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Abstract

This Thesis provides a high-resolution paleoclimate and paleoceanographic
reconstruction for the past 20 ka in the western Mediterranean, obtained from a
multiproxy approach in a suite of marine and continental sediment records. Previous work
in this region has demonstrated the rapid response and high sensitivity of the
Mediterranean region to the North Atlantic oceanic and atmospheric processes.
Nevertheless, most of the previous studies have focused on one or very few records and
the comparison between different basins and between marine and continental realms has
not been fully addressed. Thus, this thesis aims to compare the climatic and sedimentary
signals from different sub-basin in the western Mediterranean, and from marine and
continental sedimentary records in order to provide new insights into the evolution of the
western Mediterranean climate since the end of the Last Glacial Maximum to the present.
To do so, diverse geochemical proxies have been obtained at high-resolution from seven
marine records located in the Algero-Balearic and Alboran basins, and from one alpine
continental record in Sierra Nevada. Major and trace element composition as well as
elemental ratios in hemipelagic marine sediments support that the relative variation
between terrigenous and carbonate fraction at suborbital scale is controlled by the deep
current intensity while the surface productivity, the sea level variations and the riverine
and eolian inputs have a minor influence. A palynological study was also performed in
the alpine wetland record, which has provided a detailed environmental reconstruction of
vegetation variations during the Holocene. The stable carbon and hydrogen isotopic
composition measured in long-chained n-alkanes has been obtained in two of the studied
marine records located in the eastern and western Alboran basins, which are influenced
by different river catchments demonstrating the importance of sedimentary processes in

the organic matter deposition.

This collective multiproxy approach performed in the different studied sedimentary
records has allowed us to characterize the main climate intervals over the last 20 ka: The
Heinrich Stadial 1 (HS1; 18-15 cal ka BP) is depicted by pervasive cold and arid
conditions with a lesser influence of Atlantic sourced precipitation due to less humid
westerlies. The advance of the sea ice sheets to lower latitudes could have promoted the
influence of cold and dry winds over the Gulf of Lions and the WMDW formation and
thus, increase the terrigenous input into the western Mediterranean basins. During the
Heinrich Event 1 (HE1; 16.3-15.6 cal ka BP), the influx of meltwater derived from the

vii



Laurentide and Fennoscandian ice sheets into the Mediterranean weakened the formation
of deep water. During this period, the marine records located in the Alboran Sea basins
show a decrease in the terrigenous fraction in comparison with the carbonate fraction that

is not recognized in the Algero-Balearic basin.

The Bolling-Alleréd (B-A; 15-13 cal ka BP) is characterized by overall warm and humid
conditions due to a greater influence of Atlantic sourced precipitation. The alpine glacial
melting supplied fresh water into the Gulf of Lions, which considerably reduced the
surface salinity and prevented the deep water formation thus promoting the formation of
the Organic Rich Layer 1 in the Alboran Sea (ORL1; 15-9 cal ka BP). This ORL1 is
characterized by high sedimentation rates, which enhanced organic matter preservation.
The sea level rise during the meltwater pulse-1a flooded the shelf, remobilizing the loose
sediments and destabilizing the shelf edge. The stable isotopes on specific organic
compounds analyzed in the two Alboran records also suggest that terrestrial organic
matter supplied into the basin was highly degraded at this time. Furthermore, redox-
sensitive geochemical proxies have allowed to distinguishing two phases within the
ORL1: ORL1a (15-11.7 cal ka BP) characterized by highly reduced oxygen seafloor
conditions and the ORL1b (11.7-9 cal ka BP) depicted by more oxic seafloor conditions.
The transition between the two sub-phases was marked by a reactivation of the bottom
currents during the Younger Dryas (YD; 13-11.7 cal ka BP) due to the pervasive cold and
arid conditions. The ORL1 demise at around 9 cal ka BP does not seem to be related to a
reactivation of the deep currents since the redox-sensitive proxies show relatively stable
values after the YD period. Instead, the demise was coeval with a sudden decrease of the

sedimentation rates, which would promote the organic matter oxidation.

The Early Holocene (11.7-8.2 cal ka BP) was characterized by the warmest and most
humid conditions over the last 20 ka as a result of maximum boreal summer insolation.
Stable hydrogen isotopic records point to an Atlantic source of the precipitation,
suggesting a higher influence of the westerlies over the western Mediterranean area. The
retreat of the glacial in the southern Mediterranean mountains promoted the formation of
alpine wetlands and lakes, such as Laguna Hondera (LH), the studied record in Sierra
Nevada. This record evidences a high surface runoff and scarce preservation of the pollen
grains during the Early Holocene. The Middle Holocene (8.2-4.2 cal ka BP) is depicted
by an aridification trend with a vegetation assemblage composed of an increasing

development of herbs species and by a trend towards more enriched §°H values in the
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sedimentary n-alkanes, which suggest a reduction of the precipitation of Atlantic moisture
source. During this period, there was a clear increasing influence of Saharan dust input
in the Sierra Nevada lakes and wetlands that was less evident in the marine records. Only
the marine records with low sedimentation rates showed such an increase, likely because

high sedimentation rates diluted the eolian input.

Regarding the sedimentary condition in the marine basins, another interval of no
correlation between terrigenous and carbonate fractions is evidenced in the Alboran and
the Algero-Balearic basins. This fact could be related to the onset of the Alboran gyres
that enhanced aspiration of deep waters in the Alboran Sea while the deep water currents
were relatively stable in the Algero-Balearic basin.

The Middle-Late Holocene is characterized by an increase in arid-adapted vegetation and
by a transition from pervasive Atlantic moisture source to more Mediterranean
conditions, punctuated by a rapid see-saw fluctuation of Mediterranean-Atlantic-
Mediterranean moisture source, between 4.8 and 3.8 cal ka BP which could be tentatively
related to the 4.2 ka event.

The Late Holocene (4.2 cal ka BP-present) is characterized by high climatic variability
and the first clear signal of human activities. An increase in the Pb content in the studied
sediment records is recognized at around 3.8 cal ka BP and 3.5-2.5 cal ka BP in the Sierra
Nevada and the Alboran records, respectively. At 2.5-2 cal ka BP, during the Iberian
Roman Humid Period, there was a sharp increase in the terrigenous content recorded in
all the marine records. Such an increase could be related to a higher effective erosion as
a result of enhanced soil use for agrarian or mining activities. The last 150 years are
characterized by an enhanced anthropic signal. An increase in Olea pollen marked the
onset of extensive olive cultivation in southern Spain. In addition, a sharp increase in the
Pb/Al ratio is recognized in both marine and continental records coinciding with the

Industrial Period and the use of leaded fuels.






Resumen

Esta tesis presenta una reconstruccion paleocliméatica y paleoceanografica de alta
resolucion para los ultimos 20 ka en el oeste del Mediterraneo, obtenida mediante un
estudio multidisciplinar llevado a cabo en diversos registros sedimentarios marinos y
continentales. Distintos trabajos previos en esta region han demostrado la alta sensibilidad
del Mediterraneo a los cambios oceanograficos y atmosféricos del Atlantico Norte, asi
como larapidez de su respuesta a dichos cambios. Sin embargo, la mayoria de los estudios
realizados se han basado en un numero limitado de registros y, ademas, la comparacion
entre las diferentes cuencas del oeste del Mediterraneo y la correlacion entre registros
marinos y terrestres no se han abordado suficientemente. Por tanto, esta tesis pretende
comparar la sefial climatica y sedimentaria en las diferentes cuencas del oeste del
Mediterraneo, asi como la de registros marinos y continentales, para avanzar en el
conocimiento sobre la evolucion del clima en el oeste del Mediterraneo desde el ultimo
maximo glaciar hasta la actualidad. Con este fin, se han analizado diferentes indicadores
geoquimicos a muy alta resolucion en siete registros marinos de las cuencas Argelino-
Balear y del mar de Alboran, y en un registro alpino en Sierra Nevada. La composicién
de los sedimentos hemipelagicos analizados, asi como los diferentes indicadores
geoquimicos utilizados, sugieren que la variacion relativa entre las fracciones terrigena 'y
carbonatada a escala suborbital esta controlada principalmente por la intensidad de las
corrientes de fondo, mientras que la productividad superficial, las variaciones del nivel
del mar y los aportes fluviales y edlicos tienen una menor influencia. Ademas, se ha
llevado a cabo un estudio palinoldgico en un registro alpino de Sierra Nevada, que ha
proporcionado informacion paleoambiental detallada sobre la evolucion de la vegetacion
durante el Holoceno. Asi mismo, se ha analizado la composicion de los is6topos estables
de carbono e hidrégeno en cadenas largas de n-alcanos en dos registros marinos situados
en las cuencas este y oeste del mar de Alborén, los cuales estan influenciados por
diferentes cuencas de drenaje, demostrando asi la importancia de los procesos

sedimentarios en el depdsito de la materia organica terrestre en las cuencas marinas.

El estudio integrado y multidisciplinar llevado a cabo en los diferentes registros
sedimentarios ha permitido diferenciar y caracterizar los principales periodos climaticos
durante los ultimos 20 ka. El estadio Heinrich 1 (HS1; 18-15 cal ka BP) se caracteriza por
condiciones climaticas predominantemente frias y aridas con una menor influencia de

precipitacion de origen atlantico, debido a unos vientos del oeste menos humedos, como
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resultado de una temperatura superficial del mar mas baja. El avance de la capa de hielo
marina hacia latitudes bajas pudo incrementar la influencia de vientos frios y aridos de
latitudes mas altas en el golfo de Ledn, aumentado asi la formacién de agua profunday,
por lo tanto, el contenido de material terrigeno en las cuencas del oeste del Mediterraneo.
Durante el evento Heinrich 1 (HE; 16.3-15.6 cal ka BP), el aporte de agua del deshielo de
los casquetes Laurentino y Fenoescandinavo en el Mediterraneo debilité la formacion de
agua profunda. Durante este periodo, los registros marinos en las cuencas del mar de
Alboran muestran una disminucién de la fraccidn terrigena con respecto a la carbonatada,

mientras que este descenso no se reconoce en la cuenca Argelino-Balear.

El periodo Bolling-Allerdd (B-A; 15-13 cal ka BP) se caracteriza por condiciones
climaticas predominantemente calidas y humedas, debido a una mayor influencia de la
precipitacion de origen atlantico. El deshielo de los glaciares alpinos también aportd agua
dulce al golfo de Ledn, lo que redujo considerablemente la salinidad superficial,
impidiendo la formacién de agua profunda y promoviendo la formacién de la capa rica
en materia organica 1 (en inglés, Organic Rich Layer 1, ORL1; 15-9 cal ka BP). La ORL1
en el mar de Alboran se caracteriza por una alta tasa de sedimentacion, lo que contribuy6
a una mayor preservacion de la materia organica. EI aumento del nivel del mar durante el
pulso de agua de deshielo 1a (14.5-12.8 cal ka BP) inundé la plataforma, removilizando
el sedimento no consolidado y desestabilizando el borde de la plataforma. Los anélisis de
isdtopos estables de carbono e hidrégeno en compuestos organicos especificos, en
concreto cadenas de n-alcanos, analizados en dos registros marinos del mar de Alboran,
demostraron que la materia organica terrigena depositada durante este periodo estaba
bastante degradada. Ademas, el estudio de indicadores elementales sensibles a cambios
en condiciones redox ha permitido distinguir dos fases en el depoésito de la ORL1: la
ORL1a (15-11.7 cal ka BP), caracterizada por unas condiciones muy reductoras en el
sedimento del fondo de la cuenca, y la ORL1b (11.7-9 cal ka BP) caracterizada por un
aumento de la ventilacion y oxigenacion del fondo. La transicion entre estas dos fases
queda bien marcada por la reactivacion de las corrientes profundas durante el Dryas Joven
(YD; 13-11.7 cal ka BP) debido a las condiciones predominantemente frias y aridas. El
final de la ORL1, en torno a 9 cal ka BP, no parece coincidir con una reactivacion de las
corrientes profundas, ya que los indicadores redox se mantuvieron relativamente estables

después del Dryas Joven.
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Durante el Holoceno temprano (11.7-8.2 cal ka BP) se registraron las condiciones
climaticas més calidas y humedas de los ultimos 20 ka. El registro de isétopos estables
en n-alcanos apunta a que la precipitacion procedia del Atlantico, sugiriendo una mayor

influencia y humedad de los vientos del oeste en el Mediterraneo occidental.

La retirada de los glaciares en las montafas del sur de Europa dio lugar a la formacion de
lagos y humedales en Sierra Nevada, como es el caso del registro estudiado de Laguna
Hondera (LH). Dicho registro muestra un gran aporte de escorrentia superficial y una
mala preservacion de los granos de polen durante el Holoceno temprano. ElI Holoceno
medio (8.2-4.2 cal ka BP) se caracteriza por una tendencia a la aridificacion, con una
vegetacion compuesta principalmente por especies herbaceas y una tendencia hacia
valores mas altos del 3%H en los registros sedimentarios de n-alcanos, sugiriendo una
reduccién de la precipitacion de origen atlantico. Durante este periodo, tuvo lugar un
incremento en el aporte del polvo sahariano en los lagos y humedales de Sierra Nevada,
que es menos evidente en los registros marinos. Solo aquellos registros marinos que
presentan una baja tasa de sedimentacién registran este incremento, probablemente

porque la sefial edlica queda diluida por las altas tasas de sedimentacion.

Con respecto a las condiciones sedimentarias de las cuencas Argelino-Balear y del mar
de Alboréan durante este periodo, se registra un nuevo intervalo de no correlacion en la
variacion relativa de terrigenos y carbonatos. Este hecho se puede deber a que el inicio
de los giros superficiales en el mar de Alboran dio increment6 la aspiracién de Bernoulli
del agua profunda de la cuenca, mientras que las corrientes profundas se mantuvieron

relativamente estables en la cuenca Argelino-Balear.

El transito del Holoceno medio al Holoceno tardio se caracteriza por un incremento de la
vegetacion adaptada a la aridez y por la transicion de una precipitacion con una fuente de
humedad principalmente atlantica a una fundamentalmente mediterranea, que finalizé
con una fluctuacion répida, mediterranea-atlantica-mediterranea, entre los 4.8 y 3.8 cal
ka BP, lo que puede relacionarse tentativamente con el evento 4.2 ka.

El Holoceno tardio (4.2 ka cal BP-presente) se caracteriza por una alta variabilidad
climatica, evidenciando la primera sefial clara de actividades humanas. Se ha reconocido
un aumento del contenido de Pb en los registros de sedimentos continentales de Sierra
Nevada en torno a 3.8 cal ka BP y en los registros marinos de Alboran entre 3.5y 2.5 cal
ka BP. Entre 2.5y 2 cal ka BP, durante el Periodo Himedo Romano Ibérico, se produjo
un fuerte aumento del contenido de material terrigeno en todos los registros marinos.
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Dicho aumento podria estar relacionado con una mayor erosion efectiva como resultado
de un incremento del uso del suelo para actividades agricolas o mineras. Los Gltimos 150
afios registran una sefial antropica muy clara. El aumento del polen de Olea europaea esta
relacionado con el inicio del cultivo extensivo del olivo en el sur de Espafia. Ademas, se
reconoce un fuerte aumento de la relacion Pb/Al tanto en registros marinos como
continentales, coincidiendo con el Periodo Industrial y el uso de combustibles fésiles con

plomo.
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I. General background

I. GENERAL BACKGROUND

1. Introduction

It is well known that climate change is a major challenge for the scientific community
(e.g., IPCC, 2021). At the present-day, as society becomes more aware of the effects of
climate change, governments are investing vast resources for investigating and mitigating
its negative impact on the population and the economy. The Earth’s temperature has risen
0.8°C since the pre-industrial era as a result of the anthroplic greenhouse gas emissions,
and future temperature projections point to a continuous increase in the next decades (e.g.,
IPCC, 2012, 2021). In the Paris agreement signed in 2015, 195 states vowed to limit
global warming below 2°C (with respect to pre-industrial levels), and try not to exceed
1.5°C. Within this context, the Mediterranean region is a particularly vulnerable area,
since in both scenarios of 1.5°C and 2°C of mean temperature increase, it will experiment
severe droughts and extremely high temperatures implying numerous socio-economic
challenges (IPCC, 2018, 2021). A reduction of winter and summer precipitation in the
Mediterranean basin of 7 mm/K is expected (Lionello and Scarascia, 2018). The irregular
and scarce precipitation will affect crop productivity, such as olive or grapevine, as well
as the populations of southern Mediterranean countries, which already have water
availability problems (Lionello et al., 2012; IPCC, 2018, 2021). Given the emergency
marked by model projections (Fig. 1) (Collins et al., 2013; IPCC, 2018; Jacob et al.,
2018), it is essential to provide a reliable scenario for future climate variability, for which
purpose we need more precise knowledge of past climate changes that occurred under
natural conditions, without human interference (e.g., Ruddiman et al., 2001; Masson-
Delmotte et al., 2013; Fischer et al., 2018).

Paleoclimatology is a discipline that aims to investigate the response of the climate system
to different natural forcings. In past decades, paleoclimatologists have studied climatic
responses through natural paleo-archives, such as ice and sediment cores, tree rings, etc.
(e.g., Shackleton et al., 2000; Lowe et al., 2008). Among these climate archives, marine
sediment cores recovered in continental margins are highly sensitive to elucidate changes
in the atmospheric, oceanic and sedimentary conditions. In addition, lacustrine

sedimentary records are excellent paleo-archives since they present high sedimentation
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Figure 1. a) Global mean temperature change averaged across all Coupled Model Intercomparison Project Phase 5
(CMIP5) models (relative to 1986-2005) for the four Representative Concentration Pathway (RCP) scenarios: RCP2.6
(dark blue), RCP4.5 (light blue), RCP6.0 (orange) and RCP8.5 (red); b) Surface Temperature Change between 2081-
2100 and 1986-2005 of RCP scenarios RCP8.5 and RCP2.6. Modified from Collins et al. (2013).

rates, allowing for high resolution studies, and they are also very sensitive to changes in
precipitation and vegetation. Therefore, the recovery and study of both kinds of
sedimentary records from strategic locations will certainly provide relevant paleoclimate
information. The western Mediterranean region is a key location for reconstructing past
climate changes, having shown a rapid response to the North Atlantic climate variability;
thus, it sheds light on the interplay between oceanic and atmospheric processes and
between high- and low-latitude dynamics (e.g., Thomson et al., 1999; Cacho et al., 1999,
2002; Martrat et al., 2004, 2007; Sierro et al., 2005; Hodell et al., 2013, 2017). The
teleconnection between the North Atlantic dynamics and the western Mediterranean
climate is highly influenced by the westerly system, which brings humidity and warm
conditions to Europe (e.g., Trigo et al., 2002; Lionello et al., 2006; Fletcher et al., 2013,
Sanchez Goiii et al., 2018; Li et al., 2019). At orbital timescales, variations in the position
and intensity of the westerlies have been modulated by insolation and precession cycles,
while at millennial timescales the Atlantic Meridional Overturning Circulation intensity
and Arctic ice sheet have played a key role (Brauer et al., 2008; Jackson et al., 2015; Li
etal., 2019).



I. General background

1.1 Climate variability at orbital and suborbital timescales in the western

Mediterranean
1.1.1 Present-day teleconnections and oceanographic conditions

Present-day climate variability in the western Mediterranean region is mainly driven by
the North Atlantic Oscillation (NAO), which controls the region’s winter precipitation
(Trigo et al., 2004). The NAO is governed by the difference between the surface sea-level
pressure of the subpolar Icelandic cyclone and the subtropical Azores anticyclone
(Wanner et al., 2001; Trigo et al., 2004; Lionello et al., 2006). An intensified Azores
anticyclone and a deeper Icelandic cyclone, hence a positive NAO phase, generate
northward migration of the westerlies, resulting in a more arid climate in the southern
Mediterranean area (Fig. 2). Conversely, during a negative NAO phase, the Azores
anticyclone is weaker and the Icelandic cyclone shallower, so that the westerlies deviate
southward, resulting in humid conditions and increased precipitation in the southern
Mediterranean (Fig. 2) (Wanner et al., 2001; Trigo et al., 2004).

Along the eastern and southeastern coast of the Iberian Peninsula, annual precipitation is
controlled by the Western Mediterranean Oscillation (WeMO), and convective
precipitation represents most of the annual precipitation (Martin-Vide and Lopez-Bustins
et al., 2006; Gonzalez-Hidalgo et al., 2009; Serrano-Notivoli et al., 2018). The WeMO is
defined as a dipole of high pressure in the Azores and low pressure in the Gulf of Geneva,
and the Western Mediterranean Oscillation Index (WeMOi) results from the differences
in the atmospheric surface pressure between Cadiz and Padua (Martin-Vide and Lépez-
Bustins et al., 2006; Lopez-Bustins et al., 2008). During its positive phase, the high
pressure over the Gulf of Cadiz and the low pressure over the Gulf of Geneva promote
the cyclonic rains of Mediterranean origin over the northern coast (Martin-Vide and
Lopez-Bustins, 2006). Conversely, the negative phase is characterized by an anticyclone
over northern Italy and low pressure over the southwestern Iberia, promoting precipitation
over the eastern coast of the Iberian Peninsula (Martin-Vide and Lopez-Bustins, 2006).
The orographic barriers also play an important role, preventing the arrival of the Atlantic
front to the east (Martin-Vide and Lopez-Bustins et al., 2006). On the other hand, during

spring and summer, the convective or cyclonic precipitation of Mediterranean origin can
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Figure 2. Schematic representation of the positive and negative states of the NAO, ice sheet extension, sea surface
temperature and sea level pressure. Modified from Wanner et al. (2001). (a) Positive NAO phase: high pressure gradient
between the Iceland low and the Azores high and northward migration of the westerlies; (b) Negative NAO phase: low
pressure gradient between the Iceland low and the Azores high and southward migration of the westerlies, entering the
Mediterranean region.

bear a major influence even on regions far from the coast (Romero et al., 1999; Celle-
Jeanton et al., 2001).

The atmospheric teleconnections between the western Mediterranean and the North
Atlantic influence not only the hydrological conditions of southwestern Mediterranean,
but also the formation of Western Mediterranean Deep Water (WMDW) through heat
loss of the surface waters (MEDOC group, 1970; Smith et al., 2008; Canals et al., 2013).
In recent years, several studies point to the East Atlantic Pattern (EAP) as the main
mechanism leading to heat loss in the Gulf of Lions, triggering the WMDW formation
(Josey et al., 2011; Papadopoulus et al., 2012; Canals et al., 2013; Martinez-Asensio et
al., 2014). The EAP is characterized by a low pressure cell located west of Ireland,
between the two poles of the NAO (Josey et al., 2011); at a decadal timescale it can
influence the position of the NAO dipole (Hernandez et al., 2020). During a negative
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phase, the EAP turns into a high pressure pole that promotes north-northwestern winds
(Tramontane/Mistral) blowing into the Gulf of Lions (Josey et al., 2011; Papadopoulos et
al., 2012). A positive phase of the WeMO, with a low pressure cell in the Gulf of Geneva,
can also intensify these northerly winds (Lionello and Sanna, 2005; Martin-Vide and
Lopez-Bustins, 2006, Lopez-Bustins et al., 2008; Martin et al., 2012).

From an oceanic point of view, the Mediterranean Sea is a semi-enclosed marine basin
with a mean depth of 1500 meters below sea level (mbsl) (Schroeder, 2018), located
between 30°N and 45°N latitude and between 5°W and 35°E longitude, surrounded by
continental areas (Europe to the North, Africa to the South, Asia to the East) and
connected with the Atlantic Ocean through the Gibraltar Strait to the West, and the Black
Sea to the East. The present-day circulation in the Mediterranean is forced by the negative
water balance in the basin, with more evaporation than precipitation in the basin, resulting
in one of the saltiest sea water masses in the world. Due to the negative water balance and
its connection with the less saline waters from the Atlantic Ocean, the Mediterranean Sea
is characterized by a general anti-estuarine circulation: the fresher Atlantic waters enter
the Mediterranean and flow as a shallower layer eastward, while the denser Mediterranean

water flows westward, residing in the deeper part of the basin (Millot et al., 1999, 2009.

The Mediterranean Sea is subdivided in two main basins, with different temperature and
salinity conditions, separated by the Sicilia Strait (500 mbsl) (Fig. 3). The western
Mediterranean basin is subdivided from East to West in several sub-basins: The
Tyrrhenian Sea, the Liguro-Provencal basin, the Algero-Balearic basin and the Alboran
Sea basin. The formation of the western Mediterranean basin and its sub-basins is closely
related to the evolution of the Alpine mountain ranges and the convergence between the

African and Eurasian plates (Rehault et al., 1984; Comas et al., 1999 for a review).

The oceanographic circulation in the western Mediterranean can be simplified as three
main water masses separated by differences in temperature, salinity and density (Fig. 3)
(Millot, 1999, 2009, 2013). The Surface Atlantic Water (SAW) and the North Atlantic
Central Water (NACW) enter the Mediterranean through the Gibraltar Strait and mix with
the Mediterranean Outflow Water (MOW), forming the light Modified Atlantic Water
(MAW), which flows eastward occupying the top 200 m of the seawater column (Fig. 3)
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(Millot, 1999, 2009, 2013). In the Alboran Sea basin, the MAW forms two anticyclonic
gyres —the quasi-permanent Western Alboran Gyre (WAG) and the seasonal Eastern
Alboran Gyre (EAG) (Heburn and La Violtte, 1990; Tintoré et al., 1991; Millot, 1999;
Barcenaetal., 2001; Fabres et al., 2002; Ercilla et al., 2016). Two high productivity fronts
are associated with these gyres: the Malaga Front and the Almeria-Oran Front (Sanchez-
Vidal et al., 2004).

Below the MAW, three intermediate water masses flow westward (Fig. 3): between 200
and 600 mbsl along the southern Iberian margin and the central Alboran basin, between
200 and 400 mbsl along the Moroccan margin and between 300 and 1500 mbsl in the
Algero-Balearic basin. The shallowest of these three water masses is the Winter
Intermediate Water (WIW), which forms when the MAW is cooled in the Liguro-
Provencal sub-basin during wintertime. The middle is the Levantine Intermediate Water
(LIW) results from cooling and evaporation of the MAW in the Levantine sub-basin and
it is characterized by a relatively warm temperature and high salinity. The deeper of these
intermediate water is the Tyrrhenian Dense Water (TDW), formed by the mixing of
Eastern Mediterranean Deep Water (EMDW) with water masses from the Tyrrhenian,
WMDW, old TDW and old LIW (Fig. 3) (Millot, 2009). The TDW shows two different
behaviours: the upper part of TDW behaves like the LIW and flows through the northern
margin, while the lower part behaves like the WMDW and flows through the Moroccan

margin.

The WMDW is restricted to 600 mbsl in the northern and central Alboran basin, below
400 m in the Moroccan margin and below 1500 m in the Algero-Balearic basin (Fig. 3)
(Millot, 1987, 2013). It is formed in the Gulf of Lion as a result of Dense Shelf Water
Cascading or Offshore Convection triggered by the buoyancy loss of the surface waters
(see Canals et al., 2013 for a review). The WMDW formation is associated with the
presence of the Mistral and Tramuntana winds blowing cold and dry air into the NW
Mediterranean. Apart from the surface water heat loss, other factors that influence the
WMDW formation include the LIW input into the Provencal subbasin. The warm and
saltier LIW can induce OC events that result in a warmer but saltier WMDW (Toucanne
etal., 2007, 2012; Smith et al., 2008; Martin et al., 2010).
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Figure 3. Schematic representation of the main water masses in the Mediterranean Sea. Numbers in black (red) indicate

temperature (salinity) and black arrows indicate the water movement. From GRIDArendal. 2013.

In turn, the Atlantic Meridional Overturning Circulation (AMOC) is an overturning cell
located in the North Atlantic, responsible for the northward transport of surface warm
water, and balanced by the southward transport of deep cold water (Buckley and Marshall,
2015; Lynch- Stieglitz, 2017; Weijer et al., 2019). The AMOC plays a central role in
transporting heat from low to high latitudes (Buckley and Marshall, 2015), and
controlling the position of the Inter Tropical Convergence Zone (ITCZ), thus influencing
the climate of the Northern Hemisphere (Brayshaw et al., 2009; Buckley and Marshall,
2015; Li et al., 2019).

1.1.2 Past climate variability and oceanographic evolution

The global climate over the last 900 ka has been characterized by glacial-interglacial
intercalations related to insolation changes linked to orbital oscillations (Berger, 1980).
Within the orbital oscillations, known as Milankovitch cycles, eccentricity (100 ka

periodicity) has been suggested as the main insolation driver, modulated by obliquity and
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precession cycles (with 41 ka and 23 ka periodicities, respectively) over the past 900 ka
(Milankovic, 1941; Hays et al., 1976; Berger and Jansen, 1994; Tzedakis et al., 2017).
The last 20 ka are characterized by minima in summer insolation around 20 cal ka BP,
followed by a gradual increase until 11 cal ka BP, when a maximum was reached (Wanner
et al., 2008). In general, the last 12 cal ka BP are characterized by a decreasing trend until

present-day (Laskar et al., 2004).

The orbital cycles are superimposed upon high-frequency climatic variability at a
suborbital timescale (Imbrie et al., 1984). They include the Dansgaard-Oeschger (D-O)
cycles, characterized by rapid warming and progressive cooling, with a frequency of 1.5
ka (Daansgard et al., 1984; Alley et al., 2001). The D-O cycles show a progressive trend
toward colder cycles, known as Bond cycles, which sometimes culminate in Heinrich
events (HEs) (Bond et al., 1992, 1993). The HEs are described as the deposition of ice-
rafted debris (IRD) layers in the North Atlantic (Heinrich et al., 1988) as a consequence
of iceberg melting, and have been recognized in almost all of the last glacial periods
(Hodell et al., 2008). The IRD deposition is accompanied by large meltwater inputs in the
North Atlantic, which have had a great influence in the AMOC intensity and the climate
variability of the North Hemisphere (Fig. 4) (Heinrich et al., 1988; Hodell et al., 2015;
Repschlager et al., 2015; 2021; Lynch-Stieglitz, 2017; Weijer et al., 2019). Changes in
the intensity of the AMOC during the D-O cycles bear a direct impact on the European
and Mediterranean climates by controlling the humidity and/or position of the westerlies
(Brayshaw et al., 2009; Jackson et al., 2015; Lynch-Stieglitz, 2017; Naugthon et al., 2019;
Li et al., 2019; Toucanne et al., 2021). The freshwater input in the North Atlantic
prevented the overturning and thus the transport of heat from the Equator to the Poles,
resulting in a cooling over the Northern Hemisphere, the advance of continental and sea
ice sheets, intensification of the westerlies, and reorganization in the ITCZ position, with

the concomitant consequences for humidity transport over Europe (Baldini et al., 2015).
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Figure 4. Different phases of the AMOC. LIS: Laurentide Ice Sheet; GIS: Greenland Ice Sheet; IIS: Iceland Ice Sheet;
BIIS: British-Irish Ice Sheet; SPG: Sub-Polar Gyre; STG: Sub-Tropical gyre; GNAC: Glacial North Atlantic Current;
C: Convection zones. Modified from Lynch-Stieglitz (2017) and Toucanne et al. (2021).

1.2 Sediment records from the western Mediterranean region
1.2.1 Marine sediment records

The sedimentary column of the western Mediterranean basin is around 7 km thick, and it
comprises three main formations or units: the oldest one consists of marly sediments of
Lower and Middle Miocene age; the middle unit consists of evaporites formed during the
Messinian salinity crisis; and the upper formation consists of marly sediments with the
occurrence of turbidites and contourites of Pliocene and Quaternary age (Rehault et al.,
1984).

Nowadays, sedimentation in the western Mediterranean basin and its sub-basins

represents an interaction between vertical settling, downslope and along-slope processes
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(Rehault et al., 1984; Comas et al., 1999; Lobo et al., 2006; Frigola et al., 2007; Jiménez-
Espejo et al., 2007, Lombo Tombo et al., 2015; Ercilla et al., 2016). In the Algero-
Balearic basin several turbidite systems occurred along the continental slopes, the most
prominent ones being the Rhone, Ebro/Valencia and Var fans (Rothwell et al., 1998;
Dennielou et al., 2019). Similarly, contouritic deposits are located around the Balearic
Promontory (Sierro et al., 2005; Frigola et al., 2007; Cisneros et al., 2019). In the Alboran
Sea basin, the different sedimentary environments have been accurately characterized
(Ercilla et al., 2016, 2019; Juan et al., 2016). Turbidite systems are mainly located along
the northern coast of the Alboran Sea, likely due to the current intensity by the northern
and southern coasts (Ercilla et al., 2019); the largest are the Almeria and Fuengirola
turbidite systems. The interaction of deep water currents with the complex seafloor
morphology of the basin promote the formation of contouritic deposits along the Alboran
Sea basin (Ercilla et al., 2016). Hemipelagic sedimentation dominated throughout the
different sub-basins, mainly in zones without the influence of turbidites and conturites.
In particular, the Alboran Sea basin presents a higher lithogenic content and
sedimentation rates than the Algero-Balearic basin due to its narrow and semi-enclosed
morphology (Fabres et al., 2002; Sierro et al., 2005; Jiménez-Espejo et al., 2007; Zufiga
et al., 2007a; Rodrigo-Géamiz et al., 2011).

Therefore, the sedimentary sequences recovered in the western Mediterranean sub-basins
are excellent paleo-archives, highly sensitive to different climate sub-systems such as the
atmosphere (wind patterns), the hydrosphere (water circulation and sea floor
oxygenation), and the biosphere (productivity). The westernmost Mediterranean basin in
particular is an outstanding location for paleoclimate reconstructions because the erosion
of the relatively young massifs around the basin promote high and continuous
sedimentation rates, allowing for high resolution paleoclimate studies (e.g., Cacho et al.,
2001; Sierro et al., 2005; Jiménez-Espejo et al., 2007; Nieto-Moreno et al., 2011;
Rodrigo-Gamiz et al., 2011; Martinez-Ruiz et al., 2015).

12
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1.2.2 Alpine continental records in southern Iberia

Continental sedimentary records recovered in lakes, peat bogs and wetlands have also
been useful for reconstructing the paleoclimate evolution, contributing to high resolution
studies since they usually present higher sedimentation rates than marine records. They
are also sensitive to atmospheric processes, but they usually present greater local
influences. Continental records tend to be shorter than marine records and can be
especially influenced by anthropic actions in the most recent times. Furthermore, alpine
lakes, peat bogs and wetlands are highly valuable paleo-archives in that the anthropic
signal is expected to be almost negligible (e.g., Tinner et al., 2003, 2005; Anderson et al.,
2011; Jiménez-Moreno and Anderson 2012; Sanchez-Ldpez et al., 2016; Cartier et al.,
2018).

Within this framework, the Sierra Nevada mountain range, located in the southern Iberian
Peninsula, is one of the highest mountain range in the southern Europe. The bedrock of
the high elevations of Sierra Nevada is mostly composed by metamorphic rocks,
principally mica schists (Castillo Martin, 2009). During the Late Pleistocene, the Sierra
Nevada was one of the southernmost mountains supporting alpine glaciers, and its last
advance was recorded during the Little Ice Age (LIA) (Palma et al., 2017; Oliva et al.,
2018; Palacios et al., 2020). The erosion and subsequent melting of glaciers at the end of
the Last Glacial Maximum (LGM; 21-18 cal ka BP) formed wetlands and small lakes
between 2451 and 3227 m above sea level (masl) (Schulte, 2002; Castillo Martin, 2009;
Palma et al., 2017), which are excellent paleo-archives, as previously explained. In the
last decade, numerous paleoclimate studies have been carried out on lakes and peatbog in
Sierra Nevada (Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; Garcia-Alix
et al., 2012, 2013, 2017; Oliva and Gomez-Ortiz, 2012; Oliva et al., 2018; Jiménez-
Moreno et al., 2013, 2020; Jiménez-Espejo et al., 2014; Ramos-Roman et al., 2016),

which allow for comparisons with previously published studies.

As usually occurs in mountainous regions, vegetation in Sierra Nevada is distributed with
respect to elevation, depending on the temperature and rainfall gradients (e.g., El Aallali
et al., 1998; Valle, 2003). In Sierra Nevada, the crioromediterranean flora occurs as

tundra-like open grassland above 2800 masl. The oromediterranean belt (1900-2800
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masl) mostly includes dwarf Juniperus (juniper), xerophytic shrublands and pasturelands,
with Pinus sylvestris and P. nigra. The supramediterranean belt (~1400-1900 masl) is
characterized by mixed deciduous and evergreen forest species (i.e., evergreen and
deciduous Quercus, with Pinus spp. and others). Mesomediterranean vegetation (600-
1400 masl) includes sclerophyllous shrublands and evergreen Quercus woodlands. The
natural vegetation has been strongly altered by human activities and cultivation in the last
centuries, significantly increasing the abundance of Olea europaea (olive), due to
cultivation at lower altitudes (Anderson et al., 2011, and references therein), and Pinus

due to reforestation, primarily at higher elevations (Valbuena-Carabafia, 2010).

The southern Iberian Peninsula has a long history of settlement since the Chalcolithic or
Copper Age (5.3-4.2 cal ka BP). Los Millares (Almeria), dated as 5.15 cal ka BP, is one
of the first settlements, whose population worked with metallurgy and fortified the
settlement (Molina-Gonzélez et al., 2004; Blanco-Gonzalez et al., 2018). Early human
modification of landscapes by grazing and agricultural activities are found since the
Middle Holocene (Carrién et al., 2010), and the first signal of mining around Sierra
Nevada is dated at around 3.8 cal ka BP (Garcia-Alix et al., 2012). During the Roman
occupation of the Iberian Peninsula the mining of galena was intensified, and the signal
of lead pollution is recorded in several locations around southern Iberia and in the Alboran
Sea (Martin-Puertas et al., 2010; Garcia-Alix et al., 2013). During the Middles Ages,
grazing activities have also been evidenced at various alpine peat bogs from Sierra
Nevada (Anderson et al., 2011; Ramos-Roman et al., 2016). The anthropogenic signal in
paleoclimatic records from the southern Iberia become clearer from the LIA until the
present-day, with the onset of intensive olive cultivation and an increase in the Pb content

coinciding with the industrial revolution (Gonzalez Portilla, 1998).

1.3 Paleoenvironmental responses over the Last Glacial Maximum, the deglaciation
and the Holocene

The last glacial cycle is culminated with the Last Glacial Maximum (LGM; 21-18 cal ka
BP), defined as the maximum extension of mountain glaciers and sea ice sheets (Hudges

et al., 2013) and the lowest sea level of the entire cycle (Lambeck et al., 2014).
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Afterwards, a progressive trend to warmer conditions occurred, with the subsequent
melting of both mountain glaciers and sea ice sheets, leading to a sea level rise (Ivy-Ochs
et al., 2008; Clark et al., 2009; Lambeck et al., 2014). This period is known as the last
deglaciation, and it spans from the end of LGM to the end of the Younger Dryas (YD;
12.8-11.7 cal ka BP). The last deglaciation is characterized by a progressive warming
trend punctuated by several cold spells, such as the Heinrich Stadial 1 (HS1; 18-15 cal ka
BP; Hodell et al., 2017) and the YD. At most high altitude settings from the western
Mediterranean region, e.g. the Alps and Sierra Nevada, the glaciers reached their
maximum expansion (Ivy-Ochs et al., 2008; Palacios et al., 2020). The onset of the
deglaciation, around 19 cal ka BP, is characterized by a retreat of Alpine glaciers and an
increase in the sea level (lvy-Ochs et al., 2008; Lombo Tombo et al., 2015; Palacios et
al., 2020). Between 18 and 15 cal ka BP, the melting of the Fennoscadian and Laurentide
ice sheet triggered freshwater input into the North Atlantic, resulting in an AMOC
slowdown or collapse (Hodell et al., 2015, 2017; Repschlager et al., 2015, 2021), with
the concomitant effect on the western Mediterranean climate (Torres et al., 2020;
Camueraetal., 2021). In the southern Iberia, the HS1 is characterized by cooler and more
arid conditions than during the LGM (Cacho et al., 2002; Fletcher et al., 2010; Rodrigo-
Géamiz et al., 2014; Camuera et al., 2021), the arid conditions over tropical Africa
increasing the Saharan dust input over the whole Mediterranean area (Rodrigo-Gamiz et
al., 2011; Scheuvens et al., 2013). After the HS1, reactivation of the AMOC during the
B-A period triggered warmer and more humid climate conditions over the western
Mediterranean (Combourieu-Nebout et al., 2009; Fletcher et al., 2010; Ng et al., 2018;
Skinner et al., 2021). In addition, the melting of the alpine glaciers discharging in the Gulf
of Lions triggered the melt-water pulse 1a and the collapse of the WMDW formation,
which resulted in the Organic Rich Layer 1 (ORL1) deposition in the Alboran Sea (Cacho
et al., 2002; Rogerson et al., 2008). During this period, the onset of the African Humid
Period (AHP) occurred (ca. 14 cal ka BP) due to a northward migration of the ITCZ and
the African monsoon, and a southward migration of the Atlantic Storm track (Cheddadi
et al., 2021). The YD is depicted by cold and arid conditions related to a new release of

freshwater in the North Atlantic, owing to drainage of the Lake Agassiz, resulting in a
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new AMOC slowdown (Fanning and Weaver, 1997; Repschlager et al., 2015; Naughton
etal., 2016, 2019).

