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ARTICLE INFO ABSTRACT

Editor: Prof. M Elliot We provide new high-resolution data on alkenone-derived sea surface temperature (SST) and calcareous
plankton key taxa in temporally well constrained, high resolution benthic and planktonic oxygen isotope records
at Integrated Ocean Drilling Program site U1387 in the Gulf of Cadiz. The investigated time interval encompasses
the Early Pleistocene marine isotope stages (MIS) 48 to MIS 43. The aim is to evidence millennial climate
variability during glacial phases of the “41 kyr world” and understand the impact of North Atlantic climate
dynamics on the southern Portuguese margin. Neogloboquadrina pachyderma and Coccolithus pelagicus ssp. pela-
gicus record prominent, short-term abundance peaks concurrent with short-term SST minima and heavier values
of ™80 in late MIS 48 and in the middle of MIS 46 and MIS 44. Superimposed on the obliquity and precession
forcing, the wavelet analysis carried out on selected proxies (planktonic ™80, N. pachyderma, C. pelagicus ssp.
pelagicus, alkenone derived sea surface temperature) highlighted the occurrence of a higher frequency climate
variability (<7 ky) mostly in glacial time windows and recalling the millennial-scale climate oscillations known
from the Middle and Late Pleistocene. These brief colder episodes in the Gulf of Cadiz were contemporary to the
weakening of the Atlantic Meridional Overturning Circulation, water column stratification, and Ice Rafted
Detritus (IRD) events in the IRD belt as recorded in paleoenvironmental proxies from northern Atlantic reference
sites, evidencing a southward shift of the subarctic front and European icesheet instability. At site U1387, they
have been interpreted as terminal stadial (in late MIS 48) and stadial events (in MIS 46 and MIS 44) indicating
that the millennial-scale variability during the early Pleistocene was strong enough to affect the mid-latitudes of
the southern Portuguese margin.
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1. Introduction

Past suborbital-scale climate changes during the Quaternary, as also
recorded along the Iberian margin, have been observed in multiple
geochemical, organic, and plankton group proxy records, mostly during
the Middle and Late Pleistocene (e.g., Martrat et al., 2007; Hodell et al.,
2008, 2013, 2015, 2023; Incarbona et al., 2010; Pénaud et al., 2011;
Penaud et al., 2016; Penaud et al., 2022; Hernandez-Almeida et al.,
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Gonzalez-Lanchas et al., 2021; Girone et al., 2023). Only a few studies at
high temporal resolution have evaluated climate variability during the
Early Pleistocene (e.g., Voelker et al., 2015, 2022a; Martinez-Sanchez
et al., 2019; Liautaud et al., 2020; Trotta et al., 2022, 2024; Barker et al.,
2022). The mid-latitude Iberian margin is a crucial area for investigating
paleoclimate due to its capability to capture surface and deep-water
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signals from both the North Atlantic and the Southern Ocean. It records
the modification of the Atlantic meridional overturning circulation
(AMOC) linked to climate dynamics (Shackleton et al., 2000; Hodell and
Channell, 2016; Hodell et al., 2015, 2023). Recent studies (Bajo et al.,
2020; Zhang et al., 2021; Barker et al., 2022) have explored the Early
Pleistocene to understand the climate dynamics of the “41 kyr world”
forced by the obliquity orbital parameter, and the differences with
respect to the well-known “100 kyr world” when the glacial-interglacial
cycles mainly responded to eccentricity (Berger and Jansen, 1994). Less
expanded ice volumes characterized the “41 kyr world” (Clark et al.,
2006; Elderfield et al., 2012; Rohling et al., 2014) together with the
more symmetric pattern of glacial-interglacial 5'%0 records highlighting
that the climate variables responded almost linearly to orbital insolation
forcing (Imbrie et al., 1992, 1993; Raymo and Nisancioglu, 2003; Maslin
and Brierley, 2015; Chalk et al., 2017, 2019; Farmer et al., 2019), and
explaining the lack of glacial terminations. In contrast, a “sawtooth-
shaped” §'80 pattern delineated the glacial cycles of the “100 kyr
world”, with more severe glacial and interglacial phases and increased
ice volumes (Zhang et al., 2021; Barker and Knorr, 2023). An additional
feature of late Pleistocene glacial phases is the occurrence of abrupt
short-term climate events known as Heinrich (H) and Dansgaard-
Oeschger (D—O) events. They record high amplitude temperature os-
cillations at millennial periodicities (see Rahmstorf, 2002 for a sum-
mary). The D—O events, marking the abrupt transition from a cold
stadial to a warm interstadial, were firstly recognized in Greenland ice
cores (Dansgaard et al., 1993; Bond et al., 1993) and then in many
marine sediments (e.g., Voelker et al., 2002). They start in less than 30
years (Clark et al., 2002), recording a temperature increase of 5-10 °C
and have a periodicity of 1-2 kyr. Each of the D—O events in Greenland
are expressed in the Iberian margin planktonic 5'80 signal over the last
glacial cycle (e.g., Shackleton et al., 2000, 2004). Heinrich events,
characterized by the presence of ice-rafted debris (IRD), are cold in-
tervals with even larger amplitude than D/O warmings (e.g., Bond et al.,
1993, 1999; Cacho et al., 1999). They have a quasi-periodic recurrence
at intervals between 6 and 7 kyr. Such millennial scale climate vari-
ability has been attributed to multiple complex mechanisms like solar
emission variability, changes in deep-water circulation and AMOC dy-
namics, with important roles of freshwater fluxes from the ice melting
and sea ice extension, insolation changes and variation in atmospheric
COy (Hodell et al.,, 2023, and references therein). Recently, the
millennial-scale climate variability has been thought to be present not
only in glacial phases of the Middle-Late Pleistocene but also during the
glacial cycles of the Early Pleistocene (Raymo et al., 1998; Hodell et al.,
2008, 2023; Gruetzner and Higgins, 2010; Tzedakis et al., 2015; Voelker
et al., 2015, 2022a; Birner et al., 2016; Trotta et al., 2022). The
increased occurrence and amplitude of millennial-scale climate vari-
ability has been considered as modulated by the 41 kyr obliquity cycle
during the Early Pleistocene. It is also related to axial tilt drops below
23.5° and benthic 5!80 values exceeding ~3.8 %o (corrected to Uvigerina
sp. level) that are indicative of a threshold response to orbital forcing
(Hodell et al., 2023). Relatively rich documentation sustaining such a
frame is provided by valuable proxies, but not paleontological data that
are powerful tools for the recognition of paleoclimate and paleoceano-
graphic changes and high frequency variations in the marine ecosystem.

