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ARTICLE INFO ABSTRACT
Keywords: Cabo Verde hosts unique, highly biodiverse marine ecosystems that thrive on volcanic seamounts and island
Holocene slopes. These ecosystems are shaped by distinct oceanographic dynamics, influenced by the southeastern edge of
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the North Atlantic Subtropical Gyre (NASTG) and by seasonal upwelling. To explore regional oceanographic
variability over time, this study investigates Holocene (last 11.7 ka) sediments using multi-proxy palae-
oenvironmental reconstructions from a short core retrieved from ~ 4,400 m water depth off Cabo Verde.

During the Early Holocene, year-round upwelling, or an intensified Guinea Dome, may have inhibited the
development of the strong summer stratification characteristic of the modern regional non-upwelling season.
Despite humid conditions over the continent, sea surface temperatures (SSTs) remained relatively low during this
subepoch, diverging from the present-day pattern in Northwest Africa, where the wet season is marked by
weaker upwelling and higher SSTs. This oceanographic state was likely driven by precession-induced insolation
changes associated with the precession minimum, which may have modified seasonal regional wind regimes and
influenced broader atmospheric processes. Teleconnections related to transitional postglacial conditions and/or
continental climate feedbacks, may also have played a role. The Middle Holocene, corresponding to the most
humid conditions of this epoch in Northwest Africa, is characterized by reduced upwelling and an eastward
expansion of the NASTG, inferred from warmer subsurface conditions at our study site. This interval also pro-
vides tentative evidence for enhanced input of North Atlantic Deep Water (NADW) into the Northeast Atlantic
Bottom Water (NEABW). During the Late Holocene, intensified upwelling and a reduced influence of the NASTG,
possibly due to a westward retraction of its eastern boundary, are suggested at our site, occurring under arid
conditions in Northwest Africa.

These results highlight that, despite the overall climatic stability of the Holocene, oceanographic conditions off
Cabo Verde experienced significant changes in seasonal upper ocean stratification, upwelling, subtropical gyre
influence, and deep-water structure. Such insights improve our understanding of regional climate-ocean in-
teractions, helping to refine climate models and improve predictions of ecosystem responses in this sensitive
marine region.

* This article is part of a special issue entitled: ‘Cabo Verde marine ecosystem’ published in Progress in Oceanography.
* Corresponding author.
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1. Introduction

The Holocene, spanning the last 11.7 ka, is traditionally considered a
relatively stable climatic epoch, particularly when contrasted with the
dramatic climatic variations of the Quaternary period. It is formally
subdivided into three subepochs (Walker et al., 2019): the Early Holo-
cene (from 11.7 ka BP to 8.2 ka BP), the Middle Holocene (from 8.2 ka
BP to 4.2 ka BP), and the Late Holocene (from 4.2 ka BP to the present).
Nevertheless, several processes still modulated Holocene environmental
variability. Climate shifts were influenced by half- and quarter-
precession cycles, which cause differences in summer insolation be-
tween the hemispheres (e.g., Billups and Scheinwald, 2014; Ferretti
et al., 2015; McIntyre and Molfino, 1996; Weirauch et al., 2008). These
precession insolation changes have been linked to the occurrence of
African Humid Periods (AHPs), recurring humid phases in North Africa
that led to the expansion of savannah across the Sahara (e.g., Armstrong
et al., 2023; deMenocal et al., 2000a, 2000b; Larrasoana et al., 2013).
AHPs are associated with precession minima, which increase summer
insolation in the Northern Hemisphere, resulting in heating over the
continent and the formation of a low-pressure zone over the Sahara and
Sahel regions. This weakens the trade winds, facilitates the influx of
moisture-laden air, and intensifies the African monsoon system
(Biasutti, 2019; Blanchet et al., 2013). At the same time, the Intertrop-
ical Convergence Zone (ITCZ), the band of low atmospheric pressure
formed by the convergence of trade winds from both hemispheres, shifts
northward (Armstrong et al., 2023). The most recent AHP occurred
during the Early and Middle Holocene, although hydrological re-
constructions show heterogeneous timing (e.g., Kropelin et al., 2008;
Kuper and Kropelin, 2006; Liu et al., 2017).

In addition to atmospheric reorganisation, precession variations
induced major changes in low-latitudes stratification in the Atlantic
during the Holocene (Billups and Scheinwald, 2014; Flores et al., 2000;
McIntyre and Molfino, 1996; McIntyre et al., 1989; Nascimento et al.,
2021; Venancio et al., 2018; Wolff et al., 1999). The seasonal migration
of the ITCZ in this region serves as a modern analogue for the long-term
effects of precession on atmospheric and upper ocean structure. In
boreal winter, the ITCZ shifts closer to the equator. This intensifies
easterly trade winds and enhances upwelling off the northwest African
coast, leading to surface cooling, higher nutrient availability, and the
development of a shallow seasonal thermocline (Hernandez-Guerra
et al., 2002). In summer, when the ITCZ is situated at approximately
20°N, the heavy African rainy season (summer monsoon) prevails, and a
deeper thermocline develops in the Subtropical East Atlantic.

However, annual fluctuations are insufficient analogues for longer
orbital periods (McIntyre et al., 1989). The complex interplay among
different climate processes is illustrated by the fact that rainfall over
Africa does not depend solely on the dynamics of the ITCZ and other
mid- and high- tropospheric processes, including the dynamics of the
African Easterly Jet, strongly influence the extension, position and
strength of the rain belt (Armstrong et al., 2023; Collins et al., 2011;
Matsuzaki et al., 2011; Zarriess and Mackensen, 2010). Additionally,
global-scale phenomena also contribute to variability in upwelling and
rainfall. For instance, Yamoula et al. (2025) show that upwelling off
Mauritania and Senegal is strongly influenced not only by regional wind
conditions, but also by the El Nino-Southern Oscillation (ENSO), the
coupled ocean-atmosphere phenomenon characterised by anomalous
variability in sea surface temperatures (SSTs) in the eastern tropical
Pacific. In particular, strong La Nina events are associated with an in-
crease in upwelling intensity in the region. Furthermore, Rodriguez-
Fonseca et al. (2015) demonstrate that Sahel rainfall is sensitive to SST
anomalies not only in the Atlantic, but also in the Pacific and Indian
Oceans, as well as the Mediterranean Sea.

This complexity continues to hinder a full understanding and accu-
rate representation of AHPs in climate models (e.g., Dallmeyer et al.,
2020; Hopcroft et al., 2021; Pausata et al., 2020), and contributes to the
ongoing uncertainty about the role of the ocean in the greening of the
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Sahara (Gaetani et al., 2024). In this context, other atmospheric and
oceanographic processes have also been proposed to influence the last
AHP, alongside the northward shift of the ITZC driven by insolation
changes and the impact of the West African Monson. These include an
increased contribution of winter moisture from the Mediterranean Sea
(Cheddadi et al., 2021), shifts in the North Atlantic Oscillation (NAO)
from predominantly positive to neutral-to negative phases in winter and
summer, and a westward shift in the global Walker circulation (Gaetani
et al., 2024). In addition, various processes involving feedback mecha-
nisms may have contributed to the development of vegetation during the
AHP (Chandan and Peltier, 2020; Pausata et al., 2016; Swann et al.,
2014).

Furthermore, understanding oceanic changes at low latitudes during
the Holocene is crucial for comprehending atmosphere-ocean tele-
connections with higher latitudes, as environmental shifts in the Sub-
tropics are linked to broader North Atlantic dynamics (deMenocal et al.,
2000b; Mulitza et al., 2008; Nakanishi et al., 2021; ReiBig et al., 2019).
The deglacial meltwater input to the North Atlantic concluded with the
demise of the Laurentide Ice Sheet at ~ 7 ka BP (Carlson et al., 2008;
Gregoire et al., 2018), coinciding with a rearrangement of North Atlantic
deep water formation toward a more modern-like setting (Hillaire-
Marcel et al., 2001; Hoogakker et al., 2011), a major reorganization of
surface ocean circulation at 7-8 ka BP (Thornalley et al., 2010), and
changes in the North Atlantic gyres (Cléroux et al., 2012; ReiBig et al.,
2019; Repschlager et al., 2017).

On shorter timescales within the Holocene, multi-centennial cold
events are superimposed on precession-driven changes. These events
may be linked to solar cycles, clusters of volcanic eruptions, or internal
oscillations within the ocean-climate system. They have been associated
with changes in the subpolar North Atlantic and, through tele-
connections, with global climate shifts (Bond et al., 2001; Mayewski
et al., 2004; Moffa-Sanchez and Hall, 2017; Thornalley et al., 2009;
Wanner et al., 2011).

The aim of this research is to investigate the Holocene ocean and
climate variability on a centennial to millennial timescale in the
northeastern subtropical Atlantic region, with a particular focus on
water column structure and circulation changes. By examining these
oceanic signals in a region influenced by the AHP and subsequent
Saharan desertification, we explore potential links between ocean con-
ditions and hydroclimate variability in Northwest Africa. Our study area
encompasses (1) the highly productive upwelling off the west African
coast, which is vital for regional marine ecosystems and many fishery-
dependent communities, (2) the North Atlantic Subtropical Gyre
(NASTG), which recirculates warm water and nutrients between 10°N
and 40°N, an ideal setting to track variations in the spatial reach of gyre-
influenced water masses, and (3) interactions between the deeper water
masses at the site, including the Northeast Atlantic Bottom Water
(NEABW) and the Antarctic Bottom Water (AABW), both of which with
important roles in global ocean circulation.

To investigate Holocene climate variability in the eastern subtropical
gyre, we analysed sediments from a marine core extracted from the
abyssal plain off southwest Cabo Verde, taking a multidisciplinary,
multi-proxy approach. First, we characterised the sediment composi-
tion, which included an inventory and classification of tephra, a
distinction between marine and terrigenous inputs, and the identifica-
tion of proxies of either arid or humid climatic conditions. Second, we
reconstructed the vertical characteristics and structure of the upper
ocean, which provided insights into upwelling and the influence of the
NASTG. Third, we conducted a preliminary assessment of bottom water
properties to explore the geochemical evolution of the NEABW and its
potential interactions with AABW.

