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RESUMEN. La presente Tesis es un estudio geoquimico, micropaleontologico y
sedimentoldgico de la secuencia sedimentaria de testigos del Site U1314, recuperada durante la
expedicion 306 del IODP, en la formacioén Gardar Drift (sur de Islandia), en el Atlantico Norte
subpolar. El objeto principal de esta Tesis es el estudio de las variaciones climaticas a diferentes
escalas temporales (orbital y suborbital), la evolucion de los patrones de circulacion superficial
y profunda, la dindmica de las masas de hielo en el Atlantico Norte, y los cambios en diferentes
parametros de la columna de agua (nutrientes, salinidad, temperatura, etc.), que tuvieron lugar
durante el periodo comprendido entre 1.070.000 a 780.000 afios (MIS 31-19), conocido como
Transicion del Pleistoceno Medio. Se ha realizado un registro a alta resolucion de is6topos
estables de oxigeno y carbono en foraminiferos bentdnicos y planctonicos, un analisis faunistico
de las asociaciones de radiolarios y foraminiferos planctonicos, un registro de la acumulacion
de material terrigeno y diversas técnicas geoquimicas en sedimento (composicion elemental,
opalo biogénico, y en conchas de foraminiferos planctonicos.

Los resultados obtenidos indican una variabilidad climatica centrada en periodos de
alta frecuencia, representada principalmente por incrementos abruptos en material terrigeno
en la secuencia sedimentaria, que son interpretados como periodos de expansion de las masas
de hielo hacia el océano. Acompafiando a las descargas de material terrigeno se han registrado
dramaticos cambios en las asociaciones de radiolarios y foraminiferos planctonicos que se
relacionan directamente con rapidas oscilaciones en las propiedades fisico-quimicas (salinidad,
temperatura, nutrientes, etc.) de las aguas superficiales, como resultado de la transferencia de
grandes cantidades de agua dulce desde el continente al océano. Estos eventos catastroficos
tuvieron un gran impacto en los patrones de circulacion superficial y profunda, registrados
como rapidos avances hacia el sur de aguas frias polares y una reduccion en la produccion de
aguas profundas en los mares nordicos (Groenlandia, Islandia y Noruega) asi como un aumento
de la presencia de aguas profundas originadas en el Hemisferio Sur en el Atlantico Norte.

Los resultados de los analisis espectrales de los registros de IRD, reconstruccion de
temperaturas superficiales del oceanoy de 8'*0 en foraminiferos planctonicos revelan frecuencias
centradas en periodos de 21.000 y 11.000, afos, aproximadamente. Estas ciclicidades estan
relacionadas con la sefal de precesion y sus harmonicos, y han sido observadas en registros
climaticos marinos en latitudes bajas. Esto sugiere que la variabilidad climatica sefialada por los
indicadores superficiales de nuestro testigo viene controlada por el transporte de la sefal calida
de bajas latitudes a través de procesos convectivos tropicales, atmosféricos y/o oceanicos, a la
region del Atlantico Norte subpolar. El registro de paleotemperaturas a partir de la relacion Mg/
Ca de Neogloboquadrina pachyderma sin. muestra evidencias de un ascenso de temperaturas
durante el depodsito o inmediatamente después de los IRD que acelerarian el retroceso de las
masas de hielo. Ademas, superimpuesta a esta ciclicidad suborbital, observamos una evolucion
del sistema climatico hacia un incremento progresivo de la ciclicidad de 100.000 afios en la
dinamica de los ciclos glaciales desde ~ 950.000 anos. Esta reconfiguracion se observa en
nuestros datos como un aumento gradual del volumen de hielo global y una mayor amplitud de
la variabilidad climatica glacial-interglacial.
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ABSTRACT. This thesis is a geochemical, micropaleontological and sedimentological
study of a sedimentary sequence from Site U1314, recovered during IODP Expedition 306,
located in the Gardar Drift (south Iceland), in the subpolar North Atlantic. The main subject of
this Thesis is the study of the climatic variations at different time-scales (orbital and suborbital)
that took place during the period between 1.070.000 a 780.000 years (MIS 31-19), known as
the Mid-Pleistocene Transition, the evolution of surface and deep circulation patterns, ice-sheet
dynamics in the North Atlantic, and changes in different patterns of the water column (nutrients,
salinity, temperature, etc.). We have elaborated a high-resolution record of stable oxygen and
carbon isotopes from benthic and planktonic foraminifera, a faunistic analysis of radiolarian
and planktonic foraminifera assemblages, a record of terrigenous material accumulation
and several geochemical analyses on bulk sediment (elemental composition, biogenic opal,
carbon components and P sequential extraction) and on planktonic foraminifera shells (Mg/Ca
paleothermometry).

Results obtained indicate a climatic variability centered mainly at high-frequency periods,
shown by abrupt increases in the amount of terrigenous material in the sedimentary sequence, that
are interpreted as ice-sheet advances toward the ocean. Linked to these terrigenous discharges,
there are dramatic changes in the radiolarian and planktonic foraminifera assemblages, related
to rapid oscillations in the physico-chemical properties of the surface waters that resulted
from the transference of large amounts of freshwater from the continent to the ocean. These
catastrophic events had a large impact on the surface and deep circulation patterns, recorded
as rapid southward advances of polar water masses and reduced deep-water production in the
Nordic Seas (Greenland, Iceland and Norway) and increased flow of southern Hemisphere
source deep-waters in the North Atlantic.

Results from the spectral analyses on the IRD, sea surface temperature reconstructions
and planktonic 6'*O records reveal frequencies centered at periods, of around 21000 and 11000
years. These cyclicities are related with a precession signal and its harmonics, and they have
been observed in many marine climatic records at low-latitudes. This suggests that the climatic
variability indicated by the surface proxies from our Site is driven by a low-latitude forcing
transported by tropical convective processes, either atmospheric or oceanic, toward the subpolar
North Atlantic. Paleotemperature estimates based on Mg/Ca values from Neogloboquadrina
pachyderma sin. show evidences of rising temperatures during or following the IRD discharge
which would accelerate ice-sheet retreat. Moreover, superimposed to this suborbital climate
variability, we observe an evolution of the climatic system toward an increasing influence of the
100-kyr cycle on glacial-interglacial variability since ~ 950 ka. This reconfiguration is observed
in our data set as a global increase in ice-volume and higher amplitude of glacial-interglacial
climate variability.






PRESENTACION Y JUSTIFICACION DE LA TESIS

El estudio de los eventos climaticos abruptos y los mecanismos causa/efecto implicados
en estos eventos es uno de los mayores retos a los que se enfrenta la investigacion climatica hoy
en dia. La identificacion de los mecanismos de retroalimentacion entre los sistemas océano-
atmosfera-criosfera son de vital importancia para el entendimiento de la variabilidad climatica

presente en registros sedimentarios del fondo oceénico.

El Atlantico Norte es una de las dreas de mayor sensibilidad climatica en la Tierra,
debido que esta expuesta a los efectos dindmicos de la interaccidon entre océano, atmosfera y las
masas de hielo continentales circundantes, que han ocurrido a lo largo de la historia geologica
en diferentes escalas de tiempo. Entre esta diferente temporalidad, destacan los cambios
climaticos abruptos que sucedieron en intervalos de miles de afios, que produjeron rapidas
reducciones en la produccion de aguas profundas que ventilan los océanos mundiales. Entender
el mecanismo que causa estos dramaticos episodios es uno de los mayores retos hoy en la
investigacion climatica. Sin embargo, muchos de los registros paleoclimaticos existentes que
cuentan con suficiente resolucion para revelar episodios de rapidos cambios climaticos s6lo
se extienden hasta unos pocos cientos de miles de afios atras en el tiempo (e.g. Bond et al.,
1992; Bond et al., 1997; Sarnthein et al., 2000; van Kreveld et al., 2000). Para arrojar un poco
mas de luz sobre los mecanismos implicados en esta variabilidad climatica, la investigacion
paleoceanografica ha desarrollado durante los ultimos afios un extenso y detallado registro de
indicadores paleoclimaticos (e.g., componentes del sedimento que aportan informacion acerca
de condiciones oceanograficas, atmosféricas y del hielo en el pasado) que se extiende hasta

mucho mas atras en el tiempo (Jouzel et al., 2007).

Partiendo de estas premisas, y con la voluntad de proporcionar un nuevo enfoque a las
investigaciones paleoceanograficas existentes, la presente Tesis Doctoral se enmarca en el estudio
de los cambios climaticos y oceanograficos ocurridos en la region del Atlantico Norte durante
el intervalo de tiempo conocido como Transicion Climatica del Pleistoceno Medio, entre 1,1 y
0,6 Ma. Numerosos estudios paleoclimaticos y paleoceanograficos han puesto de manifiesto los
profundos cambios que sufrid el sistema terrestre durante la MPT, los cuales consistieron en un
aumento en la acumulacion de volumen de hielo en las masas continentales del Hemisferio Norte.
Dada la estrecha relacion entre hidrosfera y criosfera, esta reconfiguracion del volumen de hielo
global tuvo gran repercusion en los patrones de circulacion ocednica superficial y profunda a
nivel global y muy especialmente en la region del Atlantico Norte. Establecer cuales son los
mecanismos de retroalimentacion implicados en esta reconfiguracion del sistema climatico a

escala orbital y suborbital es uno de los grandes retos de la paleoclimatologia moderna.

Eltrabajo aqui presentado se basa en el analisis de una secuencia sedimentaria del sondeo

marino profundo U1314, perforado en la formacion Gardar Drift (sur de Islandia), durante la
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expedicion 306 del Integrated Ocean Drilling Program (IODP) en el Atlantico Norte subpolar.
El material recuperado proporciona un registro de alta resolucioén del intervalo comprendido
entre 1.070.000 y 780.000 afios. En este estudio se han utilizado de manera conjunta técnicas
basadas en el andlisis faunistico de asociaciones planctonicas (foraminiferos y radiolarios),
caracterizacion petrografica, granulométrica y geoquimica del sedimento (CaCO,, 6palo, Al, Ti,
Fe, Mn, Mg, Ba, etc.) e is6topos estables (carbono y oxigeno) y elementos traza (relacion Mg/
Ca) en foraminiferos. Esta suite de indicadores paleoceanograficos permite una reconstruccion
de los cambios en las masas de agua superficiales en el Atlantico Norte subpolar, de procesos
verticales en la columna de agua, y de la interaccion de las masas de hielo continental circundantes
con ¢l océano (procesos de hielo/deshielo). Asi mismo, la profundidad a la que se situa el testigo
U1314 (2.820 m) también permite realizar una monitorizacion de las variaciones temporales de
las aguas profundas del Atlantico Norte, lo cual es una novedad respecto a otros estudios con
testigos marinos profundos en la zona, recuperados a profundidades mas someras (< 2.000 m)
(Kleiven et al., 2003; Raymo et al., 1997; Venz et al., 1999; Wright and Flower, 2002).

Entro los requisitos exigidos para la obtencidon de la mencion “Doctor Europeus”, al
que opta esta Tesis Doctoral, se incluye que si la tesis se presentara en castellano, una parte
de la misma debera redactarse y presentarse en alguna de las lenguas oficiales de la Union
Europea distinta a cualquiera de las lenguas oficiales en Espana. Para cumplir esta disposicion,
los Capitulos 3, 4 y 5 han sido redactados en inglés. Estos capitulos aparecen estructurados en
forma de articulos cientificos, algunos en revision y otros en espera de ser enviados para su
publicacion. Se ha considerado pertinente incluir al principio de cada uno de estos capitulos un
resumen en castellano, al igual que un resumen en inglés para los Capitulos 6 y 7, redactados
en castellano. Debido a que muchos de los términos usados en la presente Tesis se encuentran
exclusivamente escritos en inglés en la literatura cientifica que hemos utilizado, se ha optado
por incluir estos términos (en cursiva junto al término en castellano) y utilizar sus respectivos
acronimos en el presente manuscrito. Las referencias bibliograficas aparecen como un apartado

independiente al final de la Tesis, a fin de facilitar su lectura.
La presente Tesis Doctoral se divide en ocho capitulos y siete anexos:

En el Capitulo 1 se hace una introduccion al periodo de estudio, el Pleistoceno Inferior
y Medio, su definicion y la identificacion de los principales cambios ambientales asociados a
la reorganizacion climatica que tuvo lugar en ese periodo observado en el registro geoldgico
global. En este capitulo también se hace referencia a los cambios climaticos a diferentes escalas
de tiempo, orbital y suborbital, y en especial al registro de oscilaciones climaticas abruptos en el
Atléantico Norte, y una descripcion del contexto geologico y oceanografico de la zona de estudio.
El Capitulo 2 es una breve recopilacion explicativa de los paleoindicadores que componen
nuestros registros climaticos, describiendo su fundamento, aplicacion paleoceanografica y
técnicas analiticas empleadas para su obtencion. En esta seccion también se incluye una amplia

descripcion de los materiales empleados durante la Tesis.
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Los siguientes capitulos (3, 4, 5 y 6) presentan los resultados de tres publicaciones
cientificas enviadas a diferentes revistas de ambito internacional y nacional en las que el

doctorando ha sido el autor principal:

- Hernandez-Almeida, 1., Sierro, F.J., Cacho, L. and Flores, J.A. Impact of suborbital
climate changes in the North Atlantic on ice-sheets dynamics at the Mid-Pleistocene

Transition. Paleoceanography (en preparacion).

En este trabajo, que corresponde al Capitulo 3, se aplican metodologias basadas en
la composicion isotopica de oxigeno y carbono en conchas de foraminiferos planctonicos y
bentonicos, junto con estudio de la fraccion detritica > 150 um, para abordar la caracterizacion
y distribucion de masas de agua profundas en el Atlantico Norte, asi como estudiar las diferentes

periodicidades que dominan los cambios climaticos en la region.

- Hernandez-Almeida, 1., Sierro, F.J., Filippelli, G.M., Cacho, 1. and Flores, J.A.
Millennial scale variability of planktonic foraminifer assemblages and changes in
North Atlantic circulation during the Mid-Pleistocene Transition (1069-779 ka).

Marine Micropaleontology (en preparacion).

Este estudio correspondiente al Capitulo 4 supone un complemento al capitulo anterior,
ya que presenta una reconstruccion de las condiciones oceanograficas superficiales del Atlantico

Norte, centrandose en la dinamica regional del Frente Artico.

- Hernandez-Almeida, 1., Bjerklund, K.R., Sierro, F.J., Filippelli, G.M., Cacho,
I. and Flores, J.A., 2011a. A high resolution opal and radiolarian record from
the subpolar North Atlantic during the Mid-Pleistocene Transition (1069-779
ka): palaeoceanographic implications. Palaeogeography, Palaeoclimatology,

Palaeoecology (en revision).

El trabajo presentado en el Capitulo 5 supone la primera contribucién de registro de
alta resolucion de radiolarios y de dpalo para el Atlantico Norte subpolar durante el Pleistoceno
Inferior y Medio. Los resutaldos obtenidos confirman muchas hipétesis planteadas en el trabajo
anterior, y supone una demostracion del potencial de estos indicadores en las reconstrucciones

paleoambientales en esta region.

- Hernandez-Almeida, I., Sierro, F.J., Suarez, M., Filippelli, G.M. and Flores, A.,
2011b. Caracterizacion e interpretacion de las capas ricas en detriticos en sedimentos
del Site U1314 (Atlantico Norte) durante los estadios isotopicos marinos 21-19 (~
830-779 ka) . Geogaceta (en revision).

El Capitulo 6 se presentan resultados y conclusiones de un trabajo centrado en el uso
de diferentes indicadores (geoquimicos, mineraldgicos, etc.) para identificar capas ricas en

material detritico del testigo U1314 durante y determinar su posible origen.

En el Capitulo 7 se presenta un nuevo registro a alta resolucion de la composicion
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geoquimica del testigo U1314, utilizando técnicas de composicion elemental del sedimento y de
analisis de la relacion Mg/Ca en conchas de foraminiferos planctonicos para la reconstruccion
de paleotemperaturas. Se prevé que el material presentado en este capitulo de lugar a una

publicacion cientifica.

El Capitulo 8 resume las principales conclusiones presentadas en los capitulos anteriores.

Este capitulo ha sido redactado tanto en inglés como en castellano.

Finalmente, se han adjuntado siete anexos. El primero ellos incluye un articulo en el
cual se presentan los resultados de un estudio de trampas de sedimento en el Mar de Alboran,

que sirvid al doctorando como introduccion a la investigacion con microfosiles.

- Hernandez-Almeida, 1., Barcena, M.A., Flores, J.A., Sierro, F.J., Sanchez-Vidal,
A., Calafat, A., 2011. Microplankton response to environmental conditions in the
Alboran Sea (Western Mediterranean): One year sediment trap record. Marine
Micropaleontology, 78(1-2): 14-24.

Los siguientes anexos incluyen de forma detallada los listados de figuras y tablas,
abreviaturas, y especies de radiolarios y foraminiferos planctonicos identificados en este
estudio, asi como los protocolos de limpieza para elementos traza, digestion total de sedimento

y digestion secuencial de fosforo, utilizados en el desarrollo de esta Tesis.



OBJETIVOS

El objeto fundamental de larealizacion de esta Tesis Doctoral es aumentar el conocimiento

acerca de las variaciones climdticas y oceanograficas que tuvieron lugar en el Atlantico Norte

a escala orbital y suborbital durante el Pleistoceno Inferior y Medio, de su dindmica y de sus

posibles causas. Para desarrollar este objetivo principal se han planteando una serie de objetivos

particulares, los cuales son:

Determinar con exactitud el marco cronoestratigrafico que permita situar los
resultados obtenidos en un contexto paleoceanografico y paleoclimatico global y

que permita la correlacion con testigos ocednicos proximos.

Estudiar los cambios ocurridos en las asociaciones de foraminiferos planctonicos y
radiolarios en la zona de estudio en relacion con las variaciones en la circulacion del
agua superficial, y determinar que factores controlan los cambios en la productividad

primaria en el Atlantico Norte.

Entender el comportamiento de las grandes masas de hielo continental mediante el
estudio de aportes de IRD alos sedimentos de la zona de Gardar Drifty de indicadores

de volumen de hielo (is6topos de oxigeno en foraminiferos bentonicos).

Conocer el comportamiento de la circulacion profunda en el Atlantico Norte
mediante el andlisis de isdtopos de carbono y oxigeno en foraminiferos bentonicos,
principalmente, con el objetivo de monitorizar la intensidad de la circulacion

termohalina y la mayor o menor influencia de aguas antarticas en la region.

Realizar un estudio de la composicién geoquimica y mineraldgica del sedimento
que permita reconstruir los procesos implicados en el transporte y acumulacion de

particulas en el Gardar Drift, e identificar posibles areas fuente.

Elaborar un registro de paleotemperatura del agua superficial para el periodo
estudiado basandonos en las asociaciones de foraminiferos planctonicos y en el

analisis de la relacion Mg/Ca medida en la concha de estos organismos.

Identificar la existencia de patrones de variabilidad climatica orbital y suborbital y
de los mecanismos subyacentes que originan esas ciclicidades, asi como las posibles

inferencias de procesos de retroalimentacion a escala regional y global.

Evaluar los principales cambios climaticos que acontecieron en laregion del Atlantico
Norte subpolar durante la Transicion del Pleistoceno Medio, y su relacion con otras

evidencias presentes en el registro geoldgico global para ese mismo periodo.
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Capitulo 1

INTRODUCCION

1. OCEANOS Y CLIMA

Los océanos son una parte integral del sistema climatico de la Tierra. Actualmente, esta
ampliamente aceptado por la comunidad cientifica que los océanos son uno de los sistemas mas
vulnerables a los efectos del cambio climatico global inducido por las actividades antropicas.
Esto se debe al importante papel que juega la circulacidon ocednica, superficial y profunda,
regulando el clima. Los océanos almacenan gran cantidad de calor, diéxido de carbono y vapor
de agua, por lo que tienen un efecto regulador en el calentamiento invernadero inducido por la
actividad antropica. Quizas por esta creciente sensibilidad hacia los cambios medioambientales
y su repercusion en nuestra sociedad (IPCC, 2001), o por el puro interés de avanzar en un
campo cientifico tan inexplorado como el de la paleoclimatologia, la comunidad cientifica ha
reconstruido una serie de registros climaticos basicos para entender como el clima de la Tierra
ha variado de forma natural en el pasado. Por esto, con el fin de profundizar en la naturaleza de
la relacion entre circulacion ocednica y cambio climatico, la paleoclimatologia emerge como la
ciencia dedicada al estudio de procesos climaticos en el pasado. Iniciativas cientificas llevadas
a cabo durante las ultimas décadas, como el Climate: Long Range Interpreation Mapping and
Prediction (CLIMAP), Greenland Ice-Core Project (GRIP) o el Integrated Ocean Drilling
Program (I0DP), han producido un gran nimero de registros fiables de la variabilidad climatica
en el pasado, y han revelado las fuertes conexiones existentes entre los componentes del clima
(Fig. 1.1). Una mejor comprension de las fuerzas que originan los cambios climaticos, como
responden los componentes del sistema climatico a estas fuerzas e interacciones y mecanismos
de retroalimentacion entre los mismos, puede ayudarnos a anticipar, solventar y/o mitigar
futuras consecuencias derivadas de la situacion climatica actual.

CAUSAS SISTEMA CLIMATICO VARIABILIDAD CLIMATICA
(fuerzas externas) (interacciones) (respuesta interna)
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Figura 1.1. Representacion de los componentes del sistema climatico e interacciones entre sus
componentes, factores que los modifican y posibles variaciones climaticas. Basado en Ruddiman (2001).
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2. PALEOCLIMA Y ASTRONOMIA
2.1. Variaciones climaticas orbitales: los ciclos de Milankovitch

El registro geoldgico mundial ofrece claras evidencias de la existencia de movimientos
episodicos de avance y retroceso de las masas de hielo continentales durante el Periodo
Cuaternario, las cuales se corresponden con saltos del sistema climatico global entre glaciales
(con aumento de las masas de hielo) e interglaciales (con un clima similar o incluso mas calido
al actual). A lo largo del ultimo millén de afos, el registro de estas variaciones climaticas ha
demostrado que los sucesivos ciclos glaciales-interglaciales han ocurrido siguiendo una cuasi-
periodicidad de 400.000 y 100.000 afos, superimpuesta a ciclos de menor amplitud pero mayor
frecuencia de 41.000 y 21.000 afios, aproximadamente. Estas ciclicidades presentan una alta
correspondencia con las diferentes frecuencias de los ciclos astronémicos de radiacion solar
predichos por el astronomo serbio Milutin Milankovitch (1941). Los tres tipos de oscilaciones
de la orbita terrestre como moduladores del clima planteados en el trabajo de Milankovitch son
los mostrados en la figura 1.2.

Excentricidad (100.000 y 400.000 afios)

Excentricidad de la drbita terrestre

0,06
0,04
0,02
0 T T T T
0 100 200 300 400 500
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Oblicuidad (41.000 afios) 25 inclinacion del eje terrestre (°)
24,5° 22.5°
24 4
ecliptica
23
22 T T T T
0 100 200 300 400 500
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normal a ia ecliptica
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actual
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Figura 1.2. Componentes orbitales terrestres que influyen en la cantidad de radiacion solar que recibe
nuestro planeta. A la izquierda, los diferentes parametros orbitales predichos por Milankovitch. A la
derecha, registro de los mismos pardmetros durante los ultimos 500.000 afios, de acuerdo al método de
Laskar (2004), obtenidos con el programa Analyseries 2.0. (Paillard , 1996).
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De una forma amplia, esta teoria afirma que los cambios de los pardmetros orbitales
y rotaciones de la Tierra son suficientes para inducir significantes cambios en la distribucion
estacional y latitudinal de radiacion solar recibida, y por lo tanto, de forzar la variabilidad
climatica glacial-interglacial tal y como se observa en el registro geologico. El analisis espectral
de la curva LR04 corrobora lo expuesto anteriormente (Fig. 1.3). El analisis revela que los
ciclos que se repiten corresponden a las frecuencias de 100.000, 41.000 y 21.000 afios predichas
por Milankovitch, y demuestra que las variaciones en la insolacion solar son la causa principal
de los cambios climaticos del Cuaternario (Imbrie ef al., 1992). Sin embargo, la relacién exacta
entre variaciones en insolacion y cambios climaticos durante momentos puntuales de la historia
del Cuaternario no parece poder ser explicada solamente a través de las teorias de Milankovitch.
Estas discrepancias de los registros climaticos respecto de las ecuaciones astrondmicas
pueden ser explicadas por la intervencion de otras variables en el sistema climatico, como la
concentracion de gases invernadero en la atmosfera, tales como CO,, CH,, y/o por la influencia
del albedo en cada momento, etc. (e.g. Denton et al., 2010; Kennett et al., 2000; Ruddiman,
2003; Shackleton and Pisias, 1985; Toggweiler et al., 2006). Asimismo, algunos cambios
climaticos no se producen hasta que no se superan unas condiciones umbral de insolaciéon y
volumen de hielo, como ocurre por ejemplo en los procesos que conducen a una deglaciacion
(Parrenin and Paillard, 2003).
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Figura 1.3. A) Curva de 6"0O bentonico global LR04 (Lisiecki y Raymo, 2005), como indicador de
volumen de hielo y paleoclima. El intervalo encuadrado en rojo corresponde con la MPT, B) filtrado de
las frecuencia de 100 ka en el registro LR04,C) 41 ka; y D) 23 ka. Se destaca el aumento de los valores
de 8'®0 durante la MPT y después, junto con el aumento de los ciclos de 100 ka.
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2.2. Variaciones climaticas suborbitales: eventos Heinrich y oscilaciones

Dansgaard/ Oeschger

Numerosas evidencias procedentes de archivos paleoclimaticos marinos y terrestres
ponen de manifiesto la existencia de cambios climaticos con una frecuencia mayor que la que
puede ser explicada a través de la respuesta lineal a los cambios ciclicos de la geometria orbital de
la Tierra predichos por Milankovitch. En lo que a la investigacion paleoceanografica se refiere,
son los testigos marinos profundos y de hielo los que mejor captan esta variabilidad climatica
de alta frecuencia. Por ejemplo, durante el ultimo ciclo glacial se han registrado variaciones
en el 6O de testigos de hielo en Groenlandia, equivalentes a variaciones en la temperatura
del aire entre 5 y 12 °C, en escalas de tiempo de 2-3 ka (Dansgaard et al., 1971; Oeschger et
al., 1984), mientras que en el Océano se produjeron oscilaciones de la temperatura del agua
superficial en ritmos de 1-2 ka que han quedado registradas en diferentes testigos del Atlantico
Norte y del Mediterraneo (Bond et al., 1997; Cacho et al., 1999; van Kreveld et al., 2000), asi
como descargas masivas de agua de fusion de los hielos al océano junto con bruscos descensos
de las temperaturas del océano superficial, cada 5-10 ka (Bond et al., 1993; Bond and Lotti,
1995; Heinrich, 1988) (Fig. 1.4) Estos eventos se han pasado a denominar ciclos Dansgaard-
Oeschger (D-0O) y eventos Heinrich (H), respectivamente (Bond et al., 1992; Broecker et al.,
1992; Grootes et al., 1993). El origen de estas oscilaciones climaticas suborbitales no esta claro
del todo. Se han barajado varias hipotesis, desde los procesos ligados a la dindmica interna de
las masas de hielo continental (Clarke et al., 1999; MacAyeal, 1993a; MacAyeal, 1993b), a la
accion de fuerzas externas relacionadas a cambios seculares en los parametros orbitales de la
Tierra (Broecker ef al., 1990). Registros paleoclimaticos a alta resolucion han demostrado que
esta variabilidad milenaria no esta circunscrita a periodos glaciales, sino que también son un
rasgo comun de periodos caracterizados por registrar temperaturas altas y estables, como el
Holoceno o el ultimo periodo interglaciar (Bond ef al., 2001; Bond et al., 1997; deMenocal et
al., 2000; Mayewski et al., 2004; Oppo et al., 2001).

La amplitud de estas variaciones climaticas cambio6 a lo largo del registro geoldgico
(Weirauch et al., 2008), y como se ha demostrado recientemente con estudios que abarcan
registros temporales anteriores al millon de afios, han venido ocurriendo con la misma frecuencia
que en escalas de tiempo mads recientes, a pesar de que las condiciones de volumen de hielo
global han variado considerablemente durante el Periodo Cuaternario (Bartoli et al., 2006;
Bolton et al., 2010; Griitzner and Higgins, 2010; Hayashi et al., 2010; Mclntyre et al., 2001;
Raymo et al., 1998).

Por tultimo, aunque estos eventos se describieron inicialmente en el Atlantico Norte y
parecian estar limitados a esta region, se ha demostrado con posterioridad que los efectos de esta
variabilidad milenaria son claramente identificables en otras regiones del planeta (e.g. Burns et al.,
2003;Hemming,2004; Leuschnerand Sirocko,2000; Overpeckand Cole,2006; Schulzetal., 1998;

Zhaoetal., 1995), demostrando que las teleconexiones existentes entre zonas remotas de Iplaneta

6
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Figura 1.4. A) Registro de 80 del testigo de hielo de Groenlandia GRIP, mostrando 8 de los 25
eventos Dansgaard-Oeschger (D-O) observados durante el ultimo periodo glacial (Grootes et al., 1993),
B) registro de IRD/g durante los eventos Heinrich en el mismo periodo de tiempo, observados en un
testigo profundo del Atlantico Norte (Bond y Lotti, 1995).

3. EVOLUCION CLIMATICA DURANTE EL PLEISTOCENO

Para comprender los mecanismos que han controlado la variabilidad climatica a lo largo
de la historia de la Tierra, es necesario hacer especial hincapié en el Pleistoceno Inferior y
Medio, ya que representa un intervalo temporal crucial para entender el clima. El clima durante
el Pleistoceno ha variado en tiempo y espacio dejando gran cantidad de evidencias tanto en
continentes como en océanos. Estas reflejan la evolucion del sistema climético durante los
ultimos 2,5 Ma, mas o menos el mismo limite que el correspondiente a la actual configuracion
de océanos y continentes, localizacion y altura de grandes cadenas montafosas (e.g. Tibet) y
pasajes inter-oceanicos (e.g. Estrecho Panama). Un intervalo crucial del Pleistoceno, de intensa
reorganizacion climatica, es el comprendido entre 1,2 Ma (Pleistoceno Inferior y Medio) y 0,5
Ma (Pleistoceno Superior), el cual se conoce como Transicion del Pleistoceno Medio (Mid-
Pleistocene Transition, MPT) (Berger and Jansen, 1994b). Mientras que la ciclicidad climatica
del Pleistoceno Inferior y Medio estuvo en gran parte dominada por los ciclos de oblicuidad
de 41 ka, estos fueron progresivamente reemplazados por una ciclicidad de excentricidad
de 100 ka, caracterizada por oscilaciones climaticas de mayor amplitud, que permitid6 una
mayor acumulacion de hielo en las masas continentales del Hemisferio Norte (Fig 1.3). Esta
reconfiguracion del sistema climatico produjo ciclos glaciales asimétricos, caracterizados por
un periodo de lento incremento de volumen de hielo hacia condiciones de maximo glacial,
interrumpidas por un rapido periodo de desglaciacion y giro del sistema hacia condiciones
mas calidas. La variabilidad glacial-interglacial de los ltimos ciclos climaticos es el resultado

ultimo de la evolucién climatica experimentada durante la MPT.
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Dada la interconexion entre los diferentes componentes del sistema terrestre (atmosfera,
biosfera, geosfera, criosfera y biosfera), un cambio climatico de la magnitud del experimentado
durante la MPT dejo6 una profunda huella a nivel global claramente identificable en el registro
sedimentario: rapidos avances de glaciales continentales sobre Europa Central (Hacuselmann et
al., 2007; Muttoni et al., 2003), crecimiento de la capa de hielo de Norte América (Barendregt
and Irving, 1998), cambios en ecosistemas/biotas marinos y terrestres (Kawagata et al., 2005;
Marino et al., 2008; O‘Regan et al., 2005; Potts and Deino, 1995; Scheful} e al., 2003; Shimada
et al., 2008; Wang et al., 2000), variaciones en los patrones de circulacion oceédnica superficial
y profunda, asi como en la dindmica atmosférica (Ferretti et al., 2005; Kleiven et al., 2003;
McClymont et al., 2008; Raymo et al., 1997; Schmieder et al., 2000; Wright and Flower, 2002)
y aumento en la aridez global (deMenocal, 1995; Heslop et al., 2002; Larrasoana et al., 2003;
Trauth et al., 2009), la cual tuvo un especial impacto en los cambios evolutivos y dispersion
geografica de los hominidos hacia latitudes altas de Asia y Europa (Dennell, 2004; McNabb,
2005; Muttoni et al., 2010; Palombo, 2009).

Aunque las consecuencias de la MPT estan bien identificadas, la causa y/o origen que
desencadeno este cambio climatico no esta tan clara. Se han propuesto diferentes hipdtesis que
apuntan a distintos mecanismos de retroalimentacion interna del sistema climatico terrestre
como causantes del cambio, especialmente la reorganizacion del sistema climdatico se habria
producido al sobrepasarse un cierto umbral critico durante la MPT. Entre las hipdtesis que se
han propuesto estdn las siguientes: variacion de niveles de CO, y/o gases invernadero en la
atmosfera (Medina-Elizalde and Lea, 2005; Ruddiman, 2003; Tziperman and Gildor, 2003),
transformacion del lecho rocoso en el que se asienta el hielo continental en Norte América (Clark
and Pollard, 1998), elevacion de la topografia del fondo marino en el Mar de Groenlandia con
efecto en la formacion de aguas profundas y transporte de humedad a altas latitudes (Denton,

2000), o un descenso gradual en las temperaturas globales (Zachos et al., 2001).

4. CIRCULACION ATMOSFERICA, OCEANICA Y PALEOCEANOGRAFIA
DE LA ZONA DE ESTUDIO

El Atlantico Norte es una de las regiones de la Tierra mas sensibles a los cambios
climaticos debido a que cualquier cambio ocurrido en sus aguas tiene un impacto en la
Corriente de Retorno Atlantica (Atlantic Meridional Overturning Circulation, AMOC), por lo
que cualquier fluctuacion en los pardmetros que la componen (balance agua dulce/salinidad)

conllevaria drésticos cambios en el clima global (Broecker et al., 1990) (Fig. 1.5).

El rasgo mas caracteristico de la circulacion atmosférica del Atlantico Norte es el
sistema de altas presiones en las Islas Azores, que genera vientos de levante y una circulacion
ocednica superficial anticiclonica, y el de bajas presiones de Islandia, que produce vientos

de poniente y es el responsable del giro ocednico subpolar en el Atlantico Norte (Barry and
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Chorley, 2003). Este ultimo sistema de bajas presiones funciona de forma permanente durante
todo el afo, aunque su localizacion e intensidad pueden variar estacionalmente, principalmente
de invierno, cuando los vientos de poniente alcanzan su maxima intensidad, a verano, cuando
registran menos actividad. Ademas, el clima del Atlantico Norte esta fuertemente influenciado,
especialmente en invierno, por la Oscilacion del Atlantico Norte (North Atlantic Oscillation,
NAO), que es un indice que se define como la diferencia en la presion atmosférica a nivel del
mar entre los sistemas de presiones de Islandia y Azores. Las variaciones de la NAO (positivas
o negativas) tienen una marcada influencia en el clima desde Florida a Groenlandia y hasta en

regiones mas remotas como el norte de Asia o Africa (Visbeck et al., 2001).

=== Aguas superficiales O Formacién de aguas profundas L Mar de Labrador
=== Aguas profundas Salinidad > 36 %o N Mares Nérdicos
=== Aguas de fondo Salinidad < 34 %o W Mar de Weddell

R Mar de Ross

Figura 1.5. Esquema simplificado de la circulacion termohalina del océano. Aguas célidas (rojo) son
transportadas superficialmente desde los tropicos a latitudes altas del Atlantico Norte, donde en contacto
con masas de aire frias, se enfrian y ganan densidad suficiente para hundirse hacia el fondo del océano.
Las aguas profundas (azul) recién formadas fluyen hacia el sur, rodean la Antartida y circulan por el
fondo de todos los océanos, donde van mezclando hasta retornar de nuevo como una masa de agua
calida superficial a las zonas de hundimiento en el Atlantico Norte. Modificado de Rahmstorf (2002).

La hidrografia superficial actual del Atlantico Norte estd fuertemente influenciada
por el flujo hacia el norte de aguas calidas Noratlanticas (North Atlantic Current, NAC), la
cual cumple una accion de regulador climatico suavizando las temperaturas de toda Europa
noroccidental, en contraste con los inviernos mas rigurosos del noreste americano. Estas
aguas que tienen su origen en el calentamiento estacional de aguas en el Golfo de M¢jico,
viajan hacia el norte cruzando la dorsal meso-atlantica entre 53° N y 60° N, donde se bifurca y
extiende longitudinalmente. Una de las ramificaciones, la denominada Corriente de Irminger

(Irminger Current, 1C), gira hacia el noroeste, constituyendo el giro subpolar, donde se mezcla
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con aguas polares mas frias de la corriente del este de Groenlandia (East Greenland Current,
EGC) y del Labrador (Labrador Current, LC). La rama principal del flujo de la NAC sobrepasa
la cordillera de Islandia-Faeroe para penetrar en los mares Nordicos (Mar de Groenlandia,
Noruega e Islandia), donde se convierte en la corriente de Noruega (Norwegian Current, NC)
(Krauss, 1986) (Fig. 1.6). Otro rasgo caracteristico del Atlantico Norte es que estd sometido a
las oscilaciones estacionales del Frente Artico (4rctic Front, AF), que es el limite que separa las
masas de aguas articas, de las atlanticas que corresponden a la NC, y que delimita la maxima
extension invernal hacia el sur del hielo marino (Swift and Aagaard, 1981). A su vez, el Frente
Polar (Polar Front, PF), separa las aguas articas de de las aguas polares de la EGC, frias y de
menor salinidad, y que delimitaria la minima extension de la banquisa de hielo en verano (Swift
and Aagaard, 1981).

Figura 1.6. Localizacion de la perforacion U1314 (estrella: 56°21°N, 27°W; 2.820 m de profundidad),
circulacion superficial (rojo) y profunda (azul) en el Atlantico Norte (Krauss, 1986; Schmitz y McCartney,
1993). Mapa generado con el programa Ocean Data View v.3.4.4. (Schlitzer, 2008). East Greenland
Current (EGC), Norwegian Current (NC), Labrador Current (LC), North Atlantic Current (NAC),
Denmark Strait Overflow Water (DSOW), Iceland Scotland Overflow Water (ISOW), Labrador Sea
Water (LSW), North Atlantic Deep Water (NADW), y Lower Deep Water (SSW).

El flujo hacia altas latitudes del Hemisferio Norte de las aguas salinas y célidas de
latitudes més bajas, es parcialmente compensado con el flujo de aguas densas que retornan
hacia el sur en profundidad. Estas aguas profundas se forman en el invierno boreal por la
pérdida de calor y hundimiento por conveccion de aguas superficiales atlanticas en zonas de

hundimiento en la zona del Labrador y en los mares Nordicos (Krauss, 1986; Schmitz and
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McCartney, 1993) (Fig. 1.7). Las masas de agua mas importantes son las que salen a través del
estrecho de Dinamarca (Denmark Strait Overflow Water, DSOW) y por el de Islandia-Escocia
(Iceland-Scotland Overflow Water, ISOW). Estos flujos se unen para formar una masa de agua
profunda resultante que se denomina Agua Noratlantica Profunda (North Atlantic Deep Water,
NADW), en la cual se diferencian dos componentes: uno superior, que ocupa los primeros 2.500
metros de la columna de agua, caracterizada por un minimo contenido en silicatos y méximo
en salinidad; y uno inferior, fluyendo a mas de 2.500 metros de profundidad, caracterizado por
su alto contenido en oxigeno disuelto (Kawase and Sarmiento, 1986). Mientras que la rama
superior del NADW estd compuesta por una mezcla de las aguas profundas formadas en la
region del Mar de Labrador (Labrador Sea Water, LSW) y otras aguas intermedias que fluyen
hacia altas latitudes, como las procedentes del Mediterraneo o de la Antartida, la rama inferior
es una combinacion de las aguas profundas originadas en los mares de Noruega y del Labrador,
y del flujo hacia el norte de aguas antarticas profundas (Lower Deep Water, LDW) (McCartney,
1992; Schmitz and McCartney, 1993).

agua caliente

superficial
hundimiento p

agua profunda
fria

calentamiento
del agua fria

LATITUD .
POLO MEDIA TROPICO

Figura 1.7. Representacion esquematica de los procesos de hundimiento y movimiento de las masas de
agua en la circulacion termohalina.

Sin embargo, el registro geoldgico marino profundo ofrece numerosas evidencias de
que esta geometria de las masas de agua profundas en el Atlantico Norte ha sufrido constantes
variaciones. Durante la Gltima glaciacion, se produjo una interrupcion en la produccion de la
rama inferior de la NADW debido a las condiciones de estratificacion superficial por aporte al
océano de aguas menos salinas como consecuencia de la fusion de hielo continental, descenso
de temperaturas superficiales y formacion de hielo marino que impedia la conveccion de aguas
profundas en las zonas de hundimiento del Atlantico Norte (Broecker and Denton, 1990). Esta
reduccion en la ventilacion del océano profundo desde latitudes altas del Hemisferio Norte es

compensada con un aumento de aguas profundas ricas en nutrientes originadas en el océano
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Antartico (Antarctic Bottom Water, AABW) (Curry and Oppo, 2005; Duplessy et al., 1988;
Oppo and Fairbanks, 1987; Oppo et al., 1997; Oppo and Lehman, 1993; Oppo et al., 1998)
(Fig. 1.8). La densidad de la masa de agua formada en el Atlantico Norte era insuficiente
para hundirse a gran profundidad, por ello, la masa de agua resultante, llamada Agua Glacial
Intermedia Noratlantica (Glacial North Atlantic Intermediate Water, GNAIW), pas6 a ocupar
profundidades entre 1.000 y 2.000 m.

0

Valores actuales de 513C =
(%o0) en el Océano Atlantico

2.500

Profundidad (m)

5.000
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el ultimo maximo glacial
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Figura 1.8. (arriba) Seccion mostrando el valor de 6"*C (%o) a diferentes profundidades y latitudes en el
Océano Atlantico en la actualidad, y durante el Gltimo maximo glacial (Last Glacial Maximum, LGM)
(abajo). El valor de 6'"*C esta basado en el analisis de conchas de foraminiferos bentonicos. Las flechan
muestran la las masas de agua NADW y AABW en la actualidad, y durante el LGM. Modificado de
Duplessy et al. (1988).

5. LA FORMACION GARDAR DRIFT

La formacién Gardar Drift es un deposito contornitico de 1.100 km de longitud, situado
en el flanco suroriental de la dorsal Reykjanes, en el margen occidental de la cuenca de Islandia.
Esta zona de alta acumulacion de sedimentos esta ligada a los cambios en los patrones de
circulacion de aguas profundas en el Atlantico Norte (e.g. Dickson and Brown, 1994) y su
forma y localizacion estd controlado por la topografia del fondo oceanico y por los cambios
en los aportes de sedimento (Johnson and Schneider, 1969; McCave and Tucholke, 1986). La
principal fuente de material al Gardar Drift es el sedimento pelagico depositado por la ISOW

originada en los mares Nordicos (Bianchi and McCave, 2000).
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Capitulo 2

MATERIALES Y METODOS

1. IODP Site U1314

Para la realizacion de esta Tesis se han estudiado muestras de varios testigos extraidos
en el IODP Site U1314, recuperado por el barco D/V JOIDES Resolution (Fig. 2.1) en la parte
sur de la formacion Gardar Drift, en el Atlantico Norte (56.36° N, 27.88° W, 2.820 m), durante
la expedicion oceanografica 306 del IODP, en Abril de 2005. El Site U1314 se localiza en la
cuenca de Islandia, la cual limita al oeste con la dorsal de Reykjanes, al este con el banco de
Rockall, al norte con la dorsal de Islandia-Faeroes y al sur con la zona de fractura Charlie-
Gibbs. Esta cuenca central separa la cuenca oriental de Rockall con la occidental de Irminger
(Fig. 2.2).

Figura 2.1. Imagen del barco de exploracion oceanografica D/V JOIDES Resolution. Imagen tomada de
la pagina web del IODP (http://www.iodp.org).

Con anterioridad a la expedicion 306 del IODP, dos campaias del Ocean Drilling
Program (ODP) ya recuperaron testigos en zonas de alta acumulacion de sedimentos en la
region sur de Islandia (Fig. 2.2). Durante las campanas 162 y 172 se recuperaron los testigos
980, 982, 983 y 984, que ya proveian evidencias de la variabilidad climatica milenaria en el
Atlantico Norte subpolar (Flower et al., 2000; Kleiven et al., 2003; McManus et al., 1999;
Raymo et al., 1998; Raymo et al., 2004). La diferencia y justificaciéon de un nuevo testigo en
esta region del Atlantico Norte es la necesidad de obtener un registro de la respuesta de las aguas
superficiales a los eventos milenarios de descarga de IRD, y la de monitorizar los cambios en
las masas de agua a profundidades entre 2.500 y 3.000 metros, condiciones ambas satisfechas

con la recuperacion del sondeo U1314.

En el Site U1314 se perforaron tres sondeos paralelos denominados A, By C, alcanzando
una longitud maxima de 279.91 metros bajo el nivel del mar (meters below sea floor, mbst) en
el sondeo B. Los testigos continuos se extrajeron mediante un sacatestigos de piston multiple.
Los tres sondeos fueron correlacionadas a bordo usando diferentes propiedades fisicas del

sedimento con la finalidad de construir una seccion compuesta sin hiatos ni interrupciones
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para el testigo, la cual alcanza los 281 metros de profundidad compuesta (meters composite
depth, mcd) (Channell et al., 2006). La seccion utilizada en el presente estudio es el tramo
comprendido entre 60 y 84,16 mcd. La secuencia sedimentaria recuperada por el testigo U1314
se caracteriza por tener un alto contenido en material biogénico carbonatado, principalmente
nanof6siles y foraminiferos, con una porcion minoritaria de silice biogénica, representada por
diatomeas, radiolarios, y en menor medida, silicoflagelados, y terrigena, mayoritariamente
minerales arcillosos detriticos con proporciones variables de material de grano mas grueso
cuarcitico y volcanico. Los sedimentos son predominantemente gris verdoso, con variaciones
de matiz en bandeados de unas pocas decenas de centimetros (Fig. 2.3). Estos cambios de color
se deben a cambios en la proporcion relativa de material biogénico carbonatado y minerales

detriticos arcillosos en el sedimento (Channell et al., 2006).

Figura 2.2. Localizacion de la perforacion U1314 (estrella: 56°21°N, 27°W; 2820 m de profundidad)
y de otras perforaciones proximas del ODP. Mapa generado con el programa Ocean Data View v.3.4.4.
(Schlitzer, 2008).

De acuerdo con los modelos cronoestratigraficos hechos de forma preliminar en el barco,
la secuencia sedimentaria entre el Plioceno Superior y el Holoceno del testigo U1314 esta
caracterizadaportasas de sedimentacionde 7a>11 cm/ka. Laseccion comprendidaentre 60-84,16
m registra importantes eventos paleomagnéticos y bioestratigraficos, entre los que se incluyen el
techo de Jaramillo (0,99 Ma), la inversion magnética Brunhes/Matuyama (0,78 + 1) (Shackleton
et al., 1990), ultima aparicion de Neodenticula seminae (0,84 Ma) (Kog et al., 1999b), tltima
aparicion de Reticulofenestra asanoi (0,85 Ma) y primera aparicion de Gephyrocapsa parallela
(0,95Ma) (Sato et al., 1999), algunos de los cuales han sido de gran utilidad a la hora de elaborar el
modelo de edad en el barco (Channell ez al., 2006) y en la presente Tesis Doctoral (ver Capitulo 2).
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Adicionalmente, se realizaron en el barco una serie de medidas de diferentes propiedades
fisicas del sedimento como la radiaciéon gamma natural, susceptibilidad magnética, densidad
atenuada por rayos gamma, velocidad de ondas P, densidad y porosidad. Estos registros
ofrecen interesante informacion acerca de procesos relacionados con cambios litoldgicos en el
sedimento, y como ya hemos mencionado en el parrafo anterior, en la correlacion estratigrafica

de los tres sondeos perforados en el Site U1314. Para mas detalles ver Channell ez al. (2006).
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Figura 2.3. Imagenes de las secciones estudiadas del testigo U1314 en esta Tesis doctoral (Channel et
al., 20006).

2. INDICADORES PALEOCLIMATICOS

El presente trabajo es el resultado de la combinacion de diferentes técnicas analiticas con
el fin de elaborar un registro robusto de los pardmetros y procesos oceanograficos y climaticos
ocurridos en el Atlantico Norte durante el Pleistoceno Inferior y Medio. Para ello se han utilizado

los siguientes paleoindicadores:

2.1. Asociaciones fosiles

Las asociaciones de organismos fosiles presentes en el registro sedimentario son

excelentes indicadores de condiciones paleoambientales, incluyendo atributos tales como
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cambios en nutrientes, salinidad, luz incidentes, oxigeno disuelto... En estudios con registros
sedimentoldgicos ocednicos, son los organismos planctonicos marinos los seleccionados para
realizar estas reconstrucciones paleoambientales. En nuestro caso, nos hemos centrado en las
asociaciones fosiles de foraminiferos planctonicos y radiolarios, aunque otros organismos o restos
de organismos (espiculas de esponja, ostracodos, diatomeas, foraminiferos bentonicos) también
han sido tenidos en cuenta debido a que pueden proporcionar informaciéon complementaria de

los medios en los que viven.

2.1.1. Foraminiferos plancténicos

Los foraminiferos planctonicos son protozoos que viven en la zona fética de ambientes
marinos. Los tamafios de individuos adultos oscilan entre 63 um-1 mm de longitud. Estos
individuos secretan una concha de carbonato célcico multicamerada con una morfologia y
reconocible dependiendo de la especie (Fig. 2.4). La distribucion geografica de los foraminiferos
planctonicos actuales estd fuertemente controlada por las variables ambientales temperatura y
salinidad, aunque la concentracion de nutrientes en la columna de agua, densidad, CO, y O,
disuelto, distribucion de organismos simbiontes y disponibilidad de presas son también factores
significantes. Informacion acerca de la distribucion de foraminiferos planctonicos actuales se
obtiene principalmente a través del uso de redes de plancton y trampas de sedimento. Estos
estudios demuestran que las diferentes especies se distribuyen vertical y latitudinalmente. En
la actualidad se pueden encontrar foraminiferos planctonicos en cualquier océano, ocupando
generalmente los primeros 200 m de la columna de agua, y a temperaturas que van desde cerca
del punto de congelacion del agua del mar (~ -1.8 °C) a las temperaturas mas altas registradas
en el océano superficial (~ 31 °C) (B¢ and Tolderlund, 1971).

Camara

Abertura basal

umbilical Figura 2.4. (Arriba) Representacion

desde diferentes vistas del foraminifero
plancténico G. bulloides. (Abajo) Imagen
de microscopio electronico de barrido del
Vista dorsal  Vista umbilical foraminifero planctonico G. bulloides.
Modificada del Electronic Microfossil
Image Database System (EMIDAS):
(http://www.emidas.org/).
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Desde el punto de vista de distribucion latitudinal, se distribuyen en asociaciones
biogeograficas; tropical, subtropical, transicional, subpolar, y polar, que estan distribuidas de
una forma bipolar a ambos lados del ecuador (Fig. 2.5). Las asociaciones de foraminiferos
plancténicos en regiones polares estan dominadas por la especie Neogloboquadrina pachyderma
con direccion de enrollamiento sinistrorso (sin.) (Bé and Tolderlund, 1971; Kucera et al., 2005b;
Pflaumann et al., 1996). Esta especie vive a temperaturas por debajo de 10 °C, aunque a 2 °C se
encuentra en concentraciones maximas (B¢ and Tolderlund, 1971; Tolderlund and Be, 1971), y
tolera un amplio rango de salinidades, proliferando incluso en zonas bajo proceso de formacion
de banquisa de hielo (Hemleben et al., 1989). N. pachyderma sin. es més abundante entre los
50-100 m en la columna de agua, aunque numerosos estudios han observado que el proceso
de calcificacion de sus conchas tiene lugar a profundidades entre 100 y 200 m (Bauch et al.,
1997; Simstich et al., 2003; Stangeew, 2001). Algunos trabajos han destacado la existencia de
una forma de N. pachyderma sin. con morfologia “encrustada”, mas pequeia y robusta, la cual
ha sido considerada como ejemplares con una calcificacion secundaria (Kohfeld ez al., 1996), o

como un morfotipo diferente al normal.