Here we present a high-resolution study that combines calcareous
nannofossil assemblages, the planktonic foraminifer Neogloboquadrina
pachyderma, alkenone derived sea surface temperature (SST), and
planktonic and benthic stable oxygen isotope records during the Early
Pleistocene marine isotope stages (MIS) 48 to MIS 43 at the Integrated
Ocean Drilling Program (IODP) site U1387 located south of Portugal in
the Gulf of Cadiz (Fig. 1). The aim is to improve knowledge on the glacial
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millennial scale climate variability during the “41 kyr world”. The site is
in a crucial mid-latitudinal location to test the response of calcareous
plankton assemblages to climate changes during a long-lasting time of
the Early Pleistocene, which displayed remarkable variations related to
high-latitude oceanographic and atmospheric dynamics as previously
documented in shorter Early Pleistocene time intervals dynamics
(Voelker et al., 2002; Trotta et al., 2022). Calcareous nannofossils are
calcifying marine algae (Haptophyta) sensitive to environmental
changes (Flores et al., 2000; Baumann et al., 2004) and able to record
glacial-interglacial (Baumann and Freitag, 2004; Baumann et al., 2005;
Flores et al., 2003; Giraudeau et al., 2004) and millennial scale climate
changes (Colmenero-Hidalgo et al., 2004; Marino et al., 2008, 2014;
Giraudeau et al., 2010; Amore et al., 2012; Palumbo et al., 2013a,
2013b; Maiorano et al., 2015, 2016a). In this study, we focused on the
distinct abundance patterns of Coccolithus pelagicus ssp. pelagicus and
N. pachyderma that are key cold-water taxa able to unravel short-term
environmental variations in the mid-latitude North Atlantic. Coccoli-
thus pelagicus ssp. pelagicus is a traditional subarctic taxon (McIntyre and
Bé, 1967; Baumann et al., 2000; Geisen et al., 2002; Narciso et al.,
2006), which dwells in cold conditions (Okada and Meclntyre, 1979;
Winter and Siesser, 1994). Nowadays, the planktonic foraminifer
N. pachyderma is associated with the polar regions, and its relative
abundance has been used to reveal short-term climate variation such as
the recognition of H and D—O events starting from pioneering studies
(Broecker et al., 1990; Bond et al., 1993, 1999). Although its dominant
affinity with polar waters might have started only 1.1-1 Ma ago (Huber
et al., 2000), we used the contemporaneous presence of C. pelagicus ssp.
pelagicus and N. pachyderma combined with colder alkenone-Sea Surface
Temperature (U%;-SST) to identify abrupt cold events on the southern
Portuguese margin. To highlight orbital and millennial-scale periodic-
ities that modulated the patterns of selected environmental proxies at
the site, Continuous Wavelet Transform (CWT) analysis has been per-
formed. We compared our results with key northern Atlantic sites to
evaluate mid-latitude responses to high-latitude climate dynamics.

2. Oceanographic setting

The Gulf of Cadiz, in the mid-latitudinal North Atlantic Ocean
(Fig. 1A), is a crucial oceanographic area for paleoclimate reconstruc-
tion being under the influence of several Atlantic surface and deep
waters and of the Atlantic-Mediterranean water exchange at surface and
subsurface depth through the Gibraltar Strait. The oceanic circulation
through the Gibraltar Strait consists of the westwards subsurface warm
and salty Mediterranean Outflow Water (MOW, 500-1400 m) and of the
relative cooler and less salty surface water masses flowing from the
Atlantic Ocean into Mediterranean Sea (Machin et al., 2006; Hernandez-
Molina et al., 2016) (Fig. 1). The MOW (Fig. 1B) dominates the water
column in the Gulf of Cadiz at intermediate depths of 500-1400 m
(Ambar et al., 2002). At the surface, the Gulf of Cadiz is influenced by
the eastern branch of the subtropical Azores Current (AzC, Fig. 1). The
AzC and the associated Azores Front, a prominent vertical water column
structure (Fasham et al., 1985), divide the North Atlantic subtropical
gyre into fully subtropical waters to the south and a transitional zone of
sea surface temperatures and hydrological gradient to the north
(Fig. 1B). Branches of AzC flow southward forming the Canary Current
(CC) (Fig. 1B). The eastern return flow of the North Atlantic subtropical
gyre is the Portugal Current (PC, Fig. 1B), which slowly transports
southwards cooler surface waters, partially of subpolar origin (Pérez
et al., 2001; van Aken, 2001). Generally, the Azores High strengthens
and shifts northward during the spring-summer seasons (April to
September/October), promoting upwelling of subsurface water by the
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Fig. 1. A:location of IODP sites U1387, U1385 and U1308, and ODP site 983 in the North Atlantic (background map made with GeoMapApp 3.7.4). B: Mean summer
sea surface temperatures (°C) at the resolution of 0.25-degree (WOA 2023; Reagan et al., 2024) in the Gulf of Cadiz, with location of site U1387 and main oceanic
currents, according to Peliz et al. (2005). Background map made with Surfer 13.5. CC: Canary Current. AzC: Azores Current. PC: Portugal Current. IPC: Iberian

poleward Current. MOW: Mediterranean Outflow Water.

north-easterly trade winds along the western Iberian margin (Fitiza,
1983). The dynamics of the AzC and PC form the subtropical front
around 36°N (Johnson and Stevens, 2000; Peliz et al., 2005, 2007). The
Iberian Poleward Current (IPC, Fig. 1B), as a branch of the AzC, consists
of warm waters flowing northward mainly in autumn and winter along
the slope (Frouin et al., 1990; Haynes and Barton, 1990) and is gener-
ated by the thermohaline structure of water masses and wind forcing
(Peliz et al., 2003) when the Azores High weakens and moves southward
causing the strengthening of south-westerly winds (Teles-Machado
et al., 2016).

The climatic seasonality off the Portugal’s coast is influenced by the
winter atmospheric pressure gradient between the Azores High and the
Iceland Low systems, which defines the North Atlantic Oscillation
(NAO) that is characterized by positive and negative modes (e.g., Hur-
rell, 1995; Trigo et al., 2004; Hernandez et al., 2020). This climatic
system controls the position and the intensities of the westerly winds
and the moisture transport (Lionello, 2012). Furthermore, it leads to
important changes in ocean temperature and sea-ice cover in the Arctic
region (Hurrell, 1995; Trigo et al., 2002). Along the Portugal coast, a
positive phase of the NAO promotes a northward positioning of the
westerly and northwesterly winds and storm tracks over the northern
European latitudes. This pattern generates drier and cooler conditions
over southern Europe, the Mediterranean Sea, and northern Africa
(Pittalwala and Hameed, 1991; Hurrell, 1995). In contrast, during a
negative phase of the NAO, these areas are under wetter and warmer
winter conditions due to the weakening and southward position of the
westerly winds (Dai et al., 1997; Rodo et al., 1997; Hurrell, 1995;
Daniau et al., 2007). In the northern hemisphere, the Azores High
Pressure System also controls the migration of the Intertropical
Convergence Zone (ITCZ) (Hays et al., 1976; Ziegler et al., 2008; Ash-
kenazy et al., 2010; Trommer et al., 2011). During a negative NAO
phase, the ITCZ is shifted northerly, leading to wetter conditions along
the Portugal coast (Chiang et al., 2003; Broccoli et al., 2006; Stoll et al.,
2007; Lopez-Otalvaro et al., 2008; Tzedakis, 2010; Sepulcre et al.,

2011). The influence of NAO on the marine ecosystem during the Early
Pleistocene in the Gulf of Cadiz has been recently evidenced (Trotta
et al., 2024).