The Holocene spans the last 11.7 cal ka BP until present-day (Wanner et al., 2008, Walker
et al., 2019), and is characterized as a relatively stable and warm period, with short cold
spells (Mayewski et al., 2004). Cooling pulses in the North Atlantic similar to those taking
place during the deglaciation have been recognized during the Holocene period; known
as Bond events (Bond et al., 1997, 2001), they also affected the thermohaline circulation
and Northern Hemisphere climate variability (Alley and Agustsdéttir, 2005; Wiersma and
Jongma, 2010). The Early Holocene (11.7-8.2 cal ka BP) is characterized by the boreal
summer insolation maximum, which triggered the AMOC reactivation and humid
conditions over the Mediterranean area (Oppo et al., 2003; Repschléger et al., 2015). The
northward migration of the ITCZ resulted in a precipitation increase in the Nile
watershed, and thus an increase of freshwater input into the Eastern Mediterranean (de
Lange et al., 2008; Revel et al., 2015). The extreme reduction in the surface salinity
prevented the formation of deep water, resulting in anoxic conditions in the bottom basin,
allowing for the formation of the Sapropel 1 (S1; 10-6.4 cal ka BP). At around 9 cal ka
BP there was a demise of the ORL1 deposition (Cacho et al., 2006; Jiménez-Espejo et al.,
2007; Pérez-Asensio et al., 2020), which has been related to a reactivation of the WMDW
(Frigola et al., 2008). In the southern Iberian high altitude mountains, the glaciers
underwent a great retreat, giving rise to the formation of several alpine lakes and
wetlands. In the Sierra Nevada mountain range, all the lakes located above 2400 m

altitude were formed during this interval (Anderson et al., 2011).

The transition between the Early and the Middle Holocene (8.2-4.2 cal ka BP) is
characterized by the cold event 8.2 ka, which was triggered by meltwater release in the
North Atlantic (Alley et al., 2001). Although this event has not been recognized in most
of the northern Mediterranean records (Magny et al., 2013), it triggered a northward
migration of the ITCZ, resulting in a reactivation of the thermohaline circulation in the
eastern basin and an interruption of the S1 deposition (Rohling and de Rijk, 1999; de
Lange et al., 2008; Filippidi et al., 2016). Another cold event in the North Atlantic was
recorded around 7.6-7.0 cal ka BP, which in the Mediterranean resulted in arid conditions

over the basin and a new interruption of the S1 deposition (Rohling and de Rijk, 1999;
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Ariztegui et al., 2000; Filippidi et al., 2016). In the southwestern Mediterranean,
xerophytic vegetation started to replace the more humid-adapted vegetation predominant
during the Early Holocene. This aridity trend culminated at 5 cal ka BP with the demise
of the AHP, which meant the transition of a vegetated Sahara-Sahel region to the present-
day desertic conditions (de Menocal et al., 2000; Scheful? et al., 2005; Castafieda et al.,
2009; Chedaddi et al., 2021). This change enhanced dust export from the Sahara Desert
to other Mediterranean locations.

The Late Holocene (4.2 cal ka BP to present-day) is characterized by high variability:
pervasive warm and humid conditions during the Iberian Roman Humid Period (IRHP;
2.60-1.45 cal ka BP; Martin-Puertas et al., 2009, 2010), cold and arid conditions during
the Dark Ages (DA; 1.45-1.05 cal ka BP; Helama et al., 2017); warm and arid conditions
during the Medieval Climate Anomaly (MCA; 1.05-0.65 cal ka BP; Moreno et al., 2012);
and cold and humid conditions during the Little Ice Age (LIA; 0.65-0.15 cal ka BP, Oliva
etal., 2018). Nevertheless, there was a dissimilar response across the Mediterranean basin
(Sanchez-Ldpez et al., 2016). In addition, during this period there was a change in the
teleconnection between the North Atlantic and the Mediterranean —during the Early and
the Middle Holocene and the deglaciation, the Atlantic cooling events corresponded with
arid conditions over the Mediterranean, but during the Late Holocene these coolings were
coeval with humid conditions over the Mediterranean (Zielhofer et al., 2017). This change
in the N-S teleconnections is not well understood, yet changes in insolation and the
AMOC strength have been postulated as possible forcing mechanisms (Fletcher and
Zielhofer 2013; Zielhofer et al., 2017).

1.4 Multi-proxy approach for paleoclimate reconstruction
1.4.1 Inorganic geochemical proxies

Early works and oceanic expeditions aiming to reconstruct past climate variability from
deep marine sediment records realized that the lithology and the mineral composition
mainly responded to glacial-interglacial cycles (Bramlette and Bradley, 1940; Arrhenius,
1952). Later on, it was discovered that the geochemical composition of deep marine

sediment records offers valuable information about the ocean dynamics, allowing for the
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study of geochemical cycles (Goldberg, 1954; Goldberg and Arrhenius, 1958; Berner,
1971). The elemental composition of marine sediments is usually the result of processes
involved in its deposition: (1) source area; (2) transport mechanisms; (3) climate
conditions on the surrounding continents; (4) oceanic dynamics and seafloor oxygen
conditions; (5) productivity; and (6) physical and chemical post-depositional processes;
although sometimes, the same element can be enriched in the sediment by more than one
of the processes described above (Calvert and Pedersen, 2007).

Furthermore, sediments are conformed by different fractions, including lithogenic,
biogenic, hydrogenous, cosmogenous and diagenetic fractions. Potentially, all sediments
are made up of an admixture of these fractions, and elements in the sediments reflect the
relative proportion of each fraction (Calvert and Pedersen, 2007). Thus, if one element
resides only in one fraction, its abundance would be subjected to the dilution between
fractions. In order to elucidate the real abundance of one element within a fraction, it
should be normalized. Aluminum (Al) normalization is most commonly used for
elucidating the variation of an element within the terrigenous fraction, since Al is
supposed to be conservative (Van der Weijden, 2002; Calvert and Pedersen, 2007;
Martinez-Ruiz et al., 2015). Nevertheless, some studies warn about pitfalls in the use of
normalizations (Van der Weijden, 2002). Another element cited in the literature for
disentangling the variation of a terrigenous element within the lithogenic fraction is Ti
(Murray and Leinen, 1993). The use of Ti for normalizations may be preferred when the
elemental data are obtained by X-ray fluorescence core-scanning, since the Al and other

light elements are not always accurately measured by this method (Tjallingii et al., 2007).

Geochemical ratios can also serve to discern the source area or transport mechanisms of
terrigenous sediment (Calvert and Pedersen, 2007). Elemental ratios such as Si/Al, Ti/Al
and Zr/Al have been used to reconstruct eolian input in the Pacific and Atlantic Ocean
and in the Mediterranean area (Calvert and Pedersen, 2007; Martinez-Ruiz et al., 2015).
Si is enriched in quartz grains, while Ti and Zr are enriched in heavy minerals such as
zircons and rutiles, which are mostly sourced from Saharan eolian dust (Wehausen and
Brumsack, 1999). These elements have been used for elucidating paleocurrent intensity
in different deposits, as the high density of these minerals impedes their winnowing by
currents (Dypvik and Harris, 2001; Bahr et al., 2014; de Castro et al., 2020). This aspect

18



I. General background

is necessary for understanding the sedimentary environment in which the core was
recovered prior to using a geochemical ratio, since the same ratio can have different

meanings depending on the sedimentary conditions.

Other studies may normalize one terrigenous-derived element by one carbonate-derived
element (i.e., Fe/Ca, Ti/Ca), in which case the increase of one of the two elements would
imply the decrease of the other one, because they are subjected to the closed-sum effect
(Govin et al., 2012). Likewise, the variation of a two element enriched in the carbonate
fraction (i.e., Sr/Ca ratio) also gives relevant information about the carbonate
characteristic. The Sr is enriched in aragonite, a mineral that is scarce in the basin, since
the bottom waters are undersaturated in Sr. When sediments from deep marine basins are
enriched in the Sr/Ca ratio, they can be traced to input into the basin of shallow carbonates
from the shelf, high productivity of aragonite rich planktonic organisms such as
pteropods, or to authigenic precipitation under suboxic conditions (Thomson et al., 2004;
Reitz et al., 2006).

Meanwhile, geochemical ratios based on redox elements can provide information about
the seafloor oxygen conditions (Algeo and Trivobillard, 2009). Uranium (U) and
molybdenum (Mo) are two elements used for this purpose (Liu and Algeo, 2020). Both
are predominantly of authigenic origin in sediments, being scarce in the upper continental
crust. They are indicative of sub-oxic or euxinic conditions, since they need at least a
small amount of H,S for precipitating in the sediment (Canfield and Thamdrup, 2008;
Algeo and Liu, 2020). The precipitation of U and Mo occurs after the ferruginous
threshold, in which the Fe®*" is reduced to Fe?* (Algeo and Liu, 2020). In turn, manganese
(Mn) is dissolved in the column water under euxinic conditions and precipitates under

oxic bottom conditions (Canfield and Thamdroup, 2008; de Lange et al., 2008).

1.4.2 Leaf wax lipids and stable isotopes

Biomarkers are organic compounds ideally derived from a restricted biological source
(Bossard et al., 2013). In the very beginning, Eglinton and Calvin (1967) designated these
organic compounds as chemical fossils, and later on, as biological markers, although

nowadays they are better known as biomarkers (Simoneit, 2002). Biomarkers provide
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valuable information about the organisms that produce the lipids and environmental
factors that influence their production (Peters et al., 2005). In particular, the lipids from
the leaf wax of vascular plants are useful proxies in paleoclimatology due to their
chemical inertness, water insolubility and resistance to biodegradation (Eglinton and
Eglinton, 2008). These lipids are formed by long-chained n-alkyl compounds including
straight chains of n-alkanes, n-alkanols and n-alkanoic acid with a variable number of
carbon and hydrogen atoms (Eglinton and Hamilton, 1963). These characteristics allow
them to be transported to marine and lacustrine environments as aerosols, or on mineral
phases by rivers or the wind, and to be preserved in the sedimentary record (Eglinton and
Eglinton, 2008). In addition, the strong covalent bounds C-C and C-H enable preservation
of the isotopic signature of both C and H incorporated by the plants during biosynthesis
(Eglinton and Eglinton, 2008).

The carbon incorporated by plants is comes primarily from atmospheric CO2, while the
H proceeds from precipitation during the growing season (Diefendorf and Freimuth,
2017). The 83C measured in n-alkanes depends on several factors, such as the
photosynthetic pathway of the plant and hydric stress. During photosynthesis plants
discriminate the *C versus the 12C, the former being heavier and forming stronger bounds
than the latter, for which reason plants show depleted §*C values with respect to the
atmosphere (O’Leary, 1988). The enzyme Rubisco converts CO2 into sugars, and together
with the photosynthetic pathway, are the two main factors behind the fractioning of *C.
Plants that use the Cs pathway (Calvin-Benson) would have a stronger fractionation than
those using the C4 pathway (Hatch-Slack) (O’Leary, 1988), whereas those using the
crassulacean acid metabolism (CAM) show values ranging between Cs and C4 (O’Leary,
1982). There may also be fractionation depending on hydric stress —during arid/humid
conditions the plants close/open their stomata to control de/hydration, hence reducing or
increasing the intracellular CO. and the fractionation, resulting in more positive (or
negative) 513C values (Farquhar et al., 1982; O'Leary, 1995; Zech et al., 2007).

R=13c/2C

d13C = ((Rsample/Rstandard) —1) x 1000
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where the Rstandard IS the VPDB (Vienna Pee Dee Belemnite), which corresponds to
0.01123720.

Because water is the main source of H used during photosynthesis, the study of stable 2H
isotopes on the n-alkanes provides information about the water source used by these
organisms during their growth (e.g., Englebrecht and Sachs 2005; Sasche et al., 2012),

after a significant biological fractionation effect (Saschse et al., 2012).

The 5°H from water precipitation, and thus recorded in the n-alkanes, depends on several
factors, such as the humidity source, the altitude effect, the temperature of the rainfall,
the precipitation amount, the continental effect, and the evapotranspiration in soils
(Dansgaard, 1964; Vogts et al., 2016). The net fractionation of the 2H by plants therefore
involves soil-water and biochemical processes (Sachse et al., 2012).

R=2H/H
52H = (Rsample - Rstandard)/Rstandard

where the Rstandard 1S the Vienna Standard Mean Ocean Water (VSMOW) = 155.76 + 0.1
ppm.

1.4.3 Pollen

The study of pollen grains has been widely used for paleoclimate reconstructions. It traces
a reliable picture of the past vegetation assemblages, in turn depending on the temperature
and humidity conditions. Pollen grains are the masculine gametophyte of angiosperm and
gymnosperm plants, and contain the male nucleus that will fertilize the female nucleus in
an ovule (Smol et al., 2002). This process is called pollination, namely, the transport of
pollen grains from the anther, where they are produced, to the stigma, usually of a
different plant. This transport can be by wind (anemophilous), by insects
(entomophilous), or by water (hygrophilous), the two former means being the most usual.
Depending on the pollination strategy, the pollen can be dispersed farther from or closer
to the parent plant, and produced in greater or lesser quantity. For example, plants with
anemophilous pollination tend to produce more pollen grains and disperse them farther

than plants with entomophilous pollination. Nevertheless, most of the produced pollen
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never reach the ovule and fall onto the ground (Smol et al., 2002). When the pollen falls
in an anoxic environment, such as peat bogs or lakes, it can be preserved for a long time,
since its walls are made of sporopollenine, which is an organic material very resistant to
alkaline environments, thus allowing for its preservation in sediments. Paleopalynology
works because of: (1) the ubiquity of palynomorphs; (2) the abundance and resistance of
palynomorphs; (3) its fast evolution over geological time (Traverse, 2007). In
paleontology, palynology has three main purposes: geochronology, biostratigraphy and
paleoecology (Traverse, 2007), the latter proving the most important for this thesis. By
reconstructing the assemblages of pollen grains in sediment records we can infer the

vegetation changes throughout the period represented in the sediments.

In the case of high altitude lakes and wetlands in Sierra Nevada (southern lberian
Peninsula), the presence of arboreal taxa (deciduous and evergreen Quercus, Olea,
Pistacia, Pinus) are related to more humid and/or warm conditions and the migration of
the vegetation belt to higher altitudes. Conversely, the occurrence of pollen grains of
Asteraceae, including Chenopodiaceae, Asteroideae, Artemisia, and Poaceae, among
others, point to arid and/or colder conditions. The occurrence of aquatic and wetland
species, such as Cyperaceae, Ranunculaceae and Typha, are controlled by local factors,
I.e., the aquatic taxa can increase because there are more humid conditions; or because
more arid conditions dry the lake and these taxa proliferate in the wetland, so that aquatic

and wetland species does not usually provide much information.
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2. Motivation, Objectives and Thesis framework

Future climate projections point to hazardous scenarios for the Mediterranean region,
with increasing droughts and the concomitant effects for the economy and human
migrations (IPCC, 2021). Moreover, there is a consensus within the scientific community
that the current climate change is the result of human activities. Given the severe future
consequences of the climatic crisis (IPCC, 2013, 2021), it is essential to improve the
accuracy of prediction models by extending our knowledge of the climatic system beyond
historical data, which only cover until 1850 of the current era. In order to anticipate socio-
environmental impacts and vulnerability for planning adaptations, it is also critical to
understand the links between the occurrence of extreme events and natural climate

variability at both orbital and suborbital timescales.

To achieve this, it is important to understand the processes and climate triggers that
caused past rapid climate variability under natural conditions and the response of the
different components of the climate system (atmosphere, hydrosphere, cryosphere,
lithosphere and biosphere), at both orbital and suborbital timescales. Within this context,
deciphering how and why extreme climate events occurred in the past calls for
understanding present-day oceanic and atmospheric configurations, as well as climate
models for the studied area, to elucidate the climate proxies sensitive to recognizing these
events. In this regard, the studied time period takes in the end of the LGM, the last
deglaciation and the Holocene, two time intervals in which the climate system has
undergone an important reconfiguration. Superimposed upon the general warming trend,
several cold periods have occurred in response to changes in the AMOC and in the
atmospheric patterns. These disruptive events can be extrapolated to a future climate
scenario if ice sheet melting in the poles continues. The Late Holocene is a particularly
interesting interval, since the anthropic influence began to be evident, registered in
diverse sedimentary records. Although these time intervals have been widely studied
during the last decades, there is still a lack of correlation between marine and continental
paleoclimate records, and the response to climatic events in different sedimentary basins

is not well established.
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Within this context, the present PhD thesis aims to advance knowledge of climate
variability in the western Mediterranean over the deglaciation and the Holocene, as well
as its causes and effects in both marine and continental settings. Previous work in the
region has demonstrated the rapid response and high sensibility of the Mediterranean
region to the North Atlantic oceanic and atmospheric processes. Still, most studies to date
have presented just a few records, and comparisons between basins or between marine
and continental realms have not been fully addressed. In this thesis, a new continental
record from an alpine lake located in Sierra Nevada, plus several marine sediment records
from the Alboran Sea and Algero-Balearic basins, were collectively studied in order to
compare the climatic imprints recorded in each kind of setting. The alpine record was
integrated with previously studied lake and wetland records from Sierra Nevada. The
thesis also aims to discern between natural or anthropic climate variability, and evaluate
the anthropogenic impact. To accomplish these goals, a multiproxy approach was
adopted, encompassing geochemical analysis including major and trace elemental ratios,
stable isotopes on specific organic compounds, and pollen assemblages in sediments.

Within this framework, the following specific objectives have also been defined:

- To compare the paleoenvironmental information obtained from different proxies and to
evaluate the similarities and differences recognized in marine records in order to discern

between climatic and sedimentary-biased signals.

- To elucidate what factors control the terrigenous vs. carbonate input in the studied

records from the western Mediterranean since the end of the LGM.

- To reconstruct changes in the vegetation and in precipitation sources in the western
Mediterranean during the deglaciation and the Holocene periods.

- To reconstruct the vegetation and the hydrological evolution in Sierra Nevada as
responses to the Holocene climatic variability, and to compare the results with previously

studied records for the area.

- To compare the multiproxy data from Sierra Nevada and the western Mediterranean
basin with other regional and local records in order to understand the factors influencing

western Mediterranean climate variability.
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- To identify anthropic influence in the sedimentary records from alpine wetlands and

marine basins.

The results obtained to fulfill the main and specific objectives are presented in four

chapters:

Chapter 11 comprises the published paper titled: Paleocirculation and paleoclimate
conditions in the western Mediterranean basins over the last deglaciation: New insights
from sediment composition variations. Global and Planetary Change, 2022, 209, 103732.
This chapter discusses the main factors controlling the terrigenous vs. carbonate dilution
in the deep western Mediterranean basins during the last 20 ka. Geochemical proxies from
seven marine sediment cores in a transect from the Algero-Balearic to the Alboran Sea
basin were studied. Furthermore, in this chapter, a new hypothesis about the onset and

demise of the ORL1 based on some redox geochemical proxies is provided.

Chapter 111 comprises the published paper: Vegetation and geochemical responses to
Holocene rapid climate change in the Sierra Nevada (southeastern Iberia): the Laguna
Hondera record. Climate of the Past, 2018, 14, 1687-1706. This chapter reports the
climatic evolution of an alpine wetland in Sierra Nevada deduced from geochemical
proxies and pollen analysis over the Holocene. In addition, the onset of the Saharan eolian
input in the oligotrophic lakes of Sierra Nevada was approached due to its important
influence in the lake ecology.

Chapter 1V includes the paper titled: Stable hydrogen and carbon isotope records of plant
wax n-alkanes from the Alboran Sea basin (westernmost Mediterranean) indicate
precipitation and sediment dynamics during the last deglaciation. Submitted to
Palaeogeography, Palaeoclimatology, Palaeoecology, under review. This chapter is
focused on reconstructing the hydrological and climatic evolution in the Alboran Sea
based on the study of stable isotopes of leaf wax derived n-alkanes. This chapter studies
the terrestrial organic-derived proxies in two marine sediment records recovered from the
two Alboran basins, remarking on the possible bias that the terrigenous organic matter

could suffer during its transport.
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Chapter V includes an integrated discussion of the results obtained in the previous
chapters in order to merge and synthetize the contribution of this thesis to advance
knowledge on paleoclimate conditions in the western Mediterreanena region.

Finally, other works derived from different collaborations are listed in the Appendix.
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3. Materials and Methods
3.1 Sediment records locations
3.1.1 Marine sediment records

The studied marine sediment records have been recovered during different oceanographic
cruises in the western Mediterranean, in the Alboran Sea and the Algero-Balearic basins
(Table 1). These cruises were aimed at reconstructing the paleoceanographic and
paleoclimate evolution in the western Mediterranean basin (Fig 5).

Core 975B was recovered in the Algero-Balearic basin, in the south of the Balearic
Promontory, during the Ocean Drilling Program (ODP) Leg 161 in 1996 using a piston
corer (Table 1; Comas et al., 1996). This cruise aimed to monitor the history of both, the
inflowing Atlantic waters as they flow to the east, and the outflowing Mediterranean
waters on their way west to the Alboran Sea (Zahn et al., 1999). The lithology consisted
in a nannofossil clay with calcareous olive-gray silty-clay without the presence of
turbidites (Comas et al., 1996).

Cores located in the Alboran Sea were recovered during several UNESCO/IOC Training
Through Research (TTR) cruises on board RV Professor Logachev (St. Petersburg,
Russia) (Table 1). During the TTR cruise 12 Leg 3 in 2002 were recovered cores 292G
and 293G in the western and eastern Alboran basins, respectively, using a gravity corer
(Kenyon et al., 2003). Core 292G was recovered in the eastern east and west basins. This
site was selected on base of the present-day circulation pattern in the Alboran Sea with
the aim of reconstruct changes in the past oceanic circulation and paleoproductivity
conditions. The lithology consisted of 371 cm of hemipelagic sediment with a variable
degree of bioturbation. The top 5 cm showed brownish oxidized marls rich in foraminifera
(Kenyon et al., 2003). Core 293G was recovered in the eastern Alboran basin, in the
opposite side of the Alboran Though and relatively close to the Almeria turbidite system,
this marine sequence provided a very good record of 402 cm of hemiplegic sediments.
The top 10 cm consisted in a soupy marl with rich in foraminifera and the rest of the core
consist in a homogeneous mud-clay with some intervals with foraminifera and high
bioturbation (Kenyon et al., 2003). During the TTR cruise 14 Leg 2, cores 300G, 302G

27



A multiproxy approach for reconstructing climate variability in western Mediterranean over the last deglaciation

A ® Algero-Balearic basin
N E Alboran basin

W Alboran basin
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*

Algero-Balearic Basin

Figure 5. Location of the sediment cores used during this thesis in the eastern and western Alboran basins, the Algero-

Balearic basin and Sierra Nevada mountains range.

and 304G were recovered in the eastern Alboran basin (Kenyon et al., 2006). Core 300G
was recovered at the south-east of the Cabo de Gata (Almeria) and consisted of 458 cm
of hemiplegic sediments. The lithological composition is grey clays, brownish in the
upper 7 cm, with foraminifera and some silty intervals (Kenyon et al., 2006). Core 302G
was recovered at the same site than the ODP core 977A Leg 161, located in a graben that
is limited by the Yusuf Ridge to the south and the Maimonides Ridge to the north. The
sediments consisted of brownish marl with foraminifera in the upper 14 cm and grey clay
bottomward (Kenyon et al., 2006). Core 304G was recovered in the transition between
the eastern Alboran basin and the Algero-Balearic basin. It consisted of 454 cm of greyish
clay hemipelagic sediment, brownish in the upperpart, with some silty admixture
(Kenyon et al., 2006). During the TTR cruise 17, Leg 3 core 434G was recovered in the
western Alboran Sea, at the same site as the ODP Site 976, located in a structural high
close to the Fuengirola turbidite system. The sediments consist of green-brownish
hemipelagic mud with some intervals rich in foraminifera (Comas et al., 2009).
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Table 1. Core description, coordinates, altitude and location of each sedimentary record studied.

Site Coordinates Depth / Altitude Location
38°53.7950 N ] ]
ODP161-975B 2416 mbsl Algero-Balearic basin
4° 30.5960 E
36°19.873 N
TTR14-304G 2383 mbsl
1°31.631W
36° 01.906 N
TTR14-302G 1989 mbsl
1°57.317 W
East Alboran basin
36°21.532 N
TTR14-300G 1860 mbsl
1°47.507 W
36°10.414 N
TTR12-293G 1840 mbsl
2045.280 W
35°53.85'N
TTR12-292G 1536 mbsl
3°36.33' W
West Alboran basin
36°12.313 N
TTR17-434G 1108 mbsl
4°18.735 W
37°02.88 N )
LH12-03 2899 masl Sierra Nevada
3°17.66 W

3.1.2 Continental sediment records

In the last decade, several field campaigns have been carried out in Sierra Nevada
mountains for recovering sedimentary sequences deposited during the last deglaciation in
different peat bogs, wetlands and lakes in order to reconstruct the climatic and vegetation
evolution as well as the anthropic impact on alpine ecosystems (Anderson et al.,
2011Garcia-Alix et al., 2012, 2017, 2018; Jiménez-Moreno and Anderson, 2012;
Jiménez-Moreno et al., 2013, 2020; Manzano et al., 2019; Lopez-Avileés et al., 2021,
2022; Ramos-Roman et al., 2016, 2018; 2019).

Laguna Hondera (LH) is an alpine wetland located in the South face of Sierra Nevada, at
2899 masl, at the lowest elevation of a set of lakes known as Cafiada de Siete Lagunas.
LH12-03 was one of the six sediment cores recovered from LH in 2012 using a

Livingstone piston corer. The catchment basin is in the lower part of the Caldera
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Formation and its lithology mainly consists in mica-schist (Diaz de Federico et al., 1980).
LH12-03 was selected since with 83cm was the longest core in the depocenter of the lake
(Table 1). The lithology of core LH12-03 is composed by sand in the bottom part,
followed by an interval of intercalation of clays and peat. The upper part of the core is

mainly dominated by peat with some clayey intervals (Mesa-Fernandez et al., 2018).

3.2 Mineralogical and sedimentological analyses
3.2.1 Scanning electron microscopy

Mineralogical composition and morphological analyses were performed using scanning
electron microscopy (SEM), an AU-RIGA model microscope (Carl Zeiss SMT) coupled
with energy-dispersive X-ray microanalysis (EDX) and electron backscatter diffraction
(EBSD) mode at the Center for Scientific Instrumentation of the University of Granada
(CIC-UGR, Spain). Mineral grains were analyzed to determine provenance and transport

mechanisms for detrital particles, in particular, those from eolian dust origin .

3.2.2 Grain size analysis

The grain size distribution of selected cores was determined on the raw sample and
carbonate-free samples using a Mastersizer 2000 at CIC-UGR. The output data was
treated by using the GRADISTAT package (Blott and Pye, 2001) in order to obtain the
mean size and the percentages of sand (>63um), silt (4-63pum) and clay (<4um). In
addition, the percentage of the sortable silt (SS, 10-63um) and mean size of the non-

carbonated fractions were calculated following McCave et al. (1995).

3.3 Major and trace elements analyses
3.3.1 X-ray fluorescence core-scanner

All studied cores (Table 1) have been measured by X-ray fluorescence (XRF) core-
scanner, though only the results from those that have not been measured by using discrete

samples by wavelength dispersion XRF were used. XRF core-scanner was performed at
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the MARUM—University of Bremen (Germany), except core LH12-03 that was
measured at the University of Barcelona (Spain), using an Avaatech XRF core-scanner.
The XRF core-scanner is a non-destructive methodology that offers qualitative
information of the chemical element distributions. An X-ray current of 650 pA, a 10 s
count time and 10kV X-ray voltage were used for measuring light elements, whereas
1700pA X-ray current, 35 s count time and 30 kV X-ray voltage were used for heavy
elements. The analysis resolution for these analyses was every 0.5 cm. For our studies

only three elements (K, Ca and Ti) have been considered.

3.3.2 Wavelength Dispersive X-Ray Fluorescence

Major elements were measured with a Wavelength Dispersion X-Ray Fluorescence
(WDXRF) S4 Pioneer BRUKER with a maximum power of 4 kW after fusion with
lithium tetraborate at the Andalusian Institute of Earth Science (IACT). The instrument
is equipped with a Rh anode X-ray tube (60 kV, 150 mA), three analyzer crystals (OVO-
55; LiF 200 and PET) and a collimator of 0.26° and 0.46°, with an analytical detection
limit of 0.1% and an instrumental error <1%. Typical precision was better than 61.5% for
an analyte concentration of 10 wt.%. Zirconium was determined by XRF on pressed
pellets, with a precision better than 64% for 100 ppm Zr. The samples were prepared by
melting 0.3/1g of bulk sediment.

3.3.3 Inductively Coupled Plasma-Mass Spectrometry and Optical Spectrometry

Prior to the measurements, 0.1 g of ground sample was digested with HCIO4, H,O2, HNO3
and HF in a Teflon-lined vessel at 180°C evaporated to dryness, and subsequently diluted
in 100 mL bi-distiller water with 4 vol.% HNOs.

Minor and trace elements from all studied cores were measured by inductively coupled
plasma-mass spectrometry (ICP-MS) using a Perkin EImer NexION 300d. The samples
were measured in triplicate through spectrometry using Re and Rh as internal standards.

The instrumental error is 2% for elemental concentrations of 50 ppm (Bea, 1996).
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Major elements in the sediment samples with low material availability, such as core
LH12-03, were measured by inductively coupled plasma optical spectrometry (ICP-OES)
using a Perkin Elmer Optima 8300. Prior to the measurements, 0.1000 g of ground sample
was digested with HNO3z and HF in a Teflon-lined vessel at 180°C and 200 psi during 30
min, evaporated to dryness, and subsequent diluted in 100 mL bi-distiller water with 4
vol.% HNOs. Blanks and international standards were used for quality control; the
analytical accuracy was higher than +2.79% and 1.89% for 50 ppm elemental
concentrations of Al and Ca, respectively, and better than £0.44% for 5 ppm elemental

concentrations.

3.4 Organic geochemical analyses
3.4.1 Gas chromatography

A total of 66 samples from the marine core 293G (East Alboran Sea) and 56 samples from
the marine core 434G (West Alboran Sea), previously extracted by Rodrigo-Gamiz et al.
(2014), were selected to study the n-alkanes distribution included in the apolar fraction
from the total lipid extracts. The apolar fractions were re-dissolved in 100 pL of n-hexane.
Analysis of n-alkanes was performed on a Hewlett Packard 6890 Gas Chromatograph
(GC) equipped with flame ionization detector (FID) using a fused silica column CP Sil-5
(25 m x 0.32 mm internal diameter, 0.12 um film thickness), an on-column injector and
He as mobile phase, at the NIOZ, The Netherlands.

3.4.2 Gas chromatography/isotope ratio mass spectrometry

The stable carbon (§!3C) isotope analyses on n-alkanes were performed in duplicate using
a Thermo Trace GC (1310) coupled with a Thermo Delta-V advantage isotope ratio mass
spectrometer (IRMS) at the NIOZ, The Netherlands. A total of 42 samples were measured
for the marine core 293G and 46 samples for the marine core 434G. Results were
expressed with respect to the Vienna Pee Dee Belemnite (V-PDB) standard.

The stable hydrogen (5'°C) isotopic composition on n-alkanes was determined using a
Thermo Trace GC (1310) coupled with a Thermo Electron Delta V irMS via a GC-isolink
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I1 and conflo 4, at the NIOZ, The Netherlands. Compounds were pyrolyzed at 1450°C in
an empty ceramic tube, which was pre-activated with hexane. H> gas with a
predetermined stable isotopic composition was used as monitoring gas. Mix B
(Schimmelmann, Indiana University) was used to check machine functioning at the
beginning of every day. Samples were only analyzed if the average deviation of Mix B
from the off-line determined values was 5%o or less for hydrogen isotopic analyses.
Analyses were done in duplicate and squalene standard was co-injected with every
sample. 22 samples were analyzed for core 293G and 27 samples for core 434G. Results
were expressed with respect to and Vienna Standard Mean Ocean Water (V-SMOW)
standard. The §°H values were corrected for the potential influence of sea ice volume on
the marine water isotopic composition following Niedermeyer et al. (2010).

3.5 Pollen analysis

The extraction of the pollen grains from the sediments was carried out following Faegri
and lversen, (1989). Prior to the acid digestion, a pill of a kwon number of the spore
Lycopodium was added to each sample in order to quantify the pollen concentration. The
carbonates were removed from the sample by HCI digestion, the silicates by HF and
humic acid was removed by adding NaOH. Afterward, the sample was sieved with a
naylon sieve of 10um, and the resulting residue was suspended in glycerine and mounted
on microscope slides. The slides were analyzed using a Zeiss transmitted light microscope
at 400x magnification and counting a minimum of 300 pollen grains in each sample. The
pollen grains identification was based on the pollen atlas from Beug (2004). The pollen
grains counting was transformed to percentages based on the total pollen sum, excluding
aquatics and wetland pollen (Cyperaceae, Ranunculaceae and Thypa), since they record

a local signal.

3.6 Chronological analysis

Absolute age determinations have been previously performed in samples from some of
the marine and continental records used in this thesis, and a later update of the radiocarbon

calibration and age models has been performed. Table 2 shows the radiocarbon dates
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using Accelerator Mass Spectrometry (AMS), the radiocarbon laboratories and previous

publication when applicable.

3.6.1 Radiocarbon dating

Radiocarbon AMS dates “C measured in at least 10 mg of monospecific planktonic
foraminifera tests of the Globigerina bulloides hand-picked from the size fraction >125
pum. As explained above, ages from some marine cores have been previously published
(Table 2). In core ODP 975B from the Algero-Balearic basin, four samples were
measured (Jiménez-Espejo et al., 2007). In cores 300G and 302G from the eastern
Alboran basin, three and two samples, respectively were previously dated (Jiménez-
Espejo et al., 2008). In core 293G, also from the eastern Alboran basin, ten samples were
initially dated (Rodrigo-Gamiz et al., 2011), and later on the age model was updated with
two more samples (Rodrigo-Gamiz et al., 2014). Lastly, in core 434G, six samples were
AMS previously dated (Rodrigo-Gamiz et al., 2014).

To complete radiocarbon dating, a total of seven samples have been selected in core
292G.

On the other hand, in the alpine continental records, radiocarbon AMS dates were
performed in plants remains and bulk sediment when plants remains were absents. In LH

record, a total of seven samples were measured.

Table 2. Accelerator Mass Spectrometry (AMS) dates (in years, yr) from selected samples from the
different sedimentary records studied, associated errors, depth of the sample (cm), radiocarbon laboratory

and previous references.

AMS date |Error |Depth
Lab ID (yr) (yr) (cm) Laboratory Reference
975B 1 8-10 2455 30 9
975B 1 50-52 7070 35 51| Leibniz-Labor for Jiménez-Espejo et

Radiometric Dating L 2007
- a "

975B 1 130-132 15870 80 131 (Germany)
975B 2 45-47 19460 110 190
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292G 1 43.5-45 2105 30 44.25
292G 2 4.5-6 2810 35 63.25
292G 2 40.5-42 4390 35 99.25 | poznan radiocarbon
This thesis
292G 3 9-10.5 5860 80 127.75 | laboratory (Poland)
292G 3 45-46.5 6900 50 163.75
292G 6 58.5-59.5 11800 70 354.25
293G 1 16.5-18 1520 60 17.25
293G 2 24-25.5 4780 80 82.75
293G 3 40.5-42 8705 45 157.75
293G 4 19.5-21 9760 60 194.75
293G 56-7.5 10440 90 238.75
203G 522524 | 11120 70 | 25525 | Vational Centre for
Accelerators, CNA Rodrigo-Gamiz et

- odrigo-Gamiz e

293G 6 3-4.5 12230 110 293.75 (Spain) and Poznan 9
_ al., 2011, 2014
293G 6 33-34.5 12680 100 323.75 |radiocarbon laboratory
(Poland)
293G 6 42-43.5 13280 90 332.75
293G 7 40.5-42 16540 160 390.25
293G 59-10.5
10760
(Poznan) 80 241.75
293G 6 30-31.5
12940

(Poznan) 70 320.75
434G 0 27-28.5 1350 35 27.75
434G 1 30-31.5 3350 40 66.75
434G18-19.5 4680 40 108.75 | poznan radiocarbon Rodrigo-Gamiz et
434G 27-285 7960 50 173.75 | laboratory (Poland) al., 2014
434G 30-31.5 11140 60 232.25
434G 49.5-51 12200 70 251.75
300G 2 17-19 6470 40 75
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300G 3 54-56.5 11690 60 168 | poznan radiocarbon
300G 4 6-7.5 11890 60 179 |laboratory (Poland) Jiménez-Espejo et
302G 5 8-10 11950 50 225 | poznan radiocarbon al., 2008
302G 7 53-55 20480 100 374 | laboratory (Poland)
Poznan radiocarbon
LH017.0 40 40 7
laboratory (Poland)
LH 026.0 1112 32 22
DirectAMS
LH 03 3.0 2675 30 39
LH039.0 3350 30 44 This thesis
BETA Analytics
LH 04 6.25 5480 30 55.5
LH 04 7.5-8.0 5510 50 57.5
Poznan radiocarbon
LH 04 11.5-12.0 6450 50 62
laboratory (Poland)
LH 05 3.0-3.5 8620 70 74
3.6.2 Age model

The radiocarbon AMS dates were calibrated with different curves according with the
nature of the sedimentary records. The continental Laguna Hondera record, LH03-12,
was calibrated with the IntCall3 curve (Reimer et al., 2013), and the depth-age model
was built using the R-code package “Clam software v2.2” (Blaauw, 2010), using the
smooth spline curve. The marine record, 292G, was calibrated with the Marine20 curve
(Heaton et al., 2020). Previous age models for marine cores 293G (Rodrigo-Gamiz et al.,
2011) and 434G (Rodrigo-Gamiz et al., 2014) both calibrated to the Marine09 curve, and
cores 975B (Jiménez-Espejo et al., 2007), 300G and 302G (Jiménez-Espejo et al., 2008)
calibrated to the Marine04 curve, were updated to the Marine20 curve (Heaton et al.,
2020). In order to constrain better age models for cores 975B, 300G, 302G and 304G,
which has no dated samples, their Ba/Al profiles were compared with that of the well-
dated record 293G (Rodrigo-Gamiz et al., 2011, 2014). Ba peaks have been correlated
with cold events clearly recognized in the Alboran and Algero-Balearic basins for the last
20 ka (Jiménez-Espejo et al., 2007, 2008; Martinez-Ruiz et al., 2015), being useful tie-
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points to establish a more robust age models in those marine sediment cores. Then, the
depth-age model of the marine cores 292G, 293G, 434G, 300G, 302G, 304G and 975B
were built using the R-code package “rbacon 2.4.2 software” (Blaauw and Christen,
2011), giving similar age models to those previously published for cores 293G and 434G
(Rodrigo-Gamiz et al., 2011, 2014).

3.7 Statistical analyses
3.7.1 Cluster

R-mode cluster analysis constrained by age was performed on the pollen percentages of
the taxa with > 1% in order to obtain pollen zonation. The cluster analysis was conducted
by the Tilia software CONISS (Grimm, 1987).

3.7.2 Principal Component analysis (PCA)

R-mode principal component analysis (PCA) was performed on the geochemical datasets
run with the PAST software v.4.03 (Hammer et al., 2001). PCA identifies hypothetical
variables accounting for as much as possible variance in a multivariate data (Davis, 1986;
Harper, 1999). The principal components (PC) (hypothetical variables) obtained were
ordered by significance, whereas the PC1 would explain more variance of the dataset than
the PC2, and so on. As data pretreatment, every sample was normalized to z-scores by
subtracting the mean and dividing the result by the standard deviation (Davis, 1986).
When the sample resolution of the variables was not the same, a linear interpolation was

conducted to obtain equivalent time series.

