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Abstract Multidecadal to centennial planktic δ18O and Mg/Ca records were generated at Ocean Drilling
Program Site 976 (ODP976) in the Alboran Sea. The site is in the flow path of Atlantic inflow waters entering
the Mediterranean and captured North Atlantic signals through the surface inflow and the atmosphere.
The records reveal similar climatic oscillations during the last two glacial-to-interglacial transitions, albeit
with a different temporal pacing. Glacial termination 1 (T1) was marked by Heinrich event 1 (H1), post-H1
Bølling/Allerød warming, and Younger Dryas (YD) cooling. During T2 the H11 δ18O anomaly was twice as high
and lasted 30% longer than during H1. The post-H11 warmingmarked the start of MIS5e while the subsequent
YD-style cooling occurred during early MIS5e. The post-H11 temperature increase at ODP976 matched the
sudden Asian Monsoon Termination II at 129 ka B.P. Extending the 230Th-dated speleothem timescale to
ODP976 suggests glacial conditions in the Northeast Atlantic region were terminated abruptly and interglacial
warmth was reached in less than a millennium. The early-MIS5e cooling and freshening at ODP976 coincided
with similar changes at North Atlantic sites suggesting this was a basin-wide event. By analogy with T1, we
argue that this was a YD-type event that was shifted into the early stages of the last interglacial period. This
scenario is consistent with evidence from northern North Atlantic and Nordic Sea sites that the continuing
disintegration of the large Saalian Stage (MIS6) ice sheet in Eurasia delayed the advection of warm North
Atlantic waters and full-strength convective overturn until later stages of MIS5e.

1. Introduction

The glacial-interglacial climatic transitions of the Pleistocene constituted the largest naturally sustained
climate change scenarios of the recent geologic past. They involved large-scale freshwater perturbation
near the centers of convection in the northern North Atlantic and hence they serve as a natural reference
for modeling the possible impacts of growing marine freshwater budgets under concurrent global
warming [Schmittner and Galbraith, 2008; Jackson et al., 2010; Clark et al., 2012; Liu et al., 2013; Mohtadi
et al., 2014]. The last interglacial Marine Isotope Stage (MIS) 5e likewise attracts the attention of the climate
modeling and prediction community because higher-orbital eccentricity and a more negative precession
index caused solar radiative forcing to be higher than preindustrial levels hence mimicking anticipated
future anthropogenically caused greenhouse gas forcing [Berger and Loutre, 2002; Masson-Delmotte et al.,
2006; Stouffer et al., 2006; Otto-Bliesner et al., 2006; van de Berg et al., 2011; Yin and Berger, 2011; Bakker
et al., 2013].

Proxy-based paleoclimatic studies demonstrated that the last two glacial periods ended with several
large-scale climatic oscillations that were triggered by pulsed meltwater injections to the North Atlantic
from the disintegrating circum-North Atlantic ice sheets [Rasmussen et al., 2006; Carlson, 2008; Deschamps
et al., 2012; Carlson and Clark, 2012; Nicholl et al., 2012; Martrat et al., 2014]. Notable examples were the
Heinrich events 1 and 11 (H1 and H11) during the early phases of T1 and T2 that caused widespread
cooling across the North Atlantic [McManus et al., 1994; Cayre et al., 1999; Skinner et al., 2003; Bard et al.,
2000; Oppo et al., 2006; Skinner and Shackleton, 2006; Toucanne et al., 2010; Soulet et al., 2013]. The
Bølling/Allerød warm excursion and subsequent Younger Dryas (YD) cold spell during T1 constituted what
by now are archetypal case examples of the climatic impacts connected with freshwater modulation of the
North Atlantic overturning circulation and ensuing changes of poleward marine heat transports [Condron
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andWinsor, 2012; Jackson et al., 2010; Clark et al., 2012; Liu et al., 2013;Mohtadi et al., 2014]. To date, it remains
unresolved if a similar climatic oscillation existed during T2. The subsequent interglacial climates of the
Holocene and MIS5e were marked by climatic transients such as the 8.2 kyr event during the early
Holocene and similar cold excursions during MIS5 that propagated to the deep ocean highlighting the
impacts of the climatic instability for convective activity and deep water circulation [Bond et al., 2001;
Oppo et al., 2006; Carlson et al., 2008; Wanner et al., 2011; Bauch et al., 2012; Bauch, 2013; Sánchez-Goñi
et al., 2013; Galaasen et al., 2014].

The significance of these paleoclimatic developments for the wider North Atlantic region and in fact, the
Northern Hemisphere at large became apparent from European and Chinese speleothem profiles. δ18O
profiles from speleothems in Mediterranean Europe and Israel [Bard et al., 2002; Bar-Matthews et al., 2003;
Genty et al., 2003; Bar-Matthews and Ayalon, 2004; Drysdale et al., 2005, 2007; Couchoud et al., 2009;
Drysdale et al., 2009; Grant et al., 2012] displayed transient oscillations that showed remarkably good
correspondence with paleoceanographic reconstructions at the western Iberian Margin and with European
pollen sequences, highlighting the connection of western European climatic variability with the marine
heat budgets of the North Atlantic and Mediterranean Sea [Bar-Matthews et al., 2003; Drysdale et al., 2009;
Sánchez-Goñi et al., 2012, 2013]. Correlation with Asian speleothem δ18O records of monsoon variability
indicated far-field teleconnections between North Atlantic heat budgets and the dominant orbital
precession forcing of the monsoons and North Indian Ocean surface temperatures [Wang et al., 2001; Yuan
et al., 2004; Wang et al., 2005; Cheng et al., 2006; Kelly et al., 2006; Cheng et al., 2009; Pausata et al., 2011; Li
et al., 2014]. Paleoceanographic profiles from the northern North Atlantic and the Nordic Seas compellingly
demonstrated that while interglacial warmth and full-strength deep water convection was established at
the onset of the Holocene, it was delayed during the penultimate climatic transition until mid-MIS5e, i.e.,
several millennial after the onset of interglacial climates globally [Van Nieuwenhove et al., 2011; Bauch,
2013; Van Nieuwenhove et al., 2013].

We present new high-resolution profiles of planktic δ18O and Mg/Ca temperatures from Ocean Drilling
Program (ODP) Site 976 in the Alboran Sea, westernmost Mediterranean Sea, to elucidate the surface
climatology during the last two glacial-interglacial transitions from the perspective of the midlatitude
North Atlantic. ODP976 is located immediately east of the Strait of Gibraltar [Comas et al., 1996; Zahn
et al., 1999] in the pathway of the Atlantic water inflow that compensates for the negative water balance
of the Mediterranean Sea that is driven by excess evaporation over its eastern basin [Rohling et al.,
2009]. The site receives the paleoclimatic signals of the North Atlantic region with these inflow waters
and through the atmosphere, and the elevated sediment deposition rates at ODP 976 provided the
possibility to sample the paleovariability of the North Atlantic climatology at multidecadal to centennial
scales. The δ18O and Mg/Ca temperature profiles display a strikingly similar sequence of events during
both transitions while the timing of the events is different, highlighting the different melting histories of
the large ice sheets surrounding the northern North Atlantic and Nordic Seas. The ODP976 records help
to shed light on the so far controversially discussed issue [Carlson, 2008; Bauch et al., 2012; Sánchez-Goñi
et al., 2013] if climatic oscillations like the Bølling/Allerød and Younger Dryas that feature prominently
during T1 also existed during T2.