3. Materials and methods
3.1. Studied core material and age model

Site U1387 was recovered in the Gulf of Cadiz (36°48.321'N,
7°43.1321'W), south of Portugal (Fig. 1), during IODP Expedition 339,
in December 2011. The site is located on the middle slope at a depth of
about 560 m below sea level (Fig. 1). The sedimentary succession of site
U1387 was divided into four lithological units (I-IV) (Expedition 339
Scientists, 2013), for a total thickness of 870 m. The study interval is
collocated in Unit I, characterized by mud with nannofossil abundance
varying between 30 % and 100 % (Expedition 339 Scientists, 2013). The
samples analyzed cover a continuous, 43.63 m thick sedimentary in-
terval, between 389.29 and 440.16 c-mcd (corrected meters composite
depth) (Voelker et al., 2018). They derive from the combination of the
sediments of three drilled holes (Hole A, Hole B, and Hole C). In
particular, the sediment samples, provided by the Bremen Core Re-
pository, have been recovered from cores U1387A-35X, —36X, —37X
and -38X, cores U1387B-34X, —35X, —36X, and cores U1387C-5R, —7R.
The analysis for coccolithophore assemblages were performed at a
variable spacing, (rarely every 2-5 cm and frequently every 10-25 cm).
This variability granted a near constant resolution (of about 300 years)
and avoided occasional occurrence of bioturbated sediments. Spacing
for the planktonic and benthic foraminifera stable isotope analyses was
12-13 ecm (Voelker et al., 2015, 2018), whereas the lipid biomarker and
planktonic foraminifera faunal analyses were done at 24-25 cm spacing,
except for the MIS 47 interval where the resolution was increased to 4-6
cm (Voelker et al., 2022a). For this study, the age model for the MIS 46
to MIS 44 interval was updated from Trotta et al. (2022) by tuning the
site U1387 Globigerina bulloides 5'80 record to the high-resolution
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G. bulloides 8'0 record of IODP site U1385 on its LRO4-related chro-
nology (Hodell et al., 2023). Tuning the planktonic foraminifera isotope
record of a MOW contourite site, as site U1387, to the nearby deep ocean
reference site U1385 was the strategy targeted by IODP Expedition 339
as that approach would best allow to identify potential winnowing and
strongly varying sedimentation rates due to MOW current activity. Since
site U1385 is located within the North Atlantic Deep Water range, its
benthic §'80 record can directly be correlated to the LR04 stack (Hodell
et al., 2023), whereas the benthic 5'%0 signal at site U1387 might be
modified by temperature and salinity changes in the MOW. In the in-
terval older than MIS 46, i.e., beyond the age range of Expedition 339
site U1385, the age model follows Voelker et al. (2022a) and Trotta et al.
(2022), which is based on tuning to IODP site U1308 (Hodell and
Channell, 2016). The studied sediments cover the time interval between
1.47 Ma and 1.35 Ma (from the late MIS 48 to the end of MIS 43), in
which the sedimentation rate ranges between 21 and 96 cm/kyr.

3.2. Oxygen isotopes

The epibenthic foraminifera Planulina ariminensis or Cibicidoides
pachyderma have been used to produce the epibenthic 580 record
(Voelker et al., 2015; Voelker Antje et al., 2022) from 570 samples
(results of 132 samples for the interval between 419.11 and 441.94 c-
mcd already published; Voelker et al., 2022b). For the stable isotope
analysis, 2-9 specimens of either species were collected from the frac-
tion >250 pm, and 2-3 specimens were analyzed in the mass spec-
trometer. Following Voelker et al. (2015) no correction was applied
when combining the §'80 values of both species. For the planktonic
foraminifera 8'%0 record, 5-12 clean specimens of G. bulloides were
selected from the fraction >250 pm and about 3-6 specimens were
analyzed, depending on sample weight, in 518 samples. Analysis of
some samples was repeated to confirm the isotope values. The data for
the MIS 45-MIS 43 cycle are presented here for the first time, whereas
the data for MIS 46 to MIS 48 was published in Voelker et al., 2022a
Voelker et al., 2022b) and Trotta et al. (2022). Samples were analyzed
with the Thermo Fisher Scientific 253 plus gas isotope ratio mass
spectrometer with a Kiel IV automated carbonate preparation device at
the MARUM research center of the University Bremen (Germany).
During the period of analyses, repeatability was +0.05-0.07 %o based on
repeated analyses of the in-house carbonate standard (ground Solnhofen
limestone). The latter was calibrated against the NBS-19 reference
material.

3.3. Calcareous nannofossil sample preparation and analyses

A total of three hundred twenty-four sediment samples has been
analyzed and includes the older two hundred forty samples already
published in Trotta et al. (2022). Slides were prepared according to the
method of Flores and Sierro (1997). This technique provides to obtain
slides with coccoliths distributed homogeneously and to estimate the
coccoliths abundance per gram of sediment (N) according to the formula
of Flores and Sierro (1997):

N=n"R¥ V¥ g’lﬁ vl

where N is the number of coccoliths per gram of dry sediment, n is
the number of coccoliths counted in a random scanned area, R the radius
of the Petri disk (25 mm), V the volume of water added to the dry
sediment in the vials (10 ml), r the radius of the visual field used in the
counting (0,1 mm), g the dry sediment weigh (0,1 g), v the volume of
mixture withdrawn with the micropipette (100 pm). Thanks to this
method, there is the possibility of standardizing the procedure and so to
make a more reliable comparison between different samples and to
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prepare many slides in a brief time.

Quantitative analyses have been performed using a polarized light
microscope (NIKON Eclipse LV100 POL) at 1000x magnification and
the coccolith abundances have been determined by counting about 500
coccoliths for each slide. This technique allows to obtain about 99 % of
probability that a taxon is detected if its real abundance in the assem-
blage is at least 1 % (Crow et al., 1960). Reworked coccoliths/nannoliths
and lithics (>10 pm) have been counted separately during the analysis
(Fig. 2). Their increase may be used as a signal for stronger erosion on
land during glacial lower sea levels (Trotta et al., 2022), although
reworked nannoliths have been also related to submarine MOW erosion
off Gibraltar Strait (Ferreira et al., 2008).

To estimate the preservation of the assemblages, the dissolution
index (DI) has been calculated according to Dittert et al. (1999) and
modified by Amore et al. (2012) as small Gephyrocapsa/(small Gephyr-
ocapsa + Calcidiscus leptoporus). This index compares breakable (small
Gephyrocapsa) versus dissolution-resistant placoliths (Calcidiscus). High
values of DI are consistent with good preservation (Fig. 2).

3.4. Remarks on key calcareous nannofossil taxa

The calcareous nannofossil taxa identified in this study followed the
taxonomic criteria of Young et al. (2003, 2022) and Jordan et al. (2004).
For the taxonomy of the Gephyrocapsa genus, reference was made to
Maiorano et al. (2013) in agreement with Flores et al. (2000). Here we
report on the ecological preference of the main key taxa useful for
paleoclimate reconstruction. Coccolithus pelagicus ssp. pelagicus, the most
abundant subspecies within C. pelagicus group at the location of site
U1387, is used as a proxy of colder sea surface (melt)waters. It is a
species considered an indicator of cold waters (McIntyre and Bé, 1967;
Mclntyre et al,, 1970), abundant in the arctic-subarctic regions
(McIntyre and Bé, 1967; Baumann et al., 2000; Geisen et al., 2002) with
temperatures below 10 °C (Ziveri et al., 2004). Its presence has been
linked to the occurrence of polar meltwater in the North Atlantic Ocean
(Parente et al., 2004; Narciso et al., 2006; Marino et al., 2011, 2014;
Amore et al., 2012) and the Mediterranean Sea (Maiorano et al., 2016b;
Bazzicalupo et al., 2018; Marino et al., 2018, 2020). Gephyrocapsa spp.
(<3pm, with open central area) are a proxy of cold waters characterized
by mixing and high nutrient content (Gartner et al., 1987; Beaufort et al.,
1997, 2001; Bollmann, 1997; Baumann et al., 2004; Barcena et al., 2004;
Colmenero-Hidalgo et al., 2004; Bordiga et al., 2013; Maiorano et al.,
2013, 2015, 2016a, 2016b; Ausin et al., 2015). Gephyrocapsa carrib-
beanica is a warm taxon since it is more abundant during the interglacial
stages at the studied site, preferring warmer surface water temperatures
according to Okada and MecIntyre (1977), Bollmann (1997), Bollmann
et al. (1998), Flores et al. (1999), and Henriksson (2000). Large
Gephyrocapsa (>5.5pm) are abundant during glacial stages in the stud-
ied interval, suggesting a preference for cold surface water conditions
(Trotta et al., 2022). Warm water taxa group (WWT), including Dis-
cosphaera tubifera, Calciosolenia sp., Umbilicosphaera sibogae, and Umbil-
icosphaera foliosa, is indicative of warm and oligotrophic waters being
abundant in tropical-subtropical waters (Ziveri et al., 1995, 2004;
Andruleit et al., 2003; Baumann et al., 2004; Boeckel and Baumann,
2004; Saavedra-Pellitero et al., 2010). Helicosphaera pavimentum and
Calcidiscus leptoporus small (<5 pm) have been also included in WWT.
Helicosphaera pavimentum is described as a warm taxon found in tropical
and subtropical areas of the Pacific Ocean and Atlantic Ocean (Okada
and Mclntyre, 1977; Steinmetz, 1991) and in middle Pleistocene records
from the Mediterranean Sea (Marino et al., 2018, 2020; Trotta et al.,
2019; Quivelli et al., 2020, 2021). Calcidiscus leptoporus small shows a
preference for warmer waters in the studied site in agreement with
previous findings in the equatorial South Atlantic (Boeckel and
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Baumann, 2008).

