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AAbstract 27 

The most pronounced climate anomaly of the Holocene was the 8.2 ka cooling event. We present new 28 

230Th/U-ages as well as high-resolution stable isotope and trace element data from three stalagmites 29 

from two different cave systems in Germany, which provide important information about the structure 30 

and climate variability of the 8.2 ka event in central Europe. 31 

In all three speleothems, the 8.2 ka event is clearly recorded as a pronounced negative excur-32 

sion of the δ18O values and can be divided into a ‘whole event’ and a ‘central event’. All stalagmites 33 

show a similar structure of the event with a short negative excursion prior to the ‘central event’, which 34 

marks the beginning of the ‘whole event’. The timing and duration of the 8.2.ka event are different for 35 

the individual records, which may, however, be related to dating uncertainties. 36 

Whereas stalagmite Bu4 from Bunker Cave also shows a negative anomaly in the δ13C values 37 

and Mg content during the event, the two speleothems from the Herbstlabyrinth cave system do not 38 

show distinct peaks in the other proxies. This may suggest that the speleothem δ18O values recorded 39 

in the three stalagmites do not primarily reflect climate change at the cave site, but rather large-scale 40 

changes in the North Atlantic. This is supported by comparison with climate modelling data, which 41 

suggest that the negative peak in the speleothem δ18O values is mainly due to lower δ18O values of 42 

precipitation above the cave and that temperature only played a minor role. Alternatively, the other 43 

proxies may not be as sensitive as δ18O values to record this centennial-scale cooling event. This may 44 

particularly be the case for speleothem 13C values as suggested by comparison with a climate model-45 

ling study simulating vegetation changes in Europe during the 8.2 ka event. Based on our records, it is 46 

not possible to resolve which of these hypotheses is most appropriate, but our multi-proxy dataset 47 

shows that regional climate evolution during the event was probably complex, although all δ18O rec-48 

ords show a clear negative anomaly. 49 

 50 
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11. Introduction 53 

In recent years, it became obvious that the Holocene, long considered as a period of relatively stable 54 

and warm climate, includes intervals of substantial climate variability (Bond et al., 1997; Mayewski et 55 

al., 2004; Wanner et al., 2011). The most pronounced climate anomaly was the 8.2 ka event, whose 56 

impact was widespread, including the North Atlantic, Greenland, Europe and the Middle East, parts of 57 

Africa, China, India as well as North America, Latin America at part of South America (Alley and 58 

Ágústsdóttir, 2005; Baldini et al., 2002). The catastrophic outburst of the ice-dammed meltwater lakes 59 

Agassiz and Ojibway in north-eastern Canada that resulted in a freshwater influx of more than 1014 m3 60 

into the North Atlantic Ocean is regarded as the most likely trigger of this distinct cooling event (Barber 61 

et al., 1999; Clarke et al., 2004; Rohling and Pälike, 2005; Thomas et al., 2007). This influx of cold melt-62 

water led to a reduction of sea-surface salinity and sea-surface temperature of the western North At-63 

lantic. The resulting reduced deep-water formation then led to perturbations of the thermohaline cir-64 

culation and consequently to generally cooler conditions in the region of the North Atlantic (Alley and 65 

Ágústsdóttir, 2005; Mayewski et al., 2004; Morrill and Jacobsen, 2005). A decrease in solar activity 66 

associated with changes in ocean circulation (Bond et al., 2001), internal variability of the climate sys-67 

tem (Renssen et al., 2007) as well as accelerated melting of the collapsing ice saddle that linked domes 68 

over Hudson Bay (Lochte et al., 2019; Matero et al., 2017) have also been considered as triggers of the 69 

event. Based on annual layer counting of ice cores, Thomas et al. (2007) constrained the length of the 70 

entire event to 160.5 ± 5.5 years (8.30-8.14 ka b2k), while the central event lasted 69 ± 2 years (8.26-71 

8.19 ka b2k). 72 

Since the 8.2 ka cooling event reflects the impact of a dramatic freshwater influx into the North 73 

Atlantic during an interglacial climate state, it can be considered as an analogue for future climate 74 

changes (Mayewski et al., 2004; Morrill and Jacobsen, 2005). In particular, the understanding of the 75 

impact of accelerated ice melting in a warmer world and the resulting hydrological changes in the mid 76 

and high latitudes, such as changes in the thermohaline circulation, may be improved substantially 77 

(Alley and Ágústsdóttir, 2005). Thus, a detailed investigation of the 8.2 ka event will contribute to the 78 

understanding of future climate anomalies. 79 
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Due to the short-lived nature of the event, a detailed investigation requires archives providing 80 

a high temporal resolution as well as an accurate and precise chronology. Ice cores, in which the 8.2 ka 81 

event was firstly recognized (Alley et al., 1997), and laminated lake sediments are important terrestrial 82 

archives. Although the 8.2 ka event has also been detected in pollen records (Ghilardi and O’Connell, 83 

2013; Hede et al., 2010; Kofler et al., 2005; Seppä et al., 2005), the majority of terrestrial evidence for 84 

the event is based on δ18O values (ice cores, speleothems, ostracods). For instance, the event was rec-85 

orded in a benthic ostracod δ18O record from Lake Ammersee in southern Germany with an estimated 86 

decrease of the average annual air temperature during the event of about -1.7 °C (von Grafenstein et 87 

al., 1998; 1999). Holmes et al. (2016) analysed δ18O values of the fine fraction of sedimentary material 88 

from three lake sediment cores in western Ireland, and all three cores show an abrupt negative excur-89 

sion, which lasted for about 200 years. They also used the ratio of Betula to Corylus pollen as a paly-90 

nological marker for the 8.2 ka event (Holmes et al., 2016). In addition, the 8.2 ka event is clearly rec-91 

orded in two speleothem δ18O records from Katerloch Cave, Austria (Boch et al., 2009). A stalagmite 92 

from Père Noël Cave in southern Belgium shows a distinct shift in the δ18O and δ13C values as well as 93 

in Sr, Ba and Mg concentrations at 8.13 ± 0.03 ka BP (BP = AD 1950; Allan et al., 2018). Baldini et al. 94 

(2002) also identified an anomaly in Sr and P at 8.33 ± 0.08 ka BP in a stalagmite from Ireland, while a 95 

marked decrease in δ18O values was later identified as an analytical artefact (Fairchild et al., 2006a). 96 

Recently Andersen et al. (2017) presented a δ18O record from ostracods preserved in the varved lake 97 

sediments from Mondsee, Austria, and reported evidence of a 75-year-long interval of higher-than-98 

average δ18O values directly after the 8.2 ka event, possibly reflecting increased air temperatures in 99 

Central Europe. 100 

Given their accurate and precise chronology in conjunction with high-resolution multi-proxy 101 

records (i.e., stable oxygen and carbon isotopes and several trace elements), speleothems are ideal 102 

archives to investigate short-lived climate events. It is crucial, however, to replicate proxy records. The 103 

aim of this study is to provide detailed insights into the structure of the 8.2 ka event in Europe based 104 

on speleothems. To this end, three stalagmites (Bu4, HLK2 and TV1) from two cave systems in Ger-105 

many (Bunker Cave and Herbstlabyrinth) were investigated using high-resolution stable oxygen and 106 

carbon isotope as well as trace element data. The study sites are known to be sensitive to changes in 107 
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precipitation and temperature in relation to the North Atlantic (Fohlmeister et al., 2012; Mischel et al., 108 

2017). 109 

 110 

22. Samples 111 

The three stalagmites were previously already analysed at lower resolution, and the 8.2 ka event was 112 

clearly recorded as a distinct negative 18O excursion (Figure 1; Fohlmeister et al., 2012; Mischel et al., 113 

2017). The resolution of the δ18O record from Bu4 was about eight years, while that of the two records 114 

from the Herbstlabyrinth cave system was 43 (HLK2) and 67 years (TV1), respectively. In this study 115 

we analysed the 8.2 ka section of the three stalagmites at very high resolution (about 3.4 to 5.9 yr/sam-116 

ple). 117 

 118 

Figure 1: Compilation of the GRIP δ18Oice record (Rasmussen et al., 2006; Vinther et al., 2006) and the published low-119 

resolution 18O records of the individual stalagmites (Bu4, HLK2, and TV1) from the two cave systems for the last 14 120 
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ka. The grey bar highlights the 8.2 ka cooling event. All speleothem records are shown on the published age models, 121 

which were constructed with StalAge (Scholz and Hoffmann, 2011) for the stalagmites from the Herbstlabyrinth cave 122 

system and with iscam (Fohlmeister, 2012) for stalagmite Bu4 from Bunker Cave. 123 

