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ABSTRACT                                                                                                                                                                                                                                                       

 This study uses a multiproxy approach in order to reconstruct 

paleoclimate and paleoceanographic conditions and further understand the 

evolution of climate responses in the western Mediterranean during the last 

glacial cycle. In addition, the impact of the climate conditions on human 

cultural evolution in southern Iberia is also analyzed. The westernmost 

Mediterranean basins are studied, the Algero–Balearic basin and the Alboran 

sea basin, both key areas for further understanding of the relationships between 

the North Atlantic and the eastern Mediterranean basins. Selected marine cores 

are analyzed at high resolution and geochemical and mineralogical data are 

used as proxies for climate variability reconstruction. 

 

In the Algero–Balearic, sediments from ODP Site 975 are analyzed and 

different proxies are used to establish a sedimentary regime (detrital elements, 

mineral composition), primary  marine productivity (Ba proxies, TOC), sea 

surface conditions (stable isotopes) and oxygen conditions (trace metal ratios). 

Obtained data evidence that fluctuations in detrital element concentrations 

were mainly the  consequence of wet/arid oscillations. Productivity appears to 

have been greatest during cold events, Heinrich 1 and the Younger Dryas. In 

contrast, the S1 time interval is not as marked by increases in productivity as it 

does in the eastern Mediterranean. Within this basin, a significant redox event is 

reported as a consequence of the major oceanographic circulation change 

occurring in the western Mediterranean at 7.7 ky BP. This circulation change led 

to reventilation as well as to diagenetic remobilization of redox-sensitive 

elements and organic matter oxidation. Comparisons between the 

paleoceanographic reconstruction for this basin and those from other 

Mediterranean basins support the hypothesis that across the Mediterranean 

there were different types of responses to climate forcing mechanisms.  
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A transect along the Alboran sea basin allows the reconstruction of the 

westernmost Mediterranean past oceanography. This reconstruction is also 

based on plancktonic oxygen isotope profiles, sea surface temperatures, and 

geochemical composition of marine sediments. This transect includes cores 

were collected at a key depth for detecting changes in the Mediterranean 

Outflow Waters (MOW) and redox conditions. Geochemical proxies confirm 

significant paleoproductivity, ventilation and detrital input fluctuations. 

Isotopes and sea surface temperature obtained by modern analogue techniques 

also show rapid cooling and warming within this time period. The comparison 

of Alboran sea records with those from the Algero-Balearic basin evidence 

strong gradient along the western Mediterranean. In the Alboran sea, 

productivity was always higher than in the Algero-Balearic basin, and fluvial 

input played an important role during wet periods such as the Bolling-Allerod 

and Early Holocene and also during the first part of YD and. Redox proxies 

evidence the changes in circulation patterns, and suggest that the main strength 

of the MOW was supplied by the eastern Mediterranean waters. A north-south 

gradient in the eastern Alboran is recognized, mainly promoted by the LIW 

flow. Low ventilation conditions prevailed until the time period between 7.9 

and 7.2 ky cal BP, when probably started the current circulation pattern. The 

end of sapropel S1 deposition in the EMS around 6.2 ky cal BP is also 

recognized in southern Alboran cores indicating the high sensitivity of this area 

to LIW changes. 

 

Finally, paleoclimate records from the western Mediterranean are used to 

further understand the role of climatic changes in the replacement of archaic 

human populations inhabiting South Iberia. Ba excces at ODP Site 975 is used to 

characterize marine productivity and then relate it to climatic stability. In 

addition, sedimentary regime and oxygen conditions at the time of population 
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replacement are also reconstructed. Climatic/oceanographic variations correlate 

well with Homo spatial and occupational patterns in Southern Iberia. It is 

demonstrated that low ventilation (U/Th), high river supply (Mg/Al), low 

aridity (Zr/Al) and low values of Baexcess coefficient of variation, may be 

linked with Neanderthal hospitable conditions. This piece of evidence further 

support recent findings which claim that Neanderthals populations continued 

to inhabit southern Iberia between 30 to ~28 ky cal BP and that this persistence 

was due to the specific characteristics of South Iberian climatic refugia. 
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RESUMEN 

Esta Tesis incluye un estudio multidisciplinar mediante el cual se han 

reconstruido las condiciones paleoclimáticas y paleoceanográficas así como la evolución 

de las distintas respuestas climáticas en el Mediterráneo Occidental durante el último 

ciclo glacial. Además de ello, también se analiza el impacto que la variabilidad climática 

ha tenido en la evolución cultural humana en el Sur de la Península Ibérica. Se estudian 

las cuencas más occidentales del Mediterráneo, la cuenca Algero-Balear y la del mar de 

Alborán, ambas regiones clave para el entendimiento de las interconexiones Atlántico-

Mediterráneo. Se han seleccionado distintos testigos de sedimentos marinos, que se han 

analizado a muy alta resolución utilizando indicadores mineralógicos y geoquímicas 

para la reconstrucción de la variabilidad climática. 

 

En la cuenca Algero-Balear se han analizado sedimentos del sondeo 975 del 

“Ocean Drilling Program” y se han utilizado diversos indicadores del régimen 

sedimentario (elementos detríticos y composición mineralógica), productividad 

(contenido en Ba y materia orgánica), condiciones paleoceanográficas en la columna de 

agua (isótopos estables) y de oxigenación (relaciones de elementos traza). Los resultados 

obtenidos ponen de manifiesto fluctuaciones en la concentración de elementos y fases de 

origen detrítico como consecuencia de oscilaciones en la humedad y aridez. En cuanto a 

la productividad, se demuestra que fue mayor durante periodos fríos, eventos Heinrich 

y “Younger Dryas”. Por el contrario,  el intervalo de tiempo correspondiente al depósito 

del sapropel más reciente en el Este del Mediterráneo no corresponde a ningún 

incremento en la productividad. En esta cuenca si se registra un importante evento de 

reoxidación  a los 7.7 miles de años como consecuencia del cambio en la circulación que 

en este momento tiene lugar. Este evento también condujo a la removilización de 

diversos elementos traza, así como a la oxidación de la materia orgánica. La 

comparación del registro estudiado en esta cuenca con los de otras cuencas 
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mediterráneas sugiere la existencia de marcadas diferencias en las respuestas climáticas 

a lo largo del Mediterráneo. 

 

En la cuenca del Mar de Alborán se ha analizado un transecto Este-Oeste para la 

reconstrucción paleoceanográfica de esta cuenca. Dicha reconstrucción se basa 

igualmente en perfiles de isótopos estables, temperaturas de aguas superficiales y 

composición química de los sedimentos. Los testigos se han recuperado a distintas 

profundidades para el estudio de los patrones de circulación y de las condiciones de 

oxigenación. Los distintos indicadores utilizados ponen de manifiesto oscilaciones 

importantes  en la productividad, ventilación del fondo y aporte detrítico a la cuenca. 

Las temperaturas de aguas superficiales señalan las principales oscilaciones climáticas 

de este periodo. La comparación de los perfiles obtenidos en la cuenca del mar de 

Alborán y la Algero-Balear indica que existen importantes gradientes a lo largo del 

Mediterráneo Occidental. En la cuenca del mar de Alborán la productividad fue siempre 

más elevada y aquí el aporte fluvial jugó un papel importante en dicha productividad en 

periodos húmedos como el “Bolling-Allerod” y el comienzo del Holoceno, así como al 

comienzo del “Younger Dryas”. Los indicadores de oxigenación ponen de manifiesto 

cambios muy significativos en la circulación y oxigenación a lo largo del intervalo 

estudiado. Señalan además, que las aguas procedentes del Este del Mediterráneo 

también han sido un motor importante en la corriente de salida del Mediterráneo. Este 

hecho unido a la influencia atlántica ha dado lugar a gradientes Norte-Sur en esta 

cuenca. De hecho en las regiones del Sur de Alborán se reconocen eventos acaecidos en 

el Este del Mediterráneo como el depósito del sapropel más reciente. En general, hasta 

los 7.9-9.2 miles de años las condiciones de ventilación en esta cuenca fueron más 

reducidas, y a partir de este periodo aumentó la ventilación y se establecieron los 

patrones actuales de circulación. 

 

 Finalmente, los registros paleoclimáticos del Oeste del Mediterráneo también se 

utilizan para conocer el impacto que la variabilidad climática ha tenido en la evolución 
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cultural humana en el Sur de la Península Ibérica. En el caso de la cuenca Algero-Balear, 

las variaciones del contenido en Ba y por tanto en productividad se han usado como 

indicador de estabilidad climática, definiéndose distintos eventos climáticos de acuerdo 

a su coeficiente de variación. Igualmente se han usado indicadores del régimen 

sedimentario para reconstruir las condiciones en el periodo de remplazamiento de 

poblaciones en el Sur de Iberia. Así, se demuestra que condiciones de oxigenación 

reducidas, un alto aporte fluvial y valores bajos del coeficiente de variación del 

contenido en Ba se relacionan con las condiciones más favorables para las poblaciones 

de Neandertales. Ello demuestra que dichas poblaciones pudieron sobrevivir en el Sur 

de Iberia hasta los 28.000-30.000 años y que su extinción estuvo fuertemente 

condicionada por cambios medio ambientales. 
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I.1 INTRODUCTION 

  

At present it is extensively known that climate change is one of the greatest 

environmental problems facing current society (e.g., Kyoto Protocol, 1997; UN-Nairobi 

climate change conference, 2006). Action Programmes and investments to address 

climate change have recently increased as its effects are becoming a major concern for 

most of countries (http://www.mma.es/portal/secciones/cambio_climatico/). 

Subsequently, a huge amount of research is devoted to the understanding of the 

climate system and global change. A vast amount of information is now available 

online through numerous websites of climate research Programmes and involved 

Institutions, as well as through the many projects dedicated to investigate causes and 

effects of the climate change (e.g., www.ipcc.ch/, www.igbp.net/,  www.greenfacts.org/ 

studies/climatechange/links/index.htm, www.itas.fzk.de/Zeng/InfUm/Infume.htm). 

Other than scientists, general public is becoming increasingly aware of climate effects. 

Decades ago global change was still a conjecture but some of its consequences such as 

reducing Arctic ice and permafrost, increasing occurrence of catastrophic events 

(dryness, storms, floods, etc.), increasing CO2 concentration in the atmosphere, global 

warming caused by human activities, etc. are now well-documented (e.g., Andersen et 

al., 2004; Moreno Rodriguez et al., 2005). Effects on present human societies have 

encouraged a great part of climate research focused on present climate, however, the 

understanding of the climate system at larger scales than instrumental and historical 

data requires natural archives providing a record of past climate changes (Roberts, 

1998; Wilson et al., 2000; Burroughs, 2005). Paleoclimate is therefore a key objective of 

climate studies for further understanding of the climate system. Different international 

Programmes (e.g., www.pages.unibe.ch; www.esf.org/publication/154/holivar.pdf), 

scientific projects as well as specialized scientific journals provide broad information of 

current research on past global changes. In spite of such amount of data and research, 

the synergic interactions of the climate system remain a complex challenge for the 

scientific community (e.g., Bond et al., 1993; Hong et al., 2003; Nederbragt et al., 2005, 

Rio et al., 2006).  
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In addition to the uncertainties of future consequences of the climate change, 

the evolution of the Earth's atmosphere, oceans, biosphere and cryosphere as well as 

past climate changes (extreme climates, rapid climate changes, climate responses of 

marine productivity, ocean circulation etc.) are not yet fully understood. In this regard, 

paleoclimate data may provide the important and necessary constraints on the 

functioning of the climate system and a comprehensive overview of the climate 

variability. At the same time, paleoclimate research can help to characterize Earth's 

past climate, including the forces that drive climate change and the sensitivity of the 

Earth's climate to those forcings. In addition, it will also contribute to the improvement 

of climate system models and predictions (www.ncdc.noaa.gov/paleo/paleo.html; 

Kageyama et al., 2005). Information derived from paleoarchives is the unique tool to 

extend the instrumental record and characterize how the climate system varies 

naturally in response to changing conditions and variable forcings. Paleorecords also 

provide the way to quantify how rapidly climate will respond to these forcings and 

what the impacts of climate change on ecosystems will be (Potts et al., 1996; Peñuelas 

and Fillella, 2001, Zavaleta et al., 2003). Description of climate variability can be now 

attained with a high degree of accuracy from different natural paleo-proxies such as 

tree-ring chronologies, stable isotopic thermometry, and a large suite of geochemical 

and sedimentological indicators obtained from ice and sediment archives (both 

continental and marine) (e.g., Thompson, et al., 1998; de Menocal et al., 2000; Martrat et 

al., 2004; Moberg et al., 2005). Natural archives provide different time scale resolution 

for climate variability, being both resolution and continuity of the records the essential 

points to consider in paleoclimate research (Dansgaard et al., 1993; Bond et al., 1997; 

Shackleton et al., 2000; Mayewski et al., 2005). Regarding this, marine records and 

paleoceanographical proxies have revealed as excellent tools for paleoclimate 

reconstructions (e.g., Hayes et al., 2005; Robinson et al., 2006; Cacho et al., 2006). 

Marine sediment records allow unravelling the responses of the different climate 

subsystems- atmosphere (eolian input fluctuations to marine basins), lithosphere 

(sedimentary regime), oceans (ocean ventilation rates, circulation and water 

oxygenation) and biosphere (productivity, plankton and benthos response)- to climate 
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variability (Elderfield et al., 2004). In fact, marine sediments contain a summary of all 

processes involved in sediment origin (Fig. I.1), thus providing information on such 

processes.  

 

 

 

Fig. I.1. Conceptual model for the origin of mixed detrital-biogenic facies relating the three 

major inputs to the processes that control them. Controlling factors are shown in italics. Large 

and medium scale arrows represent fluxes of key components. Thin arrows illustrate 

relationships between major controlling factors and depositional processes and/or feedback. 

Dashed thin arrows apply to major nutrient fluxes only. Dotted thin arrows apply to major 

authigenic fluxes only. Modified from Sageman, (2004).  

 

The database generated by climate proxies contains evidence of repeated large 

and regionally extensive changes in atmospheric and oceanic temperatures throughout 

time (e.g., Bianchi and McCave, 1999; Alley et al., 2002; Moreno et al., 2005b). Given the 

wide range of the geological time scales and spatial sensitivity of different regions, it is 

now known that certain time periods and time scales provide more useful information 

for understanding patterns of current climate variability. Similarly, highly sensitive 
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regions may provide more valuable paleoclimate information. Taking this into 

consideration and aiming to the understanding of the climate system and climate 

responses, this research was designed to analyze paleoarchives that may provide 

significant information on the factors that govern the spatial and temporal patterns of 

climate variability. The impact of such variability on ecosystems is also analyzed, with 

special interest on the impact of climate variability on human cultural evolution. In this 

context, the time period spanning the last glacial cycle, is considered to be the best time 

interval for such objectives since it is directly related to our present climate, and also 

because during this interval significant climate changes occurred at different time 

scales: decadal (NAO variability) to centennial (Little Ice Age, the Medieval Warm 

Period) to millennial scales (Heinrich Events, Bond cycles, Younger Dryas, 8.2 cold 

event). In terms of spatial scale, this research focuses in the Westernmost 

Mediterranean, because of its oceanographic and hydrographic characteristics  is 

considered to be an excellent natural laboratory. Here high sedimentation rates 

together with a continuous sedimentation provide exceptional conditions to analyze 

global and regional climate changes at ultra-high resolution. Additionally, the Iberian 

Peninsula is particularly sensitive to rapid climatic changes at a decadal to 

multidecadal scale as currently evidenced by available instrumental data and regional 

models (Brunet and Lopez, 2001; Brunet et al., 2001). Concerning past climates, this 

sensitivity has also resulted in exceptional records of past climate changes at decadal to 

centennial and millennial scales, both during glacial (Dansgaard-Oeschger cycles) and 

interglacial periods (Cacho et al., 1999; Moreno et al., 2002; Roucoux et al., 2005; 

Naugthon et al., 2006). These changes have been mainly related to changes in the North 

Atlantic thermohaline circulation (e.g., Curry and Oppo, 1997; Paterne et al., 1999: 

Cacho et al., 2002; Sierro et al., 2005; Voelker et al., 2006). 

 

Past climate changes affecting the western Mediterranean and the Iberian 

Peninsula has also influenced earlier human societies (e.g., Fabregas Valcarce et al., 

2003; Finlayson et al., 2004; Mohen, 2006). It is evident that climate and biological 

evolution have interacted throughout Earth's history. The role of climate in the origin 

and adaptations of human beings clearly characterizes our past (Potts, 1996; Finlayson, 
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2005). For instance, the transition from hunting activities to agriculture or 

domestication has been influenced by significant climate changes such as the “Younger 

Dryas” (e.g., Dolukhanov, 1997; Weiss and Bradley, 2001; Brooks, 2006; Perry et al., 

2006). Similarly, drastic changes in population density or migration of populations may 

have resulted from climate changes (e.g., Fitzhugh; 1997; Van Geel et al., 2001; Witz 

and Lemmen, 2003). It has been demonstrated that variations in monsoon activity in 

the Mediterranean Sea had clear consequences on the development of human 

civilization (e.g., Bar-Matthews et al., 1999; Cullen et al., 2000; Weiss, 2001; Diamond, 

2005; Mohen 2006). The consequences might have been even stronger considering 

abrupt climate changes. Establishing, hence, the abruptness, amplitude and duration of 

theses variations can help to understand the evolution de past human societies. In the 

particular case of the Iberian Peninsula, the transition from hunting-collecting 

communities from the late glacial to producer communities in the Holocene was 

mainly driven by climate oscillations. Particular human groups still continued -

apparently in concrete ecological niches- as predators contemporaneously to the 

producers development while other communities occupied similar areas (e.g., 

Asquerino, 1977; Zvelebil, 1986; Dearing, 2006; Mohen, 2006). This behaviour duality 

could have been caused by ecological changes in particular areas which prevented the 

continuity of predator modes forcing in some way the adoption of cattling and/or 

farming as way of subsistence. A better knowledge of the climate variability, especially 

that from the period between 9000 and 7000 years BP, would allow an improvement of 

the understanding of the diversity economy modes as well as explaining the above-

mentioned dual ways of subsistence (Sanchez de las Heras et al., 2004). 

 

Despite climate variations being proposed to explain the evolution and changes 

experiences by past societies, such theory has not been always accepted among 

archaeologists and historians, and many anthropologists reject climate explanations as 

being too simplistic. However, it seems out of discussion that climate fluctuations 

necessarily had social consequences (e.g., Dearing, 2006). In fact, cultures worldwide 

adopted similar solutions to similar problems, suggesting that human evolution have 

been a successful response to global environmental changes (e.g., de Menocal, 2001; 
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Brooks, 2006). Although it is not simple to understand driving mechanisms for human 

cultural evolution, understanding climate changes and their effects is crucial to 

understand how humans respond to environmental changes (e.g., Finlayson, 2004). 

Within this frame, this Thesis aims both the reconstruction of past environmental 

changes in the western Mediterranean and the advance in the understanding of climate 

effects on human cultural evolution in the Southern Iberian Peninsula. 

 

Three different result chapters (IV, V and VI) present the main outcome obtained from 

a multiproxy approach that includes proxies for (i) paleoproductivity (Ba proxies and 

C isotope record), (ii) sedimentary regime (detrital elements, clay mineral 

assemblages), (iii) sea surface conditions (sea surface temperatures, oxygen isotope 

profiles), (iv) paleo-oxygen conditions (trace elements ratios) and (v) diagenetic 

evolution of sediment records (trace elements, mineral composition). Chapter IV 

presents a detailed multiproxy analysis at Site 975 (ODP Leg 161) and provides an 

excellent record of main climate oscillations affecting the western Mediterranean. 

Chapter V offers a detailed paleoclimate and paleoceanographic reconstruction of the 

westernmost Mediterranean, namely the Alboran Sea basin, an exceptional high-

resolution archive for reconstructing climate oscillations. Besides, an East-West transect 

give the necessary information for understanding oceanographic variability, past 

circulation and Atlantic influence in the Mediterranean. Finally, Chapter VI deals with 

the impact of climate fluctuations on human cultural evolution and focuses on the 

impact of environmental changes on Neanderthal extinction. Two other published 

papers indirectly related with the aim of this thesis are included: one of them (Anexe I) 

deals on methodological techniques, and the other one (Anexe II) related with relevant 

multidiscplinary studies. 

 

I.2 OBJECTIVES 

 

As commented in the previous section, climate change is currently one of the 

most up-to-date subjects in present-day scientific research. Paleoclimate investigations 

are a key piece of this research, providing the understanding of the climate system at 



I. Introduction and Objectives 

 9 

larger scales than instrumental data. This Thesis goaled within this framework, was 

motivated by two main facts: first the importance of the western Mediterranean for 

climate investigations at regional and global scales; and second the profound impact 

that climate change has had on human cultural evolution. To date, this has been poorly 

investigated because of the limited connections between archeologist and 

paleoclimatologists. 

 

In this context, two are the main objectives of this Thesis: 

 

1. The reconstruction of paleoceanographic and paleoclimatic changes 

spanning the last glacial-interglacial cycle in the western Mediterranean on 

the basis of geochemical and mineralogical proxies. 

2. The evaluation of the impact that climate changes had on human cultural 

evolution in the Iberian Peninsula. 

 

Regarding the first one, specific objectives are: 

 

1.1. High-resolution analysis of selected marine cores in order to obtain 

geochemical and mineralogical profiles at millennial-to-centennial scales. 

1.2. Identify and time-constrain climate oscillations occurred during the Last 

Glacial cycle, with special input on abrupt climate changes. 

1.3. Analyze and evaluate the response of different climate system components 

to climate variability: 

i. Ocean response: 

a) marine productivity, 

b) sea surface temperatures, 

c) oxygen conditions, and 

d) circulation patterns. 

ii. Atmosphere response by reconstructing eolian input. 

iii. Lithosphere response by reconstructing sedimentary regime and 

fluvial input. 
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1.4. Correlation of the climate oscillations obtained from the studied archives 

with those from other paleoclimate records such as ice core, continental 

records, etc. 

1.5. Identify and analyze cyclic climate oscillations. 

 

Concerning the second one, the specific objectives are:  

 

2.1.  Relate different types and scales of paleoclimatie changes between the 

marine and terrestrial realms. 

2.2.  Analyze the possible link between a climate change and an evolutionary 

event identifying "synchronous" events. 

2.3.  Evaluate the impact of climate change on the disappearance of past 

population using Neanderthal extinction as case of study. 
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In order to reach the proposed objectives, diverse marine records from the 

western Mediterranean have been selected. These records were obtained during four 

different oceanographic cruises: 

 

 - Ocean Drilling Program Leg 161 

- Training Through Research-Unesco Programe: Cruise 9, Leg 3; Cruise 12, Leg 

3; Cruise 14, Leg 2. 

 

The targeted Sites belong to areas of high interest from both paleoceanographic 

and climatic point of views. These sites were expected to provide a high resolution 

record of paleoenvironmental conditions during the last glacial cycle as well as the 

reconstruction of circulation patterns in the westernmost Mediterranean basins.  

 

Leg 161 was the second of two Mediterranean Legs form the ODP with both 

tectonic and paleoceanographic objectives  (www-odp.tamu.edu/ publications/pubs. 

htm.) During this Leg, the JOIDES Resolution drilled a transect of six sites across the 

Western Mediterranean, from the Tyrrhenian Sea to the Alboran Sea. Two of these Sites, 

975 and 974, in the South-Balearic Margin and Thyrrenian Sea respectively were 

selected for this study and samples from core 975B-1H and 974A-1H were requested to 

ODP. Sampling was done at the ODP Core Repository from Bremen (Germany). 

 

TTR-UNESCO Program cruises (http://unesdoc.unesco.org/ulis/index.html), 

were conducted in the Alboran Sea Basin on board of the R/V Prof. Logachev 

combining both tectonic and paleoceanographic objectives from several Research 

Projects of the Andalousian Earth Science Institute (CSIC-UGR). Gravity cores were 

recovered in a west-east transect that allowed to obtain an exceptional record of 

climate variability in westernmost Mediterranean as well as establishing variations in 

the climate responses and circulation patterns (Figure II.1).   
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Fig II.1.  Map showing studied cores and other related sites (ODP 976, ODP 978 and MD95-

2043). 

 

Core 974A 1H 

 

ODP Leg 161 hole 974A was recovered in the central Tyrrenian Sea, about 215 

km east of Sardinia Island (40º 21,364'N, 12º 08.506'E), on the lower slope of the 

Sardinian continental margin, in a water depth of 3470m. The total recovery of hole 

974A was 9.81 m. The sediments recovered were described as nannofossil-rich clays to 

silty-clays, with an average carbonate content of 30%. They exhibit local bioturbation 

and thin to medium colour banding (light olive grey to pale yellowish brown to pale 

olive) and dark organic-rich layers. Numerous vitric ash beds are also present. (Comas, 

Zahn, Klaus et al., 1996). 
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Core 975B-1H 

 

Site 975 is located on the South Balearic Margin between the Balearic 

Promontory (Menorca and Mallorca islands) and the Algerian-Balearic Basin 

(38º53.786’N, 4º30.596’E). The site was drilled at the edge of a small basin perched on 

the east-dipping slope of the Menorca Rise at 2,415 m depth. The total recovery for this 

core was 415 cm, the studied section was 380 cms. The studied sediments consisted in a 

nannofossil clay and  olive grey calcareous silty clay with moderate colour banding 

without turbidite presence (Comas, Zahn, Klaus et al., 1996). 

 

Core 977A 1H 

 

ODP Leg 161 Hole 977A is located south of Cabo de Gata in the Eastern 

Alboran Basin, in a 36-km-wide graben bounded by the Yusuf Ridge and the 

Maimonides Ridge, at a water depth of 1984 m (36º01.907’N; 1º57.319’W). The recovery 

was 395 cm of sediments. The sediments were composed of nannofossil clays to silty-

clays slightly bioturbated and with a carbonate content between 21 and 61%. This core 

has variable colours from light olive grey, olive grey to greyish olive (Comas, Zahn, 

Klaus et al., 1996). 

 

Core 268G 

 

This core was recovered during the TTR-9 campaign and was located to the 

South of the Djibuti Seamount, in the narrow east-west trend that communicate the 

West and East Alboran basins (35º 57.814' N, 03º 30.655' W; water depth: 1526 m). The 

total recovery of core 268G was 330 cm. The first 10 cm consisted in brownish soupy 

mud. The rest of the core consisted of a homogeneous greyish hemipelagic clayey, with 

thin foraminifera sandy levels that can be associate to turbidite layer between 290 to 

275 cm. (Jimenez-Espejo, 2003) 
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Core 290G 

 

This core is located in a mud volcano area in the southern margin of the 

Alboran Sea, close to the Granada mud volcano (35º34.612’N; 4º34.004W; water depth: 

854 m). The total recovery of core 291G was 284 cm. The first 12 cm consisted of the 

usual brownish, soupy foraminifera rich mud. The rest of the core consisted of light 

olive grey hemipelagic mud, diffusely bioturbated with sparse shell fragments and 

black spots.  

 

Core 291G 

 

This core is located in the southern margin of the western Alboran basin 

(35º40.952N, 4º13.970W; Water depth: 1520 m) .The core recovered 351 cm of sediment. 

The first 2 cm were brown water saturated ooze. The rest of the core consisted of 

greyish brown mud, diffusely bioturbated, rich in foraminifera becoming light olive 

clay towards the bottom. This unit was interrupted at 70 cm by a 2 cm thick layer of 

fine to medium sand, extremely rich in foraminifers. At interval 306-314 cm a planar 

lamination of clayey silt, silty clay and clayey sand is observed.  

 

Core 299G 

 

It is located in the Eastern Alboran basin to the south of Cabo de Gata in a small 

east-west trending basin north of the Al-Mansour Seamount (36º13,897’N, 2º03,350W, 

water depth: 1938 m). The corer retrieved about 469 cm of sediments, predominantly 

brownish grey mud, with greenish grey clay in the lower 259 cm, and a small amount 

of silty admixture and foraminifera. Throughout the succession some patches filled 

with rich water ooze are observed. Between 210-469 cm dark spots and stripes were 

found. The upper 13 cm is brown structureless water-saturated clayey sediments with 

a small amount of silty admixture and foraminifera.  
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Core 300G 

 

This site is located in the East Alboran basin to the south of Cabo de Gata in a 

small east-west trending basin north of the Al-Mansour Seamount (36º21,532’W; 

1º47,501W, water depth: 1860 m). A 458 cm long core of hemipelagic sediments was 

recovered. The lowermost unit is brown water-saturated structureless mud with a 

small amount of silty admixture and foraminifera. Most of the core consists of grey 

clay, brownish in the upper 7 cm, with foraminifera and a small amount of silty 

admixture. Sediments become more greenish towards the bottom. 