3.7.3 Stacked curves

Stacked curves were performed to synthesize proxies in every basin and to reduce the age
model dependence. The selected ratios were converted to z-scores and binned in every

sub-basin. In order to equalize the time series, all cores were interpolated to those which
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has a lower resolution. The value and the error of every sample were expressed as the

mean and the standard deviation of the samples with the same age, respectively.
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Abstract

We present a high-resolution analysis of seven marine sediment records from the western
Mediterranean in a transect from the Algero-Balearic basin to the Alboran Sea, spanning
the last 20 ka, to decipher the paleoenvironmental and paleoceanographic evolution of
the Western Mediterranean Sea. To do so, diverse elemental ratios have been used for
reconstructing sediment input variations and paleo-oxygen conditions. In particular, the
Ti/Ca ratio has been used to reconstruct variations in the terrigenous and carbonate
fractions. However, the specific sedimentary processes controlling this ratio are still
poorly understood thus, we also provide new insights for appropriate interpretations, in
the studied zone. Our results suggest that the Ti/Ca ratio at the suborbital scale is mostly
controlled by bottom current intensity, and less influenced by marine productivity, sea
level variations, and the fluvial and eolian inputs. Comparison of diverse records within
the western Mediterranean reveals that the Ti/Ca ratio depicted a similar trend in both
regions, except during the Heinrich Stadial 1 (HS1) and the Middle Holocene. The HS1
is recorded as a single-phase event in the Algero-Balearic basin, whereas three phases are
recognized in the Alboran Sea basin, with a relative minimum in the Ti/Ca ratio.
Conversely, during the Middle Holocene, an increase in the Ti/Ca ratio is recorded in the
Alboran Sea and the Atlantic Iberian margin, but not in the Algero-Balearic basin, which
could be related to the establishment of the Alboran gyres. Redox sensitive proxies, in
particular the Mo/Al, U/Al and Mn/Al ratios, point to different phases within the Organic
Rich Layer 1 (ORL1): the ORL1a (15-11.7 ka cal BP), characterized by more reducing
conditions in the Alboran Sea sediments, and the ORL1b (11.7- ~9 ka cal BP)
characterized by suboxic-ferruginous conditions. The sea level transgression, the
enhanced fluvial input and the shelf flooding played a key role during the ORL1 onset
and demise, increasing the sedimentation rate in the basin and preventing the organic
matter oxidation. During the last 2 ka cal BP, an unprecedented common response is
recognized in all the studied regions, showing an overall increase in the Ti/Ca ratio, which
may be related to intensified human activity in the Mediterranean area, promoting a

greater terrigenous input.
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1. Introduction

During the last decades a large number of studies have highlighted the climatic and
oceanographic complexity over the Last Glacial Maximum (LGM), the deglaciation and
the Holocene (Cacho et al., 2002, 2006; Eynaud et al., 2009; Fletcher and Sanchez Gofii,
2008; Moreno et al., 2010; Rohling et al., 2015; Tierney and DeMenocal, 2013; van Dijk
et al., 2018). The overall warming which has characterized the climate since the end of
the LGM has been interrupted by relatively rapid cold spells, such as the Heinrich Stadial
1 (HS1, 18-15 ka cal BP) and the Younger Dryas (YD, 12.8-11.7 ka cal BP) during the
deglaciation, and the 8.2 ka and 4.2 ka events during the Holocene, with the concomitant
oceanographic reorganizations and their imprint in the marine sediments (Alley et al.,
1997; Bahr et al., 2015; Kaboth et al., 2015; Mayewski et al., 2004; Repschlager et al.,
2015; Rohling et al., 2015; Schirrmacher et al., 2020; Sierro et al., 2005; Sierro et al.,
2020).

These changes are particularly well recorded in the western Mediterranean basins, and
especially in the Alboran Sea basin, which is highly sensitive to high and middle latitudes
processes and influences from the western and eastern Mediterranean (e.g., Cacho et al.,
1999; Rohling et al., 2015; Sanchez-Goifii et al., 2020). As examples, the ice rafted debris
deposition during the Heinrich Event 1 (HE1) in the North Atlantic, also promoted the
meltwater influx into the Mediterranean preventing Western Mediterranean Deep Water
(WMDW) formation (Cacho et al., 2006; Frigola et al., 2008; Rogerson et al., 2008;
Sierro et al., 2005); or the freshwater input from the alpine glacial melting in the
northwestern Mediterranean during the deglaciation, induced the slowdown of the
Mediterranean thermohaline circulation and promoted the deposition of Organic Rich
Layers (ORLS) in the Alboran Sea basin (Rogerson et al., 2008; Martrat et al., 2014;
Rohling et al., 2015). On the other hand, the Mediterranean Outflow Water (MOW) has
a particular impact on the North Atlantic circulation, especially on the Atlantic meridional
overturning circulation (AMOC) due to its high salinity (Ausin et al., 2020; Rogerson et
al., 2012; van Dijk et al., 2018)

Recent works have also highlighted the complex interplay between hemipelagic,

downslope and along-slope processes in the marine basins from the western
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Mediterranean, in particular in the Alboran Sea basin (e.g., Alonso and Ercilla, 2003;
Alonso et al., 2021; Ercilla et al., 2016; Ercilla et al., 2019). Nonetheless, although the
western Mediterranean marine sediment records have been widely studied, some
questions remain unresolved, including the main factors controlling marine sediment

composition, especially during rapid climate changes since the LGM.

In order to solve this, geochemical ratios have been used as valuable tools for climatic
and paleoceanographic reconstructions. In terms of sediment composition, the Ti/Ca ratio
has been used as a proxy for the two end-members of marine sediments, being Ti
indicative of terrigenous input, whereas Ca indicates the contribution of marine biogenic
carbonate (e.g., Govin et al., 2012; Steinke et al., 2014; Stuut et al., 2014). The terrigenous
fraction in marine sediments is mainly controlled by sea level changes, riverine and eolian
input, and its distribution by bottom currents, while carbonates mainly derived from
marine organisms’ productivity (Calvert and Pedersen, 2007; Govin et al., 2012) or from
detrital carbonates in settings where this lithology dominates the surrounding areas
(Pasquier et al., 2019). Thus, the Ti/Ca is subjected to the “closed-sum effect” or the
dilution effect, which means that any variation in the concentration of the terrigenous
fraction directly affects the carbonate content (Calvert and Pedersen, 2007; Govin et al.,
2012). Nevertheless, in zones with high productivity of biogenic silica or with high input
of detrital carbonates, this relationship could lead to an overestimation of the terrigenous
input and the carbonate marine productivity, respectively (Govin et al., 2012; Pasquier et
al., 2019).

Hence, Ti/Ca and Fe/Ca ratios have been broadly used as proxies for reconstructing sea
level variations (Thomson et al., 1999), marine productivity (Hodell et al., 2013), eolian
input (Bouimetarhan et al., 2013; Lopez-Gonzalez et al., 2019); riverine input (Dickson
et al., 2010) or fine sediment winnowing by strong bottom currents (de Castro et al.,
2020). However, assessment of the precise role of each factor requires detailed
interpretations of the geologic and oceanographic interplay with climate controls (e.g.,
Calvert and Pedersen, 2007; Govin et al., 2012).

With this aim, this work investigates the main factors influencing sediments composition

in a transect from the Algero-Balearic basin to the Alboran Sea, with a special focus on
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the Alboran basin because of its unique location. To this end, diverse geochemical ratios
obtained using continuous core-scanning and discrete sample analysis were examined in
seven marine sediment records spanning the last 20 ka with special emphasis on the Ti/Ca
ratio profiles. This study is particularly focused on time periods covering the HS1 (18-15
ka cal BP) and the ORL1 deposition (15-9 ka cal BP), to assess the complexity of its onset
and demise in the westernmost Mediterranean as a result of climatic and oceanographic
variability. Thus, the main objectives are to: (1) evaluate the major factor/s controlling
the relative variation between terrigenous and carbonate in the western Mediterranean
deep basins; (2) elucidate the different response of the western Mediterranean basins to
the major paleoclimatic and paleoceanographic events occurred during the deglaciation,
such as the HE1 or the ORL1.

2. Study area

The Alboran Sea is the westernmost basin of the Mediterranean Sea and is located
between South Iberia and North Africa (Fig. 1). This basin presents high sedimentation
rates being a mixture of terrigenous particles with a lesser proportion of biogenic and
detrital carbonates. The lithogenic fraction represents around 70% of contents, mainly
derived from riverine discharge or eolian dust pulses from the African margin (Fabres et
al., 2002; Martinez-Ruiz et al., 2015; Palanques et al., 2005; Rodrigo-G&miz et al., 2015).
The main rivers surrounding the Alboran Sea have a torrential nature, meaning most of
the sediment load from the continent derives from flood events during late autumn, winter
and spring (Fernandez-Salas et al., 2003; Liquete et al., 2005; Palanques et al., 2005; Puig
et al., 2017). The sediment deposited by riverine discharge onto the shelf is channelized
by diverse canyons along the southern Iberian margin, and transported into the deep basin
as hyperpycnal fluxes or turbidites (Ercilla et al., 2016; Palanques et al., 2005; Puig et al.,
2017).

Moreover, the high African dust export can seasonally increase terrigenous input and
fertilize the surface waters (Scheuvens et al., 2013; Zlfiiga et al., 2008). Interaction
between seafloor morphology and bottom currents led to the formation of contourite

deposits in the basin (Ercilla et al., 2016; Juan et al., 2016). Thus, the sedimentation
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resulted from a mixture of hemipelagic vertical processes, derived from marine
productivity as well as fluvial and Saharan eolian dust contributions, downslope gravity
processes along the turbiditic systems, and contouritic deposition resulting from the
interaction of along-slope currents with complex bathymetry (Ercilla et al., 1994, 2016;
Fabres et al., 2002; Jiménez-Espejo et al., 2008; Masque et al., 2003; Rodrigo-Gamiz et
al., 2011; Zuhiga et al., 2007). In turn, the sediment composition in the Algero-Balearic
basin is richer in carbonates than the Alboran Sea basin, as the contribution of terrigenous

input is lower and the surrounding lithology is rich in carbonates (Zufiga et al., 2007).

Regarding to its oceanographic setting, the Alboran Sea is characterized by three main
water masses with different temperature, salinity and density (Millot, 1999, 2009). The
Modified Atlantic Water flows eastward, occupying the first 200 m of the water column
and forming two anticyclonic gyres: the quasi-permanent Western Alboran Gyre, and the
seasonal Eastern Alboran Gyre (Fabres et al., 2002; Millot, 1999). Two high productivity
zones are associated with these Alboran gyres: the Malaga Front and the Almeria-Oran
Front (Sanchez-Vidal et al., 2005; Tintoré et al., 1988). The intermediate waters include
the Winter Intermediate Water, the Levantine Intermediate Water (LIW) and the
Tyrrhenian Dense Water (see Millot, 2009 for a review). The deeper part of the Alboran
basin is filled by WMDW, formed in the Gulf of Lions, which is restricted to water depths
below 600 m in the northern and central Alboran Sea and below 400 m along the
Moroccan margin (Millot, 2013). Finally, the Mediterranean water flowing out through
the Gibraltar Strait forms the MOW, which is mainly composed of LIW, with a minor
amount of WMDW (Millot, 1999). Bottom water renewal and seafloor oxygenation in
the western Mediterranean basins depend mainly on: (1) The formation rate of dense
WMDW replacing older bottom water (Millot, 1999; Rogerson et al., 2008; Rohling et
al., 2015; Schroeder et al., 2008, 2010); (2) The Bernoulli aspiration through the Gibraltar
Strait in the case of the Alboran Sea basin, that depends on the outflow velocities, the
tidal strength and the intensity of the Western Alboran Gyre (Garcia-Lafuente et al., 2017,
Naranjo et al., 2012; Stommel et al., 1973), although at millennial scale the density
gradient between the Atlantic and the Mediterranean Sea waters and/or the density
gradient below the sill, also have a great influence (Rogerson et al., 2008, 2012; Rohling
etal., 2015).
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Fig. 1. Map showing the location of the studied marine sediment cores (stars; Table 1) and the
main basins from the western Mediterranean Sea. Other marine sediment records (circles) used
along the text for comparison are: 1) CEUTA10PCO08 (914 mbsl; Ausin et al., 2015a); 2) HER-
GC-T1 (659 mbsl; Ausin et al., 2015a); 3) GeoB18131-1 (457 mbsl; Wang et al., 2019); 4) MD95-
2043 (1841 mbsl; Fletcher et al., 2010; Cacho et al., 1999, 2006); 5) GeoB 13731-1 (362 mbsl;
Fink et al., 2013); 6) MD99-2343 (2391 mbsl; Sierro et al., 2005; Frigola et al., 2007); 7) MDO01-
2472 (501 mbsl; Toucanne et al., 2012). Yellow line indicates the shelf break.
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Table 1

Core description, analyses and selected proxies.

Water
Site Location denth Methodology Elements Proxies Basin Reference
ep
Atomic
. Al, Ca
Absorption Jiménez-Espejo
Al/Ca, Mn/Al, Mo/Al
ODP161- | 38°53.7950 N 4° Algero- etal., 2007
2416 m ICP-MS Mo, Mn i
975B 30.5960 E Balearic
XRF Core ] ] ]
Ti, Ca Ti/Ca This study
Scanner
X-Ray
Ti, Ca, Al
TTR14- | 36°19.873N1° Fluorescence _ Jiménez-Espejo
2383 m Ti/Ca, Sr/Ca, Mo/Al
304G 31.631 W et al., 2008
ICP-MS Sr, Mo
X-Ray
Ti, Ca, Al
TTR14- 36° 01.906 N 1089 Fluorescence TilCa, Sr/Ca, Mo/Al, U/AL Jiménez-Espejo
m
302G 1°57.317 W S Vo U, Mn/Al et al., 2008
ICP-MS
Mn
E Alboran
X-Ray Ti, Ca, Al,
TilCa, Sr/Ca, Ti/Al, K/Ca, K/A,
TTR14- | 36° 21532 N 1° Fluorescence K. Zr Jiménez-Espejo
1860 m Zr/Ca, Zr/Al, Mo/Al, U/Al,
300G 47.507 W S Vo U etal., 2008
ICP-MS TR Mn/Al
Mn
X-Ray Ti, Ca, Al
Ti/Ca, Sr/Ca, Ti/Al, K/Ca, K/A,
TTR12- | 36°10.414 N 20 Fluorescence K. zr Rodrigo-Gémiz
1840 m Zr/Ca, Zr/Al, Mo/Al, U/AI,
293G 45.280 W S0 etal., 2011
ICP-MS R Mn/Al
Mn
X-Ray
Ti, Ca, Al
TTR12- | 35°53.85'N 3° 155 Fluorescence TilCa, Sr/Ca, Mo/Al, U/AI,
m
292G 36.33' W S Mo Ul Mn/Al
ICP-MS
Mn
W Alboran This study
X-Ray X
Ti, Ca, Al
TTR17- | 36°12.313 N 4° 1106 Fluorescence TilCa, Sr/Ca, Mo/Al, U/AI,
m
434G 18.735 W S Mo U, Mn/Al
ICP-MS
Mn
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3. Material and methods
3.1. Core description

This study entails seven marine sediment records from a transect between the Algero-
Balearic and the Alboran Sea basins (Fig. 1). They were recovered during diverse
oceanographic cruises: Training Through Research (TTR) 12, 14, and 17, and ODP Leg
161 (Comas et al., 1999; Comas and Ivanov, 2006, Table 1). In the Alboran Sea basin,
these marine records consist mostly of detrital minerals, including clays, with minor
quantities of quartz, feldspars and accessory minerals, and less proportion of carbonates
(Jiménez-Espejo et al., 2007, 2008; Martinez- Ruiz et al., 2015; Rodrigo-Gamiz et al.,
2011). The marine record recovered in the Algero-Balearic basin (ODP Site 975B) shows
similar sediment composition, though a higher content in carbonates (Jiménez-Espejo et
al., 2007).

3.2. Age model

The age model for marine core 292G was derived for this study; those from marine cores
434G, 293G, 300G, 302G, 304G and ODP Site 975B were previously published
(Jiménez-Espejo et al., 2007, 2008; Rodrigo-Gamiz et al., 2011, 2014a). The age model
for core 292G was based on seven Accelerator Mass Spectrometry (AMS) *C dates by
picking ca. 10 mg of planktonic foraminifera Globigerina bulloides (>125 pum), analyzed
at the Poznan Radiocarbon Laboratory (Poland) (Fig. 2; Table 2). The radiocarbon dates
were calibrated to calendar kilo-ages before present (ka cal BP) using the Marine20 curve
(Heaton et al., 2020), and the age model was built by linear interpolation using the R-
code package rbacon 2.4.2 software (Blaauw and Christeny, 2011). The mean
sedimentation rate in core 292G is ~31 cm/ka. Previous age models for marine cores 293G
(Rodrigo-Gamiz et al., 2011), 434G (Rodrigo-Gamiz et al., 2014a), 975B (Jiménez-
Espejo et al., 2007) and 300G, 302G, 304G (Jimenez-Espejo et al., 2008) were updated
to the Marine20 curve and contrasted with those obtained using the rbacon 2.4.2 software,
giving similar results for cores 293G and 434G (Rodrigo-Gamiz et al., 2011, 2014b).
Furthermore, the age models of cores 975B, 300G, 302G and 304G were constrained
comparing their Ba/Al profiles with that of the well-dated record 293G (Rodrigo-Gamiz
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et al., 2011) and then using the three maximum peaks as tie-points (Fig. S1). Ba peaks
have been correlated with cold events clearly recognized in the Alboran basin and in the
Algero-Balearic basin for the last 20 ka (Jiménez-Espejo et al., 2007, 2008; Martinez-
Ruiz et al., 2015), making them useful tie-points to establish more robust age models in
sediment cores. The mean sedimentation rates from previously published cores are 8.4
cm/ka in core ODP 975B from the Algero-Balearic basin; in the eastern Alboran cores
are 20.5 cm/ka in core 293G, 13.8 cm/ka in core 300G, 16.1 cm/ka in core 302G and 14.4
cm/ka in core 304G; and in the western Alboran basin is 18.2 cm/ka in core 434G. Note
that cores 292G, 293G, 434G, 300G, 302G and 304G are gravity cores, being three time
more compressed than those recovered by a piston core like the ODP 975B (Crusius and
Anderson, 1991).
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Fig. 2. Age-depth model of marine record 292G constructed using seven “C AMS. The blue points represent the
calibrated age ranges corresponding to each radiocarbon date. The dotted red line corresponds to the bayesian age
model developed using the R-code package rbacon 2.4.2 software (Blaauw and Christeny, 2011) and the Marine20

calibration curve (Heaton et al., 2020). The gray shaded area represents the error range in age estimations.
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Table 2

AMS C carbon dating of single planktonic foraminifera Globigerina bulloides (>125 um) taken from marine record
292G.

Lab Number | Depth (cm) | Dating Method | Age (14C yr BP+1s) | Calibrated age (cal yr BP)2¢ ranges

Surface 0 Present -63 -63

Poz-44814 44.25 14C 2105+ 30 1340-1732

Poz-46170 63.25 14C 2810+ 35 2140-2640

Poz-46171 99.25 14C 4390 * 35 4107-4620

Poz-62841 127.75 14C 5860 + 80 5682-6270

Poz-62840 163.75 14C 6900 * 50 6953-7407

Poz-46587 275.5 14C 10720 £ 60 9742-11574

P0z-43213 354.25 14C 11800 + 70 12849-13422

3.3. Geochemical analyses

Major elements were measured in records 292G and 434G by means of X-Ray
Fluorescence (XRF) using a Wavelength Dispersive Spectrometry (WDXRF) Bruker
AXS Pioneer S4 at the Andalusian Earth Science Institute (CSIC-University of Granada,
Spain). Sampled were measured as pressed pellets prepared by pressing about 5 g of
ground bulk sediment into a briquet with boric acid backing. The quality of the analysis
was monitored with reference materials showing high precision with 1 sigma 1.0-3.4%
on 16 data-sets at the 95% confidence level. Major elements from records 300G, 302G,
304G and 293G have been previously published by Jiménez-Espejo et al. (2007) and
Rodrigo-Gamiz et al. (2011) (Table 1).

Trace elements in the 292G and 434G records were measured by inductively coupled
plasma mass spectrometry (ICP-MS; Perkin Elmer Sciex Elan 5000) at the Centre of
Scientific Instrumentation of the University of Granada (CIC-UGR, Spain). Samples were
digested with HNOz and HF. Internal standard of Rh and Re were used. The instrumental
error was +2% for elemental concentration of 50 ppm (Bea et al., 1996). The trace

elements in records 300G, 302G, 304G and 293G have been previously reported by

51



A multiproxy approach for reconstructing climate variability in western Mediterranean over the last deglaciation

Jiménez-Espejo et al. (2007) and Rodrigo-Gamiz et al. (2011) (Table 1). Because the Ti
from ODP Site 975B was not measured using WDXRF, we included XRF from the core
scanner Il (AVAATECH Serial No. 2) data obtained at the MARUM—University of

Bremen (Germany).

Among all the elements measured, we selected Ti, Al, Ca, Sr, Mo, Mn and U, in view of
their significance for paleoclimatic and paleoceanographic reconstructions (see section
below). In addition, K and Zr from core 293G and 300G records were also selected (Table
1). The Ti/Ca ratios from three of the seven selected records (cores 434G, 292G and
975B) have not been previously studied. For the rest of records, although Ca and Ti data
have been previously published, the Ti/Ca ratio in this form have not been previously
interpreted (see Table 1 for a detailed summary of selected geochemical data used and
references to the original papers) (i.e., Jiménez-Espejo et al., 2007, 2008; Rodrigo-Gamiz
et al., 2011). We also used geochemical, grain size data and productivity data, available
from the PANGAEA database, for comparison (i.e., Ausin et al., 2020; Frigola et al.,
2008; Fink et al., 2013; Wang et al., 2019).

3.4. Selected elemental proxies

Apart from the Ti/Ca ratio, which will be discussed in detail in Section 5.1, diverse
elemental proxies have been selected for reconstructing paleoclimate and
paleoceanographic conditions in the Mediterranean region over the last deglaciation. For
instance, the K/Al ratio has been used as a runoff proxy, since K is a major component in
some clay minerals, such as illite, or in K-feldspar, and they are transported into marine
basins mainly through riverine runoff (Calvert and Pedersen, 2007; Martinez-Ruiz et al.,
2015). Ti/Al and Zr/Al ratios have been used as eolian input proxies since Ti and Zr are
enriched in minerals such as rutile or zircon respectively, which are concentrated in the
Saharan dust (Bouimetarhan et al., 2013; Calvert and Pedersen, 2007; Govin et al., 2012;
Jiménez-Espejo et al., 2014; Moreno et al., 2006). Moreover, the Zr/Rb and Zr/Al ratios
have also been used as sorting or winnowing proxies (Bahr et al., 2014; Dypvik and
Harris, 2001; Lebreiro et al., 2018), since strong deep-water currents concentrate heavy

minerals by winnowing the finest fraction (Bahr et al., 2014; de Castro et al., 2020).
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The Mo/Al, U/Al and Mn/Al ratios have served as redox proxies in different
Mediterranean records (e.g. de Lange et al., 2008; Filippidi et al., 2016; Gallego-Torres
etal., 2007). Both, Mo and U are associated to authigenic precipitation in sediments since
they are scarce in the upper continental crust, and thus, are indicative of bottom oxygen
conditions (Liu and Algeo, 2020; Tribovillard et al., 2012). The precipitation of Mo as
thiomolybdate requires the presence of aqueous HS, thus euxinic conditions of the
bottom waters or in the pore water of the sediment (Algeo and Liu, 2020; Calvert and
Pedersen, 2007). On the other hand, the U enrichment in sediments occurs earlier than
that of the Mo, during the transition of Felll-Fell (ferruginous phase) under suboxic
conditions (Algeo and Li, 2020; Canfield and Thamdrup, 2009). In the same way, the
precipitation of Mn in the sediment occurs under more oxygenated conditions, marking
the transition from suboxic to oxic environment (Canfield and Thamdrup, 2009; de Lange
et al., 2008).

The Sr/Ca ratio, confronts two elements from the carbonate fraction. Higher values in the
Sr/Ca ratio in sediments from the Mediterranean usually indicate a higher percentage of
aragonite in the sediment, as it is enriched in Sr (Reitz and De Lange, 2006; Thomson et
al., 2004). Aragonite is typically abundant in shallow marine environments, because deep
waters are undersaturated in Sr and it is commonly dissolved in the water column or in
the sediment after its deposition (Fabry & Deuse, 1991; Reitz and De Lange, 2006).
Nonetheless, several processes can trigger Sr enrichment in deep sediments, such as (1)
authigenic formation as consequence of sulphate reduction during diagenesis, (2) in situ
productivity of Sr rich organisms (i.e., pteropods), or (3) shallow-dwelling organisms
transported basinward by density fluxes during enhanced precipitation events (Reitz and
De Lange, 2006; Thomson et al., 2004). Therefore, a correct interpretation of this proxy
has to be done in comparison with other geochemical data. The Sr enrichment in the
sediment as consequence of sulphate diagenetic reduction should be well related with
other elements enriched under euxinic conditions, such as Mo. On the other hand, high
Sr/Caratio triggered by in situ productivity of Sr rich organisms should increase from the
shelf to the deep and open marine settings. Conversely, high Sr/ Ca ratio triggered by
sediment input from shallow depths should decrease toward deep marine settings (see

Reitz and De Lange, 2006; Thomson et al., 2004, for a review).
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3.5. Grain size analysis

The grain size distribution in core 293G was carried out on the carbonate and carbonate
free fractions using a Mastersizer 2000 at Centro de Instrumentacion Cientifica. The
output data was treated by using the GRADISTAT package (Blott and Pye, 2001) in order
to obtain the mean size and the percentages of sand (>63um), silt (4-63um) and clay
(<4pm). In addition, the sortable silt (SS, 10-63um) percentage and mean size of the non-
carbonated fraction were calculated following McCave et al. (1995), since these proxies

have been successfully for reconstructing the current intensity.

3.6. Statistical analysis

Principal Component Analysis (PCA) on the geochemical data was performed using the
PAST software© version 4.05 (Hammer et al., 2001), considering every element as a
variable. As data pre-treatment, each value was converted to z-scores to eliminate the bias
caused by the differences in the elements concentrations following the next formula Z(Xi)
=(Xi—u (X1, X2, ....Xz))lo (X1, X2, ....Xz), where X represent the selected ratio, i and
o are the mean and the standard deviation of the dataset. In order to reduce the age model

dependence of the different cores, we constructed a stacked plot for every sub-basin.

The z-score of the selected ratios obtained from the different cores were binned for every
sub-basin: western Alboran (434G and 292G), eastern Alboran (293G, 300G and 302G)
and the Algero-Balearic Basin (ODP Site 975B and MD99-2343). In order to equalize the
time series, all cores were interpolated to those which has a lower resolution. The stacked
plot is expressed as the mean of the samples with the same age and the error as its standard

deviation.

4. Results
4.1. Elemental ratios profiles

Hereafter the new marine sediment record 292G together with the other marine sediment
records obtained for this study will be referred to by location: western Alboran (434G and
292G); eastern Alboran (293G, 300G, 302G, 304G); or Algero-Balearic basin (ODP Site
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975B) (Table 2). The Ti/Ca ratio in core ODP Site 975 was provided as Ln(Ti/Ca), in
order to reduce the possible artifacts resulting of the water content and grain- size during
the XRF core-scanner measurement (Tjallingii et al., 2007) (Weltje and Tjallingii, 2008).

The Ti/Ca ratios of the seven sediments records from the western and eastern basins of
the Alboran Sea and from the Algero-Balearic basin show a remarkably similar pattern
since the LGM (Fig. S2). The Ti/Ca ratio has maximum values between 18 and 15 ka cal
BP in all the records, and a relative minimum between ~17 and ~16 ka cal BP, except in
the Algero-Balearic basin (Fig. S2g). The missing of the relative minimum in the latter is
not caused by the different methodology used for ODP Site 975, since the Al/Ca measured
by XRF on discrete sample showed the same trend. We consider that it is not missed
either by a lower resolution because the relative minimum is recorded in core 304G (Fig.
S2f) which has a lower sample resolution than the 975B (273 yr/ sample vs 114
yr/sample). A general decrease in the Ti/Ca ratio occurs until ~13 ka cal BP in all the
sites. A relative maximum at ~12.5-12 ka cal BP is seen in all the records (Fig. S2). A
progressive increase in the Ti/ Ca ratio occurs in all the Alboran records at ~8 ka cal BP,
peaking at ~6.5-6 ka cal BP, and showing higher values in western than in eastern records.
In the Algero-Balearic basin a minor increase occurred but no such a peak as seen in the
Alboran Sea cores. Another increase is evidenced in all records during the last ~2 ka cal
BP. Since the Ti/Ca ratio from the ODP Site 975B is missing for the last 2 ka, we referred
to the Al/ Ca ratio obtained by discrete sample analysis so as to have a record of the past
2 ka. The Ti/Ca from XRF core-scanning and the Al/Ca from discrete sampling show
good correlation, both ratios indicating dilution between terrigenous and carbonate
fractions (see discussion).

The Sr/Ca ratio in the Alboran basin decreases from shallow to deep marine setting,
denoting higher values in the western than in the eastern cores (Fig. S3). The eastern
Alboran records show minimum values between 18 and 15 ka cal BP, with a slight
increase between 17 and 16 ka cal BP. Later on, an increase between 15 and 9 ka cal BP
is recorded in all records but in core 434G, decreasing until 8 ka cal BP. The last 8 ka cal

BP are characterized by high variability in all the studied records (Fig. S3a-e).
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The Mo/Al ratio in the eastern Alboran basin traces an essentially flat pattern, interrupted
by a prominent increase between 15 and 11.7 ka cal BP leading to a peak at ~13 ka cal
BP (Fig. S3f-k). In the western Alboran basin, the Mo/Al ratio increases slightly along
the same lines. The Mo/Al ratio in the Algero-Balearic basin depicts a flat pattern over
the last 20 ka (Fig. S3k).

The U/Al ratio is characterized by low values from the LGM until 17 ka cal BP, when the
records then show an increase peaking at 15.5 ka cal BP. Overall high values are
recognized between 15 and 12.4 ka cal BP (Fig. S4a-e). Between 12.1 and 9 ka cal BP,
relative high U/AI values are registered. During the Holocene, the U/AI ratio show a
decreasing trend until the present, showing a sharped decrease during the last 2 ka (Fig.
Sda-e).

The Mn/Al ratio show high values between 20 and 14.1 ka cal BP with some interval of
relative minima; i.e. 17.4 to 16.6 ka cal BP and 16 to 14.7 ka cal BP. The lowest values
of the entire record occurred between 14 and 12 ka cal BP. Minor variability is then
recognized between 10.5 and 7.5 ka cal BP, with a subsequent minor decrease and

increasing variability during the last 5 ka (Fig. S4f-j).

4.2. Grain size

The mean grain size distribution, the percentage of sortable silt (SS) and the mean SS of
the carbon free fraction follow a similar evolution (Fig. S5). A first increase occurred
between 18.6 and 17.4 cal ka BP, with a subsequent decrease between 16.5 and 17.4 cal
ka BP. The highest values during the whole record occurred between 16.2 and 10.2 cal
ka BP (Fig. S5). Minimum values occurred between 10.2 cal ka BP until the present. The
sand content, which variates between 0.5% and 5.5 %, show a different pattern. Maximum

values (>3%) occurred between 16.2 and 15.1 cal ka BP.

On the other hand, in the carbonated samples the mean grain size and the percentage of
sand show a similar pattern (Fig. S5). A relative minimum occurred between 17.9 and
16.6 cal ka BP with a subsequent increase between 16.2 and 15 cal ka BP. A relative
minimum is recorded between14.8 and 14.4 cal ka BP and a maximum between 12.8 and

12.4 cal ka BP. A relative minimum between 9.2 and 7.2 cal ka BP is followed by an
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increase until 5.6 cal ka BP. A sample at 4.9 cal ka BP break a decreasing trend until the
present (S5).

4.3. Statistical analysis

Regarding to the PCA performed on the geochemical data, the PC1 confronts
aluminosilicates vs carbonate elements, suggesting terrigenous input vs marine-carbonate
production (Fig. S6). Thus, geochemical ratios such as Ti/Ca, Fe/Ca, Al/Ca, K/Ca or
Zr/Ca, are interpreted in the same way than the PC1, that is the dilution effect between
terrigenous and carbonate fraction. The PC2 shows higher variability between cores,
which likely are associated with site-specific bias, although influences during the sample
preparation cannot be ruled out. It is characterized by typical elements hosted in heavy
minerals (i.e. Zr) in one load, and the elements associated with fine-grained particles (i.e.
Rb) in the opposite (Fig. S6). When significant, this relationship between heavy vs light
elements is usually used as a sorting or winnowing proxy, or as terrigenous source proxy,
i.e. fluvial-derived vs eolian-derived elements. Whether these ratios conforming the PC2
indicate winnowing or terrigenous provenance in our records is discussed in the next

section.

Furthermore, selected correlations between the sedimentation rate (SR) and the K/Al and
the Ti/Ca ratios in records 292G, 293G, 434G from the Alboran basin and ODP Site 975B
of the Algero-Balearic basin are shown in Table 3. These comparisons evidence an anti-
correlation between the K/Al and Ti/Ca ratios for all records, except for ODP Site 975,
where the Al was measured by the core scanner technique, which present a low accuracy
for measuring light elements (Table 3). In turn, SR is positively correlated with the K/Al
ratio in core 293G from 20 to 9 ka cal BP (r = 0.54, p < 0.01) but is not correlated from
9 ka cal BP to the present (r = -0.16, p > 0.05). In the Algero-Balearic basin, a positive
correlation between the SR and the Ti/Ca ratio is seen. Conversely, in the 434G sediment
record from the western Alboran basin —which does not cover the interval between the
LGM and the ORL1— the SR indicates a negative correlation with the K/Al ratio (r = -
0.35, p < 0.01) and a positive correlation with the Ti/Ca ratio (r = 0.72, p < 0.01).
Additionally, we have correlated the Ti/Ca ratio and the PC1 of the studied records with
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those from other published records from the Minorca contourite drift in the Algero-
Balearic basin and (Table S1, S2; Frigola et al., 2007). The Ti/Ca ratio and PC1 of all
records show a positive correlation with the fraction upper than 10um (UP10) and the
silt/clay ratio from the Minorca contourite drift during the interval from the LGM to the
ORL1 (Table S1). Conversely, such correlations become negative from the ORLL1 to the
present, except at ODP Site 975B record, likely because the last 2 ka are not recorded
(Table S2).

5. Discussion

5.1. Main forcing controlling the terrigenous vs carbonate fraction variation at
suborbital scale in the western Mediterranean

In order to elucidate the main forcing mechanism affecting the Ti/Ca ratio in the western
Mediterranean over the last 20 ka, this section looks into the factors influencing the
carbonate and terrigenous contributions: (1) marine productivity, (2) eolian dust input,
(3) riverine input, (4) sea level variations, and (5) bottom water currents (e.g., Arz et al.,
1999; Bahr et al., 2014; Dickson et al., 2010; Hodell et al., 2013; Hodell et al., 2015;
Thomson et al., 1999).

(1) Hodell et al. (2013) suggested that the variation in the Ti/Ca ratio at a sub-millennial
scale depends on productivity changes, being reduced during stadials and enhanced
during interstadials. To test this hypothesis, we compared the Ti/Ca ratio from record
293G with the Nannofossil Accumulation Rate (NAR; expressed as coccoliths counts/
cm? ka) from cores CEUTA10PC08 and HER-GC-T1, located in the western Alboran
basin (Fig. 3f, g; Ausin et al., 2015a) and with the Benthic Foraminifera Accumulation
Rate (BFAC; benthic foraminifer counts x 10%cm? ka) from core GeoB18131-1c,
collected off-mound in the West Melilla cold-water coral mound province (Wang et al.,
2019) (Fig. 3h).

A noteworthy decrease in the Ti/Ca ratio occurred during the B-A period, coinciding with
a productivity increase in the Alboran Sea basin (Ausin et al., 2015a; Bazzicalupo et al.,
2018; Wang et al., 2019). This biogenic Ca production could explain the Ti/Ca ratio
decrease, but not the sharpest rise in SR in the Alboran Sea during the last 20 ka, which
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could hardly be triggered by a mere increase in productivity (Fig. 3b). The increases in
the NAR (from core CEUTA10PCO08; Fig. 3g) and the BFAR (from core GeoB18131-1c;
Fig. 3h) during the Early Holocene are synchronous with a decrease in the Ti/Ca ratio,
yet their sudden drops are not reflected in the Ti/Ca ratio, meaning that the ratio is not
only sensitive to productivity changes (Fig. 3; Ausin et al., 2015a; Wang et al., 2019).
Furthermore, the increase in the NAR from core HER-GC-T1 at 7.7 ka cal BP —which
resulted from a productivity increase related to the onset of Alboran gyres (Ausin et al.,
2015b)— coincides with an increase in the Ti/Ca ratio in all the Alboran records (Fig.
S2a-f). This suggests that the Ti/Ca ratio is controlled by terrigenous input variation rather
than by productivity changes; when both the terrigenous and carbonate fractions increase,
the Ti/Ca ratio records only a terrigenous rise, due to the “closed-sum” or dilution effect
(Govin et al., 2012).

Such an interpretation is supported by the present-day sedimentation in the Alboran Sea
basin, controlled by detrital input changes rather than by productivity changes (Fabres et
al., 2002; Masqué et al., 2003). Most studies carried out in continental margins relate the
Ti/Ca ratio (or Fe/Ca ratio) to terrigenous variations (Arz et al., 1999; Liu et al., 2016;
Steinke et al., 2014; Thomson et al., 1999). Only in regions characterized by a high
productivity regime —such as the Western Pacific Warm Pool— the carbonate
production controls the detrital/carbonate variations (Tachikawa et al., 2011). In addition,
if the Ti/Ca ratio was mainly controlled by the surface productivity, its variability should
be also recorded in other shallow marine cores. Nevertheless, core GeoB13731- 1, which
is located at 360 m below sea level (mbsl) in the northern Africa margin (Fink et al., 2013;
number 5 in Figs. 1, 4f), does not record a Ca decrease during the HS1 and the YD and
show a flat pattern during the whole deglaciation. Thus, the Ti/Ca ratio in the studied
western Mediterranean records appears to be influenced, but not controlled, by

productivity changes at the sub-orbital scale.

(2) The impact of eolian input in the terrigenous vs carbonate fraction can be also
significant, given the proximity of the Saharan desert and the impact of eolian input in
northern regions (Révillon et al., 2011) (Fig. 1). High Ti content in the Saharan eolian
dust would affect the Ti/ Ca ratio, and thus indicate eolian input vs productivity

(Bouimetarhan et al., 2013; Lopez-Gonzalez et al., 2019). Still, as mentioned in Section
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4, the elements Zr and Ti included in the PC2 have served as winnowing and eolian
proxies in different sedimentary environments, i.e. countourites vs. hemipelagites (Bahr
et al., 2014; Calvert and Pedersen, 2007; Govin et al., 2012; Martinez-Ruiz et al., 2015).

In order to confirm previous interpretations of Zr/Al ratios and the PC2 in the Alboran
Sea (Fig. S6), we compared our data with other reliable proxies of deep water current
intensity, i.e. the silt/clay and of deep water renewal, i.e. 8'3C from the benthic
foraminifera Cibicidoides pachydermus, from cores MD99-2343 and MD95-2043,
recovered in the Minorca contouritic drift and the eastern Alboran Sea, respectively
(number 6 and 4, respectively, in Figs. 1 and 5) (Cacho et al., 2006; Frigola et al., 2008;
Sierro et al., 2005). We have selected the Zr data from core 293G since it was obtained
by XRF in discrete samples measured as pressed pellets, while in the other sediment
records Zr was obtained by ICP-MS (434G, 292G, 300G, 302G and 304G), and therefore
full digestion of heavy minerals may be difficult, or by XRF core-scanner (975B), which
provides qualitative element contents. The §*C C. pachydermus depends on the isotopic
composition of the WMDW, which in turn depend on the deep water formation in the
Gulf of Lions, the exchange between Atlantic and Mediterranean waters and the organic
matter export to the seafloor (Sierro et al., 2005). Furthermore, the 580 Globigerina
bulloides from selected cores have been also plotted in Fig. 5 for a direct chronological

comparison.

The Zr/Al ratio and the PC2 show the maximum values between 16.4 and 15.6 ka cal BP
(Fig. 5, blue bar), coeval to the decrease in the '80 G. bulloides, from the selected records
and in the 8'3C C. pachydermus from the MD95-2043 and the MD99-2343 (cores 4 and
6 in Figs. 1 and 5a-d) (Sierro et al., 2005; Cacho et al., 2006; Frigola et al., 2007; Rodrigo-
Gamiz et al., 2011). This decrease in the isotopic signature of the different foraminifera
species has been related to an influx of fresh meltwater from the Atlantic, which promote
the WMDW slowdown, as shown by the silt/clay decrease, resulting in suboxic condition
in the sediment and in increasing U concentration in the Alboran Sea (Fig. 5, blue bar).
In addition, the sortable silt (SS) shows a more similar trend to the U/Al ratio than to the
Zr/Al ratio (Fig. 5e, k, 1), further suggesting that the Zr/Al ratio and the grain size in the

293G record are not controlled by the bottom current intensity.
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Accordingly, since the PC2 coincided with the meltwater input and suboxic condition in
the sediment it would be indicative of eolian vs fluvial input (positive vs negative loads)
(Fig. 5e, f); as previously proposed by Rodrigo-Gamiz et al. (2011). The increase in the
Zr/Al and Ti/ Al ratios likely respond to the increase aridity in the Saharan area during
the HS1 and thus, enhanced eolian input. Then, we state that these ratios should be
interpreted in these Alboran Sea records as an eolian dust input proxy rather than a deep

water current winnowing proxy during the deglaciation.

In order to elucidate the contribution of eolian input to the sediment composition
regarding the Ti/Ca ratio, we compared the variations in the K, Ti and Zr profiles with
respect to the detrital and carbonate fractions in records 293G and 300G (Fig. S7). There
are minimum variations between K/Ca, Ti/Ca and Zr/Ca ratios at both sites, and they
depict the same trend as PC1 (Fig. S7). However, these elements present high variability
with respect to the detrital fraction (K/Al, Ti/Al and Zr/ Al ratios), because they indicate
fluvial and eolian input, respectively. High values in the Ti/Al ratio point to enhanced
eolian input and coincided with relative minima in the Ti/Ca ratio, which indicate a
terrigenous decrease with respect to the carbonate fraction (Fig. S7, gray bar). This
finding highlights that the Ti/Ca and Zr/Ca ratios are not reliable eolian proxies for the
Alboran Sea, and that eolian input does not control the relative variations between

terrigenous and carbonate inputs in the western Mediterranean basin.

