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ABSTRACT

This PhD thesis deals with the study of Messinian marine deposits from the
Montemayor-1 core that is located closed to Huelva (SW Spain) at the northwestern
margin of the lower Guadalquivir Basin. The core ranges from the latest Tortonian to
the early Zanclean (early Pliocene), thus including marine sediments coetaneous to the
interval before, during and after the Mediterranean Messinian salinity crisis (MSC). The
magnetobiostratigraphic age model proposed for the core has been accurately improved
using oxygen stable isotopes that have allowed to identify the Messinian glacial-
interglacial cycles (TG’s cycles) based on astronomical tuning. In this thesis, the
paleoenvironmental evolution of these Messinian sediments, as well as changes in
paleoceanographic circulation and paleoproductivity in the NE Atlantic have been
studied using benthic foraminiferal assemblages and oxygen and carbon stable isotopes.

Changes in the benthic foraminiferal assemblages along the Montemayor-1 core
show a transgressive-regressive trend. A sharp sea-level rise from the inner-middle shelf
to the middle slope took place during the latest Tortonian-earliest Messinian. Then, sea
level dropped from the middle slope to the inner-middle shelf during the early
Messinian-early Pliocene.

Other key factors controlling the distribution of the benthic foraminifera, further
to sea-level variations, were the quantity and the quality of the organic matter that
reached the sea floor. The inner-middle shelf was an eutrophic setting with very low
oxygenation and high input of continental degraded organic matter derived from river
run-off. The outer shelf and the shelf edge were oligotrophic environments with high
oxygenation. In the outer shelf, organic matter supply was mostly due to riverine
discharges. Finally, mesotrophic conditions with moderate oxygenation prevailed in the
upper and middle slope settings, where upwelling currents supplied marine fresh
organic matter to the sea floor.

The paleogeographic position of the Montemayor-1 core close to the last Betic
seaway to be closed, the Guadalhorce Corridor, is crucial to study the impact of the
Mediterranean outflow water (MOW) on the eastern Atlantic oceanography. The
improved age model suggests that the closure of the Guadalhorce Corridor occurred at
6.18 Ma. Oxygen stable isotopes indicate that the study area was bathed by the MOW
up to the closure of the Guadalhorce Corridor. When the MOW was interrupted, only
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Atlantic upwelled waters (AUW) reached the study area. The cessation of the MOW
reduced the formation of North Atlantic deep waters (NADW) and, consequently,
weaken the Atlantic meridional overturning circulation (AMOC) and promoted cooling
in the northern hemisphere. Furthermore, the AMOC was week during glacial periods
but strong during interglacials. In the earliest Pliocene, the opening of the Strait of
Gibraltar increased the NADW promoting a stronger AMOC.

Stable isotopic records and high-productivity target taxa have revealed that
glacioeustatic fluctuations exerted a significant control on the paleoproductivity in the
lower Guadalquivir Basin during the Messinian. Under glacial conditions, there was
high productivity related to the supply of fresh organic matter from upwelling currents
induced by strong winds. In contrast, interglacial periods are characterised by the
presence of marine degraded organic matter in the upper slope after upwelling events,
and supply of continental degraded organic matter in the outer shelf derived from
riverine discharge.

The detailed study of the paleoenvironmental and paleoceanographic changes
throughout the core provides new clues for proposing a new model for the onset and end
of the MSC. This model suggests that a glacioeustatic sea-level drop with only a minor
contribution of tectonic uplift provoked the initiation of the MSC. The marine
reflooding of the Mediterranean, which marks the end of the MSC occurred in two-
steps: 1) a glacioeustatic sea-level rise during the interglacial stage TG 11 (5.52 Ma)
allowed relatively warm Atlantic waters to enter, at least, into the western-central
Mediterranean; and 2) the opening of the Strait of Gibraltar at the lowermost Pliocene

caused the final refilling of the entire Mediterranean Sea.
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RESUMEN

Esta tesis doctoral se ocupa del estudio de los depdsitos marinos del Messiniense
del testigo de Montemayor-1 el cual se localiza cerca de Huelva (SO de Esparia) en el
margen noroccidental de la Cuenca del bajo Guadalquivir. El testigo abarca sedimentos
de edades comprendidas entre la Ultima parte del Tortoniense tardio y el Zancliense
temprano (Plioceno temprano), por lo tanto incluye sedimentos marinos coetaneos al
intervalo anterior, durante y posterior a la crisis de salinidad del Messiniense en el
Mediterraneo (CSM). ElI modelo de edad magnetobioestratigrafico propuesto para el
testigo ha sido mejorado con precision usando isotopos estables de oxigeno que han
permitido identificar los ciclos glaciales-interglaciales (ciclos TG) basados en métodos
astrocronologicos. En esta tesis, la evolucion paleoambiental de estos sedimentos
messinienses, ademas de los cambios en la circulacién paleoceanografica y
paleoproductividad en el Atlantico nororiental han sido estudiados a partir de las
asociaciones de foraminiferos bentdnicos y los is6topos estables de oxigeno y carbono.

Cambios en las asociaciones de foraminiferos bentonicos a lo largo del testigo
de Montemayor-1 muestran una tendentica transgresiva-regresiva. Una subida del nivel
del mar abrupta desde la plataforma interna-media hasta el talud medio tuvo lugar
durante el la ultima parte del Tortoniense tardio y la primera parte del Messiniense
temprano. A continuacion, el nivel del mar bajé desde el talud medio hasta la
plataforma interna-media durante el Messiniense temprano-Plioceno temprano.

Otros factores clave que controlaron la distribucion de los foraminiferos
bentdnicos, ademas de las variaciones del nivel del mar, fueron la cantidad y calidad de
la materia organica que llegé al fondo del mar. La plataforma interna-media era un
medio eutrofico con muy baja oxigenacion y alto aporte de materia organica degradada
de origen continental aportada por la descarga fluvial. La plataforma externa y el borde
de plataforma eran medios oligotroficos con alta oxigenacién. En la plataforma externa,
el aporte de materia organica en su mayor parte se debia a descarga fluvial. Por ultimo,
condiciones mesotroficas con oxigenacion moderada prevalecieron en el talud medio y
superior, donde corrientes de afloramiento proporcionaban materia organica poco
degradada al fondo marino.

