor et
al., 1983), this may be related to different Mg/Ca ratios of the LGM and the MIS 3 loess. The

Mg/Ca ratio of the loess above Bunker Cave has not been determined.

Another factor potentially affecting the Mg-concentration of speleothems in Bunker Cave is
prior calcite precipitation (PCP, Fairchild et al., 2000; Riechelmann et al., 2011), which
accounts for calcite precipitation from the parent solution prior to dripping on top of the
stalagmite. Reduced infiltration in the catchment above the cave will result in an increase of the
residence time of the water in the host rock and in reduced drip rates. This results in increased
PCP, which, in turn, results in increasing Mg/Ca ratios (Tooth and Fairchild, 2003). A third

potential explanation affecting the Mg/Ca ratios of speleothems at Bunker Cave are the different
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dissolution characteristics of calcite and dolomite (Fairchild and Treble, 2009). With increasing
residence times, the relative contribution from dissolution of dolomite will increase and
therefore result in elevated Mg/Ca ratios of the drip water and the speleothem. In summary,
those mechanisms suggest increasing Mg/Ca ratios during dry conditions. In general, the Mg-
concentration of Bunker Cave speleothems can, thus, be used as a proxy for precipitation
amount (Fohlmeister et al., 2012; Wassenburg et al., 2016). Thus, the lower Mg-concentration
of MIS 3 phase 1 indicates more humid conditions than during MIS 3 phase 2. This is also
supported by the much higher growth rate during MIS 3 phase 1, which suggests higher rainfall

amounts.

The Sr isotope ratio of all Bu2 samples is significantly higher than expected from the overlying
hostrock, indicating an external radiogenic source. In most cases, this additional material is
incorporated in the soil above the cave area, e.g. by deposition of atmospheric dust (e.g., Banner
et al., 1996; Frumkin and Stein, 2004; Zhou et al., 2009). We argue that the changes in the Sr-
isotope ratio of Bu2 are mainly attributed to changes in rainfall intensity and/or changes in soil
pCO: resulting in varying Sr contribution from the soil and host rock. Smart and Friedrich
(1987) developed a model where different amounts of rainfall caused changes in the routes of
vadose ground-water flow. This model was adapted by Banner et al. (1996) and applied to the
Sr isotope composition of the Barbados karst system. According to these studies, changes in
the amount of rainfall above the cave affect the pathway of the water in the karst aquifer. During
periods of diminished rainfall, the drip water preferentially percolates along seepage routes.
During periods of elevated rainfall, the capacity of these seepages routes is exceeded, and the
drip water is transported into the cave by conduit flow along paths with a higher permeability,
resulting in an overflow (Riechelmann et al., 2011). This results in a decreased residence time
and a reduced interaction of the percolating water with the host rock. Hence, we expect that the
drip water composition and, ultimately, the Sr isotope signature of the speleothem sample, will

evolve towards the soil signature (8'Sr/®Sr > 0.718) during times of elevated rainfall. In
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contrast, periods with lower rainfall amounts should be characterised by a speleothem 8/Sr/8Sr
ratio shifted towards the host rock signature (8'Sr/%Sr = 0.70836 + 0.00006). These patterns are
clearly visible in the Bu2 8’Sr/8®Sr record. MIS 3 phase 1, which exhibits a faster growth rate,
shows an average 87Sr/®%Sr ratio of 0.70931 + 0.00005 (1c SD), significantly more radiogenic
than MIS 3 phase 2. The latter, growing at a slower growth rate, shows an average 8'Sr/%°Sr
ratio of 0.70915 + 0.00005 (1o SD). Both the large growth rate and the Sr isotope signatures
therefore indicate enhanced rainfall and infiltration during MIS 3 phase 1, consistent with the
Mg record. A further explanation would be changes of drip water 8’Sr/®°Sr due to changes in
the weathering of soil components as a result of differences in soil pCO2 (Banner et al., 1996).
Sr-isotopes are widely used in the soil environment to trace weathering processes (Capo et al.,
1998; Stewart et al., 1998). The most likely external soil component is loess, potentially
deposited during MIS 4 and HS 5 in the Bunker Cave area (von Kamp and Ribbert, 2005). This
loess usually has a high Si-content (Gallet et al., 1998) and a highly radiogenic 8’Sr/%°Sr ratio
(Taylor et al., 1983). During warm periods with increased biological activity, as suggested for
MIS 3 phase 1, weathering of silicate material is enhanced resulting in increased input of
radiogenic Sr into the drip water and the speleothems. It is likely that the Sr-isotope composition

of the drip water was affected by both mechanisms
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Fig. 8: Comparison of the Bu2 multi-proxy record with other MIS 3 climate records. Yellow
boxes show the timing of D/O-events 12 and 11. [A] NGRIP &80 record (Svensson et al.,
2008). [B] Abundance of the foraminifera Neogloboquadrina pachyderma (orange) and the
number of IRD per gram of sediment (black) in marine core MD99-2331 (Sanchez Gofii et al.,