Table 3

Correlation between K/Al and Ti/Ca ratios and Sedimentation Rate (SR) from the cores 292G, 293G, 434G and 975B
(Jiménez-Espejo et al., 2007; Rodrigo-Gamiz et al., 2011).

SR vs K/AI SR vs Ti/Ca K/Al vs Ti/Ca Remarks
Core Post | ORL- Post | ORL- Post | ORL-
All ORL LGM All ORL LGM All ORL LGM In black p-value >0.05

292G | 0.22 | 0.09 -0.01 -0.88

293G | 0.33 | -0.16 -0.32 -0.53 -0.38 | -0.30 -0.48

434G | -0.35 | -0.44

— Ti measured by core canner and
K and Al by atomic absorption
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Fig. 3. Age profiles of the (a) Ti/Ca ratio from core 293G, (b) Sedimentation Rate (SR), (c) K/Al ratio, (d) Sr/Ca ratio
(x 10 from core 293G (Rodrigo-Gamiz et al., 2011); (e) Pollen-based precipitation index (PI) (deciduous
Quercus/(semi-desertic taxa + deciduous Quercus)) from core MD95-2043 (Fletcher et al., 2010); Nannofossil
Accumulation Rates (NAR) expressed as coccoliths counts/cm? ka from (f) core HER-GC-T1 (Ausin et al., 2015a) and
(g) core CEUTA10PCO08 (Ausin et al., 2015a); (h) Benthic Foraminifera Accumulation Rate (BFAR) from core
GeoB18131-1 (Wang et al., 2019) expressed as foraminifera counts/cm?ka; (i) SR and (j) Ti/ Ca ratio from ODP Site
975B (Jiménez-Espejo et al., 2007). LGM: Last Glacial Maximum; HS1: Heinrich Stadial 1; HE1: Heinrich Event 1;
B/A: Bolling-Allerdd; YD: ~ Younger Dryas; EH: Early Holocene; MH: Middle Holocene, ORL: Organic Rich Layer.
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Fig. 4. Age profile of the (a) AMOC intensity reconstruction (Ng et al., 2018); (b) % Sortable Silt (SS) from the Corsica
Strait (core MDO01-2472; Toucanne et al., 2012); (c) Stacked Ti/Ca ratio from Algero-Balearic basin [ODP Site 975B
(this study) + MD99-2343 (Frigola et al., 2007), using XRF core-scanner data]; (d) Stacked Ti/Ca ratio from eastern
Alboran basin [cores 293G + 300G + 302G + 304G]; (e) Stacked Ti/Ca ratio from western Alboran basin [cores 292G
+ 434G] (f) Fe/Ca of core GeoB 13731-1 (Fink et al., 2013). LGM: Last Glacial Maximum; HS1: Heinrich Stadial 1;
HEZ1: Heinrich Event 1; B/A: Bglling-Allerad; YD: Younger Dryas; EH: Early Holocene; MH: Middle Holocene; LH:
Late Holocene; ORL: Organic Rich Layer; mwp: melt water pulse (Stanford et al., 2011).
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(3) Regarding the role of the riverine input, if it controls the proportion of terrigenous vs
carbonates in the western Mediterranean, different studies indicate that there should be a
positive correlation between the Ti/Ca and the SR (Arz et al., 1999; Liu et al., 2017;
Steinke et al., 2014; Stuut et al., 2014; Tachikawa et al., 2011; Xu et al., 2014; Zaragosi
et al., 2006). Then, there should likewise be a positive correlation between the Ti/Ca ratio

and other typical proxies of fluvial input such as the K/Al ratio (Dickson et al., 2010).

In the Alboran Sea records, a comparison of the K/Al and Ti/Ca ratios over the last 20 ka
reveals that the Ti/Ca is negatively correlated overall with the K/Al ratio during the entire
time interval (Table 3). This suggests that both proxies are sensitive to the fluvial input
but in an opposite way. Furthermore, the comparison of these two ratios in core 293G
with the pollen-based precipitation index (PI) from core MD95- 2043 (number 4 in Fig.
1)—as a continental humidity proxy, from Fletcher et al. (2010) (Fig. 3)—suggests that
the K/Al ratio is positively related to humidity changes while the Ti/Ca ratio is strongly
anti- correlated. If the Ti/Ca would be controlled by fluvial input, its anticorrelation with
the PI and the SR could be explained by high amounts of detrital carbonate, but detrital
carbonate is not representative in the Alboran Sea sediments. On the other hand, the
decrease in the PI and the development of more xerophytic vegetation could increase the
effective erosion and thus the Ti/Ca ratio during stadials (Cutmore et al., 2021).
Nevertheless, the highest SR coincided with periods of more humid vegetation and the
Fe/Ca ratio in core GeoB13731-1 —Ilocated on the northern African margin at 362 mbsl
(number 5 in Fig. 1)—did not record any variation during the deglaciation (Fig. 4e; Fink
etal., 2013).

In addition, there is a slight positive correlation between the SR and the K/Al ratio from
the LGM to the ORLL1 in the Alboran Sea, suggesting that riverine input influenced the
SR, as occurs at present day (Fabres et al., 2002; Masqué et al., 2003) (Fig. 3). In contrast,
the Algero-Balearic cores 975B and MD99-2343 (number 6 in Fig 1), evidence a high
correlation between SR and the Ti/Ca ratio, although the Ti/Ca ratio decreases when
continental humidity increases (Fig. 3), suggesting terrigenous decreases with enhanced
fluvial input. In view of these observations, riverine input is unlikely to be the main trigger

of Ti/Ca ratio variations at the studied locations.
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(4) Sea level is also known to highly influence the terrigenous input of continental
margins and thus, the Ti/Ca ratio (e.g., Hodell et al., 2013; Thomson et al., 1999). In
sediments from continental margins at mid- and high-latitudes it is well known that during
glacial lowstands, river mouths were connected to the marine slope, implying greater
sediment input into the deep basins and increasing the SR and the Ti/Ca ratio. Yet during
interglacial highstands, the river mouths step back towards the continent, leaving
sediment trapped in the shelf and diminishing terrigenous input into the deep basin, thus
reducing the SR and the Ti/Ca ratio (e.g., Hodell et al., 2013; Thomson et al., 1999).
Although the sea level has risen over the last 20 ka, intervals of rapid rise occurred during
the B-A and the Early Holocene, and intervals of relatively stable or even drop sea level
took place during the HS1 and the YD (Lambeck et al., 2014); consequently, similar
sedimentation conditions can be expected for the glacial period and stadials, as well as

during interglacial periods and interstadials but probably with lower amplitudes.

Our data show a relative minimum in the Ti/Ca ratio in the Algero- Balearic basin and
absolute minimum values in the Alboran Sea cores during the LGM, when, according to
Thomson et al. (1999), supposedly the highest values occurred, as the sea level reached
its lower point in the entire record (Fig. 4). The minimum in the Ti/Ca ratio between 20
and 18 ka, coincided with an increase in the SR and the occurrence of turbidites in the
Gulf of Lions, favored by the connection of the Rhone river with the canyon head (Lombo
Tombo et al., 2015; Dennielou et al., 2019). This would support the interpretation by

Thomson et al. (1999), but it could not explain the minimum in the Ti/Ca ratio.
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Fig. 5. (a) 8'80 Globigerina bulloides from core MD99-2343 (Frigola et al., 2007); §'3C Cibicidoides pachydermus
from core (b) MD99-2343 (Sierro et al., 2005) and (c) MD95-2043 (Cacho et al., 2006); (d) $'80 Globigerina bulloides
from core 293G (Rodrigo-Gamiz et al., 2011); (e) Zr/Al ratio (x 10*) and (f) PC2 from core 293G (Rodrigo-Gamiz et
al., 2011); (g) silt/clay ratio from core MD99-2343 (Frigola et al., 2008); (h) reworked coccolitophorids from core
CEUTAZ10PCO8 (Ausin et al., 2015a); (i) PC1 and (j) Ti/Ca from 293G core; (k) U/Al ratio (x 10) from core 293G
(Rodrigo-Gamiz et al., 2011); (I) Sortable Silt (SS) from 293G core. LGM: Last Glacial Maximum; HS1: Heinrich
Stadial 1; HE1: Heinrich Event 1; B/A: Bolling-Aller” od; YD: Younger Dryas; EH: Early Holocene; MH: Middle
Holocene; ORL: Organic Rich Layer. Blue bar indicates the HE1 deposition time
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The increase in the Ti/Ca ratio during HS1 in the Algero-Balearic and Alboran basins
coincides with the disconnection between the Rhone river and the canyon head at 18 ka,
hence the reduction of terrigenous input to the basin (Lombo Tombo et al., 2015). This
further suggests that the Ti/Ca ratio variation cannot be explained merely by higher
terrigenous input during lowstand conditions. Meanwhile, in the Alboran records, the
maximum in SR occurred during the B-A and the Early Holocene, coinciding with a rapid
sea level increase related to melt- water pulses 1a and 1b (Rogerson et al., 2006; Stanford
et al., 2011), when a minimum would be expected, since the sediment load of the
retrograding rivers mouths would become trapped on the shelf (Fig. 6b, ¢; Thomson et
al., 1999). In addition, the Fe/Ca ratio in core GeoB13731-1 records a flat pattern during
the LGM and deglaciation, when it should in fact record higher terrigenous inputs during
the lowstand, thus suggesting other factors than the sea level are controlling the
terrigenous vs carbonates variability (Fink et al., 2013; Fig. 4f). A possible explanation
could be that the sedimentation depends more on changes in fluvial input than on the
advance or retreat of the shoreline, due to the narrow size of the Alboran shelves and to
the lack of big rivers. To sum up, the maximum turbiditic activity described in the Gulf
of Lions (Lombo Tombo et al., 2015) coincided with the relative minimum of the Ti/Ca
ratio, and the shallow core GeoB13731-1 shows a minimum of terrigenous input during
the deglaciation (Fink et al., 2013), thus suggesting that the Ti/Ca ratio is not controlled

by typical lowstand and highstand sedimentation in the western Mediterranean Sea.

On the other hand, sea level can affect the terrigenous flux into the deep basin by shelf
erosion during transgressions by wave ravinement, when the shelf is flooded, and the
loose sediment becomes trapped by the canyons and is transported basinward (Hemming
et al., 1998; Henrich et al., 2010; Liu et al., 2016; Marret et al., 2008). This mechanism
can be significant meanwhile the storm wave base level is affecting the shelf edge
(Catuneanu, 2006). Due to the terrigenous nature of the Alboran margin, an increase in
the Ti/Ca ratio in the studied records might be caused during the shelf flooding. In the
Alboran Sea, the shelf break is located at around 100-110 mbsl and the storm wave base
between 30-35 mbsl (Béarcenas et al., 2015), indicating that wave ravinement could
influence the deep basin sedimentation from the melt-water pulse 1a (15-13 ka cal BP),

when the shelf was flooding, until the onset of the melt-water pulse 1b (11.5-8.8) when
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the storm wave base level was above the shelf break (Catuneanu, 2006; Lambeck et al.,
2014; (Stanford et al., 2011)).

This rapid sea level rise during the melt-water pulse 1a coincided with an increase in the
SR and the Sr/Ca ratio in the Alboran Sea (Figs. 3b, d, 6b, d). Since the Sr/Ca ratio
decreases from shallow to the deep cores and it is not constrained by the bottom oxygen
condition, it can be used as a proxy for shallow carbonates input (Thomson et al., 2004;
Reitz and De Lange, 2006). Increases in the Sr/Ca ratio indicates enhanced input of
shallow carbonates into the deep basin, likely derived from wave ravinement on the
flooded shelf (Catuneanu, 2006). Nevertheless, the values of the Sr/Ca ratio remained
high until 9-8.5 ka cl BP indicating that other mechanisms are transporting the shallow
carbonates to the deep basin, i.e. dense fluxes triggered by river flooding (Reitz and De
Lange, 2006). The anti-correlation of the SR and the Sr/Ca ratio with the Ti/Ca ratio
would suggest that the input of shallow carbonates could influence the Ti/Ca, but as stated
above, the shelves in the Alboran Sea are richer in terrigenous than in carbonates and
then, an increase in the Ti/Ca would be expected when the Sr/Ca increase (Fabres et al.,
2002; Masqué et al., 2003). Moreover, this supports that the rise in the SR between 15
and 9 ka was triggered by a combination of both, an increase in the shelf erosion during
the early phase of the transgression and enhanced fluvial input during the B-A and the
Early Holocene (Fig. 3).

(5) Lastly, another important factor that controls the Ti/Ca ratio is the bottom water
currents intensity. In order to test the importance of this factor, we have compared the

Ti/Ca ratio with other proxies for bottom water current intensity (Fig. 5).

During the deglaciation, and especially during the HE1, patterns similar to the Ti/Ca ratio
are recorded in the silt/clay ratio from the Minorca drift (core MD99-2343; Frigola et al.,
2007), the 880 G. bulloides in the eastern Alboran basin (core 293G; Rodrigo-Gamiz et
al., 2011) and the §'80 G. bulloides and the §*3C C. pachydermus in the Minorca drift and
eastern Alboran Sea basin (cores MD95-2043 and the MD99-2343; Sierro et al., 2005;
Cacho et al., 2006; Frigola et al., 2007) (Fig. 5a-d). The HE1 meltwater influx in the
Mediterranean triggered a decrease in the WMDW formation, coinciding with a decrease

in the Ti/ Ca ratio and an increase in the U/Al ratio, suggesting more stagnated bottom
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waters (Sierro et al., 2005; Cacho et al., 2006; Frigola et al., 2007; Rodrigo-Gamiz et al.,
2011; Fig. 5Kk, blue bar). In addition, the Ti/ Ca ratio show a good correlation with the
percentage of reworked coccolitophorids in the Ceuta contourite drift (core
CEUTAZ10PCO08), which could be due to an increase in the WMDW (Ausin et al., 2015a).

These facts suggest that the Ti/Ca ratio could be sensitive to bottom currents intensity.

The bottom currents could increase the terrigenous content in the marine sediments in
two ways: (a) pirating the fine carbonates, such as the coccoliths, resulting in a SR
decrease; or (b) concentrating the fine terrigenous fraction, such as sortable silt or
aggregates of clays and cohesive silt, resulting in a SR increase (McCave and Hall, 2006).
Regarding to the relationship between the Ti/Ca and the SR, a good correspondence
between both is recorded in the Algero-Balearic basin, particularly at the ODP Site 975
located in an hemipelagic setting at 2416 mbsl with reduced continental influence (Fig.
3). This suggests that the bottom currents are concentrating fine terrigenous fraction at
this site and controlling the SR in the basin. Present-day studies have demonstrated that
the total mass flux and the terrigenous input at the bottom of the Algero-Balearic basin
increased during months of enhanced WMDW (ZUhiga et al., 2008), supporting that high
terrigenous concentration and high SR occurred during periods of more intense bottom

currents.

In contrast, the Alboran Sea basin depicted the opposite pattern, being the SR anti-
correlated with the Ti/Ca ratio (Fig. 3). Differences between these basins explain this
apparent contradiction: although the bottom currents concentrate the terrigenous fraction
and the SR also rises in the Alboran basin (Fig. 3), this increase is negligible when
compared with the amount of sediment delivered to the basin during the shelf flooding or
the enhanced fluvial input, which is amplified by its semi-enclosed and narrow
morphology. Conversely, the Algero-Balearic basin is wider and deeper, so the wave
ravinement and the increase fluvial input likely had a lesser impact in the SR than in the

Alboran basin.

We discard that the anti-correlation between the SR and the Ti/Ca ratio in the Alboran
Sea was due to the pirating of fine carbonates by bottom currents, because present-day

studies showed that ~50-70% of the particulate matter deposited in the deep Alboran basin
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was advected by bottom currents (Fabres et al., 2002; Masqué et al., 2003), and because
the SR increase during B-A can be explained by the shelf flooding and enhanced fluvial
input (see above).

In summary, bottom current activity concentrates the fine and cohesive terrigenous
fraction and increases the SR in the whole western Mediterranean, but this SR increase is
only significant in those records having a low SR background, such as the hemipelagic
ODRP Site 975 in the Algero-Balearic basin. This is supported by the differences in the SR
between the Alboran cores and ODP Site 975B with maxima of 39 cm/ka and 14 cm/Ka,
respectively (Fig. 5). We, therefore, propose that the Ti/ Ca ratio is controlled by the
bottom current intensity over the deglaciation, which concentrates the fine terrigenous

fraction when increases.

5.2. Evolution of the Ti/Ca ratio over the last 20 ka

Considering that the Ti/Ca ratio is highly influenced by bottom current intensity in the
western Mediterranean, this section is focused on three time windows, related to the main
changes in WMDW intensity over the last 20 ka (Rogerson et al., 2008): (1) from the
LGM to the end of the HS1 (20-15 ka cal BP), (2) the ORL1 deposition time period (15-
9 ka cal BP) and (3) from the demise of the ORL1 to the present (9 ka cal BP-Present).
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Fig. 6. Age profile of the (a) Ti/Ca ratio and Total Organic Carbon (TOC) content (in %) from core 293G (Rodrigo-
Gamiz et al., 2011); (b) Sedimentation Rate (SR) from cores 293G and 302G (Rodrigo-Gamiz et al., 2011; Jiménez-
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5.2.1. Changes in bottom water intensity from the Last Glacial Maximum to the end of
Heinrich Stadial 1

During the LGM, the Alboran records show minimum values of the Ti/Ca ratio, whereas
the Algero-Balearic core gives higher values, suggesting differences in the bottom current
intensity in the two basins between 20 and 18 ka cal BP (Fig. 4). The minimum values in
the Ti/Ca ratio of the Alboran cores could be linked to reduced Bernoulli aspiration of the
bottom waters as a consequence of low sea level and reduced water exchange between
the Atlantic and the Mediterranean, although overall oxic bottom conditions prevailed
(Fig. 6; Barcena et al., 2001; Rogerson et al., 2010; Rohling et al., 2015). In a context of
cold and arid climate and lower water exchange, the surface Mediterranean water became
saltier and promoted the WMDW's formation and spreading through the Algero-Balear
basin (Rohling et al., 2015), resulting in higher fine terrigenous concentrations and Ti/Ca

values than in the Alboran Sea basin.

Later on, overall high values in the Ti/Ca ratio during the HS1 are recorded in the Alboran
and the Algero-Balearic records, which suggested high WMDW formation rates
increasing fine terrigenous concentration (Fig. 4). Interestingly, although the Ti/Ca ratio
increased in all records, those located in the Alboran Sea basin showed a three-step
pattern, whereas those from the Algero-Balearic basin recorded the HS1 as a single event
(Frigola et al., 2008; Fig. 4).

The HS1 is characterized by colder and more arid conditions over the western
Mediterranean region than during the LGM, related to southward displacement of the
Polar Front and a weakening of the AMOC (Camuera et al., 2021; Eynaud et al., 2009;
Fletcher and Sanchez-Gofii, 2008; Moreno et al., 2010; Sierro et al., 2020) (Fig. 4). Within
the HS1, two events of ice rafted detritus deposition occurred in the North Atlantic (Bond
et al., 2001; Heinrich, 1988; Hodell et al., 2017), although only one was recorded in the
NE Atlantic near the Gibraltar Strait (Naughton et al., 2016; Sierro et al., 2020; Voelker
et al., 2006; Voelker and de Abreu, 2011), triggering the meltwater influx into the

reconstruction (Lambeck et al., 2014); (i) Nannofossil Accumulation Rate (NAR expressed as coccoliths counts/cm?
ka from core CEUTA10PCO08 (Ausin et al., 2015a); (j) Benthic Foraminifera Accumulation Rate (BFAR) expressed as
foraminifera counts/cm?ka from core GeoB18131-1 (Wang et al., 2019). LGM: Last Glacial Maximum; HS1: Heinrich
Stadial 1; HE1: Heinrich Event 1; B/A: Bglling-Allergd; YD: Younger Dryas; EH: Early Holocene; MH: Middle
Holocene; LH: Late Holocene; ORL: Organic Rich Layer; mwp: melt water pulse (Stanford et al., 2011).
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Mediterranean Sea (Hodell et al., 2017; Sierro et al., 2020). Hereafter we will refer to the
HE1 deposition time to the H1.1 layer differentiated by Hodell et al. (2017), at ~16.2 ka
cal BP. Accordingly, the early HS1 spans from 18 to 16.3 ka cal BP; the HE1 from 16.3
to 15.6 ka cal BP; and the late HS1 from 15.6 to 15 ka cal BP, after Hodell et al. (2017).

The early and late HS1 are characterized by an enhanced WMDW formation, reflected
by high values in the Ti/Ca ratio (Figs. 4, 6), and suggesting fine terrigenous concentration
in the entire basin. This interval coincided with a rise in the silt/clay ratio within the
Algero- Balearic basin, suggesting a strong WMDW (Figs. 5, 6) (Frigola et al., 2008;
Sierro et al., 2005). This enhanced WMDW formation is coeval with high LIW input in
the Liguro-Provencal sub-basin (Fig. 4b), which could have preconditioned the WMDW
formation (Duhamel et al., 2020; Rohling et al., 2015; Toucanne et al., 2012; van Dijk et
al., 2018). This enhancement in the Mediterranean thermohaline circulation resulted in
an intensification of the MOW in the Gulf of Cadiz and along the Atlantic Iberian margin
(Rogerson et al., 2005, 2006) (Fig. 7a).

The HE1 (16.3-15.6 ka cal BP) is characterized by an incursion of depleted 5'80 and low
salinity Atlantic waters derived from the Laurentide ice-sheet melting into the
Mediterranean (Fig. 5) (Colmenero- Hidalgo et al., 2004; Jiménez-Amat and Zahn, 2015;
Jiménez-Espejo et al., 2007; Lombo Tombo et al., 2015; Melki et al., 2009; Pérez-Asensio
et al., 2020; Rodrigo-Gamiz et al., 2011; Sierro et al., 2005, 2020). The reduction of
surface water salinity led to reduced WMDW formation and a less intense and deeper
MOW as result of reduced density of the Atlantic waters (Rogerson et al., 2008; Sierro et
al., 2005, 2020) (Fig. 7b).

It is also noteworthy that cores from the Alboran Sea basin depicted a different signal to
those from the Algero-Balearic basin during the HEL, showing a Ti/Ca decrease in the
former that was not recognized in the latter (Fig. 4). The possible mechanism controlling
this difference could be the Bernoulli aspiration. On the Gulf of Cadiz, the deeper MOW
recorded during this interval as result of less dense Atlantic water column could promote
enhanced Bernoulli aspiration in the westernmost Alboran sea (Rogerson et al., 2012;
Sierro et al., 2020). Nevertheless, a relative stagnation of the WMDW in the Alboran Sea
basin is supported by high TOC content and an increase in the U/Al ratio during the pre-
ORL1, indicating lesser renewal of the deep waters, suboxic conditions in the sediments
and major organic matter preservation in the basin (Cacho et al., 1999, 2001; Casanova-
Arenillas et al., 2021; Jiménez- Espejo et al., 2008; Pérez-Asensio et al., 2020; Rodrigo-
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Gamiz et al., 2011) (Fig. 6a, e). Thus, our results suggest that fresh water input from the
Atlantic into the Mediterranean during the HEL reduced the density gradient in the
Gibraltar Strait, resulting in a shoaling of the Bernoulli aspiration depth (Rohling et al.,
2015). The shoaling of the aspiration depth could explain the decrease in the Ti/Ca ratio
in the Alboran Sea basin, as the bottom waters were relatively stagnated and thus
accumulated less fine sediment. Furthermore, a stagnated water column could reduce the
piracy of fine-grained biogenic carbonate, such as coccoliths, by water currents,

improving their vertical settlement from the surface waters to the deep basin.

The decreased Ti/Ca ratio in the Alboran cores during the HE1 could be also influenced
by the input of detrital carbonate transported by icebergs, as occurred in the North Atlantic
(Hodell et al., 2017). Yet the Sr/Ca ratio in the Alboran cores increased during this time,
and Heinrich layers are characterized by low values in the Sr/Ca ratio (Hodell et al., 2017;
Ausin et al., 2020) (Fig. 5). This would support that the drop in the Ti/Ca ratio during the
HEZ1 was triggered by a reduction in the terrigenous concentration by bottom currents, as
a result of shoaling in the Bernoulli aspiration depth, rather than by a carbonate input

transported by icebergs (Fig. S3).

The Ti/Ca ratio from the Algero-Balearic core did not record this decrease, suggesting
that although the WMDW had lesser intensity, it continued to concentrate fine terrigenous
fraction during the HE1 (Frigola et al., 2008; Sierro et al., 2005) (Figs. 4, 6, 7b). These
differences in the Ti/Ca ratio between the Alboran and Algero-Balearic basins during
HE1 support the model proposed by Rogerson et al. (2008), in which the shoaling depth
of Bernoulli aspiration along with the formation of less dense WMDW prevented the total
renewal of the bottom waters in the Alboran basin, favoring organic matter preservation
(Figs. S2, 6, 7a-b).

In short, our results suggest that the HE1 was characterized by weak Bernoulli-aspiration
while the WMDW formation was reduced but still active, resulting in lower Ti/Ca values
in the Alboran basin than in the Algero-Balearic basin.

5.2.2. The Organic Rich Layer 1 deposition

The ORL1 deposition time interval encompasses the B-A period, the YD and part of the
Early Holocene, and is characterized by high variability in the Ti/Ca ratio, indicating
reduced WMDW during the B-A and the Early Holocene, and enhanced during the YD
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(Cacho et al., 2002; Murat, 1999) (Fig. 6). This interval features high organic matter
preservation in the Alboran Sea basin (e.g. Cacho et al., 2002; Jiménez- Espejo et al.,
2008; Martrat et al., 2004, 2014; Pérez-Asensio et al., 2020; Rodrigo-Gamiz et al., 2011)
(Fig. 6) related to low oxygen bottom basin conditions because of a substantial slowdown
in the western Mediterranean thermohaline circulation (Rogerson et al., 2008). An
increase of fresh-water influx into the Gulf of Lions triggered by the alpine glaciers retreat
during the interstadials (Ivy-Ochs et al., 2007, 2008) and the rapid sea level rise during
the melt-water pulse 1a prevented WMDW formation and caused stagnation of the water
column (Rogerson et al., 2006, 2008; Rohling et al., 2015(Stanford et al., 2011)) (Fig.
7¢). The demise of the ORL1 has been related to a reactivation of the WMDW that could
have re-oxygenated the western Mediterranean basins, this reactivation appears to be
diachronic along the western Mediterranean basins, dated at 9.2-7.6 cal ka BP (Pérez-
Asensio et al., 2020), 8.2 cal ka BP (Rogerson et al., 2008) or ~7.7 cal ka BP (Jiménez-
Espejo et al., 2008). The abrupt reactivation is not reflected by redox proxies in the
Alboran Sea records (Rodrigo-Gamiz et al., 2011), indicating that other factors may have
also affected the demise of the ORL1 in the basin.

In this work we refer to the ORL1a from 15 to 11.7 ka cal BP (B-A and YD), and the
ORL1b from 11.7 to 9 ka cal BP (Early Holocene) based on the Mo/Al ratio, which
indicates that more reducing conditions prevailed until 11.7 ka (Fig. 6). Our data support
that the ORL1a onset was related to a marked reduction in the WMDW depicted by a
Ti/Ca ratio decrease, and also shown by the drop in the Mn/Al ratio and the rise in the
Mo/Al ratio (Figs. 6, 7c), which are reliable redox proxies (Algeo and Tribovillard, 2009;
Algeo and Liu, 2020). Interestingly, this is coeval to a sharp rise in the Sr/Ca ratio and
the SR in the Alboran Sea cores, tied to an increase of shallow carbonate input, resulting
from the shelf flooding during the rapid sea level transgression and/or the humid condition
over the continent and thus, the enhanced fluvial input (Figs. 5, 6) (Combourieu Nebout
et al., 2009; Fletcher et al., 2010; Garcia-Alix et al., 2014; Rodrigo-Gamiz et al., 2011).
The general SR increase in the deep basin could have also prevented organic matter
oxidation (Jung et al., 1997).

The demise of the ORL1a coincides with a relative minimum in the TOC content from
the Alboran records that is coeval with the WMDW reactivation during the YD and the
termination of extremely reducing conditions in the deep Alboran Sea basin, further

indicated by an increase in the Ti/Ca ratio and in the Mn/Al ratio and a decrease in the
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Mo/Al ratio, going back to the background levels at ~11.7 ka cal BP (Figs. 6, 7c-d). The
demise of strong reducing conditions in the Alboran Sea basin is also supported by a
stronger LIW recorded in the Corsica Strait, which could promote the WMDW formation
(Toucanne et al., 2012) (Fig. 4b) and an enhanced MOW as registered in several records
from the Gulf of Cadiz between 12 and 11.7 cal ka BP (Bahr et al., 2014, 2015; Kaboth
et al., 2015; Sierro et al., 2020).

The ORL 1b spans from 11.7 to 9 ka, and is characterized by an early recovery of the
TOC values in the Alboran Sea records as well as reduced WMDW formation, coeval
with a reduction of LIW input as result of the last sapropel formation (S1) in the eastern
Mediterranean basin (de Lange et al., 2008; Rohling et al., 2015; Toucanne et al., 2012)
(Figs. 6, 7e). This phase is characterized by more eutrophic conditions in the surface water
and still high SRs in the Alboran basin (Ausin et al., 2015a; Cacho et al., 2002; Jiménez-
Espejo et al., 2008; Martrat et al., 2004, 2014; Pérez-Asensio et al., 2020; Rodrigo-Gamiz
etal., 2011; Wang et al., 2019) (Fig. 6).

Conversely to the ORL1a, the ORL1b interval is characterized by more oxygenated
bottom conditions. Redox-sensitive proxies suggest suboxic-ferruginous conditions,
since the Mo/Al ratio shows background levels and the U/Al ratio shows relatively high
values (Fig. 6) (Algeo and Liu, 2020). The Mn/Al recovers from 11.7 ka, after the
WMDW reactivation during the YD and supports the demise of strong reducing
conditions that stabilized at 10.5 ka, as indicated by relatively stable Mn/Al values until
the end of the ORL 1b (Figs. 6f, 7c-d). This suggests that the re-oxygenation of the deep
Alboran basin by the bottom currents occurred at the end of ORL1a and not at the demise
of ORL1b. An analogy can be found in the eastern Mediterranean during the last phase
of the sapropel S1, between 7.4 and 6.4 ka cal BP, which occurred under sub-oxic or even

oxic conditions (Filippidi et al., 2016).

The ORL1 demise coincides with a decrease in both the SR and the Sr/Ca ratio in the
Alboran Sea records, but with constant values for the Ti/Ca and Mn/Al ratio (Fig. 6). All
this suggests that a reduction in sediment from the shelf and less fluvial input reduced the
SR in the deep basin and increased the exposure of organic matter to the oxygenated deep
waters. This could also explain why the ORL1 demise shows a slightly diachronic pattern
that could reflect differences in the SRs and depths, among other factors. A similar pattern
has been described for sapropel S1 demise over the Holocene in the eastern Mediterranean
Sea (Filippidi and De Lange, 2019).
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Previous studies related the ORL1 demise with a resumption of the WMDW formation
recorded in the Algero-Balearic basin (Frigola et al., 2008; Jiménez-Espejo et al., 2007;
Rogerson et al., 2008; Rohling et al., 2015), but the Ti/Ca and the Mn/Al ratio in the
Alboran basins points to relatively stable seafloor conditions (Fig. 6). Consequently, we
propose (1) that strong reducing conditions were only restricted to the ORL1a, and that
ORL1b was caused by high organic matter flux due to more eutrophic conditions in the
Alboran Sea and high SR at the bottom basin, which prevented the oxidation of organic
matter (Jung et al., 1997) (Figs. 7c-d); (2) that sea level and the humid condition over the
mainland played a key role in the ORL1 deposition. The shelf flooding during the melt-
water pulses 1a and 1b along with the enhanced fluvial input increased the SR in the
basin, and the rapid burial prevented the organic matter from being oxidized (Fig. 6)
(Cacho etal., 2002; Jiménez-Espejo et al., 2008; Martrat et al., 2004, 2014; Pérez-Asensio
et al., 2020; Rodrigo-Gamiz et al., 2011).

5.2.3. Ti/Ca variability during the Holocene

During the Middle and Late Holocene, the Ti/Ca ratio is not correlated with the silt/clay
ratio from core MD99-2343, located in the Minorca contourite drift (Frigola et al., 2008)
(Table S2), and it shows different patterns in the Algero-Balearic basin and in the Alboran
Sea records, indicating that the bottom currents are not controlling the variation between
terrigenous and carbonate fractions (Figs. 4, 5). Whereas the Algero-Balearic basin —
especially ODP Site 975B— recorded an almost flat pattern for the Ti/Ca ratio, the
Alboran records showed increases trends around 8 and 7.5 ka cal BP (Figs. S2, 4c-f).
Interestingly, a similar increase is also recorded by the Fe/Ca from core GeoB13731-1
located in the north African margin, beyond the influence of the WMDW (Fink et al.,
2013) at around 9.6 cal ka BP. The decoupling between the Algero-Balearic and the
Alboran basins, would suggest that the WMDW formation does not control the Ti/Ca
ratio, but that the Bernoulli aspiration through the Gibraltar Strait seems to play a major
role (Figs. 4, 7f). The early Ti/Ca ratio increase recorded in core GeoB13731-1 with
respect to the deeper Alboran Sea cores could be due to natural reasons but we cannot

rule out age model discrepancies (Fig. 4c-f).
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The increases in the Ti/Ca and Fe/Ca ratios in the Alboran basins roughly coincided with
the establishment of the anticyclonic Alboran gyres at around 8 to 7.7 ka cal BP (Ausin
et al., 2015b; Pérez-Folgado et al., 2003; Rohling et al., 1995). Nowadays, the Alboran
gyres highly influence the increase of particulate fluxes to the deep Alboran Sea basin,
increasing when the gyres are well-developed (Fabres et al., 2002). Furthermore, the
intensity of the western Alboran gyre influences the aspiration of the WMDW by the
Gibraltar Strait (Garcia-Lafuente et al., 2017; Naranjo et al., 2012; Stommel et al., 1973).
The onset of the Alboran gyres could erode or remobilize loose sediments from the shelf
and slope and transport them as gravitational fluxes downslope, and/or funnel them to the
deep basin (Fabres et al., 2002; Masqué et al., 2003; Miramontes et al., 2019). This could
explain why the shallow core GeoB13731-1 in the north African margin, not bathed by
the WMDW, and western Alboran cores recorded a sharper increase in the detrital
fraction than the deeper cores from the eastern basin during this time interval with respect
to the YD (Fig. 4c-f).

Furthermore, an enhanced Bernoulli aspiration though the Gibraltar Strait promoted by
the onset of the gyres would increase the WMDW velocity in the Alboran Sea, which in
turn would have increased the transport of terrigenous material into the basin, generating
a W-E gradient, as shown in the Ti/Ca ratio plots (Fig. 4c-f; Garcia-Lafuente et al., 2017;
Naranjo et al., 2012; Stommel et al., 1973). The maximum values of the Ti/Ca ratio
related to the onset of the Alboran gyres occurred at ~6-6.5 ka cal BP (Figs. S2, 4c-f),
coinciding with the demise of sapropel S1 in the eastern Mediterranean and increased
contourite deposition in the Gulf of Cadiz resulting from enhanced MOW (de Lange et
al., 2008; Lebreiro et al., 2018; Sierro et al., 2020).

A final sharp increase in the Ti/Ca ratio during the last 2 ka cal BP was recorded in all
the studied cores, suggesting a common response in the Alboran and Algero-Balearic
basins (Figs. S2a-f, h, 4c-f). Increasing WMDW formation could explain the rise in the
Ti/Ca values in the Algero-Balearic basin and the deep records in the Alboran basin, but
not in core GeoB13731-1, located at 362 mbsl and nowadays bathed by the LIW (Fink et
al., 2013). We discard an intensification of the Alboran gyres behind the increased Ti/Ca
ratio (Fe/Ca ratio), because the increase is also observed in the Algero-Balearic basin
(Fig. 4c). Higher LIW export into the western Mediterranean is also unlikely, because
greater LIW input was not recorded at the Corsica Strait (Toucanne et al., 2012),
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suggesting that the terrigenous increase might be related to anthropic impact rather than

paleoceanographic changes (Fig. 7g) (Cutmore et al., 2021).

Furthermore, the increasing anthropogenic activity in the Mediterranean area during the
last 2 ka is well established (Anderson et al., 2011; Carrién et al., 2010; Jalut et al., 2009;
Miebach et al., 2016; Ramos-Roman et al., 2019; Oldfield et al., 2003). Although human
activity is recognized in the Iberian Peninsula since the Chalcolithic (5.3- 4.2 ka cal BP),
with settlements and more frequent fire events during the last 4.5 ka cal BP, activity
increased substantially during the Iberian- Roman Period (Aranbarri et al., 2014; Carrion
et al., 2010; Martin- Puertas et al., 2010; Molina Gonzélez et al., 2004; Schirrmacher et
al., 2020). During this interval, the deforestation of woodlands as a result of mining,
agricultural and grazing activities is recorded in the Iberian Peninsula, even at high
altitude sites (Anderson et al., 2011; Aranbarri et al., 2014; Garcia-Alix et al., 2013;
Jiménez-Moreno et al., 2013; Lopez-Avil es et al., 2021; Mesa-Fernandez et al., 2018;
Morellon et al., 2009; Ramos-Romén et al., 2016, 2018). Greater land use and
deforestation would have enhanced effective erosion, resulting in major terrigenous input
into the marine basins and higher values in the Ti/Ca ratio for the western Mediterranean

basin.

6. Conclusions

Diverse geochemical ratios analyzed in seven marine sediment records from the western
Mediterranean, in a transect from the Algero-Balearic basin to the Alboran Sea basin,
have served to elucidate the main factors controlling marine sediment composition over
the last 20 ka. The Ti/Ca ratio has been used as a proxy for the relative variations between
the terrigenous and the carbonate fractions. Although this ratio is influenced by marine
productivity, eolian and riverine inputs, shelf erosion and sea level variations, our data
support that the Ti/Ca ratio in the western Mediterranean mostly records bottom current
intensity. In other nearby records from the Algero-Balearic basin, this ratio shows a
similar pattern, except for the HE1 and the Middle Holocene. During the HE1, the melt-
water influx into the Mediterranean reduced the density gradient in the Gibraltar Strait,
further reducing the Bernoulli aspiration depth in the Alboran Sea and resulting in a local
decrease of bottom current intensity. Despite a reduction in the WMDW formation and
intensity in the Algero-Balearic basin, this reduction was not recorded by the Ti/Ca ratio,

suggesting that it only affected the coarse fraction. During the Middle Holocene, the onset
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of the Alboran gyres promoted the Bernoulli aspiration through the Gibraltar Strait,
leading to higher WMDW velocities in the Alboran Sea which in turn increased the

terrigenous input in the basin.

Regarding paleoceanographic variability and bottom water ventilation, the Mo/Al and the
U/Al ratios support two phases within the ORL1: the ORL1a (15-11.7 ka cal BP) featured
strong reducing conditions, while the ORL1b (11.7-9 ka cal BP) deposited under suboxic
ferruginous conditions. We propose that the high SR, deriving from shelf erosion during
rapid sea level rise along with pervasive humid condition in the continent, played a key
role in organic matter preservation —especially during the ORL1b— when the deep basin
was more oxygenized. We also relate the ORL1 demise to a sudden decrease in the SR,
rather than to a resumption of the WMDW, since re-oxygenation of the basin occurred
during the YD, as depicted by the Mn/Al and Mo/Al ratios. Low SR and slower organic
matter burial after around 9 ka cal BP meant increased exposition to the oxygenated

bottom water, reducing its preservation.

Over the last 2 ka cal BP, the Ti/Ca ratio increases in all the studied records, thereby
suggesting an unprecedented common response in the studied basins. Heightened human
land use and deforestation in the western Mediterranean region could have led to an

increase in effective erosion, in turn increasing the terrigenous input into the basin.
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lower due to a lower Sedimentation Rate (SR).
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Table S1. Correlations among Ti/Ca, K/Al and Zr/Al ratios, PC1 and PC2, of the selected cores from the Algero-
Balearic and Alboran Sea basins with the silt/clay ratio and UP10 from core MD99-2343 located in the Minorca

contouritic drift (Frigola et al., 2008), and the Ti/Ca ratio in core U1385 from the western Iberian margin (Hodell et al.,
2015), spanning from the Last Glacial Maximum (LGM) to the Organic Rich Layer (ORL1) demise. Gray shadow

indicates cores that not cover the entire interval.
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Abstract

High-altitude peat bogs and lacustrine records are very sensitive to climate changes and
atmospheric dust input. Recent studies have shown a close relationship between regional
climate aridity and enhanced eolian input to lake sediments. However, changes in
regional-scale dust fluxes due to climate variability at short scales and how alpine
environments were impacted by climatic- and human-induced environmental changes are
not completely understood. Here we present a multi-proxy (palynological, geochemical
and magnetic susceptibility) lake sediment record of climate variability in the Sierra
Nevada (southeastern Iberian Peninsula) over the Holocene. Magnetic susceptibility and
geochemical proxies obtained from the high mountain lake record of Laguna Hondera
evidence humid conditions during the early Holocene, while a trend towards more arid
conditions is recognized since ~ 7000 cal yr BP, with enhanced Saharan eolian dust
deposition until the present. This trend towards enhanced arid conditions was modulated
by millennial-scale climate variability. Relative humid conditions occurred during the
Iberian Roman Humid Period (2600-1450 cal yr BP) and predominantly arid conditions
occurred during the Dark Ages and the Medieval Climate Anomaly (1450-650 cal yr BP).
The Little Ice Age (650-150 cal yr BP) is characterized in the Laguna Hondera record by
an increase in runoff and a minimum in eolian input. In addition, we further suggest that
human impact in the area is noticed through the record of Olea cultivation, Pinus
reforestation and Pb pollution during the Industrial Period (150 cal yr BP—present).
Furthermore, we estimated that the correlation between Zr and Ca concentrations stands
for Saharan dust input to the Sierra Nevada lake records. These assumptions support that
present-day biochemical observations, pointing to eolian input as the main inorganic
nutrient source for oligotrophic mountain lakes, are comparable to the past record of
eolian supply to these high-altitude lakes.

