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ARTICLE INFO ABSTRACT

Handling editor: A. Voelker This study presents a comprehensive analysis of a sediment record from the Western Alboran Basin (core

GP04PC), utilizing palynological and geochemical tools to investigate marine productivity responses to orbital

Keywords: and suborbital climate variability over the past 13,000 years. High productivity during the Younger Dryas humid
Pﬁle‘)pmd“ti"ity phase (~12.4-11.7 ka) and the Holocene humidity optimum (~10.5-8.5 ka) was driven by increased local river
3:;?:5;21?: sea discharges resulting from rapid mountain glaciers melting and enhanced regional precipitation. During the late
Barite Holocene, frequent flood events linked to negative North Atlantic Oscillation (NAO) incursions potentially led to

multicentennial-scale productivity increases. The findings indicate that periods characterized by wet regional
conditions and increased river run-off, influenced by orbital (e.g., insolation cycles) and suborbital factors (e.g.,
NAO and Atlantic Meridional Overturning Circulation changes), consistently enhanced marine productivity in
the Western Alboran Basin. The study also reveals that the current high productivity and carbon export in the
Western Alboran Basin are maintained by active upwelling and downwelling systems driven by a persistent
positive NAO phase following the southward migration of the Intertropical Convergence Zone (ITCZ) that
occurred around 6.5 ka. Furthermore, geochemical proxies support a strong detrital influence on trace metal
concentrations, including barium (Ba), in deep Western Alboran sediments during the Holocene. This limits the
use of Ba/Al ratios for accurately reconstructing productivity changes and highlights the importance of dinocyst
analysis as a complementary tool for robust marine productivity reconstructions in this region. These observa-
tions provide valuable paleoperspectives on marine ecosystem responses to climate variability, contributing to
the development of robust long-term productivity models essential for adapting to ongoing environmental
changes in the region, and demonstrating the strong influence of North Atlantic climate and ocean dynamics on
centennial-scale productivity oscillations in this region.

Marine geochemistry

1. Introduction Gruber et al., 2021). Analyses of primary production derived from sat-

ellite data over the past two decades, presented in the Intergovern-

Climate change and anthropogenic activities bear an impact on
oceanographic processes such as vertical mixing and thermohaline cir-
culation, and intensify ocean stressors that include acidification,
warming, and deoxygenation (Schmidtko et al., 2017; Breitburg et al.,
2018). These changes alter the biogeochemical cycles of macronutrients
and oligoelements (e.g., C, N, P, Si, and trace metals), subsequently
impacting nutrient availability and marine productivity (Gruber, 2011;
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mental Panel on Climate Change (IPCC) report, revealed a decrease in
marine productivity (up to —3.0 %) at low and mid latitudes (IPCC,
2023). Biogeochemical models also outlined in this report support a
global decline in primary production of 2.1 % per decade attributed to
the shoaling of the mixed layer and decreasing nitrate concentrations,
based on data obtained from 1998 to 2015. These potential changes in
marine productivity pose a global-scale threat to marine ecosystems and
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seafood supplies (Polovina et al., 2008; Lozier et al., 2011; Capotondi
et al., 2012; Mena et al., 2019).

Robust long-term projections (spanning decades to centuries) of
productivity responses to current climate change are therefore essential.
However, fully understanding the potential feedback mechanisms and
climatic factors that influence these long-term variations in marine
productivity remains a complex task, requiring oceanographic data from
timescales exceeding those provided by instrumental records. In this
context, marine paleoarchives have proven to be indispensable tools; it
has been demonstrated that marine responses to past climate changes, as
obtained through paleoceanographic reconstructions, can be effectively
incorporated into future projections (Kiessling et al., 2023). This inte-
gration helps to more accurately constrain the centennial-scale pro-
ductivity changes that may occur in various marine settings due to
ongoing climate change (Oschlies et al., 2018; Mancini et al., 2023a,
2023b).

Among various global regions, the Mediterranean Sea is notably
affected by climate change due to its unique features: its semi-enclosed
nature, location, relatively short water-mass residence time, and intri-
cate seafloor morphology (Lionello et al., 2006; Lionello and Scarascia,
2018; Malanotte-Rizzoli et al., 2014). Within the Mediterranean Sea, the
Alboran Sea —located in the westernmost Mediterranean region— is
currently one of the most productive (marine primary productivity)
(Moran and Estrada, 2001; Barcena et al., 2004; Macias et al., 2015;
Yebra et al., 2018; Mena et al., 2019). However, biogeochemical models
predict that reduced vertical mixing in the western Mediterranean Basin,
driven by lower surface water density (i.e., salinity), will lead to
increased oligotrophy due to a diminished nutrient supply from deeper
waters (Macias et al., 2015). In this regard, integrating contemporary
observations with paleoperspectives is crucial for accurately constrain-
ing the long-term changes in primary productivity in the region.

The high sedimentation rates in the Alboran Sea provide an excep-
tional high-resolution archive of past climatic and oceanographic
changes in the westernmost Mediterranean region (Rodrigo-Gamiz
et al, 2014a, 2014b, 2015; Pérez-Asensio et al., 2020;
Morcillo-Montalba et al., 2021). Consequently, marine sediment records
from this region have enabled high-resolution productivity re-
constructions through various climatic events over the last millennia
(Ausin et al., 2015a, 2015b; Penaud et al., 2016). Additionally, the
westernmost Mediterranean region is strongly influenced by recent
short-term variations (spanning from centuries to decades) in the at-
mospheric patterns of the North Atlantic (Fletcher et al., 2013; Fletcher
and Zielhofer, 2013). Therefore, the deep sediment record of the
Alboran Sea not only facilitates the reconstruction of productivity
changes at a high temporal resolution in the westernmost Mediterra-
nean, but also serves as a witness to atmospheric and ocean circulation
patterns in the North Atlantic region, which significantly influence
global circulation and climate (Cacho et al., 2000; Rogerson et al., 2012;
Bartolomé et al., 2015).

To gain key paleoperspectives on the environmental triggers of
productivity changes and on the long-term productivity responses to
climate variability in the westernmost Mediterranean, as well as insights
into past changes in North Atlantic atmospheric and ocean circulation
patterns, this study presents a multiproxy reconstruction of oceano-
graphic and environmental conditions in the westernmost Mediterra-
nean region over the last 13,000 years. This period encompasses the
Younger Dryas (YD: 13-11.7 ka) and the three Holocene intervals: early
Holocene (11.7-8.2 ka), middle Holocene (8.2-4.2 ka), and late Holo-
cene (4.2 ka — present), as defined by Walker et al. (2012). We focused
on reconstructing changes in primary productivity and nutrient avail-
ability at multicentennial resolution. This was achieved using a combi-
nation of palynological and geochemical tools (section 3), applied to a
sediment record recovered from the Western Alboran Basin at a water
depth of 1306.5 m, previously dated by Morcillo-Montalba et al. (2021).
The information derived from the palynological and geochemical results
of the present study is integrated with data from other marine sediment
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and terrestrial Holocene records from the southern Iberian Peninsula,
obtained in previous studies (section 6). This integration allows for a
discussion of the core data to support regional-scale interpretations and
assess potential land-sea influences on primary productivity dynamics.

2. Oceanographic and climatic setting

The analyzed sediment record (GP04PC) is from the Western Alboran
Basin, which undergoes pronounced seasonal productivity increases and
represents one of the most productive areas in the Mediterranean
(D’Ortenzio and Ribera d’Alcala, 2009; Siokou-Frangou et al., 2010;
Christaki et al., 2011; Basterretxea et al., 2018). The climate of the
Alboran Sea region —located between southern Iberia and North Africa
in the westernmost part of the Mediterranean Sea (see Fig. 1)—is
influenced by the interaction of African subtropical, North Atlantic, and
Mediterranean climate systems (Rod¢ et al., 1997; Diinkeloh and Jaco-
beit, 2003). The current regional climate is characterized by hot and arid
summers and comparatively wetter winters, controlled by an atmo-
spheric high-pressure situated in the North Atlantic Ocean, above the
Azores archipelago (Sumner et al., 2001). The Alboran Sea experiences
an annual mean sea surface temperature (SST) of 19.5 + 0.3 °C, with a
strong seasonal contrast, ranging from 15 °C in February to 25 °C in
August (Macias et al., 2016). Furthermore, it receives intermittent
torrential riverine discharges from Morocco and Spain, as well as eolian
dust inputs from the African margin, particularly the Sahara Desert,
resulting in deep-sea sediments enriched in the lithogenic fraction
(around 70 %) (Liquete et al., 2005; Palanques et al., 2005; Ztuniga et al.,
2008).

The modern oceanographic setting of the Alboran Sea features three
distinct water-masses with varying physiochemical parameters, i.e.
temperature, salinity, and density. The upper part of the Alboran Sea
water-column is occupied by the Modified Atlantic Water (MAW) be-
tween 0 and 200 m below sea level (mbsl), which flows eastward from
the Gibraltar Strait and exhibits low salinity and density (Millot, 1999,
2009; Millot and Taupier-Letage, 2005). The MAW leads to the forma-
tion of two anticyclonic gyres: the quasi-permanent Western Alboran
Gyre (WAG) and the seasonal (unstable) Eastern Alboran Gyre (EAG)
(Millot, 1999; Fabres et al., 2002). Upwelling systems, characterized by
cold waters and high productivity, occur at the northern edge of WAG
due to the offshore pushing of MAW by north-westerlies and WAG
currents (Tintoré et al., 1988; Sarhan et al., 2000; Sanchez-Vidal et al.,
2005). An intense front, known as the Malaga Front, often develops at
the northern edge of the WAG, where MAW meets upwelled Mediter-
ranean water (Sarhan et al., 2000). The intensity of the WAG varies
throughout the year, with weaker intensity in winter compared to
summer and early autumn, possibly due to interannual variability in SST
(Garcia-Lafuente et al., 2017). WAG surface currents transport the
upwelled nutrients —and associated biologically-mediated carbon—
from the Iberian margin to the center of the Western Alboran Basin,
where the vertical flux related to the WAG downwelling favors its export
to the deep ocean (Fabres et al., 2002; Yebra et al., 2018).