La posicion paleogeografica del testigo de Montemayor-1 cerca del ultimo

estrecho Bético que se cerrd, el Corredor del Guadalhorce, es crucial para estudiar el



impacto de la corriente de salida del Mediterraneo (MOW) en la oceanografia del
Atlantico oriental. EI modelo de edad mejorado sugiere que el cierre del Corredor del
Guadalhorce ocurrio hace 6,18 millones de afios. Los is6topos estables de oxigeno
indican que el area de estudio estuvo bafiada por la MOW hasta el cierre del Corredor
del Guadalhorce. Cuando la MOW fue interrumpida, sélo las aguas atlanticas
relacionadas con corrientes de afloramiento (AUW) alcanzaron la zona de estudio. El
cese final de la MOW redujo la formacién de agua profunda del Atlantico Norte
(NADW) vy, por consiguiente, debilitd la circulacién termohalina meridional del
Atlantico (AMOC) y fomento el enfriamiento del hemisferio norte. Ademas, la AMOC
era débil durante periodos glaciales pero fuerte durante periodos interglaciales. Al
comienzo del Plioceno, la apertura del Estrecho de Gibraltar increment6é la NADW que
a su vez fomenté una AMOC mas fuerte.

Los registros de los isOtopos estables y los taxones asociados a alta
productividad han revelado que las fluctuaciones glacioeustaticas ejercieron un control
significativo de la paleoproductividad en la Cuenca del bajo Guadalquivir durante el
Messiniense. Durante las condiciones glaciales, hubo una alta productividad relacionada
con el aporte de materia organica poco degradada proporcionada por corrientes de
afloramiento inducidas por fuertes vientos. Por el contrario, los periodos interglaciales
se caracterizaban por la presencia de materia organica degradada de origen marino en el
talud superior después de eventos de afloramiento y aporte de materia organica
degradada continental en la plataforma externa derivada de descarga fluvial.

El estudio detallado de los cambios paleoambientales y paleoceanogréaficos a lo
largo del testigo proporciona nuevas pistas para proponer un modelo nuevo para el
comienzo y final de la CSM. Este modelo sugiere que una caida del nivel de mar
glacioeustatica con sélo una contribucion menor del levantamiento tecténico provoco el
inicio de la CSM. La reinundacion marina del Mediterraneo, la cual marca el final de la
CSM ocurrié en 2 pasos: 1) una subida del nivel del mar glacioeustatica durante el
estadio interglacial TG 11 (5,52 millones de afios) permitié que aguas atlanticas
relativamente célidas entraran, al menos, en el Mediterraneo occidental-central; y 2) la
apertura del Estrecho de Gibraltar en la base del Plioceno causé la reinundacion final

del todo el Mar Mediterraneo.
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CHAPTER 1

INTRODUCTION

The Messinian was a significant time interval in the evolution of the Betic-
Rifian mountain belt since significant tectonic and paleogeographic changes took place
in the region. Emersion of new relieves with subsequent modifications of the
Mediterranean paleogeography led to the most dramatic episode of the recent history of
the Mediterranean Sea. The progressive restriction of the different Betic and Rifian
Corridors connecting the Atlantic and the Mediterranean ended with the isolation of the
Mediterranean from the world’s oceans (Benson et al., 1991; Esteban et al., 1996;
Krijgsman et al., 1999a; Soria et al., 1999; Barbieri and Ori, 2000; Martin et al., 2001;
Betzler et al., 2006). This, in turn, forced the deposition of extensive evaporites in the
Mediterranean during the so-called Messinian salinity crisis (MSC) (Hsu et al., 1973,
1977). The beginning of this event has been dated at 5.96 + 0.02 Ma (Krijgsman et al.,
1999b).

Ever since the publication of the pioneering works of Hsu et al. (1973, 1977),
when the Mediterranean evaporite deposits and the MSC were presented to the scientific
community, Messinian sediments in the central Mediterranean and its satellite basins
have been intensively studied (e.g. Ryan and Cita, 1978; Borsetti et al., 1990; Riding et
al., 1991; Martin and Braga, 1994; Braga and Martin, 1996; Clauzon et al., 1996;
Riding et al., 1998, 1999, 2000; laccarino and Bossio, 1999; Krijgsman et al., 1999b;
Fortuin and Krijgsman, 2003; Sanchez-Almazo et al., 2001, 2007; Aguirre and Sanchez-
Almazo, 2004; Braga et al., 2006; Cosentino et al., 2006, 2012; Rouchy and Caruso,
2006; Roveri and Manzi, 2006; Di Stefano et al., 2010; Garcia et al., 2011). However,
little is known about what happened during the Messinian in the Atlantic Ocean close to
the Strait of Gibraltar. Some works dealing with the Messinian paleoenvironmental
evolution in the Atlantic side of the Rifian Corridors have been carried out (Hodell et
al., 1989; Gebhardt, 1993; Hodell et al., 1994; Barbieri, 1998; Barbieri and Ori, 2000).
However, no detailed studies in the vicinity of the Betic Corridors in the Atlantic-linked
Guadalquivir Basin have been done. Previous studies analysed the general stratigraphic
and biostratigraphic frameworks of the basin (Perconig, 1973; Perconig and Granados,



1973; Viguier, 1974; Civis et al., 1987; Sierro, 1985a, 1985b, 1987, 1993; Flores, 1987,
Aguirre et al., 1995; Sierro et al., 1996; Riaza and Martinez del Olmo, 1996), with local
magnetostratigraphic data (Larrasoafia et al., 2008). The paleoenviromental evolution in
the western part of the basin, the so-called the lower Guadalquivir Basin, has also been
studied based on different groups of microfossils, specially foraminifera, nannoplankton
and ostracods (Berggren and Haq, 1976; Flores, 1987; Sierro, 1987; Sierro et al., 1993;
Gonzélez-Regalado and Ruiz, 1990; Gonzélez-Regalado et al., 2005). These works
show a transgression with glauconitic deposition in middle-upper slope settings (Galan
and Gonzalez, 1993; Baceta and Pendon, 1999; Gonzalez-Regalado et al., 2005)
followed by a shallowing upward trend up to sands and calcarenites deposited in the
inner shelf. These shallow sediments have been associated with the sea level drop
leading to the onset of the MSC (Berggren and Haq, 1976; Flores, 1987; Sierro, 1987,
Gonzalez-Regalado and Ruiz, 1990). In addition, a decrease in the paleotemperature of
Atlantic waters when the Messinian started has been suggested based on planktonic
foraminifera and nannoplankton assemblages (Sierro, 1985a; Flores, 1987; Sierro et al.,
1993). Similar sea level fall around the onset of the MSC and general Messinian cooling
have been proposed for the sediments in the Atlantic side of the Rifian Corridors
(Hodell et al., 1989; Gebhardt, 1993; Hodell et al., 1994; Barbieri, 1998; Barbieri and
Ori, 2000).

IBERIA

Vlontemayor-1 Il Paleozoic-Mesozoic basement

[ Miocene-Pliocene (marine)
Atlantic Ocean

[EIPliocene-Pleistocene (continental) =ril

Figure 1.1. Geology of the lower Guadalquivir Basin and location of the Montemayor-1 core (modified
from Civis et al., 1987).



