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a b s t r a c t

The study of planktic and benthic d18O at site U1389 in the Gulf of Cadiz allowed us to reconstruct climate
variability during the penultimate glacial period at an unprecedented millennial scale resolution. Hereby,
a sequence of interstadial-stadial episodes similar to the Dansgaard-Oeschger events recorded during
Marine Isotope Stage (MIS)3, were recognized in MIS6. After a detailed correlation with millennial-scale
variability recorded along the Iberian margin and the North Atlantic we were able to link the millennial
changes next to the Iberian Peninsula with Antarctic climate variability due to the interhemispheric
seesaw response of the Atlantic circulation. The straight coupling at site U1389 of a) the planktic d18O
that reflects climate change in the Atlantic with b) the benthic d18O, which records the temperature and
oxygen isotope composition of the mixture of Mediterranean Outflow and Atlantic intermediate water,
indicates that millennial climate variability also had a strong impact on the eastern Mediterranean. The
detailed analysis of the benthic d13C and the fine sand content in the sediments from site U1389 led us to
recognize the response of the Mediterranean overflow water (MOW) to millennial scale changes in
Mediterranean overturning circulation during the penultimate glaciation. Both Mediterranean Over-
turning Circulation and MOW strength increased at times of cool and arid climates and weakened during
warm and more humid episodes, similar to what has been described for MIS3. The tuning of MOW
weakening events occurring at times of precession minima with eastern Mediterranean sapropels and
enhanced Asian monsoon allowed the elaboration of a new chronology for MIS6. It was compared with
the Epica Dome C time scale, which was also based on the tuning of atmospheric d18O with Asian
Monsoons speleothem records.

Mediterranean overturning during MIS6 was also strongly affected by freshwater perturbations
occurring at times of insolation maxima, leading to the formation of the “glacial sapropel” S6. Two major
drops in seawater d18O centered at 175 and 150 ky were observed near the entrance of the Mediterranean
that were related to meltwater released from the ice sheets, coinciding with periods of insolation
maxima. The entry of this meltwater anomaly through the Strait of Gibraltar is clearly registered in the
western and eastern Mediterranean, especially at the onset of sapropel S6, suggesting that it was a major
component of the freshwater that initiated the buoyancy gain preceding deep water stagnation.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Greenland ice cores have shown a millennial-scale, highly
resolved climate record for the last glacial period and similar, high-
resolution records, have been obtained in deep sea sediment cores.
ier Ltd. This is an open access artic
Some of the most reliable records have been obtained in the Iberian
Margin since the seminal work of Shackleton et al. (2000). The
climate records from this region have been a laboratory to inves-
tigate the interhemispheric seesaw millennial climate change
during the last glacial period (de Abreu et al., 2003; Goni et al.,
2000; Hodell et al., 2013a; Margari et al., 2010; Martrat et al.,
2007; Skinner et al., 2003; Skinner and Elderfield, 2007; Voelker
and de Abreu, 2011). Numerous works have revealed the straight
coupling between sea surface temperature (SST) and surface
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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oxygen isotope records in the NE Atlantic and climate records in
Greenland ice cores, while deep water properties changed in phase
with Antarctic climate (Hodell et al., 2013a; Shackleton et al., 2000).
Northward heat transport in the Atlantic warms the high latitudes
of the northern Hemisphere and cool the Antarctic (Broecker, 1998;
Stocker, 1998).

However, Greenland ice core records only extend back to 124 ky
because the ice accumulated during the penultimate glacial period
is not adequate for paleoclimate studies (Chappellaz et al., 1997).
Pollen and stable isotope records in core MD01-2444 from the
Iberian margin registered abrupt climate change during the
penultimate glacial period (Hodell et al., 2013a;Margari et al., 2010;
Martrat et al., 2007). Although the stable oxygen isotope record in
core MD01-2444 was elaborated at the maximum allowed resolu-
tion, some details of the centennial-millennial Dansgaard-Oeschger
type events for MIS6 are not visible. Although there are some
marine climate records for MIS6 in the Mediterranean region
(Cortina et al., 2011; Martrat et al., 2004) complemented with a few
studies of speleothem and pollen archives on land (Ayalon et al.,
2002; Nehme et al., 2018; Regattieri et al., 2021a; Roucoux et al.,
2011; Wainer et al., 2013; Wilson et al., 2021), millennial-scale
climate variability during the penultimate glacial period is not
well known.

In this study, the exceptional high sedimentation rates at site
U1389 allowed to obtain a higher-resolution stable isotope record
for MIS6 that can provide a more detailed record of millennial-scale
climate events during the penultimate glacial period and can be
used as a reference record for millennial-scale climate variability in
the north Atlantic. Because of the proximity of this site to the Strait
of Gibraltar and the influence of theMediterranean OverflowWater
(MOW) in bottomwaters at site U1389 the study of the benthic d18O
and d13C, which carries the stable isotope signature of the MOW
moving into the Atlantic, gives us the opportunity to answer the
following questions: how did northeast Atlantic climate change on
millennial to centennial time scales during the penultimate glacial
period?whatwas the impact onMediterranean climate and its heat
and freshwater budgets, how did these millennial-scale climate
changes affected the Mediterranean overturning and MOW
strength?

The analysis of benthic d13C at site U1389 led Sierro et al. (2020)
to infer two periods of slow MOW and weak Mediterranean over-
turning circulation duringMIS6 that occurred at times of maximum
summer insolation in the northern Hemisphere. The timing of the
first period event is coetaneous with the formation of the “glacial
sapropel” S6 in the Mediterranean. Sapropels in the eastern Med-
iterranean reflect episodes of reduced bottom water ventilation.
They have been associated to weak overturning circulation at times
of decreasing sea surface densities in the areas of deep water for-
mation due to fresh water input into the Mediterranean (Casford
et al., 2003; Emeis et al., 2003; Grimm et al., 2015; Rohling et al.,
2015). There are several sources of freshwater that could have
preconditioned the Mediterranean for its final stagnation and
sapropel formation: freshwater from African monsoons trans-
ported to the Mediterranean via Nile river; enhanced annual rain-
fall in peri-Mediterranean regions; entrance of an Atlantic inflow
with lower salinities or meltwater from the Alpine glaciers (Casford
et al., 2003; Emeis et al., 2003; Grant et al., 2016; Grimm et al., 2015;
Rohling et al., 2002, 2015; Rossignol-Strick, 1983; Thunell and
Williams, 1983; Troelstra et al., 1991). Although these different
sources of freshwater are not mutually exclusive more evidences
are needed to discriminate between them, especially during the
formation of sapropel S6 during the penultimate glacial period.