Found underlying the MAW, at intermediate depths (between 200
and 600 mbsl) in the Alboran Sea, is the Levantine Intermediate Water
(LIW) produced in the Levantine Basin (Eastern Mediterranean) and
characterized by high salinity. The deeper water-column part, below the
LIW (i.e., below 600 mbsl), is occupied by the Western Mediterranean
Deep Water (WMDW), which is formed in the Gulf of Lion due to
evaporation and cooling of the sea surface mostly during cold and windy
winters (Fig. 1) (Millot, 1999). Deep-water formation in the Gulf of Lion
is influenced by variability in wind stress and the discharge of fluvial
water on the shelf, which preconditions buoyancy (Frigola et al., 2007;
Cisneros et al., 2019). At the end of the general Mediterranean cyclonic
pattern, the dense LIW and WMDW leave the Mediterranean Basin as
mixture through the Strait of Gibraltar, forming the Mediterranean
Outflow Water (MOW). This outflow is primarily driven by the Bernoulli
aspiration effect caused by the narrowing and shallowing of the
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Fig. 1. Oceanographic setting. Fig. 1a. Bathymetric map of Alboran Sea. Black lines represent the bathymetric transects of Fig. 1b (N-S) and 1c¢ (W-E). The location of
core GPO4PC (Lat. 35.7871° N, Long. 4.5343° W; water depth 1306.5 mbsl) is indicated by a red star. The location of diverse marine and continental from previous
studies used for comparison in this study are indicated by numbered black circles on the maps: (1) HER-GC-T1 (659 mbsl; Ausin et al., 2015b); (2) TTR17-434G (1108
mbsl; Mesa-Ferndandez et al., 2022); (3) ODP 976 (1108 mbsl; Combourieu-Nebout et al., 1999, 2009; Dormoy et al., 2009); (4) CEUTA10PC08 (914 mbsl; Ausin
etal., 2015a); (5) GeoB18131-1 (457 mbsl; Wang et al., 2019); (6) MD95-2043 (1841 mbsl; Cacho et al., 2000, 2002; Fletcher et al., 2010, 2013; Penaud et al., 2011,
2016); (7) TTR12-293G (1840 mbsl; Rodrigo-Gamiz et al., 2011); (8) PADUL-15-05 (Padul wetland, Grant et al., 2016); (9) LB-15-01 (La Ballestera lake, Sevilla;
Garcia-Alix et al., 2022); (10) MD95-2042 (3146 mbsl; Penaud et al., 2011; Chabaud et al., 2014); (11) Shackleton Site U1385 (2578 mbsl; Datema et al., 2017) and
SHKO06-5K (2646 mbsl; Ausin et al., 2020); (12) MD04-2805CQ (859 mbsl; Penaud et al., 2010); (13) MD99-2339 (1170 mbsl; Penaud et al., 2016); (14) MD99-2343
(2391 mbsl; Frigola et al., 2007); (15) ODP Site 975 (2415 mbsl; Jiménez-Espejo et al., 2008); (16) stalagmite record (Seso Cave; Bartolomé et al., 2015). Fig. 1b.
North to South (N-S) bathymetric transect of Western Alboran Basin. Fig. 1c. West to East (W-E) bathymetric transect of Western and Eastern Alboran basins. The
different water-masses are illustrated with different colors. WAG: Western Alboran Gyre, EAG: Eastern Alboran Gyre, MAW: Modified Atlantic Water, AJ: Atlantic Jet,

LIW: Levantine Intermediate Water and WMDW: Western Mediterranean Deep Water). The directions of the currents are indicated with arrows.

Gibraltar Strait (Millot, 1999). The MOW plays a crucial role in the
broader oceanographic dynamics, including the distribution of salinity
and temperature anomalies in the North Atlantic (Garcia-Lafuente et al.,
2021).

Previous studies by Cacho et al. (2000) and Rogerson et al. (2012)
highlighted how deep marine sediments in the westernmost Mediter-
ranean capture detailed oceanographic and climatic variability on
millennial-scales, mainly controlled by insolation changes driven by
orbital forcing, such as the precession cycle. This region also experiences
centennial-scale changes primarily influenced by atmospheric and
oceanographic variations in the North Atlantic, including changes in the
Atlantic Meridional Overturning Circulation (AMOC), fluctuations in the
latitudinal shifts/contractions of the Intertropical Convergence Zone
(ITCZ), and changes in the North Atlantic Oscillation (NAO) patterns
(Lopez-Moreno et al., 2011; Frigola et al., 2008; Rodrigo-Gamiz et al.,
2011; Fletcher et al., 2013; Bartolomé et al., 2015; Di Rita et al., 2018;
Toney et al., 2020; Garcia-Alix et al., 2021). The NAO is a decadal-scale
atmospheric pattern driven by fluctuations in sea-level pressure between
the Icelandic low and the Azores high-pressure centers; it exerts signif-
icant control on the present-day climate variability in the region
(Hurrell, 1995; Rod¢ et al., 1997; Trigo et al., 2002). A positive NAO
phase, characterized by a major pressure difference, results in stronger

north-westerlies and dry, cold winters in southern Europe, the Medi-
terranean, and northern Africa. Conversely, a negative NAO phase,
marked by a lower pressure difference, leads to weaker north-westerly
winds and increased precipitation in these regions (Wanner et al.,
2001; Ilvonen et al., 2022; Benito et al., 2023).

3. Paleoceanographic and paleoenvironmental proxies

This study integrates various palynological and geochemical tools to
comprehensively understand oceanographic and environmental condi-
tions over the last 13,000 years in the Western Alboran Basin. It
particularly focuses on reconstructing productivity responses to rapid
climate variability and assessing potential links between changes in
North Atlantic atmospheric patterns and the climatic and oceanographic
conditions in the westernmost Mediterranean region. These proxies
provide insights into environmental factors influencing marine pro-
ductivity, such as nutrient availability, redox conditions, temperature
variations, water-column structure, current dynamics, and changes in
fluvial and aeolian input, while mitigating potential biases associated
with each proxy.
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3.1. Marine palynology: Dinocyst analysis for paleoproductivity

Dinoflagellates are (predominantly) marine single-cell protists and
an important component of the eukaryotic plankton community. During
their life cycle they may produce organic-walled hypnozygotic cysts,
called dinocysts (Taylor, 1987). Dinoflagellate communities are very
responsive to changes in nutrient availability in surface waters (Taylor
et al., 2008), hence changes in dinocyst abundance and assemblages in
marine sediment records have been used to reconstruct changes in pri-
mary productivity (Combourieu-Nebout et al., 1999; Radi and de
Vernal, 2008; Penaud et al., 2010, 2011, 2016; Hardy et al., 2018). In
marine sediment records, dinocyst analysis has become a key tool in
paleoenvironmental studies for understanding eukaryotic productivity
responses to oceanographic changes (e.g., nutrient availability, SST,
surface current patterns, upwelling systems and water-mass mixing)
linked to past climate variability (Sluijs et al., 2006; de Vernal and
Marret, 2007; Sangiorgi et al., 2021).

Dinocysts can be classified mainly into two groups according to their
feeding strategies: Peridinioid cysts (P-cysts) and Gonyaulacoid cysts (G-
cysts) (Versteegh, 1994). P-cysts are almost exclusively formed by het-
erotrophic dinoflagellates that thrive on phytoplankton like diatoms and
organic matter (OM) (Jacobson and Anderson, 1986). They usually
dominate areas with high annual productivity associated with high
nutrient availability (Sangiorgi and Donders, 2004; de Vernal and
Marret, 2007; Pospelova et al., 2008; Zonneveld et al., 2013). G-cysts
consist exclusively of autotrophic or mixotrophic dinoflagellates (Powell
et al, 1992; Sangiorgi et al., 2006). Increased stratification and
enhanced nutrient loads from rivers favor autotrophic dinoflagellates
(G-cysts) relative to other non-flagellated groups such as diatoms.
Dinocyst assemblages dominated by P-cysts (heterotroph dominance)
have been previously identified as the primary cyst signal for upwelling
(Dale et al., 2002; Dale, 2009; Bringué et al., 2014). However, it is
important to note that P-cysts are more prone to degradation and
oxidation in the water column and within the sediments than G-cysts (e.
g., Versteegh and Zonneveld, 2002; Zonneveld et al., 2007).

Accumulation rates of total dinocysts, P-cysts, and G-cysts are
expressed as the number of cysts per cm? of sediment per year (n cysts/
em? x yr) (Table 1). Dinocyst accumulation rates were obtained using
the mass accumulation rate data for core GP04PC from
Morcillo-Montalba et al. (2021) and vertically plotted. Additionally, the
accumulation rate of specific G-cyst and P-cysts species were individu-
ally plotted, as well as the relative percentages of each group and species
to gather further paleoceanographic and environmental information
according to their present hydrogeographic distribution and environ-
mental affinities (Zonneveld et al., 2009). These species include Brig-
antedinium spp., Selenopemphix spp., Trinovantedinium applanatum,
Nematosphaeropsis labyrinthus, Operculodinium centrocarpum, Lingulodi-
nium machaerophorum, Spiniferites spp. and Impagidinium spp. It has been
demonstrated that these species are abundant in Alboran Sea sediments
and mark important paleoceanographic changes in the westernmost
Mediterranean (Penaud et al., 2011, 2016).

Brigantedinium spp. cysts are generally the most abundant in high
productivity, high nutrient environments (Dale and Fjellsa, 1994; Zon-
neveld et al., 2001, 2013; de Vernal and Marret, 2007). This heightened
cyst production, as a response to increased nutrient availability, can be
tied to factors such as upwelling, frontal activity, or the input of river
and/or meltwaters (Montresor et al.,, 1998; de Vernal and
Hillaire-Marcel, 2000; Zonneveld and Brummer, 2000; Fujii and Mat-
suoka, 2006; Pospelova et al., 2010). It is important to take into account
the fact that high occurrences of Brigantedinium spp. can also be linked to
better preservation under hypoxic or anoxic bottom conditions
(Combourieu-Nebout et al., 1998; Zonneveld et al., 2001; Penaud et al.,
2010, 2011). Selenopemphix spp. and T. applanatum cysts are abundant in
sediments deposited in mesotrophic/eutrophic coastal environments
(Marret and Zonneveld, 2003).

High L. machaerophorum cyst concentrations are observed in

Table 1
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Proxies used for the paleoceanographic reconstruction and interpretation

synthesis.

Marine productivity

Dinocyst accumulation rate (n
cysts/cm? yr)

Heterotrophic dinoscyst
accumulation rate (n cys'(s/cm2
yo)

Autotrophic dinoscyst
accumulation rate (n cysts/cm2
yr)

Corg %

13
8 °Cearb

Ba/Al

High when marine productivity is high.

High when prey availability (e.g., diatoms and
OM) and marine productivity is high.

High when marine productivity is high.

High when marine export productivity is high
and during enhanced OM preservation.
Susceptible to postdepostional oxidation.
High when surface water productivity is high.
Also influenced by vertical mixing and OM
source.

Reflects pelagic barite content. High when
marine export productivity is high. Signal can
be masked by high detrital input.

Redox conditions

Mo/Al

U/Al

V/Al

Others Al-normalized RSTMs (Cu,

Co, Zn, Ni, Cr and Pb)

Mn/Al

High during porewater euxinia. It can be
enriched during under suboxic conditions in
association with Mn-oxyhydroxides during
reventilation.

High during porewater anoxia. Can suffer
postdepositional remobilization. Tends to
associate with OM under anoxic conditions.
High during porewater anoxia/euxinia. Tends
to associate with OM under anoxic conditions or
iron sulfides during euxinia.

Tend to associate with Fe-sulfides during
euxinic porewater or with Mn-oxyhydroxides
during suboxic bottom-waters.

High during suboxic bottom-water. Mn peaks
tend to develop at the top of organic-rich
sediments during rapid bottom-water
reventilation. Also, at the current oxidation
front as Mn-oxyhydroxides.

Bottom-current intensity

Ti/Ca

High when bottom-current intensity is high.

Detritic input

Rb/Al and Mg/Al
Zr/Al and Ti/Al

Mg/Ti

High when fluvial input is high. Higher during
wet regional conditions.

High when aeolian input is high. Higher during
arid regional conditions.

Synthesizes the relative proportion of aeolian
input versus fluvial input, which depends on
regional climate conditions. Higher values
indicate more humid conditions, while lower
values suggest more arid conditions.

Organic matter source

Corg/Niotal VS. 613C0rg cross-plot

Indicates main source of OM (marine vs
terrestrial).

sediments below (seasonal) upwelling cells (Sangiorgi and Donders,
2004; Zonneveld et al., 2013), in seasonally stratified sectors affected by
river plumes as occurred during sapropel deposition in Eastern Medi-
terranean (van Helmond et al., 2015; Zwiep et al., 2018), and in
nutrient-rich brackish environments such as the Black Sea (Marret and
Zonneveld, 2003). O. centrocarpum is considered one of the most
cosmopolitan species. However, in Alboran and Atlantic Iberian Margin
sediments, the increases in O. centrocarpum cysts are considered poten-
tial signs of the influence of river plumes and of increased Atlantic
surface water inflow into the Gulf of Cadiz (Penaud et al., 2016).
N. labyrinthus is a cosmopolitan species that may be present in high
relative abundances in sediments deposited in cool/eutrophic marine
environments and in ocean frontal systems (Marret and Zonneveld,
2003). Regarding certain Impagidinium species (i.e., I aculeatum and
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L sphaericum), Penaud et al. (2010, 2016) suggest that they are enriched
in westernmost Mediterranean and North Atlantic sediments during
periods characterized by warmer surface waters (i.e., Bolling-Allergd
and Holocene).

