Global and Planetary Change 223 (2023) 104100

Contents lists available at ScienceDirect

Global and Planetary Change

4
L

I.SEVIER journal homepage: www.elsevier.com/locate/gloplacha

Check for

Centennial-millennial scale ocean-climate variability in the northeastern e
Atlantic across the last three terminations

Harshit Singh ®, Arun Deo Singh ", Ravi Tripathi ", Pradyumna Singh >, Komal Verma?,
Antje H.L. Voelker “¢, David A. Hodell*

& Department of Geology, Banaras Hindu University, Varanasi - 221005, India.

b Geological Survey of India, Bengaluru, -560078, India.

¢ DST-Mahamana Centre of Excellence in Climate Change Research, Institute of Environmental and Sustainable Development, Banaras Hindu University, Varanasi -
221005, India.

4 Divisao de Geologia e Georecursos Marinhos, Instituto Portuguées do Mar e da Atmosfera (IPMA), Avenida Doutor Alfredo Magalhaes Ramalho 6, Alges,1495-165,
Portugal.

€ CCMAR, Centro de Ciéncias do Mar, Universidade do Algarve, Campus de Gambelas, 8005-139, Faro, Portugal.

f Godwin Laboratory for Palaeoclimate Research, Department of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, United Kingdom.

ARTICLE INFO ABSTRACT

Editor Name: Dr. Fabienne Marret-Davies Changes in Earth’s orbital parameters pace the Pleistocene glacial-interglacial cycles, although considerable
ambiguity still remains over the interaction of the internal climatic variables, such as ice-sheet instability and
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foraminiferal proxies including sea-surface temperature (SST) based on an Artificial Neural Network (ANN)
across the last three terminations (TI, TII and TIII) and the subsequent interglacials (Holocene, Marine Isotope
Stages (MIS) 5e and 7e) from IODP Site U1385, SW Iberian Margin. To demarcate the stadials and interstadials,

SST we combined the faunal and SST records with existing data at Site U1385 including log (Ca/Ti) and benthic and
Terminations planktic 5'80. The composite records reveal details of the last three terminations in terms of abrupt climatic
Heinrich stadials events occurring during these terminations. Termination I included three well-known climatic events: Heinrich
Interglacial stadial (HS)1, Bglling/Allergd (B/A) complex & Younger Dryas (YD). Termination II was interrupted by only

HS11. Termination III included HS8.2 and HS8.1 which show more resemblance to HS2 (a stadial prior to TI) and
HS1, suggesting the YD is a unique feature of the last deglaciation. Additionally, TI and TII reveal similar du-
rations (~6 kyr) with rates of SST change (~1.5 °C/kyr to ~2.1 °C/kyr), whereas TIII represents a longer process
(~10 kyr) with a relatively slow rate of SST change (~0.8 °C/kyr). The anatomy of stadials (HS1, HS2, HS11 &
HS8.1) reveals a complex history (‘W’ shaped anatomy) with two or three cold phases sandwiching (a) brief
warm event(s). The European ice-sheet melting possibly initiated the stadial cooling at the Iberian Margin fol-
lowed by the mid-latitude summertime warming and the intermediate-depth water mass warming that probably
induced the Laurentide ice-sheet melting resulting in the complex stadial pattern. Our records further reveal a
major reorganization of the surface current system, oceanographic fronts and productivity conditions across
these terminations. We also document broad similarities in the climatic evolution of Holocene, MIS 5e and 7e
interglacials in terms of SST, surface productivity and current system. The long-term interglacial trends were
superimposed by multiple brief cold events interrupting the Holocene (~11.3, 9.9, 8.2, 7.1, 5.5, 2.5 ka), MIS 5e
(C28, C27, C27°, C27a, C27b, C26, C26°, C25), and MIS 7e (~238, 234, 231, 230 ka) interglacials. Integration of
our records with benthic foraminiferal !C records from the Iberian Margin and central North Atlantic suggest
fluctuations in the deep water convection process (which in turn were influenced by the conditions in subpolar
gyre) possibly resulted in the brief cold events interrupting the interglacials at the Iberian Margin.
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1. Introduction

During the Pleistocene, Earth’s climatic system underwent cyclic
fluctuations between glacial and interglacial conditions superimposed
by millennial-scale variability (e.g. McManus et al., 1999; Jouzel et al.,
2007; Barker et al., 2011). The transition interval from glacial to
interglacial conditions was relatively rapid and is referred to as a
deglaciation or termination. During deglaciations, rising mid to high
latitudes boreal summer insolation initiated the melting of Northern
Hemisphere ice-sheets, which delivered freshwater to the North Atlantic
Ocean. This resulted in the short-term weakening of the Atlantic
Meridional Overturning Circulation (AMOC) and the subsequent cooling
of the Northern Hemisphere which is referred to as the terminal stadial
event (Hodell et al., 2015). Consequently, the Intertropical Convergence
Zone (ITCZ) shifted southwards and thereby displacing the South
Atlantic subtropical gyre towards Antarctica. The southern shift of this
gyre probably transported and strengthened the Southern Hemisphere
westerlies resulting in the warming of Antarctica through oceanic heat
transport, thereby triggering the outgassing of CO, through deep-water
upwelling from the Southern Ocean reservoir (Anderson et al., 2009;
Jiang and Yan, 2020; Pinho et al., 2021). The outgassing increased the
atmospheric CO, concentrations by ~80 ppmv during the deglaciations
and promoted warming to sustain the ensuing interglacial (e.g. Monnin
et al., 2001; Denton et al., 2010; Shakun et al., 2012). Hence, the de-
glaciations represent very crucial intervals of near synchronous global
and rapid climate change. Therefore, the study of deglaciations may
provide a clear understanding of the Earth’s climate system response to
the rapidly changing background conditions.

The onset of interglacials is pre-conditioned by precession minima
and insolation maxima (i.e., Northern Hemisphere summer occurring at
perihelion). Millennial-scale temperature fluctuations during de-
glaciations and the subsequent interglacials are often expressed as
temperature reversals. The deglacial temperature reversals are probably
driven by, among others, ice volume, freshwater release, ocean circu-
lation and greenhouse gas forcings, whereas the probable driving factors
for the intra-interglacial temperature reversals are solar activity, vol-
canic eruptions and ocean circulation (e.g. Past Interglacials Working
Group, 2015 and references therein). The structure of deglaciations are
governed by feedback interactions between millennial and orbital var-
iations (Barker and Knorr, 2021). For the events during the last two
deglaciations and subsequent interglacials, the feedback mechanisms
have been inferred from marine (Martrat et al., 2014; Jiménez-Amat and
Zahn, 2015; Grunert et al., 2015; Tzedakis et al., 2018) and terrestrial
proxy records (e.g. Grant et al., 2012; Moseley et al., 2015; Pickarski and
Litt, 2017; Stoll et al., 2022) supported by modelling experiments (e.g.
Toggweiler et al., 2006; Tschumi et al., 2011; Schmittner and Lund,
2015; Menviel et al., 2018). For Termination III (TIII) and MIS 7e, the
feedbacks for the temperature reversals are poorly understood due to an
insufficient number of high-resolution proxy records with well-
constrained age models.

The sedimentary record recovered from IODP (International Ocean
Discovery Program) Site U1385, off the SW Iberian Margin, is marked by
high sedimentation rates (>10 cm/ka, Expedition 339 Scientists, 2013).
Previous studies from this region exhibit signals of climatic events
originating at the high-latitudes of both hemispheres (e.g. Shackleton,
2000; Vautravers and Shackleton, 2006; Martrat et al., 2007; Margari
et al., 2014; Hodell et al., 2023). Site U1385 is located inside the
northern limit of the Canary eastern boundary upwelling system and
outside the southern- and easternmost limit of the ice rafted debris (IRD)
belt making it an ideal site to record the signals of North Atlantic at-
mospheric and hydrographic systems (e.g. Bard et al., 2000; Salgueiro
et al., 2010; Hodell et al., 2015; Gonzalez-Lanchas et al., 2021). Because
of its proximity to the continental margin, paleoclimatic records from
this region permit detailed land-sea correlations needed to assess the
role of the European Ice Sheet Complex (EISC) in global climate change
(Toucanne et al., 2015; Kaboth-Bahr et al., 2018).
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In this study, we reconstruct the past surface oceanographic changes
at IODP Site U1385 on centennial-millennial timescale using planktic
foraminiferal assemblages and SST records for the last three termina-
tions (T1, TII & TIII) and the ensuing interglacials (Holocene, MIS 5e &
7e). The study identifies the sequence of climatic events interrupting the
last three terminations based on their intensity, timing and duration,
and the response of surface productivity and current systems to the
changes in oceanographic fronts and SST variations. We also investigate
the climatic progression of the interglacials following the last three
terminations and evaluate the role of northern hemisphere climatic os-
cillations, AMOC and EISC in modulating these changes.