The exceptional, high-resolution record from IODP site U1389
together with the analysis of surface water variations in other two
cores near the entrance of the Mediterranean allowed to
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investigate what were the main mechanisms that preconditioned
the Mediterranean during sapropel S6 formation.

2. Regional setting: the southern Iberian Margin

IODP site U1389 was drilled in the continental slope of the Gulf
of Cadiz, around 100 km to the west of the Strait of Gibraltar. It is
located along the main path of the MOW, which is the result of
mixing of the Mediterranean outflow with East North Atlantic
CentralWater (ENACW) in the Gibraltar Strait. The higher density of
the Mediterranean outflow today compared with the ENACW
forced the MOW to rapidly descends into the Atlantic to reach its
equilibrium depth between 500 and 1500 m, above the North
Atlantic Deep Water (NADW) (Ambar and Howe, 1979; Sanchez-
Leal et al., 2017) (Fig. 1). The fast flow of the MOW along the
southern margin of Iberia interacts with bottom sediments to form
the Gulf of Cadiz contourite system (Hernandez-Molina et al., 2016;
Llave et al., 2001; Stow et al., 2013b).

The surface circulation in the area is dominated by the ENACW,
which is characterized by the southward flow of the Portugal cur-
rent and the Azores Current moving eastward in the southeast
Iberian Margin (Peliz et al., 2005). The Atlantic inflow into the
Mediterranean is fed by the ENACW (Peliz et al., 2009; Soto-
Navarro et al., 2012) that after some mixing with Mediterranean
water at the Strait of Gibraltar forms the Modified Atlantic Water
(MAW) that flows mainly along the northern African margin to
reach the eastern Mediterranean (Font et al., 1998).

The Iberian margin has been considered a key region for past
climate change because of its potential to integrate the marine and
terrestrial climate records, especially since the work of Shackleton
et al. (2000) that was based on the isotope record recovered from
core MD95-2042 located in the southwestern Portuguese margin,
at the so-called Shackleton site. This area attracted great attention
and several new cores have been drilled almost at the same posi-
tion, i.e. core MD01-2444-2443 and IODP site U1385 (Hodell et al.,
2013b; Martrat et al., 2007). All of themwere located between 2500
and 3000 m water depth to investigate past changes in north
Atlantic thermohaline circulation since the area was bathed by a)
the NADW during periods of intense Atlantic Meridional Over-
turning Circulation (AMOC) in interglacial times and b) the Ant-
arctic Bottom Water (AABW), which flows today at deeper depths
along the Iberian margin, and was shallowed during glacial periods
when the AMOC weakened (Hodell et al., 2013a; Martrat et al.,
2007; Shackleton et al., 2000).

Our record in the Gulf of Cadiz does not allow a direct connec-
tion with the deep Atlantic circulation because it is located at a
shallower depth within the path of the MOW and it is not affected
by the NADW or AABW (Fig. 1). Due to this shallow position, the
benthic d18O record was not used to establish the chronology for
this site (see sections 5 and 7), instead, we used the planktic d18O
that reflects surface water changes throughout the Iberian Margin.

3. Material and methods

This study is based on a high-resolution isotope record recov-
ered from IODP site U1389 that was partially published in Sierro
et al. (2020). This site was drilled in the southern Iberian Margin
at 640 m water depth in the Gulf of Cadiz (36�25.5150N;
7�16.6830W) (Fig. 1) during IODP expedition 339 (Mediterranean
Outflow). The interval from 63 to 120 m depth was sampled every
10 cm. The lithology mainly consists of a succession of mud and
sandy-silt contourite beds (Stow et al., 2013a). Approximately 20 cc
of sediment were dried, weighed, disaggregated in tap water and
poured into a 62 mm sieve to remove the fine particles and this
residue was dried and dry-sieved again using a 150 mm sieve.



Fig. 1. Location of the sites studied and mentioned in this study. Blue arrows show the main trajectory of the MOW. Red arrows show the main path of the Atlantic inflow into the
Mediterranean. Figure made with GeoMapApp (www.geomapapp.org). (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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Benthic oxygen isotope analyses were performed by using
approximately 2e10 specimens of the benthic foraminifer species
Cibicidoides pachyderma larger than 250 mm. The G. bulloides
planktic d18O and C. pachyderma benthic d13C as well as the per-
centage of fine sand (weight percent of the fraction 62e150 mm
relative to the bulk dry weight) data used in this study were pre-
viously published in Sierro et al. (2020).

We used data from site 977 and core PRGL1 to calculate the
seawater d18O for these sites. Seawater d18O in site 977 was esti-
mated by using the temperature-corrected, G. bulloides d18O record
published by Martrat et al. (2004) and an ice volume correction of
0.009‰ per meter, using the sea level record of Grant et al. (2014).
In the same way, sea surface d18O change during MIS6 was calcu-
lated for core PRGL1, drilled in the Gulf of Lion, using the temper-
ature corrected Globigerina bulloides d18O record published by
Sierro et al. (2009), the SST record of Cortina et al. (2015) and the
same ice volume correction of 0.009‰ per meter, using the sea
level record of Grant et al. (2014). For the correction of the SSTeffect
we used the G. bulloides temperature (d18O) equation of Bemis et al.
(1998) T(�C) ¼ 13.2-4.89*(dc-dw). Because the application of this
equation gave d18O values of ~2‰ for the current seawater at site
977 with an average d18O of 1‰, we subtracted 1‰ from all esti-
mated d18O values in the record to make them more comparable to
the present. The same correction of �1‰ was applied to the
seawater d18O estimations at site PRGL1.
4. Results

The benthic and planktic stable isotope records show similar
trends (Fig. 2). The planktic d18O record was published in Sierro
et al. (2020). Both records display long and short-term variability.
3

High d18O values are observed in the lower part of the section,
followed by low values until 103 mcd (meters composite depth).
After this minimum, an upward increasing trend is observed
ending with high and relatively constant values in the upper part of
the section that culminates with a prolonged decrease in the up-
permost part. The short-term variability is more visible in the
planktic than in the benthic d18O, especially in the middle part of
the records.