3.5. Planktonic foraminifera faunal analysis

The planktonic foraminifera assemblages were analyzed in 260
samples with some results (82 samples) already published in Voelker
et al. (2022a). Census counts were performed in splits of the fraction
>250 pm and 150-250 pm, specifically about 200 (or more) specimens
were identified in the fraction >250 pm and about 100 specimens in the
fraction 150-250 pm, with the aim to reach a total count of 300 or more
specimens. For this study, we only used the percentage abundance of
Neogloboquadrina pachyderma in the assemblages to identify colder
surface waters incursions at the studied site.

3.6. Alkenone-based sea surface temperature

The extraction of marine lipid biomarkers was performed in a total of
255 sediment samples in the biogeochemistry lab of the Instituto
Portugués do Mar e da Atmosfera (IPMA), following the same procedure
already developed by Villanueva et al. (1997), Villanueva et al. (1997)
and Rodrigues et al. (2009, 2017) to expand up to MIS 43 the record
(from 1470 ka to 1408 ka, 108 sediment samples) already published in
Voelker et al. (2022a). In the MIS 45 interval, lipid biomarker analyses
were done in seven samples from core sections U1387C-5R-5 and
U1387C-5R-6. Since those samples are outside of the revised splice
sequence (Voelker et al., 2018), their depths were slightly adjusted by
tuning their paleoclimatic signals to fit the ones of core U1387A-36X,
thus transferring the U1387A-36X depths and ages to those U1387C-
5R samples.

In this study, we used the modified alkenone unsaturation index
(UsX’) based on long-chain ketones (Brassell et al., 1986; Prahl and
Wakeham, 1987). To derive sea surface temperature (SST) from the

Us/K* values for our site, we applied the global core-top calibration of
Miiller et al. (1998), which represents mean annual temperatures at the
ocean surface (upper 10 m of the water column), The error for alkenone-
based SST values incorporate both the calibration uncertainty (1.5 °C;
Miiller et al., 1998) and analytical uncertainty (~0.5 °C; Grimalt et al.,
2001).

SST [U* 5, = (0.033'SST) +0.044 ]
3.7. Multivariate statistical analyses

Multivariate statistical analyses have been carried out on the per-
centage abundance of nannofossil taxa to understand the environmental
variables and how they affect the variations in abundance and distri-
bution of the coccolithophores. In particular, the Principal Component
Analysis (PCA) has been performed using the software PAleontology
STatistic (PAST, version 4.16¢) (Hammer and Harper, 2001) and the log-
ratio transformation proposed by Aitchison (1981, 1986). This last
method has allowed removing the constant-sum constraint (CSC) from
data and to keep their true covariance structure. The PCA organizes and
simplifies a series of numerical data in several variables which are called
“main components” to detect the relationships between the abundances
of taxa and the environmental parameters that mainly control the
assemblage.

3.8. Time series analysis

A common sampling data was adopted for 820G, puioides,
N. pachyderma, C. pelagicus ssp. pelagicus and alkenone-SST, and each
timeseries was interpolated at 300 years that resembles the mean value
for all of them. The Shape-Preserving Piecewise Cubic Interpolation was
adopted (Fritsch and Carlson, 1980). Continuous Wavelet Transform
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(CWT), with a Morlet wavelet function, on each series was applied to
analyze the data set following Torrence and Compo (1998), and statis-
tical significance tests were employed to evidence local regularity.
Monte Carlo methods were used to assess the statistical significance
against red noise backgrounds (Grinsted et al., 2004). All these pro-
cedures were carried out making a MATLAB script. To examine modu-
lation of the time series within a chosen range of scales (period intervals)
we evaluated the scale-averaged wavelet power as the weighted sum of
the wavelet power spectrum over the selected range of scales. This
procedure was adopted to focus on millennial oscillations.

4. Results

The results shown in the present paper include a few data published
in Trotta et al. (2022) for the time interval from 1465.9 ka to 1389.9 ka
(late MIS 48-MIS 45) and in Voelker et al. (2022a) for MIS 48 to MIS 47,
as described in each section of Materials and Methods. Here we present
extended data of planktonic and benthic foraminifera 5'80 records and
of calcareous nannofossil assemblages, also expanding and partially
improving the temporal resolution of alkenone-derived SST (Voelker
et al., 2022c) and N. pachyderma for the long-lasting interval from
~1470 ka to 1345 ka (Figs. 2, 3). For calcareous nannofossils we show
the percentage abundance of taxa and groups in a cumulative diagram to
display the main taxonomic composition (Fig. 2), although here we
focused on the paleoenvironmental meaning of C. pelagicus ssp. pelagicus
and PC1 obtained on nannofossil assemblages (Fig. 3), referring to
Trotta et al. (2022) for additional details. The studied interval, spanning
MIS 48 to MIS 43 interval, encompasses into a long-lasting and poorly
understood period of the Early Pleistocene, and provides deeper insights
into climate and environmental changes through the integration of
multiple proxies and comparisons with other North Atlantic sites
(Fig. 3).
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4.1. Planktonic and benthic 560

The 880 puitoides record varies between 0.02 %o (minimum value)
and 2.20 %o (maximum value) throughout the studied interval (Fig. 2).
Concerning the new investigated upper interval (1389-1345 ka), the
glacial MIS 44 (ca. 1370-1383 ka) records significant oscillations
varying between 0.63 %o and 2.2 %o. This pattern is very similar to that
recorded in MIS 46, which also shows multiple high amplitude oscilla-
tions from 0.08 %o (1427 ka) to 2.2 %o (1413 ka) (Trotta et al. (2022;
Voelker et al., 2022a, b). Whereas the glacial MIS 48 confirms to be a
very cold and relatively more stable glacial exhibiting isotopic values
almost always >1.25 %o with few lower points (Fig. 2). Interglacial MIS
43 records a relative stability in the planktonic §'®0 values ranging
between 1.02 %o and 0.76 %o through 1369 ka to 1346 ka (Fig. 2). Such
values are like MIS 45 and MIS 47, although the latter shows the lighter
isotopic values in a plateau shape (Voelker et al., 2022a).