2. Oceanographic setting

Site U1385 (37°34.285’ N, 10°7.562’ W; 2578 m below sea level) was
drilled on the continental slope of the SW Iberian Margin during the
IODP Expedition 339 in the NE Atlantic Ocean (Fig. 1). The site is sit-
uated on a plateau known as the ‘Promontorio dos Principes de Avis’,
which is raised above the Tagus abyssal plain and unaffected by turbi-
dites (Hodell et al., 2015). Under modern conditions, the area under
investigation is influenced by various water masses. The top-most layer
(<100 m depth) is formed by surface waters originating in the North
Atlantic. The Eastern North Atlantic Central Water (ENACW) comprises
two components of water masses with different origins and properties
(Fitza et al., 1998). The ENACW, (100-250 m) is the warmer, shal-
lower, saltier and nutrient-depleted component of subtropical origin
formed along the Azores Front (AF) at ~35°N, while the ENACWg,
(250-500 m) is colder, deeper, less saline and nutrient-laden component
of subpolar origin formed north of 46°N due to winter cooling and deep
convection (McCartney and Talley, 1982). The warm and saline Medi-
terranean Outflow Water (MOW) dominates the intermediate depths of
the water column (500-1400 m; Ambar et al., 2002), whereas the cold
and dense Northeast Atlantic Deep Water (NEADW) is the bottom most
water mass at the study site (Fig. 1, Fitiza et al., 1998).

The surface hydrography of the SW Iberian Margin is characterized
by a strong seasonal pattern (Fig. 1). Generally, the Azores High
strengthens and shifts northward during the spring-summer seasons
(April to September/October), promoting upwelling of subsurface water
by the north-easterly trade winds (Fitiza, 1983). These upwelling fila-
ments move up to 200 km offshore, potentially affecting productivity at
the location of Site U1385 (Coste et al., 1986; Sousa and Bricaud, 1992).
At the same time, an equator-ward flowing branch of the North Atlantic
Current (NAC) i.e., the Portugal Current (PC) transports ENACWy, along
the Iberian Margin (Fitiza, 1983). During the autumn and winter seasons
(October to March/April), the Azores High weakens and moves south-
ward causing the strengthening of the south-westerly winds, that in-
tensifies the Iberian Poleward Current (IPC) (Teles-Machado et al.,
2015). The IPC, being a branch of the Azores Current (AC) transports
relatively warm, saline and nutrient-depleted water northwards, thus
reducing primary productivity (Fig. 1, Peliz et al., 2005). The surface
circulation at the examined site is also regulated by two oceanographic
fronts: the thermal Subtropical Front and the Western Iberian Winter
Front. The thermal Subtropical Front is closely associated with the
eastern branch of the AC, which oscillates seasonally along 35-36°N,
whereas, the Western Iberian Winter Front disconnects the cold waters
of the PC from the warmer waters of the IPC along 38-40°N (Peliz et al.,
2005).

3. Material and methodology

This study sampled the secondary splice that combines core sections
of Holes U1385D and U1385E between 0.02 and 35.26 corrected revised
meters composite depth (crmced, Hodell et al., 2015). The sediment li-
thology is mainly pelagic/hemipelagic muds and clays with variable
percentages of biogenic carbonates and terrigenous sediments (Expedi-
tion 339 Scientists, 2013). One cm thick slices of sediment were taken at
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Fig. 1. (a) Map showing the location of IODP Site U1385 (star) in the SW Iberian margin and other core/sites discussed in the text (solid circle, IODP sites U1308/13,
ODP sites 976/77, MD95-2043, MD01-2443/4, MD99-2339, SHAK06-5K & SU81-18). The coloured gradient represents modern mean annual (2018) distribution of
SST based on World Ocean Atlas data (https://odv.awi.de/data/ocean/world-ocean-atlas-2018/) for the North Atlantic Ocean and off Portugal (b) during summer
and (c) during winter seasons. Black arrows highlight the modern surface water circulation patterns. (d) Salinity (psu, colour shading) depth (m) latitude section and
vertical structure of water masses in the North Atlantic Ocean (Map source is Ocean Data View software version 4.7.10; Schlitzer, 2014). PC=Portugal Current, AC =
Azores Current, CC=Canary Current, IPC=Iberian Poleward Current, NEC=North Equatorial Current, AnC = Antilles Current, GS = Gulf Stream, ENACW = Eastern
North Atlantic Central Water (sub-tropical origin), ENACWj, = Eastern North Atlantic Central Water (sub-polar origin), MOW = Mediterranean Outflow Water and

NEADW=North East Atlantic Deep Water.

2 cm intervals to obtain records of millennial-scale resolution.

A total of 484 sediment samples were used for the quantitative an-
alyses of planktic foraminiferal assemblages. Sample processing was
performed using the standard micropaleontological preparation tech-
niques (e.g. Singh et al., 2015). About 5 g dried sediment of each sample
was wet sieved through a > 63 pm screen. The dry residues >63 pm were
weighed and dry sieved over a > 125 pm screen. Samples (>125 pm)
were then split into sub-samples to obtain an approximate count of 300
planktic foraminifer specimens. For species identification, the taxo-
nomic concepts of Kennett and Srinivasan (1983), Spezzaferri et al.
(2015) and Schiebel and Hemleben (2017) were followed. Based on the
census counts, relative abundance of each species was calculated.

We applied the ANN technique on planktic foraminiferal assem-
blages to estimate past SST at Site U1385, using the MARGO North
Atlantic and Iberian Margin planktic foraminiferal database comprised
of twenty six well known taxonomic categories (Kucera et al., 2005;
Salgueiro et al., 2014). We extended the database to 1075 analogs using
additional raw data from the NW Iberian Margin (Salgueiro et al., 2020).
Modern SST values were extracted for the surface ocean at 10 m water
depth from the World Ocean Atlas 1998. The MATLAB® software was
used to reconstruct the annual-, summer- and winter-SSTs employing a

back propagation neural network. For calibration, the database was split
into three subsets: 80% for training and 10% for validation and 10% for
testing. The methodology follows Kucera et al. (2005) and we used the
same set of ten neural networks to provide ten different SST values of
each component of annual-, summer-, and winter-temperature (see
Kucera et al.,, 2005 for details). The averages of these ten SST re-
constructions were used as the final SST values. The reconstructed SST
values represent the upper water column temperature up to ~100 m
rather than the surface (10 m), as it has been shown that planktic
foraminiferal assemblages in some locations of the North Atlantic are
more sensitive to subsurface temperatures than the usual depth (10 m)
they are calibrated against (Telford et al., 2013).

For SST estimation in the North Atlantic region, the error is 1.14 °C
for summer, 0.96 °C for winter and 0.96 °C for annual as predicted by
Kucera et al. (2005). Additional error may arise due to the size disparity
between the North Atlantic foraminiferal database (>150 pm) and our
foraminiferal abundance records (>125 pm), which may result in an
overrepresentation of the smaller species, viz. Turborotalita quinqueloba,
Turborotalita humilis, Globigerina rubescens and Globigerinoides tenellus. In
our record, T. humilis (~1.0%), G. rubescens (~1.2%) and G. tenellus
(~0.03%) show rare and sporadic occurrences throughout the study
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interval. Additionally, a study from the Arctic Ocean by Husum and Hald
(2012) indicates that T. quinqueloba abundance compares well in both
>150 pm and > 125 pm size fractions. This is consistent with previous
investigations from the SW Iberian Margin that show average
T. quinqueloba abundances of 7-10% for the time interval of the present
study (e.g. Voelker and de Abreu, 2011), which compares well with our
result (8.4%). The estimated error arising from the size disparity is
minimal (0.26 °C).

