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Abstract: The Late Holocene was characterized by several centennial-scale climate oscillations
including the Roman Warm Period, the Dark Ages Cold Period, the Medieval Warm Period and
the Little Ice Age. The detection and investigation of such climate anomalies requires paleoclimate
archives with an accurate chronology as well as a high temporal resolution. Here, we present
230Th /U-dated high-resolution multi-proxy records (613C, 5180 and trace elements) for the last
2500 years of four speleothems from Bunker Cave and the Herbstlabyrinth cave system in Germany.
The multi-proxy data of all four speleothems show evidence of two warm and two cold phases during
the last 2500 years, which coincide with the Roman Warm Period and the Medieval Warm Period, as
well as the Dark Ages Cold Period and the Little Ice Age, respectively. During these four cold and
warm periods, the §'80 and §'3C records of all four speleothems and the Mg concentration of the
speleothems Bu4 (Bunker Cave) and TV1 (Herbstlabyrinth cave system) show common features and
are thus interpreted to be related to past climate variability. Comparison with other paleoclimate
records suggests a strong influence of the North Atlantic Oscillation at the two caves sites, which is
reflected by warm and humid conditions during the Roman Warm Period and the Medieval Warm
Period, and cold and dry climate during the Dark Ages Cold period and the Little Ice Age. The Mg
records of speleothems Bul (Bunker Cave) and NGO01 (Herbstlabyrinth) as well as the inconsistent
patterns of Sr, Ba and P suggests that the processes controlling the abundance of these trace elements
are dominated by site-specific effects rather than being related to supra-regional climate variability.

Keywords: 5180; 513C; trace elements; climate anomaly; Little Ice Age; Medieval Warm Period; Dark
Ages Cold Period; Roman Warm Period

1. Introduction

Even if short-lived phases and events of extreme climate conditions occur rarely, they
often have serious consequences for the ecosystem and the civilization of the affected
region. Due to global warming, extreme climate events are assumed to become more
frequent in the future [1]. Such phases and events, which are characterized by extreme
meteorological parameters (e.g., low temperatures or extreme amounts of rainfall), may
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have different causes and triggers. Their duration can range from seasonal to centennial
time scales. Especially during the last 2500 years, several centennial-scale climate anomalies
have occurred. These include the Roman Warm Period (RWP, 2.3-1.6 ka BP, [2-5]), the
Dark Ages Cold Period (DACP, 1.6-1.25 ka BP, [6,7]) with the temporally overlapping
Late Antique Little Ice Age (LALIA, 1.48-1.36 ka BP, [8]), the Medieval Warm Period
(MWP, 1.1-0.6 ka BP, also known as Medieval Climate Anomaly, [9-11]) and the Little
Ice Age (LIA, 0.6-0.2 ka BP, [12,13]). The latter was probably the coldest multidecadal to
multicentennial climate oscillation since the prominent 8.2 ka cooling event [13-15]. Such
climate oscillations had a large effect on the agricultural productivity, health and conflict
level of preindustrial civilizations [3,16]. This has been suggested by comparison of abrupt
climate changes (in particular, in case of changes to dry and/or cold climate conditions)
and the rise and fall of past civilizations (e.g., [3,16-18]). For example, during phases
of Roman and medieval prosperity, humid and warm summers prevailed, whereas the
demise of the western Roman Empire as well as the turmoil of the Migration Period (MP,
1.75-1.6 ka BP, [19,20]) coincided with increased climate variability between 1.75 and 1.4 ka
BP [3,13].

A better understanding of the causes and boundary conditions of phases with extreme
climate conditions may even enable an improved prediction of the occurrence of future
extreme events. The detection and investigation of phases with extreme climate conditions
requires archives with an accurate chronology as well as a high temporal resolution. Since
speleothems can be precisely dated with the 22Th/U-method, they provide both. In
addition, various proxies (e.g., stable isotopes and trace elements) can be used for the
reconstruction of past climate variability. Thus, stalagmites have a high potential as
archives of short-term phases of extreme climate conditions.

Several climate records from Europe indicate that some of the climate oscillations of
the Late Holocene (e.g., the MWP and the LIA) were associated with the North Atlantic
Oscillation (NAO), which is the dominant atmospheric pressure mode in the Northern
Hemisphere and influences the weather and climate conditions in the North Atlantic as
well as the surrounding areas [21-25]. The NAO index is defined by the sea-level pressure
difference between the Azores High and the Icelandic Low, with a positive winter NAO
index during humid and warmer winter months and a negative NAO index during dry and
colder winter months in central and northern Europe [21,25]. Baker et al. [26] presented
a composite annual growth-rate record based on five stalagmites from Uamh an Tartair
Cave, NW Scotland, and identified low growth rates during the RWP, the MWP and the
MP, reflecting a positive state of the NAO with humid and warm winter months, as well
as high growth rates during the end of the DACP and the LIA, reflecting a negative NAO
with dry and cold winter months.

In this study, we present high-resolution §'80 and §'3C as well as trace element
records for the last 2500 years based on four stalagmites (Bul, Bu4, NG01 and TV1) from
Bunker Cave and Herbstlabyrinth cave system in Germany. At both cave sites, temperature
and precipitation during winter months are influenced by the NAO [12,25,27,28,28-30].
The southern entrance of the cave is located 184 m above sea level (a.s.l.) and the bedrock
above Bunker Cave is about 15 to 30 m thick and is covered by up to 70 cm of brown and
loamy soil as well as a C3 vegetation [12,29-31]. In total, six stalagmites (Bul, Bu2, Bu3,
Bu4, Bu5 and Bu6) were removed from the cave, but only speleothems Bul and Bu4 grew
during the last 2500 years and are, thus, included in this study. Stalagmite Bul has a hiatus
at approximately 17 cm distance from top, and the top most section covers only the last
1500 years.

2. Sites and Samples

Bunker Cave is part of the 3.5 km-long Bunker-Emst Cave system in the Rhenish
Slate Mountains near Iserlohn in western Germany (51°22/03" N, 7°39'53" E; Figure 1) and
developed in upper Middle Devonian limestone hosting thin dolomite veins [12,28-30].
The southern entrance of the cave is located 184 m above sea level (a.s.l.) and the bedrock
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above Bunker Cave is about 15 to 30 m thick and is covered by up to 70 cm of brown and
loamy soil as well as a C3 vegetation [12,29-31]. In total, six stal-agmites (Bul, Bu2, Bu3,
Bu4, Bu5 and Bu6) were removed from the cave, but only spe-leothems Bul and Bu4 grew
during the last 2500 years and are, thus, included in this study. Stalagmite Bul has a hiatus
at approximately 17 cm distance from top, and the top most section covers only the last
1500 years.

The Herbstlabyrinth cave system is located 435 m a.s.l. in the Rhenish Slate Mountains
(Figure 1) and is also developed in Devonian limestone [27,32]. The cave system is covered
by a 60 cm-thick Cambisol (Terra fusca) and a patchy vegetation of meadow and deciduous
forest [27]. Two (NGO1 and TV1) of the three Holocene speleothems that were removed
from the cave grew during the last 2500 years and are included in this study.