 

Core 301G 

 

This core was located in the south of Cabo de Gata and north of the Al-Mansour 

Seamount, southward to the core 300G (36º14.813´N  1º45.342´W water depth: 1965 m). 

The core was 487 cm long. The upper part is brown water-saturated ooze sediments 

with foraminifera and small amount of silty admixture. The rest of the core is 

composed by a olive grey hemipelagic mud, brownish in the upper 60 cm, with 

foraminifera, a small amount of silty admixture and dark spots and stripes throughout 

the succession.  

 

Core 302G 

 

This site is located south of the Al-Mansour  Seamount in a 36 km wide graben 

that is limited by the Yusuf Ridge to the south and the Maimonides Ridge to the north 

at the same site as 977 from ODP Leg 161 (36º01,906’N, 01º57,317’W, water depth: 1989 

m). 420 cm of hemipelagic mud was collected. There is brownish mud with 

foraminifera in the upper 14 cm, grey mud between 14 and 164 and greenish grey 

clayey sediments with small amount of silty admixture, foraminifera, dark spots and 

rare shell fragments in the lower part of the core.  
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Core 303G 

 

This core is locate east of the core 301G in a deeper site, following a transect 

between the Alboran and the Algero-Baleric basin (36º17.429´N, 1º37.380´W water 

depth 2094 m). The corer retrieved about 461 cm of sediments. There is brownish ooze 

with foraminifera in the upper 6 cm, medium grey mud with oxidised patch. The lower 

part is composed by grey clayey sediments with stripes and spots with layers of 

greenish clays.  

 

Core 304G 

 

This site is located between at the Alboran basin east-dipping slope, connecting 

with the Algero-Balearic basin (36º19,873’N,1º31,631’W, Depth: 2382 m). 454 cm of 

hemipelagic sediments were collected. This core consisted of greyish clay, brownish in 

the upper part, with some silty admixture, and with abundant foraminifera, dark spots 

and stripes throughout the succession. Oxidized layers are recognized between 30 and 

40 cm. The lower part has several greenish, clayey layers. Rare shell fragments occur 

throughout.  

 

Table II.1.  Detail of the cores studied in the Alboran, Algero-Baleric and Tyrrhenian basins. 

 

Station Latitude Longitude Depth (m) Recovery (m) 

ODP161-974A-1H 40º 21,364'N 12º 08.506'E 3458 9,81 

ODP161-975B-1H 38º53.795’N 4º30.596’E 2416 4,15 

ODP161-977A-1H 36º01.907’N  1º57.319’W 1984 3,95 

TTR9-268G 35º 57.814'N  3º 30.655'W  1526 3,30 

TTR12-290G 35º34.612´N 4º34004´W 854 2,84 

TTR12-291G 35º40.952´N 4º13970´W 1520 3,31 

TTR14-299G 36º13.879´N 2º03.350´W 1938 4,69 

TTR14-300G 36º21.532´N 1º47.501´W 1860 4,58 

TTR14-301G 36º14.813´N 1º45.342´W 1965 4,87 

TTR14-302G 36º01.906´N 1º57.317´W 1989 4,20 

TTR14-303G 36º17.429´N 1º37.380´W 2094 4,61 

TTR14-304G 36º19.873´N 1º31.631´W 2382 4,54 
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All listed cores have been routinely analyzed following procedures and 

methods detailed in the following section. However, only some of them have been 

selected to accomplish this Thesis. Selection criteria based on the quality of the 

sediment record and absence of any turbidite layers that could have interrupted the 

pelagic sedimentation, and also on the evidence provided by analytical data on the 

suitability of the sites for reaching proposed objectives. Additionally, some of the data 

are part of work in progress and future publications. Core pictures and description are 

include in appendix 1. 
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This section describes the different methods and techniques used for both 

mineral and geochemical characterization of the studied sediments. In diagram III.1 we 

can found a resume of the followed methodology. 

 

III.1. CORE ANALYSES 

 

III.1.1 Core description 

 

In order to ensure a correct sampling without any bioturbation or 

sedimentological disturbance that could affect the paleoclimate interpretation, a 

detailed description has been carried out on board and also during further sampling in 

laboratory. On board description paid special attention to colour and lithology changes 

as well as sedimentary structures. Colours are referred to Munsell Colour Charts. Core 

photos and close-ups of selected intervals were taken for each core. 

 

III.1.2. Smear slides 

 

Core description also included smear slide preparation of selected intervals.  

The sediment was embedded on a glass slide for a petrographic microscopic 

examination. This helped to a rapid and preliminary sediment characterization and 

classification, and it was useful for recognizing trends in cored sequences. 

 

III.1.3 Magnetic susceptibility 

 

Magnetic susceptibility measurements are a non-destructive method of 

determining the presence of iron-bearing minerals within the sediments. For core ODP 

975B-1H, detailed measurements were performed on the Joides Resolution 

(http://www-odp.tamu.edu/). In the case of TTR cores, it was measured using a 

Bartington Instruments Magnetic Susceptibility meter with a MS2E1 probe.  
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III.1.4. XRF-Scanner 

 

In the marine geology field and the analysis of marine cores, the XRF-Scanner 

has recently become a routine analytical method. This method involves several 

advantages, such as high resolution (up to >1 mm), very fast data recovery compared 

with others techniques, non-destructive and automatic measurement with <1% 

quantitative error under favourable conditions. The use of XRF-Scanners is therefore 

especially useful for high resolution paleoclimate analyses. However, the measure 

resolution depends on sediment characteristics as for instance bioturbation, lamination 

etc. In the case of the analyzed cores a 0.5-1 cm resolution has been established because 

of bioturbation, which could increase noisy information under lower resolution. Three 

non-destructive XRF-Scanners have been used in this research: 

 

- CORTEX, which is the XRF-Scanner from the Bremen University and located 

in the ODP Core Repository. This scanner has been widely used and described 

in many previous works (e.g., Röhl and Abrams, 2000)  (Moreno., 2002). This 

instrument has been used to measure major and trace elements (K, Ca, Ti, Mn, 

Fe, Cu and Sr) at 1.0 cm resolution in the following cores: 

 

Core Section 

974A 1H 1,2 and 3 

975A 1H 1,2 and 3 

975B 1H 1,2 and 3 

976B 1H 1 and 2 

977A 1H 1,2 and 3 

 

 

- The new XRF-Scanner from Bremen University (AAVATECH): also located in 

the ODP Core Repository. Main components are a Forced air-cooled Oxford 50 

Watts X-Ray source with Rhodium anode 125 µm, Be window, Voltage from 4 

to 50 kv and current range between 0 to 1 mA. X-detector is a Amptek XR-

100CR, 5mm2 25 µm, Be window, internal Ag collimator, 1.5 inch detector 



III. Methods 

 

 25 

extension and a MCA8000A Multi channel analyser. This instrument was used, 

in collaboration with Dr. Oscar Romero, to measure a total of 18 elements (Al, Si, 

P, S, K, Ca, Ti, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sn, Sr, Zr and Ba) at 1.0 cm resolution 

in the following cores: 

 

Core Section 

279G 1,2,3,4 and 5 

290G 1,2,3,4 and 5 

291G 1,2,3,4,5 and 6 

292G 1,2,3,4,5 and 6 

 

 

- TATSCANNER F-2: it is the code name of a recently developed original 

instrument by Dr. T. Sakamoto at the Japan Institute for Research on Earth 

Evolution (IFREE) of the Agency for Marine-Earth Science and Technology 

(JAMSTEC) in Yokosuka. Main components are a X-Ray source (5-th times 

powerful as normal previous sources used) forced air-cooled. Technical data 

and components of TATSCANNER-F2 are described in Sakamoto et al. (2006). 

This instrument was used to measure a total of 20 elements (Mg, Al, Si, P, S, K, 

Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sn, Sr, Zr and Ba) at 0.5-1.0 cm 

resolution in the following cores: 

 

Core Section 

290G 1,2,3,4 and 5 

299G 1,2,3,4,5,6,7,8 and 9  

300G 1,2,3,4,5,6,7 and 8 

301G 1,2,3,4,5,6,7,8 and 9 

302G 1,2,3,4,5,6,7 and 8 

303G 1,2,3,4,5,6,7 and 8 

304G 1,2,3,4,5,6,7 and 8 
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Comparison between XRF-Scanner and analytical techniques for discrete samples (AA, 

ICP-MS) show a good agreement. Nevertheless, XRF-Scanner data requires control 

with traditional analysis on discrete samples, with aim to check the quality of XRF-

Scanner data or describe complex elemental relationships (Jimenez-Espejo et al., 2006). 

XRF-Scanner limitations are related with the X-ray absorption by air between sensor 

and sample (mainly water vapour), the lowest sensibility to light elements, variation in 

flatness or water content of the sample. Those factors hardly can be avoid, and 

specially affect light elements such as Al. Errors in Al quantification are expanded 

during element/Al normalization, and could affect ratio patterns and thus result in 

unreal observations. 

 

III.2. CORE SAMPLING 

  

III.2.1 U-channels 

 

 U-channels were taken in TTR cores. Aiming to identify bioturbation or 

sedimentological disturbances in the U-channels to be studied using Tatscanner, 

detailed radiographies were done in several core intervals. Used instrument was a 

SOFTEX M-60, I-0605 tube equipped with Be window, 0.5 x 0.5mm focusing, 50KV, 

3mA, at 300 seconds exposure. These analyses demonstrated the presence of some 

vertical bioturbations that were taken into account for data interpretation (Fig III.1). 

 

III.2.2 Discrete sampling 

 

 Every core was sampled at high resolution, every 1.5 cm for TTR cores and 

every 2 cm for ODP cores. Sediment samples were divided into two portions, one for 

mineralogical and geochemical analyses, the other used to separate marine planktonic 

foraminifers for isotope analyses and dating. 
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.  

 

Figure III.1. X-ray photography showing a vertical burrow in a core 290G U-channel (top-left) 

 

 

III.3. MINERALOGICAL ANALYSES 

 

III.3.1. X-ray Difraction (XRD) 

 

Bulk and clay mineralogy have been determined by X-ray Diffraction (XRD) 

using a Philips PW 1710 diffractometer (Dpto. Mineralogía y Petrología-Granada 

University). 

 

III.3.1.1. Bulk sample preparation 

 

For bulk mineral analyses, samples were dried at room temperature or using a 

ventilated heater at 50ºC during 24 hours. Dry samples were homogenized using an 
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agate mortar and an micromill RETSCH MM 301. Powder samples were packed in Al 

sample holders for X-ray Diffraction.   

 

III.3.1.2. Separation of clay fraction from bulk sediments. 

 

Separation of the clay fraction were performed following the international 

recommendations compiled by Kirsch (1991). For clay mineral analyses, the carbonate 

fraction was removed using acetic acid. The reaction was initiated at a very low acid 

concentration (0.1 N), and was increased up to 1 N, depending on the carbonate 

content of each sample. Sediments were also treated by hydrogenperoxide to dissolve 

organic materials. Clay was deflocculated by successive washing with demineralised 

water after carbonate removal.  For deflocculation of particles, 0.001 mol/l sodium 

hexametaphosphate solution was added. Clay fraction (<2-µm) was separated by 

centrifuging at 9000 rpm for 1.3 min, using modified Stoke’s law. At least, this 

procedure has been repeated 4 times in a centrifuge (KUBOTA KS 8000). All extracted 

clay fractions were washed with pure water for three times to remove dispersing agent. 

Finally, the clay fraction was smeared onto glass slides to obtain X-ray diffractograms. 

This procedure improves clay minerals reflections (00l) because c axis of clays is 

orientated perpendicular to the glass slide.   

 

This procedure has also been compared with a different method, “filtration 

method”, for clay preparation followed in the laboratories of IFREE-JAMSTEC. This 

method consisted in the addition of 1 ml of 0.5% molybdenite suspension (0.3 µm 

grain-diameter) as internal standard to 40 mg of clay fraction in tube that preliminarily 

softly ground in an agate mortar. After addition of 2 ml of pure water, to avoid 

destruction of clay and molybdenite grains, ultrasonic dispersion of suspension was 

limited within 1 minute. Nevertheless talc and corundum are frequently adopted as 

internal standard for quantitative XRD analysis, molybdenite has many advantages 

such as; acute diffraction peak and substantial intensity with few amount, suitable 

peak position for clay minerals around 6.15 Å, and uncommon mineral in marine 

sediments (Quakernaat, 1970). Disadvantages of molybdenite are difficulty to create 
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powder of ordered particle size and to disperse in water, due to its high flexibility and 

electric charge. We persevered in development of fine molybdenite fraction and stock 

suspension. After withdrawal from ultrasonic bath, whole suspension was 

immediately put into funnel of a vacuum filtration system with Millipore© membrane 

filter (JHWP04700, 0.45 µm pore diameter). The filter in this examination did not pass 

through particles. First filtration to drain all fluid was carried out within 5 minutes to 

avoid grain sedimentation on the filter. If it takes longer, suspension was stirred to 

keep homogenous. Molybdenite density is heavier than that of common clay minerals, 

which represents that molybdenite grains will concentrate near the filter, and clay cake 

homogeneity cannot be ensured. In succession, 1 ml of 0.1 mol/l magnesium chloride 

solution were followed to replace all free cations with Mg ions, and washed by pure 

water to remove excess cations and chloride ion. After filtration was completed entirely, 

“clay cake” on the filter was carefully transferred onto a glass slide. At this time, one 

drop of pure water was previously put on the slide to remove air bubble between the 

clay cake and the slide. Finally, the clay cake was dried for 15 minutes at 50 °C with the 

filter. The filter was slowly removed after it became white from semitransparent. The 

used instrument was a Mac Science MXP3 HF diffractometer equipped with Cu target 

(40kV, 20mA, Kα1=1.54056Å), automatic goniometer and graphite monochromator, by 

a step scan with 2 seconds of counting time (Iijima et al., 2005).  

 

 

III.3.1.3. X-ray Diffration analyses 

 

Instruments conditions for X-ray diffractograms were : 

 

Radiation: Cu-Ka   Exploration speed: 6º 2Ө/ min 

Filter: Ni    Voltage: 40 Kv     

Window slit: 1º   Intensity: 40 mA    

Slit counter: 0,1º   Sensibility: 5·103    

Time constant: 0,2 
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Scans were run from 2–64º 2Ө for bulk-sample diffractograms and untreated 

clay preparations, and from 2–30º 2Ө for glycolated clay-fraction samples.  

 

 

III.3.1.4. Qualitative mineral study 

 

Bulk mineralogy 

 

The powder bulk sample diffractograms were interpreted using Xpowder 

software (Martin, 2004). The identification was made using characteristic mineral 

reflection peak. Position of reflections were corrected using quartz (100) reflection as 

internal standard. Obtained reflections were compared with data files as PDF (Powder 

Data File) from the “Joint Committee of Powder Diffraction Standards”. 

 

Clay mineralogy 

 

For clay identification two glass slides were prepared. One without any 

treatment, that corresponds to a orientate aggregate (AOA) air dried. Other glass slide 

was glycolated (EG) with aim to check expansive clays. This treatment consists in the 

heating of one orientate aggregate until 60ºC during 48 h. in etilenglycol atmosphere.  

The identification was made in the EG diffratogram comparing with data files PDF. 

Smectites are easily identified in EG diffractograms because of the expansion that 

suffered after glycolate treatment. In the case of chlorite and kaolinite the maximum 

intensity peaks are coincident (7.16Å Kaolinite and 7.10Å Chlorite) and have been 

identified using the double peak located at 3,58 Å for kaolinite and 3,55Å for chlorite 

(Moore and Reynolds, 1989). 

  

III.3.1.5. Semi-cuantitative mineral study 

 

Despite the traditional efforts to study clay-rich materials using XRD in a 

quantitative sense, the highly variable characteristics of clay minerals assemblages are 
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major obstacle for their quantification (e.g., Aparicio and Ferrell, 2001). Peak areas have 

been measured in order to estimate semi-quantitative mineral content. The estimation 

of different clay contents was based in the reflectance intensity of every mineral phase 

(bulk and clay mineralogy) (Table III.1). Although these data cannot be considered as 

quantitative, in comparison with elemental contents (e.g. Ca Vs Calcite % see Fig. xx) a 

high correlation pattern is found with the 4-average tendency line. Data are given in % 

respect total mineral assemblage. The estimated semiquantitative analysis error for 

bulk mineral content is 5%; for clay minerals it ranges from 5% to 10%; although 

semiquantitative analysis aims to show changes or gradients in mineral abundances 

rather than absolute values. 

 
Table III.1. Reflectances and reflections used in the semi-quantitative study. 
 

Mineral Reflectance Reflection (Å) 

Quartz 1,43 3.34 

Calcite 0,09 3.03 

Clay Min. 1,05 4.45 

Feldspars 1,03 3.18 

Illite 0,36 10 

Smectites 0,93 17 

Chlorite+ 

Kaolinite 
0,98 7,1 

 

 

 

III.3.2. Field Emission-Scanning Electronic Microscopy (FE-SEM) 

 

The Scanning Electronic Microscope (SEM) was used to analyze mineral phases 

and characterize mineral morphologies. Secondary electron images of the samples 

were obtained to get genetic/origin information about minerals. Backscattered vision 

analysis was used to characterize the “heavy minerals” which appear in the samples.     
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Selected samples were placed in an aluminium base and covered by a thin 

carbon layer with aim to secure good conductivity. Used metallizer was a Hitachi UHS. 

Covert carbon sampled is introduced in a vacuum chamber for his study. Instrument 

utilized was a Leo Gemini® 1530, a field emission SEM which led a considerable higher 

magnification than conventional SEM. (Tension 0.1-30 kv; Range zoom: 20-500000x; 

Resolution: 1 nm). Both instruments are located in the Centro de Instrumentación 

Científica (CIC) from the University of Granada. 

 

III.3.3 High Resolution Transmission Electron Microscopy (HR-TEM) 

 

HR-TEM was used to obtain chemical information of the clay minerals found. 

Samples were prepared in copper and gold grids. A Philips® CM-20 STEM, up to 200 

kV accelerating potential and with Ba6La filament was used. This instrument led a 

resolution of 1.4/2.7 Ǻ in reticular images, being the resolution in STEM mode up to 

50Ǻ. This microscope has an EDX detector and CCD camera to obtain digital images. 

In order to avoid alkaline volatilization (mainly Na and K) (Nieto et al., 1996) an 

analytical window of 1 x 1µm was used, with acquisition time between 30 and 200 

seconds. Atomic proportions obtained from peak intensity measurements, was 

transformed into concentrations using natural standards (albite, biotite, espesartine, 

muscovite, olivine, titanite, MnS and CaS) and procedure described in Cliff and 

Lorimer (1975).  

 

III.4. GEOCHEMICAL ANALYSES  

  

III.4.1. X-ray Fluorescence (XRF) 

 

This technique was used to quantify major elements in discrete sediment 

samples. Different instruments were used as well as sample preparations techniques. 

Internal and external standards were used to ensure data comparisons among cores as 

well as accuracy and reproducibility.  
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Sample preparation for XRF analysis 

 

Two different preparation procedures were used in this study, pressed pellets 

and fused beads.  

 

Pressed pellets: powder samples were mixed with a binder (wax) into 

aluminum cups with boric acid backing and pressed. A 50 mm colour homogenous 

equal density pellets were obtained. Pressed pellets were measured using a XRF 

analyses were performed using an S4Pioneer Brucker AXS device at the in the Instituto 

Andaluz de Ciencias de la Tierra (CSIC-UGR) laboratory. The S4 Pioneer is provided 

with a 4kW excitation source. The fluorescence signal is received by the detector 

through 4 collimators and 8 diffraction crystals. The interpretation of the resulting data 

was carried out using the Brucker-designed software SPECTRA plus. 

 

Fussed beads: powder samples were fussed adding lithium tetraborate in a 

PHILIPS PERL'X3 fuser. A homogenous glass was obtained. This preparation 

eliminates particle size and mineralogical effects entirely. Beads were measured using 

a Philips Magix Pro (PW 2400) spectrometer with a Rhodium tube and a 4 kW 

generator at the CIC (Univ. Granada)..  

 

III.4.2. ICP-MS 

 

Inductive Couple Plasma–Mass Spectrometry (ICP-MS) has been used to 

determine trace element contents. 100 mg of powder samples were dissolved with 2 ml 

of HNO3 and 3 ml of HF. The resultant dissolution was dried, re-dissolved in 1ml 

HNO3 and dried again. The residue was dissolved in 4 ml of HNO3 + 96 ml of ultrapure 

water. 1 ml of this dissolution + 0.5 ml of a 200 ppb of Rh (as an internal standard) + 8.5 

ultrapure water was used for the chemical analyses in a Perkin Elmer-Sciex ELAM 

5000® ICP-MS. Natural standards with the same sample procedure were used to the 

calibrate of the analyses.  The analyzed elements are: Li, Rb, Cs, Be, Sr, Ba, Sc, V, Cr, Co, 

Ni, Cu, Zn, Ga, Y, Nb, Ta, Zr, Hf, Mo, Sn, Tl, Pb, U, Th, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 
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Dy, Ho, Er, Tm, Yb y Lu. The instrumental error is ± 2% and ± 5% for elemental 

concentrations of 50 and 5 ppm respectively. 

 

III.4.3. Atomic absorption (A.A.) 

 

Major elements (Al, Ca, Mg, K, Mn and Fe) were quantified in some samples 

using a Perkin Elmer mod. 5100 Atomic Absorption Spectrometer with a C chamber, 

mod. 5100 ZL ZEEMAN and a FIAS-100 injector, at the CIC (Univ. Granada). Injected 

samples were the same digested solution used for determination of minor and trace 

elements in the ICP-MS, and thus, sample preparation equally applies for this analysis. 

Detection limits is 0.1ppm and analytic error of 2%. 

 

III.4.4 Total Organic Carbon (TOC) 

 

TOC content was determined using two different methodologies indirectly and 

directly TOC measurement :  

 

Indirect method: 

 

TOC content was obtained by subtraction of the Total Inorganic Carbon (TIC) to 

the Total Carbon (TC) content: 

  

TOC = TC – TIC 

 

For TIC determination, the untreated powder sample was weighted in a 

precision balance and acidified. Obtained CO2 from carbonate dissolution was 

measured by coulometry (electrolysis). Carbonate was calculated from CO2 content 

and expressed as calcite (CaCO3). It is assumed that carbonate of the sample represent 

the TIC content. For TC analysis untreated powder samples are wrapped in tin 

capsules. Sealed capsules are eating until 1200 ºC in an oven. CO2 generated by 

combustion was measured and represents the TC. Results are expressed in weight per 



III. Methods 

 

 35 

cent and analytical reproducibility is >1%. Used instruments was a CM 5200 TC 

Analyzer (Limnology Department ETH-Zentrum Zurich).  

 

Direct TOC method:  

 

- JAMSTEC laboratories: Total organic carbon (TOC) and total Nitrogen content 

were measured in separate portions of air-dried sediment samples by a CHN 

analyser (Perkin Elmer 2400 Series 2). Each powder sample processed for TOC 

was treated with HCl (12N) in a silver cup, until mineral carbon was 

completely removed. Samples were wrapped after dehydration on a hot plate 

for 12 hours. Standards and duplicate analyses were used as controls for the 

measurements, indicating an error under 0.05%. 

 

- University of Bremen laboratories: The sediment sample set for bulk analyses 

was freeze-dried and ground in an agate mortar. Total carbon contents (TC) 

were measured on untreated samples. After decalcification of the samples by 6 

N HCl, total organic carbon contents (TOC) were obtained by combustion at 

1050ºC using a Heraeus CHN-O-Rapid elemental analyzer as described by 

Muller et al. (1994).  

 

III.4.5 Biogenic silica 

 

An automated system was used for determining biogenic silica. This method 

allows a complete opal recovery, a correction for the non-biogenic silica and not 

require assumptions with respect to the sediment composition. Untreated powder 

sample is continuously agitated in an alkaline leaching solution (NaOH 1M) in at hot 

bath (85ºC) during aprox. 10 min. The alkaline solution is acidified using H2SO4 (0.088 

M) in a hot bath (85ºC). The acidified sample solution is then successively mixed with 

molybdate, oxalic acid and ascorbic acid reagents. This solution flow through a 

photometer (SKALAR 6100) and absorbance is measured at a wavelength of 660 nm. 

The continuous absorbance versus time plot is evaluated according to the extrapolation 
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procedure of DeMaster (1981) using a strip-chart recorder (LAUMANN DLH 250). A 

completed methodological description can be found in Muller and Schneider (1993). 

 

III.4.6. Isotopic analyses 

 

Isotopic analysis (δ18O and δ13C) in calcium carbonates from monospecific 

planktonic foraminifer shells (G. bulloides) have been made. Approximately 25 

specimens were picked from the N125 µm fraction and senescent forms were avoided. 

Foraminifers were cleaned in an ultrasonic bath to remove fine-fraction contamination, 

rinsed with distilled water and thoroughly washed in alcohol. Sample was placed in 

metal cup and crushed. An automatic loader introduced samples on the instruments 

for CO2 extraction by acidification (pure phosphoric acid 100%) at 90ºC. Three 

instruments were used: a GV-Instruments Isoprime mass spectrometer located in 

IFREE-JAMSTEC laboratories Yokosuka, a VG-Prims mass spectrometer located in the 

ETH-Zentrum-Zurich and a Finnigan MAT 251 mass spectrometer (Isotope Laboratory, 

Department of Geosciences, University of Bremen, Germany) (analytical 

reproducibility was ±0.10‰ for both δ18O and δ13C based on repeated standards). 

 

III.5. STATISTICAL ANALYSES 

 

Different parameter (average, moving-average lines, etc) has been used for data 

interpretation. Specially useful have been Pearson’s correlation coefficient  (bivariate 

correlations) between time plot geochemical data. Used software has been SPSS v. 13.0 

 

III.6. DATING 14C 

 

Dates were obtained using 14C-AMS (Accelerator Mass Spectrometry) techniques 

in two laboratories the Leibniz-Labor for Radiometric Dating and Isotope Research 

(Germany) and Isotope Research and Poznan Radiocarbon Laboratory (Poland). 

Datation has been reached in calcium carbonates from monospecific planktonic 

foraminifer shells (G. bulloides). Shells where cleaned in metanol in ultrasonic bath, and 
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later, washed and dried. In order to compare our data with other paleoclimatic records, 

all 14C-AMS ages were calibrated to calendar years (cal. BP). For samples from 20 to 0 

ky has been used Calib 5.0 software (Stuiver and Reimer, 1993). We used the standard 

marine correction of 400 yr, as well as the Marine04 calibration curve (Hughen et al., 

2004). For samples older than 20 ky, has been used Calpal “Beyond the ghost” version 

and CALPAL 2005 SFCP as calibration curve.  

 

 

 
Diagram III.1. Followed methodology resume. 
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ABSTRACT 

 

The present study uses a multiproxy approach in order to further understand the 

evolution of climate responses in the Western Mediterranean as of the Last Glacial Maximum. 