Past changes in surface hydrography, frontal migrations and pro-
ductivity fluctuations can be reconstructed using abundance variations
of specific planktic foraminiferal species/groups (e.g. Cayre et al., 1999;
de Abreu et al., 2003; Vautravers and Shackleton, 2006; Singh et al.,
2015). The abundance records of Neogloboquadrina pachyderma and
T. quinqueloba provide ample evidence of meridional shifts of polar/sub-
polar fronts through time (e.g. Vautravers and Shackleton, 2006;
Voelker et al., 2009; Singh et al., 2015). N. pachyderma is associated with
the cold surface waters of high-latitudes and prefers a temperature range
of —1 to 8 °C with an optimum temperature of 2 °C (Bé and Tolderlund,
1971; Johannessen et al., 1994; Pflaumann et al., 2003). Earlier studies
have shown that the abundance of N. pachyderma is a reliable proxy for
recognizing southern shifts of the polar front towards the Iberian Margin
during the glacial stages (e.g. Bond et al., 1992; Vautravers and
Shackleton, 2006; Eynaud et al., 2009; Singh et al., 2015). T. quinqueloba
prefers slightly warmer conditions (1-21 °C) than N. pachyderma and
proliferates today in Arctic Front waters with temperatures <12 °C.
T. quinqueloba is abundant in the transitional domains of the polar water
masses, and is regarded as a sub-polar species (B¢ and Tolderlund, 1971;
Pujol, 1980; Johannessen et al., 1994; Fronval et al., 1998). We used
relative abundances of N. pachyderma and T. quinqueloba to trace the
influence of polar/sub-polar water masses at Site U1385.

The tropical-subtropical mixed-layer species (Globigerinoides ruber,
Trilobatus sacculifer plexus, Globigerinella siphonifera, G. rubescens, Glo-
bigerina falconensis, Orbulina universa and Pulleniatina obliquiloculata)
grouped as warm water species (Vautravers et al., 2004) is a proxy for
the IPC presence at the examined site, as living counterparts of these
species show strong affinity to the warm surface waters of the AF
(Schiebel and Hemleben, 2000; Schiebel et al., 2001; Storz et al., 2009).
Globorotalia inflata and Neogloboquadrina incompta show strong affilia-
tion to temperate conditions of the North Atlantic Transitional Waters
(e.g. Ottens, 1992; Pflaumann et al., 1996; Chapman, 2010). We
grouped them together to reconstruct the PC influence (Vautravers and
Shackleton, 2006; Salgueiro et al., 2008; Singh et al., 2015). Globigerina
bulloides and Globigerinita glutinata have strong preferences for the
nutrient-laden upwelling environments of the eastern North Atlantic
Ocean (Salgueiro et al., 2008; Wilke et al., 2009). G. bulloides is a well-
established upwelling indicator and proliferates in highly productive
coastal and open ocean upwelling areas (e.g. Kroon and Ganssen, 1988;
Thunell and Sautter, 1992; Schiebel et al., 2001). G. glutinata is an
opportunistic species which feeds on diatoms and prefers well-mixed
nutrient-rich waters (Schiebel and Hemleben, 2000; Schmuker and
Schiebel, 2002; Olson and Smart, 2004). We used abundances of
G. bulloides in combination with G. glutinata to trace the past surface
productivity and nutrient condition at the study site.

The age model of the examined sediment section is developed by the
correlation of log (Ca/Ti) record (which reflects variations in % CaCO3)
of Site U1385 with log (Ca/Ti) record of adjacent cores (MD01-2443/
44) having well-developed age models (see Age Depth_GreenSyn age
model in Hodell et al., 2015 for details). To further refine our age model
for MIS 5e, we adopted the well-defined age model of core MD01-2444
(see Tzedakis et al., 2018 for details) by stacking and correlating the SST
(this study) and planktic 5180 (Hodell et al., 2015) records of the two
cores (Supplementary Figs. S1 & S2). Holocene chronology of our annual
SST record is compared with core MD95-2043 to confirm the robustness
of the adopted age model (Alboran Sea, Cacho et al., 1999, Supple-
mentary Fig. S3). The present study focuses on three separate time in-
tervals: the last 25 ka (TI to Holocene), 115-140 ka (TII to MIS 5e) and
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228-252 ka (TIII to MIS 7e). The estimated average temporal sampling
interval of the proxy records is 151 years with respective resolutions of
121 for the last 25 ka, 192 for the interval 115-140 ka and 162 years for
228-252 ka. The MIS sub-stages were delineated following Railsback
et al. (2015) and other studies from the Iberian and Mediterranean re-
gions (e.g. Martrat et al., 2007, 2014; Hodell et al., 2015).

Stadials and interstadials encountered in this study were identified
using planktic foraminiferal assemblages, ANN-based SST, log (Ca/Ti)
and planktic (G. bulloides) and benthic (Cibicidoides wuellerstorfi) 51%0
records (Hodell et al., 2015; Hodell et al., 2023) of Site U1385. Sharp
decreases in log (Ca/Ti) and SST values with increase in polar/sub-polar
planktic foraminiferal species and high §!80 values demarcate the sta-
dials, whereas prominent increases in log (Ca/Ti) and SST values with
corresponding decrease in polar/sub-polar planktics and low 5'%0
values demarcate the interstadials. The stadials interrupting TIII were
named HS8.2 and HS8.1 following Channell et al. (2012) and Hodell
et al. (2023). Detailed chronologies of the climatic events documented in
this study are presented in Table 1. The brief cold events interrupting the
Holocene, MIS 5e & 7e interglacials were identified from the recon-
structed SST record using the ‘findpeaks’ tool in the MATLAB® software
by defining the ‘MinPeakHeight’ to be greater than the error value of the
annual SST data (~1.22 °C) and the ‘MinPeakDistance’ to be greater
than the average duration of the events (0.5 kyr).

4. Results
4.1. Planktic foraminiferal assemblages

A total of 31 planktic foraminiferal species are recorded from the
examined samples. The most abundant species, accounting on average
> 90% of the total planktic foraminiferal populations are: G. bulloides
(~25.6%), N. incompta (~22.9%), G. glutinata (~10.7%), G. inflata
(~8.2%), T. quinqueloba (~8.4%), G. ruber (~5.4%), N. pachyderma
(~3.9%), Globorotalia scitula (~3.2%), Globorotalia truncatulinoides
(~1.6%), O. universa (~1.2%) and G. falconensis (~1.3%). Other species
show sporadic occurrences including P. obliquiloculata (~0.01%),
T. sacculifer plexus (~0.7%), Globorotalia hirsuta (~0.2%), Globorotalia
crassaformis (~0.1%), G. siphonifera (~1.0%), T. humilis (~1.0%),
G. rubescens (1.2%) and G. tenellus (0.03%). The faunal assemblages
comprise varied species/groups characterizing polar, sub-polar, transi-
tional and subtropical water masses and species associated with high-
nutrient conditions of the NE Atlantic Ocean. Temporal variations in
relative abundances of ecologically significant planktic foraminiferal
species used in the present study are shown in Fig. 2.

The polar species, N. pachyderma is one of the quantitatively signif-
icant species of the faunal record showing large variation in its abun-
dance (50.8% to 0%) with maxima during the stadials and minima
during the interstadials/interglacials. Maximum abundance of this
species is associated with Heinrich stadial (HS) 1 (Fig. 2). T. quinqueloba
is another important cold water species and its abundance varies from
39.8% to 0%. This species generally follows the pattern of N. pachyderma
abundance variation; however, its abundance increases during the late
part of MIS 5e and 7e interglacials. Nevertheless, both species show
abundance peaks during stadials: Younger Dryas (YD), HS1, HS2, HS11,
HS8.1 and HS8.2 (Fig. 2). The species associated with the PC
(N. incompta and G. inflata) show patterns of variation opposite to
N. pachyderma and T. quinqueloba with high abundances during in-
terstadials/interglacials and low abundances during stadials. The
abundance of N. incompta varies between 54% and 1.5%, whereas
G. inflata ranges from 30% to 0% (Fig. 2). G. bulloides is the most
abundant planktic species (on average) and its abundance ranges be-
tween 50% and 6% with greatest numbers during the interglacials,
especially the Holocene. Along with a general decrease in its abundance
pattern, we notice brief intervals of high abundance within the stadials
YD, HS1, HS2, HS11 and HS8.2 and prominent increase during the
HS8.1. The abundance of G. bulloides decreases during the interstadials
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Table 1
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Minimum, maximum and mean values of annual, summer and winter SST with SST gradient for the events documented at IODP Site U1385 along with their durations.