In this PhD thesis, the Messinian paleoenvironmental evolution of the lower
Guadalquivir Basin is analysed through the study of the continuous Montemayor-1 core
located close to Huelva (SW Spain) (Fig. 1.1).This study is based on the analysis of
benthic foraminifera and oxygen and carbon stable isotopes measured on foraminiferal
shells. These widely distributed and abundant organisms depend on the substrate and
their distribution is controlled by several physical, chemical and biological factors (e.g.
Boltovskoy and Wright, 1976; Murray, 1991, 2006; Sen Gupta 1999). Furthermore,
they are excellent indicators of paleobathymetry, type of substrate, oxygen content and
organic matter flux to the sea floor (Jorissen et al., 2007). Additionally, foraminiferal O
and C stable isotopes are good proxies of density, temperature, salinity, ventilation and
nutrient content of water masses (e.g. Rohling and Cooke, 1999; Armstrong and
Brasier, 2005; Ravelo and Hillaire-Marcel., 2007; James and Austin, 2008; Mackensen,
2008). Therefore, a comprehensive analysis of benthic foraminiferal assemblages and
stable isotope geochemistry from the lower Guadalquivir Basin is fundamental to
reconstruct the paleoenvironmental evolution of the basin during the Messinian.

Figure 1.2. Paleogeography of the Mediterranean region during the early Messinian (after Martin et al.,

2009; Braga et al. 2009). The location of the Montemayor-1 core is indicated by a red asterisk.
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Figure 1.3. (a) Present-day salinity and circulation patterns at the Strait of Gibraltar and in the
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This PhD thesis focuses on the study of the Montemayor-1 core since it is
located close to the last active Atlantic-Mediterranean Betic seaway, the Guadalhorce
Corridor (Martin et al., 2001, 2009) (Fig. 1.2). Hence, the information recorded in this
core is essential to report changes in the water mass exchanges between the Atlantic and
the Mediterranean whereas the Guadalhorce Corridor was open and it also provides key
information on paleoceanographic as well as paleoclimatic changes occurring when it
became closed.

At the present day, the Atlantic-Mediterranean water mass exchange is through
the Strait of Gibraltar and follows an anti-estuarine circulation pattern (Wist, 1961)
(Fig. 1.3). Atlantic waters with low salinity and density superficially enters the
Mediterranean flowing eastwards. Conversely, dense and saline Mediterranean
intermediate and deep waters produced in the eastern Mediterranean form a bottom
current called Mediterranean Outflow Water (MOW) that flow westward through the
Strait of Gibraltar. This current principally consists of Levantine Intermediate Water
(LIW), which contributes to 2/3 of the MOW and is produced by convection in the
Eastern Mediterranean (Bryden and Stommel, 1984, Marshall and Schott, 1999; Millot,
1999; Hernandez-Molina et al., 2011). The remaining 1/3 of the MOW s the
contribution of the Western Mediterranean Deep Water (WMDW) that is produced in
the Gulf of Lion during cold and windy winters (MEDOC Group, 1970; Bryden and
Stommel, 1984; Lacombe et al., 1985; Millot, 1999). The MOW through the Strait of
Gibraltar travels in the Atlantic Ocean flowing along the Iberian margin and penetrating
towards the north reaching up to the Rockall Channel at around 50°20°N and possibly
the sill of the Wyville-Thomson Ridge close to the North Pole (lorga and Lozier, 1999).

The MOW current has a significant impact on the upper-ocean circulation in the
subtropical North Atlantic Ocean and could play a critical role in the establishment of
the Azores Current (Ozgokmen et al., 2001). Furthermore, it contributes to the Atlantic
meridional overturning circulation (AMOC), which is the driving force for the entire
Atlantic Ocean circulation and the global thermohaline circulation (Reid, 1979;
Rahmstorf, 1998; Bethoux et al., 1999; Bigg and Wadley, 2001; Bigg et al., 2003).
Major climate change can be induced by alterations of the global thermohaline
circulation that modifies the global radiation budget and global carbon cycling (Brown
et al., 1989; Bigg et al., 2003; Murphy et al., 2009). Therefore, fluctuations in the MOW
flow might have a strong impact on the AMOC, global oceanic circulation and climate.
For example, a steady AMOC in the North Atlantic needs the contribution of the MOW
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(Rahmstorf, 1998; Bethoux et al., 1999). In addition, changes in the MOW affecting the
global circulation and climate might influence the primary productivity in the
northeastern Atlantic. In the southeastern Atlantic, a reduction of the AMOC provoked
by the decrease or interruption of the MOW and a biogenic bloom are recorded during
the Messinian (Rommerskirchen et al., 2011). The MOW is also fundamental to restart
the AMOC after its collapse (Rogerson et al., 2006, 2012; VVoelker et al., 2006). Glacial-
interglacial variability exerts an influence on the intensity and depth settling of the
MOW. Under glacial conditions the MOW presents an enhanced current activity in
deeper areas due to a higher density. In contrast, a less dense MOW flows at shallower
depths during interglacial periods (Schonfeld and Zahn, 2000; Rogerson et al., 2005;
Llave et al., 2006).

Comprehensive studies about the impact of the MOW on the circulation of the
Atlantic Ocean during the Pliocene, Pleistocene and Holocene have been carried out in
the last decades (e.g. Loubere, 1987; Nelson et al., 1993; Schonfeld, 1997; Maldonado
and Nelson, 1999; Schonfeld and Zahn, 2000; Rogerson et al., 2005; Hernandez-Molina
et al., 2006, 2011; Llave et al., 2006, 2011; Toucanne et al., 2007; Khélifi et al., 2009;
Rogerson et al., 2010, 2011, 2012; Stumpf et al., 2010; van Rooij et al., 2010; Estrada et
al., 2011). These studies analyse the evolution of the MOW and its impact on the
Atlantic oceanic circulation after the opening of the Strait of Gibraltar. Nevertheless,
there are very few studies on the impact of the MOW during the Messinian when the
current flowed through the Betic and Rifian Corridors reaching at least 50°N in the
northeastern Atlantic Ocean or in the period between the closure of these corridors and
the opening of the Strait of Gibraltar (Benson et al., 1991; Zhang and Scott, 1996;
Abouchami et al., 1999; van der Laan et al., 2012). During the earliest Messinian, when
both the Betic and the Rifian corridors were active, Atlantic waters entered the
Mediterranean through the southern Moroccan gateways and the MOW flowed through
the Betic Corridors according to the siphon model of Benson et al. (1991). When the
last Betic Corridor, the Guadalhorce Corridor (Martin et al., 2001, 2009), was closed the
MOW flowed out through the Rifian Corridors until their closure at around 6 Ma
(Krijgsman et al., 1999a; van der Laan et al., 2012). However, contrary to these studies,
the impact of the MOW on the deep circulation in the north Atlantic has been
questioned (Keigwin et al., 1987). Further, the impact on the NE Atlantic circulation of

the blockage of the siphon circulation has not been yet studied.