All four speleothems (Bul, Bu4, NG01 and TV1) were already analyzed at lower
resolution [12,32]. In speleothems Bul and Bu4 from Bunker Cave, the resolution of
the previous 5'80 and 5'3C records is relatively high for the Late Holocene section (ca.
3-5 years). In contrast, the average temporal resolution of the previous records from the
Herbstlabyrinth cave system was only approximately 88 (NG01) and 109 years (TV1).
A detailed description of stalagmites Bul and Bu4 from Bunker Cave can be found in
Fohlmeister et al. [12] and in Mischel et al. [32] for speleothems NGO01 and TV1 from the
Herbstlabyrinth cave system. In both caves, a monitoring program was conducted in and
above the cave systems [27-29,32-35]. These data contribute to a better understanding of
the site-specific processes and effects and, thus, support the interpretation of the different
proxy records.
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Figure 1. Location of Bunker Cave (Bul and Bu4) and Herbstlabyrinth cave system (NGO01 and TV1). (A) The rectangle
marks the location of the detailed map (B) in Europe. The location of Uamh an Tartair and Spannagel Cave are also

indicated, and the green ellipse shows the region of alpine trees studied by [3]. The grey areas in map (B) indicate Devonian

limestone outcrops.
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3. Methods
3.1. 20Th/U-Dating

230Th /U-dating of the speleothems NG01 and TV1 from the Herbstlabyrinth cave
system was performed with a multicollector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) from Nu Instruments (Wrexham, UK) at the Max Planck Institute for
Chemistry (MPIC), Mainz, and the results are published in Mischel et al. [32]. In contrast,
speleothems Bul and Bu4 from Bunker Cave were analyzed at the Heidelberg Academy of
Sciences with thermal ionization mass spectrometry (TIMS; [12]). Because of the relatively
large uncertainties of these TIMS ages, both speleothems were re-dated by MC-ICP-MS
20Th/U-dating. For this purpose, several sub-samples were drilled from the growth
axis of Bul and Bu4 using a hand-held dental drill (MICROMOT 50/E, Proxxon, Wecker,
Luxembourg). Because of the relatively low U content of the speleothems, the mass of most
of the individual samples was about 300 mg and, thus, comparatively high. The results of
the dating of stalagmite Bu4 were recently published by Waltgenbach et al. [36] and the
seven new ages for Bul are listed in Chapter 4.1.

For separation of Th und U, an ion exchange resin was used [37,38]. The samples
were dissolved in 7N HNOj and a mixed 22 Th-233U-236U spike [39] was added. Then, the
samples were dried down and organic matter was removed by the addition of concentrated
HNOj3, HCI and H,O,. Then, the samples were dried down again. After dissolving in
6N HCl, the individual solutions were passed through three Bio-Rad AG1-X8 columns to
separate Th and U. The Th and U fractions were then dried down again and afterwards
dissolved in 2 mL of 0.8N HNOj for the measurements by MC-ICP-MS. The dissolved
Th and U fractions were measured separately using a standard-sample bracketing pro-
cedure [37]. For U measurements, the reference material CRM 112-A (New Brunswick
Laboratory, Argonne, IL, USA) and for Th measurements an in-house standard with previ-
ously calibrated ratios of 22Th, 2*Th and 2 Th were used. Analytical details are described
in Obert et al. [40]. The activity ratios and 2*Th/U-ages were calculated using the half-lives
of Cheng et al. [41], and the correction for the detrital contamination assumes a bulk Earth
232Th /238U weight ratio of 3.8 + 1.9 [42] as well as a secular equilibrium between ?*'Th,
234U and 23U. The 2°°Th/U-ages are given in BP (BP = before present, AD 1950) and we
used StalAge for the calculation of an age model of speleothem Bul [43].

3.2. 8180 and 613C Values

For 5180 and 5'*C measurements, all four speleothems were sampled at very high
resolution along the respective growth axis using a computer-controlled MicroMill (Mer-
chantek, New Wave, Fremont, CA, USA). Depending on the growth rate of each speleothem,
the spatial resolution is either 50 (Bu4, NGO1 and TV1) or 100 um (Bul). This results in
a temporal resolution between 0.8 and 5.4 years for all four speleothem records. In total,
4046 stable isotope measurements (Bul: 1396, Bu4: 1370, NGO01: 848, TV1: 432) were car-
ried out at the University of Innsbruck with a Thermo Fisher DeltaP'"*XL (Thermo Fisher,
Waltham, MA, USA) isotope ratio mass spectrometer linked to a GasBench II (Thermo
Fisher, Waltham, MA, USA). The 1o-precision is 0.08 %o for 5180 and 0.06 %o for §13C [44].
Isotope ratios are reported relative to the Vienna PeeDee Belemnite standard (VPDB).

3.3. Trace Elements

The Mg data of stalagmites Bul and Bu4 from Bunker Cave were already published
by Fohlmeister et al. [12]. For stalagmites NGO1 and TV1 from the Herbstlabyrinth cave
system, low-resolution single-spot analyses of Mg, Sr, P, Ba and U with a spatial resolution
of 500 um corresponding to a temporal resolution of approximately 100-200 years were
published by Mischel et al. [32]. These previously published trace element records were
either restricted to a single element (Bunker Cave: only Mg) or did not provide the required
resolution (Herbstlabyrinth cave system). Thus, we re-analyzed the trace element data
of all four speleothems by laser-ablation inductively coupled plasma mass spectrometry
(LA-ICPMS) at the Max Planck Institute for Chemistry (MPIC), Mainz. A Nd:YAG UP-
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213 nm laser (New Wave Research, Fremont, CA, USA) was coupled to an ELEMENT
2 single-collector sector-field mass spectrometer from Thermo Scientific (Waltham, MA,
USA) [45,46]. Since the line-scan method was used, the temporal resolution of the new
trace element data is higher than that of the stable oxygen and carbon isotope records. The
measurement settings were a spot size of 100 pm, a repetition rate of 10 Hz and a scan
speed of 10 um s~ 1. The synthetic reference glass NIST SRM 612 and the reference material
MACS-3 were used for calibration (http://georem.mpch-mainz.gwdg.de/ (accessed on 13
June 2019)). Furthermore, calcium was used as an internal standard.

3.4. Correlation and Principal Component Analysis

For a better comparison of the multi-proxy records of the four different speleothems,
the different temporal resolution of the respective stable isotope and trace element data
was adapted to a temporal resolution of 10 years for every speleothem record. For this
purpose, the mean value of all data points in the time interval of 10 years was determined.
Then, the stable isotope and trace element records of all four stalagmites show the same
temporal resolution, and correlation coefficients can be calculated for different proxies of
the same speleothem. Pearson correlation coefficients (r) were calculated, and p values are
given to indicate the significance of the r values. To obtain further information about these
proxies and to determine the main controlling processes, a principal component analysis
(PCA) was applied to the stable isotope and trace element data of each speleothem. The
PCA was performed using the software PAST3 (PAleontological STatistics: http://folk.uio.
no/ohammer/past/ (accessed on 17 June 2019)).