Spiniferites spp. is a group that encompasses species with different
ecological affinities and geographical distributions, ranging from
temperate to equatorial coastal regions (Zonneveld et al., 2013; Penaud
et al.,, 2010, 2011, 2016; Datema et al., 2017). Consequently, the
accumulation rate of Spiniferites spp. cysts cannot be used to reconstruct
Western Alboran SST. Still, the accumulation rate of Spiniferites spp. may
offer qualitative insights into surface water primary productivity and
complement the information provided by other dinocyst groups and
species. Although the identification of Spiniferites species was not con-
ducted in this study, Penaud et al. (2016) provide detailed data on the
accumulation rates of these species throughout the study interval in core
MD99-2339 (located in the Gulf of Cadiz, with a 300-year resolution) to
elucidate changes in SST.

3.2. Geochemical proxies for productivity

Barium (Ba) content in marine sediments has been broadly used as a
proxy to reconstruct past oceanic export productivity (e.g., Francois
et al.,, 1995; McManus et al., 1998; Gingele et al., 1999; Paytan and
Griffith, 2007; Carter et al., 2020). Ba increases in westernmost Medi-
terranean sediments have been related to increases in pelagic barite
(BaSO4) and thus linked to periods of increased primary productivity
and OM degradation in the mesopelagic zone (Table 1) (e.g.,
Jiménez-Espejo et al., 2007; Jiménez-Espejo et al., 2008; Martinez-Ruiz
etal., 2015). While the high detrital input in Alboran Sea basin normally
dilutes the pelagic barite content (with detrital Ba input expected to be
higher than in other Mediterranean basins), the pelagic barite is
generally well preserved in this basin. Barite only dissolves in sediments
with sulfate-depleted porewaters and may reprecipitate upon encoun-
tering oxidized conditions (e.g., oxidation fronts) resulting in marked
Ba/Al ratio peaks above or below the organic-rich sediments (e.g.,
Henkel et al., 2012; Grema et al., 2022). When pelagic barite dissolution
and Ba remobilization are not observed, the Ba/Al ratio can be suc-
cessfully applied as a qualitative paleoproductivity proxy (e.g., Marti-
nez-Ruiz et al., 2000; Carter et al., 2020; Light et al., 2023).

The OM content in marine sediments is normally expressed as Cog%
or TOC% (Total Organic Carbon dry weight %). Corg in marine sediments
represents just a fraction of the total biological productivity in surface
waters, since only a small OM fraction “escapes” the efficient C-cycling
and oxidation in the water-column and reaches the seafloor; this fraction
is known as “export productivity” (Table 1) (Canfield, 1994; Tribovillard
et al., 2006). During sinking and deposition OM suffers degradation, so
that Corg% does not directly reflect surface water productivity, but
rather the interplay between surface water productivity, water-column
redox conditions, accumulation rate and degree of preservation within
the sediments, since after deposition OM may still suffer oxidation.
Notwithstanding, changes in Cog% in marine sediments tend to reflect
correlative changes in surface water productivity.

The main control on the 613C0rg signature variation is the vegetation
type (marine vs continental plants) from which the OM derive: marine
algae are isotopically heavier than land plants (Meyers, 1994 and ref-
erences therein). Consequently, variations in 613Corg help to recognize
the main source of OM in export productivity in deep-marine basins
(Table 1). In this sense, the Corg/Niotal ratio is also used to identify
variations in OM input and relative composition of land- and
marine-derived components of sedimentary OM (Meyers, 1994). Algae
typically have atomic Corg/Niotal ratios between 4 and 10, whereas
vascular land plants have Corg/Niota1 ratios of >20. Selective degradation
of OM components during early diagenesis might influence the original
organic geochemical signals. But despite extensive early diagenetic
losses of OM and of some of its important biomarker compounds,
Corg/Niotal ratio and 613C0rg appear to undergo little change (Meyers,
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1994; Tyson, 1995). Consequently, the 613C0rg VS Corg/Niotal cross-plot is
a robust tool that allows one to assess the main source of OM that rea-
ches deep-marine basins.

Meanwhile, variations in §'3C in the shell of the planktonic forami-
nifera Globigerina bulloides can indicate variations in marine productiv-
ity in the photic zone (Table 1). The carbon isotopic composition of
planktonic foraminifera shells (i.e., 5'3Cearp) tend to reflect the carbon
isotopic composition of the dissolved inorganic carbon in ambient
water. G. bulloides is a nonsymbiotic species; hence, photosynthesis
would not influence the fractionation of carbon isotopes (Naidu and
Niitsuma, 2004). G. bulloides take carbon for shell growth in the 12¢/13¢
ratio present in the upper water-column. The isotopic carbon composi-
tion in the upper water-column can vary as a function of biological
processes and productivity intensity in the photosynthetic zone. During
kinetic fractionation, photosynthetic organisms preferentially take the
lighter over the heavier isotope. Therefore, Slsccarb variations in
G. bulloides serve to identify changes in marine productivity, where less
negative 613Cmrb values indicate more intense marine productivity.

Changes in the source of OM, as well as the proportion of C3 and C4
plants, can significantly affect the 5!3C signals in G. bulloides shells.
Variations in these factors can lead to differing 5'3C values, compli-
cating the interpretation of paleoceanographic and paleoclimatic re-
cords. For instance, a higher proportion of C4 plants, which utilize a
different photosynthetic pathway than C3 plants, can result in more
enriched §'3C values (Fogel and Cifuentes, 1993). Similarly, shifts in OM
sources —such as from terrestrial to marine or from different types of
vegetation— can alter the isotopic composition (Meyers, 1994; Katz
et al., 1999; Schouten et al., 2000).

3.3. Geochemical proxies for redox conditions

Under oxygen-deficient conditions in marine systems, authigenic
minerals (e.g., sulfides and oxyhydroxides) enriched in trace metals
(TMs) precipitate, leading to an enrichment of redox-sensitive trace
metals, herein RSTMs (e.g., Mo, U, V, Re, Cu, Co, Ni, Cr, Zn and Pb) in
the sediments. In marine sediments Mo, Ni, Co, Cu, Cr, Zn and Pb can be
authigenically fixed (i) in association with Mn and Fe oxyhydroxides
under suboxic conditions, or (ii) in association with iron sulfides under
euxinic conditions, whereas U tends to be enriched in association with
OM under anoxic to euxinic conditions (Algeo and Maynard, 2004;
Tribovillard et al., 2006, 2012; Monedero-Contreras et al., 2023b). To
assess the variability of TMs, their concentrations are normalized to
aluminum (Al). This normalization approach is preferred because Al is
considered a conservative element and accounts for the influence of
detrital input variability, which can significantly affect TM concentra-
tions (Tribovillard et al., 2006; Algeo and Li, 2020; Algeo and Liu, 2020;
Paul et al., 2023).

Once Al-normalized, these trace metals can serve as redox proxies to
discern different redox conditions in modern and ancient marine envi-
ronments (Berner, 1981; Tyson and Pearson, 1991; Calvert and Peder-
sen, 1993, 2007; Crusius et al., 1996; Warning and Brumsack, 2000;
Algeo and Maynard, 2004; Tribovillard et al., 2006; Little et al., 2015;
Paul et al., 2023). Consequently, Al-normalized metals (e.g., Fe/Al,
Mn/Al, U/Al, V/Al, Mo/Al, Ni/Al, Cu/Al, Cr/Al, Co/Al, Zn/Al and
Pb/Al) are employed to identify paleoredox changes in the westernmost
Mediterranean deep-waters over the last 13,000 years and recognize
potential geochemical processes during early diagenesis (e.g., post-
depositional oxidation) (Table 1) (Moreno et al., 2004; Jiménez-Espejo
et al., 2007; Rodrigo-Gamiz et al., 2011; Nieto-Moreno et al., 2011,
2013; Mesa-Fernandez et al., 2022; Monedero-Contreras et al., 2023a,
2023b).

3.4. Geochemical detrital proxies

Aluminum-normalized detrital elements have been widely used to
illustrate terrigenous fluctuations in the Mediterranean region
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(Martinez-Ruiz et al., 2015; Calvert and Pedersen, 2007; Frigola et al.,
2007, 2008; Jiménez-Espejo et al., 2007; Jiménez-Espejo et al., 2008;
Rodrigo-Gamiz et al., 2011). Zr/Al and Ti/Al ratios were used to assess
variations in aeolian input, as enrichments in Zr and Ti in Mediterranean
sediments are primarily associated with increased content of zircon and
rutile minerals, respectively, which are predominantly supplied by
Sahara dust during arid periods (Table 1) (Jiménez-Espejo et al., 2014).
In turn, Rb/Al and Mg/Al ratios are used to assess fluvial input vari-
ability. These elemental ratios were successfully employed to track
fluvial input variability over the last 20 ka in the Eastern Alboran Basin
by Rodrigo-Gamiz et al. (2011), as Rb and Mg tend to be enriched in
association with clay minerals delivered to the western Mediterranean
by rivers (Table 1). Additionally, the Ti/Ca ratio has been used as a
proxy to assess Alboran Sea bottom-water dynamics throughout the
Holocene (Table 1) (Mesa-Fernandez et al., 2022).

4. Material and methods
4.1. Core description, chronology and sampling

The studied marine sediment record is a piston core, GPO4PC,
872.25 cm in length, recovered from the West Alboran Sea Basin at
1306.5 mbsl during the oceanographic cruise Gasalb onboard the R/V
Pelagia in November 2011 (Fig. 1). The core site (35.7871° N, 4.5343°
W) is located below the quasi-permanent anticyclonic gyre WAG. Core
sediment lithology is very homogeneous and dominated by dark-
greenish hemipelagic mud-clays with some foraminifera and shell
fragments, with intervals of increased OM content (Morcillo-Montalba
etal., 2021). The GPO4PC age model based on 14C dates was determined
by Morcillo-Montalbd et al. (2021). Ten samples were selected for
extracting 10 mg of planktonic foraminifer G. bulloides (size fraction
>125 pm). The GP04PC chronology was generated using the R-code
package rbacon 3.6.2 software (Blaauw and Christen, 2011) and the
Marine20 calibration curve (Heaton et al., 2020). According to the
GP04PC age model, the 872.25 cm long core covers the last 35,000 years
(Fig. 2). For detailed age model information, refer to Morcillo-Montalba
et al. (2021). This study focuses on the YD and the Holocene (past ~ 13
ka), represented by the top ~250 cm of the GPO4PC core, with a mean
sedimentation rate of 20 cm/kyr (Fig. 2). The age model for the studied
interval (last 13 ka) is based on three *C data points: 116.75 cm, 217.75
cm, and 320.75 cm (Morcillo-Montalba et al., 2021, Fig. 2). However,
the age model for the entire length of GP0O4PC sediment core considers
ten'*C data points (Fig. 2). The studied section was sampled at 1.5 cm
intervals for geochemical analysis (XRF and ICP-MS), with a total of 85
samples and a temporal resolution of ~145 years. Out of the 85 samples,
45 samples were selected for palynological and organic geochemical
analyses, providing a resolution of ~250-300 years for dinocyst analysis
covering the last 13 ka.