Glacioeustatic fluctuations related to changes in global climate control the
primary productivity due to variations in the wind systems and humidity.
Paleoproductivity changes induced by glacioeustacy have been recorded in the
northeastern Atlantic during the Pliocene, Pleistocene and Holocene (Diester-Haass and
Schrader, 1979; Abrantes, 1991, 2000; Lebreiro et al., 1997; Eberwein and Mackensen,
2008; Martinez et al., 1999; van der Laan et al., 2006, Naafs et al., 2010; Salgueiro et
al., 2010: Zarriess and Mackensen, 2010). These works show how global climate can
control humidity and wind systems affecting the intensity and seasonality of primary
productivity. For example, under glacial conditions, winds are stronger inducing
upwelling in the northeastern Atlantic. As occurs during the Plio-Pleistocene and
Holocene, the paleoproductivity in the northeastern Atlantic during the Messinian was
higher due to enhanced upwelling induced by stronger winds during glacial periods (van
der Laan et al., 2006, 2012). During interglacial periods, productivity associated to
upwelling current is lower and river run-off related to precipitation is higher due to
warm and wet conditions (van der Laan et al., 2012).

The knowledge of the paleoenvironmental evolution of the Atlantic-linked lower
Guadalquivir Basin where there were neither desiccation nor evaporite deposition allow
to obtain a more precise idea of the global geological processes that affected the
Mediterranean before, during and after the MSC. Glacioeustatic sea level lowering,
regional tectonic uplift in the Arc of Gibraltar or a combination of both has been
considered as the trigger mechanisms for the onset of the MSC (Weijermars, 1988;
Kastens, 1992; Hodell et al., 1994, 2001; Clauzon et al., 1996; Krijgsman et al., 1999a,
1999Dh, 2004; Duggen et al., 2003; Hilgen et al., 2007). Moreover, the timing and causes
of the refilling of the Mediterranean that marks the end of the MSC are still
controversially discussed (Martin and Braga, 1994; Riding et al., 1998; Krijgsman et al.,
1999b; Aguirre and Sanchez-Almazo, 2004; Braga et al., 2006; van der Laan et al.,
2006; Hilgen et al., 2007; Rouchy et al., 2007). In the Mediterranean, the complex
Messinian paleogeography related to different local tectono-sedimentary regimes, as
well as problems of precise correlation between central Mediterranean basins and
marginal basins, hampers the study of the triggering mechanisms for the onset and the
end of the MSC (e.g. Roveri and Manzi, 2006). Therefore, the analysis of complete
continuous Messinan sedimentary records of the Montemayor-1 core in the lower
Guadalquivir Basin located in the undisturbed Atlantic Ocean will help to decipher the

contribution of global and regional processes to the initiation and end of the MSC.



1.1. Open questions and importance of the thesis

There are few studies dealing with the paleoenvironmental evolution of the
lower Guadalquivir Basin during the Messinian (Berggren and Haq, 1976; Civis and
Sierro, 1987; Flores, 1987; Sierro, 1987; Gonzalez-Regalado and Ruiz, 1990; Glaser
and Betzler, 2002). This basin constituted the Atlantic side of the Betic Corridors: the
North Betic Strait, the Dehesas de Guadix Corridor, the Granada Basin and the
Guadalhorce Corridor (Esteban et al., 1996; Braga et al., 2003; Betzler et al., 2006;
Martin et al., 2001, 2009). Furthermore, Messinian marine sediments of the basin cover
the interval before, during and after the MSC. In addition, the general biostratigraphic
and magnetostratigraphic frameworks of the lower Guadalquivir Basin have been
researched comprehensively (Perconig, 1973; Perconig and Granados, 1973; Viguier,
1974; Sierro, 1985a, 1985b, 1987, 1993; Flores, 1987; Aguirre et al., 1995; Sierro et al.,
1996; Larrasoafa et al., 2008). However, a precise age model for these Messinian
sediments has not been established yet. The use of a precise age model is critical to
correlate Atlantic events that reflect global changes with regional Mediterranean events
at the time of the MSC.

Since the lower Guadalquivir Basin was close to the Guadalhorce Corridor,
which connected the Atlantic with the Mediterranean Sea during the early Messinian
(Martin et al., 2001), Messinian marine sediments close to the Atlantic side of the
seaway might have recorded the impact of the MOW on the oceanic circulation in the
Guadalquivir Basin and the northeastern Atlantic Ocean during this time interval.
Furthermore, the closure of the Guadalhorce Corridor could be dated using the age of
interruption of the MOW in the lower Guadalquivir Basin before the MSC. In addition,
the different proposed models for the exchange of water masses through the Atlantic
and Mediterranean, including the antiestuarine, the estuarine and the siphon models, can
be tested. As mentioned before, there are few works on the impact of the MOW on the
Atlantic circulation during the Messinian (Zhang and Scott, 1996; Abouchami et al.,
1999; van der Laan et al., 2012). Further, the effect of restriction of the Atlantic-
Mediterranean connections on the MOW and eastearn Atlantic circulation during the
Messinian has not been analysed yet. It is especially interesting to assess the changes in
the Atlantic circulation and global climate produced by the interruption or reduction of
the MOW when the Betic and the Rifian Corridors became definitely closed.



Variations in the temperatures, humidity and intensity of winds produced by
global climate changes can control the supply of both marine and continental organic
matter to the ocean. Upwelling currents and river run-off could be the major sources of
organic matter as occur at the present day. So far, few studies on the Messinian
paleoproductivity in the northeastern Atlantic have been carried out (van der Laan et al.,
2006, 2012). In this period, changes in the oceanic circulation in the northeastern
Atlantic as a result of the cessation or reduction of the MOW due to the restriction of
the Atlantic-Mediterranean gateways might have affected the productivity in the region.

As explained above, the controlling factors for the isolation and reflooding of the
Mediterranean leading to the onset and end of the MSC are not clear yet. Research
performed in the Mediterranean basins has proved to be uncapable to unravel this
conundrum because of the complex Messinian paleogeography of the Mediterranean.
This problem can be solve studying complete, continuous Messinian marine records of
the Atlantic Ocean, where there was neither desiccation nor evaporite deposition, near
the Atlantic-Mediterranean gateways. All these requirements are satisfied by the
Gualdalquivir Basin. Furthermore, the Guadalquivir Basin was an open embayment
during the Messinian (Martin et al., 2009), so it is an exceptional area to link global
events to regional Mediterranean events. Therefore, research on Messinian sedimentary
records of this basin might be crucial to disentangle the controlling mechanisms both for
the onset and the end of the MSC.

1.2. Objectives

All the aforementioned open questions constitute the main objectives of this PhD
thesis:

1) To analyse the paleoevironmental evolution of the lower Guadalquivir Basin
during the Messinian.

2) To establish an accurate and reliable age model for the Messinian deposits of
the lower Guadalquivir Basin.