4. Results
4.1. 29Th/U-Dating of Bul

The results of 2°Th/U-dating of stalagmite Bul are listed in Table 1. The 2U-content
varies between 0.04 pg g~! (Bul-3.1) and 0.06 ug g~ ! (Bul-3.4) and is, thus, relatively
low. The 2>2Th-content of the stalagmite is also relatively low (<1 ng g~!). The values are
similar to the Th and U concentrations of speleothem Bu4 from Bunker Cave [12,36]. The
(®9Th/?%2Th) activity ratio, which is an indicator of the degree of detrital contamination, is
between 6 and 20. Thus, a correction for the detrital contamination was performed for all
samples of Bul. The new 2*9Th/U-ages of stalagmite Bul are between 0.43 4- 0.11 ka BP and
1.58 £ 0.14 ka BP and show 20-age uncertainties between 85 (Bul-3.3) and 130 years (Bul-
2.3). The age-depth model of stalagmite Bul includes seven new MC-ICP-MS 2*°Th /U-ages
as well as four of the previous TIMS ?2°Th/U-ages [12]. The revised age model shows
several periods with changes of the growth rate (Figure 2).

Table 1. U and Th isotopic compositions as well as uncorrected and corrected 2>Th/U-ages for Bul (Bunker Cave). Errors

are 20 analytical uncertainties, and activity ratios are indicated by parentheses. All ages refer to BP (BP = before present,

AD 1950).
Sample Depth aadt) B2Th 23477/238 230, /238 230} /232 23477/23817). ... Ageuncorrected Agecorrected
D [cm] [ngg 11 ng g1l (**U/~%0) (*Th/°U) *Th/”*Th)  (**U/*°Uinigial [ka BP] [ka BP]
Bul-3.1 14 0.04014 + 0.00028 0.0606 + 0.0023  1.3494 + 0.0057 0.0061 4+ 0.0014 132 +2.8 1.3499 £ 0.0057 0.46 £+ 0.11 0.43 £ 0.11
Bul-3.2 44 0.04178 +0.00029 0.1193 4+ 0.0042  1.3417 £ 0.0057  0.0138 + 0.0013  15.6 £ 1.5 1.3428 4+ 0.0057 112 £0.11 1.06 £ 0.11
Bul-3.3 6.3 0.04589 + 0.00028 0.3399 4+ 0.0035  1.3425 + 0.0034  0.0127 + 0.0014  6.02 + 0.43 1.3435 + 0.0034 1.127 4+ 0.085 0.97 +0.12
Bul-3.4 10.1 0.06136 + 0.00044 0.1745 + 0.0056  1.3444 + 0.0054 0.0182 £+ 0.0011  20.3 £ 1.3 1.3458 4 0.0055 1.482 4+ 0.090 1.421 +0.093
Bul-2.1 11.8 0.05373 + 0.00031 0.1453 +0.0035  1.3410 £ 0.0025 0.0167 £+ 0.0013  19.7 £ 1.5 1.3423 4+ 0.0025 1.36 +0.10 1.30 £ 0.11
Bul-2.2 129 0.05177 +0.00030 0.1479 4+ 0.0036  1.3396 £+ 0.0029  0.0176 + 0.0011  19.6 £ 1.2 1.3410 + 0.0028 1.438 + 0.086 1.377 + 0.097
Bul-2.3 16 0.03663 + 0.00021 0.2516 4+ 0.0045  1.3297 £+ 0.0030  0.0200 + 0.0017  9.68 + 0.69 1.3312 £+ 0.0030 1.73+£0.13 1.58 £ 0.14

For stalagmite Bu4, Waltgenbach et al. ([36], see their Figure 4) recently presented an
updated version of the previous age model [12]. Here we use the section corresponding to
the last 2.5 ka BP. For stalagmites TV1 and NGO1, the age models from Mischel et al. [32]
were used (see their Figure 1). Note that the age model of stalagmite TV1 only includes
a single 2'Th /U-age during the last 2.5 ka BP (Figure 3). The whole age model and the
corresponding 95%-confidence limits, however, is based on 12 220Th/U-ages in total [32].
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4.2. Stable Isotopes

The results of the stable isotope analyses are shown in Figures 3 and 4. The 5'80 and
813C records have an average temporal resolution of 0.9 years for stalagmite Bul, 1.4 years
for stalagmite Bu4 as well as 2.3 and 5.4 years for speleothems NGO1 and TV1 from the
Herbstlabyrinth cave system, respectively. The range of the §'80 values of stalagmite Bul
(—6.8 to —4.8%0) is slightly lower than for stalagmite Bu4 (—6.3 to —4.5%o) from the same
cave. The range of the oxygen isotope values of samples NG01 (—7.0 to —5.3%.) and TV1
(—6.8 to —5.4%0) from the other cave system are also similar.

The 5'3C values of the two speleothems from Bunker Cave are between —11.9 and
—8.4%, for Bul and between —10.8 and —8.0%. for Bu4. The §!3C range of the speleothems
from the Herbstlabyrinth cave system is slightly smaller (—11.3 to —9.3%. for NG01 and
—9.9 to —7.7%. for TV1).

A comparison of the mean §'80 and §!3C values, their standard deviations as well
as the corresponding minimum and maximum values of all four stalagmites is shown in
Table 2. The mean 5'80 values of the two stalagmites from the Herbstlabyrinth cave system
are with values of —6.1%. (NG01) and —6.1%. (TV1) identical. In contrast, the mean 580
values of stalagmites Bul (—5.9%0) and Bu4 (—5.5%0) from Bunker Cave are higher. This is
consistent with the mean 5'80 values of the 8.2 ka cooling event [36], which are also lower
at the Herbstlabyrinth cave system than at Bunker Cave.

Distance from Top [cm)]

0 2 4 6 ] 10 12 14 16
20 " 1 " | L | M | ) | . 1 L 1 . |

Age [ka BP]

0.2 4 ‘ ® TIMS
® MC-ICP-MS

0.0

Figure 2. Age-depth model for speleothem Bul from Bunker Cave. Red dots indicate the ages
measured with TIMS [12], the black dots indicate the new MC-ICP-MS 239Th/ U-ages measured
in this study, and the dashed red lines show the upper and lower 95%-confidence limits of the
age model.
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Figure 3. Stable isotope records of all four speleothems (Bul, Bu4, NG01 and TV1) for the last 2.5 ka BP. Blue bars indicate
phases of higher 5'80 values and yellow bars phases of lower §'80 values. 22Th/U ages are indicated in the lower part of
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Table 2. Mean 530 and §13C values, standard deviations, minima and maxima as well as the
temporal resolution and the time range of the stable isotope records of Bul and Bu4 from Bunker
Cave as well as NG01 and TV1 from the Herbstlabyrinth.