This study contributes to our understanding of long-term oceano-
graphic dynamics, which is important for predicting how marine eco-
systems might be impacted by future oceanographic scenarios (e.g.,
Henry et al., 2014). Evidence suggests that oceanographic conditions in
the region may already be shifting due to ongoing global climate change,
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with upwelling rapidly increasing during the 20th century and poten- (Sarre et al.,, 2024). These findings underscore the importance of
tially continuing to intensify (Garcia-Reyes et al., 2015; McGregor et al., continued research to refine our understanding of oceanographic dy-
2007). However, projections of future changes remain highly uncertain namics in this area.

due to the complex interplay between regional and large-scale drivers,
and responses may vary across different areas of the upwelling system
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Fig. 1. North Atlantic subsurface hydrological setting, with the schematic oceanographic pattern of the area and seasonal sea surface temperatures (SSTs) presented
as surface maps and water temperature variations along vertical sections. The location of the MUC5 sediment core is marked by a white star, while green dots
represent the reference sites. (a) Modern temperatures at 100 m water depth and surface currents (blue arrows): NECC = North Equatorial Counter Current; MC =
Mauritanian Current. The North Atlantic Subtropical Gyre (NASTG) and the Guinea Dome (GD) are indicated with blue circles, and the Cabo Verde Frontal Zone
(CVFZ) is represented by blue shading. Deep water masses are indicated with dashed blue thick lines: LSW = Labrador Sea Water; DSOW = Denmark Strait Overflow
Water; ISOW = Iceland-Scotland Overflow Water; MOW = Mediterranean Outflow Water. A white arrow schematically illustrates the direction of the prevailing trade
winds, and green dotted lines indicate the Intertropical Convergence Zone (ITCZ) during two different seasons. (b) Modern surface temperatures in winter (January-
March) and (c) summer (July-September). (d) Vertical temperature structure in the upper 300 m of the ocean during winter (January-March), and (e) summer (July-
September). Maps and profiles sourced from Ocean Data View (Schlitzer and Mieruch-Schniille, 2024) and World Ocean Atlas (WOA) (Reagan et al., 2024).
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2. Regional setting

The study site is situated in the Cabo Verde Basin, southwest of the
Cabo Verde archipelago (Fig. 1a), within a dynamic oceanographic
transition zone influenced by seasonal upwelling (Fig. 1b-e), as well as
by regional hydrographic features such as the NASTG (Fig. 2a-c) and the
Guinea Dome (Fig. 2d).

Northeasterly trade winds, which consistently blow over the area,
significantly influence the following main regional oceanographic and
environmental processes:

Coastal upwelling off Northwest Africa: This wind-driven upwelling is
one of the most biologically productive regions in the world (Pauly and
Christensen, 1995). While upwelling is sustained throughout the year
north of 20°N, in the region south of this latitude, where the Cabo Verde
Basin is located, upwelling occurs primarily between late fall and early
spring (Cropper et al., 2014; Valdés and Déniz-Gonzdlez, 2015). This
seasonal upwelling coincides with the enhanced influence of the easterly
winds in the area due to their winter southward migration. The main
present-day seasonal variations in SST down to 150 m water depth are
associated with the development of the Northwest African coastal up-
welling system (Fig. 1b-e).

Surface ocean currents: The study area is mostly influenced by the
North Equatorial Current (NEC), which flows westward north of the
archipelago, constituting the south-eastern edge of the NASTG (Fig. 1a;
Fig. 2a-c). In contrast to the more seasonally variable upper layers
(Fig. 1d-e), the subsurface thermal structure is relatively stable
throughout the year and reflects the typical eastward extent of the
NASTG, as illustrated by the temperature distribution at 275 m depth in
Fig. 2c. Additionally, the North Equatorial Countercurrent (NECC) flows
eastward along the equator, and lies to the south of the archipelago
(Fig. 1a). During boreal summers, the opposing flows of these two cur-
rents induce a cyclonic circulation pattern resulting in the formation of
the Guinea Dome (Mazeika, 1967), which marginally affects the site
(Fig. 2d). This oceanographic feature has its centre at ~ 10°N and ~
22°W and is characterised by an uplift of the isotherms, particularly
prominent at around 50 m water depth. This Dome enhances regional
productivity (Fernandez-Carrera et al., 2023) and could influence rain-
fall patterns over the tropical Atlantic, particularly affecting north-
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eastern Brazil and the Sahel regions (Doi et al., 2009; Kushnir et al.,
2006).

Transport of Saharan dust and other aerosols to the tropical North
Atlantic: The Sahara is the largest source of atmospheric dust (Prospero
etal., 2002; Yu et al., 2019), with our study area being one of the major
regions impacted by it, as indicated by remote sensing data
(Engelstaedter et al., 2006; Glaser et al., 2015; Ridley et al., 2012; Tanré
et al., 2011). Besides the trade winds (Stuut et al., 2005; Swap et al.,
1996), dust is also transported by the easterly mid-tropospheric Saharan
Air Layer (Sarnthein et al., 1981), which prevails at altitudes between
1,500 and 6,000 m. The composition of desert dust includes key nutri-
ents, with approximately 18 % Si, 4 % Ca, 4 % Fe, 0.8 %o P, 5%c0 Mn of
the dust mass, among other elements (Rodriguez et al., 2023, and ref-
erences therein). These nutrients fuel primary productivity over vast
distances (Bowie et al., 2001; Eglinton et al., 2002; Goudie and Mid-
dleton, 2001; Yu et al., 2015). Additionally, dust may influence climate
by potentially inducing feedback processes (e.g., Cruz et al., 2021).

According to Mosquera Giménez et al. (2022) and the physico-
chemical properties of the water types in the eastern North Atlantic
(Liu and Tanhua, 2021), the water masses currently present in the region
(Fig. 3; Supplementary Fig. S1) comprise: (1) surface waters, which
include the mixed layer (0-50 m water depth) and the seasonal ther-
mocline (50 m-150 m); (2) the South Atlantic Central Waters (~150 m-
~500 m), which contain the permanent thermocline and are separated
from the North Atlantic Central Waters by the Cabo Verde Frontal Zone
(CVFZ). This CVFZ extends from Cape Blanc to the Cabo Verde islands
(Pelegri et al., 2017; Zenk et al., 1991) (Fig. 1a); (3) the Antarctic In-
termediate Waters (~500 m-~1,200 m), which is generally considered
to reach its northernmost limit at ~ 20°N (Talley, 2011; Liu and Tanhua,
2021); (4) North Atlantic Deep Water (~1,200 m-~3,500 m) (NADW).
This water mass is a key component of the Atlantic Meridional Over-
turning Circulation (AMOC) and consists of three high-latitude water
masses: Labrador Sea Water (LSW), Denmark Strait Overflow Water
(DSOW) and Iceland-Scotland Overflow Water (ISOW) (Liu and Tanhua,
2021; Johns et al., 2021; Repschlager et al., 2021); (5) Northeast
Atlantic Bottom Water (NEABW, 3,500-4,000 m, down to the seabed). A
southern-sourced water mass derived from Antarctic Bottom Water
(AABW), which is significantly modified during its northward
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«
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Fig. 2. North Atlantic Subtropical Gyre (NASTG) and Guinea Dome, the main oceanographic features influencing the study site. (a) Annual temperature N-S profile
of the upper 500 m of the Atlantic Ocean. SASTG = South Atlantic Subtropical Gyre. (b) Annual salinity N-S profile of the upper 500 m. ITCZ = Intertropical
Convergence Zone. (c) Annual temperatures at 275 m depth. The MUCS5 sediment core location is marked by a white star. (d) September temperature profile of the
upper 150 m in the Subtropical Northeast Atlantic. Maps and profiles sourced from Ocean Data View (Schlitzer and Mieruch-Schniille, 2024) and World Ocean Atlas

(WOA) (Reagan et al., 2024).
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advection. NEABW is characterised by high silicate and phosphate
content compared to NADW. According to Jenkins et al. (2015), bottom
waters at the study site are composed primarily of ISOW and AABW in
approximately equal proportions.

Geologically, the area is volcanically and seismically active due to
the influence of an underlying mantle plume (Holm et al., 2006; Montelli
et al., 2004; Pim et al., 2008). Volcanism began in the Oligocene, and
since the Middle/Late Miocene this activity has resulted in the formation
of the Cabo Verde Archipelago (e.g., Eisele et al., 2015; Ramalho, 2011).
Fogo and Brava, the southwestern islands of the archipelago, along with
the Cadamosto Seamount (located southwest of Brava) (Fig. 4), remain
seismically very active (Grevemeyer et al., 2010; Madeira et al., 2010),
with occasional explosive and effusive eruptions depositing lava and
lapilli proximally, and ash distally in the surrounding sediments (e.g.,
Eisele et al., 2015). Similarly, the northwest island of Santo Antao, the
submarine Charles Darwin Volcanic Field, and the Sodade Seamount are
all characterized by high seismic activity (Kwasnitschka et al., 2024, and
references therein).

Sedimentation ranges from hemipelagic to pelagic and includes
sediments sourced from Saharan dust plumes, volcanic activity, and
potential contributions from turbidites or landslides (deMenocal et al.,
2000a, 2000b; Itambi et al., 2009; Jullien et al., 2007; Tisserand et al.,
2009).

3. Materials and methods
3.1. Sampling and core descriptions

Core MUC5 (14.633°N, 25.501°W, 4,394 m water depth) was ob-
tained from the abyssal plain, 84 km southwest of Brava Island (Fig. 1;
Fig. 4) within the EU Horizon2020 project iAtlantic, during the iMir-
abilis2 expedition on board the R/V Sarmiento de Gamboa (UTM-CSIC)
in 2021 (Orejas et al., 2022). It was retrieved by multicorer, and sub-
sampled with a core liner of 7 cm diameter; coring methodology is
available in Huvenne et al. (2022).

The lithology of MUCS5 primarily comprises brownish-beige sandy to
silty clay in the first 12 c¢m, transitioning to sandy clay, with the entire
sandy fraction predominantly consisting of foraminiferal debris (Fig. 4).
The core lacks both prominent sedimentary structures and interbedded
siliciclastic-rich horizons. The sediments contain abundant bioclasts,
principally foraminifera, along with rare to present occurrences of
sponge spicules, and present to common radiolaria, as well as rare vol-
caniclastic fragments (glass shards or lava fragments) and minerals
(quartz > pyroxene > plagioclase and amphibole > foides and olivines).

3.2. Age-depth model

The AMS!C dating was conducted at Beta Analytic, Inc. (Miami,
US), using multi-species planktonic foraminifera picked from the > 125
um fraction on a white tray to avoid selecting sediment-infilled speci-
mens. A photograph of the dated sample is provided in Supplementary
Fig. S2, illustrating the assemblage used. No local reservoir age correc-
tion was applied. The results were calibrated to years BP (before pre-
sent) with a 95.4 % probability using the program BetaCal4.20 and the
High-Probability Density Range Method, based on the MARINEZ20 cali-
bration curve (Heaton et al., 2020). The “Conventional Radiocarbon
Age” was determined using the Libby half-life (5.568 ka). The resulting
ages were rounded to the nearest 10 years and the reported errors were
based on 1o counting statistics (Stuiver and Polach, 1977). When the
calculated ¢ values were lower than 30 years BP on the Conventional
Radiocarbon Age, they were rounded up to 30. Although "ka’ and "kyr’
are sometimes used to distinguish ages from durations (e.g., Aubry et al.,
2009), we use 'ka’ consistently for both throughout the manuscript for
simplicity.
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3.3. Electron microprobe analyses of tephras

In order to investigate the glass shard inventory of MUC5, we pre-
pared smear slides of each sample in the 63-125 pm fraction. A total of
twelve horizons appeared promising to contain at least some minerals
and probable volcanic glass shards. This subset of samples was
embedded for further electron microprobe (EMP) compositional ana-
lyses with the two-component epoxy resin araldite into 1-inch pre-
drilled acrylic mounts having twelve 4 mm ¢ holes. Afterwards the
sample surfaces were polished and subsequently the mounts were
carbon-coated to provide discharge of the electrons during EMP mea-
surements. However, only three of the twelve embedded samples con-
tained glass shards. In total, 9 individual glass shards were analysed for
major and minor elements using a JEOL JXA 8200 wavelength disper-
sive EMP at GEOMAR Helmholtz Center for Ocean Research Kiel,
following the methods described in Kutterolf et al. (2011). A calibrated
measuring program was used based on international standards with a
6nA sample current and 10 um large electron beam to minimize sodium
loss. Accuracy was monitored by two measurements each on Lipari
obsidian (Lipari rhyolite; Hunt and Hill, 2001) and Smithsonian basaltic
standard VGA99 (Makaopuhi Lava Lake, Hawaii; Jarosewich et al.,
1980) before and after the sample measurements.

