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Abstract

This study examines the first precisely dated and temporally highly resolved speleothem record from Iberia that reconstructs
the Oldest Dryas (OD). The onset of cold conditions in the study area, contemporary with the beginning of Heinrich Stadial 1,
is recorded at 18.13 ± 0.08 ka, with a pronounced drop of 6.1‰ in δ13C in 250 years. Henceforth, stadial conditions depict a
period of instability in the Atlantic Meridional Overturning Circulation, peaking in freshwater input from iceberg melting
during Heinrich Event 1. Anomalies in the δ18O of the stalagmite attributed to such a freshwater event are found from
16.17 to 15.89 ka. Such absolute dates given to the onset of the OD in Iberia and to the main iceberg discharges are reliable
anchor points for non-absolute chronologies. Two periods are identified in the OD: OD-a (18.13–16.17 ka) is characterized
by wet conditions and a faster growth rate, and OD-b (15.89–14.81 ka) exhibits relative dryness and a slower growth rate. The
sudden release of fresh water is considered to be the reason for the disruption of rainfall patterns in eastern Iberia. The present
study also highlights the existence of heterogeneous and complex hydrological conditions during the OD in Iberia when both
Atlantic and Mediterranean realms are considered.
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INTRODUCTION

Heinrich events were identified during the last glacial period
as enhanced ice-rafted debris (IRD) that were found in marine
deep sea sediments from the North Atlantic as a result of mas-
sive iceberg calving (Heinrich, 1988; Hemming, 2004). The
icebergs led to huge volumes of ice rafting across the North
Atlantic, leading to important changes in oceanic circulation,
such as the reduction in the North Atlantic DeepWater forma-
tion (Hemming, 2004) and the consequent slowdown of the

Atlantic Meridional Overturning Circulation (AMOC). In
the 1990s, the slowdown of the AMOC during Heinrich
events and the associated cooling in the Northern Hemisphere
were attributed to the meltwater pulses from the events them-
selves (Broecker, 1994; Paillard and Labeyrie, 1994; Rahm-
storf, 1994). However, in the 2000s, an increasing number
of studies suggested that the AMOC disruption occurred
before the iceberg discharges (Roche et al., 2004; Hall
et al., 2006). The relationship between the North Atlantic
DeepWater, the AMOC, and the oceanic changes responsible
for destabilizing grounded ice shelves remained elusive until
the findings of Marcott (2011) and Álvarez-Solas et al.
(2011). Since these studies, a marine subsurface warming
occurring at the same time as large reductions in the
AMOC was identified more than 1 ka prior to a Heinrich
event (Marcott et al., 2011). Here, it is worth noting the
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clear distinction between Heinrich stadials and Heinrich
events. A Heinrich stadial, characterized by low Northern
Hemisphere temperatures linked to a weak AMOC, precedes
a Heinrich event, which is limited to the IRD from iceberg
calving recorded in the North Atlantic sediments. Recogniz-
ing that the icebergs arrived too late to trigger the initial cool-
ing, this paradigm implies that while fresh water derived from
melting ice provides a positive feedback system to prolong
stadial conditions, it is not a trigger for a stadial event
(Álvarez-Solas et al., 2013; Barker et al., 2015).
Together with Heinrich events, the global picture of abrupt

climate changes during the last glacial cycle cannot be com-
pleted without mentioning the Dansgaard-Oeschger oscilla-
tions. Contrary to Heinrich events, which are identified in
marine records, Dansgaard-Oeschger cycles are identified in
Greenland ice cores and are characterized by abrupt warmings
(interstadials) followed by more gradual coolings (stadials)
(Dansgaard et al., 1982, 1993). Dansgaard-Oeschger variations
in the North Atlantic sea surface temperatures are well corre-
lated with Greenland temperatures, although Heinrich events
are not seen with extreme low temperatures in the ice cores
(Bond et al., 1999; Hemming, 2004).
The climatic response of Iberia and its surroundings to

Heinrich events has been identified in several paleorecords
in the last two decades (e.g., Cacho et al., 1999; Sánchez
Goñi et al., 2000; Moreno et al., 2002). Marine records ana-
lyzing such oscillations are abundant in the Bay of Biscay, the
Iberian margin, the Alborán Sea, and the western Mediterra-
nean (Combourieu Nebout et al., 2002; Sánchez Goñi et al.,
2002; Roucoux et al., 2005; Sierro et al., 2005; Voelker et al.,
2006; Beaudouin et al., 2007; Naughton et al., 2007; Fletcher
and Sánchez Goñi, 2008; Frigola et al., 2008; Toucanne et al.,
2008). In contrast, the terrestrial response is not well con-
strained owing to the lack of good records and the problems
associated with obtaining a reliable chronology (see the
review of Moreno et al., 2012). Focusing on the last deglaci-
ation, it should be noted the dearth of speleothems in Europe,
specifically in Iberia (Atsawawaranunt et al., 2018; Lechleit-
ner et al., 2018). The OD, corresponding to the counterpart of
Heinrich Stadial 1 (HS-1) on the continent (Naughton et al.,
2007), has been identified as the last cold event before degla-
ciation, and was even colder than the last glacial maximum
according to some Iberian records (Cacho et al., 2001).
Regionally, records covering the OD are scarce and offer

only a sparse view of cold/dry conditions (Valero-Garcés
et al., 1998; González-Sampériz et al., 2006; Millet et al.,
2012). Such records from the Pyrenees in northeastern Iberia
exhibit rather homogeneous climate conditions during the
OD, which are explained either by the location at high altitude
with persistent cold conditions or by the low temporal resolu-
tion. Likewise, a stalagmite record from northern Iberia that
was growing during the last glacial maximum records a hiatus
in the OD (Moreno et al., 2010). Notably, an advance of the
glaciers has been recorded during the OD in many mountains
in Iberia (Palacios et al., 2017a, 2017b), entailing the most
remarkable readvance since the last glacial maximum. There-
fore, while the dominance of cold conditions is certain during

the OD, inferring predominant dryness remains controversial.
Because of such contradictory results, new records are needed
to test the hypothesis of widespread dryness during the OD.
Some studies suggest a multiphase evolution in the hydrol-