Bul Bu4 NGo1 TV1
Mean 5180 [%.] —5.9 —55 —6.1 —6.1
Std. dev. 8180 0.4 0.4 0.3 0.2
Min. §180 [%o] —6.9 —6.3 -7.0 —6.8
Max. 5180 [%o] —48 —45 —5.3 —54
Mean §13C [%o] —10.6 -95 -10.6 -89
Std. dev. 813C 0.6 0.6 0.4 0.4
Min. §13C [%o] -11.9 —10.9 -11.3 -99
Max. §13C [%o] —84 -8.0 -93 —7.7

Resolution [years] 0.9 14 2.3 54
Time range [ka BP] 0.20-1.52 0-1.83 0.08-2.02 0.11-2.45

4.3. Trace Elements

For the two stalagmites Bul and Bu4 from Bunker Cave and stalagmite NG01 from
the Herbstlabyrinth cave system, the measured Mg, Ba and P concentrations are shown
in Figures 5-7. For stalagmite TV1 from the Herbstlabyrinth cave system, only the Mg
and P concentrations are included in Figures 5 and 7. The results of the trace element
measurements for the individual stalagmites were smoothed with a 10- or 20-point running
median. Since the Bunker Cave speleothems Bul and Bu4 have a higher temporal resolution
than NGO1 and TV1 from the Herbstlabyrinth cave system, they were smoothed with a
20-point running median. The Mg concentration of speleothem Bul from Bunker Cave
varies throughout the record between 200 and 400 pg g~! and reaches values >400 pg g~!
around 0.6-0.2 ka BP. In contrast, the Mg content of the other stalagmite from Bunker Cave
varies between 300 and 1200 pg g~ ! with lower values (<750 pg g~ !) at around 1.7-1.6 ka
BP, 1.2-0.6 ka BP and 0.2-0 BP ka as well as higher values (>750 pg g~ ') at 2.5-1.7 ka BP,
1.6-1.2 ka BP and 0.6-0.2 ka BP. Thus, the Mg content of Bu4 shows a greater variability than
the Mg content of Bul. The Mg content of stalagmite NG01 from the Herbstlabyrinth cave
system varies between 50 and 350 pg g~ ! with higher values (>200 ug g~ !) at 1.8-0.7 ka BP
and 0.2-0 ka BP and lower values (<200 pug g~ ') at 2.4-1.8 ka BP and 0.7-0.2 ka BP. The Mg
concentration of TV1 varies at the beginning of the record (2.5-2.2 ka BP) between 400 and
650 ug g~ 1. After two distinct decreases at around 2.05 ka BP and 1.9 ka BP, the Mg content
remains relatively constant (300-500 pg g~!) throughout the rest of the record except for
two negative peaks around 1.0 and 0.6 ka BP.

Figure 6 shows the Ba content of the three stalagmites Bul, Bu4 and NGO01. In
stalagmite Bul, the Ba content is relatively constant (1-5 ug g~!) and shows a similar
pattern as the Sr content of the sample. This is also the case for stalagmites Bu4 and NGO1.
Thus, the Sr concentration is not included in the following figures. The Ba concentration
of the other Bunker Cave speleothem varies between 0 and 4 ug g~!, and shows higher
values at 2.5-1.0 ka BP and a distinct increase during the last ca. 100 years. In stalagmite
NGO1 from the Herbstlabyrinth cave system, the Ba content varies throughout the record
between 0 and 8 ug g~ !, only at 2.4-2.2 ka BP the concentration reached 12 pg g~ 1.
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Figure 5. Mg concentration of four speleothems Bul and Bu4 from Bunker Cave as well as NG01 and TV1 from the
Herbstlabyrinth cave system. The trace element data were smoothed with a 10-point (NGO01 and TV1) and 20-point (Bul
and Bu4) running median and, thus, have an average temporal resolution between 1.6 and 9.7 years. The raw data are
shown in light grey and the respective running medians as colored lines. Blue bars indicate phases of higher !0 values
and yellow bars phases of lower §'30 values in the individual stalagmites (cf. Figure 3).
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Figure 6. Ba concentration of the two speleothems Bul (A) and Bu4 (B) from Bunker Cave as well as NG01 (C) from the
Herbstlabyrinth cave system. The data were smoothed with a 10-point (NGO01) or 20-point (Bul and Bu4) running median.
The raw data are shown in light grey and the respective running medians as colored lines.

The P concentration of all four stalagmites is shown in Figure 7. In stalagmite Bul, the
P content reaches the highest values of around 100 pg g~ ! at the beginning of the record at
1.5-1.3 ka BP and at about 1.1-1.0 ka BP. Afterwards, the P content varies between 30 and
80 ug g~ !. The P content in stalagmite Bu4 is relatively constant at around 50 pg g~*
with the exception of one peak at 0.6 ka BP (~130 pg g !). In speleothem NGO1 from
the Herbstlabyrinth cave system, P also shows relatively constant values between 40 and
100 ug g~ !, but at 2.2-1.8 and 0.7-0.2 ka BP, the P content is higher than 100 ug g~!. These
higher values in the P content are reached at the same time as the lower values in the Mg
concentration (rog/p) = —0.18) of the sample. The P content of the other stalagmite TV1
from the Herbstlabyrinth cave system varies between 30 and 90 nug g~ !, with slightly higher
values at 2.2-1.8 ka BP (~120 pg g’l), which is similar to the P content of stalagmite NGO1.
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Figure 7. The P concentration of all four speleothems Bul (A), Bu4 (B), NGO01 (C) and TV1 (D). The data were smoothed
with a 10-point (NGO01 and TV1) or 20-point (Bul and Bu4) running median. The raw data are shown in light grey and the

running medians as colored lines.

4.4. Correlation and PCA

In both samples Bul and Bu4 from Bunker Cave, the 513C and 880 values and the
Mg concentration are positively correlated with each other (Table 3). Furthermore, the
highest positive correlation in speleothems Bul and Bu4 is observed between Sr and Ba
(Bul: 7(sr/Ba) = 0.64; Bud: 75 /Ba) = 0.65). In stalagmite NGO1 from the other cave system, a
positive correlation is observed between the stable isotope records. The highest positive
correlation is also observed between Sr and Ba (r(s;/a) = 0.51).
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Table 3. Correlation coefficients of the stable isotope and trace element data of all four speleothems.
Only significant correlations are shown. Numbers in bold indicate p values < 0.001, numbers in italics
p values < 0.01 and underlined numbers p values < 0.05.

Bul s13C 8180 Mg P Sr Ba
s13C 0.37 0.41 —0.24 —0.36 —0.60
3180 0.51 —0.27
Mg —0.30 —0.28 —0.34
P —0.22
Sr 0.64
Ba
Bu4 s13¢C 8180 Mg P Sr Ba
s13C 0.52 0.47 —0.12
3180 0.54 —0.15 —0.34
Mg 0.35 0.29
P —0.13 —0.23
Sr 0.65
Ba
NGo1 s13¢C 8180 Mg P Sr Ba
s13¢C 0.37 —0.54 —0.31 —0.33 —0.47
5180 —0.13
Mg —0.18 0.44 0.36
P
Sr 0.51
Ba
TV1 s18C 8180 Mg P
e 0.38 —0.40
5180 —0.25
Mg —0.37
P

Figure 8 shows the results of the PCA. In Figure 8A, the positive correlation between
8180, 5'3C and Mg in speleothem Bu 1 is shown by their clustering with moderate loadings
on the first principal component and low to moderate loadings on the second principal
component. In addition, the high positive correlation of Sr and Ba (r = 0.64) is illustrated by
their clustering with moderate negative loadings on PC 1 and moderate positive loadings
on PC 2. Phosphorus has the highest negative loading on PC 2.

In the PCA of stalagmite Bu4, the high correlation between Sr and Ba (r = 0.65) is
also illustrated by their clustering with moderate loadings on PC 1 and very low negative
loadings on PC 2 (Figure 8B). The stable isotopes and Mg are the only proxies with positive
loadings on PC 1 and PC 2. Phosphorus has moderate negative loading on PC 1 and
moderate loading on PC 2.