3.4. X-ray fluorescence (XRF) scans

X-ray fluorescence (XRF) scanning of the MUCS5 sedimentary
sequence was performed at the Institute of Geosciences, Christian-
Albrechts-University, Kiel, Germany, utilizing an Avaatech XRF core
scanner. To avoid sample surface contamination, the split core was
covered with a thin mylar film before being mounted in the XRF scanner.
Data acquisition was carried out at 0.5 cm spatial resolution, using tube
voltages set at 10 kV for relatively lighter elements, and 30 kV for
heavier elements, with tube currents of 200 pA and 1,000 pA, respec-
tively. This non-destructive technique yields high-resolution continuous
elemental data, useful for understanding various palaeoenvironmental
processes (Arz et al., 1998; Croudace and Rothwell, 2015). However, the
results are semi-quantitative due to their dependence on sediment
physical properties such as grain size, density, or water content. To
minimize this effect, several elemental ratios were calculated instead of
using individual elements. Furthermore, following the approach rec-
ommended by Weltje and Tjallingii (2008), natural logarithms (In) of
these ratios were used to ensure statistically valid comparisons.

The following In-ratios were employed as proxies:

1) Fe/K, which typically shows higher values in fluvial sediments
compared to aeolian sediments (Mulitza et al., 2008; Stuut et al., 2005;
Govin et al., 2012). Consequently, increases in the Fe/K ratio are
interpreted as indicative of more humid conditions (e.g., Zarriess and
Mackensen, 2010).

2) Zr/Rb, which serves as a proxy for grain size (Croudace and
Rothwell, 2015), may therefore indicate changes in sediment prove-
nance and/or transport dynamics. This relationship between grain size
and this elemental ratio occurs because Zr is predominantly hosted in
silt-sized zircons. Zircons are heavy minerals that sort with sand-size
siliciclastic fractions due to their higher density (Lamy et al., 2015),
whereas Rb indicates increased clay contribution to the sediments
(Rothwell et al., 2006), because it is mainly found substituting K in clay
minerals from felsic sources (Schneider et al., 1997). Some studies have
also linked Zr/Rb to near-bottom current velocities (Gauchery et al.,
2021; Mirzaloo et al., 2019; Wu et al., 2020); however, in this case, the
sluggish nature of deep bottom waters (e.g., Bourles et al., 2003) makes
it uncertain whether hydrodynamic sorting significantly affects the size
distribution of bottom sediments.

3) Ca/Ti, which reflects the carbonate biogenic production
(Croudace and Rothwell, 2015) vs the terrigenous input. Carbonates in
this context primarily originate from nannoflora and planktonic fora-
minifera dwelling in the euphotic zone, sinking through the water
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column upon death. On the other hand, Ti is exclusively of detrital origin
and nonreactive during early diagenetic processes (Gottschalk et al.,
2018); therefore, it is related to the quantity of lithogenic input.

3.5. Planktonic foraminifera assemblages and other
micropalaeontological proxies

Analyses were performed at every centimetre throughout MUCS5,
comprising a total of 35 samples. Core samples were weighted before
and after being oven-dried at 40 °C to determine their water content.
Subsequently, samples were washed with distilled water and split into
two fractions (63-125 pm, and > 125 pm) using sieves that had been
cleaned in an ultrasonic bath to prevent contamination. Planktonic taxa
were counted on a sample split with a minimum population of 300 in-
dividuals from a dry-sieved > 150 pm fraction at the Centro Ocean-
ografico de Vigo, Instituto Espanol de Oceanografia, IEO-CSIC (Spain).
The species found in MUC5 were classified according to the taxonomic
review of Brummer and Kucera (2022), with the following exceptions:
(1) Globigerinita uvula and Globigerinita minuta were combined into one
category; (2) Globigerinella calida and Globigerinella radians were also not
differentiated and were counted in a single category; (3) the name
Globorotalia menardii was selected over Globorotalia cultrata, the pro-
posed valid name according to Brummer and Kucera (2022). This de-
cision is based on the widespread use and recognition of G. menardii for
Miocene and younger menardii-form species (Stainforth et al., 1975).
The following categories were also created to include unidentified
specimens: Globorotalia spp., Globorotalia juvenile and Globigerinoides
spp. Moreover, the number of benthic foraminifera and radiolaria was
simultaneously logged in each sample.

In addition to relative abundance of planktonic species, several
palaeoecological proxies were calculated, including: (1) accumulation
rate of planktonic foraminifera and radiolaria, which reflects marine
bioproductivity at the sea surface. This parameter is calculated using the
following equation described in O’Brien et al. (2021):

Accumulation rate = #/g x p x sedimentation rate (1)

Here, #/g represents the number per wet gram of sediment, and p
denotes the density of the wet sediment, derived from the dry mass and
mass of water. An average grain density of 2.65 g/cm>, and a water
density of 1.027 g/cm? are assumed for this calculation. (2) The Simpson
Biodiversity Index, which is a measure to assess assemblage diversity by
considering both the number of species present and their relative
abundance. It was calculated with the following formula:

sy ()

Where n is the total number of individuals and n; is the number of in-
dividuals of each taxon i. This index ranges from 1 to 0, where higher
values indicate greater diversity and lower dominance, while lower
values signify the opposite. (3) The relative abundance (%) of species
with a preference for upwelling conditions (Globigerina bulloides, Glo-
borotalia inflata, and Neogloboquadrina incompta) (Meggers et al., 2002;
Thiede, 1975), along with those inhabiting warm biogeographic water
domains (Brummer and Kucera, 2022). (4) Planktonic foraminifera
fragmentation percentages used as a dissolution index, which is the
number of shell fragments divided by the sum of fragments and entire
shells.

We refrain from calculating transfer functions based on planktonic
foraminiferal assemblages because of problems encountered with tem-
perature estimation using this method at the nearby ODP site 658C
(Adkins et al., 2006). These issues are probably due to the fact that
planktonic foraminiferal assemblages at low latitudes are more influ-
enced by the structure of the upper ocean layers (Telford et al., 2013),
which at this site is shaped by seasonal upwelling, rather than by water
temperature (Wolff et al., 1999, and references therein).
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3.6. Geochemistry of the foraminifera shells

Combined Mg/Ca and stable carbon and oxygen isotope (§3C and
5'%0) analyses were performed at GEOMAR, Helmholtz-Centre for
Ocean Research, Kiel (Germany), on foraminifera shells extracted from
samples collected at 1 cm intervals along core MUCS. Approximately 45
specimens each of the surface-dwelling planktonic foraminifera Globi-
gerinoides ruber albus (following the concept of G. ruber s.s. of Wang,
2000), and the sub-thermocline dwelling Globorotalia truncatulinoides,
were selected from sieved sediment samples of the 315-400 pm fraction,
in order to minimize size-related effects on either Mg/Ca or stable iso-
topes. Additionally, 5'3C and 5'80 measurements were conducted on an
average of ~ 3 specimens of the epibenthic foraminifera C. wuellerstorfi.
Fig. 3 and Supplementary Text S1 provide more information on the
habitat of the three species selected for geochemical analysis.

3.6.1. Carbon and oxygen (5'3C and 5'20) stable isotopes

Stable isotopes were analysed on a Thermo Scientific MAT 253 mass
spectrometer equipped with an automated Kiel IV carbonate preparation
device. Isotope values were calibrated against the NBS 19 (National
Bureau of Standards) carbonate standard and the in-house carbonate
standard “Standard Bremen” (Solnhofen limestone). Isotope values are
reported in the & notation relative to the Vienna Pee Dee Belemnite
(VPDB) standard in per mil. Refer to Supplementary Fig. S3 for down-
core stable carbon and oxygen isotopic results of G. ruber s.s. (Wang,
2000) and G. truncatulinoides, and to Supplementary Fig. S4 for the
isotopic signature of G. truncatulinoides with respect to its encrustation
stage. Carbon isotope values are interpreted in terms of bioproductivity
and nutrient inventory, and also provide insights into the prevailing
water mass. Oxygen isotope values are dependent on global ice volume,
regional water temperature and salinity.

3.6.2. Mg/Ca palaeo-thermometry

The samples underwent the cleaning procedures outlined by Boyle
and Keigwin (1985) and Boyle and Rosenthal (1996) before the
geochemical analyses, which include oxidative and reductive cleaning
steps. Mg/Ca analyses were performed using a Varian 720 ES axial-
viewing ICP-OES (Inductively Coupled Plasma Optical Emission Spec-
trometry), with detection levels typically ranging from 0.001 to 0.1 pg/
ml. Mg/Ca results were normalized to the ECRM 752-1 standard (3.761
mmol/mol Mg/Ca) and drift-corrected. Regular analyses of the ECRM
752-1 standard yielded an analytical error of + 0.01 mmol/mol for
Mg/Ca.

In terms of the impact of dissolution on foraminiferal Mg/Ca, the
effects are primarily influenced by the calcite saturation state of the
bottom waters. Regenberg et al. (2014) defined a global critical
threshold for dissolution of 21.3 + 6.6 pmol/kg A [CO%‘]. At our studied
site, this threshold is reached at a depth of ~ 2,700 m (Regenberg et al.,
2014). Since MUCS5 was collected from ~ 4,400 m water depth, calcite
dissolution may have affected the foraminiferal Mg/Ca to some extent.
Nonetheless, while the results should be interpreted with a degree of
caution, there is supporting evidence for the reliability of our temper-
ature estimates, which are discussed in Supplementary Text S1 and
Supplementary Fig. S5.

In addition, simultaneous measurements of Al, Fe and Mn were
conducted to monitor the potential presence of aluminosilicates that can
contaminate the tests, altering the Mg/Ca signal. These indicators do not
suggest major contamination. The results and discussion of these mea-
surements can be found in Supplementary Text S1 and Supplementary
Figs. S6 and S7.