2. Materials and Methods
2.1. ODP Site 976 Location and Core Sampling

The surface hydrology at ODP Site 976 (36°12′N, 004°18′W, 1108m water depth) is defined by the entrance of a
200–300m thick Atlantic inflow layer entering thewestern Alboran Sea through the Strait of Gibraltar (Figure 1).
In situ instrumental hydrographic data from the MEDARGroup/MEDATLAS database (2002, http://www.ifremer.
fr/medar/cdrom_database.htm.) display an average annual surface salinity in the Alboran Sea of 36.5 practical
salinity unit (psu) and an average annual sea surface temperature (SST) of 18°C. The full temperature range
over the whole year is between 15°C in February and 23°C in August; average fall and spring SSTs are 18°C
and 17°C. Initial stratigraphic and palaeoceanographic work demonstrated the continuity of multiple offset-
drilled hydraulic piston cores that were recovered during ODP Leg 161 at Site 976 [Zahn et al., 1999] and
revealed high sedimentation rates at the Site of >20 cm/kyr [Combourieu-Nebout et al., 1999; de Kaenel et al.,
1999; Serrano et al., 1999; von Grafenstein et al., 1999].
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For this study we sampled over 18m of
core sections at 2 cm intervals (Table 1)
at the IODP Bremen Core Repository,
Germany, yielding a total of 943 samples
of which 486 samples covered the MIS2-
T1-Holocene sequence (25 kyr to recent)
and 457 samples the MIS6-T2-MIS5e
sequence (146–104 kyr). A composite
depth scale was available from Holes
B–D from matching gamma ray
attenuation porosity evaluator density,
magnetic susceptibility, natural gamma
radiation, and 550nm wavelength color
reflectance records of the three holes
[Comas et al., 1996] and was used to
place all samples on a unified depth
scale (meters composite depth, mcd)
before developing the age models for
the two stratigraphic sequences.

2.2. Sample Preparation

An ideal number of 30–40 specimens of planktonic foraminifera Globigerina bulloides was picked from the
250–315μm size fraction to accommodate the carbonate volume needed for paired δ18O and Mg/Ca
analysis. However, 55% of the samples across the MIS2-T1-Holocene sequence and 34% of the samples
across the MIS6-T2-MIS5e sequence yielded smaller numbers of specimens so that in these cases adjacent
samples were combined or the limited number of specimens was used for either trace element or oxygen
isotope analysis. Prior to analysis the foraminiferal shells were carefully crushed between methanol-
cleaned glass slides to break open individual chambers in order to release possible sediment filling and
support an efficient cleaning of the samples. From the crushed material, approximately one fourth of the
sample was used for stable isotope measurements and the rest for trace element analyses.

2.3. Stable Isotope Analysis

A total of 884 stable isotope measurements were carried out, including 184 replicates that were measured if
foraminifera abundance permitted, 329 analyses covering the MIS2-T1-Holocene section, and 371 covering
the MIS6-T2-MIS5e sequence. Around 30μg of crushed homogenized calcite per sample was cleaned by
means of consecutive methanol rinses and brief sonications to remove clays and other possible sedimentary
components from the sample. Measurements were conducted with a Thermo Scientific MAT253 Isotope Ratio
Mass Spectrometer coupled to a Kiel IV sample gas preparation device. To monitor data quality and possible
instrument drift, the International Atomic Energy Agency CO-1 carbonate standard was measured, typically
every tenth sample, which amounted to four analyses of carbonate standard per batch of 36 samples. Based
on 349 analyses of this carbonate standard, external reproducibility was better than 0.08 for δ18O.

2.4. Trace Element Analysis

A total of 514Mg/Ca ratios were measured, 232 for the MIS2-T1-Holocene sequence and 282 for the MIS6-
T2-MIS5e sequence. The cleaning protocol followed Boyle [1983] and Boyle and Keigwin [1985],

implementing modifications developed
in Barker et al. [2003] and Pena et al.
[2005]. Foraminiferal samples first
underwent repeated rinses with ultra-
purified water (milli-Q) and methanol
combined with brief sonication in order
to remove clay minerals. To remove
potential contaminant phases such
as Mn-Fe-oxide a reductive reagent

Table 1. ODP976 Drill Holes and Sections Within Holes Sampled for
This Study

Sequence Hole Deptha (mbsf) Depthb (mcd)

MIS2-T1-Holocene A, D 0.07–9.19 0.07–9.19
MIS6-T2-MIS5e C 36.01–44.48 35.91–45.11

ambsf =meters below seafloor.
bmcd =meters composite depth.

Figure 1. Surface and intermediate water circulation in the Alboran Sea and
location of Site 976 and core tops considered for our calibration. Arrows
schematically indicate mean trajectories of surface (solid arrows) and deep
(open arrows) water circulation. Red dot marks ODP 976 location; green and
blue dots mark sites Alb-1 and T-1 that are used to cross-check the ODP976
Mg/Ca temperature calibration [Masqué et al., 2003, I. Cacho, personal com-
munication]. Modified from Combourieu-Nebout et al. [1999].
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(hydrous hydrazine in a citric acid/ammonia buffer) was applied using boiling water bath sonication for several
seconds every 2min over a total duration of 30min. Organic matter was removed using 100μL of hydrogen
peroxide (H2O2 30%) and 10mL de NaOH 0.1M, for 10min in a 70°C in a bath, sonicating samples, every 2
and 5min. Weak acid (0.001M HNO3) leaching was used as a final cleaning step to remove adsorbed
contaminants before dissolving the foraminiferal calcite in 400μL of 1% HNO3. Preliminary calcium [Ca2+]
determination was provided by analyzing an aliquot of the samples (20μL in 980μL ultrapure 1% HNO3)
using an Agilent model 7500ce Inductively Coupled Plasma Mass Spectrometer. The remaining solutions
were diluted to 40ppm [Ca2+] and injected into the inductively coupled plasma–mass spectrometry.
Aluminum [Al3+], manganese [Mn2+], and iron [Fe3+] were also measured [de Villiers et al., 2002; Yu et al.,
2005] as indicators of possible silicate and clay mineral contamination and Fe-Mn oxide coatings [Boyle, 1983;
Barker et al., 2003; Pena et al., 2005]. Analytical precision was monitored calculating the relative standard
deviation (RSD) of two in-house standard solutions, CS2 (Mg/Ca=2.571±0.003) and CS4 (Mg/Ca=7.713
±0.009mmolmol�1) analyzed every 5 and 10 samples, respectively, with an average RSD of 1.69% (n=65). A
limestone standard (ECRM752-1) with a specified Mg/Ca of 3.75mmolmol�1 was measured [Greaves et al.,
2008] yielding 3.77± 0.09mmolmol�1. In order to identify potentially contaminated samples we checked for
covariation between Al/Ca, Fe/Ca, Mn/Ca, and Mg/Ca ratios [Barker et al., 2003; Ferguson et al., 2008; Pena
et al., 2005] but no correlation was found between them (Al/Ca versus Mg/Ca, r2 = 0.01; Mn/Ca versus Mg/Ca,
r2 =0.03; Fe/Ca versus Mg/Ca, r2 = 0.04). Using absolute Al/Ca and Mn/Ca ratios as a further contamination
test [Boyle, 1983; Wit et al., 2010] we rejected all samples that yielded Al/Ca ratios >400μmol/mol and/or
Mn/Ca ratios >100μmol/mol. Fe/Mg ratios were used as another nominal control for silicate contamination
[Barker et al., 2003]. Fe/Mg ratios were high overall at ODP976 and we rejected 47 samples that displayed
parallel increases in Fe/Mg and Mg/Ca or yielded exceptionally high Fe/Mg ratios.