3) To assess the impact of the restriction of the Atlantic-Mediterranean Betic
gateways on the MOW and the Atlantic oceanic circulation during the Messinian.

4) To test the proposed models for the Atlantic-Mediterranean water mass

exchange.



5) To study paleoproductivity changes and organic carbon cycling in the
northeastern Atlantic during the Messinian.

6) To assess the impact of the MOW on the productivity.

7) To establish the effect of the global oceanography and climate on the
Messinian productivity.

8) To decipher the contribution of glacieustacy and tectonic activity for the onset
and end of the MSC.

9) To define a comprehensive model for the desiccation and refilling of the

Mediterranean Sea during the Messinian.

1.3. Structure of the thesis

This PhD thesis is organised in nine chapters. Chapter 1 presents the state-of-
the-art and the background knowledge about the paleoenvironmental and
paleoceanographic evolution of the lower Guadalquivir Basin and the nearby Atlantic
during the Messinian, as well as the triggering mechanisms for the initiation and end of
the MSC, are described. The open questions, aims and importance of the thesis are also
presented in this chapter. The chapter 2 includes the age and stratigraphy of the studied
material and the methodological procedures. The main results are presented in chapters
3, 4, 5 and 6. Chapter 3 analyses the Messinian paleoenvironmental evolution of the
lower Guadalquivir Basin using benthic foraminifera (Pérez-Asensio et al., 2012a).
Chapter 4 assesses the impact of the MOW on the eastern Atlantic circulation and
global climate in relation with the restriction of the Atlantic-Mediterranean seaways
(Pérez-Asensio et al., 2012b). In chapter 5, paleoproductivity changes and organic
carbon cycling in the northeastern Atlantic during the Messinian are analysed (Pérez-
Asensio et al. in prep. 1). Chapter 6 describes a novel model for the MSC with emphasis
on the causes and timing of the onset of the evaporite deposition and the marine refilling
of the Mediterranean (Pérez-Asensio et al., in prep. 2). In chapter 7, all the results of
this thesis are integrated to improve our knowledge on the Messinian history of the
lower Guadalquivir Basin and to show their implications to solve the MSC problem in
the Mediterranean. Chapter 8 enumerates the main conclusions of this thesis. Finally,
chapter 9 deals with the future perspectives of the research on the Messinian
paleoclimate and paleoceanography by means of the analyses of marine sedimentary

records from the Atlantic Ocean.
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CHAPTER 2

MATERIAL AND METHODS

2.1. Material

In this PhD thesis, the Montemayor-1 core has been analysed. This core was
stored at the Universidad de Salamanca (Spain). A total of 475 samples were collected
with a sampling resolution of 0.5 m. This core is 260 m long and ranges from the latest
Tortonian to the Zanclean (Larrasoafia et al., 2008), and its age framework was
established by magnetobiostratigraphic methods. First of all, the magnetostratigraphic
dating was carried out using the revised astronomically-tuned geomagnetic polarity
timescale of Lourens et al. (2004) (ATNTS2004). According to this scale, the core
ranges from the upper part of the C3Br.2r (ca. 7.4 Ma) to the C3n/C2Ar boundary (ca.
4.3-4.2 Ma) (Larrasoafia et al., 2008) (see below). Regarding the biostratigraphic
dating, the planktonic foraminiferal (PF) events 3, 4 and 6 of Sierro et al. (1993), and
the first occurrence of Globorotalia puncticulata were used. The PF event 3 is the
replacement of the Globorotalia menardii group Il by the Globorotalia miotumida
group and it is correlated with the Tortonian/Messinian boundary; the PF event 4 is the
first abundant occurrence of dextral specimens of the Neogloboquadrina acostaensis
group; and the PF event 6 is first abundant occurrence of Globorotalia margaritae s.s.

The Montemayor-1 core consists of the uppermost part of the basement and
marine sediments of four formations that crop-out in the onland Neogene of Huelva and
surrounding areas. The Niebla Formation is the lowermost unit (Civis et al., 1987;
Baceta and Pendon, 1999). This unit consists of carbonate— siliciclastic mixed deposits
of the late Tortonian that unconformably onlap the Paleozoic—Mesozoic basement of the
Iberian Massif (Baceta and Pendon, 1999). The second unit is the Arcillas de Gibraledn
Formation (Civis et al., 1987) which is latest Tortonian—Messinian according to
planktonic foraminifera and calcareous nannoplankton (Sierro, 1985, 1987; Flores,
1987; Sierro et al., 1993). This unit presents 2-4 m of glauconitic silts at the base
(Baceta and Penddn, 1999) and consists mostly of greenish-bluish clays. The third unit
is the Arenas de Huelva Formation (Civis et al., 1987) that begins with a glauconitic
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layer and includes silts and highly fossiliferous sands of the early Pliocene. The
uppermost unit is the Arenas de Bonares Formation. This unit unconformably overlays
the Arenas de Huelva Formation, and it is late Pliocene in age with no biostratigraphic
precision (Mayoral and Pendon, 1987).

The Montemayor-1 core starts with 1.5 m of reddish clays from the Paleozoic-
Mesozoic basement. Unconformably overlaying the basement, there is a well-cemented
0.5 m-thick sandy calcarenite layer of the Niebla Formation. This layer is overlaid by
198 m of silts and clays from the Arcillas de Gibralebn Formation. At the base of the
formation a 3 m-thick glauconitic layer is present. The boundary between the Niebla
and Arcillas de Gibrale6n formations located at 258 m is a discontinuity that outcrops
onland (Baceta and Penddn, 1999). The Arcillas de Gibraledn Formation is overlaid by
42 m of sands and silts from the Arenas de Huelva Formation. At the base of this
formation, there is a 3 m-thick glauconitic layer. The magnetostratigraphy of the core
indicate that there is a discontinuity located at the base of the Arenas de Huelva
formation (60 m) (Larrasoafia et al., 2008). The core finishes with 14.5 m of highly
fossiliferous brownish sands of the Arenas de Bonares Formation that has a

discontinuity at the base (18 m), and 3.5 m of a recent soil.

2.2. Faunal analyses

For faunal analysis, a total of 288 samples of 50 g have been studied. The
sampling interval was 0.5 m from 240 to 100 m, and 2.5 m from 256.5 to 240 m and
from 100 to 36.5 m. Every sample was wet-sieved through a 63 pm sieve and dried in
an oven at 40°C. Then, samples were split into equal portions with a microsplitter to get
sub-samples with at least 300 benthic foraminifera. These sub-samples were dry-sieved
through a 125 um sieve, and benthic foraminifera were identified at species level and
counted. Finally, census data were transformed into relative abundances in percentage.

To assess diversity changes in the benthic foraminiferal assemblages several
metrics were calculated:

1) Number of taxa (species richness): calculated summing all the taxa of each sample.
2) The Shannon index (H):

H= —Zpilnpi
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where pj is the proportion of the ith species and In is the natural logarithm.