Globigerinoides ruber s.s. (Wang, 2000) Mg/Ca ratios (Mg/Caryper)
were converted to SSTyg/ca using the following species-specific tem-
perature calibration for the Atlantic (Dekens et al., 2002):

Mg/Ca = 0.38 x exp (0.09[SST-0.61 (core depth km)]) (3).
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This calibration was chosen from a range of equations because it was
derived from Atlantic material and it provides more realistic results for
this site (Supplementary Fig. S8 and Supplementary Text S1). Overall,
our reconstructed SSTs showed good agreement with modern data
(WOA23; Reagan et al., 2024), however, one data point, exhibiting an
anomalously high Mg/Ca value, not supported by a corresponding 5'80
anomaly, was excluded from subsequent analyses (Supplementary
Fig. S6 and Supplementary Text S1). Given the preference of G. ruber
albus for warm, oligotrophic waters, the SSTyg,c, estimations may be
slightly biased toward the non-upwelling season (c.f. Supplementary
Text S1).

Globorotalia truncatulinoides Mg/Ca ratios (Mg/Caguncatulinoides) Were
converted to subSSTyg/ca using the following species-specific tempera-
ture calibration (Cléroux et al., 2008):

Mg/Ca = 0.62 x exp(0.074subSST) (4)

This calibration was chosen over others because it yields more
realistic values for this site (Supplementary Fig. S8 and Supplementary
Text S1). Our derived subSST estimates also show good agreement with
modern hydrographic data.

Removing the influences of global ice volume and temperature from
the 5'%0 signal enables the derivation of 5180 of seawater (GIBOSW),
which approximates palaeosalinity (e.g., Niirnberg et al., 2008). The
temperature effect was subtracted from the initial foraminiferal 5'%0 by
using the Bemis et al. (1998) equation for planktonic foraminifera:
51805y = 0.27+((T-16.5 + 4.8 x 5'80¢,ram)/4.8). By adding 0.27 %o to
the formula, we convert the calcite on the VPDB standard values, to
water on the Vienna Standard Mean Ocean Water (SMOW) (Hut, 1987).
We used the relative sea level reconstruction of de Boer et al. (2014) to
eliminate the effect of global ice volume variability from the 580y,
data, leading to regional ice-volume-corrected values (8*80g-ive)-

In this study, sea surface GISOSW,iVC is calculated from 6180mber and
the according SSTyig/ca. Sub-thermocline 5'80gw.ivc is determined from
the 6180mnmmh~noides and subSSTwg/ca. Lower slsosw_m values imply
fresher conditions. We did not convert the results to practical salinity
units (psu) due to potential inaccuracies associated with this type of
reconstruction at low latitudes (Holloway et al., 2016; Schmidt, 1999).
However, 61805‘,‘,_1vc results reconstructed from G. ruber s.s. (Wang,
2000) and G. truncatulinoides from the core-top align reasonably well
with modern seawater §'80 values, which are ~ 0.5-1 %.SMOW for
surface waters and ~ 0.4-0.8 %.SMOW at water depths of 200-300 m
(Schmidt et al., 1999).

4. Results
4.1. Age-depth model

The core chronology for MUCS is based on a second-degree poly-
nomial regression fit through three Accelerator Mass Spectrometry
(AMS) radiocarbon (*4C) dates on mixed planktic foraminifera (Table 1;
Fig. 5).

These analyses indicate that the sedimentary sequence of MUC5
extends from ~ 11.2 ka BP to ~ 1.3 ka BP, covering most of the Holocene
period. The non-modern core-top age (1.3 ka BP) is not attributed to the

Table 1
Radiocarbon dates (AMS'*C) used for the sediment core MUC5 age model.

Sample Beta ID Conventional Calibrated Mean calibrated

depth radiocarbon age radiocarbon age radiocarbon age

(cm) (ka BP) (ka BP) (ka BP)

0-1 Beta - 1.870 + 0.03 1.388-1.127 1.257 +0.130
635553

21-22 Beta - 6.220 + 0.03 6.615-6.300 6.457 + 0.157
635554

33-34 Beta - 9.910 £ 0.04 11.005-10.548 10.776 + 0.228

635555
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Fig. 5. (a) Depth/age relationship of the sediment core MUCS5: yellow dots =
age control points (AMS radiocarbon age), black line = second-degree poly-
nomial regression; vertical bars = 1c error. (b) Sedimentation rate. Green tri-
angle = First common occurrence (FCO) of Globorotalia menardii occurring at
23.5 cm depth in MUCS and dated as ~ 7.5 ka BP by Broecker and Pena (2014).

absence of modern sediments, as the core-top revealed an undisturbed
surface layer with no signs of erosion (Fig. 4; Huvenne et al., 2022).
Relatively older age core-tops are a common feature in deep-sea cores
dated using l4c (Broecker et al., 1991; Mekik, 2014) likely due to bio-
turbation effects in cores with low sedimentation rates (Manighetti
et al., 1995).

The reliability of the MUCS age model is supported by the timing of
the first common occurrence (FCO) of G. menardii. According to our age-
depth model, this occurs between 7.4 ka BP and 7.1 ka BP in MUCS5,
consistent with the age of ~ 7.5 ka BP reported for the reappearance of
G. menardii in mid-latitudes regions of the Atlantic Ocean, after its
absence during the last glacial period (Broecker and Pena, 2014, and
references therein) (Fig. 5).

The inferred sedimentation rate shows a decreasing trend
throughout MUC5, with a maximum value of ~ 6 cm/ka observed at the
top of the core and a minimum value of ~ 2 cm/ka at the base (Fig. 5b).
The average rate of ~ 4 cm/ka fits reasonably well into the regional
setting, being lower than the estimated sedimentation rate of 18 cm/ka
at the proximal ODP Site 658C (deMenocal et al., 2000a) (Fig. 1a), but
higher than the rate of ~ 2 cm/ka estimated by Broecker et al. (1991) for
the INMD101 core location, situated at a similar longitude but closer to
the equator (Fig. 1a).
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4.2. Sediment supply: Tephra input and lithogenic vs carbonate
contributions from XRF and microfossil accumulation data

The results of the tephra analyses show that the overall abundance of
volcanic glass is rare and dispersed within the background sediment.
Only three intervals contained fresh volcanic glass for further
geochemical analyses. These samples are all located in the upper half of
the core at 5-6 cm (2.2 ka BP), 9-10 c¢m (3.1 ka BP), and 15-16 cm depth
(4.7 ka BP). All nine analysed glass shards are phonotrephitic to teph-
rophonolitic (Supplementary Table S1; Fig. 6).

To further investigate changes in sediment supply, we evaluated XRF
data (in which Ca is the most abundant element, with other common
elements including Fe, Si, Ti, and K) and planktonic foraminiferal
accumulation rates as complementary environmental proxies (see Sec-
tions 3.4 and 3.5). The key results are summarized below:

1) In Fe/K show the lowest values from the core base up to ~ 10 ka
BP. The numbers remain generally high between ~ 10 and ~ 5.5 ka BP,
with a maximum between ~ 6 and ~ 7 ka BP, and decrease thereafter,
although a minor anomaly of low values is observed around 2 ka BP
(Fig. 7a).

2) In Zr/Rb shows low values until ~ 7.5 ka BP, followed by a period
of elevated values between ~ 7.5 and ~ 5.5 ka BP. After this interval,
values gradually decrease and stabilize at lower levels from ~ 4 ka BP
onward (Fig. 7b).

3) In Ca/Ti ratios are relatively high from the base of the core to ~
10.5 ka BP, then decrease and remain low between ~ 10.5 and ~ 7.5 ka
BP. From ~ 7.5 ka BP onwards, Ca/Ti values rise to intermediate levels
and exhibit a slight overall decreasing trend (Fig. 7c).

4) The average planktonic foraminiferal accumulation rate is ~
24,400 #/cm?/ka. Values are relatively high between the base of the
core and ~ 10 ka BP, then decrease and remain low between ~ 10 and ~
8 ka BP, with a minimum of ~ 7,500 #/cm?/ka recorded at 9.6 ka BP.
Between ~ 8 and ~ 5 ka BP, accumulation rates return to intermediate
levels, followed by the maximum value at 4.7 ka BP, reaching ~ 37,100
#/cm?/ka. After this peak, values decrease again to intermediate levels
(Fig. 7d).

Fig. 7e-h present additional regional proxies that help contextualize
the lithogenic input changes observed in the study area.

4.3. Microfossil assemblages

A total of 35 species of planktonic foraminifera were identified in
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Fig. 6. Total alkalis vs silica classification diagram (Le Maitre et al., 2002).
Single glass shard analyses for MUC5 are plotted together with comparison data
for three layers from the respective time interval reported in Fisele et al. (2015)
and compositional fields for Fogo and Brava mafic compositions (modified after
Eisele et al., 2015, and references therein).
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core MUCS. On average, each sample contained 26 species. Dominant
species include G. ruber albus (averaging 18.5 %), N. incompta (14 %)
and Trilobatus sacculifer (12 %). Species with average abundances
ranging from 10 % to 5 % comprised Globigerinita glutinata, G. bulloides,
Globigerinoides ruber ruber, G. menardii and G. inflata. The remaining
species contributed less than 5 % on average each to the total. Fig. 8a-f
shows the relative abundances of planktonic foraminiferal species un-
dergoing prominent changes in MUCS5, while Fig. 8g presents the
Simpson biodiversity index. The highest rate of change is recorded be-
tween ~ 8 and ~ 7 ka BP, coinciding with a notable increase in biodi-
versity. Reflecting this faunal turnover, G. inflata, G. bulloides, and
N. incompta decrease markedly, whereas G. menardii, T. sacculifer and
G. ruber albus show a gradual increase throughout the Holocene. Sup-
plementary Table S2 provides a more detailed description of the faunal
turnover outlined here and the preferred habitats of these species.

Additionally, two relatively short-lived events affecting individual
samples were observed: 1) At 4.7 ka BP, a radiolaria bloom was recor-
ded, with an accumulation rate exceeding ~ 20,000 #/cm?/year
(Fig. 8h), compared to the core average of ~ 1,100 #/cmz/year. This
event was accompanied by slight increases in the percentages of
G. bulloides (Fig. 8b) and N. incompta (Fig. 8c), along with the highest
planktonic foraminifera accumulation rate recorded within our dataset
(Fig. 7d). 2) At 2.9 ka BP, a notable increase in G. ruber albus was
observed, reaching 35.8 % relative abundance compared to the core
average of 18.6 % (Fig. 8f). This led to a brief but significant decline in
the biodiversity curve (Fig. 8g).

4.4. Geochemical proxies from planktonic foraminifera

The average SSTng/ca is 26 °C, with a range of 2 °C between the
highest and lowest recorded values (Fig. 8i). The warmest temperatures
are observed during the Middle Holocene.

The average subSSTyg/c, is 12 °C, with a range of 2 °C between the
highest and lowest recorded values (Fig. 8j). Additionally, three distinct
cooler intervals are identified, each reflecting an approximate 3 °C drop.
These intervals correspond to the Early Holocene and two periods in the
Late Holocene (~3.4-2.7 ka BP and ~ 2.0-1.3 ka BP).