Sediments from ODP Site 975 in the Algero-Balearic basin have been analysed at high 

resolution, both geochemically and mineralogicallly. The resulting data have been used as 

proxies to establish a sedimentary regime, primary marine productivity, the preservation of the 

proxies and oxygen conditions. Fluctuations in detrital element concentrations were mainly the 

consequence of wet/arid oscillations. Productivity has been established using Baexcess, according 

to which marine productivity appears to have been greatest during cold events H1 and YD. The 

S1 time interval was not as marked by increases in productivity as was the eastern 

Mediterranean. In contrast, the S1 interval was first characterized by a decreasing trend and 

then by a fall in productivity after the 8.2 ky BP dry-cold event. Since then productivity has 

remained low. Here we report that there was an important redox event in this basin, probably a 

consequence of the major oceanographic circulation change occurring in the Western 

Mediterranean at 7.7 ky BP. This circulation change led to reventilation as well as to diagenetic 

remobilization of redox-sensitive elements and organic matter oxidation.  Comparisons 

between our paleoceanographic reconstruction for this basin and those regarding other 

Mediterranean basins support the hypothesis that across the Mediterranean there were different 

types of responses to climate forcing mechanism. The Algero-Balearic basin is likely to be a key 

area for further understanding of the relationships between the North Atlantic and the eastern 

Mediterranean basins. 
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IV.1. INTRODUCTION 

 

The Mediterranean has been the focus of intense paleoclimate research. In 

particular, for North Atlantic circulation, and thus for global climate, mediterranean 

thermohaline circulation has been of substantial importance (e.g., Johnson et al., 1997; 

Sierro et al., 2005). In addition, the Mediterranean has been especially sensitive to 

climatic change, such as Dansgaard-Oeschger (D/O) and Monsoonal cycles, Heinrich 

events (H), etc. A multitude of interdisciplinary approaches have led to an enormous 

quantity of climate data within different time-frames (e.g., Rossignol-Strick, 1985; 

Cacho et al., 1999; Emeis et al., 2000a; Krijgsman, 2002; Wedealb et al., 2003; Colmenero 

et al., 2004; Martrat et al., 2004; Moreno et al., 2005). It is now well-known that in the 

eastern and western Mediterranean basins climatic responses have been significantly 

different. The eastern Mediterranean has been characterized by the cyclical deposition 

of sapropels since the Messinian (e.g., Rossignol-Strick et al., 1985; Rohling and Hilgen, 

1991; Emeis and Sakamoto, 1998;  Emeis et al., 2000b). Although organic rich-layers 

have also been reported in the West (Comas et al., 1996), the absence of true sapropels 

clearly distinguishes both regions. To date, no equivalent of the most recent sapropel 

from the eastern basin (S1, Mercone et al., 2000) has been reported in the westernmost 

basin (Martinez-Ruiz et al., 2003). However, it is likely that climatic records from basins 

located near the limit between the eastern and western basins will make it possible to 

determine the gradients and differences in climate responses. Because it is situated in 

the central part of the western Mediterranean, the Algero-Balearic basin is a key 

location for the understanding of such differences and circulation patterns during the 

last glacial cycle. This basin is largely isolated from direct continental/river discharge 

and from tectonic activity, thus providing a unique record for climate-related 

responses at centennial/millennial scale (Comas et al., 1996).  

 

A multiproxy approach of this record has been performed at ODP Site 975. 

Regarding circulation, this site enables the monitoring of the history of eastbound 

inflowing Atlantic waters and westbound outflowing Mediterranean waters (Fig. IV.1). 

ODP core 975B-1H was sampled for high-resolution geochemical and mineralogical 
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analyses. Reconstruction of climatic responses have been made by using a number of 

proxies: Ba and Ba/Al ratios as paleo-productivity proxies (e.g., Dymond et al., 1992; 

Paytan, 1997) and, U and other redox sensitive elements as proxies for paleo-redox 

conditions and ventilation processes. Moreover, redox sensitive elements have also 

provided data regarding post-depositional diagenetic processes. Sedimentary regime 

conditions have been established based on interpretations of detrital elements and bulk 

and clay mineralogy. 

 

Figure IV.1. a)  Map of the western Mediterranean showing the location of the studied core, 

ODP Site 975 and other related cores. West longitudes are negative. Arrows represent the main 

oceanographic currents. Black line indicates the Modified Atlantic Water (MAW). Dotted lines 

correspond to eddies. Dashed line represents the Western Mediterranean Deep Water 

(WMDW). b) Cross section showing main currents (MIW: Mediterranean Intermediate Water). 

Arrows indicate flow direction. Modified from Cramp and O’Sullivan (1999). 

 

Oceanographic setting    

 

At present the western Mediterranean Sea (WMS) dynamic is driven by frontal 

and turbulent regimes, rather than by thermohaline processes linked to atmospheric 

seasonality. Eddies thus play a major role in the exchange of water masses (Millot, 

1999). The Balearic Channels are important passages for meridional exchanges between 
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the cooler, more saline waters of the northern basins (Gulf of Lion), and the warmer, 

fresher waters of the southern basins (Alboran and Algero-Balearic basins) (Pinot et al., 

2002). Surface water is composed of inflowing Atlantic water progressively modified 

by air-sea interaction and is referred to in the literature as Modified Atlantic Water 

(MAW) (Fig. IV.1). Below the MAW flows the Mediterranean Intermediate Water 

(MIW) (Cramp and O’Sullivan, 1999). The deepest levels are filled with the Western 

Mediterranean Deep Water (WMDW), which is formed via deep convection in the Gulf 

of Lion (Fig. IV.1) (Benzohra and Millot, 1995). The production of WMDW is controlled 

by wind strength, initial density of source waters, and the circulation patterns (Pinardi 

and Masetti, 2000). North-westerlies constitute the major driving force for deep water 

formation, as well as for enhanced thermohaline circulation (Millot, 1999; Cacho et al., 

2000). 

 

Concerning marine productivity, the Mediterranean Sea is an oligotrophic area 

(Cruzado, 1985). However, one of the highest productivity level is located in the 

westernmost Mediterranean and is associated with upwelling activity and the 

hydrological structures of surface waters (Morel, 1991). Organic nutrients are brought 

to the WMS by Atlantic inflow (Dafner et al., 2001), whereas mineral nutrients are 

mainly of eolian and fluvial origin, though they sometimes come from deep 

Mediterranean waters. Eolian input is especially important for Fe, N and other nutrient 

elements (Gomez, 2003). Phosphate, which is mainly of fluvial origin, is the limiting 

nutrient for primary production in the Mediterranean sea (Krom et al., 1991). A 

physical-biological coupling has been described for the Algero-Balearic southern 

margin, being that primary production displays a rapid response to the dynamic 

conditions (Lohrenz et al., 1988; Moran et al., 2001) associated with frontal and eddy 

circulation. 
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IV.2. MATERIALS AND METHODS 

 

IV.2.1. Site description 

 

ODP Site 975 is located on the Southern Balearic Margin between the Balearic 

Promontory (Minorca and Majorca islands) and the Balearic Abyssal Plain (38º 53.795’ 

N 4º 30.596’ E; 2,416 meters below sea level, see Fig. IV.1). Sediments at this site consist 

of nannofossil or calcareous clay, nannofossil or calcareous silty clay, and slightly 

bioturbated nannofossil ooze (Comas et al., 1996). The upper 150 cm of core 975B-1H 

were sampled continuously every 2 cm. Sediment samples were divided into two 

portions, one dried and homogenized in agate mortar for mineralogical and 

geochemical analyses, the other used to separate marine planktonic foraminifers. 

 

IV.2.2. Age model and sedimentation rate 

 

The age model for the sampled interval is based on five 14C-AMS dates 

(accelerator mass spectrometry) recorded in monospecific planktonic foraminifers 

(Table IV.1) (Leibniz-Labor for Radiometric Dating and Isotope Research). The validity 

of the model is also strengthened by stable isotope stratigraphy and major 

biostratigraphic variations. In order to compare our data with other paleoclimatic 

records, all 14C-AMS ages were calibrated to calendar years (cal. BP) using Calib 5.0 

software (Stuiver and Reimer, 1993). We used the standard marine correction of 400 yr, 

as well as the Marine04 calibration curve (Hughen et al., 2004). Linear extrapolation 

between radiocarbon ages may therefore result in spurious differences in age among 

time-parallel markers. Thus, we have compared our stable isotopic curve with other 

paleo-SST records in the WMS, where δ18OG. bulloides fluctuations are synchronous with 

those of SST at millennial timescale (Cacho et al., 2001). 

 

The linear sedimentation rates (LSR) of late Holocene sediments are 4.4 cm/ky 

(2,050-0 cal. yr BP), approximately half of the older sediments sampled at this location: 

7.7 cm/ky  at 7,500-2,050 cal. yr BP, 7.0 cm/ky  at 13,250-7,500 cal. yr BP and 7.8 cm/ky 
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at 20,000-13,250 cal. yr BP. These LSR values are slightly higher than the ones 

corresponding to the Algero-Balearic basin (e.g., Martinez-Ruiz et al., 2003; Weldeab et 

al., 2003). They are twice the sedimentation rates estimated for open marine eastern 

Mediterranean Sea (EMS) ODP sites (Emeis et al., 1996) and five-fold lower than those 

of the Alboran basin (Comas et al., 1996). Temporal resolution of samples taken from 

the core is ~400 to 175 yr, which makes it possible to distinguish millennial/centennial 

climate oscillations. 

 

Table IV.1. Results of AMS 14C carbon dating of single planktonic foraminifer G. bulloides (>125 

μm) taken from ODP core 975B-1H. Calibration has been made using Calib 5.0 software. 

 
 

Lab. code Sample Description Core depth Conventional Age Calibrated age 

KIA 27327 975B / 1 / 8 - 10, 1.0 mg C 9 cm 2,455 + 30 / -25 BP 2,049 + 54 cal BP 

KIA 27328 975B / 1 / 50 - 52, 1.0 mg C 51 cm 7,070 + 40 / -35 BP 7,519 + 42 cal BP 

KIA 27329 975B / 1 / 90 - 92, 0.9 mg C 91 cm 13,330 ± 60 BP 15,201 + 135 cal BP 

KIA 27330 975B / 1 / 130 - 132, 0.8 mg C 131 cm 15,870 ± 80 BP 18,768 + 67 cal BP 

KIA 27331 975B / 2 / 45 - 47, 1.0 mg C 190 cm 19,460 ± 110 BP 22,512 + 114 cal BP 
 

a Reservoir effect 400 years. (One sigma ranges) 

 

 

IV.2.3. Mineralogy 

 

Bulk and clay mineral compositions were obtained by X-ray diffraction (XRD). 

For bulk mineral analyses, samples were packed in Al sample holders. For clay mineral 

analyses, the carbonate fraction was removed using acetic acid. The reaction was 

initiated at a very low acid concentration (0.1 N), and the concentration was increased 

to 1 N, depending on the carbonate content of each sample. Clay was deflocculated by 

successive washing with demineralised water after carbonate removal. The <2-μm 

fraction was separated by centrifugation at 9000 rpm for 1.3 min. The clay fraction was 

smeared onto glass slides for XRD. Separation of the clay fraction and preparation of 

samples for XRD analyses were performed following the international 

recommendations compiled by Kirsch (1991). X-ray diffractograms were obtained 

using a Philips PW 1710 diffractometer with Cu-K radiation and an automatic slit. 

Scans were run from 2–64º 2 for bulk-sample diffractograms and untreated clay 
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preparations, and from 2–30º 2 for glycolated clay-fraction samples. Resulting 

diffractograms were interpreted using Xpowder software (Martin, 2004). Peak areas 

have been measured in order to estimate semi-quantitative mineral content. 

Representative samples were also prepared following the “filtration method” using 

internal standard (MoS) (Quakernaat, 1970; Iijima et al., 2005). The estimated 

semiquantitative analysis error for bulk mineral content is 5%; for clay minerals it 

ranges from 5% to 10%; although semiquantitative analysis aims to show changes or 

gradients in mineral abundances rather than absolute values. 

 

Morphological studies on selected samples were performed by means of field 

emission scanning electron microscopy (FESEM), whereas quantitative geochemical 

microanalyses of the clay minerals were obtained by transmission electron microscopy 

(TEM) using a Philips CM-20 equipped with an EDAX microanalysis system. 

Quantitative analyses were obtained in scanning TEM mode only from the edges using 

a 70-Å diameter beam and a scanning area of 200 x 1000 Å. In order to avoid alkali loss, 

a short counting time (30 s) was selected, thus providing better reproducibility for 

alkali contents (Nieto et al., 1996). 

 

IV.2.4. Geochemical analyses 

 

Total organic carbon (TOC) and total nitrogen content were measured by a 

CHN analyzer in separate portions of air-dried sediment samples (Perkin Elmer 2400 

Series 2). Each powder sample was treated with HCl (12N) in a silver cup, until 

mineral carbon was completely removed. Samples were then wrapped after 

dehydration on a hot plate for 12 hours. Standards and duplicate analyses were used as 

controls for the measurements and indicate an error of less than 0.05%.  

 

Major element measurements (Mg, Al, K, Ca, Mn and Fe) were obtained by 

atomic absorption spectrometry (AAS) (Perkin-Elmer 5100 spectrometer) with an 

analytic error of 2%. K, Ca, Ti, Mn, Fe, Cu and Sr have also been quantified using an X-

Ray Fluorescence scanner (University of Bremen). The XRF-core scanner was set to 
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determine bulk intensities of major elements on split sediment sections (Jansen et al., 

1998; Rölh and Abrams, 2000) at intervals of 1 cm with an accuracy in standard powder 

samples of over 0.20 % (wt). A depth correction was performed to compare AAS and 

XRF-scanner data. This comparison indicates a high correlation between such 

techniques. An average for Ti was obtained from XRF-core scanner data in order to 

normalize Ti to Al contents. This average will be referred to as Timean /Al. Analyses of 

trace elements including Ba were performed using inductively coupled plasma-mass 

spectrometry (ICP-MS) following HNO3 + HF digestion. Measurements were taken in 

triplicates by spectrometry (Perkin-Elmer Sciex Elan 5000) using Re and Rh as internal 

standards. Variation coefficients determined by the dissolution of 10 replicates of 

powdered samples were higher than 3% and 8% for analyte concentrations of 50 and 5 

ppm, respectively (Bea, 1996).  

 

Stable carbon and oxygen isotope ratios of calcareous foraminifers were 

analysed to establish the stratigraphic framework of core 975B-1H. Approximately 25 

specimens of Globigerina bulloides were picked from the >125 µm fraction and senescent 

forms were avoided. Foraminifers were cleaned in an ultrasonic bath to remove fine-

fraction contamination, rinsed with distilled water and thoroughly washed in alcohol. 

Stable isotopes were measured using a GV-Instruments Isoprime mass spectrometer. 

Analytical reproducibility of the method is +0.10‰ for both δ18O and δ13C based on 

repeated standards. 

 

IV.2.5. U, Mn, and Fe as redox proxies 

 

Several element/Al ratios have been selected as redox proxies (e.g., Mn/Al, 

Fe/Al and U/Al). This selection is based on the fact that manganese and iron oxides are 

solid phase electron acceptors that are able to reflect paleo-redox conditions. Fe 

displays a complex redox pattern involving a sequence of burial, dissolution, 

remobilisation and reprecipitation. Fe content is limited by water column pyrite 

formation and scavenging, and also by siliciclastic flux and the presence or absence of 

water column hydrogen sulphide (Lyons et al., 2003). Enrichments in Mn and Fe could 
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be promoted by the diffusion of Mn2+ and Fe2+ in pore waters from anoxic to oxic layers 

in which such cations are immobilized. These Fe/Al and Mn/Al enrichments are 

usually distanced as a result of differences in thermodynamics and kinetic processes 

(e.g., Thomson et al., 1995; Martinez-Ruiz et al., 2000; Rutten and de Lange, 2003). 

Patterns in Mn and Fe complement the behaviour of U. When pore water nitrates 

vanish in sediments beneath the redoxcline, U (VI) dissolved in pore water is reduced 

to immobile U (IV) and precipitates (Anderson, 1982; Barnes and Cochran, 1990; 

Mangini et al., 2001). In anoxic conditions U becomes immobile, while reduced Mn and 

Fe can be dissolved in pore water. These oscillations in redox-sensitive element/Al 

ratios are related to Eh-pH gradients and changes in bottom redox conditions (Mangini 

et al., 2001). As regards other redox proxies, trace metals display high affinity to Mn 

and Fe oxi-hydroxides and are common in post-oxic and anoxic pore waters where 

they are reduced and dissolved. On reaching an oxidative front, these elements can 

precipitate into other solid phases (Klinkhammer et al., 1982). Organic substances and 

changes in clay minerals also contribute to this mobilization (Balistrieri and Murray, 

1986).   

 

IV.2.6. Ba excess as a productivity proxy in the WMS 

 

Although the use of Ba excess as a proxy has been extensively discussed, recent 

studies have suggested that it should be applied with greater caution, given that 

barium requires pore water sulphate concentrations of >15mM in order to ensure the 

absence of sulphate reducing sediments (Paytan et al., 1996; McManus et al., 1998a; 

Eagle et al., 2003), and thus of subsequent barite dissolution or Ba remobilisation 

(Brumsack, 1986; McManus et al., 1998b). Ba content also depends on sediment 

provenance, sedimentation rates, Ba cycling within sediments (Mercone, 2001; Eagle 

Gonneea and Paytan, 2006) and lateral transport (Sanchez-Vidal et al., 2005). Another 

major limitation of the Ba excess signal is that the processes governing its 

production/accumulation and preservation do not vary over time. Nevertheless, Ba can 

be considered as a robust proxy for paleoproductivity reconstructions in 

Mediterranean basins, since Ba, Ba/Al ratios, Ba excess and/or barite accumulation 
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rates have been reliably used by many studies to compare surface productivity changes 

in the WMS and EMS (e.g., Dehairs et al., 1987; Emeis et al., 2000a; Martinez-Ruiz et al., 

2000; Martinez-Ruiz et al., 2003; Weldeab et al., 2003; Paytan et al, 2004), and no 

indications for barite dissolution have been observed at this site.  

 

IV.3. RESULTS 

 

IV.3.1. Barite and Total Organic Carbon (TOC) 

 

TOC content is under 0.5%, and Corg/N ratio values oscillate between 2 and 6, 

thus suggesting a marine provenance (Meyers, 1994). Depth profiles show a 

progressive down-core decrease in TOC. Maximum TOC is found in sub-surface 

samples (0.45%) where organic matter is presently undergoing degradation (Fabres, 

2002). Although TOC content shows no major variations along the core, a slight 

increase followed by a marked drop is observed between the last deglaciation and the 

Younger Dryas (YD). Minimum TOC content (0.2 %) is reached during the Holocene 

transition (Fig. IV.2).  

 

FESEM analyses show the presence of barite crystals with morphologies 

corresponding to typical marine barite (1-5 µm in size with round and elliptical 

crystals). Detrital elements and Ba peaks display an absence of correlation which also 

suggests that this barite is of authigenic origin. The Ba content derived from marine 

barite (Ba excess) has been obtained by subtracting the amount of terrigenous Ba from 

the total Ba content (e.g., Dymond et al., 1992; Eagle et al., 2003). It is used here as the 

excess associated with crustal phases and is calculated as: 

 

(Baexcess) = (total-Ba) – Al(Ba/Al)c, 

 

where total-Ba and Al are concentrations and (Ba/Al)c is the crustal ratio for these 

elements. In this study, a value of (Ba/Al)c= 0.002 has been used, estimated by Weldeab 

et al. (2003) for the Balearic Sea on the basis of surface sediments and current  
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Figure IV.2. Total organic carbon wt. (%) (TOC) and elemental/Al ratios according to age 

plotted as redox proxies. The dark-grey vertical bar indicates the last redox event (LRE) in the 

Algero-Balearic basin, Younger Dryas (YD) and Heinrich 1 event (H1). Light-grey vertical bar 

indicates the “burned layer” that evidence re-oxidation processes. 

 

 

oligo-trophic conditions. It is assumed that the (Ba/Al)c ratio of the terrigenous matter 

remains constant over the period studied. Al is found mainly in aluminosilicates, 

although it should be kept in mind that this ratio may undergo slight variations. In  
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Figure IV.3. Ba versus Al (x104) content (ppm) in samples from the analyzed time interval. 

 

 

fact, three regions can be distinguished by comparing Ba and Al content (Fig. IV.3). A 

first region of glacial and YD values, (20 to 15 cal. ky BP and 12.3 to 11.1 cal. ky BP), a 

second region of between 8.2 to 0 cal. ky BP values, and a final region of glacial-

interglacial transitional values. This grouping suggests differences in detrital Ba and 

different (Ba/Al)c values, although it does not substantially affect the use of Baexcess as a 

paleoproductivity proxy. On the other hand, the Baexcess enrichment area included the 

interval between 18.5-18 cal. ky BP and ~8.0 cal. ky BP within which maximum Baexcess 

content is observed at 16.5-16 cal. ky BP (Fig. IV.4). Baexcess and TOC do not display 

similar trends when compared as paleoproductivity proxies. Only one maximum TOC 

peak during the YD onset coincides with higher values in Baexcess. 

 

IV.3.2. Oxygen and Carbon isotope stratigraphy 

 

Variations in δ18OG. bulloides in the WMS support significant climate oscillations 

since the Last Glacial Maximum. Maximum glacial-interglacial amplitude of δ18OG. bulloides 

in core 975B-1H lies between 3.84‰ and 0.69‰, with a total oscillation of 3.15‰. The 

latter value is between that of the Alboran basin (~2.5 ‰) and the Levantine basin 

located at the EMS (3.5-4 ‰) (Emeis et al., 2000b). Deglacial warming began between 

17.5 and 18 cal. ky BP, displaying thereafter a stable trend (Fig. IV.4). No major cold  
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Figure IV.4. Core ODP 975B-1H age profiles of: (a) relative quartz concentration (%); (b) Mg/Al 

(x104) ratio; (c) Zr/Al (x104) ratio; (d) Ti mean/Al (x104) ratio; (e) K/Al (x104) ratio; (f) relative 

calcite concentration (%); (g) Ba content (ppm); (h) Al content (x104) (ppm); (i) Ba/Al (x104) ratio; 

(j) Ba excess (ppm); (k) δ18O G. bulloides (‰) and (l) δ13C G. bulloides (‰) 3-period moving 

average. Ti mean, is an average value obtained from the XRF-scanner. Grey vertical bars 

indicate the last redox event (LRE) in the Algero-Balearic basin, Younger Dryas (D/O stadial 1) 

and Heinrich 1 event (D/O stadial 2). Grey-dashed bars represent sapropel S1 (S1a and S1b) 

time intervals. D/O interstadials and  8.2 cold event are also represented. 

reversals have been recognized during the last deglaciation. At the end of the YD and 

H1 cold events, there were sharp signal decreases that may be representative of short 

warm periods and/or depleted δ18O surface currents. After these decrease, δ18OG. bulloides 

returns to deglaciation warming pattern values. Warming continues into the early 

Holocene until ~7 cal. ky BP. As of the latter date, the isotopic record displays a cyclical 

fluctuation pattern whose values are situated between 0.69 ‰ and 1.39 ‰. Values of 

δ13CG. bulloides were found to be highly variable. The maximum amplitude of δ13CG. bulloides  is 

between –0.5 ‰ and –1.38 ‰,  with a total oscillation of 0.88 ‰ δ13CG. bulloides undergoes 

sudden increase/decrease shifts which do not significantly correlate with the last 

glacial-interglacial transition. 

 

IV.3.3 Mineralogy and major and trace elements 

 

A complete mineralogical analysis has been performed for a correct 

interpretation of geochemical data. The sediments sampled at Site 975B are 

predominantly composed of clay minerals (10-45%), calcite (30-70%) and quartz (10-

30%), with low quantities of dolomite and feldspar (<5%). We have also identified 

accessory minerals, such as zircon, rutile, apatite and biotite, as well as authigenic 

minerals, such as anhydrite-gypsum, pyrite, Mn and Fe oxi-hydroxides. Clay mineral 

assemblages consist of illite (50-80%), smectite (20-40%) and kaolinite + chlorite (15%-

40%). Additional clay minerals, such as sepiolite, palygorskite and illite/smectite (I/S) 

mixed layers were also identified using TEM. 
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Figure IV.4 shows the distribution of selected profiles of major and trace 

element ratios. Elemental concentrations have been normalized to Al. This 

normalization assumes that Al concentrations in sediments are contributed by 

alumino-silicates (e.g., Calvert, 1990). High correlation between Al and quartz contents 

in the analysed interval also corroborates this idea. We detected no grain sorting 

leading to quartz and heavy mineral enrichments which are associated with turbidites 

(Wehausen and Brumsack, 1999).  

 

Several element/Al ratios have been used as redox proxies. At the top of the 

core (<10 cmcd) there is lightly higher in Mn/Al, while a marked double peak can be 

seen between ~7 to ~10 cal. ky BP (Fig. IV.2). Before this time, Mn/Al content shows low 

values within a linear and regular pattern. The most significant Mn/Al enrichment is 

related to other redox sensitive element/Al ratios, thus indicating the high affinity 

between these trace metals and Mn oxides. An increase in the Fe/Al ratio consecutively 

mirrors the double Mn/Al peak. The U/Al ratio displays a linear and regular pattern 

with one distinct enrichment peak.  

 

IV.4. DISCUSSION 

 

IV.4.1. Sea surface conditions as determined by stable isotopes 

 

Oscillations in δ18OG. bulloides  in the WMS are mainly due to changes in SST 

(Cacho et al., 1999) and to external fresh water input (Sierro et al., 2005). The first sharp 

decrease in δ18OG. bulloides was reached around 16 cal. ky BP, and is associated with 

negative δ13CG. bulloides values and increases in productivity. This pattern of proxies has 

been attributed to Atlantic currents enriched in iceberg melt waters (Sierro et al., 2005). 

Nevertheless, according to our age model, the most significant increase in δ18OG. bulloides 

is located at the end of H1 and could be related to the sharp warming which took place 

at the end of this cold event (Cacho et al., 2002a). Another sharp increase in δ18OG. bulloides 

reaching Holocene values occurred at the end of the YD. These warmings arose in 
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Northern Europe later than they did in the areas surrounding the ODP 975B site. They 

have also been detected around the Iberian margin (Bard et al., 1987) and 

Mediterranean basins (Cacho et al., 2001), and interpreted in relation to rapid polar 

front northward movements.  

 

The δ13CG. bulloides values are highly variable (Fig. IV.4), a fact which could reflect 

the complexity of the hydrographic processes involved in this region. Changes in δ13CG. 

bulloides do not follow major climatic/oceanographic oscillations. Decreasing peaks 

appear during H1 and YD cold events and could be related to a fertilized Atlantic 

inflow (Rogerson et al., 2004). The lowest δ13CG. bulloides values were attained during the 

Holocene and could indicate the existence of gyre activities. The latter may have 

promoted isotopic exchanges with the atmosphere (Broecker and Maier-Reimer, 1992). 

 

IV.4.2. Paleo-redox conditions and diagenetic processes in the Algero-Balearic basin 

 

The Saharan aerosols represent the primary source of Mn in the Algero-Balearic 

basin (Guieu et al., 1997). Mn distribution within the basin is, however, mainly 

controlled by bottom-water oxygen conditions (Yarincik et al., 2000). In the uppermost 

section of core 975B-1H, a slight enrichment in Mn content could be seen as 

corresponding to current oxic/post oxic limits  (Marin and Giresse, 2001; Fabres, 2002). 

A Mn/Al double peak appears above this enrichment. Minimum TOC values are 

observed at the lowest Mn double peak boundary coinciding with a relative maximum 

in the Fe/Al ratio (Fig. IV.2). This pattern can be accounted for by a redox front 

promoted by better ventilated deep water covering a sediment which had formed 

under lower ventilation conditions. Reoxygenation led to hydrogenic deposition or 

precipitation of the upper Mn/Al peak (Van Santvoort et al., 1996; Thompson et al., 

1995). Following this event, an oxidant front began to penetrate downwards through 

the sediment column. The redox front blocked the upward diffusion of Fe2+ and Mn2+, 

thus forming the lower Mn/Al peak and an upper Fe/Al enrichment (e.g., Rutten et al., 

1999). This front is also responsible for an organic matter oxidation, i.e., the “burned 

layer” (Fig. IV.2), and for significant alterations in the original uranium content 
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distribution. Sedimentation rate and TOC concentrations control the burn-down depth. 

According to the model of Jung et al. (1997) a burn-down depth of >20 cm is expected 

in these conditions (TOC <1% and LSR=5-7 cm/ky). Thus, the latter results fit well with 

our estimated burn down depth (24 cm), while they also account for the differences 

between the Baexcess and TOC records.  

 

Similar relationships between Mn, Fe and U have been found in Atlantic 

(Mangini et al., 2001) and eastern Mediterranean basins and have been interpreted as 

indicating the penetration of a redox front in which the upper Mn peak represents the 

uppermost position of the redoxcline (Van Santvoort et al., 1996; De Lange et al., 1999). 

All of the above-mentioned observations involve the presence of a postdepositional 

redox front in core 975B-1H. We propose that this last redox event (LRE) was 

originated by the redoxcline when it reached the ocean floor at 7.5 – 7.0 cal. ky BP. 