Interval Event Age range (ka) SST gradient (°C/kyr) Annual SST (°C) +1.22 °C Summer SST (°C) £1.40 °C Winter SST (°C) +£1.22 °C
Min. Max. Mean Min Max. Mean Min. Max. Mean
HS2 25-23.2 9.8 16.9 135 12.4 19.3 16.0 8.0 14.7 11.6
Termination I HS1 17.2-15 ~2.1 5.8 15.6 9.8 8.2 18.1 12.3 3.7 13.7 8.0
B/A 15-12.5 14.9 17.7 16.3 17.5 20.1 18.9 12.6 15.4 14.0
YD 12.5-11.6 11.0 16.8 13.1 13.5 19.4 15.5 9.0 14.5 11.2
Termination II HS11 135.5-129.5 ~1.5 10.1 14.6 12.3 125 16.8 14.8 8.4 12.7 10.4
HS8.2 249.5-247.5 10.3 14.6 12.0 12.9 17.5 14.7 8.5 12.2 9.9
Termination III Interstadial 247.5-243 ~0.8 13.0 17.8 15.8 16.1 20.5 18.8 10.7 15.4 13.3
HS8.1 243-239.5 11.0 17.0 13.2 13.7 19.5 15.9 9.1 14.9 11.0
Early 11.6-8 15.8 19.0 17.8 18.1 21.4 20.1 13.7 16.8 15.6
Holocene Middle 8-5 17.3 19.3 18.3 19.5 21.9 20.6 15.3 16.9 16.2
Late 5-1 ~0.3 171 19.0 17.9 19.2 21.5 20.2 15.2 16.9 15.8
Holocene 11.6-1 15.8 19.3 18.1 18.1 21.9 20.3 13.7 16.9 15.9
Early 129.5-127 15.0 19.3 17.7 17.1 21.8 20.3 13.2 17.0 15.4
MIS Se Middle 127-120.5 14.7 18.1 16.9 17.6 20.7 19.5 12.3 16.0 14.8
Late 120.5-115 ~0.4 15.6 17.9 16.8 18.2 20.7 19.4 135 15.8 14.6
MIS 5e 129.5-115 14.7 19.3 17.1 17.1 21.8 19.7 12.3 17.0 14.9
Early 239.5-236.5 16.1 18.2 17.0 19.0 20.9 19.9 13.6 16.0 14.5
MIS 7e Middle 236.5-234 16.6 19.1 17.9 19.9 22.4 21.0 13.9 16.6 15.3
Late 234-230.5 ~0.6 14.3 17.0 15.8 17.4 20.1 18.8 11.8 14.5 13.3
MIS 7e 239.5-230.5 14.3 19.1 16.7 17.4 22.4 19.7 11.8 16.6 14.2
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Fig. 2. Temporal variations in relative abundances of selected planktic foraminiferal species encountered in the present study: (a) G. ruber, (b) N. pachyderma, (c)
T. quinqueloba, (d) G. inflata, (e) G. glutinata, (f) G. bulloides and (g) N. incompta. Vertical grey bars mark the stadials: YD, HS1, HS2, HS11, HS8.2 and HS8.1 whereas
the pink bars mark the interstadials: B/A & TIII interstadial. Horizontal dotted lines are added for visual aid only. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

interrupting the terminations (Fig. 2). The abundance of G. glutinata
varies from 32.8% to 0% with maxima during the interglacials. This
species shows abundance increases during YD, HS11, HS8.1 and HS8.2
and declines during HS1 and HS2. The abundance of G. glutinata in-
creases during the Bglling/Allergd (B/A), whereas it decreases during
the interstadial interrupting the deglaciation of MIS 8 (Fig. 2). The
abundance of the warm water species group (G. ruber, T. sacculifer
plexus, G. siphonifera, G. rubescens, G. falconensis, O. universa,
P. obliquiloculata) remains generally <20% except during the Holocene

period. Its abundance varies from 37.5% to 0% with peak abundances
during the interstadials and interglacials, while minimum abundances
occur during the stadials (Fig. 3).

4.2. ANN-based SST variations

The annual SST record generally follows the log (Ca/Ti) profile of the
Site U1385 (Fig. 3). The terminations (TI, TII & TIII) are characterized
by large-amplitude annual SST variations from ~8.8 to 13.5 °C. The
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Fig. 3. Comparison of relative abundances of various planktic foraminiferal assemblages with ANN-based annual SST (this study) and log (Ca/Ti) records (Hodell
et al., 2015) of IODP Site U1385: (a) % warm water species (G. ruber, T. sacculifer plexus, G. siphonifera, G. rubescens, G. falconensis, O. universa and P. obliquiloculata),
(b) % C37:4 from core MD01-2444 (Martrat et al., 2007), (c) log (Ca/Ti), (d) ANN-based annual SST (°C), (e) % G. glutinata + G. bulloides and (f) % G. inflata +
N. incompta. Bold curve shows the FFT smoothening. Vertical grey bars mark the stadials: YD, HS1, HS2, HS11, HS8.2 and HS8.1 whereas the pink bars mark the
interstadials: B/A & TIII interstadial. Downward pointing arrows denote the brief cold stadials interrupting the interglacials (Holocene, MIS 5e and 7e). Upward
pointing arrows denote the brief warm events interrupting HS1, HS2, HS11 and HS8.1. Horizontal dotted lines are added for visual aid only. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

greatest range in annual SST is observed across TI with temperatures
varying from a minimum of ~5.8 °C during HS1 to ~19.3 °C during the
Holocene (~6.6 ka). During TII, annual SST values dropped to ~10 °C
during HS11 and subsequently increased to ~19.3 °C during MIS 5e
(~127 ka, Fig. 3, Table 1). Annual SST across TIII varied from a mini-
mum of ~10.3 °C during HS8.2 to ~19.1 °C during MIS 7e (~235.5 ka).
For the terminal stadials (HS1 and HS8.1), the annual SST record shows
a complex profile with two sharp drops in SST values separated by a
brief rise of ~5-6 °C. The SST profile during HS2 and HS11 seems to be
more complex with three phases of SST drops interrupted by two brief
intervening SST peaks (Fig. 3). The steepest SST gradient of ~2.1 °C/kyr
corresponds to the TI interval, followed by TII with a SST gradient of
~1.5 °C/kyr and TIII with a very low SST gradient of ~0.8 °C/kyr
(Fig. 3, Table 1). The estimated average annual SST values during the
interglacials are 18.0 °C, 17.0 °C and 16.4 °C for the Holocene, MIS 5e
and 7e respectively, which suggests that temperatures during these pe-
riods were slightly colder than present (18 °C, Locarnini et al., 2010).
Although the SST record suggests relatively stable interglacials, we do
register multiple brief episodes of SST fluctuations with amplitudes of
~1.3-3 °C. Several brief cold events interrupted the Holocene at ~11.3,
9.9, 8.2, 7.1, 5.5, 2.5 ka, and MIS 5e at ~128.7, 126.7, 125.5, 123.5,
121.5, 119, 117, and 115.5 ka. Similar cold events appear to have been
less frequent during MIS 7e occurring at ~238, 234, 231, and 230 ka
(Fig. 3). Our estimated average seasonal SST difference (summer SST-
winter SST) for the entire study interval is ~4.8 °C, which is very
close to the present day value (5 °C) at the study site (Locarnini et al.,
2010). This difference increases during the interstadials and in-
terglacials, while during the stadials it decreases to minimum values
(Fig. 4).