2.5. Mg/Ca Temperature Estimation

Mg/Ca ratios were converted into temperature estimates using the Elderfield and Ganssen [2000] calibration
for G. bulloides. Propagating the analytical error (± 0.05°C), calibration error (± 1.1°C) [Elderfield and Ganssen,
2000], cleaning procedure error (± 0.2°C) [Barker et al., 2003], and natural variability error (± 0.4°C) [Barker
et al., 2003] yielded an overall error of the temperature estimate of 1.2°C. The resulting Mg/Ca temperature
profiles were highly variable, displaying frequent single-point excursions that exceeded the propagated
error (supporting information). The core-top Mg/Ca temperature estimate in our data set of 17.6°C matches
observed spring surface temperatures in the region of 17–18°C that are shown in the MEDATILAS II and
World Ocean Atlas WOA09 [MEDARGroup/MEDATLAS database, 2002, http://www.ifremer.fr/medar/
cdrom_database.htm.); Antonov et al., 2010; Locarnini et al., 2010]. Satellite observations from the Aqua
Moderate Resolution Imaging Spectroradiometer NASA database (http://modis.gsfc.nasa.gov) also give
Alboran Sea spring surface temperatures of 17.5°C. Core-top Mg/Ca ratios from sites Alb-1 and T-1, both
nearby ODP976 (Figure 1), yielded temperatures of 17.4°C and 18.1°C [Masqué et al., 2003; I. Cacho,
personal communication, 2013]. In addition, the shell flux of G. bulloides that was used in this study for
Mg/Ca analysis occurs in spring [Bárcena et al., 2004; Hernández-Almeida et al., 2011; Rigual-Hernández et al.,
2012] which further corroborates the match of the ODP976 core-top Mg/Ca temperature estimate with
observed spring temperatures. Hence, our core-top temperature estimate matches observed and
reconstructed temperatures at and near the core location confirming the application of the Mg/Ca calibration.

Paleotemperature studies in the Alboran Sea [Cacho, 1999; Martrat et al., 2004] report maximum SST during
MIS5e of 23°C, corresponding to Mg/Ca ratios in the range of 6mmolmol�1. Hence, we considered
temperatures of 23°C an upper threshold for ODP976. After cleaning out all Mg/Ca data that coincided with
elevated Al/Ca, Mn/Ca, and anomalously high Fe/Mg levels the Mg/Ca temperatures along the down-core
profiles in several cases reached above this threshold, up to 26°C. In order to eliminate these elevated
temperatures from the record, a 5 point weighted average was computed and all temperature estimates
exceeding the average by equal or more than 2 times the propagated temperature error were eliminated
(supporting information). This final data reduction did not alter the fine structure and amplitude of the
Mg/Ca temperature profile.

Salinity has been indicated as a potential temperature-independent control on Mg/Ca ratios in foraminiferal
calcite [Ferguson et al., 2008; Arbuszewski et al., 2010], but we rule out such an influence as a major contributor
to the down-core Mg/Ca variability. First, we note that ODP976 is in the Atlantic inflow where salinities are
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low compared to the high-salinity settings where salinity significantly impacts Mg/Ca ratios in biogenic
carbonate [e.g., Ferguson et al., 2008; Hoogakker et al., 2009]. Second, coupled ocean atmosphere
circulation modeling by Liu et al. [2009] simulated a salinity increase of 2 psu at the Iberian margin in
response to the termination of the Heinrich meltwater event H1 freshwater forcing. Using a Mg/Ca
sensitivity of 4–11% per unit salinity increase [Nürnberg et al., 1996; Lea et al., 1999], we estimate a
salinity-induced effect on Mg/Ca temperatures of no more than 1°C which compares to a Mg/Ca
temperature range of 6°C along the ODP976 down-core profiles. This maximum amplitude is recorded
during the Bølling/Allerød (B/A) and after H11 and is consistent with a modeled post-H-event temperature
increase at the western Iberian Margin of 5–6°C [Liu et al., 2009]. Much higher sensitivities are known to
exist [Ferguson et al., 2008], but these were connected with the strong salinity gradients in the Eastern
Mediterranean where enhanced evaporation lower considerably the freshwater budget. Those settings are
an unlikely reference for the ODP976 in the Alboran Sea.

2.6. Seawater δ18O Calculation

We used G. bulloides δ18O and Mg/Ca temperature estimates to compute the local seawater δ18O (δ18Osw) as
an indication for salinity variations. First, we converted the composite relative sea level (RSL) record derived
from corals [Peltier and Fairbanks, 2006; Arz et al., 2007; Bard et al., 2010] and the Red Sea hydraulic model
[Siddall et al., 2003; Grant et al., 2012] into a profile of mean ocean δ18O by applying a conversion of
0.008‰ per meter RSL [Schrag et al., 1996]. This ice volume-corrected δ18O (δ18Oivc) was then inserted
with Mg/Ca temperature into the Bemis et al. [2002] isotope paleotemperature equation to derive δ18Osw.
A δ18Osw of 1.0‰ was calculated from the ODP976 core-top δ18Oivc of 0.5‰ and Mg/Ca temperature of
17.6°C which matches the average value of 1.1 ± 0.2‰ VSMOW that was calculated from 20 in situ δ18Osw

measurements of the upper 100m water column in the Alboran Sea [Pierre, 1999].