4.2. Dinoflagellate cysts

Sediment samples for dinocyst analysis were prepared at the Utrecht
University GeoLab using a standard palynological preparation tech-
nique. Each sample, consisting of ~ 2-4 g of dry-weight sediment, was
oven-dried at 60 °C and exactly weighed. One Lycopodium clavatum
tablet (19,855, +829 spores) was added to each sample to ensure
quantitative control (Wood, 1996; Mertens et al., 2012). Carbonates
were removed by gradually adding hydrochloric acid (HCI, 30 %), the
samples settled overnight, and were then rinsed with demineralized
water to obtain a neutral pH. To remove silicates, the samples were
processed with cold hydrofluoric acid (HF, 38 %) and placed for 2h on a
shaker. Samples were decanted and any precipitated fluorosilicates were
removed with HCI 30 %. The remaining residues were sieved over a 10
pm nylon mesh screen. The sieved residues were diluted with deionized
water in 1.5 ml safe-tubes and carefully poured over a cover slip using a
Pasteur-pipette. Subsequently, a microscopic slide was mounted over
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Fig. 2. GPO4PC age model from Morcillo-Montalba et al. (2021) based on
Accelerator mass spectrometry (AMS) 14C dates. The studied time interval has
been magnified and Relative Sea Level (RSL) from Lambeck et al. (2014) and
sedimentation rate (SR) of core GPO4PC (Morcillo-Montalba et al., 2021) for the
last 13 ka are plotted for context. Refer to Morcillo-Montalba et al. (2021) for
age model details.

the cover slip using transparent glue. A systematic count of a minimum
of 280 dinoflagellate cysts (dinocysts) was conducted on each slide using
an Olympus BX41 microscope at 40X magnification. Dinocyst taxonomy
followed Williams et al. (2017), and dinocyst identification was per-
formed following Zonneveld and Pospelova (2015).
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4.3. Major and trace element analyses

Major elements in discrete bulk sediment samples were analyzed in
fused beads by means of XRF. Analyses were carried out at Instituto
Andaluz de Ciencias de la Tierra (IACT, CSIC-UGR, Spain), with a S4
Pioneer from BRUKER, equipped with a 4 kW wavelength dispersive X-
ray fluorescence spectrometer (WDXRF) and a Rh anode X-ray tube (60
kV, 150 mA). XRF precision was better than +0.3 % for major elements.
Trace elements in discrete sediment samples were measured at the Sci-
entific Instrumentation Center (CIC, University of Granada, Spain) with
an ICP-MS NexION 300d (PerkinElmer) spectrometer using Rh as in-
ternal standard. For trace elements, ICP-MS precision was better than
+5 % for analyte concentrations of 10 ppm (Bea et al., 1996). For
ICP-MS analyses, samples were oven-dried at 60 °C and then powdered
in an agata mortar. Samples were processed in batches of 25-30 samples
and an analytical blank was added to each batch. Solutions for ICP-MS
analyses were prepared using 0.1 g of powdered sample in Teflon ves-
sels, where successive acidifications with HNOg3 (ultra-pure, a 69 %
concentration) and HF (48 % concentration) were performed at 130 °C
until evaporation. A final acid digestion with HNO3 and water at 80 °C
for 1h was performed to achieve a total acid dissolution/digestion of the
samples. Subsequently, dissolved samples were diluted with Milli-Q
water in volumetric flasks of 100 ml (Bea et al., 1996).

4.4. Organic carbon analyses

The total organic carbon content (Corg%), total nitrogen content
(Niota1%), and stable carbon isotopic composition of the OM (613C0rg)
were obtained in GPO4PC core samples at the GeoLab of Utrecht Uni-
versity (The Netherlands). Dried samples were powdered with an agata
mortar and 1g of sample was weighed in a 50 ml Greiner centrifuge tube.
To remove carbonates, dried sediments were acidified with 25 ml of 1M
HCI, followed by 4 h of shaking, centrifugation and decanting. This
procedure was repeated but with 12 h of shaking. Then, samples were
washed twice with demineralized water to remove acids, and oven-dried
for 72 h at 60 °C. The decalcified and dried sediments were weighed
(about 15-20 mg) in silver foil cups.

The Corg% and Nio21% were obtained using an Elemental Analyzer
(EA) IsoLink CN IRMS System from Thermo Scientific. This system in-
cludes the Flash IRMS Elemental Analyzer, a Delta V Advantage IRMS,
and a ConFlo IV Universal Interface that allowed carbon isotope mea-
surements of the sedimentary OM (i.e., 613C0rg). The Cor% and Nioa1%
are expressed as weight percentage (wt %) of the dried sediment. Based
on the standard deviation of replicate runs of laboratory standards
(atropine, acetanilide and IVA), analyzed before and after the series, and
after each 12 measurements, the analytical error (standard deviation)
was on average < 0.2 wt % for Corg% and Niota1%. The 613C0rg values are
reported relative to the Vienna Pee Dee Belemnite (V-PDB) standard and
corrected for blank contribution. NBS-19 was used as the standard and
the analytical reproducibility of 613Corg was usually better than 0.1 %o.

513C was also measured in the carbonate present in the shell of
planktonic foraminifera (613Ccarb) and calculated using the same equa-
tion. 8'3Cearp, analysis was performed on ca. 10 specimens of G. bulloides
(size fraction >125 pm) picked from intervals of the 3 cm sediment
samples. Selecting G. bulloides having a size fraction greater than 125 pm
ensures isotopic consistency and ecological representativeness, as larger
specimens are more likely to have reached isotopic equilibrium with
ambient seawater, minimizing vital effects. The carbon isotopic
composition of foraminiferal samples was analyzed with an automated
Finnigan-MAT Kiel Device Type I, coupled to a Finnigan-MAT 251 mass
spectrometer at the Leibniz Laboratory for Radiometric Dating and
Stable Isotope Research from the Christian Albrechts University of Kiel
(Germany). Results were also calibrated to the V-PDB by means of the
NBS-19 carbonate isotope standard and by calibrated lab standards. The
analytical reproducibility of the instrument was +0.07 %o for 580 and
40.04 %o for 5'°C (Morcillo-Motalba et al., 2021). Both 5'3C values (i.e.,
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613C0rg and 8'3C,,y1,) were obtained by means of the following equation:
8'3C = ((1"*C1/1"*CDsample/ (([**C1/T*Cstandara)-1) X 1000 %o.

5. Results
5.1. Dinocyst analysis

The GP04PC record contains abundant and well-preserved dinocysts,
with accumulation rates ranging from ~1500 to over 30,000 cysts per
kyr. Interestingly, some dinocysts have diagenetic pyrite crystals infill-
ing their cavities, particularly in samples corresponding to the YD and
Organic-Rich Layer-1a (ORL-1a). Only species and groups exceeding 5 %
in one or more samples were individually plotted and considered in a
relative percentage plot, following the methodology of Datema et al.
(2017) (Fig. 3). Among the Protoperidinium heterotrophic cysts
(P-cysts), Brigantedinium spp. and S. quanta are the most abundant.
Brigantedinium cysts are the most abundant cysts of all, at times repre-
senting more than 75 % of the total counted cysts. Impagidinium spp.,
O. centrocarpum and L. machaerophorum are present throughout the
entire GPO4PC core. During the YD there is a higher accumulation rate of
P-cysts (around 18,000 cysts per kyr) and G-cysts (around 15,000 cysts
per kyr), but it decreases rapidly during the onset of the early Holocene
(~11.7 ka). From ~12.4 to 11.7 ka O. centrocarpum, Spiniferites spp. and
L. machaerophorum cysts exhibit their highest accumulation rates.
Moreover, the Nematosphaeropsis spp. cyst accumulation rate is high
during this period (over 4000 cysts per kyr) (Fig. 4)

From ~10 to 8.5 ka there is an increase in cyst accumulation rate
(around 5000 cysts per kyr), in both P-cysts (e.g., mainly Brigantedinium
cysts; around 4500 cysts per kyr) and G-cysts (e.g., mainly Spiniferites
spp. and Impagidinium spp. cysts; around 1000 and 250 cysts per kyr;
respectively). Right after this increase, total cyst flux decreased, reach-
ing close to 1500 cysts per kyr around 7.6 ka. From ~7.6 ka to the
present, the cyst accumulation rate is low. However, around 4.5 ka and
throughout the late Holocene, an increase in L. machaerophorum, Spini-
ferites spp. and S. quanta cyst accumulation rates is seen (Fig. 4). Consult
Supplementary Material for detailed results.

5.2. Geochemical data

5.2.1. Aluminum-normalized trace metal contents

The enrichment patterns of various trace metals in the studied record
(Fig. 5a) display distinctive trends over the last 13 ka (Figs. 6 and 7).
From 13 to 12.3 ka, most trace metals, including Ba, Mo, Fe, U, Cu, and
Zn, exhibit lower concentrations compared to the significant increase
observed around 12.3 ka. Notably, these elements show a sharp rise in
concentration at ~12.3 ka, followed by an abrupt decline around 11.7
ka (Figs. 6 and 7). Between ~11.7 and 6.8 ka, trace metals such as Ba, U,
V, Cu, Co, Cr, Zn, and Pb maintain consistent enrichment levels (Figs. 6
and 7). During this period, only Mo and Fe show minor increases in
concentration, particularly between ~10 and 8.5 ka (Fig. 6), and this
enrichment is accompanied by an increase in Cog content (Figs. 6 and 7).
After 6.8 ka, concentrations of most trace metals decrease; however, Cu
and V display significant variability from ~5 to 2 ka, while U remains
moderately enriched from ~4.5 to 1 ka (Fig. 6). Within the uppermost
interval of core GP04PC (~0.5 ka), Mn, Fe, Mo, Cu, Zn, and Pb exhibit a
peak. It is noteworthy that this is the only interval where Mn showed a
marked enrichment (Fig. 6). The Ba record does not have evident peaks
that might be linked to diagenetic remobilization (Fig. 7).

5.2.2. Aluminum-normalized detrital elements

Ti/Al values remain high throughout the entire YD period, while Rb/
Al values are consistently low (Fig. 7). The Zr/Al ratio increases from
~12.4 to 11.7 ka, accompanied by an increase in Mg/Al ratios. How-
ever, at ~11.7 ka, Zr/Al values show a marked decrease, which remains
steady until ~0.5 ka, when Zr/Al values increase again (Fig. 7). Between
~11.7 and 6.8 ka, Ti/Al ratios gradually decrease, while Rb/Al ratios
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Fig. 3. Relative abundances of dinocyst taxa that exceed 5 % in one or more samples at Western Alboran Basin (core GPO4PC) over the last 13 kyr. These species
include Brigantedinium spp., Selenopemphix quanta, Selenopemphix nephorides, Trinovantedinium applanatum, Nematosphaeropsis labyrinthus, Operculodinium cen-
trocarpum, Lingulodinium machaerophorum, Spiniferites spp. and Impagidinium spp. P-cysts: Protoperidinium cysts, G-cysts: Gonyaulacoid cysts.

gradually increase. Around 6.8 ka, Mg/Al and Rb/Al ratios show a sig-
nificant decrease, while Ti/Al values exhibit a marked increase that
persists until the present (Fig. 7). Additionally, from ~6.8 ka to the
present, Rb/Al and Ti/Al ratios strongly fluctuate. From ~3.5 to 1.5 ka,
Mg/Al values show a minor increase, but after ~1.5 ka, they steadily
decrease (Fig. 7).