The reconstructions of the surface and subsurface §'®0gy.ivc show a
relatively high degree of variability (Fig. 8k-1). Overall trends suggest
that the salinity gradient diminished during the Middle Holocene, pri-
marily due to slightly elevated subsurface values (despite some fluctu-
ations) and a decrease in surface values around 6-7 ka BP.

Additionally, isotopic values show, in broad terms, a slight
increasing trend in 8!C during the Early and Middle Holocene in both
G. ruber s.s. (Wang, 2000) and G. truncatulinoides, followed by fluctu-
ating values without a clear trend in the Late Holocene. 580 values in
both species show a slight decreasing trend during the Early and Middle
Holocene. During the Late Holocene, G. truncatulinoides 580 records
vary without a clear trend, whereas G. ruber s.s. values show an
increased trend, except in the uppermost samples, where they decrease
again (Supplementary Fig. S3).

Fig. 9 illustrates additional data relevant to the evolution of palae-
oceanographic proxies in MUC5, providing broader context for inter-
preting the influence of NW African upwelling during the Holocene at
the study site. SST from MUCS5 is shown in Fig. 9a, along with the
relative abundance of G. ruber ruber (Fig. 9b), the species with the
highest affinity for warm surface waters. Fig. 9c-h present SST and
productivity-related records from other regional sites.

4.5. Palaeoceanographic indicators of bottom waters conditions

Stable carbon and oxygen isotopes from C. wuellerstorfi (Fig. 10a-b),
along with planktonic foraminifera fragmentation rates (Fig. 10c), were
measured in core MUCS5 to investigate changes in bottom water
geochemistry in the northeastern subtropical Atlantic throughout the
Holocene.



I. Pérez-Rodriguez et al.

GC49, GC68

Progress in Oceanography 239 (2025) 103578

- ODP 658C GeoB7926-2 Cova Galinha
_ MUCS (off Cabo Verde, this study) (oﬁglvhaztsg?aigr;ara (off Mauritania) (off Mauritania) ~ Caldera (Cabo Verde)
= i
& S In FelK In Zr/IRb In Ca/Ti PF accumuzlatlon Terrigenous flux Proportion of fluvial Fine sand (%
%_Q 59 rate (n°/cm/year) Rainfall (mm/year) (g/lem?/ka) particles vs aeolian dust )
E 25 13 15 17 19 31 34 3.7 4 0 500 1000 1500 0 0.5 1
Pkl R T I [ I I I 1 I 1 1 I |
\
1
(a) (b) (c) (d) (e) () (9) (h)
2 o
L
3
4
5
2
5 18|8
7 2|2
8 4
0 -J?
>
104 [§
w
1 4
Pleist
1= [ . [ I [ I | T B T B
14 1.6 1.8 0 20000 40000 0 05 1 15 2 25 Bl Fluvial particles 0 5 10 15 20
: ® ® + . $ = . = . [ Fine aeolian dust : of
—> —> +—> —> —> +—>
X . . I Coarse aeolian dust
Rainfall over Grain size Terrigenous Marmg carbonatle Plank. foram Rainfall over Sahara dust input Erosion
NW Africa input biogenic production  productivity NW Africa

Fig. 7. XRF-based elemental ratios and planktonic foraminifera accumulation rate of core MUC5 compared to other proxy records from the region. (a-c) XRF In ratios
of core MUCS. (d) Planktonic foraminifera accumulation rate of core MUCS. (e) Rainfall estimation from cores GC49 and GC68 (Tierney et al., 2017). (f) Terrigenous
flux of Site 658C (Adkins et al., 2006; deMenocal et al., 2000a). (g) Contribution of fluvial particles compared to fine and coarse aeolian dust (McKay et al., 2014). (h)
Relative abundance of fine sand at Cova Galinha Caldera (Brava Island, Cabo Verde; Castilla-Beltran et al., 2021). Brown shading = drier climate and the devel-
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513C records from C. wuellerstorfi show a general increasing trend
throughout the Holocene. During the Early Holocene, values are rela-
tively low, ranging between 0.06 and 0.7 %o VPDB. In the Middle Ho-
locene, values are generally higher, exceeding 0.7 % VPDB in most
samples, although a sharp drop is observed at 6.8 ka BP, reaching
approximately — 0.07 %o VPDB. At the onset of the Late Holocene, 5'3C
values decrease again, followed by a broad increasing trend through the
remainder of the period (Fig. 102). 8'%0 values from C. wuellerstorfi are
relatively heavy during the Early Holocene. In the Middle Holocene,
values are intermediate, mostly ranging from 2.5 to 2.9 %o VPDB, with a
marked peak at 6.8 ka BP reaching 3.9 %o VPDB. At the onset of the Late
Holocene, §!80 values increase again slightly, followed by relatively low
values throughout the remainder of the Late Holocene (Fig. 10b).

Planktonic foraminifera fragmentation shows values of ~ 25 %
during the Early Holocene, relatively lower values during the Middle
Holocene (~15-20 %), with a brief increase around 5-6 ka BP, and the
highest values of the record occurring during the Late Holocene
(~30-40 %) (Fig. 10c).

To contextualise bottom water geochemistry at the study site, we
compare our data with benthic foraminiferal 8'3C records from the
Azores (Repschlager et al., 2015; Fig. 10d) and south of Iceland
(Thornalley et al., 2010; Fig. 10e). Fig. 10f shows the sortable silt record
from Thornalley et al. (2013), stacked from several high-latitude sites
and interpreted by the authors as a proxy for ISOW strength; sortable silt
refers to the mean grain size of the 10-63 pm terrigenous fraction, which
reflects changes in bottom current velocity (McCave et al., 2017).

5. Discussion

5.1. Sediment composition and its link to marine and continental
environmental variability

In this subsection, we discuss the sediment contributions to the site
based on tephra shard identification, lithogenic input inferred from XRF
data and core descriptions, and marine carbonate production from XRF-
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derived Ca content and planktonic foraminifera accumulation rates.

The analysis of tephra contents led to the recovery and identification
of nine glass shards in MUC5. Their compositions are phonotrephitic to
tephrophonolitic (Supplementary Table S1) and comparable to compo-
sitions known from Fogo and Brava eruptions, as described by Eisele
et al. (2015) (Fig. 6). That study also described three widespread mafic
tephra layers within the last 6 ka, which they tentatively correlated to a
Fogo source. The geochemical compositions of these layers (M80/3-31,
11-13 cm; M80/3-31, 44-48 cm; and M80/3-39, 17-18 cm) do not
correlate with any of the glass shard compositions measured in MUC5
(Fig. 6). However, the MUC5 glass shards fall within the compositional
fields for volcanics known from Fogo and Brava, thus pointing to these
islands as a potential source.

The scarcity of glass shards at the site suggests limited influence from
explosive volcanic activity in the Cabo Verde region on local sedimen-
tation during the Holocene.

As shown by the XRF data, Ca predominates in MUCS5, reflecting the
importance of marine calcareous biogenic production as a main source
of material reaching the seafloor. Variations in this production may be
influenced by nutrient input from Saharan dust and/or by changes in the
regional upwelling system. Although this site lies in a relatively oligo-
trophic setting, a modest intensification of upwelling may have favoured
calcareous plankton such as coccolithophores and foraminifera, which
typically do not thrive under intense upwelling conditions. Other com-
mon elements (e.g., Fe, Si, Ti, K) are likely related to lithogenic input
and, in the absence of significant volcanic eruptions, presumably reflect
variations in sediment sources and/or environmental changes in
Northwest Africa.

The sediment compositional variations inferred throughout MUC5
(Fig. 7) are associated with the following distinct environmental
intervals:

Preboreal, from the base of the core at 11.2 ka BP until ~ 10 ka BP: The
low Fe/K ratios (Fig. 7a) observed at the base of the core are indicative
of the Preboreal period, characterised by arid conditions in Northwest
Africa (e.g., deMenocal et al., 2000a).
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Zr/Rb values are relatively low (Fig. 7b), indicating comparatively
fine grain sizes. This may reflect aridity over the continent, which could
have led to enhanced deposition of fine-grained aeolian material from
the Sahara. Such sediments have high clay contents (Rodriguez-Navarro
et al., 2018) and are therefore likely relatively enriched in Rb. This is
consistent with findings from GeoB7926-2 off Mauritania (McKay et al.,
2014), where a predominance of aeolian dust is observed during this
period (Fig. 7g), but not at the nearby Site 658C (Adkins et al., 2006;
deMenocal et al., 2000a), where terrigenous input appears to be mini-
mal (Fig. 7f). However, a change in grain size is not evident from the
visual inspection of MUCS5 (Fig. 4). Thus, the interpretation of low Zr/Rb
values as indicative of finer grain sizes during the Preboreal Period re-
mains tentative, and would benefit from complementary sedimento-
logical analyses.

The elevated Ca/Ti ratios (Fig. 7c), and the planktonic foraminifera
accumulation rates (Fig. 7d) suggest increased biogenic carbonate pro-
duction, possibly driven by fertilisation of the upper ocean layers
through enhanced Sahara dust input, resulting from continental aridity
and/or oceanographic conditions more favourable to carbonate pro-
ducers. It is noteworthy that the humidity proxy (Fe/K) exhibits an
overall trend opposite to that of marine carbonate production indicators
(Ca/Ti and planktonic foraminiferal accumulation rate), suggesting that
humid phases were less favourable for carbonate accumulation. This
may result from the direct impact of increased rainfall on the physical
and chemical properties of the upper ocean layers. Additionally, the
same climatic conditions that enhance the West African Monsoon could
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reduce foraminiferal productivity by altering upwelling dynamics and/
or the influence of the Guinea Dome in the subtropical eastern Atlantic.
Another contributing factor to this opposite trend could be the increased
input of terrigenous material, which may dilute the concentration of
marine biogenic carbonates.

The AHP, from ~ 10 ka BP to ~ 5.5 ka BP: This interval is charac-
terised by high Fe/K ratios (Fig. 7a), which persist until ~ 6 to 5.5 ka BP,
indicative of increased African river discharge and reduced dust input.
The fluvial sediment transportation to the site, which is relatively distant
from the North African coast, might have been facilitated by the well-
developed regional fluvial network at the time (Skonieczny et al.,
2015). Additionally, offshore advection of particles can be driven by
vigorous turbulent mixing resulting from the confluence of various
water masses off Cape Blanc and regional upwelling, which effectively
resuspends shallow shelf sediments and transports particles offshore, as
seen in present day studies (Gabric et al., 1993; Karakas et al., 2006;
Pelegri et al., 2005). In this regard, benthic nepheloid layers (BNLs),
turbid bottom layers formed by sediment resuspension and extending
several hundred meters above the seafloor, may serve as important
pathways for the transfer of margin-derived particles into the deep
ocean. A prominent BNL was documented near the Mauritanian margin
(Ohnemus and Lam, 2015), supporting the interpretation that shelf
sediment remobilization may contribute to the lithogenic particle supply
farther offshore, including in the Cabo Verde region.