The 8'®0penthic curve (Fig. 2) exhibits values between 0.85 %o,
centered at 1449.7 ka during interglacial MIS 47, and 2.68 %o at 1457 ka
during MIS 48 (Voelker et al., 2022a, b). With respect to the pattern
described by Voelker et al. (2022a) for the interval MIS 48 to early MIS
46, we may extend the observation of the outline to more glacial cycles.
The influence of obliquity is recognizable in the CWT throughout the
entire studied record of planktonic §'%0 with a confidence limit of 95 %,
while the periodicity of precession is significant at 80 % in the older
interval up to 1445 ka (Fig. 4). Several 5'80 oscillations during glacial
MIS 46 and MIS 44 (Fig. 2) are recorded, particularly in planktonic 5180
(Fig. 2). Three pronounced and short-term higher benthic 5'80 values
are visible in MIS 46 centered at about 1420, 1413.4 ka, and 1497 ka
(2.6 %o). MIS 44, on the other hand, records small amplitude fluctuations
in benthic 5180, with values generally higher than 2.3 %o up to 2.61 %o at
1376.3 ka whereas three main heavy value peaks are detectable in
planktonic §'0 (Fig. 2). Millennial periodicities are significantly pre-
sent mostly in glacial phases (Figs. 4, 5 a4-b4). Interglacial MIS 45 and

a) <) ) h) i) k) m)
380 enthic (%o VPDB) alkenone-SST  C.pel. ssp. pelagicus 8180 carbonate bulk Iqtg 8%1'5
Precession ;15 1206 18 22 26 30 15129 63 0 O Chenthic (site L11308) 0 e SI1389)
004 € 004 ) 1L Ll Lililolol,) (steutsos) 9 3 Ll
1345 — bbbl oc % 09 0 09
1350 —|
1355 |
1360
1365
1370 |
1375 —| ;
1380 - |5
1385
1390
1395 —|
—~ 1400 -
X 1405 —
© 1410 |
Lra1s |3
1420 1|3
1425 —|
1430
1435
1440
1445 —|
1450 —|
1455 - |®
1460 — |
1465 - | =]
1470 6420245 % log scale
22 22.823.624.4 24 16 08 0 Pt 75 60 45 30 15 0 42 36 3 24 10000 100 1
oL 8 E - Temperature X .
Obliquity  §180, 4 0iges (% VPDB) N. pachyderma 18Ot (site U1308) 04 leig%%%Tma“on
b) d) e) ] i i

Fig. 3. Proxy data at IODP site U1387 (c to h) in relation to other IODP and ODP North Atlantic sites (i to m). a) and b) precession and obliquity (Laskar et al., 2004);
¢) and d) benthic and planktonic 5'%0 records (per mil VPDB) at IODP site U1387 (Voelker et al., 2018, 2022a, b; this study); e) First Principal Component interpreted
as signal of temperature of sea surface waters (this study); f) SST (°C) (Voelker et al., 2022a, 2022c, this study); g) Neogloboquadrina pachyderma relative abundance
(inverse scale) (Voelker et al., 2022a, this study); h) Coccolithus pelagicus ssp. pelagicus relative abundance (inverse scale) (Trotta et al., 2022, this study); i) and j)
benthic §'3C and benthic 5'%0 (per mil VPDB) at IODP site U1308 (Hodell and Channell, 2016); k) and 1) bulk carbonate 5'%0 (per mil VPDB) as IRD proxy at IODP
site U1308 (Hodell and Channell, 2016) and IRD accumulation at ODP site 983 (inverse scale) (Barker et al., 2022); m) log Ca/Ti at IODP site U1385 (Hodell et al.,

2015). Glacial stages are shown on the left. Grey bands mark stadial events.
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MIS 43 appear relatively stable (mainly <1.8 %o), although two benthic
5'%0 increases, each lasting about 3 ka, may be seen in both, centered at
about 1395 ka (2.12 %o) and 1353 ka (1.94 %o), respectively. The in-
ceptions of interglacial phases of MIS 45 and MIS 43 exhibit a distinct
gradual lowering of isotopic values thus differing from the more abrupt
deglaciation of MIS 48/MIS 47. The 6180bemhic values gradually become
slightly higher at the end of the two upper interglacial phases of the
studied record following the value minima centered at 1389.2 ka (1.4
%o) in MIS 45 and at 1350.5 (0.97 %o) in MIS 43 (Fig. 2).

4.2. Calcareous nannofossil assemblages and principal component
analysis

Thirty-three taxa have been identified, at the level of genus, species,
subspecies and morphotypes. They are generally well preserved as
revealed by the high values (0.83 to 1) for the dissolution index (Fig. 2).
The total N values range from a minimum of 37.8 x 107 coccoliths/g (at
1452.5 ka) to a maximum of 355 x 107 coccoliths/g (at 1449.3 ka)
(Fig. 2). The cumulative abundance of nannofossil taxa (Fig. 2) indicates
that the Gephyrocapsa genus is the most abundant taxon in the assem-
blage as already determined in the MIS 48-MIS 45 interval (Trotta et al.,
2022) (Fig. 2). They show percentages exceeding 85 % and include
different species and morphotypes: Gephyrocapsa spp. < 3 pm with open
central area (from 3.6 % to 35 %); large Gephyrocapsa > 5.5 pm (from
1.8 % to 57.2 %); Gephyrocapsa caribbeanica (small and medium, from
1.8 % to 49.2 %) and Gephyrocapsa oceanica (from 2.9 % to 27.3 %)
(Fig. 2). Like in the MIS 48-MIS 45 interval (Trotta et al., 2022), the
Coccolithus pelagicus group (Coccolithus spp. in Fig. 2), mostly consisting
of C. pelagicus ssp. pelagicus (5-10mm) and rare and scattered C. pelagicus
ssp. braarudii (>10 < 14 mm) and C. pelagicus ssp. azorinus (>14 mm),
records percentage values up to 12.6 % in selected intervals corre-
sponding with heavier planktonic 5180 values (Fig. 2). The warm water
taxa (WWT) group shows low percentages reaching values up to 9.2 %
and clearly increases during interglacial phases (Trotta et al., 2022)
(Fig. 2). Florisphaera profunda exhibits values up to 16.7 %, with minima
of 0.4 %. Reticulofenestra minuta and Reticulofenestra minutula grouped as
Reticulofenestra spp. in Fig. 2, reveal percentages up to 20 %. Heli-
cosphaera spp. (H. carteri, H. sellii, H. acuta) has a maximum of 11.6 %j;
Syracosphaera spp. that include S. histrica and S. pulchra, reach up to 5.5
% (Fig. 2). Rhabdosphaera spp. (R. clavigera var. styilifera, R. clavigera
var. clavigera) show percentages lower than 8.9 % (Fig. 2). The species
with scattered occurrence and low abundance or having no clear and
known ecological significance have been included in “other taxa” and
are specifically: Calcidiscus spp. (C. leptoporus ssp. leptoporus,
C. leptoporus ssp. quadriperforatus), Ceratolithus spp., Pontosphaera spp.,
Pseudoemiliania lacunosa, Scyphosphaera spp., Umbilicosphaera hulburti-
ana, Brarudosphaera bigelowii, Pleurocrysis sp., and holococcoliths.
Cretaceous to Paleogene reworked coccoliths/nannoliths and lithic el-
ements >10 pm exhibit abundances up to 6 % and 5.5 %, respectively,
and are shown together in Fig. 2. Their low abundance did not influence
the primary record of calcareous nannofossil assemblages whose
composition and trend through time were not affected by MOW dy-
namics (Trotta et al., 2022, 2024).

The percentages of variance emerging from the PCA performed on
the nannofossil assemblage are 37.42 % and 15.89 %, for the first (PC1)
and second (PC2) components, respectively. Only the first principal
component will be discussed here owing to its higher value and signif-
icance related to the main issue of this study, improving reconstruction
of sea surface water temperature at site U1387 during the Early Pleis-
tocene. The second component was discussed in Trotta et al. (2024). The
full time series relative to the PCA is available in the Supplementary S1.
The most relevant species for PC1 are indicated in bold in Table 1. Based
on the higher loading values, the species that are useful to interpret the
first component are: WWT group, C. pelagicus ssp. pelagicus, large
Gephyrocapsa (> 5.5 pm), medium G. caribbeanica, small G. caribbeanica
and small Gephyrocapsa spp. The WWT group and the small and medium
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G. caribbeanica show the most negative values, while the most positive
values are represented by C. pelagicus ssp. pelagicus, large Gephyrocapsa
and small Gephyrocapsa spp. Based on the ecology of the most relevant
taxa for the first component, the PC1 is interpreted as a signal of tem-
perature, with the negative values indicative of warmer sea surface
waters (Fig. 3e).