ogy in this regard; a transition from humid to dry conditions
throughout the OD has been inferred by means of salinity in
Lake Estanya in the Pyrenees (Morellón et al., 2009). Further-
more, the most illustrative and detailed insights about the
complex structure of the OD in Iberia throughout several
hydroclimate phases have been pointed out by Naughton
et al., (2007, 2009, 2016), using pollen assemblies in marine
cores from the Iberian margin. A tri-phase pattern was estab-
lished in a few sequences with extremely high sedimentation
rates, whereas two phases were detected in lower resolution
sequences (Naughton et al., 2016). A pattern of wet condi-
tions during the first (older) phase and dry conditions in the
second (followed by another relatively wet phase in the
case of three-folded records) is common in these records.
Similar complex patterns during that period have also been
reported from lake sequences and speleothems from other
regions outside Iberia (Broecker and Putnam, 2012; Stríkis
et al., 2015). Reconstructing the hydrological evolution dur-
ing the OD in terrestrial Iberia is important to understanding
the response on land to the complex climatic patterns during
this event and the teleconnections established with atmo-
spheric and oceanic processes.
Here, we present a new speleothem record fromMeravelles

cave in northeastern Iberia that extends across the OD. Chro-
nologically well-resolved, the outstanding resolution reached
on the stable isotopes enables the identification of decadal
abrupt events in the last deglaciation. Our data suggest a het-
erogeneous pattern in the hydrology, with generally wetter
conditions than shown in many other reconstructions of the
OD in Iberia. Notably, this record shows clear shifts in
δ18O and δ13C that are attributed to two key events: (1) the
onset of the cold conditions of the OD ascribed to HS-1,
and (2) the iceberg discharge in the Atlantic Ocean due to
Heinrich Event 1 (HE-1) (sensu stricto). Such findings con-
firm the hypothesis of Álvarez-Solas et al. (2011) on a terres-
trial European record.

STUDY AREA

Meravelles cave (40°56′55.62′′N, 0°30′45.59′′E, 125 m asl)
(Fig. 1) is located in northeastern Spain, near the village of
Benifallet, Tarragona. It is in the Serra de Cardó mountainous
system, next to the Ebro River and 25 km from the Mediter-
ranean Sea. It formed in lower Jurassic limestone, dolostone,
and breccia, and has 510 m of mainly flat galleries, reaching a
maximum depth of only 10 m (Fig. 2). Surrounding the cave
is sclerophyll vegetation composed mainly of calcicole
shrublands of Rosmarino-Ericion multiflorae and other
taxa, including Fabaceae (Anthyllis cytisoides), Poaceae
(Phlomido lychnitidis-Brachypodietum retusi), and sparse
Pinus halepensis forests.
The local climate is typical Mediterranean (Csa following

Köppen-Geiger). From 2000 to 2015, the weather station
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belonging to the Global Network of Isotopes in Precipitation
in nearby Tortosa measured amean annual rainfall of 520 mm
and a mean annual temperature of 18.3°C (Rodríguez-
Arévalo et al., 2011). Seasonally, mean temperatures reach

26.8°C during summer and 12.0°C during winter. The hydro-
climate is characterized by equinoctial rains during autumn
and spring, generally dry summers, and relatively dry winters.
However, it is worth noting the recurrence of episodes of high

Figure 1. Paleoenvironmental reconstruction of western Europe prior to deglaciation. The sea level is -120 m compared to the modern level,
according to reconstructions of the last glacial maximum. Meravelles cave (this study, red star) and other records cited in the text are indicated
by the following colors: red (cave), sky blue (marine core), navy blue (lake), and yellow (dune fields, including the Caparica clifftop dune, the
inland extension of the Aeolian system, and the Apostica transgressive dune field) (modified fromBecker et al., 2015). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 2. (color online) (A) Plan view of Meravelles cave. (B) Cross section of the cave. (C) Polished half of the MAAT record; the square at
the top indicates the part of the stalagmite used in this study; some main hiatus throughout the record (gray lines) are also marked. (D) Pho-
tomicrograph showing columnar calcite fabrics.
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rainfall in short intervals of time, associated with cutoff lows
and mesoscale convective systems that occur mainly at the
end of summer and the onset of autumn. Such episodes of
extreme rainfall lead to unusually humid late summers in
the year of occurrence. This was the case in 2006, 2009,
and 2014 in Tortosa, where >100 mm of rainfall was recorded
in September of each year. Such an amount represents 38, 45,
and 21% of the total rainfall in 2006, 2009, and 2014, respec-
tively. It must be noted that the mean rainfall during Septem-
ber represents only 13% of the total in the same period
(Rodríguez-Arévalo et al., 2011). There is thus a subdecadal
occurrence of such extreme events.
A previous study have linked the rainfall in Tortosa with the

Western Mediterranean Oscillation, a low-frequency index of
pressure differences between Padua (northern Italy) and San Fer-
nando (southern Iberia) (Martin-Vide and Lopez-Bustins, 2006).
In that study, rainfall data from1951 to 2000were comparedwith
the Western Mediterranean Oscillation index and showed that
69.8% of rainfall events occurred under negative values in the
index. This relationship is much stronger if we take into account
the episodes of torrential rainfall: 96.1%of daily rainfall >50mm
coincided with a negative Western Mediterranean Oscillation
index, and 100% coincided with amounts >100mm for the
same period (Martin-Vide and Lopez-Bustins, 2006).

METHODS

The stalagmite studied here (dubbed MAAT) from Mera-
velles cave is 15 cm long (in the present work, we focused
on the top 2.5 cm, covering early deglaciation) and was col-
lected in situ and cut along the growth axis with a diamond
saw and then polished (Fig. 2). A total of 250 samples were
drilled along the extension axis at 0.1-mm increments for sta-
ble isotope analysis; 26 samples were taken at 1-mm incre-
ments for trace-metal analysis, and 14 samples were taken
for 230Th dating at different intervals, mainly every 1–2
mm, to identify any potential change in growth rate. A thin
section covering the whole area of MAAT was examined
using transmitted light microscopy.
Stable isotopes analysis was performed at the Isotope Lab-

oratory of Xi’an Jiaotong University, using a ThermoFisher
Delta V Plus mass spectrometer coupled with a Kiel-IV. Val-
ues are reported as δ18O (‰) and δ13C (‰) with respect to the
Vienna Pee Dee Belemnite (VPDB) standard. Long-term pre-
cision for δ13C and δ18O (1σ) was 0.03 and 0.06‰, respec-
tively. Calibration of the raw results versus the VPDB scale
was achieved using TTB-1 and NBS 18 reference materials.
Trace metal analysis was performed at the Pyrenean Institute
of Ecology, using inductively coupled plasma-optical emis-
sion spectrometry (ThermoFisher iCAP DUO 6300). An
approximate 1-mg sample was dissolved in 2% HNO3. The
results were expressed as molar ratios against Ca. 230Th dat-
ing was performed using a Thermo Neptune multicollector
inductively coupled plasma mass spectrometer at Xi’an Jiao-
tong University and the University of Minnesota, following
the methodology described in Cheng et al. (2000). The
decay constants are reported in Cheng et al. (2013).