Las regiones subpolares se caracterizan por altos contenidos en Turborotalita
quinqueloba, N. pachyderma dextrorsa (dex.), Globigerina bulloides, Globorotalia inflata,
Globorotalia scitula y Globigerinita glutinada.

T. quinqueloba es una especie tipica subpolar, aunque también se puede encontrar
en pequefios porcentajes en ambientes polares, que vive en aguas frias pero en un rango de
temperaturas mas calidas que N. pachyderma sin., entre 4.6 y 12 °C (Bauch, 1994; B¢ and
Tolderlund, 1971; Stangeew, 2001). Estd asociado a condiciones de alta productividad, y al
estar acompanado de algas simbidticas, su distribucion esta limitada a la zona fotica (Hemleben
et al., 1989; Simstich et al., 2003). En altas latitudes del Atlantico Norte, esta especie ha
sido frecuentemente usada como un paleoindicador de la proximidad del AF, debido a la alta

productividad que caracteriza este ambiente (Johannessen et al., 1994).

N. pachyderma dex. es una especie tipica de masas subpolares y transicionales, con
altas abundancias en torno a temperaturas entre 10 y 18 °C, ocupando los primeros 100 m de
la columna de agua en su estadio juvenil, y por debajo cuando es adulto (B¢ and Tolderlund,
1971; Hemleben et al., 1989; Tolderlund and Be, 1971). Se alimenta y desarrolla en la zona
de mayor concentracion de clorofila en la base de la zona eufética. Aunque esta asociado a
sistemas de upwelling, estudios recientes en el Atlantico Norte han destacado su afinidad con

aguas estratificadas durante los meses de verano (Fraile et al., 2008).

G. bulloides es una especie superficial (vive en los primeros cien metros de la columna
de agua), abundante tanto en zonas subpolares como de transicion (Bé, 1977). La temperatura
no parece un factor limitante en la distribucion de esta especie, que aparece mas dependiente de
la concentracion de productores primaros que son el alimento principal de esta especie. Por lo

tanto, aparece en altas concentraciones en zonas de alta productividad (Hemleben et al., 1989).
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G. inflata es una especie transicional, aunque también puede aparecer en la asociacién
subpolar, siendo su rango de temperaturas entre 10.4 y 19.9 °C (B¢, 1977; B¢é and Tolderlund,
1971). Vive a cierta profundidad, por debajo del méximo profundo de clorofila, y es un
componente importante de la asociacion en los meses otono e invierno (Hemleben et al., 1989;
Tolderlund and Be, 1971).

I Polar [ ] Subpolar [[] Transitional [ | Subtropical [__] Tropical

Figura 2.5. Distribucion geografica de foraminiferos planctonicos actuales agrupados por asociaciones
biogeograficas. Modificado de Bé (1977).

Otras especies que aparecen en ambientes subpolares son G. glutinada, asociada a
aguas con alta producitividad primaria, siendo las diatomeas su principal fuente de alimento
(Hemleben et al., 1989), y con G. scitula, especie que puede vivir por debajo de los 100 m en
aguas frias (B¢, 1977). La diversidad aumenta en general hacia los tropicos, llegando a alcanzar
entre 25-30 diferentes especies en asociaciones de océano abierto. En latitudes tropicales y
subtropicales, las especies mas abundantes son Globigerinoides ruber, Orbulina universa,
Globorotalia truncatulinoides, Globigerinlla siphonifera, Globorotalia hirsuta y Glogorotalia
crassaformis. Aunque presentes en las muestras del testigo U1314, estas especies aparecen
en cantidades no significativas para ser tenidas en cuenta en el estudio de la asociacién de

foraminiferos plancténicos.

Al estar localizado a una profundidad por encima del nivel de compensacion de calcita
en el Atlantico Norte (> 4.000 m, e.g. Berger, 1970a), los sedimentos del testigo U1314 son
ricos en foraminiferos planctonicos. Esto, unido a que las asociaciones de foraminiferos
planctonicos son especialmente sensibles a las variaciones de distintos parametros del agua
superficial (temperatura, salinidad, nutrientes) (B¢, 1977; Hemleben et al., 1989), los convierte
en herramientas especialmente interesantes en estudios cuantitativos paleoceanograficos (e.g.
Kellogg, 1977; Kucera et al., 2005b; Pflaumann et al., 1996).
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2.1.2. Radiolarios

Los radiolarios son también protozoos exclusivamente marinos de esqueleto compuesto
por silice biogénica (6palo), que se encuentran en todos los océanos del mundo ocupando un
amplio rango de hébitats en cuanto a profundidad, temperatura, nutrientes, etc. La taxonomia de
los radiolarios es muy variada y se agrupan en torno a dos grandes 6rdenes dependiendo de la
simetria del esqueleto siliceo: orden Nasellaria radiolarios (simetria lateral) y orden Spumellaria
(simetria bilateral) (Fig. 2.6).

Caparazon
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vertical )

Espina lateral
primaria

Espina
apical

Caparazén

cortical .
Espina lateral

secundaria

. Espina dorsal

radial

Figura 2.6. (arriba) Elementos fundamentales del esqueleto que caracterizan un radiolario de los
ordenes Nasellaria (derecha) y Spumellaria (izquierda) Basado en Kling (1978). (abajo). Imagen de
microscopio electronico de barrido; Hexacontium pachydermum (izquierda) y Artostrobus joergenseni
(derecha). Fotos cedidas por Jane K. Dolven (http://tolweb.org/tree/phylogeny.html).

Los radiolarios son importantes herramientas en la bioestratigrafia de sedimentos
ocednicos (Morley and Hays, 1979), asi como precisos indicadores de paleotemperaturas
(Cortese et al., 2003; Cortese et al., 2005), paleoproductividad (Molina-Cruz, 1984) y de
masas de agua (Bjerklund et al., 1998; Itaki et al., 2008), lo que los convierte en una excelente
herramienta paleoclimatica. Abundan en zonas de divergencia ecuatorial en todos los océanos, y
aunque presentes en zonas de altas latitudes (Norte y Sur) reducen su abundancia en detrimento
de las diatomeas (Boltovskoy et al., 2010; de Wever et al., 1994a; Lisitzin, 1972). Aunque
la zona del Atlantico Norte donde esta localizado el testigo U1314 no es de las mads ricas en

cuanto a contenido de radiolarios y silice biogénica, cuenta con suficiente abundancia de estos
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organismos como para realizar un estudio paleoceanografico centrado en este grupo, como ya
han constatado varios trabajos en la zona (Goll and Bjerklund, 1971; Matul, 1989a; Matul,
1989b; Matul, 1994a; Matul, 1994b; Matul and Yushina, 1999; Petrushevskaya and Bjerklund,
1974) (Fig. 2.7).
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Figura2.7. Abundanciaderadiolarios en los sedimentos superficiales del Atlantico Norte. La acumulacion
de radiolarios (barra vertical) esta expresada en esqueletos/gramo de sedimento. Modificado de Goll y
Bjorklund (1971; 1974).

Actualmente, las especies mas abundantes en altas latitudes del Atlantico Norte son:
(Spumellaria) Actinomma boreale, A. leptodermum/boreale, A. medianum, Larcospira minor,
Phorticium clevei, (Nassellaria) Amphimelissa setosa, Artobotrys boreale, Lithomelissa
setosa, Lithocampe platycephala, Pseudodictyophimus gracilipes, Cycladophora davisiana
y Lithomitra lineata (Bjerklund et al., 1998; Cortese et al., 2003). Su distribucion espacial
responde a la afinidad con las masas de agua superficiales e intermedias de la region, siendo

agrupadas de este modo en:

Asociacion de aguas noratlanticas: son especies distribuidas a lo largo de la trayectoria
principal del NAC hacia el norte y transportadas desde latitudes subtropicales. Son muy
abundantes en la zona de la dorsal de Reykjanes, al sur de Islandia, y aparecen con temperaturas

> 8 °C (Matul and Yushina, 1999). Pertenecen a este grupo 4. medianum 'y P. clevei.

Asociacion de aguas articas y atlanticas: representan la mezcla y transformacion de
aguas noratlanticas con aguas mas frias de latitudes altas, en su viaje hacia zonas de formacion
de aguas profundas en el Mares Nordicos. Son més abundantes hacia el margen continental

de Noruega. Dentro de este grupo, mientras que P. gracilipes, L. setosa tienen mas afinidad
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por la aguas calientes dentro del frente de mezcla de aguas superficiales, especies como A.
leptodermum/boreale, L. platycephala, L. lineata aparecen asociados a zonas proximas a la

banquisa de hielo (Molina-Cruz and Bernal-Ramirez, 1996).

Asociacion de aguas articas y polares: dominado por A. setosa y C. davisiana, esta
asociacion caracteriza el avance del AF hacia el sur, y la expansion de aguas salinas frias y poco

salinas, con posible formacion de hielo estacional (Matul, 1989b; Matul and Yushina, 1999).

2.2. Isétopos estables y relacion Mg/Ca

La sefal quimica obtenida de conchas o esqueletos de organismos presentes en el
registro sedimentario puede proporcionar importante informacion acerca de diversos parametros
ambientales como temperatura o salinidad. En nuestro caso particular hemos aplicado estudios
de isotopos estables y de paleotermometria basados en la relacion Mg/Ca en la concha de
foraminiferos. Estos organismos segregan una concha calcéarea que es construida en equilibrio
con el ambiente en el que viven, esto es, el analisis geoquimico de su concha proporciona una
instantanea de la composicion quimica de la masa de agua en la que vivian (suponiendo que
esta concha permanezca inalterada y no haya sufrido procesos de alteracion de recristalizacion

post-diagenéticos).

Los isotopos estables més usados en estudios paleoclimaticos marinos con los de oxigeno
(O y "®0) y de carbono (**C y *C) en conchas de foraminiferos planctonicos y bentonicos. Al
realizar andlisis de is6topos estables en foraminiferos planctonicos y bentonicos obtendremos
un registro comparativo de las masas de agua superficial y profunda, con lo que podremos
inferir ciertos procesos verticales que tienen lugar en la columna de agua, como la eficiencia del

bombeo biologico (Broecker, 1971), estratificacion de aguas (Bauch et al., 2000).

La relacion de un is6topo respecto al otro, la cual se puede medir de forma precisa
mediante espectrometria de masas, se representa como ratio (8) que se determina por comparacion
de la relacion isotdpica de la muestra con un estandar, y el resultado es un valor expresado en

partes por mil (%o):

18 16 18 16
S 180= ( o/ O)lrguestrei6- ( o/ O)esta'mdar x 1000
( O/ O)esténdar
13 12 13 12
SBC= ( C/ C)?;uestr?z - ( C/ C)esténdar x 1000
( C/ C)esténdar

Actualmente, el estandar esta referenciado al valor isotdpica del agua marina, Vienna
Estandar Mean Ocean Water (VSMOW).
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2.2.1. Isotopos de oxigeno

El ratio '*O/'%0O de los foraminiferos también esta afectado por las oscilaciones en el
volumen de hielo continental. Cuando hay evaporacion del agua del océano se condensa en
forma de nubes en zonas altas de la atmdsfera para luego precipitar en forma de lluvia o nieve
(Fig. 2.8). Durante la primer parte del ciclo son las moléculas de agua con mayor contenido en
el isotopo ligero (H,'°O) las que se evaporan con mas facilidad, enriqueciendo relativamente el
vapor de agua atmosférico en el isotopo ligero. Durante la parte en la que esta agua retorna al
océano (precipitacion), es el isotopo pesado (H,'*O) el que condensa preferentemente. Ambos
procesos (evaporacion y precipitacion) reducen la cantidad de isdtopo pesado respecto al ligero
en la atmosfera. Cuando el vapor de agua con alto contenido en '°O precipita como nieve en
latitudes altas, ésta tendra un bajo contenido en 'O en relacion al océano. En consecuencia,
cuanto mayor sea el volumen de hielo continental, mayor sera la proporcion relativa de '*O en
el agua del océano y menor en el hielo continental. Los foraminiferos incorporan diferentes
proporciones de '°O y 80O dependiendo de la temperatura del agua del mar en el que crecen; a
menos temperatura, mayor es el ratio '80/'°O en el carbonato calcico secretado. Aunque esta
condicion se cumple para todos los foraminiferos, el ratio '*O/'°O varia dependiendo de la especie
y del estadio ontogénico, por lo que es necesario seleccionar individuos lo mas homogéneos
posibles a fin de obtener una senal robusta.

-40%  Hielo -20%o

evaporacion

Rio= -15%o

Océano = 0%o

LATITUD .
POLO MEDIA TROPICO

Figura 2.8. Fraccionamiento isotdpico del oxigeno. Los sucesivos procesos de evaporacion/precipitacion
hacen que el vapor de agua que va desde los trdpicos hacia latitudes altas hace que se vaya enriqueciendo
progresivamente en isotopo ligero ('°O). Este proceso hace que la nieve que precipita en los polos tenga
valores de 8'*O muy negativos. Basado en Ruddiman (2001).
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El carbono esté presente en la naturaleza como una mezcla de dos isétopos, al igual que

el oxigeno, uno muy abundante, '°C, y otro mucho mas raro, '*C. En el océano, la actividad
fotosintética discrimina el *C a favor del '°C, por lo que la materia organica producida por

organismos fotosintéticos marinos tiene valores altos de 3"*C relativo a la atmosfera e hidrosfera
(Fig. 2.9).

Fotosinteis

CH,0
-22%o

Figura 2.9. Representacion esquematica y simplificada del ciclo del carbono organico e inorganico
en los sistemas terrestre y oceanico, con valores medios de 3'3C para las principales fases. Las flechas

dobles indican equilibrio isotopico. Basado en Rohling y Cooke (2003).
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Figura2.10. Perfildel 5'*C del carbono inorganico
disuelto en el océano. Basado en James (2005).

Un rasgo muy importante en el 8"*C de los océanos es la diferencia existente entre

aguas superficiales y profundas. Mientras que las aguas superficiales estdn generalmente
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empobrecidas en “C debido a que los productores primarios incorporan '*CO, durante los
procesos fotosintéticos. Una vez mueren estos organismos y caen al fondo marino, la materia
organica que contiene se oxida liberando '*C que se acumula en aguas profundas (Rohling and
Cooke, 2003) (Fig 2.10). Como consecuencia de estos procesos, el perfil batimétrico del 6"°C
es inverso al contenido en nutrientes en el océano (fosfato); aguas superficiales con alto 6"°C
(bajo '*C) y bajo en fosfato, y bajo 6"°C y alto fosfato en aguas profundas (Broecker and Peng,
1982; Kroopnick, 1985).

Finalmente, al igual que ocurre con los is6topos de oxigeno, existen diferentes factores
a tener en cuenta cuando se realizan estudios con is6topos de carbono en foraminiferos. El ratio
BC/™C es muy sensible a variaciones de habitat (especialmente en los bentonicos) (McCorkle et
al., 1990), presencia de simbiontes fotosintéticos en algunas especies de foraminiferos (Rohling
and Cooke, 2003) o a la adveccion de masas de agua con temperaturas diferentes (Johannessen
et al., 1994).

2.2.3. Relacion Mg/Ca

El uso de técnicas basadas en el contenido en elementos traza en el esqueleto de
organismos marinos ofrece un gran potencial a la hora de inferir las condiciones fisicoquimicas
de los océanos en tiempos pasados. En este estudio, se ha utilizado la relacion de Mg/Ca en la
concha de foraminiferos planctonicos de la especie Neogloboquadrina pachyderma sin. para
realizar una reconstruccion de paleotemperaturas. Este indicador se basa en la incorporacion
de Mg en la calcita biogénica. Esta reaccion es sensible a la temperatura, por lo que la relacion
Mg/Ca de la calcita aumenta en proporcion al incremento de la temperatura (Lea et al., 1999;
Rosenthal et al., 1997b). Esta relacion de Mg/Ca en la concha de los foraminiferos permite
deducir las temperaturas superficiales a través de diferentes calibraciones, que varian segun la
especie utilizada y la region donde se vaya aplicar (Elderfield and Ganssen, 2000; Kozdon et
al., 2009; Lea et al., 2002; Meland et al., 2005; Niirnberg et al., 1996a).

2.3. Evidencias sedimentologicas

La identificacién y separacion de los componentes del sedimento es una valiosa
herramienta para caracterizar procesos oceanicos, como el transporte de sedimento al océano
y redistribucion del mismo por corrientes en el caso del material terrigeno. De acuerdo con las
variaciones en la composicion, tamafio de grano o flujo de material terrigeno al mar, se pueden
inferir variables paleoambientales como velocidad y direccion del viento, aridez continental,
actividad glacial y corrientes de fondo (Hemming, 2007). En regiones polares y subpolares,
como en la que esta localizado el testigo U1314, la fusion de grandes masas de hielo continental
asociada con cambios climaticos abruptos libera una gran cantidad de material terrigeno al

océano, llamado ice-rafted-detritus (IRD) (Bond et al., 1992). La identificacion de este material
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es de gran importancia para los estudios paleoceanograficos en los que la dindmica de las masas
de hielo juega un papel importante, ya que nos ayuda a reconstruir la distribucion, extension
y flujo de masas de hielo y corrientes superficiales que transportaron ese material terrigeno
(Fig. 2.11). El material que compone los IRD comprende un amplio espectro de tamanos de
grano, desde arcilla a grava, aunque normalmente su presencia se relaciona con un aumento en
el material tamafio arena (> 63 um). Este material arenoso se encuentra en gran concentracion
en numerosas capas del registro sedimentario ocednico en el Atlantico Norte, en la region
conocida como cinturéon de IRD (Ruddiman, 1977). En el presente estudio, el uso de técnicas
petrograficas (diagnosis de los tipos de minerales y/o rocas en el sedimento) y granulométricas
(estudio de los tamaios de grano), han servido como indicadores de la procedencia del material
terrigeno presente en las capas de IRD (ver revision en Hemming, 2004), y han proporcionado
informacion acerca del agente de transporte sedimentario (e.g. Bianchi and McCave, 1999;
Prins et al., 2002).

60° 50° 40° 30° 20° 10°

50°

40°
40°

I:l Fanerozoico (<543 Ma) E Proterozoico medio y Aracaico
- Proterozoico superior - Proterozoico inferior

- Proterozoico medio - Arcaico I:l Islandia

Figura 2.11. Mapa de flujo de IRD al Atlantico Norte entre 25-13 ka (LGM). Unidades estan en mg/cm?/
ka de silicatos terrigenos en la fraccion >63um. La zona de mayor acumulacion, denominada cinturén
de IRD (Ruddiman, 1977), esta coloreada de azul. Modificado de Ruddiman (1977).

2.4. Indicadores geoquimicos

El analisis geoquimico del registro sedimentario oceanico, en combinacion con los
otros indicadores descritos anteriormente, ofrece un enorme potencial a la hora de desarrollar
una hipotesis mas precisa sobre los procesos que tienen lugar a nivel oceédnico (superficial y
profundo), atmosférico y glaciologico. El contenido elemental de los sedimentos oceanicos es
usado como indicador del modo de transporte y direccion del sedimento, circulacion oceanica

profunda, paleoproductividad y de procesos post-deposicionales en el fondo ocednico (e.g.
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Dymond et al., 1992; Griitzner and Higgins, 2010; Hyun and Kim, 1999; Latimer and Filippelli,
2001). En esta Tesis, se ha procedido a realizar un amplio estudio de diferentes componentes
geoquimicos del sedimento, que implica el uso de multiples técnicas de laboratorio para su
determinacion. De forma resumida, los indicadores geoquimicos usados en esta Tesis son:
determinacion de carbono organico e inorganico, silice biogénica (6palo), extraccion secuencial
de fosforo y andlisis de concentracion total para elementos mayores (Fe, Ca y Al) y menores
(Mg, Mn, Zn, P, Ba, Ti, S y Sr).

3. TECNICAS Y PREPARACION DE MUESTRAS

La seleccion de las muestras a estudiar se realiz6 utilizando la profundidad compuesta
que combina los tres sondeos A, By C. Los 24,16 m de testigo se muestrearon regularmente
cada 4 cm, excepto donde se cambiaba de testigo y/o seccion, que el muestreo era duplicado. El
numero total de muestras es de 624, representando cada muestra 2 cm de testigo. Las muestras,
una vez secadas y pesadas para obtener el peso seco, fueron lavadas en humedo a través de
un tamiz de 63 pm para eliminar la fraccion arcilla. Después, fueron nuevamente secadas en
el horno, y luego tamizadas en seco con un tamiz de 150 um, para luego pesar las fracciones
resultantes (63-150 pm y > 150 pum).

3.1. Técnicas de estudio micropaleontologico y sedimentologico

Los andlisis faunisticos en foraminiferos planctonicos y radiolarios, y de recuento de
minerales terrigenos y otro tipo de particulas se realizaron en 326 muestras alternas. Dado que
el uso de foraminiferos planctonicos de pequefio tamafio en general dificulta su identificacion y
es una labor tediosa, para minimizar errores debido a incertidumbres taxondmicas por el tamafio
utilizado, y siguiendo consideraciones preestablecidas por CLIMAP Project Members (1976),
se decidi6 utilizar la fraccion > 150 um en el presente estudio. La muestra se cuarted utilizando
un microcuarteador hasta obtener una alicuota con 400 individuos aproximadamente. Después,
utilizando un microscopio estereoscopico se contaron foraminiferos planctonicos a nivel de
especie, siguiendo los criterios taxonémicos de Hemleben et al. (1989) y Bé (1977), fragmentos,
minerales autigénicos y fragmentos liticos separados segun su naturaleza, radiolarios de gran

tamafio, foraminiferos bentonicos, ostracodos y espiculas de esponja (Fig. 2.12).

En el estudio de radiolarios se utilizaron 299 muestras, diferentes de las usadas en el
estudio de foraminiferos planctonicos y componentes liticos. Para separar y concentrar los
esqueletos de radiolarios del sedimento se ha seguido la técnica de Goll y Bjorklund (1974),
la cual explicamos a continuacion brevemente. Las muestras de sedimento son secadas y entre
1-5 gramos de sedimento son tratados con una solucion con 15% de H,O, y HCI para eliminar
materia orgdnica y carbonato célcico, respectivamente. Las muestras ya tratadas se lavaron en

himedo con un tamiz de 45 um para eliminar la fraccion arcilla y la materia orgénica, después
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de lo cual se montaron dos tipos de laminas delgadas con “balsamo de Canada”, una para
cuantificar la concentracién absoluta de radiolarios (ldmina Q) y la otra para los recuentos
relativos de especies (lamina F). En la ldmina Q, ademdas se determinaron dos indices de
abundancia cualitativa de diatomeas y de IRD, que varian entre O (ausente) y 5 (muy abundante).
En la lamina F, el censo de radiolarios se realiz6 a partir de 300 individuos identificados al nivel
taxonémico mas bajo cuando fue posible. Los criterios taxonémicos seguidos son los de Nigrini
y Moore (1979), Bjorklund et al. (1998) y Hatakeda y Bjerklund (2009). La preparacion de las

laminas y el recuento se llevo a cabo en los laboratorios del Museo de Historia Natural de Oslo

(Noruega).
Foraminifero
plancténico Diatomea Q
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Figura 2.12. Imagenes de diferentes muestras del testigo U1314 tomadas a través de lupa binocular en
las que se pueden observar los diferentes componentes liticos y biogénicos presentes en la fraccion >150
um. Profundidades de las muestras en mcd: A) 61,74 ¢cm; B) 68,65 cm; C) 77,12 cm; D) 81,1 cm.

Por ultimo, una parte del testigo (59 muestras entre 60-64,76 mcd) fue seleccionada
para determinar la distribucion mineraldgica tipo que se puede encontrar en el sedimento del
testigo U1314. Estos analisis fueron realizados por la profesora Mercedes Barrios Sudrez, en
el Area de Mineralogia del Departamento de Geologia de la Universidad de Salamanca. Las
muestras seleccionadas se molieron en mortero manual de dgata y se analizaron por difraccion
de rayos X utilizando un difractometro Siemens D8 Advance, utilizando radiacion de cobre
K . Las condiciones de trabajo fueron: velocidad de barrido de 1°/min, 30 mA 'y 40 kv y zona
explorada de 2 a 65° de 20.
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3.2. Técnicas isotépicas y de analisis de elementos traza en foraminiferos

Los analisis de isotopos de oxigeno y carbono se realizaron sobre individuos de la especie
N. pachyderma sin. para analisis planctonicos y Cibicidoides spp. (Cibicidoides wuellerstorfi
preferentemente), y Melonis barleeanum cuando la primera no se encontraba, para benténicos.
Los anélisis de elementos traza estaban principalmente enfocados a obtener la relacion Mg/
Ca en la concha de los foraminiferos planctonicos, y la relacion de otros elementos traza (Sr/
Ca, Mn/Ca, Al/Ca y Cd/Ca) de forma complementaria, para lo que se usaron individuos de la

especie de foraminifero planctonico N. pachyderma sin.

Los individuos seleccionados para los analisis fueron 15 para el andlisis isotopico y
entre 60-65 para el de elementos traza de la fraccion entre 150-250 pm en planctonicos y entre
1-8 individuos de la fracciéon 300-600 um en bentonicos. El protocolo de limpieza de ambos
tipos de analisis se inicia rompiendo ligeramente los individuos. Para el analisis de isotopos
estables la limpieza continia con un tratamiento con metanol y ultrasonidos para eliminar
particulas, mayoritariamente arcillosas, adheridas en el interior de la concha. El proceso de
limpieza en el analisis de elementos traza continia con un tratamiento oxidativo-reductivo, y
dada la complejidad del proceso y la exposicion a posibles contaminaciones, se realiza en un
laboratorio blanco (Fig. 2.13). La contaminacion por material terrigeno fue monitorizado a
través de la concentracion de Al; de la que no se encontré cantidades significativas a lo largo del
muestreo. Una descripcion detallada de las fases de las que consta el protocolo de limpieza para

los anélisis de Mg/Ca y demas relaciones con elementos traza aplicado a nuestras muestras,

establecido por Pena et al. (2005), se encuentra en el Anexo 5.

Figura 2.13. Fotografia del laboratorio en el que se realizaron la limpieza para analisis de elementos
traza, en la Facultad de Geologia de la Universidad de Barcelona (izquierda), espectrometro de masas
Finnigan MAT 252 (centro) utilizado en el analisis de isétopos estables, y el espectrometro con ICP en
el se analizaron los elementos traza (derecha). Iméagenes de la pagina web de los servicios cientifico-
técnicos de la Universidad de Barcelona (http://www.sct.ub.es).

Losanalisisisotdpicosy de Mg/Caserealizaron en la Universidad de Barcelona, utilizando
un espectrometro de masas Finnigan MAT 251 y un espectrometro de masas acoplado a una
antorcha de plasma de acoplamiento inductivo (Inducted Coupled Plasma, ICP) Perkin-Elmer
Elan 6000, respectivamente (Fig. 2.13). La calibracion de los resultados de los is6topos estables
serealizo con el estandar NBS-19. El resultado esta referido al estandar Vienna Pee Dee Belemnite

(VPDB)(Coplen, 1996),siendolaprecisionanalitica superiora0,07 parael 5'*0y 0,05 parael 5'°C.
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3.3. Técnicas geoquimicas con sedimento

Muestras del testigo U1314 fueron analizadas usando técnicas de digestion total del
sedimento para obtener concentraciones de P, Fe, Al, Ti, Mn, Zn, Mg, Ba, Sry Ca, y extraccion
secuencial de fosforo, la cual incluye las cuatro fases diferentes de P que se encuentran en el
océano; autogénico, organico, ligado a fases de Fe-Mn y el detritico (Filippelli and Delaney,
1996; Ruttenberg, 1992; Ruttenberg and Berner, 1993) . Para la digestion total, se seleccionaron
300 muestras alternas, separadas cada 8 cm. Se procedi6 a disolver el sedimento usando un
sistema de digestion por microondas MDS 2000 y los acidos HNO,, HF y HCI, siguiendo
el método SW-846 3051 de la agencia de proteccion ambiental de los EEUU (Enviromental
Protection Agency, EPA), de acuerdo a lo establecido por Link ez al. (1998). Una vez la digestion
fue completa, se afiadié acido borico para estabilizar la solucion. Las muestras fueron después
transferidas a un nuevo vial y diluidas con 50 ml de agua purificada. Para la determinacion
final de la concentracion elemental se uso un espectrometro Leeman Labs P950 con ICP y con
un nebulizador ultrasonico CETAC Corp. AT500" acoplado. Para mas detalles acerca de los

procedimientos usados en esta técnica, ver Anexo 6.

Debido alo laborioso del procedimiento para separary analizar los cuatro componentes de
fosforo, solo se realizo en 64 muestras, separadas cada 40 cm aproximadamente. La metodologia
a seguir en este caso fue la de Filippelli y Delaney (1996), modificado de Ruttenberg (1992).
Dado lo extenso de esta técnica analitica, hemos preferido incluir este protocolo de forma mas

detallada en el Anexo 7.

Los andlisis de contenido total de carbono en el sedimento (7otal Carbon, TC) se
realizaron en un total de 586 muestras, usando un analizador de carbono UIC Coulometrics
CM150. El carbono organico total (7otal Organic Carbon, TOC) se determind eliminando
primero el carbono inorgdnico de la muestra con una solucion HCI 2M, y después medido
usando un analizador CHNS/O por combustion Flash 2000. El carbonato calcico (CaCO,) fue

calculado usando los porcentajes relativos de TC y TOC mediante la siguiente ecuacion:

CaCO, %= (TC % - TOC %) x 8.33

Para el analisis del 6palo biogenico (Si0,) se seleccionaron 572 muestras y se trataron de
acuerdo al procedimiento de Mortlock y Froelich (1989), afiadiendo 10 ml de Na,CO,2M a las
muestras, que permanecieron en un bafio en agua a 85° C durante ~5 horas, para la disolucion de
la silice. La determinacion final del 6palo se realizoé con el mismo espectrometro que con el que
se analiz6 la composicion elemental. Todos los andlisis geoquimicos aqui presentados fueron
realizados en los laboratorios de biogeoquimica del Departamento de Ciencias de la Tierra de la
Universidad de Indianapolis-Universidad de Purdue, en Indiandpolis (EEUU) (Fig. 2.14).
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Figura 2.14. Fotografias de parte del equipamiento de los laboratorios del Departamento de Ciencias
de la Tierra de la Universidad de Indianapolis-Universidad de Purdue en el que se realizaron los analisis
geoquimicos con sedimento. Espectrometro Leeman Labs P950 con ICP y nebulizador (izquierda),
analizador de carboén UIC Coulometrics CM150 (centro), y microondas para digestion total MDS 2000
(derecha).

3.4. Construccion del modelo de edad

El modelo de edad para la seccion estudiada del testigo Ul1314 se ha realizado
comparando los isotopos de oxigeno realizados en foraminiferos bentdnicos con la curva de
8'%0 bentonico global de Lisiecki y Raymo (2005) (de aqui en adelante nos referiremos a ella
como LRO04), usando el programa Analyseries 2.0 (Paillard, 1996). Esta curva de referencia
contiene datos de 880 bentonico de 57 diferentes localizaciones distribuidas a lo largo de la
Tierra, siendo utilizada de forma generalizada para construir modelos de edad en multitud de
estudios para el Plio-Pleistoceno (e.g. Hodell et al., 2008; Honisch et al., 2009; Toucanne et
al., 2009). Una explicacion mas detallada de la elaboracion del modelo de edad para esta Tesis
Doctoral, incluyendo los puntos de correlacion (tie points) entre nuestro registro de oxigeno

bentonico y la curva LR04, se encuentra en el Capitulo 3.

3.5. Herramientas para analisis estadistico y de series temporales

En la elaboracion de esta Tesis Doctoral se han empleado dos programas de uso comun
en paleoclimatologia, estos son PAST (Hammer et al., 2001) y Analyseries 2.0 (Paillard, 1996).
El programa Analyseries 2.0 ha sido usado para el estudio de las frecuencias dominantes en el
registro de isotopos e IRD (ver Capitulo 3). Para ello se realizaron analisis espectrales utilizando
el método de Blackman-Tukey (Jenkins and Watts, 1968). En lineas basicas, este método genera
la autocovarianza de la serie (remuestreada a intervalos equidistantes), aplica una ventana

espectral y realiza una transformada de Fourier para obtener el espectro de frecuencias.

El programa PAST ha sido aplicado principalmente a los datos de recuento de especies
de radiolarios (ver Capitulo 5), con el célculo del indice de diversidad Shannon-Weaver (H)
(Shannon and Weaver, 1963) y el estudio de la distribucion de las diferentes especies usando
el analisis de correspondencia sin tendencia (Detrended Correspondance Andlisis, DCA), para
evaluar el posible control de algun factor ambiental sobre la sucesion ecologica de las especies de

radiolarios. Dada la capacidad de este programa para determinar las frecuencias dominantes en
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series temporales de asociaciones fosiles con un gran nimero de especies, aplicamos la técnica
del periodograma de Mantel (Hammer, 2007) a la asociacion de radiolarios para identificar las
periodicidades orbitales dominantes en la composicion especifica de la asociacion de radiolarios
del testigo U1314. Finalmente, el programa SPSS fue empleado en el analisis estadistico de
la composicidon geoquimica elemental (ver Capitulo 7) con el objeto de identificar variables
subyacentes que expliquen la correlacion entre los elementos geoquimicos que componen el
sedimento del testigo U1314.
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Capitulo 3

RESUMEN. Se ha reconstruido el clima y la hidrografia del océano profundo durante
el Pleistoceno Medio e Inferior usando un registro de datos a alta resolucion (is6topos de
oxigeno y carbono en foraminiferos planctonicos y bentonicos, reconstruccion de temperaturas
oceanicas superficiales basadas en asociaciones faunisticas y detritus transportados por el hielo
-IRD-) procedentes de una secuencia sedimentaria con altas tasas de deposito en la formacion
Gardar Drift en el Atlantico Norte subpolar (Integrated Ocean Drilling Program Leg 306, Site
U1314). La profundidad y ubicacion a la que se encuentra este testigo hace que sea sensible a la
interaccion entre aguas Noratlantica profundas y aguas procedentes del sur a escalas temporales
orbital y suborbital. Nuestro registro sedimentario abarca desde el estadio isotopico marino 31
al 19 (1069-779 ka). La diferente tendencia del registro de isdtopos estables en foraminiferos
benténicos antes y después del estadio isotdpico marino 25 indica una gran aumento en el
volumen de hielo oen el Hemisferio Norte y un deterioro gradual de la ventilacién del océano
profundo, ambos procesos asociados al cambio de ciclicidad dominante de 41 ka a 100 ka
que tuvo lugar durante la Transicion del Pleistoceno Medio. Ademas la variabilidad glacial-
interglacial, numerosas fluctuaciones a escala milenaria relacionadas a secuencias de avance/
retroceso de los casquetes de hielo tuvieron lugar durante el periodo de tiempo estudiado. El
analisis de series temporales en indicadores de aguas superficiales muestra que la duracion
media de estos cambios climaticos a escala milenaria estan relacionados al componente hemi-
precesional (10 ka) de la insolacion, lo cual se interpreta como un transporte de calor a través del
ecuador hacia latitudes altas durante maximos de insolacion en los equinoccios en el ecuador.

Palabras clave: Atlantico Norte; Transicion del Pleistoceno Medio; is6topos estables;
detritus transportado por el hielo; agua profunda; milenaria; insolacion; Site U1314.
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ABSTRACT. Early and Mid-Pleistocene climate and deep-ocean hydrography have
been reconstructed using a high-resolution data set (planktonic and benthic 6'*0 and 8'*C time
series, faunal-based SST reconstruction and ice-rafted debris) record from a high-deposition-
rate sedimentary succession recovered at the Gardar Drift formation in the subpolar North
Atlantic (Integrated Ocean Drilling Program Leg 306, Site U1314). The location and water
depth of this Site makes it sensitive to the interaction between North Atlantic Deep Water
(NADW) and southern source waters at orbital and sub-orbital time-scales. Our sedimentary
record spans from late in Marine Isotope Stage (MIS) 31 to MIS 19 (1069-779 ka). Different
trend of the benthic stable isotopes record before and after MIS 25 evidence the large increase
in Northern Hemisphere ice-volume and gradual deterioration of ventilation of the deep-ocean,
both linked to the cyclicity change from the 41-kyr to the 100-kyr that occurred during the Mid-
Pleistocene Transition (MPT). Beside longer glacial-interglacial (G-1G) variability, millennial-
scale fluctuations related to ice-sheet advance/retreat sequences occurred along the time-period
studied. Time series analysis on surface water proxies shows that the timing of these millennial-
scale climate changes are related to half-precessional (10 kyr) components of the insolation
forcing, which are interpreted as cross-equatorial heat transport toward high latitudes during
both equinox insolation maxima at the equator.

Key words: North Atlantic; Mid-Pleistocene Transition; stable isotopes; ice-rafted
debris; deep-water; millennial; insolation; Site U1314.
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IMPACT OF SUBORBITAL CLIMATE CHANGES IN THE NORTH ATLANTIC ON ICE-
SHEETS DYNAMICS AT THE MID-PLEISTOCENE TRANSITION

1. INTRODUCTION

The North Atlantic Ocean is a key area for global ocean conveyor belt system, which
is the main moderating force of the climate over Europe. Modern North Atlantic conditions
are based on the steady northward transport of warm, saline surface waters. This energy
transport to high latitudes is balanced by a southerly return flow of North Atlantic Deep Water
(NADW), formed by deep convection in the Nordic Seas, which ventilates more than a half
of the volume of the deep oceans. However, this robust feature today has experienced abrupt
and dramatic alterations over both glacial-interglacial and shorter time scales during the past.
Vertical water mass structure in the North Atlantic has changed during glacial periods and
millennial-scale climate events that caused significant global eustatic changes and modified the
relative proportion of northern versus southern source waters in the North Atlantic. Although
these events have been well studied for the last glacial cycle (e.g. Bond et al., 1992; Boyle and
Keigwin, 1987; Oppo and Lehman, 1993), less is know about their occurrence in older glacial

periods of the Pleistocene.

Specially intriguing is the so-called “Mid-Pleistocene Transition” (MPT), which is
defined as the period in which the climatic cyclicity shifted from the ~ 41 kyr cycles, related
to obliquity, to the ~ 100 kyr cycles, related to eccentricity (Berger and Jansen, 1994a). During
the “41-kyr world”, continental ice-sheets were reduced in size and glacial periods milder
compared to those during the “100-kyr world” (Clark et al., 2006), that led to dramatic global
reorganizations in climatic system. Records from North Hemisphere and time-series modelling
document the global glacial expansion since MIS 24, which represents a first step toward an
increased global ice-volume (Maslin and Ridgwell, 2005; Mudelsee and Stattegger, 1997;
Prell, 1982). However, multiple evidences indicate that MIS 22 (c. 870-880 ka) was the first
of the major cold events that characterizes the Later Pleistocene. Glacial erosion in central
Europe (Haeuselmann et al., 2007; Muttoni et al., 2003), large growth of North America ice-
sheets (Barendregt and Irving, 1998), increased aridity in northern Eurasia (Heslop ef al., 2002)
document the severity of these first major glaciations in continents. In an oceanographic context,
the response to the increased intensity of climatic deterioration and duration of climatic events
was a strong reduction in North Atlantic thermohaline circulation (Ferretti ef al., 2005; Raymo
et al., 1997; 2004; Schmieder et al., 2000) and cooling of surface temperatures by expansion of
subarctic waters (McClymont et al., 2008; Shimada et al., 2008; Wright and Flower, 2002).

Despite the wide evidence for climatic and oceanographic changes at glacial-interglacial
time scale during the Early and Mid-Pleistocene, several studies have found evidences for

millennial-scale variations with pacing indistinguishable from that of the last glacial cycle
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(Ferretti et al., 2010; Griitzner and Higgins, 2010; Hayashi et al., 2010; Raymo et al., 1998).
These observations suggest that some boundary conditions associated with millennial-climate
scale variability were already surpassed within the time window of the MPT, and before the
establishment of the 100-kyr cycles from the Late Pleistocene. The mechanism triggering
these millennial-scale instabilities is still controversial, but several studies point toward a low-
latitude insolation origin, independent of ice-volume, that would explain the presence of these
fluctuations before the establishment of high-amplitude 100-kyr glacial cycles (McIntyre and
Molfino, 1996; Short et al., 1991).

In this paper, we present a series of high-resolution isotopical, sedimentological and sea
surface temperature (SST) records that extends the time-slice between 1069 to 779 ka from Site
U1314, in the subpolar North Atlantic. Changes in iceberg delivery to the ocean and thermohaline
circulation were examined by looking at the evolution of temporal and spatial IRD, 6"*C and
0'%0 records in the North Atlantic in response to the large growth of ice-volume associated with
the 41-to-100 kyr transition. Moreover we investigate the millennial scale variability of upper
ocean temperature, iceberg activity in the North Atlantic site, and hypothesize about how low-
latitude changes in insolation can be transported to high-latitudes through ocean-atmosphere-

cryosphere interactions.

2. SITE LOCATIONS AND OCEANOGRAPHIC SETTINGS

IODPSite U1314(2820m)wascoredbythe D/VJOIDES Resolutioninthe southern Gardar
Drift, in the subpolar North Atlantic (56.36°N, 27.88°W) during IODP Expedition 306 (Fig. 3.1).
Today, this site shoaled by Iceland-Scotland Overflow Water (ISOW), which occurs deeper than
2000 m and is characterised by high salinity and oxygen content (Bianchi and McCave, 2000) and
is main precursor of Lower North Atlantic Deep Water (LNADW), originated in the Greenland,
Iceland, and Norwegian (GIN) Seas by deep convection (Krauss, 1986; Schmitz and McCartney,
1993). Varying proportions of Labrador Sea Water (LSW) and Sub-Polar Mode Water (SPMW)
mixes with the main ISOW flow generated in the GIN Seas (Van Aken and De Boer, 1995). The
southward flow of cold deep waters from the GIN seas is partly balanced by a northward flow of a
Antarctic bottom derived waters, Lower Deep Waters (LDW) into the Iceland Basin (McCartney,
1992). Hence, Site U1314 position close to the ice-rafted debris (IRD) belt (Ruddiman, 1977) is
ideal to study variations in ISOW flow and ice instability during the Pleistocene (Bianchi and
McCave, 1999; Griitzner and Higgins, 2010; Hodell et al., 2009; Wang and McCave, 1990).

At surface, Site U1314 is located in the path of an extension of the North Atlantic Current
(NAC), the Irminger Current (IC), and is seasonally affected by the southward extension of the
Artic Front (AF), that is the boundary between Artic and Atlantic waters that delimitate the

maximum extent of winter sea-ice (Swift and Aagaard, 1981).
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Figure 3.1. Location of IODP Site U1314 (black star: 56°21°N, 27°W; 2820 m water depth), and other
North Atlantic sites (see Table 3.2). Modern surface (red), and deep circulation (blue) in the North
Atlantic (Krauss, 1986; Schmitz and McCartney, 1993). Map generated with Ocean Data View v.3.4.3.
software (Schlitzer, 2008). East Greenland Current (EGC), Norwegian Current (NC), Labrador Current
(LC), North Atlantic Current (NAC), Irminger Current (IC), Denmark Strait Overflow Water (DSOW),
Iceland Scotland Overflow Water (ISOW), Labrador Sea Water (LSW), North Atlantic Deep Water
(NADW), and Lower Deep Water (LDW).

Early and Mid-Pleistocene Sediments at Site U1314 consist predominantly of biogenic
oozes with varying proportion of calcareous (e.g., nannofossils and foraminifers) and siliceous
organisms (e.g., diatoms and radiolarians) and lower content of terrigenous components, such
as quartz, volcanic material and clay. More detailed core description is given in Expedition 306
Scientists (Channell et al., 2006).

3. MATERIAL AND METHODS

Samples from Site U1314 were taken every 4 cm between the 60 to 84.16 meters composite
depth (mcd). Each sample was washed through a 63 pm sieve to eliminate clay and fossil ooze
and dried. Later, the sample was dry sieved into two fractions, 63-150 um and > 150 um. Census
counts and picking for the stable isotope analyses were carried out in the > 150 um fraction. The
deep-water record was obtained from Cibicidoides spp. (mainly C. wuellerstorfi and occasionally
C. pachyderma), an epifaunal benthic foraminifer species which is a reliable indicator of the §'*C
of dissolved CO, in the bottom water (Belanger ez al., 1981). One to eight tests of Cibicidoides
were picked from the > 250 um size fraction and one to eight individuals were used for isotopic

analysis. When this species was absent, we picked specimens of Melonis pompilioides from

43



Impact of suborbital climate changes in the North Atlantic on ice-sheets dynamics at the Mid-Pleistocene
Transition

the same size fraction to produce a continuous signal. In order to elaborate a homogenous
isotope record from both species, we calculated the mean difference between both. The average
difference is -0.11 %o for the oxygen and +1%o for the carbon isotopes. This “correction factor”

was then applied to the M. pompilioides isotope values to produce a uniform isotope data set.

For the surface water record, we chose to analyse Neogloboquadrina pachyderma
sinistrorsa (sin.), because this species is present throughout the studied section. A minimum of
15 specimens from the size range between 150-250 pm were picked. Benthic and planktonic
specimens of each sample were crushed, ultrasonicated and cleaned with methanol before the
isotopic analyses. Benthic and planktonic foraminifera stable isotope analyses were carried out
in a Finnigan MAT 252 mass spectrometer at the University of Barcelona. Calibration to the
Vienna Pee Dee Belemnite (VPDB) standard scale (Coplen, 1996) was made through the NBS-
19 standard, and the analytical precision was better than 0.06 %o for 6'*0O and 0.02%o for 5"*C.

The accumulation of coarse-grained ice-rafted debris (IRD) was determined by
examination of the > 150um size fraction. Full census counts were completed every other sample.
Each samples was split to about 400 planktonic foraminifers, then species of planktonic and
benthic foraminifers, as well as mineral grains, ash, lithic fragments, radiolarians, ostracodes
and planktonic foraminifer fragments were counted under a binocular microscope and relative

percentages were calculated.

The relative abundance of planktonic foraminifer is based on census counts of splits of
the > 150 pum fraction containing approximately 300 planktonic foraminifers. The planktonic
foraminifer a fauna is characterized by polar, subpolar and transitional species. The dominant
species are Neogloboquadrina pachyderma sinistrorsa, Neogloboquadrina pachyderma
dextrorsa, Globigerina bulloides, Globorotalia inflata and Globigerina quinqueloba. Based
on these counts we performed a sea surface temperature estimation using the artificial neural
network (ANN) technique (Malmgren et al., 2001) trained on the MARGO project database
(Kucera et al., 2005a). Modern temperatures from the calibration data set were extracted from
the World Ocean Atlas vesion 2 (Conkright e al., 1998) at 10 m water depth. SST was calculated
for summer, winter and the annual mean. The ANN SST estimates are based on the average

values of 10 temperatures provided by the neural network.

Finally, the existence of possible periodic behaviour of the Early and Mid-Pleistocene
climate has been investigated by performing time series analyses on the benthic oxygen record
and on the record relative to surface water proxies of IRD and planktonic 6'*O. Time series results
were obtained by the Blackman-Tuckey Method of spectral estimation from the AnalySeries
software (Paillard, 1996). The records were initially prepared by removing linear trends and
resampling at constant 1 kyr intervals for the benthic and planktonic §'*0O and IRD record.
The confidence interval was set at 80 %. To recognize possible dominant frequency variations
trough time, we split the MIS 31 to 19 interval into two slices (MIS 31 to 26, and 35 to 19).
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4. RESULTS
4.1. Age model

We converted depth to age matching the distinct glacial and interglacial periods in
Site U1314 according to the benthic 6'*O with their temporal equivalent in the orbitally tuned
benthic isotope stack of Lisiecki and Raymo (2005) (hereinafter referred to as LR04) by using
AnalySeries 2.0 software (Paillard, 1996). using the program Analyseries (Paillard, 1996). Two
magnetostratigraphic events corroborate the age model: the Brunhes-Matuyama boundary (780
kyr) was identified at 60 mcd in Site U1314 (Channell ef al., 2006) and correlates to MIS 19
in the oxygen isotopic record. The top of the Jaramillo (990 kyr) was placed at 77.7 mcd and

correlates with MIS 27.
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Figure 3.2. Construction of the age model was performed by correlating the benthic isotope stack LR04
with Site U1314 benthic 6'*0. Tie points of both records are joined by dashed lines. From top to bottom:
A) LR04 benthic stack; B) sedimentation rate of site 1314 after tuning; C) chronology as a function of
depth in Site U1314; benthic §'*0 from Site U1314 as function of depth.

The final age model for the 24.16 m studied section spans an interval from ~290 kyr
through the Early and Mid-Pleistocene based on 13 stratigraphic tie points (Table 3.1), yielding
a temporal resolution of ~0.5 kyr. In between the tie points, sedimentation rates were assumed
constant and the ages were deduced by linear interpolation. The orbitally tuned age model and
corresponding linear sedimentation rates are shown in figure 3.2. The resulting sedimentation
rates are moderately high (average 9.3 cm/kyr) and differ largely between glacial (1.15 cm/kyr)
and interglacial (up to 27 cm/kyr), intervals indicating enhanced growth of the Gardar Drift

during intervals of warmer climate. According to our geochronology, the average age resolution
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is of 230 years per sample (range: ~70 to 600 years) and 1140 years (range: ~365 to 3000 years)
for sample interval. The 6'®O records from sites 980, 983, U1313 and U1308 are all plotted

versus age in figure 3.3, using their respective age-depth.

Site U1314 LR0O4

depth (med) Time (ka)
60.10 780.619
61.79 795.244
62.16 807.358
63.12 817.649
68.55 858.636
68.92 872.225
70.99 921.458
71.88 929.571
75.01 951.451
75.50 962.858
77.60 987.871
79.41 1004.220
83.37 1058.727

Table 3.1. Tie points used in the correlation between benthic 3'*O from Site U1314 and benthic isotope
stack LRO4.

4.2. Oxygen isotopes

The stable isotope record from Site U1314 spans G-IG cycles tuned to LR04 time scale
presents 6 different climate cycles (from MIS 31 to MIS 19) (Fig. 3.2). From MIS 31 to 22, each
glacial/interglacial cycle has an average duration around 41 ka, while MIS 21 show a longer
duration (80 ka) and an internal suborbital periodicity that breaks the stage into four isotopic
interstadial periods. The benthic 3'*O record at Site U1314 ranges between 4.45 %o at 882 ka and
2.34 %o at 784 ka (Fig. 3.3; 3.4). Between 1069-950 ka (MIS 31-25), isotopic values difference
between glacial and interglacial intervals rarely exceeded 1 %o (only MIS 25/26 transition, with
1.7 %o). This trend ends abruptly above MIS 24, whit a noticeable shift toward higher benthic
0'%0 contrast between cold and warm intervals. The total range of variation in the oxygen benthic
values between glacial and interglacial periods was ~ 1.8 %o, a equivalent value to the ~ 2 %o in
the oxygen isotope planktonic record if we assume that the 5'*0 signal of N. pachyderma sin.
is affected by the global ice-volume signature and local near-surface temperature and salinity
conditions (Shackleton, 1987) (Fig. 3.4). Overlapped to this long-trend term orbitally related, we
observe rapid and shorter (in magnitude and duration) oscillations in the §'80 record (planktonic
and benthic). A clear example is the four abrupt cooling events that interrupted the warm MIS
21 period, with fluctuations in the planktonic record that exceed the 1 %o. Also it is noticeable
the fact that no large oscillations occur when benthic 3'*O is less than 3.5 %o; these periods

are characterized for the relative stability and the absence of any catastrophic discharge event.
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Figure 3.3. Comparison of benthic 6'*O records from the North Atlantic. From bottom to top: A) U1313
(Ferretti et al., 2010), B) U1308 (Hodell et al., 2008), C) 983 (Kleiven et al., 2003), D) 980 (Flower
et al., 2000), E) U1314, F) benthic 6'30 LR04 stack (Lisiecki and Raymo, 2005), G) B08 sea-level
reconstruction (Bintanja and van de Wal 2008) and H) summer insolation at 65° N (Laskar et al., 2004).
Vertical dashed grey lines join equivalent millennial-climate events in the North Atlantic sites. Marine
Isotope Stages (MIS) are shown at the top (glacials in blue and interglacials in black).