 124 

22.1 Bunker Cave 125 

Bunker Cave is located in western Germany near Iserlohn (51°22‘03‘‘N, 7°39‘53‘‘E, Figure 2) in the 126 

Rhenish Slate Mountains and is part of the 3.5 km long Bunker-Emst-Cave system (Riechelmann et al., 127 

2011). The cave system developed in Middle to Upper Devonian limestone and was discovered in 1926 128 

during road works (Fohlmeister et al., 2012; Riechelmann et al, 2011, 2012). The southern entrance 129 

of the cave system is located 184 m above sea level on a south-dipping hill slope (Riechelmann et al., 130 

2011). The entrance to Emst-Cave is situated ca. 13 m above. The 15 to 30 m-thick bedrock is covered 131 

by up to 70 cm of brown and loamy soil as well as a vegetation, consisting entirely of C3 plants (i.e., 132 

mainly ash, beech and scrub vegetation; Fohlmeister et al., 2012; Grebe, 1993; Riechelmann et al., 133 

2011). In total, six speleothems were removed from Bunker Cave (Bu1, Bu2, Bu3, Bu4, Bu5, and Bu6), 134 

but only stalagmite Bu4 grew during the 8.2 ka cooling event (Figure 3). From August 2006 to August 135 

2013, a seven year-long monitoring programme was performed in and above Bunker Cave, which con-136 

tributes to a better understanding and interpretation of the different proxy records (Immenhauser et 137 

al., 2010; Riechelmann et al., 2011, 2014, 2017; Wackerbarth et al., 2012). Furthermore, several spe-138 

leothems from Bunker Cave were studied in terms of past climate variability (Fohlmeister et al., 2012; 139 

Weber et al., 2018). 140 
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 141 

 142 

Figure 2: A: Map of Europe showing the locations of study sites mentioned in section 1 as well as subsections 5.1 and 143 

5.4: 1) Katerloch Cave (Boch et al., 2009), 2) Père Noël Cave (Allan et al., 2018), 3) Kaite Cave (Domínguez-Villar et al., 144 

2012), 4) Crag Cave (Baldini et al., 2002), 5) Lake Ammersee (von Grafenstein et al., 1998, 1999), 6) Loch Avolla, Loch 145 

Gealáin and Lough Corrib (Holmes et al., 2016), 7) Lake Flarken (Seppä et al., 2005), 8) Lake Højby Sø (Hede et al., 146 

2010). B: Map of Germany showing the locations of the two cave systems investigated in this study. 147 

 148 

22.2 Herbstlabyrinth cave system 149 

The Herbstlabyrinth cave system is situated near Breitscheid in the Rhenish Slate Mountains in Central 150 

Germany (Figure 2). The ca. 9 km-long cave system developed in Devonian limestone and is located 151 

435 m above sea level (Mischel et al., 2015, 2017). A ca. 60 cm-thick Cambisol (Terra fusca) is covered 152 

by patchy vegetation, consisting mainly of meadow and deciduous forest (Mischel et al., 2015). The 153 

cave system has four levels and shows a variety of different speleothems (Mischel et al., 2015). Since 154 

September 2010, a five year-long monitoring programme was performed in and above the cave system 155 

(Mischel et al., 2015). In total, three Holocene stalagmites (HLK2, NG01 and TV1) were removed from 156 

the Herbstlabyrinth cave system. Stalagmite NG01 shows a hiatus between 8.81 ± 0.01 ka BP and 7.65 157 
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± 0.06 ka BP, but stalagmites HLK2 and TV1 (Figure 3) grew during the 8.2 ka event and are included 158 

in this study. A detailed description of these two speleothems can be found in Mischel et al. (2017). 159 

 160 

 161 

Figure 3: Pictures of the three studied stalagmites: Bu4 (A), TV1 (B) and HLK2 (C). The lines on the picture of Bu4 162 

indicate the positions of the three hiatuses (compare Fig. 4A). 163 

 164 

33. Methods 165 

3.1 230Th/U dating 166 

230Th/U-dating of the two stalagmites from the Herbstlabyrinth cave system was performed at the Max 167 

Planck Institute for Chemistry (MPIC), Mainz, with a multi collector inductively coupled plasma mass 168 

spectrometer (MC-ICP-MS, Nu Instruments). The results and further details about the dating of these 169 

stalagmites are reported in Mischel et al. (2017). Stalagmite Bu4 from Bunker Cave was analysed by 170 

thermal ionisation mass spectrometry (TIMS) at the Heidelberg Academy of Sciences (Fohlmeister et 171 

A B C 
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al., 2012). Because of the relatively low uranium content of the speleothems from Bunker Cave, the age 172 

uncertainties are comparably large. Therefore, in the framework of this study, 17 additional 230Th/U-173 

ages for stalagmite Bu4 were determined by MC-ICP-MS. For this purpose, several samples were 174 

drilled from the growth axis of the stalagmite using a hand-held dental drill (MICROMOT 50/E, 175 

Proxxon). Because of the relatively low U content of the speleothem, we used a relatively large sample 176 

mass of ca. 300 mg. 177 

In a first step, the samples were dissolved in 7N HNO3, and a mixed 229Th-233U-236U spike was 178 

added (Gibert et al., 2016). The samples were then dried down, and organic matter was removed by 179 

addition of concentrated HNO3, HCl, and H2O2. After evaporation, the samples were dissolved in 180 

6N HCl. These individual sample solutions were then passed through three Bio-Rad AG1-X8 columns 181 

to separate the Th and U fractions. Details about this ion exchange column chemistry are included in 182 

Hoffmann et al. (2007) and Yang et al (2015). For the Th and U-analyses by MC-ICP-MS, the separated 183 

Th and U fractions were dissolved in 2 ml 0.8N HNO3. The Th and U samples were measured separately 184 

using a standard-sample bracketing procedure, in which each sample measurement is embraced by 185 

standard measurements (Hoffmann et al., 2007). The standard used for uranium measurements is the 186 

reference material CRM 112-A (New Brunswick Laboratory), the thorium standard is an in-house 187 

standard with previously calibrated ratios of 232Th, 230Th, and 229Th. Analytical details are described in 188 

Obert et al. (2016). The 230Th/U-ages are given in BP and for the calculation of individual age-models 189 

of all three stalagmites, we used the algorithm StalAge (Scholz and Hoffmann, 2011). 190 

 191 

33.2 δ18O and δ13C values 192 

For stable isotope measurements, the stalagmites were sampled along the growth axis using a com-193 

puter-controlled MicroMill (Merchantek, New Wave). Depending on the growth rate of each speleo-194 

them, the spatial resolution was either 50 ρm (HLK2) or 100 ρm (Bu4 and TV1). Thus, all three stal-195 

agmites have a temporal resolution between 3 and 5 years. All stable isotope measurements were car-196 

ried out with a ThermoFisher DeltaplusXL isotope ratio mass spectrometer linked to a Gasbench II at 197 

the University of Innsbruck with a 1σ-precision of 0.08 ‰ for δ18O and 0.06 ‰ for δ13C (Spötl, 2011). 198 

All stable isotope values are reported relative to the Vienna PeeDee Belemnite standard (VPDB). 199 
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 200 

33.3 Trace elements 201 

Trace element measurements (Ca, Mg, P, Sr, Ba, and U) were performed at the MPIC, Mainz, by laser-202 

ablation inductively coupled plasma mass spectrometry (LA-ICPMS). A Nd:YAG UP-213 nm laser abla-203 

tion system from New Wave Research was coupled to a Thermo Scientific ELEMENT 2 single-collector 204 

sector-field mass spectrometer (Jochum et al., 2007, 2012). The reference materials used for the trace 205 

element measurements were the synthetic reference glass NIST SRM 612 (Jochum et al., 2005) as well 206 

as the carbonate reference material MACS-3 (http://georem.mpch-mainz.gwdg.de/; 28.05.2019). Cal-207 

cium was used as an internal standard. The line-scan measurements were performed using a spot size 208 

of 100 ρm, a repetition rate of 10 Hz and a scan speed of 10 ρm s-1. 209 

 210 

4. Results 211 

4.1 230Th/U-dating 212 

The results of 230Th/U-dating of speleothem Bu4 are presented in Table 1. The 238U-content varies 213 

between 0.047 (Bu4-5.2) and 0.14 ρg g-1 (Bu4-5.1). The 232Th-content of the stalagmite is <1 ng g-1 214 

(Table 1). Only two samples (Bu4-4.3 and Bu4-2.6) show a 232Th-content of more than 1 ng g-1. The 215 