The Zr/Rb ratios displays a different pattern from Fe/K, with values
increasing sharply around ~ 7.5 ka BP (Fig. 7b). This time coincides
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with the onset of the wettest climatic phase in West Africa, as reported
by Tierney et al. (2017). Although Zr may be derived from BNLs, the
heavy minerals that host Zr are generally more difficult to transport.
Thus, the increase in this ratio may instead reflect heightened humidity
over the Cabo Verde islands. This would lead to a greater contribution of
sediments rich in volcanic material, and thus in Zr, given the petrolog-
ical evidence for Zr-bearing minerals in volcanic rocks from the archi-
pelago (e.g., Kogarko et al., 2009). This interpretation is partially
supported by studies showing that volcanic lithogenic signatures from
Cabo Verde have been geochemically detected in nearby water masses
(e.g., Ohnemus and Lam, 2015). However, the interpretation of this
proxy remains tentative and should be treated with caution, as is also the
case for the Early Holocene.

During this period, the Ca/Ti ratio (Fig. 7c) is relatively low, sug-
gesting reduced carbonate production, potentially due to lower dust-
derived fertilisation or diminished upwelling intensity.

The Dry Sahara, from ~ 5.5 ka BP to the top of the core, at ~ 1.3 ka BP:
Evidence of increased dust input in MUC5 is indicated by a decline in Fe/
K values from ~ 5 ka BP (Fig. 7a), marking the end of the AHP at this
site. A rise in dust flux is also observed at ODP Site 658C at ~ 5.5 ka BP
(Adkins et al., 2006; deMenocal et al., 2000a, 2000b) (Fig. 7f). In
GeoB7926-2, this is reflected in an increase in fine aeolian dust (McKay
et al., 2014) (Fig. 7g); while on Brava Island, an increase in the abun-
dance of fine sand suggests intensified erosion under drier conditions at
~ 4 ka BP (Castilla-Beltran et al., 2021) (Fig. 7h). Visual observations of
MUCS support this environmental transition: a distinct colour change
and shift to finer sediments (possibly indicating the deposition of fine
aeolian dust) occurs at ~ 12 cm depth (Fig. 4), corresponding to ~ 3.9 ka
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BP, and such conditions persist up to the core top. The age discrepancies
between records may reflect the time-transgressive nature of Saharan
aridification, which is known to have occurred earlier in the north than
in the south, and in the east before the west (Dallmeyer et al., 2020;
deMenocal, 2015).

5.2. Holocene palaeoceanographic variability in the subtropical Northeast
Atlantic

5.2.1. Early Holocene

This period is characterized by the dominance of planktonic fora-
minifera associated with poorly stratified waters (Fig. 8a-c) and by low
abundances of species related to warm and stratified conditions (Fig. 8d-
f). The Simpson biodiversity index indicates relatively low biodiversity
and high dominance (Fig. 8g). SSTs, although fluctuating, appear to be
lower (Fig. 8i), which is also supported by the low percentages of
G. ruber ruber, a taxon with a known affinity for warm waters (Bhadra
et al., 2023; Tolderlund and Be, 1971) (Fig. 9b). SubSSTs are also rela-
tively low (Fig. 8j), consistent with limited advection of warm sub-
subsurface waters typically associated with the NASTG at this site (see
Fig. 2¢). This is additionally supported by the low abundances of G. ruber
albus (Fig. 8f), a species associated with the oligotrophic waters of the
subtropical gyres and previously used to trace their influence
(Bonfardeci et al., 2018; ReiBig et al., 2019; Repschlager et al., 2017).
513C values are consistently relatively low in both G. ruber s.s. (Wang,
2000) and G. truncatulinoides (Supplementary Fig. S3), possibly reflect-
ing the uplift of water masses influenced by AAIW, which is typically
poorer in 8'3C (Supplementary Fig. S1; Schmittner et al., 2017).
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The hydrographic features described above suggest that well-
stratified and warm upper ocean layers, similar to those that develop
today during summer (Fig. 1e), did not form in the area during the Early
Holocene. This interpretation aligns with the findings of Chapman et al.
(1996), based on core BOFS 31 K, located between the coast of
Mauritania and the Cabo Verde archipelago (Fig. 1a), who found that
modern-like seasonal stratification only became established around 6 ka
BP. These differences in seasonal configuration may have been caused
by: 1) A year-round upwelling system, rather than the seasonally up-
welling observed in the modern regime. 2) A Guinea Dome that was
either stronger or had a more northerly centre. The Guinea Dome de-
velops in late summer in this region (Fig. 2d), and changes in its strength
or position may have disrupted the thermocline during the period when
seasonal stratification would normally intensify.

The cores ODP 658C and GeoB7926-2, both located off Mauritania
(Fig. 1a), show evidence of stronger upwelling during the Early Holo-
cene (Adkins et al., 2006; Romero et al., 2008a, 2008b; Zhao et al.,
1995) (Fig. 9c-f). In contrast, core GeoB9526, located off Senegal
(Fig. 1a), does not exhibit any indicators of enhanced upwelling
(Zarriess and Mackensen, 2010; Zarriess et al., 2011) (Fig. 9g-j) during
the same interval. If the upwelling system had been stronger or more
persistent in the region, a similar signal would be expected in the Sen-
egalese core, which today is affected only by seasonal upwelling, similar
to the Cabo Verde region. While the scenario involving a stronger or
more centrally located Guinea Dome during the Early Holocene may
offer a plausible explanation, it remains uncertain given the relatively
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limited spatial influence of this feature compared to the broader up-
welling system.

5.2.2. Middle Holocene

The Middle Holocene constitutes a transitional subepoch in terms of
planktonic foraminifera associations. There is a decrease in the relative
abundance of species associated with upwelling or with weak and
shallow thermocline conditions (Fig. 8a-c; Supplementary Table S2).
Conversely, taxa that increased in relative abundance (Fig. 8d-f) are
oligotrophic, warm-water species dwelling in surface or intermediate
depths, typically found in subtropical gyres and in distinctly stratified
upper ocean waters, which develop during summer in the region
(Fig. le). Additionally, these faunal changes are accompanied by an
increase in planktonic foraminifera biodiversity at ~ 8-7 ka BP, which
persists through the rest of the Holocene (Fig. 8g). Here, this observed
increase in diversity is attributed to changes in productivity and in the
vertical niche structure, caused by the establishment of a seasonality
more similar to that of today, either in terms of the annual upwelling
pattern or the strength/position of the Guinea Dome.

The Middle Holocene represents the warmest period in both SST and
subSST (Fig. 8i-j). These results likely reflect a phase of reduced up-
welling and warmer surface conditions, with increased influence from
the NASTG. Warm temperatures and reduced upwelling are consistent
with other SST and productivity proxy records from Northwest Africa,
particularly during the ~ 8-5.5 ka BP interval, both in the region of
permanent upwelling (Mauritania; Fig. 9c-f) and in the area influenced
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by seasonal upwelling (Senegal; Fig. 9g-h).

Furthermore, the period of lowest surface salinity recorded at ~ 6-7
ka (Fig. 81) in MUCS coincides with the maximum rainfall reconstructed
by Tierney et al. (2017) (Fig. 7e), suggesting that enhanced precipitation
could have freshened the upper ocean layers in the region.

At 4.7 ka BP, a radiolaria bloom was recorded, with an accumulation
rate exceeding 20,000 #/cm?/year (Fig. 8h), indicating a high produc-
tivity episode. This is further supported by slight increases in G. bulloides
(Fig. 8b) and N. incompta (Fig. 8c), along with the highest planktonic
foraminifera accumulation rate documented within our dataset
(Fig. 7d). Considering the low sedimentation rate at the site, this brief
event could potentially be linked to the 4.2 ka event (Magny et al., 2007;
Thompson et al., 2002; Wanner et al., 2011), characterised by a mega-
drought that lasted ~ 300 years (Railsback et al., 2018). This drought
may have been caused by enhanced dry easterlies, which would cause
both upwelling and increased Saharan dust deposition into the ocean,
providing silica and other nutrients that could have fertilised the upper
water masses and the subsequent proliferation of radiolaria. An alter-
native hypothesis to explain the radiolaria proliferation could be
regional volcanic activity at that time, given the presence of glass shards
in this sample (Section 4.2). Although the shards are very rare within
this sample, volcanic eruptions can deliver nutrients and increase pri-
mary productivity over long distances (Duggen et al., 2007).

5.2.3. Late Holocene

Faunal assemblages became more similar to those observed today,
with relatively high percentages of T. sacculifer (Fig. 8¢) and G. menardii
(Fig. 8d), reflecting the development of a warm, well stratified surface
ocean during summer. However, lower SSTsyy/ca (Fig. 92), together
with decreased percentages of G. ruber ruber (Fig. 9b), probably suggest
enhanced upwelling activity. This configuration likely resembles the
modern system, characterised by seasonal upwelling, more intense than
during the Middle Holocene, coexisting with a well-developed summer
stratification (Fig. 1b-e). Additional evidence for intensified upwelling is
observed both in the region of permanent upwelling off Mauritania
(Adkins et al., 2006; Romero et al., 2008a, 2008b; Zhao et al., 1995)
(Fig. 9¢-f) and in the seasonally affected area off Senegal (Zarriess and
Mackensen, 2010; Zarriess et al., 2011) (Fig. 9g-h).

In addition, the subSST values (Fig. 8j) and the relatively low
abundance of G. ruber albus (Fig. 8f) suggest a reduced presence of
oligotrophic, warm subsurface waters typically linked to NASTG influ-
ence, compared to the Middle Holocene.

At 2.9 ka BP, a notable increase in G. ruber albus was noted, reaching
35.8 % relative abundance, compared to the core average of 18.6 %
(Fig. 8f), which produced a decline in the biodiversity curve (Fig. 8g).
Given the preference of this species for inhabiting the centres of
oceanographic gyres and oligotrophic waters, its proliferation may
indicate an intensified influence of the NASTG, and a potentially
weakened upwelling event. This observation can be tentatively linked to
the 2.8 ka event, during which abrupt changes in climate and atmo-
spheric dynamics were triggered by a grand solar minimum (e.g., Mar-
tin-Puertas et al., 2012). This may have caused changes in regional wind
patterns, briefly altering the oceanographic configuration of the area.

