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a b s t r a c t

The climate during the last glacial cycle was characterized by abrupt millennial-scale changes super-
imposed on long-term orbital control. This study examines this climate variability for northeast Iberia for
the time interval 118.9 to 36.9 kyr using a multi-proxy approach (d18O, d13C and Mg/Ca) applied to a
stalagmite that covers this period continuously. During Marine Isotope Stage (MIS) 5 and 4, d18O is
controlled by orbital pacing, whereby more humid conditions prevailed during minima in boreal summer
precession. In contrast, during MIS 3 d18O lags precession and co-varies with d13C (r¼ 0.53, p-
value < 0.001, n¼ 500), suggesting a common control of both isotopes by reduced precipitation during
dry periods. d13C shows a positive correlation with Mg/Ca, reflecting water availability, vegetation pro-
ductivity and microbial activity in the catchment of the cave’s drip water. The d13C values exhibit a
response to Heinrich Stadials (HS) and other cold marine events (e.g. C26 to C23), as well as Dansgaard-
Oeschger oscillations (D-O). The Last Interglacial ended at 108.6± 0.3 kyr at this site. Two periods with a
marked “W-shape” pattern in d13C can be recognized between 70 and 50 kyr (hereafter multi-event). The
older multi-event (including HS-6 and D-O 18) is characterized in the North Atlantic by high IRD dis-
charges and cold sea-surface temperatures, while the two phases attending to the hydrology in the study
area suggest dry conditions prior to HS-6. A dry climate prevailed during the younger multi-event
(including HS-5a and D-O 15), coincident with an increase in productivity-related foraminifera species
at lower latitudes, suggesting a reinforcement of the trade winds associated with a stronger Hadley Cell.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid abrupt changes characterized the climate during the Last
Glacial period. The Dansgaard-Oeschger (D-O) cycles were themost
notable expression of the atmospheric changes over Greenland,
while massive iceberg discharges (Heinrich Stadials) represented a
notable feature in the North Atlantic (Hemming, 2004). D-O oscil-
lations involve swings between cold (stadial) and warm
ental Change, Xi’an Jiaotong

P�erez-Mejías).
(interstadial) conditions on decadal timescales. Their origin is
controversial (Lynch-Stieglitz, 2017) and the main paradigm relates
those oscillations to changes in the northward transport of heat by
the Atlantic Meridional Overturning Circulation (AMOC)
(Rahmstorf, 2002). Potential disruptions in the AMOC have been
identified during Heinrich events, identified by layers of ice-rafted
debris that represent surges of the ice sheet that covered North
America (Ruddiman, 1977; Rahmstorf, 2002; Hemming, 2004;
Lynch-Stieglitz et al., 2014). Recently, the efforts have been focused
on identifying the coupled atmosphere-ice-ocean dynamics within
the Northern Seas, where three key elements interact: vigorous
winds, sea ice and an oceanic gyre that connects the surface and
deep ocean (Li and Born, 2019).
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The impact of D-O events was not global, and speleothems from
mid-latitudes such as North America (Springer et al., 2014; Lachniet
et al., 2014) and Japan (Mori et al., 2018) and low-latitudes such as
the Bahamas or Borneo (Arienzo et al., 2015; Carolin et al., 2016) do
not record any response to these events.

Previous studies on the IberianMargin (IM) (S�anchez-Go~ni et al.,
2008; Naughton et al., 2009; Margari et al., 2010) and in the
Mediterranean Sea, including the Albor�an Sea (S�anchez-Go~ni et al.,
2002;Moreno et al., 2002; Sierro et al., 2005; Fletcher and S�anchez-
Go~ni, 2008) and the Balearic Sea (Frigola et al., 2008), emphasize
the potential of the paleorecords from the Iberian Peninsula (IP) to
evaluate the response to climate change in the North Atlantic
realm. In this regard, it is worth noting the pioneer studies in the
Western Mediterranean that identified Heinrich events and cold
stadials (Moreno et al., 2002) and the interruption of the antiphase
relationship in deep-water formation between the North Atlantic
and the Mediterranean (Sierro et al., 2005), as well as the vegeta-
tion response to the alternation between dry-cold conditions dur-
ing D-O stadials, and to humid-mild conditions during the
interstadials (S�anchez-Go~ni et al., 2002). Unfortunately, only few
published marine records extend beyond 50 kyr, thus limiting our
understanding about the onset of the last glaciation and D-O
variability (Frigola et al., 2008; Margari et al., 2009; Fletcher et al.,
2010) and none of them provides an independent absolute chro-
nology, with the exception of the last interglacial record of Tzedakis
et al. (2018).

Our knowledge of the terrestrial response in Europe to
millennial-scale changes from MIS 5 to MIS 3 has significantly
increased during the last decade, but is still based on few key re-
cords. Lacustrine sediments from Europe covering this time period
are scarce (Sirocko et al., 2005; Veres et al., 2009) with the
exception of the long lacustrine sequences of Lago Grande di
Monticchio, Fuccino, Ohrid and Tenaghi Philippon, anchored by
tephra datings (Vogel et al., 2010; Martin-Puertas et al., 2014; Wulf
et al., 2018; Mannella et al., 2019). Speleothems cover only short or
discontinuous periods of time (Wainer et al., 2011, 2013;
Fankhauser et al., 2016; Atsawawaranunt et al., 2018; Lechleitner
et al., 2018; Weber et al., 2018; Budsky et al., 2019). Therefore,
there is clearly a need for long, well-dated terrestrial records to
explore the mechanisms of climate change at different timescales
during the Last Interglacial (LIG) and the Last Glacial period. Here,
we present a stalagmite record from Ejulve cave, northeastern
Iberia, covering the period between the end of the LIG and MIS 3. In
contrast to many other speleothems from European caves which
preferentially formed during warm/wet periods and commonly
stopped growing when the climate turned cold/dry (e.g., Genty
et al., 2010; Boch et al., 2011; Vansteenberge et al., 2016; Wainer
et al., 2011, 2013), this record is continuous and hence provides
exceptional insights into the terrestrial mid-latitude response to
forcing mechanisms across several climate transitions.

2. Study area

Ejulve cave (40�450340N, 0�3500700W, 1240m a.s.l.) is located in
the Iberian Range, NE Spain (Fig. 1). The cave developed in folded
and thrusted Upper Cretaceous dolomitic limestones and dolo-
stones and comprises 794m of galleries, reaching a maximum
depth of 55m. The thickness of the rock above the cave in the
shallow areas is less than 10m. Further details of the cave site can
be found in P�erez-Mejías et al. (2019). The area above the cave is
covered by poorly developed soil composed by patchy aridisols
with shallow and stony soils supporting a vegetation composed
mainly of sparse evergreen oak (Quercus coccifera, Quercus ilex),
heliophytic shrubs (Genista scorpius, Thymus vulgaris, and sparse
Sideritis spinulosa and Rosmarinus officinalis) and Pinus halepensis.
The local climate is continental Mediterranean, with a mean
annual rainfall of 547mm (1981e2010). The mean annual tem-
perature is 12 �C (s¼ 6) (2003e2012), with a mean temperature of
7 �C (s¼ 3) in winter and 20 �C (s¼ 2) in summer, with high
evapotranspiration from March to October (P�erez-Mejías et al.,
2018). The synoptic patterns of the present-day precipitation in
the study area can be classified into three types: Atlantic fronts,
back-door cold fronts and convective precipitation storms (Moreno
et al., 2014). While the Atlantic fronts carry precipitation mostly to
the western side of the Iberian Range, the back-door fronts involve
complex mesoscale convective systems, involving Mediterranean
cyclogenesis that provoke intense rainfall on the eastern side of the
mountain range. Finally, convective precipitation is related to the
formation of the Iberian thermal low, triggering orographic or
convective storms (Moreno et al., 2014). The cave location is also
influenced by atmospheric circulation patterns such as the North
Atlantic Oscillation (NAO) and the Western Mediterranean Oscil-
lation (WeMO). The preliminary study of Moreno et al. (2014) using
a rainfall dataset of 3 years, suggests a statistically significant
positive correlation between the amount of winter precipitation
and the NAO index (linked to rainfall by Atlantic fronts), and a
moderate one between d18O of precipitation and the WeMO in
spring and summer (mostly linked to back-door fronts).