4.3. Carbon isotopes

Benthic 6"°C long-term trends correlate to variations in benthic 6'*O variability, but with
less amplitude, ranging from -1 %o to 1.2 %o (Fig. 3.4). The most striking features on the benthic
8'*C record are pronounced minima at Terminations associated with major IRD events and with
high percentages of N. pachyderma sin. The largest carbon isotope shifts (~ -1%o) occurred at

MIS 22 and MIS 24. Low carbon isotope values are also observed during interglacial stages, at
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MIS 25 and 23, even when IRD deposition is absent and 6'*O variations are low, implying that
rapid changes in the ventilation of the deep Northeast Atlantic span the entire 1069 to 779 kyr
interval considered in this study, regardless of the background climate and ice-sheet conditions.
In contrast, positive benthic §"*C values were observed during the interglacials MIS 21 and of
MIS 23. It is also important to note that there is a pronounced 0.15 %o decrease in mean ocean

d"C values between after MIS 25 respect to the older section.

Site Latitude Longitude Depth, m Reference
Ul314 56°36'N 27°88'W 2820 this study

980 55°29'N 14°42'W 2168 Flower et al. (2000)

983 60°23'N 23°38'W 1985 Kleiven et al. (2003)
U1308 19°53'N 24°14'W 3872 Hodell et al. (2008)
Ul1313 41°00'N 35°58'W 3426 Ferretti et al. (2010)

Table 3.2. Site information.

4.4. SST reconstruction

Summer SST calculated with ANN range between 17.1 and 3.2 °C. Modern SST values
for the Site U1314 at 10 m depth are around 12 °C (Locarnini et al., 2006), which is in the range
of the mean summer SST calculated with ANN for the interglacial periods before MIS 26, but
considerably lower, in more than 4 °C, after MIS 25 (Fig. 3.4). Although minima SST does
not vary considerably thought the studied section, slightly colder temperatures are recorded at
glacial maxima of MIS 22 and 20. Paleotemperature estimate indicates that G-IG variability
shifted to higher amplitude changes after MIS 25, ranging between 4-12 °C. Moreover, frequent
SST oscillations are seen on short timescales throughout the MIS 31 to 19 interval, coinciding
always SST minima with IRD events

4.5. Ice-rafted debris

Fig. 3.4 shows that IRD was deposited at Gardar Drift mainly during glacial cycles (i.e.
MIS 20, 22, 24, 26, 28 and 30) describing a saw-tooth steadily increases. All iceberg episodes
occur when benthic 6O record surpass values of 3.5 %o0. Largest IRD events occurred at
glacial Terminations 24/23, 22/21 and 20/19 and lithic discharge maximum occurred near the
mid-point of the deglacial interval, as defined by the 8'*O record. We also observe a steady rise
in the magnitude of the IRD events during the 1069 to 779 kyr periods. In contrast, little IRD
input occurs during the peak interglacial maxima of MIS 19, 21, 23, 25, 27 and 29, although
several IRD are located at cooler interglacial sub-stages, such as within MIS 21, 27 and 29. A
notable increase in the glacial input of ice-rafted material occurred at Site U1314 since MIS 24
(~ 930 kyr). The input of ice-rafted terrigenous material during this glacial period and following

glaciations was higher and lasted more time when compared to the previous glacial intervals
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e.g., MIS 26-30. Maximum IRD input occurs during MIS 20 made up of two distinct peaks (at
794 and 798 kyr), that reached accumulations of about 18000 particles*cm>*kyr'.
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Figure 3.4. Site U1314 records from 779 to 1069 ka. From bottom to top: A) IRD/g, B) faunal-based
SST, using ANN technique, C) planktonic 6'30, D) benthic 8'®0 (dark blue), benthic 6'80 LR04 stack
(Lisiecki and Raymo, 2005) (light blue) and B0O8 sea-level reconstruction (Bintanja and van de Wal
2008) (orange dashed line) E) benthic 6"°C, with 5 points running average (black). Pink lines correspond
with samples were C. wuellerstorfi individuals were picked for the stable isotope analyses, and grey
lines correspond to M. pompilloides, values represented with corrector factor applied (see 3. Material
and Methods) G) Summer insolation at 65° N (Laskar et al., 2004). Vertical grey bars indicate IRD
discharge events, either linked to deglaciations or to millennial-scale oscillations. Marine Isotope Stages
(MIS) are shown at the top (glacials in blue and interglacials in black).
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4.6. Time series analysis

Time series analysis of IRD, SST and planktonic 6'*O records for the time slices before
MIS 25 reveals evidence for strong periodicities on Milankovitch orbital and sub-orbital
timescales (Fig. 3.6). The IRD and the planktonic 8'®0 lack long-term orbital frequencies of
100 and 41 kyr, and show pronounced spectral peaks at 21 and 10-11 kyr. The SST signal is
dominated by a single strong 41 peak and two peaks at 15 and 10 kyr.

5. DISCUSSION
The MPT, the period between 940-900 kyr (MIS 25-23), has been associated with a

global increase in ice-volume related to a major change in frequency of the climate cycles that
evolved from 41-kyr to 100-kyr (e.g. Mudelsee and Schulz, 1997; Mudelsee and Stattegger,
1997; Pisias and Moore Jr, 1981; Prell, 1982). This bifurcation in the climate system is clearly
seen in the benthic 8'*0 record at Site U1314 along with other proxies (Fig. 3.4), and reflect
a shifting environment toward a more extreme glacial conditions and greater G-IG contrast
that characterizes the Earth’s climate during the Late Quaternary period. Due to the changing
structure of climate cycles during the MPT, we have divided our studied interval into two
different time-slices in order to discuss the millennial scale climate oscillations and deep-water

oceanographic changes in the North Atlantic.

5.1. Period between MIS 31 and MIS 26: low amplitude, obliquity and precession-
driven G-IG variability

This period immediately predates the onset of the high amplitude 100 kyr G-1G cycles
that charactarize climate changes during the Late Pleistocene (Bintanja and van de Wal, 2008;
Lisiecki and Raymo, 2005). Whereas ice-sheet dynamics as recorded by the benthic 3'*0 values
is mainly driven by precession and obliquity, hydrographic changes of North Atlantic surface

waters typically display a suborbital variability dominated by a 10 kyr period (Fig. 3.6).

The relatively less extreme glacial benthic 3'*O values reflect smaller continental ice-
sheet and/or warmer deep-sea temperatures and correlate well with higher glacial pCO, for the
MPT (Honisch et al., 2009). Glacial stages depict a symmetrical pattern, with similar gradual
patterns of glacial growth and deglaciations. Transitions between G-IG stages do not show

abrupt events compared to post-MIS 25 Terminations (Fig. 3.5).

Surface water conditions cyclically changed in response to southward and northward
shifts of the AF, leaving colder and warmer waters at Site U1314. SST reached occasionally
high temperatures, around 14 °C, but usually remains between 10-4 °C. This observation would
be consistent with the presence of relatively cool and fresh arctic surface waters, with seasonal

sea-ice cover (Sarnthein et al., 2003). Nine millennial-scale climate cycles with an average
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period of 10 kyr are recorded between MIS 30 and MIS 25. Each of these cycles starts with
an abrupt warming event that is followed by gradual and progressive cooling to culminate
with an event of iceberg discharge at the time of maximum cooling or the ensuing prominent
warming. As has been proposed for climate oscillations in MIS 3, IRD events can be linked
with iceberg discharges associated with episodes of ice-sheet advance towards the coastline at
times of maximum cooling (Marshall and Koutnik, 2006), whereas the ensuing warming events
are related with minor episodes of ice-sheet retreat that can be seen in other records all over the
North Atlantic (Fig. 3.3). In particular, some of the most prominent millennial-scale warmings
and the associated IRD events that precede them are clearly linked to ice-sheet decay and global
decreases in ice-volume as they coincide with deglaciations at transitions between MIS 30/29,
MIS 28/27, and the large deglaciation at Termination XI, between MIS 26/25, that is the most
prominent IRD event and signal the onset of the 100 kyr cycles of the Late Pleistocene. In the
same way the warming events not associated with major deglaciations usually take place at
times of apparent interruptions of ice growth or even minor decreases in ice-volume as they
usually take place at times of short inversions in the otherwise increasing benthic §'*O values.
(Fig. 3.5). This pattern of minor global sea-level rises is very evident at least during some
of the Bond cycles of MIS 3, in which sea-level rises on the order of 10 to 30 m have been
associated either to the IRD events (Heinrich events) or to the prominent warming events that
follow them (Arz et al., 2007; Siddall et al., 2003; Sierro et al., 2009). A clear exception to this
pattern is observed in MIS 27.4, although almost no IRD event is recorded during this period,
the warming event is not linked to ice decay but to a short event of rapid ice growth during this

substage.

The relationship between the small depletions in the benthic 6'*0 associated to Heinrich
events and the subsequent interstadials with global sea-level rises has been widely debated for
the last glacial period as these depletions may also be the result of deep water hydrographic
changes and replacement of heavy 8'®0 northern deep water by the lighter 3'*O southern water
(Hodell et al., 2009; Sierro et al., 2009; Skinner et al., 2003). The data provided in this work
cannot clarify this controversy, but there are solid arguments that point to significant global
sea-level rises associated to the Bond cycles (Arz et al., 2007; Siddall et al., 2003; Sierro et al.,
2009).

In order to check if these minor episodes of ice-sheet retreat are recorded in other North
Atlantic benthic oxygen isotope records we compared our benthic isotope record with previously
published results from Sites 980 (Raymo et al., 2004), 983 (Kleiven et al.,2003), U1308 (Hodell
etal.,2008), and with U1313 for the time interval over which these two records overlap (910-790
ka) (Ferretti et al., 2010) (Fig. 3.3). Ice sheet growth after MIS 31 is interrupted by a negative
excursion of 0.4 %o at MIS 31.1, which is correlated at Site U1308 and 983. The LR04 and B08
records also show this negative oxygen isotope excursion. Similar millennial-scale events of

ice-sheet decay seem to be present in most of these benthic records at substages MIS 29.3,29.1,
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and MIS 27.1. The regional occurrence of these negative oxygen isotope excursions all over
the North Atlantic does not necessarily proof they are caused by global eustatic rises, since they
may be also related to deep water hydrographic changes. In some cases the magnitude of these
negative oxygen isotope anomalies is on the order of 0.7 %o that is too high to be only associated
to ice-volume since this would represent eustatic sea-level increases of 40-70 m. Instead, we
suggest that besides the influence of sea-level millennial scale changes in benthic 6'*O partially
resulted from the influence of southern water masses with different temperature and salinity
(Skinner ef al., 2003), or isotopically light water generated by brine formation in the GIN Seas
(Dokken and Jansen, 1999; Vidal et al., 1998).
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Figure 3.5. Site U1314 records between 1069 and 950 ka. From bottom to top: A) IRD/g, B) planktonic
8'%0, C) faunal-based SST, using ANN technique, D) benthic 50 (dark blue), benthic 6'*0 LR04 stack
(Lisiecki and Raymo, 2005) (light blue) and BO8 sea-level reconstruction (Bintanja and van de Wal
2008) (orange dashed line), and E) insolation at the Equator in Spring (orange solid line) and Autumn
(blue dashed line) (Laskar et al. 2004). Vertical grey bars indicate IRD discharge events, either linked
to deglaciations or to millennial-scale oscillations. Marine Isotope Stages (MIS) are shown at the top
(glacials in blue and interglacials in black).
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5.1.1. Origin of the millennial-scale climate changes

As may be seen in figure 3.6 power spectra for the records of sea surface proxies, such
as SST, IRD and planktonic '*O is mainly concentrated on the 21 and 10 kyr, whereas global
ice-volume as recorded by the benthic 3'*O records shows dominant periods at around 21 and
41 kyr. It is interesting the similarity between the timing of these events at Site U1314 and the
millennial-scale variability of massive ice discharges seen in the Late Pleistocene sediments
(e.g. Bond et al., 1993; Heinrich, 1988; McManus et al., 1999). One might expect that this
high-frequencies did not appear at older sedimentary sequences, owing to the smaller size of
the Northern Hemisphere ice-sheets, however, an increasing number of marine records at mid-
and-high latitudes contain such precessional periodicity and its harmonics during the Early and
Mid-Pleistocene (Bartoli et al., 2006; Griitzner and Higgins, 2010; Hayashi et al., 2010; Raymo
et al., 1998; Wara et al., 2000; Weirauch et al., 2008), evidencing that continental ice-sheets
have oscillated in a similar manner in both the 41-kyr and 100-kyr worlds. Hence, the climatic
variability represented by surface proxies at Site U1314 might be driven by some component of

the system that is consistent throughout the Pleistocene, well before the NHG.

The 23-kyr rhythm and its harmonics are very strong in low latitudes up to 40° N,
with power diminishing northward (Ruddiman and MclIntyre, 1981c; Ruddiman and Mclntyre,
1984). The precessional-related cyclicity is present in different features of surface oceanography
at low-latitudes, including primary productivity proxies and changes in wind intensity related
to monsoonal variability (Mclntyre and Molfino, 1996; Mclntyre et al., 1989; Molfino and
Mclntyre, 1990). The most accepted mechanism that originates this frequency bands at low-
latitudes is an external climate forcing attributed to a twice-yearly passage of the sun across
the equator during each precession cycle (Short et al., 1991), that generates a signal of half the
precession period at the equator. Direct consequence of this process would be the enhanced
transport of heat and moisture supply via oceanic and atmospheric circulation from equatorial
latitudes to the higher latitudes of the North Atlantic. This mechanism has been invoked to
explain the presence of the 11 kyr cycles in oceanic sediments from mid-and-high latitudes in
the North Atlantic (Ferretti ez al., 2010; Hagelberg et al., 1994; Mclntyre and Molfino, 1996;
Weirauch et al., 2008).

The relationship in timing between our planktonic 8'*0, SST and IRD/g records with
insolation records at the Equator in March-April and September-October (Laskar ef al., 2004)
(Fig. 3.5) led us to speculate that changes in insolation at low latitudes may be responsible
for the oceanographic and ice-sheet events described in this study. It is important to note that
both equinoxes insolation maxima at equator are in phase with highest latitudinal insolation
gradient between 0°-65° N. During both equinox insolation maxima at equator, the latitudinal
gradient between 65° N and 0° N reaches the maximum values, leading to higher atmospheric
contrast between high and low latitudes, and thus intensifying atmospheric circulation that

results, in turn, in enhanced meridional moisture flux. A higher transport of warm water to
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the polar regions of the northern hemisphere increases the ice-ocean moisture gradient and
accelerates ice-sheet growth, and consequently, the larger the ice-sheet, the more sensitive it
becomes to that excess accumulation. This will result in enhanced ice-sheet calving associated
to the rapid advance of the ice margins to the coast or the shelf-break (Marshall and Koutnik,
2006). Although speculative, this mechanism would relate the major ice-rafting pulses and
surface-deep ocean dynamics to an external forcing originated at low-latitudes, rather than
initiating at high-latitudes and then transmitting climate changes around the globe as some
models suggest (Ganopolski and Rahmstorf, 2001; Imbrie et al., 1993).
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Figure 3.6. Power Spectrum of IRD/g, SST and planktonic 680 calculated by the Blackman-Tukey
method for the time period before MIS 25 (~ 950 ky). The data used in the time series analysis were
interpolated at 1000-year intervals. These calculations were made using Analyseries (Paillard et al., 1996).

5.2. Period between MIS 25 and MIS 19: higher amplitude ice-volume changes

It is in MIS 25 when the typical configuration of the 100-kyr glacial cycles is initiated.
The first two cycles are recognized in this work from MIS 25 to MIS 22 with a duration of ~ 100
kyr and from MIS 21 to MIS 19 that only lasted ~ 80 kyr (Fig. 3.7). Since MIS 25, a significant
change occurred in the character of both surface and deep water proxy signals in the subpolar
North Atlantic. We observe a positive shift in benthic 6'*0 during glacial stages and greater G-1G

amplitude variability, generally ascribed to continental ice-sheet expansion and to more severe
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glaciations (Berger ef al., 1999; Pisias and Moore Jr, 1981). The range of glacial-to-interglacial
variation in planktonic 8'*O values and SSTs increased markedly after MIS 25, in a way similar
to the ice-volume variations (Bintanja and van de Wal, 2008; Lisiecki and Raymo, 2005), and
reflect colder glacial and warmer interglacial stages than before. The faunal-based SST show
an increase in glacial-interglacial peak-to-peak amplitude from 10.5 °C during the pre-MIS 26
interval to 12.5 °C after MIS 25, with interglacial temperatures over 16 °C at MIS 21 and 19
(Fig. 3.7). We interpret this as a greater northward retreat of the AF to a more northerly position
during interglacials than that experienced during the previous time interval, while in glacial
stages it advanced to the south, bringing cold arctic waters to Site U1314 location, as occurred
before MIS 25. Several authors based on faunal data from sites 980 and 984, and percentage
of C,,, alkenone at site 983, documented a similar change in surface water conditions toward
higher G-IG contrast after MIS 25 (McClymont et al., 2008; Wright and Flower, 2002). This
greater G-IG variability might have acted as a positive feedback by increasing the latitudinal
temperature gradient that drives moisture transport to the high latitudes, and thus promoting
the growth of larger ice-sheets than in the preceding time interval. The growth of northern
hemisphere ice-sheets altered the shape of glacial cycles producing an asymmetric response
between the deglacial and the glacial slope. Glacial progressions after MIS 25 are considerably

longer than the previous glacial periods due to the new configuration of climate cycles.

We observe an amplification of the magnitude and duration of IRD events after MIS
25 (Fig. 3.7), especially in MIS 24, 22 and 20 that coincide with increased IRD deposition
along the Norwegian-Greenland margins and Barents Sea after 900 kyr (Helmke ef al., 2003;
Henrich and Baumann, 1994; Jansen et al., 1988; Knies et al., 2009). The increased abundance
of IRD would be attributed to a pronounced ice-sheet expansion in the circum-Atlantic region,
reaching fully development in thickness and height already during the Early Pleistocene (Knies
et al., 2009; Sejrup et al., 2000). This maximum ice-sheet configuration would be consistent
with our hypothesis that increased moisture transport to high latitudes after MIS 25 contributed
to the development of more extensive ice-sheets, and it is compatible with paleoclimatic data
and models that assume that ice-volume growth during MPT augmented bed-rock depression,
leading to more unstable ice-sheets that fully melted during interglacial periods (Bintanja and
van de Wal, 2008; Clark and Pollard, 1998).

5.2.1. Climate cycle from MIS 25 to MIS 21

Following MIS 25 that marks the onset of this ~ 100 kyr climate cycle, ice-sheet growth
was only punctuated by some short events of lower ice-volume and a major interglacial at MIS
23.3, but the amplitude of this interglacial period was lower than that recorded during interglacial
periods before MIS 25 (Fig. 3.7). Consequently, this climate cycle is in fact composed of two
obliquity-driven climate cycles with glacial phases at MIS 24 and MIS 22 and the deglaciation
of MIS 23.3 probably triggered by the prominent maximum in obliquity at that time.
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During the pronounced interglacial period at MIS 25 SST remained high at around 14°C
for a long period of time spanning between 956 and 935 kyr. During this time period ice-volume
was low or slightly increasing, however, a sharp cooling of surface waters that changed from
15°to 3 °C in only 2 kyr, marks the onset of rapid ice-sheet growth as illustrated by the increase
in the benthic 6'®O record. Accumulation of ice on the continents is clearly linked to a rapid
southward migration of the AF at the latitude of Site U1314 and is followed in only a few
kiloyears by iceberg discharge.

Three events of warmer SST were recorded during the glacial period if this climate
cycle, a short, low amplitude warming event at the transition between MIS 25/24 (MIS 24.1),
and two more prominent warming events at MIS 23.3 and MIS 23.1. All three events are paced
by ~ 14 ka, and describe a pattern consisting in an warming phase followed by a progressive
shift to cooler temperatures that ends in apparent interruptions or inversions in the trend of
ice-sheet growth preceded by and IRD discharge event, consequently we relate them with ice-
sheet decay events that can be seen in other North Atlantic benthic §'%0 records (Fig. 3.3). The
depletion in 6'*0 observed in MIS 23.3 is obviously of higher amplitude but neither SST nor the
0'%0 data reached the typical values of the interglacial periods of MIS 25, 21 or 19.

5.2.2. Climate cycle from MIS 21 to MIS 19

This climate cycle starts with an abrupt increase in SST at Termination X that pass
from 4 to 14 °C in only 6 kyr, resulting in a rapid collapse of the ice-sheets that is recorded by
a pronounced increase in the IRD/g (Fig. 3.7). SST remained relatively high during MIS 21.7
spanning from 860 to 845 ka with low ice-volume and no iceberg discharge as typically occurs
during the most prominent interglacials. During this long period of time continental ice was
gradually increasing as recorded by a progressive increase in the benthic oxygen isotope stack
LRO04, however, the onset of the glacial period is recorded by a very sharp decrease in SST at
around 842 ka that is clearly associated with a rapid phase of ice-sheet growth recorded in the

LR04 and our benthic 6'*O records by a rapid shift toward heavier values.

During this glacial period spanning from substage 21.7 to Termination IX, three
millennial-scale climate oscillations are recorded in SST as recorded by the planktonic
foraminifer assemblages and planktonic oxygen isotopes and the benthic oxygen and carbon
isotopes. Similarly to that observed in the previous cycles, each of these millennial climate
changes start with an abrupt warming event, followed by gradual cooling and increased flux of
iceberg discharge and culminates with maximum IRD accumulation rate at time of maximum
cooling or during the ensuing abrupt warming event. These climate fluctuations are clearly
related with substages MIS 21.5, 21.3, 21.1 that have been identified and correlated across the
North Atlantic Ocean (Fig. 3.3). Previous work published by Ferretti et al. (2010) suggested

that these climatic events, associated with the precession-related frequencies (10.7 and 6 kyr)
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at Site U1313, where related to the cross-equatorial heat transport toward high latitudes during
both equinox insolation maxima at the equator, in a similar way to that described for the high
climatic variability observed between MIS 31 and 26 at Site U1314.
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Figure 3.7. Site U1314 records between 1069 and 950 ka. From bottom to top: A) IRD/g, B) planktonic
8'%0, C) faunal-based SST, using ANN technique, D) benthic 3'*0O (dark blue), benthic 5'30 LR04 stack
(Lisiecki and Raymo, 2005) (light blue) and BO8 sea-level reconstruction (Bintanja and van de Wal
2008) (orange dashed line), and E) obliquity parameter (Laskar et al. 2004). Vertical grey bars indicate
IRD discharge events, either linked to deglaciations or to millennial-scale oscillations. Marine Isotope
Stages (MIS) are shown at the top (glacials in blue and interglacials in black).

A clear relationship can beestablished between abrupt warming at surface and a sharp
decrease in the benthic 6'®0O, whereas a rapid increase in the benthic §'*0O is always associated
with the phase of gradual or rapid cooling at surface. These fluctuations in the benthic 6'*O are
also visible in all North Atlantic benthic 6'®O records, and at least the northernmost records
typically show an asymmetric pattern, with an abrupt decrease in the 'O values at the base
followed by a gradual increase in 6'*0. In the southernmost record (Site U1313) this pattern is
less evident (Fig. 3.3). The decrease of 5'*0 at the base of these millennial fluctuations may be

related with low amplitude sea-level rises due to smaller ice-sheets, deep water warming or a
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higher influence of the low 'O southern deep water (Sierro et al., 2009; Skinner et al., 2003).
In any case, the long-term increase in ice-volume from substage 21.7 to the glacial maximum
in MIS 20 is punctuated by these events in which the $'*0O depletions in the benthic &'*O record
seems to reverse the otherwise increasing trend in ice-volume. The increasing discharge of
icebergs during the cold phase to reach maximum values at times of maximum cooling or during
abrupt warming seems to support the model results reported by Marshall and Koutnik (2006).
The increasing IRD content in the sediments reflects the advance of circum-North Atlantic ice-
sheet margins towards the shelf-break, resulting in high delivery of icebergs due to calving.
Increased supply of moisture from low latitudes during equinox insolation maxima (Ferretti et
al., 2010) would promote a positive mass-balance in the ice-sheets with the consequent gradual
sea-level drop. Similarly to model results, maximum delivery of icebergs is reached immediately
after maximum cooling, during the phase of abrupt warming. Marshall and Koutnik (2006)
found that peak iceberg flux lags maximum cooling because ice margins kept advancing to the
coast 600 yr after peak cooling. During the warm phase of the climate oscillations ice margins
withdraw from the coast due to ice melting under warmer summer temperatures and no icebergs

were delivered to the ocean.

The cooler North Atlantic SST prevailing during the cold climate phases may have also
favoured the preservation of icebergs transported from distant regions contributing to further
increase the IRD content in the sediments. However, the straight relationship between IRD
peaks and short depletions in the benthic 8"°C strongly argues in favour of episodes of ice
calving as ice-sheet margins advanced towards the coast. The subsequent delivery of freshwater
to the ocean reduced NADW formation that was partially replaced by the high nutrient, low

0"3C southern deep water.

In summary, we relate enhanced IRD with ice-sheet advance and increased ice-volume
and the sudden drop in iceberg discharge to ice-sheet retreat that temporally interrupted the
long-term trend of ice-sheet growth. This hypothesis cannot be tested because there are no
independent records of sea-level for this time, however, we argue that the 6'*O depletions
observed at the base of these millennial-scale climate changes can be partially related with
low amplitude rises in sea-level similarly to those observed during the Bond cycles (Arz et al.,
2007; Siddall et al., 2003; Sierro et al., 2009). These 680 depletions, however, were probably
amplified by the deep water hydrographic change resulting from the higher influence of LDW
in the North Atlantic basin.

It is worthy to mention that the major inversion in the trend of ice-volume increase during
this climate cycle occurred in MIS 21.1 that lags obliquity maximum in 6 kyr. However, this
event, which is clearly visible in the benthic 8'*O record, is hardly distinguishable in the surface
proxies, with only a small increase in SST and a low amplitude decrease in the planktonic
0'%0 values. In contrast, a prominent increase in SST and a decrease in the planktonic 3'*O are

recorded in MIS 21.3 exactly at the timing of the prominent obliquity maximum. Consequently,
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an evident lag between maximum temperature of North Atlantic surface waters and decreasing
ice-volume is recorded in this period, with the temperature record following obliquity. In fact,
when looking at the SST record alone this climate cycle from MIS 21 to 19 is clearly split into
two obliquity cycles of progressive cooling separated by the prominent warming event at MIS
21.3.

5.3. North Atlantic changes in thermohaline circulation at the Mid-Pleistocene

Transition

The comparison of various benthic 6'®O records from the North Atlantic allowed us
to separate the global ice-volume effect from regional deep-water hydrographic changes. The
variation of the benthic 6'*O record from Site U1314 is parallel with those of sites U1308, 983
and 980, throughout both glacial and interglacial intervals. However, the benthic §'*O values
at Site 983 are systematically higher than those at Site U1314, U1308 and 980. Located at
northern Gardar Drift (see Table 3.2), Site 983 is bathed today by the main core of the overflow
from the GIN Seas, which consist of 70 % ISOW and varying proportions of LSW and SPMW,
whereas site U1314, U1308 and 980, located south and east, are influenced by an admixture
of northern source ISOW/LSW flow, and Antarctic-derived waters flowing northward from
mid-latitudes, the LDW, in a proportion between 5-30 % (van Aken, 2000; Van Aken and
De Boer, 1995). Lower oxygen content and salinity values makes this southern water mass
clearly distinguishable from pure northern source deep-water in the modern subpolar North
Atlantic (Bianchi and McCave, 2000; McCartney, 1992). This pattern shows the existence of
a latitudinal gradient of the mixing ratio between two dominant water masses, one sinking in
the North Atlantic and the originated in the southern ocean. We suggest that lower benthic §'*0O
at Site U1314 respect to northern Site 983 is the result of the progressive mixing of ISOW
as it travels along the eastern flank of Gardar Drift with LDW. This assumption agrees with
previous 6'*0 measurements performed on glacial and modern benthic foraminifera from the
North Atlantic that exhibit a great variability, suggesting the deep waters in this basin are not
homogenous, probably because they resulted from the sinking of different surface water masses
at various locations (Duplessy et al., 2002; Raymo et al., 2004; Skinner et al., 2003; Zahn and
Mix, 1991)

To study changes in production and ventilation of deep ocean in the subpolar North
Atlantic, we have used the 3°C signal from benthic foraminifer shells, since variations in
this proxy are controlled by both changes in the global ocean CO,, nutrient content and local
deep water chemistry (Boyle, 1986). At Site U1314, there are no large negative excursions
in the benthic 8"°C signal from MIS 30 to MIS 26, only punctuated by short-lived depletions
associated with glacial terminations and the millennial-scale IRD discharges mentioned above.
Benthic carbon data from all subpolar North Atlantic sites show that interglacial benthic 6"*C
in the North Atlantic were significantly lower than those observed today. Modern-like deep-

59



Impact of suborbital climate changes in the North Atlantic on ice-sheets dynamics at the Mid-Pleistocene
Transition

water circulation was only achieved during MIS 27, when benthic 8"°C ~ 1 %o indicated a
strong NADW flow (Kroopnick, 1985). Such difference between modern and Early and Mid-
Pleistocene deep circulation is explained by the difference mode of deep-water production in
the GIN Seas. Instead of the open ocean conditions that allow deep convection today, Henrich
and Baumann (1994) proposed that cold surface conditions during Early and Mid-Pleistocene
promoted enhanced sea-ice cover in the GIN Seas, limiting deep convection. Under these
conditions, brine rejection under sea ice may have been the dominant mode of deep-water

production, what would explain the lower 6"*C before MIS 26 than today.

Our finding of similar glacial and interglacial vertical nutrient profile between mid-
depth sites 983, 980 and deeper U1314, suggest that, from MIS 31 to MIS 26, these sites were
influenced by the low-8"°C waters originated in the GIN Seas. Note that the §"°C at the deepest
Site, U1308, gets progressively more negative, especially during glaciations. This site is bathed
today by a higher proportion of LDW and lower ISOW than northern sites (van Aken, 2000),
and it has served as indicator of the mixing ratio between northern and southern sourced waters
during the last glacial maximum (Curry and Oppo, 2005). The small difference of $"*C between
Sites U1314 and U1308 during the studied interval suggests the existence of a common water
mass at both sites in the North Atlantic (Fig. 3.8). However, there is an increased nutrient
gradient between Site U1314 and the deeper U1308 during MIS 30.1, 28, during high ice-
volume phase within MIS 27, MIS 24 and 22, which would indicate the development of a
chemocline between 2800 and 3800 m in the subpolar North Atlantic. This chemical division
probably indicate the greater influence of southern source deep-waters into the deeper areas of

the North Atlantic during times of reduced high latitude convection.

The major disruptions of North Atlantic thermohaline circulation occurred after MIS
25 as recorded by three pronounced minima in the benthic 6"*C during MIS 24, MIS 22 and
MIS 20, signalling the onset of the major glaciations in the Northern Hemisphere that result
in significant freshwater discharges to the areas of deep water formation in the North Atlantic.
Although there are some short, low amplitude depletions in the benthic $"*C associated with the
millennial-scale climate fluctuations described in the previous section, the major disruptions in
thermohaline circulation only took place at the time of maximum glaciation when the climate
was more stable, to become specially pronounced during Terminations (Fig. 3.4). Paradoxically,
during the phase of ice build-up when climate and hydrographic conditions were very unstable at
surface as recorded by the millennial-scale changes in SST deep water circulation was relatively

stable with continuous NADW formation that result in high benthic 6"°C in bottom waters.

Pronounced excursions to more negative benthic 6'°C values occurred in the North
Atlantic during Terminations XI, X and IX (Fig. 3.4). Such large benthic 6"*C minima are
associated with the largest peaks of IRD. This relationship suggests that during periods of major
deglaciations, the convection in the GIN Seas ceased, and reduced NADW production. This

caused a shoaling in the boundary between the northern and southern deep waters on the subpolar
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North Atlantic. Hence, negative benthic 3'°C minima indicate a higher proportion of LDW
during these Terminations, filling the deep North Atlantic, as is depicted by the convergent 6"*C
values between U1314 and U1308. Conversely, the appearance of lower benthic 6"°C values at
deep North Atlantic sites may potentially reflect not only inflow of southern source water in the
deep North Atlantic but sinking of low 3"°C surface water formed by brine rejection under sea-
ice conditions in the GIN Seas, as observed during glacial periods in ocean records of the North
Atlantic (Dokken and Jansen, 1999; Raymo et al., 2004; Vidal ef al., 1998).
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Figure 3.8. From bottom to top: A) benthic 6'*0 from Site U1314, B) benthic 3"*C from Site U1314
(pink, only C. wuellerstorfi values shown) and U13108 (Hodell et al., 2008) (red). Vertical grey dashed
lines depict when the thermohaline circulation become disturbed. Marine Isotope Stages (MIS) are
shown at the top (glacials in blue and interglacials in black).

After the deep-water ventilation minima reached at glacial Terminations in Site U1314,
0"C values increase gradually at the onset of interglacial stages MIS 23, 21, 19, lagging the
SST warming by ~ 10 kyr (Fig. 3.4), suggesting the replacement of brine waters formed in the
GIN Seas or southern-source deep-waters by interglacial ISOW. As suggested by Hodell et al.
(2009), the delay on ISOW resumption on Gardar Drift respect to the climate warming may be
due to the persistent lowered surface salinity in the Labrador, Irminger and Nordic Sea, that
produced components of the NADW with low benthic 6"°C values, and then decreased the
strength and/or density of overflow to the North Atlantic. Renewed deep circulation during the
following interglacial stages 23, 21 and 19, exhibits values slightly lower than modern NADW
(1 %o) (Kroopnick, 1985), indicating that deep-circulation was still less vigorous than today and
there was a proportion of southern sourced water, or remnant brine entrained into water below
2000 m in the subpolar North Atlantic.
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6. CONCLUSIONS
The high-resolution records at IODP Site U1314 during the 1069-779 period provide new

insights in the evolution of deep-circulation changes and ice-sheets evolution in the Northern
Hemisphere during the MPT. Cool surface waters but moderate ice-volume characterized the
older time-slice (MIS 31-26). Deep ventilation was primarily of a northern source, favoured by
the slightly-cold climate-state that concentrated salts in surface waters, and only with punctual
depletions caused by rapid iceberg discharges. Millennial-scale climate oscillations consisting
in abrupt warming event followed by gradual and progressive cooling punctuated ice-growth
phases. These events were culminated by IRD peaks can be linked with iceberg discharges
associated with episodes of ice-sheet advance towards the coastline at times of maximum
cooling. The decrease of benthic 6'%0 at the base of these millennial fluctuations may be related
with low amplitude sea-level rises due to smaller ice-sheets, deep water warming or a higher

influence of the low 6'*O southern deep water.

Higher-amplitude changes and the onset of major glaciations at ~ 940 ka (MIS 25)
modified dramatically the deep circulation pattern and climate configuration in the North Atlantic.
The MIS 25-19 time-slice show incipient characteristic of the Late Quaternary climate cycles,
dominated by the 100 kyr cyclicity. Greater build-up of continental ice led to stronger and long-
lasted iceberg discharges at glacial maxima and Terminations that transferred large amounts of
freshwater from the continents to the surface ocean. Minima benthic 6"°C values during MIS
24,22 and 20 documents the near-cessation of NADW production during these episodes and the
northward intrusion of southern source waters. Moreover, our IRD data support the hypothesis
that the MPT represents a fundamental change in ice-sheet dynamics that is consistent with
the growth of thicker, more unstable ice-sheets that fully melted during interglacial periods
(Bintanja and van de Wal, 2008; Clark and Pollard, 1998).

IRD, SST and planktonic &0 time series analysis show a significant concentration
of variability at periods of precessional cycles and combination tones of primary precession
forcing frequency (21, and 11-10 kyr). Their occurrence at times before the intensification of
the NHG evidence they acted independently of the ice-volume accumulated onto continental
masses. The timing and structure of the ice surges suggest they might be induced by latitudinal
export of equatorial insolation forcing to high-latitudes via tropical convective process, either
atmospheric or oceanic. In conclusion, our study outlines the importance of latitudinal energy
and moisture gradients atmosphere-ocean-cryosphere feedback mechanisms to generating and

transporting this millennial climate variability globally.
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RESUMEN. Los cambios en la circulacion superficial del Atlantico Norte durante el
Pleistoceno Inferior y Medio, entre 1069 a 779 ka, han sido reconstruidos usando el registro
de asociaciones de foraminiferos planctonicos y de contenido en CaCO, de una secuencia
sedimentaria recuperada en el IODP Site U1314 (56.36° N, 27.88° W) en el Gardar Drift
(Atlantico Norte subpolar). Los datos obtenidos nos permiten inferir pardmetros oceanograficos
del pasado, como circulacion superficial y productividad, y cuya comparacion con registros
de otros testigos profundos del océano, nos permite la reconstruccion de la variabilidad del
Frente Artico y de la hidrografia superficial durante la Transicién del Pleistoceno Medio. Altas
abundancias del foraminifero planctonico polar Neogloboquadrina pachyderma sinistrorsa
(sin.), baja diversidad y productividad de carbonato biogénico, dominaron la hidrografia
superficial hasta el estadio marino isotdpico 26. Estas condiciones indican una expansion hacia
el sureste del Frente Artico y la subsecuente penetracion de aguas superficiales polares. Las
condiciones cambiaron a partir del estadio isotdpico marino 25, con mayor contraste entre
condiciones glaciares e interglaciares debido al retroceso del Frente Artico, y periodos calidos
mas intensos y estables. Alta diversidad, productividad carbonatada biogénica e incremento de
la fauna plancténica subpolar indican la intensificacion de aguas calidas noratlanticas hacia el

norte.

Palabras clave: Atlantico Norte; Pleistoceno Inferior y Medio; foraminiferos

plancténicos; productividad carbonatada biogénica; Frente Artico.
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ABSTRACT. Changes in North Atlantic surface water circulation during the Early and
Mid-Pleistocene, from 1069 to 779 thousands years (kyr), were reconstructed using planktonic
foraminifer assemblages and CaCO, content from the sedimentary sequence recovered at the
Integrated Ocean Drilling Project (IODP) Site U1314 (56.36° N, 27.88° W) in the Gardar Drift
(subpolar North Atlantic). Our data set allow us to infer past oceanographic parameters, as
superficial circulation and productivity, and comparison with records from other deep-ocean
cores, allow reconstruction of Arctic Front (AF) variability and surface hydrography during
the Mid-Pleistocene Transition (MPT). High abundances of polar planktonic foraminifer
Neogloboquadrina pachyderma sinistrorsa (sin.), low biogenic carbonate productivity and
diversity dominated surface water hydrography until Marino Isotope Stage (MIS) 26. These
conditions indicate a south-eastward expansion of the AF and subsequent penetration of cold
polar surface waters. Conditions changed after MIS 25, toward a higher glacial-to-interglacial
contrast due to a greater retreat of the AF, with more intense and stable warm periods. High
diversity, biogenic carbonate productivity, and increase subpolar planktonic fauna mark the
enhanced northward advection of the North Atlantic Current (NAC).

Key words: North Atlantic; Early and Mid-Pleistocene; planktonic foraminifer;

carbonate productivity; Arctic Front.
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MILLENNIAL SCALE  VARIABILITY OF PLANKTONIC FORAMINIFER
ASSEMBLAGES AND CHANGES IN NORTH ATLANTIC CIRCULATION DURING
THE MID-PLEISTOCENE TRANSITION (1069-779 KA)

1. INTRODUCTION

Detailed analyses of high-latitude North Atlantic sediment cores and paleoclimatic
models have demonstrated the persistence of cyclical ice-volume variations and abrupt global
climate changes throughout the Pleistocene Period. Specially intriguing is the period between
1100 and 700 kyr, known as the “Mid-Pleistocene Transition” (MPT) (Berger and Jansen,
1994b), when there was a large build up of ice-sheets in the North Hemisphere that produced
higher amplitude climatic oscillations (Kleiven et al., 2003; Mudelsee and Schulz, 1997; Raymo
et al., 1997; Raymo et al., 2004; Tziperman and Gildor, 2003). This reconfiguration of the
global ice-volume budget may have been associated with changes in deep-ocean circulation.
In this sense, a high number of studies conducted with long-sedimentary sequences from the
North Atlantic Ocean have provided paleoclimatic and paleoceanographic records that evidence
strong suppression of deep-ocean ventilation during ice-sheet collapses at glacial-interglacial
(G-1G) Terminations (Hodell et al., 2008; Kleiven et al., 2003; Raymo ef al., 1997; Raymo et
al.,2004; Venz et al., 1999). The melt water produced from these icebergs discharges decreased
sea surface salinity and cooled surface ocean by increasing sea-ice formation, and diminishing

rates of thermohaline circulation.

Such changes in deep-ocean ventilation are directly related to migrations of the North
Atlantic Arctic Front (AF), and hence, to the variability in the advection of temperate Atlantic
surface waters that transport heat and moisture toward the north (Baumann et al., 1995; Wright
and Flower, 2002). These changing surface ocean conditions largely affected the planktonic
communities, as it has been reported in several studies using micropalelontological proxies,
such as coccolithophores (Marino et al., 2008), diatoms (Shimada et al., 2008), planktonic
foraminifers (Wright and Flower, 2002) and radiolarians (Hernandez-Almeida et al., 2011a,
submitted). Therefore, the analysis of fossil assemblages provides an effective tool for

paleoceanographic reconstructions.

In the present study, we have examined in detail the relationship between planktonic
foraminifer assemblages, CaCO, percentages and grain size records over the 1069-779 ka
time period from Site U1314, located in a region that is particularly sensitive to migrations of
the AF. The main goal is to analyse the influence of sea surface and deep water hydrography
on the planktonic foraminifer assemblages as well as carbonate productivity and sediment

accumulation on the Gardar Drift
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2. STUDY AREA AND SITE LOCATION

Integrated Ocean Drilling Program (IODP) Site U1314 was drilled by the D/V JOIDES
Resolution in the southern Gardar Drift, in the northeast Atlantic (56.36° N, 27.88° W) during
IODP Expedition 306 (Fig. 4.1). Site U1314, at 2820 m water depth, is at the northern edge of the
glacial North Atlantic IRD belt (Ruddiman, 1977; Ruddiman and McIntyre, 1981b) documenting
direct evidence of ice rafting activity and deep current variations during the Pleistocene (Bianchi
and McCave, 1999; Griitzner and Higgins, 2010; Hodell et al., 2009; Wang and McCave, 1990).
At surface, Site U1314 is strongly influenced today by the northward flow of the North Atlantic
Current (NAC). This surface water mass travels northward across the North Atlantic where it
crosses the Mid-Atlantic Ridge between 53° N and 60° N. One branch turns northwestwards
and travels as the Irminger Current (IC) on the western and northern side of Iceland, while the
main branch flows over the Iceland-Faeroe Ridge into the Greenland, Iceland, and Norwegian
(GIN) Seas (Krauss, 1986; Reynaud et al., 1995). This current carries heat to the north and
maintains the warm climates of central and northern Europe. Winter convection of the warm
and salty Atlantic surface waters in the GIN-Seas results in the formation of North Atlantic
Deep Water (NADW) that flows as the Iceland-Scotland Overflow Water (ISOW) through the
Faeroe Bank channel to enter the Iceland basin (Schmitz and McCartney, 1993; Swift, 1984).
Site U1314 is seasonally affected by the southward extension of cold and less saline waters of
the East Greenland Current (EGC).

Figure 4.1. Location of IODP Site U1314 (black star: 56°21°N, 27°W; 2820 m water depth), and other
North Atlantic sites (see Table 4.1). Modern surface (red), and deep circulation (blue) in the North
Atlantic (Krauss, 1986; Schmitz and McCartney, 1993). Map generated with Ocean Data View v.3.4.3.
software (Schlitzer, 2008). East Greenland Current (EGC), Norwegian Current (NC), Labrador Current
(LC), North Atlantic Current (NAC), Irminger Current (IC), Denmark Strait Overflow Water (DSOW),
Iceland Scotland Overflow Water (ISOW), Labrador Sea Water (LSW), North Atlantic Deep Water
(NADW), and Lower Deep Water (LDW).
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The distinct oceanic front between warm saline NAC and the IC, and the cold arctic
waters is known as the Artic Front (AF), that is the boundary that delimitate the maximum
extent of winter sea-ice, and The cold and low salinity polar waters transported by the EGC are
separated by the Polar Front (PF) from the cold but saltier arctic waters (Swift and Aagaard,
1981). The PF is close to the summer sea-ice edge, thus polar waters are perennially under the
sea-ice, resulting in minima carbonate productivity (Henrich, 1998). South of the AF, calcareous
productivity is more intense while and terrigenous deposition occurs widely north of the AF
(Henrich ef al., 2002). Located in the eastern flank of the Reykjanes Ridge, the Gardar Drift,
where Site U1314 was drilled, is a 1100 km long contourite deposit of pelagic material supplied
by the southward flow of the Iceland Sea Overflow Water (ISOW) (Bianchi and McCave, 2000),
with high-sedimentation rates during the Pleistocene (Wold, 1994).

Site Latitude Longitude Location Data Reference

U1314 56°36'N  27°88'W Gardar Drift  fauna, CaCO; this study
985 66°56'N  6°27T'W Iceland Plateau fauna, CaCO; Baumann and Huber (1999)
984 61°25N  24°04'W  Bjorn Drift  fauna, CaCO; Baurxﬁff‘;;‘:S‘;f;f?:;fﬁggi)aﬁon
980 55°29'N  14°42'W Feni Drift fauna Wright and Flower (2002)
982 57°30'N  15°52'W  Rockall Plateau CaCO;, Baumann and Huber (1999)

Table 4.1. Site information.

3. MATERIAL AND METHODS

The sedimentary sequence recovered at this Site U1314 varies in colour from very dark
grey to light grey to hues of greenish grey, and mainly consists of predominantly nannofossil
oozes enriched in biogenic and terrigenous components, and terrigenous silty clay with a
varying proportion of calcareous (e.g., nannofossils, foraminifers) and siliceous organisms (e.g.,
diatoms and radiolarians). More detailed core description is given in Expedition 306 Scientists
(Channell et al., 2006).

Samples were taken every 4 cm as 2-cm thick slices between the 60 to 84.16 meters
composite depth (mcd). All samples were oven-dried, weighed, and wet sieved over a 63 um
screen, and then oven-dried again. Later, the sample was dry sieved into two fractions, 63-150
pum and > 150 pm. Census counts and picking for the stable isotope analyses were carried out
in the > 150 um fraction. Full census counts were completed every other sample. Each sample
was split as many times as necessary to obtain an aliquot that contains about 400 planktonic
foraminifers, then species of planktonic and benthic foraminifer, mineral grains, ash, lithic
fragments, radiolarians, ostracodes and planktonic foraminifer fragments were counted and
relative abundances and fluxes were then calculated. Our taxonomy criteria for planktonic
foraminifer specimens follows that of Bé (1977) and Hemleben et al. (1989). Diversity patterns

of planktonic foraminifer assemblage were determined using the Shannon Weaver index
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(Shannon and Weaver, 1963) This index is sensitive to both changes in the number of species
and their relative abundance in the sample. High values can result from an addition of species,
greater equality in abundance, or both. A more detailed discussion of this index and its use in
ecological studies is provided by (Pielou, 1975).

The total carbon (TC) content of the sediment was measured every sample using a UIC
Coulometrics CM150 carbon analyzer. Total organic carbon (TOC) was determined by gently
removal of inorganic carbon with HC1 2M, and then measured using a Flash 2000 Combustion
CHNS/O Analyzer. Calcium carbonate content was then calculated from the weight percentages

of the bulk sample using the following equation:

CaCO, %= (TC % - TOC %) x 8.33

In order to estimate carbonate dissolution a planktonic foraminifer fragmentation index
(FI) was also calculated, by measuring the ratio between planktonic foraminifer fragments and
whole tests. Furthermore we estimate the ratio of benthic to planktonic foraminifers B/(P+B)
in the > 150 um size fraction. In general, dissolution produces more planktonic foraminifer
fragments and preferentially removes planktonic foraminifers, which leads to a higher FI and
B/(P+B) ratio (Thunell, 1976).

4. CHRONOLOGY AND AGE-DEPTH MODELLING

The conversion from core depth to time was derived by direct correlation of benthic
foraminifer oxygen isotope record from Site U1314 and the LR04 benthic isotope stack
(Lisiecki and Raymo, 2005). All correlations were performed using the AnalySeries 2.0. software
(Paillard, 1996). The final age model for the 24.16 m of the core section spans an interval from
779 to 1069 ka based on 13 tie points yielding a temporal resolution of 290 kyr. The final age
model for the 24.16 m studied section spans an interval from ~ 290 kyr through the Early and
Mid-Pleistocene based on 13 stratigraphic tie points, yielding a temporal resolution of ~ 0.5
kyr. In between the tie points sedimentation rates were assumed constant based on shipboard
preliminary stratigraphy (Expedition 306 Scientists, 2006). The resulting sedimentation rates
are moderately high (average 9.3 cm/ka) and differ largely between glacial (as low as 1.15 cm/
kyr) and interglacial (up to 27 cm/ka) intervals, indicating enhanced growth of the Gardar Drift
during intervals of warmer climate. See Herndndez-Almeida ef al. (in prep.) for further details

of the age model construction.
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5. RESULTS
5.1. Fauna results

The concentration of planktonic foraminifers in the sediments is higher during glacial
periods, especially in MIS 20, 22, 24 and 26, when average values of 20,000 pla planktonic shells
per gram of dry sediment are reached, although relatively high values are also recorded in some
interglacial periods, such as in MIS 23, MIS 27 or MIS29. In general, the higher contents of
planktonic foraminifers usually occur at times of high percentages of N. pachyderma sinistrorsa
(sin.) and enhanced deposition of ice-rafted debris (IRD) during glacial periods and stadials (e.g
MIS 26, 24 and 20) (Fig. 4.2).

Concerning the foraminifer assemblages the most abundant species in the period
studied are Neogloboquadrina pahyderma sin., Neogloboquadrina pachyderma dextrorsa
(dex.), Globorotalia inflata, Globigerina bulloides, Globigerinita glutinata and Turborotalita
quinqueloba. The dominant species along the studied section is N. pachyderma sin. Glacial
stages are highly dominated by N. pachyderma sin., however during the interglacial stages,
it is rapidly substituted by a multispecies assemblage, where N. pachyderma dex. is the most
abundant (from 65% to less than 1 %), followed by G. inflata, G. bulloides and T. quinqueloba
(Fig. 4.2). N. pachyderma sin. shows a high variability ranging from 5 to 90 %. The lowest
values are recorded at MIS 19. Throughout the interval studied an overall upcore decreasing

pattern is observed during interglacial periods.

Two distinct forms of N. pachyderma sin have been identified following the criteria of
Srinivasan and Kennett (1974) and Vilks (1974). The nonencrusted N. pachyderma sin. has a
smooth, shiny, reticulate surface, with larger latter chambers and lobate shape. The shells of
encrusted form are opaque, with a heavily encrusted crystalline surface and the morphology
tends to more quadrate (see Fig. 4 in Kohfeld et al., 1996). Large numbers of the encrusted
forms of N. pachyderma sin. first appear close to the Plio/Pleistocene boundary, related to
deposition of glacial detritus and absence of other cold water species, such as N. atlantica and
nonencrusted N. pachyderma sin. (Huddlestun, 1984; Poore and Berggren, 1975). It is no clear
if this encursted form is resulted from a process that converts nonecrusted N. pachyderma
sin, into encrusted forms by a secondary calcification (Kohfeld et al., 1996; Volkmann and
Mensch, 2001), or they must be considered two different morphotypes entirely (Bergami et al.,
2009), but what is clear is they occupy two distinct environments. The nonencrusted form are
found in the mixed layer, between 0-100 m, above the main pycnocline, whereas the encrusted
morphotypes are associated to greater depths up to 300 m, with the main pycnocline (Bergami
et al., 2009; Kohfeld et al., 1996; Stangeew, 2001). At Site U1314, encrusted individuals of N.
pachyderma sin. appear more abundant during the last two glacial stages, at MIS 22 and 20,
replacing the lobate form of this species (Fig. 4.4).
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Figure 4.2. Planktonic foraminifer assemblages of Site U1314. Relative abundance of the different
species, from bottom to top: A) N. pachyderma sin., B) N. pachyderma dex., C) G. inflata, D) G. bulloides,

E) T quinqueloba and F) G. glutinata. Glacial Marine Isotope Stages (MIS) are shown with blue vertical
bars. Interglacial sub-stages 21.7, 21.5, 21.3 and 21.1 are shown with orange vertical bars.
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The abundance record of G. inflata is similar to that of N. pachyderma dex., with values
between 40 and 0 %, with a prominent peak during MIS 25. However, both species display
opposite trends during MIS 21 (Fig. 4.2). The relative abundance of G. bulloides varies between
0 and 25%, reaching the maximum values during MIS 21. The pattern shown by this species is
clearly similar to that of N. pachyderma dex., except during MIS 25 and 21, where they show
rather opposite trends (Fig. 4.2).