4.3. Neogloboquadrina pachyderma abundance

The species shows a distribution pattern characterized by short-term
abundance peaks during colder intervals (Fig. 3g). These intervals are
interrupted by the total absence of the species in many samples (Fig. 3g).
The first interval with higher abundances (up to 64 %) is recorded from
1456 ka to 1450 ka (MIS 48). A second interval of N. pachyderma high
occurrences is between 1421 ka and 1410 ka, with percentage peaks
varying between 11 % and 36.5 % at 1421 ka, 1419 ka, 1413 ka, and
1410 ka (Fig. 3g). Additional younger abundance peaks of the species
are recorded at about 1381.5 ka, around 1380 ka (reaching a maximum
of 70 %), 1376 ka, and 1372 ka, with percentages ranging in general
between 12 % and 41 %.

4.4. Alkenone derived sea surface temperature

The alkenone-derived SST shows values ranging between 14.4 °C and
28.9 °C (Fig. 3). Consistently lower SST values are recorded in a short
time interval centered at 1455 ka. A rapid SST increase to 26.2 °C was
observed just after 1449 ka, occurring over approximately 6 kyr (Fig. 3;
Voelker et al., 2022a). A continuous SST decline is recorded upward
until 1422 ka with values lower than 24 °C. Immediately above, tem-
peratures remain lower than 23 °C with short-term excursions to mini-
mum values of 16-17.9 °C at about 1420.8 ka, 1419 ka, and 1413 ka.
Afterward, temperatures start to rise to 22-24 °C until 1382 ka. Lower
SST values follow upward with short-term minima of 15-18 °C centered
at 1379 ka, 1376 ka, and 1371 ka. SST increases in the upper portion of
the studied interval with quite stable values close to 24-25 °C. The
uppermost analyzed samples record an alkenone-SST decline toward
19 °C (Fig. 3).

4.5. Time series analysis

The influence of obliquity forcing is recorded in the planktonic 5'80
albeit inside the cone of influence (COI) only during the central portion
of the studied interval (Fig. 4). The precession is recorded (80 % sig-
nificance) in the older record up to 1440 ka (Fig. 4), while millennial
periodicities (<2 kyr and 5-7 kyr scale-average, Fig. 5 a4-b4) are present
in glacial periods especially in MIS 46 and MIS 44. The CWT analysis of
the C. pelagicus ssp. pelagicus record reveals significant (95 %) obliquity
influence in the interval between 1440 ka and 1360 ka, although for the
most part falls outside the COL The precessional forcing (significant at
80 %) is recorded between 1400 ka and 1370 ka. The millennial scale
periodicity (<2 kyr and 5-7 kyr scale-average) is present in all glacial
intervals (Figs. 4, 5 a3-b3). The CWT analysis on the N. pachyderma
record indicates the prominent occurrence (95 %) of millennial peri-
odicity during glacials (Fig. 5 a2-b2), mainly in MIS 48 and MIS 44 for
the 5-7 kyr and mostly in MIS 44 for <2 kyr scale-average. The obliquity
influence is weak throughout the entire record and significant at 80 % in
the older interval up to 1380 ka when precession influence is strong and
stable until 1440 ka (Fig. 4). The CWT analysis on the alkenone-SST
shows the obliquity influence throughout the studied record with
higher statistical significance (95 %) from MIS 48 to the middle of MIS
44 (Fig. 4). Precession is relatively weak (80 %) from the bottom of the
studied period to ca. 1440 ka (Fig. 4), while millennial periodicity is
evident especially in glacial phases MIS 46 and MIS 44 for <2kyr and
5-7 kyr scale-average (Figs. 4, 5 al-bl).
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5. Discussion
5.1. Sea water condition versus calcareous plankton cold key taxa

The combined results of PC1 on calcareous nannofossil assemblages,
alkenone-SST, benthic and planktonic §'%0, and two key cold-water taxa
(C. pelagicus ssp. pelagicus and N. pachyderma) allow to understand major
climatic shifts through time (Fig. 3). The PC1 results distinctly highlight
i) glacial-interglacial cycles, ii) colder surface water conditions in late
MIS 48, iii) sharp amelioration at the MIS 48-MIS 47 transition, and iv)
more gradual variations through the subsequent cycle boundaries
(Fig. 3e). The long-term pattern of the alkenone-SST describes glacial
and interglacial variations with warmer and more stable temperatures
during interglacials, generally up to 24 °C, especially in MIS 47 that
appears as the warmest interglacial at site U1387 (Fig. 3f), in agreement
with Voelker et al. (2022a). During glacial phases the SST decreases are
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outlined by two prominent minima in late MIS 48 (up to 14 °C during the
MIS 48-MIS 47 deglaciation) and two and three declines in MIS 46 and
MIS 44 (up to 18-15 °C), respectively, interspersed into background SST
generally not higher than 21 °C, but rarely reaching 24 °C in MIS 46 and
23 °C MIS 44, and 21 °C in MIS 48. The temperature amplitudes between
interglacial warmth and glacial extreme cold periods (14 °C) are very
high, reaching up to 8 °C. During these glacial colder events the abun-
dance of the planktonic foraminifer N. pachyderma increases up to 70 %
(Fig. 3g) whereas it is generally absent during interglacials. Indeed
nowadays, it is the dominant species in polar oceans (Hemleben et al.,
1989; Johannessen et al., 1994; Kucera, 2007) able to live in waters with
temperatures as cold as —2 °C (e.g., Darling et al., 2006; Lombard et al.,
2009; Zamelczyk et al., 2021). The major, long-lasting abundance of
N. pachyderma at the MIS 48/MIS 47 transition is related to some of the
lowest alkenone-SST and higher benthic §'%0 values at site U1387
(Voelker et al., 2022a). This appears associated with a larger northern
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hemisphere ice sheet volume as evidenced by the contemporary higher

iablell ding of PC1 at IODP site U1387 perf d h . benthic §'80 values recorded at the North Atlantic IODP site U1308

axa foading o ,at s.1te .per orme onlt € percentages o (Hodell and Channell, 2016) (Fig. 3j). Clear evidence of colder surface
calcareous nannofossil taxa. Higher loading values are in bold. . L. X

waters in the Gulf of Cadiz is supported by the abundance of C. pelagicus

Taxa PC1 ssp. pelagicus, which is absent or less than 3 % in interglacial stages and
WWT —0.33804 noticeably increases up to 13 % during glacials (Fig. 3h), like the
Calcidiscus spp. 0.17585 N. pachyderma pattern. The same pattern was also recorded by Parente
C. pelagicus ssp. pelagicus 0.35989

et al. (2004) from the offshore Portugal area during the last 200 kyr.

medium G. caribbeanica (3-5.5 pm) —0.36438 . . . .

medium G.oceanica (3-5.5 pm) —0.25691 Coccolithus pelagicus ssp. pelagicus exhibits a more prolonged and
large Gephyrocapsa (>5.5 jim) 0.39815 continuous high abundance during glacial periods compared to
F. profunda 0.080192 N. pachyderma, maybe in relation to its capability to thrive in less cold
Helicosphaera spp. 0.29444 temperatures. However, most peaks in abundance for the two taxa occur
Syracosphaera spp. —0.066213 almost simultaneously (Fig. 3g, h), revealing a strong correspondence
Rhabdosphaera spp. —0.19703 y (Hg. 98, ), 1€V g g p

small G. caribbeanica (< 3 pm) _0.33408 between phyto- and zooplankton responses to surface water
small Gephyrocapsa spp. (< 3 pm) 0.34506 temperature.