2.7. Age Model
2.7.1. MIS2-T1-Holocene
The age model of the upper 15.9mcd of the ODP976 sediment sequence was based on 13 accelerator mass
spectrometry radiocarbon data published previously by Combourieu-Nebout et al. [2002]. The data were
measured on monospecific Globigerina bulloides and Neogloboquadrina pachyderma (sin.) samples of the
size fraction >125μm. The initial age model of Combourieu-Nebout et al. [2002] was updated by using the
recent Intcal13 calibration [Reimer et al., 2013] to derive a calendar year timescale. A reservoir correction of
400 year was applied throughout except for the section between 15 and17 kyr for which higher reservoir
ages of 800 years were found elsewhere in the Mediterranean [Siani et al., 2001]. The age model yielded
sedimentation rates between 15 and 40 cmkyr�1 (supporting information).
2.7.2. MIS6-T2-MIS5e
To establish the age model for the lower ODP976 sequence, we chose two iterative steps that exploited the
tight correlation between North Atlantic and Mediterranean paleotemperature records and radiometrically
dated speleothem records from Europe and Asia (Figure 2). Several studies indicated that the large-scale
cooling of the North Atlantic region during periods of major freshwater perturbation caused altered
atmospheric pressure gradients to intercept the direct solar forcing of the Asian monsoons thus
phase-locking North Atlantic paleotemperature profiles with δ18O records of Chinese speleothems
[Cheng et al., 2006; Kelly et al., 2006; Wang et al., 2001, 2005]. Paleomonsoon modeling of Pausata et al.
[2011] added the constraint of temperature-driven isotope fractionation in conjunction with changes of
North Indian surface-ocean climatology as a further constraint. Their model output shows increases in
δ18O of precipitation over India and of the water vapor arriving in East Asia during North Atlantic cold
phases in response to cooling of the northern Indian Ocean. This complements the controls on Chinese
speleothem δ18O signals but does not change the temporal connection between speleothem δ18O
changes and North Atlantic climate; hence, it does not affect the synchronization of the ODP976 Mg/Ca
temperature profile with the Chinese speleothem δ18O record. Atmospheric CH4 likewise was impacted
by monsoon strength variations [Blunier et al., 1998; Masson-Delmotte et al., 2004] and the coeval
changes that were observed between atmospheric CH4, Mediterranean SST, and speleothem δ18O
provide extra support for the concept that Mediterranean (and North Atlantic) paleoclimatology and
atmospheric CH4 changes were directly connected with Asian monsoon variability [Kelly et al., 2006;
Sánchez-Goñi et al., 2008].
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Figure 2. Synchronizing the ODP976 MIS6-T2-MIS5e sequence with speleothem δ18O profiles from China and Mediterranean Europe. (a) Dongge Cave speleothem
radiometric ages with 95% error bars [Kelly et al., 2006]. (b) Dongge speleothem δ18O profile (blue [Kelly et al., 2006]) and Antarctic atmospheric CH4 record (black
[Loulergue et al., 2008]). (c) ODP 976 planktic δ18O (G. bulloides). (d) ODP 976Mg/Ca temperature record. (e) Radiometric ages with 95% error bars for the Antro
del Corchia (AdC, green) and La Chaise de Vouthon (LCV, orange) speleothems [Drysdale et al., 2009; Couchoud et al., 2009]. (f) Speleothem δ18O profiles of AdC
(green) [Drysdale et al., 2009] and LCV (orange) [Couchoud et al., 2009]. Red dots and labels D1–D5mark tie points used for synchronization with Dongge record. Blue
dots and labels C1 and C2 mark tie points used for synchronization with AdC and LCV. Markers are listed in Table 2.
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We chose the Dongge cave δ18O record of Kelly et al. [2006] over similar records from the Hulu and Sanbao
Caves [Cheng et al., 2009; Wang et al., 2001, 2008] because Dongge has a tighter age control with 26 230Th
dates [Kelly et al., 2006]. We tuned the ODP 976Mg/Ca temperature record to the Dongge δ18O record
using a series of five tie points (Figure 2 and Table 2) connecting the midpoints of speleothem δ18O and
ODP976 temperature changes, including the most prominent events: the onset of the weak monsoon
interval (WMI) at 135.6 kyr was linked with the first transition to lower Mg/Ca temperatures at ODP976;
onset of Asian Monsoon strength at 128.7 kyr was connected with the abrupt temperature increase at
ODP976 at the end of T2; and the end of the interglacial monsoon maximum at 121.4 kyr was connected
with the mid-MIS5e temperature decrease at ODP976 (Figure 2). In a next step we correlated the MIS5e
section of the ODP Mg/Ca temperature profile with the speleothem δ18O records of Antro del Corchia
(AdC) [Drysdale et al., 2009] and La Chaise de Vouthon (LCV) [Couchoud et al., 2009] caves in Italy and
Southern France. The AdC and LCV speleothem δ18O profiles are correlated structurally with SST and
pollen profiles from the Iberian margin and with other speleothem δ18O records from the eastern
Mediterranean region demonstrating the sensitivity of both speleothems to changes of the North Atlantic
paleoclimatology and ensuing moisture transports over the Mediterranean under variable air temperatures
[Drysdale et al., 2007; Couchoud et al., 2009; Drysdale et al., 2009]. We obtained two tie points for the
ODP976 age model (Figure 2 and Table 2) by tuning the center points of the steep temperature decreases
displayed at ODP976 during early MIS5e with the likewise steep δ18O decreases at 123.7 kyr and 126.5 kyr
in the Antro del Corchia and La Chaise records [Couchoud et al., 2009; Drysdale et al., 2009]. The structure
of the Mg/Ca temperature profile on the resulting spelothem-based age model matches that of the
Antarctic CH4 profile, hence supporting the age modeling. The speleothem-synchronized age model
yielded sedimentation rates between 30 and 45 cm kyr�1. This age model updates the orbitally tuned age
model of Martrat et al. [2014] and yields an optimized stratigraphic fit with the Lisiecki and Raymo [2004]
age model (supporting information).

We assessed the viability of using radiometrically dated Chinese speleothem δ18O profiles as a reference for
ODP976 age modeling by graphically tuning the ODP976 Mg/Ca temperature profile of the MIS2-T1-Holocene
section to the Hulu-Sanboa speleothem δ18O profile of Wang et al. [2001, 2008] and then comparing the
tuned age scale to the 14C-based age model of this section (supporting information). Applying a minimum of
six tie points at the base of the record, the onset and end of the B/A and YD, the early Holocene climatic
optimum and at the core top yielded a good structural fit between the speleothem and ODP976 profiles. This
age model was transferred to the ODP976 δ18O profile which yielded an excellent fit with the speleothem
δ18O record. Offsets between the speleothem-tuned and 14C-based age models are between 500 and 900
years during T1, while the offsets in the Holocene of 300 years and in MIS2 of 40 years are not representative.
The structure of the ODP976 Mg/Ca profile did not allow to define extra tie points beyond the ones in the
early Holocene and the core top and between the start of the B/A and base of the section. The age offsets
during T1 are constrained by four graphical tie points and six calibrated 14C-based age datums and are an
order larger than the analytical error of 50–90 years of the radiocarbon ages in this core section. The larger
age offsets between the two age models during T1 encompass the B/A and Y/D period which are known for
changes in atmospheric and oceanic radiocarbon inventories stemming from the emission of old carbon from
the ocean during major ocean overturning changes at that time [Stuiver and Braziunas, 1993; Bard et al., 2004;
Hughen et al., 2006]. But these factors are embedded in the radiocarbon calibration and are not likely a source

Table 2. Synchronization of ODP 976 SST and Speleothem δ18O Profiles From Dongge Cave [Kelly et al., 2006] and Antro
del Corchia Cave [Drysdale et al., 2009]

ODP976, Depth (mcd)
Speleothem Reference and

Tie Points in Figure 2
Speleothem 230Th Ages

(Interpolated) (kyr)

36.88 Dongge Cave [Kelly et al., 2006], D5 117.43
37.80 Dongge Cave [Kelly et al., 2006], D4 121.43
38.92 Corchia Cave [Drysdale et al., 2009], C2 123.66
39.78 Corchia Cave [Drysdale et al., 2009], C1 126.54
40.25 Dongge Cave [Kelly et al., 2006], D3 128.73
42.61 Dongge Cave [Kelly et al., 2006], D2 135.57
44.14 Dongge Cave [Kelly et al., 2006], D1 142.09
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for the age offsets. Moreover, the Intcal13 age model yielded younger ages than the speleothem-tuned model;
hence, surface water reservoir age variations can be excluded as a source for the offsets. Taking the maximum
calculated age offsets during T1 at face value, we consider a conservative age model uncertainty of better
than 1 kyr.

3. Results
3.1. Planktic δ18O Profiles

Planktic δ18O along the MIS2-T1-Holocene and MIS6-T2-MIS5e sequences display T1 and T2 as multiple-step
transitions with glacial-interglacial amplitudes of 2.8‰ and 2.3‰, respectively (Figures 3a and 3b). Mean
glacial values during MIS2 (3.15 ± 0.32‰, n= 78) are heavier than those of MIS6 (2.45 ± 0.46‰, n= 104)
and mean MIS5e values (0.13 ± 0.24‰, n=37) are lighter than early Holocene values (0.38 ± 0.25‰,
n= 19). Comparison with the mean ocean δ18O profile that was derived from the global sea level record
(see section 2.6) shows that glacial-interglacial δ18O amplitudes along the G. bulloides δ18O profiles exceed
the mean ocean δ18O shifts during T1 and T2 by 1.6–1.9‰. Subtracting the mean ocean δ18O from the
ODP976 planktic δ18O yielded the local ice volume-corrected δ18O profile (δ18Oivc) which maintained the
fine structure of the original G. bulloides δ18O profile and reflects variations of the local temperature and
salinity fields at the core site (Figures 3e and 3f).

The T1 structure of the δ18Oivc profile mimics the classical sequence of events (Figure 3e) including Heinrich
event H1 that is displayed at ODP976 with two negative δ18Oivc peaks mimicking the incursion of meltwater
from ice sheet collapse; the Bølling/Allerød (B/A) marking the end of the H1 freshwater perturbation and
signaling the kick starting of the Atlantic Meridonal Overturning Circulation (AMOC) [Weaver et al., 2003;
Gherardi et al., 2009]; the Younger Dryas (YD) cold spell that is indicated by a transient increase of δ18Oivc

values; and the subsequent transition into the Holocene with a brief positive δ18Oivc excursion mimicking
the 8.2 kyr cold episode [Rohling and Pälike, 2005; Cheng et al., 2009].

