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a b s t r a c t

Studies on the last interglacial (LIG) can provide information on how our environment behaved in a
period of slightly higher global temperatures at about 125 ± 4 ka, even if it is not the best analogue for
the Holocene. The available LIG climate proxy records are usually better preserved and can be studied
at a higher resolution than those of the preceding interglacials, allowing detailed comparisons. This
paper presents complex stable hydrogen, carbon and oxygen isotope records obtained for carbonate
(d13C and d18Ocarb) and fluid inclusion hosted water (dD and d18Ow) of a stalagmite from the Baradla
Cave system in Central Europe that covers most of the LIG, as proven by U-Th dates. Comparing its C
and O isotope data with records reported for other speleothem (cave-hosted carbonate) deposits from
Europe revealed the complex behavior of these climate proxies, with a concerted relative increase in
18O of carbonates from 128 to 120 ka and synchronized shifts in the opposite direction after 119 ka. The
hydrogen isotope analyses of inclusion-hosted water extracted from the BAR-II stalagmite also
correspond to the regional climate proxy records, with meaningful deviations from global temperature
trends. Beside following the general paleotemperature pattern from the climate optimum (high dD
values up to �64‰ around 120 ka) to the subsequent cooling starting at about 119 ka (low dD values
down to �90‰ at about 109 ka), a period between 126.5 and 123 ka with low dD values (down
to �81‰) is detected in the BAR-II stalagmite. Although the isotope shifts are muted in the C-O isotope
data of carbonate due to competitive fractionation processes, the d13C data show a positive relationship
with the dD pattern, indicating humidity e and possibly temperature e variations. The periods with
low dD values fit well to temperature and humidity changes inferred from proxy records from western
Europe to the eastern Mediterranean. Spatial distributions of these variables show, that at about
125 ± 2 ka the Mediterranean region was characterized by warm, humid conditions and enhanced
seasonality with elevated winter precipitation. The combined interpretation of stable isotope data
revealed that the Alpine and Mediterranean regions behaved differently during Greenland Stadial 26
(GS26, ~119 to 116.2 ka). While the Alpine records fluctuated in close agreement with the Central
Greenland ice core d18O data, the BAR-II stalagmite show a positive d18Ocarb anomaly. The Baradla data
indicate enhanced aridity and seasonality for a part of GS26, with the relative dominance of summer
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precipitation and Mediterranean moisture contribution. Following the GS26 event, the effect of long-
term global cooling becomes dominant in the Baradla isotope records and leads to glacial inception at
about 109 ka.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In the last 5 million years Earth's climate has experienced sub-
stantial cooling, leading to an ice age characterized by the repeated
expansions of extensive ice sheets (Lisiecki and Raymo, 2005).
Stable isotope compositions of deep sea drilling cores and ice cores
from the Antarctic continent convincingly indicate that the period
of the last ~1 million years was dominated by cold (glacial) periods
cyclically interrupted by warm periods, called interglacials (EPICA
community members, 2004; Lisiecki and Raymo, 2005). At pre-
sent we are living in an interglacial that provides a comfortably
warm and humid environment for the human society. The future of
our society depends largely on the evolution of the natural envi-
ronment, hence the understanding of how the present interglacial
will change and how natural processes and anthropogenic in-
fluences can contribute to the temperature and humidity changes is
increasingly important. Beside global climate models that forecast
meteorological changes from the present to the near future, pale-
oproxy records of sedimentary formations (marine sediments, lake
deposits, speleothems, etc.) formed during past interglacial periods
can provide important data on how temperature and precipitation
conditions evolved on decadal to millennial time scales. The best
natural analogue for the present interglacial would be the warm
period around 400 ka before present, as the orbital parameters that
determine insolation were similar to the present day situation
(Loutre and Berger, 2003). Unfortunately, as we go back in time,
suitable paleoproxy records become less and less frequent due to
their decreasing availability and subsequent alterations. This is
especially true for speleothems, as the formations of earlier in-
terglacials are generally covered by younger deposits and the large
stalagmites are usually strictly protected, prohibiting appropriate
sampling (i.e., microdrilling along the growth axis on a polished
cross section). A rare exception is the compiled database of Chinese
speleothems that cover the last 640 ka and whose composite stable
oxygen isotope record could be compared with solar insolation
values and orbital parameters (Cheng et al., 2016).

Speleothems are valuable in paleoclimate studies for a number
of reasons (see the comprehensive review by Fairchild and Baker,
2012): i) they can be precisely dated using the U-Th series
method providing a solid base for investigations of temporal evo-
lution of paleoclimate proxies; ii) speleothems are formed in pro-
tected and relatively stable cave environments and hence are not
exposed to late-stage alterations (like in case of sedimentary
diagenesis that is generally induced by significant temperature
changes coupled with influx of exotic fluids); iii) speleothems can
be studied by geochemical methods that provide valuable envi-
ronmental proxies such as stable isotope and trace element com-
positions. Compared to earlier periods, stalagmites from the last
interglacial (LIG) are rather frequent and can be studied in sufficient
numbers (Govin et al., 2015). Stable C and O isotope records, for
instance, from European caves' carbonate deposits are available
from Belgium (Vansteenberge et al., 2016), the Alps (Austria; Meyer
et al., 2008; Boch et al., 2011; Moseley et al., 2015), the Massif
Central (France; Couchoud et al., 2009), and the Apuane Alps (Italy;
Drysdale et al., 2005, 2007). These records have been dated by the
U-Th series dating method providing numerical ages, making them
valuable for paleoclimate studies on the LIG, although their
geochemical compositions have not been evaluated in detail as yet
(Govin et al., 2015). Besides conventional carbonate C and O isotope
analyses, H and O isotope values of water trapped in the fluid in-
clusions of stalagmites have gained increasing importance in recent
years as technical developments improved sampling resolution,
analytical precision and throughput (Vonhof et al., 2006; van
Breukelen et al., 2008; Dublyansky and Sp€otl, 2009; Griffiths
et al., 2010; Wainer et al., 2011; Rowe et al., 2012; Arienzo et al.,
2013; Ayalon et al., 2013; Affolter et al., 2014). The main advan-
tage of fluid inclusion analyses is that e in contrast to C and O
isotope ratios of the precipitating carbonate that depend on a large
number of factors (see Fairchild and Baker, 2012)e H and O isotope
compositions of the water are not fractionated during entrapment,
and hence can directly reflect the composition of dripwater
(Harmon and Schwarcz, 1981; Yonge, 1982). Although, following
deposition, the oxygen isotope composition of the trapped water
can change in the course of diagenetic alteration (Dem�eny et al.,
2016a), the hydrogen isotope composition remains intact during
and after the entrapment. In this study we present the carbonate C
and O isotope compositions as well as fluid inclusion H and O
isotope values of a stalagmite from the Baradla Cave (NE Hungary)
that were used to detect paleohydrological changes in the last
interglacial. These records were compared with paleoproxy data
obtained fromWestern and Central Europe and the Mediterranean
region in order to reveal spatial temperature and humidity changes
in the course of the LIG.
2. Cave site and stalagmites