3. Methods

The studied stalagmite (dubbed ANDROMEDA), 41 cm long, was
collected in-situ in Ejulve cave (Fig. 2A, B) and was cut along the
growth axis with a diamond saw and polished. A total of 739
samples were micro-milled along the extension axis for stable
isotope analysis, 558 samples of them in a continuous sampling
mode at 0.2mm increments (from 220 to 335mm), and the
remaining 181 samples (from 40 to 219mm) at 1mm resolution.
For trace metals, 296 samples were sampled at 1mm increments
(from 40 to 335mm). 26 samples were drilled for U-Th at different
intervals focusing on potential hiatuses and slow-growth periods.
Thin sections covering the whole stalagmite were examined using
transmitted-light microscopy. X-ray diffraction (XRD) analyses
were performed on five samples at the Jaume Almera Institute
(ICTJA-CSIC) using a Bruker-AXS D5005 powder diffractometer
configured in theta-2 theta geometry. Samples were also examined
on palladium-coated slabs using a field emission scanning electron
microscope (FE-SEM, CSEM-FEG INSPECT 50) equipped with an
EDX detector at the Advanced Microscopy Laboratory-INA (Zar-
agoza). Epifluorescence observations of the thin sections were
performed at the Theoretical and Experimental Ecology Station
(CNRS) using a fluorescence stereo microscope (ZEISS Axio Zoom
V16) with a HXP 200C illuminator.

Stable isotope analyses of the high-resolution interval (0.2mm
increments) were performed at the University of Innsbruck using a
ThermoFisher Delta V Plus mass spectrometer linked to a Gasbench
II, following the methodology described in Sp€otl (2011). The
remaining samples were analyzed at the University of Barcelona
using a Finnigan MAT 252 mass spectrometer, equipped with a Kiel
Carbonate Device III, reproducing a modified version of the McCrea
method (McCrea, 1950). Carbonate is attacked with 100% phos-
phoric acid at 70 �C, with a 5min reaction time. Values are reported
as d18O (‰) and d13C (‰) with respect to the Vienna Pee Dee
Belemnite (V-PDB) standard. Long-term precision for d13C and d18O
(1s) was 0.06‰ and 0.08‰ for the Innsbruck laboratory and 0.04‰
and 0.08‰ for the Barcelona laboratory, respectively. Calibration of
the raw results versus the V-PDB scale was achieved using in-house
calcite standards calibrated against NBS-18, NBS-19, CO-1 and CO-8
referencematerials. Trace-metal analysis was performed in the IPE-
CSIC laboratories using an ICP-AES (ThermoFisher iCAP DUO 6300)



Fig. 1. Location of Ejulve cave and records discussed in the text, corresponding to: 1. Ejulve (present study), 2. Villars (Genty et al., 2010, 2003), 3. Chinese composite (Cheng et al.,
2016), 4. NALPS (Boch et al., 2011; Moseley et al., 2014), 5. Asturian caves (Stoll et al., 2013), 6. Corchia (Drysdale et al., 2007; Tzedakis et al., 2018), 7. BCC (Springer et al., 2014), 8.
Leviathan (Lachniet et al., 2014), 9. Entrische Kirche (Meyer et al., 2008), 10. Sofular (Fleitmann et al., 2009), 11. Soreq (Bar-Matthews et al., 2003), 12. Han-sur-lesse (Vansteenberge
et al., 2016), 13. Cueva Victoria (Budsky et al., 2019), 14. Bunker (Weber et al., 2018), 15. Crag (Fankhauser et al., 2016) (caves), 16. MD95-2042 (S�anchez-Go~ni et al., 2017), 17. MD01-
2444 (Vautravers and Shackleton, 2006; Martrat et al., 2007), 18. ODP-976 (Martrat et al., 2014), 19. IODP U1308 (Hodell et al., 2008), 20. ODP 172e1060 (Vautravers et al., 2004)
(marine cores), 21. Monticchio (Allen and Huntley, 2009; Martin-Puertas et al. (2014), 22. Tenaghi Phillippon (Wulf et al., 2018) (lakes) and 23. NGRIP (North Greenland Ice Core
Project members, 2004) (ice core). The position of the polar front is marked for the present day (Dickson et al., 1988) and reconstructed for Heinrich events (Eynaud et al., 2009;
Voelker and Abreu, 2011).
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using molar Mg/Ca ratios. Approximately 1mg of sample was dis-
solved in 2% HNO3, following the procedure described in Moreno
et al. (2010). U-Th samples were analyzed using a MC-ICP-MS
(ThermoFisher Neptune Plus) at the University of Minnesota and
at the Xi’an Jiaotong University following the methodology
described in Cheng et al. (2013). The ages are expressed in years
before present (BP). The depth-age model was constructed using
OxCal, with a P_sequence deposition model (Ramsey, 2008).

4. Results

4.1. Petrography and mineralogy

ANDROMEDA is 41 cm long, 9 cm wide at the base and 5 cm
wide at the top, showing a conical external shape (Fig. 2A). It is
composed of radiating columnar calcite crystals showing macro-
scopically visible laminae in the lower half of the stalagmite,
although the laminae have limited lateral continuity.

ANDROMEDA is composed of calcite and no other minerals were
identified by XRD. Thin sections reveal a fabric of polycrystals
11e20mm long and 3e5mm wide (L/W ratio below 6:1) showing
uniform extinction with patches (Fig. 2C). The smaller crystals
forming the polycrystals are 1e7mm long and about 1mm wide.
The intercrystalline borders are irregular and the fabric is compact
and shows low porosity (Fig. 2D). These characteristics correspond
to the columnar microcrystalline fabric described by Frisia (2015).

All thin sections showweak homogeneous epifluorescence with
no evidence of layering or changes in composition (Fig. 2E). In the
upper part, hiatus 3 (Fig. 3) is marked by a micritic layer showing
more intensive fluorescence. FE-SEM images of freshly broken
surfaces reveal a homogeneous calcite fabric. EDX point analyses of
the polished surfaces indicate low-Mg calcite.

4.2. Age model and growth rate

The chronology of ANDROMEDA is anchored by 26 U-Th ages
(Table 1), with analytical errors between 2 and 4‰. 232Th is general
lower than 500 ppt. The 238U content is mostly between 100 and
200 ppb, similar to values of other stalagmites in this cave (Moreno
et al., 2017; P�erez-Mejías et al., 2017). The depth-age model was
constructed using 21 U-Th ages between hiatus 1 and 2 (Fig. 3). The
mean uncertainty of the record is of 162 yr (minimum 14 yr,
maximum 641 yr). Five samples (in italics in Table 1) were not used
since they are outside the studied interval.