The structure of T2 is most prominently shaped by the negative δ18Oivc “hump” associated with H11
(Figure 3f). The transient negative “precursor” peak centered at 132.5 kyr resembles in amplitude and

Figure 3. G. bulloides δ18O profiles of ODP976 and ice volume correction. (a) δ18O profile of the MIS2-T1-Holocene
sequence and (b) of the MIS6-T2-MIS5e sequence. (c) Mean ocean δ18O profile of the MIS2-T1-Holocene sequence and
(d) of the MIS6-T2-MIS5e sequence. (e) Ice volume-corrected δ18Oivc of the MIS2-T1-Holocene sequence and (f) of the
MIS6-T2-MIS5e sequence. Mean ocean δ18O profiles were calculated from global relative sea level profiles (see text). Dots
along the top x axis in Figure 3a mark position of calibrated radiocarbon datums and in Figure 3b tie points used for
synchronization with speleothem δ18O records (see Figure 2 and Table 2).
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absolute δ18Oivc values the first of two δ18Oivc peaks associated with H1 during T1. In contrast to H1 the H11
anomaly is displayed as an uninterrupted δ18Oivc minimum lasting about 30% longer than the δ18Oivc

minimum of H1.

3.2. Mg/Ca Temperatures

The Mg/Ca temperature records display disparate structures during both stratigraphic sequences (Figures 4a
and 4b). Temperatures during MIS2 (14.6 ± 1.5°C, n=72) are about 2°C lower than during MIS6 (16.4 ± 0.95°C,
n= 133), while MIS5e (18.2 ± 1.4°C, n= 100) is slightly warmer than the early Holocene (17.5 ± 0.9°C, n=10). An
outstanding feature is the transient warm overshoot to 20.2 + 1.2°C (n= 13) during early MIS5e which is about
3°C warmer than the early Holocene climatic optimum. In line with the multistep transition seen in the δ18O
profiles, T1 displays several temperature excursions coinciding with H1 (12.9 ± 1.7°C, n= 4), the
Bølling/Allerød (18.8 ± 2.1°C, n= 35), and the YD cold episode (minimum T= 15.9°C ± 0.6°C, n= 6).
Additional features of the Mg/Ca temperature profiles are the B/A reaching full interglacial temperature
levels which is warmer than documented at open-ocean settings in the North Atlantic, and the YD and
H1 are recorded with early cold phases followed by warmer phases. T2 does not display alternating
cold-warm anomalies but is dominated by the temperature minimum of H11 that ends with a single-step
abrupt warming by 6°C from glacial level temperatures to the warm overshoot of early MIS5e. Hence,
while the δ18Oivc records during T1 and T2 display multiple steps and exhibit salient midtermination
minima, the Mg/Ca temperature profiles reveal significant differences.

3.3. Mg/Ca Temperatures Versus Alkenone-based SST

Martrat et al. [2014] recently published an alkenone-based SST profile from ODP976 that is different in
structure from our Mg/Ca temperature record (Figures 4c and 4d). The most notable differences are the
overall higher variability and lower temperature increases during the glacial terminations seen in the
Mg/Ca temperature reconstruction, and the low interglacial variability of the alkenone SST that remains
below the uncertainty of this method (0.5°C) [Martrat et al., 2014]. The offset between Mg/Ca- and
alkenone-derived temperatures reverses along the records with alkenone SST dropping below Mg/Ca
temperatures during glacials (MIS6 and 2) and increasing above Mg/Ca temperatures during interglacials
(MIS5e and 1). The amplitude of the Mg/Ca temperature increase during the B/A is about twice the coeval
amplitude displayed by alkenone-derived SST with Mg/Ca temperatures reaching Holocene levels while
alkenone SST reach values halfway between MIS2 and Holocene levels. The early MIS5e Mg/Ca
temperature overshoot coincides in the alkenone SST profile with a first post-H11 warming step, while the
MIS5e SST maximum in the alkenone record is reached 1 kyr after the Mg/Ca temperature maximum.
Finally, Mg/Ca temperatures between 131 and 128 kyr B.P. display a minimum at the same time when

Figure 4. Paleotemperature records at ODP976. G. bulloidesMg/Ca temperature profile (a) of the MIS2-T1-Holocene sequence
and (b) of theMIS6-T2-MIS5e sequence. Thick lines are a 200 year step Gaussian smoothwith a 600 year widewindow. Alkenone
temperature profile (c) of the MIS2-T1-Holocene sequence and (d) of the MIS6-T2-MIS5e sequence [Martrat et al., 2014].
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alkenone SST show a 4°C warming. This section coincides with the mid-T2 negative δ18Oivc anomaly that
reflects the low-salinity meltwater environments of H11 (Figure 3f). Micropaleontologic inspection revealed
maximum shows of Bitectatodinium tepikiense dinoflagellate cysts in this core interval (L. Londeix, personal
communication, 2013) which is a marker species for cold-water environments and large seasonal
temperature amplitudes [Rochon et al., 1999; Marret and Zonneveld, 2003]. The coincidence of this species
with the negative δ18Oivc anomaly fits with the incursion at ODP976 of cold and low-salinity waters of H11
that were advected to the Mediterranean via the Atlantic inflow [Combourieu-Nebout et al., 2002, 2009;
Sierro et al., 2005] which is consistent with the negative Mg/Ca temperature anomaly.

Differences between Mg/Ca- and alkenone-derived temperature profiles were observed at Atlantic, Pacific, and
Southern Oceans core sites and were interpreted to reflect combined changes of phytoplankton and
zooplankton ecological behavior with consequences for proxy formation and temperature recording [Leduc
et al., 2010]. Seasonal changes and variable depth habitats can leave their imprints on the Mg/Ca temperature
reconstructions if G. bulloides records springtime temperatures [Elderfield and Ganssen, 2000; Ganssen and
Kroon, 2000] at subsurface depths [Mortyn and Charles, 2003; Jonkers et al., 2013], while alkenones record
annually integrated temperatures at the sea surface [Martrat et al., 2007; Huguet et al., 2011; Dos Santos et al.,
2013]. However, such an interpretation remains open for debate because a recent temperature calibration at
the Iberian Margin suggested that the maximum production of alkenone-producing haptophyte algae takes
place during the winter season [Rodrigues et al., 2012]. If paleoecology indeed played a role at ODP976 in
causing the offset Mg/Ca and alkenone temperature reconstructions such an influence must have changed
systematically between glacial and interglacial conditions in order to reverse the offset between alkenone and
Mg/Ca temperatures from negative during glacials to positive during interglacials.

In a recent model-data comparison Laepple and Huybers [2013, 2014] estimated that measurement noise,
bioturbation, and frequency aliasing cause Mg/Ca temperature reconstructions to systematically average
more than twice the variance of alkenone temperature records. We can exclude sampling statistics and
aliasing as a source because the alkenone and Mg/Ca-based reconstructions are at the same site. It needs
to be noted that Mg/Ca was measured on only 50% (MIS2-T1-Holocene) and 65% (MIS6-T2-MIS5e) of all
samples used for alkenone analysis, but whenever Mg/Ca and alkenone were analyzed in pairs they were
measured on aliquots of the same samples.