The depth-age model was constructed using COPRA
(Breitenbach et al., 2012), tracing the confidence interval
(95%) through Monte Carlo simulations by the PHCIP
method with the 2σ deviation from the median trajectory of
the proxy. The ages are expressed in years before present
(BP). Spectral analyses were run in REDFIT (Schulz and
Mudelsee, 2002) and Morlet continuous wavelet in Matlab
(Grinsted et al., 2004), with time series interpolated at
equal steps. All the correlations used in this study were calcu-
lated with Spearman’s rank correlation coefficient (ρ).

RESULTS

Petrography, age model, and growth rate

Focusing on the top 2.5 cm of MAAT, long and thin crystals
parallel to the growth axis were identified, with a length/width
ratio >6:1 and flat regular borders (Fig. 2). Thin-section
observation suggests that the sample is entirely composed
of calcite. The fabric corresponds to “columnar,” following
the nomenclature of Frisia (2015). Neither macro- nor micro-
lamination was recognized in the sample.
A total of 14 230Th dates (Table 1) extracted from the top

2.5 cm of MAATwere used to build the chronological record
(Fig. 3a), showing mean analytical uncertainties of 3‰. Sam-
ples are genuinely clean, reaching consistent and high
230Th/232Th ratios between 2000 and 25,000 (Table 1).
238U content is approximately 460 parts per billion (ppb),
whereas δ234Uinitial is approximately 400 (Table 1).
Growth rate ranges from 1 to 2 μm/yr (15.71–15.27 ka), 31

to 32 μm/yr (18.49–18.47 ka), and 20 to 21 μm/yr (17.85–
17.81 ka) (Fig. 3b). Mean growth rate is 12 μm/yr. Focusing
on key events, growth rates are approximately 4 μm/yr during
the onset of the OD (18.13 ka), whereas 6–4 μm/yr are
reached during the δ18O negative anomaly in the main part
of the OD (16.17–15.89 ka). The continuous growth of
MAAT during the OD is remarkable, given other regional
cave records, such as Villars cave (Genty et al., 2006) and
El Pindal (Moreno et al., 2010), exhibit hiatus during this
event.

Isotope and trace-metal geochemistry

The δ18O record of MAAT shows values between −5.84 and
−3.75‰ (mean =−4.70 ± 0.02‰). The lowest δ18O values
are reached in the bottom part of the record (18.47 ka),
while the maximum occurred at 16.02 ka (Fig. 3c). The
δ13C values range from −8.27 to + 1.74‰ (mean =−2.30 ±
0.22‰). Similar to δ18O, the lowest δ13C values are found
in the oldest part of the record (18.61 ka), while the highest
are reached at 15.49 ka (Fig. 3d). The absolute δ13C variabil-
ity is notably high, reaching a 10.01‰ in a 4-ka-long record.
Interestingly, δ18O and δ13C are well correlated (ρ = 0.66,
p-value <0.001) throughout the record. The temporal resolu-
tion reached on the stable isotope data varies between 4 and
71 years, with an average resolution of 16 years. The
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subdecadal resolution is reached during 18.6–18.3 and 17.9–
17.7 ka.
The trace-metal ratios analyzed, namely Mg/Ca and Sr/Ca,

show a statistically significant strong positive correlation (ρ =
0.9, p-value <0.001) throughout the record. The lowest values
in both stable isotope and trace-metal ratios are reached in the
oldest part of the record; the highest values are seen in the
youngest section.

DISCUSSION

Interpretation of proxies

δ18O

The columnar fabric of MAAT, considered a primary fabric,
is likely associated with near-equilibrium conditions during
the formation of the speleothem (Frisia et al., 2000, 2018).
The correct stratigraphic order of the 230Th dates and the
absence of diagenetical evidence support the primary origin
of the fabric.
When a positive correlation between δ18O and δ13C is

found in speleothems, it might be considered evidence of iso-
topic disequilibrium (Mickler et al., 2006). Kinetic effects,
such as rapid CO2 degassing, and evaporative effects in the
cave, would lead to an enrichment of speleothem 18O and
13C (Wiedner et al., 2008). However, some recent reviews
highlight the existence of positive correlations between spe-
leothem δ18O and δ13C in many paleoclimate studies (Fair-
child et al., 2006; Mickler et al., 2006). Indeed, such
correlation may respond to environmental factors when
δ18O and δ13C variability is controlled by rainfall amount

and vegetation activity, respectively. In the Mediterranean,
many examples of stalagmites sensitive to changes in rainfall
amount also show positive correlation between δ18O and
δ13C without their respective paleoclimate relevance being
compromised (e.g., Drysdale, 2006; Columbu et al., 2017;
Regattieri et al., 2018).

Once diagenetic processes are discarded, δ18O of speleo-
thems from mid-latitudes are driven by several factors that
in turn control the δ18O of the precipitation, such as cloud
condensation temperature (Dansgaard, 1964; Fricke and
O’Neil, 1999), storm track pathways (Sturm et al., 2007), var-
iations in the ocean water δ18O (Schrag et al., 2002), changes
in the vapor source (Charles et al., 1994), changes in season-
ality (Denton et al., 2005), and amount of rainfall (Rozanski
et al., 1993). In the present record, changes in the vapor
source are not expected owing to the orography of the study
area, leeward of the Atlantic influence and hydrologically
controlled by rainfall of Mediterranean origin. Different
storm track pathways might occasionally affect δ18O at
event—or even monthly—scale, but it is unlikely at the mil-
lennial scale of this study with a prevalent zonal atmospheric
circulation that characterized glacial stages (Li and Battisti,
2008; Beghin et al., 2015).

The meltwater discharges mainly during spring and sum-
mer decrease the AMOC and preclude the northward oceanic
heat transfer, expanding sea-ice cover in the North Atlantic,
including the Bay of Biscay (Zaragosi et al., 2001), and set-
ting the climate in a winter-centric mode (Denton et al.,
2005, 2010; Toucanne et al., 2015). In a deglaciation in
“apparent” cold conditions (Toucanne et al., 2015), halfway
through the precession cycle, changes in rainfall seasonality
are unlikely to exert an important role on δ18O variability.

Table 1. 230Th dating results.