The highest loadings on PC 1 in the PCA of stalagmite NGO1 (Figure 8C) from the
Herbstlabyrinth cave system are observed for Mg, Sr and Ba. The stable isotopes have low
to moderate negative loadings on PC 1 and moderate positive loadings on PC 2. Similar to
the PCA of speleothem Bul, P has the highest negative loading on PC 2 and a low positive
loading on PC1.

The PCA of the other speleothem from the Herbstlabyrinth cave system (TV1) shows
no strong clustering at all (Figure 8D). The highest loading on PC 1 is observed for Mg,
followed by §!3C, 680 and P. Mg has also the highest loading on PC 2, followed by P, §!3C
and §'80, which is the only proxy with a negative loading on PC 2.
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Figure 8. Results of the principal component analysis (PCA) of stalagmites Bul (A) and Bu4 (B) from Bunker Cave as well
as NGO1 (C) and TV1 (D) from the Herbstlabyrinth cave system.

5. Discussion
5.1. 5180 and 613C Values

Speleothem §'80 and 5'3C signals are affected by several processes and their inter-
pretation is thus not always straightforward. Environmental controls and processes in the
ocean, atmosphere, soil zone, epikarst as well as in the cave system may lead to variations
in the 5§80 values [47] and the §'3C values [48]. The investigation of the site-specific
processes by monitoring caves can contribute to a better understanding and interpretation
of these proxy records [27-29,32].

Fohlmeister et al. [12] interpreted the variations in the 5180 values of the speleothems
from Bunker Cave as changes in winter temperature and the amount of winter precipitation,
with higher §'80 values during cold and dry winter months and lower 5'80 values during
warmer and more humid winter months. Following this interpretation, higher §'80 values
at about 1.52-1.28, 1.15-1.1 and 0.5-0.2 ka BP in stalagmite Bul and at about 1.61-1.2,
0.85-0.78 and 0.56-0.05 ka BP in stalagmite Bu4 indicate cold and dry climate at Bunker
Cave. Furthermore, lower 5'80 values during 1.27-1.11 and 0.85-0.62 ka BP in stalagmite
Bul and during 1.78-1.67, 1.04-0.85 and 0.78-0.56 ka BP in stalagmite Bu4 suggest warm
and humid climate conditions. These phases with different climate conditions are indicated
in Figure 3 by yellow bars for periods with warm and humid climate and blue bars for
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periods with cold and dry climate. The variations in the §'80 values of speleothems
NGO01 and TV1 from the Herbstlabyrinth cave system are also mainly influenced by winter
precipitation [32], even if precipitation during summer months has been shown to have
a significant effect on the 5180 values of the drip water [27]. Nevertheless, both cave
systems are sensitive to large-scale climate variations of the North Atlantic region, which
is also confirmed by monitoring studies in both caves [12,27,28,32]. The §'80 records of
speleothems NGO1 and TV1 show a similar pattern. In stalagmite TV1, the §!80 values
decrease during 2.5-2.1 ka BP. Afterwards, the 5§80 records of both stalagmites show
an increasing trend with maximum values between 1.8 and 1.6 ka BP. In the following
centuries, the §180 values decrease again and reach their minima at around 1.1 ka BP in
NGO1 and at 1.0-0.85 as well as 0.7-0.5 ka BP in TV1, which is similar to the stable isotope
records of the Bunker Cave speleothems. Higher 5'80 values can be observed after 0.42 ka
BP in NGO1 and after 0.51 ka BP in TV1. Due to the similarities of the four 5'30 records
for the last ca. 2.0 ka and following the previous interpretation [12,32], lower 5'80 values
in the 880 records from both cave systems are interpreted as warmer and more humid
conditions and higher 5180 values as colder and drier conditions. Overall, the §180 records
of the four speleothems show common general patterns within their dating uncertainties
(Figure 3), indicating the 'O records as proxies for supra-regional climate variability.

The 513C values of Bul and Bu4 are, similar to their §180 values, also lower during
1.0-0.6 ka BP in both speleothems and slightly higher during 1.5-1.3 and 0.5-0.2 ka BP in
stalagmite Bul as well as during 1.7-1.0, 0.5-0.15 and after 0.05 ka BP in stalagmite Bu4.
This is also reflected by their positive correlation (Table 3). The §13C values of Bunker Cave
speleothems are interpreted as changes in winter precipitation and vegetation density [12].
Speleothem NGO01 from the other cave system shows lower 5!3C values between 1.7 and
1.0 ka BP and slightly higher values between 1.0 and 0.6 ka BP. Furthermore, at about
0.4-0.2 ka BP, the 8'3C record of NG01 shows significantly higher values. The §'3C and
8180 records of stalagmite NGO1 are positively correlated (Table 3). The pattern of the 5'C
record of the other sample (TV1) from the Herbstlabyrinth cave system shows lower values
between 2.2 and 1.6 ka BP, at around 1.0 ka BP, and during 0.75-0.55 ka BP. Furthermore,
a decreasing trend is visible from 0.5 ka BP until recent times. Higher §'3C values are
observed at about 2.4-2.2 ka BP, 0.95-0.7 ka BP and around 0.5 ka BP (Figure 4). There is no
significant correlation between the 513C and the 580 record of TV1 (Table 3). However,
both proxies have a low to moderate loading on PC1 (Figure 8D), indicating a weak
common signal.

Stalagmite 5'3C values are influenced by several environmental and isotope fractiona-
tion processes and strongly related to the vegetation type (C3 or C4 plants) and productivity
above the individual cave system [48,49]. Further factors influencing the 313C values are
processes in the soil zone, such as root respiration and the decomposition of organic mate-
rial [32,49], and prior calcite precipitation (PCP) in air-filled cavities above the cave and
on stalactites [50]. Fohlmeister et al. [12] concluded that at Bunker Cave, periods with
low drip rates, more PCP and less active or less dense vegetation, potentially due to less
precipitation, result in higher 513C values. Thus, the lower 513C values during 1.0-0.6 ka
BP indicate higher drip rates, less PCP and a well-developed/active vegetation due to
more humid conditions at the cave site. In contrast, the slightly higher §!3C values during
1.5-1.3 and 0.5-0.2 ka BP in speleothem Bul as well as during 1.7-1.0 and 0.5-0.15 ka BP in
speleothem Bu4 suggest lower drip rates, more PCP and a less active or dense vegetation
because of drier climate conditions. The interpretation of the §'3C signal in the stalagmites
from the Herbstlabyrinth cave system is similar to the interpretation of the §!*C values in
the Bunker Cave speleothems. Mischel et al. [32] concluded that lower 513C values reflect a
higher vegetation productivity due to more precipitation. Following this interpretation and
the assumption that at the Herbstlabyrinth cave system the climate conditions during cold
phases, e.g., at 0.6-0.1 ka BP, were also drier as described for Bunker Cave, we would expect
higher §!3C values in the speleothems from the Herbstlabyrinth cave system. However,
whereas sample NGO01 shows higher $'C values during 0.4-0.2 ka BP, indicating drier
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conditions with a less active and less dense vegetation, stalagmite TV1 from the same cave
system shows lower §!3C values during this time period, indicating wetter conditions with
a denser and more active vegetation. This discrepancy between the §'3C records of the
two speleothems from the Herbstlabyrinth may result from chronological uncertainties, in
particular since the age model of TV1 is only constrained by a single 2°Th/U-age during
this time period (Figure 3). Furthermore, site-specific effects, such as different flow routes
within the aquifer or changes in drip rates, may have a strong effect on speleothem §'3C
values (e.g., [51]). In the case of TV1, an increase in drip rate could result in lower 5!3C
values during the last 0.5 ka BP (Figure 4). Overall, most patterns are visible in all four
813C records. Thus, we interpret them as records of supra-regional precipitation changes.