 

IV.4.3. The last redox-event (LRE): paleoceanographic implications 

 

A major oceanographic change, dated at 7.7 cal. ky BP in the Alboran Sea 

(Perez-Folgado et al., 2003), has been identified from faunal assemblage changes in the 

WMS. This is related to the progressive increase in Atlantic inflow (Rohling et al., 1995) 

and consequent deepening of the nutricline and pycnocline (Flores et al., 1997). The 

LRE recognized in the Algero-Balearic basin has been dated at between 7.5 and 7.0 cal. 

ky BP and could be linked with this event. Nevertheless, detrital proxies are markedly 

affected during this event (Fig. IV.4). These observations suggest scavenging processes 

and/or synchronous climatic/oceanographic changes. The LRE could represent a recent 

intensification in thermohaline circulation and/or the first moment in which WMDW 

fills its deep basins. The cause of these regional variations and the origins of current 

circulation patterns in the WMS have yet to be clarified. This change may have been 

caused by variations in surface thermohaline conditions in the WMS which, in turn, are 

linked with changes in the Atlantic inflow (Rohling et al., 1995) and in the 

Evaporation/Precipitation ratio (De Rijk et al., 1999; Myers and Rohling, 2000).  
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IV.4.5. Pre-Holocene productivity in the Algero-Balearic basin 

 

Productivity cannot be described on the basis of the TOC content at Site 975. 

TOC content was altered by postdepositional oxidation (see section 4.2), although part 

of the glacial TOC signal was preserved. The latter signal displays an increase in the 

vicinity of 15.2 cal. ky BP, which is prior to the deposition of the last organic rich layer 

(ORL) in the Alboran Sea basin (14.5 to 9.0 cal. ky BP) (Cacho et al., 2002b). Moreover, 

the Alboran Sea ORL does not coincide with our Baexcess enrichment (~18 to ~8.0 cal. ky 

BP) and, therefore, no correlation can be observed between the Algero-Balearic basin 

and the Alboran Sea ORL. 

 

Productivity interpreted on the basis of the Baexcess proxy was highest during the 

last deglaciation, displaying a maximum peak at 16.5-16 cal. ky BP and a smaller one at 

the beginning of the YD (Fig. IV.4). Previous research using core 975B-1H has indicated 

increases in water productivity during the glacial period and a slight enhancement 

during sapropel formation in the EMS (e.g., Capotondi and Vigliotti, 1999). Although 

the highest primary productivity in the Alboran basin was reached during the D/O 

warm interstadial at 28 to 50 ky (Moreno et al., 2004), at Site 975 we found an inverse 

signal corresponding to the most recent D/O cycles (Fig. IV.4). This discrepancy can be 

explained by the presence of a high isotopic-temperature gradient located between the 

Morocco and Portugal margins during the YD event and prior to 16 ky. Such a gradient 

can be accounted for by the presence of the Azores front in the Gulf of Cadiz (Rogerson 

et al., 2004), which may have created a highly fertilized inflow jet of Atlantic water. It is 

possible that this jet penetrated into the westernmost WMS basins. Prior to 16 ky, 

productivity generated by progressive increases in melt water during the last 

deglaciation could have been further enhanced by this jet inflow. The Azores Front is, 

however, associated with vigorous upwelling (Alves et al., 2002) and a light δ13CG. bulloides 

(Rogerson et al., 2004), although the δ13CG. bulloides signal at Site 975 is only slightly 

affected. The highest Baexcess content during the YD is reached at the beginning of this 

cold event and may be related to increases in taxa using an r-strategist approach 

(Young, 1994; Sprovieri et al., 2003). A rise in productivity during the YD has also been 
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recorded at ODP Hole 976C, located in the Alboran basin (Martinez-Ruiz et al., 2004). 

An eastward displacement of the Alboran gyres and a relatively wet YD have also been 

proposed as an explanation for increased productivity in the easternmost Alboran 

basin (Barcena et al., 2001).  

 

 

 

 

IV.4.6. Holocene productivity  

 

At the nearby SL87/KL66 sites, productivity inferred on the basis of biogenic Ba 

and accumulation rates have been related to glacial (high productivity) and interglacial 

(low productivity) phases during the late Pleistocene. No increases have been observed 

in productivity during EMS sapropel deposition (Weldeab et al., 2003). However, in 

ODP 975B no major decreases in Baexcess occurred at the beginning of the current 

interglacial period. Early Holocene Baexcess presents values similar to those of the glacial 

period and the most important decrease in Baexcess took place between 8.5 and 8.0 cal. ky 

BP. This fall could be related to the faunal change associated with critical increases in 

Atlantic inflow at 7.7 cal. ky BP (Rohling et al., 1995; Flores et al., 1997) and/or with the 

8.2 cal. ky BP cold event reported in other areas of the Mediterranean (e.g., De Rijk et 

al., 1999; Ariztegui et al., 2000; Sprovieri et al., 2003). The fact that the interval between 

both events is so short makes it difficult to attribute this fall in productivity to either 

the earlier or the later event. It is, however, clear that this decrease in Baexcess preceded 

the LRE, thus indicating that 8.2 may in fact be the most influential event.  

 

The 8.2 cal. ky BP cold event interrupted the deposition of sapropel S1 in the 

EMS. Wet climate and reduced surface water salinities have been reported in the EMS 

for the sapropel S1 deposition period (e.g., Combourieu-Nebout et al., 1998; Ariztegui 

et al., 2000; Myers and Rohling, 2000). The sequences arising from this hiatus have been 

described as intervals S1a and S1b (Ariztegui et al., 2000). In the WMS, we found high 

Baexcess values during the period equivalent to the S1a deposition, but low values 
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during S1b. The origin of this divergence is probably linked with the establishment of 

varying climatic conditions in the WMS and EMS. Following the 8.2 cold event, the 

EMS returns to wet climatic conditions. In the WMS, however, there is an expansion 

towards a hot and dry summer Mediterranean climate (Jalut et al., 2000). This may 

imply a decrease in runoff over all WMS borderlands. Such a marked difference in the 

climatic conditions affecting both basins, along with the Atlantic/Nile influence, could 

account for such a large gap in paleoproductivity during S1b deposition between the 

WMS and EMS.  

 

IV.4.7. Eolian input 

 

At present, the main source of detrital material for the Algero-Balearic basin is 

the Sahara Desert. Sahara dust is characterized by high quartz, Ti and Zr content 

(Guieu and Thomas, 1996). In core 975B-1H, Timean/Al and Zr/Al display different 

degrees of correlation depending on the period in question. The Timean/Al signal shows 

a clear response during the YD, but Zr/Al ratio is not significantly affected by this cold 

and arid event. Zr/Al values were lowest during the S1 sapropel deposition time 

interval, thus suggesting humid conditions, whereas a positive peak is observed in 

Timean/Al. These discrepancies in eolian proxies may indicate either a different source 

area and/or varying sensitivities to wind speed. In particular, we observed that, during 

the last 5 cal. ky BP, there was a progressive increase in Zr/Al that was perhaps 

coetaneous to the beginning of the arid period in the Saharan. This most recent rise in 

Zr/Al is mirrored by the increase in the Timean/Al ratio, although to a lesser extent. 

 

On the other hand, palygorskite and fibrous minerals have been related to arid 

conditions and eolian input in the WMS (Prospero, 1985; Molinaroli, 1996; Foucault 

and Melieres, 2000). No palygorskite or fibrous clay minerals were detected in core 

975B-1H samples which are time equivalent to the S1 sapropel deposition. This also 

suggests that surrounding margins were influenced by wet conditions and low eolian 

input. Palygorskite and fibrous minerals (sepiolite, crisotile and kaolinite) are observed 
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following S1 deposition. This suggest enrichment in clay minerals with fibrous 

morphologies during periods of increased eolian deposition.  

 

IV.4.8. Detrital proxies during the YD 

 

The highest Mg/Al and K/Al ratio values were reached during the YD (Fig. 

IV.4). These proxies are associated with fluvial input. The YD is nevertheless 

considered both a cold and dry period (e.g., Renssen et al., 2001). An intra-YD 

warm/wet event could promote this high detrital river supply, as long as it is kept in 

mind that fluvial supply is mainly related to landscape stability and vegetation cover, 

and not only to increase/decrease in runoff. A strong seasonality during YD (Allen et 

al., 1996) and/or a significant difference in aridity between northern and southern 

WMS margins can also contribute to these patterns. Hence, the YD event in the WMS 

may have developed a particular signal that distinguishes it from other northern 

hemispheric climatic records.  

 

It is possible that this highest detrital ratio is associated with the short warm 

event dated at (~12,250 cal. yr BP) and already documented in the Gulf of Cadiz, 

Alboran Sea and Tyrrhenian Sea (Cacho et al., 2001). In various central European 

continental records, bi-modal phases have also been reported during YD (Goslar et al., 

1993; Walker, 1995; Brauer et al., 2000), whereas there are some southern Iberian 

Peninsula lake records which do not develop a signal during the YD cold spell 

(Carrion, 2002). 

 

IV.5. CONCLUSIONS  

 

Geochemical and mineralogical proxies show evidence of significant 

paleoenvironmental changes occurred in the western Mediterranean during the last 20 

ky. A redox event (LRE) was established and dated between 7.5 and 7.0 cal. ky BP. This 

event has deeply influenced both TOC preservation and redox element distribution 

within these sediments. It has also been related to the beginning of recent frontal 
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circulation in the WMS. Detrital-element profiles also display significant variations 

which coincide with this LRE. Such variations cannot be accounted for by only 

increases in Atlantic inflow and would appear to imply scavenging and/or atmospheric 

changes. Productivity has been characterized by Baexcess and presents fluctuations that 

can be related to the Atlantic inflow and fresh water input. This productivity was 

higher during glacial periods and reached its maximums during the YD and ~16 cal. ky 

BP. A significant productivity decrease started between 8.5 and 8.0 cal. ky BP which 

has been related to the 8.2 cal. ky BP cold event. Ba profiles support therefore 

significant productivity differences between the western and eastern Mediterranean at 

time of S1 sapropel deposition. Thus, comparison of the Algero-Balearic with other 

Mediterranean basins supports the hypothesis that across the Mediterranean there 

were different types of responses to climate forcing mechanism. Consequently, this 

area represents a key location for further understanding of the relationships between 

the North Atlantic and the eastern Mediterranean basins. 
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Climate and oceanographic variability in the westernmost 

Mediterranean since the Last Glacial Maximum: detrital 

input, ventilation and productivity fluctuations. 
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Donoso, Dolores Linares, Óscar Romero, José Luis Rueda Ruiz, Tatsuhiko 

Sakamoto, David Gallego-Torres, Miguel Ortega-Huertas. (Submitted to Earth 

and Planetary Science Letters) 

 

ABSTRACT 

 

By presenting sea surface temperatures, planktonic oxygen isotope profiles and 

geochemical composition of marine sediments, we offer here a multi-parameter reconstruction 

of the Western Mediterranean oceanography since the Last Glacial Maximum. Selected cores 

were collected at key depths for detecting changes in the Mediterranean Outflow Waters and 

redox conditions. Comparison of Alboran sea records with those from the Algero-Balearic basin 

evidence strong gradient along the western Mediterranean. Productivity was always higher in 

the Alboran Sea, where fluvial input influenced marine productivity during wet periods such as 

the Bølling-Allerød, the early Younger Dryas and the early Holocene. Ventilation proxies 

evidence a significant sensibility of the western Mediterranean to Atlantic and eastern 

Mediterranean oceanographic variations. These proxies suggest that the main strength of the 

Mediterranean Outflow Waters was supplied by the eastern Mediterranean waters and that the 

Levantine Intermediate Water-Western Mediterranean Deep Water redoxcline during Last 

Glacial Maximum was located deeper than they today. Low ventilation conditions had been 

associated to weakness in deep and intermediate currents. A definitive interruption of low 

ventilation conditions, which probably marked the start of the current circulation pattern, 

occurred between 7.9 and 7.2 ky cal BP. The end of sapropel S1 deposition in the eastern 

Mediterranean around 6.2 ky cal BP is also recognized in southern Alboran cores indicating the 

high sensitivity of the area to the Levantine Intermediate Water changes. A north-south 

gradient in the eastern Alboran is recognized, mainly promoted by intense LIW flow, 

river/coastal influence and sea level.  



Climatic variability in the Western Mediterranean during the Last Glacial cycle 

 66 

V.1. INTRODUCTION  

 

Extensive paleoclimatic research in the Mediterranean during the last few 

decades has demonstrated the exceptional nature of Mediterranean records for 

paleoceanographic and paleoclimatic reconstructions at regional and global scale (e.g., 

Rosssignol-Strick, 1985; Cacho et al., 1999; Emeis et al., 2000; Krijgsman, 2002; Martrat 

et al., 2004; Sierro et al., 2005; Cacho et al., 2006). Additionally, high sedimentation 

rates in different regions have also allowed for high-resolution records of climate 

variability at millennial and centennial scales (e.g., Moreno et al, 2005). This is the case 

of the Alboran Sea basin, where an elevated detrital supply has resulted in exceptional 

sediment marine archives. Its connection with the NE Atlantic adds further interest to 

this region because saline Mediterranean Outflow Waters (MOW) may significantly 

affect North Atlantic circulation, and thus global climate (Johnson, 1997; Sierro et al., 

2005; Rogerson et al., 2006). Over time, variations of the thermohaline circulation in the 

western Mediterranean have greatly influenced temperature and productivity 

gradients. In fact, the existence of strong gradients from the Gulf of Cadiz through the 

Tyrrhenian Sea has been documented in terms of sea surface temperatures (SSTs) and 

carbonate isotope records (Cacho et al., 2001). However, even though a large set of 

climate data is available, many aspects of the paleoceanographical evolution of the 

western Mediterranean since the Last Glacial Maximum (LGM) remains controversial; 

e.g., the precise influence of Atlantic waters on past circulation in the Mediterranean, 

spatial and temporal importance of marine productivity fluctuations and the variations 

of intermediate waters along the western Mediterranean basins. In the eastern 

Mediterranean geochemical proxies have been extensively used for reconstructing 

sapropel deposition including productivity and oxygen variations (e.g., Wehausen and 

Brumsack 1999; Martinez-Ruiz et al., 2000; Emeis et al., 2003; Robinson et al., 2006; 

Reitz et al., 2006). In the western Mediterranean, by contrast, less research has been 

devoted to both productivity and ventilation fluctuations, with few studies addressing 

fluvial and eolian input fluctuations in terms of sediment composition (Moreno et al., 

2002; Wedealb et al., 2003; Moreno et al., 2005).  
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Within the aforementioned framework, this paper attempts to reconstruct 

detrital supply, marine productivity variations and redox conditions in the western 

Mediterranean since the LGM, thus improving our understanding of the western 

Mediterranean sea (WMS) past oceanography. With this objective, a multiproxy 

approach has been taken in four selected marine records from the Alboran Sea and 

Algero-Balearic basins. These cores have been collected between 1,500 and 2,500 mbsl, 

known to be a key depth for detecting changes in the MOW and redox conditions 

(Reitz et al., 2006; Rogerson et al., 2006). The reconstruction of climatic variability and 

climatic/oceanographic responses has been made as follows: Ba excess is used as a 

paleoproductivity proxy; modern analogue techniques in planktonic foraminifera 

assemblages are used to calculate paleotemperatures, while stable isotope (C and O) 

composition in Globigerina bulloides serves as sea surface proxy; Mg/Al, Si/Al, Zr/Al, 

K/Al are, in turn, used as detrital proxies. U/Th and other redox sensitive ratios have 

also provided data regarding changes in ventilation and/or diagenetic processes. 

 

Paleoenviromental proxies 

 

The use of Ba as a paleoproductivity proxy has been discussed in great detail in 

many recent papers (e.g., Gonnea and Paytan, 2006), and it has been suggested that 

barium proxies should be applied with caution. Barium requires enough pore water 

sulphate concentration to ensure the absence of sulphate reducing sediments (Paytan et 

al., 1996; McManus et al., 1998; Eagle et al., 2003), and subsequent Ba remobilisation 

(Brumsack, 1986; McManus et al., 1998). Moreover, Ba content is also dependent on 

sediment provenance, sedimentation rates, Ba cycling (Mercone, 2001; Eagle Gonneea 

and Paytan, 2006) and lateral transport (Sanchez-Vidal et al., 2005). Further limitations 

of Ba proxies are the variations in the processes affecting its production/accumulation 

and preservation with time. However, some other geochemical proxies may shed light 

on the reliability of Ba proxies, such as the Ba/Al ratio profiles themselves. Diagenetic 

Ba peaks are relatively easy to identify in the geochemical record since they are 

typically far different from broad Ba profiles derived from enhanced productivity. 

Additionally, morphological analyses of barite crystals separated by sequential 
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leaching procedures are evidence of diagenetic or authigenic origin. In general, 

previous work in the western Mediterranean (e.g., Martinez-Ruiz et al., 2003; Moreno 

et al., 2004), as well as our own data available for this study, has revealed that Ba 

content can also be used as reliable proxy for productivity in the western 

Mediterranean. Furthermore, Ba proxies can be integrated with other 

paleoceanographical proxies, to shed further light on productivity fluctuations. 

 

Regarding isotope stratigraphy the framework for interpretation of stable 

isotope data has been well explained by different authors (e.g., Rogerson et al., 2004). 

Previous studies indicate that δ18OG. bulloides oscillations in the WMS are related mainly 

with sea surface temperatures (SST) (Cacho et al., 1999) and δ18O from the Atlantic 

input (Sierro et al., 2005). Comparison of the variation in δ18O of the same species 

between records has been interpreted as showing a difference in environmental 

conditions, mainly related with changes in temperature and the freshwater cycle 

(Rogerson et al., 2004; Sierro et al., 2005). Sea surface water paleotemperature estimates 

are based on the best modern analogue techniques (squared chord distance, squared 

dissimilarity coefficient and the inverse distance squared weighting function 

MATSCH2IDW), which have already provided good results in previous studies in the 

area in question (e.g. González-Donoso et al., 2000; Serrano et al., 2007). 

 

In terms of chemical composition several element ratios can be used as redox 

proxies (Mn/Al, Fe/Al and U/Th). The use of these ratios is based on their capacity to 

change their oxidation state in relation to oxygen availability in the environment. 

Patterns in Mn and Fe complement the behaviour of U (Mangini et al., 2001). Under 

anoxic conditions U becomes immobile, while reduced Mn and Fe can be dissolved in 

pore water. Nevertheless, when oxidant conditions reach the sediment, Mn and Fe 

precipitate as oxi-hydroxides, and U changes into a soluble valence state. This 

promotes a characteristic manganese peaks than has been described throughout the 

Mediterranean (e.g., Thomson et al., 1995; Mangini et al., 2001; Jimenez-Espejo et al., 

2006; Reitz et al., 2006). However, high sedimentation rates have been reached in the 

Alboran basin, preventing the development of redox fronts and the use of these redox 
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relationships. Studies in the eastern Mediterranean  sea (EMS) demonstrate that even 

under high sedimentation rates, single Mn/Al peaks could indicate the presence of 

ventilation changes (Reitz et al., 2006). These Mn/Al peaks are only well developed in 

areas where oxic/dysoxic interfaces in the water column contact the bottom 

topography, turning the location and depth of the core into a key factor for recording 

these variations in ventilation (e.g., Calvert and Pedersen et al., 1996; Reitz et al., 2006).    

 

The use of several element/Al ratios in order to define changes in the 

composition of terrigenous detrital matter is based on the relationship between 

different minerals and their sources. This is the case for Ti/Al and Zr/Al ratios that are 

related to the presence of heavy minerals, mainly supplied by the Sahara aerosols (e.g., 

Guieu and Thomas, 1996), and the case of  Mg/Al and K/Al ratios, in the EMS, where 

have been related with variations in Nile river discharge (Wehausen and Brumsack, 

1998). In any case, the use of Mg/Al, K/Al, Si/Al as detrital proxies requires a profound 

understanding of the area, because these elements could be provided by different 

sources.  

 

V.2. SITE SETTING 

 

V.2.1 Oceanographic setting 

 

The semi-enclosed Mediterranean Sea connects with the NE Atlantic ocean 

through the westernmost Alboran basin. The Alboran basin is surrounded by abrupt 

physiography drained by mountain rivers. Despite the relatively small size of river 

basins, recent studies indicate that these rivers are highly important as sediment 

feeders to the marine environment, and in promoting flood events that result in large 

suspended plumes dispersed along the Alboran Sea (Liquete et al., 2005). In contrast, 

the Algero-Balearic basin is more isolated from direct continental/river discharge and 

from tectonic activity, being the coarse fraction dominated by the supply of submarine 

canyons (Comas, Zahn, Klaus et al., 1996; Zuñiga et al., 2006). 
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The surface water of the WMS is composed of inflowing Atlantic water, 

progressively modified by air-sea interaction, thus giving rise to Modified Atlantic 

Water (MAW) (Millot, 1999). The intermediate waters flow below the MAW. These are 

mainly composed of the Levantine Intermediate Water (LIW) generated in the EMS 

(Cramp and O’Sullivan, 1999). The deepest levels are made up of Western 

Mediterranean Deep Water (WMDW), which is formed via deep convection in the Gulf 

of Lion (Benzohra and Millot, 1995). The genesis of WMDW has been attributed to 

several factors, such as wind strength, initial density of source waters, circulation 

patterns, freshwater input and greenhouse warming (Rohling and Bryden, 1992; 

Bethoux et al., 1998; Millot, 1999; Pinardy and Massetti, 2000). WMDW has been well 

correlated with North Atlantic water evolution and the NAO index (Rixen et al., 2005). 

However, recent studies indicate that anomalous atmospheric conditions could 

generate WMDW, even under zero NAO index (López-Jurado et al., 2005).  

 

V.2.2. Core location 

 

Four cores spanning the last 20 ky have been analysed (Fig. V.1, Table V.1). 

Alboran basin cores (300G, 302G and 304G) were collected during the Training 

Through Research (TTR) Cruise 14, Leg 2, while core ODP 975B-1H was recovered 

during the ODP Leg 161 in the Algero-Balearic basin (Comas, Zahn, Klaus et al., 1996). 

Results on this last core have been earlier published (Jimenez-Espejo et al., 2006). 

 

Table V.1. Core data: location, water depth, studied interval and linear sedimentation rate.  
 

Core Location Water depth (m) 
Estudied interval 
(cm) 

Linear Sedim. 
rate* (cm/kyr) 

Alboran basin    

TTR14-300G 
36º 21,532 N,1º 
47,507 W 

1 860 266 13.3 

TTR14-302G 
36º 01,906 N, 
1º57,317 W 

1 989 335 16.75 

TTR14-304G 
36º 19,873 N, 
1º 31,631 W 

2 382 291 14.55 

Algero-Balearic basin    

ODP161-975B 
38º53.795’N, 
04º30.596’E 

2 416 150 7.5 
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Figure V.1. Map of the western Mediterranean showing the location of the studied cores, TTR-

300G, TTR-302G, TTR-304G and ODP 975B. Arrows represent the main oceanographic currents. 

Black line indicates the Modified Atlantic Water (MAW). Dotted lines correspond to eddies. 

Dashed line represents the Western Mediterranean Deep Water (WMDW) and the Levantine 

Intermediate Water (LIW). Arrows indicate flow direction. Modified from Cramp and 

O´Sullivan (1999). 

 

 

Lithologies from the Alboran cores correspond to greyish olive nannofossil clay 

and nannofossil-rich silty clay with highly homogenous colouration. Sediments from 

the Algero-Balearic basin consist of nannofossil or calcareous clay, nannofossil or 

calcareous silty clay, and slightly bioturbated nannofossil ooze (Comas, Zahn, Klaus et 

al., 1996).  

 

V.2.3. Core analyses and age model 

 

V.2.3.1. Core analysis 

 

Magnetic susceptibility was routinely measured on board during cruises 

(Comas, Zahn, Klaus et al., 1996, Comas and Ivanov,. 2006). Further analyses were 

carried out on U-channels that were run at different resolutions (between 0.5 and 1 cm) 
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with an X-Ray Fluorescence scanner (TATSCAN-F2) (Sakamoto et al., 2006). Alboran 

basin cores were sampled continuously every 1.5 cm, and core 975B-1H every 2 cm. 

Sediment samples were divided into two portions, one dried and homogenized in 

agate mortar for mineralogical and geochemical analyses, the other used to separate 

marine planktonic foraminifers.  

 

V.2.3.2. Age model 

 

The age model is based on 10 14C-AMS dates (accelerator mass spectrometry) 

recorded in monospecific planktonic foraminifers (Table V.2) (Leibniz-Labor for 

Radiometric Dating and Isotope Research and Poznan Radiocarbon Laboratory). In 

order to compare our data with other paleoclimatic records, all 14C-AMS ages were 

calibrated to calendar years (cal. BP) using Calib 5.0 software (Stuiver and Reimer, 

1993). We used the standard marine correction of 400 yr and the Marine04 calibration 

curve (Hughen et al., 2004). Nevertheless, linear extrapolation between radiocarbon 

ages may therefore result in spurious differences in age among time-parallel markers. 

For this reason, the age model was checked, comparing it with other well-dated 

records in the WMS (Cacho et al., 2001). The validity of the model is also strengthened 

by stable isotope stratigraphy and major biostratigraphic variations, and further 

supported by correlation of geochemical profiles. 

 

Table V.2. Results of AMS 14C carbon dating of single plancktonic G. bulloides (>125 mm) 

taken from cores 300G, 302G and 975B-1H. Calibration has been made using Calib 5.0 software. 

Lab. code Sample Description Core depth Conventional Age (BP) Calibrated age (cal BP) 

Poz-14597 300G/ 2 / 17-19  75 cm 6470 + 40 6910 + 80 

Poz-14188 300G / 3 / 54-56.5 168 cm 11690 + 60 13150 + 65 

Poz-12157 300G / 4 / 6-7.5 179 cm 11890 + 60 13950 + 65 

Poz-14190 302G / 5 / 8-10 225 cm 11950 + 50 13350 + 60 

Poz-14186 302G / 7 / 53-55 374 cm 20480 + 100 23990 + 160 

KIA 27327 975B / 1 / 8 - 10 9 cm 2,455 + 30 / -25 BP 2,049 + 54  

KIA 27328 975B / 1 / 50 - 52 51 cm 7,070 + 40 / -35 BP 7,519 + 42  

KIA 27329 975B / 1 / 90 - 92 91 cm 13,330 ± 60 BP 15,201 + 135  

KIA 27330 975B / 1 / 130 - 132 131 cm 15,870 ± 80 BP 18,768 + 67  

KIA 27331 975B / 2 / 45 - 47  190 cm 19,460 ± 110 BP 22,512 + 114  
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Sedimentation rates at the Alboran sites are much higher than those estimated 

for the Algero-Balearic area (Table V.1). Sedimentation rates in the Alboran basins 

oscillate between approx. 10 cm/ky during the late Holocene, and up to 20 cm/ky 

during some pre-Holocene periods. Temporal resolution is ~200 to ~50 yr for Alboran 

sites and ~400 to ~175 yr for the Algero-Balearic site (Jimenez-Espejo et al., 2006).  

 

V.2.3.3. Mineralogy 

 

Bulk and clay mineral compositions were obtained by X-ray diffraction (XRD). 

For bulk mineral analyses, samples were packed in Al sample holders. For clay mineral 

analyses, the carbonate fraction was removed using acetic acid. Separation of the clay 

fraction and preparation of samples for XRD analyses were performed following the 

international recommendations compiled by Kirsch (1991). X-ray diffractograms were 

obtained using a Philips PW 1710 diffractometer with Cu-K radiation and an 

automatic slit. Resulting diffractograms were interpreted using Xpowder software 

(Martin, 2004). Peak areas have been measured in order to estimate semi-quantitative 

mineral content.  

 

Morphological studies of mineral phases, such as barite, from selected samples 

were performed by means of field emission scanning electron microscopy (FESEM, Leo 

Gemini-1530). Quantitative geochemical microanalyses of the clay minerals were 

obtained by transmission electron microscopy (TEM) using a Philips CM-20 equipped 

with an EDAX microanalysis system.  

 

V.2.3.4. Geochemical analyses 

 

Major element measurements (Mg, Al, K, Ca, Mn and Fe) (Fig. V.2) were 

obtained by atomic absorption spectrometry (AAS) (Perkin-Elmer 5100 spectrometer) 

with an analytical error of 2% and by X-Ray Fluorescence (XRF) using a S4 PIONEER. 

Major element profiles have also been obtained using a non-destructive X-Ray 

Fluorescence  scanner  (TATSCANNER-F2,  IFREE/JAMSTEC).  The  XRF-core  scanner  
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Figure V.2. Core TTR-300G age profiles of : (a) relative quartz concentration, 3-period moving 

average (%); (b) Ca (wt. %) (c) Zr/Al (x104) ratio; (d) K/Al ratio (e) Si/Al ratio (f) Mg/Al ratio (g) 

Ba (ppm) (h) Baexcess (ppm) (i) Al x 104 (ppm) (j) Total organic carbon wt. (%) (TOC).Grey vertical 

bars indicate Heinrich 1 event (H1), Younger Dryas (YD) and sapropel S1 (S1a and S1b) time 

intervals. 
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was designed to determine bulk intensities of major elements on split sediment 

sections (Sakamoto et al., 2006) at intervals between 0.5 and 1 cm with an average 

accuracy of 0.1% (wt) for standard powder samples of the Geological Survey of Japan. 