3) evenness (E) sensu Hayek and Buzas (1997):
E=e"s

where e is the base of the natural logarithms, H is the Shannon index, and S is the
number of species.

4) The dominance (D) is the percentage of the species with the highest abundance
(Levin and Cage, 1998).

Furthermore, the total number of benthic foraminifera per gram of dry sediment
(N/g) was calculated.

For paleoecological purposes, benthic foraminiferal species were divided into
five different microhabitats following Lutze and Thiel (1989) and Schmiedl et al.
(2000): epifaunal (elevated epibenthic species), epifaunal-shallow infaunal (0-0.7 cm
below the water—sediment interface; BWSI), shallow infaunal (0.7-1.5 cm BWSI),
intermediate infaunal (1.5-3 cm BWSI), and deep infaunal (>3 cm BWSI).

2.3. Stable isotope analyses

For 820 and §*3C stable isotopes a total of 185 samples were analysed. About
ten individuals of Cibicidoides pachyderma for benthic foraminifera and twenty
individuals of Globigerina bulloides for planktonic foraminifera were picked from the
size fraction >125 pum. Before the analyses, foraminiferal shells were cleaned with an
ultrasonic cleaner, and washed with demineralised water. Next, samples were analysed
in the Leibniz-Laboratory for Radiometric Dating and Isotope Research in Kiel
(Germany) where the isotopic analyses were performed. The stable isotope analyses
were performed on a Finnigan MAT 251 mass spectrometer connected to a Kiel |
(prototype) preparation device for carbonates. Results are presented in d-notation (%o),
and standardised to the Vienna Pee Dee belemnite (VPDB) scale. This scale is defined
by a certain value of the National Bureau of Standards (NBS) carbonate standard NBS-
19. The international and lab-internal standard material indicate that the analytical
reproducibility is < +0.05 %o for 8*3C, and < +0.07 %o for 5*°0.
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2.4. Age model of the Montemayor-1 core

To establish the age model of the Montemayor-1 core a combination of
paleomagnetism, biostratigraphy, and stable oxygen isotope stratigraphy was used. In
the lower part of the core, the tie points are eight magnetic reversal boundaries ranging
from chron C3Br.2r to chron C3An.1n. Magnetostratigraphic reversal boundaries in the
upper part of the core cannot be confidently used as tie points because there is a
discontinuity on top of chron C3r, between chrons C3r and C3n (Larrasoafia et al.,
2008; Pérez-Asensio et al., 2012). For this reason, the long reversal magnetic chron C3r
was dated by means of oxygen isotope stratigraphy. This technique allows to identify
several glacial-interglacial TG stages (sensu Shackleton et al., 1995 and van der Laan et
al., 2006) such as the glacial stages TG 22, TG 20, TG 12 and TG 4, as well as the
interglacial stages TG 11 and TG 7, to constraint the time frame.

Stages TG22 and TG 20 are two distinctive maxima at the end of an increasing
trend in the 80 benthic foraminiferal record (Shackleton et al., 1995). The cycle TG
12-TG 11 represents an important 520 decrease that correlates with the major global
warming and sea-level rise during the late Messinian (Vidal et al., 2002). Both the TG
22-TG 20 couple and the TG 12-TG 11 isotopic shift have been globally observed,
including the Pacific Ocean (Shackleton et al., 1995) and the Atlantic Ocean (Hodell et
al., 2001; Vidal et al., 2002). Finally, TG 7 and TG 4 can be confidently recognized by
counting glacial-interglacial stages from TG 12 onwards when comparing the TG
stages, as named in the Rifian corridor by van der Laan et al. (2005, 2006) and the
La2004 orbital solution curve.

Taking into consideration the accurate identification of the aforementioned TG
stages in the Montemayor-1 core, we have used the astronomically estimated ages of the
TG 22, TG 12 and TG 7 to tighten the age model for the studied core: TG 20 and TG 12
have been dated at 5.79 Ma and 5.55 Ma, respectively (Krijgsman et al., 2004), and TG
7 at 5.359 Ma (van der Laan et al., 2006).

2.5. Sedimentation rate and sand content

Sedimentation rate in cm/kyr was estimated using the tie points of the age
model. An estimation of the sedimentation rate is given between consecutive tie points.

It is not possible to estimate the sedimentation rates in the lowermost and uppermost
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parts of the core due to the discontinuities located at 258, 60 and 18 m. In addition, the

sand content was calculated using the percentage of the fraction >63 um.

2.6. Spectral analyses

In order to identify periodic changes in the benthic 8'°0 record, spectral analysis
was performed in the time domain using the software PAST (Hammer et al., 2001) and
the REDFIT procedure of Schulz and Mudelsee (2002). Using this procedure is possible
to perfom the spectral analysis with unevenly spaced samples. Only spectral peaks over

the 95% confidence interval (CI) were considered significant.

2.7. Statistical analyses

Benthic foraminifera assemblages were established based on Q and R-mode
principal component analyses (PCA) using the software package SYSTAT 12. This
technique reduces the number of variables of the data matrix by means of extraction of
uncorrelated axes, the principal components. In the Q-mode PCA, dominant species are
grouped into assemblages. The R-mode PCA assembles species with similar distribution
patterns independently from their relative abundance. Only species representing >1% of
the total assemblage at least in 3 samples were considered for the analysis. Furthermore,
Pearson correlation coefficients were calculated to quantify the relationships between
several metrics used in this PhD thesis. Only correlations with a p-value<0.01 were
considered significant.

2.8. Qualitative and quantitative sea-level reconstructions

Qualitative sea-level reconstructions were made using the planktonic/benthic
ratio (P/B ratio henceforward) and benthic foraminiferal target taxa with a narrow and
well-defined depth distribution range (depth markers) as a proxies for relative sea-level
change. Nonetheless, depth markers distribution might be controlled by different
environmental conditions other than of water depth, mainly oxygen and organic matter
supply (van Hinsbergen et al., 2005). The selected depth markers for this work are:
Ammonia beccarii and Ammonia sp. (inner-middle shelf); Cibicidoides floridanus (outer

shelf); Planulina ariminensis (predominantly upper slope); Anomalinoides flinti (middle
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and lower slope); and Oridorsalis umbonatus and Siphonina reticulata (predominantly
middle and lower slope). Moreover, the dinocyst/pollen ratio [d/p ratio = (d-p)/(d+p)]
(Jiménez-Moreno et al., submitted) was used to infer relative sea-level changes since
this ratio increases with the distance to coast and deepening (Warny et al., 2003;
Jiménez-Moreno et al., 2006; laccarino et al., 2008).