5. Discussion

5.1. Climate-induced surface ocean variability along the Iberian Margin
during the last three terminations

5.1.1. SST variation

The ANN-based SST record parallels the long-term changes in the
5'80 time series of the Greenland ice core (North Greenland Ice Core
Project members, 2004) and the synthetic Greenland record (Barker
et al., 2011) across the last three terminations, reflecting the typical
Northern Hemisphere pattern of temperature variations along the Ibe-
rian Margin (Fig. 5). Comparison of these terminations with respect to
SST variations reveals that the sequence of climatic events during TIII is
similar to that of TI, despite different orbital configurations. TI was
interrupted by one warm and two cold climatic events: HS1, B/A and
YD, a sequence identical to the events: HS8.2, an interstadial and HS8.1,
overprinting TIII (Fig. 5). The stalagmite records from China also depict
the similarity in TIII and TI (Cheng et al., 2009; Duan et al., 2022).
However, in terms of duration and SST gradient TI and TIII were char-
acteristically distinct. TI lasted for ~6 kyr with a steep SST gradient of
~2.1 °C/kyr, whereas, TIII spanned ~10 kyr with a gentle SST gradient
of ~0.8 °C/kyr (Table 1). This dissimilarity is probably due to different
orbital configurations and atmospheric greenhouse gas concentrations
(Fig. 5).

Unlike TI and TIII, the sequence of climatic events for TII was unique,
as it was interrupted by a single extended stadial HS11 with coldest
annual SST of ~10 °C (Table 1). Speleothem records from southern
Europe also reveal a climatic event associated with HS11 (Drysdale
et al., 2005; Perez-Mejias et al., 2017; Stoll et al., 2022). TII was nearly
identical to TI in terms of duration (~6 kyr) and SST gradient (~1.5°C/
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kyr). This resemblance can be explained by the similarity in orbital
configurations and atmospheric greenhouse gas concentrations pre-
vailing during the two terminations (Fig. 5). Another factor that could
influence the SST gradient is the extent of continental ice sheets during
the periods preceding those terminations (MIS 8, MIS 6 and MIS 2). The
elemental records from the Bay of Biscay suggest that continental ice-
sheets in NW Europe during MIS 8 were significantly smaller than
during MIS 6 and MIS 2 (Toucanne et al., 2009). Thus, the melting of
smaller ice sheets over a longer duration (~10 kyr) points towards a
relatively weak nature of the MIS 8-7 transition leading to limited
changes in ice volume and SST compared with the last two terminations
(Lang and Wolff, 2011; Shakun et al., 2015).

Initiation of TI and TIII was marked by stadials featuring a significant
decrease in SST from ~15.6 to ~5.8 °C during HS1 and from ~15.1 to
~10.3 °C during HS8.2 (Table 1). Both stadials lasted for about 2 kyr.
We also document an intervening warm phase of ~6 °C SST increase
during HS1, while a similar warming episode within HS8.2 was largely
elusive from the SST record (Fig. 4). Thus, HS1 and HS8.2 were quite
different. The complex structure of HS1 was reported from the IODP Site
U1308 located in the eastern section of the North Atlantic IRD belt as
well (Hodell et al., 2017). Hodell et al. (2017) considered the two cold
phases of HS1 as two separate events and referred to them as HS1.1 and
HS1.2. Studies from the mid-latitude North Atlantic Ocean (IODP Site
U1313, Naafs et al., 2013), Gulf of Cadiz (Voelker et al., 2006) and the
Alboran Sea (ODP Site 976, Martrat et al., 2014; Jiménez-Amat and
Zahn, 2015) have also recorded a similar SST pattern for the HS1
(Supplementary Fig. S4). Additional evidences for the internal structure
of HS1 can be seen from the paleo-precipitation records of tropical and
subtropical regions reflecting two distinct hydrologic events that are
mechanistically linked to changes in the AMOC strength (e.g. Zhang
et al., 2014; Strikis et al., 2015).

We observe major shifts in certain planktic foraminiferal species

abundances corresponding to the SST variation associated with these
climatic events. A significant rise in % N. pachyderma (a polar species)
and T. quinqueloba (a sub-polar species) during HS1.1 followed by the
predominance of the latter species during HS1.2 suggest a northward
propagation of the polar front during HS1.2 (Fig. 4). Both N. pachyderma
and T. quinqueloba were replaced by N. incompta, G. bulloides and
G. inflata abundances during the brief warm event. Earlier foraminiferal
assemblage based studies from the Iberian Margin have shown a similar
pattern of shift in these planktic species abundances (e.g. Lebreiro et al.,
1996; Cayre et al., 1999; de Abreu et al., 2003). The climate simulation
studies also suggest the northward shift of the thermal front during
HS1.2 (e.g. Ziemen et al., 2019). The shift of the thermal front might
have affected the regional hydrology in the north-west and south-west
Iberian region. Previous studies have revealed coldest/driest condi-
tions with minimal temperate tree expansion in the adjacent landmasses
during HS1.1 and a gradual recovery of the tree taxa during HS1.2
(Naughton et al., 2009, 2015; Cutmore et al., 2021).

HS1 was followed by the B/A interstadial, featuring a rapid rise in
SST values from ~6.5 °C to ~17 °C within a short span of 0.5 kyr. On the
contrary, transitions to warmer conditions during the TIII were more
gradual and lasted twice the duration of B/A, even though the prevailing
temperatures were similar (~17 °C, Table 1). Moreover, the patterns of
SST variation during both interstadials show a brief period of ~2 °C SST
drop within its progression (Fig. 4). This climatic cooling episode also
had imprints in the European continental records with a coeval decline
in the temperate tree taxa implying slightly colder/drier land conditions
(Cutmore et al., 2021). B/A was followed by the YD with a rapid drop in
SST (of 6 °C) from ~17 to ~11 °C (Fig. 4). This indicates that the cli-
matic cooling was relatively milder as compared to HS1, when the SST
values dropped by ~9.8 °C. A simultaneous expansion of steppe taxa and
the Mediterranean vegetation as evidenced from sediment cores in the
vicinity of the examined site (SU81-18, MD01-2444 and SHAK06-5K)
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attest to a moderate climatic cooling (Turon et al., 2003; Tzedakis et al.,
2018; Cutmore et al., 2021). A climatic transition from an interstadial to
HS8.1 during TIII, was also present during the TI transitioning from the
B/A to the YD with a drop in SST values from ~17 °C to ~11 °C
(Table 1). However, the SST variation pattern of HS8.1 was nearly
identical to HS1 with two cold phases sandwiching a brief warm event
with an amplitude of ~5 °C, although HS8.1 was slightly warmer and
lasted a little longer than HS1 (Fig. 4).

The structure of HS11 (equivalent of the TII stadial event) was
relatively more complex consisting of three cold phases (HS11.1, HS11.2
& HS11.3) and two warm phases. Our SST record reveals HS11.2 as the
coldest phase within the HS11 complex, followed by HS11.1 and HS11.3
phases (Fig. 4). The cold phases HS11.1 and HS11.2 sandwich a brief
warm event with SST rise of ~3 °C, while the other warm event between
HS11.2 and HS11.3 was relatively warmer (~4 °C) than the preceding
one. This three-phase cooling structure of HS11 is also supported by
T. quinqueloba abundance maxima. Significant decrease in
T. quinqueloba abundance corresponds to the two warm phases (Fig. 4).
A similar structure of HS11 can also be noticed in alkenone and Mg/Ca
based SST records of core MD01-2444, (Tzedakis et al., 2018, SW Ibe-
rian Margin) and the Alboran Sea SST records (Supplementary Fig. S4,
Martrat et al., 2014; Jiménez-Amat and Zahn, 2015). A recently pub-
lished G. bulloides 5'80 record from the Gulf of Cadiz also shows iden-
tical variations in line with the above mentioned records during the
HS11 complex (Sierro et al., 2020). The pollen records of core
MDO01-2444 showing prominent fluctuations in concert with the SST
variations suggest that the climatic events within the HS11 complex left

their imprints in European continental records (Drysdale et al., 2004,
2005; Allen and Huntley, 2009; Moseley et al., 2015; Regattieri et al.,
2017; Tzedakis et al., 2018).