Besides the most abundant species described previously, G. glutinata, and T. quinqueloba
contribute in less proportion to the total assemblage. The G. glutinata distribution resembles
that of G. bulloides; with values between 0 and 8%. The main feature of this curve are the low
values from MIS 22 upward, and the abrupt increase from MIS 23 downward, where there are
three peaks of around 8%. 7. quinqueloba percentages are below 5 % throughout the studied
section, except at MIS 29 and 21, when it reaches percentages around 18 % (Fig. 4.2).

5.2. 880 sea water

Using summer paleotemperature-estimates based on artificial neural network (ANN)
technique and parallel planktonic 3'*O measurements carried out on N. pachyderma sin., arecord
of surface water 6"°O (8'°O_ ) has been calculated (Fig. 4.3). As N. pachyderma sin. is thought
to calcify around 100 m, where the mean temperature is a remnant of the wintertime mixing,
their shells would reflect the winter situation even though the calcification occurs during the
summer season (Nyland et al., 2006), therefore, we used winter ANN paleotemperatures in our
6'*0_, reconstruction.6'*O_ was then corrected for global ocean shifts caused by ice volume
changes. The global ice volume corrected seawater 6'°O_ was calculated using a 1 %o whole
ocean change between the LGM and the latest Holocene scaled to a 120 m sea level change

using the global sea-level reconstruction by Bintanja et al. (2008)

It has been widely demonstrated that planktonic species do not always precipitate calcite
in equilibrium. Based on the 6'*O measurements on seawater and N. pachyderma sin. tests from
both seafloor grab and piston core samples from the Icelandic continental shelf, Smith ez al. (2005)
observedad'®*Odisequilibriumoffsetof0.25 %o. Taking into account the proximity ofthese samples
to Site U1314, we applied a correction factor of + 0.25 %o to our calculated 6'*O_ . However,
others authors have also observed a disequilibrium offset in the oxygen isotope composition of N.
pachyderma sin. ~ 0.6 %o associated with post-gametogenic processes and thermal stratification
of the water column (Nyland ef al., 2006; Stangeew, 2001). Contradicting studies indicate that
this issue is not well constrained with a need for further study. Moreover, the reconstructed '°O
values span a range of -1.8-1.3 %o that exceeds the modern subpolar-subtropical 6'*O_ gradient
of 1 %o (Schmidt, 1999). Due to the previously commented uncertainties on N. pachyderma
sin. vital effect, or to extreme SST low temperatures during the MPT that overestimated

the 8"°O_ values, we suggest caution when interpreting absolute down-core 3'°O_ values.
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5.3. Carbonate content and grain size

The CaCO, values from Site U1314 averaged 34.3%, with higher carbonate occurring
in interglacial isotope stages and minimum during glacial stages (Figs. 4.5; 4.6). The typical
glacial-to-interglacial change in carbonate percentage over 1069-779 time period was from 8
to 50 %. Highest values occurred during interglacial stage 31, 25, 21 and 19, and lowest during
glacial stage 28, 26 and 22.

The fine-size fraction (< 63 wt. %) is the most abundant, with higher values during
interglacial stages, always over 90 % (Fig. 4.6), while the lowest values are recorded at MIS 24
and 22 when the coarse fraction (> 63 wt. %) shows the higher values (Fig. 4.6). The CaCO,
percentage record is better correlated with the fine fraction than with the coarse fraction. The
highest contribution of the planktonic foraminifers to the carbonate content of the samples is
observed at MIS 22, with around 180000 individuals/g (Fig. 4.6), as well as in other glacial

stages, coinciding with high percentages of the coarse fraction.

5.4. Carbonate dissolution indices at Site U1314

Higher values of the planktonic fragmentation index (FI) at Site U1314 are recorded at
interglacial periods with higher percentages of N. pachyderma dex., G. inflata, G. bulloides and
T. quinqueloba, while it decreases at times of dominance of the polar species N. pachyderma
sin., with a maximum FI of 32 % at 1002 kyr (Fig. 4.5). The B/(P+B) ratio resemble the FI record
(Fig. 4.5) while the Shannon diversity (H) index follows the record of subpolar, temperate-water
species, with higher diversity in the planktonic foraminifer assemblage during interglacial and
lower during glacial stages (Fig. 4.4).

6. DISCUSSION
6.1. North Atlantic hydrographic changes

The present distribution of planktonic foraminifer assemblages clearly reflects the general
hydrography of the North Atlantic. High percentages of N. pachyderma sin. are associated to
the EGC with annual mean temperatures of 2 °C (Pflaumann et al., 2003; Tolderlund and
Be, 1971). This is commonly the only species surviving in this region, giving in consequence
extremely low diversity values. In contrast, N. pachyderma dex. and G. inflata are definitely
linked to the warmer waters of the NAC (Hald et al., 2007; Kipp, 1976; Schiebel and Hemleben,
2000). Other species such as G. bulloides, G. glutinata and T. quinqueloba are also present, the
last species being more abundant along the region of the AF (Johannessen et al., 1994). In
consequence, diversity of planktonic foraminifers thriving along the NAC is higher. Site U1314
is located today along the main course of the NAC, with an average modern 6"*O_ of 0.3 %o

(Schmidt, 1999), and a foraminifer assemblage dominated by N. pachyderma dex. G. inflata,
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G. glutinata and G. bulloides, with almost no N. pachyderma sin. (Hald et al., 2007; Schiebel
and Hemleben, 2000).

In this work changes of the foraminifer assemblages between 1069 and 778 kyr have
been used to reconstruct the variations in the North Atlantic hydrography, in particular to explore
the main oscillations of the AF that controls the northward flow of the NAC versus the arctic
waters at site U1314. In order to accomplish this goal we used the abundance of N. pachyderma
sin. as a proxy for arctic waters, while the abundance of N. pachyderma dex. and G. inflata as a

proxy for the warm-water of the NAC.

As you may see in figure 4.2, high frequency fluctuations in North Atlantic surface
circulation with periods of around 10 kyr prevailed prior to 960 kyr ago, although on average
typically interglacial conditions similar to those found today were never reached until MIS 25
when percentages of N. pachyderma dex. and G. inflata over 70% are reached. In contrast, the
influence of arctic waters with percentages of N. pachyderma sin. over 90 % was cyclically
replaced by temperate waters that record the temporal advection of the NAC. Decreasing
percentages of the only polar species found at Site U1314, N. pachyderma sin., evidence an
AF north-west retreat and rising SST (Fig. 4.2). However, AF retreats where moderate, since
N. pachyderma sin. percentages did not fall below 40 % within this period, indicate the limited
influence of the NAC at this latitude compared to today, since relative abundances of this polar
species in modern pelagic sediments are below 10 %. The reconstructed 3'°O_, records from
figure 4.3 agrees well with fauna-inferred hydrographic circulation for the MIS 31-26 interval.
Our record indicates lower than modern 6'*0_ 0.3 %o until MIS 26, with only brief millennial-
scale positive 8'°O_ excursions. This negative 6'°O_ values only can readily be explained
substantial freshening of the surface ocean caused by the AF location south of site U1314,
and expansion of low 6'*O_ arctic surface waters from the into the North Atlantic. Diatom
assemblages records from North Atlantic sites 983 and 1304 support this interpretation, since
they were dominated by the cool and low-saline waters related Neodenticula seminae during
this period (Kog et al., 1999a; Shimada et al., 2008), reflecting a more southerly extension
than today of the AF even during interglacials. Southern limits of the AF may have reached
latitudes between 32-37° N, based on the occurrence of the diatom N. seminae in North Atlantic
sediments (Baldauf, 1986; Ikeda et al., 2000). Generalized cooled surface waters during glacial
stages may have hampered surface productivity, as seen in the decrease in CaCO, values (2 %)
during MIS 28 and 26, likely due to the southeastward migrations of the PF covering U1314
with year-round sea ice cover. In contrast, CaCO, values between 7-30 % at Site U1314 and
presence of diatom productivity at the neighbour site 983 during MIS 30 (Kog et al., 1999a)
reflect some surface productivity, and suggest that the North Atlantic was free of sea-ice during

this glacial stage.

Between MIS 31 and MIS 25 while global climate and ice volume was mainly driven

by precession as shown by the benthic 6'*0 record, the North Atlantic surface circulation, as
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shown by the fauna and 6'*O_, records, oscillated at 10 kyr cycles. The warmer events at 1044,
999 and 970 kyr do not necessarily occur at times at interglacial times with smaller ice-sheets,
in particular the first and last of these three events took place during glacial periods, but all of
them occurred at times of high insolation gradients during fall between the Equator and the
high latitudes of the northern Hemisphere. In consequence, we can conclude that suborbital
North Atlantic oscillations and shifts of the AF were not driven by global changes in ice-sheets
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Figure 4.3. Site U1314 records from 779 to 1069 ka. From bottom to top: A) relative abundance of N.
pachyderma sin. and B) N. pachyderma dex. + G. inflata, C) 6"*O_ and D) benthic 6'°0. Glacial Marine
Isotope Stages (MIS) are shown with blue vertical bars. Interglacial sub-stages 21.7,21.5,21.3 and 21.1

are shown with orange vertical bars.
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Planktonic foraminifer assemblages sharply changed at the onset of interglacial cycle of
MIS 25, characterized by a long period of warm-water advection to Site U1314 with percentages
of N. pachyderma dex. and G. inflata well over 70%, very similar to those reached during the
Holocene, indicating SST between 10 and 14°C (Hald et al., 2007; Pflaumann et al., 2003) (Fig.
4.3). This prominent and long interglacial period marks the onset of the 100 kyr G-IG cycles
that characterize the Late Pleistocene. In particular, two other prominent stages with very high
percentages of N. pachyderma dex. and G. inflata may be seen in MIS 21 and MIS 19 that
indicate strong advection of the NAC towards the North Atlantic latitudes, similarly to that
occurring today in this region. Based on the N. pachyderma and G. inflata record, two 100-kyr
cycles can be recognized, starting at MIS 25 and MIS 21, respectively.

The first 100 kyr cycle started with prominent interglacial temperatures in MIS 25 and
lasted for more than 20 kyr was followed by a sharp cooling event, evidenced by a pronounced
increase in abundance of N. pachyderma sin (Fig. 4.3). This event took place at 933 kyr and
reflects an abrupt southward shift of the AF. Cool arctic conditions were followed by three events
of significant NAC advection towards the North Atlantic, the first one of smaller amplitude
occurred during glacial stage MIS 24, while the latest two related with warmer waters are
linked to two substages of MIS 23. Maximum glacial conditions during this 100 kyr cycle
were recorded during MIS 22 in which arctic waters with planktonic foraminifer assemblage
characterized by almost 100 % N. pachyderma sin. prevailed in the region for a long period
of time, spanning from 885 to 862 kyr. This glacial stage is considered the most severe of the
Early and Mid-Pleistocene (Head and Gibbard, 2005). Based on the high benthic 3'*0 values
(Hernandez-Almeida et al., in prep.), and in the diatom-barren samples at Site 983 (Kog ef al.,
1999a), we infer that PF may have migrated southeastward bringing extremely low SST and

heavy sea-ice conditions that covered the subpolar North Atlantic.

The second 100 kyr cycle started with an abrupt warming event at the onset of MIS
21, waters with dominant N. pachyderma sin. were rapidly replaced by waters with abundant
N. pachyderma dex. and G. inflata that remained as the dominant species up to 845 kyr ago
when an abrupt southward advance of the AF took place with the subsequent proliferation of .
pachyderma sin., that marks the onset of substage MIS 21.6. This event records the beginning of
a long-term period of ice-sheets growth towards the glacial maximum that is recorded at around
800 kyr. However, a series of millennial-scale North Atlantic oscillations are recorded by the
planktonic foraminifer assemblages that, in general, follow the isotope substages recognized
during MIS 21. Events of enhanced northward advection of the NAC are recorded during
isotope substages 21.5, two events in substage 21.3, of which the latest one is very prominent,
and a low amplitude event in substage 21.1. Higher CaCO, values during this substages support
the greater retreat of the AF allowing more NAC waters bathing latitudes over 60° N (Fig. 4.4).
This finding is substantiated by the concomitant increase in carbonate budget in the GIN Seas

(Henrich, 1989; Henrich and Baumann, 1994), what would also reflect an increased surface
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water exchange between North Atlantic and Norwegian basins. Fully glacial conditions with
a planktonic foraminifer assemblage dominated by N. pachyderma sin. prevailed from 815
to 790 kyr (MIS 20), with only a short incursion of warm-water species at around 815 kyr.
Presence of significant diatom production at sites 919 and 983 (Kog¢ and Flower, 1998; Kog¢
et al., 1999a) and CaCO, percentages of 17 % during MIS 20, indicate at least seasonal open
marine conditions and PF north of 60° N during this time.

Major changes in 6'*O_ are recorded within this interval during G-IG Terminations
and millennial-scale events. Hernandez-Almeida et al. (in prep.) suggested that IRD events
at Site U1314 during the MPT were not associated with any isotopically depleted meltwater
signal caused by icebergs collapse, on the basis of the lag of the 6'*O shift with respect to IRD
deposition. Instead, lowest planktonic 8'*0 were reached after IRD deposition. These authors
interpreted this feature as a rapid reinvigoration of the AMOC. This pattern is mimicked by
our 3"*0_ record, which rapid increases after IRD events interpreted as abrupt AF shifts, and
intensification of the northward flow of the NAC and replacing lower salinities surface arctic
waters. We would like to remark the surface water variability during this interval. While MIS 25
is characterized with a '*O_ values between 0.3 and 0.7 %o that could correspond with modern-
like influence of warm and salty subtropical water form the south associated with a stronger
NAC, MIS 23 and substages within MIS 21 show brief NAC incursions that are gradually
replaced by cooler and fresher surface waters. Asymmetry shown between the period of surface
circulation dominated by NAC respect to arctic waters may be to the ice-volume growth that
induces to longer glaciations and short deglaciation phases during each cycle since MIS 25,
respect to the time before MIS 26. Note that this gradual glaciations with no extensive sea-
ice allows a more efficient moisture extraction from the subpolar ocean, and together with
the increased meridional moisture flux, provides a stronger rate of precipitation over Northern
Hemisphere ice sheets during glacial inceptions, allowing greater ice-build up (Gildor and
Tziperman, 2000; Gildor and Tziperman, 2001).

Beside major changes in planktonic foraminifer assemblage at G-IG time-scale ,
represented by shifts between N. pachyderma sin. and N. pachyderma dex./G. inflata, there is
a striking ecological succession within warm intervals that can indicate changes in properties
of surface waters. N. pachyderma dex. reaches its maxima modern representation in the North
Atlantic with enhanced warm NAC advection, specially toward longitudes > 0° E, with a clear
preference for warm, stratified surface waters during summer time (Bauch and Kandiano, 2007,
Fraile et al., 2008; Sautter and Thunell, 1989; Schiebel and Hemleben, 2000). In contrast,
although G. bulloides and G. glutinata also occupy the upper meters of the water column,
their seasonal peak abundance seems to differ; these species occurs today during spring time
at 60° N, following phytoplankton bloom during ice-free periods (Bé, 1977, Fraile et al., 2008;
Schiebel and Hemleben, 2000; Schiebel ef al., 2001). Accordingly, decrease of N. pachyderma

dex. after interglacial maxima would indicate eastward shift in the flow path of the NAC toward
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the Norwegian continental margin, and an incipient expansion of colder waters during late
interglacial periods, like at MIS 25 and 21.1 (Fig. 4.2). Higher G. bulloides and G. glutinata
levels during this progressive cooling would respond to the wind driven mixing and peaks of
chlorophyll at open ocean conditions, suggesting than nutrient content played a more important

role that temperature for this species.

As G. inflata accounts only for ~ 12 % in modern the modern North Atlantic at around
49° N, and ~ 2 % in core top fauna at 60° N (Chapman, 2010), the observed peaks larger than >
25 % of this species at 946, 902 and 849 kyr may imply a different environment that today that
favoured its production (Fig. 4.2). G. inflata has been related to the IC at the subpolar North
Atlantic (Chapman, 2010; Olson and Smart, 2004), which results from a mixture of Irminger
Sea water and the warmer and saltier water transported by the NAC (Reynaud et al., 1995),
hence, it is possible that its proliferation was linked to strong phases of IC advection and well-

mixed environment, with potentially lower nutrient levels warmer temperatures than peaks of
G. bulloides.

Higher T. quinqueloba percentages generally occurs at Site U1314 between abundance
peaks of N. pachyderma dex. and N. pachyderma sin., but in low abundances, revealing a shift
from temperate atlantic waters to cool subpolar water masses (Fig. 4.2). This species is usually
associated with the proximity of the AF (Hebbeln et al., 1994; Johannessen ef al., 1994), hence
can be interpreted as a proxy of the AF swings. Values below 2 % on average during the MIS
31-19 interval reflect the almost steady position of the AF far from the Site U1314, only the
exceptions of increased 7. quinqueloba percentages at MIS 21 substages, indicates that the AF

moved back closer to the Site U1314 position.

Regional warming as a consequence of a greater retreat of AF at MIS 21, caused the
increase of warmer interglacial planktonic assemblages, as it has been observed in radiolarian
(Hernandez-Almeida et al., 2011a, submitted), coccolithophore (Marino et al., 2008) and
diatom assemblages (Shimada et al., 2008) from several subpolar North Atlantic records. This
change in surface hydrography may also have affected, G. glutinata, whose percentages are
considerably higher before during interglacial stages before MIS 22 than after (Fig. 4.2). This
species is not as opportunistic as G. bulloides, and is more specifically adapted to a diatom-
based diet (Hemleben ez al., 1989; Schiebel and Hemleben, 2000). Since interval before MIS 22
is characterized by a diatom fauna dominated by N. seminae, a major component in prominent
spring blooms in the subarctic ocean (Reid ef al., 2007), it is possible that disappearance of
this diatom from caused by regional warming of the North Atlantic and shift to a rapid mass-
dumping diatom assemblage after MIS 22 (Kog ef al., 1999a; Shimada et al., 2008) may have

diminished G. glutinata main source food leading to decrease its percentages after MIS 22.
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6.2. Progressive increase in abundance of the N. pachyderma sin. “encrusted” type

and changes in diversity of planktonic foraminifers

In glacial periods prior to MIS 22, which were less pronounced and relatively brief,
the abundance of the encrusted form of N. pachyderma dex. was low, between 20 and 30%.
However, a significant increase was recorded in MIS 22 and MIS 20 that represent the glacial
maximum periods of the two first 100 kyr glacial cycles (Fig. 4.4). These subspheric heavily
encrusted tests are linked today to low SST, at greater depths than the non-encrusted forms
and they are dominant in stratified waters in north and south high-latitude oceans (Bergami
et al., 2009; Kohfeld et al., 1996; Stangeew, 2001). In consequence, we suggest that similar
conditions of low SST and strong halocline were likely achieved at MIS 22 and 20, as seen
by the extremely high IRD deposition and heavy planktonic &0 values during these stages
(Hernandez-Almeida et al., in prep.), allowed N. pachyderma sin. encrusted form to thrive for a
few thousand years at Site U1314. Therefore, the intensification of the glacial cycles during the
MPT caused an ecological adaptation in N. pachyderma sin., which after MIS 22 was mainly
represented by the encrusted morphotype, reflecting a progressive polar water specialization
in response to the onset of the 100 kyr. Similar conclusions were obtained by Kucera and
Kennet (2002) for the eastern North Pacific, who documented a consistent pattern of smaller
and more compact N. pachyderma sin. populations after 990 kyr. Hence, we conclude that
temporal evolution of encrusted forms of N. pachyderma sin. in fossil planktonic foraminifera
assemblages and apparent hemispheric synchronicity represents a useful index for interpreting

Pleistocene climates.

Diversity variations in a fossil planktonic foraminifer assemblage can be also used as a
proxy for surface circulation, since decreases in temperature are often accompanied by declines
in species diversity (B¢, 1977; Jenkins, 1993). Higher planktonic diversity in North Atlantic
environments is associated to a well established flow of the warm NAC (Balsam and Flessa,
1978; Ruddiman, 1969). Comparing the curves of species diversity (/) obtained for Early
and Mid-Pleistocene assemblages from Site U1314 with the benthic 8'*0 record (Hernandez-
Almeida et al., in prep.), it is evident that intervals with relatively higher H correlates with
increased advection of this warm current during interglacial isotopic stages 31, 29, 27, 25, 23
and 21, and diversity declines when colder surface waters with arctic origin reached the Site
U1314 location (Fig. 4.4). This surface-water masses control on diversity is dictated by a SST
preferences for each species and a vertical niche partitioning factor controlled by the gradients
in the upper part of the water column (Rutherford ez al., 1999). Development of a shallow
thermocline during interglacial periods yields a niche partitioning, and more species can inhabit
the same region at different water depths (high H), while during glacial periods, thermocline
is nearly absent due to the low water column temperatures with little vertical partitioning of
niches (low H), and only polar-adapted species can proliferate. In this sense, lowest H coincides

with highest percentages of N. pachyderma sin. encrusted form at MIS 22 and 20, indicating the
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severity of the glaciations and extreme low SST derived of the large build-up of the ice-sheets

respect to previous climatic stages.
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Figure 4.4. Site U1314 records from 779 to 1069 ka. From bottom to top: A) relative abundance of N.
pachyderma sin. encrusted form, B) benthic 6'80 and C) Shannon diversity index (H). Glacial Marine
Isotope Stages (MIS) are shown with blue vertical bars. Interglacial sub-stages 21.7,21.5,21.3 and 21.1
are shown with orange vertical bars.

6.3. Changes of biogenic carbonate settling versus bottom water advection of fine-

grained carbonate

It has been demonstrated that calcium carbonate found in deep ocean sediments in
the North Atlantic have two possible sources. Biogenic tests segregated by Coccoliths and
Foraminifers in surface waters are settled down through the water column to finally accumulate
in the sea floor, resulting in lower or higher accumulation rates depending on sea surface primary
productivity. However, all particles settling through the water column are entrain and laterally
advected by deep sea currents to finally deposit downstream when the current velocity decreases.
Changes in carbonate accumulation rate can also be related to the enhanced or reduced flow
of bottom currents. Mid Pleistocene sediments from the Gardar Drift provides an excellent
record of both surface regional productivity and/or lateral particle advection by deep-currents

that are function of its average speed. Besides biogenic calcite, dolomite-rich detrital carbonate

83



Millennial scale variability of planktonic foraminifer assemblages and changes in North Atlantic circulation
during the Mid-Pleistocene Transition (1069-779 ka)

particles can also be delivered from the continents during IRD discharge events. Hernandez-
Almeida et al. (2011b, submitted) demonstrated that dolomite content in sediments from Site
U1314 was punctual, and centered at IRD discharge events. Moreover, Site U1314 is located
out of the North Atlantic IRD belt, and hence it is hardly influenced by the dolomite-rich IRD
discharges originated in the Hudson Strait. In conclusion, we suggest that CaCO, content at Site

U1314 sediments is mainly derived from biogenic carbonate production.
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Figure 4.5. From bottom to top: A) B/B+P ratio, B) fragmentation index and C) CaCO, % from Site
U1314. Glacial Marine Isotope Stages (MIS) are shown with blue vertical bars. Interglacial sub-stages
21.7,21.5,21.3 and 21.1 are shown with orange vertical bars.

Changes in CaCO, preservationat Site U1314 may also influence the average carbonate
accumulation rate. To estimate variations in carbonate dissolution we used the FI. This index
is generally lower than 40 %, that is the level when planktonic foraminifer assemblages
become altered by dissolution (Miao et al., 1994), reflecting a good CaCO, preservation,
with no significant differences between glacial and interglacial stages. This assumption is
plausible since Site U1314 is bathed by oxygen-rich, dense deep-water from the GIN Seas,
which are supersaturated in carbonate ion, and it is located above the aragonite compensation
depth which is presently about 3300 m in the North Atlantic (Broecker and Takahashi, 1978).
This is confirmed by other studies that documented good carbonate preservation in nearby
sites to U1314 (Huizhong and McCave, 1990; Hyun ef al., 1999; van Kreveld et al., 1996).

In addition, the B/(P+B) ratio was < < 1, which suggests that extensive calcium carbonate
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dissolution did not take place in the subpolar North Atlantic between MIS 31 and 19 (Fig. 4.5).

It has been suggested that small size carbonate plankton (mainly coccolithophores)
control the amplitude of carbonate records in this region as occurs in the adjacent Nordic Seas
and along the Greenland margin (Andruleit and Baumann, 1998; Balestra et al., 2004; Baumann
and Matthiessen, 1992; Henrich and Baumann, 1994). At Site U1314, good correspondence
between silt and clay fraction (< 63 pm wt. %) and CaCO, percentages suggests that carbonate
bioproductivity is controlled by small planktonic organisms, presumably coccolithophores,
juvenile planktonic foraminifer and small fragments. This assumption is in agreement with
studies in sediment traps in the eastern North Atlantic Ocean revealing that contribution of large
planktonic foraminifer (> 150 um) to the carbonate productivity is sparse (only up to 17%) respect

to the greater input of coccolithophores to the total carbonate flux (Honjo and Manganini, 1993).

The high carbonate percentages during interglacial stages reflect the higher regional
average productivity associated to the enhanced northward NAC inflow, as indicated by the
planktonic foraminifer assemblage characteristic of warmer conditions (N. pachyderma dex.
increase). Input rates of clastic material delivered by icebergs, which is mainly composed by
non-carbonate particles such as volcanic glass and quartz (Hernandez-Almeida et al., in prep.),
were severely reduced during these periods, contributing to increase the biogenic carbonate

content in the sediments.

In contrast, lower carbonate contents during glacial periods are linked to cold arctic-
water masses affected by seasonal sea-ice cover and melt water input. The penetration of the
cold arctic waters during south-eastward expansion of the AF, and the subsequent blockage of
light by ice and freshwater input shed off by melting icebergs, lowered surface salinities and
temperatures, rendering the environment unfavourable for most of small planktonic organisms,
like coccolithophores and diatoms (Balestra et al., 2010; Kog et al., 1999a). Increase supply of
detrital IRD by icebergs contributed to reduce the biogenic carbonate content of the sediments

that decrease down to 10 % in some particular intervals dominated by IRD.

The record of carbonate content is, however, opposite to that of grain size. Higher
carbonate content during interglacials is clearly associated to higher percentages of the fine-
grained fraction, which is the particles smaller than 63 pm, whereas in glacial times the coarse-
grained fraction is dominant but carbonate contents are widely reduced. During interglacials,
deep-sea sediments from Gardar Drift mainly consist of diatoms, coccolilths, fine-grained clastic
particles, and a small proportion of foraminifers and large radiolarians. Fine-grained sediments
are dominant because the number of foraminifers and radiolarians per gram is very low and they
are the two components that contribute to the coarse-grained fraction in the absence of IRD.
The higher rate of iceberg discharge during glacial times with delivery of both fine and coarse-
grained particles and the higher number of foraminifers and radiolarians per gram strongly
increase sediment grain-size at these times. In particular, lithic particles per gram coarser than
150 um increase during glacial times (Fig. 4.6).
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Several lines of evidence from Site U1314 records suggest a strong link between
processes that occurs at surface waters, like water-masses changes, productivity and IRD events,
and deep waters. During Early and Mid-Pleistocene IRD events in the Northern Hemisphere,
thermohaline circulation was slowed-down due the lowered surface salinities in the areas of
deep-convection of the GIN seas. This process is shown by lower benthic 6"°C at glacial times
and during transitions from glacial to interglacial periods in Site U1314 (Hernandez-Almeida
et al., in prep.). Reduction of overturning circulation produced extensive year round sea-ice
cover in the North Atlantic region. The peaks in N. pachyderma sin. percentages coincide with
lower benthic 6"°C and CaCO, percentages as well as increments of the sand fraction (> 63
um wt. %) at Site U1314. The sand fraction on the southern Gardar Drift today consists of
foraminifer and IRD, and is strongly diluted by silt and clay transported by ISOW (Bianchi
and McCave, 2000). Our records from Site U1314 suggest that the migration of the AF and
surface cooling over the entire North Atlantic may have lowered surface productivity of
coccolithphores, reducing their rates of accumulation in the deep sea sediments of this region,
while the planktonic foraminifers dominated by N. pachyderma sin. continued to proliferate.
Beside this, the less vigorous deep-water flow over Gardar Drift transported and accumulated
less fine-grained material, including less coccoliths that led to the relative concentration in the
sediment of the coarsed-grained fraction (Fig. 4.6). In contrast, advection of atlantic waters,
recognizable by abundant subpolar species (N. pachyderma dex., T. quinqueloba, G. bulloides,
G. inflata and G. glutinata), are related to high benthic 6'°C. During these episodes, intense
NADW formation points to a stronger supply of fined-grained material by bottom currents of
the ISOW to the southern end of Gardar Drift, and this material is dominated by coccoliths due
to the enhanced calcium carbonate productivity in warmer surface waters. It is also important to
note the lag between climate amelioration inferred from the shift from cold-to-warm fauna, and
the increased in CaCO, production at Terminations MIS 26/25 and 22/21. In these cases, trend
of CaCO, percentages fits more with the pattern of benthic 6"°C record. These calcium carbonate
variations underline the importance of the ocean circulation in the sediment accumulation in the

Gardar Drift, which is responsible for a strong imprint on the fine material distribution.

Selective load transport by bottom currents may explain the pattern of the planktonic
foraminifer abundances. Higher numbers of planktonic foraminifers appear mainly during
intermediate-to-low CaCO, percentages with high N. pachyderma sin. percentages, which
contributes as much as 60% on average to the total planktonic foraminifer assemblage (Fig.
4.6). This reflect a higher planktonic foraminifera productivity during cold periods, when M.
pachyderma sin. find good environmental conditions. A large part of the carbonate content of the
sediments is due to the accumulation of N. pachyderma sin. that is very abundant at these times.
Moreover, good correlation between planktonic foraminifer content and poor deep-ventilation
proxies (IRD AR, > 63 pum wt. %) reflect the enrichment in coarse foraminifer and IRD particles
during glacial periods with decreasing ISOW, while during interglacial periods foraminifer

content decrease due to the masking by high input of fines carried by stronger deep-flow over
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the Gardar Drift. The contribution of planktonic foraminifers to the carbonate fraction of the
sediments is very low during these episodes. Although the carbonate content in MIS 19 or MIS
21 is around 50 %, less than 5 % is associated to foraminifers. Hence, planktonic foraminifer

AR can not be considered a reliable surface paleoproductivity proxy at Site U1314.

6.4. Implications of the regional AF dynamic

We compare planktonic foraminifer and CaCO, records from Site U1314 with previously
published results from other North Atlantic and Norwegian Sea (Table 4.1) sites in order to obtain

a regional perspective of AF dynamics and surface water circulation pattern in this area.
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Figure 4.7. Comparison of fauna and CaCO, % record from Site U1314 with other North Atlantic Sites.
From bottom to top: Relative contributions of A) N. pachyderma sin. and B) T. quinqueloba, from sites
U1314 (black), 980 (dashed pink) and 984 (green) (Wright and Flower, 2002). C) CaCO, % records
from sites U1314 (black), 982 (blue) and 984 (green) (Baumann personal communication; Baumann
and Huber, 1999). Glacial Marine Isotope Stages (MIS) are shown with blue vertical bars. Interglacial
sub-stages 21.7, 21.5, 21.3 and 21.1 are shown with orange vertical bars.

88



Capitulo 4

Comparing our record with CaCO, percentages from other neighbour records, we
observe higher values at the eastward site 982 than at Site U1314 (average CaCO, % values 56
and 34 %, respectively), and much lower in the northern sites 984 (average 8 %) along the MIS
31 to 19 interval (Fig. 4.7). Although fauna records from neighbour sites to U1314 are limited to
the 890-779 ky interval, we observe similar regional gradients in temperature. During MIS 21,
while at eastward sites 980 percentages of N. pachyderma sin. are low and 7. quinqueloba high,
westward sites U1314 and 984 show opposite fauna trends (Baumann, personal communication;
Wright and Flower, 2002). The absence of full interglacial characteristics at northern site 985,
as indicated by the low CaCO, and high N. pachyderma sin. percentages (3.5 % and 98 %,
respectively) (Baumann and Huber, 1999), reflects relatively stable positioning of the PF at
around 65° N, with likely development of continuous sea-ice cover. This configuration indicates
a dominant north-easterly direction of the AF towards the Faeroe Islands and an steady position
of the PF, which marks the extension of the perennial sea-ice, north of 65° N. Such scenario
during MIS 21 would allow northward intrusion of warm surface waters was shifted to the east,
and affected to cores located in a more eastern position (Site 982 and 980), while cores located
to the west (Sites U1314 and 984) would be less influence by warm water masses, as occurs
today, the inflow of warm Atlantic water is compressed to the east, along the Rockall Plateau and
Norwegian shelf margin while it flows northward into the Arctic Ocean basin, and subsequently,
creating a strong west-east temperature gradient The existence of a narrow path of warm water
flowing along westward longitudes during MIS 21 would provide necessary moisture for the
growing ice-sheets (Raymo and Nisancioglu, 2003). Therefore, regional surface hydrography
of the subpolar North Atlantic played and important role in the glacial inception phase and may

explain the existence of large ice-sheets in this area.

7. CONCLUSIONS

The faunal record at Site U1314 enables the reconstruction of surface ocean circulation.
High percentages of N. pachyderma sin. indicates glacial conditions with south-eastward
expansion of the AF and penetration of cold arctic waters, while increased N. pachyderma
dex., T. quinqueloba, G. bulloides, and G. inflata have been proven to be the best interglacial
conditions indicators in the subpolar North Atlantic due to their widespread occurrence only
during the advection of warm Atlantic waters by the NAC. A clear east-west SST gradient
is found in the subpolar North Atlantic as the result of the position of the AF. From MIS 31
to MIS 22, AF was steady located south of Sites U1314 and 984, limiting heat flux from the
North Atlantic to their positions, while eastward sites 980 and 982 where bathed for a more
intense NAC flow while AF swung north-westward during interglacial periods. As the result
of the steep east-west surface SST gradient, carbonate bioproductivity was lower west of the

AF during this interval. Dominant northeasterly direction towards the Faeroe Islands of the AF
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remains a narrow ice-free channel toward the east that allows northward heat flux transport
during glacial inceptions and a maintained deep-water formation in the GIN seas during this
phase. During MIS 22, most extreme surface cold conditions, with likely perennial sea-ice,
occurred as consequence of the southward migration of the PF. During MIS 21 and 19, greater
retreat of AF allowed a regional warming that increased carbonate bioproductivity at the Site
Ul1314 area.

Intensification of the G-IG climate regimes after MIS 21 caused a reduction in the N.
pachydermasin. habitatinthe subpolar North Atlantic, thatshifted toward true-polar environments
during the subsequent stages. Extreme SST and development of a strong halocline during IRD
events at MIS 22 and 20 related to the onset of the 100 kyr climate cycles favoured development
of the N. pachyderma sin. encrusted form. Shannon diversity index oscillations define surface
circulation pattern in the North Atlantic. Periods of high diversity are characteristic of warm
conditions, under the influence of Atlantic waters, which allows the establishment of a strong
summer thermocline and more niche availability; while low diversity typical of cold periods

and less niche-partitioning due to the small thermal gradient in the upper water column.

Comparison of surface and deep water records at Site U314 evidence the linkage
between surface-deep North Atlantic hydrography. Small-size carbonate plankton productivity
(coccolithophores) and bottom-current speed/sedimentation rate of silt and clay particles (< 63
um wt. %) controls the variability of carbonate records in this region. Highest CaCO, percentages
are found during open ocean conditions that allow enhanced NAC flow that transport heat and
moisture to high-latitudes. Deep-convection in the GIN seas forms a vigorous ISOW flow that
accumulates more fine grained sediments over the Gardar Drift. Lowest carbonate production
is found below cold arctic water masses affected by seasonal sea-ice cover and melt water input
during glacial periods, which inhibited heat flux to the North Atlantic and subsequently reduced
carbonate surface water bioproductivity and ventilation of the deep North Atlantic. Slower
ISOW flow removed fine material, leaving a coarser foraminifer-IRD dominated residue in
Gardar Drift sediments. Thus, the pronounced contrast within G-IG stages results from oceanic
circulation changes: either from surface circulation governing the ice-ratted detritus supplies
and the planktonic biogenic production, and from deep circulation changes with the resumption

of the bottom-water formation.
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RESUMEN. El registro de alta resolucion de las asociaciones de radiolarios del testigo
Ul1314 fue estudiado para reconstruir la hidrografia y los cambios climaticos en el Atlantico
Norte durante la Transicion del Pleistoceno Medio (1069-779 ka). Ademas del registro faunistico,
acumulaciones absolutas de radiolarios y de dpalo biogénico total son usadas para determinar
los cambios en la productividad de aguas superficiales. Los resultados indican que el Frente
Artico en el Atlantico Norte oscild repetidamente a escala glaciar/interglaciar, lo que provocd
que la region del testigo estuviera bajo la influencia de aguas articas (glaciar), y aguas atlanticas,
mucho mas célidas (interglaciar). Durante periodos glaciares y eventos de descarga de material
transportado por el hielo, el taxon de aguas profundas Cycladophora davisiana se convirtid
en el maximo contribuyente de la asociacion de radiolarios, sugiriendo condiciones de aguas
superficiales frias, descarga de agua de fusion e intensificacion de la circulacion intermedia
del océano. Los intervalos interglaciares estuvieron caracterizados por alta abundancia de
taxones superficiales como Pseudodyctiophimus gracilipes y Lithomelissa setosa, aumento
de acumulacion de 6palo, y alta diversidad de radiolarios, indicando un flujo hacia el norte
de aguas atlanticas superficiales hacia el area del testigo U1314. Un marcado cambio en la
estructura de la asociacion de radiolarios tuvo lugar después del estadio isotopico marino 22
(~ 860 ka), con grandes diferencias en la composicion de especies entre periodos calidos y
frios, probablemente en respuesta a las condiciones cambiantes del océano debido a la mayor
amplitud los cambios glaciares/interglaciares debido a que la periodicidad dominante de las
oscilaciones climaticas en altas latitudes pasé de 41 ka a 100 ka. Por lo tanto, se ha llegado a la
conclusion que las asociaciones de radiolarios del Atlantico Norte han cambiado drasticamente
junto las variaciones en la circulacion superficial e intermedia en respuesta a las variaciones

climaticas orbitales y milenarias que tuvieron lugar en el Pleistoceno Inferior y Medio.

Palabras clave: radiolarios; 6palo biogénico; Atlantico Norte; descarga de agua de

fusion; circulacidon ocednica; productividad.
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ABSTRACT. A high-resolution record of radiolarian assemblages from Site U1314
was studied to reconstruct hydrographic and climatic changes in the North Atlantic Ocean
during the Mid-Pleistocene Transition period (1069-779 ka). Besides the faunal record, absolute
accumulation of radiolarians and total biogenic opal are used to determine changes in surface
water productivity. Results show that the North Atlantic Arctic Front shifted back and forth
repeatedly at a glacial/interglacial timescale, bringing the site under the influence of both cold
arctic (glacial), and much warmer atlantic (interglacial) waters. During glacial intervals and
“ice-rafted debris” (IRD) events, the deep-dwelling taxon Cycladophora davisiana was the
greatest contributor of the radiolarian assemblage, suggesting cold surface conditions, melt-
water discharge and enhanced intermediate ocean circulation. Interglacial intervals were
characterized by abundant shallow-dwelling taxa like Pseudodyctiophimus gracilipes and
Lithomelissa setosa, increased opal accumulation, and higher radiolarian diversities, indicating
a northward flow of warm atlantic surface waters to the Site U1314 area. A marked change in
the structure of the radiolarian assemblage occurred after MIS 22 (~ 860 ka), with large taxa
differences between warm and cold periods, probably in response to changing ocean conditions
due to the higher amplitude of glacial/interglacial changes as the dominant periodicity of
high-latitude climate oscillations shifted from 41-kyr to 100-kyr. Thus, we conclude that the
radiolarian assemblage from the North Atlantic have changed drastically along with variations
in the surface and intermediate-water circulation in response to orbital and millennial-scale

climatic variations that occurred in the Early and Mid-Pleistocene.

Key words: radiolarian; biogenic opal; North Atlantic; melt-water discharge; ocean

circulation; productivity.
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A HIGH RESOLUTION OPAL AND RADIOLARIAN RECORD FROM THE SUBPOLAR
NORTH ATLANTIC DURING THE MID-PLEISTOCENE TRANSITION (1069-779 KA):
PALAEOCEANOGRAPHIC IMPLICATIONS

1. INTRODUCTION

Sediments in the subpolar North Atlantic Ocean have been the subject of a large number
of paleoceanographic studies due to the important role of this region in modulating the global
climate (Bond et al., 1992; Broecker et al., 1992; Heinrich, 1988; McManus et al., 1994;
McManus et al., 1999; Oppo, 1997). Abrupt changes in the North Atlantic resulted from
variations in thermohaline circulation (e.g. Ruddiman et al., 1980; Shackleton et al., 1983)
related to extreme cooling of surface waters and enormous amounts of drifting ice (Bond et al.,
1992). Besides these cyclical ice-volume fluctuations, Earth’s climate system show a gradual
trend toward more glacial conditions between 1200 and 500 ka (Head and Gibbard, 2005), the
so-called “Mid-Pleistocene Transition” (MPT), related to a shift of global glacial/interglacial
cycles from 41-kyr to 100-kyr (Berger and Jansen, 1994c; Raymo and Nisancioglu, 2003;
Raymo et al., 2004; Ruddiman et al., 1989).

Such environmental changes brought large variations in surface and deep habitats in the
ocean, which consequently affected planktonic and benthic communities. Therefore, temporal
evolution of fossil assemblages in the sedimentary record provides detailed paleoecological
information necessary to reconstruct past climate and hydrographic conditions. Several
microfossil groups have been used in paleoceanographic studies in North Atlantic sediments,
such as planktonic and benthic foraminifera (Kawagata et al., 2005; Venz et al., 1999; Wright
and Flower, 2002), diatoms (Kog et al., 1993; Ko¢ and Schrader, 1990) and coccolithophores
(Marino et al., 2008). We focus here alternatively on the polycystine radiolarians, Spummellaria
and Nassellaria (hereafter called radiolarians), for reconstruction of the paleoceanographic
conditions in the North Atlantic Ocean.

Radiolarians are widely distributed in the world ocean occupying surface and deep habitats
with a broad range of physical-chemical water-mass characteristics (e.g. temperature, salinity,
nutrients) (Abelmann and Gowing, 1997; Itaki, 2003; Kling and Boltovskoy, 1995). Due to this
adaptive facility, radiolarians have proven an effective tool in paleonviromental reconstructions
(Cortese et al., 2003; Matul et al., 2002; Morley, 1983; Petrushevskaya and Bjerklund,
1974). Based on this assumption, we present a new and high-resolution record of radiolarian
assemblages and biosiliceous material (opal) accumulation rates from IODP Site U1314 to
identify key radiolarian species and their ecological requirements, aimed at reconstructing water-
mass structures and productivity regimes during glacial/interglacial cycles in the North Atlantic
sediment record. In addition, we investigate the major hydrographic and climatic changes in the
North Atlantic during the MPT through variations in radiolarian assemblages.
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2. HYDROGRAPHY OF THE SITE LOCATION

Site U1314 (Fig. 5.1) is strongly influenced by the northward flow of the North Atlantic
Current (NAC). This surface water mass travels northward across the North Atlantic where it
crosses the Mid-Atlantic Ridge between 53° N and 60° N. One branch turns northwestwards
and travels as the Irminger Current (IC) on the western and northern side of Iceland, mixing
with the cold East Greenland Current (EGC), while the main branch flows over the Iceland-
Faeroe Ridge into the Greenland, Iceland, and Norwegian (GIN) Seas (Krauss, 1986). This
current carries heat to the north and maintains the warm climates of central and northern
Europe. Winter convection of the warm and salty atlantic surface waters in the GIN Seas results
in the formation of North Atlantic Deep Water (NADW) that flows as the Iceland-Scotland
Overflow Water (ISOW) through the Faeroe Bank channel to enter the Iceland basin (Schmitz
and McCartney, 1993; Swift, 1984).

Figure 5.1. Location of IODP Site U1314 (black star: 56°21°N, 27°W; 2820 m water depth), modern
surface (pink), and deep circulation (blue) in the North Atlantic (Krauss, 1986; Schmitz and McCartney,
1993). Map generated with Ocean Data View v.3.4.3. software (Schlitzer, 2008). East Greenland Current
(EGC), Norwegian Current (NC), Labrador Current (LC), North Atlantic Current (NAC), Denmark
Strait Overflow Water (DSOW), Iceland Scotland Overflow Water (ISOW), Labrador Sea Water (LSW),
North Atlantic Deep Water (NADW), and Southern Source Water (SSW).

In addition, the flow of the NAC to high-latitudes creates a complex zone of mixing
between cold arctic waters and warm atlantic waters, named the Arctic Front (AF) (Swift
and Aagaard, 1981). During the Pleistocene epoch, subpolar North Atlantic was affected by
repeated changes in climate and water masses at a glacial/interglacial time scale (MclIntyre et

al., 1999; McManus et al., 1999; Raymo et al., 2004). These variations were a consequence of
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major north-south migrations of the AF, bringing the site under the influence of both cold arctic

(glacial), and much warmer (interglacial) surface waters.

3. MATERIAL AND METHODS
3.1. Sediment samples and chronostratigraphy

Integrated Ocean Drilling Program (IODP) Site U1314 (2820 m) was cored by the D/V
JOIDES Resolution in the southern Gardar Drift, in the subpolar North Atlantic (56.36°N,
27.88°W) during IODP Expedition 306 (Fig. 5.1). Site U1314 is located at the northern edge
of the glacial North Atlantic Ice Rafted Detritus (IRD) belt (Ruddiman, 1977; Ruddiman and
Mclntyre, 1981b), on the east side of the Reykjanes Ridge, an area of exceptional radiolarian
abundance and preservation compared to the relative scarcity in North Atlantic surface sediments
(Goll and Bjerklund, 1971).
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Figure 5.2. Construction of the age model was performed by correlating the benthic isotope stack of
Lisiecki and Raymo (2005) (LR04) with Site U1314 benthic 6'*0. Tie points of both records are joined
by dashed lines.

The section of Site U1314 studied here comprises 24.16 m with an average sedimentation
rate of about 7-7.5 cm/ka for the Pleistocene (Channell et al., 2006). Lithologies consist of
nannofossil oozes enriched in biogenic and terrigenous components, and terrigenous silty clay
with a varying proportion of calcareous (e.g., nannofossils, foraminifers) and siliceous (e.g.,
sponge spicules, diatoms and radiolarians) organisms. A more detailed core description is given
in Channell et al. (2006).
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Conversion from core depth to time was derived by direct correlation of the benthic
foraminiferal oxygen isotope record from Site U1314 (Herndndez-Almeida et al., in prep.) with
the orbitally tuned benthic isotope stack of Lisiecki and Raymo (2005) (hereinafter referred to
as LRO4) by using AnalySeries 2.0 software (Paillard, 1996). Based on the 13 tie points used
to correlate the reference curve LR04 with our benthic oxygen data set, the final age model
for the 24.16 m of the core section spans an interval from 1069 to 779 ka, yielding a temporal
resolution of 290 kyrs. Between the tie points sedimentation rates were assumed constant, based
on the shipboard preliminary stratigraphy (Channell et al., 2006). The orbitally tuned age model

and tie points used in it are shown in figure. 5.2 and table 5.1 respectively.

Site U1314 LRO4

depth (med) Time (ka)
60.10 780.619
61.79 795.244
62.16 807.358
63.12 817.649
68.55 858.636
68.92 872.225
70.99 921.458
71.88 929.571
75.01 951.451
75.50 962.858
77.60 987.871
79.41 1004.220
83.37 1058.727

Table 5.1. Tie points used in the correlation between benthic 3'*O from Site U1314 and benthic isotope
stack LRO4.

3.2. Methodology

In this micropaleontological study, 299 sub-samples (2 cm thickness taken at 8-16 cm
intervals) from Site U1314 were used for the radiolarian analysis. This high sample density
yields a time estimate of around 1 kyr between samples. The techniques used to separate the
radiolarian skeletons from the sediment follow the Goll and Bjerklund (1974) procedure.
Briefly, samples were oven-dried for 24 hours, weighed (1-5 g), and then treated with 15%
H,0, and HCI solutions to remove the organic matter and the calcium carbonate respectively.
The samples were then wet sieved (45um mesh size), after which two types of slides were
made from the residue, one to quantify the radiolarian abundance (Q-slide) and the other for
species counts (faunal analysis, F-slide). In addition, a Diatom Index (DI) was determined to
evaluate qualitatively diatom and terrigenous material content in our Q-slides, ranging between
1 (sporadic or absent) to 5 (extremely abundant). To prepare the Q-slides, the entire residue
from each sample was transferred to a 100 ml beaker that contained 50 ml of distilled water.
The solution was then well homogenised, after which a 0.2 ml sample was taken from the

suspension using a micropipette and dropped onto a glass slide. The sample was then dried
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and mounted with Canada balsam. The F-slides were made from the remaining residue in the
beaker. Radiolarian census counts are based on at least 300 identified specimens at the lowest
taxonomic level. During data generation we encountered 79 species (see Appendix A). The
taxonomic level of counting was normally at the species level, but ranged from subspecies
to undifferentiated family and suborder categories (Nassellaria indet. and Spumellaria indet.,
used mainly for juvenile stages that cannot be assigned to species). We have followed the same
counting procedure that was used in Bjerklund et al. (1998) and Cortese et al. (2003), where
some selected phaeodarian species were included in the counts. Therefore, the informal name
radiolarians include both the selected phaeodarian species and the polycystine taxa shown in

Appendix A.

Benthic foraminiferal stable isotope analyses were carried out at the University of
Barcelona on a Finnigan MAT 252 mass spectrometer. Due to the scarcity of benthic foraminifera,
two species were selected, Cibicidoides wuellerstorfi and Melonis pompilioides, to obtain a
continuous record of oxygen and carbon isotopes. Analycal accuracy was better than 0.06 %o
for 880, and better than 0.02%o for 6"°C. Calibration to the Vienna Pee Dee Belemnite (VPDB)
standard scale (Coplen, 1996) was made through the NBS-19 standard.

Biogenic opal accumulation rates (AR) (g*¥cm?*ka') were determined in 572 sub-
samples (2 cm thickness taken at 4 cm intervals) following the procedure of Mortlock and
Froelich (1989), using 10 ml of 2 M Na,CO,, although for this study final opal measuring
was determined by using a Leeman Labs P950 inductively coupled plasma-atomic emission
spectometer (ICP-AES) with a CETAC Corp.AT500" ultrasonic nebulizer at the Indianapolis
University-Purdue University at Indianapolis. The accuracy of our analyses was evaluated by
comparison to the long-term results from a consistency standard included in all biogenic opal

measurements performed. The average standard deviation was 1.7 %.

3.3. Taxonomical notes

We have used the taxonomic concept by Hatakeda and Bjerklund (2009), and illustrations
of the species used in the present study are given in Appendix A. Several species have been
counted together due to the difficulty of an exact identification with total confidence, particularly
of juvenile stages (Lithomitra lineata and Lithomitra arachnea; Actinomma boreale and
Actinomma leptodermum; Spongotrochus glacialis and Spongodiscus resurgens). Therefore,
these taxa are reported in this study as L. lineata/arachnea group, A. leptodermum/boreale

group and Spongotrochus glacialis/resurgens group, respectively.