(230Th/232Th) ratio of all samples varies between 2 and 260 (Table 1). The (230Th/232Th) ratio is an 216 

indicator of the degree of detrital contamination and for (230Th/232Th) > 20, the contamination can be 217 

considered negligible. For six of the 17 samples, (230Th/232Th) < 20 necessitating a correction for de-218 

trital contamination (Schwarcz, 1989). The 230Th/U-ages of stalagmite Bu4 are between 0.12 ± 0.11 219 

and 8.08 ± 0.17 ka BP and show 2σ-age uncertainties between 49 (Bu4-5.1) and 210 years (Bu4-2.6). 220 

Radiocarbon analyses from the top section of speleothem Bu4 suggest that the stalagmite was actively 221 

growing when removed (Fohlmeister et al., 2012; Welte et al., 2016). Bu4 shows evidence for three 222 

potential hiatuses (Fig. 3A): Based on thin sections, Fohlmeister et al. (2012) described a layer of cor-223 

alloid calcite at 15 cm distance from top, which probably reflects a growth stop of the stalagmite be-224 

cause coralloids form from aerosols. However, this hiatus is relatively short and was not resolved by 225 
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the published 230Th/U-ages (Fohlmeister et al., 2012). A similar coralloid layer occurs at 17 cm dis-226 

tance from top (Figs. 3A and 4). Finally, another potential hiatus occurs at 18.5 cm distance from top 227 

that is also clearly visible in the new trace element data, which show distinct positive peaks in Al, Fe, 228 

and Si at 18.5 cm distance from top (supplemental Figure A.1). This growth stop corresponds to a sec-229 

tion with dendritic crystals and a detrital layer, which may also explain the distinct maxima in several 230 

trace elements and occurred after the 8.2 ka event, which is defined between 19.2 and 20 cm distance 231 

from top by the δ18O record. 232 

The new 230Th/U-ages clearly reveal the hiatuses at 15 and 18.5 cm distance from top and also 233 

strongly indicate the hiatus at 17 cm distance from top. The new age model of stalagmite Bu4 was 234 

calculated using StalAge (Scholz and Hoffmann, 2011) and includes 17 new MC-ICP-MS 230Th/U-ages 235 

as well as 11 previous TIMS 230Th/U-ages from Fohlmeister et al. (2012). To account for hiatuses, the 236 

original publication presenting StalAge (Scholz and Hoffmann, 2011) suggests to divide up the age 237 

model and individually fit the corresponding sections. One of the basic assumptions of StalAge is that 238 

it always uses sets of three or more data points for piecewise construction of the age model. Thus, 239 

calculating individual age models for the individual sections between the hiatuses is not straightfor-240 

ward for Bu4, because only two ages are available for some of these sections (Fig. 4). This problem can 241 

be circumvented by inserting virtual ages at the corresponding sections without adding chronological 242 

information (i.e., with very large uncertainties). The same procedure has also been used for other rec-243 

ords (e.g., Wassenburg et al., 2016). The new age model is shown in Fig. 4 and clearly reveals the three 244 

hiatuses, in particular the one at 18.5 cm distance from top. We note that the new age model shows an 245 

age inversion at the hiatus at 17 cm distance from top, even if not significant within the very large 246 

error. This could only be improved by additional dating around the hiatus at 17 cm distance from top. 247 

However, since the focus of this study is on the 8.2 ka event, which is recorded in the bottom section 248 

of Bu4, this is not crucial for the results presented in this paper. The age model for the bottom section 249 

is well constrained by five 230Th/U-ages. 250 

 251 
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 252 

Figure 4: A: Age model for stalagmite Bu4. 230Th/U-ages marked with black squares indicate the ages measured with 253 

TIMS (Fohlmeister et al., 2012), and the red squares indicate the new MC-ICP-MS ages. The light grey colour marks 254 

columnar fabric, orange bars show the two coralloid layers, which are indicative of short hiatuses, and the pink colour 255 

indicates dendritic fabric. The dark grey bar indicates the growth stop of the speleothem, which is also visible in the 256 

trace element data. B: 1) columnar fabric under crossed nicols, 2) coralloid layer, 3) dendritic fabric under crossed 257 

nicols. 258 
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  266 

4.2 Stable isotope and trace element analyses 267 

4.2.1 Stalagmite Bu4 268 

The results of the δ18O, δ13C and trace element (Mg, P, Sr, and Ba) analyses of stalagmite Bu4 are shown 269 

in Figure 5. The δ18O and δ13C records of stalagmite Bu4 have an average temporal resolution of 5.3 270 

years during the time span from 7.99 to 8.08 ka BP. The total range of the δ18O values during this period 271 

is between -4.6 ‰ and -6.3 ‰. The lowest δ18O values are reached between 8.05 and 8.02 ka BP. The 272 

total range of the δ13C values is between -7.5 and -9.8 ‰, and the pattern of the δ13C record is similar 273 

to the oxygen isotope record of the sample. Thus, the lowest δ13C values are also reached between 8.05 274 

and 8.02 ka BP. 275 

 276 
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 277 

Figure 5: Results of the stable isotope and trace element analyses (Mg, P, Sr, and Ba) of stalagmite Bu4. The trace ele-278 

ment data were smoothed with a 10-point running median and have an average temporal resolution of 3.8 years in the 279 

period from 8.08 to 7.99 ka BP. The yellow bar highlights the 8.2 ka event recorded in the δ18O values. 280 

 281 

The Mg concentration of the sample varies between 500 and 1100 ρg g-1. Between 8.08 and 282 

8.05 ka BP, the record shows three minima with values of approximately 600 ρg g-1. In the following 283 

time span from 8.05 to 8.03 ka BP, the record shows again relatively low values between 500 and 284 

700 ρg g-1, similar to the δ18O and δ13C records. Subsequently, at 8.015 ka BP, the Mg concentration 285 
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decreases again to 700 ρg g-1. All negative excursions in the Mg content have an abrupt decrease in 286 

common, followed by a more gradual increase. The decrease of the Mg content at 8.015 ka BP is also 287 

recorded in the Sr content of stalagmite Bu4. In contrast, the concentrations of P and Ba are rather 288 

stable and show no distinctive features during the time span from 8.08 to 7.99 ka BP. Exceptions are a 289 

negative peak in the Ba content between 8.055 and 8.05 ka BP, which is also recorded in the Sr content 290 

of the sample, and two negative peaks in P concentration between 8.035 and 8.03 ka BP. The pattern 291 

of the U content of stalagmite Bu4 is similar to P and is, thus, not included in Figure 5. 292 

 293 

4.2.2 Stalagmite HLK2 294 

The results of the δ18O, δ13C and trace element (Mg, Sr, and Ba) analyses of stalagmite HLK2 are shown 295 

in Figure 6. The stable isotope records of stalagmite HLK2 have an average temporal resolution of 296 

3.8 years between 8.3 and 7.8 ka BP. The total range of the δ18O values is between -5.0 ‰ and -7.0 ‰. 297 

The δ18O record starts at 8.3 ka BP with values between -5.8 ‰ and -6.2 ‰, followed by a negative 298 

shift between 8.25 and 8.16 ka BP with a minimum of -6.56 ‰. Subsequently, the record shows a fur-299 

ther negative excursion, which lasted for approximately 130 years. Between 7.95 and 7.75 ka BP, the 300 

δ18O values are higher than prior to this negative excursion. However, the record also shows two short 301 

negative shifts around 7.93 and 7.84 ka BP. The total range of the δ13C values is 8.9 to -7.0 ‰. The 302 

record starts with values of approximately 8.7 ‰, and then shows a generally positive trend towards 303 

values up to -7.2 ‰ at 7.8 ka BP. 304 

The Mg concentration of the sample varies between 300 and 500 ρg g-1 and shows an increas-305 

ing trend in the time span from 8.35 to 7.75 ka BP with constant values between 8.15 and 7.97 ka BP. 306 

The Ba content of the sample shows an opposite trend from around 5 ρg g-1 at 8.35 ka BP to 3 ρg g-1 at 307 

8.15 ka BP. Afterwards, the Ba concentration is relatively stable with values between 2 and 3 ρg g-1. 308 

The Sr content of HLK2 varies between 15 and 20 ρg g-1 and shows more variability between 8.35 and 309 

8.0 ka BP than between 8.0 and 7.75 ka BP. The evolution of the P and U concentration of HLK2 is 310 

relatively similar to the Ba concentration, and the lowest values are reached between 8.2 and 8.0 ka 311 

BP. 312 
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 313 

 314 

Figure 6: Results of the stable isotope and trace element analyses (Mg, Sr, and Ba) of stalagmite HLK2. The trace element 315 

data were smoothed with a 10-point running median and have an average temporal resolution of 5.9 years during this 316 

time span. The yellow bar highlights the 8.2 ka event recorded in the δ18O values. 317 