This leaves the possibility that the differences between the alkenone and Mg/Ca temperature profiles
originate from the fact that alkenones as molecular components are several orders of magnitude more
abundant in sediment samples and potentially represent a larger number of years than the far smaller
number of foraminiferal shells from which the Mg/Ca temperatures were derived [Laepple and Huybers,
2013, 2014]. It can be expected therefore that foraminiferal Mg/Ca temperature reconstructions are more
sensitive to seasonal and interannual variabilities while the large number of alkenone molecules reduces
these influences by up to 50% [Laepple and Huybers, 2013]. Lateral transport of alkenones and postmortem
shells of planktic foraminifera by ocean currents has been indicated as a potential complication in
alkenone and foraminiferal-based temperature reconstructions [Gyldenfeldt et al., 2000; Sicre et al., 2005;
van Sebille et al., 2015] but at this stage we cannot quantify a possible differential impact of lateral
transportation by the Atlantic inflow on both temperature reconstructions. Neither is it obvious why this
would cause the gradient between both reconstructions to reverse. But we note that a G. bulloides Mg/Ca
profile from the western Iberian margin [Skinner et al., 2003] displays B/A warming of a similar amplitude
to that at ODP976 and that this high-amplitude warming is consistent with the magnitude of post-Heinrich
event warming at this location that was simulated with numerical modeling [Liu et al., 2009]. This lends
credence to the ODP976 Mg/Ca temperature profile as representing the regional paleotemperature history.
The differences between the Mg/Ca and alkenone records either reflect temperature seasonality or are a
function of the depth habitats of G. bulloides as the Mg/Ca signal carrier and haphtophyte algae as alkenone
producers. We employ the Mg/Ca temperature estimates together with δ18Oivc to estimate seawater δ18O as
an indicator of surface layer salinity variation.

4. Discussion

Marine and terrestrial records provided ample evidence for past climate variability in Mediterranean Europe
on orbital and suborbital timescales. Paleoceanographic profiles at Mediterranean Sea core sites displayed a
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close structural correlation with paleoclimatic variability recorded in North Atlantic marine cores and
Greenland ice cores [e.g., Cacho et al., 2001; Sbaffi et al., 2001; Marchal et al., 2002; Rohling et al., 2002;
Sprovieri et al., 2003; Martrat et al., 2004; Pérez-Folgado et al., 2004; Moreno et al., 2005] which
demonstrated the impact of the North Atlantic paleoclimatology on Mediterranean Sea circulation and
climate variability. Some of the variability was connected with changes of the Mediterranean’s marine heat
and freshwater budget which was diagnostic of atmospheric circulation changes. Frequent intrusions of
northerly polar and southerly tropical air masses were indicated in response to latitudinal migrations of
the polar front to the north and the Intertropical Convergence Zone further south [e.g., Cacho et al., 1999;
Rohling et al., 2002; Kuhlemann et al., 2008; Rodrigo-Gámiz et al., 2011; Sprovieri et al., 2012]. This impacted
the temperature and moisture gradients across the Mediterranean with consequences for the water
exchange between the Mediterranean and the North Atlantic [Cacho et al., 2000; Rogerson et al., 2010;
Rodrigo-Gámiz et al., 2011]. The combined influence of these changes impacted the Mediterranean marine
system in its entirety including perturbations of the vertical stratification and trophic levels, ecosystems,
and the thermohaline circulation at large [Sierro et al., 2005; Incarbona et al., 2011; Sprovieri et al., 2012; Di
Stefano et al., 2014, 2015]. Comparison with pollen sequences [Gasse and Van Campo, 1994; deMenocal and
Baker, 2000; Combourieu-Nebout et al., 2002; Sánchez-Goñi et al., 2002; Combourieu-Nebout et al., 2009;
Incarbona et al., 2010] and speleothem profiles [Allen and Huntley, 2009; McDermott, 2004; Genty et al.,
2006; Drysdale et al., 2007; Zanchetta et al., 2007; Couchoud et al., 2009; Moreno et al., 2010] made a strong
case of a tight coupling of Mediterranean marine paleoclimatology and terrestrial climate variability over
the surrounding borderlands. These studies demonstrated that the Mediterranean is a perfect site to trace
the paleoclimatology of the North Atlantic region and the Northern Hemisphere at large.

With our ODP976 records we expand on this work and shift the focus from the last glacial-interglacial cycle to the
transition from the penultimate glacial (MIS6) to the last interglacial MIS5e. First, we use the MIS2-T1-Holocene
sections to test the suitability of the ODP976 paleoprofiles to depict the North Atlantic paleoclimatology.

4.1. The MIS2-T1-Holocene Sequence

The ODP976 planktic δ18O and Mg/Ca temperature profiles resolve this period at a multidecadal temporal
resolution and display the classical sequence of events that is exemplified in the Greenland ice core δ18O
profile (Figures 5a–5c). The early-deglacial H1 event that was linked with the large-scale destabilization of
the circum-North Atlantic ice sheets [Heinrich, 1988; Hemming, 2004] is seen in the ODP976 records as a
prominent cold episode with two negative peaks in the G. bulloides δ18O record. The local δ18Osw profile
that was calculated from G.bulloides δ18O and Mg/Ca temperatures using the Bemis et al. [2002] equation
displays a negative anomaly during H1 of 1‰ (Figure 5d) signifying the incursion of 18O depleted
meltwaters and low seawater salinity. A similar magnitude δ18Osw anomaly was reconstructed at the
Iberian margin [Skinner et al., 2003] implying that the H1 isotope anomaly was quantitatively advected
with the meltwater to ODP976.

The mid-T1 Bølling/Allerød (B/A) warming at the end of H1 was captured in other paleorecords from the
region and linked with increased marine heat transports to the North Atlantic [Ruddiman and McIntyre,
1981; Cacho et al., 1999; Shackleton et al., 2000; Eynaud et al., 2009; Naughton et al., 2009; Liu et al., 2009;
Voelker and de Abreu, 2011]. ODP976 Mg/Ca temperatures reached full interglacial levels at that time. A
similar high-amplitude warming is reproduced in a G. bulloides Mg/Ca temperature record from the
western Iberian margin [Skinner et al., 2003] (Figure 5e). This warming reflected the heat transport in the
North Atlantic subtropical gyre whose eastern boundary current extended to the Iberian margin deflecting
some of its warm waters to the Alboran Sea by way of the Atlantic-to-Mediterranean surface water flow. It
mimics the sharp temperature increase in the region that was simulated with coupled atmosphere-ocean
general circulation modeling in response to the abrupt AMOC strengthening after the termination of the
H1 freshwater perturbation [Liu et al., 2009]. The subsequent Younger Dryas (YD) cold spell was linked with
renewed freshwater-induced weakening of the AMOC and the ensuing reduction of the poleward heat
transport triggered a transient return to nearly full-glacial conditions around the North Atlantic [Walker
et al., 2009]. At ODP976 this period is recorded with an early phase of increased δ18O and cold SST that
was followed by a second phase of warmer SST and depleted δ18O. A two-phased structure of the YD is
reproduced by fossil pollen assemblages at ODP976 that indicated an abrupt shift from semidesert to
forest taxa reflecting a shift from cold arid to warm humid conditions [Combourieu-Nebout et al., 2009]. A
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Figure 5. North Atlantic palaeoclimatology of the MIS2-T1-Holocene sequence. (a) Greenland NGRIP δ18O record
[North Greenland Ice Core Project members, 2004]. (b) ODP976 G. bulloides δ18Oivc profile. Dots mark calibrated radiocarbon
datums. (c) ODP976 G. bulloides Mg/Ca temperature profile. (d) ODP976 δ18Osw profile calculated from δ18Oivc and Mg/Ca
temperatures shown in Figures 5b and 5c. (e) G. bulloides Mg/Ca temperature profile of core MD99-2331 from the western
Iberian margin [Skinner et al., 2003] using the age model of Gouzy et al. [2004] and Sánchez-Goñi et al. [2013]. (f) Speleothem
δ18O profile from Dongge Cave [Dykoski et al., 2005]. Speleothem 230Th datums are marked along bottom X axis. Red line
is unlagged orbital precession highlighting deviation of monsoon strength from insolation forcing during weak monsoon
intervals (WMI) of T1. H1 =Heinrich meltwater event 1, B/A = Bølling/Allerød warm phase, YD= Younger Dryas cold spell, and
8.2 = early Holocene cold snap at 8.2 kyr.
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two-phased structure of the YD is also consistent with an early intra-YD Mediterranean warming observed in
previous studies [Goslar et al., 1993; Brauer et al., 2000; Cacho et al., 2000, 2002]. The final transition into the
Holocene is depicted at ODP976 by a gradual decrease to interglacial δ18O values. Mg/Ca temperatures
already had reached interglacial levels during the B/A, while the YD resulted in an only modest
temperature decrease. Therefore, the transition from the YD to the Holocene coincided with an only small
increase of Mg/Ca temperatures by some 1.5°C.