Sample
name

238U
(ppb)a

232Th
(ppt)b

230Th/232Th
(atomic × 10-6)

δ234Uc

(measured)

230Th/238U
(activity)

230Th age (yr)
(uncorrected)

δ234Uinitial
d

(corrected)

230Th age (yr BP)
(corrected)e

MAA-0.5 249.2 ± 0.2 316 ± 6 2,287 ± 46 368.6 ± 1.5 0.1756 ± 0.0005 14,885 ± 50 384 ± 2 14,789 ± 54
MAA-2.0 328.3 ± 0.2 46 ± 13 21,197 ± 5794 376.2 ± 1.5 0.1807 ± 0.0004 15,253 ± 38 393 ± 2 15,181 ± 38
MAA-3.0 430.0 ± 1.0 320 ± 6 4,148 ± 85 372.1 ± 1.6 0.1869 ± 0.0004 15,862 ± 44 389 ± 2 15,782 ± 45
MAA-5.0 475.9 ± 0.3 184 ± 4 8,241 ± 166 388.9 ± 1.0 0.1937 ± 0.0004 16,271 ± 35 407 ± 1 16,194 ± 35
MAA-6.5 509.3 ± 0.5 103 ± 12 16,157 ± 1845 391.6 ± 1.6 0.1974 ± 0.0003 16,565 ± 38 410 ± 2 16,492 ± 38
MAA-8.5 469.9 ± 0.4 133 ± 8 11,888 ± 684 401.4 ± 1.6 0.2045 ± 0.0004 17,078 ± 39 421 ± 2 17,004 ± 39
MAA-9.5 470.4 ± 0.4 295 ± 6 5,512 ± 111 418.8 ± 1.6 0.2097 ± 0.0004 17,307 ± 43 440 ± 2 17,225 ± 44
MAA-11.5 590.9 ± 0.7 981 ± 20 2,097 ± 42 394.6 ± 1.8 0.2111 ± 0.0005 17,765 ± 50 415 ± 2 17,667± 56
MAA-14.0 434.5 ± 0.5 181 ± 8 8,291 ± 351 372.3 ± 1.6 0.2091 ± 0.0004 17,899 ± 45 392 ± 2 17,821 ± 46
MAA-16.0 313.7 ± 0.3 54 ± 1 20,009 ± 403 361.9 ± 1.4 0.2084 ± 0.0005 17,978 ± 50 381 ± 1 17,905 ± 50
MAA-18.0 448.3 ± 0.6 188 ± 4 8,363 ± 171 358.5 ± 1.7 0.2122 ± 0.0005 18,388 ± 54 378 ± 2 18,315 ± 55
MAA-20.0 324.0 ± 0.4 96 ± 7 11,857± 893 349.8 ± 1.6 0.2125 ± 0.0005 18,541 ± 54 369 ± 2 18,465 ± 54
MAA-22.5 336.2 ± 0.3 46 ± 6 25,836 ± 3620 353.4 ± 1.5 0.2136 ± 0.0004 18,594 ± 45 372 ± 2 18,522 ± 45
MAA-25.0 338.2 ± 0.3 91 ± 2 13,103 ± 264 354.8 ± 1.4 0.2148 ± 0.0005 18,683 ± 50 374 ± 1 18,609 ± 50

Note: The error is 2σ. Sample name numbers refer to the distance in millimeters from the top.
appb = parts per billion..
bppt = parts per trillion.
cδ234U = ([234U/238U]activity – 1) ×1000.
dδ234Uinitial was calculated based on the 230Th age (T); i.e., δ234Uinitial = δ234Umeasured × eλ234×T.
eCorrected 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%.
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An isotopic analysis of rainfall samples from the Tortosa
weather station (Rodríguez-Arévalo et al., 2011) establishes
a δ18O-T relationship of 0.27‰ °C-1. This slope is slightly
higher than the cave fractionation factor, of negative sign
(Kim and O’Neil, 1997; Tremaine et al., 2011), but clearly
not of enough amplitude to offer a good signal-to-noise
ratio. Besides, in the same dataset, the relationship between
the δ18O of the precipitation and amount of rainfall is –

1.6‰ per 100 mm/month. Similar gradients in temperature
and amount effect have been reported from the central and
western Mediterranean (Regattieri et al., 2018), but the calcu-
lated gradients are site- and time-specific. Its use should be
taken with care, and direct inferences of such values in the
deglaciation are controversial.
Looking in more detail at the MAAT record, the trend to a

lower δ18O through the end of the OD to the onset of the
Bølling (Fig. 3) is unlikely to be explained by changes in
air temperature, that would be attributed to cold conditions
if that would be the interpretation of the δ18O. At the same

time, the apparent sensitivity of δ13C to changes in tempera-
ture (see “δ13C and trace-metal ratios” section below) would
not be followed by any interpretation of δ18O variability as
representative of such temperature changes. In this regard,
especially illustrative is the jump in δ13C at ∼18 ka that
would be marked by contradictory warm conditions with
such δ18O interpretation. On the contrary, high growth rates
are accompanied by low δ18O as well as low trace-metal
ratios, suggesting a variability controlled mainly by hydro-
logical availability. Despite that δ18O variability might reflect
a mixing of factors that cannot be totally ruled out, and taking
into consideration the above-mentioned reasons, we suggest
that the amount of rainfall drives the δ18O variability in this
record, being also sensitive to changes in ocean water δ18O.
The amount of rainfall as a main control of δ18O variability
has been commonly reported from speleothems in the Medi-
terranean area; for example, in Italy (Zanchetta et al., 2007;
Drysdale et al., 2009; Columbu et al., 2017), Macedonia
(Regattieri et al., 2018), and Israel (Bar-Matthews et al.,
2000). In this regard, MAAT is the first speleothem reported
from Spain with such an unambiguous “Mediterranean pat-
tern” in δ18O.

δ13C and trace-metal ratios

The carbon in speleothems has two main sources: (1) soil
CO2 controlled by atmospheric CO2, plant respiration, and
organic matter degradation (usually 80–90% of the total in
most temperate caves); and (2) bedrock carbonate that is dis-
solved during seepage (Genty et al., 2001, 2006). In other lat-
itudes, δ13C variability has been suggested as a proxy of
changes in C4/C3 vegetation types (Dorale et al., 1998),
but we hypothesize this is unlikely for our study area because
of the lack of proper climate conditions for C4 plants to
develop (Collatz et al., 1998). Other speleothems in southern
France and northeastern Spain have proved to be powerful
records of change in vegetation productivity, soil, and micro-
bial activity (Genty et al., 2006; Pérez-Mejías et al., 2017).
The overall covariation between δ13C and alkaline earth

metal ratios is strong in the present record and suggests a com-
mon control, probably climate-related. Correlation of Mg/Ca
and Sr/Ca may be explained by prior calcite precipitation,
when the infiltration waters through the epikarst reached
voids or areas with lower pCO2 than that which they had pre-
viously equilibrated (Fairchild et al., 2000; Fairchild and Tre-
ble, 2009). In addition, prior calcite precipitation favors the
release of 12C into degassed CO2, thus increasing