The Baradla Cave is situated in north-east Hungary (N48�280

E20�300) at the Hungarian-Slovakian border, beneath a forested
areawith amean elevation of 300e450m a.s.l. The cave systemwas
formed in lagoon facies of theWetterstein Limestone of the Triassic
(Ladinian) age and is characterized by almost horizontal passages.
The area is under the influence of European cyclone tracks with the
most important cyclogenesis centers in the Icelandic and the
Western Mediterranean regions (Bartholy et al., 2006, 2009). Cy-
clones starting-up near these regions transport marine moisture to
Hungary (Botty�an et al., 2013) by the induced frontal systems. Most
Icelandic cyclones arrive in winter, but approximately 30 cyclones
derive from the Mediterranean area, most frequently in spring
(Kelemen et al., 2015). Significant weather influences could also
come from the East (Bartholy et al., 2006). However, this weather
pattern brings cold/dry air into the region, so precipitation is
typically not accompanied with these macrocirculation situations.
The most characteristic season and situation when such influences
can be prevailing is winter, when cold polar/continental air masses
intrude to the region. Monthly averages of precipitation amount,
temperature and potential evapotranspiration data were extracted
from the Carpatclim dataset (Szalai et al., 2013) that indicate that
infiltration may occur in the period of November to April, while
evapotranspiration exceeds precipitation in the warm months
(Dem�eny et al., 2016b).

On the basis of combined evaluation of cave monitoring data, as
well as textural, stable isotope and trace element analyses of four
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actively growing stalagmites and their comparison with meteoro-
logical data, Dem�eny et al. (2016b) determined that carbon isotope
compositions of compact, slowly growing stalagmites of the Bar-
adla Cave reflect variations in winter precipitation amount, while
their oxygen isotope composition can be considered as a proxy for
winter temperature. Although these relationships were calibrated
for the current interglacial conditions, they can provide a basis for
the interpretation of stable isotope compositions of the stalagmite
formed during the last interglacial.

The collection site of the stalagmite studied in this paper is
about 1 km away from the nearest entrance (Fig.1) and under about
150 m of host rock cover. Cave conditions were characterized by
spot measurements conducted during water sampling (Dem�eny
et al., 2016b). Cave temperature was 9.7 ± 0.5 �C, CO2 content
was 3500 ± 1100 ppm, pH was 7.9 ± 0.3 (n ¼ 14). Dripwater com-
positions were fairly constant in the entire cave (dD ¼ �66 ± 1.5‰,
d18O ¼ �9.5 ± 0.2‰, n ¼ 27). The stalagmite studied in this paper
(BAR-II) is actually a double one, with two columns, 34 and 36 cm
long (BAR-II#L and BARII#B, respectively). The internal textures of
the cut and polished surfaces of the two separate columns are very
similar, with clear hiata (Fig. 1). The stalagmites are composed of
dense, well-crystallized calcite. Four major textural types charac-
terize both stalagmite columns: the formation starts with a finely
laminated texture in which the lamination is expressed by whitish,
inclusion-rich layers (#1). This is followed by white, cloudy,
inclusion-rich texture (#2), then translucent calcite with fine
lamination (#3) and texture #2 again. The white, cloudy texture
becomes gradually pale and lamination appears (#4) that turns into
translucent, finely laminated calcite (#3). Hiatus #1 (see Fig. 1)
closes this sequence as a ~1mm thick white (yellowish at the sides)
layer. Stalagmite formation continues with translucent calcite, but
this part is not investigated in this paper. Both columns were dated
by U-Th series method. High-resolution carbon and oxygen isotope
analyses were conducted on the BAR-II#B column, BAR-II#L was
used for a replication test. Both columns were analysed bymeans of
Fig. 1. Cave site locations and pictures of stalagmites collected from the Baradla Cave, NE
hydrogen and oxygen isotope measurements of fluid inclusion-
hosted water.
3. Analytical methods

Altogether 23 U-Th dates were obtained for the two columns of
the BAR-II double stalagmite (Fig. 1), placed either at hiata or
distributed evenly along the stalagmite's axis. The U-Th age de-
terminations were conducted at the Department of Geosciences,
National Taiwan University using standard procedure (Shen et al.,
2002, 2003). The BAR-IIB stalagmite column was analysed in two
analytical runs in 2007 and 2015, whereas the analyses of the BAR-
IIL column was conducted only during the 2015 run. Sample chips
(0.1e0.2 g) were dissolved in HNO3, spiked with a mixed
229Th-233U-236U tracer, refluxed and evaporated. U and Th were co-
precipitated with an Fe-carrier, then separated to form a clean U
fraction and a clean Th fraction using an anion exchange resin (Shen
et al., 2003). The isotopic compositions of U and Th in the solutions
were measured by a Thermo Electron NEPTUNE multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS)
(Shen et al., 2012). The obtained ages are given as year BP (“Before
Present”, i.e., before the analyses' dates). The results of the two
analytical runs in 2007 and 2015 showed excellent agreement (see
Supplementary Table 1). The estimated uncertainty of individual
dates range from 683 to 1288 years (with an average of 864 years).
Age depth models for the stalagmite columns BAR-II#B and BAR-
II#L (Fig. 2) were established using the StalAge algorithm (Scholz
and Hoffmann, 2011). The Stalage model fit all the age dates of
the BAR-II#B column well, while it deviates from the youngest age
date in case of the BAR-II#L column. This calculation problem has
also been detected by Mudelsee et al. (2012) for a case when the
youngest date deviates significantly from the age-depth relation-
ship for other samples from the same stalagmite. Since only the
youngest part and only one age date point is influenced in the BAR-
II#L column that served as a replication test for the BAR-II#B
Hungary. Numbers in circles within the BAR-II#B and L stalagmites denote hiatuses.



Fig. 2. Age-depth relationships for the BAR-II#L and BAR-II#B stalagmite columns. U-
Th ages and their errors are listed in Supplementary Table 1. Model curves and their
uncertainties were established using the StalAge algorithm of Scholz and Hoffmann
(2011), except the youngest part of the BAR-II#L stalagmite column, where a linear
age-depth model was applied (marked by dashed line).

Fig. 3. Stable carbon and oxygen isotope compositions (in‰, relative to V-PDB) of the
BAR-II#B stalagmite along six laminae (Hendy test, Hendy, 1971).
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column analysed at higher resolution, StalAge estimates have been
replaced by a simple linear interpolated age-depth relationship
above the last two age dates of BAR-II#L.