Additionally, species with a common tropical-subtropical affinity like Tetrapyle
octacantha, Pterocanium praetextum, Dyctiocoryne profunda, Spongocore puella, Corocalyptra
craspedota, Lithomelissa thoracites, Eucyrtidium acuminatum and Lamprocylcas maritalis are

good indicators of warm and open ocean conditions in the North Atlantic (Goll and Bjerklund,
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1971; Haslett, 1995; Matul, 1994b; Petrushevskaya and Bjerklund, 1974). These species
appeared during interglacial intervals, but in low percentages too low to be of any importance
as individual species. Therefore, and according to Cortese et al. (2003) considerations, we have

grouped them as “drift fauna group”.

3.4. Statistical analysis

For the diversity/statistical analysis of the radiolarian census data, radiolarian accumulation
rate (RAR), and opal AR we used the PAST software (PAleontological STatistics; Hammer et
al., 2001). Radiolarian counts converted into percentages were used to calculate the Shannon-
Weaver (H) diversity index (Shannon and Weaver, 1963). This index, based on a count of
species, is sensitive both to changes in the number of species and to changes in the relative
abundance of species in a sample. High values can result from an addition of species, greater
equality in abundance, or both. A more detailed discussion of this index and its use in ecological
studies is provided by (Pielou, 1975).

The multivariate statistics method Detrended Correspondence Analysis (DCA) was applied
to our counts, because this is a suitable method for studying gradients in such data sets and to
check the response to underlying environmental parameters (Hammer et al., 2001). The species
and samples that were used in the DCA had to meet the following criteria, as recommended by
Imbrie and Kipp (1971): (1) the species had to occur as more than 1% of the total fauna in at
least one sample and (2) had to occur in at least 10 samples. After this selection was applied, 26

species remained for our analysis, of which abundance curves for 18 species are shown (Fig.
5.4A-1; Fig. 5.5A-]).

Finally, in order to detect a significant underlying temporal pattern in the radiolarian
population from Site U1314, we applied multivariate Mantel periodogram spectral analysis to
our radiolarian data-set because this method can reveal the underlying mechanism (seasonality,
astronomical, or other unknown causes) driving the dynamics of the entire fossil assemblage
(Hammer, 2007). For the present study, following Hammer (2007), we used the same 26 species
as for the DCA because they were regularly represented in our samples. A temporal spacing (1089
years) between data points was generated by linear interpolation and an inner product distance
measure was chosen for the Mantel correlogram. Moreover, spectral analyses were performed

for RAR and opal AR records to determine the dominant frequencies of both signals.

4. RESULTS

RAR generally varies inversely with the cyclicity described by the benthic oxygen
isotopes from Site U1314. Pearson’s R correlation coefficient between these two variables is

-0.403 (correlation is significant at the 0.01 level), indicating that low RAR values correspond
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with high benthic 8'*0. The total radiolarian abundance ranged from barren to 30000 tests/g at
Site U1314 (Fig. 5.3C, red filled). Periods of high RAR in Pleistocene sediments from the North
Atlantic coincide with interglacial conditions, except during MIS 23 (Fig. 5.3C). On the other
hand, glacial periods are poor in RAR and sometimes opal-barren, as also reported by Ciesielski
and Bjerklund (1995).
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Figure 5.3. Site U1314 records from 1069 t 0779 ka. From bottom to top: A) benthic 3'%0, with green
filled up to 3.5 %o, the glacial threshold (McManus et al. 1999); B) benthic 6"°C; C) RAR (red filled),
opal AR (dashed red line) and phaeodarian main percentage peaks (blue dots); D) Diatom Index; E)
IRD AR; F) percentage of C. davisiana and G) Shannon-Weaver diversity index. Marine Isotope Stages
(MIS) are shown at the top (glacials in blue and interglacials in black).

The number of taxa varies between a maximum of 52 species at MIS 21, and a minimum
of 7 species at MIS 22. Comparison of the RAR with opal AR at site U1314 shows that many of
the opal maxima (Fig. 5.3C, dashed red line) coincide with high levels of RAR (Fig. 5.3C), and
with diatom abundance, as indicated by the DI (Fig. 5.3D).
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Radiolarian skeletons were well-preserved in all examined samples without any sign of
significant dissolution or breakage. There are no large peaks of opal AR with low radiolarian
concentrations (Fig. 5.3C) or low DI (Fig. 5.3D), which suggests a good generalized preservation
of the biogenic fossils also in the <45 um size fraction. Another proxy indicative of opal
preservation is the phaecodarian abundance (Casey et al., 1979b; Stadum and Ling, 1969), since
their skeletons are more unstable as they contain less biogenic silica, having a porous or spongy
structure, and are therefore more easily dissolved than the polycystine radiolarians (Takahashi
et al., 1983). In our samples, the presence of the phacodarian taxa Euphysetta nathorstii and
Lirella mello were more frequent during periods with moderate 6'*0 values, such as during MIS
21, 25 and 27 (Fig. 5.3C, blue dots), indicating better conditions for opal preservation during
interglacial intervals with moderate to high RAR and opal AR.

Of the total of 79 identified taxa of polycystine radiolarians, only the 26 species that
accounted for more than 1% on average have been used in the discussion. Comparing the relative
abundance curves of these dominant species, we found that most of them had a distribution
pattern closely similar to total radiolarian abundance, except for C. davisiana. According to our
faunal results, and in agreement with previous studies of the North Atlantic radiolarian fauna
(Matul, 1989a; 1989b; 1994a; 1994b; Matul and Yushina, 1999), Cycladophora daviasiana
dominates the assemblage during glacial periods (Fig. 5.4A), while Pseudodyctiophimus

gracilipes dominates during interglacial periods (Fig. 5.4F).

Comparison of the distribution pattern of C. davisiana (Fig 4.3E) with the oxygen isotopic
record of Site U1314 (Fig. 5.3A) revealed that most peaks of this species occurred during glacial
stages or at glacial-interglacial transitions. High abundances, however, were also observed
during weak interglacial stages (MIS 23) as well as in significant cool periods within prominent
interglacial stages (MIS 21). Our sample spacing also shows the rapid change in abundance of C.
davisiana at the glacial/interglacial transitions, switching from percentages close to 80 % to 20
% in less than 3 kyr (MIS 22/21, 24/23, 26/25). Additionally, high percentages of C. davisiana
appear closely related to spikes in the IRD AR (Fig. 5.3E) and when benthic §'*O values exceed
3.5 %o (Fig. 5.3A). The Lithomitra lineata/arachnea group (Fig. 5.4B) shows prominent peaks
preceding or together with those of C. davisiana (e.g. 1056, 981, 965, 868). Likewise, Larcopyle
weddellium and Spongopyle osculosa (Fig. 5.4D, C, respectively) appear to be related to the
C. davisiana distribution (Fig. 5.4A), since they peak at IRD events (e.g. at 821, 868 and 1005
ka). Other abundant species, Actinomma leptodermum/boreale group, Pseudodyctiophimus
gracilipes, Lithomelissa setosa, Phorthicium clevei, “drift fauna group”, Actinomma
medianum, Spongotrochus glacialis/resurgens group, Stylochlamydium venustum, Larcoyple
buetchslii, Larcospira minor, Botryostrobus auritus/australis group, Stylodictya validispina,
Druppratractus variabilis, Lithocampe platycephala (Fig. 5.4E-I; 5.5A-D), appeared mainly
along interglacial intervals, although some of them showed rather diverse distribution patterns.

A. leptodermum/boreale group showed increased abundances during MIS 22, 26, during the
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transitions 20/19, 22/21, 26/25, and at sub-stages of MIS 21 (Fig. 5.4E). L. platycephala spikes
occurred mainly during interglacial periods (Fig. 5.5H), although maxima (5-6%) are displaced
toward the end of the interglacial or at benthic 6'*O values between 3.5 and 3 %o (Fig. 5.3A).
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Phaeodarians (Lirella mello and Euphysetta spp.) are little represented in our samples,
and they occur normally during periods of moderate to high RAR within interglacial periods
(Fig. 5.3C blue dots). The Shannon-Weaver diversity-index (H) shows a distribution pattern
following glacial/interglacial units (Fig. 5.3G) and is negatively correlated with the distribution
of the deep-living taxon C. davisiana. Higher H values were recorded during light 6'*0 values

(interglacial stages) and low percentages of C. davisiana, and vice versa (Fig. 5.3F-G).

The results of the DCA of the radiolarian data from Site U1314 are shown in Fig. 5.7.
Axes eigenvalues (Al: 0.20; A2: 0.08; A3: 0.06) indicate the amount of variation in the
dataset explained by each axis. In our DCA only Axis 1, which explain about 23 % of the total
variation, is discussed, since Axes 2 and 3 have very low variance (<0.1 %) and explain only
17 % of the variation (9% and 8.1%, respectively), and therefore are of uncertain interpretation
(Hammer, personal communication). Samples with higher positive Axis 1 values correspond to
cold isotope stages 26 and 22. Likewise, the species C. davisiana, S. osculosa and L. lineata/
arachnea group that nowadays have optimum abundances in sediments below cool waters and
glacial environments (e.g. Abelmann and Nimmergut, 2005; Bjerklund ef al., 1998; Okazaki et
al., 2004; Petrushevskaya and Bjerklund, 1974), are also placed at the positive side of the Axis
1. Furthermore, typical warm-condition species like P. clevei and A. medianum (Bjerklund et
al., 1998; Liier, 2003) are located on the opposite side (negative values) of the Axis 1. Species
that tolerate a wide range of temperature variance and also prefer mixing environments, like P
gracilipes (Bjorklund et al., 1998), are placed in the middle of the gradient (Fig. 5.7). Based
on this distribution pattern of species and samples in the DCA (Fig. 5.7), we have inferred that
a combination of factors associated with changing conditions in the water column between
glacial and interglacial periods (e.g. IRD input, ice-volume, nutrients, sea-surface temperature
and salinity) is the underlying variable related to Axis 1, thus being responsible for gradation

within the radiolarian assemblages from Site U1314.

Mantel correlogram and spectral analysis (Lomb periodogram) of the radiolarian assemblage,
RAR, and opal AR records respectively, are shown in figure 5.8. Main periodicities are centered
in Milankovitch orbital parameters of obliquity (~ 41 kyr), precession (~ 23 kyr), and to a lesser
extent eccentricity (~ 100 kyr).

5. DISCUSSION

Using the temporal distribution of the most frequent radiolarian taxa (> 1%) at Site
U1314 and the results obtained from the DCA, we have reconstructed water paleoceanographic
and climatic conditions in the North Atlantic Ocean along glacial and interglacial stages.
Additionally, for our ecological interpretation and radiolarian species water mass affinity,
we have used published data concerning the radiolarian distribution in the surface sediments
of the North Atlantic and the GIN-Seas (Bjerklund et al., 1998; Cortese et al., 2003; Goll

107



A high resolution opal and radiolarian record from the subpolar North Atlantic during the Mid-Pleistocene
Transition (1069-779 ka): palaeoceanographic implications

and Bjerklund, 1971; Matul, 1989a; Matul, 1994a; Matul, 1994b; Matul and Yushina, 1999;
Petrushevskaya and Bjerklund, 1974).
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Figure 5.6. DCA diagram of the radiolarian species (red triangles) and samples (black dots) from Site
Ul1314. Only samples occupying extreme positions along Axis 1 have been labelled with the age (ka).
Arrows indicate inferred (environmental) variables.

5.1. The Glacial ocean

Glacial ocean in the subpolar North Atlantic is characterized by south-eastward shifts of the

AF and expansion of cold arctic waters to meridional latitudes. These swings are accompanied

by seasonal formation of sea-ice, and a more restricted distribution of the warm surface waters,

NAC, in the North Atlantic, limited to a narrow flow compressed to the Norwegian continental

margin (Van Nieuwenhove et al., 2008). Surface and deep conditions become more dramatic

during episodes of large influx of terrigenous material to the ocean triggered by periodic surges

of icebergs from North Atlantic continental margins (Alley and MacAyeal, 1994; Bond et al.,
1992; Hemming, 2004; Moros et al., 2004). Enhanced melt-water flux associated with these

surges caused a great impact in thermohaline circulation by reducing convective overturning
and weakening the deep convection in the GIN Seas (Maslin et al., 1995; Vidal et al., 1997).

This hydrographic scenario caused a large drop in surface primary productivity, as seen

in the low DI values at Site U1314 and strong reduction in diatom abundance at neighbour
site 983 during MIS 26, 24 and 22 (Kog ef al., 1999a), and led to a drastic reduction in the
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radiolarian fauna. Most of radiolarian species observed at Site U1314 do not tolerate low SST
that accompanied ice-sheet advances, and consequently migrated to southern latitudes. Taking
into account these considerations, we suggest increasing percentages of C. davisiana during
glacial stages and IRD discharges must be related to the reduced number of other species and

development of unique conditions in the North Atlantic during these periods.

Nowhere in present day oceans C. davisiana abundances account for more than 5% of the
total assemblage (Bjerklund and Ciesielski, 1994; Morley, 1983; Morley and Hays, 1979; Morley
and Hays, 1983), except for the Okhotsk Sea, where C. davisiana exceeds 30 % (Abelmann
and Nimmergut, 2005; Hays and Morley, 2003; Itaki ez al., 2008; Nimmergut and Abelmann,
2002; Okazaki et al., 2004; Okazaki et al., 2003a). The favourable conditions for C. davisiana
in the Okhotsk Sea are closely related to well-ventilated, low-temperature, and oxygen-rich
intermediate waters (Abelmann and Nimmergut, 2005; Itaki, 2003; Nimmergut and Abelmann,
2002) and the supply of organic matter (Abelmann and Nimmergut, 2005; Hays and Morley,
2003; Nimmergut and Abelmann, 2002; Okazaki et al., 2003a). This hydrographic context
occurs during periods of low surface salinities combined with extensive sea-ice (Rogachev,
2000). Hence, based on these observations, we speculate that high C. davisiana abundances
at Site U1314 reflect prolonged periods of sea-ice cover, increased levels of sea-ice and/or
iceberg melt water producing low salinity surface waters, and the establishment of a shallow
temperature minimum, with relatively stable temperatures and salinities at depths below this
minimum. During glacial times, convection in the GIN Seas switched from a deep to intermediate
mode (Oppo and Lehman, 1993; Oppo and Lehman, 1995). Therefore, intensification of a cold
oxygenized intermediate water mass, accompanied by low surface temperatures and salinities
due to melt-water input during iceberg discharges, would result in a reduction of radiolarians
living in surface water and a dominance of C. davisiana in the North Atlantic, as it is observed
in the Okhotsk Sea (Abelmann and Nimmergut, 2005; Nimmergut and Abelmann, 2002).
This interpretation is further supported by the shifts toward negative values in the benthic
foraminiferal 6"°C from Site U1314 (2820 m depth) during C. davisiana peaks (Fig. 5.3B, F),
indicating a reduction in deep water production at depths lower than 2000 m and enhanced
ventilation at shallower depths (Flower et al., 2000; Kleiven et al., 2003; Venz et al., 1999). At
these times, deep water in the North Atlantic may have formed by brine rejection under sea ice
on the continental shelves by processes more analogous to those observed around Antarctica
today (Dokken and Jansen, 1999; Raymo et al., 2004; Vidal et al., 1998). Hence, as suggested
by Itaki et al. (2009), organic matter that serves as a food source for C. davisiana would be
released into the intermediate-water depths via a brine pumping process during winter sea-ice

formation.

Hydrographic conditions inferred for high percentages of C. davisiana at Site U1314
are corroborated by the concomitant increases of the polar foraminifera Neogloboquadrina

pachyderma sinistrorsa (sin.) at Site 980 and 984, for the time interval over which these two
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records overlap (1000-779 ka) (Wright and Flower, 2002). In North Atlantic marine sediments,
rapid increases in the abundance of N. pachyderma sin. correspond to a major reduction in
planktonic foraminifer abundance, linked with changes in primary productivity, and changes
in temperature and/or salinity related to AF fluctuations and massive iceberg discharges (Bond
et al., 1992; Bond and Lotti, 1995; Johannessen et al., 1994; Pflaumann et al., 2003). Hence,
we suggest that high percentages of C. davisiana significance in Early and Mid-Pleistocene
sediments at Site U1314 would be analogue to that of the polar planktonic foraminifera N.
pachyderma sin. in the North Atlantic.

A detailed examination of the relationship between glacial-interglacial conditions and
C. davisiana peaks, reveals that high abundances of the species occurred when benthic 6'*0
values were around 3.5 %o and the highest abundances coincide with 3'*O more than 4%o (Fig.
5.3A, F), as previously noted by Ciesielski and Bjerklund (1995). This observation is supported
by correlation between Axis 1 samples scores and benthic 3'*O values (Table 5.2); the higher
oxygen isotope values, radiolarian assemblage is more dominated by species located at right side
of Axis 1, like C. davisiana. The boundary of 3.5%o in benthic 6O for increased C. davisiana
populations is the same threshold as proposed by McManus et al. (1999) as the minimum ice-
volume required to trigger large instabilities in the North Atlantic ice-sheets. Therefore, C.
davisiana abundance fluctuations seem to be dependant on a gradual ice growth that weakens
deep-convection and triggers catastrophic IRD events, when benthic 6'*0 values exceed 3.5%o
(Fig. 5.3A, E-F). This close relationship between C. davisiana and high benthic 6'*O values
also showed up in the position of C. davisiana along the Axis 1 of the DCA (Fig. 5.7), next
to the samples with heaviest oxygen isotopic values. Rapid depletions came along with large
reductions in the C. davisiana populations near stage transitions (Fig. 5.3F) (e.g., stages 22/21,
24/23,26/25), which would indicate rapid loss of the continental ice-volume during deglaciation

that facilitates the resumption of LNADW versus the intermediate circulation.

Benthic
5'%0

Axis 1 -0.223 0.458 0.348

RAR IRD AR

Table 5.2. Correlation matrix between Axis 1 from DCA and Site U1314 proxies. The bold values
correspond to significant correlations at p < 0.01 level.

Ubiquity of C. davisiana in glacial Early and Mid-Pleistocene sediments is a common
feature in the North Atlantic, since high percentages of this species have been also observed
in other neighbour sites 114, 609 and 646 (Benson, 1972; Ciesielski and Bjerklund, 1995). In
this sense, it is striking that lower than expected C. davisiana percentages during MIS 20 at
Site U1314 and former sites (Fig. 5.3F), were also observed in the Okhotsk Sea (Matul et al.,
2009). Since C. davisiana relative abundance patterns appear to be synchronized worldwide
(Morley and Hays, 1979; Morley et al., 1982), this similarity between North Pacific and the
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North Atlantic oceans may represent an environmental change at global scale.

Larcopyle weddellium and Spongopyle osculosa have been listed as intermediate-deep
species in several regions (Abelmann and Gowing, 1997; Casey et al., 1979b; Kling and
Boltovskoy, 1995; McMillen and Casey, 1978). At Site U1314, both taxa appear frequently
associated with the high C. davisiana percentages that also characterize the IRD events.
Molina-Cruz (1977a) observed high percentages of Spongurus sp. (=L. weddellium) associated
with C. davisiana in coastal and cool waters of the southeast Pacific during episodes of low
radiolarian productivity due to very high rates of terrigenous supply. In the same sense, Dow
(1978) reported that S. osculosa is also highly correlated with high percentages of C. davisiana
and IRD in the Pleistocene sediments of the Indian Ocean. Okazaki et al. (2004) related S.
osculosa to unfavourable conditions in the surface waters of the Okhotsk Sea due to seasonal
formation of sea-ice (low sea surface salinities and temperatures). Environments described by
previous authors therefore suggest conditions very similar to those when IRD was discharged at
Site U1314, meaning a water column more suitable for the development of deep-dwellers, due

to fresher surface water, causing stratification of the upper water layer.

On the other hand, the Lithomitra lineata/arachnea group (Fig. 5.4B) shows discrete
percentages along the studied period, although several significant peaks (3-9%) appear
close to the IRD peak together with high C. davisiana abundances (e.g. at 1056, 981, 965,
868). Hass et al. (2001) and Molina-Cruz (1991) also reported L. lineata together with C.
davisiana and continental terrigenous supply, and depicted this assemblage as an indicator of
a clear arctic environment, influenced mainly by sea-ice conditions and related to southward
migrations of the AF in a short time-scale. Petrushevskaya and Bjerklund (1974) concluded that
the cosmopolitan species L. lineata preferentially inhabits deep waters in cold water regions,
together with Artostrobus annulatus and C. davisiana, as observed in our samples. Moreover,
Petrushevskaya (1971a) included L. arachnea in her list of species with positive preservation
potential, so its increase during IRD and glacial periods may be due to its high resistance to
dissolution. Therefore, the L. lineate/arachnea group peaks in our samples may indicate cooling

conditions during the progressive southward expansion of the AF.

Following C. davisiana peaks, at cold and deglacial events, once the adverse conditions
for the development of shallow species ended (extensive sea-ice conditions) Actinomma boreale
and A. leptodermum bloomed (Swanberg and Eide, 1992). Numerous authors have reported
high abundances of the A. leptodermun/boreale group (Bjerklund et al., 1998; Hass et al., 2001;
Molina-Cruz and Bernal-Ramirez, 1996; Petrushevskaya and Bjerklund, 1974; Swanberg and
Eide, 1992) in the Greenland and Iceland Seas related to arctic or cold atlantic surface waters,
and hence, they seem to be adapted to cold-water conditions. Therefore, increased abundances
of the A. leptodermun/boreale group during cool and transitional periods suggest arctic or cold

atlantic environments with open oceanic conditions.
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5.2. The Interglacial ocean

Since total biogenic opal and the radiolarian content are generally used to infer ocean
productivity, variability in the radiolarian assemblage can also be a good proxy to for monitoring
changes in surface water processes. P. gracilipes and L. setosa are small-sized nassellaria strongly
linked to warm water masses in the Norwegian Sea (Cortese ef al., 2003) under conditions of
high primary productivity and eutrophic conditions (Yamashita et al., 2002). P. gracilipes (Fig.
5.4F) and L. setosa (Fig. 5.4G) show a distribution pattern that is parallel to those of RAR
and DI (Fig. 5.3C-D). Accordingly, both species are directly related with increased primary
productivity associated with increased influence of the warm NAC and water column water
mixing (Swanberg and Eide, 1992; Takahashi, 1997)

In the same sense, occurrence of shallow water (upper 200 m) and temperate conditions
species P. clevei (= P. pylonium), S. glacialis/resurgens group, L. buetchslii, S. venustum, S.
glacialis/resurgens group, L. minor, Botryostrobus auritus/australis group, A. medianum,
Stylodictya validispina (Abelmann and Nimmergut, 2005; Boltovskoy et al., 1996; Hass et
al., 2001; Hays and Morley, 2003; Liier, 2003; Matul et al., 2002; McMillen and Casey, 1978;
Okazaki et al., 2004; Samtleben et al., 1995) during interglacial periods (MIS 31, 29, 27, 25,
21) would indicate a northward position of the AF and stronger transport of the NAC, which
brings warm waters to high latitudes and originates the high productivity conditions in the area
of Site U1314 (Bjerklund et al., 1998; Goll and Bjerklund, 1971; Hatakeda and Bjerklund,
2009; Matul, 1989b; Matul, 1994a; Matul and Yushina, 1999). A similar response is shown by
Druppatractus variabilis (=Druppratractus cf. pyriformis) (Fig. 5.51), considered a surface-
dweller of warm-waters in the Gulf of California, where it reaches high abundances with

development of oceanic fronts (Molina-Cruz, 1988; Molina-Cruz et al., 1999).

S. venustum (Fig. 5.5C) and S. glacialis/resurgens group (Fig. 5.5B), both indicative of
open ocean conditions (Okazaki et al., 2003a), show some peaks during low RAR (e.g. at 917
and 904 ka). This can be explained by the high adaptability to adverse surface conditions,
like low temperature and salinity with strong seasonal changes (Nimmergut and Abelmann,
2002). Moreover, S. glacialis/resurgens group, S. venustum, and other radiolarians belonging
to Spongodiscidae family (Spongodiscus sp., Porodiscus sp. and S. validispina) are particularly
resistant (Boltovskoy et al., 1993a; Takahashi and Honjo, 1983), allowing easier identification

of incomplete shells, thus increasing considerably their abundances in our samples.

L. platycephala occurs during cool periods, according to the benthic 6'®*0O values. This
species inhabits subarctic waters in the modern Iceland and Greenland seas, in the mixing
area of arctic and atlantic waters (Bjerklund et al., 1998; Cortese et al., 2003; Molina-Cruz
and Bernal-Ramirez, 1996). Consequently, L. platycephala in our samples is related to the

southward migration of arctic waters during the beginning of glaciations.

As discussed previously, C. davisiana generally accounts for less than 5% in the modern
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North Atlantic and in surface sediments (Bjerklund ef al., 1998; Petrushevskaya and Bjerklund,
1974); we can therefore assume that samples with the lowest percentages of C. davisiana at
Site U1314 correspond with fully developed interglacial conditions similar to present day
ocean, with a resumed deep convection in the Nordic Seas that ventilates the North Atlantic
at all depths (Venz et al., 1999). In contrast, C. davisiana abundances exceeding 20% in some
samples located within interglacial stages may correspond to significant cool periods within
robust interglacial stages (at 821 and 827) or weak interglacial stages (at 906, 970, 988 and
1022). This is further confirmed by the absence of L. setosa (< 1 %) and high percentages of S.
venustum (up to 11 %), which tolerates a wide range of temperatures and salinities (Abelmann
and Nimmergut, 2005; Nimmergut and Abelmann, 2002), as during early MIS 25. This suggests
that some input of cold and low salinity waters reached the area of Site U1314 during this
interglacial stage and increased the percentages of S. vensutum and C. davisiana, causing a

decrease in L. setosa abundance.

Finally, we interpret increased values of “drift fauna group” during interglacial as enhanced
NAC episodes that transport them to the subpolar North Atlantic. These species are intruders
from tropical waters and can probably not live and reproduce at latitudes as high as 58° N
(Bjerklund and Kruglikova, 2003; Cortese et al., 2003). Consequently, they drifted passively up

to the Site U1314 location and do not represent “in-situ” radiolarian production.

5.3. Changes in radiolarian and opal accumulation at Site U1314

Global ocean distribution of radiolarians, as in other important opaline plankton groups
(diatoms and silicoflagellates), is dependent on several major environmental parameters,
although several authors have highlighted the close affinity of this group to food availability
among other factors (Boltovskoy et al., 1996; De Wever et al., 1994b; Petrushevskaya and
Bjorklund, 1974). Determination of RAR, in combination with opal AR, may serve as a first-
order approximation of past levels of surface productivity, but with some limitations because of
possible differential dissolution problems at the sediment water interface (Broecker and Peng,
1982; Takahashi, 1994). Nevertheless, decrease in bulk sediment porosity during IRD deposition
would reduce water content, and hence would limit exchange with silica unsaturated bottom
waters and better preserve opal microfossils (Nave et al., 2007). In addition, penetrations of
silica-rich southern source waters far into the high northern latitudes during decreased relative
glacial production of NADW (Marchitto et al., 2002) would help for major opal preservation
in North Atlantic sediments. Consequently, we discard opal dissolution as a mechanism for the
lower RAR observed at IRD events.

Opal generally accumulates in sediments when diatom and radiolarian production is
high, and therefore the primary signal related to opal production is quite relevant in view of

the paleoceanographic utilization of opal accumulation data, where emphasis is placed on
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production rather than on preservation processes (Cortese ef al., 2004). Our opal AR, conforms
well to the general pattern of the RAR and the DI at Site 1314 (Fig. 5.3C-D), suggesting that both
signals reflect large-scale changes in the amount of microfossil silicate in our core. However, a
point-by-point comparison of both records shows that they are not totally equivalent (Pearson’s
correlation coefficient R= 0.67, Fig. 5.6). This is not surprising since RAR values exclude
all opal particles smaller than 45 pm (our sieve mesh size), and fragments or opal produced
by diatoms and sponge spicules are both considered as significant components of total opal
(Leinen, 1985).
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Figure 5.7. Correlation between RAR and opal AR. * Correlation is significant at p < 0.01 level._

RAR and opal AR signals co-vary in accordance with the climatic background (Fig. 5.3C),
in a way similar to contemporary conditions. Today, the Reykjanes Ridge area located southeast
of the AF, has an annual mean sea surface temperature of 9°-10° C, and is an area of maximal
accumulation of radiolarian skeletons (up to 30000 individuals per gram of sediment) in surface
sediments from the North Atlantic region (Goll and Bjerklund, 1971; Matul, 1989a). Hence, we
can assume that the samples with the highest radiolarian productivity in our study were similarly
located south of the AF or near the region of mixing between the warm atlantic and cold arctic
waters, as suggested by Molina-Cruz and Bernal-Ramirez (1996). Moreover, according to Aksu
and Mudie (1985), high dissolved silica fluxes from the Arctic Ocean (Codispoti, 1979) and
increased SST in the North Atlantic during interglacial stages would increase radiolarian and
diatom production as well the preservation of opal in the sedimentary record (Berger, 1970b;
Nave et al., 2007; Takahashi, 1991).

During IRD peaks, radiolarian shells are scarce indicating a period with decreased fertility
in the upper water layers (Herguera, 1992; Takahashi, 1991). We interpret this as reduced opal
and radiolarian production rates associated with the climate-induced southward migration of
the AF, bringing to the Site U1314 location water with low SST, as well as reduced light due
to extended ice cover, and accompanying stratification by melt-water input (Aksu et al., 1992;
Morley, 1983; Scharek et al., 1994). Additionally, transfer of arctic waters rich in dissolved
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silica to the North Atlantic would be restricted due to the partial or total freezing of the Arctic
Ocean, limiting nutrient input to the Site U1314 area (Aksu and Mudie, 1985). These results are
in agreement with those of Thomas et al. (1995) and Nave et al. (2007), who reported similar
reduced surface productivity during Heinrich Events in the North Atlantic (50° - 62° N), on the
basis of benthic foraminifera and diatom-based proxies, respectively. Under these unfavourable
environmental conditions, only cold-adapted radiolarian species like C. davisiana can survive
(Bjerklund and Ciesielski, 1994; Morley et al., 1987; Morley, 1983; Morley and Hays, 1983).
RAR are considerably low during these periods, and C. davisiana is not an important opal
carrier (Jacot Des Combes and Abelmann, 2009), what explain the low opal AR values during
critical glacial periods. Opal production was likely restricted to short periods in ice-free areas
of the North Atlantic and Nordic Seas during summer (Pflaumann et al., 2003), similar to
biological productivity episodes in the modern Arctic Ocean (Bjerklund and Kruglikova, 2003;
Itaki, 2003).

Important reductions in the radiolarian content during glacial times since 950 ka, were
also observed in the Northwest Pacific (Morley and Dworetzky, 1991). This suggests a cooling
trend and onset of major ice-sheets that could have diminished glacial ocean productivity in the
Northern Hemisphere (Berger et al., 1993a; Berger and Jansen, 1994c).

Additionally, since the Gardar Drift is a contourite drift formed by accumulation of
sediment carried by the northeastern branch of the NADW, the ISOW (Bianchi and McCave,
2000), we can expect some size-sorting by bottom currents at Site U1314. Interglacial stages
with low benthic 6'*0 values and null IRD deposition at Site U1314 correspond with periods
of enhanced ventilation of the deep North Atlantic, as indicated the high benthic 6"°C values
ISOW, correspond with higher opal plankton productivity (Fig. 5.3A-C). Episodes of enhanced
ISOW flow correspond with enhanced silt and clay deposition over the southern end of Gardar
Drift (Bianchi and McCave, 1999). Hence, we suggest that increases of RAR and opal AR
during interglacial periods are the result of enhanced transport of fine sediment by ISOW,
being this material dominated biogenic particles derived of increased planktonic productivity
in surface warmer waters. In contrast, during cold periods with weakened ISOW flow because
of melt-water input at deep-convection sites, fine biogenic sedimentation was strongly diluted
by periodic and episodic influxes of ice-rafted material from the surrounding land masses.
Thus, the pronounced contrast in RAR and opal AR within G-1G stages results from oceanic
circulation changes: either from surface circulation governing the ice-rafted detritus supplies
and the planktonic biogenic production; and from deep circulation changes with the reactivation
of the ISOW flow.

5.4. Mid-Pleistocene Transition: impact on the radiolarian fauna

The interval investigated is within the period known as the Mid-Pleistocene Transition
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(MPT), characterized by a shift of global glacial/interglacial cycles from 41-kyr to 100-kyr (e.g.
Berger and Jansen, 1994c; Ruddiman et al., 1989). This shift in the dominant cyclicity triggered
several large-scale climatic-events; e.g. global ice mass increase (Mudelsee and Schulz, 1997),
drastic cooling and aridification in Africa (deMenocal, 1995), and large ice-sheet advances in
the North and South Atlantic Ocean (Ferretti et al., 2005; Raymo et al., 1997). Likewise, clear
radiolarian-based evidence shows change in the sea-surface temperature after MIS 26 toward
cooler conditions (Matul ef al., 2009; Morley and Dworetzky, 1991; Wang and Abelmann,
2002; Wang et al., 2000). According to faunal and isotopic data from Site U1314, we have

identified two time-periods in our sedimentary record with different dominant cycles.

In the period from 1069 to 860 ka, the distribution of the RAR was characterized by
frequent low-amplitude fluctuations (Fig. 5.3C), where adverse surface conditions (extensive
sea-ice and IRD discharges) were not always accompanied by minimum values of radiolarian
abundance and diversity, suggesting milder conditions, or an ocean that was only seasonally
partly ice-covered and allowed a certain amount of plankton productivity. This interval is
characterized by a radiolarian assemblage continuously dominated by the cold and deep-
dweller C. davisiana (27 % on average) (Fig. 5.4A), but co-occurring with shallow-dwellers,
like P. gracilipes and L. setosa (Fig. 5.4F-G). This planktonic fauna and flora suggests a cold
environment with relatively stable water masses at Site U1314, even during interglacials, as a
result of an AF that was southward of its present position. Dominance (> 60 %) of the cold-water
diatom Neodenticula seminae (Shimada et al., 2008) and high concentrations of C,, , alkenones
(McClymont et al., 2008) in the North Atlantic until MIS 21 support the inference made from
our radiolarian data that cooler and fresher waters prevailed at Site U1314 during this interval.
This also indicates the absence of extreme contrast between glacial and interglacial periods, due
to the rapid fluctuation of the volume of continental ice-masses discharged to the North Atlantic
following the 41-kyr Milankovitch obliquity cycles, without the time necessary for building up

a great continental ice-sheet (Mudelsee and Schulz, 1997).

After ~ 860 ka ago, higher amplitude changes are recorded in the benthic 3'*O signal.
MIS 22 represents the first interval of substantial sea-level fall due to the glacioeustatic effect of
continental ice build-up (Ferretti et al., 2005), consistent with the onset of the larger-amplitude
100-kyr Milankovitch eccentricity cycles during the Brunhes Chron (Mudelsee and Schulz,
1997). At Site U1314, the onset of the large-amplitude 100 ka cycles is manifested in the heavy
benthic isotope values recorded during MIS 22, the highest for the last 1.1 Myr, and the massive
growth of the ice rafting activity (Fig. 5.3A, E) suggests more severe glacial conditions. Glacial
MIS 22 also represents a marked decrease in the accumulation of radiolarians, producing a

greater contrast in glacial/interglacial planktonic production.

Likewise, a shift in the faunal composition can also be appreciated from about 850 ka
upward. Upcore of MIS 21, the main cold taxon, C. davisiana underwent a large shift toward

lower values (9 % on average), while Shimada et al. (2008) observed a rapid disappearance of
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N. seminae from the North Atlantic diatom community, indicating an increase in the abundance
of warm water diatoms. This scenario suggests a progressive northwest retreat of the AF, that
culminated after 610 ka (MIS 16), to almost the same position that it occupies today (Wright
and Flower, 2002), and hence an intensification of the northward flow of warm subtropical
water, as reflected by the increased numbers of warm-water radiolarian species (e.g. Fig. 5.41)
after 850 ka. Moreover, higher opal and RAR values (Fig. 5.3C) after MIS 22 may indicate
increased nutrient supply from land and continental shelves (Kitamura and Kawagoe, 2006)
during large amplitude sea level fluctuations in glacial cycles after 890 ka (up to 33m) (Prell,
1982; Ruddiman et al., 1989), leading to higher primary productivity (Broecker, 1982) and

more efficient export flux of surface biosiliceous production (Shimada et al., 2008).

5.5. Diversity Index

Radiolarian diversity tracks decreasing ecosystem complexity with depth; in other
words, there are more niches for radiolarians in shallow waters than in deep waters (McMillen
and Casey, 1978). Hence, the H pattern at Site U1314 reflects water column “habitability”,
which in turn depends on the climatic background. During interglacial periods, we observe
numerous shallow water species, some of them microhervibores or with host-symbionts,
such as Didymocyrtis tetrathalamus, Eucyrtidium spp., Heliodiscus asteriscus, Peridium sp.,
Pterocanium praetextum, Tetrapyle octacantha and Ommatartus tetralamhus (Takahashi et al.,
2003). In contrast, during glacial periods, proliferation of shallow dwellers is hampered by
harsh conditions such as sea ice and large salinity and temperature changes (Hays and Morley,
2003; Morley and Hays, 1983), leading to enhancement of percentages of the deep-dweller C.
davisiana, which feeds mainly on phytodetritus provided by the brine pump system (Abelmann
and Nimmergut, 2005; Anderson, 1983; Itaki et al., 2009). These results agree with the findings
of Bjorklund et al. (1998) for the GIN Seas, who described the highest species richness for
polycystine radiolarians in the warm atlantic domain, while the lowest species number was
found in the colder arctic and polar domains. In the same way, the H pattern of radiolarians in
the North Atlantic is very similar to that described by planktonic foraminifera: showing higher
H values with the shifting of the warm Gulf Stream surface currents into the North Atlantic
(Balsam and Flessa, 1978; Ruddiman, 1969).

5.6. Time series and variance spectra

In order to show the dominant signals controlling the radiolarian assemblage structure,
RAR, and opal AR, different techniques of spectral analysis (see Results) were used to study

the variability of the three paleoceanographic records.

A prominent peak at 40 samples indicates a recurrence of taxa over a 7 kyr period (Fig.

5.8A). The power spectrum generated from the discrete Fourier transform of the Mantel
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correlogram shows two spectral peaks, at 6 and 14, reflecting an obliquity-dominated (~ 48
kyr) and precessional signal (~ 20 kyr) over the 289 kyr period, respectively (Fig. 5.8B). The
offset of 7 kyr in the obliquity frequency found in the radiolarian assemblage indicates that this
spectral peak may not be related in a simple direct way to the suggested periodicity, and that
further considerations which we have not identified in this study may influence the radiolarian
assemblage periodicity. Likewise, spectral analysis of the RAR and opal AR record reveals a
significant obliquity-related response (~ 45 kyr and ~ 47 kyr respectively) and precessional
signal (~ 23 kyr and ~ 27 kyr respectively) (Fig. 5.8C-D). Therefore, frequencies driving RAR,
opal AR and radiolarian assemblage signals coincide with the dominant Earth’s solar orbit
during the MPT, obliquity and precession (Mudelsee and Schulz, 1997; Mudelsee and Stattegger,
1997), and indicating that the quasi-periodic oscillations observed in the variations of all bio-
silica records at Site U1314 are largely controlled by these orbital parameters. Moreover, the
periodogram from the RAR record also shows a third dominant cyclicity (~ 100 kyr) (Fig.
5.8C), and opal AR shows cyclicity centered at ~ 121 kyr and ~ 83 kyr (Fig. 5.8D), both related
to eccentricity and reflecting the incipient climatic transformation at the MPT (Berger ef al.,
1993a). Coherence between the dominant periodicity of the bio-silica records from Site U1314
indicates that climate changes driven by orbital parameters affect indistinctively the radiolarian
group and all other opaline siliceous organisms (e.g. diatoms, silicoflagellates and sponge

spicules), independently of their different ecologies.

A) 48 — C) 16
E Mantel correlogram of the radiolarian assemblage h
%‘ 44 — from Site U1314 using the inner product measure.
© 4 Sample spacing is 1089 years. 12—_100ﬂr
£ 40 1
c . g 8 —
S 36 o
= 4
32 — 4
28 U L L L L | e L L L B B L B B B
0 20 40 60 80 100 0 0.02 0.04 0.06 0.08
Lag (samples
0.25 g ( ples) 120 Frequency, 1/kyr
B) | 48kyr
0.2 —
20.15+ 20 kyr
3 4
& 0.1 4
0.05 —
0 ' [ ' [ ' [ ' I ' | I ' I !
0 20 40 60 80 100 0.06 0.08
Frequency, units of cycles per Frequency, 1/kyr

total time study (290 kyrs)

Figure 5.8. A) Mantel correlogram of the multispecies time series for the interval 1069-779 ka using
inner product measure (sample spacing is 1089 year) and B) time spectra using the discrete Fourier
transform of the Mantel correlogram. See Hammer (2007) for procedure description. Spectral analysis
(Lomb periodogram) of the different paleoceanographic records from Site U1314: C) RAR and D) opal
AR for the same interval. Numbers above peaks denote respective periodicities. The 0.01 and 0.05
significance levels ('white noise lines') are shown as red dashed lines.
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6. CONCLUSIONS

The biogenic silica data set from Site U1314 provides a detailed record of surface
oceanographic conditions (radiolarian assemblages) and surface productivity conditions
(biogenic silica deposition) for the Early and Mid-Pleistocene (1069-779 ka) in the North
Atlantic.

Temporal evolution of radiolarian assemblage composition and results from DCA
show that the hydrographic and climatic context had a major influence on the radiolarian
assemblage, yielding a clear glacial/interglacial faunal succession. During glacial periods C.
davisiana dominated the radiolarian fauna because of the relatively low-surface temperatures
and the episodically low surface salinities caused by ice melting and the increase in the IRD
delivery, which restricted the radiolarian productivity and diversity (H). In contrast, during
interglacial periods, warm and shallow water dwellers (e.g. P. gracilipes, L. setosa, S. glacialis/
resurgens group and S. venustum) proliferate due to the open water conditions provided by
the vicinity of the warm atlantic waters and the ice-sheet retreat, which is conducive to higher
surface water productivity and higher H. Furthermore, occasional occurrence of species with
tropical-subtropical affinity (“drift fauna group”) is related to a northeastward transport by the
warm atlantic surface waters to the Site U1314 position; therefore do not represent “in-situ”

production.

The temporal pattern of the RAR runs parallel with the DI and opal AR patterns, suggesting
that radiolarians as a whole can be considered a productivity indicator in Pleistocene samples
of the North Atlantic. Radiolarian and opal paleofluxes show significant fluctuations along
the sedimentary record according to the climate-induced latitudinal migration of the AF and
associated changes that took place in the water column; increased RAR and opal values during
interglacials indicate intense water mixing and active NAC flow in the North Atlantic, that
decrease during glacial periods, when severe surface conditions (low SST and sea-ice cover)

and stratification by melt-water input during ice-rafting episodes occurred.

Additionally, bottom currents play an important role on fine grain material sedimentation
at Site U1314. Enhanced ISOW flow during interglacial periods results in an increase in
accumulation of fine biogenic particles produced at surface, while less vigorous deep-water
flow over Gardar Drift during melt-water events transported and accumulated less fine-grained
material, including less opal plankton, that led to the relative concentration in the sediment of
the coarsed-grained fraction. Therefore, the pronounced contrast in RAR and opal AR within
G-IG stages results from a combination of surface and deep oceanic circulation changes: either
from surface circulation governing the ice-ratted detritus supplies and the planktonic biogenic

production; and from deep circulation changes with the reactivation of the ISOW flow.

The temporal variation of the radiolarian assemblage along the Site U1314 record shows a

drastic change at MIS 22 (~ 860 ka). Before this time the deep-dwelling taxon C. davisiana co-
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existed with shallow dwellers, e.g. P. gracilipes and L. setosa, indicating a milder environment
without such extreme seasonal conditions and not so severe glacial conditions, with dominance
of the 41-kyr glacial cyclicity. Since ~ 860 ka more severe glacial conditions, due to increased
global ice-volume, caused a strong reduction in the North Atlantic thermohaline circulation
(Mudelsee and Stattegger, 1997). Isotopic and faunal records at Site U1314 do show higher
amplitude variations in response to these new environmental conditions. The radiolarian
assemblage shows a higher contrast between glacial and interglacial periods. Cold and deep-
dwellers dominated during glacial periods and IRD discharge. In contrast, interglacial periods
are characterized by an increase in shallow-dwellers that represent enhanced opal and radiolarian

production during introduction of warm atlantic waters and water mixing.

Spectral analyses (Mantel periodograms) of the radiolarian assemblage reveal dominant
periodicities of ~ 48 kyr and ~ 20 kyr, which could be related to the Milankovitch cycles of
obliquity and precession, respectively dominant during the MPT. RAR and opal AR records
exhibit a coherent response to the whole radiolarian assemblage, with a more significant
obliquity and precessional -related cyclicity, and showing an incipient eccentricity signal, which

represents the prelude of the high-amplitude cycles typical during the Late Pleistocene.
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PLATE 1

1-4. Actinomma boreale Cleve, 1899
1. Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
2-3. Hole B; core 9; section 2; cm 124-126 (77.84 mcd)
4. Hole C; core 8; section 6; cm 30-32 (75.20 mcd)
5-8. Actinomma leptodermum leptodermum (Jorgensen, 1900)
Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
9-11. Actinomma medianum Nigrini, 1967
9-10. Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
11. Hole C; core 8; section 5; cm 2-4 (73.42 mcd)
12. Actinomma popofskii (Petrushevskaya, 1967)
Hole C; core 8; section 6; cm 30-32 (75.20 mcd)
13. Actinomma trinacrium Haeckel, 1862
Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
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PLATE 2

1-3. Druppatractus variabilis Dumitrica, 1973
Hole B; core 9; section 2; cm 124-126 (77.84 mcd)
4. Dictyocoryne profunda Ehrenberg, 1860
Hole C; core 8; section 5; cm 2-4 (73.42 mcd)
5-6. Heliodiscus asteriscus Haeckel, 1887
Hole B; core 7; section 6; cm 38-40 (61.88 mcd)
7-8. Larcopyle buetschlii Dreyer, 1889
7. Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
8. Hole B; core 9; section 2; cm 124-126 (77.84 mcd)
9-14. Larcopyle weddellium Lazarus et al, 2005
Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
15-19. Larcospira minor (Jorgensen, 1900)
15. Hole B; core 9; section 2; cm 124-126 (77.84 mcd)
16-19. Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
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A high resolution opal and radiolarian record from the subpolar North Atlantic during the Mid-Pleistocene
Transition (1069-779 ka): palaeoceanographic implications

PLATE 3

1-5. Phorticium clevei (Jorgensen, 1900)
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
6-9. Porodiscus sp. 1
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
10. Spongocore puella Haeckel, 1887
Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
11-12. Spongodiscus sp. Takahashi and Honjo, 1981
Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
13-15. Spongopyle osculosa Dreyer, 1889
13-14. Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
15. Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
16-19. Spongotrochus glacialis/resurgens group Popofsky, 1908
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
20. Stylatractus sp. 1
Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
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A high resolution opal and radiolarian record from the subpolar North Atlantic during the Mid-Pleistocene
Transition (1069-779 ka): palaeoceanographic implications

PLATE 4

1-6. Stylochlamydium venustum (Bailey, 1856)
1-3. Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
4-6. Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
7-9. Stylodictya validispina Jergensen, 1905
7-8. Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
9. Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
10. Tetrapyle octacantha Miiller, 1858
Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
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A high resolution opal and radiolarian record from the subpolar North Atlantic during the Mid-Pleistocene
Transition (1069-779 ka): palaeoceanographic implications

PLATE S

1-3. Artostrobus annulatus (Bailey, 1856)
1. Hole C; core &; section 2; cm 146-148 (70.36 mcd)
2-3. Hole C; core 8; section 5; cm 2-4 (73.42 mcd)
4. Artostrobus joergenseni Petrushevskaya, 1967
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
5. Botryocampe inflata (Bailey, 1856)
Hole C; core 8; section 5; cm 2-4 (73.42 mcd)
6-7. Botryostrobus auritus/australis (Ehrenberg) group Nigrini, 1977
Hole B; core 9; section 2; cm 124-126 (77.84 mcd)
8. Botryostrobus tumidulus (Bailey, 1856)
Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
9-10. Cornutella profunda Ehrenberg, 1854
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
11. Corocalyptra craspedota (Jorgensen, 1900)
Hole A; core 8; section 6; cm 2-4 (69.17 mcd)
12-18.Cycladophora davisiana (Ehrenberg, 1862)
12-16. Hole B; core 9; section 2; cm 124-126 (77.84 mcd)
17-18. Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
19. Eucyrtidium acuminatum (Ehrenberg, 1844)
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
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A high resolution opal and radiolarian record from the subpolar North Atlantic during the Mid-Pleistocene
Transition (1069-779 ka): palaeoceanographic implications

PLATE 6

1-3. Lithocampe platycephala (Ehrenberg, 1873)
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
4-8. Lithomelissa setosa Jorgensen, 1900
4-6. Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
7-8. Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
9-14. Lithomitra lineatal/arachnea group (Ehrenberg, 1839)
9. Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
10-14. Hole C; core 7; section 5; cm 146-148 (64.46 mcd)
15. Lithostrobus cuspidatus (Bailey, 1856)
Hole B; core 9; section 1; cm 126-128 (76.36 mcd)
16. Peripyramis circumtexta Haeckel, 1887
Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
17-23. Pseudodictyophimus gracilipes (Bailey, 1856)
17-19. Hole C; core 8; section 5; cm 2-4 (73.42 mcd)
20-23. Hole C; core 8; section 5; cm 2-4 (73.42 mcd)
24-27. Stichocorys seriata Jorgensen, 1905
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
28. Euphysetta nathorstii Cleve, 1899
Hole C; core 8; section 4; cm 98-100 (72.88 mcd)
29. Lirella melo (Cleve, 1899)
Hole C; core 8; section 2; cm 146-148 (70.36 mcd)
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Capitulo 6

RESUMEN. Muestras de testigos extraidos en el IODP Site U1314, localizado en
la formacion Gardar Drift (Atlantico Norte subpolar), fueron estudiados para determinar
que procesos controlan la sedimentacion terrigena continental en esta area, e identificar la
fuente de dicho material litico. Para este propodsito, hemos realizado un estudio geoquimico
y mineralogico a través de digestion total de sedimento y difraccion de rayos X, y un estudio
micropaleontologico y litologico en la fraccion gruesa (>150 um) entre ~ 830-779 ka (estadios
isotopicos marinos 21-19). Con este enfoque, hemos sido capaces de determinar que cuarzo,
plagioclasa, filosilicatos, fragmentos liticos de tamafio arena (principalmente cuarzo y material
volcanico), y algo de dolomita, fueron liberados al océano durante secuencias episddicas de
avance/retroceso de los casquetes de hielo continental, mientras que la calcita biogénica y el
feldespato dominaron la sedimentacion durante periodos calidos. Carbonato detritico rico en
dolomita es escaso en nuestras muestras, indicando una expansion limitada del casquete de
hielo de Laurentia hacia el estrecho de Hudson, o que alternativamente, los icebergs producidos
en esta region no sobrevivieron al transporte hasta el area del testigo U1314. Esta observacion
indicaria que otros casquetes mas cercanos han servido como fuente de material transportado

por el hielo, denominado ice-rafted debris (IRD), durante descargas masivas de los icebergs.