The stalagmite exhibits three hiatuses, two of them (no. 2 and 3,
Fig. 3) are visible with the naked eye and are confirmed by U-Th
ages. Hiatus no. 1 is located close to the base of the stalagmite and
shows no clear visible expression. Hiatus 2 spans from36.9± 0.11 to
13.9± 0.04 kyr, and hiatus 3 from 10.8± 0.15 to 5.1± 0.03 kyr. In the
present work we discuss data from 40mm (post hiatus 1) until
340mm above the base (before hiatus 2), from 119 to 36 kyr.

Growth rate ranges from 1mm/kyr during 96e81 kyr to
11.6mm/kyr during 81e76 kyr with a mean of 5.2mm/kyr (Fig. 3).
Overall, four stages of slow growth are separated by three phases of
fast growth (Fig. 3). The former span 119-113 kyr, 99-81 kyr, 76-52
kyr and 46-36 kyr, corresponding to MIS 5e-d, 5b, 4 and the cold
spells of MIS 3 (e.g. Greenland Stadials 9, 10, 11 of Rasmussen et al.,
2014). The fast growth periods span 113-99 kyr, 81-76 kyr and 52-
45 kyr (slightly lower during 48e46 kyr), corresponding to MIS 5c,
5a and 3 (Fig. 3).
4.3. Isotope and trace-metal geochemistry

The resolution of the stable isotope data varies between 22 years
during the fast growth period of MIS 3 (52-45 kyr) and 1000 years
during the slow growth phase of MIS 5b (99-81 kyr, Fig. 3). The
average resolution is 109 years.

The d18O record of ANDROMEDA, corrected for the ice-volume
effect (cf. Bintanja et al., 2005, Fig. 4), shows values
between �9.17 and �6.51‰ (mean �8.08± 0.38‰). d13C values
range from �9.97 to �3.25‰ (mean �7.24± 1.48‰). The highest
and lowest d18O values occur during MIS 5 (117 and 107 kyr,
respectively) (Fig. 5a). The lowest d13C values were also reached
during this time interval (118 kyr), while the highest values
occurred at 39 kyr (Fig. 5b).

The isotopic variability shows marked changes during the long



Fig. 2. A. ANDROMEDA stalagmite in growth position in the cave. B. Plan view of Ejulve cave and location of the sampled stalagmite (green symbol). C. Photomicrograph showing
columnar calcite with uniform extinction (crossed nicols). D. Serrated intercrystalline boundaries (crossed nicols). E. Epifluorescence image of the calcite crystals. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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growth history of the stalagmite. DuringMIS 4 and 3, the variability
in d18O is 1.59‰ compared to 2.66‰ during MIS 5. In contrast, d13C
shows the highest variability during the D-O oscillations of MIS 4
and 3 (5.62‰), while the variability during MIS 5 was lower
(3.30‰). d18O and d13C show a variable degree of covariation along
the growth axis, with no correlation during MIS 5 (r¼ 0.01, p-
value¼ 0.83, n¼ 235) and a statistically significant correlation
(r¼ 0.53, p-value< 0.001, n¼ 500) in MIS 4 and 3, indicating a
different pattern between both periods.

The Mg/Ca ratio (Fig. 5c) shows a highly positive correlation
with d13C (r¼ 0.75, p-value¼ 0.02, n¼ 295), notably in the MIS 4
and 3 sections (Fig. 5). In spite of the low resolution of the d234U
record, high values co-vary with high values in Mg/Ca (Fig. 5d).
5. Discussion

5.1. Mineralogy and petrography

XRD analyses indicate that ANDROMEDA is entirely composed
of calcite. Its columnar fabric is widely considered as a primary
fabric of speleothems (Frisia et al., 2018), most likely associated
with near-equilibrium conditions (Frisia et al., 2000). Some studies,
however, have shown that this fabric could also be a result of early
diagenesis, potentially resetting the original geochemical signals
(Martín-García et al., 2009; Frisia and Borsato, 2010; Fairchild and
Baker, 2012; Scholz et al., 2014; Bajo et al., 2016; Domínguez-
Villar et al., 2017). In order to rule out this possibility, we used
epifluorescence microscopy and SEM. Thin sections examined us-
ing epifluorescence, covering the whole length of the speleothem,
showed a homogeneous orange color, typical of calcite. In contrast,



Fig. 3. Age model of ANDROMEDA for the interval between hiatuses 1 and 2. Samples marked in greenwere used to construct the depth-age model. Samples in red were dismissed.
Hiatuses are highlighted by blue lines, except for hiatus 1 which is not visible macroscopically. Also shown are changes in growth rate. Age model and uncertainty are shown in red.
The error bars are 2s. Please note the two different intervals of sampling for isotope analysis. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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aragonite typically shows blue fluorescence (Ortega et al., 2005;
Pickering et al., 2010). SEM images of freshly broken surfaces
showed no aragonite-related textures (i.e. no acicular, elongated
columnar or whiskers (Frisia and Borsato, 2010)). In addition, the
well-preserved lamination as well as the correct stratigraphic order
of the U-Th dates also suggest that the columnar fabric is of primary
origin. In essence, we find no evidence of diagenesis and therefore
consider the proxy data as reliable.

5.2. Interpretation of stable isotopes and trace metals

5.2.1. d18O profile
Monitoring data from Ejulve cave demonstrate that the d18O

signal of modern calcite reflects the d18O value of the dripwater,
which is controlled mainly by the surface air temperature (P�erez-
Mejías et al., 2018). On a seasonal scale, previous d18O monitoring
data obtained from farmed calcite do not show a clear pattern,
probably due to the combination of other factors such as the source
of moisture (i.e. synoptic patterns of the rainfall and the air mass
history) which was suggested as additional control together with
surface air temperature (P�erez-Mejías et al., 2018). On longer
timescales, a previous speleothem record from this cave covering
past glacial-interglacial transitions, suggests a source effect on the
d18O speleothem composition during short events at the end of the
Termination III via the influence of major freshwater pulses into the
North Atlantic (P�erez-Mejías et al., 2017).

Several factors influenced the d18O values of ANDROMEDA. The
record may be split into two parts, the first one spanning from 119
to 80 kyr, and the second part from 80 to 36 kyr, with a transition
period between 80 and 65 kyr (Fig. 6). During MIS 5, d18O follows
the precessional cycle of the boreal summer, i.e. a higher ratio of
Northern Hemisphere Summer Insolation (NHSI) promotes higher
evaporation in the North Atlantic, providing more moisture to the
Westerlies (Stoll et al., 2013). The increase in seasonal precipitation
on the IP due to enhanced moisture delivery might explain the
precession-paced d18O data of ANDROMEDA from 119 to 80 kyr,
with lower d18O values pointing towards humid conditions. Lower
precession, with boreal summer in perihelion, promotes drier
summers/wetter winters (and thus, higher seasonality) on the IP
which is consistent with the lowest d18O values recorded by the
stalagmite prior to the peak of low precession (Fig. 6c and d). An
increase in annual precipitation is in agreement with enhanced tufa



Table 1
230Th dating results. The error is 2s. Sample numbers refers to distance in mm from base.