5.3. Holocene bottom water variability based on benthic foraminifera
stable isotopes and planktonic foraminiferal fragmentation index

In the tropical Atlanticc NADW co-occurs with the underlying
NEABW (Fig. 3), amodified water mass derived from AABW (c.f. Section
2). The latter water mass is restricted from entering the eastern Atlantic
due to the Mid-Atlantic Ridge acting as a tectonic barrier (Metcalf et al.,
1964) (Supplementary Fig. S1). According to Jenkins et al. (2015), at
our study site in the eastern tropical Atlantic, bottom waters bathing the
seafloor are composed primarily of ISOW (which forms part of the
NADW) and AABW in approximately equal proportions. ISOW is
therefore expected to exert a strong influence at this location.
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Benthic §'3C and §'80 values measured on C. wuellerstorfi (Fig. 10)
show substantial variability. Most 8'3C values are around 0.8 %o VPDB,
consistent with those reported from settings influenced by NEABW,
typically around ~ 0.8 %o or higher (Kuleshova et al., 2022; Pierre et al.,
1994; Schmittner et al., 2017) (Supplementary Fig. S1). However, this
pattern is interrupted by marked negative excursions reaching ~ 0-0.2
%o VPDB, particularly during the Early Holocene, at 6.8 ka BP, and be-
tween ~ 5 and 3 ka BP (Fig. 10a). A similar situation is seen in the 5'%0
record, where a possible trend toward heavier values is masked by sharp
positive peaks rising from baseline values around 2.8 %o, VPDB up to
3.5-4 %o VPDB (Fig. 10b). These anomalies likely reflect the isotopic
signature of reworked glacial-age specimens and/or enhanced organic
matter input (Mackensen et al., 1993; Zarriess and Mackensen, 2011).
Alternatively, the presence of an overall trend among these outliers
leaves open the possibility that they reflect short-lived changes in deep
water geochemistry. Similar magnitude 5'3C excursions have been re-
ported in other North Atlantic records (e.g., Oppo et al., 2003;
Repschlager et al. 2015).

On the other hand, the planktonic foraminifera fragmentation index
may be related to carbonate saturation and serve as a proxy for water
corrosiveness. A greater proportion of NADW within the NEADW would
reduce the influence of AABW and lower the foraminiferal fragmenta-
tion index, due to the higher carbonate saturation of North Atlantic-
sourced waters compared to those of Antarctic origin (e.g., Liu et al.,
2022, and references therein).

During the Early Holocene, 8'3C values at MUCS5 are relatively lower,
potentially reflecting changes in the composition of northern-sourced
waters and/or a greater influence of AABW. The presence of a
declining trend in sediment records from the Azores (Repschlager et al.,
2015) (Fig. 10d) and south of Iceland (Thornalley et al., 2010) (Fig. 10e)
suggests that, at least partially, this shift may have extended from high
latitudes to subtropical regions influenced by ISOW. Additionally, the
elevated foraminiferal fragmentation index during this period (Fig. 10c)
supports enhanced bottom water corrosiveness, likely related to a
greater presence of carbonate-undersaturated AABW and/or a dimin-
ished ISOW influence. This interpretation is consistent with Thornalley
etal. (2013) (Fig. 10f), who report relatively weak ISOW flow during the
Early Holocene based on a sortable silt stack from multiple North
Atlantic sites. The observed §!3C depletion at MUC5 during the Early
Holocene may thus result from increased AABW influence, a 8'3C-
depleted northern-sourced component, or a combination of both.

During the Middle Holocene, §!3C values generally exhibit higher
levels and 5'20 values tend to be lower relative to the Early Holocene
(Fig. 10a-b). This pattern is consistent with an increased influence of
northern-sourced waters, arguably dominated by ISOW, or with changes
in their geochemical signature. The §!3C enrichment observed at MUC5
during this interval is also evident in the records of Repschlager et al.
(2015) (Fig. 10d) and Thornalley et al. (2010) (Fig. 10e), suggesting that
these changes may have originated in the high-latitude North Atlantic
and subsequently propagated to the subtropical eastern Atlantic. Addi-
tionally, the planktonic foraminifera fragmentation index shows lower
values during the Middle Holocene compared to both the Early and Late
Holocene (Fig. 10c). This pattern may reflect an enhanced contribution
of NADW (particularly its ISOW component) within the NEABW, rela-
tive to AABW. This interpretation is consistent with the sortable silt
stack from Thornalley et al. (2013) (Fig. 10f), which indicates increased
ISOW strength during this period. Overall, the Middle Holocene appears
to reflect a greater contribution of northern-sourced water masses
within the NEADW, in agreement with the higher §!3C values and
improved carbonate preservation inferred from the fragmentation
index.

The earlier part of the Late Holocene is characterized by reduced
513C and heavier 5'%0 values (Fig. 10a-b). From ~ 2.5 ka BP onward,
isotopic values return to levels more typical of NEADW. This variability
is not observed in the §'°C records of Repschléger et al. (2015) and
Thornalley et al. (2010), suggesting that the signal at MUC5 may reflect
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local processes. One possibility is the presence of reworked glacial
specimens; alternatively, it may indicate a transient increase in AABW
influence reaching subtropical latitudes during the lower part of the Late
Holocene, without extending to higher latitudes. More broadly, the Late
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Further sedimentological and benthic geochemical analyses would
help to better constrain Holocene deep-water variability in this region.

5.4. Holocene dynamics of the North Atlantic subtropical gyre (NASTG)

Holocene is also marked by elevated planktonic foraminifera fragmen-
tation index values (Fig. 10c), suggesting increased bottom water
corrosiveness. This pattern may be linked to a stronger contribution of
AABW and/or a reduced presence of northern-sourced waters within the
NEABW. This interpretation is further supported by the sortable silt
stack of Thornalley et al. (2013) (Fig. 10f), which shows a similar trend
to the fragmentation index, and indicates a weakening of ISOW flow
during the Late Holocene.

However, the above interpretations remain tentative and should be
viewed with caution, given the potential overlap of different water mass
signals and preservation effects. Further, the elevated planktonic fora-
miniferal fragmentation observed during the Early and Late Holocene
could also reflect enhanced upwelling in the region (see Section 5.2),
rather than reduced North Atlantic-sourced deep waters influence. The
upwelling could elevate organic carbon levels, which, upon deep remi-
neralization, may have contributed to increased fragmentation. Zarriess
and Mackensen (2010) similarly report strong carbonate dissolution at
site GeoB9526-5 during the Late Holocene, which they attribute to
elevated fluxes of organic matter to the seafloor.

and broader climate linkages

5.4.1. Holocene changes in the NASTG and the delayed appearance of
Globorotalia menardii

Several records across the NASTG reveal considerable spatial and
temporal variability throughout the Holocene (Fig. 11a-j). During the
Early Holocene, core MUC5 shows a clear predominance of species that
thrive in poorly stratified waters, in contrast to those associated with
warm and well-stratified upper ocean layers (this study; Fig. 11a-b), as
well as cooler subSST (Fig. 8j), suggesting reduced influence of the
NASTG and its associated warm subsurface waters (Fig. 2¢). In contrast,
sites off Tobago (core M78/1_235-1; Niirnberg et al., 2020; ReiBig et al.,
2019) and in the southeastern Caribbean (core VM12-107; Schmidt
et al., 2012) exhibit higher subSSTyg/ca values at the base of the Early
Holocene, indicative of warmer subsurface waters that progressively
cooled over this sub-epoch (Fig. 11c-d). Core GA307-Win-12GC (Fischel
et al., 2017; Fig. 11e), located in the western NASTG, shows relatively
low stratification, according to the relatively high proportions of
subsurface-dwelling planktonic foraminifera. At ODP Site 1063, lower
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Fig. 11. Comparison of palaeoceanographic proxies from different sites across the North Atlantic Subtropical Gyre (NASTG) alongside potential forcing mechanisms.
(a) Relative abundance of upwelling and/or poorly stratified water species in MUCS5 (this study). (b) Relative abundance of warm-water planktonic taxa in MUC5, as
classified by Brummer and Kucera (2022) (this study). Note that the first common occurrence (FCO) of G. menardii does not take place until warm-water taxa become
dominant. Horizontal bars in b and ¢ = 2c error. (c) SubSSTyg,c, derived from Globorotalia crassaformis in core VM12-107 (Schmidt et al., 2012). (d) SubSSTyg/ca
derived from G. truncatulinoides in core M78/1_235-1 (Niirnberg et al., 2020; ReiBig et al., 2019). (e) Relative abundance of subsurface planktonic foraminifera at
Ga307-Win-12GC (Fischel et al., 2017). (f) Relative abundance of G. truncatulinoides (sinistral) at ODP Site 1063 (Billups et al., 2016, 2020). (g) subSSTyg,/ca derived
from G. truncatulinoides in core GEOFAR KF16 (Repschlédger et al., 2017). (h) Relative abundance of G. ruber albus in GEOFAR KF16 (Repschlager et al., 2017). (i)
Relative abundance of species indicative of poorly stratified waters (N. incompta, G. inflata and G. bulloides) and (j) of G. ruber albus in MD95-2042 (Rossignol, 2022).
(k) Fe abundance in ODP Site 165-1002 (Haug et al., 2001a, 2001b), used as a proxy for the meridional latitudinal migration of the ITCZ. (1) Summer insolation at
10°N (Laskar et al., 2004). (m) Relative sea level (de Boer et al., 2014).
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relative abundances of G. truncatulinoides sinistral suggest a shallower
thermocline (Billups et al., 2016, 2020; Fig. 11f). In the eastern sub-
tropical Atlantic, both subSSTyg/ca values and the abundance of the gyre
indicator G. ruber albus are low at GEOFAR KF16 (Repschlager et al.,
2017; Fig. 11g-h), following patterns that closely resemble those of
MUCS in both magnitude and trend (Fig. 8f; Fig. 8j). Similarly, core
MD95-2042 (Rossignol, 2022) shows increased abundances of species
associated with poorly stratified waters and low proportions of G. ruber
albus (Fig. 11i-j). Altogether, these records suggest that during the Early
Holocene, the hydrographic configuration of the NASTG differed from
today, with subsurface warming in the southeastern Caribbean and
Tobago Basin, reduced stratification in the western and central sectors,
and cooler, less stratified subsurface waters in the east.

The Middle Holocene is characterized by relatively warm and stable
oceanic conditions, primarily driven by orbitally induced increases in
Northern Hemisphere summer insolation (e.g., Kaufman, 2004; Kauf-
man et al., 2020). Despite these generally warm and stable conditions,
the delayed proliferation of G. menardii in the Atlantic remains a notable
and unresolved feature of this subepoch. This warm-water species was
absent or extremely rare during glacial periods, reappearing during in-
terglacials (Ericson and Wollin, 1968). Nevertheless, it becomes a sig-
nificant component of Atlantic Holocene planktonic foraminifera
assemblages around 7.5 ka BP (Broecker and Pena, 2014), indicating a
notable delay following the end of the last glacial period. At MUCS5,
G. menardii reaches substantial abundances only between 7.4 and 7.1 ka
BP (Figs. 8d, 11b), in agreement with this timing. Several hypotheses
have been proposed to explain this delayed reappearance. One suggests
are-seeding from the Indian Ocean, potentially facilitated by intensified
Agulhas leakage (Berger and Vincent, 1986; Berger and Wefer, 1996).
Another line of reasoning attributes the delay to unsuitable hydro-
graphic conditions in the Atlantic itself (Broecker and Pena, 2014;
Sexton and Norris, 2011). As a symbiont-bearing species restricted to a
narrow depth range within the thermocline (Steph et al., 2009),
G. menardii is particularly sensitive to changes in upper ocean structure
(Besiou et al., 2023). During the Early Holocene, our study site was
characterized by weak surface stratification and a shallow thermocline,
consistent with patterns observed elsewhere across the NASTG, as pre-
viously discussed. Therefore, we favour the interpretation that
G. menardii was unable to establish viable populations in the North
Atlantic due to oceanographic conditions that were not conducive to its
persistence. Notably, although G. menardii reaches some of its highest
abundances today in the eastern subtropical Atlantic (e.g., Caley et al.,
2012), it was nearly absent there during the Early Holocene, when
upper-layer stratification differed considerably from modern conditions,
and its abundance began to increase gradually during the Middle Ho-
locene as oceanographic conditions became more favourable. In
contrast, occurrences of G. menardii as early as 11 ka BP have been
documented in the Caribbean (Hiils and Zahn, 2000), suggesting that
warm subsurface conditions in the southwestern gyre may have pro-
vided suitable habitats earlier than in the east.