The benthic d13C displays a completely different pattern,
showing a cyclical behavior characterized by four intervals with
high d13C followed by intervening intervals with low benthic d13C. A
complete record of benthic d13C for the last 250 ky was published in
Sierro et al. (2020). In addition to this long-term cyclical behavior,
short-term variability is also recognized in the benthic d13C, espe-
cially in some of the intervals of high benthic d13C.

The percentage of fine sand in the sediments retrieved from site
U1389 also exhibits a cyclical behavior, similar to that observed in
the benthic d13C. Four intervals with higher fine sand contents and
high benthic d13C are followed by intervals with low fine sand and
low benthic d13C (Fig. 2). Short-term variability is also visible in the
fine sand content that covaries with the benthic d13C. A record of
fine sand for the last 250 ky was published in Sierro et al. (2020), in
this study we focused on the variability observed during MIS6.
5. Alignment of millennial-scale variability of site U1389 with
the hydrogen isotope record from EPICA dome C

To elaborate a chronology for site U1389 we first followed the
age model published by Sierro et al. (2020) that was based on the
alignment of the planktic d18O to the Greenland synthetic d18O
record (Barker et al., 2011) for the last 250 ky (Sierro et al., 2020).



Fig. 2. Plot of planktic and benthic stable isotope records and fine sand percent (fraction 62e150 mm) versus depth at site U1389, showing the tie points used for alignment with
eastern Mediterranean sapropels (ODP site 968) (Ziegler et al., 2010) and the Speleothem d18O record of East Asian Monsoons (Cheng et al., 2016): a) Planktic d18O, b) benthic d18O
and c) benthic d13C records from IODP site U1389. d) Percent fine sand (62e150 mm) from IODP site U1389. e) Sediment reflectance and f) Ba/Al records from ODP site 968 in the
Eastern Mediterranean (Ziegler et al., 2010). g) Northern Hemisphere summer insolation (Laskar et al., 2004). h) Speleothem d18O record of East Asian Monsoons (Cheng et al., 2016).
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Based on the high reproducibility of the planktic oxygen isotope
records along the southern Iberian Margin, the oxygen isotope re-
cords from MD01-2444 and IODP site U1389 for the penultimate
glaciationwere aligned (Fig. 3). Once the planktic d18O recordswere
synchronized, we used the age scale of Margari et al. (2010) for
MD01-2444 that was based on the alignment of the benthic d18O in
that core and the dD from EPICA dome C (EDC), using the AICC2012
chronology (Bazin et al., 2013). This is important because the
improved temporal resolution of site U1389 allowed the identifi-
cation of centennial to millennial changes not visible in MD01-
2444. Following Shackleton et al. (2000), the benthic oxygen
isotope record from core MD01-2444 has been directly linked to
millennial-scale air temperature in Antarctic ice cores during MIS 6
(Margari et al., 2010) based on the great similarity between the
benthic d18O in the Iberian Margin and the dD record from
Antarctica, which is the best proxy for air temperature in that re-
gion. This similarity probably comes from the straight coupling
4

between Antarctic air temperature and global ice volume
(Shackleton et al., 2000). However, since the benthic d18O record
from the Gulf of Cadiz mainly reflects past changes in the tem-
perature and oxygen isotope signature of the MOW, we can now
connect the centennial to millennial climate changes recorded at
site U1389with deepwater thermohaline circulation in the Atlantic
and the Antarctic ice core records for the penultimate glaciation
(Fig. 3). Thus, for the global connection to the deep ocean circula-
tion we used the well-established correlation between the benthic
d18O record from core MD01-2444 and the Antarctic ice core record
on the AICC2012 chronology (Fig. 3).

6. Millennial-scale climate variability during MIS6 in the NE
Atlantic

As the penultimate glaciation progressed, the SST of the Iberian
margin, including the southern margin of the Iberian Peninsula in



Fig. 3. Alignment of the U1389 (Sierro et al., 2020) and MD01-2444 (Margari et al., 2010) G. bulloides d18O records with the Greenland synthetic record (Barker et al., 2011) and dD in
Antarctica (Jouzel et al., 2007). All records are plotted on the AICC2012 time scale. a) Greenland synthetic record (Barker et al., 2011). b) benthic d18O record from MD01-2444
(Margari et al., 2010). c) dD from Epica Dome C, Antarctica (Jouzel et al., 2007). d) G. bulloides d18O from IODP site U1389 (blue) (Sierro et al., 2020). e) G. bulloides d18O from
core MD01-2444 (pink) (Margari et al., 2010). f) CO2 from EDC (Shin et al., 2020). Grey bars show G. bulloides d18O minima. (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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the western Mediterranean experienced a long-term trend of
cooling (Martrat et al., 2004, 2007) (Figs. 3 and 4) that is reflected in
the planktic d18O record in core MD01-2444 (Hodell et al., 2013a;
Margari et al., 2010). Due to the strong similarities between the
U1389 and MD01-2444 d18O records, we assumed that oxygen
isotope millennial change at site U1389 was also mainly controlled
by SST (Figs. 3 and 4).

In general, the long-term cooling trend between 200 and 150 ky
can be divided in several sequences limited by major warming
interstadial events recorded by major drops in the planktic d18O in
site U1389 and core MD01-2444 (Figs. 3 and 4). Each sequence is
formed by two to four interstadial/stadial events as can be seen for
example between warming events 6v and 6iv (Figs. 3 and 4). The
overall d18O trend is similar in U1389 and MD91-2444, but addi-
tional centennial to millennial-scale d18O changes can be seen in
site U1389 that are not visible in the Shackleton site oxygen isotope
record. This pattern reminds the sequences of Dansgaard-Oeschger
interstadial/stadial events (Dansgaard et al., 1993; Johnsen et al.,
1992), culminating in progressively cooler stadials in the last
glacial period (Bond et al., 1993; Bond and Lotti, 1995), although the
cooling episodes at the end of these sequences are not related to
Heinrich stadials in MIS6. The average duration of these sequences
is similar to those in MIS3, ranging between 4000 and 9000 yr
(Fig. 4). As already reported by Margari et al. (2010), the prominent
warming events at the onset of these sequences are contempora-
neous withmaximum air temperature in Antarctica and the highest
CO2 in the atmosphere, as recorded in EDC records (Jouzel et al.,
2007; Shin et al., 2020). In contrast, CO2 and air temperature in
Antarctica increases during the colder stadials towards the final
5