During the YD, Ti/Ca values decrease, reaching their lowest levels of
the entire studied interval (last 13 ka) at the end of the YD period,
around 11.7 ka (Fig. 7). At the onset of the early Holocene, Ti/Ca values
rise sharply. From ~11.7 to 7 ka, Ti/Ca values gradually decrease,
reaching their lowest values within the Holocene around 7 ka (Fig. 7).
Between ~7 and 4.2 ka, Ti/Ca ratios increase, followed by a decrease
around 4.2 ka until 3 ka. After this, Ti/Ca values progressively increase,
reaching peak values in the present (Fig. 7).

5.2.3. Organic carbon content and organic matter source

Over the past 13,000 years, sediment composition reveals varying
OM content. During the YD, OM content is relatively high (Corg > 0.8 %
at ~ 12 ka), but it decreases to 0.6 % beteween~ 11.7 and 10.0 ka. From
~10.0 to 8.5 ka sediments are notably enriched in OM, with C,4 content
reaching its maximum value (0.86 %) over the last 13.0 ka. From ~8.5
to 7.5 ka, Corg content progressively decreases, reaching its lowest level
(~0.5 %) within the study interval (Fig. 7). From 6.8 ka to the present,
Corg content progressively increases, exceeding 0.8 % at the top of the
core. Regarding the Corg/Niotal Tatio, most samples show values around
5, while 613C0rg values in most samples are close to —22 %o (Figs. 5 and
7). These results suggest that, over the last 13 ka, OM in all GP04PC
sediment samples primarily originates from a marine source (Meyers,
1994). Moreover, the OM in deep sediments of the Western Alboran
Basin is predominantly a mixture of bacteria and marine particulate
organic carbon (POC), with negligible terrestrial OM (Meyers, 1994,
Fig. 5).

5.2.4. 5"3Ceqn values

613Ccarb values vary from —2 to 0 %o (Fig. 5); its vertical (i.e., chro-
nological) trend can be divided in three phases. In the first phase,
spanning from 13 to 11.7 (i.e., YD period), most values range from —0.5
to 0 %o. In the second phase, from 11.7 to 6.8 ka, 613Cmb exhibits more
negative values and relatively low variability, with most values ranging
between —2 and —1.5 %o. The third phase, from 6.8 ka to present, is
characterized by a progressive increase in §'3Cearp, values, from ~ —1.5

to 0.5 %o. However, during the late Holocene (from ~4.2 ka to present)
the 513Ccarb values exhibit abrupt variability, with a seesaw-like trend
(Fig. 7).

6. Discussion

6.1. Marine productivity responses to climate variability in westernmost
Mediterranean over the last 13 ka

The studied sediment record has provided relevant paleoperspectives
to better constrain the climatic and oceanographic factors controlling
the long-term (from several decades to centuries) marine productivity
responses in the Mediterranean. The applied multiproxy approach made
it possible to identify two distinct oceanographic periods of greater
marine productivity and nutrient availability over the past 13,000 years:
(i) during the YD humid/warmer phase (~12.4-11.7 ka), with excep-
tionally high productivity conditions; and (ii) during the Holocene hu-
midity optimum (~10.5-8.5 ka). Furthermore, throughout the late
Holocene (approximately 4.2 ka to the present), the Western Alboran
Basin underwent suborbital productivity oscillations and maintained
higher productivity conditions as compared to most other basins in the
Mediterranean, despite regional aridification. Each scenario of
enhanced marine productivity is demonstrated to be governed by the
interplay of diverse regional and local oceanographic and climatic
conditions, and to operate at different time scales, as explained below.

6.1.1. Younger Dryas humid phase (~12.4-11.7 ka)

In the westernmost Mediterranean, the YD can be divided into two
phases with contrasting climatic conditions: a dry/cold phase
(~13-12.4 ka) and a humid/warmer phase (~12.4-11.7 ka)
(Combourieu-Nebout et al., 1999, 2009; Dormoy et al., 2009; Rodri-
go-Gamiz et al., 2011, 2014b; Bartolomé et al., 2015). From ~13 to 12.4
ka, the Alboran Sea was characterized by cold SST (below ~ 15 °C;
Cacho et al., 2001, 2002; Rodrigo-Gamiz et al., 2014a; Catala et al.,
2019; Morcillo-Montalba et al., 2021) and sea-level around 40 m below
the present (Fig. 2; Lambeck et al., 2014). During this arid phase, cold
conditions promoted a re-advance of the glaciers that had persisted
during the Bglling-Allergd, and even the formation of new glaciers in the
Alps and Pyrenees mountains (Garcia-Ruiz et al., 2016 and references
therein). Marine productivity during this period in the westernmost
Mediterranean was moderate, according to dinocyst accumulation rates,
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Fig. 4. Vertical-plots of cyst accumulation rates (expressed as n cysts/cm? yr) over the last 12.5 ka (yr = year). This includes the accumulation rates of total cysts, P-
cysts, G-cysts and specific dinocysts species. All taxa that exceed 5 % in one or more samples are included. Concentricystes (euglenoid cysts) accumulation rate is
plotted in green. (a) Nematosphaeropsis labyrinthus vertical plot in core MD04-2805-CQ (859 mbsl) located at West Morocco Margin (Penaud et al., 2010). Arrows
indicate the main trends. Vertical plots with magnified scales are illustrated in red to highlight the changes throughout the Holocene period that are masked by the
high dinocyst accumulation rates during the YD humid phase. ORL: Organic-Rich Layer, S1: Sapropel 1, AHP: African Humid Period.

pelagic barite and OM content (Figs. 4 and 7). In addition, there was Mediterranean as interval YD-b; Ausin et al., 2015b), Alboran Sea SST
very active LIW circulation and intense MOW, about twice that of the experienced a marked temperature increase of ~5 °C (from ~13 °C to
present day (Trias-Navarro et al., 2023). 18 °C) (Cacho et al., 2001, 2002; Rodrigo-Gamiz et al., 2014a; Catala

During the YD humid phase (also known in westernmost et al., 2019; Morcillo-Montalba et al., 2021). LIW and MOW circulation
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Fig. 5. Geochemical data as box-whisker plots. The box represents the inter-
quartile range, the line in the box represents the median and the whiskers
represent the 5th and 95th percentiles. (a) Trace metal concentrations
expressed in pg/g logio scale. (b) Major concentrations, Corg and Ny, expressed
in wt.% logo scale. EA: Elemental Analyzer. (c) 613C0,g and 8'3Ceyp values
expressed as %o. (d) Modified cross-plot from Meyers (1994) showing distinctive
source combinations of atomic C/N ratios and organic §'3Cy,, values of marine
algae, lacustrine algae, C3 land plants and C4 land plants. POC: particulate
2rganic carbon. GPO4PC data is shown as red dots.

weakened significantly during this period (Trias-Navarro et al., 2023).
The shift towards more humid conditions in the westernmost Mediter-
ranean Sea began to register around 12.4 ka in Western Alboran sedi-
ments, according to the rise in fluvial input signaled by the increased
Mg/Al ratio in the studied core (GPO4PC) (Fig. 7). This climatic shift
around 12.4 ka is also documented at the southwest Iberian Margin
(core SHKO06-5K; Ausin et al., 2020), in the Algero-Balearic Basin (ODP
Site 975; Jiménez-Espejo et al., 2008), and in the Eastern Alboran Basin
(core TTR12-293G; Rodrigo-Gamiz et al., 2011). Please refer to Fig. 1 for
location of these cores. The exceptionally high dinocyst accumulation
rates and the geochemical productivity proxies (Ba/Al ratio and Co%)
suggest that this shift towards more humid conditions is accompanied by
an abrupt increase in marine productivity (Fig. 7). The high abundance
of P-cysts (Brigantedinium, Selenopnephix spp., T. applanatum cysts) and
N. labyrinthus cysts (Fig. 4) further supports cool/eutrophic surface
waters during a YD humid phase in the Western Alboran Basin. This
aligns with Penaud et al. (2016) observations of high accumulation rates
of N. labyrinthus, Spiniferites elongatus and Spiniferites lazus cysts in the
Gulf of Cadiz in conjunction with cool/eutrophic conditions in the
Northeast Atlantic region. Furthermore, the high abundance of
L. machaerophorum and O. centrocarpum cysts (Fig. 4) suggests season-
ally stratified waters and enhanced fluvial run-off in the Western
Alboran Basin, as well as increased Atlantic surface water inflow during
the YD humid phase, as noted by Penaud et al. (2016) at the Gulf of
Cadiz.

Interestingly, neither core GeoB18131-1, located at an intermediate
water depth (457 mbsl) in the North African margin of the Western
Alboran Basin, nor core CEUTA10PCO08 (914 mbsl), closer to the Iberian
margin, registered enhanced planktonic foraminifera or coccolithophore
productivity during the YD humid phase (Fig. 8) (Wang et al., 2019;
Ausin et al., 2015a). This suggests strong spatial productivity variability
within the Western Alboran Basin during the YD humid phase and may
also be linked to increased stratification and enhanced nutrient loads
from rivers, which favored autotrophic dinoflagellate (G-cysts) pro-
ductivity over other non-flagellated groups. However, the simultaneous
increase in dinocyst accumulation rate around 12.4 ka seen for Shack-
leton Site U1385, in the southern West Iberian Margin (Atlantic Ocean;
Fig. 1) (Datema et al., 2017), suggests strong similarities in productivity
dynamics between the Northeast Atlantic Ocean and the Western
Alboran Basin.

During the YD humid phase, the Iberian Peninsula witnessed
frequent extreme flood events, and Iberian Mountain glaciers underwent
intense melting (Garcia-Ruiz et al., 2016; Benito et al., 2023; Hernandez
et al., 2023). Bartolomé et al. (2015) studied an exceptionally
high-resolution stalagmite record in the Seso Cave System (Central
Pyrenees, Spain; Fig. 1) and suggested that humid conditions in south-
western Europe around 12.4 ka (also known as mid-Greenland Stadial 1
in the Northern Hemisphere) can be traced to a reactivation of the
AMOC, which transported moisture and heat from lower latitudes
(McGee et al., 2014). In this context, the Western Alboran deep sediment
record represents one of the southernmost locations where the
mid-Greenland Stadial 1 transition is observed. Therefore, the increase
in local river run-off during the YD humid phase —originating from
intense continental glaciar melting and increased regional precip-
itation— coupled with enhanced inflow of nutrient-enriched Atlantic
water, would have supplied sufficient nutrients to sustain remarkably
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high productivity within the Western Alboran (Fig. 9), as supported by
previous studies (Barcena et al., 2001; Jiménez-Espejo et al., 2008;
Ausin et al., 2015b). The high Zr/Al ratio values in the Western Alboran
Basin during the YD humid phase could also derive from enhanced Zr
input of fluvial origin. A similar situation is recognized during the humid
sapropel event S5 in the eastern Mediterranean (Monedero-Contreras
et al., 2023b). Increasing river run-off is further supported by
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geochemical fluvial proxies such as Mg/Al and Rb/Al ratios.