Palabras clave: IRD; Atlantico Norte; geoquimica; mineralogia; sedimento; carbonato

detritico rico en dolomita.
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ABSTRACT. Samples from IODP Site U1314, drilled in the Gardar Drift formation
(subpolar North Atlantic), were studied to determine which processes mainly rule terrigenous
sedimentation from continents in this area and to fingerprint the source of such lithic material.
For this purpose, we performed a geochemical and mineralogical study using bulk sediment
digestion and X-ray diffraction, and a lithological and micropaleontological study in the coarse
fraction component (> 150 pm) between ~ 830-779 ka (Marine Isotope Stages 21-19). With
this approach, we were able to determine that quartz, plagioclase, phyllosilicates, coarse lithic
fragments (mainly quartz and volcanic material), and some trace dolomite were released to the
ocean during episodic ice-sheet advance/retreat sequences, while biogenic calcite and feldspar
dominated sedimentation during warmer periods. Detrital dolomite-rich carbonate is rare in our
samples, indicating a limited surging of Laurentide ice-sheet oft Hudson Strait, or alternatively,
that icebergs produced from this area did not survive transport to Site U1314. This observation
indicates that more proximal ice-sheets may have served as source for the ice-rafted debris

(IRD) released during massive discharge of icebergs.

Key-words: IRD; North Atlantic; geochemical; mineralogical; bulk sediment; detrital

dolomite-rich carbonate.
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CARACTERIZACION E INTERPRETACION DE LAS CAPAS RICAS EN DETRITICOS
EN SEDIMENTOS DEL SITE U1314 (ATLANTICO NORTE) DURANTE LOS ESTADIOS
ISOTOPICOS MARINOS 21-19 (~ 830-779 KA)

1. INTRODUCCION

Diversos estudios de los sedimentos oceanicos profundos en el Atlantico Norte han
puesto de manifiesto la existencia de capas con alto contenido en material detritico de tamafo
grueso (> 63 pum), presumiblemente transportado por icebergs, el cual se denomina ice-rafted
debris (IRD) (p. ej., Broecker et al., 1992; Heinrich, 1988). Este material detritico se encuentra
en mayor proporcion en el cinturén subpolar entre 40°-55° N (Ruddiman, 1977), asociado
a episodios de maxima extension de las masas de hielo continental hacia el sur y posterior
fusion (Broecker et al., 1992; Heinrich, 1988), acompafniados de una fuerte disminucién de
temperaturas superficiales en el Atlantico Norte (Bond et al., 1992). Estos eventos catastroficos
son de vital importancia en reconstrucciones paleoceanograficas, ya que estan asociados con
drasticos cambios en los patrones de circulacion oceanica superficial y profunda (van Kreveld
et al., 2000).

Si bien muchos estudios paleoceanograficos se han centrado en la observacion de capas
detriticas en el Atlantico durante el Pleistoceno superior y especialmente en el tltimo periodo
glaciar (p. ej. Bond et al., 1992; Grousset et al., 1993), poco es conocido acerca de la naturaleza
de los IRD para periodos glaciares mas antiguos en el Pleistoceno, debido principalmente a la
escasez de registros sedimentarios de alta resolucion para este periodo cerca del cinturdon de
IRD en el Atlantico Norte. Por ello, para reconstruir los patrones de circulacion e interacciones
hielo-océano en el pasado es necesaria una mejor comprension de la distribucidon espacio-

temporal de estos eventos y del origen del material detritico.

2. MATERIALES Y METODOS

Las muestras estudiadas en este trabajo pertenecen al IODP Site U1314, recuperado en
la parte sur de la formacioén Gardar Drift, en el Atlantico Norte (56.36° N, 27.88° W, 2820 m),
durante la expedicion oceanografica 306 del Integrated Ocean Drilling Program (IODP) (Fig.
6.1). La edad de la seccion estudiada, que comprende desde los 60 a los 64,76 m de longitud del
testigo, fue obtenida a través de la correlacion de la curva isotdpica global de Lisiecki y Raymo
(2005) con el registro de 6'*O bentonico del Site U1314 (Hernandez-Almeida et al., in prep.).

Segun este modelo de edad, el intervalo estudiado abarca entre 830 y 779 ka.

Para identificar las capas de IRD en el Site U1314 hemos usado varios de los parametros
mas utilizados para definir este tipo de eventos, como son la susceptibilidad magnética, la

abundancia de granos liticos tamafio arena (IRD) respecto a foraminiferos planctonicos (IRD/
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plancténicos) y laabundancia del foraminifero planctonico polar Neogloboquadrina pachyderma
sinistrorsa (sin.). El analisis de las propiedades y composicion de estas capas de IRD se ha
realizado a través de la determinacion de la distribucién mineraldgica tipo por difraccion de
rayos X, obtenida mediante el analisis semicuantitativo de 59 muestras, espaciadas cada 8 cm,
aproximadamente. Las muestras seleccionadas se molieron manualmente en mortero de dgata 'y
se analizaron por difraccion de rayos X utilizando un difractometro Siemens D8 Advance que
emite radiacion de cobre K . Las condiciones de trabajo fueron: velocidad de barrido de 1°/
min, 30 mA y 40 kv y zona explorada de 2 a 65° de 20. También se analiz6 la concentracion
elemental, a la misma resolucion que el andlisis semicuantitativo, mediante una digestion total
del sedimento siguiendo el método 3051A establecido por Link ez al. (1998). Con este andlisis
se obtuvieron concentraciones totales de Ca, Al, Sr, Mg, entre otros elementos. Estos analisis
se realizaron en un espectrometro Leeman Labs P950 con ICP y un nebulizador ultrasénico
CETAC Corp. AT500" acoplado en la IUPUI, en Indianapolis (EEUU). Finalmente, se realizd
un estudio litologico y micropaleontolégico de forma sistematica cada 4 cm, mediante el
recuento e identificacion de los fragmentos de roca, minerales y foraminiferos planctonicos en
la fraccion > 150 um con lupa binocular. Por otro lado, la susceptibilidad magnética fue medida
a bordo a intervalos de 5 cm (mas detalles en Channell ez al., 2006).

70°N VA

60°N

50°N

60°W 40°W 20°W

Figura 6.1. Localizacion del IODP Site U1314 (56.36° N, 27.88° W, 2820 m) en el Atlantico Norte
subpolar. El drea sombreada se corresponde con la maxima deposicion de IRD durante el Ultimo Maximo
Glacial (Ruddiman, 1977).

3. RESULTADOS

Durante el periodo MIS 21-19 la relaciéon IRD/planctonicos aumenta coincidiendo
con valores altos en la abundancia relativa del foraminifero planctonico N. pachyderma sin. y
bajos en la relacion Ca/Al. La composicion mineralogica de los IRD es de cuarzo, plagioclasa,

filosilicatos y dolomita, con contribuciones puntuales de feldespato potéasico (feld K). En
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general, las cantidades de todos estos minerales detriticos incrementan durante periodos frios en
consonancia con el aumento de la relacion IRD/plancténicos. Una clara excepcion es el feld K,
que aparece asociado a la abundancia de calcita, aumentando incluso durante periodos con baja
relacion IRD/plancténicos y baja susceptibilidad magnética. En los recuentos de componentes
liticos de la fraccion arena también hay altos valores de cuarzo, acompafados de abundante

material volcanico (basalto y vidrio volcanico) (Fig. 6.2).
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Figura 6.2. De abajo a arriba: A) contribucion relativa de N. pachyderma sin. (linea continua), relacion
IRD/ plancténicos (linea discontinua). B) Ratio Ca/Al. (C) Susceptibilidad magnética. Distribucion
mineralogica (en %): D) feld K, E) calcita (linea discontinua) y filosilicatos (linea continua), F) dolomita
(negro), plagioclasa (blanco), cuarzo (gris oscuro). Las areas sombreadas horizontales se corresponden
con los principales eventos de descarga de IRD, con dolomita (amarillo) y sin dolomita (gris claro).
Estadios isotopicos marinos estan indicados en la parte de arriba (azul glacial, negro interglacial).
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4. DISCUSION

Lafigura 6.2A muestra una clara correlacion entre los picos de IRD/plancténicos y valores
altos en el porcentaje del foraminifero planctonico polar N. pachyderma sin., un indicador de
paleotemperatura relacionado con bajas temperaturas superficiales en el océano, proximidad
del frente Artico y de hielo marino estacional (Johannessen ef al., 1994). La coincidencia de
maximos de la relacion IRD/planctonicos con minimos de temperatura superficial indicaria
episodios de inestabilidad en los casquetes de hielo que rodean el Atlantico Norte, que causarian
la descarga de gran cantidad de material terrigeno y aguas de fusion frias y poco salinas. Estas
condiciones superficiales permitirian un avance hacia el sur del frente Artico y del limite del
hielo marino. El descenso en la relaciéon Ca/Al indica una fuerte reducciéon en la produccion
biogénica carbonatada (foraminiferos planctonicos y cocolitéforos) como consecuencia de estas
condiciones adversas en la parte superior de la columna de agua (Fig. 6.2B). El Site U1314, pese
a estar al norte de la zona de méaxima acumulacién de IRD (Ruddiman, 1977), registra valores
altos de la relacion IRD/plancténicos (Fig. 6.2A), principalmente debido a la proximidad de

este Site a los casquetes de hielo de Groenlandia, Escandinavia, Europa e Islandia (Fig. 6.1).

Al contrario que en estudios previos, llevados a cabo en el cinturén de IRD (Heinrich,
1988; Ruddiman, 1977), la susceptibilidad magnética no aumenta en relacion con el aporte de
IRD (Fig. 6.2C). En este estudio, las variaciones de susceptibilidad estan mas correlacionadas
con los aumentos de feld K que tienen lugar durante periodos con baja acumulacion de IRD
(Figs. 6.2C, D), y se relacionan con la presencia de basaltos de grano fino ricos en feld K
y minerales titanomagnéticos procedentes de la zona de Islandia y dorsal de Reykjanes. De
acuerdo con Ruddiman y Bowles (1976), estas particulas son transportadas por corrientes de
fondo intensas y depositadas a lo largo de la dorsal de Reykjanes durante periodos mas céalidos
y con circulacion profunda mas intensa, en los que también aumenta la productividad biogénica
carbonatada, como indica el aumento simultaneo de calcita y de la relacion Ca/Al. Aunque
relacionado principalmente con periodos calidos, una parte del feld K tiene una procedencia
continental ligada a las descargas de icebergs, como ocurre durante el evento de IRD en ~ 827
ka.

La presencia ocasional de dolomita coincidiendo con los incrementos en la relacion
IRD/plancténicos, en 794 y 820 ka, marca el depdsito de carbonatos detriticos (Fig. 65.2F). En
latitudes mas meridionales la presencia de dolomita en sedimentos marinos se asocia a carbonatos
Paleozoicos de Norteamérica (region de Canada y Labrador) erosionados y transportados
por el casquete de hielo de Laurentia (Broecker et al., 1992; Grousset et al., 1993). Estudios
previos han mostrado que estas avenidas no comenzaron de hasta ~ 640 ka (Hodell ez al., 2008),
coincidiendo con el aumento del volumen de hielo global, y en especial en Norteamérica, tras
la reconfiguracion del sistema climatico durante la Transicion del Pleistoceno medio (Clark
y Pollard, 1998). Nuestras investigaciones indican que o bien los icebergs procedentes de

Norteamérica ya transportaban dolomita antes de ~ 640 ka, o bien que la dolomita observada
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en el Site UI314 tiene otra procedencia. La simultaneidad de picos de dolomita con otros
componentes minerales como cuarzo, plagioclasa y filosilicatos, siendo probablemente illita y
clorita los mas abundantes (Grousset et al., 1982), y con los de fragmentos liticos (principalmente
cuarzo, basalto y vidrio volcanico) de la fraccion > 150 pm puede indicar una fuente comun
de material terrigeno (Fig. 6.2E, F). La similitud de la composiciéon de estas capas ricas en
terrigenos del Site U1314 con la de los sedimentos superficiales de Groenlandia, Islandia e Islas
Feroe (Grousset et al., 1982), hace suponer que estas son las areas fuentes mas probables, junto
con pequeios afloramientos de dolomita existentes al noreste de Groenlandia y norte de Europa
(Grousset et al., 1993). Esto es corroborado ademas por el estudio de Andrews (2008), en el
que asocid la composicion mineraldgica de varias capas ricas en detriticos con edades entre 10
y 40 ka, identificadas en testigos del estrecho de Dinamarca, con areas fuente muy similares a

las propuestas para nuestro testigo.

5. CONCLUSIONES

La correlacion de maximos en la relacion IRD/plancténicos con altos porcentajes del
foraminifero planctonico polar N. pachyderma sin. indica el avance hacia el sur del frente Artico
y la desestabilizacion de los casquetes de hielo que rodean el Atlantico Norte subpolar. Durante
estos periodos hay una fuerte reduccion en la produccion biogénica carbonatada debido a las
adversas condiciones superficiales de frio y hielo. La baja susceptibilidad magnética durante
los eventos IRD indica una composicion mineraldgica diferente respecto al mismo tipo de
eventos en latitudes més meridionales. El aumento de feld K, calcita y de la relacion Ca/Al
coincidiendo con descensos en la fauna polar y el aumento de la susceptibilidad magnética
indica una intensificacion de las corrientes de fondo que transportan material volcanico de
grano fino rico en titanomagnéticos y recuperacion de la productividad biogénica carbonatada

durante periodos célidos.

Las areas fuente mas probables para el cuarzo, plagioclasa, filosilicatos y los fragmentos
liticos observados en la fraccion > 150 um, son Groenlandia, Islandia e Islas Feroe. La presencia
de dolomita en nuestras muestras indica que, o bien los icebergs procedentes de Norteamérica
ya transportaban dolomita antes de ~ 640 ka, o bien que los niveles de dolomita en el testigo
U1314 proceden de pequeiios depdsitos de dolomita del noreste de Groenlandia y norte de

Europa, mas cercanos a nuestro testigo.
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RESUMEN. El estudio de la geoquimico del sedimento (Fe, Ca, Al, Mn, P, Ba, Sr,
Zn, Mg, Ti) y de la relacion Mg/Ca en N. pachyderma sin. en muestras del testigo U1314, ha
permitido una mejor compresion de los procesos sedimentologicos e hidrograficos en esta region
durante el Pleistoceno, desde el MIS 31 al 19 (1070-779 ka). En base al estudio estadistico de la
composicion elemental del sedimento y su comparacion con otros paleoindicadores del testigo
U1314, se han establecido diferentes grupos, los cuales nos permiten formular hipdtesis acerca de
las condiciones paleoclimaticas y paleoceanograficas que controlan la sedimentacion profunda
en el Atlantico Norte. La interpretacion de los datos geoquimicos ha sido complementada con
informacion mineraldgica de una parte de la seccion, que nos permite realizar una aproximacion
sobre las probables areas fuente de sedimento. Ademas, hemos realiazdo una estimacion de las

paleotemperaturas a partir de la relacion Mg/Ca.

Durante los periodos glaciares, reduccion en la formacion de aguas profundas en latitudes
altas del Atlantico Norte provoco una menor adveccion de agua noratlantica superficiales y una
migracion hacia el sur del frente artico (Arctic Front, AF). Por ello, la sedimentacion oceanica
durante estos periodos procede de la erosion de las masas continentales adyacentes y su depdsito
durante episodios de fusion de casquetes de hielo. El aumento de elementos como Ba, Mgy Zn
se debe al transporte de material continental al océano durante periodos de fusion de icebergs.
El descenso de elementos de caracter biogénico (Ca, St, P) se explica por la baja productividad
superficial durante estos episodios, limitada por las bajas temperaturas del océano y la
estratificacion superficial por aporte de aguas de fusion. Laralentizacion de la circulacién profunda
durante estos eventos limit6 considerablemente la acumulacion de elementos transportados por
corrientes de fondo, como el Ti y Fe. Durante periodos interglaciares, el aumento de flujo de
aguas calidas hacia altas latitudes y la desestratificacion de la columna de agua reactiva la
productividad biogénica, con lo que aumentan Ca, Sr, P y Mn, este Gltimo precipitando como
una fase del carbonato biogénico de la concha de foraminiferos planctonicos y cocolitoforos.
La intensificacion de la circulacion termohalina aumenta el transporte de material detritico
basaltico de grano fino rico en minerales titanomagnéticos, desde las provincias volcdnicas de
Islandia, dorsal de Reykjanes e Islas Feroe, hacia el sur. Por lo tanto, la secuencia sedimentaria
del Pleistoceno del testigo U1314 representa una sucesion de cambios en la naturaleza de las
areas fuente de sedimento a consecuencia de los variaciones climaticas y oceanograficas que

tuvieron lugar durante ese periodo.

La estimacion de temperaturas a partir de la relacion Mg/Ca muestra incrementos a
continuacion de los maximos de descarga de IRD, lo que podria ser interpretado como una
acumulacion sub-superficial de calor y posterior liberacion a la superficie, que aceleraria el

retroceso de las masas de hielo continental en el Atlantico Norte

Palabras clave: Pleistoceno; Atlantico Norte; geoquimica; elemento; sedimento;

biogénico; paleotemperatura; Mg/Ca.
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ABSTRACT. The geochemical study of sediments (Fe, Ca, Al, Mn, P, Ba, Sr, Zn, Mg,
Ti) and Mg/Ca of N. pachyderma sin. from samples from Site U1314, have allowed a better
understanding of the sedimentological and hydrographic processes in this region during the
Pleistocene from MIS 31 to 19 (1079-779 ka). Using a statistical approach of the elemental
composition of the sediment, we have identified different groups, which allow us to establish
a hypothesis about the paleoclimatic and paleoceanographic conditions controlling deep
sedimentation in the North Atlantic. Interpretation of geochemical data has been accompanied
by mineralogical information from a section of our core, which enables to identify the sediment

source. Moreover, we have performed a paleotemperature estimates based on Mg/Ca ratio.

During glacial periods, reduction in the deep-water formation in high latitudes in the
North Atlantic caused a lower advection of atlantic surface waters and a southward migration
of the Arctic Front (AF). Sedimentation during these periods is mainly autochthonous, derivates
from the erosion of adjacent continental masses and later deposition during ice-sheet melting.
Increasing concentrations of Ba, Mg and Zn is due to the transport of continental material to
the ocean delivered by ice-rafting activity. Decrease in biologically-related elements (Ca, Sr,
P) is linked to the low surface productivity during these episodes, limited by the low ocean
temperatures and surface waters stratification by meltwater input. Deep-circulation slow-
down during these events limited Ti and Fe transport and accumulation by bottom-currents.
During interglacial periods, enhanced warm water flow toward high latitudes and column-
water de-stratification reactivate biogenic productivity, increasing Ca, Sr, P and Mn, this last
element precipitating as a phase in lattice biogenic carbonate in planktonic foraminifera and
coccolithophores. Intensification of the thermohaline circulation increased transport of fine-
grained basaltic material transport rich in titanomagnetic minerals, from volcanic provinces
of Iceland, Reykjanes Ridge and Faeroe Islands toward the south. Thus, Mid-Pleistocene
sedimentary sequence at Site U1314 shows a succession of changes in the nature of sediment

source due to climatic and oceanographic variations during this period.

Paleotemperature estimates based on Mg/Ca ratio show increases following IRD peaks,
which could be interpreted as a sub-surface accumulation of heat and subsequent release to the

surface that would accelerate the ice-sheet retreat in the North Atlantic.

Keywords: Pleistocene; North Atlantic; geochemistry; element; sediment; biogenic;

paleotemperature; Mg/Ca.
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TECNICAS GEOQUIMICAS EN EL TESTIGO UI314 Y SU APLICACION
PALEOCEANOGRAFICA

1. INTRODUCCION

El Atlantico Norte subpolar ha sido objeto de numerosas investigaciones desde el punto
de vista paleoceanografico, usando multitud de técnicas basadas en geoquimica de is6topos
estables, evidencias micropaleontologicas y sedimentoldgicas. Sin embargo, son escasos los
trabajos con base geoquimica llevados a cabo en sedimentos profundos de esta region. Existen
estudios sobre la composicidon geoquimica de sedimentos superficiales de la region del Atlantico
Norte oriental (dorsal de Reykjanes, Islas Feroe, Islandia y zona de fractura de Charlie-Gibbs),
pero soélo se realizaron en sedimentos correspondientes al Cuaternario mas reciente (Grousset
et al., 1982; Grousset and Parra, 1982; Latouche and Parra, 1976; Latouche and Parra, 1979;
Parra et al., 1981)

Dada la gran variabilidad espacio temporal de los procesos hidrodindmicos que
tienen lugar en el Atlantico Norte, y la gran diversidad de fuentes de material que suplen a la
sedimentacion hemipelagica de la zona, determinar estos parametros aporta valiosa informacion
a la hora de realizar reconstrucciones sedimentoldgicas. En este estudio se ha realizado un
analisis estadistico de los datos geoquimicos generados con la determinacion de la composicion
elemental en sedimentos del Pleistoceno (MIS 31-19), los cuales han sido después comparados
con otros paleoindicadores con el fin de detectar patrones de variabilidad en el conjunto de
datos. Con esta técnica se pretende determinar que areas fuente y/o agentes de transporte estan
involucrados en la sedimentacion profunda en el Atlantico Norte y su variacion a escala glaciar-
interglacial.

Por otro lado, también hemos realizado una reconstruccion de paleotemperaturas usando
la relacion entre contenido en magnesio en carbonatos biogénicos y temperaturas, para la que
hemos utilizado individuos del foraminifero plancténico Neogloboquadrina pachyderma sin.
Este estudio se centra en los cambios en la temperatura superficial que tienen lugar durante las
deglaciaciones que siguen a los periodos de descarga de IRD, el cual ha sido objeto analisis en
los ultimos afos por las implicaciones que tiene en la recuperacion de la AMOC tras periodos
de intenso enfriamiento (Hulbe et al., 2004; Jonkers et al., 2010a; Moros et al., 2002; Peck et
al., 2006; Rasmussen and Thomsen, 2004; Shaffer et al., 2004).

2. MATERIALES Y METODOS

Elmaterial estudiado procede del testigo U1314, recuperado en la formacion Gardar Drift,
en el Atlantico Norte (56.36° N, 27.88° W, 2820 m) (ver Capitulo 2, pagina 15). La metodologia

analitica empleada fue la de Link et al. (1998) para determinar la composicion elemental y la
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de Filippelli y Delaney (1996), modificada de Ruttenberg (1992) para la extraccidon secuencial
de P (ver pag. X; Anexos 6y 7). Posteriormente, los resultados de los anélisis geoquimicos del

sedimento se han representado y estudiado de dos maneras:

1) Através de un analisis factorial en modo R con una rotacién “varimax normalizada”,
realizado con el programa SPSS sobre el loglO de los datos de la composicion elemental.
Asimismo, se han calculado los coeficientes de correlacion entre los elementos. Esta técnica
permite reducir el nimero de variables y detectar estructuras en las relaciones entre las variables

resultantes.

2) Examinando la variacion temporal de los factores y comparandolos con otros
paleoindicadores del testigo U1314 (is6topos estables, acumulacion de IRD en la fraccion gruesa,

opalo, carbonato célcico), con el fin de validar la interpretacion de los diferentes factores.

La metodologia seguida para el andlisis del Mg/Ca en la concha de N. pachyderma sin.

estan detallados en la pagina 30 del Capitulo 2 y en el Anexo 5.

3. RESULTADOS

La Tabla 7.1 muestra el resultado del andlisis estadistico de la composicion elemental
de los sedimentos profundos del Atlantico Norte. Se han obtenido tres factores principales,
los cuales explican un 83 % de la varianza. El factor 1 explica 34,9 % de la varianza, y las
cargas mas altas de este factor se observan en los elementos Ca, Sr, Py Mn. En el factor 2, que
explica el 33 % de la varianza y esta definido por los elementos Fe, Ti, Al, Mg y Zn. El factor
3, el cual explica el 15 % de la varianza, en el que los elementos Ba, Zn y Mg presentan las
cargas mas altas. También se ha realizado una calibracion ambiental mediante la comparacion
entre las cargas de los tres factores con distintos paleoindicadores para corroborar nuestras
interpretaciones (Tabla 7.2). El factor 1 est4 positivamente correlacionado con el porcentaje de
CaCO,y con la acumulacién de 6palo, y negativamente correlacionado con la acumulacion de
IRD. El factor 2 unicamente esta correlacionado con la susceptibilidad magnética, y el factor 3

con la acumulacion de IRD.

Diversos estudios sobre la ecologia de N. pachyderma sin. han concluido que su
composicion isotopica refleja condiciones por debajo de la termoclina, a 150 m de profundad
(Niirnberg, 1995; Simstich et al., 2003), por lo tanto hemos asumido que la relacion Mg/Ca
de la concha de esta especie refleja temperaturas a una profundidad similar. El registro de la
relacion Mg/Ca en la especie N. pachyderma sin. varia entre 0.6 y 1.7 mmol*mol' y muestra un
patron similar a la sefial de '°O en la misma especie y el porcentaje de CaCO,. La estimacion
de la paleotemperatura estd basada en la calibracion de Niirnberg et al. (1996a), la cual esta
optimizada para reconstrucciones en altas latitudes. Las temperaturas obtenidas varian entre 1.0
y 11.5 °C (Fig. 7.2), por lo tanto menores que las estimadas usando funciones de transferencia

sobre la asociacion de foraminiferos planctonicos, y menores que las actuales temperaturas
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registradas en el area del testigo U1314, de cerca de 10 °C (Locarnini et al., 2006). Esto se
puede deber a que hay un margen de error debido a la ecuacioén de calibracion utilizada, o a
que simplemente las temperaturas durante el Pleistoceno Inferior y Medio eran inferiores a las
actuales. Las temperaturas mas altas se registran durante periodos interglaciales y justo después
de los eventos de descargas de IRD.

Varimax normalizado

Elemento Factor
1 2 3

Fe 0,291 0,832 0,116

Al 0,645 0,645 0,212

Ca 0,794 -0,265 0,219
Mg -0,063 0,875 0,396

Ti 0,091 0,907 0,198

Sr 0,909 -0,259 -0,026

Ba 0,182 0,088 0,905

P 0,757 0,383 -0,037
Mn 0,954 -0,056 0,112

Zn -0,094 0,564 0,605

34,945 33,089 15,029 Porcentaje de la
varianza

Tabla 7.1. Cargas de los diferentes factores obtenidos con el analisis factorial en modo R, usando
la rotacidon varimax normalizada. Valores en negrita marcan los elementos mas significativos en cada
factor.

Factor 1 Factor2 Factor3

% CaCO; 0,78 -0,43 -0,18

TA opalo 0,34 -0,22 -0,18

TA IRD -0,53 -0,02 0,31

5'°C Bentonico 0,26 -0,01 -0,21
Susceptibilidad magnética 0,15 0,60 -0,28

Tabla 7.2. Matriz de correlacion entre los factores y diferentes registros del testigo U1314.

4. DISCUSION
4.1. Composicion elemental del sedimento

La interpretacion geoquimica para determinar tanto el origen o area fuente de los
distintos elementos del testigo U1314 se ha basado en la distribucion de las cargas de los
factores obtenidos del analisis de componentes principales y su correlacion con otros indicadores

paleoceanograficos ya presentados en esta Tesis.

4.1.1. Factor 1: Sedimentacién peldgica y transporte lateral por las corrientes de

fondo de componentes biogénicos

La buena correlacion de elementos con mayor carga en este primer factor (Ca, Sr, Py
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Mn) con indicadores biogénicos (CaCO,, 6palo), y su correlacion negativa con la acumulacion
de IRD, parece indicar que estos elementos estan ligados a cambios en los niveles de
productividad superficial, controlados por la variabilidad climatica glaciar-interglaciar (Tabla
7.2; Fig. 7.1A-E).
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Figura 7.1. Registros del testigo U1314 entre 1060 y 779 ka y las cargas de los factores obtenidos del
analisis factorial en modo R de la composicion elemental del sedimento. Desde abajo hacia arriba: A)
tasa de acumulacion de IRD (particulas/cm?*ka), B) factor 3, C) susceptibilidad magnética, D) factor 2,
E) 6"°C bentonico, F) factor 1, G) porcentaje de CaCO,, H) tasa de acumulacion de 6palo (g/cm**ka) y
I) 6'%0 bentdnico. Las barras verticales azules indican los estadios marinos isotopicos glaciares.
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El calcio y el estroncio, son elementos comunmente asociados a la productividad
biogénica carbonatada de foraminiferos y cocolitéforos (Emiliani, 1955; Thomson and Bowen,
1969), y presentan un patrén muy parecido, con valores altos durante periodos interglaciares y
bajos durante glaciares. Sin embargo, la correlacion entre estos dos elementos tan s6lo es del
R?*=0,58 (Fig. 7.2A). Esto es debido a que el material detritico volcanogénico que caracteriza
el sur de Islandia e Islas Feroe es una fuente de feldespatos ricos en Sr, no ligado a carbonatos
biogénicos (Grousset and Parra, 1982). Estos feldespatos ricos en Sr estdn distribuidos a
lo largo de una direccion norte-sur al ser transportados por las mismas corrientes de fondo
que redistribuyen los sedimentos ricos en Ti y Fe durante periodos con intensa circulacién
termohalina (Parra et al., 1981). Por lo tanto, mientras que los elevados valores de Ca durante
periodos interglaciares pueden considerarse puramente biogénicos derivados del aumento de
la productividad superficial durante el avance de las masas de agua calida de la NAC a estas
latitudes, el origen del Sr presenta una doble procedencia. Por un lado puede tener un origen
biogénico, asociado a la produccion carbonatada superficial, y por otro detritico, asociado a los
feldespatos de las zonas volcanicas de Islandia y Feroe y redistribuidos por la ISOW (Iceland-

Scotland Overflow Water), la corriente de fondo dominante en esta zona.
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Figura 7.2. Desde abajo hacia arriba: A) contenido en dolomita (%) (area gris) y relacion Ca/Sr para el
periodo 830-779 ka y B) correlacion entre el contenido en Ca (ug/g) y en Sr (pg/g) para sedimentos del
testigo U1314. La barra vertical azul indica el estadio isotopico glaciar 20.
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La existencia de diferentes fuentes de Sr explica la variabilidad de la relacion Ca/Sr
durante periodos interglaciares, influenciada por el transporte de feldespatos volcanogénicos
hacia el sur, lo que invalida la relacion de Ca/Sr como indicador de eventos de descarga de IRD
(Fig. 7.2B). Esta relacion ha sido usada como indicador de eventos Heinrich en el Atlantico
Norte en zonas con menor acumulacion de material volcanico (e.g. Hodell et al., 2008),
partiendo de la base de que gran parte del material detritico de origen continental que se libera
al océano es carbonato detritico (dolomita), el cual presenta altos valores de la relacion Ca/Sr
debido al descenso de Sr por la baja acumulacion de carbonato biogénico durante estos eventos
y alto Ca por la gran cantidad de dolomita presenta en estas capas de IRD. En nuestro caso,
la existencia de una fuente secundaria de Sr no biogénica hace que la relaciéon Ca/Sr varie de
forma considerable aiin en la ausencia de material dolomitico, con lo cual la relacion Ca/Sr no

puede ser considerada como indicador fiable de la presencia de dolomita en el testigo U1314.
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Figura 7.3. Desde abajo hacia arriba: A) registro del 8'*0 bentonico, B) registro del P total (ug/g)
(linea gris, linea negra valore medio cada 3 puntos) obtenido de los analisis de composicion elemental,
y P reactivo (ng/g) (suma de P orgdnico, autogénico/biogénico y adsorbido) obtenido de la extraccion
secuencial de Py C) porcentaje de CaCO,, en el testigo U1314 entre 1060 y 779 ka. Las barras verticales
azules indican los estadios marinos isotopicos glaciares.

El fosforo es un elemento limitante para la productividad bioldgica, y la concentracion
de este elemento en el sedimento estd asociada normalmente a la actividad bioldgica y/o a la
materia organica (Bostrom et al., 1972). Por esto, las elevadas concentraciones de P durante
periodos interglaciares indican aumento de la productividad en las aguas superficiales del Testigo
Ul1314. Sin embargo, el P también puede tener un origen terrigeno (Filippelli and Delaney,
1996), el examen detallado de las diferentes fases del P mediante extraccion secuencial revela
una mayor proporcion de P relacionado con la actividad biologica, incluyendo P organico,

autogénico/biogénico y adsorbido (denominados en conjunto como P reactivo). Estos
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componentes reactivos aumentan durante periodos interglaciares, junto con otros indicadores
de productividad, como el % CaCO, lo que indicaria un aumento en la produccion exportada y

enterramiento de materia orgénica durante estos periodos (Fig. 7.3).

El Mn muestra una distribucion ligada a episodios con sedimentacion biogénica
dominante (factor 1) y bajo contenido de terrigenos (factores 2 y 3). Esta estrecha relacion del
Mn con la productividad superficial se explica por la co-precipitacion de una fase contaminante
rica en Mn dentro de los caparazones carbonatados (cocolitoforos y foraminiferos) (Boyle,
1983a; Pena et al., 2005; Thomson et al., 1986). Resultados de Mn/Ca obtenidos de los datos
elementales de limpieza reductiva en foraminiferos planctonicos sugieren la existencia de
recrecimientos de Mn en las conchas (Fig. 7.4). La correlacion de estos aumentos en la relacion
Mn/Ca y en la concentracion de Mn total indican la existencia de recrecimientos de Mn en
la calcita biogénica asociados a procesos diagenéticos (Boyle, 1983a). Una fuente probable
para el Mn es el material volcanico de la cuenca de Islandia, el cual es rico en este elemento
(Grousset et al., 1982), y que seria extraido del agua del mar y preservado junto con la calcita
biogénica (Van Der Weijden et al., 1970).
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Figura 7.4. Desde abajo hacia arriba: A) registro del contenido en Mn (ug/g) obtenido de los analisis de
composicion elemental, y B) relacion del Mn/Ca (linea discontinua) obtenida de los datos elementales
de limpieza reductiva en foraminiferos planctonicos, en el testigo U1314 entre 1060 y 779 ka. Las barras
verticales azules indican los estadios marinos isotopicos glaciares.

Aunque es evidente que el incremento de estos elementos esta asociado de una forma
u otra al aumento de la productividad primaria inducida por el calentamiento de las aguas
superficiales, la distribucion de material biogénico concentrado durante periodos interglaciares
estd también asociado a la circulacion oceanica profunda. Durante episodios con alto 6"°C
bentonico, el intenso flujo del ISOW transporta gran cantidad de material de grano fino hacia el
Gardar Drift, el cual es mayoritariamente carbonato célcico de grano fino (cocolitos) producido

por el aumento de la productividad primaria superficial con la llegada de aguas calidas a la
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zona. De este modo, el marcado contraste entre estadios glaciares e interglaciares resulta de
los cambios en la circulacion ocednica, ya sea por la circulacion superficial que controla los
aportes de material detritico durante episodios de fusion de hielo continental y por el aumento
de la productividad planctonica con la adveccion de aguas calidas, o por los cambios en la

circulacion profunda que controlan la acumulacion de material fino en el Gardar Drift.

4.1.2. Factor 2: Transporte v sedimentacion profunda de componentes no

biogénicos

El aumento de los elementos Ti, Fe, Al, Mg y Zn en el factor 2 refleja la composicion
tipica de los sedimentos ocednicos en la zona de la dorsal de Reykjanes, cuya distribucion esta
controlada por los procesos hidrodindmicos profundos en la region (Horowitz, 1974; Horowitz
and Cronan, 1976). En sedimentos superficiales de la region del Atlantico Norte oriental, estos
elementos se distribuyen a lo largo de un gradiente noreste-suroeste a lo largo de la dorsal de
Reykjanes, con una distribuciéon muy parecida a la de la esmectita (Grousset and Parra, 1982;
Grousset and Chesselet, 1986; Latouche and Parra, 1976). Altas concentraciones de elementos
como Ti y Fe parecen estar asociadas a material volcanico de tamafio limo (escoria, ceniza
volcénica, minerales pesados y vidrio volcanico) y/o ligado a esmectitas, derivadas de Islandia
y de Islas Feroe (Hyun et al., 1999; Latouche and Parra, 1976). Por lo tanto el aumento en la
concentracion de elementos relacionados con el factor 2 indicaria un transporte de los mismos
desde la cuenca de Islandia por corrientes nefeloides asociadas a la intensificacion de la ISOW
durante periodos interglaciares. Asi mismo, la correlacion entre el factor 2 y la susceptibilidad
magnética viene a corroborar este patron de distribucion (Tabla 7.2; Fig. 7.1F-G). Al contrario
que en eventos Heinrich que tienen lugar en algunas zonas de maxima acumulacion de IRD, entre
~40°y 50° N (e.g. Grousset et al., 2000; Heinrich, 1988), los eventos tipo Heinrich registrados
en el testigo U1314 son claramente identificables por los bajos valores de susceptibilidad
magnética. Esto demuestra una diferente composicion de las capas detriticas, y por lo tanto, una
diferente procedencia del material. Mientras que las capas de IRD de la parte central del Atlantico
Norte se caracterizan por altos contenidos en rocas volcanicas basicas y ultrabdsicas, con altos
valores magnéticos, y proceden del margen nororiental de Norte América (Nueva Escocia,
Terranova, etc.) y de la costa occidental de Groenlandia (Thouveny et al., 2000), la situacion es
muy diferente inmediatamente al sur de Islandia. En esta zona, el material dominante es limo
volcanico de grano fino rico en titanomagnéticos y depositado en zonas de alta acumulacion,
como la formacion Gardar Drift, durante periodos de alta circulacion en el fondo oceanico
(Kissel et al., 1999). Por el contrario, una menor velocidad en la corriente de fondo, debido a la
interrupcion en la ventilacion profunda con origen en los mares Nordicos, reduce el transporte
de material rico en titanomagnéticos, y junto con el incremento en el deposito de capas detriticas
ricas en cuarzo, producen el descenso en los valores de susceptibilidad magnética observado

durante los periodos glaciares.
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Figura 7.5. Desde abajo hacia arriba: A) registro de la tasa de acumulacion de IRD (particulas/cm?*ka),
B) relacion Ti/Al, valores < 0,1 corresponderian sedimentos continentales, valores entre 0,1-0,2
corresponden con basaltos procedentes de Islandia y valores > 0,2 a basaltos de las Islas Feroe (Hyun
y Kim, 1999), C) P detritico (ng/g) obtenido de la extraccion secuencial de P y D) susceptibilidad
magnética en el testigo U1314 entre 1060 y 779 ka. Las barras verticales azules indican los estadios
marinos isotopicos glaciares.

Elaltocontenidoen Alentodalasecuenciasedimentariadel testigo 1314 es principalmente
debido a la gran cantidad de ceniza volcéanica y otros detritos basalticos presentes en la zona
debido a la proximidad con Islandia, cuya alteracion produce gran cantidad de arcillas ricas
en Al, principalmente illita (Chester and Messiha-Hanna, 1970; Horowitz, 1974). Ademas, el
aumento de material detritico de origen continental durante descargas de IRD eleva la cantidad
de Al respecto a otros constituyentes que tienen su Unica fuente en el material basaltico del
océano, como el Ti (Fig. 7.5A). Por esta razon, la relacion Ti/Al refleja con bastante precision
la ciclicidad climatica glaciar-interglaciar y es un criterio solido a la hora de discriminar con
precision la procedencia de los sedimentos en cada momento. De acuerdo con Hyun y Kim
(1999), relaciones Ti/Al <0, 1 indicarian un aporte de sedimento predominantemente continental
que tiene lugar durante periodos glaciares, mientras que valores mayores son debidos a un
mayor aporte de material basaltico de grano fino transportado por la ISOW durante periodos
interglaciares (Fig. 7.5B). Una variabilidad temporal similar en la relacion Ti/K fue obtenida por
Griitzner et al (2010) usando andlisis de XRF en sedimentos del testigo U1314 que demuestra
un mismo patron de cambio en las fuentes de sedimento (basaltica/acida) que la mostrada por
la relacion Ti/Al. Ademas, la relacion Ti/Al también nos ayuda a discriminar el origen de las
particulas basalitcas ricas en Ti. Valores > 0,2 en la relacion Ti/Al, como los observados durante

el MIS 19 y 31, indican que estos basaltos proceden en parte del suroeste de las Islas Feroe,

161



Técnicas geoquimicas en el testigo Ul314 y su aplicacion palecoeanografica

formados durante una fase volcanica anterior a la de Islandia (Grousset et al., 1982; Waagstein,

1988), y por ello con mayor contenido en Ti (Fig. 7.5B).

El leve aumento de la carga del P en el factor 2, el cual se relaciona con elementos
presentes en el material basaltico del fondo oceanico, se explica por el aumento de la produccion
de montmorillonita rica en P detritico, debido a la alteracion de los basaltos durante periodos
interglaciares (Latouche and Parra, 1976) y su posterior transporte junto con los otros elementos

magnéticos por corrientes de fondo (Fig. 7.5C-D).

Por lo tanto, el la variabilidad de los elementos con mayor peso en el factor 2, al igual que
los del factor 1, subraya la importancia de la circulacién oceédnica profunda en la acumulacién
de sedimento de grano fino en el Gardar Drifi. Llama la atencion la baja correlacion del factor 2
con la sefial del 6'°C bentdnico (Tabla 7.2). Este se debe a que durante los episodios de aumento
de transporte de material fino por el ISOW durante interglaciares, los elementos mas abundantes
son los relacionados al factor 1, indicador de productividad biogénica, y por lo tanto diluyen
la abundancia de los elementos del factor 2, que son también transportados y depositados en el
Gardar Drift por el ISOW.

4.1.3. Factor 3: Aporte de material continental

El agrupamiento de elementos como Ba, Zn y Mg en el factor 3, es similar a lo observado
por Grousset et al. (1982), que relaciond estos elementos con la presencia de minerales arcillosos
(illita y clorita) y la descarga de material acido continental transportado por el hielo, como indica
su correlacion Unicamente con la tasa de acumulacion de IRD y su correlacion inversa con
elementos biogénicos (Tabla 7.2; Fig. 7.1H-I). Aunque el Ba ha sido usado como un indicador de
paleoproductividad en diferentes ambientes oceanicos (e.g. Dymond et al., 1992; Kasten et al.,
2001), las mayores concentraciones de Ba en el testigo U1314 se encuentran en torno a episodios
de alta acumulacién de IRD y con altos valores de Al, y en cambio descienden cuando aumenta
la abundancia de otros indicadores de paleoproductividad ya contrastados (TA radiolarios,
Opalo, CaCO,). Por todo ¢llo, la concentracion de Ba no parece estar ligada a la productividad,
sino todo lo contrario. Hyun ef al. (1999) tampoco encontraron claras evidencias de cantidades
significativas de Ba ligadas a productividad biogénica en el océano en sedimentos del testigo
983, muy cercano al testigo U1314, debido al alto contenido en aluminosilicatos que dificultaba
su determinacion. El patron de distribucion de este elemento en sedimentos superficiales en la
cuencade Irminger y de Islandia describe un gradiente norte-sur, relacionado al aporte de material
continental durante episodios de fusion de hielo en periodos frios (Grousset et al., 1982). De
acuerdo con Nesbitt et al. (1980), el Ba es liberado durante procesos de meteorizacion continental
e incorporado por arcillas secundarias a través de procesos de intercambio y adsorcion, para luego
ser transportado al océano mediante la erosion del material continental. Por lo tanto, aumentos

de Ba en nuestras muestras estarian asociados al deposito de IRD durante periodos glaciares.
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Figura 7.6. Desde abajo hacia arriba: A) Porcentaje de filosilicatos (area gris), B) registro de Mg (ug/g)
y C) Zn (ug/g) para el periodo 830-779 ka. La barra vertical azul indica el estadio marino isotopicos
glaciares 20.

La presencia de elevados niveles de Mg en sedimentos oceanicos del Atlantico Norte
ha sido frecuentemente ligado a la presencia de dolomita procedente de descargas de IRD
(e.g. Hodell et al., 2008; Scourse et al., 2000). Sin embargo, basandonos en la distribucion
mineralogica obtenida para el periodo ~830-779 ka, nosotros no observamos ninguna relacion
aparente entre las concentraciones de Mg y de dolomita en el testigo U1314. La presencia de
valores elevados de Mg puede proceder del material basaltico que abunda en la region o por la
alteracion del mismo. Sedimentos ricos en Mg han sido documentados en la region de la dorsal
de Reykjanes y la dorsal Meso-Atlantica, caracterizadas por el alto contenido en minerales
arcillosos y otros aluminosilicatos neo-formados de la alteracion de rocas basalticas (Horowitz
and Cronan, 1976). En nuestro caso, la buena correlacion entre las curvas de contribucion
relativa de filosilicatos y la concentracion de Mg para el periodo ~830-779 ka parece indicar
que algun tipo de arcilla es con toda probabilidad una de las fuentes mas importantes de Mg
en el testigo U1314 (Fig. 7.6A-B). En este sentido, numerosos autores han documentado la
abundancia durante periodos glaciares de la asociacion arcillosa rica en Mg, clorita-illita, en
regiones frias del Atlantico Norte (Biscaye, 1965; Bout-Roumazeilles ef al., 1999; Fagel et al.,
1996). Estos filosilicatos serian transportados al océano durante episodios de descarga de IRD
procedentes de provincias acidas de Groenlandia y norte de Europa (Grousset and Parra, 1982),
lo cual explicaria el aumento de Mg en los sedimentos glaciares del testigo U1314. Del mismo

modo que el Mg, el Zn concentrado en minerales de arcillas formados por la alteracion de
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cenizas volcanicas seria transportado al fondo oceanico por corrientes turbiditicas y/o formando
parte del detrito continental liberado durante la fusién de icebergs (Bout-Roumazeilles et al.,
1997; Damuth, 1978).

4.2. Estimacion de paleotemperaturas usando la relacion Mg/Ca

La simultanead de incrementos en la temperatura estimada a partir de la relacion
Mg/Ca y en el contenido de calcita con descensos en el 6'%0 en foraminiferos planctonicos
a continucacion del maximo de descarga de IRD, indicaria un aumento de las temperaturas
superficiales. Este calentamiento podria haber contribuido a aumentar la fusion y retroceso de
las masas de hielo continental durante el inicio del interglacial. Registros recientes de andlisis
de Mg/Ca y calcita, en combinacion con otros indicadores reflejan condiciones similares, con
un calentamiento abrupto durante las descargas de icebergs en periodos frios (Hulbe et al.,
2004; Jonkers et al., 2010a; Moros et al., 2002; Peck et al., 2006; Rasmussen and Thomsen,
2004; Shaffer et al., 2004). Este calentamiento siguiendo el maximo de IRD explicaria el rapido
retroceso de los casquetes de hielo del Atlantico Norte, resultado del incremento de temperaturas
sub-superficiales que liberan calor atrapado bajo la superficie del océano y favoreceria la
recuperacion de la AMOC. Este mecanismo podria estar ya funcionando en regiones del océano
Artico (Carmack et al., 1995; Grotefendt et al., 1998; Holland et al., 2008), donde el rapido
adelgazamiento de los glaciares ha sido explicado como el resultado de la intensificacion del

calentamiento del océano sub-superficial durante las Gltimas décadas.

Dado que la relacion Mg/Ca indica la temperatura de calcificacion y las temperaturas
calculadas a partir de la asociacion de foraminiferos planctonicos corresponderian a condiciones
mas superficiales, las diferencias entre ambos registros se podrian deber a que ambas sefiales
reflejan diferentes profundidades. La diferencia también se puede estar influenciada por la baja

sensibilidad de la calibracion de Mg/Ca a las bajas temperaturas (Kozdon et al., 2009).

Algunos modelos han propuesto que este rapido calentamiento durante el retroceso de
las masas de hielo puede deberse a una liberacion subita de calor subsuperficial, acumulado
durante un periodo de estratificacion debido al aporte de aguas con baja salinidad o de
formacion de hielo marino (Alvarez-Solas et al., 2010; Bakke et al., 2009; Shaffer et al., 2004).
La explicacion propuesta por estos modelos implicaria un flujo continuado de aguas calidas
sub-superficiales hacia el norte (Rasmussen and Thomsen, 2004). Aunque creemos que este
mecanismo no desencadena los eventos de descarga de IRD durante las secuencias de avance/
retroceso de los casquetes de hielo continental, relacionados con el balance de la acumulacion
de hielo (Marshall and Koutnik, 2006), si que pensamos que podrian acelerar la ruptura de
las plataformas de hielo durante fases de deglaciacion al liberar gran cantidad de energia sub-
superficial, y explicaria el rapido calentamiento de las aguas que observamos después del pico
de IRD.
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Figura 7.7. Desde abajo hacia arriba: A) IRD/g, B) reconstruccion de temperaturas a partir de la relacion
Mg/Ca (en rojo, media de cinco puntos), C) 3'*O plancténico, D) CaCO, (%), y E) reconstrucciéon de
temperaturas a partir de la funciones de transferencia.

Sin embargo, a pesar del progreso alcanzado en los tltimos afios en las calibraciones y
técnicas de limpieza utilizadas en reconstrucciones de paleotemperaturas a a través de larelacion
Mg/Ca (e.g. Elderfield and Ganssen, 2000; Lea et al., 1999; Niirnberg et al., 1996a; Pena et
al., 2005; von Langen et al., 2005), existen todavia importantes incertidumbres en el uso de
N. pachyderma sin. en latitudes altas del Atlantico Norte debido a la marcada diferencia de las
propiedades de las masas de agua superficiales de esta region. Niirnberg (1995) observé en su
estudio de relacion Mg/Ca en conchas de N. pachyderma sin. valores muy altos en condiciones
de hielo marino perenne, mientras que Lea et al. (1999) y Meland et al.(2006) sugirieron que
descensos en el pH del océano o influencia de aguas articas y polares con bajos valores de ion

carbonato podrian producir valores anormalmente altos en la relacion Mg/Ca.

En conclusion, a pesar de que las paleotemperaturas reconstruidas a partir de la
relacion Mg/Ca en N. pachyderma sin. en nuestro testigo indican un calentamiento siguiendo
la méxima descarga de IRD, sugerimos que estos resultados sean tomados con cautela debido
a las multiples incertidumbres que rodean esta técnica de estimacion de paleotemperaturas en

regiones articas.
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5. CONCLUSIONES

La composicion elemental de los sedimentos del testigo U1314 refleja los cambios en
el origen de las particulas; biogénico, del fondo oceanico o continental, y por lo tanto también
indican variaciones en el modo de transporte; actividad de corrientes de fondo o fusion de
hielo continental. Una clara sucesion de periodos con aumento en la productividad oceanica e
incrementos en los eventos de descarga por icebergs se puede identificar en el testigo U1314
a escala glaciar-interglaciar. Periodos de alta productividad superficial y de reactivacion de
la circulacion profunda, indicados por el aumento de valores del factor 1, tiene lugar durante
etapas interglaciares. Durante estos periodos climaticos Optimos, se observa un descenso en
el fluyjo de IRD causado por la reduccioén del tamafio de las masas de hielo continental del
Atléantico Norte, y que permitieron un aumento del transporte de aguas atlanticas calidas que
favorecieron la productividad superficial y mayor transporte de material fino por corrientes de
fondo mas intensas. Este patron pone de manifiesto la interconexion de la circulacion ocednica

superficial y profunda, en la acumulacion de sedimento de grano fino en el Gardar Drift.

El andlisis de la composicion elemental también nos ha permitido diferenciar varias
fuentes de material terrigeno y medios de transporte. Altos valores de los elementos relacionados
con el factor 2 (Ti, Fe, Mg, Al y Zn) indican que un material terrigeno oceanico enriquecido en
estos elementos fue transportado hacia la posicion del testigo U1314 por corrientes nefeloides
asociadas a la intensificacion de la ISOW durante periodos interglaciares. Por el contrario, el
aumento de elementos relacionados con el factor 3 (Ba, Mg y Zn) y descenso en la relacion Ti/
Al reflejan periodos con mayor extension de los casquetes de hielo en el Atlantico Norte, con

fusiones episddicas del hielo y aporte de material continental rico en arcillas.

La estimacion de paleotemperaturas a partir de la relacion Mg/Ca en N. pachyderma
sin. muestra rapidos calentamientos después del méximo de descarga de IRD. Esto reflejaria un
incremento de temperaturas sub-superficiales que, al ser liberado de forma subita después del
colapso del casquete de hielo, aceleraria el retroceso las masas de hielo en el Atlantico Norte.
Sin embargo, la existencia de incertidumbres en la calibracion de las temperaturas obtenidas
con este método, en las técnicas de limpieza y otros factores que pueden afectar a la relacion

Mg/Ca, nos lleva a tomar con cautela estos resultados.