5.2. Trace Elements

Although trace element records of stalagmites are less commonly used for climate
reconstruction than §'80 and 8'3C records, they can provide important information about
past climate variations, such as precipitation variability and their effect on soil and vegeta-
tion (e.g., [52,53]). The trace element values (Figures 5-7) vary significantly between the
speleothems of the two cave systems and also within the same cave. This suggests a strong
influence of site-specific effects, which may not necessarily be related to climate change.

Trace elements in speleothems are influenced by the atmosphere, vegetation and
soil, karst aquifer, speleothem mineralogy, growth rate as well as possible diagentic
effects [49,52]. Previous studies utilizing speleothem trace elements often focused on
Mg to reconstruct past changes in precipitation (e.g., [25,54,55]. Magnesium is primarily
derived from the carbonate host rock and is thought to be controlled by hydrological
processes [52,55]. During dry times, the residence time in the karst is longer resulting
in more PCP, and the prolonged contact of water and host rock leads to the incongruent
dissolution of more Mg. Both processes increase the Mg concentration of the drip water
and, thus, of the speleothem calcite [52,56,57]. Thus, the Mg content of a speleothem may
reflect changes in the residence time, which is related to the amount of infiltrating water
and precipitation [52]. Barium and Sr are also derived from the carbonate host rock and
may also be sensitive to periods with a longer residence time of the seepage water as well
as faster growth rates (more incorporation of Ba and Sr during phases of higher growth
rate; [52,55]. Furthermore, several studies suggested that the Mg and Sr concentrations (as
well as the §!3C values) of speleothems increase due to prior calcite precipitation (PCP),
sensitive to dry conditions [49,50,52,58,59]. Cave monitoring at Bunker Cave has indeed
shown that the Mg/Ca ratio of stalagmite Bu4 is influenced by PCP with higher Mg/Ca
ratios during drier periods and vice versa [12,29].

The Mg content of stalagmite Bul is generally lower than that of stalagmite Bu4. This
is consistent with the studies of Riechelmann et al. [29] and Fohlmeister et al. [12], in which
lower Mg/Ca ratios are attributed to a faster drip rate resulting in less PCP or as a result
of a shorter residence time in the karst aquifer with less Mg content derived from host
rock dissolution. Therefore, only the Mg concentration of Bu4 can be interpreted as a
proxy of past precipitation due to PCP occurring at the drip site of Bu4 [29]. Speleothem
Bu4 has higher concentrations between 0.6 and 0.1 ka BP, whereas sample NGO1 from the
Herbstlabyrinth cave system shows significantly lower and sample TV1 quite constant
concentrations during this period. Furthermore, the Mg content of speleothem Bu4 is
also higher between 1.55 and 1.2 ka BP and shows similar values as during 0.6-0.1 ka
BP. Following the interpretation of Fohlmeister et al. [12] and Wassenburg et al. [25], the
higher Mg concentrations during these two phases indicate drier conditions at Bunker
Cave, which is consistent with the §!80 and 5'°C values of the Bunker Cave speleothems.
The Mg records of Bu4 and TV1 show some common patterns, such as the two minima at ca.
1.0 and 0.6 ka BP in TV1, which correspond with the phase of lower values in Bu4 during
1.0-0.5 ka BP. NGO01 does not show a similar pattern, and the Mg values are relatively low in
comparison to TV1. This is comparable with Bul that shows lower Mg concentrations than
Bu4 and may indicate that NG01 is—asBul—not influenced by PCP. In this case, the Mg
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content of NG01 would be mainly influenced by local processes. Thus, we only interpret
the Mg records of Bu4 and TV1 as a proxy for past precipitation variability.

As mentioned above, §'80 values are higher during phases of cold and dry climate
and lower during phases with warmer and more humid conditions. However, a distinct
negative peak in the Mg content of speleothem Bu4 at around 1.39 ka BP interrupts this
dry phase. In contrast to the high Mg content during dry periods in stalagmite Bu4, the
Mg concentration of Bu4 is substantially lower during phases with more humid climate
conditions, e.g., at around 2.1-1.55 and 1.2-0.6 ka BP. The higher (1.55-1.2 and 0.6-0.1 ka
BP) as well as the lower Mg concentration (1.2-0.6 ka BP) of Bu4 correlates with higher
5180 values (1.61-1.2 and 0.56-0.05 ka BP) and lower §'80 values (1.04-0.85 ka BP and
0.78-0.56 ka BP), which is shown in Figure 5 by yellow bars for warm and humid periods
and blue bars for cold and dry periods. Thus, during dry (more humid) phases with a
high (low) Mg concentration, the §'80 records show higher (lower) values, which is in
agreement with the results of Fohlmeister et al. [12].

Most of the other trace elements show no distinctive features during the cold and
warm periods highlighted in Figure 3. In Mischel et al. [32], the Ba as well as the P
concentrations of the stalagmites from the Herbstlabyrinth cave system were interpreted
as vegetation proxies with higher values indicating a more productive vegetation cover.
Barium and Sr show positive correlations in speleothems Bul, Bu4, and NGO1 (Table 3).
As described above, Sr and Ba can be influenced by PCP, which is indicated by a positive
correlation between Mg, Sr and Ba. This is not the case for the stalagmites Bul, Bu4 and
NGO1 (Table 3), which excludes PCP as a dominant influencing factor. Another process
resulting in a positive correlation between Sr and Ba is growth rate. The growth rate of
Bul is relatively constant with two phases with lower growth rate around 1.3 and 1.0 ka
BP (Figure 2). This is reflected in the relatively constant Ba concentrations with lower
values around 1.3 ka BP and 1.0 ka BP. In addition, lower values occur around 0.2 ka BP,
which cannot be related to lower growth rate based on the age model. However, since Bul
stopped growing at 0.15 ka BP, a decrease in growth rate can be assumed (Figure 6). The
Ba concentration of Bu4 is relatively constant between 2.5 and 0.9 ka BP without a distinct
trend. In addition, the growth rate of Bu4 is quite constant during this time period. It
decreases at 1.0 ka BP, which is visible in the lower Ba concentrations between 0.9 and 0.1 ka
BP [36]. The strong increase in the Ba concentration of Bu4 in the last 100 years is due to an
increased growth rate, which is induced by the opening of the cave around AD 1860. This
dramatically changed cave ventilation, the CO, concentration in the cave air decreased,
and resulted in enhanced calcite precipitation [60]. This opening of the cave is also visible
in the §!3C values of Bu4 in the most recent time (Figure 4-Bu4). The relation with growth
rate is also visible for stalagmite NGO1 from the Herbstlabyrinth cave system with fast
growth around ca. 2.4 and 2.0 ka BP [32], which is reflected in high Ba concentrations
during the same time span (Figure 6). Afterwards, growth rate decreased in two steps,
which is also visible in the Ba concentration. To conclude, Ba and Sr are strongly influenced
by the growth rate, which is strongly affected by the corresponding drip site. Thus, Ba
and Sr are mainly affected by site-specific processes and cannot be used as supra-regional
climate proxies.