 318 

4.2.3 Stalagmite TV1 319 

The results of the δ18O, δ13C and trace element (Mg, P, Sr, and Ba) analyses of stalagmite TV1 are shown 320 

in Figure 7. The δ18O and δ13C records of stalagmite TV1 have the same average temporal resolution 321 

as stalagmite HLK2 (3.8 years) during the time interval from 8.5 to 7.7 ka BP. The total range of the 322 
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δ18O values during this period is between -5.3 and -7.2 ‰. The δ18O record shows several negative 323 

excursions in this period. It starts at 8.4 ka BP with values of about -5.6 ‰, which then decrease to 324 

6.2 ‰ at 8.35 ka BP. Subsequently, the δ18O values show a distinct negative excursion for approxi-325 

mately 182 years with a minimum value of -7.11 ‰ at 8.17 ka BP. Between 8.09 to 7.95 ka BP, the δ18O 326 

values are relatively stable (-5.8 ‰ to -5.6 ‰). Afterwards, the values fluctuate again and decrease to 327 

-6.45 ‰ at 7.8 ka BP. The δ13C values vary between -8.5 and -9.0 ‰ and show a distinct positive peak 328 

lasting several decades with a maximum value of -7.44 ‰ at 8.25 ka BP. Subsequently, the δ13C values 329 

are relatively constant between -8.5 and -9.0 ‰, before they start to fluctuate, similarly to the δ18O 330 

values. After a decrease to -10.18 ‰ at about 7.8 ka BP, the record ends with values up to -8.2 ‰. 331 

The Mg concentration of the sample varies between 600 and 1100 ρg g-1 between 8.45 and 332 

7.85 ka BP. At the beginning of the record, between 8.45 and 8.2 ka BP, the values vary from 850 to 333 

1100 ρg g-1, before the Mg concentration decreases to values of 600 to 800 ρg g-1. The Ba concentration 334 

varies between 3 and 6 ρg g-1, and shows two distinct negative excursions at ca. 8.2 ka BP (minimum 335 

concentration of 1.03 ρg g-1) and at 8.0 ka BP (minimum value of 1.56 ρg g-1). The Sr concentration 336 

(15-55 ρg g-1) shows the same two negative peaks as the Ba concentration. The evolution of the U 337 

concentration of sample TV1 is relatively similar to the P concentration and is, thus, not included in 338 

Figure 7. 339 

 340 
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 341 

Figure 7: Results of the stable isotope and trace element analyses (Mg, P, Sr, and Ba) of stalagmite TV1. The trace ele-342 

ment data were smoothed with a 10-point running median and have an average temporal resolution of 3.4 years during 343 

8.45 to 7.85 ka BP. The yellow bar highlights the 8.2 ka event recorded in the δ18O values. 344 

 345 

4.2.4 Comparison of the high- and low-resolution data 346 

Fig. 8 shows a comparison of the new high-resolution 18O data from this study with the lower resolu-347 

tion published 18O records (Fohlmeister et al., 2012; Mischel et al., 2017) on the depth scale. It is 348 

obvious that the general evolution of the low-resolution 18O values in all three records is reproduced 349 

by the new data. However, the absolute value of the negative excursion associated with the 8.2 ka event 350 

is strongly affected by the resolution. This is particularly evident for the two speleothems from the 351 
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Herbstlabyrinth cave system, which were sampled at substantially lower resolution in the previous 352 

study (i.e., a factor of 10). In both HLK2 and and TV1, the minimum 18O value of the high-resolution 353 

data across the event is by ca. 0.5 ‰ lower than that of the low-resolution data (Fig. 8). Considering 354 

the temperature dependence of oxygen isotope fractionation between water and calcite (ca. -355 

0.25 ‰/°C, Hansen et al., 2019; Tremaine et al., 2011; Kim and O’Neil, 1997), this would also have 356 

strong implications for potential temperature changes during the 8.2 ka event deduced from the high- 357 

and low-resolution 18O data. In addition, the structure of the event is – of course – much better re-358 

vealed by the high-resolution data. For instance, the low-resolution 18O values of stalagmite HLK2 359 

hardly show the 8.2 ka event as a ‘whole event’ and a 'central event’, which is clearly visible in all three 360 

high-resolution 18O records (Fig. 8, see below for further details). This must also be kept in mind 361 

when comparing the new high-resolution 18O values with the longer, lower resolution 18O records 362 

covering large parts of the Holocene (Fig. 1). 363 

 364 
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 365 

Figure 8: Comparison of the new high-resolution 18O records over the 8.2 ka event from this study with the previously 366 

published lower resolution 18O records (Fohlmeister et al., 2012; Mischel et al., 2017) on a depth scale. The resolution 367 

of the individual records is indicated. 368 

 369 

55. Discussion  370 

5.1 The expression and timing of the 8.2 ka event in the 18O records 371 

In all three δ18O records, the 8.2 ka event is clearly recorded as a pronounced negative excursion 372 

(Fig. 9). Interestingly, the 8.2 ka event in all three stalagmites can be divided into a ‘whole event’ and 373 
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a ‘central event’, as described for Greenland ice cores (Thomas et al., 2007, see below for details). Un-374 

fortunately, although 230Th/U-dating with MC-ICP-MS generally enables a higher precision than TIMS, 375 

the age models of all three stalagmites are associated with considerable uncertainty (between 0.1 and 376 

0.2 ka, Table 2), which is mainly due to the combination of low U content and relatively high Th con-377 

tamination. This is evident from Fig. 9, where the arrows indicate the uncertainty of the timing of the 378 

minimum δ18O values during the 8.2 ka event based on the 95%-confidence limits of the age models. 379 

Unfortunately, this prevents conclusions about the timing and duration of the 8.2 ka cooling event. 380 

Therefore, we focus on the structure and the climate conditions of the 8.2 ka event in the following and 381 

only briefly discuss the chronological implications here. 382 

 383 
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 384 

Figure 9: Comparison of the 8.2 ka cooling event in the GRIP δ18Oice record (A; Thomas et al., 2007) and the δ18O records 385 

of the three speleothems: HLK2 (B) and TV1 (C) from the Herbstlabyrinth cave system as well as Bu4 (D) from Bunker 386 

Cave. The arrows indicate the dating uncertainties of the minimum δ18O values during the 8.2 ka event. Yellow boxes 387 

indicate the timing of the ‘central event’ in the individual δ18O records and light grey boxes mark the timing of the ‘whole 388 

event’. 389 
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Table 2 shows a comparison of the timing and duration of the ‘whole event’ and ‘central event’ 390 

in the three individual stalagmites. As stated above, due to the relatively large uncertainty, conclusions 391 

about the timing and duration are difficult. Nevertheless, the timing of the event appears later in Bu4 392 

than in the speleothems from the Herbstlabyrinth and the Greenland ice core record (8.18 ka BP at the 393 

earliest, Table 2). However, since the 8.2 ka event is contained in the relatively short bottom section of 394 

Bu4 below the hiatus at 18.5 cm (Figs. 1, 2 and 4) and considering the uncertainties of the individual 395 

ages (Fig. 4), we refrain from further interpreting this observation. The duration of the event also var-396 

ies between the individual stalagmites and is much shorter in stalagmite Bu4 (50 years for the ‘whole 397 

event’ and 30 years for the ‘central event’, Table 2) than in the two speleothems from the Herbstlaby-398 

rinth cave system (180/272 years in HLK2/TV1 for the ‘whole event’ and 100/85 years in HLK2/TV1 399 

for the ‘central event’). 400 

 401 

Table 2: Timing, duration, mean δ18O and δ13C values, their standard deviation as well as the minimum and maximum 402 

δ18O and δ13C values of the 8.2 ka cooling event (‘whole event’ and ‘central event’) in the individual speleothems. 403 