13C in the
dripwaters (Johnson et al., 2006). InMAAT, δ13C reaches pos-
itive values during the main phase of the OD, so a minimal
contribution of pedogenic carbon or extreme CO2 degassing
during that time is expected on account of the cold conditions.
We propose that the spike of 6.1‰ in δ13C from 18.13 to

17.88 ka is due to the decay of vegetation and soil productiv-
ity in a context of extremely cold temperatures, thus reflecting
the onset of the OD. Whereas the hydrological proxies (δ18O
and trace metals) suggest a turn into dry conditions at that
time, it seems that it is not of enough magnitude to explain

Figure 3. Results from the MAAT record. (a) Age model. (b)
Growth rate. (c) δ18O. (d) δ13C. (e) Mg/Ca (= pink) and Sr/Ca
(= blue) trace-metal ratios. 230Th dates with uncertainties are also
indicated. (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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such a dramatic decay into high δ13C. Hence, the most likely
interpretation for such decay is the drop in temperature, in
agreement with the arrival of cold conditions in oceanic
records (Sierro et al., 2005;Martrat et al., 2007). It is worth not-
ing that in semiarid regions, precipitation is usually expected to
be a major factor limiting vegetation productivity (see Ait Bra-
him et al., 2017); during the OD, the MAAT record seems
mostly conditioned by the cold temperatures instead.

Atlantic versus Mediterranean influences in Iberia:
two sides of the same coin

The multiple factors influencing δ18O in the hydrological
cycle (Lachniet, 2009) usually complicate an unambiguous
interpretation of its climatic significance in stalagmites
(Genty et al., 2006, 2010; Fleitmann et al., 2009; Scholz
et al., 2012; Moreno et al., 2017; Pérez-Mejías et al., 2017;
Lechleitner et al., 2018). This fact acquires particular rele-
vance in Iberia, a territory with a great diversity of climates
close to one another and under the influence of two different
regimes: the Atlantic and Mediterranean. Hence, some con-
crete geographical constraints might tilt the balance favoring
a determinate parameter (e.g., temperature, amount of rain-
fall, changes in seasonality) to be dominant in δ18O variabil-
ity. Studies of stalagmites from Iberia reveal that the role of
such parameters influencing δ18O vary temporally as a
response to long-term processes (e.g., ice volume, insolation)
as well as abrupt ones (e.g., meltwater outburst during a gla-
cial termination) (Pérez-Mejías et al., 2017, 2019).
In an attempt to disentangle Atlantic versus Mediterranean

influences in Iberian records, it is helpful to compare MAAT
with the contemporary speleothem record of OST-2 from
Ostolo cave in northern Spain, which is under clear Atlantic
influence (Figs. 1, 4). For instance, while hydrological avail-
ability is the factor that seems to drive the δ18O variability of
MAAT, it contrasts with the dominance of surface air temper-
ature changes in the δ18O of OST-2, as seen in the pro-
nounced jump to higher δ18O at the onset of the Bølling
period (Fig. 4). OST-2 and MAAT records are inversely cor-
related (note the reversal axis in MAAT, Fig. 4), suggesting
coeval changes related to temperature in the former and
hydrology in the latter. A clear trend toward a cold (OST-2)
and dry (MAAT) climate from 16.4 to 16.0 ka is noteworthy,
whereas mild (OST-2) and more humid (MAAT) conditions
are inferred from 15.9 to 14.7 ka. This example illustrates the
complexities inherent in δ18O interpretation in speleothems
from this area; Meravelles and Ostolo caves are only about
325 km apart but are in different geographical settings and
thus have a different δ18O response to climatic parameters.
Therefore, the present data suggest that the OD signal in ter-

restrial Iberia follows a pattern of mild temperatures in loca-
tions under Atlantic influence, while wet conditions are seen
inMediterranean areas. Likewise, when cold temperatures pre-
vail in Atlantic areas, a trend to dryness spreads in theMediter-
ranean. It should be noted the heterogeneity of both climate
regimes during the OD regarding to temperature and hydrol-
ogy. Thus, the global picture of a homogeneous cold-dry

OD throughout Iberia is not valid. Such a differentiation in
the signals of speleothems may be of interest to other studies
covering the last deglaciation in Iberia.

Furthermore, evidence of the change in δ18O of Atlantic
seawater inferred from the δ18O of OST-2 at 16.2–15.9 ka
(Fig. 4) is noticeable as a response to the iceberg discharge
of HE-1. Similarly, we hypothesize that the excursion to
lower values seen in the δ18O of MAAT at that time is also
the consequence of such a dramatic event. The location of
Meravelles cave near the Mediterranean Sea shows that the
isotopic change seen in MAAT could respond to the propaga-
tion of 18O-depleted melting water through the Strait of
Gibraltar to the western Mediterranean. Discarding other
sources of freshwater fluxes, such as hypothetical enhanced
river runoffs that are unlikely during this time, the peaks of
low δ18O of MAAT are presumably explained by the entrance
of freshened Atlantic water. Previous records from the Med-
iterranean Sea suggest the arrival of such fresh water during
HE-1 (Sierro et al., 2005) and few millennia before with

Figure 4. Comparison of MAAT (Meravelles cave; this study) (top)
and OST-2 (Ostolo cave) (bottom) records showing δ18O of MAAT
(reversed axis) and growth rate (blue) and δ18O of OST-2 and growth
rate (red) (Bernal-Wormull et al., under review). 230Th dates with
uncertainties are also indicated. The chronology of Oldest Dryas
(OD)-a and OD-b is based on MAAT; Greenland Interstadial
(GI)-1e and Greenland Stadial (GS)-2.1a and GS-2.1b are based
on INTIMATE chronology (Rasmussen et al., 2014). The onset of
OD-a is established at 18.13 ka, since it represents the beginning
of the pronounced trend into higher δ13C values. (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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enhanced fluvial discharges from northern European glaciers
(Bazzicalupo et al., 2018; Ausín et al., 2020). Likewise, tak-
ing into account the main assumption of δ18O controlled by
hydrological availability, any hypothetical increase in
humid conditions at that time is unlikely to explain such
δ18O excursion, since it cannot be supported by trace-metal
ratios or any other hydrological proxy.
The decrease of 0.42‰ in the δ18O of MAAT compared to

the pronounced decrease of 1.65‰ in OST-2 attributed to
meltwater discharge may be explained by the latter’s geo-
graphical location near the Atlantic Ocean. Hence, it is less
affected by fractionation processes that might increase with
distance to the source area, and it is directly influenced by
changes in the water composition of the ocean. Moreover,
the change in the isotopic composition of Mediterranean sea-
water is mitigated by the mixing of preexisting waters
between different seas, with the particularity that theMediter-
ranean is generally 18O-enriched because of higher evapora-
tion. Quite illustrative in this respect is the higher δ18O in
MAAT throughout the OD compared to OST-2 (Fig. 4), sug-
gesting different origins of the main vapor source(s) besides
the contrasted air temperature between both source areas, a
factor inherent in the dissimilarities between the Atlantic
and Mediterranean (Pérez-Mejías et al., 2018).