Sample 238U 232Th 230Th/232Th d234Ua 230Th/238U 230Th Age (yr) d234UInitialb 230Th Age (yr BP)c

Name (ppb) (ppt) (atomic x10�6) (measured) (activity) (uncorrected) (corrected) (corrected)
AND-12 73.4± 0.1 2443± 49 576± 12 421.3± 1.6 1.1626± 0.0020 161424± 723 663 ± 3 160776± 829
AND-40 160.4± 0.2 573± 12 4533± 91 415.2± 1.7 0.9825± 0.0018 119064± 458 581 ± 2 118934± 460
AND-58 191± 0 706± 14 4479.6± 90.1 491.2± 1.6 1.0021± 0.0020 111829± 421 673 ± 2 111700± 423
AND-89 171± 0.2 234± 5 11183± 226 414.3± 1.8 0.9269± 0.0019 108259± 433 562 ± 3 108169± 433
AND-125 192.6± 0.2 308± 6 9337± 189 446.2± 1.8 0.9057± 0.0019 100425± 382 592 ± 2 100332± 383
AND-130 173.9± 0.2 435± 9 5978± 120 455.3± 1.4 0.9071± 0.0011 99611± 249 603 ± 2 99497± 251
AND-135 186.3± 0.2 889± 18 3435± 69 580.0± 1.8 0.9941± 0.0020 100008± 365 769 ± 3 99865± 369
AND-140 157.4± 0.1 750± 15 3273± 66 536± 1.4 0.9457± 0.0011 97084± 225 705 ± 2 96935± 232
AND-144 140± 0 1003± 20 2151.2 ± 43.3 587.4± 2.0 0.9376± 0.0018 90897± 306 759 ± 3 90714± 317
AND-154 125± 0 563± 11 3436.1± 69.1 720.9± 1.8 0.9421± 0.0016 80905± 234 906 ± 2 80772± 238
AND-170 122± 0.1 205± 4 8581± 173 606± 1.3 0.8724± 0.0010 80516± 163 761 ± 2 80420± 164
AND-185 143.5± 0.1 193± 4 11320± 229 708.2± 1.4 0.9214± 0.0011 79299± 159 886 ± 2 79210± 160
AND-205 133± 0.1 178± 4 10697± 217 671.7± 1.4 0.8690± 0.0011 75486± 156 831 ± 2 75397± 157
AND-220 151± 0 200± 4 9365.4± 189.3 440.2± 1.6 0.7486± 0.0015 76463± 249 546 ± 2 76374± 250
AND-230 165± 0.2 286± 6 7731± 156 617.1± 2.0 0.8124± 0.0017 72246± 238 757 ± 3 72153± 239
AND-240 142± 0.2 195± 4 9778± 198 754.4± 2.0 0.8162± 0.0017 64867± 200 906 ± 2 64782± 200
AND-248 95± 0 327± 7 3080.8± 62.3 504.9± 1.8 0.6404± 0.0014 58384± 185 595 ± 2 58257± 190
AND-271 121.5± 0.2 163± 3 7796± 158 636.8± 1.9 0.6333± 0.0013 51531± 155 736 ± 2 51444± 155
AND-300 134.7± 0.1 200± 4 6150± 125 494.2± 1.8 0.5533± 0.0010 49051± 136 568 ± 2 48960± 137
AND-309 132.7± 0.1 131± 3 9577± 195 636.9± 1.8 0.5751± 0.0012 45806± 135 725 ± 2 45725± 136
AND-318 119.1± 0.1 78± 2 14428± 296 650.9± 1.9 0.5738± 0.0011 45187± 127 739 ± 2 45112± 127
AND-338 69.1± 0.1 187± 4 3371± 69 884.1± 2.0 0.5546± 0.0013 36960± 109 981 ± 2 36856± 112
AND-349 82± 0 150± 3 2366.5± 48.4 1171.2± 2.0 0.2636± 0.0007 13955± 40 1218 ± 2 13867± 44
AND-390 51± 0 611± 12 240.4± 4.9 799.1± 1.8 0.1753± 0.0008 11096± 52 824 ± 2 10840± 145
AND-400 246± 0 571± 11 601.6± 12.3 826.2± 2.1 0.0847± 0.0004 5164± 23 838 ± 2 5064± 35
AND-410 168.8± 0.2 194± 4 1169± 24 807.3± 2.0 0.0816± 0.0003 5019± 19 819 ± 2 4936± 23

Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4± 2.2� 10�6. Those are the values for a material at secular equilibrium, with the bulk earth 232Th/238U
value of 3.8. The errors are arbitrarily assumed to be 50%.

a d234U ¼ ([234U/238U]activity e 1)x1000.
b d234Uinitial was calculated based on the 230Th age (T), i.e., d234Uinitial¼ d234Umeasured x el234xT.
c B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.

Fig. 4. d18O record of ANDROMEDA corrected for the global ice-volume effect following Bintanja et al. (2005).
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deposition in NE Iberia at that time (Sancho et al., 2015).
At ~80 kyr, a trend of decreasing relative sea level (RSL) (Grant

et al., 2014) and colder sea-surface temperatures (SST) (Martrat
et al., 2014) in the IM and cold conditions in Greenland (Fig. 6j, a,
k) mark the transition to MIS 4. The onset of cold conditions
imprinted a millennial-scale variability superimposed on the long-
term d18O-precession trend (Fig. 6c and d) via a reduction of sea
surface evaporation and a concomitant decrease of moisture de-
livery towards Europe. During the transition between the two
phases seen in the stalagmite around ~80-65 kyr (onset of HS-6),
d18O variability does not coincide exactly with the peak of low
precession, although the long-term d18O-precession trend is still
noticeable. In that way, an imprint of the temperature effect on the
d18O values of the stalagmite should not be discarded. Lower sta-
lagmite d18O values would imply more humid but also colder
conditions, in concordance with a trend towards cold temperatures
in Greenland and low SST in the Atlantic Ocean (Fig. 6c, k, a). This
hypothesis is supported by the lack of evidence of paleoglaciers
retreat in northern Iberia (Rodríguez-Rodríguez et al., 2016; Sancho
et al., 2018) suggesting a cold but relatively humid climate (Moreno
et al., 2012).

Subsequent to ~65-60 kyr, coincident with HS-6, the d18O and
d13C values of ANDROMEDA start to co-vary (Fig. 6c, e) suggesting
that for the first time in this record, both isotopes responded to the



Fig. 5. ANDROMEDA proxy record. From top to bottom: a) d18O corrected for changes in global ice volume (pink), polynomial fit (black), b) d13C (green), c) Mg/Ca (orange), d) d234U
initial (grey) and e) growth rate. The vertical yellow bars mark maxima of both d13C and Mg/Ca. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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same process(es) such as changes in precipitation (see below).
During this stage d18O shows a lag with respect to the precession of
the boreal summer, in a period characterized by weak precession
amplitude and low sea level (Fig. 6).
5.2.2. d13C and Mg/Ca
The d13C data are discussed separately for the two parts of the

record. In the first part, spanning mostly MIS 5, d13C data are stable
with the lowest values of the entire record and a small variability.
During MIS 5, the lower d13C values range between �10 and �9‰
and the higher values between �9 to �8‰, slightly lower than the
values reached during the Holocene in the top part of ANDROMEDA
and similar to d13C values of a stalagmite which grew during the
mid-to-late Holocene in this cave (Moreno et al., 2017).