Each of the last three terminations display unique features with re-
gard to millennial events. TI and TIII were each interrupted by multiple
climatic events, whereas TII was interrupted by a single extended cli-
matic event. The stadials interrupting TIII (HS8.2 and HS8.1) and TI
(HS1 and YD) differ in terms of timing, duration and SST. HS8.2 and
HS8.1 might be considered equivalent to HS2 and HS1 (Perez-Mejias
etal., 2017). Integration of our SST record with the benthic 5'3C records
of IODP sites U1308 and U1385 supports the analogy between HS8.2
and HS8.1 with HS2 and HS1 (Fig. 4). Low benthic 513C values during
TIII indicate reduced ventilation of deep-water similar to HS2 and HS1
(Obrochta et al., 2014). All four events (HS8.2, HS8.1, HS2 and HS1) are
associated with IRD peaks in the North Atlantic Ocean (Channell and
Hodell, 2013; Obrochta et al., 2014), whereas IRD deposition is
considerably weaker in the IRD belt during the YD. Although HS8.2 and
HS2 appear similar, HS2 is followed by the last glacial maxima (e.g.
Clark et al., 2004; Hall et al., 2006), whereas the glacial maxima of MIS 8
occurred before HS8.2 (Hughes and Gibbard, 2018). Alternatively,
HS8.2 may be considered to be a part of TIII, which is supported by the
stalagmite records from Austria (Wendt et al., 2021) and China (Cheng
et al., 2009; Duan et al., 2022).

5.1.2. Role of the European Ice-sheet Complexes in shaping the anatomy of
the recorded Heinrich stadials: a possible mechanism
Previous studies from the Iberian Margin present the classic Heinrich
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stadial view of AMOC weakening due to freshwater release into the high-
latitude North Atlantic, which in turn caused severe cooling episodes at
the mid-latitudes (e.g. Cayre et al., 1999; Martrat et al., 2007; Voelker
et al., 2009; Rodrigues et al., 2011; Martin-Garcia et al., 2015). How-
ever, increasingly detailed proxy-based reconstructions and model
simulation studies of the Heinrich stadial and the associated climate-
ocean perturbations have revealed a more complex structure (with
multiple phases) than previously described (e.g. Naafs et al., 2013;
Tzedakis et al., 2018; Ziemen et al., 2019). Our SST records for the
stadials HS1, HS2, HS11 and HS8.1 reveal intervening brief warm
phases, presenting a ‘W’ shaped pattern of the SST record, which was
first coined by Martrat et al. (2014) (Fig. 4). We also document sum-
mertime warming (seasonal SST difference) coeval with the brief warm
event within HS1, HS2, HS11 & HS8.1 (Fig. 4). It is believed that HS1
was not triggered by the melting of Laurentide ice-sheets, instead
increased freshwater forcing from the melting of the EISC may have
weakened the AMOC initially (Peck et al., 2006; Toucanne et al., 2010,
2015; Henry et al., 2016) owing to its close proximity to the deep water
convection sites (Roche et al., 2010). Subsequent changes in the low to
mid-latitude atmospheric water cycle (Landais et al., 2018) caused
summertime warming in northern Europe (Boswell et al., 2019) to
promote further melting of the EISC. Enhanced melt water discharge
from the EISC weakened the AMOC considerably (Skinner and Shack-
leton, 2006; Bohm et al., 2015) and subsequently led to the warming in
the intermediate depth waters (e.g. Shaffer et al., 2004; Marcott et al.,
2011; Ezat et al., 2014). The intermediate depth warming may have
played a pivotal role in triggering the collapse of the marine-based ice-
sheets including the Hudson Strait, thus forcing the Laurentide ice-sheet
melting to play the dominant role during HS1.2 (Hodell et al., 2017; Max
et al., 2022).

Similar changes might have also occurred during HS2, HS11 and
HS8.1, thus contributing to cause the characteristic ‘W’ pattern of the
SST record (Fig. 4). Since the EISC was larger in extent during the
Penultimate Glacial Maximum as compared to the Last Glacial
Maximum (Ehlers et al., 2011; Ivanovic et al., 2018), the increased
melting episodes may have caused a more peculiar SST pattern for HS11.

5.1.3. Paleoproductivity and sea-surface circulation

The record of past changes in surface hydrography off the Iberian
Margin provides crucial insights into the dynamics of the regional at-
mospheric circulation patterns in response to the rapid climatic oscil-
lations during deglaciations (e.g. Incarbona et al., 2010; Ausin et al.,
2020). We used planktic foraminiferal proxies to reconstruct the pro-
ductivity and sea-surface circulation during the last three terminations.
Our productivity proxy record (G. bulloides + G. glutinata) reveals a
pattern of variation opposite to the SST changes. The surface produc-
tivity during the cold phases of HS1 (HS1.1 and HS1.2) was in general
low, although it increased abruptly as the temperature reached to its
minimum. Comparatively the productivity during HS1.1 was slightly
higher than during HS1.2. The northward shift of the polar front during
HS1.2 may be a factor responsible for the increase in productivity
(Fig. 3). The northward shift of the polar front resulted in the reduction
of freshwater supply associated with the melting of drifting icebergs,
consequently the surface stratification weakened in the study region
(Lebreiro et al., 1997; Eynaud et al., 2000; Thomson et al., 2000). This
favoured the wind-induced mixing which might have led to the pro-
ductivity increase during HS1.2. A similar pattern of primary produc-
tivity variation during HS1 has also been documented in
coccolithophore records from core SHAK06-5K (Ausin et al., 2020).

The two productivity minima during HS1 are probably related to the
enhanced supply of less saline surface waters to the Iberian Margin due
to the melting of drifting iceberg armadas as evident from alkenone
C37:4 (%) records of core MD01-2444 (Fig. 3, Martrat et al., 2007),
which caused strong surface water stratification and reduction of the
upwelling induced productivity (Voelker et al., 2009; Incarbona et al.,
20105 Salgueiro et al., 2010). The rapid rise in productivity condition
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corresponding to the temperature minima during the cold phases of HS1
can be explained by the increased influence of westerly winds over the
Iberian Peninsula due to the southward migration of the North Atlantic
jet stream forced by a southward shift of the polar front (Costas et al.,
2016; Wolf et al., 2018, 2019). The increased influence of westerlies
might have resulted in the vertical mixing of the surface waters, thus
causing a productivity increase during the cold phases of HS1. It is also
possible that the turbulent mixing from the drifting of melting icebergs
caused nutrient advection to the surface and thereby an increase in
productivity during the cold phases of HS1 (Lebreiro et al., 1997;
Eynaud et al., 2000; Thomson et al., 2000). The productivity proxy re-
cord reveals a similar pattern of variation for the stadials YD, HS2, HS11
and HS8.2 as documented for HS1 (Fig. 3, Table 2). This reflects a
general pattern of low productivity conditions for the stadials with an
abrupt increase during the temperature minima. However HS8.1 shows
an overall productivity increase, which could be due to the increased
vertical mixing of the less stratified surface waters off the Iberian Margin
(Fig. 3).

Present day surface hydrography of the study area is modulated by
the seasonal migration of the Azores High and the two main surface
currents, PC and IPC (Peliz et al., 2005). Thus, it becomes imperative to
study the past variations in the PC and IPC influences, as these currents
play a crucial role in modulating the surface productivity in this region.
Previous studies have shown that the AF was displaced southward
during HS1, while it was in a northern position during the B/A due to the
AMOC weakening and strengthening, respectively (Schwab et al., 2012;
Repschlager et al., 2015). The faunal proxy record reveals that during
the interstadial warming, particularly the B/A event of TI and the
interstadial event of TIII, the overall productivity was low (Fig. 3).
Increased abundances of warm water species and > 15 °C SST values
suggest the prevalence of warm subtropical waters. Since the AF was
displaced north during B/A, the study area was dominated by warm and
oligotrophic waters of the IPC, thereby resulting in the productivity
decrease. It is also possible that the expansion of the subtropical gyre
during B/A resulted in the enhanced influence of nutrient-depleted
warm waters (ReiBig et al., 2019). Earlier studies from the study area
have also reported decreased productivity during the B/A (Schwab et al.,
2012; Palumbo et al., 2013; Nave et al., 2018). However, coccolitho-
phore records from core SHAK06-5K show an increase in productivity
during this period (Incarbona et al., 2010; Ausin et al., 2020; Argenio
et al., 2021). This inconsistency could be due to the differential seasonal
response of the two plankton groups. G. bulloides and G. glutinata pro-
liferate during summer upwelling conditions (Salgueiro et al., 2008),
whereas coccolithophores prefer more stratified winter/spring condi-
tions along the Iberian Margin (Abrantes and Moita, 1999; Abrantes
et al., 2009). It is also possible that coccolithophores proliferated during
the B/A period due to nutrients brought by riverine discharge owing to
the increase in winter precipitation (e.g. Moreno et al., 2010; Naughton
et al., 2015).