Stable carbon and oxygen isotope compositions were deter-
mined on calcite powder drilled at a spatial resolution of about
5 mm for a preliminary investigation, then at <1 mm resolution for
a detailed study using the continuous flow isotope ratio mass
spectrometric method (Sp€otl and Vennemann, 2003). The low-
resolution analyses of the BAR-II#L column were conducted at
the University of Lausanne, the higher resolution measurements on
the BAR-II#B columnwere made at the Institute for Geological and
Geochemical Research (IGGR), Budapest. Isotopic compositions are
expressed as d13C and d18O in ‰ relative to V-PDB, with a precision
better than ±0.1‰ (based on replicate analyses of samples and
standards). Stable hydrogen and oxygen isotope compositions were
determined in the water extracted from fluid inclusions at the
IGGR, Budapest, using the laser spectrometric method described by
Czuppon et al. (2014) and Dem�eny et al. (2016a). The re-
producibilities of the dD and d18O values are better than ±2 and
0.5‰, respectively. As hydrogen and carbon isotope compositions
are reported only for water and carbonate, respectively, dD and d13C
will not be distinguished for water or carbonate, whereas d18O will
be expressed as d18Ocarb or d18Ow when carbonate or water is not
explicitly stated.
Fig. 4. Stable carbon and oxygen isotope compositions of the two columns (BAR-II#L
and BAR-II#B) of the BAR-II stalagmite as a function of age. Positions of age dates and
their errors are shown in the uppermost panel. Textural types are plotted as a function
of age in the middle panel. Texture: #1: finely laminated texture in which the lami-
nation is expressed by whitish, inclusion-rich layers, #2: white, cloudy, inclusion-rich
texture, #3: translucent calcite with fine lamination, #4: pale whitish, cloudy texture
with weak lamination.
4. Results

The two columns of the BAR-II stalagmite were dated by U-Th
method from the bases to a major hiatus (hiatus 1 marked in Fig. 1),
starting from 127.5 ± 1.3 ka (BAR-II#B) and 128.7 ± 0.9 ka (BAR-
II#L) and ending at 110.1 ± 1.3 ka (BAR-II#B) and 109.6 ± 0.9 ka
(BAR-II#L) (see Supplementary Table 1). The separate age-depth
model curves are quite similar (Fig. 2) and show that the stalag-
mite fulfils the suitability criteria of sufficiently fast and stable
growth rate to achieve appropriate resolution (Genty et al., 2013;
Govin et al., 2015).

Hendy test analyses (Hendy, 1971) were conducted for six
laminae of the BAR-II#B stalagmite (Supplementary Table 2, Fig. 3),
although it should be noted that sampling of annual laminae at a
growth rate of ~0.01mm/year was not possible, and the sampling of
collected layers spans 50e100 years. This spatial resolution issue
was one of the reasons why Dorale and Liu (2009) criticized the use
of the Hendy test and suggested the Replication Test instead.
Nevertheless, we should note that the sampled layers showed no
positive d18O-d13C correlation, only the d13C values were shifted in
the positive direction by ~0.7‰ (average shift for the six layers).

Stable carbon and oxygen isotope compositions obtained for the
stalagmite columns are listed in Supplementary Table 3. The high-
resolution d13C and d18Ocarb values gathered for the BAR-II#B col-
umn at the IGGR, Budapest match the isotopic compositions ob-
tained for the BAR-II#L column at the University of Lausanne
(Fig. 4) that gives credit to the compositions by means of
laboratory-related data precision and stalagmite record replication.
The youngest part of the BAR-II#L column was resampled at a
spatial resolution of 0.5 mm and measured at the IGGR, where the



Fig. 5. Stable hydrogen and oxygen isotope compositions of inclusion-hosted water as
a function of age. Positions of age dates and their errors are shown in the uppermost
panel.
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BAR-II#B could be analysed only at low resolution due to earlier
sampling for U-Th dating. Both the low and the high-resolution
data of the BAR-II#L column fit the isotopic pattern of the BAR-
II#B, although there seems to be a systematic ~500 years shift in
the two records. It should be noted, however, that this difference is
smaller than the analytical error of the U-Th dating. The d13C values
show a larger difference between the two records than the d18Ocarb
values, but this is in agreement with the stronger kinetic effect on C
isotopes caused by CO2 degassing during carbonate precipitation
(Hendy, 1971; Mickler et al., 2004).

The textural types (see section 2) show a correspondence to the
isotope data as the inclusion-rich, white layers are associated with
low d13C values (Fig. 4). Additionally, the highest water contents are
found in the period of 122.1 to 118.6 ka (see Supplementary
Table 3), overlapping with the part with the lowest d13C values.

The results of the high-resolution analyses on the BAR-II#B
column are shown in Fig. 4 and listed in Supplementary Table 3.
The d13C values range from�10.3 to�4.2‰. The compositions start
at a relatively high d13C values of�6.6‰ at 128.2 ka and decrease to
about �10‰ with fluctuations. The d13C record has a minimum of
around �10‰ in the period of 120.7 to 118.8 ka, followed by a
sudden increase by about 2‰ over 1000 years. After about 118.5 ka
the d13C values gradually increase, with a maximum of �4.2‰ at
108.8 ka. The d18Ocarb values start at about �8‰ at 128.2 ka and
show a strong fluctuation of ~1‰ and an average d18Ocarb value of
about �7‰ until 120 ka. The d18Ocarb values start increasing at 120
ka with a steeper increase from 119 ka (contemporaneously with
the positive d13C shift), and reach a maximum between 118.4 and
117.1 ka, ended with a decrease by 1.2‰ at 117 ka. Finally the
d18Ocarb values show a steep decline to �9.8‰ until 108.8 ka.

The H and O isotope compositions of fluid inclusion water
(Supplementary Table 3) are positively correlated (R2 ¼ 0.73), but
some of the d18Ow values are shifted to irrealistically negative
values down to �16.4‰. Plotting the H and O isotope compositions
as a function of age (Fig. 5), similar patterns are obtained for both
stalagmite columns and for both isotope compositions. Low dD and
d18Ow values characterize the period of 129 to 123 ka, high and
relatively constant compositions appear between 122 and 119 ka,
then both the dD and d18Ow values decrease. Evaporation as a cause
of the positive dD-d18O correlation is not regarded as a viable pro-
cess, as in that case the starting compositions (least affected by
evaporation) should correspond to the very low d18Ow values thate
together with the dD values ewould mean an irrealistic shift (with
a calculated d-excess value of þ41) from the Global Meteoric Water
Line (Craig, 1961). The d18Ow shift to very low values (down
to �16.4‰) rather indicates that the post-depositional oxygen
isotope exchange processes detected by Dem�eny et al. (2016a)
affected the BAR-II stalagmite. Dem�eny et al. (2016a) observed
coupled changes in d18Ow and calcite crystallinity parameters and
related the isotope shift to recrystallization of the stalagmite car-
bonate and oxygen isotopic re-equilibration between the sur-
rounding calcite and the inclusion-hosted water. As a reason for the
re-equilibration they proposed that initially the carbonate was
precipitated partly as metastable amorphous calcium carbonate
(ACC) that crystallized to calcite after the deposition. On the basis of
literature data, they assumed that the ACC-water oxygen isotope
fractionation is smaller than the calcite-water fractionation value,
hence the d18Ow of the inclusion-hosted water trapped in the ACC-
calcite mixture would be shifted to more negative values upon the
ACC-calcite transformation. In order to approach the larger calcite-
water fractionation, the water composition should change without
any appreciable d18Ocarb shift due to the mass dominance of the
host carbonate. Additionally, Dem�eny et al. (2016c) have found
direct mineralogical evidences for ACC precipitation at the cave site
and determined the ACC-water oxygen isotope fractionation that
turned out to be at least 2.4 ± 0.8‰ smaller than the calcite-water
value, giving support to the assumptions described above. It is
interesting to note that the strongest d18Ow shift occurs in the
youngest part (<115 ka) that belongs to the cooling period of the
last interglacial (Govin et al., 2015). Dem�eny et al. (2016a,c) sug-
gested that as ACC is stabilized at low temperature (<10 �C), cooling
may induce ACC precipitation at higher proportion, and conse-
quently stronger d18Ow changes, in accordance with the present
observation. Hence the d18Ow pattern can be partly related to for-
mation temperatures andmay support the primary, climate-related
nature of the dD values. However, as the d18Ow values are shifted by
the post-depositional processes, only the dD values will be dis-
cussed in the followings. As both stalagmite columns provided
reliable and comparable age-depth relationships, the dD values will
be plotted as a stacked record containing both columns' data.