 

Comparison of AAS, XRF and XRF-scanner data indicates concordance between 

techniques. Analyses of trace elements were performed using inductively coupled 

plasma-mass spectrometry (ICP-MS) following HNO3 + HF digestion. Measurements 

were taken in triplicates by spectrometry (Perkin-Elmer Sciex Elan 5000) using Re and 

Rh as internal standards. Variation coefficients determined by the dissolution of 10 

replicates of powdered samples were higher than 3% and 8% for analyte 

concentrations of 50 ppm and 5 ppm respectively (Bea, 1996).  

 

Samples from core 300G were also used to measure Total Organic Carbon 

(TOC) and Nitrogen. After decalcification on the samples 6 N HCl, both were obtained 

by combustion at 1050ºC using a Heraeus CHN-O Rapid elemental analyzer as 

described by Müller et al., 1998. Isotope and TOC data from core 975B-1H have been 

published previously in Jimenez-Espejo et al. (2006).  

 

V.2.3.5. Isotopic measurements 

 

For isotope stratigraphy, stable carbon and oxygen isotope ratios of calcareous 

foraminifers from core 300G was also obtained (Fig. V.3a, b). Approximately 25 

specimens of G. bulloides were picked from the >125 µm fraction and senescent forms 

were avoided. Foraminifers were cleaned in an ultrasonic bath to remove fine-fraction 

contamination, rinsed with distilled water and thoroughly washed in alcohol. Stable 

isotopes were measured using a Finnigan MAT 251 mass spectrometer (Isotope 

Laboratory, Department of Geosciences, University of Bremen, Germany). All δ18O 

data given are relative to the PDB standard. Analytical reproducibility of the method is 

approx. +0.07‰ for both δ18O and δ13C.  
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Figure V.3. Age profiles (a) Offset of δ18O between the G. bulloides record of TTR-300G (black) 

and the G. bulloides record of ODP 975B (green). (b) δ13C G. bulloides in of TTR-300G (black) and 

ODP 975B (green) cores. (c) C/N ratio in of TTR-300G (black) and ODP 975B (green) cores. SST’s 

core 300G(d) Summer temperatures (red) (e) Winter temperatures (blue). Grey vertical bars 

indicate Heinrich 1 event (H1), Younger Dryas (YD) and sapropel S1 (S1a and S1b) time 

intervals. 



V-Climate and oceanographic variability in westernmost Med. 

 

 77 

V.3. RESULTS 

 

V.3.1. Ba excess and TOC. 

 

FESEM analyses of barite crystals from Ba-enriched intervals demonstrate sizes 

and morphologies corresponding to typical marine barite (1-5 m in size with round 

and elliptical crystals). Detrital elements peaks (e.g. Al, Zr and K) and Ba maximums 

display an absence of correlation (Fig V.2) which also suggests that this barite is of 

authigenic origin. The Ba content derived from marine barite (Ba excess) was obtained 

by subtracting the amount of terrigenous Ba from the total Ba content (e.g., Dymond et 

al., 1992; Eagle et al., 2003). It is used here as the excess associated with crustal phases, 

and is calculated as: 

 

(Baexcess) = (total-Ba) – Al(Ba/Al)c, 

 

where total-Ba and Al are concentrations, and (Ba/Al)c is the crustal ratio for these 

elements. In this study, we used a value for (Ba/Al)c= 0.002, as estimated by Wedealb et 

al. (2003), in the Algero-Balearic basin. For Alboran cores, which have a different 

detrital supply, (Ba/Al)c= 0.0033 was used, as estimated by Sanchez-Vidal et al. (2005) 

on the basis of current conditions. Al is found mainly in aluminosilicates and it is 

assumed that the (Ba/Al)c ratio of terrigenous matter remains constant over the period 

studied. 

 

In spite of differences in relative amounts of Baexcess, all cores show the same 

pattern of variations (Fig. V.4). Three major enrichment time intervals can be 

distinguished: ~18 - ~15.3 cal. ky BP; ~13.5 - ~11.3 cal. ky BP, and 10.4 - ~8.2 cal. ky BP. 

Highest Baexcess content is observed at ~16.1 cal. ky BP (Fig. V.4). Although no data of 

sediment bulk density are available for Mass Accumulation Rate (MAR), considering 

the higher LSR in the Alboran basin, we assume that the Ba-MAR was also significantly 

higher in this area, as compared to the Algero-Balearic basin. The lowest values are 

reached during the Holocene, after a two-step decrease in Baexcess in the Alboran basin, 

and only after a single-step decrease in the Algero-Balearic basin (Fig. V.4). TOC 
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content is less than 0.9% at core 300G and less than 0.5% at core 975B-1H. Corg/N ratios 

oscillate between 3.6 and 7.7 at the Alboran Sea core, thus suggesting a mainly marine 

provenance (Meyers, 1994). TOC variations are sensitive to major climatic changes, 

with a major drop ~8.0 cal. ky BP. C/N and TOC content follows a high correlation (r > 

0.9) at core 300G.  

 

 

 

 

Figure V.4. (a) Baexcess (ppm) age plotted comparison among cores. ODP 975B values x 1.5 (b) 

Mg/Al ratio age plotted comparison among cores. (TTR-300G: black; TTR-302G: orange; TTR-

304G: blue; ODP 975B: green). Grey vertical bars indicate Heinrich 1 event (H1), Younger Dryas 

(YD) and sapropel S1 (S1a and S1b) time intervals. 
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V.3.2. Oxygen and carbon isotope and SST variations.  

 

Oxygen and Carbon isotope composition has been analysed in sediment 

samples from core 300G and has been compared with that of ODP 975B (Jimenez-

Espejo et al., 2006). Maximum glacial-interglacial amplitude in the Alboran core ranges 

from 3.69‰ to 0.55‰ and lies between 3.84‰ and 0.69‰ for the Algero-Balearic basin, 

with a total oscillation of 3.14‰ and 3.15‰ respectively. Although δ18O shows a high 

correlation (r = 0.92) among cores, some discrepancies are observed. The deglacial 

period in both cores started at ~18 cal. ky BP, with a continuous increasing trend of 

δ18O that stopped during the Younger Dryas (YD). Increase continued in the Alboran 

Sea until ~7.8 cal. ky BP, but in the Algero-Balearic basin it finished at ~7.0 cal. ky BP. 

Nevertheless, slight time discrepancies could be also attributed to age model 

differences.   

 

Values of δ13C are highly variable in the Alboran Sea basin, and suggest a partial 

climatic link response. Following the tendency values from this core, three time periods 

can be distinguished: highly variable values during the last deglaciation, light values 

during the early Holocene and heavy values during the late Holocene. Minimum 

values is reached at ~7 cal. ky BP and few significant heavy peaks are found at ~18.3, 

~10.2 and ~7.7.  

 

Futher insight on the reconstruction of past sea surface conditions was obtained 

from paleo-SST obtained from foraminifera plancktonic assemblages in core TTR-300G. 

The calculated SST indicate cyclical and/or abrupt changes in surface conditions. 

Usually SST variations are related with major climatic events, nevertheless, few of 

them could be related to regional factors (e.g., between 8 to 7 ky cal BP). Oscillation of 

about 7 ºC occurred during the last deglaciation. The lowest SST were reached during 

the Heinrich 1 event (H1). Bølling-Allerød (B-A) and YD are well constrained by SST 

variations. Late Holocene values are marked by a highly stable pattern around 23ºC for 

summer and 13ºC for winter temperatures. Those observations are in agreement with 

other paleo-SST records in the WMS (Cacho et al., 2002; Perez-Folgado et al., 2003)   
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V.3.3 Mineralogy and major and trace elements 

 

The Alboran Sea basin sediments are richer in detrital elements, and are 

composed of clay minerals (30-60%), calcite (25-50%) and quartz (10-20%), with low 

quantities of dolomite and feldspar (<5%). In all analysed sediments, accessory 

minerals such as zircon, rutile, apatite and biotite, as well as authigenic minerals, such 

as anhydrite-gypsum, pyrite, Mn and Fe oxi-hydroxides have also been identified. Clay 

mineral assemblages in the Algero-Balearic basin consist of illite (50-80%), smectite (20-

40%) and kaolinite + chlorite (15-40%). Clay mineral assemblage from the Alboran Sea 

sediments are richer in illite (65-85%) and usually poorer in smectites (10-20%) and 

kaolinite + chlorite (10-25%). Additional clay minerals, such as sepiolite, palygorskite 

and illite/smectite (I/S) mixed layers were also identified. Analysed sediments from the 

Algero-Balearic basin are predominantly composed of clay minerals (10-45%), calcite 

(30-70%) and quartz (10-30%), with low quantities of dolomite and feldspar (<5%) 

(Jimenez-Espejo et al., 2006). 

 

Geochemical profiles of selected major and trace element ratios are shown in 

figures V.2 and V.5. Elemental concentrations have been normalized to Al. This 

normalisation assumes that Al concentrations in sediments are contributed by 

alumino-silicates (e.g., Calvert, 1990). High correlation between Al and quartz content 

in the analysed interval also corroborates this idea. No grain-sorting processes or 

relevant turbidites were recognized throughout the intervals studied. Selected sensitive 

redox trace elements ratios (Mn/Al and U/Th) display different relationships according 

to the paleoceanographic evolution. The high values of Mn/Al enrichment in the 

uppermost section of the core (<10 cmcd) are not represented on the plot because they 

are off the scale. Relevant timing discordances appears in Mn/Al and U/Th time plot 

ratios between cores. Mn/Al follow a complex pattern, only partially related with 

climatic oscillations (Fig V.5). This could be linked with Mn provenance source, detrital 

and diagenetical. Probably diagenetical phenomena explain Mn/Al enrichments during 

the last deglaciation, while detrital input could explain Late Holocene Mn/Al increase. 
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In another hand, low U/Th values were reached during LGM and Late Holocene and, 

in general, enrichments were reached during H1 and YD and Early Holocene. 

 

 

 

 

Figure V.5. (a) Mn/Al ratio age plotted comparison among cores. (b) U/Th ratio age plotted 

comparison among cores. Grey vertical bars indicate Heinrich 1 event (H1), Younger Dryas 

(YD) and sapropel S1 (S1a and S1b) time intervals. (TTR-300G: black; TTR-302G: orange; TTR-

304G: blue; ODP 975B: green). 
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V.4. DISCUSSION  

 

V.4.1. Sea surface conditions 

 

During the LGM we found a marked δ13C isotopic offset, and time points with 

similar δ18O values (at 19.8, 19.4 and 18.3 ky cal BP) (Fig V.3a, b). These events, 

coincident with sharp SST coolings (at 19.8 and 18.3 ky cal BP, see Fig V.3d, e), might 

be related with the input of  cold Atlantic waters penetrating the WMS and reaching 

the Algero-Balearic basin . The lighter (19.8 ky cal BP) and heavier (18.3 ky cal BP) 

δ13CG. bulloides values recorded in the Alboran Sea compared with those observed in the 

Argelo-Balearic basin suggest a variable 12C resupply in the Alboran area, and suggest 

variations in the nature of Atlantic input, as well as the presence of upwelling 

phenomena in the westernmost Alboran and/or Gulf of Cadiz (Rogerson et al., 2004). 

At the end of the LGM (~18.0 ky cal BP), a δ18O isotopic offset can be seen between 

cores 300G and 975B, while the δ13C offset almost disappears (Fig. V.3c). The isotopic 

increase is not mirrored by the SST, however, which shows a cold trend. This suggests 

that changes occurred early during the last deglaciation were probably related with 

variations in the characteristics of Atlantic input rather than with climatic changes in 

this area. (Sierro et al., 2005). 

 

During H1, a narrow δ18O offset and very stable δ13C values are observed. The 

beginning of this cold event is characterised by a decrease in the SST, similar to the one 

that took place at ~17.0 cal. ky BP, reaching the lowest temperature values estimated 

for the Alboran Sea in the last 20 cal. ky BP (~7 ºC and ~11 ºC for winter and summer 

SST respectively). Nevertheless, there was no δ13C offset. This fact suggests 

homogeneous cold surface waters occupying both areas, promoted by an intense 

Atlantic input. A weakened WMDW promoted by the Atlantic input in turn highly 

enriched by iceberg meltwater at 16.0 ky cal BP has been previously described (Sierro 

et al., 2005). 
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After 16 cal. ky BP a stable deglaciation pattern is followed in both basins, and 

there is an enhancement of the C/N ratio and δ18O offset between cores. A priori, the 

light δ18O observed in the Alboran Sea might be related to the progressive increase in 

salinity and oxygen isotopes values that the Atlantic input underwent when entering 

the WMS (Sierro et al., 2005; Cacho et al., 2006), and/or to differential 

freshwater/coastal influence. During the YD, δ18O follows a flat pattern and the offset 

disappears. The SST were lower than those reached during the LGM. δ13C values 

become very unstable in the Alboran basin during the YD, which resembles a complex 

hydrographic setting, probably promoted by similar mechanisms to those proposed 

above for the glacial period. At the end of YD, a unique situation in the WMS is 

observed. At 11.5 cal. ky BP there is a large isotopic offset between cores, and an 

unusual situation is reached, where 975B δ18O values exceed those from the 300G core. 

The SST oscillations involve a warming, especially during summer, larger than 5ºC in 

less than 200 years. This implies a strong east-to-west isotopic gradient that could, in 

turn, reflect a high temperature contrast, with the warmest waters being in the Algero-

Balearic area.  

 

During ~10.0 to ~8.0 cal. ky BP, a new isotope offset between both areas has 

been established. This period shows stable SST and high δ13C values that could indicate 

steady hydrographical conditions. These conditions ended between ~7.7 and ~7.2 cal. 

ky BP, when a major foraminiferal faunal turnover took place (Perez-Folgado et al., 

2003), along with a major oceanographical change giving rise to the current setting of 

eddies and frontal circulation pattern of the WMS (Rohling et al., 1995). During this 

transitional period, the lowest δ13C values were reached in the Alboran Sea. This higher 

rate of 12C supply to surface waters in the Alboran basin compared with the Algero-

Balearic basin was probably related a intense vertical water mixing and/or gyres 

activity. The SST described during this transitional period relevant oscillations (>3ºC), 

that imply major changes in surface waters. After 7.0 cal. ky BP, the reducing offset of 

δ18O and C/N indicates a weak modification of the Atlantic input along both basins. 

SST values remain very stable, in contrast, δ13C becomes highly variable after this date, 

probably reflecting the complex hydrographical pattern established in both areas.  
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V.4.2. Paleoproductivity conditions 

 

In terms of marine productivity, the WMS is mostly oligotrophic, although in 

the westernmost Mediterranean, mesotrophic levels related with current mixing (e.g., 

Almeria-Oran front) and upwelling also occur (Reul et al., 2005). Organic nutrients are 

brought to the WMS by the Atlantic inflow (Dafner et al., 2001), whereas mineral 

nutrients are mainly of aeolian and fluvial origin. Phosphate, which is mainly of fluvial 

origin, is the limiting nutrient for primary production in the Mediterranean Sea (Krom 

et al., 1991).  

 

Redox sensitive element distribution rules out major diagenetical influence on 

the Ba record in both basins for the analysed time interval (Jimenez-Espejo et al., 2006; 

this study). The TOC record is substantially affected by reoxidation fronts in the 

Algero-Balearic basin (Jimenez-Espejo et al., 2006). The opposite is true for the Alboran 

Sea basin. In spite of this, TOC correlation with Baexcess content is poor, as it is during 

abrupt climatic events (eg. H1). This suggests that the preserved sediment TOC signal 

partially reflects productivity but is affected by preservation. The earliest Baexcess 

enrichment to take place during the last 20 ky was in the Algero-Balearic basin around 

18.6 cal. ky BP occurred slightly later mirrored in the Alboran Sea basin. The 

establishment of cold conditions during H1 and the input of a highly fertilized Atlantic 

jet inflow (Rogerson et al., 2004; Sierro et al., 2005) probably favoured the increase of 

the marine productivity. The mainly marine origin of TOC, prior to 16 ky cal BP is also 

corroborated by low C/N values at core 300G.  

 

During the B-A, Baexcess reaches relative low levels in both basins. A productivity 

offset is established during this period among studied sites in the Alboran Sea basin, 

showing higher productivity levels in those closer to the margin (Fig V.4a). This is 

coincident with a δ18O isotopic offset (Fig. V.3a) and a coetaneous increase in the C/N 

ratio. Thermohaline intensification that could promote upwelling phenomena has not 

been described during this period (see section 5.4.2), and Atlantic jet fertilisation was 
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inactive (Rogerson et al., 2004). Our observations suggest the presence of a freshwater 

river plume during the B-A that promoted regional productivity differences. 

 

The beginning of the YD is marked by a significant increase in Baexcess, which is 

more pronounced in the Alboran Sea basin. This increase could be caused by different 

processes, such as a bloom of r-strategist taxa taking advantage of changing conditions 

(Sprovieri et al., 2003). Nevertheless, previous studies based on diatoms indicate 

relatively low levels of salinity in surface waters, related with a decrease in salt content 

of the Atlantic input and increased local river activity in the Alboran margin (Barcena 

et al., 2001). High Mg/Al ratios in both basins and high C/N values suggest the 

influence of fluvial activity. It appears that despite arid continental conditions 

prevailing at that time (Gonzalez-Samperiz et al., 2005), high-loaded river plumes 

promoted productivity increase until 12.5 ky cal BP, when the productivity started to 

decrease.  

 

Between ~11 and ~8.2 cal. ky BP the highest Baexcess values in both basins 

coincide with warmer, wetter climatic conditions in the Mediterranean (Ariztegui et al. 

2000). Around 8.2 ky cal. BP marine productivity dropped again (Fig. V.4a). During 

this period, faunal replacement points to changes at 7.7 ky cal BP (Perez-Folgado et al., 

2003), while oxi-redox geochemical proxies (Jimenez-Espejo et al., 2006) suggest further 

oceanographical variations at ~7.2 ky cal BP. Cores TTR-300G and TTR-302G are 

sensitive to the 7.7 ky cal BP rapid change, while low Baexcess values were recorded in all 

cores at ~7.2 ky cal BP, except for core TTR-302G. After those events, the Algero-

Balearic basin reaches low Baexcess  values that are characteristic of the late Holocene 

period. Nevertheless a secondary Baexcess  enrichment, after the 7.2 event, is observed in 

the Alboran Sea basin and ended at ~5.4 cal. ky BP.  

 

V.4.3. Fluvial input and nutrient supply  

 

The previous section describes the variations of marine productivity according 

to Baexcess content and its relation with fluvial activity. In general, fluvial influence has 
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been usually underestimated, probably on account of the narrow-drainage river basins 

that surround the westernmost WMS along with low current rainfall. Enhanced 

freshwater input might be expected during the wet conditions of the B-A (e.g., 

Gonzalez-Samperiz et al., 2006), and probably melt water during the early YD 

(Broecker, 1992). Nevertheless, it was during the Holocene when productivity, 

apparently, was affected by dry events. A major decrease took place ~8.2 cal. ky BP 

when cold, dry conditions affected the northern hemisphere (Alley et al., 2005). The 

minimum Baexcess values reached at 7.2 cal. ky BP could be related with the onset of the 

present circulation pattern of the Mediterranean Sea (Jimenez-Espejo et al., 2006), and 

with dry conditions around the WMS (e.g., Wusam et al., 1999). In addition, at 5.4 cal 

ky BP, arid conditions in the land adjacent to the Tyrrhenian Sea are known (Carboni et 

al., 2005) as well as aridification periods in North Africa and the Levant (e.g., De 

Menocal et al., 2000; Jalut et al., 2000; Gasse et al., 2002, Bar-Matthews, 2003). These 

dryer conditions could be the factor that caused the final decrease in Baexcess in the 

Alboran Sea. 

 

Fluvial influence could be described by other ratios, such as Mg/Al (e.g., 

Wehausen and Brumsack, 1998). Three minerals are the main carriers of elemental Mg 

to the marine sediments: dolomite, smectites and chlorites (Wehausen and Brumsack, 

1998; Tipper, 2006). In the analysed sediments, TEM analyses revealed that the most 

frequent smectite is aluminous-phase (beidellite and I/S illite/beidellite), while Mg rich 

smectites are rare. Average dolomite content is very low, less than 2%. However, from 

XRD we can deduce that chlorite content is in excess of 10%. TEM analysis data 

indicates a chlorite average composition of (Si2.84Al1.16) O10 (Fe1.77 K0.05 Al1.68 Ca0.05 Mg2.29) 

(OH)8. These observations suggest that Mg is principally associated with chlorite. 

Comparing Mg/Al and Si/Al ratios in the Alboran Sea sediments analysed, we obtain a 

high degree of correlation (r between 0.8 and 0.93) (Fig. V.2e, f). In addition, textural 

analysis of surface features of the chlorites and quartz grains obtained by SEM 

indicates features that can be related with abrasive subaqueous actions (Carter, 1984). 

All the previous observations suggest a similar detrital origin for Mg and Si, mainly 

supplied by rivers that carry weathering materials (Meybeck, 1987, Tipper, 2006).  



V-Climate and oceanographic variability in westernmost Med. 

 

 87 

 

In the Alboran Sea basin there was a high-to-moderate correlation between 

Baexcess and Mg/Al ratio (range = 0.534 - 0.804). However, there was no correlation in  

the Algero-Balearic basin (r = 0.039). This is interpreted as a high level of sensitivity to 

river supply in the Alboran basin compared with the Algero-Balearic basin. The Ba 

content correction (Baexcess), along with other analyses (see section 3.1.) show that 

detrital influence in Baexcess values can be ruled out. All the previous observations 

suggest a link between atmospheric/fluvial conditions and productivity in the WMS. 

During wet periods, riverine input of nutrients might have played a primary role in 

productivity in the Alboran Sea (which is narrower) while only a secondary role in the 

central WMS. Fluvial discharge could be responsible for enhanced nutrient loads, 

especially phosphate, and could also have promoted water stratification affecting the 

composition, mixing and advection of phytoplankton.  

 

This river influence tallies with recent studies, which indicate the high 

sensitivity of the Mediterranean Sea to freshwater changes (Skliris et al., 2006), and the 

dynamic evolution of small rivers in spite of their reduced catchment areas (Budillon et 

al., 2005). In fact, the southern Iberia river systems are very important as sediment 

feeders to the ocean (Liquete et al., 2005). The narrow continental shelf and the 

presence of gullies favour sediment transfer from rivers to deeper sedimentary 

environments (García et al., 2006; Lobo et al., 2006).  

 

V.4.4. Paleo-ventilation reconstruction 

 

Changes occurring in the intensity, density and flowing depth of the MOW 

were influenced by the formation of intermediates and deep water masses in the 

Mediterranean (Rogerson et al., 2005; Sierro et al., 2005; Cacho et al., 2006; Voelker et 

al., 2006). For the sake of simplicity, in this study we will limit our representation of 

intermediate waters to the LIW and of deep waters to the WMDW. However, past 

variations in water masses such as the Tyrrhenian Deep Water, or the Winter 

Intermediate Water could also have played some role in WMS paleoceanography (Send 
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et al., 1999). Changes in the WMDW can be inferred from variations in bottom 

ventilation conditions (Cacho et al., 2006) as well as the location of water mixing 

surfaces (Reitz et al., 2006). The development of redox fronts could provide 

information about currents, as described at core 975B-1H (Jimenez-Espejo et al., 2006). 

Nevertheless, high sedimentation rates in the Alboran basin prevent the formation of 

redox fronts when more oxic waters reach the sea floor. This observation is 

corroborated by the absence of diagenetical relationships between Mn/Al and Fe/Al 

peaks, and correlation with other published data, such as δ13C in benthic foraminifera 

(Cacho et al., 2006) (Fig. V.5). With regard to the Fe/Al ratio, the presence of abundant 

framboidal pyrite established by SEM analyses demonstrates the existence of a 

microenvironment with oxygen depletion and secondary sulphide deposits. Thus, 

caution must be exercised when using Fe a input material proxy in the Alboran basins. 

 

V.4.4.1. LGM and H1. 

 

Prior to the H1 period, all the cores studied show low U/Th ratios and high 

Mn/Al values. This could indicate well-ventilated conditions around both basins on 

account of WMDW strengthening. The single Mn/Al peaks correlate well in all the 

Alboran cores (Fig. V.5a,b,c,d). A first Mn/Al peak appears at the shallowest core (TTR-

300G; 1860 mbsl) at 19.0 ky cal BP, followed by a series of peaks, the last of which is 

dated at 18.3 ky cal BP (Fig. V.5a,b,c). Consequently, at 18.2 ky cal BP a pronounced 

Mn/Al peak appears at the next Alboran core (TTR-302G; 1989 mbsl), and finally, at 

17.9 ky cal BP, a maximum Mn/Al peak at the deepest site (TTR-304G; 2382 mbsl). This 

progression of Mn/Al peaks could indicate a redoxcline deepening prior to the H1 

event. The redoxcline probably represents the boundary between the LIW and the 

WMDW, and could be related with the base of the MOW, whose estimated depth in 

the Gulf of Cadiz was ~2,000 m during the LGM (Rogerson et al., 2006). This could 

suggest that the main strength of the MOW was supplied by the eastern Mediterranean 

waters. Other implication is that the LIW-WMDW redoxcline was located deeper than 

they are today, as well as has been concluded for the MOW base in previous studies 

(Rogerson et al., 2006; Cacho et al., 2006).  
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Figure V.6. Paleoceanographic scenarios that summarize main currents changes that controlled 

redox element distribution along Alboran and Algero-Balearic basins(a) Last Glacial Maximum 

scenario (b) Between H1 and 14.5 ky cal BP (c) Early Younger Dryas (d) S1a time interval. 

 

 

During H1 a relevant oceanographic change occurred. The increase of the U/Th 

ratio indicates low ventilation conditions coupled with a weakned WMDW. This could 

have caused a shallowing of the WMD-LIW redoxcline (also recorded in cores 304G 

and 302G, Fig. V.6b). The decrease in ventilation reached a critical stage at the 

culmination of H1 (~16.0 ky cal BP) when fresher Atlantic waters occupied the surface 
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of the WMS (Sierro et al., 2005; Cacho et al., 2006). During this period, the U/Th ratio of 

all cores increased in both basins, indicating a weakened WMDW. Nevertheless the 

southernmost Alboran position, 302G, follows a different trend after 16.0 ky cal BP, 

and the U/Th ratio progressively decreases. Intense MOW and contourite formation 

has been described in the Gulf of Cadiz during H1 (Toucanne et al., 2006). It is probable 

that an intense LIW input sustained the MOW during this event, and the location of 

core TTR-300G in a preferential pathway for the LIW suggests a slight north-south 

divergence in the Alboran records.  

 

V.4.4.2. H1 through YD. 

 

By the end of H1, the WMDW-LIW redoxcline apparently underwent a process 

of shallowing and/or attenuation, and did not record in our Mn/Al record during the 

remaining deglacial period. Surprisingly, the U/Th ratio increased in the northern cores 

(975B and 300G) until 14.5 ky cal BP (Fig. V.5e,f), suggesting a weakning of the 

WMDW throughout H1 into Bølling (Fig. V.6c). At 14.6 cal ky BP a major change 

happened in North Atlantic circulation, consisting of an abrupt intensification of 

intermediate and deep currents (McManus et al., 2004; Gheriardi et al., 2005). This 

resumption of Atlantic circulation and/or the associated oceanographic changes 

apparently triggered an intensification in the formation of the WMDW at 14.5 ky BP, 

increasing bottom ventilation in the northern cores. Nevertheless, during the B-A, an 

increase in the U/Th ratio at the southernmost core suggests a significant reduction of 

the LIW. In order to witness a resumption of this current, we must wait for the YD 

onset (~12.5 ky cal BP) (Fig. V.6c), when a sharp decrease in the U/Th record at core 

302G was recorded (Fig. V.5h). The strength of the LIW probably promoted MOW 

intensification and the formation of the YD contourite in the Gulf of Cadiz (Faugeres et 

al., 1984; Voelker et al., 2006). In spite of the formation of WDMW during B-A and YD, 

its intensity was not high enough in order to avoid low ventilation at the deepest levels 

of the Algero-Balearic basin (Fig. V.5f). A reduced density gradient between the upper 

and lower layer, along with the rise in sea level and freshwater input could explain this 

weakening of WMDW formation (Schönfeld et al., 2000; Rogerson et al., 2005). Well-
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ventilated conditions did not reach core TTR-304G until ~11.5 ky cal BP (Fig. V.5g). 