2013). Heinrich 5 event is marked in the figure (grey box) based on these data. [C] NALPS
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oxygen isotope record from alpine speleothem samples (Moseley et al., 2014). [D] Villars Cave
stable carbon isotope records, Vil-stm9 (purple), Vil-stm14 (grey), Vil-stm27 (red, Genty et al.,
2003; Genty et al., 2010; Wainer et al., 2009) [E] Percentage of Poaceae-pollen in drill core
DE3 from the Eifel, Germany (Sirocko et al., 2016). [F] Percentage of Picea-pollen in drill core
DE3 from the Eifel, Germany (Sirocko et al., 2016). [G] Sr-isotope data of Bu2. [H] Mg
concentration of Bu2. [1] 5!3C values of Bu2. Note inverted axis for Mg concentrations and §*°C

values. [J] Growth rate of Bu2.

Although the minimum 83C values of the two MIS 3 growth phases of Bu2 are similar, the
other proxy data (Sr-isotopes, Mg concentration, growth rate, Fig. 8) suggest that MIS 3 phase 1
was characterised by a generally more humid climate compared to MIS 3 phase 2, in agreement
with pollen records from the Eifel (Sirocko et al., 2016). The latter show more abundant Picea
and Carpinus pollen during MIS 3 phase 1 (Fig. 8). Both plant species are indicators of rather
humid and relatively warm conditions, indicating summer temperatures only slightly lower than
modern-day temperatures, thus suggesting a mild climate during early MIS 3. High abundance
of Poaceae pollen indicate dry conditions and open landscapes with less dense vegetation
during MIS 3 phase 2, which was characterised by (at least seasonal) aridity indicated by the
very low abundance of Pinus (Fig. 8). This implies a more open boreal forest with generally
drier conditions. Interestingly, this change in vegetation is not reflected in the §*3C record of
our speleothem, potentially related to colder conditions in the Eifel than in nearby areas
(Sirocko et al., 2016). Although precipitation decreased, it was obviously still sufficiently
humid to enable vegetation and soil development above Bunker Cave, at least until the §°C
values increased again around 43.5 ka. The high §*3C values around 43 ka, shortly before the
growth stop, coincide with Greenland Stadial 11 (Rasmussen et al., 2014). Consequently, a

severe climate deterioration seems to be the most plausible cause for the increase of the 5'3C
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values and Mg concentration, as well as the following growth stop, possibly amplified by
disequilibrium isotope fractionation on the stalagmite surface induced by a very slow drip rate
(Deininger et al., 2012; Mihlinghaus et al., 2009). This is supported by the very low growth

rate of <10 um/a towards the end of MIS 3 phase 2.

Overall, Bu2 recorded two generally humid and warm phases during early MIS 3. Based on the
proxy data, the two growth phases were characterised by different climate conditions. While
MIS 3 phase 1 was humid and warm, we observe a significant decrease in water availability
subsequent to the hiatus associated with HS 5. However, climatic and environmental conditions
were still favourable for speleothem growth at Bunker Cave. Thus, we assume that MIS 3
phase 2 was still a comparably humid and warm period, although it was probably drier and

colder than during the first MIS 3 growth phase.

6. Conclusions

Speleothem Bu2 from Bunker Cave offers the possibility to investigate past climate variability
during two early phases of MIS 3 north of the Alps in central Europe. This MIS 3 speleothem
record shows that the climatic conditions during this phase were, at least during some parts,
favourable of speleothem growth. Therefore, speleothem Bu2 potentially recorded the two

warmest and most humid phases of MIS 3 in central Europe.

The timing of the hiatus between the two growth phases is coherent with HS 5 (Sanchez Gofii
et al., 2013). The high growth rate, the elevated Sr-isotopes and the low Mg content suggest
increased water availability and enhanced precipitation during the initial MIS 3 growth phase
of Bu2. This is further supported by the occurrence of thermophilous trees in a nearby Eifel
pollen record (Sirocko et al., 2016). During the second MIS 3 growth phase, precipitation was

substantially lower, as suggested by the slower growth rate, the lower Sr-isotope ratios and the
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higher Mg content. This is consistent with the evidence of boreal forests in the Eifel (Sirocko
etal., 2016). The 82°C values clearly reflect D/O event 12, while the 580 record does not show

a D/O-type pattern.
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