 Bu4 HLK2 TV1 

Start of the ‘whole event’ [ka] 8.06 ± 0.12 8.16 ± 0.20 8.36 ± 0.14 

Start of the ‘central event’ [ka] 8.05 ± 0.12 8.11 ± 0.20 8.24 ± 0.10 

End of the ‘central event’ [ka] 8.02 ± 0.12 8.01 ± 0.20 8.155 ± 0.090 

End of the ‘whole event’ [ka 8.01±0.13 7.98 ± 0.19 8.088 ± 0.083 

Duration of the ‘whole event’ [years] 50 180 272 

Duration of the ‘central event’ [years] 30 100 85 

Mean δ18O [‰, complete record] -5.59 -5.97 -5.94 

Std. Dev. Δ18O [‰, complete record] 0.38 0.42 0.37 

Mean δ18O [‰, ‘whole event’] -5.72 -6.24 -6.17 

Std. Dev. Δ18O [‰, ‘whole event’] 0.34 0.38 0.43 

Mean δ18O [‰, ‘central event’] -5.90 -6.43 -6.67 

Std. Dev. Δ18O [‰, ‘central event’] 0.23 0.31 0.24 

Minimum δ18O [‰] -6.28 -7.02 -7.11 

Maximum δ18O [‰] -4.71 -5.07 -5.31 

Mean δ13C [‰, complete record] -8.61 -8.01 -8.70 

Std. Dev. Δ13C [‰, complete record] 0.55 0.40 0.47 

Mean δ13C [‰, ‘whole event’] -8.82 -7.87 -8.57 

Std. Dev. Δ13C [‰, ‘whole event’] 0.51 0.35 0.36 

Mean δ13C [‰, ‘central event’] -9.08 -7.79 -8.73 

Std. Dev. Δ13C [‰, ‘central event’] 0.46 0.33 0.11 
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Minimum δ13C [‰] -9.82 -8.85 -10.18 

Maximum δ13C [‰] -7.62 -6.98 -6.79 

Resolution [years] 5.3 3.8 3.8 

Time Range [ka BP] 8.08-7.99 8.3-7.8 8.5-7.7 

 404 

Table 2 also shows the mean and standard deviation of the δ18O and δ13C values of the com-405 

plete record, the ‘whole event’ and the ‘central event’ are shown. The stalagmites from the Herbstlab-406 

yrinth cave system show similarities in their δ18O values. The mean δ18O values of stalagmite Bu4 are 407 

different, both for the complete record (ca. 0.35 ‰ higher) and for the ‘central event’ (ca. 0.77 ‰ 408 

higher). Interestingly, this difference is in the same range as today. At the Herbstlabyrinth, the mean 409 

drip water δ18O values are ca. -8.6 ‰ (Mischel et al., 2015), which is ca. 0.6 ‰ lower than the mean 410 

δ18O value of the drip water at Bunker Cave, which is ca. -8.0 ‰ (Riechelmann et al., 2011). In contrast 411 

to the mean δ18O values, the mean δ13C values of the complete record show a higher similarity between 412 

stalagmites Bu4 and TV1 (-8.61 ‰ and -8.70 ‰). The minimum δ13C value of HLK2 is -8.85 ‰ and 413 

thus about 1 ‰ higher than in the other two stalagmites. 414 

Despite of the chronological uncertainties, the structure of the 8.2 ka event is similar between 415 

all three speleothems (Fig. 9). In all three stalagmites, the δ18O records show a short negative excur-416 

sion before the central part of the event. We interpret this negative excursion as the start of the ‘whole 417 

event’. Many other records also suggest the occurrence of two events. Sediment cores studied by 418 

Holmes et al. (2016) show two negative excursions in their δ18O records. The asymmetrical pattern of 419 

the event, with a rapid onset and more gradual ending, is also similar to the ‘central event’ in the spe-420 

leothems from the two cave systems. Furthermore, Domínguez-Villar et al. (2012, 2017) show a δ18O 421 

record of a stalagmite from Kaite Cave, which also indicates two events, the first at 8.34 to 8.32 ka BP 422 

and the second between 8.21 and 8.14 ka BP (BP = AD 1950). These two events coincide with the two 423 

negative excursions in the δ18O record from stalagmite TV1 (Figure 10). In addition, Ellison et al. 424 

(2006) analysed the relative abundance of foraminifera from a North Atlantic deep-sea sediment core 425 

as well as their δ18O values and also found that the 8.2 ka event is marked by two distinct cooling events 426 

at 8490 and 8290 ka BP. In addition, the ostracod δ18O records from Lake Ammersee (Germany) and 427 

the pre-Alpine Mondsee (Austria) indicate a short negative excursion prior to the main 8.2 ka event 428 

(Figure 10; Andersen et al., 2017). 429 
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The interpretation of oxygen isotope records from speleothems is complicated by various ef-430 

fects that potentially influence speleothem δ18O signals. These include processes occurring in the 431 

ocean, atmosphere, soil zone, epikarst as well as the cave system (Lachniet, 2009). The investigation 432 

of modern drip water and cave monitoring contribute to a better understanding of the specific pro-433 

cesses (Baker et al., 2014; Mischel et al., 2015; Riechelmann et al., 2011, 2017). Mischel et al. (2017) 434 

conclude that the δ18O values of the speleothems from the Herbstlabyrinth cave system reflect large-435 

scale climate variability in the North Atlantic region. This is in agreement with Fohlmeister et al. 436 

(2012), who showed that the central European location of Bunker Cave, which is located only about 437 

85 km away from the Herbstlabyrinth cave system, is as well suited for the detection of precipitation 438 

and temperature variations in relation to the variations in the North Atlantic region. In addition, Fohl-439 

meister et al. (2012) interpreted the variability in the δ18O records from the Bunker Cave stalagmites 440 

as changes in winter temperature and amount of winter precipitation, with more positive δ18O values 441 

during dry and cold winters and more negative values during more humid and warmer winters. 442 

Due to the influx of cold meltwater before the 8.2 ka event, the surface water of the North At-443 

lantic exhibited isotopically depleted δ18O values for a period of several decades (Fairchild et al., 444 

2006a). Thus, the investigation of this cooling event requires speleothems whose δ18O values are sen-445 

sitive to variations in the δ18O values of the North Atlantic (Fairchild et al., 2006a). This applies to the 446 

speleothems from both the Herbstlabyrinth cave system and Bunker Cave. Von Grafenstein et al. 447 

(1998, 1999) conclude that the 8.2 ka event led to a depletion of the δ18O values of precipitation in 448 

central Europe, which is also recorded in the δ18O record of stalagmite Bu4 from Bunker Cave (Fohl-449 

meister et al., 2012). More negative δ18O values of precipitation may result from several processes. 450 

Lower δ18O values of North Atlantic sea-surface water, which is the major moisture source for Central 451 

Europe, are one possibility. Other potential processes include cooler atmospheric temperatures and 452 

persistent changes in atmospheric circulation. In the two speleothems from the Herbstlabyrinth cave 453 

system, the 8.2 ka event is only recorded in their δ18O records. These negative excursions in the δ18O 454 

records can also be interpreted as a result of a change in the isotopic composition of the rainfall over 455 

the Herbstlabyrinth cave system because of a change in the isotopic composition of the North Atlantic. 456 

Figure 10 shows a comparison of the δ18O records from stalagmites Bu4, HLK2 and TV1 with 457 

δ18O records from other climate archives: the δ18O record from the GRIP ice core in Greenland, the 458 
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ostracod δ18O record from Lake Ammersee, the δ18O record from stalagmite K3 from Katerloch Cave 459 

in Austria and a composite δ18O record based on four speleothems from Kaite Cave in northern Spain. 460 

The best agreement with these records is observed for stalagmite TV1 from the Herbstlabyrinth cave 461 

system, but within the relatively large dating uncertainty, the δ18O records of Bu4 and HLK2 are also 462 

in agreement with all these records. 463 

 464 
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 465 

Figure 10: δ18O records of speleothems Bu4, HLK2 and TV1 compared to δ18O records from other climate archives for 466 

the time interval from 8.6 to 7.6 ka BP. A) GRIP δ18Oice record (Thomas et al., 2007), B) ostracod δ18O record from Lake 467 

Ammersee, southern Germany (von Grafenstein et al., 1998, 1999), C) speleothem δ18O record from Katerloch Cave, 468 

Austria (Boch et al., 2009), D) composite δ18O record based on four speleothems from Kaite Cave (Domínguez-Villar et 469 

al., 2017), E) δ18O record of stalagmite TV1 from the Herbstlabyrinth cave system, F) δ18O record of stalagmite HLK2 470 
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from the Herbstlabyrinth cave system and G) δ18O record of speleothem Bu4 from Bunker Cave. The arrows indicate 471 

the dating uncertainties of the minimum δ18O values during the 8.2 ka event. 472 

 473 

55.2 The expression of the 8.2 ka event in the 13C values 474 

During the 8.2 ka event, only the 13C values of stalagmite Bu4 show a clearly visible negative anomaly 475 

(Figure 11). The two stalagmites from the Herbstlabyrinth cave system do not show a clear peak dur-476 

ing the event, and their pattern is also different. As δ18O values, the δ13C values of speleothem calcite 477 

are affected by various environmental and isotope fractionation processes. The most important factor 478 

determining the speleothem δ13C values is the δ13C value of the drip water, which is ultimately linked 479 

to the biosphere (Mischel et al., 2017). The dissolved inorganic carbon (DIC) in the drip water derives 480 

from atmospheric CO2, soil CO2 as well as the dissolution of the host rock (Fairchild et al., 2006b). 481 