stages of the sequences (Fig. 3). This behavior has been related to
millennial-scale changes in interhemispheric ocean heat transport
(Shin et al., 2020). The major warming events are linked to the
onset of an intense AMOC that transferred warmwater to the north
Atlantic, at least to the latitude of ODP site 983 (Barker et al., 2019)
as may be seen by the abrupt decreases in abundance of the polar
species Neogloboquadrina pachyderma (Fig. 4). This strong AMOC
certainly increased heat transport to the north, causing the gradual
drop in temperature seen in hydrogen isotope records in Antarctic
ice cores (Jouzel et al., 2007; Bazin et al., 2013). These warming
events were also recorded in the pollen assemblages that reflect
higher air temperatures and higher percentages of temperate trees
along Southern Portugal (Margari et al., 2010; Tzedakis et al., 2018)
(Fig. 4).

This rapid variability at site U1389 differs from that observed in
higher latitudes during the penultimate glaciation based on records
of hematite stained grains contents (Obrochta et al., 2014). The last
authors found a reduced millennial-scale variability during MIS 6
compared with that seen in the last glacial period and within MIS8.

The millennial-scale variability is more regular and frequent
along the phase of ice sheet growth during the penultimate glaci-
ation. This is similar to what has been observed during the last
glacial age when the period with more regular stadial-interstadial
oscillations occurred during the main phase of ice sheet growth
preceding the last glacial maximum. All this points to the interac-
tion between ocean-atmosphere-ice sheets as the main control of
millennial-scale variability (Mitsui and Crucifix, 2017). The number
of warming transitions recorded by the G. bulloides d18O at site
U1389 is higher than that observed in the SST records from core



Fig. 4. Millennial-scale climate changes during MIS6 in the north Atlantic and western Mediterranean. a) G. bulloides d18O from U1389 (Sierro et al., 2020). b) Sea surface tem-
perature from ODP site 977 (western Mediterranean) (Martrat et al., 2004). c) Sea surface temperature from core MD01-2444 (Portuguese margin) (Martrat et al., 2007). d) Record of
percent temperate tree pollen from core MD01-2444 (Margari et al., 2014; Tzedakis et al., 2018). e) Record of relative abundance of Neogloboquadrina pachyderma left from site ODP
983 in the north Atlantic (Barker et al., 2015, 2019). Grey bars show G. bulloides d18O minima during some of the major interstadial periods. All records are plotted on the AICC2012
time scale with the exception of the N. pachyderma abundance from site 983, which is plotted on its own time scale (Barker et al., 2019).
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MD01-2444 and ODP site 977 (Martrat et al., 2004, 2007), which
may be explained by the short duration of some of the events and
the lower sedimentation rates of these records that did not allowed
high-resolution studies.

In contrast to this period of high variability, climate was more
stable towards the glacial maximum. This was a period of severe
climate cooling, lasting for a fewmillennia that was recorded in the
NE Atlantic and western Mediterranean (Margari et al., 2010;
Martrat et al., 2004) (Fig. 4). SST as low as 8 �C were reached in the
Southwest Iberian margin (Martrat et al., 2007) and 10 �C in the
western Mediterranean (Martrat et al., 2004) and these cool waters
were accompanied by abundant polar species in the north Atlantic
(Barker et al., 2019). Significant melting in the southern margin of
the Fennoscandian ice sheets is recorded by a notable increase in
meltwater and terrigenous supply to the Gulf of Biscay through the
Channel River that coincided with the coalescence of the British-
Irish and Fennoscandian ice sheets (Boswel et al., 2019; Eynaud
et al., 2007; Toucanne et al., 2009). Indeed, terrigenous supply to
the Gulf of Biscay was higher than that observed during Termina-
tion II probably due to ice retreat in the southern margin of the
Fennoscandian ice sheets (Boswel et al., 2019; Penaud et al., 2009;
Toucanne et al., 2009).

The transition from this cold period to a warmer NE Atlantic
during the glacial maximum is recorded in the Gulf of Cadiz by a
series of interstadial/stadial events identified in the planktic d18O
6

record (Fig. 4), although the isotope data are more noisy in this part
of the record. During this time period warmer surface waters are
also recorded in the north Atlantic at site 983 by drops in abun-
dance of N. pachyderma (Barker et al., 2019) (Fig. 4), suggesting
enhanced northward heat flow. However, these short-term
warming events in the Ocean do not seem to be recorded in the
pollen assemblages in MD01-2444 (Margari et al., 2010) (Fig. 4),
although this could be related to the lower resolution of these
records.
7. Alignment of millennial climate change with Asian
monsoon records across MIS6

Between MIS7 and MIS6 Sierro et al. (2020) identified four ep-
isodes of weak MOW at site U1389 that were linked to sapropel
events in the eastern Mediterranean (Fig. 2). They were identified
by low fine sand content and low benthic d13C at site U1389. This
synchronism between MOW weakening events in the Gulf of Cadiz
and the timing of eastern Mediterranean sapropels give us the
opportunity to elaborate a new chronology for MIS6 within the
framework of the astronomically tuned time scale, which is based
on the tuning of sapropels with Astronomical equations (Hilgen
et al., 2012).

The use of fine sand percent in the sediments as a proxy for
MOW intensity is well established in the scientific literature (Bahr
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et al., 2015; de Castro et al., 2021; Kaboth et al., 2016; Llave et al.,
2006; Sierro et al., 1999, 2020; Toucanne et al., 2007; Voelker
et al., 2006). Lower sand contents are linked to episodes of weak
MOW. In the same way, periods of weak MOW are recorded by low
benthic d13C in the Gulf of Cadiz associated to weak overturning
circulation in the Mediterranean, especially during sapropel for-
mation (see Sierro et al., 2020 for more detail). However, the
benthic d13C at site U1389 also depends on themixing of the usually
high d13C values of the outflowing water and the lower d13C of the
ENACW, being the last one especially low during times of weak
AMOC. For this reason, in case of discrepancy between the two
proxies we prefer to use the fine sand content that is more directly
related to MOW strength.