96



111. Vegetation and geochemical responses to Holocene rapid climate change in the Sierra Nevada

1. Introduction

The southern Iberian Peninsula has been the location for a number of recent studies
detailing past vegetation and former climate of the region (Carrion et al., 2001, 2003,
2007, 2010; Carridn, 2002; Jiménez-Espejo et al., 2008; Martin-Puertas et al., 2008, 2010;
Combourieu Nebout et al., 2009; Fletcher et al., 2010; Nieto-Moreno et al., 2011, 2015;
Rodrigo-Gamiz et al., 2011; Moreno et al., 2012; Jiménez-Moreno et al., 2015). Some of
these studies have also documented that the western Mediterranean area has been very
sensitive to short-term climatic fluctuations throughout the Holocene (e.g. Fletcher and
Sanchez-Gofii, 2008; Combourieu Nebout et al., 2009; Fletcher et al., 2010; Jiménez-
Moreno et al., 2013). However, a subset of recent studies has attempted to determine how
Mediterranean alpine environments have been affected by Holocene climate change
through the study of sedimentary records from high-elevation wetlands in the Sierra
Nevada (Anderson et al., 2011; Garcia-Alix et al., 2012, 2013; Jiménez-Moreno and
Anderson, 2012; Jiménez-Moreno et al., 2013; Jiménez-Espejo et al., 2014; Ramos-
Roman et al., 2016; Garcia-Alix et al., 2017). These alpine lake and bog records show
minimal anthropic influence because they are usually at a higher elevation than major
regional late Holocene human landscape modification. This allows for a potentially
clearer climatic signal to be determined from these sites. Even though human impact is
less important at high elevations, the impacts of human activities has also been
reconstructed from these late Holocene sedimentary records (Anderson et al., 2011;
Garcia-Alix et al., 2012, 2013, 2017, 2018).

Several studies have highlighted the role of atmospheric mineral dust deposition in marine
(Pulido-Villena et al., 2008a) and terrestrial (Morales-Baquero et al., 1999; Ballantyne et
al., 2011) ecosystem fertilization through major micronutrients supply. Similar results
have been described in the Sierra Nevada alpine lakes, where Saharan dust is especially
important in conditioning plankton communities from oligotrophic lakes (Morales-
Baquero et al., 2006a, b; Mladenov et al., 2008; Pulido-Villena et al., 2008b; Reche et al.,
2009). Although this eolian signal has been occasionally recorded in the sedimentary
sequences from the Sierra Nevada lakes (Jiménez-Espejo et al., 2014; Garcia-Alix et al.,
2017), the record of inorganic nutrients in Saharan dust input in past lake geochemistry
has remained elusive. This study investigates a multi-proxy sediment core record from
Laguna Hondera (LH), located in the Sierra Nevada range with two main goals: (1)

identifying and characterizing climatic variability during the Holocene, with a focus on
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vegetation changes, eolian input and runoff sediments variations, and (2) understanding

the Saharan dust influence on past lake sedimentation and geochemistry.

2. Study area

The Sierra Nevada is the highest mountain range in the southern Iberian Peninsula.
Bedrock of the high elevations of the Sierra Nevada is mostly composed of metamorphic
rocks, principally mica schists (Castillo Martin, 2009). During the late Pleistocene, the
Sierra Nevada was one of the southernmost mountains to support alpine glaciers and its
last advance was recorded during the Little Ice Age (LIA; Palmaetal., 2017; Oliva et al.,
2018). Subsequently to the melting of ice at the end of the Last Glacial Maximum,
wetlands and small lakes formed in the glacial cirque basins, which occur between 2451
and 3227 m a.s.l. (Schulte, 2002; Castillo Martin, 2009; Palmaet al., 2017). Several alpine
wetland and lakes have been studied in this area during the last few years, as shown in
Fig. 1.

2.1 Regional climate and vegetation

A mediterranean climate characterizes southern Iberia, with a marked seasonal variation
between warm and dry summers and cool and humid winters (e.g. Lionello et al., 2006).
Overprinting this general climate is the influence of the North Atlantic Oscillation (NAO)
(Trigo et al., 2004; Trouet et al., 2009). Southern lberia is also characterized by strong
altitudinal contrasts, which in turn control the precipitation patterns, with mean annual
values ranging from <400 to >1400 mmyr in the southeast desert lowlands and the

southwest highland, respectively (Jiménez-Moreno et al., 2013 and references therein).

As with most mountainous regions, species and species groupings in the Sierra Nevada
are distributed with respect to elevation, depending on the temperature and rainfall
gradients (e.g. ElI Aallali et al., 1998; Valle, 2003). Above 2800 m a.s.l. the
cryoromediterranean flora occurs as tundra-like open grassland. The oromediterranean
belt (1900-2800 m a.s.l.) mostly includes dwarf Juniperus (juniper), Xxerophytic
shrublands and pasturelands and Pinus sylvestris and P. nigra. The supramediterranean
belt (~ 1400-1900 m a.s.l.) is characterized by mixed deciduous and evergreen forest
species (i.e. evergreen and deciduous Quercus, with Pinus spp. and others).

Mesomediterranean vegetation (600-1400 m a.s.l.) includes sclerophyllous shrublands
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and evergreen Quercus woodlands. The natural vegetation has been strongly altered by
human activities and cultivation in recent centuries, increasing significantly the
abundance of Olea (olive), due to cultivation at lower altitudes (Anderson et al., 2011,
and references therein), and Pinus due to reforestation primarily at higher elevations
(Valbuena-Carabaria, 2010).

2.2 Laguna Hondera

LH (2899 m as.l.; 37°02.88° N, 3°17.66° W, lake surface: 0.0053 km?; maximum depth:
0.8m; Morales-Baquero et al., 1999; Fig. 1) is a small and shallow lake located at the
lowest elevation of a set of lakes locally named Canada de Siete Lagunas, a glacial valley
between two of the highest peaks of the mountain range in the Iberian Peninsula:
Alcazaba (3366 m a.s.l.) and Mulhacén (3479 m a.s.l.). LH has a large catchment area of
1.546 km?, which is much larger than previously studied sites in the region (Laguna de
Rio Seco, LdRS, 0.099 km?; Borreguil de la Caldera, BdIC, 0.62 km?; Morales-Baquero
et al., 1999; Ramos-Roman et al., 2016; Fig. 1 for locations). The lake was reduced to a
little pond in the deepest area of the basin when cored in September 2012, with a
maximum depth of only a few centimetres. LH presently occurs in the
cryoromediterranean vegetation belt (2800 m a.s.l.) (El Aallali et al., 1998; Valle et al.,
2003). The bedrock in the LH basin consists of Paleozoic and Precambrian mica schist
with disthene and staurolite of the lower part of the Caldera Formation (Diaz de Federico
etal., 1980).

3. Methods
3.1 Core sampling, lithology and chronology

Six sediment cores were recovered from LH with a Livingstone piston corer in September
2012. LH 12-03 (83 cm) was selected for a multi-proxy study because it was the longest
core. Cores were wrapped with tin foil and plastic film and transported to Universidad de

Granada, where they were stored at 4 °C.

Core LH 12-03 was split longitudinally and the sediments were described. Magnetic

susceptibility was measured every 0.5 cm with a Bartington MS2E meter in Sl units
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(x10™%) (Fig. 2). The sediment cores were subsampled every 1 cm for several analyses,
including pollen and geochemistry.

The age model was built using seven AMS radiocarbon dates from vegetal remains (Table
1; Fig. 2) by means of Clam software (Blaauw, 2010; version 2.2), which used the
IntCal13 curve for radiocarbon age calibration (Reimer et al., 2013). A smooth spline
approach was chosen (Fig. 2). The sediment accumulation rate (SAR) was calculated with
the average rate from the Clam smooth spline output (Fig. 2).

Iberian;
Peninstita

Mediterranean Sea

\ SiegaNevada

Figure 1. (a) Location of the Laguna Hondera (LH) in the Sierra Nevada, southern Iberian Peninsula, along with other
nearby records mentioned in the text. (1) El Refugio Cave stalagmite record (Walczak et al., 2015); (2) ODP 976 pollen
record (Combourieu Nebout et al., 2009); (3) MD95-2043 pollen record (Fletcher and Sanchez-Gofii, 2008); (4) CC26,
Corchia Cave stalagmite record (Zanchetta et al., 2007; Regattieri et al., 2014). Sierra Nevada north-facing sites are
encircled in red, south-facing sites are encircled in blue. LH: Laguna Hondera, the current study, is shown in bold.
LdLM: Laguna de la Mula (Jiménez-Moreno et al., 2013); BdLV: Borreguil de la Virgen (Garcia-Alix et al., 2012;
Jiménez-Moreno and Anderson, 2012); LdRS: Laguna de Rio Seco (Anderson et al., 2011; Garcia-Alix et al., 2013;
Jiménez-Espejo et al., 2014); BdIC: Borreguil de la Caldera (Ramos-Roman et al., 2016; Garcia-Alix et al., 2017). (b)
Regional satellite photo of LH. The white line indicates the catchment area. (c) Photo of Laguna Hondera in September

2012, when the core was taken. Photo taken by Gonzalo Jiménez-Moreno.
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Table 1. Age data for LH 12-03. All ages were calibrated using IntCal13 curve (Reimer et al., 2013) with Clam program
(Blaauw, 2010; version 2.2).

Lab Number Depth Dating Age (14C yr Calibrated age (cal yr
(cm) Method BP+l10) BP) 26 ranges
0 Present 2012 CE -63
Poz-72421 7 14C 40440 29-139
D-AMS 008539 22 14C 1112432 935-1078
D-AMS 008540 39 14C 2675+30 2750-2809
BETA-411994 44 14C 3350+30 3550-3643
BETA-411995  55.5 14C 5480+30 6261-6318
Poz-72423 57.5 14C 5510450 6266-6405
Poz-72424 62 14C 6450150 7272-7433
Poz-72425 74 14C 8620+70 9479-9778

Core LH 03-12
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Figure 2. Photo of core LH 12-03, along with the lithology, magnetic susceptibility (MS, in Sl units) profile and age—
depth model. Sediment accumulation rates (SARs in mm yr 1) are shown between individual radiocarbon ages; the red
shadow represents the plus—minus range (see details in text for method of construction).
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3.2 Pollen

Pollen analysis was performed on 1 cm? of sample collected at regular 1 c¢m interval
throughout the first 62 cm of the core. Older sediments (from 62 to 82 cm depth) were
barren in pollen, and only one interval at 73 cm could be studied (Fig. 2). Pollen extraction
included HCI and HF treatment, sieving, and the addition of Lycopodium spores for
calculation of pollen concentration (modified from Faegri and Iversen, 1989). Sieving
was done using a 10um nylon sieve. The resulting pollen residue was suspended in
glycerine and mounted on microscope slides. Slides were analysed at 400x magnification,
counting a minimum of 300 pollen grains. An overview of pollen taxa with abundances
>1% for core LH 12-03 is plotted using the Tilia software (Grimm, 1993) in Fig. 3.
Terrestrial pollen percentages, including Pinus (see discussion below) were calculated
based on the total pollen sum, excluding the aquatic and wetland pollen (Cyperaceae,

Ranunculaceae and Typha), since they record a more local environmental signal.

Percentages for aquatics and wetland pollen plotted in Fig. 3 were calculated based on
the total pollen sum. The pollen zonation was delimitated visually by a cluster analysis
constrained by age of taxa abundance >1% using CONISS software (Grimm, 1987) (Fig.
3). Olea was differentiated from other Oleaceae, such as Phillyrea, because Olea present
a thicker endexine and higher size of reticulum in polar vision than Phillyrea (Beug,
2004).

3.3 Geochemical analyses

X-ray fluorescence (XRF) Avaatech core scanner®, located at the University of
Barcelona, was used to measure light and heavy elements in the LH 12-03 core. An X-
ray current of 650pA, a 10s count time and 10kV X-ray voltage were used for measuring
light elements, whereas 17004A X-ray current, 35s count time and 30kV X-ray voltage
were used for heavy elements. Sampling interval for these analyses was every 0.5 cm.
For our study only three elements (K, Ca and Ti) were considered to have enough counts

to be representative.
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in green, shrubs and herbs are shown in yellow, and wetland and aquatic types are in blue. Pollen was graphed with the
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Figure 3. Pollen percentage diagram of the LH 12-03 record showing major selected taxa. Major tree species are shown

Tilia program (Grimm, 1993) and zoned using the CONISS cluster analysis program (Grimm, 1987).
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Inductively coupled plasma—optical emission spectrometry (ICP-OES; PerkinElmer
optima 8300) was used for major element analysis on discrete samples every 2 cm. Prior
to analysis, the samples were dried in an oven and digested with HNO3z and HF. Blanks
and international standards were used for quality control; the analytical accuracy was
higher than +2.79% and 1.89% for 50ppm elemental concentrations of Al and Ca,
respectively, and better than +0.44% for 5ppm elemental concentrations of K.

Trace element analysis was performed with inductively coupled plasma mass
spectrometry (ICP-MS; PerkinElmer Sciex Elan 5000). Samples were measured in
triplicate through spectrometry using Re and Rh as internal standards. The instrumental
error is 2% for elemental concentrations of 50 ppm (Bea, 1996). Both ICP-OES and ICP-
MS analyses were performed at the Centre for Scientific Instrumentation (CIC),

University of Granada, Spain.

3.4 Mineralogical analyses

Morphological and compositional analyses were performed using scanning electron
microscopy (SEM) with an AURIGA model microscope (Carl Zeiss SMT) coupled with
energy-dispersive X-ray microanalysis (EDX) and electron backscatter diffraction
(EBSD) mode, also at the CIC (University of Granada, Spain). Mineral grains were

analysed to determine provenance, in particular those of eolian origin.

3.5 Statistical analysis

R-mode principal components analysis (PCA) was run on the geochemical dataset using
the PAST software (Hammer et al., 2001). PCA identifies hypothetical variables
(components) accounting for as much as possible of the variance in multivariate data
(Davis, 1986; Harper, 1999). The elements used in the PCA were standardized by
subtracting the mean and dividing by the standard deviation (Davis, 1986). Pb was not
included in the PCA due to its anthropogenic origin from mining and industrial pollution

during the latest Holocene in this area (Garcia-Alix et al., 2013).
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4. Results
4.1 Lithology and magnetic susceptibility

The LH 12-03 sediment core consists primarily of peat in the upper ~ 60 cm, with mostly
sand and clay layers below (Fig. 2). Positive MS peaks coincide with the grey clay
intervals between 58 and 72 cm. Peat intervals coincide with relatively low MS values.
For example, a minimum in MS occurs at 36-48 cm depth, related with a peaty interval
with root remains. Near the bottom of the core, between 76 and 80 cm, a sandy oxidized

interval occurs.

4.2 Chronology and sedimentation rate

The age model of LH 12-03 documents that the record spans the last 10800 cal yr BP
(Table 1; Fig. 2). SARs were calculated using the average rate from the Clam smooth
spline output (Fig. 2). The SAR below ~ 39 cm is very constant, varying between 0.049
and 0.061 mm yr 1. The SAR increases exponentially to 0.098 mm yrtat 22 cm, 0.167
mm yrtat ~ 9 cm and 0.357 mm yr ! at the core top. Accordingly, with the model age
and the SAR, resolution of pollen analysis varies between ~ 40 yr sample* in the top of
the core and ~ 120 yr sample! in the lower part. The resolution of the geochemical
analysis on discrete samples varies between 100 and 400 yr sample ™2, but the geochemical
XRF core scanning resolution ranges between 15 and 100 yr sample ™%, providing higher
resolution than geochemical data on discrete samples. The MS analysis resolution varies

between 15 and 100 yr sample ™.

4.3 Pollen

A total of 50 distinct pollen taxa were recognized, but only those with abundance higher
than 1% are included in the pollen diagram (Fig. 3). Four pollen zones for the LH 12-03
record are identified, using variation in pollen species plotted in Fig. 3 and a cluster
analysis run through the CONISS software (Grimm, 1987).

Zone LH-1 (core bottom—2600 cal yr BP) is subdivided into two subzones. Subzone LH-
1A (bottom-4000 cal yr BP) is defined by the alternation between arboreal pollen (AP)
and herbs. AP is composed primarily of Pinus, but also Quercus. During the interval from

~ 9500 to ~ 7000 cal yr BP only two samples were analysed, due to the low preservation
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of pollen in this interval. Pollen in this period is dominated by an alternation between
Asteraceae (3%-60%) and Pinus (5%-60%) (Fig. 3). The highest occurrence of
Onagraceae (~ 10%) is identified in this subzone, and Caryophyllaceae reach high values
(~ 10%) as well. Only minor amounts of graminoids (Poaceae and Cyperaceae) occur
during this period.

Between ~ 7000 and ~ 4000, Pinus pollen varies from 70% to ~ 55%, with a minimum
(~ 30%) at 5000 cal yr BP. Quercus species increase from ~ 2% to ~ 10%. The highest
percentages of Betula (~ 5%) in the record occurs at this time. Asteraceae pollen
decreases (~ 5%-30%), but Poaceae increase from <5% at the opening of the subzone to

>25%. Cyperaceae occur in high percentages (15%).

The subzone LH-1B (~ 4000-2600 cal yr BP) is defined primarily by a great increase in
Poaceae pollen (to ~ 60%) (Fig. 3). Other important herbs and shrubs include Asteraceae
(5%-15%) and Caryophyllaceae (~ 5%). Other pollen types that increase for the first time
in this zone include Ericaceae (~ 3%), Artemisia (~ 3%) and Ranunculaceae (~ 2%—6%).
Pinus (~ 3%-25%) and Cyperaceae (0%—-14%) record a minimum in this zone, and
Onagraceae disappear altogether (Fig. 3).

Zone LH-2 (~ 2600-1450 cal yr BP) pollen assemblages show high variability. Pinus
pollen varies between ~ 80% to ~ 3% from the onset to the end of the zone. Aquatic
pollen such as Cyperaceae (~ 15%) increases. On the other hand, an increase in herbs
such as Asteraceae (~ 5%-70%) occurs along the zone, and Poaceae pollen varies

between ~ 7 and 12%.

Zone LH-3 (~ 1450-150 cal yr BP) is subdivided in two subzones. Subzone 3A (~ 1450—
600 cal yr BP) is characterized by an increase in herbaceous pollen, led by Poaceae (~
35% maximum during this zone), Asteraceae (~ 60% maximum during this zone after ~
1000 cal yr BP) and Artemisia (~ 10%), with the resulting decrease in AP. From this
subzone to the present, Quercus pollen is the major component of AP instead of Pinus.
Cyperaceae also show a decrease, and Ranunculaceae reach ~ 5%. Subzone 3B (~ 600—
150 cal yr BP) documents an increase in Olea (~ 6%), Poaceae (20%), Caryophyllaceae
(7%) and Artemisia (~ 2%—-20%). Pinus (~ 2%) and Asteraceae (~ 20%) decrease in this
period. Aguatic and wetland pollen show a rise (Cyperaceae ~ 30%, Ranunculaceae ~
10%).
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Zone LH-4 (~ 150 cal yr BP-present) depicts a further increase in Olea (~ 25%), Poaceae
(~ 40%) and Artemisia (~ 10%).

4.4 Sediment composition

The XRF-scanning method relies on determining the relative variations on elements
composition. Nevertheless, due to the presence of major variations in organic matter or
carbonates it is necessary to normalize the measured count in order to obtain an
environmentally relevant signal (Lowemark et al., 2011). Aluminium and titanium
normalizations are commonly used to discern possible fluctuations in the lithogenic
fraction (enrichment or depletion of specific elements), particularly in the terrigenous
aluminosilicate sediment fraction (Van der Weijden, 2002; Calvert and Pedersen 2007;
Martinez-Ruiz et al., 2015). For this study, the XRF data were normalized to Ti since the
Al counts obtained were very low. Poor detection of Al can be related to either low Al
content, or high organic and water contents that increase radiation absorption and affect

the intensity of this light element, among other possibilities (e.g. Tjallingii et al., 2007).

Since data spacing is different between the analyses on discrete samples and the XRF
scanner, a linear interpolation was performed with the purpose of equalizing the space of
the different time series (150-300 years). Afterwards, the mobile average was worked out
along the time series (taking into account the five nearest points) in order to easily identify
trends by means of smoothing out data irregularities. The obtained data were compared,
and both XRF-scanner and discrete sample data showed a good correlation.
Consequently, the geochemical proxies displayed higher time resolution than the discrete
samples (Table 2). Discrete sample and XRF data results are described together in order

to simplify this section (Fig. 4).

Table 2. Simulation of proxy correlation: (A) regular interpolation of 300 years sampling spacing, (B) regular
interpolation of 300 years sampling spacing and five data points moving average, (C) regular interpolation of 150 years
sampling spacing, (D) regular interpolation of 150 years sampling spacing and five data point moving average.

Simulation
Correlation A
Ca/Ca (XRF) | 063  p<0.01 0.50 p<0.01 0.57 p<0.01 | 054 p<0.01
K/K (XRF) 053  p<0.01 0.64 p<0.01 0.56 p<0.01 | 0.65 p<0.01
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Figure 4. Detailed geochemical diagram of the LH 12-03 record showing the selected proxies: (a) MS; (b) K/AI; (c)
Ca/Al; (d) Zr/Al; (e) Pb/AL; (f) KITi (XRF); (g) Ca/Ti (XRF) (MS in S units, Zr/Al and Pb/Al scale x10™*and XRF in

counts).

The lower part of the core is typified by maximum values of K/Al and K/Ti ratios,
coinciding with the lowest values in Ca/Al, Ca/Ti and Zr/Al ratios. Pb/Al data show a
stable pattern during this interval. Nevertheless, between 10000 and 9000 cal yr BP and
~ 8200 cal yr BP the trends were reversed, with relatively low K/Al, low K/Ti and slightly
increasing Zr/Al, Ca/Al and Ca/Ti ratios. A positive peak in Pb/Al ratio at ~ 8200 cal yr

BP is also observed.

Between ~ 7000 and 4000 cal yr BP a decreasing trend in K/Al and K/Ti ratios occurs
along with an increasing trend in Zr/Al, Ca/Al and Ca/Ti ratios. The Pb/Al ratio remains

constant throughout this interval.

From ~ 4000 to ~ 2600 cal yr BP an increase in Zr/Al, Ca/Al and Ca/Ti ratios is
documented. A maximum in eolian proxies occurs at ~ 2600 cal yr BP. A K/Al and K/Ti
minima occurs between ~ 3000 and ~ 2600 cal yr BP. The Pb/Al ratio shows a positive
peak at ~ 2800 cal yr BP.

The interval between ~ 2600 and ~ 1450 cal yr BP is characterized by low Ca/Al, Ca/Ti
and Zr/Al ratios, with relatively high K/Al and K/Ti ratios. The Pb/Al ratio shows a flat
pattern, increasing at ~ 1500 cal yr BP.

The period between ~ 1450 and ~ 650 cal yr BP depicts higher ratios of Zr/Al, Ca/Al
and Ca/Ti and decreasing ratios of K/Al and K/Ti. A somewhat higher Pb/Al ratio is also

registered during this interval.
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Figure 5. Principal component analysis (PCA) loadings from selected geochemical elements. (a) PC1,

which describes 58% of total variance; (b) PC2, which describes 17% of total variance.

From ~ 650 to ~ 150 low values of Zr/Al and Ca/Ti ratios and minimum values Ca/Al
ratio occur. Higher K/Al and K/Ti values are also observed. The Pb/Al ratio decreases
during this interval. From ~ 150 to the present, an increase in Zr/Al, Ca/Al, Ca/Ti and

K/Ti and a Pb/Al maximum occur. Lower K/Al ratio is recorded during this period.

Several studies have demonstrated that PCA of geochemical data can elucidate the
importance of different geochemical components driving the environmental responses in
marine and lacustrine records (Bahr et al., 2014; Yuan, 2017). We performed a PCA of
the LH geochemical data, which yielded two significant components (Fig. 5). The first
principal component (PC1) describes 58% of the total variance. The main negative
loadings for PC1 are Rb, Ba, Al, K, Ca, Mg and Sr, while large positive loadings
correspond to Zr and rare earth elements (REESs). The second principal component (PC2)
explains 17% of the total variance. The main negative loading for PC2 are Fe, Ca, Zr, Mg
and Lu. Positive loads correspond to Al, K, Ba, Sr and other elements.
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SEM analyses show an alternation between a lithology rich in rock fragments and another
rich in organic remains. Also, diatom frustules, rich in silica, are particularly abundant
since ~ 6300 cal yr BP to the present. Other minerals such as zircon, rounded quartz and

monazite were also identified (Fig. 6).

5. Discussion

Pollen and geochemical proxies have been widely used for reconstructing vegetation
changes and environmental and climate variations in southern Iberia (e.g. Carrion, 2002;
Sanchez-Gofii and Fletcher, 2008; Anderson et al., 2011; Nieto-Moreno et al., 2011,
Jiménez-Moreno and Anderson, 2012; Moreno et al., 2012; Fletcher and Zielhofer, 2013;
Jiménez-Espejo et al., 2014; Ramos-Roman et al., 2016). Variations in the occurrences
of arboreal taxa such as Pinus and other mesic species (e.g, Betula, Quercus), indicating
relative humid and warm conditions, and xerophytic species (e.g. Poaceae, Asteraceae,
Amaranthaceae, Artemisia), representing aridity, have been useful for reconstructing
relative humidity changes in southern Iberia (e.g. Carrion et al., 2001, 2007, 2010;
Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; Jiménez-Moreno et al.,
2013, 2015; Ramos-Romén et al., 2016, 2018a, b). Pinus reach percentages over 70% in
our record. This bisaccate pollen grain is favoured by wind transport and has a larger
dispersal area than other tree species, and sometimes might be overrepresented (Poska
and Pidek, 2010; Pérez-Diaz et al., 2016). Nevertheless, LH is located at 2899 m a.s.l.,
only 99 m above the treeline and the upper boundary of the oromediterranean belt (1900—
2800 m a.s.l.), where Pinus sylvestris is the main tree species (EIl Aallali et al., 1998;
Valle, 2003). Therefore, this apparently anomalous high concentration of Pinus may be
caused by an upward migration of the oromediterranean belt and treeline towards higher
elevations and around the LH during warmer and more humid periods, which could have
been overstated due to its high pollen production and dispersal. Therefore, Pinus seems

to be mostly recording a regional climatic signal, without allocthonous influence.

Over 75% of the total geochemical data variance is explained by the PC1 and PC2 (Fig.
5). We interpret the results of PC1 as resulting from certain sorting between heavy
minerals (positive loading; Zr and REE) vs. clay minerals and feldspars (negative
loadings; K, Al and Ca). The drainage basin is mainly composed of mica schist and
consequently enhanced in K-rich minerals such as mica and feldspar (Diaz de Federico

et al., 1980). This sorting between heavy minerals (enriched in Zr and REE) and clays
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and feldspars (enriched in K and Al) (Fig. 5a) was probably linked to physical weathering
within the basin and to resulting runoff until final deposition in the lake.

On the other hand, we interpret the results of PC2 as differentiating autochthonous
elements (positive loadings) vs. Saharan allochthonous input (negative loadings). In the
first case, due to the abundance of mica schist within the LH drainage basin (Diaz de
Federico et al., 1980), the K/Al and K/Ti ratios are interpreted as detrital products, and
thus a proxy of runoff. In the second case, PC2 negative loading grouped elements (Zr,
Ca, Mg and Fe; see Fig. 5b) that are coherent with Saharan input composition (dolomite,
iron oxides and heavy minerals) (Avila, 1997; Morales-Baquero et al., 2006b; Moreno et
al., 2006; Pulido-Villena et al., 2007). In addition, Ca shows a strong positive correlation
with Zr since 6300 cal yr BP (r = 0.57; p<0.05), supporting an eolian origin of the Ca in
LH sediments. Although we cannot exclude other nearby Ca sources or changes in the
source of African dust (Moreno et al., 2006), the 85% of dust reaching southern Iberia
derives from the Sahara (Morales-Baquero and Pérez-Martinez, 2016; Jiménez et al.,
2018). For instance, enrichment in heavy minerals such as zircon and palygorskite has
previously been used as an eolian proxy in the western Mediterranean (e.g. Combourieu
Nebout et al., 2002; Rodrigo-Gamiz et al., 2011, 2015). High concentrations of Ca in
other lacustrine systems is usually associated with biogenic sources when anti-correlated
with terrigenous elements (Yuan, 2017). Nevertheless, elevated Ca in the LH record is
linked with detrital elements, as shown by PC1, where Ca is associated with K and Al
(Fig. 5a). Therefore, Ca/Al and Ca/Ti ratios are used in the LH record as Saharan eolian

input proxies.

Elemental ratio variations, such as the ratios K/Al and K/Ti indicating fluvial input and
the ratios Zr/Al or Zr/Th indicating aridity and eolian input, have been previously
interpreted in Alboran Sea marine records as well as in southern Iberia lake records
(Martin-Puertas et al., 2010; Nieto-Moreno et al., 2011, 2015; Rodrigo-Gamiz et al.,
2011; Jiménez-Espejo et al., 2014; Martinez-Ruiz et al., 2015; Garcia-Alix et al., 2017,
2018). Thus, the integration of both palynological data and geochemical ratios used as
detrital input from LH have allowed the reconstruction of the palaeoclimate and

palaeoenvironmental history in the Sierra Nevada during the Holocene.
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Figure 6. Electron backscatter diffraction microphotographs of the Laguna Hondera record with clearer colours

representing heavier minerals. The dendrograms represent the elemental composition of each mineral. (a) Zircon, with

high Zr content; (b) rounded quartz related with eolian transport; (c) monazite, with high REE content.

5.1 Holocene palaeoclimate and palaeoenvironmental history

5.1.1 Early and mid-Holocene humid conditions (10 800—7000 cal yr BP)

The wettest conditions are recorded during the early Holocene in the Sierra Nevada. This

is shown in the LH record by the highest K/Al ratio and MS values, and the low values

in Zr/Al, Ca/Al and Ca/Ti ratios, suggesting that runoff dominated over eolian processes

at this time (zone LH-1; Fig. 7) and agreeing with previous studies in the area (Anderson

112



111. Vegetation and geochemical responses to Holocene rapid climate change in the Sierra Nevada

et al., 2011; Jiménez-Moreno and Anderson, 2012; Garcia-Alix et al., 2012; Jiménez-
Espejo et al., 2014).

Unfortunately, the pollen record from LH during this interval is insufficient to confirm
this interpretation, due to the high detrital sediment composition and low organic content,

as shown by the low MS values and low pollen preservation.

An early Holocene humid stage is noticed in other nearby sites, such as the south-facing
Laguna de Rio Seco (LdRS; Fig. 1) (Anderson et al., 2011), when the highest lake level
of the Holocene occurred. This is also coeval with the dominance of arboreal species such
as Pinus as well as aquatic and wetland plants (Anderson et al., 2011). Low eolian input,
noted by geochemical ratios, is also recorded in LdRS during this interval (Jiménez-
Espejo et al., 2014). Further indications of elevated humidity come from the north-facing
Borreguil de la Virgen (BdIV) (see Fig. 1), which is dominated by an AP assemblage and
a high occurrence of aquatic algae Pediastrum along with a higher lake level (Jiménez-
Moreno and Anderson, 2012).

Although the preponderance of evidence accumulated for the early Holocene suggests
overall humid conditions, at least three relatively arid periods are identified with the
geochemical data in the LH record (Fig. 7). The first arid period occurred between ~ 9600
and 9000 cal yr BP, the second occurred ~ 8200 cal yr BP and the third around 7500 cal
yr BP.

The first arid event is characterized in LH by a decrease in K/Al and K/Ti ratios and MS,
resulting from the lower runoff input with the concomitant change to a more peaty
composition. This event could be correlated with a dryness event recorded in the Siles
Lake record (Carrion, 2002) at ~ 9300 cal yr BP noticed by an increase in
Pseudoschizaea, which was coeval with a minor decrease in arboreal pollen also recorded
in several sites in northern Iberia (Iriarte-Chiapusso et al., 2016). At marine site ODP 976
(Fig. 1; Combourieu-Nebout et al., 2009) a decrease in deciduous Quercus occurred
between 9500 and 9200 cal yr BP, indicating a rapid excursion towards arid conditions
(Fig. 7). The speleothem record of Corchia Cave also shows dryer conditions during this
interval (Fig. 7; Regattieri et al., 2014) In addition, a decrease in fluvial input in the
Southern Alps and an aridification phase in southeastern France and southeastern Iberia
have been similarly recorded (Jalut et al., 2000).
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The second dry event recorded at ~ 8200 cal yr BP is depicted in the LH record by a
negative peak in K/Tiand K/Al ratios, and by the onset of a trend toward peatier lithology,
as evidenced by the MS profile. This event is not recognized in LH record as clearly as
the 9500 cal yr BP and the 7500 cal yr BP dry events. A decrease in Pinus percentage is
observed in the nearby LdRS (Anderson et al., 2011), while a forest decrease is recorded
in the Alboran Sea sites MD95-2043 and ODP 976. In several records from northwestern
Iberia, a decrease in arboreal pollen also occurred at this time (Iriarte-Chiapusso et al.,
2016).

The 8.2 ka event was the most rapid climate change towards cooler conditions occurred
during the Holocene. It was defined in Greenland ice cores by minimum values of 680
and affected the North Atlantic basin and the Mediterranean area (Alley et al., 1997;
Rasmussen et al., 2007; Wiersma et al., 2011). Recent simulations point to a freshwater
input in the North Atlantic which could slow down the North Atlantic Deep Water
(NADW) formation, preventing the heat transport over the Northern Hemisphere
(Wiersma et al., 2010, 2011; Young et al., 2013).

Another dry event is recorded in LH at ~ 7500 cal yr BP, evidenced by the higher peat
content in the sediment, as well as by the lower MS values and a relative minimum in the
K/Ti ratio. A relative AP minimum also occurred in LH at this time. This short-lived
event is depicted as sharper than the 8200 cal yr BP event in several sites in southern
Iberia and the Alboran Sea: in the Padul record, located at 725 m a.s.l. in the lower part
of the Sierra Nevada, a decrease in both evergreen and deciduous Quercus is interpreted
as a dry and cold event (Ramos-Roman, 2018; Ramos-Roman et al., 2018a); forest
expansion in Guadiana valley during the early to mid-Holocene is interrupted by a xeric
shrublands development between 7850 and 7390 cal yr BP (Fletcher et al., 2007); in the
Alboran Sea a decrease in deciduous Quercus is registered at site MD95-2043; at site
300G a decrease in winter and summer temperatures is also recorded during this interval
(Jiménez-Espejo et al., 2008); in Pergusa lake (southern lItaly) a trend toward arid
conditions began at ~ 7500 cal yr BP (Magny et al., 2012); in Corchia Cave an arid
excursion occurred at ~ 7500 cal yr BP within an overall humid period between 8300 cal
yr BP and 7200 cal yr BP (Fig. 7; Regattieri et al., 2014).

Importantly, these arid events recorded in LH at 9600 to 9000 and 8200 cal yr BP are
coeval with the ice-rafted debris events 6 and 5 defined by Bond et al. (1997) for the
North Atlantic.
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5.1.2 Middle and late Holocene (~7000-2600 cal yr BP)

The middle and late Holocene in the southern Iberian Peninsula is characterized by a trend
towards more arid conditions (Jalut et al., 2009; Anderson et al., 2011; Rodrigo-Gamiz et
al., 2011; Jiménez-Moreno and Anderson, 2012; Jiménez-Espejo et al., 2014). In the LH
record an abrupt decrease in the MS values indicates a lithological change to more peaty
sedimentation at ~ 7000 cal yr BP. Similarly, a decrease in the K/Al and K/Ti ratios
points to a transition to less humidity and runoff (Fig. 7). The Quercus percentage
increases at this time, partially replacing the Pinus, which make up most of the AP during
the record. A progressive increasing trend in eolian input from the Sahara (Zr/Al, Ca/Al
and Ca/Ti ratios) is observed around 5500-6500 cal yr BP (Fig. 7), also pointing to an
increase in aridity in the area. This change coincides with regional increases in the Zr/Th
ratio (equivalent to Zr/Al ratio) and Artemisia pollen, with decreases in Betula and Pinus
in the LARS record (Anderson et al., 2011; Jiménez-Espejo et al., 2014) and in Pinus in
the BdIV record (Jiménez-Moreno and Anderson, 2012). Rodrigo-Gamiz et al. (2011)
and Jiménez-Espejo et al. (2014) observed similar geochemical patterns in western
Mediterranean marine records and in LdRS, with a decline in fluvial input and a decline
in surface runoff, respectively. The same pattern is noticed in marine pollen records
MD95-2043 and ODP 976 (Fletcher and Sanchez Gofii, 2008; Combourieu Nebout et al.,
2009; Fig. 7). Contemporaneously, aridity is also suggested from speleothem data around
the Mediterranean area: at El Refugio cave, a hiatus in the speleothem growing rate
occurred between 7300 and 6100 cal yr BP (Walczak et al., 2015), which is coeval with
a drop in §*80 in Soreq (Israel) and Corchia (ltaly; CC26; Figs. 1 and 7) caves at 7000
cal yr BP (Bar-Matthews et al., 2000; Zanchetta et al., 2007; Regattieri et al., 2014). Also

Figure 7. Comparison between the MS data (in SI units x1074), the most important pollen taxa and geochemical proxies
from Laguna Hondera (LH) record, with nearby paleoclimate records. (a) LH magnetic susceptibility (MS) record; (b)
arboreal pollen (AP) percentage from LH; (c) Quercus percentage from LH; (d) Poaceae percentage from LH; ()
Artemisia percentage from LH; (f) Ca/Ti (XRF) ratio from LH in dashed line; (g) Ca/Al ratio from LH; (h) Zr/Al ratio
from LH; (i) K/Al ratio from LH; (j) K/Ti (XRF) ratio from LH in dashed line; (k) mean anomaly index from CC26
record (Corchia cave; Regattieri et al., 2014); (1) deciduous Quercus from ODP 976 record (Alboran Sea; Combourieu-
Nebout et al., 2009); (m) deciduous Quercus from MD95-2043 record (Alboran Sea; Fletcher and Sanchez-Goiii, 2008);
(n) Zr/Th ratio from Laguna de Rio Seco (LdRS) (Jiménez-Espejo et al., 2014; Garcia-Alix et al., 2018); (0) Zr/Al ratio
from Borreguil de la Caldera (BdIC) (Garcia-Alix et al., 2017; 2018). Yellow bands indicate more arid intervals. Dark
dashed lines are used for separating the different current era periods: IRHP: Iberian Roman Humid Period; DA: Dark
Ages; MCA: Medieval Climate Anomaly; LIA: Little Ice Age; IP: Industrial Period. Blue dashed line indicates the
onset of the trend toward arid conditions.
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at ~ 7000 cal yr BP a decreasing trend in the deciduous/sclerophyllous pollen ratio
occurred in southeastern France and lberia (Jalut et al., 2000) and at continental sites
around the Mediterranean Sea (Jalut et al., 2009). In addition, very low lake levels were
recorded in the Sahara—Sahel Belt (Liu et al., 2007) and in the Southern Alps (Magny et
al., 2002).

Enhanced arid conditions are observed in the LH record between 4000 and 2500 cal yr
BP, interpreted through a decline in AP and a Poaceae maximum. Also, a surface runoff
minimum and an increase in eolian input proxies took place between 3500 and 2500 cal
yr BP (zone LH-3). In Corchia Cave an arid interval was recorded at ~ 3100 cal yr BP
(Regattieri et al., 2014), coeval with another one observed globally and described by
Mayewski et al. (2004) between 3500 and 2500 cal yr BP. Nevertheless, this period is not
climatically stable; fluctuations are observed in K/Ti, K/Al, Ca/Ti, Ca/Al and Zr/Al ratios.
Furthermore, peaks in Quercus are recorded in LH, LdIM and ODP 976 sites at ~ 3900
cal yr BP and ~ 3100 cal yr BP, when AP in LH decreases (Combourieu Nebout et al.,
2009; Jiménez-Moreno et al., 2013). This fact is a priori contradictory, but could be
explained by altitudinal displacements of the tree taxa such as Quercus in the
oromediterranean belt due to the climatic variability that occurred along this interval
(Carrién, 2002). During warmer periods, this species would be displaced towards higher
elevation and the influence of Quercus pollen in the Sierra Nevada would be larger; this
could explain relative higher Quercus percentages in LdIM, LH and also in the ODP 976
record. The same relationship between Quercus and Pinus is observed when comparing
the BdIC and Padul records, located nearby to each other but with a large altitude
difference (BdIC ~ 2992 m a.s.l.; Padul ~ 725 m a.s.l.; Ramos-Roman, 2018), where it
is also likely linked to movements in the oromediterranean belt (Ramos-Roman, 2018).
These altitudinal displacements of the tree taxa have been previously related to
temperature changes in other southern Iberian records, suggesting an ecological niche
competition between Pinus and Quercus species at middle altitudes (see Carrion et al.,

2002 for a revision).