5. Discussion

5.1. Suitability assessment of the BAR-II stalagmite

As was demonstrated by Dem�eny et al. (2016b), the carbon and
oxygen isotope compositions of the stalagmites grown under
interglacial conditions of the Baradla Cave can reflect environ-
mental parameters, but the suitability for paleoclimate analysis of
the BAR-II stalagmite should also be investigated, i.e. if the stalag-
mite's calcite was precipitated under equilibrium conditions. There
are two classical tests used to assess equilibrium precipitation: i)
the Hendy test (see above), and ii) the comparison of compositions
directly measured and calculated from temperature and water
composition data.



Fig. 6. Combined plot of stable carbon and oxygen isotope compositions of stalagmite
carbonate (BAR-II#B stalagmite column) and hydrogen isotope compositions of
inclusion-hosted water. Arrows indicate the periods of interglacial development,
„acme” (d13C minimum and d18Ocarb maximum) and global cooling following Govin
et al. (2015). Low dD periods are marked as cold and wet events, while the positive
d18Ocarb peak is interpreted as an arid period.
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As shown in Fig. 3, none of the laminae analysed for Hendy test
(Hendy, 1971) showed coupled positive d13C and d18Ocarb shifts,
hence degassing-related kinetic fractionationwas negligible during
the formation of the stalagmite. It is important to note that Hendy
test analyses on recently forming stalagmites collected close to the
sampling location of the BAR-II stalagmite showed no significant
d18O-d13C correlations, hence the site can be considered to be free of
ventilation-related kinetic fractionation (Dem�eny et al., 2016c).

Another important test for equilibrium is the comparison of
measured and calculated compositions. Under conditions of equi-
librium the oxygen isotope composition of the calcite is determined
by temperature and the water oxygen isotope composition (O'Neil
et al., 1969). The main problem is that many equations have been
proposed for the calcite-water oxygen isotope fractionation (O'Neil
et al., 1969; Friedman and O'Neil, 1977; Kim and O'Neil, 1997;
Chacko and Deines, 2008; Coplen, 2007; Horita and Clayton,
2007; Dietzel et al., 2009; Dem�eny et al., 2010; Zheng, 2011; Day
and Henderson, 2011; Tremaine et al., 2011; Gabitov et al., 2012);
these, however, provided different fractionation values for the
same temperature. Two equations were selected as the Devils Hole
location fulfils most of the theoretical requirements of equilibrium
calcite precipitation (slow precipitation rate, stable environment,
Coplen, 2007), while the equation established by Tremaine et al.
(2011) is based on a collection of natural cave deposit data
selected by avoiding kinetic fractionation bias. The present day
temperature of the cave site (9.7 ± 0.5 �C) and the dripwater
composition (see section 2) yield calculated calcite compositions
of �7.1 and �7.6‰ for the Coplen (2007) and Tremaine et al. (2011)
equations, respectively (with standard deviation of 0.2‰ as a result
of temperature and water composition variations). The BAR-II
d18Ocarb values range from �7.7 to �6.4‰ in the fully developed
interglacial period (124e120 ka), which range partly overlaps the
calculated compositions, suggesting that the BAR-II stalagmite was
grown close to equilibrium conditions.

5.2. Interpretation of stable isotope compositions and variations in
climate conditions on the basis of the BAR-II record

The carbon isotope signal of the Baradla Cave stalagmites can be
basically interpreted as a proxy of soil activity depending on tem-
perature and precipitation amount, while the oxygen isotope
composition of the carbonate reflects mainly the combined effect of
temperature, moisture source and seasonality changes (Dem�eny
et al., 2016b). The hydrogen isotope compositions of inclusion-
hosted water depend on the same factors that determine the drip
water compositions and the d18Ocarb values, only the effect of car-
bonate precipitation temperature can be excluded. Hence, the dD
and d18Ocarb records are expected to have some shared patterns if
the environmental parameters change. Temporal variations of d13C,
d18Ocarb and dD records of the BAR-II stalagmite revealed inter-
esting correspondences (Fig. 6).

The BAR-II stalagmite's formation started at around 129 ka,
indicating that the climate ameliorated at that time to the tem-
perature and humidity conditions appropriate for stalagmite for-
mation at this karstic region. This date corresponds to the starting
of maximum interglacial conditions and highest growth rates
recorded by stalagmites in Europe (Drysdale et al., 2009; Genty
et al., 2013). In the first millennium of the BAR-II stalagmite
growth the d13C and d18Ocarb values decreased and increased by
~2.5 and 1.5‰, respectively, then they continued the decrease/in-
crease with fluctuations. This suggests that onset of the interglacial
conditions was achieved around 128 ka, then the interglacial con-
ditions was gradually developing. Climate optimum would mean
warm conditions with elevated year-round precipitation amount
that is most favorable for soil biogenic activity. Such conditions can
be assumed for the period with the lowest d13C (increased soil
activity) and elevated d18Ocarb and dD values (warm atmospheric
temperature). Such compositions are reached in the Baradla Cave's
region around 121 ka, while the period between 127 and 121 ka can
be regarded as the developing phase (Fig. 6). The dD values reached
their maximum between 121.6 and 118.6 ka overlapping with the
period of lowest d13C values (120.7e118.7 ka). Following the
nomenclature suggested by Govin et al. (2015), this period can be
regarded as the „acme”, meaning climate optimum within the
interglacial. In the developing phase the dD values are strongly
fluctuating from �65 down to �81‰. The low-dD events are
associated with pronounced negative d13C shifts and less expressed
negative d18Ocarb shifts. These data collectively suggest that these
low-dD periods were wet (hence the low d13C) and cold. The reason
why the low dD values are not associatedwith similarly low d18Ocarb
shifts can be found in the competition of dripwater composition
change (driving d18Ocarb in negative direction) and formation
temperature decrease (driving d18Ocarb in positive direction) that
effects could partially cancel each other providing a great challenge
to environmental interpretation based solely on d18Ocarb despite it
can be read rather frequently in the speleological literature. The
negative dD shift of about 15‰ would correspond to about 5 �C
decrease (see temperature calculations below), which is not real-
istic under full interglacial conditions. Seasonality change such as
higher contribution of winter precipitation more depleted in heavy
water isotopologues to the infiltrating dripwater (see also Meyer
et al., 2008) can explain the observed dD shifts. This is elaborated
in the paleotemperature calculations described below.