Between MIS 5 and MIS7, sapropels S5, S6, S7 and S8 were
deposited in the eastern Mediterranean, all of them are character-
ized by darker colors (low reflectance) and high Ba/Al (Ziegler et al.,
2010; Konijnendijk et al., 2014). The low reflectance and high Ba/Al
ratios in the eastern Mediterranean reflect high organic matter
contents in the sediments usually related to stagnation events
during sapropel deposition (Ziegler et al., 2010; Konijnendijk et al.,
2014). To elaborate our new chronology, the prominent episodes of
low benthic d13C and minimum fine sand content at site U1389
were alignedwith sapropels S5, S6 and S7 characterized by high Ba/
Al and low reflectance in ODP site 968 in the easternMediterranean
(Ziegler et al., 2010; Konijnendijk et al., 2014) (Fig. 2). A prominent
decrease in fine sand and benthic d13C in the Gulf of Cadiz during
the glacial maximum of MIS6 have no sapropel equivalent in the
Mediterranean but it could be alignedwith an event of high Ba/Al at
site 968 (Fig. 2). For the alignment of this episode we prefer to
correlate the minimum of fine sand with the interval of high Ba/Al
at site 968 because the benthic d13C at site U1389 could be influ-
enced by the mixing of a weak MOW flow with a larger volume of
13C depleted intermediate water in the Atlantic due to the weak
AMOC during this time.

Because sapropels were triggered by events of strong tropical
monsoons they have been tuned to maximum northern Hemi-
sphere summer insolation (Ziegler et al., 2010; Konijnendijk et al.,
2014) and calibrated with the radiometrically dated Asian
monsoon speleothem records (Cheng et al., 2016). Following this
approach, we placed the millennial-scale climate variability
retrieved from site U1389 in the chronologic framework of the
astronomical time scale (Ziegler et al., 2010; Konijnendijk et al.,
2014) and the radiometric scale of Asian monsoon speleothem re-
cords (Cheng et al., 2016). For Termination II we used the age scale
of Marino et al. (2015) based on the common patterns of variability
between the Mediterranean and MD01-2444 planktic d18O records
and the d18O speleothem records from Corchia (Italy).

When comparing the chronology based on the alignment of the
Iberian margin d18O and Antarctic EDC dD records with the
AICC2012 age scale (Bazin et al., 2013; Veres et al., 2013) with that
based on the alignment with Asian monsoons (Cheng et al., 2016)
an offset of 1e5 ky emerges between the two chronologies (Fig. 5).
Overall, the ages based on the Monsoon chronology are younger,
especially the age of events during the glacial maximum (Fig. 5).

The AICCC2012 chronology (Bazin et al., 2013; Veres et al., 2013)
has been revised recently by Extier et al. (2018) based on the great
resemblance between the atmospheric d18O of the air trapped in
EDC ice cores and the Asian d18O speleothem record (Cheng et al.,
2016) and the link of both records with the low latitude water cy-
cle and astronomical precession. Declines of the EDC atmospheric
d18O have been related to northward shifts of the intertropical
convergence zone and the enhanced tropical monsoons during
precession minima (summer insolation maxima) due to higher
precipitation in the mid latitudes of the northern Hemisphere
(Landais et al., 2010; Extier et al., 2018). The average d18O of
7

precipitation decreases because of the amount effect and these
decreases are transmitted to the atmosphere via terrestrial vege-
tation photosynthesis, which is further stimulated during these
periods of higher annual rainfall (Goni et al., 2008), emitting more
depleted oxygen to the atmosphere at times of summer insolation
maxima (Extier et al., 2018; Landais et al., 2010). If the tuning of the
fine sand percent with monsoon speleothems and the alignment of
MD01-2444 benthic d18O and Antarctic dD records are correct, then
the Antarctic AICC2012 chronology should be shifted to younger
ages (Fig. 5). Our new Monsoon chronology for millennial vari-
ability during MIS6 at site U1389 supports the new EDC chronology
of Extier et al. (2018) since the timing of the low fine sand content
and low benthic d13C, which depict weak Mediterranean over-
turning at times of summer insolation maxima (precession
minima), are more in phase with the periods of lower atmospheric
d18O in Antarctic EDC (Fig. 5).

8. Impact of millennial scale climate change on
Mediterranean overturning and MOW strength

Unlike the planktic d18O, which provides an exceptional record
of climate change in the NE Atlantic, the benthic d18O and d13C in
the Gulf of Cadiz carries the Mediterranean climate signature
because bottomwaters at the position of site U1389were bathed by
the MOW.

The straight coupling between planktic and benthic d18O at site
U1389 revealed that almost all the abrupt oxygen isotope changes
recorded in the planktic species are also recorded in the benthic
forms, although the amplitude in bottom waters is smaller. This
unambiguously revealed that the millennial climate change vari-
ability recorded in the NE Atlantic also affected the Mediterranean,
including the eastern Mediterranean, which is the main source of
the MOW.

Although MOW strength and Mediterranean overturning are
mainly controlled by precession-driven changes in Mediterranean
freshwater and heat budgets as emphasized in the previous section,
the impact of interstadial-stadial climate events is clearly visible in
both the fine sand content and the benthic d13C (Fig. 6) as reported
for MIS 3e5, especially during the periods of summer insolation
minima when, on average, a high intensity MOW is recorded.
Conversely, during summer insolation maxima characterized by
weak average MOW the impact of millennial-scale interstadial/
stadial events is small and sometimes is hardly visible. However,
during the three periods of insolation minima when the MOW was
stronger and Mediterranean overturning circulationwas enhanced,
all interstadial events are linked to MOW weakenings and reduced
Mediterranean overturning, as may be inferred from the lower
percentages of fine sand in the sediments and drops of the benthic
d13C (Fig. 6). The most prominent weakening events of Mediterra-
nean overturning and drops in MOW strength are recorded during
the major warming events occurring during the insolation minima
(Fig. 6).

All this indicates that millennial-scale climate events resulting
from reorganizations of the Atlantic meridional overturning cir-
culation also had a strong impact on Mediterranean climate and its
hydrologic budget. These interstadial MOW weakening events
certainly reflect warmer winter air temperatures on the northern
margins of the Mediterranean and/or lower net freshwater loss
resulting in lower surface seawater salinities and densities in the
areas of intermediate water formation.