During the latter, it is important if the dissolution occurs under conditions of an open or a closed sys-482 

tem. In an open system, there is a continuous equilibration between the solution and an infinite reser-483 

voir of soil CO2, whereas the closed system is characterised by the isolation of the solution from the 484 

soil CO2 reservoir, as soon as the carbonate dissolution begins (McDermott, 2004). Under open system 485 

conditions, the δ13C values of the dissolved species reflects the isotopic composition of the soil CO2, 486 

under closed system conditions in contrast, the isotopic composition of the host-rock influences the 487 

isotopic composition of the DIC (McDermott, 2004). Processes occurring in the soil zone (root respi-488 

ration and decomposition of organic material) as well as the vegetation type (C3 or C4 plants) and 489 

productivity above the cave have also a distinct effect on the δ13C values (Fairchild et al., 2006a). Thus, 490 

variations in the δ13C values are commonly interpreted to reflect the vegetation and soil activity above 491 

the cave (McDermott, 2004; Mischel et al., 2017). 492 

Since the two stalagmites from the Herbstlabyrinth cave system show no characteristic feature 493 

in their δ13C records (Figure 11), the 8.2 ka event probably had no major influence on soil activity 494 

above the cave. At first sight, this is surprising because the dramatic cooling during the event should 495 

have an effect on the vegetation above the cave, which should be reflected in soil pCO2 and eventually 496 

speleothem 13C values inside the cave. A recent modelling study has indeed shown that all dominant 497 
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plant functional types over Europe responded to the 8.2 ka event (Li et al., 2019). However, the mag-498 

nitude, timing and impact of the response is complex. In north-western Europe, for instance, the model 499 

predicts a reduction of the fraction of temperate broadleaved summergreen trees, but at the same time, 500 

a significant expansion of boreal needle-evergreen trees. In western Europe, the region of our cave 501 

sites, the fraction of temperate broadleaved summergreen trees also decreases, while the fraction of 502 

temperate broadleaved evergreen trees only shows a slight decline. This suggests that the cooler con-503 

ditions during the 8.2 ka event resulted in a change of vegetation composition rather than a general 504 

reduction. Importantly, in western Europe, this change did not result in a significant change in the 505 

fractions of C3 and C4 plants (e.g., an increase in the fraction of grasses), which would be reflected in 506 

soil pCO2 (and speleothem) 13C values. Thus, the effect on soil pCO2 and consequently the 13C values 507 

of the speleothems at our cave sites is difficult to assess. This is supported by the compilation of Euro-508 

pean pollen records for the 8.2 ka event (Li et al., 2019), which partly show different vegetation com-509 

positions under similar climatic conditions during the 8.2 ka event (supported by the model) or – in 510 

some cases – no response at all. In summary, it is thus not unlikely that the 8.2 ka event had no major 511 

influence on soil activity at Bunker Cave and the Herbstlabyrinth cave system. 512 

Another possibility is that the δ18O values are dominated by winter precipitation, and the δ13C 513 

values mainly record the vegetation activity during the vegetation period. Therefore, if the 8.2 ka cool-514 

ing event was dominated by the winter season, it may have had a smaller effect on the vegetation and 515 

soil activity. The differences in the δ13C records of the two stalagmites from the Herbstlabyrinth cave 516 

system also suggest that the δ13C signal on the decadal to centennial time-scale is not only affected by 517 

the vegetation above the cave. The different behaviour of the δ18O and δ13C records is also illustrated 518 

by their low correlation coefficients of 0.17 for HLK2 and 0.27 for TV1. In contrast, speleothem Bu4 519 

shows a negative excursion in the δ13C values during the 8.2 ka event and, thus, probably indicates a 520 

different regional impact (r(ஔభఴ୓/ஔభయେ) = 0.69) of the 8.2 event. Fohlmeister et al. (2012) assigned high 521 

δ13C values in Bunker Cave speleothems to periods of low drip rates and lower vegetation density. 522 

Thus, the negative excursion in the δ13C record of Bu4 suggests a well-developed vegetation and soil 523 

profile as well as higher drip rates, which should be related to more humid conditions during the 8.2 524 

ka cooling event in Bunker Cave. 525 
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 526 

 527 

Figure 11: Comparison of the 8.2 ka cooling event in the δ13C records of the three speleothems: HLK2 (A) and TV1 (B) 528 

from the Herbstlabyrinth cave system as well as Bu4 (C) from Bunker Cave. The corresponding δ18O records of all three 529 

speleothems are shown in grey. The light grey boxes highlight the timing of the ‘whole event’ and the yellow boxes the 530 

timing of the ‘central event’ in the individual stalagmites. 531 

 532 

55.3 The expression of the 8.2 ka event in the trace element records 533 
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Studies discussing the 8.2 ka event based on speleothem trace element data are rare. Fohlmeister et 534 

al. (2012) discussed a short negative excursion of the Mg/Ca ratios of the speleothems from Bunker 535 

Cave during the 8.2 ka cooling event. Baldini et al. (2002) reported an abrupt positive shift in Sr and a 536 

negative shift in P content of an Irish speleothem and interpreted these data as a response to a short 537 

climate anomaly with cold and dry conditions. Only some of our trace element data show distinctive 538 

features during the 8.2 ka cooling event. However, the patterns are different for the individual stalag-539 

mites. In the trace element data of stalagmite Bu4, only Mg content shows a negative excursion during 540 

the 8.2 ka event, which is correlated with the δ18O and δ13C values and confirms the results of Fohl-541 

meister et al. (2012). Previous studies suggested that the Mg content of speleothems increases during 542 

prior calcite precipitation (PCP), accompanied by an increase in Sr content and in δ13C (Fairchild and 543 

Treble, 2009). In addition, the Mg content of speleothems may be a useful proxy for effective precipi-544 

tation because it reflects the changes in residence time in the karst aquifer (Fairchild and Treble, 545 

2009). During dry times, when the residence time is longer due to reduced effective precipitation, the 546 

prolonged contact of the water with the host rock leads to an increased Mg content in the drip water 547 

and, thus, in speleothem calcite (Fairchild and Treble, 2009; Hellstrom and McCulloch, 2000; McDon-548 

ald et al., 2004). For Bunker Cave, this has been confirmed by cave monitoring, which shows that the 549 

stalagmite Mg/Ca ratio is influenced by PCP, which in turn affects the Mg/Ca ratio of the drip water 550 

and speleothem calcite (Fohlmeister et al., 2012; Riechelmann et al., 2011). The Mg/Ca minimum dur-551 

ing the 8.2 ka event indicates more humid conditions in the region of Bunker Cave, which is consistent 552 

with the study of Fohlmeister et al. (2012), who interpreted the short-term variations in the Mg/Ca 553 

ratios as infiltration variability above the cave. The more humid conditions during the 8.2 ka event in 554 

Bunker Cave also agree with Flohr et al. (2016), who suggest increased wetness during the 8.2 ka event 555 

north of 42° N, while aridity increased south of 42° N. Abrantes et al. (2012) also described dry condi-556 

tions in the central and eastern Mediterranean regions during the event and an increase in precipita-557 

tion north of 42°N, which was detected in pollen sequences. However, Magny et al. (2003b) as well as 558 

Berger and Guilaine (2009) concluded that only the mid-latitudes between about 42° and 50° N un-559 

derwent more humid conditions during the 8.2 ka event, whereas the climate in northern and southern 560 

Europe became drier. Bunker Cave and the Herbstlabyrinth cave system are located slightly north of 561 

50°N and are therefore situated in a transition zone. 562 
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The P content of Bu4, which is generally interpreted as a proxy for soil activity and wetness 563 

and usually increases during wet times because of a more productive vegetation cover (Treble et al., 564 

2003; Mischel et al., 2017), shows no distinctive features during the 8.2 ka event and, thus, no further 565 

evidence for more enhanced humidity. The Sr and Ba contents of speleothem Bu4 are highly correlated 566 

(r = 0.72) suggesting similar processes influencing their concentration changes, but show no signifi-567 

cant anomalies during the 8.2 ka event (Figure 5). Positively correlated Sr and Ba concentrations in 568 

speleothems have been interpreted as reflecting changes in density and productivity of the vegetation 569 

cover above the cave with increasing values reflecting wetter conditions (Hellstrom and McCulloch, 570 

2000; Desmarchelier et al., 2006). However, as for the P concentration of speleothem Bu4, the evolu-571 

tion of the Sr and Ba records give no further evidence for a more productive vegetation cover above 572 