After the developing phase that was punctuated with cold, wet
and winter-dominated events, followed by a calm optimum period



Fig. 7. Paleotemperatures calculated from stable hydrogen isotope compositions
(averaged for millennium periods) of fluid inclusion hosted water of the BAR-II sta-
lagmite. Dashed lines indicate the accompanied uncertainty range obtained by error
propagation using different isotope-temperature gradients and analytical scatter (see
text). Arrows indicate the shift of calculated temperature (marked by horizontal bars) if
a reference water hydrogen isotope composition of �80‰ is used in the calculation.
Thick blue line shows sea surface temperature (SST) variations reported by S�anchez-
Go~ni et al. (2012) for the Bay of Biscay. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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(„acme”, Govin et al., 2015), the d13C values suddenly rose by 2‰ at
119 ka, indicating a major climate deterioration event. The strong
positive d13C shift was coeval with d18Ocarb rise, indicating either
sudden warming and drying, or seasonality change to summer
precipitation dominance. Global cooling had already started before
(around 120 ka, Govin et al., 2015), hence warming is not expected
(although cannot be excluded) in the global cooling phase.
Increased aridity during cooling, however, can explain the elevation
in d13C and d18Ocarb values as it would lead to decreased soil activity
and 18O-enrichment in water due to evaporation. Reduced hu-
midity can also result in drying of the fractures in the overlying
rocks, where the migrating solution may experience carbonate
precipitation (“Prior Calcite Precipitation”, PCP). Evaporation in the
water conduit system and associated PCP can also result in elevated
d13C and d18O values in the solution and hence in the precipitating
speleothem carbonate (Fairchild and Baker, 2012), contributing to
the observed isotope shifts. The dD values remained still close to the
„acme” compositions contrary to the effect of global cooling, sup-
porting the assumption of increased aridity as evaporation could
also cause D-enrichment in the infiltrating water. It is important to
note, that a strong aridity pulse was detected at about 118.5 ka on
the basis of greyscale analyses of Eifel maar lake sediments (Sirocko
et al., 2005), overlapping the short period of the sudden positive
d13C shift. Finally, the isotopic compositions follow the global
cooling trend from 117 ka with increasing d13C and decreasing dD
and d18Ocarb values.

Opposite to the carbonate's carbon and oxygen isotope compo-
sitions, the advantage of the dD data is that they can be used to infer
quantitative formation temperatures, provided that the quantified
temperature-composition relation is known for the region's pre-
cipitation, and it did not change over time. An approximately three
year long sampling campaign (2013e2015) has been conducted at
the cave site to determine the H and O isotope compositions of
precipitation (rain and snow) and their relationships with meteo-
rological conditions (Czuppon et al., in prep.) that yielded a 2.1‰
�C�1 gradient for the dDvalues and surface air temperature (stableH
and O isotope compositions of the precipitation waters and their
relationships with the local air temperature are shown in
Supplementary Fig. 1). This gradient can be translated to a 0.488 �C
shift for every ‰ change in the dD value. Hence, higher dD values
compared to the present day dripwater composition would corre-
spond to elevated mean annual temperature at the surface during
the last interglacial, and vice versa. The present day gradient may be
used for the “acme” (Govin et al., 2015) period, but cooler periods
may have been characterized by higher isotopeetemperature gra-
dients. The climate conditions of the high-altitude regions of the
Alps or the Carpathians north of the Baradla Cave can provide pre-
sent day analogues where elevated compositionetemperature gra-
dients have been reported (Holko et al., 2012; Salamalikis et al.,
2016). The hydrogen isotope compositions of precipitation waters
can reach a3.5‰ �C�1 gradient in theCarpathians (Holko et al., 2012)
that can be chosen as a cold-climate related gradient value. The
present day dripwater composition obtained for the Baradla Cave
(dD ¼ �66 ± 1.5‰) can be used as a reference value. First the dif-
ference of the measured dD values from this reference composition
was calculated, then the dD difference was multiplied by the tem-
peratureeffect valueof 0.488 �C‰�1 to obtain thedeviation fromthe
present day annual mean temperature. Finally, the temperature
deviation value was added to the present day cave site temperature
of 9.7 �C to obtain the annualmean temperature that corresponds to
the dD valuemeasured on inclusion-hostedwater. Themain sources
of bias in this calculation are the analytical error of the dD analysis,
the uncertainty in temperature-composition gradient and the
possible changes in the Local Meteoric Water Line (i.e., the verifi-
cation of the use of GMWL equation). In order to estimate the
uncertainty of temperature values, the calculations were conducted
for dD-temperature gradients of 2.1 and 3.5‰ �C�1 and a 2‰ error in
the dD values. The results are shown in Fig. 7 along with sea surface
temperature (SST) data reported by S�anchez-Go~ni et al. (2012) for
the Bay of Biscay. In order to reduce the noise caused by high-
frequency dD variations and sample inhomogeneity effects, the dD
values were averaged for every millennium and the average dD
values were used in the calculations. The highest temperature ob-
tained in this calculation is 11.2 ± 1.4 �C for 120.5 ± 0.5 ka, whereas
the lowest temperature value found for 108.5 ka is 3.2 ± 0.6 �C
(temperatures below zero were excluded as freezing would stop
stalagmite formation). The inferred~8 �Cdrop frompeak interglacial
conditions to the beginning of glacial times is in very good agree-
ment with the independent estimate of mean annual air tempera-
ture (MAAT) difference of 10 ± 2 �C between the last glacial
maximum and present day conditions based on a multiproxy eval-
uation of regional paleotemperatures in the Pannonian lowlands
(Ruszkiczay-Rüdiger and Kern, 2016). Additionally, the calculated
paleotemperatures closely follow the pattern of the SST variations of
S�anchez-Go~ni et al. (2012), indicating that the dD values record
meaningful paleoclimate information.