Treble et al. [55] described P as a surface bioproductivity proxy as well as a proxy
for soil activity and wetness (rainfall). Due to a more productive vegetation cover, the
P concentration of a speleothem is, thus, higher during humid times [32]. However, as
described above for §'3C, P can also be influenced by site-specific processes. Therefore, P is
probably more influenced by local processes than supra-regional climate.

The different behavior of the trace elements in the four stalagmites is also evident in
the PCAs (Figure 8). Thus, the processes influencing the various proxies are obviously, at
least for some proxies (P, Sr and Ba), dominated by site-specific effects rather than climate
variability. The correlation coefficients between the different proxies, with exception of Mg
and the stable isotopes, show no specific pattern, and during the cold and warm phases
mentioned above, only the 5§80 and §!3C values as well as the Mg content (Bu4, TV1) of
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the stalagmites show common features (Figures 9-11). Therefore, only these proxy signals
of the four speleothems are further investigated below.
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Figure 9. 5'3C records of all four speleothems with a temporal resolution of 10 years. Yellow bars indicate the Medieval
Warm Period (MWP) and the Roman Warm Period (RWP) as periods with warm and humid climate, and blue bars indicate
the Little Ice Age (LIA), the Dark Ages Cold Period (DACP) and the Late Antique Little Ice Age (LALIA) as periods with cold
and dry climate. Timing and duration of these cold and warm phases are shown as described in the literature [2,6,8,12,61].
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Figure 10. Mg records of speleothems Bu4 and TV1 with a temporal resolution of 10 years. Yellow bars indicate the MWP
and the RWP as periods with warm and humid climate and blue bars indicate the LIA, the DACP and the LALIA as
periods with cold and dry climate. Timing and duration of these cold and warm phases are shown as described in the

literature [2,6,8,12,61].

5.3. Cold/Dry and Warm/Humid Phases during the Late Holocene in Germany

The §'80 records of the four speleothems are considered as the most sensitive proxies
for climate variability. Figure 11 shows a comparison of the 5§80 records with other
palaeoclimate records, such as a §'80 record from the alpine Spannagel Cave with higher
5180 values indicating colder temperatures and vice versa [62], a summer temperature
reconstruction from alpine tree-rings [3] and the growth rate record from Uamh an Tartair
Cave (Scotland) indicating a negative NAO index during times of higher growth rate and
vice versa [26]. In general, all these records show periods of agreement with the four §'0
records from this study. The records indicate colder and drier climate for the DACP and
the LIA, most probably induced by a negative NAO index, as well as more humid and
warmer climate for the RWP and the MWP are indicated by all four records, induced by
a positive NAO index. This has an influence on temperature and precipitation, which is
recorded in the proxy signals in the speleothems as indicated by the monitoring studies
from Bunker Cave and Herbstlabyrinth cave system [27,28].
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temperature anomalies with respect to AD 1901-2000 reconstructed from alpine tree-rings [3], (B) normalized growth rate of

five stalagmites from Uamh an Tartair Cave (Scotland, [26]), (C) composite 5180 record from Spannagel Cave (Austria, [62]),
(D) 6180 record of speleothem Bul from Bunker Cave, (E) 5180 record of speleothem Bu4 from Bunker Cave, (F) 3180 record
of stalagmite NGO1 from the Herbstlabyrinth cave system and (G) 8180 record of stalagmite TV1 from the Herbstlabyrinth
cave system. The original §'80 records of Bul, Bu4, NGO01 and TV1 are shown in light grey and the 5'80 records with a

temporal resolution of 10 years are shown as coloured lines. Yellow bars indicate the MWP and the RWP as periods with
warm and humid climate, and blue bars indicate the LIA, the DACP and the LALIA as periods with cold and dry climate.
Timing and duration of these cold and warm phases are shown as described in the literature [2,6,8,12,61].

5.3.1. Cold/Dry Periods

The 50 and 513C values of all four stalagmites (Bul, Bu4, NG01, TV1) as well
as the Mg concentration of stalagmites Bu4 and TV1 indicate predominantly cold and
dry climate conditions during the DACP (1.6-1.25 ka BP) and the LIA (0.6-0.1 ka BP)
(Figures 9-11). The DACP was characterized by cold climate conditions between 1.6 and
1.25 ka BP in the Northern Hemisphere [6]. The mean Northern Hemisphere cooling
was —0.5 °C, and climate conditions in the Alps were cold and wet [3]. Helama et al. [6]
also reported wet conditions for some regions, but also described dry conditions for the
Mediterranean region. Potential triggers for the DACP were a North Atlantic ice-rafting
event at around 1.4 ka BP or a connection to the North Atlantic Oscillation (NAQO) and/or El
Nifo-Southern Oscillation [6]. In contrast to the higher 513C and 680 values of the Bunker
Cave speleothems Bul and Bu4 and the higher §!3C values of TV1, which indicate cold and
dry climate, the decreasing §'3C and §'30 values of speleothem NGO01 and the §'80 values
of TV1 from the Herbstlabyrinth cave system indicate a warmer and more humid climate
(Figures 9 and 11). However, NG01 and TV1 show a trend towards higher 580 values a bit
earlier, which indicates a colder and drier climate. This earlier occurrence of higher 5§80
values is most probably due to the uncertainties of the age models of the two stalagmites
(Figure 3). As discussed above, 5'3C values are also influenced by vegetation density and
activity, which could also explain the difference between the two stalagmites from the
Herbstlabyrinth cave system. These two stalagmites are from two different parts of the
cave, which are some hundreds of meters away from each other. It cannot be excluded that
the vegetation cover above the different cave parts was different during this time. Another,
more likely, reason could be site-specific changes in the flow routes and drip rate resulting
in lower 5'3C values. The Mg concentrations of Bu4 and TV1 confirm this interpretation
with higher values during this phase, indicating a drier climate (Figure 10).

Biintgen et al. [8] analyzed tree-ring chronologies from the Russian Altai and the
European Alps and found a long-lasting cooling, which was identified as the Late Antique
Little Ice Age (LALIA, AD 536-660). A minimum in Mg concentration and 513C values
of speleothem Bu4 indicating more humid conditions at Bunker Cave coincides with this
cold period, which occurred after several volcanic eruptions and was sustained by a solar
minimum as well as ocean and sea-ice feedbacks [8].