Bunker Cave or an increase in humidity during the 8.2. ka event. In contrast, Treble et al. (2003) con-573 

cluded the high correlation between the Ba and Sr concentrations indicates that the annual Sr cycle is 574 

affected by the growth rate of the speleothem. 575 

Mischel et al. (2017) interpreted the P, Ba, and U content of speleothems from the Herbstlab-576 

yrinth cave system as proxies for vegetation productivity above the cave system with higher concen-577 

trations during phases with a more productive vegetation. Higher P, Ba and U concentrations in the 578 

speleothems from the Herbstlabyrinth cave system generally coincide with lower Mg and δ13C values 579 

reflecting a higher vegetation productivity and more precipitation (Mischel et al., 2017). If the climate 580 

during the 8.2 ka cooling event at the Herbstlabyrinth cave system had been more humid as described 581 

for Bunker Cave, we would expect an increase in P, Ba and U during the event and a decrease in Mg 582 

and the δ13C values of stalagmites HLK2 and TV1. However, both stalagmites neither show an increase 583 

in P, Ba and U nor a decrease in Mg and δ13C values. Stalagmite TV1 shows a short negative excursion 584 

in Sr and Ba, which starts at the same time as the negative excursion in the δ18O values and is also 585 

evident in the trace element records of speleothem Bu4. However, both the mid-point (~ 8.22 ka BP) 586 

and the end (~ 8.20 ka BP) of the negative excursion in the Sr and Ba content are much earlier than in 587 

the δ18O record. Thus, it is not clear if this peak corresponds to the 8.2 ka cooling event. The structure 588 

of the δ18O record is also different than for the Ba and Sr records. In the δ18O record of TV1, the 8.2 ka 589 

event has a slightly asymmetrical structure with a rapid onset and a more gradual ending. The opposite 590 

pattern is observed in the Sr and Ba content (Figure 7). Following the interpretation of Mischel et al. 591 



35 
 

(2017), the negative excursion in the Ba content of stalagmite TV1 during the 8.2 ka event probably 592 

suggests drier conditions because of a lower vegetation activity. However, the Ba content of a speleo-593 

them is not only a proxy for the density and productivity of the vegetation cover above the cave, it may 594 

also indicate changes in the growth rate of the stalagmite (Treble et al., 2003). The Sr content of a 595 

speleothem is controlled by hydrological processes and is sensitive to phases with a longer residence 596 

time of the groundwater (Treble et al., 2003). In addition, the Sr concentration increases during phases 597 

with higher growth rates (Fairchild and Treble, 2009). The highly correlated Sr content of sample TV1 598 

(r(Sr/Ba) = 0.74) shows the same negative peak and suggests that the Sr and Ba contents are controlled 599 

by the same environmental parameters. This strong correlation between Sr und Ba is also observed in 600 

stalagmite Bu4 from Bunker Cave, but not in the other stalagmite HLK2 from the Herbstlabyrinth cave 601 

system. 602 

In summary, stalagmite Bu4 from Bunker Cave shows a distinct negative period in the Mg con-603 

centration, and stalagmite TV1 from the Herbstlabyrinth cave system shows a short negative excursion 604 

in the Sr and Ba content during the 8.2 ka cooling event. In contrast, stalagmite HLK2 from the same 605 

cave system shows no distinctive features in the trace element data. This different behaviour of the 606 

trace elements in the three stalagmites during the event is also evident in the principal component 607 

analysis (PCA), which was applied to the trace element and stable isotope data of all three speleothems 608 

(supplementary material). Thus, there are no obvious similarities in the trace element data of the in-609 

dividual stalagmites, neither within the same cave nor for the speleothems from different cave sys-610 

tems. These differences can be attributed to site-specific effects, such as processes occurring in the 611 

karst aquifer or the cave system, which may have a strong influence on the geochemistry of the spele-612 

othems. 613 

 614 

55.4 Climate during the 8.2 ka event at the two cave sites in Central Europe 615 

It is widely accepted that climate during the 8.2 ka event was generally cooler, drier and potentially 616 

windier (Alley and Ágústsdóttir, 2005; Mayewski et al., 2004). Climate in the mid and high latitudes of 617 

Europe was characterised by a distinct cooling, whereas climate in the low latitudes was marked by 618 

drier conditions (Mayewski et al., 2004). In addition to this strong cooling, Alley and Ágústsdóttir 619 
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(2005) also describe hydrological changes in Europe, especially during winter months. The decrease 620 

in  annual air temperature in Europe was around -1 to -3 °C. For instance, cooler temperatures during 621 

the 8.2 ka event are reflected in several pollen records from Europe, which show a decline in the ther-622 

mophilic deciduous tree species Corylus (hazel) and Quercus (oak), as well as an increase in the cold-623 

resistant taxa Betula (birch) and Pinus (pine; Ghilardi and O’Connell, 2013; Hede et al., 2010; Seppä et 624 

al., 2005). Von Grafenstein et al. (1998) suggested a decrease of the average annual air temperature of 625 

about -1.7 °C based on an ostracod δ18O record from Lake Ammersee. Based on δ18O records of two 626 

speleothems from Katerloch Cave, Austria, a temperature decrease of about -3 °C was reconstructed 627 

(Boch et al., 2009). 628 

Based on the low-resolution Bu4 δ18O record, Fohlmeister et al. (2012) estimated the temper-629 

ature change during the 8.2 ka event. This was based on the decrease in the δ18O values of Bu4 during 630 

the event ( 0.4 ‰), the estimated change in the δ18O values of precipitation (-0.7 ‰, von Grafenstein 631 

et al., 1998) and the temperature dependence of oxygen isotope fractionation between water and spe-632 

leothem calcite (ca. -0.25 ‰/°C, Mühlinghaus et al., 2009). The lower amplitude of the Bu4 δ18O values 633 

compared to the δ18O values of precipitation can be accounted by a temperature decrease of ca. 1.2 °C 634 

(0.3 ‰/0.25 ‰/°C = 1.2 °C). Our new high-resolution δ18O data show a stronger decrease during the 635 

8.2 ka event in all three speleothems (-0.70 ‰, Bu4; 1.05 ‰, HLK2; -1.17 ‰, TV1, Fig. 8). For the 636 

determination of the δ18O amplitudes, the complete high-resolution records were used. Using the ap-637 

proach of Fohlmeister et al. (2012), would result in a temperature change between 0 and +4.5 °C and 638 

would, thus, rather suggest a warming during the 8.2 ka event. This strongly suggests that the change 639 

of -0.7 ‰ for the δ18O values of precipitation during the 8.2 ka event by von Grafenstein et al. (1998), 640 

which is based on the Lake Ammersee record, is not valid for Bunker Cave and the Herbstlabyrinth and 641 

indicates a stronger decrease in the δ18O values of precipitation for the cave regions. 642 

The climate model simulations performed by Holmes et al. (2016) suggest a decrease in the 643 

δ18O values of precipitation between -0.5 and -1.0 ‰ for the 8.2 ka event at the two cave sites. In 644 

addition, their simulations suggest a relatively low surface temperature change between +0.5 and 645 

0.5 °C. These amplitudes are similar to those observed in our speleothem records suggesting that the 646 

observed changes in speleothem calcite δ18O values during the 8.2 ka event are mainly due to the 647 
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change in the δ18O values of precipitation and only contain a minor temperature component. This im-648 

plies that the variation in the δ18O values during the prominent 8.2 ka event can rather be attributed 649 

to changes in the North Atlantic than temperature changes at the cave site. 650 

This observation may also explain why in our speleothem records, the event is mainly reflected 651 

in the δ18O values. In the speleothems from the Herbstlabyrinth cave system, the other proxies do not 652 

show a response, except from a short excursion in Sr and Ba in stalagmite TV1. In Bu4, the negative 653 

excursion in the δ18O values is accompanied by more negative δ13C values and a lower Mg content, 654 

which can be interpreted as more humid winter conditions. In general, however, the majority of spe-655 

leothem climate proxies at the two cave sites do not suggest strong climate change during the 8.2 ka 656 

event. This either means that these proxies are not sensitive to this centennial-scale cooling event, that 657 

the climate impact of the event was lower than previously assumed or that the climate response to the 658 

event was regionally heterogenous. The latter is suggested by the different evolution of the proxies at 659 

Bunker Cave and the Herbstlabyrinth cave system, which are only 85 km apart. However, the fact that 660 

the 8.2 ka event has been detected in various records from all parts of the world, is in conflict with this 661 

hypothesis. In addition, it is questionable that such a widespread, persistent and strong climate event 662 

would not affect the majority of speleothem proxies, although the discussion of the potentially low 663 

impact of changes in vegetation composition on both soil pCO2 and speleothem 13C values shows that 664 

this may indeed be the case for some proxies. In this context, it is also interesting that the long-term 665 