This calculation procedure would yield an approximately 5 �C
decrease for the low-dD event at 124 ka, which is unrealistic.
However, seasonality change can explain the observed D-depletion.
Raising the winter precipitation contribution to the infiltrating
water would result in decreased dripwater composition.
Using�80‰ as a Holocene reference composition that corresponds
to the average winter precipitation composition (Czuppon et al.,
2016, in prep.), the temperature decrease inferred for the 124 ka
peak would totally disappear. This situation is shown by the arrows
in Fig. 7 that point to temperature values obtained using the
dDw ¼ �80‰ reference value in the calculation. Both the 5 �C
temperature decrease and the 100% winter precipitation contri-
bution represent extreme cases that provide the boundary condi-
tions, a realistic assumption can be characterized by intermediate
parameters. These considerations imply that a slight cooling
coupled with a rise in winter precipitation contribution to the
karstic water can provide an explanation for the low dD values. This
speculation can be strengthened if other records showing similar
seasonality changes are found. Such paleoclimate records were
gathered and compared with the BAR-II record as shown in the
following sections.



Fig. 9. Stable carbon and oxygen isotope compositions (in‰ relative to V-PDB) of
stalagmite and ice core records. BAR-II: this study. 1: Corchia cave, CC28, Drysdale et al.
(2007); 2: Corchia Cave, CC5, Drysdale et al. (2005); 3: BourgeoiseDelaunay Cave,
Bdinf, Couchoud et al. (2009); 4: Han-sur-Lesse Cave, Han-9, Vansteenberge et al.
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5.3. Carbon and oxygen isotope variations e comparisons with LIG
speleothems

Fewer than a dozen speleothem C and O isotope records
represent at least a part of the LIG in Europe (Linge et al., 2001;
Holzk€amper et al., 2004; Drysdale et al., 2005; Mu~noz-García
et al., 2007; Meyer et al., 2008; Couchoud et al., 2009; Boch et al.,
2011; Genty et al., 2013; Regattieri et al., 2014; Moseley et al.,
2015), and only a few of them cover more than 10 ka including
peak interglacial conditions as well as the glacial inception
(Drysdale et al., 2005, 2009;Meyer et al., 2008; Moseley et al., 2015;
Vansteenberge et al., 2016). In this section the BAR-II data will be
compared with eleven stalagmite records from Europe and the
Levant (Fig. 8).

Since the formation of the BAR-II stalagmite started after about
129 ka, records extending before 130 ka were truncated to keep the
focus on their relation to the Baradla records. The paleoclimatic
interpretation of isotope records and their comparison depends on
the precisions of age determinations of the individual speleothems.
On the basis of the speleothem dating precisions (Supplementary
Table 4) the chronology of climate variations will be discussed in
a ka scale.

The d13C fluctuations (Fig. 9A) show different overall patterns in
the stalagmite records, and this is in accordance with earlier con-
clusions (Meyer et al., 2008; Moseley et al., 2015) concerning the
difficulties with the interpretation of the carbon isotope composi-
tions. From 128 to 129 ka, the d18Ocarb records show a continuous
increase, with similar slopes until about 119 ka (Fig. 9B). The sta-
lagmite from the Han-sur-Lesse cave (Belgium, Vansteenberge
et al., 2016) represents an exception as its d18O values slightly
decrease from ~125 ka until about 121 and then rise abruptly at 120
ka. The coupled d13C-d18Ocarb patterns suggest that the climate
optimum (warm and humid conditions) was attained in the period
of 129e119 ka, when d18Ocarb values were increasing and d13C
values were relatively low, indicating a warm and humid climate.
This is also valid for the H€OL-10 (Moseley et al., 2015) Alpine sta-
lagmite record, whereas the TKS d13C data (Meyer et al., 2008)
display an opposite pattern. The increase in d13C values in the TKS
record during the period of d13C minimum in the BAR-II stalagmite
indicates humidity differences affecting soil activity and/or kinetic
isotope fractionation processes at the two locations.

A marked change in the caves' behavior appeared around
119.5 ± 0.5 ka. The Han-sur-Lesse stalagmite is characterized by a
d18Ocarb rise of ~0.6‰ at about 120 ka, whichwas related to a shift in
the moisture source due to the starting growth of polar ice sheets
(Vansteenberge et al., 2016). The Entrische cave's TKS record
Fig. 8. Locations of caves where stalagmite d13C and d18Ocarb records were gathered for
the last interglacial. Map is from d-maps.com.

(2016); 5: H€olloch Cave, H€OL-10, Moseley et al. (2015); 6: Schneckenloch Cave, SCH-
5, Moseley et al. (2015); 7: Entrische Cave, TKS, Meyer et al. (2008), 8: Schneck-
enloch Cave, Boch et al. (2011), 9: North Greenland Ice Core Project members (2004)
using the GICC05 age scale (Wolff et al., 2010), 10A and 10B: Dongge Cave, Kelly
et al. (2006), 11: Sofular Cave, Zumbühl (2010), 12 and 13: Soreq and Peqiin Caves,
Bar-Matthews et al. (2003), 14: Kanaan Cave, Nehme et al. (2015). Vertical grey bars
mark the onsets and ends of d13C minimum and d18O maximum in the BAR-II stalag-
mite, and the end of the GS26 event.
(Meyer et al., 2008) shows a decrease in d18Ocarb values, which is
not reproduced with a comparable amplitude in other Alpine re-
cords, although the d18Ocarb values slightly decrease in the
Schneckenloch and the H€olloch caves' stalagmites (Boch et al.,
2011; Moseley et al., 2015). The Corchia d18Ocarb records (Drysdale
et al., 2005, 2007) show a slight d18Ocarb increase between 118
and 115 ka on the top of the continuous 18O enrichment, accom-
panied by small positive d13C peaks at the same time. With regard
to oxygen isotope compositions, the BAR-II stalagmite displays
opposite shifts to the Alpine stalagmites after 120 ky (within dating