Two stages in the Oldest Dryas

Based on the results of the MAAT record, we detect two dif-
ferent stages in the OD (OD-a from 18.13 to 16.17 ± 0.08 ka
and OD-b from 15.89 to 14.81 ± 0.08 ka), supported by: (a)
δ18O variability, (b) trace-metal profile, (c) changes in growth
rate, and (d) statistical remarks and spectral analysis. The dis-
charge of meltwater into the Atlantic associated with HE-1
exerts as a key event delimitating the transition between
both stages.
During OD-a, the mean value for δ18O was−4.66‰, lower

than −4.43‰ during OD-b. Likewise, alkaline earth metal
ratios (Mg/Ca and Sr/Ca) exhibit lower values during OD-a
and a subsequent clear trend to higher values (Fig. 3). Both
δ18O and metal ratios suggest a common mechanism of
hydrological changes behind the variability, with relatively
humid conditions in OD-a and dryness during OD-b. This
hypothesis is supported by the carbonate precipitation rate,
with faster growth rates when water availability is higher.
Statistical insights into the MAAT δ18O time series show a

stationary behavior (i.e., with no trend) during OD-a, turning
to nonstationary behavior after the change in oceanic δ18O
due to the arrival of meltwater. Analyses of the frequencies
show that the end of the multidecadal and multicentennial
periodicities are found after the meltwater outburst (Fig. 5),
these cycles were notably intense in frequencies of ∼500 to
800 years. Similar ∼500-year-cycles played an important
role in the eastern Mediterranean and Asian summer mon-
soon intensity during the Holocene (Cheng et al., 2015; Xu
et al., 2019). Likewise, the frequencies in the range of
∼250–350 years, intense during late OD-a, also came to an
end (Fig. 5). If we convert the time series into percentiles,

the end of the frequencies is rather abrupt, suggesting a linear
response to climate (Grinsted et al., 2004). Therefore, a reor-
ganization of the oceanic currents and air masses in the Med-
iterranean seems to impact the cadence of rainfall in this area.
In the absence of a clear delimitation between phases, other

records in northern Iberia suggest cold/dry conditions during
the OD, but some of them lack a resolution good enough to
explore any heterogeneous pattern and/or are under persistent
climatic conditions due to the high altitude. Some examples
of such conditions can be found in lake sequences from north-
ern Iberia, with the development of steppic communities
dominated by Artemisia and a decrease in Pinus percentages
that characterizes La Mata sequence, Cantabrian range (Jalut
et al., 2010), whereas a replacement of Juniperus by Artemi-
sia was detected in El Portalet in the Pyrenees (González-
Sampériz et al., 2006).
In central Iberia, Fuentillejo maar—also a lacustrine record

—was characterized by much detrital input and erosion, low
lake level, low organic productivity, and high Juniperus con-
tent (Vegas et al., 2010). The retreat of tree species and the
development of nonarboreal species is clearly also seen in
southern Iberia, inferred from the Padul sequence (Ortiz
et al., 2010). In addition, pollen recovered from Mediterra-
nean marine cores offers additional evidence of the rise in
steppe taxa and reduction in arboreal communities in this
area, such as the Alborán Sea (Sánchez Goñi et al., 1999,
2002; Combourieu Nebout et al., 2002, 2009; Fletcher and
Sánchez Goñi, 2008) and the Gulf of Lions (Beaudouin
et al., 2007). The replacement of tree species by steppe taxa
has been used to model climate conditions at that time
(Kageyama et al., 2005), and it has also resulted in modeling
studies of vegetation types covering the whole of Iberia dur-
ing the OD (Ludwig et al., 2018). Interestingly, the model of
Ludwig et al. (2018) infer dry conditions in southern Iberia in
contraposition to the north, a hypothesis going in the same
line of proxy data and results presented here.
A close comparison with the absolute-dated speleothem

record from Ostolo cave prevents any consideration about
two stages in that cave with the present data (Fig. 4). Firstly,
the growth rate declines in OST-2 at ∼15.3 ka, which is later
than the decline seen in MAAT δ18O just after the meltwater
discharge. Secondly, the OST-2 chronology is not well con-
strained prior to 16.6 ka (corresponding mostly to OD-a; see
Fig. 4, gray color), so it is not possible to assess comparisons
during that period. More illustrative in discerning two phases
is Estanya Lake in the Pre-Pyrenees (Fig. 1), where a signifi-
cant change into a more positive water balance was identified
from 17.3 to 16.2 ka (Morellón et al., 2009), in agreement
with more water availability identified in MAAT during
OD-a. Besides, the demise of the positive water balance is
rather abrupt, coinciding with HE-1 (Morellón et al., 2009)
and matching the expansion of Artemisia in the Pyrenees
(González-Sampériz et al., 2006).
The two hydrological phases of the present record (Fig. 6a,

b) are in agreement with those proposed in pollen records
from the MD99-2331 and MD03-2697 marine cores from
the Iberian margin (Naughton et al., 2009). While the old
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part of the stadial is dominated by forest regression and the
expansion of Calluna vulgaris and Isoetes fern (humid), the
second stage shows an increase in semidesert plants (e.g.,
Artemisia) (dry) (Naughton et al., 2007). Along the same
lines, such delimitation applies if we look at the temperature.
The first phase is dominated by cold conditions by means of
heavy δ18O values of Globigerina bulloides, an increase in
Neogloboquadrina. pachyderma (s.), a Pinus contraction, a
decrease in sea surface temperatures, and an absence of
IRD. The second phase is characterized by light δ18O values
of planktic foraminifera, Pinus expansion, and the presence
of IRD, evidencing less cold conditions and iceberg melting
in the Iberian margin (Bard et al., 2000; Naughton et al.,
2009). In the Mediterranean Sea, data from foraminifera
and sedimentological proxies from the MD99-2343 core
(Balearic Sea) also suggest different stages (Fig. 6c, d). The
first stage is characterized by an increased silt/clay ratio and
a higher δ18O of G. bulloides, signaling a weaker western
Mediterranean deep water and cold conditions; the second
stage presents lower silt/clay ratio and a decrease in the
δ18O of G. bulloides, reflecting a stronger western Mediterra-
nean deep water and warmer conditions (Sierro et al., 2005;
Frigola et al., 2008). Deep water sources in the Gulf of
Lion depend mainly on wind variability and fluvial water dis-
charges (Frigola et al., 2008).
In sum, the presented results, together with comparisons

with many other regional marine records, suggest that the
two-phase pattern in the OD seen in MAAT appears to
occur synchronously despite the age model uncertainties in

these marine records. Although most records (preferentially
from the south) suggest dry conditions during the OD, our
record implies relatively humid conditions, at least during
most of OD-a. Humid conditions have also been proposed
in other parts of northern Iberia, such as in the northwest
(Naughton et al., 2009) and northeast (Morellón et al.,
2009). Such areas match those occupied by hunter-gatherers,
as inferred from the available archaeological sites. They were
concentrated along the northern and eastern Iberian coast, in
contrast to the south that probably was under persistent
drought conditions at that time (Ludwig et al., 2018; Weniger
et al., 2019).