Enhanced freshwater input also caused the Western Alboran Basin to
undergo a reduction in surface water salinity, resulting in greater surface
water buoyancy and a stratified water-column. A scenario of nutrients
from deeper water layers transported to surface waters by upwelling
systems or vertical mixing can therefore be discarded as responsible for
the high marine productivity. As mentioned above, during this time
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AMOC was reactivated (Lane et al., 2013; Bartolomé et al., 2015 and negative Slsccarb values and an abrupt decrease in pelagic barite content
references therein), most likely enhancing the inflow of sub-polar (Fig. 7). Between ~11.5 and 10.5 ka, the western Mediterranean wit-
low-salinity Atlantic Water into the Alboran Basin. The low-salinity nessed a shift towards more arid/cold conditions (Fletcher et al., 2010;
Atlantic influx, combined with the increased freshwater input into the Rodrigo-Gamiz et al., 2011), corroborated by a decrease in fluvial input
Gulf of Lion (mainly derived from a rapid melting of glaciers in the Alps marked by lower Mg/Al values. Weakened local river discharges owing
and Pyrenees after the YD cold phase), hindered vertical mixing and to more arid regional conditions reduced nutrient availability in West-
WMDW formation, which promoted strong deep-water stagnation in the ern Alboran surface water, thereby terminating an exceptionally high
Western Alboran deep-waters (Barcena et al., 2001). A similar process productivity phase. Additionally, around 11.7 ka, enhanced Alboran
occurred during Heinrich Events, wherein surface water freshening deep-water ventilation and circulation are evidenced by the abrupt
—primarily driven by an enhanced influx of low-salinity polar waters decrease in RSTM concentrations and increased Ti/Ca values. The
into the westernmost Mediterranean— slowed down or even collapsed abrupt decrease in the dinocyst accumulation rate (especially in
the deep-water overturning system of the Gulf of Lion and reinforced N. labyrinthus and T. applanatum cysts; Fig. 4) in the Western Alboran
water-column stratification in the western Mediterranean basins (Sierro Basin is synchronously observed in the Gulf of Cadiz (core MD99-2339;
et al., 2005). Penaud et al., 2016), at the West Iberian Margin (Site U1385; Datema

RSTM trends indicate strong oxygen-depletion in Alboran deep- et al., 2017), and at the West Morocco Margin (core MD04-2805 CQ;
waters. It would have enhanced organic carbon preservation and sup- Penaud et al., 2010) (Fig. 8), which represent the Southeastern region of
ported water-column stratification and deep-water restriction in the the North Atlantic Ocean. This corroborates the idea that Western
Western Alboran Basin during this period (Figs. 6 and 8). Weakened Alboran Basin productivity is highly influenced by North Atlantic cli-
bottom-current intensity in Western Alboran deep-waters (revealed by matic and ocean dynamics.

the low Ti/Ca values) also supports deep-water stagnation during the YD
humid phase and agrees with results from Mesa-Fernandez et al. (2022); 6.1.2. Holocene humidity optimum (~10.5-8.5 ka)

see Fig. 8. Porewater anoxia/euxinia, produced by stable deep-water The Western Alboran Basin experienced a noteworthy increase in
stagnation, promoted the authigenic precipitation of iron-sulfides in marine productivity from ~10.5 to 8.5 ka, after an arid period of
association with trace metals (e.g., Mo, Cu and Zn) and the authigenic reduced marine productivity and intense deep-water currents from
enrichment of U in association with OM (Fig. 6) (Tribovillard et al., around 11.5 to 10.5 ka, indicated by the rise in dinocyst accumulation
2006, 2012, 2021). Furthermore, the coexistence of pelagic barite with rates (both autotrophic and heterotrophic dinoflagellates) and OM
iron sulfides in the sediments representing the YD humid phase content (Figs. 4 and 7). Yet this period of increased marine productivity
(~12.4-11.7 ka) would suggest that sulfate depletion in the sediments is not well reflected in barite content, as the high detrital input probably
was limited, as barite crystals did not dissolve (Passier et al., 1997; masks the marine barite content signal (Fig. 7). This time interval
Sangiorgi et al., 2006; Monedero-Contreras et al., 2023a). (~10.5-8.5 ka) coincides with the Holocene humidity optimum, a

During the YD - early Holocene transition (from ~11.8 to 11.5 ka), period in southern Europe often referred to as the Holocene climatic
dinoflagellate productivity decreased abruptly, affecting both autotro- optimum; it is attributed to a summer insolation maximum in the
phic and heterotrophic dinoflagellates (Fig. 4). Attesting to this are more Northern Hemisphere during a precession minimum that gave rise to a

12



R.D. Monedero-Contreras et al.

Younger Dryas humid phase

Quaternary Science Reviews 344 (2024) 109001

AP

Western Alboran Basin

N -S

Regional climatic conditions

o

wn

(T[T [T [T T[T T T
© 1 o un <o ! S =
<

- - (2}

o
Age (ka)

||\|\ HI‘HH'IHI'JIH‘

un wn wn un
(o] m < n

ORL 1b ORL 1a

- Exceptionally high marine productivity and enhanced surface water eutrophication driven by the
rapid melting of mountain glaciers due to increasing temperatures and wetter regional conditions,
coupled with enhanced nutrient-enriched Atlantic water inflow.

- Oxygen-depleted deep-waters and euxinic porewater as a result of deep-water stagnation,
high export productivity and elevated sedimentation rate (redoxcline above the SWI).
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Fig. 9. Oceanographic setting in Western Alboran Basin during the YD humid phase (from ~12.3 to 11.7 ka). The main factors controlling marine productivity are
emphasized. WAG: Western Alboran Gyre, WMDW: Western Mediterranean Deep Water, LIW: Levantine Intermediate Water, NAO: North Atlantic Oscillation, YD:
Younger Dryas, SWI: Sediment-water interface, ORL: Organic-Rich Layer, S1: Sapropel 1.

northward migration of the ITCZ (Rossignol-Strick, 1999; Haug et al.,
2001; Schneider et al., 2014). In the westernmost Mediterranean region
this period is governed by warm and humid conditions, evidenced by
pollen and geochemical records in lake sediments from the Padul
wetland (Granada, Spain) and La Ballestera lake (Sevilla, Spain) (Figs. 8
and 10) (Ramos-Roman et al., 2018a; Garcia-Alix et al., 2022).
Particularly, the observed increases in accumulation rates of Brig-
atedinium, Selenopemphix species (S. quanta and S. nephroides) and
L. machaerophorum cysts point to seasonal eutrophic surface waters. The
higher abundance of Impagidinium spp. cysts (mainly represented by
I aculeatum cysts; Supplementary Material) moreover suggests warmer
Alboran Sea surface waters during this period (Fig. 4), likewise surmised
by Penaud et al. (2016) at the Gulf of Cadiz (core MD99-2339). Records
from cores CEUTA 10PCO08 (914 mbsl, Fig. 1; Ausin et al., 2015a) and
GeoB18131-1 (457 mbsl, Fig. 1; Wang et al., 2019) point out an
enhanced marine productivity in the Western Alboran Basin during this
period, as evidenced by coccolith and planktonic foraminifera accu-
mulation rates, respectively (Fig. 8). An increase in OM content from
~10.5 to 9 ka also occurs in marine core TTR17-434G, close to the
studied core (Figs. 1 and 7) (Mesa-Fernandez et al., 2022). Accordingly,
enhanced marine productivity would have prevailed in the entire
Western Alboran Basin, including the North African margin area.
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However, 613Cmb trend does not evidence greater marine productivity
during this period (Fig. 7) suggests that '3Ceayp, values may be influ-
enced by other factors, e.g. increased input of terrigenous material
(characterized by low C isotopes) due to a rise in continental run-of
(Fig. 10).

Low Ti/Ca values occurred during the Holocene humidity optimum,
indicating a concomitant Western Alboran Basin weakening of deep-
water currents (Fig. 7). The higher abundance of L. machaerophorum
cysts also supports a (seasonally) stratified water-column in the Western
Alboran Basin from ~10.5 to 8.5 ka, and possibly reduced surface water
salinity due to enhanced river run-off and seasonal thermal stratification
(see Fig. 4). The increase in local fluvial discharges can be attributed to
the climatic shift towards more humid conditions in the southern Iberian
region around 10.5 ka (Dormoy et al., 2009; Mesa-Fernandez et al.,
2018; Camuera et al., 2021, 2022; Garcia-Alix et al., 2021). Enhanced
riverine discharge in the Western Alboran Basin throughout the Holo-
cene humidity optimum is supported by the increase in Rb/Al and
Mg/Al values, the decrease in Ti/Al values, and the higher concentration
of trace metals, strongly influenced by the detritic fraction (e.g., Co, Ni,
Cu and Tribovillard, 2021, Figs. 6 and 7).

During this warmer period, vast freshwater volumes were released
into the Atlantic Ocean due to melting of North Atlantic icebergs.
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- Enhanced marine productivity and surface water eutrophication modulated by intense local fluvial
discharges as a consequence of regional wet conditions derived from insolation maximum and higher
latitude of the ITCZ, as well as due to enhanced nutrient-enriched Atlantic water inflow.

- Oxygen-depleted deep-waters and anoxic porewater (redoxcline at or above the SWI) as a result

of weak WMDW circulation.
- Weakened LIW and MOW.
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Fig. 10. Oceanographic setting in Western Alboran Basin during the Holocene humidity optimum (from ~10.5 to 8.5 ka). The main factors controlling marine
productivity are emphasized. WAG: Western Alboran Gyre, WMDW: Western Mediterranean Deep Water, LIW: Levantine Intermediate Water, NAO: North Atlantic
Oscillation, YD: Younger Dryas, SWI: Sediment-water interface, ORL: Organic-Rich Layer, S1: Sapropel 1.

Consequently, the low-salinity Atlantic inflow into the westernmost
Mediterranean reinforced Alboran Sea surface water freshening, as
occurred at the end of the Heinrich events (Sierro et al., 2005;
Jiménez-Espejo et al., 2008; Grant et al., 2016). Glaciers in the Alps also
experienced intense melting during the Holocene humidity optimum,
shrinking to sizes smaller than those observed in the late 20th century
(Ivy-Ochs et al., 2009). The result was a significant release of freshwater
into the Gulf of Lion, weakening WMDW formation and promoting
deoxygenation of western Mediterranean deep settings (Frigola et al.,
2007; Jiménez-Espejo et al., 2008; Mesa-Fernandez et al., 2022). Sub-
sequently, from ~10 to 8.5 ka, sluggish WMDW circulation and weak
water-column vertical-mixing caused oxygen depletion in Western
Alboran deep-water (Fig. 10). Mo enrichment in association with iron
sulfides within the sediments further suggests intermittent porewater
euxinia (Tribovillard et al., 2006; Scott and Lyons, 2012). The
oxygen-depleted conditions in Alboran deep-water from ~10 to 8.5 ka
led to enhanced OM preservation, as indicated by the obtained Corg
trend and supported by the C3; Alkenone trend of core MD95-4043
(Cacho et al., 2002), and by the TOC% trend in core TTR17-434G
(Mesa-Fernandez et al., 2022) (Figs. 7 and 8). It is remarkable that
during the Holocene, trace metals, including U —a conservative RSTM
not typically influenced by detrital fraction variability— follow a trend
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similar to those of Rb/Al and Mg/Al ratios, which are fluvial proxies
(Fig. 7). This observation suggests that trace metals trends are strongly
influenced by the detrital fraction in the Western Alboran Basin.

The humid and warm interval of western Mediterranean (from
~10.5 to 8.5 ka) that led to increased dinoflagellate productivity and
deep-water deoxygenation in the Western Alboran Basin overlaps in
time with the deposition of sapropel S1 in the Eastern Mediterranean
(Fig. 4), and more specifically with section Sla, deposited before S1
interruption linked to the 8.2 ka cold event (de Lange et al., 2008;
Jiménez-Espejo et al., 2015; Grant et al., 2016; Filippidi and de Lange,
2019). Consequently, LIW circulation in the Mediterranean was weaker
at this time, meaning lower oxygen content in the western Mediterra-
nean mid-depths (Ausin et al., 2015b; Fink et al., 2015; Wang et al.,
2019; Zirks et al., 2019). Weak LIW circulation promoted a strong
reduction of Mediterranean Outflow Water flow during this period
(Voelker et al., 2006). Hence, from ~10.5 to 8.5 ka, the weak circulation
of oxygen-depleted LIW reinforced OM preservation in the Western
Alboran Basin. As a consequence, enhanced OM accumu-
lation/preservation and RSTM fixation during the Holocene humidity
optimum in the Western Alboran deep sediments can be linked to the
conjunction of different factors: (i) high marine productivity due to
surface water fertilization by local rivers and enhanced flux of
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nutrient-rich  Atlantic surface water, (ii) weak circulation of
oxygen-depleted LIW due to Eastern Mediterranean deoxygenation
during Sla deposition, favoring OM preservation during its transit
through the Western Alboran water-column, and (iii) decreased Alboran
deep-water ventilation because of a weakened formation of WMDW at
the Gulf of Lion (Fig. 10).