The deglacial climate variability has also significantly influenced the
PC, the south-westward flowing branch of the NAC (e.g. Palumbo et al.,
2018). Planktic foraminiferal proxies indicating the influence of the PC
(N. incompta + G. inflata) suggest its general weakening during the
stadials and intensification during the interstadials (Table 2). However,
there has been a slight increase in abundances of these species during the
intervening brief warm events of the stadials HS1, HS2, HS11 and HS8.2
indicating some influence of the PC (Fig. 3). Hence the PC/NAC was not
completely shut down during the Heinrich or Heinrich-type stadials
which agrees with the previous results suggesting only a slowdown of
the heat transfer from the tropics to the poles during the stadials (e.g.
McManus et al., 2004; Repschlager et al., 2021). Intriguingly, our re-
cords show a slightly lagged response of the PC to SST variation during
HS8.1, but not for the other stadials (Fig. 3).
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Table 2

A summary of the inferred migration of polar/subpolar front, productivity change and the dominant wind regime with PC and IPC influence for the events documented

at IODP Site U1385.
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Interval Event Age range Polar/subpolar front Relative change in productivity PC IPC Dominant wind
(ka) migration influence influence regime
HS2 25.93.2 Migrated south towards O\{erall low to moderate productivity with Decreased Decreased Westerly winds
IbM brief peaks
Migrated south t d:
HS1 17.2-15 Ibﬁra ed south towarcs Overall low productivity with brief peaks Decreased Decreased Westerly winds
L Migrated north away - . . .
Termination I B/A 15-12.5 from IbM Overall low productivity with brief peaks Increased Increased Trade winds
Migrated south t d
YD 12.5-11.6 Ib;\ira ed south towards Low productivity Decreased Decreased Westerly winds
Mi h 111 ivi ith
Termination I HS11 135.5-129.5 igrated south towards O\fera ow to moderate productivity wit Decreased Decreased Westerly winds
bM brief peaks
Migrated south t d
HS8.2 249.5-247.5 Ibﬁra ed south towards Overall low productivity with brief peaks Decreased Decreased Westerly winds
Termination . Migrated north away - . . .
I Interstadial ~ 247.5-243 from TbM Overall low productivity with brief peaks Increased Increased Trade winds
Mi h 111 ivi ith an i i
HS8.1 243-239.5 igrated south towards Overall low productivity with an increasing Decreased Decreased Westerly winds
IbM trend
Overall moderat: ductivi ith brief
Early 11.6-8 verall moderate productivity with brie Increased Increased
peaks
Holocene Middle 8-5 Overall high productivity with brief drops Decreased Decreased
Late 51 Overall high productivity with a decreasing Increased Increased
trend
1 ivi ith brief
Early 129.5-127 g:;: moderate productivity with brie Increased Increased
MIS 5e Middle 127-120.5 Overall high productivity with brief drops Decreased Decreased Trade winds
Late 120.5-115 Overall 'moderate productivity with a Increased Increased
decreasing trend
Early 239.5-236.5 Overall low productivity with brief peaks Increased Increased
Middle 236.5-234 Overall .lo.w p.roductmty with slight Decreased
MIS 7e productivity increase
Overall low productivity with an increasin; Decreased
Late 234-230.5 P ty € Increased

trend

5.2. Ocean-climate variability during the interglacials: Holocene, MIS 5e
and 7e

5.2.1. SST variation on longer to short time scales

Long-term trends in the SST record show a broad similarity in the
climatic progression of the three interglacials despite the differences in
the orbital configurations and atmospheric greenhouse gas concentra-
tions (Fig. 5). A rapid SST rise of ~6-7 °C during the onset of these
interglacials seems to be a common feature. Following the interglacial
onset, SST values increased to a maximum for a brief period. Thereafter,
a slight cooling of ~2-4 °C was recorded during the middle part of the
interglacials. This cooling episode was followed by a brief period of
warming reaching to the second SST maximum, and then switching over
to a cooling phase in the later part of the interglacials (Fig. 5, Table 1).
The late stage cooling of the interglacials is evident in the abundance
record of T. quinqueloba (Fig. 4). Our findings gain support from the
pollen records from Europe showing synchronous changes in temperate
and Mediterranean tree taxa with their expansion during the warmer
and reduction during the colder conditions (Sanchez-Goni et al., 1999;
Tzedakis, 2003; Tzedakis et al., 2018; Naughton et al., 2007; Roucoux
et al., 2008; Sadori et al., 2016; Oliveira et al., 2018; Cutmore et al.,
2021).

We notice six distinct short-term cooling events of ~1.3-2 °C within
the Holocene (Fig. 6). One of the cold events is the ‘8.2 ka’ recording a ~
1.5 °C SST drop after attaining temperatures of ~18.8 °C. Pollen records
from core SHAKO06-5K, corroborate the SST decrease by reflecting a
significant decrease in the thermophilous woodland over the adjacent
landmasses (Cutmore et al., 2021). Our SST records in conjunction with
model results and other climate proxy records reveal a climatic cooling
of several centuries between ~8.9 and 8 ka (Rohling and Palike, 2005;
Ellison et al., 2006; Morrill et al., 2013). Apart from the 8.2 ka event, five
more cold events interrupted the Holocene at ~11.3, 9.9, 7.1, 5.5, and
2.5 ka (Fig. 6). Signatures of these cold episodes have been recorded in
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both the high (Northern North Atlantic, Bond et al., 1997, 2001; Oppo
et al., 2003) and low (Mediterranean Sea, Cacho et al., 1999; Martrat
et al., 2014; NW Iberian Margin, Palumbo et al., 2013; and subtropical
west Africa, deMenocal et al., 2000) latitudes of the North Atlantic
Ocean. Hence, these short-term cold episodes have left their imprints
throughout the North Atlantic Ocean and the adjoining regions.

Similar to the Holocene, MIS 5e was also interrupted by several brief
cold events at ~128.7, 126.7, 123.5, 121.5, 119, and 115.5 ka with SST
decrease of ~2-3 °C (Fig. 6). Counterparts of these cold events were
recorded from the sub-polar North Atlantic Ocean (C28, C27, C27a,
C27b, €26, C25; Oppo et al., 2006). Regional signatures of these cold
events were also detected in the pollen and speleothem records of
Europe as cold/dry episodes (Couchoud et al., 2009; Milner et al., 2013;
Regattieri et al., 2016; Tzedakis et al., 2018). We record two additional
cold events C27” at ~125.5 ka and C26’ at 117 ka, which were present in
the sediment core MD01-2444 (Fig. 6, Tzedakis et al., 2018), but absent
in the sub-polar North Atlantic, indicating a possible regional extent of
these stadials.

Unlike the Holocene and MIS 5e, the MIS 7e interglacial seems
largely stable in terms of the intra-interglacial variability. Nonetheless,
the SST record reveals four brief cold events interrupting the MIS 7e at
~238, 234, 231, and 230 ka (Fig. 6), which can also be observed in the
SST record of core MD01-2444/—2443 (Martrat et al., 2007; de Abreu
et al., 2005). Paleo-vegetation and precipitation records of SW Europe
confirm the presence of cold and dry conditions in the surrounding
landmasses during these brief events (Roucoux et al., 2008; Sadori et al.,
2016; Pickarski and Litt, 2017; Wendt et al., 2021). Hence, the three
interglacials are different from each other in respect of the pattern of
intra-interglacial short-term climate variability.