The main trend of the benthic d18O follows the global pattern of
sea level change as may be seen in Fig. 6, however, multiple
millennial-scale oxygen isotope deviations from the global eustatic
pattern are recorded, coinciding with the planktic d18O millennial
variability. Overall, while the planktic d18O and benthic d13C



Fig. 5. Comparison of Precession-driven variations in MOW strength inferred from Log % 62 mm in IODP site U1389 (blue lines) and atmospheric d18O from EDC Ice Core (Extier et al.,
2018) (red line). a) Log % 62 mm plotted on the AICC2012 time scale. b) Log % 62 mm plotted on the Monsoon chronology. Thick blue line shows the 2 ky moving average of the log %
62 mm record. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Impact of Millennial-scale climate variability on eastern Mediterranean climate during the penultimate glacial period. a) Planktic d18O record from IODP site U1389. b)
Benthic d18O record from IODP site U1389 (in red). c) Global sea level change (in blue) after Grant et al. (2014). d) Northern Hemisphere Summer insolation (in red) (Laskar et al.,
2004). e) Benthic d13C record from IODP site U1389. f) Percent fine sand at site U1389 expressed as weight% of the fraction (62e150 mm) in logarithmic scale. Grey bars show
interstadials periods as depicted by planktic d18O minima. Red dashed lines indicate benthic d18O drops that precede planktic d18O drops by a few hundred years. Marine oxygen
isotope stages are shown for reference. All records are plotted on our new Monsoon chronology. (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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occurred in phase, as described above, a lag between the benthic
d18O millennial changes and the planktic d18O was recognized. This
phase lag between the benthic and planktic d18O at site U1389 was
probably the result of the mixture of Mediterranean outflowing
water and Atlantic intermediate water that takes place in the Strait
of Gibraltar. Because the Mediterranean outflowing water is
warmer than the Atlantic intermediate water, benthic foraminifers
calcifying under the influence of the MOW will show lower d18O
values than those living under the influence of intermediate
Atlantic water, even though the d18O of the MOW is higher.
Therefore, after mixing theMediterranean and Atlantic water at the
Strait of Gibraltar, the d18O of benthic foraminifers along the path of
the MOW depends on the proportions of the warmer Mediterra-
nean Outflow and the colder Atlantic water as well as on the d18O of
both water masses. This mixture of Mediterranean and Atlantic
water at the Strait of Gibraltar probably changed as a function of the
strength of the MOW that led to a higher proportion of the warmer
Mediterranean water when the MOW got stronger. In addition, the
physical-chemical properties of the Mediterranean Outflow also
changed with time. Winter cooling in the eastern Mediterranean
during stadial events should have cooled the intermediate Levan-
tine water and therefore lowered the temperature of the Mediter-
ranean Outflow. Cooling events of 2 �C were recorded in the deep
Mediterranean water during some stadials in MIS3 (Cacho et al.,
2006). In the same way, a drier Mediterranean climate should
have generated a more saline and higher d18O outflow due to the
preferential evaporation of the light 16O isotope during stadial
periods. Conversely, during interstadial periods, a warmer and
lighter outflow would be expected. If changes in the benthic d18O
were only the result of changes in Mediterranean water properties,
the benthic and planktic d18O at site U1389 would have to be in
phase. Indeed, this pattern is seen during the two stadial intersta-
dial periods in MIS 7a, a strengthened MOW during the prominent
stadial period centered at around 190 ky is recorded by heavy 18O
benthic values (Fig. 6), suggesting that Mediterranean climate was
controlling the chemical signatures of the MOW in the Gulf of
Cadiz. However, during the interstadial periods of MIS 6 when
warmer waters and lighter 18O planktic values are recorded in the
Gulf of Cadiz, the benthic d18O decreased in parallel with a weaker
MOW as recorded by falls in the benthic d13C and decreases of
percent fine sand in the sediments (Fig. 6). A hotter and more hu-
mid Mediterranean climate should have generated a warmer and
lighter oxygen isotope MOW, but instead heavier benthic oxygen
isotope values are recorded. This apparent paradox can be
explained by changing the mixing rates of Mediterranean and
Atlantic waters in the Strait of Gibraltar, especially if the tempera-
ture difference between the Mediterranean Outflow and the
Atlantic intermediate water was high. The MOWweakening during
interstadials, clearly seen in the decreasing fine sand and drops of
the benthic d13C, reduced the transport of warm waters to the
Atlantic and therefore a higher proportion of the colder Atlantic
water is recorded at site U1389, causing the increases of the benthic
d18O. Although a lower benthic d18O is expected because of the
wetter and warmer Mediterranean climate, this signature was
probably counterbalanced by the larger impact of the colder tem-
perature of bottomwaters due to a lower proportion of the warmer
MOW in relation to the colder Atlantic water. The declines of the
benthic d18O normally occurred during phases of strong MOW to-
wards the end of stadial events, clearly preceding the abrupt
warming at the stadial interstadial transitions. A clear lag between
falls of benthic and planktic d18O is observed, which is in the order
of 200e400 yr (Fig. 6). These abrupt declines of the benthic d18O
may reflect bottom water warming because of the enhanced heat
transport from the Mediterranean at times of intense MOW, even
though Mediterranean intermediate water was still cold at that
9

time, but probably warmer than the Atlantic intermediate water.
Mg/Ca measurements or clumped isotopes on benthic foraminifera
are needed to further investigate millennial-scale bottom water
temperature at this site.

The millennial-scale climate variability observed in the MOW is
supported by other Mediterranean speleothem and pollen records
showing the alternation of warm/humid periods and cold/arid
episodes, similar to the intestadial/stadial events described above
(Koltai et al., 2017; Nehme et al., 2018; Pickarski and Litt, 2017;
Regattieri et al., 2021; Roucoux et al., 2011; Wainer et al., 2011,
2013; Wilson et al., 2021).

9. Influence of meltwater from the ice sheets on
Mediterranean overturning circulation and formation of the
“glacial sapropels”

Unlike most of the sapropels that were registered in warm pe-
riods, sapropel S6 was deposited during the penultimate glaciation
(Ziegler et al., 2010) (Fig. 2). The extremely weak Mediterranean
overturning circulation during this time is reflected by a prominent
drop in benthic d13C at site U1389 in the Gulf of Cadiz (Sierro et al.,
2020). A second drop in benthic d13C is recorded at site U1389
centered circa 150 ky that is linked to another episode of weak
Mediterranean overturning, although in this case bottom waters
from the eastern Mediterranean never reached complete anoxic
conditions and no sapropel was deposited.