6.1.3. 8.2 ka cold event in Western Alboran Basin

Intermittent porewater euxinia and deep-water deoxygenation,
which began ~10 ka, ceased before the 8.2 ka cold event (also known as
Bond event 5; Bond et al., 1997), characterized in the westernmost
Mediterranean region by arid and cold conditions (Rodrigo-Gamiz et al.,
2011). The cold/arid regional conditions reduced local river discharges
and promoted active WMDW formation and ventilation of the western
Mediterranean deep settings (Frigola et al., 2007), including the deep
Alboran Basin (Jiménez-Espejo et al., 2008; Rogerson et al., 2008;
Rodrigo-Gamiz et al., 2011; Pérez-Asensio et al., 2020). As a result, the
8.2 ka cold event decreased marine productivity in the Western Alboran
Basin —including dinoflagellate, planktonic foraminifera and coccoli-
thophore productivity, while hindering OM preservation, marking the
demise of Organic-Rich Layer-1b (ORL-1b) in the Western Alboran Basin
(Figs. 4-8). However, the end of ORL-1b occurred earlier in the Eastern
Alboran Basin (8.9 ka; Mesa-Fernandez et al., 2022) than in the Western
Alboran Basin (8.2 ka), signaling that the latter remained restricted for a
longer period.

Conversely, in the Eastern Mediterranean basins (e.g., Levantine and
Adriatic basins), high productivity and weak deep-water ventilation
resumed after the 8.2 ka cold event, leading to the deposition of sapropel
interval S1b from ~8 to ~ 6.1 ka (Fink et al., 2015; van Helmond et al.,
2015; Zwiep et al., 2018). This highlights the decoupling of productivity
dynamics between eastern and western Mediterranean basins. Further-
more, there is no Mn enrichment or signs of OM oxidation linked to a
rapid reventilation of Western Alboran deep-water during the 8.2 ka
cold event (Fig. 6), as occurred during some sapropel reventilation
events related to abrupt Eastern Mediterranean deep-water renewal,
where Mn-oxyhydroxides precipitated intensely owing to penetration of
the oxidation front in the sediments (Thomson et al., 1993; Reitz et al.,
2006; Filippidi and de Lange, 2019; Monedero-Contreras et al., 2023a,
2023b).

6.1.4. Mid-Holocene climatic shift in westernmost Mediterranean

In the Western Alboran Basin, humid conditions ceased between 7
and 6.5 ka, as evidenced by the decrease in fluvial input and increase in
aeolian input shown by geochemical proxies. The marked decrease in
fluvial input affected the background concentration of trace elements,
including Ba and U, highlighting the strong detrital influence on trace
metal concentration trends in deep Western Alboran sediments. It is
interesting to note that, in the wake of this regional climatic shift and up
to the present, marked suborbital (multidecadal) variations in
geochemical proxies linked to climate oscillations are observed in the
westernmost Mediterranean. This climatic transition gave rise to an
intensification of Western Alboran deep currents, evidenced by the in-
crease in Ti/Ca values (Fig. 7), and enhanced Alboran intermediate-
water ventilation and upwelling activity, as revealed by the Holocene
hexacosan-1-ol index and the nannofossil accumulation rate trends from
Ausin et al. (2015b) (Fig. 8). An abrupt intensification of WMDW for-
mation is also observed around 7 ka in the Minorca slope, attributed by
Frigola et al. (2007) to stronger north-westerlies. Consequently, the arid
modern conditions in the south of the Iberian Peninsula (i.e., the west-
ernmost Mediterranean) emerged around 6.5 ka —roughly 1000 years
earlier than in Northern Africa and the Sahara region, where humid
conditions persisted until the end of the African Humid Period around
5.5-5 ka (Tierney et al., 2011). This observation is consistent with
findings by de Menocal (2015), in that the end of the African Humid
Period progressed from north to south, with monsoon rains diminishing
first in the north and gradually receding further south, in line with the
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expected southward migration of the ITCZ due to orbital forcing and
recorded vegetation changes in southern Europe (Wanner et al., 2008;
Bout-Roumazeilles et al., 2013; Fletcher et al., 2013; Chabaud et al.,
2014; Schneider et al., 2014). Furthermore, this observation is sup-
ported by South Iberian continental records that registered the regional
climatic shift towards more arid conditions around 7-6.5 ka on the basis
of geochemical proxies and pollen records (Fig. 8) (Mesa-Fernandez
etal., 2018; Ramos-Roman et al., 2018a, 2018b; Garcia-Alix et al., 2022;
Jiménez-Moreno et al., 2022, 2023).

6.1.5. Late Holocene (4.2 ka — present)

The higher accumulation rates of L. machaerophorum and
S. nephroides cysts support a moderate increase in nutrient availability
and productivity in Western Alboran surface water during the late Ho-
locene (Fig. 4), given that these dinocyst species can be considered
eutrophication proxies in the westernmost Mediterranean (Penaud et al.,
2016). The higher 5'3Cearp and Corg values also support an increase in
marine productivity during this period (Fig. 7). However, this marine
productivity increase is relatively low in comparison with the rise
registered during the YD humid phase or Holocene humidity optimum.
More abundant L. machaerophorum cysts during the late Holocene are
also observed at the (southern) West Iberian Margin (Shackleton Site
U1385; Datema et al., 2017) and at the Gulf of Cadiz (core MD99-2339;
Penaud et al., 2016). Meanwhile, a lower accumulation rates of Brig-
antedinium spp. cysts during this period (Fig. 4) is likewise observed at
the Gulf of Cadiz (core MD99-2339; Penaud et al., 2016), suggesting a
strong North Atlantic signature in westernmost Mediterranean dinocyst
assemblages.

The low Mg/Al values and the increase in Ti/Al values support arid
regional conditions during the late Holocene (Fig. 7). This is corrobo-
rated by the low Mg/Ti values during this period (Table 1 and Fig. 8).
This aligns with regional continental and pollen records (Fletcher et al.,
2013; Chabaud et al., 2014; Ramos-Roman et al., 2018a, 2018b; Gar-
cia-Alix et al., 2022). The arid conditions and strong north-westerlies
during the late Holocene facilitated active Ekman transport along the
Iberian Peninsula coastline, promoting anticyclonic Alboran gyres (i.e.,
WAG and EAG; Fig. 1) and upwelling cells at the northern edge of the
WAG (Sarhan et al., 2000; Ruiz et al., 2001; Pérez-Folgado et al., 2003;
Ausin et al., 2015a, 2015b; Garcia-Jove et al., 2022), as well as active
WMDW formation (Frigola et al., 2007; Mesa-Fernandez et al., 2022).
Thus, the increase in nutrient availability and marine productivity
during the late Holocene in the Western Alboran Basin seems to have
been driven by the establishment of seasonal upwelling systems, influ-
enced by atmospheric and climatic conditions in the westernmost
Mediterranean and the North Atlantic region, resulting from the
southward migration of the ITCZ around 6.5 ka.

One of the intriguing features of the GP04PC sediment core record is
the multicentennial-scale climate variability (seesaw trend) during the
late Holocene indicated by some geochemical proxies (e.g., Rb/Al, Ti/
Al, Corg% and 613Ccarb; Fig. 7). This seesaw trend is also reflected in
RSTMs highly influenced by the detrital fraction (e.g., Cu, Zn V, Co;
Fig. 6). This variability occurs despite the absence of insolation changes,
polar ice-sheet collapse, or meltwater pulses that influenced global
thermohaline circulation and climate variability during the YD and early
Holocene. Changes in NAO patterns have been suggested as a key driver
for the suborbital climatic oscillations in the western Mediterranean
during the late Holocene (Jalut et al., 1997, 2000; Frigola et al., 2007;
Bout-Roumazeilles et al., 2013; Fletcher and Zielhofer, 2013; Fletcher
et al., 2013; Cisneros et al., 2019; Ilvonen et al., 2022), inducing
centennial and even multicentennial changes in productivity in the
westernmost Mediterranean (Ausin et al., 2015b). In this context, the
Iberian Peninsula would have seen frequent periods of extreme flood
events linked to negative NAO incursions throughout the late Holocene
(Fig. 11) (Degeai et al., 2015; Benito et al., 2023). Consequently, the
marked increases in the irregular Rb/Al ratio, 613Corg and C/N trends
throughout the late Holocene can be linked to punctual fluvial input
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Fig. 11. Oceanographic setting in Western Alboran Basin during the late Holocene (last 4.2 kyr). The main factors controlling marine productivity are emphasized.
WAG: Western Alboran Gyre, WMDW: Western Mediterranean Deep Water, LIW: Levantine Intermediate Water, NAO: North Atlantic Oscillation, YD: Younger Dryas,

SWI: Sediment-water interface, ORL: Organic-Rich Layer, S1: Sapropel 1.

increases (see Fig. 7 for Rb/Al ratio and 613C0rg trends and Supple-
mentary Material for C/N trend), possibly linked to centennial-scale
humid periods with more frequent regional flood events, as also noted
by Martin-Puertas et al. (2010). Even so, the possibility that the abrupt
variations in the Rb/Al trend are linked to changes in bottom-current
intensity —associated with oscillations in WMDW formation due to
changes in North Atlantic atmospheric patterns during the late Holo-
cene, as described by Frigola et al. (2007)— cannot be dismissed. These
potential variations in bottom-current intensity are not registered in the
Ti/Ca ratio trend, however (Fig. 7).