18O records of all three stalagmites show several negative excursions of similar or even larger magni-666 

tude than the 8.2 ka event (Fig. 1). This is particularly remarkable because the 8.2 ka event is by far 667 

the largest Holocene cooling event in the Greenland ice core 18O record (Fig. 1). As shown in section 668 

4.2.4, sampling at higher resolution would probably even increase the magnitude of these negative 669 

excursions (Fig. 8), in particular for the speleothems from the Herbstlabyrinth, which have only been 670 

analysed at relatively low resolution in the sections younger than 7 ka (Fig. 1). This may suggest that 671 

the impact of the 8.2 ka event in Central Europe was less severe than in Greenland (in comparison to 672 

the rest of the Holocene). However, it may also be evidence for a lower (regional) impact of the 8.2 ka 673 

event at our cave sites. 674 

Another explanation for the observation that the event is mainly reflected in the δ18O values is 675 

that the speleothem δ18O values recorded in the three stalagmites do not primarily reflect climate 676 
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change at the cave site, but rather large-scale changes in the region of the moisture source (i.e., the 677 

North Atlantic). A similar explanation has been proposed to explain the changes in Chinese speleothem 678 

δ18O values, which are commonly interpreted as a proxy for East Asian Monsoon strength (Pausata et 679 

al., 2011). This would also explain that the 8.2 ka event is mainly reflected in δ18O records (ice cores, 680 

speleothems, ostracods). A fifth explanation is related to the seasonality of the 8.2 ka event. If the event 681 

mainly was a winter phenomenon, those proxies that are mainly affected by climate conditions during 682 

the vegetation period (δ13C values as well as P, Ba, and U at the Herbstlabyrinth cave system, Mischel 683 

et al., 2017) would probably not record the event. Thus, our results can also be interpreted as suggest-684 

ing a strong seasonality of the 8.2 ka event. 685 

The comparison with the climate modelling data from Holmes et al. (2016) suggests that the 686 

majority of the change in speleothem δ18O values is due to changes in the δ18O values of precipitation 687 

and that temperature only played a minor role. However, based on our records, it is not possible to 688 

completely resolve which of the discussed hypotheses for the climate of the 8.2 ka event (low sensitiv-689 

ity of most proxies, generally lower impact, strong regional variability, changes in the region of the 690 

moisture source and strong seasonality) is most appropriate. In any case, our multi-proxy dataset 691 

shows that climate evolution during the event was probably complex, although all δ18O records show 692 

a clear negative anomaly. 693 

694 

66.  Conclusions695 

We present high-resolution multi-proxy data for the 8.2 ka event from three stalagmites (Bu4, HLK2 696 

and TV1) from two different cave systems (Bunker Cave and Herbstlabyrinth cave system). The 8.2 ka 697 

event is clearly recorded in the δ18O records of all speleothems as a pronounced negative excursion 698 

and can be defined as a ‘whole event’ and a ‘central event’. All stalagmites show a similar structure of 699 

the event with a short negative excursion before the main 8.2 ka cooling event.  700 

Whereas stalagmite Bu4 from Bunker Cave also shows a negative anomaly in the δ13C values 701 

and Mg content during the event, the two speleothems from the Herbstlabyrinth cave system do not 702 

show distinct peaks in the other proxies, except from minor peaks in Sr and Ba in stalagmite TV1. The 703 

negative anomaly in the δ13C values and Mg content of speleothem Bu4 indicates a higher vegetation 704 
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productivity and higher drip rates, and, thus, suggests more humid conditions during the event at Bun-705 

ker Cave. In general, however, climate change during the 8.2 ka event was not recorded by the majority 706 

of speleothem climate proxies at the two cave sites. 707 

Comparison with climate modelling data suggests that it is likely that the 8.2 ka event had no 708 

major influence on soil activity at Bunker Cave and the Herbstlabyrinth cave system, which may ex-709 

plain the observed inconsistent response in speleothem 13C values. In addition, the change in speleo-710 

them δ18O values during the 8.2 ka event is mainly related to the corresponding change in the δ18O 711 

values of precipitation above the cave. This implies that temperature only played a minor role.  712 
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Figure A.1: Trace element concentrations (Al, Fe and Si) at 18.5 cm distance from top indicating a potential hiatus in 4 

stalagmite Bu4 from Bunker Cave. 5 
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Supplementary Material



TThe principal component analysis (PCA) 10 

A principal component analysis (PCA) was applied to the trace element and stable isotope data of all 11 

three speleothems to determine the main environmental processes that control the speleothem 12 

behaviour during the 8.2 ka cooling event in the individual stalagmites. For the PCA, the trace element 13 

data, which was smoothed with a 10-point running median, and the stable isotope values were 14 

normalized. In addition, the depth scale was used to adapt the resolution of the trace element and 15 

stable isotope data. The PCA was performed using the software PAST (PPAleontological SSTatistics: 16 

http://folk.uio.no/ohammer/past/; 28.03.2019), and the results of the PCA are shown in Figure A.2. 17 

In Figure S.2-A, the highly correlated variation of δ18O, δ13C and Mg in stalagmite Bu4 from 18 

Bunker Cave is illustrated by their clustering with moderate loadings on the first principal component 19 

(PC 1: 39 %) and low loadings on the second principal component (PC 2: 26 %). Furthermore, Sr and 20 

Ba have a moderate negative loading on PC 1 and a low to moderate loading on PC 2. Their clustering 21 

in Figure 11 reveals the high correlation (r = 0.72) of both trace elements, which was already 22 

described in Chapter 5.2 and indicates that Sr and Ba are controlled by the same environmental 23 

parameters. U and P have the highest loadings on PC 2, but only low (U: 0.023) and moderate (P: 0.32) 24 

loadings on PC 1. 25 

In Figure S.2-B, the stable isotopes as well as Mg have the highest loadings on PC 1 (41 %), 26 

which is similar to the PCA of Bu4, but different loadings on PC 2 (30 %). δ18O has a moderate (0.50), 27 

Mg a low (0.011) and δ13C a low negative loading (-0.17) on PC 2. The highly correlated variation of 28 

the trace elements P, Ba and U in speleothem HLK2 from the Herbstlabyrinth cave system (r (U and 29 

Ba) = 0.85; r (P and Ba) = 0.87; r (U and P) = 0.96) is illustrated by their clustering with low to 30 

moderate negative loadings on PC 1 and moderate loadings on PC 2. Sr has a moderate negative loading 31 

on both PC 1 (-0.42) and PC 2 (-0.46). The highly correlated relationships between P, Ba and U are also 32 

observed in the PCA of the whole Holocene section of stalagmite HLK2 (Mischel et al., 2017). As already 33 

mentioned, they interpreted the P, Ba and U content as proxies for the vegetation productivity above 34 

the cave system and, thus, reflecting changes in vegetation density. Higher values of P, Ba and U in 35 

combination with lower Mg and δ13C values are interpreted as reflecting a higher vegetation 36 

productivity and more precipitation (Mischel et al., 2016). Thus, the low values of P, Ba and U and the 37 

relatively high values of Mg and δ13C during the 8.2 ka cooling event in stalagmite HLK2 would 38 



probably suggest dry conditions at the Herbstlabyrinth cave system during this time phase because of 39 

a lower vegetation activity above the cave. 40 

The PCA of the other stalagmite from the Herbstlabyrinth cave system, speleothem TV1, shows 41 

different results (Figure S.2-C). The stable isotopes as well as all trace elements have positive loadings 42 

on PC 1, which explains only 34 % of the total variance, PC 2 explains 21 %. Sr and Ba have the highest 43 

loadings on the first principal component and relatively low loadings on the second principal 44 

component. In contrast, δ18O and δ13C have the highest loadings on PC 2 and only low loadings on PC 45 

1. Mg, P and U have all low to moderate loadings on both PC 1 and PC 2.  46 

The comparison of the trace element records of stalagmite Bu4 from Bunker Cave and HLK2 47 

and TV1 from the Herbstlabyrinth cave system already showed the differences between the trace 48 

element data of the individual speleothems. The PCA further confirms these distinct differences.  49 

 50 



 51 

 52 

Figure A.2: Results of the principal component analysis of stalagmites Bu4 (A) from Bunker Cave and HLK2 (B) and TV1 53 

(C) from the Herbstlabyrinth cave system. PC 1 explains in the stalagmites between 34 and 41 % of the total variance, 54 

whereby PC 2 explains only 21 to 30 %. Only PC 1 and PC 2 are shown in the Figure and described in the supplementary 55 

material.  56 
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