Afterwards, redox information from core 975B-1H is not representative of the original 

conditions because it is affected by a redox front (Jimenez-Espejo et al., 2006).  

 

V.4.4.3. The Holocene 

 

The high U/Th ratios reached during the Early Holocene in all our cores 

indicate low oxygenate conditions along both basins (Fig. V.5e,g,h). During this period, 

humid conditions set in around the Mediterranean, promoting the formation of the last 

sapropel in the eastern Mediterranean basins between 9.5 and 6.0 ky cal BP (Mercone et 

al., 2001). Both WMDW and LIW were weak, reaching a ventilation minimum at ~9.0 

ky cal BP (Fig V.6d). The cause of this weakness can probably be attributed to high 

riverine input which, in turn, reduced surface salinity, and affected the formation of 

intermediate and deep waters (Bethoux and Pierre, 1999). The sensitivity of 

Mediterranean thermohaline circulation has been confirmed by recent circulation 

models that reflect thermohaline sensitivity to a variation of 5-10% in the 

Mediterranean mean freshwater budget (Skliris et al., 2006).  

 

The end of these low ventilation conditions followed a two-step pattern. The 

first abrupt decrease could be associated with the 8.2 cold event, reported throughout 

the Mediterranean (e.g. Ariztegui et al., 2000; Sprovieri et al., 2003). This cold event 

interrupted the formation of sapropel S1 in theEMS, giving rise to two sequences, S1a 

and S1b (Ariztegui et al., 2000), and probably promoted the formation of deep waters 

along the Mediterranean. Relative low values in the Mn/Al ratio at this time probably 

indicate a major change in the position of the oxic/dysoxic interface. A definitive 

interruption of low ventilation conditions, which probably marked the start of the 

current circulation pattern, occurred between 7.9 and 7.2 ky cal BP. It seems that the 

LIW flowed with sufficient strength to bring about well oxygenated conditions in the 

Alboran cores between 7.9 and 7.2 ky cal BP, despite the fact that sapropel deposition 

continued. In fact, the offshore formation of the LIW and its intermediate depths could 

have prevented river influence and maintained low ventilation in the EMS. At 7.2 ky 
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cal. BP the WMDW abruptly restarted, promoting the development of a redox front at 

core 975B-1H (Jimenez-Espejo et al., 2006), and changes to the water column in further 

WMS basins, such as the Tyrrhenian (Carboni et al., 2005). At 7.2 ky cal BP we are 

probably witnessing the filling of the whole deep area of the WMS by a intense 

WMDW (Jimenez-Espejo et al., 2006). Nevertheless, this new re-start gave rise to 

relatively less-oxygenated conditions in the Alboran basin than had been seen in the 

previous 700 years. Fluvial discharge and atmospheric conditions under a high sea-

level stand could explain these intra-Holocene changes.  

 

The end of sapropel S1 deposition in the EMS around 6.2 ky cal BP (Casford et 

al., 2003) is well marked by the Mn/Al ratio at core 302G (Fig. V.5b), indicating once 

again the high sensitivity of this core to LIW changes. The most recent U/Th 

enrichment peaks located at core 300 (Fig. V.5e) seem to describe 1.4 ky cycles between 

7.2 ky BP and the subrecent. These cycles have been described for previous periods 

(Moreno et al., 2005) and could be related with the intensity of the northwesterly winds 

over the Gulf of Lions and consequent WMDW convection (Cacho et al., 2000). 

 

V.5. CONCLUSIONS  

 

Sea surface temperatures, oxygen isotope values and geochemical proxies evidence 

significant climate and oceanographic variations in the westernmost Mediterranean 

Sea since the LGM. A persistent isotopic and geochemical offset indicates the presence 

of significant gradients between the Alboran and the Algero-Balearic basins. These 

gradients mainly resulted from changes in the Atlantic input, eastern Mediterranean 

currents and fluvial input. Marine productivity, characterized by Ba excess, was higher 

in the Alboran basin than in the Algero-Balearic basin. The Mg/Al ratio suggests strong 

effect of riverine input on marine productivity in the Alboran basin during wet periods 

such as the B-A, Early Holocene and also during the first half of YD. 

 

Sea level, Atlantic input and atmospheric/oceanographic conditions (river/runoff input, 

wind intensity and sea surface temperature) have modulated the Mediterranean 
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thermohaline circulation. Changes in the WMDW have been inferred from variations 

in bottom ventilation conditions. The development of redox fronts and redox proxies 

provide information about ventilation conditions. Prior to the H1 period, well-

ventilated conditions occurred in both basins on account of WMDW strengthening and 

a redoxcline deepening, which probably represents the boundary between the LIW and 

the WMDW. During H1, redox proxies indicate low ventilation conditions coupled 

with a weakened WMDW. The YD is characterized by a strengthened LIW which 

probably promoted the intensification of MOW. During the early Holocene low oxygen 

conditions occurred along both Alboran sea and the Algero-Balearic basins. Low 

ventilation conditions also appear to be associated to weakened WMDW and LIW 

currents. The end of these low ventilation conditions followed a two-step pattern. The 

first abrupt decrease could be associated with the 8.2 cold event. This cold event 

interrupted the formation of sapropel S1 in the EMS and probably promoted the 

formation of deep waters along the Mediterranean. Afterwards, low ventilation 

conditions were interrupted between 7.9 and 7.2 ky cal, which probably marked the 

start of the present-day circulation pattern. During the whole time period studied, our 

data suggest that the South Alboran area was sensitive to LIW oscillations, and 

comparisons with studies in the Gulf of Cadiz indicate that enhanced MOW flow was 

primarily driven by LIW input. 
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ABSTRACT 

 

Paleoclimate records from the western Mediterranean have been used to further 

understand the role of climatic changes in the replacement of archaic human populations 

inhabiting South Iberia. Marine sediments from the Balearic basin (ODP Site 975) was analysed 

at high resolution to obtain both geochemical and mineralogical data. These data were 

compared with climate records from nearby areas. Baexcces was used to characterise marine 

productivity and then related to climatic variability. Since variations in productivity were the 

consequence of climatic oscillations, climate/productivity events have been established. 

Sedimentary regime, primary marine productivity and oxygen conditions at the time of 

population replacement were reconstructed by means of a multiproxy approach. 

Climatic/oceanographic variations correlate well with Homo spatial and occupational patterns 

in Southern Iberia. It was found that low ventilation (U/Th), high river supply (Mg/Al), low 

aridity (Zr/Al) and low values of Baexcess coefficient of variation, may be linked with 

Neanderthal hospitable conditions. We attempt to support recent findings which claim that 

Neanderthals populations continued to inhabit southern Iberia between 30 to ~28 ky cal BP and 

that this persistence was due to the specific characteristics of South Iberian climatic refugia. 

Comparisons of our data with other marine and continental records appear to indicate that 

conditions in South Iberia were highly inhospitable at ~24 ky cal BP. Thus, it is proposed that 

the final disappearance of Neanderthals in this region could be linked with these extreme 

conditions. 
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VI.1. INTRODUCTION  

 

Human origins and the extinction of archaic populations have been the subject 

of intense debate in recent decades (e.g., Stringer and Andrews, 1988; Wolpoff, 1989; 

Brauer, 1992; Harpending et al., 1993; Lahr and Foley, 1998). Many hypotheses have 

been proposed for the extinction of such populations. Among the latter, research has 

focussed primarily on Neanderthals (e.g., Flores, 1998; Finlayson, 2004; Horan et al., 

2005; Finlayson et al., 2006). The Neanderthal extinction took place mainly during 

Marine Isotope Stage 3 (MIS3), a period which has been considered highly unstable 

and which is characterised by conditions not existing in present-day environments 

(Stewart, 2005). Recent studies have suggested that climatic and environmental factors 

alone may have caused Neanderthal extinction, given that climatic stability was of 

crucial importance for their distribution (Finlayson and Giles-Pacheco, 2000; Stewart et 

al., 2003a; Stewart, 2004a). Climatic variability has been determined by using a number 

of proxies such as δ18O (Stringer et al. 2003; Burroughs, 2005). However, the 

hypothesis based on climatic and environmental factors alone has not been widely 

accepted, despite the fact that it has been discussed in depth. It is well known that 

Neanderthal populations were in fact able to successfully adapt to significant climatic 

fluctuations for approximately 300 ky (Finlayson, 2004). Their adaptability is likely to 

have involved a profound knowledge of their environment and the capacity to exploit 

different hab itats, as well as seasonal mobility strategies, occupation of rich biotope 

areas (Finlayson, 2004; Finlayson et al. 2004), improved tool-making skills and better 

lithic resource management (Baena et al., 2005). Local extinctions and abandonment 

were, however, frequent in Neanderthal ecology (Trinkaus, 1995).  

 

Neanderthal extinction is an especially difficult topic since it requires that 

relevant existing data from a multitude of disciplines be brought together and 

correlated with an appropriate methodological rigor on which consensus among 

researchers is highly problematic. The difficulties include: aspects of climatic influence 

on archaeological records, complex relationships between fossils and climatic 

conditions, incomplete nearby continental records, biased interpretations of climatic 
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records, the sources of cultural features, an overemphasis on artefacts, rudimentary 

excavation techniques, dates obtained through a variety of methods and materials, 

dating and age models, and the coexistence of different underlying paradigms. The 

consequence of such a panorama is a highly fragile epistemology (Vega Toscano, 2005). 

It has been suggested that the late Neanderthal populations survived in Southern 

Iberia. In general, Southern Iberia has been considered a “cul du sac” (Zilhao, 1996; 

Finlayson, 1999), playing a passive role in human/bio logical evolution. From this 

traditional point of view, the presence of relict taxa has been attributed to the position 

of the Southern Iberian Peninsula and its isolation from the major source of Euro-

Asiatic faunal/floral input (Taberlet et al., 1998, Hewitt, 2000). However, the presence 

of species in this area could be related to its character as a climatic refugium (Finlayson, 

2006) and to the fact that it is a biodiversity hotspot (Mota et al., 2002). In the late 

Pleistocene, three areas have been identified as major temperate and/or Mediterranean 

vegetation refugia during glacial periods: the Iberian, Italian and Balkan Peninsulas, 

(Bennett et al., 1991; Willis, 1996; Carrión et al., 2000; Tzedakis et al., 2002; Finlayson, 

2006). “Cryptic” refugia have also been described, thus explaining the presence of 

Neanderthals in the Belgian Ardennes during the late MIS 3 (Stewart and Lister, 2001, 

Stewart et al., 2003b). The populations living in these refugia re-colonised central and 

northern Europe several times during the Late Pleistocene. It should be kept in mind 

that the capacity of refugia to continue carrying an ecosystem is a function of their 

specific location. The main characteristics of Southern Iberian refugia are their large 

scale, relatively low continentality, relative climatic stability, insolation and 

topography. These characteristics can only be reconstructed on the basis of 

representative local paleoclimatic records (Finlayson, 2006). In the case of the Southern 

Iberian Peninsula, the Algero-Balearic and Alboran basins provide particularly reliable 

climatic records (e.g., Cacho et al., 1999). Research has shown that the climatic 

conditions in this region were subjected to significant variations, mainly as a result of 

Glacial-Interglacial oscillations, Heinrich Events (HE), Dansgaard-Oeschner (D/O) 

stadials and interstadials (Moreno et al., 2005a). 
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In order to understand the paleoclimatic evolution in southern Europe and its 

relation to the aforementioned population refugia, a multi-proxy, high-resolution 

analysis was carried out in a marine sediment record from the western Mediterranean 

sea (WMS) (ODP core 975B-1H) (Fig. VI.1). This paper attempts to use Ba and Ba/Al 

ratios not only as paleoproductivity proxies, but also as an indicator of climatic 

stability. Mineral composition and trace element ratios have been used as paleo-proxies 

for paleoenvironmental reconstructions. K/Al and Mg/Al ratios, as well as quartz and 

clay minerals (e.g., illite and chlorite), were used to characterize river supply. Aeolian 

input has been characterized by Zr/Al and Ti/Al ratios. Trace elements sensitive to 

redox conditions (e.g., Fe, U, Co and Cr) have been used as paleo-redox and ventilation 

proxies. The results obtained have also been compared with other marine and 

continental climate records on regional and global scale in order to interpret the 

climatic conditions that may have affected Neanderthal populations.  
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Figure VI.1. Figure showing the locations of ODP Site 975 and one other related core (MD 95-

2043). 

 

 

VI.2. MATERIALS AND METHODS  

 

VI.2.1. Site description and sedimentation rate  

 

ODP Site 975 is located in the Northern margin of the Algerian-Balearic basin 

(Southeast Majorca island) (38º 53.795’ N 4º 30.596’ E; 2416 m.b.s.l.). Sediments at this 



Climate forcing and Neanderthal extinction in Southern Iberia 

 101 

site consist of nannofossils and calcareous clay, nannofossils and calcareous silty clay, 

and slightly bioturbated nannofossil ooze (Comas, Zahn, Klaus et al.,1996). The upper 

382 cm of core 975B 1H were sampled continuously every 2 cm. Sediment samples 

were divided into two portions, one dried and homogenized in agate mortar for 

mineralogical and geochemical analyses, the other used to separate marine plancktonic 

foraminifers.  

 

The age model is based on seven 14C-AMS dates (accelerator mass 

spectrometry) using monospecific planktonic foraminifers (Leibniz-Labor for 

Radiometric Dating and Isotope Research, Kiel, Germany), stable isotope stratigraphy 

and biostratigraphic events were also used for age determination (Jiménez-Espejo et al., 

submitted). In order to compare our data with other paleoclimatic records, all 14C-

AMS ages were calibrated to calendar ages (cal. BP) using the Calib 5.0 software 

(Stuivert and Reimer, 1993). The age model was refined by graphic correlation with 

isotopic/geochemical data from well dated sections such as MD95-2043 (Cacho et al., 

1999). This age model covers the last ~41 ky BP, whereas our study focuses on the 

interval of 20 to 41 ky BP. Linear sedimentation rates oscillate between 4 and 18 cm/ky. 

These variations in linear sedimentation rates at site 975B could be associated with 

gradual variations in terrigenous-detrital matter input during the time covered. 

Temporal resolution in the analytical series at this core is ~400 to ~100 yr, which is 

sufficient to distinguish millennial/centennial climatic oscillations, thereby allowing 

adequate millennial variance analyses.  

 

VI.2.2. Mineralogical and geochemical analyses  

 

Bulk and clay mineral compositions were obtained by X-ray diffraction (XRD) 

following the international recommendations compiled by Kirsch (1991). X-ray 

diffractograms were obtained using a Philips PW 1710 diffractometer with Cu-Kα 

radiation and automatic slit. The resulting diffractograms were interpreted using the 

Xpowder software (Martín, 2004). Estimated semiquantitative analysis error for bulk 
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mineralogy absolute values is 5% and error ranges from 5% to 10% for clay mineral 

proportions. FE-SEM analyses were performed to check barite origin.  

 

Total organic carbon (TOC) and total Nitrogen content were measured in 

separate portions of air-dried sediment samples by a CHN analyser (Perkin Elmer 2400 

Series 2). Each powder sample processed for TOC was treated with HCl (12N) in a 

silver cup, until mineral carbon was completely removed. Samples were wrapped after 

dehydration on a hot plate for 12 hours. Standards and duplicate analyses were used as 

controls for the measurements, indicating an error of under 0.05%.  

 

Major element measurements (Mg, Al, K, Ca, Mn and Fe) were obtained by 

atomic absorption spectrometry (AAS) (Perkin-Elmer 5100 spectrometer) with an 

analytical error of 2%. An X-Ray Fluorescence scanner (University of Bremen) was also 

used to obtain K, Ca, Ti, Mn, Fe, Cu and Sr count fluctuations. The XRF-core scanner 

was set to determine bulk intensities of major elements on split sediment sections 

(Jansen et al., 1998; Rölh and Abrams, 2000) at intervals of 1 cm with an accuracy in 

standard powder samples of more than 0.20 % (wt). The AAS and XRF-scanner data 

were compared and results indicating a high correlation between techniques. An 

average concentration of Ti in the core was obtained from XRF-core scanner data in 

order to normalize Ti to Al contents. This normalized average will be referred to as 

Timean /Al. Analyses of trace elements including Ba were carried out using inductively 

coupled plasma-mass spectrometry (ICP-MS, Perkin Elmer Sciex Elan 5000) after 

HNO3 + HF digestion. Measurements were performed in triplicates using Re and Rh as 

internal standards. Variation coefficients determined by dissolution of 10 replicates of 

powdered samples were 3% and 8% for analyte concentrations of 50 and 5 ppm, 

respectively (Bea et al., 1996).  

 

Stable carbon and oxygen isotope ratios of calcareous foraminifers were 

analysed to establish the stratigraphic framework of the samples from core 975B 1-1H. 

Approximately 25 specimens of Globigerina bulloides were picked from the >125 µm 

fraction and senescent forms were avoided. Foraminifers were cleaned in an ultrasonic 
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bath to remove fine-fraction contamination, rinsed with distilled water and thoroughly 

washed in alcohol. Stable isotopes were measured using a GV Instruments Isoprime 

mass spectrometer. Analytical reproducibility of the method is +0.10‰ for both δ18O 

and δ13C 122 based on repeated standards.  

 

VI.3. RESULTS  

 

VI.3.1. Paleoproductivity proxies  

 

TOC and Ba content have been used to determine productivity fluctuations. 

TOC content oscillates between 0.2 and 0.35. Corg/N ratio values oscillate between 2 

and 6, which suggests a marine provenance (Meyers, 1994). However, TOC content 

displays a low correlation with Ba content, probably indicating poor preservation of 

the TOC record, as has also been shown for Holocene sediments from this same site 

(Jiménez-Espejo et al., submitted). In contrast, the Ba record seems to be well preserved. 

The FE-SEM analyses corroborated the presence of barite crystals with morphologies 

corresponding to typical marine barite (1-7 µm in size with round and elliptical 

crystals). Despite discussion regarding paleoproductivity estimates based on Ba excess 

(Eagle et al., 2003; Eagle Gonneea and Paytan, 2006), at this site the Ba content can still 

be considered a good indication of productivity fluctuations, specifically since we 

established the presence of authigenic marine barite in the samples. Within the 

analyzed time interval no substantial changes in sediment composition are detected 

suggesting that changes in Ba bearing phases are negligible and therefore the 

fluctuations obtained derive from productivity variations. Although uncertainties 

regarding the correction for silicate-associated Ba do not allow one to obtain 

quantitative export production values, information on productivity variations is still 

valid. The latter has been obtained by subtracting the amount of terrigenous Ba from 

total Ba content (e.g., Eagle et al., 2003).  

 

(Ba excess) = (total-Ba) – Al(Ba/Al)c 
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where total-Ba and Al are concentrations and (Ba/Al)c is the crustal ratio for these 

elements. For this site we have used (Ba/Al)c= 0.002, as estimated by Weldeab et al. 

(2003) for the Balearic Sea on the basis of surface sediments and current o ligotrophic 

conditions. It is assumed that the (Ba/Al)c ratio of the terrigenous matter remains 

constant over the period considered. Changes in catchment areas could affect the 

(Ba/Al)c ratio of the terrigenous matter, but the (Ba/Al)c ratio shows no significant 

changes during the last glacial period. The lack of correlation between Ba peaks and 

detrital elements also suggests a mainly authigenic origin for Ba enrichments. 

Maximum Baexcess content is observed at ~23.3 ky BP (Fig. VI.2) along with other peaks 

(e.g., ~34, ~29.2, ~24.7 and ~20.5 ky cal BP). Baexcess and TOC do not follow similar trends. 

Maximum TOC content during the last glacial period was reached at ~25.8 and ~20.3 

ky cal BP with occasional, sharp low/high TOC values.  

 

VI.3.2. Sea surface conditions obtained through stable isotopes  

 

The oxygen stratigraphic framework for the time interval analyzed at site 975 can be 

correlated with episodes of changing temperature, resembling the global variation of 

the SPECMAC isotope curve (Martinson et al., 1987). The maximum amplitude 

between 20 to 41 ky cal BP of δ18O G. bulloides in core 975B-1H lies between 2.67 ‰ 

and 3.76‰, with a total oscillation of 1.09 ‰. The δ18O G. bulloides develops a cyclical 

pattern with sudden oscillations that could be associated with abrupt warmings (~21.3, 

~28.8 and ~33.6 ky cal BP) or coolings (~21.8, ~22.8, ~25.5 and ~27.4 ky cal BP) (Fig. VI.2). 

Such variations could be related to the climate cycles defined by Moreno et al. (2005a) 

in the Western Mediterranean Sea (WMS). Values of δ13C G. bulloides were found to be 

highly variable. Maximum amplitude of δ13C G. bulloides is between –0.24 ‰ and –

1.32 ‰, with a total oscillation of 1.08‰. δ13C G. bulloides undergoes sudden 

increase/decrease shifts which may be correlated with variations in Atlantic inflow 

fertilisation and/or gyre activities (Bárcena et al., 2001; Rogerson et al., 2004; Voelker et 

al., 2006).  
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Figure VI.2. Insolation curve, wood pollen, hemipelagic sedimentation rates on the Balearic 

abyssal plain, mean annual SST (Uk’alkenones ), Ba/Al (x104), Baexcess, Ba excess variability per 1.0 

ky, Ba excess variability per 2.0 ky and G. bulloides isotopic stratigraphy (δ18O and δ13C, in ‰) 

according to age. δ18O values are plotted with reversal Y axis. References: a)_Berger, 1978 

b)_Martrat et al., 2004 c)_Hoogakker et al., 2004. 
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VI.3.3 Detrital and redox proxies  

 

The terrigenous sediment fraction includes clay minerals (20% to 50%), quartz 

(15% to 30%), and minor amounts of feldspar (<5%), dolomite (<5%), and accessory 

minerals. Clay mineral assemblages consist of illite (55% to 80%), smectite (<5% to 15%) 

and kaolinite + chlorite (20% to 40%). These terrigenous sediments also included 

accessory minerals, such as zircon, rutile, apatite and biotite, while the authigenic 

minerals identified were anhydrite-gypsum, pyrite, Mn and Fe oxi-hydroxides. Figure 

VI.3 shows the distribution of selected profiles of major and trace element ratios related 

with terrigenous input. Elemental concentrations have been normalized to Al. This 

normalization assumes that Al in these sediments is contributed only by terrigenous 

alumino-silicates (Calvert, 1990).  

 

 

 

 

Figure VI.3. TOC content (%), U/Th and other redox-sensitive trace elements/Al (x104) 

according to age. Vertical dotted lines indicate the time intervals of Heinrich events. Grey areas 

indicate BA events (for definitions of such events, see section 4.3). 
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Ti and Zr are related with heavy minerals (e.g., zircon, rutile, anatase, titanite, 

ilmenite) and have been used by different authors as aeolian input proxies (e.g., 

Calvert et al., 1996; Haug et al., 2003). Both elements are well correlated over almost the 

entire period studied. In contrast, they have a low correlation with other detrital 

elements (Al, K and Mg), suggesting a different origin and ruling out the presence of 

turbidites, which usually produce quartz and heavy mineral enrichment (Wehausen 

and Brumsack, 1999).  

 

 

 

 

Figure VI.4. Relative quartz and clay mineral average concentrations (%), and elemental/Al 

(x104) ratios according to age, plotted as lithogenic proxies. Timean is an average value obtained 

by using an XRF-scanner. Vertical dotted lines indicate the time intervals of Heinrich events. 

Grey areas indicate BA events (for definitions of such events, see section 4.3). 

 

 

The ratios of specific elements to Al have been considered as redox sensitive 

proxies (e.g., Fe/Al, Mn/Al, U/Th, Co/Al, Cr/Al) (e.g., Mangini et al., 2001; Marin and 

Giresse, 2001) for oxygen conditions and digenetic remobilisation. Regarding 

oxygenation, two major enrichment periods in redox sensitive elements have been 



Climatic variability in the Western Mediterranean during the Last Glacial cycle 

 

 108 

detected from 33.2 to 30 ky cal BP and from 22.7 to 20.4 ky cal BP (see U/Th ratio on Fig. 

VI.4). Postdepositional alteration resulted in re-oxidation fronts promoting element 

mobilisation along the sediment column (Fe and Mn), which provides information on 

reventilation processes.  

 

VI.4. DISCUSSION  

 

VI.4.1. Continental and marine environments in the WMS during MIS 3  

 

Different proxies have shown that MIS 3, like other interglacials, is 

characterized by a saw-tooth temporal temperature pattern. However some features 

unique to this period exist, specifically, the main difference between this period and 

the other MIS stages (1 to 7) is that it represents a time for which “non analogue” 

conditions exist. This is evident in the mammalian fauna record (Stewart et al., 2003a; 

Stewart, 2005) and have also been observed in wind dust from marine sediment in the 

Algero-Balearic basin (Weldeab et al., 2003) and for the vegetation and fauna of 

Gibraltar (Finlayson, 2006). For example, 87Sr/86Sr and 143Nd/144Nd ratios indicate that 

during MIS 3 the main dust source for the WMS was probably located between the 

Northwestern Sahara (Morocco/NW Algeria) and the Sahara and Sahelian regions; 

another unknown source could also be involved (Weldeab et al., 2003). These source 

areas are substantially different from those of other MIS stages (1 to 7). The response to 

this even in terrestrial flora is however not clear. Marine pollen records have been 

established in WMS cores corresponding to MIS 3. However, interpretations of pollen 

sources have not led to unequivocal conclusions. For example, D'Errico and Sánchez-

Goñi (2003) have considered them to be Iberian, whereas Magri and Parra (2002) and 

Carrión (2004) disagree. On land, a rapid vegetational response to climatic changes has 

been observed (Sánchez-Goñi et al., 2005; González-Sampériz et al., 2006). At present, 

however, the resolution of age models does not allow for the identification of abrupt 

variations, such as those which took place during the D/O cycles as recorded in the 

marine record.  
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Marine records from the Iberian margin are especially suitable for paleoclimate 

research (Bard et al., 2004). Various multiproxy studies have been carried out (e.g., 

isotopic ratios, alkenones, pollen and geochemistry), which revealed significant 

climatic oscillations (e.g., Martrat et al. 2004). However, when looking into the effect of 

these changes on the terrestrial ecosystem, it should be noted that some of these 

variations can be assimilated by an ecosystem without major disturbances. Indeed, 

vegetal distribution is affected mainly by minimum temperatures, growth season and 

precipitation (Woodward, 1987), rather than mean sea surface temperatures, sea level, 

or water chemistry. Thus, the use of marine records to measure variance in a 

continental ecosystem may be some times difficult (Robinson et al., 2006). However, 

several chemical elements in marine records are of mainly continental origin, for 

example, Mg/Al and K/Al ratios have been associated with fluvial input (precipitation), 

and Ti/Al and Zr/Al with aeolian input (wind). Thus, these ratios provide information 

on continental areas, although they are highly influenced by multip le 

physical/chemical phenomena (e.g., wind intensity/direction, erosion rate, soil 

alteration, pluvial regime, marine currents and catchment areas, etc.) which complicate 

their use for variance analyses.  

 

VI.4.2. Ba excess as a climatic stability proxy  

 

The use of Ba enrichments as a proxy for productivity has been intensely 

discussed since the early eighties. This proxy is based on the strong correlation 

between the fluxes of excess Ba and organic matter in sinking particulates. It is also 

supported by the observations that Ba-rich sediments usually underlie high 

biologically productive (e.g., Dehairs et al., 1987; Dymond et al., 1992) areas and 

surface sediment barite accumulation rates correlate with upper water column 

productivity (Paytan et al., 1993, 1996). The use of this proxy assumes that the excess of 

Ba is related to barite crystals that originate in the water column. Only in such cases 

can Baexcess thus be used as a reliable proxy, assuming that Baexcess (total Ba normalized 

to Al) correspond to the Ba fraction that is not associated with terrigenous components. 

Data from different settings has shown that this proxy should be used with caution in 
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diagenetic environments where reducing conditions may have compromised barite 

preservation (McManus et al., 1998). In addition, recent research (Eagle Gonneea and 

Paytan, 2006) has shown that Ba content in different phases depends not only on 

primary productivity, but also on sediment provenance, sedimentation rates and Ba 

cycling within sediments. Corrections for detrital Ba may be highly variable and Baexcess 

algorithms should therefore be used with extreme care when calculating export 

production (Eagle Gonneea and Paytan, 2006).  