166



Capitulo

CONCLUSIONES






Capitulo 8

CONCLUSIONES

El estudio en alta resolucion de la sucesidbn micropaleontologica, isotdpica,
sedimentoldgica y geoquimico del testigo U1314, ha demostrado la existencia de una
variabilidad climdtica y oceanografica en el Atlantico Norte, relacionada con secuencias de
avance y retroceso de las masas de hielo continental en esta region. Las principales conclusiones

derivadas de los objetivos que se plantearon al comienzo de este estudio son las siguientes:

e Hemos realizado un estudio en alta resolucion del 80 de las conchas de los
foraminiferos bentonicos, que sincronizado con la curva de referencia de volumen de hielo global
LRO04, nos ha permitido elaborar una cronologia para los sedimentos de la seccion estudiada de
nuestro testigo, la cual comprende desde 1069 hasta 779 ka (MIS 31-19). Todos los indicadores
utilizados en el testigo U1314 muestran importantes variaciones climaticas orbitales (glacial-
interglacial) y suborbitales. Uno de los rasgos mas caracteristicos del periodo estudiado es el

cambio en la amplitud de los eventos climaticos antes y después del MIS 25.

¢ Elregistro deisotopos estables en foraminiferos bentdnicos nos ha permitido reconstruir
los cambios en la evolucion de las masas de hielo y la circulacion profunda en el Hemisferio
Norte. Durante el periodo comprendido entre el MIS 31 y 26, los cambios de volumen de
hielo acumulado en los continentes son moderados, existe una formacidén constante de aguas
profundas en los mares Nordicos que permite una buena ventilacion profunda del Atlantico
Norte, solo interrumpida brevemente por rapidas descargas de icebergs. El rasgo mas llamativo
de este intervalo es la existencia de eventos climaticos milenarios que interrumpen la fase de
crecimiento de las masas de hielo de los estadios isotopicos glaciales. Estos eventos comienzan
con un calentamiento abrupto seguido de un enfriamiento gradual que finaliza con un pico de
descarga de IRD, el cual ha sido interpretado como el avance de los casquetes de hielo hacia la
linea de costa y posterior ruptura. El descenso en el 3'*0 de los foraminiferos bentonicos en la
base de estas oscilaciones milenarias podria estar relacionado con leves ascensos del nivel del
mar, calentamiento de las aguas profundas y/o a mayor influencia de aguas profundas con 8'*0O

mas bajo procedentes del Hemisferio Sur.

e El andlisis espectral de los registros de IRD, reconstruccion de temperaturas
superficiales y 6'*0 de foraminiferos planctonicos muestra una ciclicidad dominante asociada a
las frecuencias de precesion y hemi-precesion (21 y 11-10 ka). La coincidencia de ciclicidad con
las variaciones de insolacion durante los equinoccios en el ecuador, que a su vez corresponden
a maximos en el gradiente latitudinal de insolacion, parece indicar que el mayor transporte de
vapor de agua durante los periodos de maxima insolacion en bajas latitudes ha jugado un papel
fundamental en el ritmo de crecimiento de las masas de hielo continental del Atlantico Norte
y su posterior colapso al llegar a la linea de costa. La existencia de una marcada variabilidad
climatica milenaria previa a la intensificacion de la glaciacion del Hemisferio Norte indica
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que los mecanismos que controlan estas oscilaciones de alta frecuencia son independientes del
volumen de hielo acumulado en los continentes. Basdndonos en su ritmo y estructura, estos
eventos parecen ser estar controlados por las variaciones de insolacion en el ecuador durante los
equinoccios, exportada hacia altas latitudes por procesos convectivos tropicales. Este proceso
pone de manifiesto la importancia de los gradientes latitudinales de energia y vapor de agua en
los sistemas atmosfera, océano y criosfera, que generan y transportan esta variabilidad climatica

a otras regiones de la Tierra.

e Los fuertes cambios observados en la asociacion de foraminiferos planctonicos
responden a la variabilidad de masas de agua superficiales en el Atlantico Norte, controlada por
la posicién del Frente Artico. Durante periodos calidos y mayor presencia de aguas atlanticas,
especies subpolares y transicionales, como Neogloboquadrina pachyderma dex., Globorotalia
inflata, Globigerina bulloides y Globigerinita glutinada, son las mas abundantes, mientras que
durante periodos frios en los que la circulacion superficial esta dominada por aguas articas, la
especie principal es Neogloboquadrina pachyderma sin., con porcentajes en torno al 90 %.
También hemos observado que la forma mas incrustada y robusta de N. pachyderma sin. es
mucho mds abundante durante los estadios glaciares 22 y 20, mds intensos y con temperaturas
superficiales mas bajas. Igualmente, la posicion del Frente Artico respecto a nuestro testigo ha
sido estimada a través de abundancia de Turborotalita quinqueloba, 1a cual aumenta cuanto mas

cerca se encuentre el frente.

e Lasasociacionesde foraminiferos planctonicos también han permitido lareconstruccion
de paleotemperaturas empleando la técnica de redes neuronales artificiales. Los resultados
demuestran una variabilidad orbital y suborbital muy marcada, especialmente en el intervalo
entre el estadio isotopico marino 31 y 26. A su vez, combinando las paleotemperaturas con los
isotopos de oxigeno de foraminiferos planctonicos, hemos reconstruido el 680 del agua del

mar, el cual estéd relacionado con la variabilidad de aguas articas versus atlanticas en la region.

¢ En el estudio de la asociacion de radiolarios, se han identificado 79 especies, muchas
las cuales han demostrado reflejar con precision las condiciones superficiales del océano. Los
porcentajes de la especie Cycladophora davisiana aumentan durante periodos de crecimiento
de volumen de hielo continental y menor temperatura superficial, y durante los eventos de
descarga de IRD. Este dominio se debe a que C. davisiana vive por debajo de la zona fotica
y a su adaptacion a condiciones de baja salinidad y formacion de hielo marino. La diversidad
de especies aumenta durante periodos de mayor influencia de aguas atlanticas y aumento de
la productividad superficial. La asociacion cambia drasticamente, siendo especies adaptadas a
condiciones de alta productividad primaria, como Lithomelissa setosa y Pseudodictyophimus

gracilipes.

o A través del estudio de las asociaciones de foraminiferos planctonicos y radiolarios,
hemos reconstruido la variabilidad de la circulacion superficial del Atlantico Norte. Durante

el periodo anterior al MIS 25, la mayor abundancia de especies de foraminiferos planctonicos
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y radiolarios adaptados a condiciones frias, como Neogloboquadrina pachyderma sin. y
Cycladophora davisiana, respectivamente, indica que las condiciones de las aguas superficiales
estuvieron condicionadas por la posicidon semi-estable del Frente Artico al sureste del testigo
U1314, y en consecuencia una hidrografia superficial dominada por masas de agua articas frias
y de baja salinidad. Esta disposicién del Frente Artico provocod que el transporte hacia altas
latitudes de aguas atlanticas superficiales, mas célidas y salinas, fuera limitado y desplazado
hacia el margen continental de Noruega. Un menor aporte de vapor de agua hacia zonas de
formacion de aguas profundas en los mares Nordicos debido a esta configuracion hidrografica
pudo haber sido la causa del crecimiento limitado de los casquetes de hielo en el Hemisferio

Norte durante el Pleistoceno Inferior respecto a estadios isotopicos posteriores.

e El comienzo de glaciaciones mas intensas y cambios climaticos de mayor amplitud
hacia el MIS 25, modificd de forma dramatica los patrones de circulacion profunda y el clima
en el Atlantico Norte. El intervalo entre el MIS 25 y el 19 muestra el incipiente desarrollo de
ciclos climaticos de 100 ka de duracion, que se asemejan mas a los del Pleistoceno Superior.
El mayor crecimiento de las masas de hielo continental provocé deglaciaciones mas intensas
que tuvieron un fuerte impacto en la circulacion profunda. Valores minimos de 6"°C en
foraminiferos bentonicos durante los MIS 24, 22 y 20 son el resultado de una fuerte reduccion
en la produccion de la NADW y mayor transporte hacia el norte de LDW. A partir del MIS 21, un
mayor retroceso del Frente Artico durante periodos de descenso de volumen de hielo, permitid
un mayor transporte de aguas calidas superficiales hacia el norte, lo que provocé cambios mas

marcados en la fauna del Atlantico Norte y una mayor diversidad de especies.

e Las variaciones en el contenido de carbonato célcico y opalo biogénico parecen
responder a cambios en la productividad primaria superficial junto con variaciones en la
circulacion de aguas profundas. El retroceso hacia el norte del frente y la mayor entrada de
aguas calidas noratlanticas durante periodos interglaciales tiene como resultado una mayor
productividad primaria, y por lo tanto mayor acumulacion de carbonato calcico y 6palo biogénico.
La mayor produccion de aguas profundas durante estos periodos desencadend un elevado
transporte y acumulacion de particulas biogénicas de tamafio fino producidas en superficie.
Por el contrario, durante periodos de avance hacia el sureste del Frente Artico y episodios de
fusion y descarga de icebergs, las temperaturas superficiales mas bajas y la formacion de hielo
estacional restringen la productividad primaria, que junto con la ralentizacion de la circulacion
profunda en el Atlantico Norte, producen una menor acumulacion de material fino y una mayor
concentracion de material de grano arena (detritus transportados por icebergs y foraminiferos
> 63 um).

e El estudio geoquimico y mineraldgico del material del testigo U1314 nos ha permitido
inferir las posibles areas fuentes del material y los mecanismos que lo han transportado. Los
minerales de cuarzo, plagioclasa, filosilicatos, y los fragmentos liticos observados en la fraccion

> 150 um parecen proceder de los margenes de Groenlandia, Islandia e Islas Feroe, arrancados
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del sustrato continental durante periodos de avance de los casquetes de hielo y transportados al
océano durante la posterior fusion. La presencia esporadica de dolomita en nuestras muestras
indica que, o bien los icebergs procedentes de Norteamérica ya transportaban dolomita antes
de ~ 640 ka, o bien que los niveles de dolomita en el testigo U1314 proceden de pequefios
depdsitos de dolomia al noreste de Groenlandia y norte de Europa, mas cercanos a nuestro
testigo. La composicion elemental del sedimento refleja las diferentes fuentes y medios de
transporte implicados; durante periodos interglaciares con circulacion termohalina mas intensa,
hay un aumento de elementos asociados a la productividad superficial (Ca, Sr, Mn, P), lo
que corrobora el control parcial de la circulacion profunda en la acumulacion de particulas
biogénicas en el Gardar Drift y una mayor productividad primaria en esta region. Durante estos
periodos también hay una mayor acumulacién de elementos asociados a material terrigeno
oceanico de grano fino (Ti, Fe, Mg, Al y Zn), transportado por corrientes nefeloides asociadas
a la intensificacion de la circulacion termohalina. Por el contrario, el aumento de elementos
asociados a arcillas (Ba, Mg y Zn) indicaria una mayor extension de los casquetes de hielo en el

Atlantico Norte y posterior fusion que liberaria el material continental rico en esas arcillas.

e La estimacion de paleotemperaturas a partir de la relacion Mg/Ca en N. pachyderma
sin. muestra rapidos calentamientos después del méximo de descarga de IRD. Esto reflejaria un
incremento de temperaturas sub-superficiales que al ser liberado de forma stbita después del
colapso del casquete de hielo, aceleraria el retroceso las masas de hielo en el Atlantico Norte.
Sin embargo, la existencia de incertidumbres en la calibracion de las temperaturas obtenidas
con este método, en las técnicas de limpieza y otros factores que pueden afectar a la relacion

Mg/Ca, nos lleva a tomar con cautela estos resultados.
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CONCLUSIONS

The study of a high resolution micropaleontological, isotopic, mineralogical and
geochemical succession from Site U1314, has demonstrated the existence of a climatic and
oceanographic variability in the North Atlantic, related with advance/retreat ice-sheet sequences
in this region. The main conclusions derived from the objectives exposed at the beginning of

this study are the following:

e We have performed a high-resolution benthic foraminifer 6'*O study that has been
synchronized with the benthic global stack LR04 in order to elaborate a chronology for the
sediments of the studied section of our site, which ranges from 1069 to 779 ka (MIS 31-19). All
proxies used at Site U1314 show a marked orbital (glacial-interglacial) and suborbital climate
variability. One of the most characteristic features of the study period is the change in the

amplitude of climatic changes before and after MIS 25.

¢ Benthic stable isotopes records have enabled us to reconstruct changes in the ice-
sheets and deep-circulation in the Northern Hemisphere. In the period between MIS 31 and
26, ice-volume change is moderate, and deep-ventilation is generally good due to a constant
deep-water formation rate in the GIN Seas, only interrupted by rapid iceberg discharges. The
most important feature during this interval is the existence of millennial-scale climate events
that punctuated the ice-growth phase during glacial stages. These events start with an abrupt
warming followed by a gradual cooling that is culminated with an IRD discharge event, which
has been interpreted as an ice-sheet advance toward the coast line and calving. The decrease
in the benthic 6'80 signal at the base of these millennial oscillations could be related to sea-
level rises, deep-water warming or to greater influence of southern deep waters in the North
Atlantic.

e Spectral analysis of IRD, paleotemperature reconstruction, and planktonic 6'*O show
cyclicities centered at precessional and half-precessional frequencies (21 and 11-10 kyr). The
coincidence these dominant cyclicities in surface proxies with insolation variations during
equinoxes at the Equator, which in turn correspond to maxima in the latitudinal gradient of
insolation, may suggests that intensification of cross-equatorial moisture transport during
insolation maxima at the Equator play an important role in ice-sheet growth in circum-Atlantic
continents and subsequent calving when they reach the coast-line. Occurrence of millennial-
climate events before the intensification of Northern Hemisphere Glaciation indicates that
mechanisms controlling these high-frequency oscillations are independent of the ice-volume
accumulated onto continental masses. The timing and structure of the ice surges suggest they
might be induced by latitudinal export of equatorial insolation forcing to high-latitudes via
tropical convective processes. In conclusion, our study outlines the importance of latitudinal

gradients of energy and moisture through the atmosphere-ocean-cryosphere system to generating
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and transporting this millennial climate variability to other Earth regions.

e Abrupt changes in planktonic foraminifer assemblages reflect the strong variability
of surface water masses in the North Atlantic, controlled by the position of the AF. During
warm periods and higher influence of atlantic waters, subpolar and transitional species, such
as Neogloboquadrina pachyderma dex., Globorotalia inflata, Globigerina bulloides and
Globigerinita glutinada, are the most abundant, while during cold periods whit the surface
hydrography dominated by arctic waters, the most important species is Neogloboquadrina
pachyderma sin., with percentages around 90 %. We also have observed that N. pachyderma
sin. encrusted form is more abundant during glacial periods 22 and 20, more intense and with
lower surface temperatures. Moreover, the AF position was estimated through the abundance of

Turborotalita quinqueloba, which increases when the front is closer.

e We have also performed a paleotemperature reconstructions based on planktonic
foraminifer assemblage using artificial neural networks technique. Results show a marked
orbital and suborbital variability, especially during the interval between MIS 31-26.
Additionally, combining faunal based paleotemperatures with planktonic oxygen isotope, we
have reconstructed the 6'*0O of sea water, which is related to the arctic versus atlantic waters

variability in this region.

e In the study of the radiolarian assemblage, we have identified 79 species, many of them
reflect accurately conditions of surface ocean. Percentages of Cycladophora davisiana increase
during periods of ice-sheet growth and lowered surface temperaturas, and IRD discharge
events. This domain is because C. davisiana lives below the photic zone and it is adapted to
low salinity and sea-ice formation conditions. Species diversity increases during periods with
higher influence of atlantic waters and surface primary productivity. Radiolarian assemblage

changed drastically, and species adapted to former ocean conditions became more abundant.

e Through the study of planktonic foraminifer and radiolarian assemblages, we have
inferred surface circulation variability of the North Atlantic. During the time interval before MIS
25, higher abundance of cold-adapted species of planktonic foraminifer and radiolarian, such
as Neogloboquadrina pachyderma sin. and Cycladophora davisiana, respectively, indicate that
surface circulation was controlled by the steady position of the AF south-east of Site U1314,
and consequently, dominated by cold and low salinity arctic waters. The AF layout caused a
reduced advection toward high latitudes of warm and saline atlantic waters, restricted to the
Norwegian continental margin. A lower moisture supply toward deep-water formation areas
in the GIN Seas might have limited ice-sheet growth in the North Atlantic during the Early

Pleistocene respect to younger isotopic stages.

e Higher-amplitude changes and the onset of major glaciations since MIS 25 modified
dramatically the deep circulation pattern and climate configuration in the North Atlantic. The

MIS 25-19 time-slice show the incipient characteristics of the Late Pleistocene climate cycles,
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dominated by the 100 kyr cyclicity. Greater build-up of continental ice led to stronger and
long-lasted iceberg discharges at glacial maxima and Terminations that had a large impact in
deep circulation. Minima benthic 6"*C values during MIS 24, 22 and 20 documents the near-
cessation of NADW production during these episodes and the northward intrusion of LDW.
A greater AF retreat during ice-volume decay periods allowed enhanced warm surface waters
transport toward high-latitudes, which caused marked fauna changes in the North Atlantic and

higher species diversity.

e Variability of calcium carbonate and biogenic opal content in the sediments seems
to respond to changes in surface primary productivity together with variations of deep water
circulation. The northward AF retreat and high northward advection of warm atlantic waters
during interglacial periods results in an increase in primary productivity, and hence, in calcium
carbonate and biogenic opal accumulation rates. Higher production rate of deep waters during
these periods accumulates more fine biogenic particles produced at surface. In contrast, at times
of southeast advance of the AF and iceberg discharge events, SST decreased and seasonal sea-
ice formation inhibits primary productivity, that together with less vigorous deep-water flow in
the North Atlantic, accumulated less fine-grained material, that led to the relative concentration

in the sediment of the coarsed-grained fraction (IRD and planktonic foraminifera > 63 pum).

e The geochemical and mineralogical study of sediments from U1314 has enabled us to
infer sediment sources and transport mechanisms. Quartz, plagioclase, phyllosilicates and lithic
fragments observed in the > 150 um fraction may point to a Greenland, Iceland or Faroe Island
origin, eroded from the continents during ice-sheet advance and released into the ocean during
subsequent melting. The sporadic occurrence of dolomite in our samples indicate that either
icebergs from North America transported dolomite up to Site U1314 location before ~ 640 ka,
or that it comes from small dolomite deposits from Northeast Greenland and North Europe,
closer to our Site. Sediment elemental composition reflects different sources and mechanisms
transport; during interglacial periods with strong thermohaline circulation, there is an increase
in elements related to surface productivity (Ca, Sr, Mn, P), that corroborates partial control of
deep circulation in accumulation of biogenic particles over Gardar Drift together with enhanced
primary productivity in the region. During these periods there is also a higher accumulation
of elements related to fine terrigenous oceanic material (Ti, Fe, Mg, Al y Zn), transported by
nepheloid currents associated to the intensification of the thermohaline circulation. On the
contrary, the increased of elements associated with clays (Ba, Mg y Zn) would indicate an
ice-sheet expansion in the North Atlantic followed by melting that would release this clay-rich

continental material to the ocean.

e Paleotemperature estimates base on Mg/Ca ratio of N. pachyderma sin. show rapid
warmings following the IRD peak. This would reflect a sub-surface temperature increase that
would sudden released after ice-sheet collapse, which would accelerate ice-sheet retreat in

the North Atlantic. However, the existence of uncertainties in the calibration of temperatures
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obtained with this method, in the cleaning techniques and other factors affecting the Mg/Ca

ration, thus, recommend taking these results with caution.
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The present work analyses the seasonal evolution of planktonic assemblages and particle fluxes through the
water column in the Eastern Alboran Sea (Western Mediterranean) at 35°55.47'N/01230.77'W. A Sediment
trap was deployed below the influence of the Almeria-Oran Front (AOF), a semi-permanent geostrophic front,
during July 1997 to June 1998. Overall, the temporal variability of coccolithophore, planktonic foraminifer,
diatom, benthic and wind-carried biogenic particle fluxes is linked to the seasonal evolution of sea surface
hydrological structures. Maximum planktonic fluxes were found during high-productivity periods and wind-
induced upwelling, following a trimodal pattern, with maximum fluxes in July 1997, November-December
1997, and April-May 1998. These periods were characterized by vertical mixing and the full development of
Sediment trap anticyclonic gyres in the Alboran Sea. The annual flux of coccolithophores was dominated by the “small
1997-98 ENSO event Gephyrocapsa Group” and Emiliania huxleyi, whereas Turborotalita quinqueloba and Globigerina bulloides
SST dominated the foraminiferal fluxes, and Chaetoceros Resting Spores (RS) were predominant in the diatom
Alboran Sea assemblage. Benthic specimens were also collected with the sediment trap, suggesting a variable influence of
bottom water activity. Wind-driven particles (phytoliths and fresh-water diatoms) were collected along the
year, but their fluxes followed the local wind regime.

The high Sea Surface Temperature (SST) during fall due to weaker than usual westerly winds, and the pressure
anomaly prevailing in the Alboran Sea during early winter, were reflected in the planktonic assemblages by
the proliferation of warm, lower photic layer inhabitants and/or oligotrophic taxa of coccolithophores
(Florisphaera profunda), planktonic foraminifers (Globigerinoides ruber and Globorotalia inflata) and diatoms
(Leptocylindrus danicus). These unusual climatic conditions in the eastern Alboran Sea must have been caused
by the 1997-1998 ENSO event.
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1. Introduction

Planktonic communities are important tracers of oceanographic
changes, as they appear to be sensitive indicators of surface water
conditions. Every group/species have specific spatial and temporal
distributions in surface waters depending of factors such as upwelling,
temperature, salinity, nutrients and light (Margalef, 1978). For this reason
planktonic studies based on water samples and sediment trap records
have emerged as an important tool in order to infer past global change and
to determine climatic indicators in longer time-series (Okada and Honjo,
1973; Okada and McIntyre, 1979; Giraudeau and Rogers, 1994;
Knappertsbusch, 1993; Abrantes and Moita, 1999). During the last
decades, several studies based on downward particle fluxes have been
focused in the Mediterranean Sea (Pujol and Vergnaud-Grazzini, 1995;

* Corresponding author. Faculty of Sciences, Plaza de los Caidos s/n. 37008,
Salamanca, Spain. Tel.: +34 923 29 44 97; fax: +34 923 29 45 14.
E-mail address: ihalmeida@usal.es (1. Hernandez-Almeida).

0377-8398/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.marmicro.2010.09.005

Rutten et al., 2000; Ziveri et al., 2000; Schiebel et al., 2004) and more
specifically in the Alboran Sea (Peinert and Miquel, 1994; Fabres et al.,
2002; Barcena et al., 2004; Sanchez-Vidal et al., 2004; 2005). Results
obtained in these works highlighted the control of physical-chemical
characteristics of the water column on the development of certain
planktonic communities; providing a useful information in order to
interpret the Mediterranean fossil record (Flores et al., 2000; Barcena et al.,
2001; Colmenero-Hidalgo et al.,, 2004).

The Alboran Sea is a relevant area to study flux of organisms since it has
arelative high productivity that contrast with the generalized oligotrophy
of the Mediterranean Sea. Primary productivity in Alboran Sea is mainly
related to the local circulation pattern, which is controlled by the entrance
of Atlantic surface waters into the Mediterranean basin and the
development of anticyclonic gyres, stimulating phytoplankton produc-
tivity in the area (Packard et al., 1988).

As part of the MTP [I-MATER project (Mediterranean Targeted Project
[I-MAss Transfer and Ecosystem Response), sediment traps were
deployed in the Almeria-Oran Front (AOF) from July 1997 to May 1998
to record the annual evolution of biogenic flux in the area. In this paper we
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describe the seasonal evolution of coccolithophores, planktonic forami-
nifers, diatoms and phytoliths, and compare them with other biological
(chlorophyll-a concentration) and environmental records (sea surface
temperature -SST-, bottom current and wind data) from previous studies
in the Alboran Sea for the same time period (Garcia-Gorriz and Carr, 2001;
Vargas-Yafiez et al,, 2002; Sanchez-Vidal et al., 2005). The objective of this
study is to describe the phytoplankton abundance and composition in the
AOF and its relationship to short-term hydrographical changes in the
Mediterranean region and with other ocean-wide processes.

2. Study area: hydrographic and meteorological considerations

The Alboran Sea is a transitional region between two oceanic
domains: the Atlantic Ocean and the Mediterranean Sea. Surface
circulation is very active and is characterized by the presence of two
semi-permanent gyres, which are formed after the entrance of North
Atlantic Surface Waters (NASW) through the Strait of Gibraltar. Once
the NASW has entered the Alboran Basin, as a result of mixing with
the dwelling Mediterranean waters these water mass changes its
characteristics and is known as Modified Atlantic Waters (MAW).
Both anticyclonic gyres are highly variable in terms of structure and
permanence and, moreover, their development is controlled by
several factors such as atmospheric pressure, temperature, salinity,
etc. (Heburn and La Violette, 1990; Viddez et al., 1998; Vargas-Yafiez
et al.,, 2002) (Fig. 1).

Unlike the general oligotrophy of the Mediterranean Sea, the
Alboran Sea has two systems of high productivity associated with the
gyres and with periods of intense westerlies activity: one located in
the northern area of the Western Alboran Gyre (WAG) (Minas et al.,
1991; Sarhan et al., 2000), and the Almeria-Oran Front (AOF) (Vitdez

38°N

et al,, 1998), related to the Eastern Alboran Gyre (EAG) (Fig. 1). The
AOF is a semi-permanent geostrophic front that results from the
interaction between Atlantic waters and denser Mediterranean
waters (Tintore et al., 1988). Moreover, the incoming NASW introduce
and transport to the east high amounts of nutrients and biogenic
material produced in the western sector of the basin (La Violette,
1984; Minas et al., 1991; Garcia-Gorriz and Carr, 2001).

According to Garcia-Gorriz and Carr (2001), the temporal
evolution of the Alboran basin productivity is characterized by the
succession of four regimes during the year: bloom regime from
November to March, the non-bloom, from May to September and two
transitional periods, in April-May, when thermal stratification starts,
and in October-November, coinciding with maximum wind variabil-
ity and de-stratification within the basin. Former authors also defined
a temperature range that separates the bloom regime (for
SST<17.4°C) from the non-bloom (SST>19.5 °C) (Fig. 2a). Fluvial
run-off is negligible in the Alboran Sea since no significant rivers flow
into the AOF region (Sanchez-Vidal et al., 2005) (Fig. 1).

2.1. Special conditions during the 1997-1998 period

According to McPhaden (1999), the 1997-1998 El Nifio-Southern
Oscillation (ENSO) event was the strongest for the last century. The former
author suggested that unusual climatic conditions around the world were
related to this event. In the Alboran Sea, this special conditions consist in
the high SST (>19.5 °C) and thermal stratification during late summer and
early fall 1997, that increased until mid-fall, with unusually warm SST
(reaching up to 22.5 °C) and weak winds during October 1997 (Garcia-
Gorriz and Carr, 2001; Barcena et al.,, 2004; Sanchez-Vidal et al., 2005).
Therefore, the unusual fall conditions prevented the normal development
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Fig. 1. Geographic and oceanographic location of the study area. Scheme of surface circulation in the Alboran Sea and position of sediment trap ALB-5. Arrows indicate the theoretical
trajectories of water masses and dashed areas indicate high productivity zones. Dashed areas represent the northern border of the Western Alboran Gyre (WAG) and Almeria-Oran
Front (AOF). Arrows represent the theoretical surface circulation in the Alboran Sea, North Atlantic Surface Waters (NASW), Modified Atlantic Waters (MAW), Western Alboran Gyre

(WAG), Eastern Alboran Gyre (EAG) and AOF.
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Fig. 2. Temporal evolution of a) surface temperature in the western gyre region (data obtained from Garcia-Gorriz and Carr, 2001), b) fluxes of main planktonic groups and
chlorophyll-a concentration in surface waters and c) fluxes of faecal pellets recorded by the sediment trap ALB-5F, located in the Alboran Sea, between July 1997 and May 1998.
Upper coloured bar at b) is an estimation of the chlorophyll-a concentration derived from SeaWifs images (Melin, 2000). Grey dashed arrows indicate the lag between associated

pigment maxima at sea surface and the planktonic flux maxima in the sediment trap.

of the winter upwelling. Later, a southward drift of warmer than usual
NASW getting into the Alboran Sea forced the collapse of the gyre from
February to March 1998 (Vargas-Yafiez et al. 2002).

This special regime characterized by high temperatures likely yielded
changes in the planktonic assemblage along the Mediterranean region
during the 1997-1998 period. Rigual-Hernandez et al. (2010) observed
lower silica organisms fluxes during the winter 1997-1998 in a 12 years
sediment trap record from the Gulf of Lion (Western Mediterranean).
Mercado et al. (2005, 2007) observed extraordinary warm conditions
during the 1997 fall that produced a shift in the phytoplanktonic
community of the Alboran Sea. Barcena et al. (2004) reported low
productive conditions during the 1997-1998 year. We therefore suggest
that 1997-1998 ENSO event had promoted unusual meteorogical and

hydrographic conditions through remote teleconnections that affected
the Mediterranean region, and in our particular case, to the planktonic
assemblages of the Alboran Sea.

3. Materials and methods
3.1. Mooring configuration

Sediment trap ALB-5F was deployed on the north-Africa conti-
nental margin located at 35°55.47'N/01°30.77'W below a water
column of 2070 m and 30 m above the sea floor (Fig. 1). The mooring

line was equipped with a Technicap PPS3 sediment trap and Aanderaa
current meters at several levels of the water column. A complete
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description of the sediment trap as well as of the technical procedures
of maintenance and configuration of the mooring line was described
in Heussner et al. (1990) and Sanchez-Vidal et al. (2005). Current
meters recorded water speed and direction every hour throughout the
experiment (291 days); average speed was 3.93 (£3.14) cms™!
(Sanchez-Vidal et al., 2005).

3.2. Sampling period

The ALB-5F sediment trap was deployed from July 1997 to May
1998 during three different periods: (I) from 1st of July to 3rd October
1997, (1) from 15th November 1997 to 10th of March 1998, and (III)
from 1st April to 22nd May 1998. The samples were taken every ten
days throughout the study period, except between April and May
(third period), when the sampling interval was three days (Table 1). A
total of 29 samples were studied; unfortunately, owing to technical
reasons seven samples from September to October 1997 were invalid
for performing micropaleontological analyses, since they had not
collected a sufficient amount of material. Sediment trap efficiency was
80.5% for the first two periods and 100% for the third.

3.3. Sample treatment and calculations

A high-precision peristaltic pump was used to split each sample
into eight identical and homogeneous sub-samples, following
Heussner et al. (1990). For geochemical treatments, we followed the
methodology described in Fabres et al. (2002).

For micropaleontological analyses, the original dry mass was
known, and 1/8 aliquots were used. The original samples were wet-
sieved onto a 63 um mesh in order to separate foraminifer from
smaller diatoms and coccolithophores. The reduced amount of
collected sediment made it necessary to carry out the micropaleonto-
logical investigations on the same sample aliquot, thus avoiding loss
of information from the total sample. The methodological laboratory
treatment can be found in Barcena et al. (2004). Qualitative and
quantitative analyses were done with a Nikon Eclipse 80-1 petro-
graphic microscope with a phase contrast device. For diatom studies,
we used a 1000 magnification, while x1250 was used for coccolitho-
phore analyses.

In order to convert coccoliths into coccospheres, we used the
Knappertbusch formula (1993) using the specific relationship
between coccoliths/coccospheres for each species. Due to the different
planktonic foraminifer species represented in the coarse and fined
fraction (>150 um and 63 - 150 pum) in our samples, we have grouped
both fractions to avoid any loss of information (Carstens et al., 1997;
Smart, 2002).

4. Results
4.1. Transport mechanism of planktonic shells

Faecal pellets, derived of high zooplanktonic activity (Quétel et al,
1993; Rutten et al, 2000), provided an effective mechanism of vertical
transport for biogenic particles recorded in our sediment trap, as seen in
the short time elapsed (2-3 weeks) between the periods of high
chlorophyll-a concentration, increase of faecal pellets and interception
of planktonic shells in the sediment trap ALB-5F (2070 m depth) (Fig. 2b
and c). These aggregates sink faster than single particles such as
coccolithophores or clay minerals, which can remain suspended in the
water column for long time, increasing vertical transport to the sea floor
over several months (Ziveri et al, 1995). Furthermore, the temporal
agreement between biogenic and lithogenic fluxes (Sanchez-Vidal et al.,
2005) may indicate the incorporation of mineral particles into faecal
pellets, producing a ballast effect (Armstrong et al,, 2002) on settling
particles, as reported by Sanchez-Vidal et al. (2005). An additional source
of material would be the particles (mainly benthic and neritic diatoms)

supplied by bottom currents and wind-carried opaline particles from the
continent (phytoliths and fresh-water diatoms), which have a minor
contribution and their significance will be discussed further.

4.2. Calcium carbonate fraction

Coccolithophores and foraminifers were the main components of
this fraction, although other calcareous organisms, such as pteropods
and bivalves also contributed to it, but in very low quantities.

4.2.1. Coccolithophores

The total coccolithophore flux also followed a tri-modal pattern,
exhibiting the same trend as calcium carbonate (Sanchez-Vidal et al.,
2005), decreasing trends at the end of summer and beginning of fall,
while during spring and early summer an increase of calcareous flora
productivity was observed (Fig. 3a). The daily flux of coccospheres
ranged between 15.2x 107 and 1.0x 107 (average: 4.9x 107 cocco-
spheres m~2 day~ ') (Fig. 3a).

The main component of the assemblage was the “small Gephyr-
ocapsa Group” (sGG) (<3 pum), representing 49% of the total
assemblage (Fig. 3b). The highest relative values were recorded
between mid-fall and early winter, but high relative contributions
were also recorded during middle spring and early summer. In terms
of flux, the most significant contribution occurred in early summer,
with values of 10x107 coccospheres m~2day~'). The sGG also
displayed secondary peaks during spring and mid-fall to early winter
(Fig. 3b).

Emiliania huxleyi (average: 11%), in terms of both flux and relative
contribution, shows a variable pattern. The highest contribution was
recorded during fall, reaching up to 60% of the total assemblage,
while highest fluxes recorded during summer (3.2x107 cocco-
spheres m~2 day~ ') (Fig. 3c).

Florisphaera profunda (average: 2.5%) showed highest contribution
(8%) and daily flux (0.55x 107 coccospheres m~2-day~!) during fall
(Fig. 3d). Several taxa (contributions between 2.8 and 1.4%; see
Table 1), such as Syracosphaera spp., Calcidiscus leptoporus, Helico-
sphaera carteri, Gephyrocapsa muellerae and Gephyrocapsa oceanica,
followed a similar temporal pattern along the sampling period, with
their highest daily flux recorded at the beginning of summer and
during spring. Umbilicosphaera spp., Rhabdosphaera clavigera, Umbelo-
sphaera spp. and Discospahera tubifera represent the “Warm Cocco-
lithophore Group” (WCCG) (Okada and Mclntyre, 1979). The warm
group accounted for 1.7% of the total assemblage. Mid-summer is the
most productive period for this group, with a relative contribution up
to 20% and a daily flux of 1.6 x 107 coccospheres m~2 day~ ') (Fig. 3e).

4.2.2. Planktonic foraminifers

Planktonic foraminifers were present throughout the year.
Maximum fluxes occurred in three peaks at the beginning of summer,
winter and during spring, with values of 3400, 2300 and 7500
foraminifers m~2day~! respectively (Fig. 4a) (average: 1000
foraminifers m~2 day ™ 1).

Around 85% of the total planktonic foraminifera assemblage was
composed by two species, Turborotalita quinqueloba (average 20%)
(Fig. 4b) and Globigerina bulloides (average 18%) (Fig. 4c). The first
one, T. quinqueloba, displayed the highest average relative contribu-
tion for the studied period. The highest fluxes of the species were
recorded during summer, winter and spring; while the maximum
contribution (both, relative and absolute) was observed during
spring, with values of 72% and 2700 foraminifers m~2 day ™'
respectively (Fig. 4b). T. quinqueloba contributed to the foraminiferal
assemblage with an average flux of 490 foraminifers m~2 day~ .

Globigerina bulloides showed a clear seasonal component; during
fall, the contribution of G. bulloides was negligible, but during summer,
winter and spring it showed the highest daily fluxes, especially during
May 1998, with 3900 foraminifers m~2day~'. Moreover, the
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maximum relative contribution (83%) was recorded during winter
(January-February). The average flux and relative contribution was
339 foraminifers m~2 day~ ! and 17% respectively (Fig. 4c).
Globorotalia inflata (average: 8.8%) was especially important
during fall and late winter. The most significant daily flux was
recorded during May 1998, with 360 foraminifers m~2day ™!
(Fig. 4d). The main flux contribution of Globligerinoides ruber (both
varieties: white and pink) was observed in November 1997 (up to 100
foraminifers m~—2 day~!), although the species was scarcely repre-
sented in the rest of the studied period. The relative contribution of
this species reached up to 75% of the assemblage during fall (Fig. 4e).

4.3. Biogenic opal faction

Diatoms, radiolarians, silicoflagellates, sponge spicules, siliceous
dinoflagellates and phytoliths were the major components of the
biosiliceous particles that settled in the Alboran Sea during the
studied period. In our analyses, diatoms were numerically the main
contributors to the opal fraction; their daily flux was several orders of
magnitude higher than that of the rest of the siliceous microorgan-
isms. Silicoflagellates (mainly Dictyocha fibula), dinoflagellates (Acti-
niscus pentasterias) sponge spicules and radiolarians displayed
maxima fluxes at the beginning of summer 1997 and mid-spring
1998.

4.3.1. Diatoms

The flux of diatoms is expressed as the number of valves m~2 day .
Daily diatom flux displayed a bi-modal pattern, with two peaks at the
beginning of summer 1997 and during late spring 1998, reaching values of
around 8 x 107 valves m~2 day~". During the rest of the year, diatom flux
was three orders of magnitude lower. The diatom flux followed the same
pattern as opal (Fig. 5a). A slight increase in both diatom and opal levels,
was observed during mid-winter. The mean daily flux was 1.2 x 10® valves
m~2day~! (Fig. 5a).

A total of 66 diatom taxa were recognised in the samples. Diatoms
were grouped as a function of their ecological significance into planktonic,
neritic and benthic, and fresh-water, following Barcena et al. (2004)
considerations. Likewise, other species were treated individually due to
their higher abundances or important ecological significance, such as
Chaetoceros resting spores (RS) and Leptocylindrus danicus, respectively.

Chaetoceros RS was the main contributor to the diatom assemblage
with daily fluxes of 1x 107 valves m~2day~! (average). Its relative
contribution represented more than 56% of the total, ranging from
27% to 98%. In terms of fluxes, Chaetoceros RS shoed two maxima, early
summer, and the highest daily flux during spring, with 8.1 x 10 valves
m~2day~! (Fig. 5b).

The Marine Planktonic Group (MPG), followed the opposite trend
to that of Chaetoceros RS. The highest relative contribution was
observed during the second half of fall and the first half of winter (up
to 60%), while the lowest was recorded during spring and summer
(Fig. 5¢). The mean relative contribution was 20%. The flux followed a
bi-modal pattern, with maxima during July 1997 and May 1998. The
group contributed with daily fluxes of 1.2x10° valves m~ 2 day !
(average).

Neritic and benthic diatoms (Neritic and Benthic group -NBG-)
showed their highest relative contributions at the end of summer
1997 and early winter 1997-98 (average up to 10%). The highest flux
was recorded during spring 1998 with daily fluxes of 1.5 x 10 valves
m~2day~! (Fig. 5d). The most significant fluxes of L. danicus were
recorded during early summer 1997 (14 x 10° valves m~2 day~') and

Fig. 3. Seasonal evolution of coccolithophore flux (bars) and relative contribution
(lines) of the most significative species, a) total coccosphere and calcium carbonate
(solid grey line), b) sGG, c) Emiliania huxleyi, d) Florisphaera profunda, e) Warm
Coccolithophore Group (WCCG), in the sediment trap ALB-5F, located in the Alboran
Sea, between July 1997 and May 1998. Horizontal solid lines indicate the average flux,
and horizontal dashed lines indicate the average relative contribution.



no
(=}

i in -2. -1
Planktonic foraminifers m-<-day 3

~

Planktonic foraminifers m-2.qay-1 o

N

Planktonic foraminifers m-2-day-1 ©

1T
N

Planktonic foraminifers m-2-day

N

Planktonic foraminifers m-2-day-1

120

100

80

60

40

20

400
350
300
250
200
150
100

50

4500
4000
3500
3000
2500
2000
1500

8 8
o o S

3000

2500

2000

1500

1000

500

8000
7000
6000
5000
4000
3000
2000
1000

G. ruber o

Anexos

1. Herndndez-Almeida et al. / Marine Micropaleontology 78 (2011) 14-24

80
70
60
50
40
30

20

/:10

G. inflata

100

80
70
60
50
40
30

ot

G. bufloides

90
80
70
60
50

30
20

B

I dldHI L A

T. quinqueloba

80
70
60
50
40
30
20

[\

—

ol

N

WiiN

Total planktonic foraminifers

L

Calcium Carbonate [ 0.45

m

/\/ L 0.15

r 0.40
r 0.35
r 0.30

F 0.25
M
m F 0.20

- 0.10

RaliZ1l

N

- 0.05

13 5 7 9 11131517 19 21 23 25 27 29 31 33 35

JIAJS JOIN]D [ Ja [F [[April [May

Summer | Fall [ Winter |

Spring

1997

1998 ——»

—o0— (9% ) uonNqLIUOY dAlERY —o0— (9, ) uonnNQguUIUOY aAe[eY —0— (9% ) uonNqUIU0Y dAlEIRY

—o— (9% ) uonnquuoY aAne|eY

— - Aep 5w swelb xn|4

during mid-spring (Fig. 5e). For the rest of the year the contribution of
this species was negligible, with the exception of a relative high
during August 1997 (5%). The annual average contribution was
around 1% (Fig. 5e).

Fresh-water diatoms (mainly Aulacoseira granulata) and phyto-
liths represent continental input to the sediment trap (origin and
transport mechanism discussed in section 5.3). Fresh-water diatoms
are mainly represented during early summer 1997 (up to 3.6x10°
valves m~ 2 day '), while phytoliths show two peaks, early summer
1997 and spring 1998 (more than 5x10° phytoliths m~2 day™')

(Fig. 6).
5. Discussion

5.1. Microplanktonic communities as response to
environmental conditions

Oceanographic and atmospheric variability in the Alboran Sea
during the 1997-1998 period provided different scenarios featured by
the ecological succession of different planktonic species and phyto-
plankton groups. The occurrence of these scenarios are dependent of
development of upwelling, a favourable wind-regime (westerly
winds), nutrient availability, sea surface temperature and surface
circulation of the Alboran Sea (Garcia-Gorriz and Carr, 2001; Sanchez-
Vidal et al., 2004).

Highest biogenic particle fluxes recorded by sediment trap ALB-5F
(Sanchez-Vidal et al., 2005) are related with high-chlorophyll-a
concentrations events observed in previous weeks in the Alboran
basin (WAG and/or EAG) by satellite images (Garcia-Gorriz and Carr,
2001) during the 1997-1998 period. These high productivity events
correspond in our study with specific planktonic assemblages. Several
opportunistic taxa show a rapid response to nutrients availability,
such as sGG and E. huxleyi (Knappertsbusch, 1993; Brand, 1994), or
the genus Chaetoceros (Abrantes, 1988; Abrantes and Moita, 1999),
which appears at ALB-5F as resting spore stage in response to
environmental stress (water column turbulence) during the upwell-
ing events (Hargraves and French, 1983; Sautter and Sancetta, 1992).
This enhanced productivity of coccolithophores and diatom cells
serves as food-resource for zooplankton (Hemleben et al., 1989), such
as the planktonic foraminifer G. bulloides, a taxon with multiple
trophic strategies (Schiebel et al., 2001; Sautter and Sancetta, 1992)
and T. quinqueloba, a characteristic species of spring blooms and
upwelling stages (Weaver and Pujol, 1988; Sautter and Sancetta,
1992; Schiebel et al., 2004).

Planktonic organism density and species found in the AOF are
comparable to those recorded in the WAG by Barcena et al. (2004).
The differences in fluxes between both records may be related to less
intense upwelling events at AOF, as inferred from the lower
chlorophyll-a concentrations at ALB 5-F.

5.1.1. Early-summer period

The increase in the fluxes of T. quinqueloba and G. bulloides, sGG
and E. huxleyi, Chaetoceros RS and the diatoms MPG (Figs. 3-5)
indicates the advection of cold upwelled waters south-eastwards
resulting in a period of high nutrient availability with a favourable
water-mixing at the WAG, then transported to the AOF, due to a
westerly wind regime during June 1997. Other minor components of
the coccolithophore assemblage, Syracosphaera spp., Helicosphaera
carteri and Calcidiscus leptoporus, showed a very similar trend
(Table 1), indicating a clear preference for productive periods, in

Fig. 4. Seasonal evolution of planktonic foraminifers flux (bars) and relative
contribution (lines) of the most important species, a) total foraminifers and calcium
carbonate (solid grey line), b) Turborotalita quinqueloba, c) Globigerina bulloides,
d) Globorotalia inflata, e) Globligerinoides ruber, in the sediment trap ALB-5F, located in
the Alboran Sea, between July 1997 and May 1998. Horizontal solid lines indicate the
average flux, and horizontal dashed lines indicate the average relative contribution.
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6 clear agreement with Ziveri et al. (1995, 2000) findings, who observed
~ L. danicus (x10%) ? a significant increase in the coccosphere flux of these three
5 % coccolithophore species during upwelling episodes. In the same
2 sense, Gephyrocapsa muellerae and G. oceanica fluxes seem to be
- 4 § directly controlled by nutrient availability. These species has been
5 g related to cold and fertile waters associated with upwelling conditions
g (Giraudeau, 1992; Ziveri et al, 1995; Broerse et al., 2000). This
) 0 behaviour is supported by oceanographic-satellite observations since
n X - Garcia-Gorriz and Carr (2001) reported this period as one of the most
‘\ \ /\[ \ 1 intense productivity events with an increase of nutrients from spring
& \ jJﬂVW f;/rl N i to summer, related with a wind-induced upwelling.

Neritic and Benthic Group (x106) 780 5.1.2. Late summer and fall period . . . .
s 2 The anomalous sea-surface warmer conditions during this period
3 (up to 22.5°C) (Garcia-Gorriz and Carr, 2001) promoted a water-

40 < . . . .
M ) column stratification and caused deepening of the thermocline. These
% g conditions contributed to the proliferation of several taxa, such as
730 2 WCCG (Umbilicosphaera spp., R. clavigera, Umbelosphaera spp. and D.
25 % tubifera) (Okada and Mcintyre, 1979), which are typical dwellers of
ign 20 2 warm and oligotrophic waters during mid-summer in the Mediter-
M X ] 15 X ranean Sea (Ziveri et al., 2000). In the same sense, increase in L.
rrrrrrrrrrrrr Vo 10 % danicus percentages (Fig. 5e) agrees with the upwelling relaxation
X x 5 and the beginning of a thermal stratification in the upper water
el | il I column (Varela et al.,, 2003, Barcena et al, 2004). This scenario with
poor nutrient content in surface waters induces oligotrophic condi-
Marine Planktonic Group (x10%) 70 - tions, favouring development of predatory and gracing species, such
0 = as Globigerinoides ruber and Globorotalia inflata (Hemleben et al.,
[ g 1989; Pujol and Vergnaud-Grazzini, 1995) (Fig. 4). Moreover,
50 o opportunitic and multy-diet character of G. bulloides (Sautter and
20 = Sancetta, 1992; Pujol and Vergnaud-Grazzini, 1995; Schiebel et al.,
o M 2 2001) allowed it to reach more than 40% in this period. Summarizing,
B / 30 S 1997-1998 ENSO event likely led to warm SST and weak winds in the
Ji - 2 Alboran region during this period (Garcia-Gorriz and Carr, 2001;
I 20 - Sanchez-Vidal et al., 2005) favoured the proliferation of taxa typical of
1T M 10 % warm and oligotrophic environments better adapted to stratified
H_H waters.

0 The typical deep-dwelling species, F. profunda (Okada and Honjo,
Chaetoceros RS spp.(x107) 100 1973), exhibits higher percentages during November and December
1997 (Fig. 3d). Barcena et al. (2004) reported two peaks of this taxon
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in the WAG during the same period, and related them to times of
maximum rainfall and river discharge. In the AOF, high wind speed
recorded during these months (Sanchez-Vidal et al., 2005) likely
created an environment with high turbulence in the upper photic
zone and low light intensity, conditions favourable for F. profunda
development (Ahagon et al., 1993; Schiebel et al., 2004).

This low-productive scenario lasted until November 1997, when
the development of WAG and EAG favoured the water column de-
stratification and advection nutrient-rich waters into the Eastern
Alboran Sea (Garcia-Gorriz and Carr, 2001; Sanchez-Vidal et al.,
2004). This upwelling event triggered a planktonic bloom in the WAG
as reported by Barcena et al. (2004), and recorded at our sediment
trap, ALB-5F, with high relative and absolute fluxes values of
eutrophic to mesotrophic species.

5.1.3. Winter period

This period was characterized by a massive destratification of the
water column during late December 1997-January 1998; strong
winds affected large parts of the Alboran Basin and caused an
extensive bloom (Garcia-Gorriz and Carr, 2001; Sanchez-Vidal et al.,
2004) (Fig. 2b), but with pigment concentrations lower than those

Fig. 5. Seasonal evolution of planktonic diatoms flux (bars) and relative contribution
(lines) of the most significative species, a) total diatoms valves and opal (solid grey
line), b) Chaetoceros RS, ¢) Marine planktonic Group, d) Neritic and Benthic Group,
e) Leptocylindrus danicus, in the sediment trap ALB-5F, located in the Alboran Sea,
between July 1997 and May 1998. Horizontal solid lines indicate the average flux, and
horizontal dashed lines indicate the average relative contribution.
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CN 60 months, when favourable conditions - developed western gyre -
x | transported nutrient from western Alboran (Garcia-Gorriz and Carr,
% 64 o —~ 2001) and allowed a gradual increase of foraminifer, coccolithophores
ke T and diatoms. Typical upwelling taxons (T. quinqueloba and G.
£ 51 m 3 E bulloides, sGG, E. huxleyi, RS Chaetoceros and the diatom MPG)
3 .l nk20 3 dominated this event. Increase in solar radiation during spring may
2 | “g’. have contributed to the phytoplanktonic flourishing (Margalef, 1978),
§ 3] ﬂ 1 . m\ , 2 and hence, higher prey availability favoured zooplankton develop-
5 | J 3 ment (Hemleben et al., 1989).
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Fig. 6. Seasonal evolution of flux of the windblown biogenic particles, fresh-water
diatoms (grey) and phytoliths (black), in the sediment trap ALB-5F, located in the
Alboran Sea, between July 1997 and May 1998. Wind data from the Almeria
meteorological Station (36 50'N, 021° 23'W) showing the maximum daily wind
speed moving average (period 10 days).

recorded in summer 1997 and spring 1998 (Garcia-Gorriz and Carr,
1999). Planktonic communities in the AOF did not respond equally,
while coccospheres and planktonic foraminifers increased their
fluxes; diatoms did not flourish with the same intensity (Figs. 3-5).
An equivalent situation was also detected for the same period in the
Alboran Sea by Sanchez-Vidal et al. (2004) and Mercado et al. (2005,
2007). These authors explained this shift from opal to calcareous
phytoplankton domain as a response to the weak upwelling
conditions and low-nutrient concentration in the surface waters,
that favoured coccolithophores development, better adapted to this
conditions than diatoms (Eppley et al., 1969; Bethoux et al., 2002;
Schiebel et al., 2004). In this sense, LeBlanc et al. (2004) and Sanchez-
Vidal et al. (2005) found lower opal values in the Alboran Sea during
1997 winter than those recorded during summer and spring,
indicative of a decline of the siliceous phytoplankton.

Opposite distribution of Chaetoceros RS and MPG along the studied
period responds to the different nutrient requirements of both groups.
Chaetoceros RS prefers persistent upwelling conditions, while Tha-
lassionema nitzschioides, the main component of the MPG, is a species
with prevalence by weaker upwelling episodes (Blasco et al., 1981;
Abrantes, 1988; Abrantes and Moita, 1999), like the winter period of
our study. The high percentage values of L. danicus during 1997 winter
are equivalent to the increase of this species in the WAG, as observed
by Bércena et al. (2004). The former author related the increase of L.
danicus to the unfavourable surface water conditions occurring in the
Alboran, with water stratification caused by a warmer than usual
NASW getting into the basin (Vargas-Yafiez et al., 2002).