Quantitative sea-level reconstructions were estimated using the tranfer function
developed by Hohenegger (2005) based on depth ranges of benthic foraminiferal taxa,
later modified by Baldi and Hohenegger (2008) and Hohenegger et al. (2008) to include

the relative abundances of species:
paleodepth (m) =X (njl jdj_l)/ )y (njdj_l)

where nj is the relative abundance of the jth species, I; is the geometric average of the
distribution borders, and d; is the dispersion. Only species that represent >1% of the
total assemblage at least in 3 samples were considered for the transfer function.
Following the methodology of Hohenegger (2005), global data of water-depth
distribution of benthic foraminifera were used. This way, local or geographical biases in
their bathymetric ranges are avoided. The 95% confidence intervals were calculated to
express the accuracy of the water depth estimates. In addition, transported shallow-

water taxa were removed before applying the transfer function.
2.9. Orbital target curves

The orbital obliquity and eccentricity curves were constructed using the Laskar
orbital solutions La2004 and La2010 respectively (Laskar et al., 2004, 2011) following
the recommendations of Laskar et al. (2011). To generate the ETP (eccentricity,
obliquity, precession) curve the normalised eccentricity La2010 orbital solution, the
normalised obliquity La2004 orbital solution and the negative normalised precession

La2004 orbital solution were summed.
2.10. Backstripping analysis

Backstripping analysis was carried out following the methodology proposed by

van Hinsbergen et al. (2005). This method is used to reconstruct the vertical movement
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of the basin floor by correcting the paleobathymetric changes of the basin due to
sedimentation, compaction and eustatic sea-level fluctuations. First of all, the thickness
(in meters) of accumulated sediment is added to the estimated paleodepth (in meters).
Secondly, the amount of compaction (in meters) has to be added. The Montemayor-1
core consists of mostly bluish-greenish clays from the Arcillas de Gibraledn Formation.
Therefore, the compaction of clays was estimated using the formula of Einsele (1992) to
calculate the decompacted thickness:

hsi = [(1-np)/(1-n)] X (hsp)

where hy is the original thickness before compaction, hs, is the compacted thickness, n
is the original mean porosity, and n, is the final mean porosity after compaction. An
average n; of 80%, and n, of 20% for clays was used (Leeder, 1982; Velde, 1996;
Boggs, 2009). Using this formula, the compaction of the Montemayor-1 core is 75%.
Finally, the correction for eustatic sea-level variation is performed using the average

values of global sea-level curve of Miller et al., (2005).
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CHAPTER 3

MESSINIAN PALEOENVIRONMENTAL EVOLUTION IN THE LOWER
GUADALQUIVIR BASIN (SW SPAIN) BASED ON BENTHIC
FORAMINIFERA

José N. Pérez-Asensio, Julio Aguirre, Gerhard Schmiedl, Jorge Civis

Published in Palaeogeography, Palaeoclimatology, Palaeoecology 326-328, 135-151
(1 April 2012).

Abstract

Benthic foraminiferal assemblages of a drill core from the lower Guadalquivir
Basin (northern Gulf of Cadiz, SW Spain) have been analyzed in order to reconstruct
the paleoenvironmental evolution in the vicinity of the Betic seaways during the
Messinian. The core consists of marine sediments ranging from the latest Tortonian to
the early Pliocene. Changes in the abundance of certain marker species,
planktonic/benthic ratio (P/B ratio), paleodepth estimated with a transfer function,
content of sand grains and presence of glauconitic layers indicate a complete
transgressive-regressive sea-level cycle from the bottom to the top of the section. An
abrupt sea-level rise, from inner-middle shelf to middle slope, is recorded at the
lowermost part of the core (latest Tortonian—earliest Messinian), followed by a
relatively rapid shallowing from middle slope to outer shelf. Magnetobiostratigraphic
data show that this sea-level fall postdates the onset of the Messinian salinity crisis
(MSC) in the Mediterranean. Finally, the early Pliocene deposits are interpreted as
inner-middle shelf.

Changes in the benthic foraminiferal assemblages through the core are mainly
controlled by the trophic conditions, specifically by the quantity and quality of the
organic matter reaching the sea floor. The upper slope and part of the outer shelf
assemblages are highly diverse and dominated by shallow infaunal species, indicating a

generally mesotrophic environment with moderate oxygenation. These environments
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have likely been affected by repeated upwelling events, documented by increased
abundance of Uvigerina peregrina s.l., an opportunistic species thriving in
environments with enhanced labile organic matter supply. The assemblages of the
transitional interval between upper slope to outer shelf, and of the outer shelf are
generally characterized by a relatively low diversity and epifaunal-shallow infaunal
taxa, indicating oligotrophic and well-oxygenated conditions. The inner middle shelf
assemblages are characterized by very low diversity and dominance of intermediate to
deep infaunal taxa, suggesting an eutrophic environment with low oxygen content.
These assemblages are dominated by Nonion fabum and Bulimina elongata, two taxa
that are able to feed from continental low-quality organic matter, most likely derived
from river run-off. The paleoenviromental evolution on the Atlantic side of Betic and
Rifian seaways is similar during the Messinian, with a Messinian continuous sea-level
lowering driven by regional tectonic uplift and upwelling-related waters reaching the
upper slope. This study will further contribute to understand the role of tectonics on the
sea-level changes as well as on the closure of the Atlantic-Mediterranean gateways that

led to the MSC, and on the paleoceanography on the Atlantic sides of these corridors.

3.1. Introduction

The Messinian was a time of drastic paleoenvironmental and paleogeographic
changes in the Mediterranean (Hsl et al., 1973, 1977). During this time interval,
tectonic processes together with glacioeustatic sea-level oscillations led to the isolation
of the Mediterranean triggering the formation of thick evaporite deposits during the so-
called Messinian salinity crisis (MSC) (Benson, 1986; Benson et al., 1991; Martin and
Braga, 1994; Esteban et al., 1996; Riding et al., 1998; Martin et al., 2010). This event
took place at around 6 Ma (Gautier et al., 1994; Krijgsman et al.,, 1999b) as a
consequence of the closure of the different gateways connecting the Atlantic and the
Mediterranean in the Betic Cordillera in southern Spain (Esteban et al., 1996; Soria et
al., 1999; Martin et al., 2001; Betzler et al., 2006; Aguirre et al., 2007; Martin et al.,
2009) and the Rifian counterparts in northern Morocco (Benson et al., 1991; Esteban et
al., 1996; Krijgsman et al., 1999a; Barbieri and Ori, 2000).