http://d-maps.com


Fig. 10. Stable hydrogen isotope compositions of inclusion-hosted water from the BAR-
II stalagmite (lowermost panel) and various proxy records from the Atlantic and
Mediterranean regions. The BAR-II dD values are millennial averages. NGRIP: North
Greenland Ice Core Project members (2004), using the GICC05 age scale (Wolff et al.,
2010). MD3-2664 d13C: North Atlantic drilling site, south of Greenland, Galaasen
et al. (2014). MD04-2845 SST: Biscay Bay, S�anchez-Go~ni et al. (2012). M23071 d18O:
Norwegian Sea, Bauch et al. (2011). Dead Sea sedimentary facies distribution: Torfstein
et al. (2015). Sapropel S5: Grant et al. (2012). Tenaghi Philippon: Milner et al. (2012).
Black Sea: Shumilovskikh et al. (2013). Southern France: Couchoud et al. (2009).
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uncertainties). The 119e115 ka changes correlate with the
Greenland Stadial GS26 in the NGRIP d18O record (North Greenland
Ice Core Project members, 2004; using the GICC05 age scale of
Wolff et al., 2010) (Fig. 9B). Almost all of the stalagmite isotope
records (except the TKS data, Meyer et al., 2008) show positive d13C
shifts to different degrees that, taken together with the global
cooling reflected by polar ice core data (Fig. 9A and B) indicate soil
degradation due to deteriorating environmental conditions. As the
North Atlantic Current is suppressed from the north (Müller and
Kukla, 2004), less heat and moisture might reach the Alpine cave
sites, leading to colder and more arid conditions, hence to lower
d18O and higher d13C values in the precipitating carbonate. The
strong shift in the Entrische cave's d18Ocarb record has been inter-
preted as a result of changes in seasonality (stronger winter pre-
cipitation contribution, Meyer et al., 2008) and/or the fact that the
catchment was already affected by glaciation with an increased
glacier melt water contribution (Moseley et al., 2015). The GS26
stadial seems to appear in various speleothem records in the ter-
ritory of the Asian monsoon (Kelly et al., 2006), in the Levant (Bar-
Matthews et al., 2003) and on the Black Sea coast (Zumbühl, 2010)
(Fig. 9C). These records indicate lower rainfall amount during the
GS26 stadial. It is interesting to note that the BAR-II d18Ocarb record
indicates a strongly arid pulse in the same period that points again
to the decisive connection between the Mediterranean moisture
availability and the Carpathian Regions's hydroclimate. The period
of elevated d18O values ends with a decrease at about 117 ka that
occurred contemporaneously with the growth stop of the Han-sur-
Lesse stalagmite (Vansteenberge et al., 2016) and the steep d18O
decrease in the TKS record (Meyer et al., 2008), suggesting different
responses in the regional temperature and humidity changes in
Western and Central Europe to the large-scale event triggering the
GS26 cooling at Greenland.

With the exception of the TKS stalagmite, all the records display
a concerted change at the end of the GS26 stadial, at 116 ka
(Fig. 9AeC). This abrupt change may be related to an approximately
5 �C warming in Greenland (Kindler et al., 2014), which can be
detected in small positive d18Ocarb peaks in the BAR-II and the
Schneckenloch and the H€olloch caves' records (Boch et al., 2011;
Moseley et al., 2015). This peak is, however, negligible compared
to the sudden d18Ocarb decrease in the BAR-II stalagmite at 117 ka
coupled with a rise in d13C. This may reflect the appearance of
Atlantic moisture in the region of the Baradla Cave, and hence the
BAR-II d18Ocarb pattern returns to the long-term global trend.
Finally, the BAR-II record follows the global cooling that lead to
glacial inception and stalagmite formation ceased at about 108 ka.
Due to the more elevated position, the Alpine sites would be more
sensitive to glaciation, thus stalagmite formation ceased about 1 ka
earlier (Fig. 9B), although it might result from dating uncertainty,
too.

5.4. The hydrogen isotope record e global and regional
relationships

The pattern of hydrogen isotope compositions of fluid inclusion
hosted water is similar to the records representing regional and
global climate conditions (Fig. 10) such as the Greenland ice core
d18O data (North Greenland Ice Core Project members, 2004; using
the GICC05 age scale of Wolff et al., 2010) and selected stable
isotope compositions and sea surface temperature reconstructions
derived from North Atlantic deep sea sediment cores (Bauch et al.,
2011; S�anchez-Go~ni et al., 2012; Galaasen et al., 2014). It should be
noted here that dating of deep sea records is a challenging task (e.g.,
Drysdale et al., 2009), and the North Atlantic region may behave
heterogeneously with respect to temperature anomalies during
climate change events (Capron et al., 2014) that must be kept in
mind during the evaluation. The selected records demonstrate that
the period of low dD values in the BAR-II recordwas associatedwith
climate changes in the wider region. Nevertheless, the good match
with these records and the rather complex relationships in the C-O
isotope data of speleothems may suggest that the dD record is less
influenced by local, cave-related effects compared to the C-O
isotope values.

One of the most prominent features in the dD pattern is the low
dD peaks detected between 127 and 123 ka. The very large dD
changes (up to 17‰ within 2.5 ka, see Fig. 5) during an interglacial
period are unusual and require additional evidence that prove their
primary nature (not related to the alteration processes or analytical
procedure). First it should be noted that the low dD values were
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obtained in different analytical runs and from two stalagmite col-
umns that reduces the chance of analytical bias. Second, the low dD
values are associated with decreased d13C values in the BAR-II
stalagmite (Fig. 6) that excludes the possibility of procedure-
related isotope shifts. As discussed above, low d13C values indi-
cate increased humidity, and the same (with relative increase of
winter precipitation) is assumed for the low dD values (see above).
Regional humidity proxies are provided for the period by the car-
bon isotope compositions of the Han-9 stalagmite (Han-sur-Lesse
Cave, Vansteenberge et al., 2016) and the BDinf stalagmite (Bour-
geoiseDelaunay Cave, Couchoud et al., 2009) that can serve as in-
dependent test records. Fig. 11 shows a comparison of these
records, indicating that the low dD values in the BAR-II stalagmite
are indeed associated with low d13C values and higher humidity in
the period of 127e123 ka. The magnitude of the dD fluctuation is
related to local fractionation processes, but the timing and di-
rections of isotope shifts can be correlated in a regional scale.

The low dD period fits several paleoclimate records from the
Mediterranean to the North Atlantic regions (Fig. 10). At the same
time the Dead Sea had elevated water levels (Torfstein et al., 2015),
in agreement with the humid climate inferred for the eastern
Mediterranean and increased Nile floods, leading to the formation
of sapropel S5 (Grant et al., 2012). For the period of 128 to 123 ka
Milner et al. (2012) have suggested pronounced seasonality with
increased summer aridity and winter precipitation on the basis of
acicular aragonite formation (indicating enhanced evaporation) in
an otherwise aquatic phase of the Tenaghi Philippon peatland (NE
Greece). The inferred precipitation seasonality is in agreement with
the assumptions of increased winter precipitation around the
Baradla Cave based on paleotemperature calculations (see section
5.2.). On the basis of pollen data from a Black Sea sediment core,
Shumilovskikh et al. (2013) have also come to the same conclusion,
assuming warm summers and mild winters with increased annual
precipitation for the period of 126.4 to 122.9 ka. In a sediment core
from the Western Mediterranean Sea, n-alkane based temperature
estimates showed a maximum at about 125 ka (Kandiano et al.,
2014), suggesting that the humid period was accompanied with a
warm event in this area. In the C and O isotope data from a sta-
lagmite from Southern France, Couchoud et al. (2009) detected
fluctuations of warm/wet and cold/dry periods, with increased
Fig. 11. Millennial averages of fluid inclusion dD values (in‰ relative to V-SMOW, with
1s standard deviations shown by thin lines) and d13C records (in ‰ relative to V-PDB)
of the Han-9 (Vansteenberge et al., 2016), the BDinf (Couchoud et al., 2009) and the
BAR-II (this study) stalagmites.
rainfall amount at 127.9e126.3, 125.3e123.8 and 123.1e122.4 ka, as
shown also in Fig. 11. In summary, South European proxy data
indicate that the 128e123 ka period represented by these records
was characterized by warm conditions (especially during summer)
and elevated annual precipitation.