The d13C values of ANDROMEDA reflect vegetation productivity
and soil activity, i.e. lower d13C values are controlled by biogenic
CO2 of plant root respiration and soil microbial activity. This
interpretation is supported by the present-day cave dynamics,
when lower d13C values in the farmed calcite occur during the
seasons of effective precipitation (P�erez-Mejías et al., 2018). The
sensitivity to hydrological changes is also supported by the strong
correlation between d13C and Mg/Ca. Prior calcite precipitation
(PCP) leads to higher values of Mg/Ca, as the distribution coefficient
of theMg is much less than one, resulting in a larger reduction in Ca
and increasing the Mg/Ca ratio in solution (Fairchild and Treble,
2009). PCP implies degassing of CO2, a process that results in a
systematic rise in d13C. Therefore, the correlation between d13C and
Mg/Ca suggests a hydrologic control on d13C. This is also supported
by the coincidence of high d13C with high values of d234U despite
the limited resolution of the latter (Fig. 5d). d234U reflects the
seepage water from which it formed, so its variability has been
recognized as a proxy of the water residence time in the epikarst
(Hellstrom and McCulloch, 2000; Polyak et al., 2012).

The larger basal diameter of ANDROMEDA along with the d18O
and d13C values suggests the wettest period of the record during
MIS 5, resulting in higher water availability supporting a well-
developed Mediterranean vegetation cover. Together with the hy-
drological availability, temperature is the other major factor con-
trolling vegetation activity. During MIS 5, the d13C record mimics
the SST evolution in the IM and exhibits sensitivity to short cold
events such as C23 and C24 (Fig. 6a, e). Although a decrease in the
production of biogenic CO2 during cold-dry episodes of MIS 5 is not
ruled out, the high resilience of the Mediterranean vegetation
(Aranbarri et al., 2014) could explain the small d13C variability and
the fast return to low values during episodes of abrupt changes
such as MIS 5c (Fig. 5b). This interpretation is in full accordance
with the development of Mediterranean forests below 40 �N,
controlled by the precessional cycle of boreal summer with short
periods of contraction during the C27 to C24 cold marine periods.
The latter were associated with the reduction in moisture avail-
ability as a response to changes in the North Atlantic (Tzedakis,
2005; Fletcher and S�anchez-Go~ni, 2008; S�anchez-Go~ni et al., 2008).

The cold temperatures in Greenland and in the IM after ~70 kyr
(Fig. 6g, a) may be responsible for a decrease in the vegetation cover
leading to higher d13C values in the stalagmite. Around 68 kyr, the
d13C profile reach the highest values not seen previously in the



Fig. 6. Interpretation of the isotope variability of the ANDROMEDA record. From top to bottom: a) SST on the Iberian Margin (blue) (Martrat et al., 2007), b) d18O of the composite of
Chinese caves (red) (Cheng et al., 2016), c) d18O of ANDROMEDA (this study) (pink) and polynomial fit (black), d) precessional cycle of boreal summer (orange) (Laskar et al., 2004), e)
d13C of ANDROMEDA (this study) (green), f) relative sea-level (brown) (Grant et al., 2014) and g) d18O of NGRIP (North Greenland Ice Core Project members, 2004) with some GI
remarked following Rasmussen et al. (2014). The NGRIP age model has been converted to years BP for comparison with other records. The vertical yellow bars show the high values
of both d18O and d13C in our record, reflecting cold-dry periods. The vertical black dashed lines reflect two different stages and the transition between them, attending to the
mechanisms controlling the climate. HS-6 is also marked with a blue bar. The arrows show the trends and similarities between records. The section with the lowest resolution in our
isotope record is marked by dots. The nomenclature of C events follows Rousseau et al. (2006). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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ANDROMEDA record, suggesting that a threshold has been over-
come in the vegetation due to the cold-dry conditions (Fig. 6e).

In the second part of the record, the high variability in d13C and
the covariation with d18O (r¼ 0.53, p-value< 0.001, n¼ 500) sug-
gest a common response to a decrease in precipitation. As a
consequence, higher d13C and d18O values were recorded during the
cold spells of HS associated with dryness, while lower d13C and d18O
were recorded during warm and humid interstadials, in agreement
with pollen data (Combourieu Nebout et al., 2002; S�anchez-Go~ni
et al., 2002). Low d13C values are reached during humid periods
reflecting enhanced soil biogenic productivity and more water
availability, while higher d13C values during MIS 4-3 (�6.62‰)
compared with MIS 5 (�8.59‰) suggest lower soil bioproductivity,
less water availability and the prevalence of steppic taxa during this
period, consistent with paleovegetation data (Combourieu Nebout
et al., 2002; Vegas et al., 2010).
5.3. Last interglacial and glacial inception

5.3.1. Orbital control and abrupt dry-cold events
During the first (older) precession cycle of boreal summer

insolation (~120-95 kyr), the d18O values of ANDROMEDA follow
closely the orbital forcing (Fig. 7d and e). Precession-driven changes
in precipitation have been described from regions affected by
changes in the position of the Intertropical Convergence Zone such
as the Middle East (Bar-Matthews et al., 2003) and the Asian
Summer Monsoon (ASM) region of SE China (Cheng et al., 2016).
Close to the subtropical band, some Mediterranean records exhibit
seasonality related to precession (Regattieri et al., 2015; Roberts
et al., 2008; Toucanne et al., 2015). In the regional context of the
IP, ANDROMEDA and another speleothem record from northern
Iberia (Stoll et al., 2015) also present a precession path in the d18O
data. This could suggest a precession modulation in the intensity of
the storm tracks associated to the Westerlies or alternatively an
d18O imprint on the speleothems from northern Iberia by moisture



Fig. 7. Comparison of records during MIS 5, including orbital forcing. From top to bottom: a) IRD discharge at U1308 (Si/Sr) (black) (Hodell et al., 2008), b) SST at MD01-2444 on the
Iberian Margin (blue) (Martrat et al., 2007) and at ODP-976 in the Albor�an Sea (sky blue) (Martrat et al., 2014) where the C events has also been noted (Oppo et al., 2006), c) d18O of
Asturias Caves (Stoll et al., 2015), d) d18O of ANDROMEDA (pink) and e) precessional cycle of boreal summer (orange) (Laskar et al., 2004), f) d18O of Corchia Cave, Northern Italy
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derived from the tropics.
The orbital pacing of d18O of ANDROMEDA is also noticeable

during the second cycle of precession of boreal summer (Fig. 7d and
e). Afterwards, d18O exhibits a saw-tooth pattern, suggesting a
millennial-scale variability superimposed on the long-term orbital
pacing, while d13C shows low values during the peak of low
precession.

This long-term pattern in the d18O record was overprinted by
abrupt events of higher values associated with millennial-scale
cooling of SST in the IM caused by AMOC weakening events
(Fig. 7a and b). These events are better expressed in the d13C record,
where four maxima appear, the strongest at 108.5 and 104.3 kyr,
and the weakest at 117 and 113 kyr (black arrows in Fig. 7l). These
events coincided with cold events identified by temperature-
sensitive speleothems in the Alps (Meyer et al., 2008; Boch et al.,
2011) (Fig. 7b, l, n). The tight relationship between d13C and tem-
perature in this interval implies an inherent temperature sensitivity
of the d13C signal recorded by ANDROMEDA that also responds to
changes in hydrology (see section 5.2.2).