Timing of the deglaciation in Iberia

The onset of HS-1 cannot be understood without invoking the
sequence of events that happened since the end of the last gla-
cial maximum. At ∼20–18 ka, the ice retreat induced by
warming started in Fennoscandia, with the consequence of
enhanced freshwater fluxes into the North Atlantic, provok-
ing a sea level rise of approximately 2 m in the Nordic Seas
(Álvarez-Solas et al., 2011). The discharges of the Fleuve
Manche paleoriver, interpreted by means of turbidite depos-
its, increased drastically at ∼18.3 ka and were clearly more
intense compared to the beginning of the deglaciation at
∼20 ka (Toucanne et al., 2008). Such freshwater fluxes turn
the ocean into a new state of weakened AMOC that precipi-
tates the onset of HS-1 (Denton et al., 2010; Álvarez-Solas
et al., 2011).

Figure 5. (color online) Analysis of frequencies of the MAAT δ18O record through the Morlet continuous wavelet using absolute values (top)
and percentiles (bottom). The cone of influence and the period of meltwater discharge following the chronology of the present record are also
indicated.
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Figure 6.Comparison of global records from theMediterranean andAtlantic realms. From top to bottom: (a) δ18O ofMAAT (blue) (this study)
(reversed axis). (b) δ13C of MAAT (green) (this study). (c) Silt/clay ratio of the noncarbonate fraction from core MD99-2343 (red) (Frigola
et al., 2008). (d) δ18O ofGlobigerina bulloides from coreMD99-2343 (black) (Sierro et al., 2005). (e) Alkenone-based sea surface temperature
reconstruction from core ODP-976 (blue) (Martrat et al., 2014). (f) Alkenone-based sea surface temperature from core MD01-2444 (blue)
(Martrat et al., 2007). (g) Ice-rafted debris flux (>150 μm, %) from cores MD95-2002 (Eynaud et al., 2012) (g/cm2/ka) and SU81-18
(gray) (Bard et al., 2000). (h) 231Pa/230Th composite record (brown) (Ng et al., 2018). (i) Reflectance in the Cariaco basin (gray) (Deplazes
et al., 2013). ( j) δ18O of NGRIP (black) (North Greenland Ice Core Project Members, 2004; Rasmussen et al., 2014). The chronology of the
OD, OD-a, and OD-b (top part) is based on the MAAT record; GI-1e, GS-2.1a, and GS-2.1b (bottom part) are based on INTIMATE chro-
nology (Rasmussen et al., 2014). (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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In that context, MAAT δ13C starts a pronounced increase
from 18.2 ka onward (Fig. 6b), thus establishing the beginning
of the OD in this area. This continental response to stadial con-
ditions is contemporaneous with the marine realm, with a
decrease in the sea surface temperatures seen in the alkenone-
based temperature record of the Iberian margin (Fig. 6f) and in
the δ18O of the G. bulloides in the Balearic Sea (Fig. 6d). The
date proposed for the beginning of the ODmatches the onset of
the retreat of the Scandinavian ice sheet and related freshwater
inputs in the North Atlantic (Toucanne et al., 2015).
The AMOC weakening occurs during 18–17.5 ka,

although it was not of enough magnitude to reach a collapse
or near-collapse state (Ivanovic et al., 2018). In that time
interval, a gradual warming is seen in the Iberian margin
(Fig. 6f), the western Mediterranean (Cacho et al., 1999,
2001), and in the subtropical North Atlantic at ∼17.5 ka
(Chapman et al., 1996). At the same time, widespread glacial
retreats are accounted for globally (Stanford et al., 2011),
regionally consistent with the high turbidite activity reported
in the Iberian margin (Lebreiro et al., 2009). Tentatively, such
mild conditions are marked by the excursion to lower δ13C
values in MAAT that peak at 17.6 ka.
Around 17 ka, lower sea surface temperatures are seen in

the Iberian margin and Alborán Sea (Fig. 6e, f), and an
increase of silt/clay ratio is seen in the Balearic Sea (Fig
6c), attributed to enhanced deep currents from the Gulf of
Lions that are able to transport coarse material to the Minorca
sediment drift (Frigola et al., 2008). These currents are asso-
ciated with the degree of generation of the western Mediterra-
nean Deep Water, a process triggered by the cool
northwesterly winds that occurs mainly during winter (Sierro
et al., 2005). Model simulations provide evidence for an
altered atmospheric circulation regime since the last glacial
maximum, characterized by a stronger, more zonally oriented
Atlantic jet and reduced storminess (Li and Battisti, 2008).
While the silt/clay ratio suggests a weaker western Mediterra-
nean Deep Water since 18.2 ka, the change at ∼17 ka, coeval
with the trend to cold conditions, would be consistent with a
southward migration of the polar jet. This hypothesis is sup-
ported by the aeolian activity reported from dune fields along
the central coast of Portugal, with maximum activity peaks at
17.5 ± 1.0 ka related to the shift of the storm track toward
lower latitudes (Costas et al., 2016). The cold conditions
and migration of the polar jet are in agreement with the
AMOC slowdown accounted at higher latitudes during that
time (McManus et al., 2004; Stanford et al., 2006). Likewise,
the resultant higher atmospheric pressure gradient and the
southward displacement of the subtropical gyre explain
enhanced westerlies (Repschläger et al., 2015). This scenario
implies that a substantial amount of precipitation could be
brought to Iberia by the westerlies, especially during winter
(Cortesi et al., 2014). It is worth noting that the shift in the
regime of the westerlies seems not to be recorded in the
MAAT record; no change is observed at that time, suggesting
that the rainfall source in the study area is mostly independent
of the westerlies’ regime. This consideration reinforces the
Mediterranean influence in the present record.