5.2.2. Intra-interglacial variability of Holocene, MIS 5e and 7e
interglacials: the AMOC link
A cooling trend from middle to late stages of the interglacials is a
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Fig. 6. Comparison of ANN-based annual SST records of the three interglacials (Holocene, MIS 5e & 7e) at IODP Site U1385. Bold curve shows the FFT smoothening.
Downward pointing arrows denote the brief cold stadials interrupting the interglacials.

dominant feature of our SST record (Fig. 5, Table 1). The long-term
cooling trend of the interglacials was superimposed by multiple
centennial-millennial scale climatic events (Fig. 6). However, the
timing, duration and frequency of these climatic events varied among
these interglacials. Similar to the present study, the cooling trends
during MIS 5e and the Holocene have been reported from the Alboran
Sea (Martrat et al., 2014; Jiménez-Amat and Zahn, 2015) and the Iberian
Margin (Bakker et al., 2014). Benthic 5'3C records from the Eirik Drift
reveal several episodes of abrupt changes in the NADW formation for the
five most recent interglacials (Galaasen et al., 2020). Another 513C re-
cord from the IRD belt of the North Atlantic Ocean also show multiple
short-term variations during the three interglacials (Fig. 4, Hodell et al.,
2008). The short-lived variations in 5'3C benthic record from the study
area (U1385, MD01-2444) have been attributed to the changes in deep
water circulation (Fig. 4, Hodell et al., 2023; Tzedakis et al., 2018).
Therefore, we argue that the brief cold events recorded at Site U1385 are
probably related to the reduction in the NADW convection possibly
triggered by the enhanced freshwater release into the North Atlantic
(Kleiven et al., 2008). This is in line with the previous results doc-
umenting a large-scale SST decrease from the Iberian Margin during the
Heinrich stadials caused by the freshwater perturbations at high lati-
tudes (e.g. Cayre et al., 1999; de Abreu et al., 2005; Eynaud et al., 2009;
Rodrigues et al., 2011). This provides a potential explanation for the low
magnitude variability within MIS 7e, as the integrated summer insola-
tion energy was relatively low during MIS 7e (Huybers, 2006), causing
only moderate meltwater release and hence only minor variations in
deep water convection (Fig. 4).
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5.2.3. Sea-surface circulation and productivity changes

The faunal proxy records indicate a general high productivity con-
dition during the interglacials superimposed by the short-term fluctua-
tions owing mainly to the changes in the strength and position of the
Azores High along with the influence of the surface current system (PC
and IPC, Fig. 3). Early and late parts of the interglacials show increased
influence of PC and IPC attributing low productivity conditions.
Conversely, the influence of PC and IPC during the middle parts was
relatively reduced leading to the increase of biological productivity.
However, the productivity increase during the middle part of MIS 7e was
relatively moderate (Fig. 3, Table 2). Patterns of variation of the pro-
ductivity proxy record show an in general inverse relationship to the IPC
associated warm water assemblage and the PC associated assemblage
(Fig. 3). This suggests that upwelling induced productivity changes
during the interglacials are primarily influenced by the fluctuations in
the Azores High strength and its meridional migration, similar to the
modern conditions where the seasonal wind-induced upwelling/verti-
cal-mixing modulates the surface productivity in the SW Iberian Margin.
Strengthening and northward shift of the Azores High led to the
increased influence of the north-easterly trade winds to the study region,
thereby contributing to the productivity increase. In contrast, weak-
ening and southward shift of the Azores High resulted in the strength-
ening of the south-westerly winds that inhibited the coastal upwelling
(e.g. Salgueiro et al., 2014; Singh et al., 2015; Palumbo et al., 2013,
2018; Martins et al., 2018; Argenio et al., 2021). However, this was not
always the case, for instance during the brief period between 236 and
234 ka, when warm water species and productivity proxy both show an
increase (Fig. 3), indicating increased influence of the IPC at the study
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site. It is also possible that the enhanced mixing of the surface waters
caused the advection of nutrient-laden subsurface waters to the surface
and thus causing the productivity increase (Fig. 3). Our explanation
gains support from the simultaneous increase in the abundance of
G. glutinata that flourishes in the well-mixed surface waters off the
Iberian Margin (Fig. 2, Vautravers and Shackleton, 2006; Singh et al.,
2015).

Another exception to this interglacial pattern is the IPC variation
during the MIS 7e showing a two-fold fluctuation in its influence. In
general, a strong IPC influence was evident during the first half of MIS
7e, which weakened considerably during the second half (Fig. 3).
Superimposed on the long-term interglacial pattern, the surface ocean
conditions further show prominent short-scale fluctuations at centennial
to sub-centennial timescale. During the brief cold events of the in-
terglacials, we observe a productivity increase in concert with the
reduced influence of PC and IPC (Fig. 3). Our findings are corroborated
by a recent study from the core SHAK06-5K demonstrating productivity
peaks corresponding to the brief cold events interrupting the Holocene
(Ausin et al., 2020).

The faunal productivity records of Site U1385 reveal a general
pattern of low productivity during the stadials and interstadials and high
productivity during the interglacials. This pattern suggests a common
large-scale mechanism at play here, which is in agreement with earlier
studies from this region (Incarbona et al., 2010; Salgueiro et al., 2010).
Reductions in AMOC during the stadials resulted in Northern Hemi-
sphere cooling and an associated southward migration of the atmo-
spheric and hydrographic frontal systems (Barker et al, 2009;
Repschlager et al., 2015). Subsequently, freshwaters from melting ice-
bergs reached the Iberian Margin and inhibited upwelling to cause a
decline in productivity. Meanwhile during the interglacials, AMOC
strengthening resulted in the northward migration of the atmospheric
and hydrographic frontal systems (Barker et al., 2009; Repschlager
et al., 2015). This probably caused the increased influence of trade
winds over the study region, thereby promoting productivity increase.
Low productivity during the interstadials and early parts of the in-
terglacials was probably due to the expansion of the subtropical gyre
(ReiBig et al., 2019), resulting in the enhanced influence of warm and
nutrient-depleted waters of the subtropical gyre in the study area.

6. Conclusions

Planktic foraminiferal assemblage and SST data from IODP Site
U1385 provided a centennial-millennial scale record of surface ocean
conditions off SW Iberia for the last three terminations (TI, TII & TIII)
and the subsequent interglacials (Holocene, MIS 5e & 7e). The last two
terminations (TI & TII) show similar characteristics in terms of duration
(~6 kyr) and SST gradient (~1.5 to 2.1 °C/kyr), meanwhile TIII shows a
longer duration (~10 kyr) with a gentle SST gradient (~0.8 °C/kyr).
While this would seem to indicate a close correlation between the cli-
matic events interrupting TI and TII, instead our records suggest that TI
was interrupted by HS1, B/A & YD, a sequence identical to HS8.2, an
interstadial & HS8.1 during TIII whereas TII was interrupted by a single
extended event, HS11. Moreover, HS8.2 and HS8.1 resemble HS2 and
HS1 in timing, thereby indicating the uniqueness of the last three ter-
minations. The stadials (HS1, HS2, HS11 & HS8.1) portray a complex
history with two or three cold phases separated by (a) brief warm event
(s). Initial cold phase(s) of the stadials were probably influenced by the
EISC melting whereas the Laurentide Ice-sheet melting probably influ-
enced the latter cold phase, with the mid-latitude summertime warming
and intermediate-depth water mass warming possibly playing a con-
necting role between these cold phases. Our records also reveal promi-
nent changes in surface productivity and surface currents (PC & IPC)
during the last three terminations. An overall low productivity condition
superimposed by brief productivity peaks were recorded during these
terminations with decreased (increased) influence of the surface cur-
rents during the stadials (interstadials). The interglacials, Holocene, MIS
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5e and 7e, showed broad similarities in their climatic progression with
steep SST rise of ~6-7 °C during the interglacial onsets. The early part of
the interglacials showed increase in SST and surface currents causing
low productivity conditions whereas the middle part showed relatively
reduced SST and surface water conditions with high productivity. The
late part of the interglacials showed SST and productivity decline with
increased influence of the surface currents. An exception to this general
interglacial pattern was the IPC during MIS 7e, showing a twofold
variation with increase and decrease in its influence during the first and
second half of MIS 7e respectively. The long-term SST trend of in-
terglacials was superimposed by multiple brief cold events. Several such
events interrupted the Holocene (~11.3, 9.9, 8.2, 7.1, 5.5, 2.5 ka) and
MIS 5e (C28, C27, C27°, C27a, C27b, C26, C26°, C25) whereas only four
cold events interrupted the MIS 7e (~238, 234, 231, & 230 ka). These
brief oscillations in temperature were probably triggered by freshwater
addition due to the melting of Northern Hemisphere ice-sheets and the
subsequent reduction of AMOC.
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