The record of both neritic and benthic diatoms in the ALB-5F
sediment trap (Fig. 5d) reveals an intense bottom current activity.
Highest peaks of this group could be related to the intense westward-
eastward current reversal at ALB5 mooring recorded by Sanchez-Vidal
et al. (2005) during winter that would have resuspended bottom
sediments from the nearby margin.

5.1.4. Spring period

The spring is characterized by planktonic bloom, with an increase
in fluxes in all the main groups (diatoms, coccolithophores and
foraminifers) but a reduced diversity, because only a few taxa, typical
of this productive conditions were dominant (Figs. 3-5). At the
beginning of March 1998 gyres are practically collapsed (Garcia-
Gorriz and Carr, 2001) and caused a decrease in all constituents
observed in ALB-5. This scenario is reversed during the following

deposits (Pokras and Mix, 1985). Hence, the presence of a mixture of
microfossils with distinct ecological requirements (terrestrial and
lacustrine environments) (Fig. 6) allows us to interpret this fact as a
wind-transported material rather than as a run-off origin. Moreover,
there are no important river systems in the Alboran Basin (Fig. 1).
Increase in windblown fresh-water diatoms and phytoliths in our
sediment trap may reflect periods of enhanced deflation and wind
transport (aridity) and changes in continental grass cover (Pokras and
Mix, 1985).

In this sense, Saharan dust storms are considered the main process
of dust particles input to the Mediterranean area (Loyé-Pilot and
Martin, 1996). Guerzoni et al. (1997) and Moreno et al. (2002) have
suggested that the Central Sahara and South Algeria could be the main
source areas of dust particles entering the western Mediterranean Sea.
These dust storms show a clear seasonal cycle, with maximums
during dry and warmest seasons, spring and summer (Moulin et al.,
1998; Barnaba and Gobbi, 2004), in clear correspondence with our
windblown biogenic particles record (Fig. 6).

The occurrence of phytoliths and fresh-water diatoms in our
sediment trap confirms the results obtained in paleostudies of the
Mediterranean sediments and supports the general assumption of an
eolic transport agent of this biogenic material to the Mediterranean
basin (Abrantes, 1991; Flores et al., 2000; Barcena et al., 2001).

6. Summary and conclusions

Biogenic particles flux recorded in sediment trap ALB-5F, com-
posed by coccolithofores, planktonic foraminifers, diatoms and
phytoliths, mirrors the variability of meteorological and hydrographic
conditions occurred in the Alboran Sea during the period from July
1997 to May 1998.

The main fluxes in surface productivity during the studied period
took place during mid-spring to early summer, and a minor bloom
occurred during mid-fall to early winter. These episodes are related to
local pulses of productivity forced by the development of anti-cyclonic
gyres in the Alboran Basin as well as a predominance of westerly
winds over the area. The good correspondence between seasonal
microorganism fluxes and high pigment concentrations in surface
waters suggests a control of particle export by the seasonal
productivity cycle in the surface and subsurface waters transported
towards the bottom by faecal pellets or/and marine snow.

Succession in coccolithophores, planktonic foraminifers and
diatoms communities were related to changes of water column
conditions. Species adapted to well-mixed and nutrient-rich waters,
such as Chaetoceros RS, sGG, G. bulloides, T. quinqueloba, dominated
during the upwelling conditions of early summer 1997 and mid-
spring 1998. Increases in temperature, upwelling relaxation and
surface water stratification during late summer to fall 1997 allowed
the blooming of warm and oligotrophic planktonic taxa, like G. inflata,
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G. ruber, F. profunda, WCCG and L. danicus. Weaker upwelling and low-
nutrient conditions during 1997-1998 winter may have favoured the
shift from opal to calcareous phytoplankton domain. Unusual surface
warmer conditions during late summer and fall in the Alboran Sea
could be related to the 1997-1998 ENSO event.

Increase in fresh-water diatoms and phytoliths in the Alboran Sea
indicates a significant continental input from Sahara desert as a
consequence of an intensification of westerly winds during spring and
early summer. Furthermore, continuous changes in current directions
(E-W) detected by the current meters deployed in the ALB-5 mooring
during fall and winter suggest that an important particle input to the
sediment trap came from the seafloor and neighbouring continental
margin sediment by resuspension.
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Capitulo 1 1

Figura 1.1. Representacion de los componentes del sistema climatico e interacciones entre sus
componentes, factores que los modifican y posibles variaciones climaticas. Basado en
Ruddiman (2001).

Figura 1.2. Componentes orbitales terrestres que influyen en la cantidad de radiacion solar
que recibe nuestro planeta. A la izquierda, los diferentes parametros orbitales predichos
por Milankovitch. A la derecha, registro de los mismos parametros durante los tltimos
500.000 afios, de acuerdo al método de Laskar (2004), obtenidos con el programa
Analyseries 2.0. (Paillard et al., 1996).

Figura 1.3. A) Curva de 6'30 bentdnico global LR04 (Lisiecki y Raymo, 2005), como indicador
de volumen de hielo y paleoclima. El intervalo encuadrado en rojo corresponde con la
MPT, B) filtrado de las frecuencia de 100 ka en el registro LR04,C) 41 ka; y D) 23 ka.
Se destaca el aumento de los valores de 6'*0O durante la MPT y después, junto con el

aumento de los ciclos de 100 ka.

Figura 1.4. A) Registro de 6'0 del testigo de hielo de Groenlandia GRIP, mostrando 8 de los
25 eventos Dansgaard-Oeschger (D-O) observados durante el ultimo periodo glacial
(Grootes et al., 1993), B) registro de IRD/g durante los eventos Heinrich en el mismo
periodo de tiempo, observados en un testigo profundo del Atlantico Norte (Bond y
Lotti, 1995).

Figura 1.5. Esquema simplificado de la circulacion termohalina del océano. Aguas calidas
(rojo) son transportadas superficialmente desde los tropicos a latitudes altas del Atlantico
Norte, donde en contacto con masas de aire frias, se enfrian y ganan densidad suficiente
para hundirse hacia el fondo del océano. Las aguas profundas (azul) recién formadas
fluyen hacia el sur, rodean la Antartida y circulan por el fondo de todos los océanos,
donde van mezclando hasta retornar de nuevo como una masa de agua calida superficial
a las zonas de hundimiento en el Atlantico Norte. Modificado de Rahmstorf (2002).

Figura 1.6. Localizacion de la perforacion U1314 (estrella: 56°21°N, 27°W; 2820 m de
profundidad), circulacion superficial (rojo) y profunda (azul) en el Atlantico Norte
(Krauss, 1986; Schmitz y McCartney, 1993). Mapa generado con el programa Ocean
Data Viewv.3.4.4. (Schlitzer, 2008). East Greenland Current (EGC), Norwegian Current
(NC), Labrador Current (LC), North Atlantic Current (NAC), Denmark Strait Overflow
Water (DSOW), Iceland Scotland Overflow Water (ISOW), Labrador Sea Water (LSW),
North Atlantic Deep Water NADW), y Lower Deep Water (SSW).
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Figura 1.7. Representacion esquematica de los procesos de hundimiento y movimiento de las

masas de agua en la circulacion termohalina.

Figura 1.8. (arriba) Seccion mostrando el valor de 6"°C (%o) a diferentes profundidades y
latitudes en el Océano Atlantico en la actualidad, y durante el Gltimo méaximo glacial
(Last Glacial Maximum, LGM) (abajo). El valor de 6"*C esta basado en el analisis de
conchas de foraminiferos bentonicos. Las flechan muestran la las masas de agua NADW
y AABW en la actualidad, y durante el LGM. Modificado de Duplessy et al. (1988).
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Figura 2.1. Imagen del barco de exploracion oceanografica D/V JOIDES Resolution. Imagen
tomada de la pagina web del IODP (http://www.iodp.org).

Figura 2.2. Localizacion de la perforacion U1314 (estrella: 56°21°N, 27°W; 2820 m de
profundidad) y de otras perforaciones préoximas del ODP. Mapa generado con el
programa Ocean Data View v.3.4.4. (Schlitzer, 2008).

Figura 2.3. Imagenes de las secciones estudiadas del testigo U1314 en esta Tesis doctoral
(Channel et al., 2006).

Figura 2.4. (arriba) Representacion desde diferentes vistas del foraminifero planctonico G.
bulloides. (abajo) Imagen de microscopio electronico de barrido del foraminifero
planctonico G. bulloides. Modificada del Electronic Microfossil Image Database System
(EMIDAS): (http://www.emidas.org/).

Figura 2.5. Distribucion geografica de foraminiferos planctonicos actuales agrupados por

asociaciones biogeograficas. Modificado de Bé (1977).

Figura 2.6. (arriba) Elementos fundamentales del esqueleto que caracterizan un radiolario de
los ordenes Nasellaria (derecha) y Spumellaria (izquierda) Basado en Kling (1978).
(abajo). Imagen de microscopio electronico de barrido; Hexacontium pachydermum
(izquierda) y Artostrobus joergenseni (derecha). Fotos cedidas por Jane K. Dolven
(http://tolweb.org/tree/phylogeny.html).

Figura 2.7. Abundancia de radiolarios en los sedimentos superficiales del Atlantico Norte.
La acumulacion de radiolarios (barra vertical) esta expresada en esqueletos/gramo de
sedimento. Modificado de Goll y Bjorklund (1971; 1974).

Figura 2.8. Fraccionamiento isotdpico del oxigeno. Los sucesivos procesos de evaporacion/
precipitacion hacen que el vapor de agua que va desde los tropicos hacia latitudes altas
hace que se vaya enriqueciendo progresivamente en isotopo ligero (*°O). Este proceso
hace que la nieve que precipita en los polos tenga valores de 6'*0 muy negativos. Basado
en Ruddiman (2001).
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Figura 2.9. Representacion esquematica y simplificada del ciclo del carbono organico e
inorganico en los sistemas terrestre y oceanico, con valores medios de 6"*C para las
principales fases. Las flechas dobles indican equilibrio isotopico. Basado en Rohling y
Cooke (2003).

Figura 2.10. Perfil del 6"°C del carbono inorganico disuelto en el océano. Basado en James
(2005).

Figura 2.11. Mapa de flujo de IRD al Atlantico Norte entre 25-13 ka (LGM). Unidades estan en
mg/cm?*/ka de silicatos terrigenos en la fraccion > 63um. La zona de mayor acumulacion,
denominada cinturén de IRD (Ruddiman, 1977), esta coloreada de azul. Modificado de
Ruddiman (1977).

Figura 2.12. Imégenes de diferentes muestras del testigo U1314 tomadas a través de lupa
binocular en las que se pueden observar los diferentes componentes liticos y biogénicos
presentes en la fraccion > 150 um. Profundidades de las muestras en med: A) 61,74 cm;
B) 68,65 cm; C) 77,12 cm; D) 81,1 cm.

Figura 2.13. Fotografia del laboratorio en el que se realizaron la limpieza para analisis de
elementos traza, en la Facultad de Geologia de la Universidad de Barcelona (izquierda),
espectrometro de masas Finnigan MAT 252 (centro) utilizado en el analisis de is6topos
estables, y el espectrometro con ICP en el se analizaron los elementos traza (derecha).
Imégenes de la pagina web de los servicios cientifico-técnicos de la Universidad de

Barcelona (http://www.sct.ub.es).

Figura 2.14. Fotografias de parte del equipamiento de los laboratorios del Departamento de
Ciencias de la Tierra de la Universidad de Indianéapolis-Universidad de Purdue en el
que se realizaron los analisis geoquimicos con sedimento. Espectrometro Leeman Labs
P950 con ICP y nebulizador (izquierda), analizador de carbon UIC Coulometrics CM 150
(centro), y microondas para digestion total MDS 2000 (derecha).

Capitulo 3 35

Table 3.1. Tie points used in the correlation between benthic 6O from Site U1314 and benthic isotope
stack LRO4.

Table 3.2. Site information.

Figure 3.1. Location of IODP Site U1314 (black star: 56°21°N, 27°W; 2820 m water depth), and other
North Atlantic sites (see Table 3.2). Modern surface (red), and deep circulation (blue) in the
North Atlantic (Krauss, 1986; Schmitz and McCartney, 1993). Map generated with Ocean Data
View v.3.4.3. software (Schlitzer, 2008). East Greenland Current (EGC), Norwegian Current
(NC), Labrador Current (LC), North Atlantic Current (NAC), Irminger Current (IC), Denmark
Strait Overflow Water (DSOW), Iceland Scotland Overflow Water (ISOW), Labrador Sea Water
(LSW), North Atlantic Deep Water (NADW), and Lower Deep Water (LDW).
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Figure 3.2. Construction of the age model was performed by correlating the benthic isotope stack LR04

with Site U1314 benthic 8"*0. Tie points of both records are joined by dashed lines. From top to

bottom: A) LR04 benthic stack; B) sedimentation rate of site 1314 after tuning; C) chronology
as a function of depth in Site U1314; benthic 6'%0 from Site U1314 as function of depth.

Figure 3.3. Comparison of benthic 6'*0 records from the North Atlantic. From bottom to top: A) U1313

(Ferretti et al., 2010), B) U1308 (Hodell et al., 2008), C) 983 (Kleiven et al., 2003), D) 980
(Flower et al., 2000), E) U1314, F) benthic 3'*O LR04 stack (Lisiecki and Raymo, 2005), G)
BO08 sea-level reconstruction (Bintanja and van de Wal 2008) and H) summer insolation at 65°
N (Laskar et al., 2004). Vertical dashed grey lines join equivalent millennial-climate events in
the North Atlantic sites. Marine Isotope Stages (MIS) are shown at the top (glacials in blue and

interglacials in black).

Figure 3.4. Site U1314 records from 779 to 1069 ka. From bottom to top: A) IRD/g, B) faunal-based

SST, using ANN technique, C) planktonic 6'30, D) benthic 5'*0 (dark blue), benthic 6'30 LR04
stack (Lisiecki and Raymo, 2005) (light blue) and BOS sea-level reconstruction (Bintanja and
van de Wal 2008) (orange dashed line) E) benthic 6'*C, with 5 points running average (black).
Pink lines correspond with samples were C. wuellerstorfi individuals were picked for the
stable isotope analyses, and grey lines correspond to M. pompilloides, values represented with
corrector factor applied (see 3. Material and Methods) G) Summer insolation at 65° N (Laskar
et al., 2004). Vertical grey bars indicate IRD discharge events, either linked to deglaciations or
to millennial-scale oscillations. Marine Isotope Stages (MIS) are shown at the top (glacials in

blue and interglacials in black).

Figure 3.5. Site U1314 records between 1069 and 950 ka. From bottom to top: A) IRD/g, B) planktonic

8'%0, C) faunal-based SST, using ANN technique, D) benthic 6'80 (dark blue), benthic §'*0O
LRO04 stack (Lisiecki and Raymo, 2005) (light blue) and BOS8 sea-level reconstruction (Bintanja
and van de Wal 2008) (orange dashed line), and E) insolation at the Equator in Spring (orange
solid line) and Autumn (blue dashed line) (Laskar et al. 2004). Vertical grey bars indicate IRD
discharge events, either linked to deglaciations or to millennial-scale oscillations. Marine Isotope

Stages (MIS) are shown at the top (glacials in blue and interglacials in black).

Figure 3.6. Power Spectrum of IRD/g, SST and planktonic 680 calculated by the Blackman-Tukey

method for the time period before MIS 25 (~ 950 ky). The data used in the time series analysis
were interpolated at 1000-year intervals. These calculations were made using Analyseries
(Paillard et al., 1996).

Figure 3.7. Site U1314 records between 1069 and 950 ka. From bottom to top: A) IRD/g, B) planktonic

880, C) faunal-based SST, using ANN technique, D) benthic 3'®0 (dark blue), benthic 3*0O
LRO04 stack (Lisiecki and Raymo, 2005) (light blue) and BO8 sea-level reconstruction (Bintanja
and van de Wal 2008) (orange dashed line), and E) obliquity parameter (Laskar et al. 2004).
Vertical grey bars indicate IRD discharge events, either linked to deglaciations or to millennial-
scale oscillations. Marine Isotope Stages (MIS) are shown at the top (glacials in blue and

interglacials in black).

Figure 3.8. From bottom to top: A) benthic 6'30 from Site U1314, B) benthic $*C from Site U1314
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(pink, only C. wuellerstorfi values shown) and U13108 (Hodell et al., 2008) (red). Vertical grey
dashed lines depict when the thermohaline circulation become disturbed. Marine Isotope Stages
(MIS) are shown at the top (glacials in blue and interglacials in black).
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Table 4.1. Site information.

Figure

Figure

Figure

Figure

Figure

Figure

4.1. Location of IODP Site U1314 (black star: 56°21°N, 27°W; 2820 m water depth), and other
North Atlantic sites (see Table 4.1). Modern surface (red), and deep circulation (blue) in the
North Atlantic (Krauss, 1986; Schmitz and McCartney, 1993). Map generated with Ocean Data
View v.3.4.3. software (Schlitzer, 2008). East Greenland Current (EGC), Norwegian Current
(NC), Labrador Current (LC), North Atlantic Current (NAC), Irminger Current (IC), Denmark
Strait Overflow Water (DSOW), Iceland Scotland Overflow Water (ISOW), Labrador Sea Water
(LSW), North Atlantic Deep Water (NADW), and Lower Deep Water (LDW).

4.2. Planktonic foraminifer assemblages of Site U1314. Relative abundance of the different
species, from bottom to top: A) N. pachyderma sin., B) N. pachyderma dex., C) G. inflata, D)
G. bulloides, E) T. quinqueloba and F) G. glutinata. Glacial Marine Isotope Stages (MIS) are
shown with blue vertical bars. Interglacial sub-stages 21.7, 21.5, 21.3 and 21.1 are shown with

orange vertical bars.

4.3. Site U1314 records from 779 to 1069 ka. From bottom to top: A) relative abundance of V.
pachyderma sin. and B) N. pachyderma dex. + G. inflata, C) '°0_ and D) benthic 6**O. Glacial
Marine Isotope Stages (MIS) are shown with blue vertical bars. Interglacial sub-stages 21.7,

21.5,21.3 and 21.1 are shown with orange vertical bars.

4.4. Site U1314 records from 779 to 1069 ka. From bottom to top: A) relative abundance of V.
pachyderma sin. encrusted form, B) benthic 8'%0 and C) Shannon diversity index (H). Glacial
Marine Isotope Stages (MIS) are shown with blue vertical bars. Interglacial sub-stages 21.7,

21.5,21.3 and 21.1 are shown with orange vertical bars.

4.5. From bottom to top: A) B/B+P ratio, B) fragmentation index and C) CaCO, % from Site
U1314. Glacial Marine Isotope Stages (MIS) are shown with blue vertical bars. Interglacial sub-
stages 21.7, 21.5, 21.3 and 21.1 are shown with orange vertical bars.

4.6. Site U1314 records from 779 to 1069 ka From bottom to top: A) relative abundance of N.
pachyderma sin., B) CaCO, %, C) benthic 6"°C, D) <63 um (wt. %), E) planktonic foraminifers
(green) and IRD particles (pink) per gram) and F) > 63 pum (wt. %). Glacial Marine Isotope
Stages (MIS) are shown with blue vertical bars. Interglacial sub-stages 21.7, 21.5,21.3 and 21.1

are shown with orange vertical bars.

Figure 4.7. Comparison of fauna and CaCO, % record from Site U1314 with other North Atlantic Sites.

From bottom to top: Relative contributions of A) N. pachyderma sin. and B) T. quinqueloba,
from sites U1314 (black), 980 (dashed pink) and 984 (green) (Wright and Flower, 2002). C)
CaCO, % records from sites U1314 (black), 982 (blue) and 984 (green) (Baumann personal
communication; Baumann and Huber, 1999). Glacial Marine Isotope Stages (MIS) are shown
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with blue vertical bars. Interglacial sub-stages 21.7, 21.5, 21.3 and 21.1 are shown with orange

vertical bars.
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Table 5.1. Tie points used in the correlation between benthic 3'*O from Site U1314 and benthic isotope

stack LRO4.

Table 5.2. Correlation matrix between Axis 1 from DCA and Site U1314 proxies. The bold values

Figure

Figure

Figure

Figure

Figure

Figure

correspond to significant correlations at p < 0.01 level.

5.1. Location of IODP Site U1314 (black star: 56°21°N, 27°W; 2820 m water depth), modern
surface (pink), and deep circulation (blue) in the North Atlantic (Krauss, 1986; Schmitz and
McCartney, 1993). Map generated with Ocean Data View v.3.4.3. software (Schlitzer, 2008).
East Greenland Current (EGC), Norwegian Current (NC), Labrador Current (LC), North
Atlantic Current (NAC), Denmark Strait Overflow Water (DSOW), Iceland Scotland Overflow
Water (ISOW), Labrador Sea Water (LSW), North Atlantic Deep Water (NADW), and Southern
Source Water (SSW).

5.2. Construction of the age model was performed by correlating the benthic isotope stack of
Lisiecki and Raymo (2005) (LR04) with Site U1314 benthic 6'*0. Tie points of both records are
joined by dashed lines.

5.3. Site U1314 records from 1069 t 0779 ka. From bottom to top: A) benthic 880, with green
filled up to 3.5 %o, the glacial threshold (McManus et al. 1999); B) benthic 6"°C; C) RAR
(red filled), opal AR (dashed red line) and phaeodarian main percentage peaks (blue dots); D)
Diatom Index; E) IRD AR; F) percentage of C. davisiana and G) Shannon-Weaver diversity
index. Marine Isotope Stages (MIS) are shown at the top (glacials in blue and interglacials in
black).

5.4. Radiolarian species representing more than 1%. Water mass affinity according to DCA
represented in vertical left-side line and text. Marine Isotope Stages (MIS) are shown at the top

(glacials in blue and interglacials in black).

5.5. Radiolarian species representing more than 1%. Water mass affinity according to DCA
represented in vertical left-side line and text. Marine Isotope Stages (MIS) are shown at the top

(glacials in blue and interglacials in black).

5.6. DCA diagram of the radiolarian species (red triangles) and samples (black dots) from Site
U1314. Only samples occupying extreme positions along Axis 1 have been labelled with the age

(ka). Arrows indicate inferred (environmental) variables.

Figure 5.7. Correlation between RAR and opal AR. * Correlation is significant at p < 0.01 level._

Figure
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5.8. A) Mantel correlogram of the multispecies time series for the interval 1069-779 ka using
inner product measure (sample spacing is 1089 year) and B) time spectra using the discrete
Fourier transform of the Mantel correlogram. See Hammer (2007) for procedure description.

Spectral analysis (Lomb periodogram) of the different paleoceanographic records from Site
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U1314: C) RAR and D) opal AR for the same interval. Numbers above peaks denote respective
periodicities. The 0.01 and 0.05 significance levels (‘white noise lines’) are shown as red dashed

lines.
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Figura 6.1. Localizacion del IODP Site U1314 (56.36° N, 27.88° W, 2820 m) en el Atlantico Norte
subpolar. El area sombreada se corresponde con la méxima deposicion de IRD durante el Ultimo
Maximo Glacial (Ruddiman, 1977).

Figura 6.2. De abajo a arriba: A) contribucion relativa de N. pachyderma sin. (linea continua), relacion
IRD/ plancténicos (linea discontinua). B) Relacion Ca/Al. C) Susceptibilidad magnética.
Distribucion mineraldgica (en %): D) feld K, E) calcita (linea discontinua) y filosilicatos (linea
continua), F) dolomita (negro), plagioclasa (blanco), cuarzo (gris oscuro). Las areas sombreadas
horizontales se corresponden con los principales eventos de descarga de IRD, con dolomita
(amarillo) y sin dolomita (gris claro). Estadios isotopicos marinos estan indicados en la parte de

arriba (azul glacial, negro interglacial).
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Tabla 7.1. Cargas de los diferentes factores obtenidos con el andlisis factorial en modo R,
usando la rotacion varimax normalizada. Valores en negrita marcan los elementos mas

significativos en cada factor.
Tabla 7.2. Matriz de correlacion entre los factores y diferentes registros del testigo U1314.

Figura 7.1. Registros del testigo U1314 entre 1060y 779 ka y las cargas de los factores obtenidos
del andlisis factorial en modo R de la composicion elemental del sedimento. Desde
abajo hacia arriba: A) tasa de acumulacion de IRD (particulas/cm**ka), B) factor 3, C)
susceptibilidad magnética, D) factor 2, E) 8"*C bentonico, F) factor 1, G) porcentaje de
CaCO,, H) tasa de acumulacion de 6palo (g/cm**ka) y I) 8'°O benténico. Las barras

verticales azules indican los estadios marinos isotdpicos glaciares.

Figura 7.2. Desde abajo hacia arriba: A) contenido en dolomita (%) (&rea gris) y relacion Ca/
Sr para el periodo 830-779 ka y B) correlacion entre el contenido en Ca (pg/g) y en
Sr (ng/g) para sedimentos del testigo U1314. La barra vertical azul indica el estadio

isotopico glaciar 20.

Figura 7.3. Desde abajo hacia arriba: A) registro del 6'*O bentonico, B) registro del P total
(ng/g) (linea gris, linea negra valore medio cada 3 puntos) obtenido de los analisis de
composicion elemental, y P reactivo (ug/g) (suma de P orgénico, autogénico/biogénico
y adsorbido) obtenido de la extraccion secuencial de Py C) porcentaje de CaCO,, en
el testigo U1314 entre 1060 y 779 ka. Las barras verticales azules indican los estadios

marinos isotdpicos glaciares.
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Figura 7.4. Desde abajo hacia arriba: A) registro del contenido en Mn (ng/g) obtenido de los
analisis de composicion elemental, y B) relacion del Mn/Ca (linea discontinua) obtenida
de los datos elementales de limpieza reductiva en foraminiferos planctonicos, en el
testigo U1314 entre 1060 y 779 ka. Las barras verticales azules indican los estadios

marinos isotopicos glaciares.

Figura 7.5. Desde abajo hacia arriba: A) registro de la tasa de acumulacion de IRD (particulas/
cm**ka), B) relacion Ti/Al, valores <0,1 corresponden con sedimentos continentales,
valores entre 0,1-0,2 corresponden con basaltos procedentes de Islandia y valores >
0,2 a basaltos de las Islas Feroe (Hyun y Kim, 1999), C) P detritico (nug/g) obtenido
de la extraccion secuencial de P y D) susceptibilidad magnética en el testigo U1314
entre 1060y 779 ka. Las barras verticales azules indican los estadios marinos isotopicos

glaciares.

Figura 7.6. Desde abajo hacia arriba: A) Porcentaje de filosilicatos (area gris), B) registro de
Mg (ng/g) y C) Zn (ng/g) para el periodo 830-779 ka. La barra vertical azul indica el

estadio marino isotopicos glaciares 20.

Figura 7.7. Desde abajo hacia arriba: A) IRD/g, B) reconstruccion de temperaturas a partir de
la relacion Mg/Ca (en rojo, media de cinco puntos), C) 8'°O plancténico, D) CaCO, (%),

y E) reconstruccion de temperaturas a partir de la funciones de transferencia.
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ANEXO 3. LISTADO DE ABREVIATURAS Y ACRONIMOS

A continuacién, se enumeran alfabéticamente las abreviaturas y acrénimos usados en
esta Tesis Doctoral, con el fin de facilitar su lectura. La mayoria son acrénimos que proceden
del inglés, por ello se ha incluido su significado en inglés, y la version castellana que mas se le

aproxime. Los términos procedentes el latin también aparecen en cursiva.

AABW: Antarctic Bottom Water (Agua antértica de fondo)

AF: Arctic Front (Frente Artico)

AMOC: Atlantic Meridional Overturning Circulation (Corriente de retorno atlantica)
ANN: Artificial Neural Networks (Redes neuronales artificiales)

AR: Accumulation Rate (Tasa de acumulacion)

B08: Bintanja et al. (2008), reconstruccion global del nivel del mar

B/(P+B): Benthic foraminifera/(Planktonic foraminifera + Benthic foraminifera)

(Bentonicos/(Planctonicos + Bentonicos)

CLIMAP: Climate: Long range Investigation, Mapping and Prediction (Proyecto de

investigacion climatica para realizar mapas del pasado y predicciones)
DCA: Detrended Correspondance Analyses (Analisis de correspondencia sin tendencia)
DI: Diatom Index (Indice de abundancia de diatomeas)
DSOW: Denmark Strait Overflow Water (Agua que atraviesa el estrecho de Dinamarca)
e.g.: exempli gratia (por ejemplo)
EGC: East Greenland Current (Corriente del este de Groenlandia)
et al.: et alii (y colaboradores)
FI: Fragmentation Index (indice de fragmentacion)
G-1G: Glacial-Interglacial (Glaciar-interglacial)

GNAIW: Glacial North Atlantic Intermediate Water (Agua Noratlanticas intermedia
glacial)

GRIP: Greenland Ice-Core Project (Proyecto de testigo de hielo del casquete de
Groenlandia)

GIN: Greenland-Iceland-Norwegian (Groenlandia-Islandia-Noruega)

H: Shannon-Weaver diversity index (indice de diversidad de Shannon-Weaver)
i.e.: id est (en otras palabras)

IC: Irminger Current (Corriente de Irminger)

ICP: Inductive Coupled Plasma (Plasma de acoplamiento inductivo)

IODP: Integrated Ocean Drilling Program (Programa integrado de perforacion ocednica)
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IRD: Ice-rafted debris (Detritos transportados por hielo)

ISOW: Iceland-Scotland Overflow Water (Agua que atraviesa el promontorio entre

Islandia y Escocia)
ka (en redaccion en castellano): kilo-afos
ka: thousand years ago (hace miles de afios)
kyr: thousand years (miles de anos)
LC: Labrador Current (Corriente del Labrador)
LDW: Lower Deep Water (Agua inferior profunda)
LGM: Last Glacial Maximum (Ultimo maximo glacial)
LNADW: Lower North Atlantic Deep Water (Agua Noratlantica profunda inferior)
LR04: Lisiecki and Raymo (2005), compilacion de registros de 6'*O bentonico
LSW: Labrador Sea Water (Agua del Labrador)
Ma: Million years ago (hace millones de afios)

MARGO: Multiproxy Approach for the Reconstruction of the Glacial Ocean Surface
(Reconstruccion de la superficie ocednica durante los periodos glaciales a

partir de varios indicadores)
MAT: Modern Analog Technique (Método de analogos modernos)
mced: Meters of Composite Depth (Metros de profundidad compuesta)
MIS: Marine Isotope Stage (Estadio isotopico marino)
MPT: Mid-Pleistocene Transition (Transicion del Pleistoceno Medio)
NAC: North Atlantic Current (Corriente Noratlantica)
NADW: North Atlantic Deep Water (Agua Noratlantica profunda)
NAO: North Atlantic Oscillation (Oscilacion del Atlantico Norte)
NC: Norwegian Current (Corriente de Noruega)
NHG: Northern Hemisphere Glaciation (Glaciacion del Hemisferio Norte)
ODP: Ocean Drilling program (Programa de perforacion ocednica)
PF: Polar Front (Frente Polar)
RAR: Radiolarian Accumulation Rate (Tasa de acumulacion de radiolarios)
SST: Sea Surface Temperature (Temperatura superficial del mar)
sw: sea-water (agua del mar)
TC: total carbon (carbono total)
TOC: fotal organic carbon (carbono orgénico total)

VPDB: Vienna Pee Dee Belemnite
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ANEXO 4. LISTADO TAXONOMICO

FORAMINIFEROS PLANCTONICOS

Globigerina bulloides d’Orbigny, 1826
Globigerinella siphonifera d’Orbigny, 1839
Globigerinita glutinata Egger, 1893
Globigerinoides ruber d’Orbigny, 1839
Globigerinoides sacculifer Brady, 1877
Globorotalia crassaformis Galloway and Wissler, 1927
Globorotalia inflata d’Orbigny, 1839
Globorotalia hirsuta d’Orbigny, 1839
Globorotalia scitula Brady, 1882

Globorotalia truncatulinoides d’Orbigny, 1839
Neogloboquadrina pachyderma Ehrenberg, 1861
Orbulina universa d’Orbigny, 1839
Turborotalita humilis Brady, 1884

Turborotalita quinqueloba Natland, 1938

RADIOLARIOS

Spumellaria
Actinomma boreale Cleve, 1899

Actinomma delicatulum (Dogiel and Reschetnjak, 1952)
Actinomma haysi Bjerklund, 1976

Actinomma leptodermum leptodermum (Jorgensen, 1900)
Actinomma medianum Nigrini, 1967

Actinomma popofskii (Petrushevskaya, 1967)
Actinomma sol Cleve, 1901

Actinomma trinacrium Haeckel, 1862

Amphirhopalum ypsilon Haeckel, 1887

Anomalocantha dentata (Mast, 1910)

Cenosphaera reticulata Haeckel, 1860

Cladococcus viminalis Haeckel, 1862

Didymocyrtis tetrathalamus (Haeckel, 1887)
Druppatractus irregularis Popofsky, 1912
Druppatractus variabilis Dumitrica, 1973

Dictyocoryne profunda Ehrenberg, 1860
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Heliodiscus asteriscus Haeckel, 1887
Hexacontium pachydermum Jorgensen, 1900
Larcopyle buetschlii Dreyer, 1889

Larcopyle polyacantha titan Lazarus et al., 2005
Larcopyle weddellium Lazarus et al, 2005
Larcospira minor (Jergensen, 1900)
Phorticium clevei (Jorgensen, 1900)
Porodiscus sp. 1

Spongocore puella Haeckel, 1887
Spongodiscus sp. Takahashi and Honjo, 1981
Spongopyle osculosa Dreyer, 1889
Spongotrochus glacialis Popofsky, 1908
Stylatractus sp. 1

Stylochlamydium venustum (Bailey, 1856)
Stylodictya validispina Jergensen, 1905
Styptosphaera spumacea Haeckel, 1887
Tetrapyle octacantha Miiller, 1858

Nassellaria
Androcyclas gamphonycha (Jergensen, 1900)
Arachnocorys sp.1
Artostrobus annulatus (Bailey, 1856)
Artostrobus joergenseni Petrushevskaya, 1967
Botryocampe inflata (Bailey, 1856)
Botryostrobus auritus/australis (Ehrenberg) group Nigrini, 1977
Botryostrobus tumidulus (Bailey, 1856)
Carpocanistrum sp. 1 (Nigrini, 1970)
Ceratocyrtis galeus (Cleve, 1899)
Ceratocyrtis histricosus (Jergensen, 1905)
Cornutella profunda Ehrenberg, 1854
Corocalyptra craspedota (Jergensen, 1900)
Cycladophora cornutoides (Petrushevskaya, 1967)
Cycladophora davisiana (Ehrenberg, 1862)
Dictyophimus hirundo (Haeckel, 1887)
Eucyrtidium acuminatum (Ehrenberg, 1844)
Eucyrtidium calvertense Martin, 1904
Eucyrtidium hexagonatum Haeckel, 1887
Eucyrtidium sp. 1 (cf. E. calvertense ?7) Dolven, 2004
Eucyrtidium teuscheri Haeckel, 1887
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Lamprocyclas maritalis Haeckel, 1887

Lipmanella xiphephorum (Jergensen, 1900)
Lithocampe platycephala (Ehrenberg, 1873)
Lithomelissa setosa Jorgensen, 1900

Lithomelissa thoracites Haeckel, 1862

Lithomitra lineata/arachnea group (Ehrenberg, 1838)
Lithostrobus cuspidatus (Bailey, 1856)

Lophophaena sp. 1

Peridium longispinum Jergensen, 1900

Peripyramis circumtexta Haeckel, 1887
Phormospyris sp. det. Benson, 2003

Plagonidae fam.

Pseudodictyophimus gracilipes (Bailey, 1856)
Pseudodictyophimus gracilipes multispina (Bailey, 1856)
Pterocanium auritum Nigrini and Caulet, 1992
Pterocanium praetextum praetextum (Ehrenberg, 1872)
Pterocanium trilobum (Haeckel, 1861)

Pterocorys zancleus (Miiller, 1858)

Sethoconus dogieli Petrushevskaya, 1967

Stichocorys seriata Jorgensen, 1905

Stichopilium bicorne Haeckel, 1887

Theocorythium trachelium (Ehrenberg, 1872)

Trissocyclis sp. 1
Phaeodaria

Euphysetta nathorstii Cleve, 1899
Lirella melo (Cleve, 1899)
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ANEXO 5. PROTOCOLO DE LIMPIEZA PARA ELEMENTOS TRAZA

(Modificado del protocolo del GRC-GM de la Universidad de Barcelona, publicado por Pena
et al., 2005)

1. CONSIDERACIONES PREVIAS
« Asegurarse de que hay suficiente:
- mezcla de 4cido citrico + NH,
- NaOH 0,1M
- HNO, 0,00I1M
- HNO, ultrapuro al 1% (so6lo para la disolucion)

« Tubos limpios (so6lo para la disolucion)

. Encender al menos 1,5 horas antes el bafio caliente del reductivo. El bafio oxidativo hay
que encenderlo al final del reductivo.

« Poner un vial vacio como prueba en blanco para detectar posibles contaminaciones.

« Colocar dentro de la campana de flujo laminar las pipetas, los botes para el agua y el
HNO,, el vaso de precipitados para residuos y los viales cerrados.

« Limpiar las puntas de las pipetas: 2 veces con HNO, y 3 con agua desionizada y purificada
(Milli-Q). Igualmente hay que limpiar la punta de pipeta entre muestra y muestra en las
extracciones para no contaminar.

. No coger nunca los reactivos de la botella, verter una pequefia cantidad en un vaso de
precipitado para evitar contaminar todo el reactivo de la botella con las pipetas. Los

reactivos para la limpieza se preparan con agua Milli-Q.

2. LIMPIEZA DE ARCILLAS

o Limpiar la punta de la pipeta pequena y afiadir 30-40 ul de agua Milli-Q en cada vial y
colocarlos 30” en bafio de ultrasonidos. No hace falta cerrar los viales al ultrasonicar,
siempre que permanezcan en el interior de la campana de flujo laminar.

o Anadir agua Milli-Q hasta completar cada vial, esperar a que decanten los foraminiferos,
dando pequefios golpecitos, y retirar el sobrante de agua con la pipeta de 1000 (ponerla
a~750 pl). Hacerlo de 3 en 3 para que no decanten también las arcillas. Repetir 3 veces
en total.

o Anadir metanol hasta 0,4 pl de la marca del vial y colocar en baio de ultrasonidos
30”. Después retirar el metanol. Repetir otra vez y después llenar los viales de agua
Milli-Q (para limpiar el metanol), dejar que decanten los foraminiferos y retirar el
sobrenadante.

. Sisecreequelasmuestraspudieranteneraltacontaminacionarcillosa,repetirlospasos 1y2.
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LIMPIEZA REDUCTIVA

Cambiar la punta de pipeta de 1000 uly limpiarla. Pasar los viales a la campana especifica
para compuestos de amoniaco, y afiadir agua y HNO, nuevo en los botes de limpieza.
Mezclar el acido citrico+NH4 (2000 pl) con la hidracina (500 pl) y agitar un poco la
mezcla.

Anadir 100 pl de la mezcla en cada vial y poner el cierre de seguridad.

Colocar los viales en un bano caliente 16 minutos, ultrasonicando 5 cada 2 minutos
(poner el crondmetro a 2 minutos 7 veces e ir apuntando en una tabla para asegurarse de
que se hace 7 veces). Calentar un poco de agua Milli-Q en un vaso de precipitados.
Apagar el bafio del reductivo, encender el baiio del oxidativo y sacar los viales. Abrirlos
con cuidado porque a veces estan presurizados y puede saltar, rellenar rapidamente con
agua Milli-Q vial y tapa para parar la reaccion, después extraer el agua sobrante con la
pipeta. Se limpian 2 veces mas con agua Milli-Q.

Anadir 400 pl de agua Milli-Q caliente, dejarla 5 minutos y luego retirarla. Realizar este
paso dos veces.

Anadir agua Milli-Q fria en vial y tapa y retirarla.

LIMPIEZA OXIDATIVA

Cambiar la punta de pipeta de 1000 pl y limpiarla. Pasar los viales a la campana de flujo
laminar, tirar el liquido del vaso de residuos, para no inhalar NH, y poner agua y HNO,
nuevos en los botes.

Mezclar 10 ml de NaOH con 100 pl de H,O, y agitar un poco.

Poner 250 pl de la mezcla en cada vial, cerrarlos con el cierre de seguridad y poner
en el bafo caliente 5 min. A la mitad del tiempo sacar los viales y dar unos golpes
contra la encimera para evitar que se formen burbujas (sujetar los viales con las palmas
de las manos o con la tablita de pléstico). Al final colocar los viales 15” en bafos de
ultrasonidos. Repetir y apagar el bafio.

Sacar los viales, abrirlos y rellenar con agua Milli-Q vial y taparlos. Dar golpecitos
para que decanten los foraminiferos (porque suelen formarse burbujas) y extraer el agua

sobrenadante con la pipeta. Repetir dos veces mas.

LIXIVIADO CON ACIDO DEBIL (weak acid leaching)

Afadir 250 ul de HNO, 0,001 M en cada vial y colocar los viales 30” en ultrasonidos.
Anadir agua Milli-Q hasta rellenar los viales y después de esperar a que decanten los
foraminiferos retirar el sobrenadante. Repetir 3-4 veces maés.

Eliminar el maximo de agua con la pipeta pequefia, para que solamente queden

foraminiferos en el vial. Cerrarlos y guardar los viales hasta que se haga la disolucion.
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6. DISOLUCION

« Solo se hace el dia anterior al analisis en el ICP-MS.

« Hacer una lista con las muestras y el codigo asignado a cada una.

« Echar 400 ul de HNO, 1% (ultrapuro)+ Rh en cada vial. Hacerlo en grupos de 8.

. Poner las muestras en el bafio de ultrasonidos 15 para facilitar la disolucién o mas si
fuera necesario, dando golpecitos para evitar que los fragmentos de foraminiferos se
queden en burbujas.

. Agitar los viales y después ponerlos en grupos de 8 en la microcentrifuga 5 minutos a
6000 rpm.

o Transferir 370 ul de muestra en un tubo limpio de 14 ml usando una pipeta y afiadir

2630 pl de HNO,+Rh. Agitar con el vortex para homogeneizar.

7. PREPARACION DE REACTIVOS

. Reactivos del reductivo: Acido citrico + NH ,- Se prepara dentro de la campana
especifica para amoniaco. Se pesan 5,25 g de acido citrico en un vaso de precipitados.
Se afiaden 100 ml de NH, (30%). Se calienta el vaso de precipitados con el acido citrico
y un mezclador magnético a 40-50 °C., y finalmente se transfiere la mezcla a un bote de

plastico limpio y se meter al frigorifico.

+ Reactivos del oxidativo: H O, al 30 % (mantener en la nevera). Pesar 4 ¢ de NaOH

0,1M (Aristar grade) y mezclarlo con un litro de agua Milli-Q.
« Lixiviado con acido débil (weak acid leaching): HNO, 0,001M. Se prepara mezclando
69,4 ul de HNO, (65 %) con agua Milli-Q hasta completar un litro (0 37,4 ul HNO, (65

%) con agua Milli-Q hasta completar medio litro).

+ Disolucién: HNO, 1 % ultrapuro. Se prepara diluyendo el HNO, 5 % ultrapuro (Aristar
grade) a 1/5 con agua Milli-Q.
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ANEXO 6. PROTOCOLO DE DIGESTION TOTAL DE SEDIMENTO

(Modificado del protocolo del laboratorio de biogequimica de la IUPUI)

1. SEGURIDAD

« No utilizar la campana para digestiones con microondas utilizando HF cuando la
velocidad de flujo es menor de 27 metros/minuto.

« Utilizar siempre proteccion adecuada cuando se este manipulando &cidos, especialmente
cuando se utiliza HF. En caso de que la piel entre en contacto con HF, aplicar gel de

glutamato de calcio en la zona afectada.

2. PREPARACION DE MUESTRAS

« Colocar los recipientes en el carrusel, colocando primero el anillo enroscado marroén,
con la rosca hacia arriba, en cada hueco.

o Pesarla 0.1 g de muestra en los recipientes.

. Afadir 10 ml de agua purificada y desionizada (Milli-Q) a cada recipiente. A partir de
aqui, hay que usar guantes de latex y gafas de proteccion.

. Afadir los 4cidos calibrados de metales traza. Los siguientes pasos han de realizarse
bajo la campana de extraccion de gases. Verter los acidos en tubos centrifuga de 50 ml,
y pipetear en los recipientes. La punta de pipeta ha de ser previamente lavada con un
acido débil.

-5 ml de HNO, (4cido nitrico).
-4 ml de HF (4cido fluorhidrico)
-1 ml de HCI (4cido clorhidrico)

. Una vez finalizado, verter el dcido sobrante de los tubos centrifuga en el desagiie de la
campana y aclarar con agua, taparlos y tirarlos.

o Colocar las membranas de ruptura en los accesorios de ventilacion. Enroscar los
accesorios de ventilacion a la cubierta de la funda blanca (a excepcion de la cubierta de
control de presion).

« Colocar la cubierta de control de presion en el recipiente que contendra la muestra que
se presuponga serd mas reactiva (normalmente es la que tiene mas sedimento y/o mas
materia organica).

. Tapar cada recipiente. La cubierta de control de presion tiene un tapon especial. Es
importante asegurarse de apretar los tapones con fuerza.

« Colocar el carrusel de recipientes en el microondas y unir los tubos de ventilacion de

cada recipiente.
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USO DEL MICROONDAS

Encender el microondas en el interruptor localizado en la parte inferior derecha del
panel trasero.

Abril la valvula lateral del microondas y colocar la linea de deteccion de presion en un
vaso de precipitado dentro del microondas. Inyectar 10 cc de agua con una jeringuilla
en el vaso de precipitado.

Colocar la valvula en posicion neutral.

Colocar el carrusel de recipientes en el microondas.

Unir las lineas de deteccion de presion a las cubiertas de control de presion de cada
recipiente.

Ajustar la linea de deteccion de presion en la anilla del la pared superior del interior del
microondas.

Presionar F4 en el panel de control para hacer rotar el carrusel con la puerta abierta para
asegurarse de que los tubos de control de presion no se enredan.

Cerrar la puerta.

Presionar F3 para seleccionar método.

Presionar F1 para seleccionar un protocolo ya configurado, y presionar enter.

Presionar F1 para cargar programa

Presionar F4 para inicio.

Presionar F1 para confirmar.

DILUCCION DE LAS MUESTRAS

Cuando el proceso de digestion en el microondas ha finalizado y la presion en los
recipientes ha descendido a menos de 10 psi, abrir despacio el accesorio de ventilacion
del recipiente de control de presion. Luego, retirar la linea de deteccion de presion. A
partir de aqui es indispensable el uso de guantes y gafas de proteccion.

Retirar el carrusel del microondas y colocarlo en la campana de extraccion de gases.
Abril la valvula lateral del microondas e inyectar otros 10 cc de agua en el vaso de
precipitado. Colocar el interruptor de la valvula en posicion neutral.

Apagar el microondas

Liberar la presion de cada recipiente levantando despacio cada accesorio de
ventilacion.

Retirar los tubos de las fundas de kevlar.

Dejar enfriar unos minutos, y afiadir 0.1 g de 4cido bdrico a cada recipiente.

Transferir la muestra a tubos centrifuga etiquetados de 50 ml. Aclarar los tapones y
recipientes con agua Milli-Q.

Diluir la muestra hasta los 50 ml.
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LIMPIEZA

Aclarar con agua abundante los tapones marrones y anillos con rosca, y dejar secar.
Aclarar con agua los recipientes y los accesorios de ventilacion.

Retirar las membranas de ruptura.

Sumergir los recipientes, accesorios de ventilacion en una jarra con 4 1 de acido
clorhidrico débil para limpiarlos.

Colocar la jarra en una placa caliente a temperatura media-baja.

Limpiar la campana con agua y secar.
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ANEXO 7. PROTOCOLO DE DETERMINACION DE FOSFATOS

(Modificado del protocolo del laboratorio de biogequimica de la IUPUI)

Se ha utilizado la técnica de determinacion de fosfatos por colorimetria (método azul de
molibdeno). En este procedimiento, una pequena cantidad de reactive es anadido a la muestra. El
reactivo tiene un ligando el cual, cuando entra en contacto con el ion fosfato, se vuelve de color
azul. Cuanto mas fosfato, mas intenso es el azul del complejo de molibdeno. La determinacion
de la intensidad del color se realiza mediante instrumentacion espectrofotométrica, siendo la

absorcion maxima una longitud de onda cerca del infrarrojo, unos 880 nandémetros.

El dia que se analiza el fosfato, se mezcla parte del 4acido ascorbico con la mezcla de
reactivos, preparada con antelacion, para asi obtener el reactivo para desarrollar color. Después
se agrega 1ml de reactivo para desarrollar color por cada 10 ml de muestra, y tras dejar 30
minutos para que se desarrolle el color, se analiza la solucion con un espectrofotometro. Los

estandares se preparan a partir del estdndar de fosfato con concentracion 100 uM.

La unica advertencia es que las soluciones 4cidos deben ser diluidas antes del andlisis
(de otro modo, el color no se desarrolla), el reactivo para desarrollar color y las muestras
(después de afiadir el reactivo) solo pueden ser usadas el dia de la preparacion, y no se pueden
analizar muestras con valores de fosfato mayores que 12uM porque la curva de los estandares
se convierte en no-lineal (por lo tanto las muestras mas concentradas tienen que ser diluidas).

Todos los reactivos son almacenados en la cabina debajo del espectrofotdmetros.

1. ENCENDIDO DEL ESPECTROFOTOMETRO
« Encender el espectrofotdmetro y esperar una hora a que aumente de temperatura.
« Inmediatamente después de encender el espectrofotometro, hincar el programa para

determinacion del color Shimadzu-UPVC.

2. PROCEDIMIENTO

« Afadir 1ml de reactivo para desarrollar color a 10 ml de muestra (no es imprescindible
que el volumen sea el exacto siempre que lo mantengamos para todas las muestras,
blancos y estandares).

o Agitar las muestras y permitir que desarrolle el color colocandola en alguna zona oscura
durante 30 minutos.

« Mientras las muestras desarrollan el color, preparar los blancos y estdndares, afiadir el

reactivo para desarrollar color.
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ANALISIS

Colocar los estandares para calibrar el espectrofotrometro.

Configurar en el menu del programa los tiempos de “sorber y purgar”. Ajustar el tiempo
de sorber en 6 segundos y el de purga en 0.

Realizar varios sorbos para limpiar el espectrofotdmetros, después hacer click en OK:
Hacer click en auto-zero antes de analizar blancos y estandares.

Primero, sorber un blanco dos veces.

Una vez hemos analizado los estandares, hacer click en unknown y comenzar a analizar
las muestras.

Sorber la primera muestra y permitir a la maquina registrar una lectura.

Hacer click en esta lectura, y volver a sorber la primera muestra.

Una vez la lectura ha sido realizada, hacer click en el comando reading dos veces, para
obtener una media del la concentracion e fosfato para cada muestra.

Continuar con el mismo procedimiento con el resto de las muestras, sin olvidar salvar
los datos, indicando fecha e iniciales de la persona que realiza el analisis.

Finalmente, apagar el espectrofotometro

LIMPIEZA
Lavar los viales utilizados con HCI diluido durante una hora.

Aclarar con agua desionizada y purificada (Milli-Q) y secar en el horno a 60 °C.

PREPARACION DE REACTIVOS

Mezcla de reactivos: dissolver 6 g de amonio molibdato en 250 ml de agua Milli-Q.
Disolver 0,1454 g de tartrato de antimonio y potasio en 500 ml de &cido sulfurico (73
ml de 4cido sulfurico concentrado en 427 ml de agua Milli-q. Preparar con precaucion,
porque la reaccion desprende mucho calor). Cuando los reactivos estdn disueltos,
mezclar las dos soluciones en una botella de cristal &mbar y almacenar debajo de la
campana de gases.

Reactivo para desarrollar color: afadir 0,37 g de acido ascorbico a 70 ml de mezcla
de reactivos y agitar. El volumen resultante permite realizar entre 60 y 70 analisis de

fosfato, y debe de ser preparado en el mismo dia del analisis.
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