The temperatures were still low at ∼16.5 ka, with a
chironomid-based reconstruction of a mean temperature for
July of 10°C at Origlio Lake in the southern Alps, which is
10°C cooler than today (Samartin et al., 2012). The pattern
of cold sea surface temperatures and a weaker western Med-
iterranean Deep Water lasts until the occurrence of the main
discharge of icebergs during HE-1 (Fig. 6c), dated by the
anomalies in the δ18O of MAAT and tentatively delimitated
at 16.17–15.89 ka, in agreement with the timing in the Ostolo
record (Fig. 4). Two main discharges of IRD were identified
in the Iberian margin during HS-1; the first occurred at
∼17.5–17 ka, whereas the second spike of larger intensity
was found at ∼16 ka (Fig. 6g). Similarly, iceberg discharges
in the Bay of Biscay are distributed between 17 and 16 ka
(Fig. 6g). In general, the flux of icebergs is much lower in
this area compared with other locations such as the IRD
belt (Bard et al., 2000; McManus et al., 2004). In addition,
it is worth noting the different origins of the IRD between
the episodes of discharges, as was interpreted from the anal-
ysis of the debris and its different magnetic susceptibility
peaks (Thouveny et al., 2004). The old peak of IRD at
∼17.5 ka is mainly composed of detrital carbonates, whereas
the main peak at ∼16 ka is composed of haematite-coated
grains, suggesting a Laurentide origin for the former and a
European origin for the latter (Bard et al., 2000). Recently,
Hodell et al. (2017) suggested a younger age for the older epi-
sode of discharges identified in Bard et al. (2000), where res-
ervoir ages were not properly corrected.

Heinrich events did not occur until the AMOC was at its
weakest state, and subsurface temperatures were near their
maximum (Marcott et al., 2011). During the main phase of
IRD discharges of HE-1, the AMOC in the North Atlantic
was already weakened (Fig. 6h). The large volume of melting
water from the icebergs entered the Mediterranean, decreas-
ing its salinity and reducing its thermohaline circulation in
less than 1000 years (Sierro et al., 2005). Such an event
might have triggered the disruption of the patterns of precip-
itation in eastern Iberia interpreted from the analysis of δ18O
frequencies (Fig. 5).

The stable signal seen in the δ13C of MAAT during HE-1
that interrupted a long trend to higher values (Fig. 6b), sug-
gesting mild conditions, coincides with a sudden warming
in the Alborán Sea (approximately 4°C) and Iberian margin
(Fig. 6e) and a weaker western Mediterranean Deep Water
(Fig. 6c). The pattern of warming in our latitude contrasts
with the cooling and sea ice expansion seen in North Atlantic
higher latitudes (Hodell et al., 2017). Similar mid-Heinrich
stadial warming events have been reported from the marine
realm during HS-5 and HS-4, by means of sea surface tem-
peratures in the Iberian margin and Mediterranean planktonic
δ18O (Skinner and Elderfield, 2007).

Modeling results suggest that the expansion of the subtropi-
cal gyre explains the warming in the North Atlantic mid-
latitudes, whereas the northern North Atlantic cools due to
the massive input of icebergs and meltwater (Naafs et al.,
2013). Such expansion of the subtropical gyre northward during
Heinrich events would be the response to the enhanced wind
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stress and weakening of the subpolar gyre with the southward
expansion of sea ice (Renold et al., 2010). Hence, the North
Atlantic surface water exhibits a different temperature pattern
during Heinrich events, with cool waters reaching the center
of the IRD belt; a warming is seen at the southern end, referred
to as a seesaw pattern in sea surface temperatures between mid-
latitude and northern North Atlantic (Naafs et al., 2013).
Most European records infer relatively warmer conditions

at ∼16 ka. Stalagmites from Villars and Chauvet caves in
southern France started to grow synchronously at 15.9 ± 0.5
ka, suggesting climatic conditions that favor carbonate pre-
cipitation (Genty et al., 2006). Forest expansion has been
reported south of the Alps at ∼16 ka (Hofstetter et al.,
2006; Vescovi et al., 2007) and in Italy (Wick, 2004; Fin-
singer et al., 2006), suggesting afforestation more than a mil-
lennium before the Bølling period. The warm conditions at
∼15.9–15.8 ka propagated rapidly eastward, with a reinforced
Indian summer monsoon (Lechleitner et al., 2017) and east-
ern Asia summer monsoon (Wang et al., 2001; Cheng
et al., 2009). In contrast, this warming has not been reported
in sequences from the northern Alps (von Grafenstein et al.,
1999), suggesting that the afforestation in that area did not
start before the Bølling period (Litt et al., 2001).
The last episode of ice sheet retreat of the deglaciation in

Europe was recorded from 16 to 14 ka (Toucanne et al.,
2008). The gradual trend during this period, as seen in
lower δ18O and δ13C values in MAAT, coincides with a
warming of sea surface temperatures from the Iberian margin
(Fig. 6f), akin to the tropical Atlantic pattern inferred from the
Cariaco basin sediment record (Fig. 6i). In contrast, the Med-
iterranean exhibits a cessation of gradual warming at ∼15.6
ka, as recorded in the Alborán and Balearic Seas, with cold
conditions that lasted until the onset of the Bølling (Fig. 6d,
e). During that time, the AMOC keeps being disrupted
(Fig. 6g), and its resumption coincides with the Bølling
warming rather than with the end of the iceberg discharges
(Stanford et al., 2011). Similarly, Greenland ice cores exhibit
cold conditions during the same time, a trend that starts
declining at ∼15.2 ka until the sharp increase in temperature
that occurs at 14.7 ka (Fig. 6j).

CONCLUSIONS

This study presents the first speleothem from Europe that
records vegetation changes and rainfall patterns during the
full duration of theOD, the counterpart ofHS-1 in the terrestrial
record. This absolute-dated record provides ages for two key
events throughout the OD: (1) the onset of cold conditions
that triggered the decay of vegetation dated to 18.13 ± 0.08
ka, and (2) the discharge of icebergs during HE-1, as inferred
from δ18O anomalies and dated from 16.17 to 15.89 ka.
The hydrological proxies of this record (δ18O, Mg/Ca, and

Sr/Ca) and the growth rate suggest a two-step evolution
throughout the OD, separated by the period when meltwater
mixing occurred from 16.17 to 15.89 ka. The stages are: (1)
OD-a, 18.13–16.17 ka, characterized by wet conditions and a
faster growth rate; and (2) OD-b, 15.89–14.81 ka, characterized

by dryness and a slower growth rate. Such release of freshwater
is attributed to have somehow triggered the disruption in rain-
fall patterns in the eastern Iberian Peninsula during that time, as
was interpreted from the cessation of multidecadal and multi-
centennial rainfall frequencies. Our hydrological reconstruc-
tion, characterized by relatively humid conditions in this
sector during most of the OD, together with those made in
other studies in northwestern and northeastern Iberia, matches
the occupation of hunter-gatherers during that time, as inferred
from the available archaeological sites.
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