The four events of high d13C values occurred during a decline of
temperate forests as recorded by pollen data from the IM (S�anchez-
Go~ni et al., 2008) (Fig. 7q). Those events are clearly expressed in the
marine record (C26 to C23) but generally only the twomore intense
ones (C24 and C23) are reflected in continental sequences, such as
the pollen records from Lago Grande di Monticchio and Tenaghi
Philippon (Martin-Puertas et al., 2014; Wulf et al., 2018) (Fig. 7o, p).
The sensitivity of records from Southern Europe to changes in the
North Atlantic during MIS 5 has been recently supported by the
findings of Tzedakis et al. (2018) linking North Atlantic cold events
and southern European aridity events in a marine core from the IM.

The two older and weaker events detected in the ANDROMEDA
d13C record could be contemporary to the marine C26 and C25
events (Fig. 7b, l), barely evident in SST proxies in the Albor�an Sea
and on the IM, but showing that the interglacial was coming to an
end after 115 kyr (Martrat et al., 2014). The cold-dry excursion at
117 kyr, analogue of C26 in ANDROMEDA, is seen in many records
worldwide, with a weaker Asian monsoon (Fig. 7j), lower temper-
atures recorded by Alpine speleothems (Meyer et al., 2008), a drop
in d13C in Belgian (Fig. 7m, n) and Hungarian speleothems (Dem�eny
et al., 2017), and the lowest growth rate in Lebanon speleothems
(Nehme et al., 2015). In contrast to C26, the C25 event (113 kyr) is
not recorded globally and is absent in both North America (Lachniet
et al., 2014; Springer et al., 2014) and Israel (Bar-Matthews et al.,
2003), as well in East Asia (Cheng et al., 2016) (Fig. 7h, i, j). The
muted response in Corchia and Asturian caves (Drysdale et al.,
2007; Stoll et al., 2015; Tzedakis et al., 2018) to C25 (Fig. 7c, f)
suggests a common response in south-western Europe, although
more data in other areas are needed to better understand the
regional impact of this event.

The most pronounced d13C events of our record during this
period are certainly those coinciding with the C24 and C23, well
known and well expressed events worldwide (Fig. 7). Around 110.5
kyr, the C24 event is manifested by a drop from 18 �C to 13 �C in the
SST on the IM, pointing to the end of the LIG in the North Atlantic
covered seasonally by sea ice (Martrat et al., 2007). In this state, the
(navy blue) (Drysdale et al., 2007; Tzedakis et al., 2018), g) d18O of Soreq Cave, Israel (black)
et al., 2014), i) d13C of BCC Cave, eastern USA (blue) (Springer et al., 2014), j) d18O of Chinese
(green), m) d13C of Han-sur-lesse, Belgium (yellow) (Vansteenberge et al., 2016), n) d18O of E
(light brown) (Boch et al., 2011), o), woody taxa (%) in Lago Grande di Monticchio, southern
(yellow) in Tenaghi Philippon, Greece, q) temperate forest (%) of MD95-2042 (khaki) (S�a
interpreted to reflect the amount of precipitation, with the exception of Leviathan (changes
(this study) and NALPS stalagmites (temperature effect). All vertical axes of the speleothem r
Rousseau et al. (2006). The age models of Corchia and Leviathan were converted to years BP
this figure legend, the reader is referred to the Web version of this article.)
AMOC is expected to be subject to rapid instabilities leading to sub-
millennial variability (Capron et al., 2010). The increase in the size
of the polar ice sheets makes them more vulnerable to perturba-
tions than the large polar ice sheet of MIS 4 and 3 (Capron et al.,
2010). The strong NHSI and the discharge of meltwater during
IRD events could have been of enough magnitude to produce a
change in the state of the AMOC. The C24 event is represented in
ANDROMEDA by the highest d13C values of the MIS 5, and dated at
108.6± 0.3 kyr, in agreement with other absolute chronologies, e.g.
the NALPS record (Fig. 7j, l, n). Lastly, the C23 (105 kyr) event was
also identified globally in North Hemisphere records with the
exception of Leviathan cave, that recorded a hiatus at that time
(Fig. 7h).
5.3.2. The end of the last interglacial
The timing of the end of the Eemian interglacial forests in

Europe is still controversially discussed (S�anchez-Go~ni et al., 2005;
Müller and S�anchez-Go~ni, 2007; Brewer et al., 2008), but there is
general agreement in the relative timing of records from similar
latitudes. The varve-counted Eifel maar record established a similar
chronology for the end of the Eemian (118 kyr - Sirocko et al., 2005)
as a speleothem record from Belgium (117.3 kyr - Vansteenberge
et al., 2016) (Fig. 7m). Speleothems from southern Iberia (~111
kyr - Hodge et al., 2008), Mallorca (111.7± 0.2 to 109.3± 0.2 kyr -
Dumitru et al., 2018), northern Iberia (~112 kyr - Rossi et al., 2014)
and Corchia cave, Italy (112.0± 0.8 to 108± 0.8 kyr - Drysdale et al.,
2007) indicate a later demise of the LIG. A later chronology is
suggested by a pollen record from the IM that exhibits a tie-point of
non-arboreal peak abundance around ~107 kyr (S�anchez-Go~ni
et al., 2005; Müller and S�anchez-Go~ni, 2007). This age is in line
with an independent chronology for the LIG based on tephra layers
in Lago Grande di Monticchio (40�570N) (107.6e109.5 kyr - Allen
and Huntley, 2009; Martin-Puertas et al., 2014), and Tenaghi Phil-
ippon (40�580N) (109.4± 0.9 kyr -Wulf et al., 2018) (Fig. 7o,p). Both
pollen records, similar in latitude to Ejulve cave (40�450N), match
our date of 108.6± 0.3 kyr for the major aridity event seen in d13C
that could be attributed to the end of the LIG in this area.
5.4. Abrupt millennial-scale variability during MIS 4 to MIS 3

5.4.1. D-O variability
The Last Glacial cycle was characterized by a great expansion of

high-latitude ice sheets involving widespread global impacts (Clark
et al., 2009). In this context, the occurrence of D-O oscillations was
the most notable expression of abrupt millennial-scale variability.
The identification of the terrestrial response to D-O events in Villars
cave (Genty et al., 2003, 2010) was a milestone to constrain the
impact of those events in Europe. Subsequent studies have shown
that the proxy signal of D-O events recorded by stalagmites differ
across Europe. For instance, Sofular Cave located in northern Turkey
exhibits a high sensitivity to D-O cycles (Fig. 8h) similar to the
NGRIP ice core record (Fig. 8m), while Soreq cave lacks a clear
response (Fig. 8f). Recently, speleothems from Crag Cave revealed
short pulses of carbonate deposition during the Greenland In-
terstadials (GI) of the younger part of MIS 3 (GI-1 through to GI-3)
(Bar-Matthews et al., 2003), h) d18O of Leviathan Cave, Western USA (green) (Lachniet
Caves (red) (Cheng et al., 2016), k) U-Th ages of ANDROMEDA, l) d13C of ANDROMEDA
ntrische Kirche cave, Austria (dark brown) (Meyer et al., 2008) and NALPS stalagmites
Italy (green) (Martin-Puertas et al., 2014), p) total arborean taxa (%) (Wulf et al., 2018)
nchez-Go~ni et al., 2017). Note that the isotope proxies of all stalagmite records are
in moisture source), Han-sur-lesse (changes in vegetation type), d13C of ANDROMEDA
ecords are reversed, with the exception of NALPS. The nomenclature of C events follows
for comparison with the other records. (For interpretation of the references to color in