Bottom water anoxia during sapropel formation is linked to
lower rates of deep water formation in the eastern Mediterranean
caused by freshwater input from different sources e.g. river Nile,
Black Sea, Mediterranean rainfall, meltwater inflow from the
Atlantic, the Black Sea or from the Alpine ice sheets (Casford et al.,
2003; Grimm et al., 2015; Rohling et al., 2015; Ziegler et al., 2010).

The growth of the Eurasian ice sheets during MIS 6 (the Saalian
glaciation) started at around 197 ky and ended with a complete
deglaciation at around 129 ky (Batchelor et al., 2019; Hughes et al.,
2006; Inge et al., 2004; Mangerud et al., 2004). However, this
growth was not continuous as referred in the previous sections,
two episodes of meltwater caused by the partial retreat of the ice
sheets were recorded in the NE Atlantic during MIS 6 by large
accumulation rates of detrital material caused by retreat of the
southwesternmargin of the Eurasian ice sheets (Boswel et al., 2019;
Eynaud et al., 2007; Toucanne et al., 2009). Both of them occurred
at times of maximum summer insolation and are related to a
smaller ice volume of the European ice-sheets (Bintanja and Van de
Wal, 2008). Contemporaneous meltwater events were also recog-
nized in the southeastern margin of the European icesheets that
released meltwater to the Black Sea (Badertscher et al., 2011;
Wegwerth et al., 2014, 2020). These meltwater events seem to be
related with times of incomplete deglaciation as proposed by
(Tzedakis et al., 2017).

To investigate the impact of these meltwater events on Medi-
terranean circulation and sapropel formation, we calculated the
surface water d18O at ODP site 977 located in the Alboran Sea at the
entrance of the Mediterranean (see methods) (Fig. 7). The surface
water d18O in the Alboran sea carries the oxygen isotope imprint of
the Atlantic inflow (LeGrande and Schmidt, 2006; Pierre, 1999;
Voelker et al., 2015). Two periods of low surface water d18O were
recognized at site 977 centered at 175 and 150 ky, coinciding with
two periods of extreme weak Mediterranean overturning circula-
tion as inferred from the low fine sand content and reduced benthic
d13C (Fig. 7).

The timing of the first surface water d18O drop is equivalent to
the onset of sapropel S6 in the eastern Mediterranean (Fig. 7) and
the organic rich layer ORL A8 in the westernMediterranean (Comas
et al., 1996). To investigate the spread of this meltwater into the



Fig. 7. Meltwater episodes in the Mediterranean during MIS6. a. Planktic d18O from site U1389 b. Seawater d18O from ODP site 977 (this study). c. Seawater d18O from borehole
Promess PRGL1 (this study). d. Benthic d13C at site U1389 as a proxy for Mediterranean overturning (Sierro et al., 2020). All records are plotted on the new Monsoon chronology.
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Mediterranean we calculated the seawater d18O in borehole PRGL1
in the Gulf of Lion (NW Mediterranean) (Fig. 7), which is a region
where the Atlantic modified water entering from Gibraltar is well
mixed with Mediterranean water today. The two prominent drops
in the sea surface d18O seen at site 977 are also recognized in
borehole PRGL1 in the Gulf of Lion. In particular, the amplitude of
the d18O decrease centered at 175 ky is even higher than that
recorded during MIS7 and the same prominent negative oxygen
isotope excursion is also recorded in the planktic d18O from the
Adriatic sea (Piva et al., 2008). A similar prominent contemporary
drop in sea surface d18O has been widely recognized in the eastern
Mediterranean at the onset of sapropel S6 (Casford et al., 2003;
Emeis et al., 2003; Kallel et al., 2000; Schmiedl et al., 2003; Thunell
et al., 1983) and in speleothem d18O records from the Argentarola
and Rio Martino caves in Italy and in Soreq Cave in Israel (Ayalon
et al., 2002; Bard et al., 2002; Regattieri et al., 2021). It was inter-
preted as a period of higher rainfall and more 18O depleted surface
water in the Mediterranean region during deposition of sapropel
S6.

The data presented in this study strongly support that the drop
in sea surface d18O recorded in the Mediterranean at the onset of
sapropel S6 and that centered at 150 ky can be at least partly
attributed to the low d18O of the Atlantic inflow, as recorded at site
977 and PRGL1, although the prominent drop in the planktonic d18O
in the Gulf of Lion and the Adriatic sea can be partially caused by
meltwater released from the Alpine ice sheets through the Rhone
and Po rivers that carry meltwater to the Gulf of Lion and the
Adriatic sea, respectively. In consequence, the prominent d18O
negative excursion seen in the Argentarola, Soreq and other
10
speleothem records between 180 and 170 ky could be linked to the
low d18O of the moisture originated in the Mediterranean basins at
this time that carry the oxygen isotope imprint from Atlantic
meltwater.

Based on these oxygen isotope records we argue that this
meltwater from the Atlantic inflow and from the Alpine ice sheets
played a key role on the final collapse of deep-water ventilation
that resulted in the formation of sapropel S6. The onset of this
sapropel precisely matches the onset of millennial warming event
6i of (Margari et al., 2010), suggesting that this abrupt increase in
SST together with the previous meltwater input could have trig-
gered the buoyancy gain interrupting deep water formation in the
eastern Mediterranean. This correlation is corroborated by the
abrupt warming and strong Globigerinoides ruber 18O depletion
recorded at the base of S6 in the eastern Mediterranean (Emeis
et al., 2000; Casford et al., 2003; Kallel et al., 2000; Schmiedl
et al., 2003; Thunell and Williams, 1983) that can be correlated
with that recorded at site 977.

The impact of meltwater inflow starting at 178 ky does not
exclude that freshwater from other sources could have played a role
on the formation of sapropel S6 (Casford et al., 2003; Emeis et al.,
2003; Kallel et al., 2000; Schmiedl et al., 2003; Thunell et al.,
1983). An enhanced monsoon event observed at that time in
Asian speleothems (Wang et al., 2008) or in the strong minimum of
the Dole effect in Antarctic ice cores (Landais et al., 2010; Masson
et al., 2000) could have further decrease the seawater d18O due to
enhanced Nile discharge.