The early Holocene cold episode at 8.2 kyr that is well marked in the Greenland profile and other records from
the North Atlantic region and the wider Northern Hemisphere was attributed to a transient AMOC slowdown
in conjunction with a terminal meltwater outflow to the North Atlantic [Rohling and Pälike, 2005; Cheng et al.,
2009; Ellison et al., 2006; Pross et al., 2009; Dixit et al., 2014]. The 8.2 kyr event in the subpolar North Atlantic
was associated with two cooling events dated to 8.5 and 8.3 kyr [Ellison et al., 2006] and the ODP976
Mg/Ca temperature profile indeed shows two transient cold excursions in the early Holocene section. They
are framed by two calibrated 14C age datums of 9.4 ± .06 kyr and 7.5 ± .05 kyr that yielded interpolated
ages of 7.6 and 8.4 kyr for both transients. This does not allow for a more precise correlation with the
8.2 kyr event, but we note that both cold excursions at ODP976 were accompanied with low-δ18Osw

indicating surface water freshening which is a known feature of the 8.2 kyr event [Rohling and Pälike, 2005;
Ellison et al., 2006].

Finally, the structure of the ODP976 Mg/Ca temperature profile fits with that of the Dongge Cave speleothem
δ18O record in that the temperature anomalies expressed during H1, B/A, and the YD coincide with δ18O
excursions in the speleothem profile that signify the alternation between collapsed and strengthened
monsoons (Figure 5f) [Cheng et al., 2006; Kelly et al., 2006; Wang et al., 2001, 2005; Pausata et al., 2011]. We
conclude that the ODP976 δ18O and Mg/Ca temperature profiles provide a viable representation of the
North Atlantic climatology. Temporal offsets between the ice core, marine, and speleothem records shown
in Figure 5 remain within the estimated age model uncertainty of about 1 kyr.

4.2. The MIS6-T2-MIS5e Sequence

The ODP976 δ18Oivc profile of the MIS6-T2-MIS5e sequence displays the penultimate glacial-interglacial
transition as a multistep transition that mimics features of T1 (Figure 6). These are the increase to
maximum δ18O values immediately before the onset of deglaciation, a steep multistep δ18O decrease
during the first half of the termination, and a midtermination δ18O plateau that is followed by a transient
δ18O increase and a likewise steep final δ18O decrease to interglacial levels. During T1 these isotope events
involved an alternation between polar-cold and warm conditions of the H1-B/A-YD climatic oscillation. For
T2 the ODP976 Mg/Ca profile (Figure 6c) suggests a different temperature pattern. The sudden multistep
δ18O decrease at the end of MIS6 and the mid-T2 δ18O plateau coincided with cold Mg/Ca temperatures
that dominated much of T2 and remained at the temperature level of MIS6. δ18Osw that was calculated
from δ18Oivc and Mg/Ca temperature displays a pronounced negative anomaly diagnosing low salinity in
this section (Figure 6d). Cold polar temperatures and low salinity are type characteristics of Heinrich events
and their occurrence during T2 at ODP976 marks the advection of modified North Atlantic waters that
were impacted by the H11 meltwater surge. Maximum abundance of the cold-water dinoflagellate
B. tepikiense at ODP976 is further evidence of the subpolar conditions at this time (L. Londeix, personal
communication). The fact that H11 was not associated with a major freshwater surge in Hudson Strait
[Obrochta et al., 2014] suggests that the δ18Osw anomaly at ODP976 was derived from the disintegrating
Saalian ice sheet in Eurasia (see below).

The imprints of Heinrich events were traced across the Mediterranean and were suggested to be linked
with the advection of subpolar low-salinity water from the North Atlantic and coincident polar air
outbreaks over the Mediterranean [Cacho, 1999; Rohling et al., 2002; Cacho et al., 2006; Frigola et al., 2008;
Rodrigo-Gámiz et al., 2011; Sprovieri et al., 2012; Di Stefano et al., 2015]. Comparison with the hydrographic
imprint of H1 shows that the δ18Osw anomaly produced by H11 at ODP976 was about twice as high and
lasted approximately 30% longer than H1. Ice-rafted debris maxima generated by H11 at North Atlantic
ODP980 [Oppo et al., 2006] incurred between 131 and 134.5 kyr (age scale of Govin et al. [2012]) and at the
western Iberian margin site MD01-2444 [Skinner and Shackleton, 2006] between 129 and 135.4 kyr (age
scale of Hodell et al. [2013]), coinciding with a negative δ18Osw anomaly at this site (Figure 6f). This timing
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Figure 6. North Atlantic palaeoclimatology of the MIS6-T2-MIS5e sequence. (a) North Greenland Ice Core Project members
[2004] (blue) and NEEM community members [2013] δ18O sections (purple). (b) ODP976 G. bulloides δ18Oivc. (c) ODP976
G. bulloides Mg/Ca temperature profile. (d) ODP976 δ18Osw profile calculated from δ18Oivc and Mg/Ca temperatures
shown in Figures 6b and 6c. (e) G. bulloidesMg/Ca temperature profile and (f) δ18Osw profile of core MD01-2444 from the
western Iberian margin on their published timescales [Skinner and Shackleton, 2006]. (g) Speleothem δ18O profile
from Dongge Cave [Kelly et al., 2006] with 230Th datums marked along bottom x axis. Red line is unlagged orbital
precession highlighting deviation of monsoon strength from insolation forcing during the prolonged weak monsoon
interval (WMI) of T2.
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agrees with the temporal extent of the weak monsoon interval (WMI) recorded in the Dongge speleothem
δ18O profile at the end of MIS6 that was suggested to be connected with the H11 cold phase in the North
Atlantic and was dated to between 135.5 ± 1.0 kyr to 129.0 ± 1.0 kyr (Figure 6g) [Cheng et al., 2006; Kelly
et al., 2006]. However, the negative δ18Osw anomaly at ODP976 started at 132.6 kyr which suggests the
H11 low-salinity waters reached ODP976 about 3 kyr after the onset of subpolar conditions in the North
Atlantic. Fine-scale paleorecords in the western Mediterranean indeed suggested that the advection of the
low-salinity waters was discontinuous during Heinrich events [Frigola et al., 2008] and the delayed
incursion of H11 cold/low-salinity water at ODP976 may be a reflection of the discontinuous water advection.