Reticulofenestra minuta (< 3 pm) —0.006891 The combined records of alkenone-SST and the distribution of the
Reticulofenestra minutula (3-5 pm) —0.030429

key cold-water taxa indicate that they are reliable tools for paleoclimate
reconstruction in the Gulf of Cadiz during the Early Pleistocene. The
pronounced short-term colder events during the glacials, also evidenced
by the occurrence of millennial-scale variability (Figs. 4-5), provide
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additional palaeoceanographic insights into the interplay between the
mid-latitude climate system and the high-latitude ice sheet melting and
dynamics, as discussed below.

5.2. Millennial-scale glacial variability in the Gulf of Cadiz

The higher amplitude oscillations during glacial periods, specifically
during late MIS 48, MIS 46, and MIS 44, as depicted by the §'%0 records
(Fig. 3c-d), reflect the significant climate variability in agreement with
the patterns of the alkenone-SST and of N. pachyderma and C. pelagicus
ssp. pelagicus abundances (Fig. 3g-h). Distinct brief episodes of higher
5'80 values occur (Fig. 3c-d) contemporary with colder SST (Fig. 3f) and
major percentage increases of the two key taxa (Fig. 3g-h). The pattern
in glacial planktonic 580, markedly in MIS 46 and MIS 44, seems to
recall the high frequency stadial/interstadial oscillations of Late Pleis-
tocene glacial intervals as previously pointed out by Birner et al. (2016)
and Hodell et al. (2023) for the nearby IODP site U1385. Our data from
MIS 48 to MIS 43 clearly support that high frequency climate variability
was experienced during the Early Pleistocene glacials, in the 41 kyr
world, like during and after the Mid-Pleistocene Transition (MPT), when
100 kyr cyclicity of eccentricity dominated. Concerning the orbital
periodicity, the presence of obliquity forcing throughout the studied
interval is intuitive when we compare this orbital parameter with the
glacial and interglacial increase and decrease of the PC1 (Fig. 3b) and
580 records (Fig. 3c-d). The CWT analyses (Fig. 4) reveal that obliquity
forcing is present in the planktonic §'%0, alkenone-SST, and C. pelagicus
ssp. pelagicus time series (Figs. 4-5), although acknowledging that the
length of our time series is at the statistical limit for that cyclicity.
Precession strongly modulated the N. pachyderma abundance pattern in
the 1465-1440 kyr time window, with 95 % confidence level above the
red noise. The response of this cold taxon to precession was already
evidenced in Pliocene (Caruso, 2004) and Early Pleistocene (Girone
et al., 2013) successions in the Mediterranean area.

Notably, superimposed on the orbital forcing, millennial-scale
climate variability is evident at site U1387 (Figs. 4-5), consistent with
the patterns observed in our proxies (Fig. 3d, f-h). In particular, the
millennial periodicities (<2 kyr and 5-7 kyr scale-average) are signifi-
cantly present, with different confidence limits (Fig. 4), during glacial
cycles in all the selected proxies. Fig. 5 shows the variance versus time
averaged over the scale <2 kyr and 5-7 kyr with respect to the back-
ground red noise at the same scale intervals, adding information on the
importance of such periodicities throughout the studied record. A shared
idea is that the occurrence of higher frequency variability is related to
lower obliquity. In fact, obliquity lower than 23.5°, like during the
investigated interval (Fig. 3b), combined with benthic 5180 exceeding
~3.8 %o is thought to have favored glacial millennial variability during
both the “100 kyr world” (Shackleton et al., 2000) and the “41 kyr
world” (Hodell et al., 2008, 2023). Values of benthic 5'%0 exceeding
~3.8 %o are recorded at North Atlantic site U1308 (Fig. 3j) highlighting
the presence of (continental) ice sheets because the increased meridional
heat and moisture flux to the high latitudes and reduced insolation at
high latitude during obliquity lower than 23.5° led to colder tempera-
tures and sea ice expansion (Hodell et al., 2023). Therefore, the multiple
short-term oscillations during MIS 46 and MIS 44, suggestive of climate
instability, may be related to the presence of continental ice sheets that
however had lower volumes than during the Middle and Late Pleisto-
cene. This agrees with Niu et al. (2019) who indicated strong millennial
scale variability when ice sheet size is relatively low. Our results, in line
with the millennial-scale variability already recorded during the Early
Pleistocene intervals in the North Atlantic sites (Mc Intyre et al., 2001;
Raymo et al., 1998; Barker et al., 2022), are in accordance with the
peculiar high frequency variability indicated as a feature of the only
glacial phases in the Early Pleistocene intervals along the Iberian Margin
at site U1385 (Birner et al., 2016; Hodell et al., 2015, 2023). The peri-
odicities documented by CWT analysis during the glacials at the site
(Fig. 5) are likely related to AMOC dynamics and waxing and waning of

10

Palaeogeography, Palaeoclimatology, Palaeoecology 674 (2025) 113041

unstable European ice sheets, similar to more recent Pleistocene periods.

AMOC slowdown and iceberg rafting events could have promoted
cooling in the northern hemisphere even close to the latitude of site
U1387 where surface waters rapidly cooled (Fig. 3f) possibly due to the
arrival of cold meltwaters. The periodicities lower than 2 kyr and be-
tween 5 and 7 kyr scale-average found at the site U1387 (Fig. 5) recall
those of D—O events (~1.5 kyr) and H events (~6 kyr) (Broecker et al.,
1990; Bond et al., 1992; Heinrich, 1988; Maslin et al., 2001; Schulz,
2002), pointing to the occurrence of similar short-term climate episodes
between the Early and the Middle-Late Pleistocene.