The second cold phase mentioned above can be identified as the Little Ice Age (LIA),
which was probably the coldest multidecadal to multicentury long climate oscillation
during the Late Holocene and was characterized by a strong cooling over the extratropical
continents of the Northern Hemisphere [13,61]. The timing and duration of the LIA varies
between the individual proxy records [63]. For instance, the LIA was already recorded
in the Mg/Ca and stable isotope records of the speleothems from Bunker Cave between
0.7 to 0.2 ka BP [12], whereas Mann et al. [61] described a distinct cooling during 0.6 to
0.3 ka BP. A lower summer insolation in the Northern Hemisphere as well as a solar activity
minimum and several volcanic eruptions have been assumed as possible triggers for the
cold conditions [17]. In addition, Miller et al. [64] presented records of ice-cap growth in
Arctic Canada and Iceland which showed that ice growth and cold summer conditions of
the LIA began abruptly between 0.7 and 0.65 ka BP, followed by an intensification around
0.5 ka BP. They also indicate that intervals of ice growth coincided with two of the most
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volcanically perturbed intervals of the past millennium, and that the onset of the LIA
can be linked to an unusual 50-year-long episode with four large Sulphur-rich explosive
eruptions [64]. The mean cooling in the Northern Hemisphere was around —0.7 °C [65],
and Boch and Spétl [2] described that the LIA in the Alps was marked by cold and wet
summers as well as very cold winter months with a phase of increased precipitation
between 0.3 and 0.14 ka. The cold phase was also recorded in a multi-archive, multi-proxy
summer temperature reconstruction for the European Alps based on tree-rings and lake
sediment data [66]. In the speleothem records from Bunker Cave, the LIA is reflected
by higher §'80, §13C and Mg values (Bu4) indicating cold and dry climate. In addition,
both speleothems from the Herbstlabyrinth cave system show a slight increase of the §'0
values during the cold phase. Speleothem NGO01 shows substantially higher 5!3C values,
whereas TV1 shows slightly higher Mg concentrations. As discussed above, the different
pattern of the '3C values of TV1 is attributed to changes in local vegetation, drip rate
or changes in flow routes in the karst system. Thus, the majority of the proxy records
indicate cold and dry climate conditions during the Dark Ages Cold period and the Little
Ice Age (Table 4), which is in a very good correspondence to the paleoclimate records from
Spannagel Cave indicating colder climate with higher 5'0 values especially during the
LIA [62]; further reconstructed summer temperatures from alpine tree-rings show colder
temperatures during the DACP and the LIA. Further, the growth rate record from Uamh an
Tartair cave (Scotland) indicates negative NAO during the end of the DACP and the LIA.

Table 4. Summary of the climate conditions at the two studied cave sites during the cold (Dark Ages
Cold Period (DACP) and Little Ice Age (LIA)) and warm phases (Roman Warm Period (RWP) and
Medieval Warm Period (MWP)).

Bunker Cave Herbstlabyrinth Cave System
RWP warm/humid
DACP cold/dry cold/dry
MWP warm/humid warm/humid
LIA cold/dry cold/dry

5.3.2. Warm/Humid Periods

Our multi-proxy data also suggest two warm phases during the last 2500 years
(Figures 9-11), which coincide with the RWP and MWP. The RWP is a moderately warm
phase during 2.3-1.6 ka BP with relatively humid conditions [67,68]. During this phase,
both stable oxygen isotope records from the Herbstlabyrinth cave system show a similar
pattern with lower §'80 values and an increase of the 5'80 values at the end of the RWP.
The 5'3C values of speleothem TV1 are also lower during the RWP and reflect a higher
vegetation productivity due to more precipitation at the cave site. However, NG01 only
shows lower §13C values at the end of the record, whereas TV1 shows increasing values
around 2.25 ka BP. Dating uncertainties as well as local vegetation or drip rate effects may
account for this inconsistent pattern.

The second warm phase recorded in the high-resolution stable isotope and Mg con-
centration data can be identified as the MWP. This period between 1.1 and 0.6 ka BP was
relatively warm and humid [2,9,10,61,65]. A temperature reconstruction from several
climate proxies on the extratropical continents of the northern Hemisphere indicated the
highest temperatures during the MWP and the Twentieth Century [7]. Furthermore, Martin-
Chivelet et al. [68] suggested that climate during the MWP was warmer than during the
RWP and temperatures of both warm periods were higher than present-day temperatures.

In the speleothem records from Bunker Cave, lower 5180 and §13C values correlate
with a lower Mg content (Bu4) during the MWP indicating warm and humid climate
conditions. The §'80 records of the two speleothems from the Herbstlabyrinth cave
system reach their minimum values during the MWP within dating uncertainties, which is
similar to the stable isotope records of the Bunker Cave stalagmites. The two speleothems
NGO1 and TV1 also show lower §!3C values during the MWP indicating humid climate
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conditions at the Herbstlabyrinth cave system. In all four stalagmites, these warm and
humid conditions were interrupted by a short phase with cold and dry climate conditions
(1.0-0.8 ka BP). This cold and dry period is also obvious in the normalized growth rate
record from Scotland (Figure 11).

A comparison of the four 5'80 records from this study, indicating a warm and humid
RWP and MWP, with other records, show a consistent picture (Figure 11). The Spannagel
record also shows a warm and humid MWP, even if higher 5'80 values prevailed during
the RWP (Figure 11) [62]. The NAO reconstruction from Uamh an Tartair Cave suggests a
positive NAO during the MWP and the RWP with warm and humid climate indicated by a
low growth rate of the speleothems [26]. Furthermore, the temperature reconstruction from
alpine tree-rings shows warm summer temperatures during the MWP and the RWP [3].

6. Conclusions

High-resolution multi-proxy records of four precisely dated speleothems (Bul, Bu4,
NGO1 and TV1) from two thoroughly monitored cave systems (Bunker Cave and Herbst-
labyrinth cave system) enable the reconstruction of climate variability during the last 2500
years. The records show evidence for several centennial-scale climate anomalies during the
Late Holocene.

In a first step, the proxy signals were subdivided into proxies influenced by site-
specific effects and proxies reflecting supra-regional climate variability by searching for
common patterns in all four speleothems. This suggests that Sr, Ba and P are mainly
influenced by growth rate (Sr, Ba) and local soil-related processes (P) and therefore, reflect
site-specific effects. Similarly, the Mg concentration of Bul and TV1 cannot be considered
as a proxy for supra-regional climate, because both stalagmites were not influenced by PCP.
Therefore, their Mg concentration is not related to precipitation. On the other hand, the
8180 and 8'3C values of all four speleothems and the Mg concentration of Bu4 and TV1
show common patterns for most parts of the records suggesting that they are proxies for
supra-regional climate variability.

The 880 records of all four speleothems show higher values during DACP and
LIA indicating cold and dry climate as well as lower values during RWP and MWP
indicating warm and humid climate. The four 'O records show a good agreement with
other paleoclimate records indicating that the speleothems from Bunker Cave and the
Herbstlabyrinth cave system are influenced by the NAO and preserve centennial-scale
temperature and precipitation information.

The §13C records show a consistent pattern between Bul, Bu4 and NGO01 and agree
well with the pattern of the §'80 records and the other paleoclimate records. This indicates
that they record precipitation and vegetation activity. The §'C record of TV1 shows a
different pattern during some time periods, suggesting that it is not only influenced by
supra-regional climate variability, but by site-specific effects, such as local changes in
vegetation or drip rate. The Mg concentration of Bu4 and TV1 is controlled by PCP, which
is related to precipitation, and also agrees with the patterns of the other climate proxies.

Thus, the §'80, §!3C and Mg signals show a consistent pattern reflecting a cold and
dry DACP and LIA, and a warm and humid RWP and MWP. This documents the influence
of the NAO at both cave sites.
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