In the Late Holocene, subSST values decrease at MUC5 (Fig. 8j) and
GEOFAR KF16 (Fig. 11g), suggesting a reduced influence of the NASTG
and its associated warm waters in the temperate eastern part of the
central and southern sectors of the gyre (Fig. 2c). Additionally, the
decline in G. ruber albus abundance at MUC5 (Fig. 8f), GEOFAR KF16
(Fig. 11h), and MD95-2042 (Fig. 11j) further supports this
interpretation.

5.4.2. Drivers of Holocene oceanographic variability in the subtropical
Northeast Atlantic

During the Early Holocene, SSTs in the subtropical Northeast
Atlantic were relatively low (Fig. 9a-b), and well-stratified summer
surface waters were poorly developed, as indicated by the high relative
abundance of planktonic foraminifera associated with weakly stratified
conditions (Fig. 11a). The Fe/K ratio (Fig. 7a) reflects humidity varia-
tions in a pattern similar to the reconstructed latitudinal shifts of the
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ITCZ from the Cariaco Basin (Haug et al., 2001a, 2001b; Fig. 11k) in
ODP site 165-1002 (Fig. 1a). Both records indicate arid conditions
during the Preboreal (until ~ 10 ka BP), followed by a relatively rapid
increase in humidity. Rainfall reconstructions from Tierney et al. (2017)
(Fig. 7e) indicate relatively high precipitation during the Early Holo-
cene, particularly between ~ 11 and 9 ka BP. The coexistence of rela-
tively cool SSTs and high precipitation departs from the modern
seasonal pattern, where increased rainfall is linked to a northward-
shifted ITCZ, an intensified West African Monsoon, reduced upwelling
and warmer SSTs. In contrast, our data suggest strong upwelling and/or
enhanced Guinea Dome activity occurring simultaneously with elevated
rainfall during at least some intervals of the Early Holocene. This sub-
epoch coincides with a precession minimum and peak summer insola-
tion at 10°N (Fig. 111) and therefore, the intensified boreal summer
insolation appears to have been the primary driver of this climatic
configuration. The differing seasonal insolation patterns in both hemi-
spheres likely influenced atmospheric dynamics and contributed to
changes in ice volume and relative sea level, which approached near-
modern values only around the transition between the Early and Mid-
dle Holocene (Fig. 11m). These changes likely triggered large-scale
shifts in ocean-atmosphere circulation, resulting in a distinct climatic
configuration. One possible scenario is a La Nina-like background state
during the Early Holocene. Proxy records indicate warm SSTs in the Gulf
of Guinea (Weldeab et al., 2007), while our site shows cooler SSTs and
strong upwelling in the subtropical Atlantic, along with increased
rainfall in Northwest Africa. These three patterns are consistent with
modern La Nina-like conditions (Rowell, 2001; Yamoula et al., 2025).
This view of the Early Holocene climate as a La Nina-like state is further
supported by model simulations (Liu et al., 2003) and proxy records
indicating a very low number of El Nino events compared to the rest of
the Holocene (Moy et al., 2002).

During the Middle Holocene, warm SSTs and well-stratified surface
waters during summer gradually intensified in the northeastern sub-
tropical Atlantic. Humidity proxies (Fe/K; Fig. 7a) suggest sustained
high moisture levels until ~ 5.5 ka BP, consistent with rainfall re-
constructions from Tierney et al. (2017) (Fig. 7e) and a persistently
northward-displaced ITCZ (Haug et al., 2001a, 2001b; Fig. 11k). This
configuration resembles the modern seasonal analogue, in which weaker
easterly winds and a northward-shifted ITCZ reduce upwelling intensity
and allow southwesterly trade winds to penetrate farther into Northwest
Africa, enhancing rainfall and vegetation expansion characteristic of the
AHPs (e.g., Bradtmiller et al., 2016). These conditions were likely driven
by astronomically forced insolation (Fig. 111), together with the stabi-
lization of relative sea level (Fig. 11m), and support the broader view of
a progressive reorganization of the North Atlantic system toward a
modern-like configuration during the Early-Middle Holocene transition
(e.g., Hillaire-Marcel et al., 2001; Thornalley et al., 2010). Furthermore,
a rising number of El Nino events (Moy et al., 2002) marks a shift toward
a climate system more similar to modern conditions.

In the deep ocean at the site, a possibly increase in NEADW relative
to AABW appears to coincide with enhanced ISOW strength during the
Middle Holocene (Thornalley et al., 2013) (c.f. Section 5.3), along with
periods of increased rainfall recorded off Cape Blanc (Fig. 7e; Tierney
et al,, 2017). While our interpretation remains tentative, previous
studies have proposed that ISOW variability may be linked to different
Atlantic climate modes (Lohmann et al., 2015; Mjell et al., 2016) and
correlated with shifts in Saharan dust production (Cruz et al. 2021),
which is consistent with the observed coupling between changes in deep
water composition and regional climate at our study site.

During the Late Holocene, seasonally well-stratified surface waters
became established at levels comparable to those of today, with high and
stable proportions of warm-water dwellers (Fig. 11b) and relatively cool
SSTs (Fig. 9a-b). Increased aridity, as indicated by Fe/K ratios (Fig. 7a),
coincides with a southward-displaced ITCZ (Fig. 11k) and reduced
monsoon activity (Fig. 7e), consistent with the modern seasonal
analogue. In this configuration, strong trade winds and a southward-
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shifted ITCZ would enhance upwelling, cooling SSTs, and limiting
moisture availability, further contributing to drier conditions (Weldeab
et al., 2005). Precessional forcing (Fig. 111) likely continued to play a
key role in shaping seasonal variability, inducing the southward
migration of the ITCZ in this area and shaping regional oceanographic
conditions.

The regional oceanographic dynamics of the subtropical Northeast
Atlantic demonstrate marked variability, even during the relatively
stable climate of the Holocene. Changes in upwelling intensity and in the
characteristics of the NASTG can alter nutrient supply and the vertical
structure of the water column, ultimately impacting the composition of
marine communities. These findings underscore the importance of un-
derstanding the drivers of variability in this dynamic upwelling
ecosystem, which is part of a highly complex climate-ocean-continent
system sensitive to both global and regional forcings.

6. Conclusions

1. Profiles of chemical compositions produced by XRF scans of MUCS5,
planktonic foraminifera accumulation rates, and sediment de-
scriptions, identify major Holocene climate phases, including a dry
Preboreal, the African Humid Period starting at ~ 10 ka BP, and the
onset of aridity at ~ 5.5 ka BP, with fully dry conditions likely
established by ~ 4 ka BP. The inverse relationship between Fe/K
ratios and both Ca/Ti ratios and planktonic foraminifera accumula-
tion rates suggest that humid periods were linked to reduced
biogenic carbonate production in the area

2. Microfossil assemblages and isotopic data from core MUCS5 indicate
that the Early Holocene was characterized by a water column lacking
modern-like seasonal stratification in the region, likely due to year-
round upwelling (as opposed to the present-day seasonal pattern)
or a more dominant Guinea Dome. The Middle Holocene reflects a
transitional phase, based on faunal assemblages transitional between
those of the Early and Late Holocene, which indicate emerging sea-
sonality in water column stratification. This interval also shows ev-
idence of reduced upwelling and greater presence of warm
subsurface waters associated with the NASTG. The Late Holocene is
characterized by cooler SST and subSSTs conditions, but shows a
dominance of species indicative of strong summer stratification,
consistent with the establishment of a seasonal upwelling regime
similar to the modern system in the region. These shifts in seasonal
stratification throughout the Holocene were likely paced by the
broader climatic background set by changes in precession

3. During the Early Holocene, the hydrographic configuration of the
NASTG differed from today, with subsurface warming in its south-
western sector, reduced stratification in the western and central
parts, and cooler, less stratified subsurface waters in the east. These
patterns suggest that, during this interval, warm subsurface waters
typically associated with the NASTG were more prevalent in the
western than in the eastern portion of its southern sector, relative to
later periods. A subsequent increase in the influence of these sub-
surface waters is inferred for the eastern sector during the Middle
Holocene, followed by a reduction in this influence during the Late
Holocene

4. Benthic proxies suggest that the composition of the NEABW
(resulting from a mixture of AABW and northern-sourced waters,
arguably primarily ISOW at this latitude) varied throughout the
Holocene, although interpretations remain tentative. During the
Early Holocene, depleted §'3C values may reflect a reduced contri-
bution of northern-sourced waters relative to AABW. This interpre-
tation is supported by increased planktonic foraminiferal
fragmentation, indicating more corrosive bottom waters. Alterna-
tively, the northern-sourced component itself may have been isoto-
pically lighter at that time. In the Middle Holocene, higher §'3C
values suggest either a greater influence of northern-sourced waters,
consistent with lower fragmentation, or a progressive 5'°C
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enrichment within that component. In the Late Holocene, increased
fragmentation again points to more corrosive conditions, potentially
reflecting a decreased contribution of northern-sourced waters to the
NEABW

5. Our results suggest that, throughout the Middle and Late Holocene,
arid phases in Northwest Africa were associated with enhanced up-
welling, while humid phases tended to coincide with reduced up-
welling and increased influence of the NASTG. This relationship may
reflect shifts in the latitudinal position of the ITCZ, with its north-
ward position favouring warmer, more stratified conditions and
intensified monsoon activity, and its southward displacement linked
to stronger northeasterly trade winds, enhanced upwelling, and
cooler SSTs. However, this pattern does not hold during the Early
Holocene, when continental humidity coexisted with low SSTs, likely
due to intensified upwelling. These discrepancies suggest that larger-
scale mechanisms may have been at play. In particular, our results
are consistent with a La Nina-like state during the Early Holocene.
High-latitude teleconnections, possibly associated with broader
climate reorganizations, and internal land-surface feedbacks may
have contributed to the onset and maintenance of the AHP during
this subepoch

6. Altogether, our findings underscore the complexity of ocean-atmo-
sphere-continent interactions and highlight the value of integrating
past variability to better understand future changes in the subtropi-
cal Northeast Atlantic. Even under the relatively stable climatic
conditions of the Holocene, this region experienced significant shifts
in oceanographic and planktonic foraminiferal community structure.
This is particularly relevant given the presence of an upwelling sys-
tem that sustains key marine ecosystems and the human commu-
nities that depend on them
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