5.1.3 Iberian Roman Humid Period (IRHP; ~2600-1450 cal yr BP)

Because there is no consensus in the literature about the chronology for the main climatic

stages during the last 2000 years (Mufioz-Sobrino et al., 2014; Helama et al., 2017), here
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we follow the chronology proposed by Moreno et al. (2012): Dark Ages (DA, 1450-1050
cal yr BP); Medieval Climate Anomaly (MCA, 1050-650 cal yr BP); and LIA (650-150
cal yr BP). Another climatic stage precedes the DA — the Iberian Roman Humid Period
(IRHP, 2600- 1600 cal yr BP), originally described by Martin-Puertas et al. (2008).
However, in the LH record we have established different IRHP limits (2600-1450), based
according to the pollen zonation (Fig. 3) and coinciding with the DA onset defined by
Moreno et al. (2012).

The IRHP has been described as the wettest period in the western Mediterranean from
proxies determined both in marine and lacustrine records during the late Holocene (Reed
et al., 2001; Fletcher and Sanchez-Gofii 2008; Combourieu Nebout et al., 2009; Martin-
Puertas et al., 2009; Nieto-Moreno et al., 2013; Sanchez-Ldpez et al., 2016). A relative
maximum in AP occurred in the LH record during this time, also indicating forest
development and relative high humidity during the late Holocene in the area (zone LH4;
Fig. 7). This is further supported by high K/Al and K/Ti ratios and MS values, indicating
high detrital input in the drainage basin, a minimum in Poaceae and low Saharan eolian
input (low Ca/Al, Ca/Ti and Zr/Al ratios) (Fig. 7). Fluvial elemental ratios have also
shown an increase in river runoff in Alboran Sea marine records (Nieto-Moreno et al.,
2011; Rodrigo-Gamiz et al., 2011). This humid period seems to be correlated with a solar
maximum (Solanki et al., 2004) and persistent negative NAO conditions (Olsen et al.,
2012), which could have triggered general humid conditions in the Mediterranean.
However, in the LH record fluctuation in AP between 2300 and 1800 cal yr BP occurred,
pointing to arid conditions at that time. This arid event also seems to show up in BdIC,
with a decrease in AP between 2400 and 1900 cal yr BP (Ramos-Roman et al., 2016) and
in Zofiar Lake, with highly chemically concentrated water and gypsum deposition
between 2140 and 1800 cal yr BP (Martin-Puertas et al., 2009). In Corchia Cave a rapid
excursion towards arid condition is recoded at ~ 2000 cal yr BP (Regattieri et al., 2014)
(Fig. 7). As we explained in Sect. 5, the apparently anomalous percentages of Pinus at
this time could be justified by upward migrations of the oromediterranean forest species
triggered by higher temperatures and/or the high pollen production and dispersal of Pinus.
Nevertheless, we cannot exclude others factors that could influence the pollen transport
such as the wind energy, mostly controlled by the NAO in the southern Iberia. A persistent
negative NAO phase, as occurred during the IRWP (Sanchez-Ldpez et al., 2016), would

have triggered more humid conditions and higher westerlies influence over southern
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Europe. The higher occurrence of Pinus in the surrounding area due to the favorable
climatic conditions, along with the higher wind energy over the Sierra Nevada and the
characteristics of bisaccate pollen, could have overstated the percentages of Pinus in our

record.

5.1.4 Dark Ages and Medieval Climate Anomaly (DA, MCA; 1450-650 cal yr BP)

Predominantly arid conditions, depicted by high abundance of herbaceous and xerophytic
species and an AP minimum in the LH record, are shown for both DA and MCA (zone
LH-5; Fig. 7). This is further supported in this record by an increase in Saharan eolian
input Ca/Al, Ca/Ti and Zr/Al ratios, and by a decrease in surface runoff, indicated by the
K/Al and K/Ti ratios (zone LH-5; Fig. 7). These results from LH agree with climate
estimations of overall aridity modulated by a persistent positive NAO phase during this
period (Trouet et al., 2009; Olsen et al., 2012), also previously noted by Ramos-Roman
et al. (2016) in the area (Fig. 7).

Generally arid climate conditions during the DA and the MCA have also been previously
described in the LdIM and BdIC records, shown by a decrease in mesophytes and a rise
of xerophytic vegetation during that time (Jiménez-Moreno et al., 2013; Ramos-Roman
et al., 2016). Several pollen records in south and central Iberian Peninsula also indicate
aridity during the DA and MCA, for example grassland expanded at Cafada de la Cruz,
while in Siles Lake a lower occurrence of woodlands occurred (Carridn, 2002). Also, in
Cimera Lake, low lake level and higher occurrence of xerophytes were recorded
(Sanchez-Lépez et al., 2016). Arid conditions were depicted in Zofiar Lake by an increase
in Pistacia and heliophytes (i.e. Chenopodiaceae) and lower lake level (Martin-Puertas et
al., 2010). Similar climatic conditions were noticed in the marine records MD95-2043
and ODP 976 in the Alboran Sea through decreases in forestation (Fletcher and Sanchez-
Gofii, 2008; Combourieu Nebout et al., 2009; Fig. 7). Arid conditions in Basa de la Mora
(northern Iberian Peninsula) occurred during this time, characterized by maximum values
of Artemisia, and a lower development of deciduous Quercus and aquatic species such as
Potamogeton, also indicating low lake water levels (Moreno et al., 2012). Arid conditions
were also documented by geochemical data in marine records from the Alboran Sea
(Nieto-Moreno et al., 2013, 2015), in the Gulf of Lion and south of Sicily (Jalut et al.,
2009). Aridity has also been interpreted for central Europe using lake-level

reconstructions (Magny, 2004) and in speleothems records in central Italy (Regattieri et

119



A multiproxy approach for reconstructing climate variability in western Mediterranean over the last deglaciation

al., 2014). Nevertheless, wetter conditions were recorded during the DA in some records
from northern Iberian Peninsula (Sanchez-Lo6pez et al., 2016). Humid conditions depicted
by higher lake level and less salinity occurred in Arreo Lake (Corella et al., 2013). In
Sanabria Lake, the dominance of planktonic diatom Aulacoseira subborealis is
interpreted as relative humid conditions at that time (Jambrina-Enriquez et al., 2014). This
heterogeneity in the climate during the DA is due to the existence of a north—south
humidity gradient in the Iberian Peninsula (Sdnchez-Lopez et al., 2016). Nonetheless, this
gradient seems to be more diffuse during the MCA, which is characterized as an overall
arid period in the entire Iberian Peninsula (Morellon et al., 2012; Sanchez-Lopez et al.,
2016).

5.1.5 Little Ice Age (LIA; 650-150 cal yr BP)

The LIA is interpreted as an overall humid period in the LH record. This is indicated by
higher AP values than during the MCA, low Saharan dust input (low Ca/Al, Ca/Ti and
Zr/Al ratios), a decrease in herbs (Poaceae) and high values in the K/Al and K/Ti ratios
indicating enhanced runoff (zone LH-6A; Fig. 7). An increase in fluvially derived proxies
has been previously documented in other Iberian terrestrial records such as Basa de la
Mora Lake (Moreno et al., 2012), Zofiar Lake (Martin-Puertas et al., 2010) or Cimera
Lake (Sanchez-Lopez et al., 2016) and marine records from the Alboran Sea basin (Nieto-
Moreno et al., 2011, 2015). Lake-level reconstructions in Estanya Lake, in the Pre-
Pyrenees (northeastern Spain), have shown high water levels during this period (Morellon
et al., 2009, 2011), supporting our humid climate inferences. Nevertheless, fluctuations
in Artemisia during the LIA suggest an unstable period in the Sierra Nevada (Fig. 8), in
agreement with the high variability in Pinus, Artemisia and water availability deduced
from recent high-resolution studies in the neighbouring BdIC and BdIV records (Ramos-

Roman et al., 2016; Garcia-Alix et al.,

2017). The same pattern occurred in several Iberian records (Oliva et al., 2018), revealing
that the L1A was not a climatically stable period and many oscillations at a short timescale

occurred.

A persistently negative NAO phase, although with high variability, occurred during this
period (Trouet et al., 2009), which could explain the overall humid conditions observed
in southern Europe. As in the early Holocene arid events, solar variability has been
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hypothesized as the main forcing of this climatic event (Bond et al., 2001; Mayewski et
al., 2004; Fletcher et al., 2013; Ramos-Roman et al., 2016).

5.2 Industrial Period (IP; 150 cal yr BP—present)

The IP is characterized by a sharp increase in the Pb/Al ratio in the LH record (Fig. 8),
suggesting more mining, fossil fuel burning or other human industrial activities (Garcia-
Alix et al., 2013, 2017). This is coeval with a rise in AP, which is also related to human
activities such as Olea commercial cultivation at lower elevations around the Sierra
Nevada or Pinus reforestation in the area (Figs. 7 and 8; Valbuena-Carabafia et al., 2010;
Anderson et al., 2011). The same pattern has also been observed in other records from the
Sierra Nevada (Jiménez-Moreno and Anderson, 2012; Garcia-Alix et al., 2013; Ramos-
Roman et al., 2016), in Zofar Lake and in the Alboran Sea records (Martin-Puertas et al.,
2010). In addition, a progressively increasing trend in Zr/Al and Ca/Al ratios is observed
during the last two centuries, which could be related to increasing local aridity and/or
anthropogenic desertification, but also with a change in the origin and/or composition of
the dust reaching the lake (Jiménez-Espejo et al., 2014), likely related to the beginning of
extensive agriculture and the concomitant desertification in the Sahel region (Mulitza et
al., 2010).

5.3 Significance of the eolian record from Laguna Hondera

Saharan dust influence over current alpine lake ecosystems is widely known (Morales-
Baquero et al., 20064, b; Pulido-Villena et al., 2008b; Mladenov et al., 2011, Jiménez et
al., 2018). The most representative elements of Saharan dust in LH record are Fe, Zr and
Ca, as shown by the PC2 loading (Fig. 5), where Ca and Fe directly affect the alpine lake
biogeochemistry in this region (Pulido-Villena et al., 2006, 2008b, Jiménez et al., 2018).
Zirconium is transported in heavy minerals in eolian dust (Govin et al., 2012) and has
largely been used in the Iberian Peninsula and the western Mediterranean as an indicator
of eolian Saharan input (Moreno et al., 2006; Nieto-Moreno et al., 2011; Rodrigo-Gamiz
et al.,, 2011; Jiménez-Espejo et al., 2014; Martinez-Ruiz et al., 2015, and references
therein). High Zr content has also been identified in present aerosols at high elevations in
the Sierra Nevada (Garcia-Alix et al., 2017). Considering the low weatherable base cation
reserves in the LH bedrock catchment area, calcium is suggested to be carried by
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Figure 8. Comparison of geochemical proxies with pollen taxa, related to anthropogenic impact for the last ~ 2600 cal
yr BP. (a) Olea percentage from LH; (b) Artemisia percentage from LH record; (c) Zr/Al ratio from LH; (d) Ca/Al ratio
from LH; (e) Ca/Ti (XRF) ratio from LH in dashed line; (f) Pb/Al ratio from LH. Yellow bands indicate more arid
intervals. Dark dashed lines are used for separating the different current era periods: IRHP: Iberian Roman Humid
Period; DA: Dark Ages; MCA: Medieval Climate Anomaly; LIA: Little Ice Age; IP: Industrial Period.
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atmospheric input of Saharan dust into alpine lakes in the Sierra Nevada (Pulido-Villena
et al., 2006, see discussion; Morales-Baquero et al., 2013). This is the first time that the
Ca signal is properly recorded in a long record from the Sierra Nevada. This could be
explained by higher evaporation rates at this site promoting annual lake desiccation that
could prevent Ca water column dissolution and using or recycling by organism,
preserving better the original eolian signal. These elements have an essential role as
nutrients, becoming winnowed and recycled rapidly in the oligotrophic alpine lake
ecosystem (Morales-Baquero et al., 2006b). This phenomenon has also been observed in
other high-elevation lakes where the phytoplankton is supported by a small and

continually recycled nutrient pool (e.g. Sawatzky et al., 2006).

The SEM observations further confirm the presence of Saharan dust in the lake sediments
from LH and the occurrence of Zircon, the main source of eolian Zr, which is relatively
abundant (Fig. 6a). Quartz with rounded morphologies (eolian erosion) are also frequent
(Fig. 6b) in the uppermost part of the record as well as REE rich minerals, such as
monazite, which is typical of the Saharan—Sahel Corridor area (Moreno et al., 2006) (Fig.
6¢). In addition, the fact that the highest correlation between Ca and Zr occurred after ~
6300 cal yr BP, (r = 0.57, p<0.005), along with the SEM observation and the low
availability of Ca in these ecosystems, could suggest that the beginning of Saharan dust
arrivals to the lake, including both elements, took place at this time, giving rise to the
present way of nutrient inputs in these alpine lakes (Morales-Baquero et al., 2006b;
Pulido-Villena et al., 2006). The onset of Saharan dust input into southern Iberia occurred
prior to the end of the African Humid Period (AHP; ~ 5500 cal yr BP; deMenocal et al.,
2000), as previously noticed in the nearby LdARS (Jiménez-Espejo et al., 2014) and in the
Alboran Sea (Rodrigo-Gamiz et al., 2011). This could suggest a progressive climatic
deterioration in northern Africa, which culminated with the AHP demise and the massive
Saharan dust input recorded in all records in the Sierra Nevada at ~ 3500 cal yr BP (Fig.
7).

6 Conclusions

The multi-proxy paleoclimate analysis from LH has allowed the reconstruction of the
vegetation and climate evolution in the Sierra Nevada and southern Iberia during the

Holocene, and the possible factors that have triggered paleoenvironmental changes.
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Climate during the early Holocene was predominantly humid, with two relatively arid
periods between 10000 and 9000 and at ~ 7500 cal yr BP, resulting in less detrital inputs
and a change to more peaty lithology. The onset of an arid trend took place around 7000
cal yr BP, decreasing the runoff input in the area. A significant increase in eolian-derived
elements occurred between 6300 and 5500 cal yr BP, coinciding with the AHP demise.
An arid interval is recorded between 4000 and 2500 cal yr BP, with a vegetation

assemblage dominated by xerophytes.

Relative humid conditions occurred in the area between 2500 and 1450 cal yr BP,
interrupting the late Holocene aridification trend. This humid interval was characterized
by expansion of forest vegetation, high runoff input, and a more clayey lithology.
However, during the DA and the MCA (1450-650 cal yr BP) there was enhanced eolian
input and an expansion of xerophytes, indicating increased arid conditions. In contrast,
the LIA (650-150 cal yr BP) was characterized by predominant humid conditions as
indicated by high runoff and low eolian input. The IP (150 cal yr BP—present) is
characterized in the LH record by the highest values of the Pb/Al ratio, probably
indicating fossil fuel burning by enhanced mining and metallurgy industry. The increase
in human activities at this time in this area can also be deduced by the expansion of Olea

cultivation at lower elevations and Pinus reforestation in the area.

Importantly, the LH record shows a unique and exceptional Ca signal derived from eolian
input (high Ca—Zr correlation) during the past ~ 6300 years in the Sierra Nevada. The
good preservation of the Ca record might have been favoured by the high evaporation and
the low lake depth, which could have prevented Ca column water dissolution and its re-
use by organisms. Our record indicates that present-day inorganic nutrient input from
Sahara was established 6300 years ago and lasted until the present, with variations

depending on the prevailing climate.
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Abstract

Leaf wax derived n-alkane stable carbon (8*3Cuwax) and hydrogen (8°Hwax) isotope records
from marine records from in the westernmost Mediterranean (Alboran Sea basin) have
been studied to reconstruct hydrological conditions and sediment input for the last 20 ka
in this region. Despite the close proximity between the two sites, the sediment cores are
located in different Alboran Sea basins, and terrestrial derived-organic matter in the cores
come from different catchment areas. The Fuengirola and Guadalhorce rivers influence
the western Alboran site, while the Andarax river influences the eastern Alboran site. The
313Cuwax profiles suggest that long-chain n-alkanes at both locations are mainly supplied
by the aforementioned rivers, and therefore, reflected differences in the vegetation of their
catchment areas as well as in sediment transport dynamics. In both records, short-term
variability in the 8*3Cwax signal responds to humidity changes, while long-term variability
suggests changes in the organic matter source as a consequence of sea level variations.
Prior to the sea level rise triggered by the melt water pulse between 11.5-8.8 cal ka BP,
the 833Cwax Values suggest that the n-alkanes were mainly derived from vegetation close
to the coast, and transported through the canyons by rivers or by wave action. After 11.2
cal ka BP, the sea level rise promoted the transport of terrestrial organic matter as dense
sediment fluxes directly deposited in the canyon during periods of enhanced precipitation.
During these humid periods, the coastal and the riparian vegetation was mixed with high-
altitude vegetation adapted to more arid conditions. In the western Alboran site, a higher
d13Cuwax Values suggest drier conditions reflecting major input of terrestrial organic matter
derived by the Guadalhorce river, whose catchment basin comprises high-altitude
vegetation. Despite these dissimilarities of the 53Cwax values between western and
eastern Alboran records, the 5?Hwax values depicted similar trends at both sites, suggesting
that the 5°Hwax rather responds to regional factors. More negative 5°Hwax values were
recorded during periods of enhanced winter precipitation pointing to a higher
precipitation amount effect and/or an isotopically-depleted Atlantic moisture source. In
contrast, during periods of relatively lower winter precipitation, the higher §?Hwax values
point to a higher contribution from a moisture source with a relatively high §2H signature

such as the Mediterranean Sea.
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1. Introduction

The Mediterranean region is located between the tropical and mid-latitude climate belts,
and its climate is sensitive to high and low latitude dynamics, but there are differences
between the eastern and the western basins (Trigo et al., 2002; Lionello et al., 2006;
Lionello et al., 2012). While the climate in the eastern Mediterranean basin is highly
influenced by internal Mediterranean climate dynamics and the African and Asian
Monsoon, the western Mediterranean basin is highly dependent on North Atlantic climate
dynamics (Lionello et al., 2006). Recent studies have also highlighted the role of the
western Mediterranean Sea as source for precipitation at both short-term (Celle-Jeanton
etal., 2001; Goodess and Jones, 2002; Araguas-Araguas and Diaz-Tejeiro, 2005; Martin-
Vide et al., 2005; Gimeno et al., 2010) and long-term time scales (Schirrmacher et al.,
2020; Garcia-Alix et al., 2021; Toney et al., 2020). This Mediterranean-derived
precipitation is primarily registered in the western Mediterranean region during the warm

season and can be occasionally torrential (Romero et al., 1998; Gimeno et al., 2010).

The interplay between North Atlantic and Mediterranean climate dynamics, which drives
the present-day climate in the western Mediterranean, have also controlled the
precipitation and the vegetation in southern Iberia and northern Africa during the last 20
ka (Cacho et al., 2001; Zielhofer et al., 2019; Garcia-Alix et al., 2021). This high-low
latitude teleconnection has been related to the Atlantic Meridional Overturning
Circulation (AMOC), which has influenced the Hadley and Farrel cell position and the
intensity of the westerlies and thus the moisture transport to the Mediterranean area
(Jackson et al., 2015; Sanchez-Goii et al., 2020). Periods of enhanced meltwater input in
the North Atlantic during the last 20 ka, such as the Heinrich Stadial 1 (HS1; 18-15 cal
ka BP) or the Younger Dryas (YD; 13-11.7 cal ka BP) were related to AMOC reduction
or collapse, colder sea surface temperatures (SST), less atmospheric moisture and
enhanced westerlies, promoting cold and arid conditions in the southwestern
Mediterranean (Brauer et al., 2008; Brayshaw et al., 2009; Fletcher et al., 2010; Jackson
et al., 2015). Conversely, during periods of enhanced AMOC, greater heat transport to
the North Atlantic and the warmer SST promoted more humid westerlies entering in the

southwestern Mediterranean area (Brayshaw et al., 2009, 2010).

Nonetheless, how the Mediterranean Sea moisture pool has affected past precipitation
dynamics and vegetation changes in the region remains unknown. The stable isotopic

composition of precipitation can be a useful tool for discerning moisture sources and
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precipitation dynamics in the Mediterranean area, since the negative water budget in the
Mediterranean Sea results in isotopically-enriched moisture, while Atlantic-derived
precipitation has a lower stable hydrogen and oxygen isotopic composition (Celle-Jeanton
et al., 2001; Araguas-Araguas and Diaz-Tejeiro, 2005; Moreno et al., 2014).

Recently, an increasing number of studies have explored the past relationships between
precipitation patterns and the hydrogen, oxygen and carbon stable isotope values at mid-
latitudes deduced from speleothems, ostracods, and specific organic compounds such as
long-chained n-alkanes (Roberts et al., 2008; Krklec and Dominguez-Villar, 2014;
Moreno et al., 2014; Zielhofer et al., 2017; Pérez-Mejias et al., 2020; Schirrmacher et al.,
2020; Cheddadi et al., 2021;). However, most of these studies have been performed on
continental records (Schéfer et al., 2018; Cheddadi et al., 2021; Garcia-Alix et al., 2021)
or have just covered a short-time interval (Schirrmacher et al., 2020). There is an often
ignored issue when these terrestrial-derived proxies are studied in marine sediments, since
the influence of the sedimentary evolution of the basin can severely affect the source of
the organic matter in the record (Bliedtner et al., 2020), especially when eustatic changes

occurred.

The Alboran Sea basin is located in the westernmost Mediterranean and connected to the
Atlantic by the Gibraltar Strait, being sensible to the interplay between past
Mediterranean and Atlantic dynamics (Cacho et al., 1999). The high sedimentation rates
of this basin (Comas et al., 1999) comprise sediment derived from riverine discharge and
eolian dust pulses from the African margin (Fabres et al., 2002; Palanques et al., 2005).
Thus, the Alboran Sea basin is the perfect location to assess the potential effects of marine
dynamics in the sedimentary accumulation and evolution of the terrestrial organic matter
signal. Therefore, with the aim to improve the knowledge of past precipitation patterns
since the Last Glacial Maximum (LGM) in the westernmost Mediterranean and to
evaluate how the sedimentary dynamics affect terrestrial derived proxy records in marine
sediments, we study the stable carbon and hydrogen isotope values (563C and &°H) of
long-chained n-alkanes in two marine sediment records from the Alboran Sea. Despite
their close proximity, these sediment records are influenced by different local
oceanographic configurations and sedimentary conditions (Rodrigo-Gamiz et al., 2014).
We will focus on the impact of the deglacial transgression on the sedimentary long

chained n-alkanes and the reconstruction of changes in the precipitation moisture sources.
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Figure 1. (a) Map showing the location of the studied marine sediment cores, the main rivers around the Alboran Sea

and the Turbidite Systems (TSs); (b) Map showing the main atmospheric modes controlling the winter precipitation in
the Iberian Peninsula. Catchment basins of the main rivers supplying sediment to the studied records are shown as
green polygons. Catchment basins of other rivers from southern Iberia are shown as red polygons. Orange polygon
indicate the area influencing the Almeria TS and brown lines indicate gullies (Liquete et al., 2005; Ercilla et al., 2016).

2. Long-chained n-alkanes as paleoenvironmental proxies

Long-chained n-alkanes are found in leaf-waxes of vascular plants and serve as a
protection against dehydration, creating longer and more hydrophobic chains during more
arid or hotter conditions (e.g., Eglinton and Hamilton, 1967; Eglinton and Eglinton,
2008). An increasing number of studies have highlighted the potential of these plant-wax
derived biomarkers as useful tools for reconstructing vegetation and hydrological changes
over different timescales (e.g., Pagani et al., 2006; Niedermeyer et al., 2010; Sachs, et al.,
2009; Jaeschke et al., 2020), since they are relatively resistant to degradation and
diagenesis, allowing a good preservation in fossil records, i.e. lakes, paleosols or marine
environments (e.g., Eglinton and Eglinton, 2008). In general, long-chained n-alkanes
(C27-Cs3) usually derive from the leaf-wax of terrestrial plants, which are transported to
the marine environments by riverine runoff or eolian inputs (Scheful? et al., 2003;
Diefendorf and Freimuth, 2017).
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The &*3C values of n-alkanes is controlled by the relation between the ambient and the
intracellular CO2 concentration (Freeman and Hayes, 1992). In order to prevent the
dehydration, the plant close their stomata thereby limiting the pool of CO; available for
biosynthesis, increasing the values of 513C n-alkanes; so, the carbon isotopic composition
of the n-alkanes is heavier in dry and/or warm environments (Diefendorf et al., 2010;
Pretince et al., 2010; Wang et al., 2018). The §*3C in n-alkanes can be also indicative of
the plant photosynthetic pathway, since the isotopic fractionation during carbon fixation
differ between Cs, C4 and crassulacean acid metabolism (CAM) plants (Scheful? et al.,
2003, 2005; Bi et al., 2005; Castafieda et al., 2009; Diefendorf et al., 2011; Jaeschke et
al., 2020). Also, within the Cs plants can be differences in the leaf 5*3C depending on the
plant functional type (Diefendorf et al., 2010). Therefore, the §:3C signature of leaf-waxes
preserved in the sedimentary record can be used for reconstructing vegetation changes
(e.g. SchefuB et al., 2003, 2005; Castafieda et al., 2009).

Additionally, the hydrogen isotopic composition of the n-alkanes registers the signal of
the water source used by these organisms during growth (e.g., Sasche et al., 2012), that is
ultimately related to the isotopic composition of precipitation after a significant biological
fractionation effect (Sachse et al., 2012). Several environmental factors can influence the
isotopic  signature of precipitation, being especially important temperature,
evapotranspiration, precipitation amount and moisture source (Dansgaard, 1964). Among
them, precipitation amount and moisture source have been the main control on
precipitation isotopic patterns from the last glacial cycle in southern Iberia (Toney et al.,
2020; Garcia-Alix et al. 2021). Recent studies by Toney et al. (2020), Schirrmacher et al.
(2020) and Garcia-Alix et al. (2021) have also demonstrated that the 6?H signature of
present-day precipitation in southern Iberia has a high correlation with the 6°H recorded
in sedimentary n-alkanes, and thus, can be used to reconstruct past precipitation patterns

in this area.

3. Study area

The Alboran Sea is the westernmost basin of the Mediterranean Sea and it is located
between South Iberia and North Africa (Fig. 1). The oceanography in the western
Mediterranean can be synthetized in three main water masses: on the surface the relatively
fresh Atlantic Water mixes with the Mediterranean water to form the Modified Atlantic
Water (MAW), which occupies the upper 200 m and flows eastward (Millot et al., 1999).
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The MAW forms two anticyclonic gyres during its path eastward, the quasi-permanent
Western Alboran Gyre (WAG) and the seasonal Eastern Alboran Gyre (EAG) (Heburn
and La Violette, 1990). The intermediate waters are composed by different water masses
from different origins flowing westward, from these, the Levantine Intermediate Water
(LIW), which is formed in the Levantine basin, is the most relevant (Millot et al., 2013).
The deepest part of the basin is filled by the Western Mediterranean Deep Water
(WMDW), which is formed in the Gulf of Lions and the Liguro-Provencal basin during
winter (MEDOC group, 1970). The Mediterranean waters flowing out the Alboran Sea
through the Gibraltar Strait called Mediterranean Outflow Water (MOW), and is
composed by 80% LIW and 20% WMDW (Kinder and Parrilla, 1987).

The Alboran basin is surrounded by young relatively massifs and presents high
sedimentation rates (Comas et al., 1999). The sedimentation is mostly composed of a
mixture of allochthonous terrigenous inputs and autochthonous carbonates. The
lithogenic fraction represents around the 70% of the sediment in the Alboran basin, which
mainly derived from riverine discharge, eolian dust pulses from Morocco, Mauritania,
Mali, Niger and Algeria and coastal erosion (Fabrés et al., 2002; Martinez-Ruiz et al.,
2015; Rodrigo-Gamiz et al., 2015). The torrential character of the rivers surrounding the
Alboran Sea implies that most of the sediment load arriving from the continent occurs
during late fall and winter, mainly as flood events (Fernandez-Salas et al., 2003; Liquete
et al., 2005; Palanques et al., 2005; Puig et al., 2017). The torrential precipitation in these
rivers basins promotes the formation of dense fluxes, such as hyperpycnal fluxes which
are able to bypass a narrow continental shelf (Bouma et al., 2004). Once on the shelf break
the sediment reaches the canyon head and is channelized by turbidite systems (TSs) and
transported into the deep Alboran basin (Palanques et al., 2005; Ercilla et al., 2016; Puig
etal., 2017). The TSs in the Alboran Sea are mostly located in the southern Iberian margin
(Ercilla et al., 2016, 2019).

In particular, the Almeria TS is the largest one in the Alboran Sea with three tributary
systems incising the shelf break (Fig. 1) (Garcia et al., 2006). It is fed by the Andarax
river, whose basin covers 2160.5 km?, and a maximum elevation of 2481 m above sea
level (masl) (Liquete et al., 2005). The Andarax river sediment load is 5.7 kg/s, being the
highest in the Alboran basin. The Fuengirola TS is the second largest TS in the Alboran
Sea. The Fuengirola River, which has a basin area of 129.5 km?and a maximum elevation

of 993 masl., is the closest to the canyon head, which is incised in the shelf break (Fig. 1)
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(Ercilla et al., 2016). Due to the disconnection between the river mouth and the canyon
head, the Fuengirola TS is likely also influenced by the Guadalhorce River, the third
major river regarding to the sediment load, after the Andarax and Adra rivers. The
Guadalhorce river catchment area has a basin area of 3180.9 km?, a maximum elevation
of 1703 masl. Due to the coastal morphology, there is a dominant S-SW littoral drift
(Fernandez-Salas et al., 2003), suggesting a significant influence of the Guadalhorce
sediments in the Fuengirola TS. In general, the sedimentation in the whole basin results
from a complex interaction between hemipelagic sedimentation, high-density sediment

flows and the influence of deep currents.

3.1 Precipitation patterns and vegetation in the catchment basins of studied records

The present precipitation patterns in the Iberian Peninsula are mainly controlled by the
influence of the North Atlantic Oscillation (NAO) and the entrance of Atlantic storm track
during wintertime (Trigo et al., 2004). Nonetheless, in the eastern and southeastern coast
of Iberia the annual precipitation is also influenced by the Western Mediterranean
Oscillation and the cyclonic precipitation also has a significant contribution to the annual
precipitation (Trigo et al., 2002; Martin-Vide and Lopez-Bustins et al., 2006; Gonzalez-
Hidalgo et al., 2009; Serrano-Notivoli et al., 2018). Additionally, the orography also plays
an important role reducing the arrival of Atlantic fronts to the eastern Iberia (Martin-Vide
and Lopez-Bustins et al., 2006). During spring and summer, this convective precipitation
and cyclonic rains of Mediterranean origin are controlled by the strong diurnal fluctuation
of inland surface temperatures, also influencing some regions far from the coast (Romero
et al., 1998; Celle-Jeanton et al., 2001).

The high variability in the source and amount of precipitation in southern Iberia exhibit a
decrease in the Atlantic moisture influence and precipitation amount eastward (Fig. 1)
(Celle-Jeanton et al., 2001; Gimeno et al., 2010) while the coastal areas are more
influenced by Mediterranean moisture source (Romero et al., 1998). These differences in
the source and amount of precipitation would have impacted on past vegetation in the

riverine catchment basins flowing into the Alboran Sea.

The Guadalhorce river catchment area, located in the western part of the Alboran Sea,
registers a mean annual precipitation of 497.5 mm/ yr. The vegetation in the catchment

basin encompasses the thermo- and mesomediterranean vegetational belts, corresponding
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to a climate arid to sub-humid in this catchment basin (Valle et al., 2007). No detailed
data from the Fuengirola river catchment basin are available, but the annual mean
precipitation estimated from 1970 to 2000 is between 600 and 800 mm/yr
(https://www.juntadeandalucia.es/medioambiente).  Vegetation  surrounding the
Fuengirola river basin belongs to the termomediterranean belt composed by Quercus
suber; Myrto communis and Querceto suberis S. and dry-sub-humid of holm oak, with
Smilaco mauritanicae, Querceto rotundifoliae S, Cystus malacitanus (Valle et al., 2007).

The Andarax catchment area, located in the south-easternmost part of the Iberian
Peninsula, presents mean annual precipitation in the river basin around 318.9 mm/yr, and
the vegetation is therefore the typical from a sub-desertic climate, being mainly composed
by xerophytes, i. e. Pistacia lentiscus (Valle et al., 2007).

Furthermore, riparian vegetation generally occurs in the rivers shore and mouths, is more
expanded in the Gualhorce and Fuengirola rivers than in the Andarax river (sub-humid vs
semi-arid) (Valle et al., 2007).

4. Methods
4.1 Samples description and chronology

Two marine sediment records (cores 293G and 434G) from the eastern and western
Alboran Sea basins, respectively, have been studied here. These were recovered during
the oceanographic cruises Training Through Research (TTR) 12 and 17, respectively,
onboard of the RV Prof Logachev (Comas and Ivanov, 2003).

Core 293G was collected in the east Alboran Sea basin (lat. 36°10.414N, long.
2°45.280W; depth 1840 m below sea level (mbsl); length 402 cm) close to the lobe of the
Almeria TS, while core 434G was recovered in the west Alboran Sea basin (lat.
36°12.313N, long. 4°18.735W; depth 1108 mbsl; length 252.5 cm), close to the lobe of
the Fuengirola TS. The lithology of both sediment records consists in loose mostly detrital
sediment composed mainly of clays, with minor amounts of quartz, feldspar and other

accessory minerals, and biogenic carbonates.

The chronologies of these records have been previously published by Rodrigo-Gamiz et
al. (2011, 2014), and both have been updated using the R-package rbacon 2.4.2 software
(Blaauw and Christen, 2011) with the Marine20 calibration curve (Heaton et al., 2020),
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which resulted in similar calibrated ages. The record of eastern Alboran (core 293G)
covered the last 19.78 cal ka BP, while the record from western Alboran (core 434G)
registered the last 13.64 cal ka BP (Rodrigo-Gémiz et al. 2011, 2014).

4.2 Lipid extraction and biomarker analysis

Lipid extraction of freeze-dried sediment samples from cores 293G and 434G was
previously performed by Rodrigo-Gémiz et al. (2014). Within the apolar fraction of each
sediment core, we have selected a total of 66 samples from core 293G and 56 from core
434G from key climatic periods in order to analyse the n-alkane relative abundance and

stable carbon and hydrogen isotope composition.

The apolar fraction was re-dissolved in 100 ul of n-hexane. Analysis of n-alkanes was
performed on a Hewlett Packard 6890 Gas Chromatograph (GC) equipped with flame
ionization detector (FID) using a fused silica column CP Sil-5 (25 m x 0.32 mm internal
diameter, 0.12 um film thickness), an on-column injector and He as mobile phase. We
have calculated different n-alkanes based indices as:

The carbon preference index (CPI) of the long-chain n-alkanes according with Killops
and Killops (2004):

CPI =12 x [(C25+C27+C29+Ca1) / (C26+C2s+C30+C32) +

(C27+C29+C31+C33) / (C26+C28+C30+C32)] 1)

The Average Chain Length (ACL) for the n-alkane range Cz7 to Cas, following Schefuf3
et al. (2003):

ACL = (25XC25+27XC27+29XC29+31XC31 +33XCa3) / (Co5+Co7+Co9+C31+Ca33) (2)

Compound-specific carbon isotope analyses of n-alkanes (5!3C) were performed in

duplicate on a Thermo Trace GC (1310) coupled with a Thermo Delta-V advantage
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isotope ratio mass spectrometer (IRMS) via a GC-isolink Il and conflo IV (number of
samples analysed for §!3C: 42 for core 293G and 46 for core 434G; Tables S1 and S2).
Compounds were oxidized to CO, in a Thermo Combustion Reactor at 1000 °C, the
reactor was oxidized daily for at least 15 minutes and every analytical run was followed
by 2 minutes seed oxidation. An in house developed GC standard was analysed daily to
assess the chromatographic performance, this standard was combined with two
perdeuterated n-alkanes with a certified, ‘Europa flour’, isotopic composition standard to
check the functioning of the isotope ratio monitoring mass spectrometer. Samples were
measured only if the difference of the n-alkanes between online and given values was less

than 0.5 %o. Duplicates of each sample were measured when possible.

The hydrogen isotopic composition of n-alkanes (6°H) was determined using a Thermo
Trace GC (1310) coupled with a Thermo Electron Delta V irMS via a GC-isolink 11 and
conflo IV (number of samples analysed for 62H: 22 for core 293G and 27 for core 434G;
Tables S1 and S2). Compounds were pyrolyzed at 1450 °C in an empty ceramic tube,
which was pre-activated with hexane. H> gas with a predetermined stable isotopic
composition was used as monitoring gas. Mix B (Schimmelmann, Indiana University)
was used to check machine functioning at the beginning of every day. Samples were only
analysed if the average deviation of Mix B from the off-line determined values was 5 %o
or less for hydrogen isotopic analyses. Analyses were done in duplicate when possible
and squalene standard was co-injected with every sample. Samples without duplicates are
indicate in Tables 1 and 2

Values of 8'3C and 52H were expressed with respect to the Vienna Pee Dee Belemnite
(VPDB) and Vienna Standard Mean Ocean Water (VSMOW) standards, respectively.
The 62H values were corrected for the potential influence of sea ice volume on the marine

water isotopic composition following Niedermeyer et al. (2010).
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Figure 2. n-alkanes distribution and isotopic signature from core 293G: (a) Carbon Preference Index (CPI); (b) Average
Chain Length (ACL); 5*°C from homologue (c) Cas; (d) Ca1 and (e) Cas; (f) $*3Cwax; 3?H (ice volume corrected) from
homologue (g) Czg; (h) Cs1 and (i) Css3; (j) *Hwax.
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Figure 3. n-alkanes distribution and isotopic signature from core 434G: (a) Carbon Preference Index (CPI); (b) Average
Chain Length (ACL); 5*°C from homologue (c) Cas; (d) Ca1 and (e) Css; (f) $*3Cwax; 3?H (ice volume corrected) from
homologue (g) Czg; (h) Cs1 and (i) Css3; (j) *Hwax.
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5. Results

The ACL for each marine core, 293G and 434G, show similar values, with the n-Cs;
alkanes being the most abundant homologue of the long-chain n-alkanes throughout the
records, except for the interval between 16.5 to 14.5 cal ka BP in core 293G (Table S1).
The ACL in core 293G ranges from 29.4 to 30.3 with an average value of 30 (Table S1),
recording the lowest values between 15.0 and 14.0 cal ka BP and the highest values in the
most recent samples (Fig. 2). The ACL in core 434G ranges from 29.6 to 30.3 with an
average of 30 (Table S2), with the lowest values between 12 and 10 cal ka BP and the
highest values during the Late Holocene (Fig. 3).

The CPI of the long-chain n-alkanes gives information about the maturity/degradation of
the organic matter (Bray and Evans, 1961). The strong odd-over-even n-alkane
distribution is the typical of vascular terrestrial plants, as also deduced by the CPI values.
High CPI values are typical of terrestrial plant origin, while CPI values ~1 or lower
indicate a bacterial degradation or algal source (Gelpi et al., 1970; Cranwell et al., 1987).
CPI values in core 293G ranges between 1.8 and 10.3 and in core 434G between 2.9 and
7.9. Samples with CPI values <1 or presenting an unresolved complex mixture (UCM) in
the n-alkane distribution were excluded of the 3C and §2H analyses (Tables S1 and S2
since they could indicate a mix of organic matter sources, bacterial activity, and/or high
degradation of the carbon chains (Jeng et al., 2006; Castafieda et al., 2011). Several
samples with a CPI between 2 and 3, pointing to relatively high amounts of even n-
alkanes, showed relatively high 5°H values for all n-alkanes (Table S1), suggesting that
the even n-alkanes were potentially produced during microbial induced degradation or
recycling processes of the odd-carbon numbered n-alkanes taking place in the sediment
(Sachse et al., 2004; Haggi et al., 2021). These samples, which only occurred in the 293G
sediment core, have shown an enrichment of ~10 %o with respect to the adjacent analyzed
samples, supporting that these enriched values are not from fresh organic matter but likely
from reworked and older sediments (Sachse et al., 2004; Haggi et al., 2021). Therefore,

these samples have not been considered for paleoclimate interpretation.