 

However, many studies have shown that Ba is an accurate indicator of past 

productivity in the Mediterranean Sea (e.g., Emeis et al., 2000; De Lange et al., 1999; 

Martínez-Ruiz et al., 2000). Paleoproductivity reconstructions using this proxy in 

marine Pliocene and Pleistocene sediments have confirmed that widespread deposition 

of sapropels resulted from enhanced export production fluxes. Increasing productivity 

was a consequence of changes in climatic conditions leading to higher nutrient supply. 

Sulfur isotope composition of marine barite from Mediterranean sapropels revealed 

that barite is an authigenic phase originating in the upper water column and is thus a 

reliable proxy for productivity at the time of sapropel deposition (Paytan et al., 2004). 

The high accumulation and good preservation of biogenic barite also indicate that 

bottom-water and pore water sulfate concentrations in Mediterranean basins were 

plentiful. The Baexcess proxy is also of exceptional importance in Mediterranean basins 

because at some locations the organic matter in the original sapropels has been 

oxidized and erased from the sediment record. Although estimates of past productivity 

using Baexcess may be inaccurate due to detrital Ba corrections or variable preservation, 

it is clear that Ba enrichments in Mediterranean sapropels indicate enhanced export 

productivity. In the deep areas of the Alboran and Algero-Balearic basins, productivity 

has been related to: i) surface water fertilization, provoked by different water mass 

mixing and/or gyre activity (Bárcena et al., 2001); ii) increases in nutrient supply due to 

high river runoff associated with wetter climates and/or melt water (Martínez-Ruiz et 

al., 2003; Moreno et al., 2004); iii) pycnocline depth changes (Rohling et al., 1995; Flores 

et al.,1997) and, finally, iv) highly fertilized Atlantic jet inflow (Rogerson et al., 2004). A 

change in productivity caused by pycnocline deepening has most likely only occurred 
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once in the last 50 ky (at ~8 ky BP) (Flores et al., 1997). All other productivity 

fluctuations in this region are associated directly or indirectly with atmospheric 

conditions. Thus, abrupt variations in marine productivity mostly reflected major 

variations in atmospheric/oceanographic (climatic) conditions. Continental 

environments should therefore also be affected by such climatic variations. When 

statistical analyses are considered, the variance may indicate the disruptive potential of 

climate fluctuations. Especially within the time interval studied, statistical analyses 

have provided valuable information regarding climate stability. Figure VI.2 represents 

the millennial and bi-millennial Baexcess coefficient of variation (Baexcess var.). High Baexcess 

var. values may indicate periods characterised by highly unstable conditions in marine 

ecosystems. High values in Baexcess var. coincide with major changes in planktonic 

foraminifera bioevents (see Table VI.1), (Perez-Folgado et al., 2003). This further 

supports the validity of Baexcess var. as a tool for understanding the climatic/biological 

variability in the WMS area. 

 

Table VI.1. BA events (see section 4.3) and their relationship with plancktonic foraminifera 

events defined in Pérez-Folgado et al., 2003. 

 

 

 

VI.4.3. Conditions during intervals of high Baexcess variability  

 

As is the case for sea surface temperature (SST) in the WMS (Cacho et al., 1999), 

the Ba signal is affected by D/O cycles (Moreno et al., 2005a). Three high Baexcess 

variability periods can be recognized between 41 and 20 ky BP (we have established 

                                        Bioevents High 

Baexcess var. 

Events 

N. 

pachyderma 

(r.c.) 

N. 

pachyderma 

(l.c.) 

T.  

quinqueloba   

G. scitula G. inflata G. bulloides 

BA1 Pm2 Ps2 Q3 Sc2  B2 

BA2   Q5 Bot. Sc4 Bot. I4 Max.  

BA3  Ps4 Bot.   I5 Top B4 Bot. 
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them as BA3, BA2 and BA1 events). Correlations of significant interest are obtained 

when such periods are compared with other paleoclimatic records:  

 

a) The BA3 event (aprox. 39-40 ky BP) can be correlated with the HE 4, which took 

place aprox. 38 to 39.5 ky BP (Bond et al., 1999; Hemming, 2004; Llave et al., 2006). 

Rapid changes in Atlantic deepwater currents and heat piracy between the Northern 

and Southern Hemispheres have been described for this period (Maslin et al., 2001; 

Seidov et al., 2001). HE 4 seems to be distinct from other HEs (Cortijo et al. 1997; Elliot 

et al., 2002; Cortijo et al., 2005). There was probably a cold current flowing from the 

Norwegian Sea along the European coast (Cortijo et al., 1997), with polar water 

reaching the WMS (Voelker et al., 2006). Recent studies indicate that ice-rafted debris 

were deposited in the Gulf of Cadiz (Llave et al., 2006), but apparently most of the 

melting took place in northern areas between 45ºN and 55ºN (Roche and Paillard, 2005). 

An increase in N. pachyderma recorded at core MD95-2043 (approx. 25 %) confirms 

that cold waters arrived at the WMS. Temperature estimates from Uk' alkenones 

indicate a mean annual SST of around 10ºC (Martrat et al., 2004). On the continent, a 

high degree of seasonality has been reported with large temperature fluctuations 

(Summer approx. 15ºC to 20ºC, Winter approx. –5ºC to 0ºC) (The Stage Three Project 

database). A major decline in Pinus and Quercus, and an increase in Ericaceae are 

observed (Roucoux et al., 2005). For this period results from ODP 975B indicate a 

relative increase in Zr/Al and a major decrease in K/Al (F ig. 3). This suggests that 

conditions were more arid and that wind velocities were stronger. Our results would 

seem to indicate a scenario in which the Iberian Peninsula was subjected to abrupt 

changes includ ing an extreme, continental climate. Insolation variation was, however, 

very limited during this event despite the large climatic changes suggesting the 

influence of other causes and feedbacks (Cortijo et al., 1997).  

 

b) The BA2 event (aprox 33.5-34.5 ky BP) could be the culmination of progressive 

climate deterioration, which is characterized by short D/O (6 and 7 stadials-

interstadials). D/O cycles in the WMS were apparently less severe than in the Atlantic 

(Hoogakker et al., 2004). Nevertheless, they imply major changes in high-latitude 
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circulation and monsoonal weakness (D/O stadial) (Moreno et al., 2002) (Rohling et al., 

2003). No ice-rafted debris have been observed in cores from the Atlantic Iberian 

margins during that time (Llave et al., 2006). However, cold waters penetrated the 

WMS during D/O stadial. SST ranged from aprox. 15ºC D/O interstadial to 11ºC D/O 

stadial for this period (The Stage Three Project database), which indicates more 

hospitable conditions than during HE 4. The afore-mentioned observations would 

together suggest a sudden change in temperature, and especially in humidity/rainfall 

in the Mediterranean area (Voelker and workshop participants, 2002). An input of cold 

water into the WMS could have promoted a reduction in evaporation and less 

precipitation throughout the Mediterranean area, with more significant effects in the 

Levant (Bartov et al., 2003; Begin et al., 2004). Fluctuations in the abundance of certain 

foraminifers species (e.g., Turborotalia quinqueloba) (Perez- Folgado et al., 2003) could 

reveal an unstable cold water input. This could have led to highly erratic rainfall in the 

Mediterranean area. In fact, the formation of talus flatiron, which requires alternation 

of aggradation and incis ion periods, has been detected on the Iberian Peninsula 

(Gutierrez et al., 2006). Pollen records indicate that Quercus almost disappeared in the 

Monticchio record (Allen et al., 2000a) and that Ericaceae and Pinus shrunk in the 

Northwestern Iberian regions (Roucoux et al., 2005). The latter are less affected, which 

could be associated with the passing of tolerance limits for deciduous Quercus. 

However, Mediterranean forest continued to exist in coastal areas of SW, SE Spain and 

North Africa throughout MIS 3 (Carrión et al., 1995; Carrión, 2004; F inlayson, 2006). 

Results from Site ODP 975 indicate major changes in Zr/Al and Timean/Al that could 

be related to high variations in aeolian input into the basin. Moreover, K/Al and Mg/Al, 

which are related to fluvial sediment input, did not undergo significant changes. 

Redox sensitive ratios present an inflexion point fo llowing the end of the BA2 event, 

with increases in U/Th, Cr/Al and Co/Al that point to less ventilated bottom waters. In 

the Gulf of Cadiz a more intense Mediterranean outflow water has been described 

during cold phases (Llave et al., 2006).  

 

This intensification resulted from colder, drier Mediterranean conditions. The 

expansion of the polar vortex generated masses of cold air, responsible for Western 
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Med iterranean Deep Water (WMDW), which, in turn, ventilated the Balearic basin 

(Cacho et al., 2000; Rohling et al., 2003; Jiménez-Espejo et al., submitted). These low 

ventilation conditions came to an end around 30 ky BP, with the onset of the HE 3 (30.5 

ky BP). Cold conditions have been described in Iberian lacustrine records (e.g., El 

Portalet, González-Sampériz et al., 2006). No significant changes appear in Baexcees 

var.during HE 3. This could be related to the gradual, rather than abrupt HE 3 pattern 

(Gwiazda et al., 1996) and to its particular features(Elliot et al., 2002), which differ from 

other HE’s. No evidence of ice-rafted debris has been found in Southern Iberian 

latitudes (Llave et al., 2006).  

 

c) The BA1 event (aprox. 22.5-25.5 ky cal BP) can be related to the transition from MIS 3 

to MIS 2 and to the HE 2. A bi-phase signal has been described for HE 2 in the Iberian 

region, one centred at 25 ky (HE 2b) and the other at 23.5 (HE 2a) (Sánchez-Goñi et al., 

2000; Turon et al., 2003). Within this period, the most inhospitable conditions of the 

previous 250 ky were reached in the WMS (Martrat et al., 2004). During HE 2, an 

armada icebergs reached the Portugal margin (Abreu et al., 2003). No ice-rafted debris 

have been detected in the Gulf of Cadiz, although a high percentage of coarser fraction 

(>63µ) suggests a very strong Mediterranean outflow water current (Llave et al., 2006). 

Despite a reduced supply of icebergs, the lowest temperatures of the last 250 ky were 

reached, with an annual mean SST of around 8ºC (Uk’ index) (Martrat et al., 2004). 

These low temperatures can be associated with strong thermohaline circulation and/or 

with the minimum daily total solar radiation, the latter resulting from orbital geometry 

(Berger, 1978). A minimum in seasonality was reached at 24 ky BP, (Berger, 1978) and 

probably affected marine currents. Indeed, previous summer insolation minima (40 to 

45 ky BP) have been linked with high variations in sedimentation rates in nearby areas 

(Voelker et al., 2006). On land, pollen analysis results indicate extreme conditions in 

Iberia during HE 2. A minimum of arboreal pollen correlates with a maximum in 

Artemisia and Chenopodiaceae (e.g., Turon et al., 2003; Roucoux et al., 2005), thus 

indicating a dominance of steppic group taxa that was not reached during the previous 

65 ky. Low seasonality can be expected for this period, with cooler summers and 

warmer winters than during previous BA events. Indeed, relatively warm winters are 
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necessary to explain the presence of traces of Quercus (deciduous) pollen in Padul (SE 

Spain) (Allen and Huntley, 2000b). Detrital proxies at Site 975 indicate a minimum 

Mg/Al ratio at 24 ky BP, which could points to a pronounced decrease in riverine input. 

K/Al ratio oscillations could be related to a highly unstable river discharge from the 

Rhône, or with mineralogical changes. Rapid oscillations have also been detected in 

other global records (e.g., 4ºC-6ºC warming in less than 50 years at ~22 ky cal BP 

(Taylor et al., 2004). Aeolian input, as indicated by the Zr/Al ratio, shows low values at 

24 ky and reaches a relative maximum at 23 ky. These variations could be linked with 

abrupt changes in atmospheric conditions. An inflexion point in our age model also 

reveals a change in the linear sedimentation rates during this period. Other cores from 

the Algero-Balearic basin also reveal abnormal accumulation rates at 24 ky, up to three 

times higher than any other value during at least the last 130 ky (Hoogakker et al., 

2004). These oscillations have been interpreted as being due to higher aeolian input, the 

latter being a consequence of increasing arid ity and/or higher wind speeds 

(Hoogakker et al., 2004). Furthermore, an unusually high thermohaline circulation, 

transporting material from an unknown source to the Algero-Balearic basin, cannot be 

ruled out. In any case, major changes can be observed in the WMS borderlands, which 

may not have undergone such extreme conditions in previous periods. Redox sensitive 

ratios indicate well oxygenated conditions between 25.5 and 22.5 ky BP, an interval 

during which a few of the ratios reach their lowest values (e.g., Cr/Al). Afterwards, a 

period of less ventilated conditions began, promoting an increase in redox sensitive 

ratios (e.g., U/Th and Co/Al). These ventilation conditions are once again correlated 

with Mediterranean outflow water activity in the Gulf of Cadiz (Llave et al., 2006).  

 

VI.4.4. The role of climatic variability for archaic populations  

 

Figure VI.5 indicates frequency distribution of Solutrean, Gravettian, 

Aurignacian and Mousterian dated sites per millennium in the Southern Iberia 

Peninsula (modified from Finlayson et al., 2006 and unpublished database) 

(CalPal 2005 SFCP). Cross calibration is fundamental for the comparison of 

marine and continental data. Moreover, uncertainties associated with  
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Figure VI.5. Frequency distributions of Solutrean, Gravettian, Aurignacian and Mousterian 

calibrated dated sites per millennium in South Iberia. These distributions are compared with 

Baexcess var., U/Th, Zr/Al and Mg/Al according to age. Such proxies are interpreted as climatic 

stability, deep water ventilation, aeolian input and fluvial input, respectively. Environmental 

conditions have been interpreted on the basis of combinations of these factors. Uncalibrated 

data base distribution follows a similar “peak and valleys” pattern, and relationship between 

industrial replacements do not change. 

 

 

calibration methods, continuous updates and different calibration 

curves/programs, lead to a certain degree of confusion among researchers 

(Housley et al., 2001; Turner et al., 2006). In the case of Calpal, regularly 

updated internationally standardised calibration curves are available (Reimer et 

al., 2006). The use of millennial scale and average values attempt to avoid such 

uncertainties. This information can be considered highly representative, 

although it is incomplete, as is otherwise to be expected from the nature of the 

fossil record itself, as well as the fact that the Southern Iberian Peninsula has yet 
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to be studied more exhaustively. The database has been compared with Baexcess 

var., deep water ventilation, and aeolian and fluvial input characterized by the 

U/Th, Zr/Al and Mg/Al, respectively. Two main observations can be made: i) 

archaeological outcrops are more abundant during conditions of low Baexcess var. 

and low ventilation; and ii) the number of outcrops is clearly affected by BA3, 

BA2 and BA1 events. During BA3 a low number of Mousterian sites has been 

registered. This appears to coincide with a weak early presence of the 

Aurignacian in the Iberian Peninsula associated with the most extreme climatic 

conditions (cold and dry). Between BA3 and BA2, a progressive increase in 

Mousterian sites occurred with the disappearance of Aurignacian sites. During 

this period (40-35 ky) the number of Mousterian sites reached a maximum and 

probably dominated southern Iberia. During BA2 there was a dramatic 

decrease in Mousterian sites, with a reappearance of Aurignacian ones. The 

most hospitable conditions occurred between 30.5 and 34 ky cal BP and 

Mousterian population reached a new maximum. Moreover, a progressive 

increase in Gravettian sites is synchronous with decrease in Mousterian sites. 

Therefore, relict Mousterian sites prevailed during the relatively hostile 30 to 25 

ky period (Fig. VI.5). During the prolegomena of the BA1 event, Solutrean 

industries were dominant and Gravettian and Mousterian industries probably 

disappeared. During the latter part of the BA1 event, Solutrean sites also 

underwent a decrease in number. Apparently major technological replacements 

took place during unstable periods. This could indicate that the proliferation of 

these industries was impacted by climate and a selection of cultural styles 

occurred. Indeed, in the second half of MIS 3 a number of “transitional 

industries” (e.g., Uluzzian, Bohunician and Szeletian) could represent cultural 

diversification as a response to new challenges (Finlayson and Giles-Pacheco, 

2000; Finlayson, 2004).  
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The present study does not attempt to address the issue of whether the main 

Modern expansion in Europe took place during the H4 event or whether it occurred 

during improved conditions associated with the Hengelo interstadial (mainly 41-42 ky 

cal BP) (Mellars, 2006). The idea of a new species displacing an earlier (more primitive) 

one to a peripheral area has been shown repeatedly to be inadequate (e.g., Coope, 

1979). It is almost impossible to demonstrate inter- or intra-specific competition on the 

basis of the fossil record (Finlayson, 2004). Neanderthals and Moderns probably 

coexisted for a prolonged period of time. Such coexistence started at least during MIS 5 

in western Asia (Bar-Yosef, 1998) and could be the origin of a gradient in the 

“Neanderthalisation” of industries (Moncel and Voisin, 2006). Nevertheless, it is 

unlikely that climatic changes and synchronous human events were a fortuitous 

coincidence.  

 

VI.4.5. The Southern Iberian Neanderthal habitat  

 

During the MIS 3 Neanderthals successfully occupied transitional areas, such as 

the edges of limestone massifs adjacent to lowland plains (Davies et al., 2003) in the 

Overlap Province defined by Stewart et al., (2003a). However, persistent Neanderthal 

populations inhabited the Southern part of Iberia (Finlayson 2004, 2005). Thus, the 

characteristics that distinguish the Southern Iberian from the Northern European 

Neanderthal habitats must be adequately taken into account. Neanderthal populations 

living in Southern Iberian probably took advantage of the following factors: i) 

Mediterranean forest, rich in fatty fruits, and mainly controlled by climatic change and 

a heterogeneous topography (Cowling et al., 1996); ii) a rich biotope area promoted by 

a complex topographical pattern which produced many environments and 

microclimatic conditions (e.g., Finlayson et al., 2001; Mota et al., 2002); iii) a more 

diversified nutritional pattern, partially composed of Pine nuts, bivalves, shellfish 

(Finlayson et al., 2001) and marine mammals (Antunes, 2000); this diet may have 

generated a lower maternal foetus-infant mortality rate and higher life expectancy 

(Hockett and Haws, 2005); a highly diversified geological bedrock (e.g., ultramafic, 

volcanic acid and sedimentary rocks) may also have helped to provide essential 
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nutrients via plants and/or herbivores; iv) a “buffered climate” promoted by the WMS, 

which has its own thermohaline circulation system (Brankart and Brasseur, 1998); 

climate changes are slower and more moderate in the Alboran Sea, as compared to the 

Gulf of Cadiz or the Tyrrhenian Sea (Cacho et al., 2002); and finally, v) one of the 

highest insolation coefficients in Europe, which must have guarantied hospitable 

diurnal temperatures, even during cold periods.  

 

The complexity of such factors makes it necessary to analyse local climate 

records in order to reconstruct the paleoclimatic conditions. To date, paleoclimatic 

models have not taken topography into account and are based mainly on the Padul 

record (Huntley et al., 2003; Ortiz et al., 2004). However, since the latter is an 

intramountain basin, the temperatures for Southern Iberian may seem cooler in 

climatic reconstructions based on this location than they actually were.  

 

VI.4.6 The end of the southern Iberian Neanderthals  

 

Glacial Maxima were critical periods during which extinction rates were 

exceptionally high. For example, tens of megafaunal species disappeared during the 

Last Penultimal Glacial Maxima (e.g., Wroe et al., 2006). Southern European refugia 

were also affected by such crises (O'Regan et al., 2002). For this reason, the number of 

warm species in present-day Iberian fauna is comparatively low (Blondel and Aroson, 

1999). It is thought by some workers that Neanderthals were highly skilled in adapting 

to climatic changes and that their adaptive capacities were similar to those of Moderns 

(Boëda et al., 1996; d'Errico et al., 2001). Neanderthals may even have been able to 

survive during stable conditions of extreme cold. However, high climatic variability 

provokes generalised effects in ecosystems. Continuous variations in seasonal moisture 

or temperature tend to produce stressed environments. It has been shown that in 

current environments, which display a slight warming trend, imbalances can be 

observed in insect populations (Harrison et al., 2006), certain illnesses have widened 

their spread (e.g., Flahault et al., 2004), and there have been synchronous multi-biotope 

crises (Moreno et al., 2005b), as well as alterations in migrational-altitudinal patterns  
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Figure VI.6. Hypothetical climatic conditions constructed on the of basis of models (Finlayson, 

2006), our data and marine records (e.g., Sánchez-Goñi et al. 2000 and Moreno et al., 2002) 

between 40 to 20 ky BP. (a) Favourable periods: D/O interstadials. (b) Non favourable periods: 

D/O stadials and Heinrich events. (c) Extreme conditions during the BA3 event probably 

between 25-24 ky cal BP. 

 

 

(e.g., Peñuelas and Boada, 2001; Peñuelas and Filella, 2003). Variations in vegetation 

type, plant digestibility, consumption rates and growth/mortality in herbivores, can be 

expected under such conditions (e.g., Lawler et al., 1997). Deficiencies in soil moisture 

caused by cold marine waters could lead to shorter growth seasons and an increase in 

days of snow cover, thus affecting herbivorous mammals and their occurrence ratios 

(Markova, 1992; Musil, 2003, Hernández-Fernández and Vrba 2005). Any one of these 

factors could have provoked periods of poor nutritional quality or famine, leading to 
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the extinction of highly regional populations. The last Neanderthals in southern Iberia 

were probably subjected to such isolated conditions from the BA2 event onwards. The 

disappearance of other reduced European populations around 30 ky BP may have been 

due to the afore-mentioned or other causes, such as genetic swamp and increasing 

continentality (Finlayson, 2004). It is also possible, however, that the extinction of the 

last southern Iberian Neanderthal populations occurred during the BA1 event, 

especially during a hypothetical extreme thermohaline activity event. Figure VI.6 c) 

represents this event mainly on the basis of our and other marine data (e.g., Sanchez-

Goñi et al., 2000; Moreno et al., 2002) and models (Finlayson, 2006). The Neanderthal 

archaeological proxies found in southern Iberia and dated at between 25-30 ky BP 

could be accounted for by situating Neanderthal extinction during BA1. On the other 

hand, it is thought that the last Neanderthals were located in various European 

climatic refugia, such as the Iberian, Italian and Balkan peninsulas. However, the more 

favourable conditions characterising the Iberian refugia (see section 4.5) may have 

allowed them to survive longer (Finlayson and Giles-Pacheco, 2000; Stewart et al., 

2003b; Finlayson, 2004). In any case, recent studies appear to indicate that, despite their 

greater adaptability to open environments (e.g., the North Plains) (Finlayson, 2004), 

Moderns were also subjected to conditions of isolation during the subsequent Last 

Glacial Maximum in southern European refugia (Hewitt and Ibrahim, 2001; Jobling et 

al., 2004).  

 

VI.4.7. To what extent were climatic conditions really influential?  

 

Because it is only in archaeological outcrops that direct interaction between 

humans and environment can be recorded, it is highly probable that the underlying 

causes of Neanderthal extinction will be found in such sites (Vega Toscano, 2005). 

However, due to the extremely complex sedimentation of archaeological deposits, their 

use in the reconstruction of climatic conditions is cumbersome. These complexities may 

be better handled by multidisciplinary studies which closely examine depositional 

systems and taphonomical features, thus enabling more coherent interpretations. 

Indeed, climatic factors could be linked to occupational patterns in coastal outcrops by 
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geochemical research using non- destructive techniques, such as XRF core scanner 

(Jiménez-Espejo et al., in preparation) and stable isotope analysis (Delgado-Huertas, 

pers. com.), in combination with other disciplines, (e.g., Yll et al., 2006).  

 

If climate did play an important role in the extinction of the Neanderthals and 

the expansion of the Moderns, some of the hypotheses regarding this process are likely 

to be corroborated. Climatic variability during cold periods probably acted as a 

“territory cleanser”, thus favouring a subsequent colonisation by Moderns. Stable 

“frontiers” could be expected when hospitable conditions prevailed. It is likely that the 

most important episodes of replacement took place over relatively short periods, 

coinciding with adverse climatic conditions. For as yet unknown reasons, these areas 

were apparently more successfully recolonised by Moderns during subsequent periods 

of hospitable conditions. Therefore, the temporal- spatial location of the outcrops may 

play a major role in confirming climatic influence. North Africa also deserves 

particular attention, since chronological patterns could have been similar and 

disappearances may have been simultaneous.  

 

VI.5. CONCLUSIONS  

 

Geochemical and mineralogical proxies show evidence of significant 

paleoenviromental changes in the WMS at time of Neanderthal extinction. 

Comparisons of different records suggest that from 250 ky down to 24 ky BP, the most 

extreme conditions in WMS were reached between 24-25 ky cal BP. Climatic changes 

apparently affected the number and distribution of Modern and Neanderthal sites in 

southern Iberia. Especially high values in millennial Ba excess var. (BA events) are well 

correlated with some of the changes in the number of sites and in replacements of 

industries. Cold, arid and highly variable conditions could be associated with the 

penetration and presence of Modern industries. This suggests that climatic variability 

during cold periods in the non-analogue MIS 3 could have affected Neanderthal 

populations, thus promoting weakness, isolation or extinction. Indeed, the definitive 

disappearance of Neanderthals could be linked with the unfavourable conditions 
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during BA1 (22.5-25.5 ky cal BP). However, in order to further clarify the causes of this 

disappearance, more in-depth studies should be carried out on outcrops in southern 

Iberia and North Africa.  
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VII. THESIS CONCLUSIONS  

 

Both geochemical and mineralogical proxies evidence significant climate and 

oceanographic changes in the western Mediterranean during the last glacial cycle: 

 

- Productivity, characterized by Baexcess, strongly fluctuated, mainly due to the 

Atlantic inflow and the freshwater input. Productivity was  higher during glacial 

periods reaching highest values during the YD and studied Heinrich events. High 

riverine influence on marine productivity in the Alboran basin is suggested by the 

Mg/Al ratio during wet periods such as the Bølling-Allerød, Early Holocene and also 

during the first half of YD. A significant productivity decrease started between 8.5 and 

8.0 cal. ky BP, roughly coincident with the 8.2 cal. ky BP cold event. Additionally, Ba 

profiles also support significant productivity differences between the western and 

eastern Mediterranean basins at time of S1 sapropel deposition.  

 

- A persistent isotopic and geochemical offset indicates the presence of 

gradients between the Alboran and the Algero-Balearic basins. Variations in the 

Atlantic input and different climate responses between both the Alboran and the 

Algero-Balearic basins are recognized.  

 

- In the Algero-Balearic basin, a redox event (LRE) occurred between 7.5 and 

7.0 cal. ky BP. This event strongly influenced both TOC preservation and redox 

element distribution in this basin, and has been related to the beginning of recent 

frontal circulation in the WMS during late Quaternary. 

 

- Changes in sea level, Atlantic input features as well as atmospheric and 

oceanographic conditions, such as river/runoff input, wind intensity and sea surface 

temperature, in the Mediterranean sub-basins have modulated Mediterranean 



                                                                                                                          VII. Thesis conclusions 

 128 

thermohaline circulation. Thus, comparison of the Alboran and Algero–Balearic with 

other Mediterranean basins supports the hypothesis that the Mediterranean Sea 

responded differently to climate forcing during the studied time interval. 

Consequently, this region represents a key location for further understanding of the 

relationships between the North Atlantic and the eastern Mediterranean basins. 

 

- Our data suggest that the South Alboran area was especially sensitive to LIW 

oscillations, and comparisons with studies in the Gulf of Cadiz indicate that enhanced 

MOW flow was principally driven by LIW input. In fact, a north-south gradient in the 

eastern Alboran is recognized, promoted mainly by intense LIW flow, river/coastal 

influence and sea level. 

 

- Geochemical and mineralogical proxies also show evidence of significant 

paleoenviromental changes in the WMS at time of Neanderthal extinction. Comparisons 

of different records suggest that from 250 ky throughout to 24 ky BP, the most extreme 

conditions in WMS were reached between 24-25 ky cal BP. Climatic changes 

apparently affected the number and distribution of Modern and Neanderthal sites in 

southern Iberia. Especially high values in millennial Baexcess variability coefficients (BA 

events) are well correlated with some of the changes in the number of sites and in 

replacements of prehistoric industries. Cold, arid and highly variable conditions could 

be associated with the penetration and presence of Modern industries. This suggests 

that climatic variability during cold periods in the non-analogue MIS 3 could have 

affected Neanderthal populations, thus promoting weakness, isolation or extinction. 