A further compelling feature of T2 at ODP976 is the abrupt warming by 6°C centered at 128.8 kyr that marked
the end of H11and onset of MIS5e (Figure 6). Similar high-amplitude warming was documented at other
Northeast Atlantic sites [Oppo et al., 2006; Sánchez-Goñi et al., 2012] and was accompanied by a rapid
onset of last interglacial conditions in western Europe and an accelerated expansion of temperate forests
[Sánchez-Goñi et al., 2012, 2013]. The abrupt decrease of δ18O in the Dongge speleothem record reflects
the coincident shift of monsoon activity in Asia to full interglacial strength at this time (Figure 6g) and the
reestablishment of the dominant solar radiation control of Asian monsoon strength that was suppressed
during H11 [Wang et al., 2001; Kelly et al., 2006]. The radiometrically dated speleothem timescale suggests
the monsoons reached full strength within 800 years, with the first half of the recovery occurring within
less than 60 years [Kelly et al., 2006; Cheng et al., 2009]. The T2 warming at western Iberian core MD01-2444
[Skinner and Shackleton, 2006] was lower in amplitude and more gradual reaching peak MIS5e
temperatures approximately 2.5–3 kyr after peak temperatures were recorded at ODP976. High-resolution
marine and terrestrial paleoprofiles from the Northeast Atlantic farther north indicate strong and rapid
warming in western Europe at around 131 kyr, several millennia before warmest temperatures were
recorded at midlatitude sites in the Northeast Atlantic [Sánchez-Goñi et al., 2012]. Hence, the abrupt
warming at ODP976 at the onset of MIS5e fits with the terrestrial warming and rapid development of
temperate forests indicated in pollen records. Extending the speleothem timescale of the coincident
abrupt strengthening of Asian monsoons to the ODP976 profiles would suggest that MIS5e warmth in the
region was initiated within less than one millennium.

The MIS5e section at ODP976 displays warm-cold oscillations that commenced with rebounding Mg/Ca
temperatures after the early MIS5e peak warmth by 3°C. Oscillations are also seen in the MD01-2444
temperature profile at the Iberian margin [Skinner and Shackleton, 2006] and in the Antro del Corchia and
La Chaise speleothem δ18O profiles from Italy and southern France [Drysdale et al., 2009; Couchoud et al.,
2009]. Planktic Mg/Ca and geochemical proxies for terrestrial sedimentation at the southern tip of
Greenland likewise indicate rebounding marine temperatures and an oscillatory behavior of the Greenland
ice sheet and meltwater runoff during MIS5e [Hillaire-Marcel et al., 2001; Carlson et al., 2008; Irvali et al.,
2012]. Surface water cooling and freshening in the Northwest Atlantic at 126 kyr [Irvali et al., 2012]
coincided with lowered benthic foraminiferal δ13C and sedimentologic evidence of reduced near-bottom
flow speeds both diagnosing weakened deep water circulation [Hodell et al., 2009; Galaasen et al., 2014].
The incursion of cooling and freshening at ODP976 (Figures 6c and 6d) around the same time suggests a
possibility that the MIS5e oscillations may have been part of a pervasive climatic variability affecting the
northern North Atlantic at the basin scale, plausibly involving freshwater surges from continuing
disintegration of Northern Hemisphere ice sheets during early MIS5e and the Arctic [Hillaire-Marcel et al.,
2001; Carlson et al., 2008; Nicholl et al., 2012; Galaasen et al., 2014]. Sedimentological, micropaleontological,
and stable isotope evidence from the Nordic Seas indeed revealed that conditions favorable of significant
convective activity and deep water formation were delayed until the later stages of MIS5e [Van
Nieuwenhove et al., 2011; Bauch, 2013; Van Nieuwenhove et al., 2013].

The Saalian (MIS6) ice sheet in Eurasia extended farther east into Siberia than that of the late Weichselian
(MIS2) [Ehlers et al., 2013], and its melting apparently continued well beyond the oxygen isotope
termination T2 while substantially affecting the MIS5e climatology in the northern North Atlantic region
[Van Nieuwenhove and Bauch, 2008; Van Nieuwenhove et al., 2011; Bauch, 2013]. The North American
Illinoian Stage (MIS6) ice sheet likewise exceeded the Wisconsin (MIS2) ice sheet in size but the difference
between both was rather small [Curry et al., 2011]. Numerical models [Montoya et al., 2000; Kaspar et al.,
2005] suggest the largest warming during MIS5e occurred over Eurasia and Greenland which would have
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sustained the meltwater flow from Greendland, Eurasia, and the Arctic [Otto-Bliesner et al., 2006; van de Berg
et al., 2011] several millennia into MIS5e. This ultimately delayed full-strength convection and the advection
of warm North Atlantic waters to the Nordic Seas until the later stages of MIS5e [Van Nieuwenhove et al., 2011;
Govin et al., 2012; Bauch, 2013].

The existence or absence of a Younger Dryas-type climatic rebound during T2 is discussed controversially
[Carlson, 2008; Bauch et al., 2012; Sánchez-Goñi et al., 2012], but from the structure of the ODP976 Mg/Ca
temperature profile one would be able to argue that the abrupt temperature increase after H11 at ODP976
and the following cooling in early MIS5e mimic the B/A warming after H1 and subsequent Younger Dryas
cooling during T1. Evidence for early MIS5e freshening and cooling across the North Atlantic [Irvali et al.,
2012; Nicholl et al., 2012] and coeval weakening of convective activity and deep water circulation [Hodell
et al., 2009; Galaasen et al., 2014] indeed suggest that this was a YD-type climatic rebound that was shifted
into the early stages of the last interglacial.

5. Conclusions

The structure of the δ18O data profiles from planktic foraminifera at ODP976 was nearly identical during the
last two glacial-interglacial transitions (T1 and T2). While this would seem to indicate that climatic
developments at the end of the last two glacial periods were closely correlated, the ODP976 planktic
Mg/Ca profiles display different temperature progressions. T1 displays a series of transient temperature
oscillations, such as the polar conditions during the H1 meltwater event and the Younger Dryas that were
intersected by the warm B/A period, reflecting variable freshwater perturbation and alternating weak and
strong states of the AMOC. Such temperature oscillations were absent at ODP976 at the end of the
penultimate glacial period and instead T2 was marked by an extended period of polar conditions
coincident with H11. The abrupt single-step warming at the end of H11 by 6°C mimicked the sudden B/A
warming during T1 and at the same time marked the onset of full interglacial MIS5e conditions. This
development is reflected in European terrestrial pollen sequences and speleothem records from Asia that
display T2 as a rapid warming across western Europe to interglacial levels with accelerated spreading of
temperate forests [Sánchez-Goñi et al., 2005, 2012] and an abrupt single-step increase of Asian monsoon
activity to full interglacial levels [Kelly et al., 2006; Cheng et al., 2009]. Using the radiometrically dated
speleothem sequences of the abrupt Asian Monsoon Termination II [Kelly et al., 2006] as a reference for the
single-step post-H11Mg/Ca temperature shift at ODP976 suggests that subpolar conditions in the
Northeast Atlantic region were terminated abruptly at 129 kyr and full interglacial temperatures were
reached within less than a millennium. The late establishment of interglacial warmth at high northern
latitudes and full-strength deep water convection several millennia after the onset of MIS5e plausibly
resulted from the continuing disintegration of the large Saalian Stage (MIS6) ice sheet in Eurasia that
extended far into Siberia [Ehlers et al., 2013] where conditions previously were thought unfavorable for ice
accumulation [Anisimov et al., 2006; Basilyan et al., 2008]. Disintegration of its large ice volume at the end
of the penultimate glacial perturbed the high-latitude climate and sustained subpolar conditions in the
Nordic Seas until several millennia after the onset of interglacial conditions at lower latitudes [Van
Nieuwenhove et al., 2011; Bauch, 2013; Van Nieuwenhove et al., 2013].

The structure of the ODP976 Mg/Ca temperature profile at the end of MIS6 would be consistent with the
suggestion that the abrupt post-H11 temperature increase and the following cooling in the early MIS5e
were the equivalents of the B/A warming and Younger Dryas cooling during T1. Freshening and cooling
across the North Atlantic [Irvali et al., 2012; Nicholl et al., 2012] and coeval weakening of convective activity
and deep water circulation [Hodell et al., 2009; Galaasen et al., 2014] indeed mimicked YD conditions but
would have been shifted into the interglacial regime of early MIS5e.
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