Fig. 8. Comparison of records during MIS 4 and 3, including orbital forcing. From top to bottom: a) IRD discharge at core site U1308 (Si/Sr) (black) (Hodell et al., 2008), b) cold-water
foraminifera species (%) (Neogloboquadrina pachyderma, Turborotalia quinqueloba) in ODP 172e1060 (orange) (Vautravers et al., 2004), c) productivity-related species of planktic
foraminifera (%) of MD01-2444 (Globigerina bulloides, Globigerinita glutinata) (green) (Vautravers and Shackleton, 2006), d) SST in MD01-2444 on the Iberian Margin (blue) (Martrat
et al., 2007), e) d18O of Chinese speleothems (red) (Cheng et al., 2016), f) d18O of Soreq Cave (black) (Bar-Matthews et al., 2003), g) d13C of BCC Cave (blue) (Springer et al., 2014), h)
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(Fankhauser et al., 2016), while a speleothem from Bunker Cave
recorded growth during the warm conditions of D-O 14 and 12
(Weber et al., 2018) in agreement with previous records from Alps
(Moseley et al., 2014). Besides, a speleothem from Cueva Victoria
(southeast Iberia) shows the response to D-O oscillations associated
with humid conditions (Budsky et al., 2019).

The ANDROMEDA d13C record, whose timing agrees with the
NGRIP record for D-O 18 to 12 (Fig. 8l,m), replicates the signal seen
in Villars cave and covers previous hiatuses during cold periods
(Fig. 8l,n). Both d13C profiles fromVillars and Ejulve exhibit a similar
variability (~5‰) with ANDROMEDA recording generally higher
values. D-O events 19 (~70 kyr) to D-O 11 (~42 kyr) are recorded by
the ANDROMEDA record, while the identification of D-O 13,
possibly because of its weak signal and short duration (Wainer
et al., 2009), is uncertain. Likewise, the slow growth and the un-
certainties of the age model challenge the identification of D-O 11.
5.4.2. Heinrich stadial variability
In modern summers, the Polar Front (PF) follows the coast of

Greenland with a sinuous circulation (Dickson et al., 1988), while
during HS its position was south of the Ruddiman IRD belt (Fig. 1),
that reached as far as 39� N (Voelker and Abreu, 2011) or 40� N
(Eynaud et al., 2009 and references therein). Naughton et al. (2009)
proposed even lower latitudes for the PF for the maximum
discharge phase of IRD during the HS, reaching as far as 35e37� N.
The southwardmigration of the PF and themeridional compression
of the North Atlantic anticyclonic gyre were the result of an
enhanced zonal atmospheric circulation (Pailler and Bard, 2002)
(Fig. 1). The suppression of the cyclogenesis, controlled by the low
SST in the North Atlantic Ocean and an extensive winter ice cover,
gave rise to reduced evaporation and a weakening of the AMOC
(Genty et al., 2010; Rowe et al., 2012) which resulted in a dry and
cold climate in Europe, explaining the hiatuses in some continental
paleorecords (e.g. Villars cave, Han-Sur-Lesse, NALPS, Figs. 7m, n,
8n).

During such cold periods Ejulve cave at 40� N of latitude was
likely located along the pathway of the storm tracks, when the PF
and the Westerlies were displaced southward (Fig. 1). This may
explain speleothem growth in Ejulve cave during HS, especially
during HS-6. However, each cave system is unique and the lat-
itudinal location below 40� N does not guarantee continuous
growth during these periods, as was seen in speleothems from
Portugal and Mallorca (Denniston et al., 2018; Dumitru et al., 2018).

The Heinrich stadials in ANDROMEDA are represented by high
d13C values, although the absolute values differ between stadials.
The corresponding HS-SST cooling phases are attributed to the
slowdown of the AMOC and the related reduction in northward
heat transport (McManus et al., 2004; de Vernal et al., 2006;
Clement and Peterson, 2008; Wolff et al., 2010). In our record, HS-4
shows the highest d13C values, a Heinrich event associated with one
of the most pronounced IRD fluxes of the last glacial period (Cortijo
et al., 1997; Hemming, 2004) with a probably nearly complete
shutdown of the thermohaline circulation (Elliot et al., 2002; Roche
et al., 2004). Extremely dry conditions in Iberia during HS-4 were
inferred by other proxies such as dust transported to the Albor�an
Sea (Moreno et al., 2002), paleovegetation data from southern
Iberia (S�anchez-Go~ni et al., 2002) and more recently by a loess
sequence from central Iberia (Wolf et al., 2018). This accumulation
d13C of Sofular Cave (blue) (Fleitmann et al., 2009), i) d18O of NALPS (grey) (Moseley et al.,
(black) and k) precessional cycle of boreal summer (orange) (Laskar et al., 2004), l) d13C of
2004), n) d13C of Villars Cave (blue) (light blue) (orange) (Genty et al., 2010), o) woody
(Wulf et al., 2018) (yellow) in Tenaghi Philippon, temperate forest (%) of q) MD95-2042 (khak
with the exception of NALPS. The NGRIP age model was converted to years BP for compariso
the reader is referred to the Web version of this article.)
of loess occurred in two phases, the first between 73.0± 6.9 kyr and
59.7± 4.7 kyr (matching HS-6) and the second between 41.3± 4.0
kyr and 43± 3.8 kyr, including HS-4 within dating uncertainties
(Wolf et al., 2018).
5.4.3. Extreme multi-events complexes
A prominent feature between 70 and 50 kyr in the d13C record of

ANDROMEDA are two extrememulti-events, characterized by their
high d13C values with a brief interval in between resulting in a W-
shape pattern (dubbedmulti-event, Fig. 8l). The first of these events
incorporates HS-6 and D-O 18, and the second multi-event com-
prises HS-5a and D-O 15. The d13C record shows comparable values
for both multi-events but of different length, the older multi-event
being the longer one. These events coincide with IRD discharge,
increases in the abundance of cold taxa foraminifera (N. pachy-
derma, T. quinqueloba) and/or productivity-related species
(G. bulloides, G. glutinata) (Fig. 8a,b,c). Interestingly, both multi-
events correspond to hiatuses in the Villars cave record (Fig. 8n)
and coincide with a common decrease in arborean pollen in the
European records (Fig. 8o,p,q), supporting the persistence of
markedly dry conditions.

During the older multi-event (including HS-6 and D-O 18), the
d13C record of ANDROMEDA exhibits a similar pattern as the SST of
the IM (Fig. 8l,d). Mg/Ca data of ANDROMEDA reveal two phases: a
first one with markedly dry conditions until 65.5 kyr, coincident
with the highest values in d13C, and a second phase of enhanced
water availability from 65.5 kyr onwards, within HS-6 (Fig. 5c). The
change from one to the other phase occurred during the intersta-
dial D-O 18 around 64 kyr. Interestingly, the Mg/Ca results show
that the driest conditions ocurred before HS-6, suggesting the in-
fluence of very cold conditions associated withMIS 4. Globally, only
the d18O record of the East Asian Monsoon region exhibits a similar
phasing to that seen in our d13C for this period (Fig. 8e,l). More
speleothem records covering HS-6 are needed to clarify the climate
mechanisms and timing during this multi-event.