Concerning the millennial climate variability, additional information
may be provided looking at the patterns of our proxies and particularly
at the N. pachyderma record, aiming to display some difference between
the glacial periods of the studied record. The major peak of
N. pachyderma during the MIS 48/MIS 47 deglaciation, together with the
lowest temperatures, would be an indication of the southernmost posi-
tion of the polar-subpolar front in the northeastern Atlantic. Moreover,
through the late MIS 48/MIS 47 transition longer-lasting, colder sea
water conditions are evidenced by N. pachyderma and SST profiles,
showing less pronounced multiple peaks with respect to what can be
seen in MIS 46 and MIS 44 (Fig. 3g), consistent with the lack of
distinctive multiple oscillations in 5!%0 in late MIS 48, unlike MIS 46
and MIS 44 (Fig. 3c-d). This is because a sustained ice sheet growth
through a glacial cycle, MIS 48 in our record, requires the absence of
millennial scale variability (Siddall et al., 2008; Hodell et al., 2023).
Supporting this is the low averaged variance of periodicity <2 kyr in
N. pachyderma and 5'80¢ puiloides and of 5-7 kyr scale-average, the latter
significantly present in the species but not in the stable isotope records
(Fig. 5 a2, b2, a4, b4). The lowering of planktonic 580 at the transition
MIS 48/MIS 47 co-occurs especially with the later part of the
N. pachyderma abundance maximum, reflecting the influence of low
salinity surface waters during the precession minimum (insolation
maximum) (Fig. 3d, g). All these data support the occurrence of the MIS
48 terminal stadial event that Voelker et al. (2022a) associated with ice-
rafting within the IRD belt and a reduced AMOC. This agrees with the
record of IRD accumulation at ODP site 983 (Fig. 31) (Barker et al., 2022)
and the low values of 5§80 bulk carbonate at IODP site U1308, as IRD
indicator (Fig. 3k), which together proves low amplitude variations or
their absence during MIS 48 relative to MIS 44 and MIS 46 (Fig. 3). The
abrupt transition into MIS 47 recorded by the 880 patterns (Fig. 3c-d)
and by the rapid SST rise and the cold taxa abundance decrease is
remarkable in the studied record. It mimics, differently from the
following deglaciations, the nature of terminations observed during the
MPT, as already observed by Voelker et al. (2022a), Trotta et al. (2022)
and Mega et al. (2024) at site U1387, and by Hodell and Channell (2016)
in northern Atlantic sites. Such a result allows to sustain a strict
connection between the northern Atlantic climate and oceanic hydrol-
ogy in the Gulf of Cadiz during the Early Pleistocene. To this regard, it is
worth mentioning that N. pachyderma and C. pelagicus ssp. pelagicus have
been used as tracers for cold and low salinity surface waters marking
meltwater influx into the mid latitudes of the North Atlantic and Med-
iterranean Sea during cold stadials and Heinrich-like or H events in the
Middle and Late Pleistocene. The values of glacial alkenone-SST at site
U1387 are comparable to those recorded for the MIS 48 terminal stadial
event at IODP site U1313 (Naafs et al., 2013; Voelker et al., 2022a).
However, they are not as low as during the mid-Pleistocene transition
MIS 26, MIS 24, and MIS 22, when SSTs below 12 °C, even down to 9 °C
at site U1387, were found (Bajo et al., 2020; Mega et al., 2024), or
during the mid-Brunhes interval, when alkenone-SST dropped to 8 °C (e.
g. Stein et al., 2009; Rodrigues et al., 2011, 2017). This would document
that the Early Pleistocene MIS 48 was much colder at wider scale in the
North Atlantic, whereas MIS 46 and MIS 44 were less cold than the
subsequent ones in the Middle and Late Pleistocene. On the contrary, the
abundance peaks of N. pachyderma and C. pelagicus ssp. pelagicus in all
the glacial phases at site U1387 are surprisingly similar to or higher than
those displayed in younger Pleistocene glacials from the North Atlantic
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ocean (Parente et al., 2004; Marino et al., 2009, 2014; Alonso-Garcia
etal., 2011; Amore et al., 2012; Palumbo et al., 2013a, 2013b; Emanuele
et al.,, 2015; Cavaleiro et al., 2018; Martinez-Sanchez et al., 2019;
Gonzalez-Lanchas et al., 2021; Mega et al., 2024) and Mediterranean
basin (Girone et al., 2013; Maiorano et al., 2013, 2015, 2023; Marino
et al., 2008, 2018, 2020; Gonzalez-Lanchas et al., 2020; Quivelli et al.,
2021). Although N. pachyderma in its modern form most likely devel-
oped only after 1.1-1 Ma (Huber et al., 2000) and a variant with less
cold water affinity occurred in the region during the Early Pleistocene
(Serrano and Guerra-Merchan, 2012), the distinct co-occurrence of both
cold water indicator species and cold alkenone-SST indicate a southern
position of the subpolar front and stadial event occurrences in the Gulf of
Cadiz during MIS 46 and MIS 44, similar to the latest MIS 48. It is un-
certain if this may imply that even during MIS 46 and MIS 44, like in MIS
48, the surface waters at site U1387 could have been characterized by
the presence of a low salinity lid linked to ice sheet melting and iceberg
discharge as evidenced by the bulk sediment §'80 and IRD accumulation
in the northern Atlantic sites 983 and U1308 (Fig. 1A), respectively
(Fig. 3 k, 1). However, this hypothesis cannot be totally ruled out.
Looking at the benthic 5!3C pattern of North Atlantic site U1308 (Fig. 3i)
(Hodell et al., 2008; Hodell and Channell, 2016) during glacial phases,
several oscillations may be observed that are a signal of climate insta-
bility and episodes of sea water stratification and weakened North
Atlantic Deep-Water production (Broecker, 1997; Barker et al., 2006)
during the repeated negative excursions. Co-occurrence of lower North
Atlantic Deep-Water production and ice-rafting events was also evi-
denced by Ohno et al. (2016) in the North Atlantic. Therefore, in such a
paleoceanographic setting, we postulate, also supported by the millen-
nial periodicity provided by the CWT analysis (Figs. 4-5), that the
occurrence of iceberg discharge and surface waters freshening was
responsible for a slowdown of the AMOC during the colder glacial events
recorded at site U1387. Remarkably, the log (Ca/Ti) at site U1385
(Fig. 1A, Fig. 3m), which reflects the relative proportion between
biogenic carbonate and detrital clay (Hodell et al., 2015), although
limited to the upper portion of the studied time interval, shows multiple
high amplitude oscillations and climate instability, and minima just
during the colder short-term glacial episodes in MIS 46 and MIS 44 at
site U1387, reinforcing the cold stadial event occurrence in the Gulf of
Cadiz. The Ca/Ti minima during cold and dry conditions were associ-
ated with events of IRD discharge (e.g. Sun et al., 2021), and their co-
occurrence with stadial events evidenced by the new data at site
U1387 highlights a paleoclimate and paleoceanographic connection
between the Gulf of Cadiz and the broader North Atlantic during the
Early Pleistocene, even at millennial scale.

6. Concluding remarks

The high-resolution multiproxy investigation on sediments from site
U1387 from MIS 48 to MIS 43 allowed to highlight the timing and mode
of climate dynamics in the Gulf of Cadiz. The glacial-interglacial climate
variability has been evidenced by the planktonic and benthic §'%0 re-
cords, U1§17—SST and calcareous plankton key taxa patterns, which also
recorded short-term cold events during glacial phases. Neogobloquadrina
pachyderma and C. pelagicus ssp. pelagicus emerged as useful tools to
recognize glacial phases and millennial-scale colder events in the late
MIS 48, in MIS 46 and MIS 44, like the more recent Pleistocene glacial
cycles. Their prominent abundance peaks are indicative of the presence
of subpolar waters coming from the northern Atlantic, which allowed
the arctic taxa to thrive in the Gulf of Cadiz. In concert with the abun-
dance peaks of these key calcareous plankton cold taxa, alkenone-SST
record shows a glacial interglacial climate change, and a millennial
climate variability with abrupt short-term decrease during glacials.
Records of benthic and especially planktonic 3'80 show remarkable high
amplitude oscillations and short-term heavier values during glacial cy-
cles that are in phase with alkenone-SST minima and abundance peaks
of N. pachyderma and C. pelagicus ssp. pelagicus. All together these
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proxies suggest the occurrence of stadial episodes during glacials. The
terminal stadial phase during the MIS 48/MIS 47 deglaciation is
distinctive throughout the studied interval being characterized by the
heaviest values of benthic §!%0 in late MIS 48, followed by abrupt and
high amplitude lowering toward the interglacial onset, and the lowest
alkenone-SST together with a more persistent high abundance of
N. pachyderma. This deglaciation looks like the pattern of terminations
during the Middle and Late Pleistocene. The Continuous Wavelet
Transform analyses on N. pachyderma, C. pelagicus ssp. pelagicus,
planktonic 880, and alkenone-SST reveal, in addition to obliquity and
precession forcing, millennial-scale climate variability mostly during
glacials in the frequency bands <7 kyr (< 2 kyr and 5-7 kyr scale-
average), that recall those of the Middle and Late Pleistocene D—O
and H events. The correlation with other paleoclimate proxies from
northern Atlantic sites suggests that the stadial episodes recorded in the
Gulf of Cadiz are synchronous with the occurrence of AMOC slowdown,
water column stratification, and IRD discharge in the IRD belt connected
to European icesheet destabilization.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2025.113041.
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