Beside the Mediterranean data, several North Atlantic deep-sea
isotope records from further afield display interesting similarities
to the BAR-II dD pattern. As also shown in Fig. 10, stable isotope
peaks obtained for planctonic foraminifers at 125e124 ka appear in
several North Atlantic deep sea cores around Greenland (Bauch
et al., 2011; Van Nieuwenhove et al., 2011; Irvalı et al., 2012;
Galaasen et al., 2014), and may be interpreted as a result of a
Younger Dryas type event (Bauch, 2013). The event is generally
explained as resulting from a freshwater influx from melting ice
sheets that induced a reduction in the Atlantic Meridional Over-
turning Circulation (AMOC) and associated cooling in the north-
ernmost parts of the Atlantic realm. However, the event was not
homogeneous in the entire North Atlantic as shown by the tem-
perature anomaly distributions compiled by Capron et al. (2014).

In contrast to the Mediterranean data, certain European paleo-
climate proxies indicate cooling and precipitation changes during
the early-mid LIG. As shown in Fig. 11 in detail, the precisely (better
than ± 700 years) dated d13C record of a stalagmite from the Han-
sur-Lesse cave (Belgium) indicates humidity fluctuations during the
period of 128 to 121 ka (Vansteenberge et al., 2016). Slight tem-
perature decrease at about 126 and 122 ka has been detected in a
sea surface temperature record at the Bay of Biscay by S�anchez-
Go~ni et al. (2012) that fit the low-dD peaks (Fig. 10) within dating
uncertainties.

In order to investigate the spatial differences in climate condi-
tions, proxy information gathered from those records that detected
a climate change event at about 126e122 ka at a sufficient reso-
lution (~200 yr/sample) to resolve this event, were plotted on a
map (Fig. 12).

The spatial distribution confirms the impression that most of
the European continent was characterized by elevated humidity,
while the temperature conditions were different with significant
warming in theMediterranean. A new climatemodel simulation for
the last interglacial period of the Atlantic-Mediterranean region
was conducted including freshwater flux to the northernmost
Atlantic Ocean (Stone et al., 2016). Interestingly, the simulation
Fig. 12. Temperature and humidity information in last interglacial proxy records be-
tween 126 and 122 ka. 1: Vansteenberge et al. (2016). 2: S�anchez-Go~ni et al. (2012). 3:
Couchoud et al. (2009). 4: BAR-II (this study). 5: Drysdale et al. (2007) and Regattieri
et al. (2014). 6: Kandiano et al. (2014). 7: Censi et al. (2010). 8: Milner et al. (2012). 9:
Shumilovskikh et al. (2013). 10: Torfstein et al. (2015).
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experiment resulted in a similar picture (see Fig. 7 of Stone et al.,
2016) to that shown in Fig. 12, suggesting that freshwater flux to
the Northern Atlantic changed moisture and heat transport
trajectories.

6. Synthesis and conclusions

Stable carbon and oxygen isotope compositions of carbonate,
and hydrogen and oxygen isotope compositions of inclusion-hosted
water were obtained for a stalagmite covering a large part of the
last interglacial (129e109 ka) from the Baradla Cave (NE Hungary).
The stable isotope records were correlated with various coeval
regional proxy and paleoclimate records, including stable isotope
data of speleothems, ice cores, deep sea cores, and sea surface
temperature values. The comparison revealed a series of events
that characterized the complex climate evolution of the European
continent and the eastern Mediterranean.

The climate reached full interglacial conditions at the Baradla
Cave at about 128 ka, when the BAR-II stalagmite formation
commenced. The C and O isotope compositions indicate an
approach to the climate optimum that was attained around 124 ka
and lasted until about 120 ka. However, the BAR-II dD pattern
displays negative dD peaks between 127 and 123 ka, which is
associatedwith negative d13C shifts, but not reflected in the d18Ocarb
values, probably due to competing fractionation effects. The low dD
period can be correlated with climate change events detected in
paleoclimate records ranging from d18O and SST records from deep
sea cores from the North Atlantic to paleobiological and sedimen-
tological records from marine and continental sediments from
Western Europe to the Eastern Mediterranean. Paleotemperature
and -moisture information was gathered from proxy records of
Western and Central Europe and the Mediterranean region that
cover the period of interest with appropriate age constraints and
resolution. A systematic spatial pattern was revealed with overall
increased humidity from NW to SE, and significant warming in the
Mediterranean. Stable isotope records of several North Atlantic
deep sea cores and climate simulations suggest that the humidity
and temperature changes are related to freshwater influx from
melting ice sheets at about 125 ka (e.g., Bauch, 2013; Stone et al.,
2016), with this perturbation being responsible for shifting heat
and moisture transport towards the Mediterranean. The event is
also associated with increased humidity and seasonality (elevated
winter/summer precipitation ratio) in East-Central Europe as
documented at the Baradla Cave in accordance with observations
from the eastern Mediterranean and the Black Sea region.

After the climate optimum between 124 and 120 ka (the Baradla
Cave „acme”, Govin et al., 2015), global cooling processes induced
changes in the Western-Central European and Mediterranean re-
gions. Strong cooling started in the Alps at about 119 ka, while the
Baradla d13C values are the lowest and the dD record shows a
maximum, suggesting increased summer precipitation in still
favorable temperature conditions for soil activity. These mild con-
ditions ended at 118 ka, when the Alpine stalagmite records indi-
cate a strong cooling in concert with the onset of the Greenland
stadial GS26. In the course of the Greenland stadial GS26 the North
Atlantic Current was shifted to the south, resulting in cooler and
drier conditions, while the Baradla Cave experienced stronger
evaporation effects. These conditions changed as reflected by sharp
d13C and d18O shifts in the BAR-II record at 117 ka, still within the
GS26 event. The sudden negative d18O shift at 117 ka in the BAR-II
stalagmite likely indicates the appearance of Atlantic moisture and
the effect of global cooling. The GS26 event ended with a sudden
warming, that appears as slight d18O shifts in the Alpine stalagmites
and in the Corchia and the Baradla caves. Finally, global cooling was
reflected by continuous negative shifts in the BAR-II d18Ocarb and dD
values until the glacial inception at 109 ka.
The complex set of climate change events can be related to the

north-south movements of the North Atlantic Current combined
with global temperature trends. Although C and O isotope com-
positions reflected most of the events and proved their synchro-
nicity, the competing fractionation effects may partially attenuate
the climate signal in speleothem proxy records. The BAR-II dD re-
cord not only helped interpret the seasonality signal in the d13C-
d18Ocarb record, but was also successfully used to detect a significant
mid-interglacial climate event at 125 ka.
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