Concentricystes sp., which are euglenoid cysts having a unique
fingerprint shape linked to eutrophic freshwater environments, found in
marine sediments after events of enhanced river run-off (Yang et al.,
2022; van de Schootbrugge et al., 2024), have been documented in core
GPO04PC primarily since ~ 7 ka, but more consistently throughout the
late Holocene (Fig. 4). The Concentricystes sp. trend therefore suggests
pulses of increased fluvial input in the Western Alboran Basin over the
last ~7 ka, intensified in the late Holocene. This observation also implies
effective transport of biomass from the northern continental margin of
the Alboran Sea to the center of the basin, facilitated by active WAG and
AJ currents developed after the southward migration of the ITCZ
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(Fig. 11). This scenario is compatible with modern indications of the
torrential nature of relatively small rivers in catchment basins around
the Alboran Sea, playing a significant role as contributors of freshwater
and nutrients in the form of large sediment plumes during seasonal flood
events (Fabres et al., 2002; Masqué et al., 2003; Liquete et al., 2005;
Lobo et al., 2006). Yet in a regional aridification context governed by a
persistent positive NAO pattern and arid conditions (Trouet et al., 2009;
Martin-Puertas et al., 2010; Olsen et al., 2012; Toney et al., 2020), up-
welling induced by strong north-westerlies appears to be the constant
source of nutrients during the late Holocene and at present, since local
rivers act as fertilizers of the Alboran Sea surface waters only during
extreme flood events (Fig. 11). Consequently, centennial-scale changes
in marine productivity dynamics and nutrient availability throughout
the late Holocene can be attributed to changes in the governing
NAO-like pattern (Ausin et al., 2015b; Cisneros et al., 2019).
Regarding the dynamics of Western Alboran deep currents, the deep
sediments in this region do not straightforwardly register the multi-
decadal fluctuations of WMDW intensity during the late Holocene
—unlike those at the Minorca slope (Frigola et al., 2007; Cisneros et al.,
2019). This observation suggests that deep-water current intensity
during the late Holocene in the Western Alboran Basin is influenced by
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factors beyond WMDW formation, e.g. changes in LIW intensity
(Cisneros et al., 2019) and the strength of the Bernoulli aspiration effect
produced by the Gibraltar Strait (Mesa-Fernandez et al., 2022). The only
synchronous change observed at both locations would be the reduction
of bottom-current intensity around 4 ka, attributed to more stable at-
mospheric conditions in southern Europe (Frigola et al., 2007). How-
ever, while weakened bottom-current intensity is maintained
throughout the late Holocene at the Minorca Slope, in the Western
Alboran Basin, bottom-current intensity increases again around 2 ka
(Fig. 7). The increase in Ti/Ca values around 2 ka suggests a strength-
ening of the Bernoulli aspiration effect, which promoted effective
Western Alboran deep-water renewal/ventilation and active MOW
during the late Holocene, as previously interpreted by Mesa-Fernandez
etal. (2022) in the Eastern Alboran Basin (Fig. 8). The low concentration
of RSTMs also supports enhanced Western Alboran deep-water ven-
tilation/oxygenation during the late Holocene (Fig. 11). This observa-
tion highlights the importance of the Gibraltar aspiration strength of
WMDW on the MOW intensity during the late Holocene and on the
Alboran deep-water redox conditions at present.

6.2. North Atlantic influence in westernmost Mediterranean climatic and
oceanographic conditions

The westernmost Mediterranean, particularly the Western Alboran
Basin, has experienced significant climatic and oceanographic in-
fluences from the North Atlantic throughout the last 13 ka. These in-
fluences have profoundly impacted local productivity dynamics,
dinocyst assemblages and the detrital composition of deep sediments
(Figs. 3 and 4). During the YD and early Holocene (13-6.5 ka), millen-
nial- and multicentennial-scale productivity changes in the Western
Alboran Basin were primarily influenced by regional climate conditions
controlled by orbital insolation changes and fluctuations in the AMOC,
driven by meltwater pulses and ice-sheet disintegration events in the
North Atlantic (Fig. 12) (Frigola et al., 2007; Bartolomé et al., 2015).
The geochemical results demonstrate that these North Atlantic changes
also influenced the deep-water redox conditions, water-column stability,
and bottom-current intensity in the Western Alboran Basin.

An intriguing aspect of the YD phases is the decoupling and offset
timing of enhanced productivity and redox conditions between the
Eastern and Western Alboran basins (Fig. 8). In the Eastern Alboran
Basterretxea et al. (2018) documented enhanced marine productivity
and oxygen-depleted deep waters during the first YD phase (arid and
cool phase; from 13 to 12.4 ka) (Fig. 8). In contrast, our study suggests
that the Western Alboran Basin underwent such conditions during the
second YD phase (warmer and humid phase), mirroring more North-
eastern Atlantic records. Moreover, productivity dynamics and dinocyst
assemblages in the Western Alboran Basin over the last 13 ka correlate
better with those registered in southeastern North Atlantic records (Gulf
of Cadiz, Penaud et al., 2016; West Iberian Margin, Datema et al., 2017;
West Morocco Margin, Penaud et al., 2010) than with those in other
Mediterranean areas (e.g., Adriatic Sea and Levantine Basin; Fink et al.,
2015; van Helmond et al., 2015; Zwiep et al., 2018). This observation,
together with the discrepancy between these two neighboring Alboran
basins, underscores the influence of changes in the North Atlantic on
productivity dynamics in the Western Alboran Basin and highlights the
capacity of Western Alboran deep-sediment records to act as a witness of
potential changes in Atlantic atmospheric and ocean circulation patterns
on millennial to centennial scales owing to its elevated sedimentation
rate (Nieto-Moreno et al., 2011).

From around 6.5 ka onwards, following the southward migration of
the ITCZ driven by orbital forcing, climatic variability in the Western
Alboran Basin became increasingly dominated by multidecadal- and
centennial-scale atmospheric changes in the North Atlantic. These shifts
played a crucial role in short-term freshwater input and productivity
oscillations in the western Mediterranean basins (Fig. 12) (Fletcher
et al., 2013; Degeai et al., 2015; Ausin et al., 2015b; Cisneros et al.,
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2019). This can be related with the establishment of the present climate
system in the western Mediterranean region: from being mostly
controlled by external solar forcing, to being dominated by North
Atlantic atmospheric-oceanic dynamics (Jiménez-Moreno et al., 2020).
During the last ~6.5 ka, both positive and negative NAO modes took
place in the westernmost Mediterranean, as indicated by the
winter-NAO index reconstruction by Olsen et al. (2012) (Fig. 12). These
shifts impacted freshwater (fluvial) input and water-column stability in
the Alboran Sea (Nieto-Moreno et al., 2011, 2013; Catala et al., 2019)
(Fig. 12). Consequently, suborbital (i.e., centennial-scale) productivity
oscillations in the Western Aboran Basin during the late Holocene were
influenced by changes in the NAO patterns (Ausin et al., 2015a, 2015b).
Notably, from ~3 to 2 ka, the subtle increase in Mg/Ti indicates rela-
tively more humid conditions, while Ti/Ca indicates weakened bottom
current intensity in the Western Alboran Basin (Fig. 8). These changes
could be linked to NAO pattern, as this period is dominated by a negative
NAO phase (Olsen et al., 2012) (Fig. 12). This observation aligns with
the precipitation reconstruction for the westernmost Mediterranean by
Martin-Puertas et al. (2010), which indicates increased precipitation
during this period, based on the Rb/Al ratio from Zonar Lake (Cordoba,
Spain) sediments and the Mg/Al ratio from Alboran Sea sediments.

6.3. Anthropogenic signals in Western Alboran deep sediments

An increase in aeolian input is observed in the uppermost sediments
of core GP04PC, as indicated by a rise in Ti/Al values (Fig. 7), suggesting
enhanced regional aridification around ~0.2 ka. This trend may be
associated with deforestation and degradation due to anthropic activ-
ities, i.e. agriculture in the southern Iberian Peninsula (Martin-Puertas
et al., 2009; Mulitza et al., 2010; Gazquez-Sanchez et al., 2023). The
significant decrease in water discharge and sediment supply of Western
Alboran rivers since the first half of the 20th century, attributed to
anthropogenic aridification and the damming of local rivers, including
the Guadalfeo River and the Adra River —two main rivers draining Si-
erra Nevada (Liquete et al., 2005; Bergillos and Ortega-Sanchez,
2017)— raises concerns about potential impacts on water-column dy-
namics and marine productivity in the Mediterranean (Ludwig et al.,
2009). In this regard, achieving centennial resolution of dinocyst data
for the last two centuries in the Western Alboran Basin would help to
assess whether the anthropogenic reduction in freshwater and sediment
supply has affected marine productivity, and to discriminate between
the pre- and post-industrial state of Western Alboran Sea, as in the
Adriatic Sea (Sangiorgi and Donders, 2004).

Interestingly, Fe and Mn peaks are recognized at 10 cm depth in the
core, marking the present position of the oxidation front (i.e., the
redoxcline) (Fig. 6). In this interval, both precipitated as Mn-Fe oxy-
hydroxides (Tribovillard et al., 2006), as seen in some modern Eastern
Mediterranean  settings, e.g. the Eratosthenes Seamount
(Monedero-Contreras et al., 2023b) and the Otranto Strait sill (South
Adriatic Sea) (Filippidi and de Lange, 2019). RSTMs such as Zn, Pb, and
Mo also precipitated in association with Mn and Fe oxyhydroxides
(Fig. 6), as seen in the “marker bed” during sapropel termi-
nation/ventilation (Monedero-Contreras et al., 2023a). Therefore, the
enrichment in Pb, Cu and Zn, above the Mn-peak, might be attributed to
mining of heavy metal sulfides in the South of Spain, a historically sig-
nificant industry in the region over roughly the last three centuries
(Leblanc et al., 2000; Olias and Nieto, 2015; Romero-Baena et al., 2018).
The significant enrichment in Pb (a highly toxic metal) at the top of the
core might also be linked to anthropogenic atmospheric pollution over
the last century (Alvarez—[glesias etal., 2012). At any rate, the sediment
record of the Western Alboran Basin stands as a valuable tool for
envisaging the impacts of anthropogenic activities in the Iberian
Peninsula over the past centuries at centennial or even multidecadal
resolution (Nieto-Moreno et al., 2011).
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7. Conclusions

Beyond unraveling the climatic and oceanographic evolution of the
Alboran Sea over the past 13,000 years, the obtained results provide
paleoperspectives on marine productivity responses to orbital and sub-
orbital climate variability. These insights reveal complex interactions of
environmental and oceanographic factors influencing productivity dy-
namics under a changing climate. Such knowledge is crucial for devel-
oping more robust long-term (centennial to multicentennial)
productivity projections for the region.

During the Younger Dryas humid phase (~12.4-11.7 ka), charac-
terized by water-column stratification in the Western Alboran Basin,
remarkably high marine productivity resulted from: (i) enhanced
nutrient-enriched Atlantic water inflow, and (ii) increased local river
discharges due to increased regional precipitation, attributed to the
reactivation of the AMOC, plus rapid glacier melting from rising tem-
peratures. Similarly, during the Holocene humidity optimum
(~10.5-8.5 ka), marine productivity increased primarily due to elevated
local river discharges driven by astronomically forced maximum inso-
lation. Additionally, periods of intermittent flood events linked to
negative NAO incursions during the late Holocene potentially produced
punctual marine productivity increases. Altogether, these observations
reveal that over the past 13,000 years, periods of wet regional conditions
and enhanced river run-off in the westernmost Mediterranean
—controlled by orbital (e.g., insolation cycles) and suborbital factors (e.
g., NAO and AMOC changes)— have enhanced marine productivity in
the Western Alboran Basin. Our findings moreover attest to the strong
influence of North Atlantic climate and ocean dynamics on centennial-
scale productivity oscillation in the westernmost Mediterranean.

All along the Holocene, the Ba/Al trend, as well as most Al-
normalized RSTM trends, mirrors the fluvial input trend, pointing to a
strong detrital influence on trace metal concentration in Western
Alboran deep sediments. Thus, fluctuations in the Ba/Al ratio may not
accurately reflect changes in marine pelagic barite content, since the
high detrital input characterizing the Alboran Sea Basin could have
masked the productivity signals derived from increases in marine barite.
In this westernmost Mediterranean context, dinocyst analysis emerges as
an excellent complementary tool for reconstructing marine productivity.

Throughout the late Holocene, and as compared to most Mediterra-
nean basins, the Western Alboran Basin witnessed enhanced marine
productivity and carbon export despite reduced river discharges due to
regional aridification. This is due to active upwelling and downwelling
systems driven by strong north-westerlies resulting from a persistent
positive NAO pattern, which started to develope after the southward
migration of the ITCZ around 6.5 ka. Yet in the event that upwelling
activity ceases, local rivers would be insufficient to sustain high pro-
ductivity, thereby reducing biologically-mediated carbon export in the
region. Hence, water-column mixing currently has a more significant
impact on marine productivity than decreased fluvial inputs produced
by regional aridification.
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