Indeed, the definitive disappearance of Neanderthals could be linked with the 

unfavourable climate conditions during BA1 (22.5-25.5 ky cal BP).  
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1. Introduction

Several methods for clay minerals using semi-quantitative

powder X-ray diffraction (XRD) analysis produces unique result

due to its preparation procedure and XRD devices [McManus,

1991; Moore and Reynolds, 1989]. “Filtration method” and “air-

dry method” are commonly used to prepare specimens of clay

fraction for XRD, in particular to apply clay minerals to tracers in

marine sediment. Relative contents of clay minerals are often uti-

lized for spatial dispersal pattern or temporal fluctuation. These

arguments founded on content values depend on reliable quantifi-

cation process with less error. Filtration method theoretically pro-

vides uniform specimens; beside air-dry method latently involves

specimens to enlarge the error within its preparation process.

Accordingly, we made some examinations on preparation of clay

fraction and filtration method to make sure which of two methods

have preferable reproducibility. Firstly the process of filtration

method we achieved, which is generally followed after Petschick

et al. [1996], is described in detail. Subsequently, reproducibility

of specimens made by two methods and application for marine

sediments are discussed based on the operation that we validated.

2. Clay preparation for XRD

2.1 Separation of clay fraction from bulk sediments

Wet sediments were soaked in 30 ml of tap water and disaggre-

gated for more than 24 hours. Sediments were not treated by

hydrogenperoxide to dissolve organic materials and by acids to

remove carbonates, on behalf of requirement to other operations.

After removing of sand fraction (>63 µm ϕ) with wet sieve, super-

natant of suspension contains tap water were removed by cen-

trifuging at 3400 rpm for 1 hour. For deflocculation of particles,

0.001 mol/l sodium hexametaphosphate solutions were added. At

this time, three dispersing agents, 1% sodium polyphosphate

[Petschick et al., 1996], 0.0005 mol/l sodium hexametaphosphate

[e.g., Shirozu, 1988] and 0.0005 mol/l sodium pyrophosphate

[e.g., Moore and Reynolds, 1989], were attempted to compare

effectiveness for particle separation and influence for clay miner-

als. Although sodium polyphosphate shows better ability for dis-

persion than that of sodium hexametaphosphate, it obviously

attacked carbonate minerals (calcite peak was disappeared). Thus

we selected sodium hexametaphosphate as the most efficient, non-

destructive dispersing agent for clay mineral grains.

Silt fraction (2-63 µm ϕ) and clay fraction (<2 µm ϕ) were sep-

arated by centrifuging at 700 rpm three times using modified

Stoke’s law [Shirozu, 1988]. At each cycle, to correct centrifuging

duration, we measured water temperature and distance to sink 2

µm particles. All extracted clay fraction were gathered in one tube

and then washed by pure water for three times to remove dispers-

ing agent. At last clay fraction was freeze dried before making

XRD specimen.

2.2 Filtration method for XRD specimen

1 ml of 0.5% molybdenite suspension (0.3 µm grain-diameter)

was added as internal standard to 40 mg of clay fraction in tube

that preliminarily softly ground in an agate mortar. After addition

of 2 ml of pure water, to avoid destruction of clay and molybden-

ite grains, ultrasonic dispersion of suspension was limited within 1

minute. Nevertheless talc and corundum are frequently adopted as

internal standard for quantitative XRD analysis, molybdenite has

many advantages such as; acute diffraction peak and substantial

intensity with few amount, suitable peak position for clay miner-

als around 6.15 Å, and uncommon mineral in marine sediments

[Quakernaat, 1970]. Disadvantages of molybdenite are difficulty

to create powder of ordered particle size and to disperse in water,

due to its high flexibility and electric charge. We persevered in

development of fine molybdenite fraction and stock suspension.

After withdrawal from ultrasonic bath, whole suspension was

immediately put into funnel of a vacuum filtration system with

Millipore© membrane filter (JHWP04700, 0.45 µm pore diame-

ter). The filter in this examination did not pass through particles.

First filtration to drain all fluid was carried out within 5 minutes to

avoid grain sedimentation on the filter. If it takes longer, suspen-

sion was stirred to keep homogenous. Molybdenite density is

heavier than that of common clay minerals, which represents that

molybdenite grains will concentrate near the filter, and clay cake

homogeneity cannot be ensured. In succession, 1 ml of 0.1 mol/l

magnesium chloride solution were followed to replace all free

cations with Mg ions, and washed by pure water to remove excess

cation and chloride ion. After filtration was completed entirely,

“clay cake” on the filter was carefully transferred onto a glass

slide. At this time, one drop of pure water was previously put on

the slide to remove air bubble between the clay cake and the slide.

Finally, the clay cake was dried for 15 minutes at 50 °C with the

filter. The filter was slowly removed after it became white from

semitransparent.

3. Comparison between filtration method and air-
dry method

Although both filtration method and air-dry method have

advantages and disadvantages, respectively, we preferred the for-

mer because of its convincing merits with low fractionation and

definable thickness in the clay cake, for quantitative XRD analysis

[Moore and Reynolds, 1989]. By grain-sized segregation in the
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suspension, fine homogeneity in clay cake cannot be ensured by

air-dry method [Drever, 1973]. In addition, clay cakes made by

filtration method have all equivalent shape so we can easily con-

trol the thickness (mg/cm2), while those made by air-dry method

has difficulty to keep certain thickness. It is impossible to com-

pare directly between specimens with different thickness since

thinner clay cake thickness induces more loss of incident X-ray at

high diffraction angles, which provides less diffraction and incor-

rect quantification. In other words, to contrast distinct samples, all

specimens are required to be arranged in same thickness or to be

mounted sufficient thickness called “infinite thickness” [e.g.,

Moore and Reynolds, 1989]. Furthermore, for quantitative XRD

analysis, internal standard must have entirely been mixed and

homogenized with crystals at certain ratio [Alexander and Klug,

1948; Brindley and Brown, 1980]. Molybdenite internal standard

solution allows us to take fine mixture on the process of making

specimen.

3.1 Reproducibility of specimen from the identical clay sample

We have attempted to evaluate the precision of relative content

of four clay mineral groups calculated from specimens adopted

both in filtration and air-dry methods. Five specimens were made

by each two methods and were measured by XRD to estimate a

reproducibility of specimen. One air-dried specimen was meas-

ured five times to estimate a measurement error. Air-dried speci-

mens were made from 0.8 ml of clay suspensions dispersed 8 mg

clay. Suspensions were carefully smeared in 2.6 cm diameter

round shape (5.31 cm2) as possible. In this case, clay cake thick-

ness of air-dry method specimen was 1.5 mg/cm2 and that of fil-

tration method specimen was 7.5 mg/cm2 (40 mg clay). Marine

sediment samples for this examination were collected by Ocean

Drilling Program Leg160 in eastern Mediterranean Sea.

XRD measurements were carried out using Mac Science

MXP3 HF diffractometer equipped with Cu target (40kV, 20mA,

Kα1=1.54056Å), automatic goniometer and graphite monochro-

mator, by a step scan with 2 seconds of counting time. “Normal

scan” was firstly measured through 2-40° 2θ with 0.02° step, and

subsequently “slow scan” was measured through 24-26° 2θ with

0.006° step to confirm kaolinite and chlorite content ratio. Then

specimens were exposed in ethylene glycol vapor in small desic-

cator at 50°C for more than 24 hours. After saturation of ethylene

glycol molecule, each “glycolated scan” was measured through 2-

20° 2θ with 0.02° step, as soon as it was taken out from desicca-

tor, one by one. Representative diffraction patterns of normal and

glycolated measurements of one filtration specimen are shown in

Figure 1.

All diffraction data were transferred to Apple Macintosh com-

puter and were computed using MacDiff software [Petschick et

al., 1996]. After peak correction of profile using molybdenite

peak (without slow scan data), profiles were smoothed and fixed

the baseline, and then d-value, peak intensity, peak area of four

clay mineral groups (smectite 17Å, illite 10Å, kaolinite 3.58Å,

and chlorite 3.54Å) were counted. Finally relative contents of four

groups were determined by empirical coefficients; smectite peak

area multiply by 1, illite peak area multiply by 4, and 7Å of kaoli-

nite-chlorite doublet peak area multiply by 2 [Biscaye, 1965].

Relative content of kaolinite and chlorite were computed from

respective peak areas arithmetically separated by peak fitting pro-

gram [Elverhøi and Rønningsland, 1978].

Average value, standard deviation and relative error of relative

contents (wt %) calculated from five distinct specimens are shown

in Table 1. It is impossible to compare peak height or peak area

intensity directly between two methods because clay cake thick-

ness is quite different between them. All four standard deviation

values of filtration method specimens are lower than that of air-

dry method specimens, as well as lower than measurement repeti-

tion error of air-dried specimen measurements. This phenomenon

definitely represents the uniformity of specimens made by filtra-

tion method. We did not verify whether quantification process is

proper using artificial clay mixture of known content ratio, but in

this examination we do consider only precision to estimate repro-

ducibility of specimens, so we do not deal with accuracy of calcu-

lated relative content values. To make sure of it, according to rela-

tive error values, three group’s values shows positive than meas-

urement error except illite group. The other significant fact is

inconsistency of smectite and illite contents between two meth-

ods. We interpreted it as difference in degree of orientation. Air-

dried specimens were settled in stable atmosphere and they had

needed almost 1 day to accomplish drying. During this period,

illite grains were well oriented, and they provided high diffracted

intensity in measurement.

3.2 Practical application for marine sediments

Two methods were applied to 12 discrete samples collected by

ODP leg161 in western Mediterranean Sea. Procedures for XRD

measurement and calculation were same as mentioned above.

Four correlation plots for relative content of clay mineral groups

between two methods are shown in Figure 2. Smectite group con-

tent estimated from air-dried specimens are mostly higher than fil-

tration specimens. This trend represents that fine particles of

smectite grains were accumulated on the surface of specimens.

The other deduction of this phenomenon is high orientation of

smectite through drying of air-dried specimens, similarly observed

in illite at former experiment. However, because smectite is

scarcely contained in these sediments (~10 wt %) and the range of

contents are restricted, it could not determine whether miscalcula-

tion of diffraction data or smectite grain’s behavior on the speci-

mens. Chlorite group content of air-dried specimens are slightly

under-estimated in comparison with filtration specimens, which

deduced from over-estimation of smectite group. Illite content and

kaolinite content of filtration specimens are almost consistent with

air-dried specimens, except one sample.

4. Summary

Since individual method produces respective consequence, it is

precarious to make immediate approach one another. As observed

in this paper, semi-quantification of clay minerals using air-dry

method specimens involves unexpected problems and complica-

tions, such as low reproducibility of specimen, particular orienta-

tion of specific minerals and grain segregation. Especially for

quantitative analysis, therefore, we recommend the filtration

method to utilize clay minerals precisely for marine sediments.
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Figure 2. Correlation plots of relative content values derived from filtration method and
air-dry method. Dotted line means equal.

Figure 1. Typical diffraction profiles of a filtration method specimen. Black line represents glycolated scan and
gray line represents normal scan. Mineral name and Miller’s indices are based on glycolated scan.
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Table 1. Relative content values of filtration and air-dry method averaged from five specimens for each method.
Measurement error was derived from five measurement repetition of one air-dried specimen.
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Late survival of Neanderthals at the southernmost
extreme of Europe
Clive Finlayson1,2, Francisco Giles Pacheco3, Joaquı́n Rodrı́guez-Vidal4, Darren A. Fa1, José Marı́a Gutierrez López5,
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Francisca Martinez Ruiz11 & Tatsuhiko Sakamoto18

The late survival of archaic hominin populations and their long
contemporaneity with modern humans is now clear for southeast
Asia1. In Europe the extinction of the Neanderthals, firmly asso-
ciated with Mousterian technology, has received much attention,
and evidence of their survival after 35 kyr BP has recently been put
in doubt2. Here we present data, based on a high-resolution record
of human occupation from Gorham’s Cave, Gibraltar, that estab-
lish the survival of a population of Neanderthals to 28 kyr BP. These
Neanderthals survived in the southernmost point of Europe,
within a particular physiographic context, and are the last cur-
rently recorded anywhere. Our results show that the Neander-
thals survived in isolated refuges well after the arrival of modern
humans in Europe.

The association between Neanderthals and Gibraltar dates to 1848
when a Neanderthal cranium was discovered at Forbes’s Quarry3.
The excavation of the Devil’s Tower rock shelter in 1925–26 by
Dorothy Garrod produced a second Neanderthal cranium with asso-
ciated Mousterian industry4. It has since been established beyond
doubt that the Neanderthals were the makers of the Mousterian in
western Europe5. In Gibraltar there are currently eight Neanderthal
occupation sites on the 6-km-long 426-m-high rock. The presence
of Mousterian technology in Gorham’s Cave, Gibraltar, was estab-
lished during excavations made between 1948 and 1954 (ref. 6).
The site was revisited from 1995 with a view to establishing the
timing of the Middle to Upper Palaeolithic transition. A date of
32.28 6 0.42 kyr BP (OxA-7857) was obtained for the uppermost
Mousterian levels7. Before 1997 all excavations and soundings had
been made in the external part of the cave. Problems of contamina-
tion of radiocarbon samples from wet, unprotected, exterior, parts of
caves have recently been brought to light2. Here we describe the
results of a series of excavations deep within Gorham’s Cave between
1999 and 2005.

Excavations have been made of 29 m2 of cave floor. The stra-
tigraphy is composed of four levels (Fig. 1). Level I corresponds to
Phoenician and Carthaginian (eighth to third century BC) horizons;
level II corresponds to a brief occupation during the Neolithic. The

two levels of interest in this paper are levels III and IV. The technology
associated with level III, from which 240 artefacts have been recov-
ered so far, is Upper Palaeolithic. The raw materials are predomi-
nantly flints, cherts and some quartzites. Three horizons have been
identified, two corresponding to occupation during the Solutrean
(Supplementary Information) and a higher horizon that corresponds
to the Magdalenian (Supplementary Information). Aurignacian and
Gravettian are absent. The technology associated with level IV, with
103 artefacts recovered so far, is exclusively Mousterian with flints,
cherts and quartzites (Supplementary Information). Previous exca-
vations by Waechter6 also attributed the Upper Palaeolithic to the
Solutrean and Magdalenian. Barton7 and Pettit & Bailey8 found only
a few, undiagnostic, Upper Palaeolithic pieces in their profiles.

Figure 1 and Table 1 present 30 accelerator mass spectrometry
(AMS) dates in stratigraphic position for levels III and IV in the
deepest part of the cave. The samples were identified as individual
pieces of charcoal under a microscope before being dated. The 22
AMS dates from the upper part of level IV span a 10-kyr period
between 33 and 23 kyr BP. We have not attempted to calibrate the
dates in view of the uncertainty surrounding calibration beyond
26 kyr cal BP

9. The dates suggest a favoured location that was visited
repeatedly over many thousands of years. Its situation, where natural
light penetrates deep into the cave and where a high ceiling permits
ventilation of smoke, is unique within the cave system, and hearths
were made in the same location many times. This repeated use is
confirmed by the stratigraphic distribution of the dates within level
IV that indicate localized alterations due to use and reuse (for
example trampling and cleaning) in the area around the position
of the hearths but dates in stratigraphic sequence within the location
of the hearths themselves. Thus, three samples (16, 17 and 20; Fig. 1)
came from in situ Mousterian superimposed hearths. These three
dates provide a stratigraphic sequence from 24,010 6 320 to
30,560 6 720 yr BP. Taken together, all the dates show that
Neanderthals occupied the site until 28 kyr BP and possibly as recently
as 24 kyr BP. The evidence in support of the 24 kyr BP date is more
limited than for 28 kyr BP, which is taken as the latest well-supported
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Arqueologico de El Puerto Santa Marı́a, 11500 El Puerto Santa Marı́a, Spain. 4Departamento de Geodinámica y Paleontologı́a, Facultad de Ciencias Experimentales, Universidad de
Huelva, 21071 Huelva, Spain. 5Museo Municipal, 11650 Villamartı́n, Spain. 6Institut Catala de Paleoecologia Humana i Evolucio Social, Area de Prehistoria, Universidad Rovira i Virgili,
43003 Tarragona, Spain. 7Departamento de Prehistoria y Arqueologı́a, Universidad Autonoma, 28049 Madrid, Spain. 8Department of Plant Biology, Universidad de Murcia, 30100
Murcia, Spain. 9Museo Nacional de Ciencias Naturales (CSIC), 28006 Madrid, Spain. 10The Herpetological Conservation Trust, Bournemouth, Dorset BH1 4AP, UK. 11Instituto Andaluz
de Ciencias de la Tierra, CSIC-UGR, 18002 Granada, Spain. 12Department of Geography, Royal Holloway College, University of London, Egham, Surrey TW20 0EX, UK. 13Laboratorio de
Arqueobotánica, Instituto de Historia (CSIC), 28014 Madrid, Spain. 14Departamento de Prehistoria y Arqueologia, Universidad de Granada, 18071 Granada, Spain. 15Area de
Prehistoria, Facultad de Filosofı́a y Letras, Universidad de Cádiz, 11003 Cádiz, Spain. 16Department of Biological Anthropology, University of Cambridge, Cambridge CB2 3DZ, UK.
17Department of Palaeontology, The Natural History Museum, London SW7 5BD, UK. 18Institute for Research on Earth Evolution, Japan Agency for Marine-Earth Science and
Technology, Yokosuka 237-0061, Japan.

Vol 443 | 19 October 2006 | doi:10.1038/nature05195

850
Nature  Publishing Group ©2006



occupation date. The level III dates represent a different occupation
pattern and are consistent with sporadic visits to the cave during the
Solutrean and Magdalenian and are separated from the Mousterian
occupation by a stratigraphic gap of at least 5 kyr (Fig. 1 and Table 1).

Geochemical detrital ratios such as K/Al and Mg/Al are constant
within each level at Gorham’s Cave and different from each other.
Level IV has a particular composition that differs from the rest of
the sequence (Supplementary Information). Representative samples
from all levels were analysed geochemically and mineralogically
(Supplementary Information). The resulting data have been used as
proxies to establish a sedimentary regime for the deep part of the cave,
geochemical ratios acting as fingerprints in each level10. The sedi-
ments sampled were predominantly composed of clay minerals, cal-
cite and quartz, with small quantities of dolomite, ankerite and
feldspars. Levels III and IV are clearly differentiated. Level IV has a

geochemical characterization that is clearly different from other
levels that contain Mg/Al and K/Al ratios that are almost twice as
high (Supplementary Information). A sharp change in concentration
of most of the elements analysed was detected between levels III and
IV, suggesting a sudden change in environmental conditions and/or
occupational pattern. Together with the absence of Upper Palaeo-
lithic tools in level IV and of any dates older than 19 kyr BP in level III,
the geochemical results confirm that there is no contamination of
level IV from the upper levels and that the boundary between levels
III and IV is sharp and clear.

Taphonomic study (Supplementary Information) indicated that
all taxa and animal sizes, according to weight, showed evidence of
human-induced damage (for example cut-marks, percussion scars
and conchoidal breakage), affecting 14.4% of identified specimens.
This is in agreement with other Middle Palaeolithic sites11,12.

Figure 1 | Plan of Gorham’s Cave including the section excavated.
a, General plan of Gorham’s Cave showing, at the right, the excavated area in
the deep part of the cave (yellow) and the location of the hearth site (black).
b, Detail of the excavated area (light grey) with the hearth site (black) and the
hearth radius of influence (dark grey; see c). c, Stratigraphy of the excavated
inner part of Gorham’s Cave described in the text. Numbered dots indicate
the positions of charcoal samples; the corresponding AMS dates are given in
Table 1. The white rectangle marks the position of the Mousterian hearth site

(see also Supplementary Information). Hatched lines indicate the hearth’s
radius of influence indicated by charcoal concentrations. The column on the
right gives K/Al (black bars) and Mg/Al (grey bars) values for specific points
in the stratigraphy (see Supplementary Information for details). The grid
above the figure shows the 1 3 1 m squares excavated. d, Photograph
showing the section at AA2–AA3. Level IV (brown, below) is clearly
differentiated from level III (grey, above). The red arrow indicates north.
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Carnivore activity is present, but it is not conspicuous (only 5.7% of
the remains were affected by carnivore tooth-marks). Post-deposi-
tional alterations are not especially destructive; trampling, which
produced surface scratches, was the principal factor (7.8%). No bone
fragments or artefacts could be refitted. Evidence of re-sedimentation
or reworking was not observed either. This confirms that most taxa
represented at Gorham’s Cave were brought from the surrounding
environments by humans and butchered inside the cave with a sub-
sequent negligible access to scavengers.

The sequence of radiocarbon dates presented, including 14 dates at
or statistically younger than 30 kyr BP, are the only currently reliable
ones that establish the persistence of Neanderthals and associated
Mousterian technology after 30 kyr BP. Earlier claims are now dis-
missed or are uncertain for a variety of reasons and in particular
after the revision of dates on bone with the use of ultrafiltration treat-
ment, a treatment only meaningful for dates on bone13. Hyaena Den
(UK) is now considered older than 30 kyr BP

2; the Vindija (Croatia)
Neanderthals have been re-dated to between 32 and 33 kyr BP or
older14; Zafarraya (Spain) is now discarded for several reasons15;
the Mezmaiskaya, Russia, Neanderthal is now dated to at least
36 kyr BP

16. The single AMS date on Cervus bone for Caldeirão
(Portugal)17 will require revision and is likely, given the result for
Hyaena Den of similar age2, to be older than 30 kyr BP. Finally, the
single 14C date, from Patella shells, from Figueira Brava, Portugal, is
not statistically younger than 30 kyr BP

17.
The last Neanderthals that occupied Gorham’s Cave had access to a

diverse community of plants and vertebrates on the sandy plains,
open woodland and shrubland, wetlands, cliffs and coastal environ-
ments surrounding the site. Such ecological diversity might have
facilitated their long survival. The overall pattern of fauna and vegeta-
tion in the late Mousterian level IV is consistent with that occurring
outside the cave for the greater part of the Late Pleistocene
and indicates Mediterranean glacial refugium conditions with a
Thermo/Meso-Mediterranean, subhumid climate (Supplementary
Information). It consisted of a broad mosaic of mesothermophilous

plant communities, open parkland habitats and seasonal fresh and
brackish water sources (Supplementary Information).

The Neanderthals therefore persisted in Mediterranean environ-
ments that had acted as glacial refugia for many species throughout
the Quaternary period18. The presence of Aurignacian technology
in Bajondillo, Málaga, about 100 km east of Gibraltar at around
32 kyr BP (ref. 19) and of sporadic Gravettian sites after this20 indi-
cates that the late survival of Neanderthals and the arrival of modern
humans was a mosaic process in which pioneer groups of moderns
and remnant groups of Neanderthals together occupied a highly
heterogeneous region for several thousand years. The low density
of early Upper Palaeolithic sites in southern Iberia20 and the late
presence of Neanderthals, reported in this paper, indicate that
for a long time populations of both Neanderthals and modern
humans were thinly scattered across the region. The absence of trans-
itional industries that have been attributed to Neanderthal–modern
cultural contact21, as are found in northern Iberia and France
(Châtelperronian), adds weight to the view of limited contact
between Neanderthals and moderns in southern Iberia. The trans-
ition from the Middle to the Upper Palaeolithic was not, in southern
Iberia at least, a sudden rupture but instead took the form of a long
and diffuse spatio-temporal mosaic involving populations at low
density.

METHODS

Cave deposits often have a complex sedimentation and the possibility of mixing

of sediments cannot be discounted. Representative samples were therefore taken

from each level at Gorham’s Cave and were analysed, both geochemically and

mineralogically, with the aim of checking the homogeneity of the stratigraphic

levels and the conditions in the cave. The resulting data have been used as proxies

to establish a sedimentary regime and conditions within the cavity. The four

stratigraphical levels (I–IV) were sampled. Sediment samples were dried and

homogenized in an agate mortar for mineralogical and geochemical analyses.

Bulk mineral compositions were obtained by X-ray diffraction (XRD) in

accordance with international recommendations22. X-ray diffractograms were

obtained with a Philips PW 1710 diffractometer with CuKa radiation and an

automatic slit. Resulting diffractograms were interpreted with Xpowder soft-

ware23. Major element measurements (Mg, Al, K, Ca, Mn and Fe) were obtained

by atomic absorption spectrometry (AAS; Perkin-Elmer 5100 spectrometer)

with an analytic error of 2% in the Analytical Facilities (CIC) of the University

of Granada. Al, K, Ca, Ti, Mn, Fe, Cu and Sr have also been quantified with an

X-ray fluorescence scanner in the Japan Agency for Marine-Earth Science and

Technology (JAMSTEC) laboratories. The XRF-core scanner TATSCAN-F2 (ref.

24) was set to determine bulk intensities of major elements on split sediment

sections at intervals of 0.5 cm with an accuracy in standard powder samples of

better than 0.20 wt%. A depth correction was performed to compare AAS and

XRF-scanner data, indicating a high correlation between techniques. Analyses of

trace elements including Ba were performed with inductively coupled plasma–

mass spectrometry (ICPMS) after digestion with HNO3 plus HF. Measurements

were performed in triplicate by spectrometry (Perkin-Elmer Sciex Elan 5000),

with Re and Rh as internal standards. Variation coefficients determined by the

dissolution of ten replicates of powdered samples were more than 3% and 8% for

analyte concentrations of 50 and 5 p.p.m., respectively25.

High-resolution geochemical mapping was performed with an XRF scanner in

sediments proceeding from level IV (Supplementary Information). Results

indicate a sublaminar sedimentation slightly turbated by limestone dropstone,

flint tools, fossil bones and carbonate nodules. This confirms that sedimentation

in level IV does not correspond to ‘breccia’ or chaotic deposits.

The 30 AMS dates presented in this paper were analysed by Beta Analytic Inc.

All samples were pretreated to eliminate secondary carbon components. The

samples were first gently crushed and dispersed in deionized water. They were

then given acid washes with hot HCl to eliminate carbonates, and alkali washes

with NaOH to remove secondary organic acids. The alkali washes were followed

by a final acid rinse to neutralize the solution before drying. Chemical concen-

trations, temperatures, exposure times and number of repetitions, were applied

according to the scarcity of the sample. Each chemical solution was neutralized

before application of the next. During these serial rinses, mechanical contami-

nants such as associated sediments and rootlets were eliminated. This type of

pretreatment is considered a ‘full pretreatment’.

Table 1 | The 30 AMS dates in the sequence illustrated in Fig. 1

Sample no.* Laboratory reference AMS radiocarbon age (yr){ 13C/12C ratio (%)

1 Beta-181896 13,870 6 80 224.0
2 Beta-185343 10,880 6 80 225.4
3 Beta-181895 12,460 6 100 224.0
4 Beta-184047 12,640 6 100 225.4
5 Beta-196780 13,820 6 100 224.6
6 Beta-196777 12,540 6 100 224.9
7 Beta-181893 16,420 6 120 225.5
8 Beta-184042 18,440 6 160 221.7
9 Beta-196785 26,070 6 360 225.6
10 Beta-196784 28,360 6 480 226.1
11 Beta-185344 27,020 6 480 225.0
12 Beta-196786 29,910 6 600 224.7
13 Beta-196787 31,480 6 740 223.7
14 Beta-196792 30,310 6 620 224.7
15 Beta-185345 23,780 6 540 225.0
16 Beta-196775 24,010 6 320 224.0
17 Beta-196773 26,400 6 440 223.2
18 Beta-196791 28,570 6 480 225.2
19 Beta-196779 29,400 6 540 225.4
20 Beta-196776 30,560 6 720 224.5
21 Beta-184045 31,110 6 460 223.7
22 Beta-196778 29,720 6 560 224.8
23 Beta-196782 23,360 6 320 222.4
24 Beta-196768 31,290 6 680 225.8
25 Beta-196772 31,780 6 720 223.1
26 Beta-196789 32,100 6 800 224.5
27 Beta-196769 31,850 6 760 223.5
28 Beta-196770 28,170 6 480 225.9
29 Beta-184048 29,210 6 380 225.2
30 Beta-196771 32,560 6 780 225.1

Level III dates are numbered 1 to 8; level IV dates are numbered 9 to 30. Three dates from the
hearth position are numbered 16, 17 and 20.
* Sample numbers are those used in Fig. 1.
{ Errors shown are 2s.
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