Bottom anoxia in S6 was less stable than in other sapropels
(Casford et al., 2003; Schmiedl et al., 2003), suggesting that deep
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water formation in the Aegean and Adriatic seas was controlled by
millennial changes of winter air temperature of the northerly
winds that improved or prevent deep water formation. Two or
three reoxygenation events were recorded in the middle of sapro-
pel and only the lowermost part of the sapropel is completely
devoid of benthic foraminifera (Casford et al., 2003; Schmiedl et al.,
2003). This first phase of completely anoxic bottomwaters is linked
to the abrupt warming even 6i, while the reoxygenation events
must be related to the abrupt cooling events occurring between 6i
and 6iii.

The second meltwater period is registered between 157 and 145
ky in the sea surface d18O of the Atlantic inflow at site 977 (Fig. 7).
Similar low planktic d18O values were also registered in the Gulf of
Lion and in other sites of theMediterranean during this time (Sierro
et al., 2009) that could be partially linked to this meltwater inflow
from the Atlantic. This last glacial maximum meltwater episode
seems to have contributed too to reduce Mediterranean over-
turning as reflected by the low fine sand content and low benthic
d13C values at site U1389 probably accompanied by other fresh-
water inputs from the Nile, etc. However, bottomwater anoxia was
never reached and no sapropel was deposited in the eastern
Mediterranean, although an increase of the Ba/Al ratio at site ODP
968 (Ziegler et al., 2010) was probably the result of poor bottom
water oxygenation that increased organic matter preservation,
coinciding with the period of summer insolation maximum at circa
150 ky. A long gradual preconditioning phase depicted by the
progressive decline of benthic d13C and decreasing fine sand seems
to start with a brief event of poor ventilation during interstadial
event 6v of (Margari et al., 2010), however, the minimum per-
centages of fine sand and minima in benthic d13C are not in phase.
The lowermost fine sand contents, which we relate here with a
weak MOW, occurred prior to the decrease in benthic d13C. We
hypothesize that although both proxies indicate a weak MOW the
later decrease of the benthic d13C may be influenced by the pro-
nounced AMOC slowdown in the North Atlantic and the subse-
quent 13C depletion in the north Atlantic intermediate waters
during a time of reduced advection of the MOW. The remarkable
event of meltwater from the European ice sheets recorded by large
sediment discharge in the Bay of Biscay starting at around 160 ky
(Boswel et al., 2019), which may be behind the freshwater input in
the Mediterranean, also precedes the later slowdown of the AMOC
at around 155 ky recorded by the decrease in benthic d13C in the
north Atlantic (Barker et al., 2015). The coincidence of this drop in
benthic d13C with widespread IRD (Ice Rafted Debris) deposition
and cooling in the north Atlantic (Barker et al., 2015) clearly support
this hypothesis.

It may be argued that this prominent Atlantic cooling and the
cool northerly winds coming from continental Europe should have
caused winter heat loss to the atmosphere in the northern seas of
the Mediterranean (e.g. Gulf of Lion, Adriatic, Aegean seas) stimu-
lating temperature driven convection and deep water ventilation
that prevented sapropel formation, even though buoyancy gain
associated to freshwater inputs was high.

10. Conclusions

A succession of abrupt, centennial tomillennial climate changes,
similar to the Dansgaard-Oeschger events recorded in the last
glacial period, were recognized during the penultimate glacial
period in the southwest Iberian margin, near the Strait of Gibraltar.
They are similar to those recorded along the Portuguese margin but
the higher sedimentation rate in the Gulf of Cadiz allowed the
obtention of a climate record of much higher resolution for MIS6.
The stadial/interstadial transitions are more regular and frequent
during the period of ice sheet growth preceding the glacial
11
maximum of MIS6. The number and frequency of the stadial-
interstadial oscillations recorded in the G. bulloides d18O record is
higher and more frequent than those previously observed in the
SST records from the Iberian Margin during the penultimate
glaciation.

While the planktic d18O record reflect climate changes in the
Atlantic, the benthic d18O unambiguously revealed that this
millennial variability had a strong impact on eastern Mediterra-
nean climate that is the main source of the MOW at the Strait of
Gibraltar. The benthic d13C and the content of fine sand in the
sediments of site U1389 record past changes in the strength of the
Mediterranean overflow after its exit through the Strait of Gibraltar.
Abrupt changes in Mediterranean overturning circulation were
recorded, with intense MOW during cool and dry events charac-
terized by high benthic d13C and elevated sand content and slow
MOW in warm and humid periods, characterized by low benthic
d13C and sand content.

Two periods of special low MOW strengths were recorded by
low benthic d13C and sand content during the penultimate glacial
period that correspond to very weak overturning circulation in the
Mediterranean during times of insolation maxima. The older one,
centered at around 175 ky, was synchronous with the onset of
“glacial sapropel” S6. A detailed correlation with the millennial
events recorded in the Gulf of Cadiz indicates that the onset of this
sapropel was triggered by the warming event 6i recorded in the
Portuguese margin. A second period of weak overturning was
centered at around 150 ky, but no sapropel was formed at that time.
A new Monsoon chronology for MIS6 was elaborated based on the
alignment of MOW weakening events at site U1389 with eastern
Mediterranean sapropels and strong Asian monsoons. The com-
parison of this chronology with that of the atmospheric d18O from
EDC in Antarctica (Extier et al., 2018) suggests that the AICC2012
time scale (Bazin et al., 2013) should be shifted to younger ages.

Seawater d18O records from site 977 at the entrance of the
Mediterranean and PRGL1 in the Gulf of Lion provide evidence of
the input of meltwater released from the ice sheets into the Med-
iterranean. This meltwater mainly delivered to the Atlantic,
together with meltwater from the Alpine ice sheets, were impor-
tant sources of freshwater that weakened the Mediterranean
overturning during the formation of sapropel S6. The pronounced
winter cooling caused by the meltwater released between 157 and
145 ky together with IRD probably prevented the formation of a
sapropel in the eastern Mediterranean because of the great heat
loss associated to the chilly winter northern winds in the northern
seas of the Mediterranean that maintained high rates of deep water
formation.
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