The §'3C and hydrogen §%H isotopic values for the Czg, C31 and Css homologues in cores
293G and 434G are shown in Table S1 and S2., respectively. The weighted mean
averages, referred hereafter as 5*Cwax and 82Hwax, Were calculated for the two more
abundant homologues, n-C29 and n-Cs; alkanes using their relative abundances (Sachse et
al., 2003). The 5'3Cuwax values in core 293G range between -33.3 %o during the Bolling-
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Allerdd period (B-A) and -30.2%o during the Middle-Late Holocene (Fig. 2), and in core
434G vary between -32.6 %o at 5.5 cal ka BP and -30.3 %o at around 10 cal ka BP (Fig.
3). The 3°Hwax values in core 293G range between -130.7 %o during the Last Glacial
Maximum (LGM) and -170.91 %o during the Early Holocene (Fig. 2), while in core 434G
vary between -136.9 %o at around 4.2 ka cal BP and -165.1 %o at 1.7 ka cal BP (Fig. 3).

6. Discussion
6.1 n-alkane source and preservation in the studied records

The sedimentary long chain n-alkanes in marine records mainly come from eolian inputs
of eroded leaf-waxes, especially in marine environments with low sedimentation rates,
and from riverine runoff from catchment soil-derived leaf-waxes washed into the
surrounding marine area (Scheful® et al., 2003; Diefendorf and Freimuth, 2017; Liu et al.,
2020). In the case of the studied records in the Alboran Sea, which is a narrow basin
surrounded by rivers and with an important influence of the North African eolian dust,
the proper identification of the source of the n-alkanes is of paramount importance for
performing accurate paleoclimatic and paleohydrological interpretations (Kusch et al.,
2010; Bliedtner et al., 2020; Liu et al., 2020). Several n-alkane indices can be used to

constrain the source.

The ACL ranging between 29.4 and 30.3 and the CPI values > 1, point to terrestrial
vascular plants as principal source of these n-alkanes (Bush and Mclnerney, 2013). In
general CPI profiles in both Alboran records during the Holocene are similar (Figs. 2 and
3). In the eastern Alboran, the 293G sediment core depicted an interval with low CPI
reaching values of 1.8 and with UCMs in the n-alkane distribution between 15 and 11 cal
ka BP (Table S1; Fig. 2), suggesting a higher bacterial activity and degraded organic
matter (e.g., Wang et al., 2014). The isotopic composition of these samples with low CPI
is characterized by exceptional positive 5?Hwax Values, suggesting an addition of older,
degraded and/or reworked terrestrial organic matter (Haggi et al., 2021). These samples
are not included for the climatic reconstruction. This interval corresponds to the Organic
Rich Layer 1 (ORL1) deposition, a period characterized by extraordinary organic matter
preservation between 15.0 and 9.0 cal ka BP caused by reduced bottom waters ventilation
and an increase in the sedimentation rate (Cacho et al., 2002; Mesa-Fernandez et al.,

2022). Flooding events in the Alboran Sea shelf have been described during the
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transgression boosted by the melt-water pulses 1a (mwp-1a; 14.5-12.8 cal ka BP) and 1b
(mwp-1Db; 11.5-8.8 cal ka BP) and likely forced the sedimentation rate increase (Standford
et al., 2011; Lambeck et al., 2014; Mesa-Fernandez et al., 2022). The organic matter
accumulated in soils between 35 and 15 cal ka BP when the continental shelf was
exposed, was rapidly eroded by wave ravinement and transported basinward, resulting in
older and more mature organic matter in the deep basin sediments (Catuneanu, 2006).
Also, the sea level rise during the transgression could destabilize the shelf break and
promote the occurrence of turbidites in the nearby TS (Catuneanu, 2006), explaining the
low CPI values and the occurrence of UCM during this period (Fig. 2). Note that the cores
do not show any direct sedimentary evidence of turbidites (not erosive surfaces or
intervals of reworked foraminifera) and they have solid age models (Rodrigo-Gamiz et
al., 2011, 2014), suggesting that turbidites mainly affected the cores by supplying older

or more degraded terrestrial organic matter.

Although less extreme, a second period with low CPI values and significant UCMSs in the
n-alkane distribution is recognized in both western and eastern Alboran sites between 5.5
and 3.5 cal ka BP (Figs. 2 and 3). It is worth to note that although both cores recorded
this decrease in CPI to 3.43 and 4.42, respectively, only the core 293G shows significant
UCMs, pointing that the Almeria TS, which is larger than the Fuengirola TS, might be
more susceptible to receive reworked or degraded terrestrial organic matter than the latter
from the shelf, highlighting the differences between the two records settings despite their
nearby location (Fig.1). During this low CPI time period, an increase in a terrigenous
input proxy, the K/Al ratio suggested important input of detrital mica and K-feldspar-rich
sediments likely from the surrounding continental areas (Martinez-Ruiz et al., 2003;
Rodrigo-Gamiz et al., 2011). This interval further coincided with the onset of human
landscape modification and fires during the Middle-Late Holocene in southern Iberia
(Carridn et al., 2010; Garcia-Alix et al., 2013; Schirrmascher et al., 2019). The anthropic
deforestation along with a dry period, could have boosted the effective erosion and the
supply of more mature or reworked organic matter to the marine settings. The influence
of changes in the n-alkane sources during these two intervals (from 15 to 11 cal ka BP
and from 5.5 to 3.5 cal ka BP) with the presence of UCMs and low CPI values will be
explained in detail in the next section.

Regarding the photosynthetic pathway of the vegetation growing in the catchment basins,

previous studies have suggested that Cs plants dominated in central and southern Iberia
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during the deglaciation and the Holocene (Jiménez-Espejo et al., 2014; Schafer et al.,
2018). Nevertheless, the terrestrial record from lake Tislit in Morocco, which nowadays
is dominated by Cs vegetation, recorded an interval of increase C4 vegetation during the
HS1 as response of pervasive arid conditions during the AMOC collapse (Lynch-
Stieglitz, 2017; Cheddadi et al., 2021). In the Alboran Sea this period was characterized
by a large amount of Saharan eolian input (Rodrigo-Gémiz et al., 2011), which might
could have influenced the sedimentary n-alkane record.

Nonetheless, in the eastern Alboran sites, §*3C values ranging between -30.9 %o and -33.1
%o during the HS1 and the YD, while the §*3C average values for Cs and C4 plants are —
around -34.7 %o for Cag (-35.2 %o for Ca1) and-21.4 %o for Cz9 (-21.7 %o for Csi)
respectively (Castafieda et al., 2009), suggesting negligible influence of n-alkanes from
C4 plants covering the North Africa margin (Fig. 4). Thus, the studied Alboran Sea
records were more influenced by the organic matter input from southern Iberia than from
North Africa supporting present-day observations that points to riverine input as the main
factor controlling the sedimentation in the basin with minor influence of Saharan eolian
input (Fabrés et al., 2002). Therefore, the negligible mixture between Cs and Cs
vegetation will make the interpretation of §'*C and &2H isotopic values of long-chain n-
alkanes in the studied records easier, since the isotope fractionation caused by different

plant functional type can be neglected (Bi et al., 2005; Wang et al., 2013).

6.2 Main controls on stable carbon isotope records in the Alboran Sea basins

Since our records are only influenced by Cs plants, changes in the §*3C signature are
supposed to respond to changes in the water availability (Zech et al., 2007) or changes in
the source of the n-alkanes. The latter can be important due to shelf flooding that occurred
during the transgression during the time period studied, as suggested above.

Nearby continental Iberian records have related the §'°C n-alkane variations in bulk
organic matter to hydric stress under arid conditions (i.e. Garcia-Alix et al., 2012, 2014,
2017; Toney et al., 2020), presenting the opposite pattern to the studied records at long-
term time scales, i.e. the §3C values during the deglaciation are more negative than during
the Early Holocene (Fig. 4). However, when higher frequency patterns are compared
between the §*3C signature from the eastern Alboran Sea with pollen records from nearby

continental and marine areas, i.e. Padul wetland from the southern Iberia, lake Tislit from
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the northern Africa, and the Alboran MD95-2043 record, a coherent evolution during the
deglaciation is observed, with more positive 53C values and more arid conditions and
drought adapted vegetation during the HS1 and YD and more negative §33C values
pointing to more humid adapted vegetation during the B-A (Fig. 4; Fletcher et al., 2010;
Camuera et al., 2021; Cheddadi et al., 2021).

After 11.8 cal ka BP, an abrupt increase in the §*3C values from -33 to -31 %o is observed
in the eastern Alboran site (Fig. 4), which would suggest more arid conditions, and thus,
more hydric stress. Nonetheless, the pollen records pointed to more humid conditions in
the western Mediterranean during the Early Holocene (Fletcher et al., 2010; Camuera et
al., 2021; Cheddadi et al., 2021) as response of a reactivation of the AMOC, higher SST
and atmospheric moisture in the North Atlantic, and weaker and more humid westerlies
(Brayshaw et al., 2010; Fletcher et al., 2010; Ng et al., 2018). Therefore, this change in
the 5'3Cwax Signature might not be related to hydric stress, but to changes in the source of

the n-alkanes, thus in the type of vegetation in the catchments (Diefendorf et al., 2010).

6.2.1 Sea-level transgression controls on stable carbon isotope record during the

deglaciation and Early Holocene Melt water pulse-1b in the eastern Alboran Sea

We propose that during the deglaciation, the leaf wax derived n-alkanes recorded in the
eastern Alboran site derived from the emerged continental shelf, which is relatively flat,
and because of the closeness to the sea, plants should have been adapted to more humid
conditions, and thus, more depleted 53Cwax than inland. Although the climate was mostly
arid during the LGM and the HS1, before the shelf flooding (~15 cal ka BP), the
connection of the coastline to the continental slope would have promoted the direct
deposition of terrestrial material including leaf wax n-alkanes eroded by runoff of the
Andarax river and several coastal creeks into the deeper part of the basin (Fig. 5a). In
addition, the predominantly Mediterranean sourced precipitation during this period
(Garcia-Alix et al., 2021) point to a greater influence of spring/fall rainfall and thus,
enhanced convective or cyclonic processes on the coast (Romero et al., 1999; Trigo et al.,

2002) that could have promoted the wash of the coastal vegetation n-alkanes.

After the onset of the shelf flooding during the B-A, the coastline retreated more inland
promoting the disconnection between the Andarax mouth with the canyon head, and thus
the leaf wax n-alkanes started to deposit on the submerged shelf instead of been directly
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transported to the deep basin. Nevertheless, the deposition occurred above the storm wave
base, which nowadays in the zone reaches 30-35 m water depth (Barcenas et al., 2015).
Therefore, n-alkanes derived from coastal vegetation deposited on the inner shelf were

still susceptible to being transported basinward by the wave action (Fig. 5b).

A Kkey-time period regarding to the sedimentation of n-alkanes in the Alboran Sea
occurred during the transition from the YD to the Early Holocene. This interval was
coeval with the mwp-1b (11.5-8.8 cal ka BP) (Stanford et al., 2011; Lambeck et al., 2014),
and with high sedimentation rates in the eastern Alboran basin, which would have
promoted the ORL1b deposition (Mesa-Fernandez et al., 2021). Interestingly, the YD-
Early Holocene transition from more negative to more positive 53Cwax values in the
eastern Alboran record is preceded by some UCMs in the apolar fractions between 11.8
and 11.2 cal ka BP, fitting with a rapid sea-level increase and the input of more mature or
reworked OM into the basin (Fig. 4).

After 11.2 cal ka BP the storm wave base would be located above the shelf break, and
then part of the shelf was unaffected by the wave action. The coastal vegetation would
now be deposited in the shoreface or the inner shelf and not transported directly through
the canyon into the deep basin (Fig. 5c, d). At this time, terrestrial organic matter would
reach the canyon head and mainly be transported to the basin during events of enhanced
precipitation, since these events were able to promote hyperpicnal fluxes capable to
bypass the shelf, as occur at present-day during winter (Palanques et al., 2005; Puig et al.,
2017). These events of enhanced precipitation could have led to washing the whole
Andarax river basin and mixing the isotopic depleted coastal vegetation signal with the
isotopically more enriched vegetation of higher altitudes (thermo- vs
mesomediterranean), imprinting a more positive 3'C value in the 293G record after 11.8
cal ka BP.

In summary, we propose that the change to more positive 5'3Cwax values in the YD-Early
Holocene transition, did not respond to changes towards more humid conditions that
would reduce the hydric stress of the plants, but responded to a change in the sedimentary
conditions as a consequence of the sea-level transgression that changed the n-alkane

source (plant type input).
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Figure 4. Age profile of (a) Summer insolation at 65°N (Laskar 2004); (b) 2'Pa/2%°Th, individual points (transparent)
and composite (opaque) indicating Atlantic Meridional Overturning Circulation (AMOC) strength (reverse axis) (Ng
et al., 2018); Sea Surface Temperature (STT) from cores (c) 434G and (d) 293G (Rodrigo-Gamiz et al., 2014); (e)
518Cwax from Lake Tislit (core GC27; Cheddadi et al., 2021); (f) §3Cwax from core 293G (single point and 3 after
applying an smooth of 3 points); (g) 8?Hwax (ice volume corrected) from core 293G; (h) Precipitation Index from core
MD95-2343 (Fletcher et al., 2010; (i) Pollen precipitation index from Padul wetland (Padul-15-05; Camuera et al.,
2019) (reversed axis); (j) 8'°Cwax from core 434G (single point and after applying an smooth of 3 points); (k) 62Hwax
(ice volume corrected) from core 434G; (I) Tree pollen percentage from Lake Tislit (core GC27; Cheddadi et al., 2021).
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6.2.2 Changes in the n-alkane pool due to climate variability control the stable carbon

isotope records during the Holocene

After the change in the sedimentary regime occurring at the Early Holocene, between
11.8 and 11.2 cal ka BP, the eastern Alboran record showed a trend to more negative
313Cwax values during the Early-Middle Holocene (Fig. 4). Conversely, in the western
Alboran Sea basin, an opposite trend is observed, showing more positive values during
the Early Holocene and more negative values of §**Cwax during the end of the African
Humid Period during the Middle Holocene (Alley et al., 1997; Bond et al., 1997; Magny
et al., 2007; Fletcher et al., 2010).

In other southern Iberian and northern Africa records the Early Holocene has been
recorded as the wettest period over the last 35 ka (Garcia-Alix et al., 2021; Ramos Roméan
et al., 2018; Zielhofer et al., 2017), since the winter insolation minima over the North
Atlantic promoted higher SST in the North Atlantic and promoted more humid and
weaker westerlies into the Mediterranean area increasing the amount of rainfall (Fletcher
et al., 2010; Moreno et al., 2014; Tzedakis et al., 2018). The unexpected trend shown by
3'3Cuwax in the western Alboran record highlighted the complexity of using the §'*Cuax
from marine sediments as proxy for environmental changes registered in terrestrial areas
due to the potential mixture of the n-alkane sources. This a priori incongruence can be
explained by two hypotheses, not exclusive to each other, involving the relative
contributions of the Fuengirola and Guadalhorce rivers to the organic matter supplied to

the western record.

It is important to note, that the vegetation belts have migrated in the southern Iberian
Peninsula over the last 20 ka (Combourieu-Nebout et al., 2009; Camuera et al., 2019).
Nonetheless, the size, the maximum altitude and the closeness to the sea of the Fuengirola
and Guadalhorce catchment basins are constraining factors for these migrations. The
vegetation in Fuengirola catchment basin would always be more humid-adapted and
would have warmer and more stable climate conditions (as the thermo-mediterranean
vegetation belt nowadays; Valle et al., 2007), than those of the Guadalhorce catchment
basin, which would be more adapted to aridity and colder conditions in summer and

winter (Fig. 1).

The first hypothesis is related to the effect of the transgression on the sediment source
arriving into the deep basin: the western Alboran record would be more influenced by the

Fuengirola river and the sub-humid thermomediterranean vegetation of its catchment
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basin before the mwp-1b. The sediment trapped in the shelf would be transported
basinward by the wave action during storms, channelizing by the canyon located in the
shelf break (Barcenas et al., 2015). Afterwards, the combined effect of the disconnection
of the storm wave-base level with the canyon head at ~11.2 cal ka BP and the precipitation
increase during the Early Holocene, would have promoted much more contribution from
the Guadalhorce river than from the Fuengirola river in the 434G sedimentation. Since
the catchment basin of the Guadalhorce river covers both, sub-humid
thermomediterranean and the sub-arid mesomediterranean belts, the §**Cuwax values of the
n-alkane pool should be more positive than that of the Fuengirola n-alkane pool in this

scenario of more humid conditions (Fig.6c).

The second hypothesis would be related to the moisture source and the rainfall season:
Although the riverine discharge nowadays occurred in winter, the torrential rains with
high erosive potential occurred during cyclonic rains of Mediterranean origin in spring or
fall (Esteban-Parra et al., 1998; Romero et al., 1998; Gimeno et al., 2010). In this regard,
the opposite pattern depicted by the §*Cwax in the 434G core with respect to others nearby
records, showing higher (lower) values during wet (dry) periods, could be related to shifts
in the rainfall season that affected the n-alkane pool. During wet periods of Atlantic
predominant moisture source and enhanced winter precipitation, larger rivers such as
Guadalhorce could have played a major role supplying sediment to the 434G site.
However, during dry periods, a decrease in the winter precipitation would have promoted
a higher influence of spring-fall precipitation, which usually occurs as cyclonic and
torrential rains. Therefore, the influence of sediment eroded from the Fuengirola basin
during arid periods would be greater due to its closeness to the sea. This would also affect
the organic matter delivery from each catchment basin. As in the first hypothesis, a mix
of vegetation from the thermo- and mesomediterranean belt would be expected when the
influence from the Guadalhorce was greater, and the other way around, higher
contribution of thermomediterranean and coastal vegetation when the influence of
Fuengirola basin was larger. Therefore, more positive 3'3Cwax in the 434G record during
the Early Holocene would represent higher influence of the Guadalhorce river, not more

arid conditions (Fig. 5c).

Later on, around 6.5 cal ka BP an abrupt change occurred in the *Cwax values in both
Alboran records although with different responses (Fig 4): In the eastern Alboran record,

the stable carbon isotopes support a change to more arid conditions, while in the western
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Alboran record points to more influence of the Fuengirola river. This change suggests
less precipitation amount, coeval with the onset of an aridification trend in several
lacustrine records in southern Iberia and North Africa (Fig. 4), showing an increase in
xerophytic species while the trees are decreasing (Carrion et al., 2010; Anderson et al.,
2011; Garcia-Alix et al., 2012; 2017; Jiménez-Moreno et al., 2013; Zielhofer et al., 2017;
Ramos -Roman et al., 2018; Cheddadi et al., 2021). These arid conditions in the south-
western Mediterranean are coeval with an interval of strengthened AMOC, thus
decreasing the entrance of the Atlantic storm track into the Mediterranean (Brayshaw et
al., 2010; Zielhofer et a., 2017; Tzedakis et al., 2018). This is in agreement with the
establishment of the current atmospheric dynamic in the western Mediterranean after ~5.5
cal ka BP (Fletcher et al., 2013; Toney et al., 2020; Garcia-Alix et al., 2021).

During the Late Holocene the eastern Alboran record showed anomalously more humid
conditions, likely related to the increasing anthropogenic changes in the land use, as it
can be observed in the chalcolithic settlement of Los Millares, located in the Andarax
catchment basin and very close to the river (Molina Gonzalez et al., 2004) (Fig. 4). On
the other hand, the western Alboran record showed different phases of Guadalhorce and
Fuengirola rivers influence (Fig. 4). The Guadalhorce river dominates during humid
periods, such as the Iberian Roman Humid Period (2.6-1.4 cal ka BP) and in lesser
magnitude during the Little Ice Age (0.65-0.15 cal ka BP), coinciding with negative NAO
phase and enhanced winter precipitation (Fig. 4; Martin-Puertas et al., 2009, 2010;
Fletcher et al., 2010; Garcia-Alix et al., 2017; Ramos-Roman et al., 2018; Toney et al.,
2020). In the same way, periods with higher influence of the Fuengirola river were coeval
with reduced winter precipitation intervals, such as the Dark Ages and the Medieval
Climate Anomaly (1.4-0.65 cal ka BP), suggesting a positive NAO phase, and an advance
of xerophytic and semi-desertic taxa in southern Iberia (Moreno et al., 2012; Jiménez-
Moreno et al., 2013; Ramos-Roman et al., 2016, 2018; Mesa-Fernandez et al., 2018). The
strong similarities, although with opposite trend, between the pollen records (Ramos-
Roman et al., 2016, 2018; Mesa-Fernandez et al., 2018; Camuera et a., 2019) and the
d13Cwax signature of the western Alboran record (Fig. 4) points to a climatic control
driving its evolution. However, this climatic control on the §*3Cwax values did not respond

to changes in the humidity conditions, but to changes in the n-alkane source area.
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Figure 5. Theoretical sedimentary model in the western and eastern Alboran records for the last 20 ka. (a) From 20 to
15.5 cal ka BP in the eastern Alboran record: River connected to the canyon head, high influence of coastal and riparian
vegetation in the deep basin sediments; (b) From 15.5 to 11.8 cal ka BP in the eastern Alboran record: River mouth
disconnected to the canyon head but the shelf is above the storm wave-base level, high influence of coastal and riparian
vegetation in the deep basin sediments; (c) From 11.8 cal ka BP to Present-day. Western Alboran record: During
enhanced winter precipitation periods, the Guadalhorce river has higher influence in the sediment core, and thus a mix
of more positive §'3C values. During reduced winter precipitation periods and more precipitation in fall/spring, higher
influence of the Fuengirola river, thus more coastal vegetation. Eastern Alboran record: River mouth disconnected to
the canyon head, part of the shelf is below the storm wave-base level. Fresh terrestrial organic matter reaches the basin

during high precipitation events which wash the whole basin. n-alkanes mix of coastal and high-altitude vegetation

6.3 8°H record as paleohydrological proxy since the LGM

The resolution of the §?Hwax from the 293G record, located in the eastern Alboran basin,
is relatively low, which prevent a detailed interpretation from the LGM to the B-A (Fig.
6). Nevertheless, the 5?Hwax values of the n-alkanes during the deglaciation in the eastern
Alboran Sea site were much higher during the HS1 than during the B-A (Fig. 4). The HS1
is characterized by arid conditions in the southwestern Mediterranean, as shown by

nearby pollen records (Fletcher and Sanchez-Gofii, 2008; Combourieu-Nebout et al.,
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2009; Camuera et al., 2019; Cheddadi et al., 2021) and the §*3C values from the 293G,
located in the eastern Alboran (Fig. 4). The AMOC weakening in the North Atlantic,
triggered by the meltwater discharge, also resulted in colder SST and less humid
westerlies, triggering a decrease in the amount of winter precipitation in the southern
Iberia (Brayshaw et al., 2010; Jackson et al., 2015). Nevertheless, the release of
isotopically-depleted meltwater into the Atlantic and the Mediterranean during the
Heinrich event 1 depleted the isotopic composition of the surface water, resulting in more
negative values during the HS1 than during the LGM, even if the latter was less arid than
the former (Sierro et al., 2005, 2020; Cheddadi et al., 2021; Garcia-Alix et al., 2021).

The B-A is characterized by overall depleted 6*H values, but an interval of relatively high
values around 13.4 and 14.0 cal ka BP, can be recognized in the Alboran and in the south
Spain and North Africa records, suggesting internal variability during this period (Fig. 6)
(Cheddadi et al., 2021; Garcia-Alix et al., 2021). The high values between 13.4 and 14
cal ka BP could be tentatively related to the Greenland Interstadial 1d, known as Older
Dryas, which triggered arid conditions in the Mediterranean area (Lowe et al., 2008;
Rasmusen et al., 2008; Dormoy et al., 2009; Lopez-Saez et al., 2020).

The transition to the YD is recorded in both eastern and western Alboran Sea sites as a
two phased event, with depleted 5?Hwax Values at the onset and enriched §2Huwax Values
after 12.5 cal ka BP (Fig. 6). The depleted §?Hwax values between 13.5 and 12.5 cal ka BP
coincided with the onset of the AMOC slowdown triggered by the meltwater discharge
in the North Atlantic that could also have affected the Mediterranean (Fig. 4; McManus
et al., 2004; Ng et al., 2018), and thus, 8*°Hwax Values were more negative independent of
an Atlantic or Mediterranean moisture source (Garcia-Alix et al., 2021). Between 12.5
and 11.5 cal ka BP higher 8®Huwax Values are recorded in both basins (Fig. 6), suggesting
a moisture source from the Mediterranean likely related to scarce winter precipitation
triggered by the reduced AMOC, and higher influence of spring/late summer precipitation
in the southwestern Mediterranean (Fletcher et al., 2010; Zielhofer et al., 2017; Ng et al.,
2018; Camuera et al., 2021). Nevertheless, this 6°H enrichment has not been recognized
in the Padul wetland record in southern Iberia (Fig. 6; Garcia-Alix et al., 2021), which
could be related to a lower influence of the Mediterranean cyclonic precipitation inland.
Other records in the Alboran Sea and the western Iberian margin have recognized overall
dry condition during the YD interrupted by one or more humid sub-phases (Fletcher et
al., 2013; Naughton et al., 2016, 2019).
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The Early Holocene shows an abrupt shift to lower §°Hwax values in the western Alboran
Sea record at around 10 cal ka BP and in the eastern Alboran Sea record at around 9 cal
ka BP, consistent with a greater influence of the Atlantic moisture contribution (Fig. 6).
The lower 8®Hwax values during the Early Holocene compared with the B-A period
suggest higher winter precipitation amounts in the former than in the latter, as shown by
the nearby pollen (Combourieu-Nebout et al., 2009; Fletcher et al., 2010; Camuera et al.,
2021; Cheddadi et al., 2021) (Fig. 4) and n-alkane 52H records (Fig. 6; Garcia-Alix et al.,
2021). Depleted 5%Hwax Values in the Alboran Sea records coincided with the minimum
in winter insolation in the North Atlantic and the seasonality maximum, which resulted
in a weaker AMOC, and an increase in the amount of Atlantic winter precipitation in the
Mediterranean area (Fig. 6; Brayshaw et al., 2009; Zielhofer et al., 2017; Ng et al., 2018).
This is supported by a recent study by Cheddadi et al. (2021) which has also related the
occurrence of the African Humid Period with a southward displacement of the Atlantic
storm track. Other n-alkane &°H records from two wetlands at different elevations
recovered in southern Iberia, also documented a pervasive Atlantic moisture influence
during this interval (Fig. 6; Toney et al., 2020; Garcia-Alix et al., 2021).

The 8?Hwax values of the western and eastern records fit with the humid conditions
depicted by pollen records from southern Iberia and North Africa during the Early
Holocene, but the §*Cuwax values indicate enhanced aridity, contradicting regional climate
reconstructions (Fig. 4). This would suggest that the 5?Hwax is recording the regional
variability meanwhile the 3'*Cwax is more sensitive to local changes. More depleted
8?Hwax values in the eastern than in the western record are likely related to the higher
altitude of the Andarax catchment basin and therefore, a stronger altitudinal effect in the
52H of the precipitation. On the other hand, the delayed response in the eastern Alboran
record could be related to a higher influence of the Andarax catchment basin to the winter-
early spring Mediterranean precipitation, as occurred nowadays (Martin-Vide and Lopez-
Bustins, 2006; Serrano-Notivoli et al., 2018).

The precipitation during the last part of the Middle Holocene in the Alboran Sea and
surrounding continental areas is marked by a transition from prevalent Atlantic moisture
source to more Mediterranean moisture contribution (Zielhofer et al., 2017; Toney et al.,
2020; Cheddadi et al., 2021; Garcia-Alix et al., 2021). This transition is punctuated by a
see-saw event in the western Alboran record between 4.8 and 3.8 cal ka BP of

Mediterranean-Atlantic-Mediterranean moisture source, which could be related to the
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worldwide recognized event at 4.2 cal ka BP (Bini et al., 2019). This event has also been
recorded by a decrease in humid pollen taxa in different western Mediterranean records
(Fletcher et al., 2010; Jiménez-Moreno et al., 2015; Ramos-Romén et al., 2016; Mesa-
Fernandez et al., 2018).

Despite the low resolution of both §?Hwax Alboran profiles, the different trends in the
eastern and western Alboran records suggest that such differences during the Middle-Late
Holocene could be related to the establishment of the present-day climate regime. Thus,
the precipitation over the western Alboran Sea drainage basin would have been more
influenced by NAO dynamics while the eastern Alboran Sea drainage basin would have
been subjected to a more significant influence of the Western Mediterranean Oscillation
(L6pez-Bustins et al., 2006; Moreno et al., 2017; Serrano-Notivoli et al., 2018).

7. Conclusions

The study of stable carbon and hydrogen isotopes obtained from leaf wax long-chain n-
alkanes along with others n-alkanes based proxies have allowed the reconstruction of the
hydrological conditions and sediment input variations in the Alboran Sea over the last 20
ka.

Comparisons between the obtained proxy records and continental paleoclimatic records
from the southern Iberia and northern Morocco suggest that *3Cuwax Values in the Alboran
Sea are significantly influenced by changes in the n-alkanes source area and by the
sedimentary processes at each site while the §*Hwax signature respond to regional variation
in the precipitation patterns. The 5*Cuwax record supports the sedimentary n-alkanes in the
Alboran Sea being mainly derived from Cgz plants likely from the southern Iberia.
Nevertheless, the §*Cuwax record along the last 20 ka at each core is different despite the
close proximity of the records, suggesting that they are not responding to the same
forcings. The occurrence of some intervals with low CPI values and UCMs between 15-
11 cal ka BP during the rapid sea level rise triggered by the melt-water pulses 1a and 1b
point to the erosion of older soils formed when the shelf was exposed and/or to the
occurrence of turbidites triggered by the destabilization of the shelf break. These UCMSs
are recognized in the eastern record, likely due to the basin architecture which is more

prone to receive sediment from the shelf.
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Figure 6. Comparison between 62H records from: (a) Lake Tislit (core GC27; Cheddadi et al., 2021); (b) Padul wetland
(Padul-15-05; Garcia-Alix et al., 2021); (c) western Alboran site, 434G sediment core; (d) eastern Alboran site, 293G
sediment core, and (e) Laguna de Rio Seco (LdRS; Toney et al., 2020).

Furthermore, in the eastern Alboran, a major change in the §**Cwax occurred at the onset
of the mwp-1b, between 11.8-11.2 cal ka BP as response to the sea level transgression
and likely a change in the plant type input. Prior to this interval deposition, the input of
leaf wax n-alkanes into the eastern Alboran site mainly derived from coastal vegetation
with low 5'3Cuax values. After 11.2 cal ka BP the disconnection of the storm wave base

with the shelf break reduced the influence of the coastal vegetation and the n-alkanes
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show more positive values, suggesting that the n-alkane source was the entire Andarax

basin.

The western Alboran core is mainly influenced by two rivers, and thus the §*3Cwax signal
depends on the river supplying larger sediment input. During enhanced winter
precipitation there was a greater influence of vegetation from the Guadalhorce river basin,
which was more adapted to arid condition. On the other hand, during reduced winter
precipitation, there was a major influence of vegetation from the Fuengirola river, whose
drainage basin is smaller and closer to the coast, thus the vegetation was more adapted to

humid conditions.

Conversely to the 53 Cwax, the 82Hwax signature at both Alboran sites shows a similar trend
to other records located in the southern Iberia and northern Africa, suggesting similar

precipitation pattern over the last 20 ka.

During the HS1, the melt water influx in the westernmost Mediterranean resulted in a
highly depleted values of precipitation, even more depleted values than during the LGM.
The YD record shows an early phase characterized by depleted §?Hwax values, likely
related to other pulse of melt water. A late phase during the YD is characterized by more
enriched 8%Hwax values likely as the result of reduced winter precipitation triggered by an

AMOC reduction and the high influence of spring and summer precipitations.

The Early Holocene is characterized by the lowest §°Hwax values of the last 20 Ka,
consistent with a stronger AMOC and an enhanced Atlantic moisture influence over the
western Mediterranean area. The Middle-Late Holocene is characterized by a transition
from a pervasive Atlantic moisture source to more Mediterranean conditions, punctuated
by a see-saw between 4.8 and 3.8 cal ka BP of Mediterranean-Atlantic-Mediterranean
moisture sources. After 3.8 cal ka BP the eastern Alboran record points to more influence
of Mediterranean precipitation while the western record indicates higher influence from
Atlantic precipitation, thus suggesting the establishment of the present-day climatic

conditions.
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Table S1. Average Chain Length (ACL), Carbon Preference Index (CPI), carbon and hydrogen isotope ratios of C27 —

Cs3 n-alkanes from core 293G, n.d. denotes when concentrations were too low for duplicate isotope measurements.

UCM: Unresolved Complex Mixture
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Table S2. Average Chain Length (ACL), Carbon Preference Index (CPI), carbon and hydrogen isotope ratios of C27 —

Cs3 n-alkanes from core 434G, n.d. denotes when concentrations were too low for duplicate isotope measurements.

UCM: Unresolved Complex Mixture
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V. Integrated discussion on marine and continental records

In this PhD diverse sediment records from continental and marine realms have been
studied using multiple approaches in order to characterize paleoclimate responses since
the end of the LGM in the western Mediterranean. Following this main goal, in this
chapter, results and conclusions from previous chapters are integrated and compared with
other available sedimentary records in the western Mediterranean area in order to get new
insights into climate teleconnections between high and low latitudes and also into the

reconstruction of the anthropogenic impact in this region.

1. Sub-orbital scale paleoenvironmental evolution in the western Mediterranean

area
1.1 The early deglaciation

The transition between the late LGM and the HS1 in the western Mediterranean is
characterized by reduced WMDW formation as supported by the relatively low Ti/Ca
values registered in the studied records. This reduced WMDW formation could be
tentatively related to the mwp-19 ka (~ 19 cal ka BP; Huang and Tian, 2008; Clark et al.,
2009; Alvarez-Solas et al., 2011) and the onset of the retreat of the glacial in the
Mediterranean region (Ivy-Ochs, 2008; Palacios et al., 2020). The mwp-19 ka and the
glacial retreat released freshwater input in the Gulf of Lions reducing the surface salinity
and thus the WMDW formation.

The HS1 is characterized by a great advance of the sea ice sheet, extremely low SST and
the input of IRD in the North Atlantic Sea (Heinrich et al., 1988; Eynaud et al., 2009;
Toucanne et al., 2021). In the western Mediterranean, arid and cold conditions have been
documented at this time (Kageyama et al., 2005; Comboureu-Nebout et al., 2009; Sierro
et al., 2020; Rodrigo-Gamiz et al., 2011; Camuera et al., 2021). The Ti/Ca ratio in the
studied marine records indicates an increase of the WMDW formation and well-ventilated
seafloor. The relatively enriched $*Huwax in the Alboran area also suggests lesser influence
of Atlantic winter precipitation and higher influence of precipitation derived of
Mediterranean moisture. Less influence of §°Hwax depleted precipitation has been also
recognized in the southern Iberia and North Morocco (Cheddadi et al., 2021; Garcia-Alix
etal., 2021).
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The HEL1 is characterized by a 580 depletion in surface waters pointing to a melt water
influx in the Mediterranean, which is recognizable along the different western
Mediterranean sub-basins (Sierro et al., 2005; Cacho et al., 2006; Jiménez-Espejo et al.,
2007; Rodrigo-Gamiz et al., 2011; Ausin et al., 2015a; Alonso et al., 2021). The input of
less dense waters in the western Mediterranean prevented surface water sink in the Gulf
of Lions and thus reduced the formation of the WMDW (Sierro et al., 2005; Frigola et al.,
2007). The time period at ~ 17-16 cal ka BP is characterized by different Ti/Ca ratios in
the Algero-Balearic basin and the Alboran basin, which has been explained by a
shallowing of the Bernoulli aspiration depth of WMDW in the Alboran basin as result of
the reduced density gradient in the Gibraltar Strait (Mesa-Fernandez et al., 2022). This
led to decreasing seafloor oxygenation, which resulted in enhanced organic matter
preservation, as shown by the TOC content in the Alboran Sea basins, and the
development of the pre-ORL1 interval (Rodrigo-Gamiz et al., 2011; Pérez-Asensio et al.,
2020; Mesa-Fernandez et al., 2022). In addition, the freshening of the Mediterranean
surface water could have reduced the oxygen isotopic differences between Mediterranean
and Atlantic surface waters, and thus, in the isotopic 8°Hwax composition of the
precipitation, as also recognized in other records in northeast and southeast Iberia (Pérez-
Mejias et al., 2020; Garcia-Alix et al., 2021).

1.2 ORL1 in the Alboran Sea basins: onset, demise, and possible causes

Despite ORLs have been sometimes referred as the western expression of the sapropels
(Murat, 1999), they differ in time and in driving mechanisms (Rogerson et al., 2008;
Rohling et al., 2015). Recently, Casanova-Arenillas et al. (2022) recognized three types
of ORLs based on sedimentological and ichnological features, which likely indicated
different processes involving its deposition. Among the ORLs, the most recent one,
ORL1, (15-9 cal ka BP) has been the most extensively studied while older ORLs are still
poorly known. ORL1 comprises the B-A period, the YD and almost the whole Early
Holocene (e.g., Cacho et al., 2001; Rodrigo-Gamiz, 2011; Pérez-Asensio et al., 2020). Its
onset has been related to the freshwater input derived from the melting of the Alps and
Pyrenees glaciers and the mwp-1a and 1b in the North Atlantic (Lambeck et al., 2014),
which prevented the surface water sink in the Gulf of Lions (Rogerson et al., 2008;
Rohling et al., 2015). The ORL1 demise has been related to a reactivation of the WMDW

promoting the reventilation of the seafloor (Jiménez-Espejo et al., 2007; Pérez-Asensio
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et al., 2020). Nevertheless, all the works invoking a reactivation of WMDW as the trigger
for the ORL1 demise are based on an increase of the grain size upper than 10 pum in a
record recovered in the Minorca drift (Frigola et al., 2007, 2008). However, the increase
in this fraction has not been recorded in other contourites (Alonso et al., 2021) or
hemipelagic sediments (Mesa-Fernandez et al., 2022) in the Alboran Sea basins nor by

redox elements (Rodrigo-Gamiz et al., 2011).

The analysis of redox-sensitive elements has demonstrated that during the ORL1 oxygen
condition were highly variable. In the studied records, two phases have identified within
the ORL1 in agreement with previous works (Martrat et al., 2014; Pérez-Asensio et al.,
2020), and redox conditions have been characterized in each sub-phase. The obtained
results support that the occurrence of the ORL1 is associated with a sharp increase in the
SR in the Alboran Sea basin. The sub-phase 1a (15-11.7 cal ka BP) is characterized by a
sharp increase of the Mo/Al and U/Al ratios and low values of the Mn/Al ratio. The end
of the ORL1a was triggered by a reactivation of the WMDW during the YD as supported
by changes in bottom water oxygenation proxies. Conversely, the ORL1b is characterized
by low Mo/Al values, relatively high U/Al values and increasing Mn/Al values,
suggesting less reduced conditions in the bottom waters. The demise of the ORL1b at
around 9 cal ka BP also characterized by a decrease in the Sr/Ca values and a sharp
decrease in the SR. As was hypothesized in Chapter 11, this sudden increase in both, the
Sr/Ca ratio and SR, could be related to: (1) the shelf flooding during the transgression
which triggered the remobilization basinward of the loose sediments and the
destabilization of the shelf break and (2) the overall humid conditions dominant during
the B-A and the Early Holocene. The first idea is based on the leaf wax derived n-alkanes
distribution (with UCMs) obtained during the interval with high SR, indicating degraded,
mixed or reworked organic matter. The second hypothesis is based on the §*Cuwax Of core
293G pointing to a change in the vegetation source, likely triggered by the sea level rise
and by the coastline migration. The WMDW slowdown along with the increase of the SR
prevented the organic matter to be oxidized resulting in the onset of the ORL1 (15-9 cal
ka BP) deposition. In addition, an increase in productivity with respect to the HS1 is also
recorded in the Alboran Sea basin (Ausin et al., 2015a; Bazzicalupo et al., 2018; Wang et
al., 2019). An enhanced flux of organic matter along with more stagnated water column
could have increased the effective transport of the organic matter from the surface to the

seafloor, since there was less piracy of the organic particles by the currents.
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The B-A period (15-13 cal ka BP) was characterized by overall humid condition, as also
supported by a sharp decrease in the Ti/Ca ratio and depleted 8?Hwax Values. The
reactivation of the AMOC promoted the northward transport of warm conditions and
reduced the temperature gradient between low and high latitudes, retreating the winter ice
sheet maximum expansion northward (McManus et al., 2004; Ng et al., 2018; Toucanne
et al., 2021). Higher SST and lower temperature contrast resulted in more humid and
weaker westerlies, which resulted in higher precipitation amount and a major influence
of Atlantic precipitation. Cheddadi et al. (2021) pointed to a southward migration of the
Atlantic storm track as south as 24°N as one important factor causing the green Sahara
during the AHP.

The end of the ORL 1a occurred during the YD, characterized by dry and cold conditions
as result of a freshwater input in the North Atlantic from glacial lakes (Fanning and
Weaver, 1997; Teller et al., 2002; Magny and Begeot, 2004). The concomitant slowdown
of the AMOC, triggered similar conditions to the HS1 but in a lesser magnitude. Colder
temperatures, a southward advance of the winter sea ice sheet in the northern hemisphere
and a higher temperature contrast between the Mediterranean and the North Atlantic
could have promoted the input of dry and cold winds in the Gulf of Lions, triggering the
WMDW formation that re-ventilated the seafloor and interrupted the ORL1a deposition,
as suggested by the increasing Ti/Ca values in the different marine records. This re-
ventilation marked the end of the more reduced seafloor conditions in the Alboran Sea
basin, as supported by the Mo/Al ratio, which returned to background values. The lower
SST in the North Atlantic likely provoked less humid westerlies resulting in less winter
precipitation over the Mediterranean area and thus, a greater record of spring/autumn
precipitation, which mainly is derived from the enriched §°Hwax Mediterranean Sea
moisture. During this interval the mountain glaciers in the Mediterranean area advanced

as result of the pervasive cold temperatures.