The younger multi-event (including HS-5a and D-O 15) presents
a different signal depending on the latitude in the marine realm
(North Atlantic or subtropical Atlantic). Thus, only a brief reduction
in the SSTof the IM in an isolated event is observed during this time
interval (Fig. 8d). Some authors suggested the existence of HS-5a at
this time, an additional Heinrich event between HS-5 and HS-6 (e.g.
Rashid et al., 2003; Vautravers and Shackleton, 2006) with low IRD
deposition (Fig. 8a). However, the absence of major iceberg dis-
charges into the North Atlantic and the lack of a marked decrease in
SST of the IM are in contrast with the prominent increase in cold-
water foraminifera recorded in the subtropical western Atlantic
(Gulf Stream area) (Vautravers et al., 2004), suggesting sensitivity
in lower latitudes to these changes. Likewise, the increase in
productivity-related species of planktic foraminifera, a proxy of
upwelling particularly in the northeastern subtropical Atlantic
(Chapman et al., 1996; Vautravers and Shackleton, 2006), reflects
an increase in trade wind intensity in this sector (Vautravers and
Shackleton, 2006). The strengthening of trade winds is a conse-
quence of a stronger Hadley Cell, reinforcing the subtropical highs
and producing a northward displacement of the subtropical jet that
could explain the dry conditions reflected by the pollen data in this
period (Martin-Puertas et al., 2014; S�anchez-Go~ni et al., 2017; Wulf
et al., 2018) (Fig. 8o,p,q). The lack of planktonic data during the
2014), (black) (Boch et al., 2011), j) d18O of ANDROMEDA (pink) with a polynomial fit
ANDROMEDA (green), m) d18O of NGRIP (North Greenland Ice Core Project members,
taxa (%) of Monticchio (green) (Allen and Huntley, 2009), p) total arborean taxa (%)
i) (S�anchez-Go~ni et al., 2017). The vertical axes of the speleothem records are reversed,
n with other records. (For interpretation of the references to color in this figure legend,
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previous multi-event, together with previous considerations that
HS-6 is poor in foraminifera species indicative of upwelling in the
northeastern subtropical Atlantic (Vautravers and Shackleton,
2006) prevents at this time the consideration of that mechanism
for the older multi-event. On the contrary, this mechanism could be
applied also to events HS-5 and HS-4 that also display an increase in
the productivity-related species (Fig. 8c).

The suggested mechanism shows similarities to the NAO index,
but it is worth noting that the Northern Hemisphere ice sheets
affected the strength and extent of the semi-permanent atmo-
spheric activity centers, namely the Icelandic Low and the Azores
High that control the NAO. Therefore, some authors that invoke
similar mechanisms to explain past climate conditions refer to
NAOþ like conditions during stadials (S�anchez-Go~ni et al., 2002) or
during periods of enhanced upwelling in the IM (Vautravers and
Shackleton, 2006), while Naughton et al. (2009) refer to the remi-
niscences of the present-day prevailing modes of the NAO to
explain the climate variability during HS 4, 2 and 1.

Another particularity of this younger multi-event is that it
started with a Heinrich stadial, in contrast to the older multi-event.
Our data therefore record an abrupt response of the terrestrial
realm, with Mg/Ca pointing towards dry conditions during the full
duration of this multi-event (Fig. 5b and c), in contrast to the two-
phases seen in the previous event. Additionally, the younger multi-
event had a global impact in contrast to the older multi-event, with
changes in the subtropical Atlantic that triggered cold-dry anom-
alies in North America (BCC cave) (Springer et al., 2014), Europe
(NALPS, Ejulve cave) (Moseley et al., 2014) and Asia (Soreq) (Bar-
Matthews et al., 2003) (Fig. 8h, j, n, f).

While the response of the vegetation to the older multi-event
was contemporary to the response of d13C of ANDROMEDA, this
was not the case for the younger multi-event. The comparison
between the Monticchio pollen record and d13C of ANDROMEDA
suggests a displacement towards younger ages in Monticchio dur-
ing the younger multi-event by 3e4 kyr (black arrows, Fig. 8o). A
similar shift is suggested for D-O 14, which shows an increase in
wooden taxa during the HS-5. Previous studies pointed out dis-
crepancies in the chronology of Monticchio during MIS 3, such as
during HS-4, due to a poor varve preservation (Wulf et al., 2004).
The results presented here suggest that the response to the multi-
events could have been synchronous in both records.

To sum up, the older multi-event shows high IRD discharge and
cold SSTs on the IM, and our data suggest that it consisted of two
parts, i.e. a dry one until 65.5 kyr and more humid one afterwards.
The dry phase reflects changes in the ocean-atmosphere system
prior to HS-6. On the contrary, the younger multi-event shows a
higher response in the subtropical Atlantic compared to the North
Atlantic, with an increase in cold-water foraminifera and
productivity-related species at lower latitudes. The increase in
trade wind intensity and an intensified Hadley Cell could be
responsible of a northward displacement of the Westerlies, and
hence, gave rise to dry conditions in Iberia during this multi-event.
Our results reinforce the consideration of drier conditions in the
Mediterranean realm as a response of a colder North Atlantic.

6. Conclusions

The ANDROMEDA stalagmite from Ejulve cave grew continu-
ously from 118.9 to 36.9 kyr.With respect to the d18O proxy data, we
proposed two different stages: (1) during MIS 5, d18O was
controlled by orbital pacing, with boreal summer precession
minima leading to humid conditions, and (2) MIS 4 and 3, when
d18O and d13C co-varied after HS-6 and the variability of both iso-
topes reflects a common response to reduced precipitation.

During the first stage (MIS 5), d18O was controlled by an increase
in seasonality due to lower precession (boreal summer in perihe-
lion), with more humid winters reflecting enhanced moisture
transport by the Westerlies. The d13C data, highly correlated with
Mg/Ca, record vegetation productivity, soil microbial activity and
water availability. The dominant orbital pacing (precession) on d18O
was interrupted by abrupt dry-cold periods. We found evidence of
four such events which coincided with the C26, C25, C24 and C23
cold events in the North Atlantic. The end of the LIG in the study
area occurred at 108.6± 0.3 kyr, in agreement with other records in
southern Europe and supporting the hypothesis of a late demise in
southern compared to central Europe.

During the second stage (MIS 4 and 3), d18O lagged the pre-
cession signal, and d13C reflects the succession of D-O and Heinrich
events. These dry-cold periods are characterized by high values in
both d18O and d13C due to a decrease in precipitation. The stalag-
mite’s growth rate decreased during MIS 4 and the cold stages of
MIS 3.

Two multi-events are recorded by d13C between 70 and 50 kyr,
i.e., HS-6 and D-O 18 on the one hand, and HS-5a and D-O 18 on the
other hand. Both multi-events show a similar intensity but a
different duration, which was longer in the older multi-event. The
latter is characterized by high IRD discharge in the North Atlantic
and cold SST on the IM, and a dry climate until 65.5 kyr prior to HS-
6 and more humid conditions afterwards in the study area. The
younger multi-event shows a higher response in the subtropical
Atlantic, with an increase in cold-water foraminifera and
productivity-related species in lower latitudes. An intensified
Hadley Cell and reinforced trade winds might have been respon-
sible for a northward displacement of the subtropical jet and the
Westerlies, giving rise to dry conditions in the study area.
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