The sea level rise during the mwp-1a (14.5-12.8 cal ka BP) triggered by the melting of
the alpine glaciers reduced the surface salinity in the Gulf of Lions and thus reduced the
WMDW formation (Rogerson et al., 2008, 2012; Rohling et al., 2015). The rapid sea level
rise during the mwp-1a along with the pervasive humid conditions increased the SR in
the Alboran Sea basin and the input of carbonate material from the shelf. Likely, the shelf
flood and the wave ravinement focused on the shelf edge increased the downward

transport of sediment. This is supported by the increasing trend of the Sr/Ca ratio and the
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input of reworked and/or degraded terrestrial organic matter. The variation of the redox
geochemical proxies, U/Al, Mo/Al and Mn/Al ratios, supported the poor oxygen
conditions in the seafloor of the Alboran Sea basin.

The ORL1b (11.7-9 cal ka BP) encompassed most of the Early Holocene (11.7-8.2 cal ka
BP) and is characterized by sub-oxic ferruginous conditions, with low values of Mo/Al,
moderate of U/Al and increasing values of Mn/Al ratios. This interval coincided with the
maximum summer insolation in the north hemisphere that promoted the evaporation and
resulted in more humid westerlies (Laskar et al., 2004; Brayshaw et al., 2010). The
depleted 5®Huwax Values in the westernmost Mediterranean region suggest enhanced winter
precipitation with an Atlantic moisture source (Chapter 3; Cheddadi et al., 2021; Garcia-
Alix etal., 2021). The warmer conditions occurred during this interval triggered the mwp-
1b (11.5-8.8 cal ka BP), and glacier retreat in the Mediterranean area. The sea level rise
during the mwp-1b likely triggered the disconnection of the storm wave base and the shelf
slope resulting in a drastic change in the leaf wax n-alkanes distribution supplied into the
Alboran basin, which previously was biased toward a kind of coastal vegetation.
Nevertheless, the ORL1b is characterized by a still high SR and Sr/Ca ratio, suggesting
shallow carbonate input likely controlled by the high fluvial input and with not influence
of the wave ravinement as during the ORL1a deposition (Catuneanu, 2006). In contrast
to the ORL1a in which the reduced ventilation of the deep basin had greater influence,
the ORL1b seem to be more influenced by an increase of productivity in the Alboran Sea
(Ausin et al., 2015a; Wang et al., 2019; Pérez-Asensio et al., 2020), with high SR. The
demise of the ORL1b in the Alboran Sea basin coincided with a decrease of the
productivity, the Sr/Ca ratio and SR, which could have promoted the oxidation of the

organic matter.

1.3 The Holocene

The glaciers in Sierra Nevada retreated with the onset on the Early Holocene, forming
diverse lakes and wetlands (Anderson et al., 2011; Palacios et al., 2020). The Early
Holocene coincided with a summer solar maximum and a reactivation of the AMOC. The
warmer temperatures in the North Atlantic promoted the evaporation which resulted more
humid westerlies (Brayshaw et al., 2010). The overall warm SST increased the humidity
carried by the westerlies and resulted in a more depleted 8?Hwax Values as result of higher

precipitation amount and predominant Atlantic moisture source. This glacial retreat also
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triggered the formation of high altitude lakes in Sierra Nevada in the southern face, while
in the northern face these lakes and wetlands are dated younger. The early phases of these
wetlands are characterized by a predominant clayey lithology as result of the pervasive
humid condition and the enhanced erosion of their catchment basins. The high input of
clay sediments into the LH resulted in a low preservation of the pollen grains, but when
preserved, the assemblages were mainly composed by Pinus pollen, suggesting humid
conditions. During the Early Holocene, it is observed a marked difference in the climate
response between the alpine wetland records and the marine records from the western
Mediterranean basins. For instance, the centennial scale climate variability recorded in
the LH record, depicted by the K/Al ratio as arid conditions, is not recorded in the marine

sediment records.

The Middle Holocene is characterized by a trend towards more arid conditions. A
reduction in winter precipitation in the surrounding western Mediterranean area is
indicated by 8*Cwax record of the 434G, which points to a higher contribution of n-
alkanes from the Fuengirola river catchment basin to the western Alboran site. At around
6.3-4.5 cal ka BP there was an increase in the Saharan eolian input, showed by a marked
increased trend in the Ca/Al and Zr/Al ratios in the LH record. Due to the absence of
carbonates in the Sierra Nevada range, the increase in Ca did seem to be related to winds
transport, although there are carbonates in the Granadian basin. The Zr is largely enriched
in the Saharan dust, and its increase was triggered by the desertification of the Sahara-
Sahel belt (de Menocal et al., 2000). The increase in aridity conditions was clearly
recognized in some others Sierra Nevada wetland records (Jiménez-Espejo et al., 2014;
Ramos-Roman et al., 2016; Garcia-Alix et al., 2017), though it is less evident in the
western Mediterranean marine records. Particularly, in cores 434G, 292G, 293G, and
302G, characterized by SRs greater than 16 cam/ka, the increase in the Zr/Al ratio is not
evident as it was during the HS1, likely due to the most arid conditions occurred at this
time. Conversely, in cores 304G and 975B were the SR was lower, (14.4 cm/ka and 8.4
cm/ka respectively) this increase was more evident and depicted similar trends to those
identified in Sierra Nevada records (Fig. 1). This could be due to differences in the SR,
in those records where the SR were lower the eolian signal is less diluted than in those

marine records with higher SR or higher influences of downslope or along-slope transport.
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Figure 1. Comparison of Zr/Al ratio profiles from records: (a) 304G, (b) 975B, (c) LH (Mesa-Ferméandez et al., 2018),
(d) LdRS (Anderson et al., 2011); (e) Zr/Al 302G; (f) 293G (Rodrigo-Gamiz et al., 2011); (g) 434G and (h) (292G).

The onset of the Late Holocene is marked by the cold and dry 4.2 ka event (Bini et al.,
2019). Although, this event has been recognized in the north and south hemispheres, it
seems not to have a great influence in the thermohaline circulation of the western
Mediterranean Sea. Conversely, the §2Hwax record from the record 434G depicted a two-
phased peak suggesting reduced precipitation from Atlantic source and higher influence

from Mediterranean-sourced precipitation. This is also supported by other nearby records
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from Morocco and southern Iberia pointing to a blocking of the westerlies in the
meridional North Atlantic (Zielhofer et al., 2017). Pollen and geochemical records from
LH pointed to more arid conditions shown by an increase in Poaceae pollen grains and in
the Zr/Al ratio. A reduction in precipitation would be expected when the westerlies do
not enter in the Mediterranean region. In addition, the reduced influence of the westerlies
could have also promoted the southern wind from the Sahara-Sahel region, as supported
by the Zr/Al ratio increase.

The IRHP (2.60-1.45 cal ka BP) is characterized by overall warm and humid conditions.
A sharp increase in arboreal pollen and K/Al ratio was recorded in LH, resulting in a more
clayey lithology. The eolian input in the wetland was severely reduced during this
interval. A higher supply of organic matter from the Guadalhorce river drainage basin
pointed by 5°Cwax are also consistent with enhanced winter conditions and with a
negative phase of the NAO (Martin-Puertas et al., 2009). A maximum in solar radiation
could reduce the latitudinal gradient in the North Atlantic and weaken the westerlies
displacing them to the Mediterranean area. The DA-MCA periods (1.45-0.65 cal ka BP)
were characterized by overall arid conditions in the LH record, i.e. minimum values of
arboreal pollen and runoff proxies along with an increase in the eolian input. A higher
organic matter input from the Fuengirola river drainage basin is also recognized in the
d3Cwax from record 434G, suggesting reduced precipitation. These intervals are also
characterized by a positive NAO and a stronger AMOC than during the IRHP (Wanner
etal., 2001). The LIA (0.65-0.15 cal ka BP) was characterized by humid conditions with
an increase in arboreal pollen and runoff proxies in the LH record, along with a higher
influence of the organic matter from the Guadalhorce river drainage basin in the §*3Cwax

from 434G record.

2. Climate teleconnection between high and middle latitudes during the deglaciation

As previously explained, the teleconnection between the Mediterranean region and the
North Atlantic nowadays is based on the strength and position of the westerlies that
control the humidity and temperature over the Mediterranean area and North Europe (i.e.
Trigo et al., 2004). Nevertheless, during the last deglaciation, the SST and the position of
the sea ice sheet could have also been influenced by the position of the convection cells
and the humidity carried by the westerlies. In the literature there is certain consensus that

during stadials periods there was an intensification of the westerlies (as during a positive
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NAO phase) due to the temperature gradient between low and high latitudes (Brauer et
al., 2008; Naughton et al.,2016, 2019; Li et al., 2019). There is also certain consensus that
the southward advance of the sea ice sheet in the North Atlantic displaced southward the
Farrel and Hadley cells, thus displacing southward the ITCZ and the westerly weather
system (Walker et al., 2019). Hence, some authors have suggested a northward
displacement of the westerlies and the storm track during stadials due to the higher
temperature gradient (e.g., Brayshaw et al., 2009, 2010; Li et al., 2019), while others
interpreted that there is a southward displacement (Bardaji et al., 2009; Torner et al.,
2019). However, there is a consensus that during high SST there was more near-surface
atmospheric moisture content, thus more humid westerlies and vice versa (Held and
Soden 2006; Brayshaw et al., 2010). The data obtained during this thesis suggest a minor
influence of the Atlantic precipitation and overall arid conditions during the stadials.
Nevertheless, it is difficult to assess if the reduced Atlantic moisture was triggered by the
lower SST or by a northward displacement of the westerlies due to the higher temperature
gradient between low and high latitudes.

On the other hand, the teleconnection between middle and high latitudes also influenced
the formation of new WMDW. It depends on the heat loss of the surface water in the Gulf
of Lions and by the salinity and temperature conditions of the subjacent intermediate
water (Josey et al., 2011; Smith et al., 2008). The characteristic and intensity of the
WMDW in the present exert a noticeable control on the thermohaline circulation in the
western Mediterranean and influence the composition of the MOW, which in turn pump
warm and salty waters to the North Atlantic. For this reason, reconstructing the WMDW
dynamics under past climate scenarios have been a scope for paleoceanographers and
paleoclimatologist over the last decades (Cacho et al., 2001; Sierro et al., 2005; Frigola
et al., 2007, 2008, 2012; Bardaji et al., 2009; Rodrigo-Gamiz et al., 2011; Ausin et al.,
2015a). Apart from the characteristic of the LIW, the formation of the WMDW is related
to heat loss of the surface waters under the influence of the winter dry winds as
Tramuntana and Mistral (Smith et al., 2008; Schroeder et al., 2010; Canals et al., 2013),
although less work has been focused on reconstructing these winds. In absence of these
reconstructions, most of works that have attempted to link the deep-water formation with
atmospheric processes have used a NAO-like dynamic for their explanation (Frigola et
al., 2007; Bardaji et al., 2009; Ausin et al., 2015b; Bazzicalupo et al., 2018; Torner et al.,

2019), most of them based on the strong correlation found between the NAO and the
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WMDW, as documented by Rixen et al. (2005). Nevertheless, these authors related the
enhancement of WMDW formation to a positive (Frigola et al., 2007) either to a negative
NAO-like phases (Bardaji et al., 2009; Ausin et al., 2015b; Bazzicalupo et al., 2018),
despite the work by Rixen et al. (2005) related the formation of WMDW with a positive
NAO phase. More recent works analyzed the present-day relationship between the sea
surface heat loss in the Mediterranean location of dense water formation and four main
climatic modes, i.e., NAO, EAP, Scandinavian and East Atlantic/Western Russian (Josey
et al., 2011; Papadopoulos et al., 2012). They concluded that for the Gulf of Lions the
NAO only exert a minor influence in the surface heat loss, and that the main climatic
mode dominating the heat loss in the area is the negative EA phase. As already explained,
the EA is characterized by a low-pressure pole located in the western Ireland, but in its
negative phase it changes to a positive pressure pole. The north hemisphere anticyclonic
movement of the negative EA leads the southward movement of higher latitude cold and
dry winds (Josey et al., 2011; Papadopoulos et al., 2012) (Fig. 2). If nowadays the heat
loss in the Gulf of Lions is triggered by a high-pressure pole in the eastern North Atlantic,
it seems unlikely that during the Holocene and the last deglaciation the heat loss depended
on the westerlies position or strength. In addition, even if the westerlies were colder and
drier than nowadays, they were likely warmer and more humid than those wind blowing
from the North, so a southward migration of the westerlies seems an unlikely mechanism
for explaining the increase of WMDW formation during stadials. We tentatively propose,
that during phases of reduced or collapsed AMOC, the southward extension of the sea ice
sheet during wintertime could create a pressure gradient between the cold eastern North
Atlantic and the relatively warm Mediterranean. This could have led to an atmospheric
situation similar to a negative EA phase, which promoted the northern cold and dry winds
entering into the Gulf of Lions and favoring the WMDW formation. A higher pressure in
the North Atlantic could have blocked the direct entrance of westerlies into the
Mediterranean area, and a relatively warmer Mediterranean Sea could have also promoted
the precipitation derived from Mediterranean moisture. This could also explain the more
enriched 5?Hwax values recorded during the HS1 and the YD in the western Mediterranean
records (Cheddadi et al., 2021; Garcia-Alix et al., 2021).
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Figure 2. Negative EA phase (values are hypothetical). The anticyclonic gyre located in the eastern Atlantic promotes
the southward migration of cold and dry winds into the Gulf of Lions, enhancing the surface water heat loss and
triggering the WMDW formation. Modified from Papadopoulos et al. (2012).

3. Anthropic impact

The Iberian Peninsula has a large history of human occupation over the Quaternary
(Finlayson et al., 2006), particularly during the Middle and Late Holocene when human
activities significantly increased with the burning, pastoralism and mining of agrarian and
metallurgical societies (Carrion et al., 2007, 2010). The human pressure in the Iberian
Peninsula was heterogeneous but in the southeastern regions several important, such as
the Millarian (Blanco-Gonzalez et al., 2018) developed at this time. The metallurgical
specialization of the Millarian society is hotly debated between archeologists (Lull et al.
2010; Murillo-Barroso et al. 2015, 2017). Diverse studies, including that from the nearby
LdRS record in Sierra Nevada, have shown that mining and metallurgy activities
commenced by ~4.5 cal ka BP in this area (Garcia-Alix et al., 2013, and references
therein), as shown by an enhanced Pb/Al ratio since this time. For the LH record, the first
clear signal of lead pollution from mining and smeltering occurred around 2800 cal yr
BP, coinciding with the Late Bronze Age (3.2-2.8 cal ka BP) and the Early Iron Age (2.8-
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2.5 cal ka BP) (Garcia-Alix et al., 2012. The same signal is also recorded in the nearby
LdRS (Garcia-Alix et al., 2013). Regarding the marine records 292G, 293G and 434G,
these also show an increase in the Pb/Al ratio background levels between 3 and 2.5 cal
ka BP (Fig. 3). The record 293G, which is located close to the Almeria TS and fed by the
Andarax river, is the first one in registering such increase, likely because the Millarian

society was settled close to this river.

The IRHP represents the most important lead pollution period prior to the IP mainly
derived from mining activities (Settle and Patterson, 1980). However, only the record
292G shows an increase in the Pb/Al ratio while the LH, 293G and 292G records do not
register enhanced pollution at this time. This could be due to a local effect, such as a
higher catchment area in LH involving a high runoff input, supported by an increase in
the K/Al and K/Ti ratios during this humid period that could have diluted the Pb signal
transported by eolian input. In addition, a regional effect, such as a weaker dust
mobilization due to the humid conditions prevailing at this time, or patchy pollution
distribution, could explain this variability in the studied records. Differences could also
be due to different sedimentation rates which can dilute the Pb signal. Apart from the
292G, other nearby continental records, such as the Zofiar Lake (Martin-Puertas et al.,
2010) or the LdRS, also shown an increasing Pb/Al ratio during the IRHP.

Over the last 2 cal ka BP there was an unprecedented increase in the terrigenous input in
the marine records from the Iberian margin (Cutmore et al., 2021; Mesa-Fernandez et al.,
2022). The increase of the use of soil due to the agriculture and mining along with the
rise of settlement in Iberia and North Africa during by the Roman Empire could enhance
the effective erosion and thus the terrigenous input into marine basins. Nevertheless, we
cannot rule out that these variations could be also modulate by natural causes. The
terrigenous input increase could bias the climatic signatures during this period, especially

reconstructions based solely on elemental geochemical ratios.

An increasing trend in Artemisia pollen, which points to a climatic or anthropic
aridification, coeval with another Pb/Al peak is recognized during the MCA. Increasing
anthropic activities during this time are supported by the first appearance of coprophilous
fungi such as Sordiales and Sporormiella, which occurred in BdIC (Ramos-Roman et al.,
2016) and in LdRS (Anderson et al., 2011), suggesting grazing activities at high altitudes
in Sierra Nevada (Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; Ramos-

Roman et al., 2016). At around 0.6 cal ka BP there was a slight increase in Olea europaea
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pollen grains with a sharp increase during the las 150 year (Jiménez-Moreno et al., 2013;
Ramos-Roman et al., 2016, 2019; Mesa-Fernandez et al., 2018). This is evidenced by the
onset of the cultivation of olives in the southern Iberian region and its extensive
agriculture over the last 150 years. Nowadays, olive agriculture is one of the main
economic activities developed in the southern Spain. This olive pollen increase in all the
Sierra Nevada pollen records is undoubtedly the response to anthropic cultivation, though
this signal is also superimposed to the climate variability record (Ramos-Romén et al.,
2019). The last 150 years are characterized as well by a sharp increase in the Pb/Al ratio
in marine and continental records which is related to the increase in mining activities
around the region and recently also to the use of leaded fuels. Moreover, there the increase
in the Zr/Al ratio in all the Sierra Nevada records and in the marine records further support
increasing local aridity and/or anthropogenic desertification, with a change in the origin
and/or composition of the dust reaching this region (Jiménez-Espejo et al., 2014), likely
related to the beginning of extensive agriculture and the concomitant desertification in
the Sahel region (Mulitza et al., 2010). In general, the studied records evidence that the
human impact is mostly remarkable during the last 2-3 millennia, suggesting increasing

human activities in the southern Iberian region.
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Figure 3. Comparison of Pb/Al ratio profiles from the cores: (a) 293G; (b) 292G; (c) 434G and (d) LH with pollen

taxa related to anthropogenic impact from LH: (e) Artemisia and (f) Olea.
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V1. Conclusions / Conclusiones

1. Conclusions

The high-resolution paleoclimate and paleoceanographic study carried out on seven
marine sediment records and the comparison of continental and marine environments

from the western Mediterranean has allowed us to obtaining the following conclusions:

- Regarding the paleoenvironmental information obtained from different major and trace
elemental-based geochemical ratios, although the relative variations between terrigenous
and carbonate fractions in hemipelagic environments are influenced by marine
productivity, eolian and riverine inputs, shelf erosion, and sea level variations, it has been

demonstrated that bottom currents also play a major control for this variation.

- In terms of paleoceanographic conditions, the reconstruction of the WMDW intensity
and ventilation support overall well-ventilated conditions and intense WMDW formation
during the HS1. This enhanced formation appears related to the arid and colder conditions
and the higher influence of northern winds likely triggered by the southward advance of
the sea ice sheets. During the HS1, the formation of WMDW and the Bernoulli aspiration
through the Gibraltar Strait were significantly enhanced. During the HEL, the influx of
meltwater from the Laurentide and Fennoscandian ice sheets reduced the density of the
surface waters, decreasing the WMDW formation and reducing the density gradient at
the Gibraltar Strait and thus, the Bernoulli aspiration depth. The shoaling of Bernoulli
aspiration triggered a decrease in bottom waters oxygenation, as supported by the increase
of the U/Al ratio.

- The study of redox-sensitive elemental proxies has allowed to differentiating two phases
within the ORL1: ORLl1a (15-11.7 cal ka BP), characterized by strong reducing
conditions and by a sharp increase of the Mo/Al and U/Al ratios along with a decrease in
the Mn/Al ratio. This sub-phase coincided with an increase in the SR in the deep basin,
which can be explained by pervasive humid conditions over the continent and the wave
ravinement over the shelf break in the early transgression. The demise of the ORL1a
occurred during the YD with the reactivation of the WMDW and the end of the highly
reducing bottom conditions as depicted by the Mo/Al ratio. The ORL1b (11.7-9 cal ka
BP) is characterized by suboxic ferruginous conditions, with low values of the Mo/Al
ratio, and increasing values of the Mn/Al ratio, supporting that this sub-phase occurred

under more oxic conditions that the ORL1a. Our result suggests that the organic matter
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preservation during the ORL1b was triggered by enhanced surface productivity and the
high SR as a response to the pervasive humid conditions in the continent. In addition,
both sub-phases coincided with the occurrence of the mwp-1a and 1b. The demise of the
ORL1b seems to be related to the reduction of the SR in the deep basin rather than

reactivation of the WMDW, as has been previously suggested.

- The alpine glacial retreat during the last deglaciation promoted the formation of diverse
lakes. Among them, the formation of the Laguna Hondera (LH) wetland occurred during
the Early Holocene, which is characterized by overall warm and humid conditions,
interrupted by two arid periods between 9.5 and 9 cal ka BP and at ~8.2 cal ka BP. These
two arid intervals are characterized by lower detrital input and the development of peaty
lithology, coinciding with the Bonds events 6 and 5, which could have modified the
humidity and/or the position of the westerlies. The Early Holocene in the studied LH
record is also characterized by low preservation of the pollen grains, likely related to the
formation of the bog. The onset of an aridity trend in the Sierra Nevada records occurred
at ~7 cal ka BP, characterized by a gradual decrease in the runoff depicted by the K/Al
and Rb/Al ratios along with the substitution of arboreal pollen by xerophytic pollen
peaking ~4-2.5 cal ka BP. Moreover, a significant increase in eolian-derived elements

occurred between 6.3 and 5.5 cal ka BP.

- In continental records, the Late Holocene has shown high climate variability. The IRHP
is characterized by an increase in the runoff input and an expansion of the arboreal
vegetation to higher altitudes. During the DA and the MCA there was a new advance in
xerophytes and a reduction in runoff. The LIA is characterized by an increase in humidity
depicted by a rise in the runoff input and by a slight increase of the arboreal pollen, which
may be limited by the colder conditions. The IP is characterized by the highest anthropic
influence as evidenced by the highest values of the Pb/Al ratio, probably indicating fossil
fuel burning by enhanced mining and metallurgy industry. Regarding the pollen
assemblage, a sharp increase in Olea europaea and Pinus coincided with the onset of the
olive cultivation and the pine reforestation. The LH record shows a remarkable increase
in the Ca signal derived from eolian input (high Ca-Zr correlation) during the past ~6.3
cal ka BP in Sierra Nevada. Nowadays, the input of Ca into the alpine lakes of Sierra
Nevada controls the productivity in the lakes and induces the seasonal blooms of algae.
In this regard, our record indicates that present-day inorganic nutrient input from Sahara
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was established at 6.3cal ka BP and lasted until the present, with variations depending on
the prevailing climate conditions.

- The study of stable carbon and hydrogen isotopes measured on leaf wax n-alkanes in
two marine records from the eastern and western Alboran Sea basins highlights the
complex interplay between climate and sedimentary processes. In the studied records, the
313Cwax seems to be mainly controlled by the source area of the n-alkanes and the §2Huax
signal by the regional precipitation patterns. The §*Cwax values have shown that n-
alkanes derive from Cz vegetation likely from southern Iberia. Despite the proximity of
both cores, the §**Cwax profiles showed different evolutions in the eastern and western
Alboran basins. In the 293G record, the §3Cwax profile showed mainly an influence of
coastal vegetation more adapted to humidity prior to the mwp-1b, followed by more
negative values indicating the landward vegetation. During the interval between 15 and
11 cal ka BP the occurrence of low CPI values and UCM in the n-alkanes have been
related to the erosion of old soils developed in the shelf when it was exposed, or due to
the occurrence of turbidites as a result of the destabilization of the shelf break. The UCM
are only recognized in the eastern Alboran basin, core 293G, which is prone to receive
more sediment from the shelf due to the architecture and size of the Almeria TS compared
with Fuengirola TS which fed the 434G record. After 11.7 cal ka BP, there was a
disconnection between the storm wave base and the shelf break reducing the influence of
the coastal vegetation, and the n-alkanes showed a more positive signature, suggesting
that during this phase the n-alkanes source was the whole Andarax basin. The western
Alboran core is under the influence of two rivers catchments, Guadalhorce and
Fuengirola, and therefore the n-alkane distribution could depend on the rivers that supply
more sediment at each time period. During periods of enhanced winter precipitation, there
was a major influence of the Guadalhorce river, which drainage basin encompasses
vegetation from the thermo- and meso-mediterranean belts. Conversely, during periods
of reduced winter precipitation or major spring/autumn precipitation, the Fuengirola river
could have had a greater influence on the n-alkane record, supplying vegetation of the
thermomediterranean belt. Thus, during more humid intervals the n-alkane record shows
more arid vegetation because it was mainly supplied by the Guadalhorce river.
Conversely, during more arid period the record show more humid vegetation because it

was mainly supplied by the Fuengirola river.

189



A multiproxy approach for reconstructing climate variability in western Mediterranean over the last deglaciation

- The 8°Hwax profiles in both Alboran Sea records show a similar evolution to other
records from northern Africa and southern Iberia, suggesting that §?Hwax recorded the
source area and the amount of precipitation. During the HS1, the §?Hwax shows depleted
values, likely as a response to the meltwater influx in the Mediterranean. Similarly, the
first phase of the YD is similarly characterized by more depleted values, but the second
phase is characterized by enhanced §?Hwax Values, as result of an AMOC slowdown and
more precipitation from Mediterranean source. The Early Holocene is characterized by
the most depleted 5°Hwax values of the whole record, as result of the insolation maxima,
the enhancement of the AMOC and more humid westerlies. The Middle-Late Holocene
Is characterized by a transition from pervasive Atlantic moisture source to more
Mediterranean conditions, punctuated by a see-saw between 4.8 and 3.8 cal ka BP of
Mediterranean-Atlantic-Mediterranean moisture source. Later on, the opposite pattern is
shown by the studied records, which suggests the establishment of the present-day climate
conditions, in which the eastern Alboran basin is influenced by Mediterranean winter
precipitation while the western Alboran basin has a higher influence from Atlantic

precipitation.

- The comparison of marine and continental sediment records is usually complex, but the
signal of anthropic activities and eolian input has been recognized and correlated in both
kind of records. Regarding the eolian input, a correlation for the past 6 cal ka BP between
the Zr/Al ratio of Sierra Nevada and the western Mediterranean basin records is
recognized only when the marine records have a low SR. The eolian signal in records
with relatively high SRs is likely diluted and thus, unrecognizable. Regarding to the
anthropic activities signal, although the human settlements in southern Iberian were well
developed since 5 cal ka BP. Nevertheless, the first clear signal in the studied sediment
records is recognized around 3.8 cal ka BP in the continental records and between 3.5 and
2.5 cal ka BP in the marine records both of them depicted by an increase in the Pb/Al
background values, likely related to enhanced metallurgy activities. In the studied marine
sediment records, there was a sharp increase in terrigenous input at around 2 cal ka BP,
likely related to increasing soil use for agrarian activities and desertification for livestock
activities. This increase should be taken into account in studies aimed at reconstructing
paleoclimate conditions during the last 2 ka based in inorganic geochemical proxies since
the climatic signal could be masked by the anthropic impact. In particular, a significant

anthropic impact is recorded during the last 150 years, with an increase of olive
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cultivation and high values of the Pb/Al ratio, likely derived from the increase in the use
of leaded fuels.

2. Conclusiones

El estudio paleocliméatico y paleoceanografico de alta resolucion llevado a cabo en
diversos registros de sedimentos marinos y lacustres, asi como la comparacion de ambos
tipos de ambientes sedimentarios en el oeste del Mediterraneo, ha permitido obtener las

siguientes conclusiones:

- Con respecto a la informacion paleoambiental obtenida a partir de diversos indicadores
geoquimicos basados en las relaciones de elementos mayores y trazas, ha podido
establecerse que aunqgue la variacion relativa entre las fracciones terrigena y carbonatada
en ambientes hemipelagicos esta influenciada por la productividad marina, por los aportes
fluvialesy edlicos y por las variaciones del nivel del mar, las corrientes profundas también

juegan un papel esencial en el control de dicha variacion.

- En relacion con las condiciones paleoceanograficas, la reconstruccion de la intensidad
y la ventilacion de las masas de agua profunda del oeste del Mediterraneo indica
condiciones de buena ventilacion y formacidn intensa de estas aguas durante el intervalo
HS1. Esta mayor intensidad de formacién de agua profunda parece estar relacionada con
el avance hacia el sur de la capa de hielo durante este intervalo, en el que tanto la
formacion de agua profunda en el golfo de Ledn como la aspiracion de Bernoulli a través
del estrecho de Gibraltar se acentuaron significativamente. Durante el HEL, la entrada
masiva de agua de deshielo procedente de los casquetes Laurentino y Fenoescandinavo
redujo el gradiente de densidad en el estrecho de Gibraltar, provocando una somerizacion
de la profundidad de aspiracion. La somerizacion de la aspiracion de Bernoulli a través
del estrecho de Gibraltar produjo una disminucion en la oxigenacion en la cuenca del mar
de Alboran, como sefialan los indicadores de oxigenacion utilizados, en particular la

relacion U/AL

- El estudio de los indicadores geoquimicos sensibles a las condiciones redox ha permitido
diferenciar dos fases de formacion de la ORL1. La ORL1a (15-11.7 cal ka BP) estuvo
caracterizada por unas condiciones muy reductoras en el fondo de la cuenca, como
indican los incrementos en las relaciones Mo/Al y U/Al y la disminucion de la relacion

Mn/Al. Esta subfase coincide con un aumento en la tasa de sedimentacion en la cuenca
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como resultado de las condiciones himedas imperantes durante este periodo y de la
erosion superficial en el borde de la plataforma durante las primeras etapas de la
transgresion. El final de la ORL1a tuvo lugar durante el YD, coincidiendo con la
reactivacion de la formacion de agua profunda y el final de las condiciones reductoras en
el fondo marino, como indica la relacion Mo/Al. La ORL1b (11.7-9 cal ka BP) se
caracteriza por condiciones suboxicas ferruginosas, como demuestran los valores
menores de la relacion Mo/Al y el incremento en la relacion Mn/Al, que indican una
mayor oxigenacion del fondo durante esta subfase que durante la anterior. Los resultados
obtenidos también indican que la mayor preservacion de materia organica durante la
ORL1b deriva fundamentalmente de una mayor productividad superficial y de una alta
tasa de sedimentacién como consecuencia de condiciones méas humedas en el continente.
Ademas, ambas subfases coinciden con los pulsos de deshielo 1ay 1b. Asi, el final de la
ORL1b se relacionaria esencialmente con la reduccion de la tasa de sedimentacion en la
cuenca profunda y no con la reactivacion de la formacion de agua profunda, como habia
sido sugerido en trabajos previos.

- En lo referente a ambientes continentales, la retirada de los glaciares alpinos durante la
deglaciacion del Holoceno temprano dio lugar a la formacion de diversos lagos y
humedales. En este periodo, el registro lacustre de Laguna Hondera (LH) se caracterizd
por condiciones generalmente himedas, interrumpidas por dos periodos aridos entre 9.5
y 9 cal ka BP y en torno a 8.2 cal ka BP. Estos dos periodos aridos se caracterizan por un
bajo aporte detritico y el desarrollo de turba, y coinciden con dos eventos Bond, 6 y 5,
que pudieron influir en la humedad o posicion de los vientos del oeste. En general, el
Holoceno temprano en el registro de LH se caracteriza por una baja preservacion de los
granos de polen. El inicio de una tendencia hacia condiciones mas aridas se produce en
torno a 7 cal ka BP, coincidiendo con una disminucion de la escorrentia superficial en la
cuenca, como indican las relaciones K/Al y Rb/AI junto con la sustitucion de especies
arboreas por xerofitas, que culmino entre 4 y 2.5 cal ka BP.

- En los registros continentales, el Holoceno tardio muestra una gran variabilidad
climatica. EI IRHP se caracteriza por un incremento de la escorrentia y por la expansién
de vegetacion arbdrea a mayor altitud. Durante los DA y la MCA tuvo lugar un nuevo
avance de las xerofitas, coincidiendo con una disminucion de la escorrentia. La LIA se
caracteriza por un aumento de la humedad y de la escorrentia, asi como por un ligero

incremento de polen arboéreo, quizas limitado por las condiciones frias. EI IP se
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caracteriza por un gran impacto antropico en el registro sedimentario, como indica el
incremento significativo de la relacion Pb/Al, en general derivado de la quema de
combustibles fosiles y de actividades mineras y metaldrgicas. También se produjo un gran
aumento del polen de Olea europaea y Pinus, coincidiendo con el inicio del cultivo
extensivo del olivo en altitudes bajas y la reforestacion de pino en Sierra Nevada.
Actualmente, el aporte de Ca en los lagos alpinos de Serra Nevada controla la
productividad, induciendo ‘blooms’ estacionales de algas. A este respecto, el registro
analizado demuestra que el actual aporte de nutrientes inorganicos procedentes del Sahara
se establecié hace 6.3 cal ka BP y dura hasta hoy, con ligeras variaciones segun las

condiciones climaticas imperantes.

- El estudio de isétopos estables de carbono e hidrégeno medidos en n-alcanos derivados
de la cera de hojas en dos registros marinos de las cuencas oriental y occidental del mar
de Alboran demuestra la compleja interaccion entre el climay los procesos sedimentarios.
En los registros estudiados, la sefial del §*Cwax parece estar controlada principalmente
por el area fuente de los n-alcanos y la sefial del 8*Hwax por los patrones regionales de
precipitacion. Los valores de 8**Cuwax indican que los n-alcanos provienen de plantas tipo
C3 probablemente del sur de Iberia. A pesar de la proximidad de ambos registros, los
perfiles del §*3Cwax muestran tendencias diferentes en las cuencas oriental y occidental de
Alboran. En el registro 293G, situado en la cuenca oriental, el perfil del §*3Cwax parece
estar principalmente influenciado por una vegetacion costera mas adaptada a la humedad
antes del mwp-1b, mientras que los valores mas negativos registrados después de este
intervalo indican un aporte de vegetacion mas interior. Durante el intervalo entre 15y 11
cal ka BP, los valores bajos de CPI y la aparicién de UCM en los n-alcanos derivan de la
erosion de antiguos suelos desarrollados en la plataforma cuando estuvo expuesta, o bien
se deben al aporte de turbiditas como resultado de la desestabilizacion del borde del talud
continental. La presencia de UCM en los n-alcanos solo se reconoce en la cuenca oriental
de Alboréan, en el registro 293G, el cual es mas propenso a recibir sedimentos de la
plataforma debido a la arquitectura y el tamafio del sistema turbiditico de Almeria, en
comparacion con el sistema turbiditico de Fuengirola que alimento el registro 434G. A
partir de los 11.7 cal ka BP, se produjo una desconexion entre el nivel de base del oleaje
de tormenta y el borde de la plataforma, lo que redujo la influencia de la vegetacion
costera y dio lugar a valores mas positivos del *3Cwax; esto sugiere que durante esta fase

el area fuente de n-alcanos fue toda la cuenca del Andarax. El testigo de la cuenca
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occidental de Alboran estuvo bajo la influencia de las cuencas de dos rios, el Guadalhorce
y el Fuengirola, por lo que la distribucion de los n-alcanos podria depender de qué rio
aportara méas sedimento en cada periodo. Durante los periodos de mayor precipitacion
invernal existiria una gran influencia del rio Guadalhorce, cuya cuenca de drenaje engloba
vegetacion de los cinturones termomediterraneo y mesomediterraneo. Por el contrario,
durante los periodos de menor precipitacion invernal o de mayor precipitacion
primaveral/otofial, el rio Fuengirola podria haber tenido una mayor influencia en aporte
de n-alcanos, con vegetacion del cinturon termomediterraneo. Asi, durante los intervalos
mas humedos, el registro de n-alcanos muestra una vegetacion mas arida, debido a que
fue abastecido principalmente por el rio Guadalhorce; por el contrario, en los intervalos
mas aridos el registro indica una vegetacion mas humeda debido a la mayor influencia

del rio Fuengirola.

- La sefial del 3°Hwax en ambos registros del mar de Alboran muestra una evolucion similar
a la de otros registros del norte de Africa y el sur de Iberia, lo que sugiere que el 5?Hwax
registra tanto la procedencia como la cantidad de precipitacion. Durante el intervalo HS1,
la sefial del *Hwax muestra valores bajos, probablemente como resultado de la entrada de
agua de deshielo en el Mediterraneo. De manera similar, la primera fase del YD se
caracteriza por valores mas bajos del %Hwax, pero la segunda fase se caracteriza por
valores mas positivos, como resultado de una desaceleracion de la AMOC y un
incremento en la precipitacion de origen mediterraneo. EI Holoceno temprano se
caracteriza por presentar los valores del §®Hwax mas bajos de todo el registro, como
resultado de los méximos de insolacion, el aumento de la AMOC y una mayor humedad
de los vientos del oeste. El Holoceno medio-tardio se caracteriza por una transicion de
una fuente de humedad predominantemente atlantica a una mas mediterranea, asi como
por una fluctuacion importante en la fuente de humedad mediterranea-atlantica-
mediterrnea entre los 4.8 y 3.8 cal ka BP. Posteriormente, los registros estudiados
muestran un patron inverso, lo que sugiere el establecimiento de las condiciones
climaticas actuales, en las que el este de Alboran esta principalmente afectado por las
precipitaciones invernales de origen mediterraneo mientras que la cuenca occidental tiene

una mayor influencia de las precipitaciones atlanticas.

- La comparacion climatica entre registros de sedimentos marinos y continentales suele
ser compleja, pero la sefial de actividades antrdpicas y de aporte eolico se reconocen y

correlacionan en ambos tipos de registros. Existe una buena correlacion durante los
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ultimos 6 cal ka del indicador Zr/Al entre los registros de Sierra Nevada y de las cuencas
del oeste del Mediterraneo, pero s6lo cuando los testigos marinos presentan una tasa de
sedimentacion baja. La sefial edlica en los registros marinos con alta tasa de
sedimentacion probablemente se encuentre diluida, por lo que resulta irreconocible. Con
respecto a la sefial de impacto antropico, aunque los asentamientos humanos en el sur de
la Peninsula Ibérica estaban plenamente desarrollados desde aproximadamente 5 cal ka
BP, la primera sefial clara en los registros estudiados se reconoce en torno a 3.8 cal ka BP
en sedimentos continentales y entre 3.5y 2.5 cal ka BP en sedimentos marinos, marcada
en ambos casos por un aumento en los valores de la relacion Pb/Al, probablemente
relacionado con una mayor actividad metaldrgica. En los registros de sedimento marino,
se reconoce un fuerte aumento en la entrada de terrigenos alrededor de 2 cal ka BP,
probablemente relacionado con el uso de los suelos para actividades agricolas y
ganaderas. Este incremento debe tenerse en cuenta en estudios que tengan como objetivo
reconstruir las condiciones paleocliméticas durante los ultimos dos milenios basados en
indicadores geoquimicos inorganicos, ya que la sefial climatica podria estar enmascarada
por el impacto antropico. Cabe también sefialar que durante los ultimos 150 afios se
registra un impacto antrépico muy significativo, con un aumento del polen de olivo por
su cultivo extensivo y un incremento de la relacion Pb/Al, probablemente debido al

aumento del uso de combustibles con plomo.
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VI1I. Future perspectives

This PhD thesis is a step forward in the understanding of the evolution of past climate
and oceanographic changes in the western Mediterranean region during the last 20 ka.
However, many open questions still need to be addressed in the near future. In the short
term, the work currently in progress will be summarized in upcoming manuscripts. In
particular, the variability in oxygen conditions during the formation of alpine wetlands in
Sierra Nevada will be analyzed, and geochemical records will be also integrated with
pollen and n-alkanes records already published (Jiménez-Moreno and Anderson, 2012;
Garcia-Alix et al. 2012, 2017) in order to gain further insights into the formation and
evolution of these wetlands.

In the middle term, it is also planned to integrate geochemical proxies from new sediment
records from the Algero-Balearic and the Alboran basins recovered at shallower depths,
in order to characterize the evolution of the Ti/Ca ratio and redox proxies at different
depths, thus gaining new knowledge on the sedimentary and oceanographic evolution
along the western Mediterranean basins. It is also planned to study and integrate pollen,
dinoflagellates and geochemical proxies in marine sediment records recovered in both
hemipelagic and contouritic environments, in order to elucidate the climatic variability

and sedimentary processes in these two different marine environments.

Finally, in the long term, comparing the available records with north African records will
allow to characterize the climatic variability at larger spatial scales and depict a more
global picture of the westerlies influence and the Intertropical Convergence Zone over
middle latitudes.
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