The paleoenvironmental changes that occurred before, during and after the MSC
in the Mediterranean and its satellite basins have been intensively studied. Nonetheless,

the detailed paleogeographic evolution and the precise timing of the different processes
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leading to the MSC and the later Mediterranean reflooding are still discussed
controversially (Riding et al., 1998; Krijgsman et al., 1999b; Aguirre and Sanchez-
Almazo, 2004; Braga et al., 2006; Roveri and Manzi, 2006). Various studies addressed
the Messinian paleoenvironmental evolution on the Atlantic side of the Rifian corridors
(Hodell et al., 1989; Benson et al., 1991; Gebhardt, 1993; Hodell et al., 1994; Barbieri,
1998; Barbieri and Ori, 2000). The results of these studies show a significant sea-level
fall (about 300 m) indicating the onset of the MSC, a reversal water flux through the

Rifian corridors and cooling during the Messinian.

I Iberian Massif
Il Betic Cordillera

[ Neogene basins

6°W 1 4°W 1 ZDW 1

Figure 3.1. Geological map of the Betic Cordillera showing the Guadalquivir foreland basin (modified
from Martin et al., 2010). The inset is shown in Fig. 3.2.

The Betic marine passages connected the western Mediterranean with the
Atlantic Ocean throughout the Guadalquivir Basin. There are papers dealing with the
biochronology of the late Neogene deposits filling the Guadalquivir Basin (Perconig,
1973; Perconig and Granados, 1973; Viguier, 1974; Sierro, 1985; Aguirre et al., 1995;
Sierro et al., 1996) and with the tectonostratigraphic framework (Riaza and Martinez del
Olmo, 1996; Sierro et al., 1996). However, the available studies on the Messinian

paleoenvironmental evolution of the basin are scarce (Berggren and Haq, 1976; Glaser

25



and Betzler, 2002). According to these studies a sea-level drop from middle slope to

inner shelf related to the MSC took place during the Messinian.

) Sevilla
Sanldcar la Mayor
L ]

®Gibraledn

Il Paleozoic-Mesozoic basement

ntemayor-1

[IMiocene-Pliocene (marine)

Atlantic Ocean 10 km

I Pliocene-Pleistocene (continental)

Figure 3.2. Geological map of the lower Guadalquivir Basin including Montemayor-1 core location
(modified from Civis et al., 1987).

In this paper, we study the Montemayor-1 core, located in the westernmost part
of the northern margin of the Guadalquivir Basin (SW Spain) (Figs. 3.1 and 3.2). It
covers a complete Messinian sedimentary record (Larrasoafia et al., 2008). The location
of the core is exceptional to investigate the paleoenviromental evolution in an area close
to the last Betic gateway to be closed, the Guadalhorce corridor (Martin et al., 2001),
during the Messinian.

Among the most abundant organisms in the studied sediments are benthic
foraminifera. It is largely proved that these organisms are very useful to reconstruct the
paleoenviromental conditions in marine settings, as their distribution depends on several
physical, chemical and biological factors (Murray, 1991, 2006). They can be used as
proxies of oceanographic parameters such as water depth, substrate, oxygen content and
organic matter supply (Jorissen et al., 2007). Thus, the analysis of the variations in the
benthic foraminiferal assemblages allows us to infer the key paleoenvironmental factors
controlling their distribution, composition, diversity and microhabitat preferences
during the Messinian in an Atlantic-linked basin close to the Guadalhorce corridor. The
main objectives of this study are to characterize the benthic foraminiferal assemblages
along the core and to assess the changes in the main components of the assemblages in

relation with variations in paleoenvironmental parameters, such as sea-level
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fluctuations, source of organic matter (whether continental or primarily produced in
marine contexts), and oxygen content around to the seafloor-substrate interface.

This study aims to improve our understanding of the paleoenvironmental and
tectonic evolution of the Atlantic-Mediterranean gateways during the MSC, with

particular emphasis on the Betic corridor.

3.2. Study area

The Montemayor-1 core, a continuous core located very close to Moguer
(Huelva, SW Spain) (Fig. 3.2) has been studied. The core was drilled in the
northwestern margin of the lower Guadalquivir Basin, an ENE-WSW elongated
Atlantic-linked foreland basin of the Betic Cordillera (Sanz de Galdeano and Vera,
1992; Braga et al., 2002). It is limited to the N by the Iberian Massif and to the S by the
Subbetic nappes of the Betic Cordillera, and is opened to the Atlantic Ocean to the W
(Fig. 3.1). The Guadalquivir Basin was originated in the earliest Tortonian (late
Miocene) as a consequence of the uplifting of the Subbetic Zone of the Betic Cordillera
that closed the so-called North Betic Strait (Aguirre et al., 2007; Martin et al., 2009;
Braga et al., 2010).

After the closure of the North-Betic Strait, the Guadalquivir Basin was
established as a wide, open marine embayment opened to the Atlantic Ocean (Martin et
al., 2009). This basin was filled with marine and continental sediments ranging from the
early Tortonian to the late Pliocene (Aguirre et al., 1995; Roldan, 1995; Sierro et al.,
1996; Gonzalez-Delgado et al., 2004). The sedimentary infilling produced a migration
of the depocentre approximately along the longitudinal axis of the basin, from the ENE
to the WSW. This sedimentary succession has been divided into five depositional
sequences (A-E) that have been correlated with third-order cycles of the Haqg et al.
(1987) global sea-level curve (Sierro et al., 1996).

In Huelva and neighbouring areas, the Neogene deposits have been divided into
four lithostratigraphic units formally described as formations. The lowermost unit is the
Niebla Formation (Civis et al., 1987; Baceta and Pendon, 1999). It consists of late
Tortonian carbonate-siliciclastic mixed deposits that unconformably onlap the
Paleozoic-Mesozoic basement of the Iberian Massif (Baceta and Penddn, 1999). The
second unit, latest Tortonian-Messinian according to planktonic foraminifera and
calcareous nannoplankton (Sierro, 1985, 1987; Flores, 1987; Sierro et al., 1993), is the
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Arcillas de Gibraleon Formation (Civis et al., 1987). This unit, which begins with 2-4 m
of glauconitic silts (Baceta and Pendon, 1999), consists mostly of greenish-bluish clays.
The third unit is the Arenas de Huelva Formation (Civis et al., 1987) that includes early
Pliocene silts and highly fossiliferous sands. A glauconite-rich layer is found at the
lowermost part of the formation. Finally, this unit is unconformably overlain by sand of
the uppermost unit, the Arenas de Bonares Formation, which is attributed to the late
Pliocene with no biostratigraphic precision (Mayoral and Pendon, 1987).

3.3. Stratigraphy of the Montemayor-1 core

The Montemayor-1 core ranges from the latest Tortonian to the Zanclean (Larrasoafia et
al.,, 2008) (Fig. 3.3). The age of the core is well constrained based on
magnetobiostratigraphic methods. The magnetostratigraphic dating was performed with
the revised astronomically-tuned geomagnetic polarity timescale of Lourens et al.
(2004) (ATNTS2004). The paleomagnetic record of the core comprises from the upper
part of the C3Br.2r (ca. 7.4 Ma) to the C3n/C2Ar boundary (ca. 4.3-4.2 Ma)
(Larrasoafa et al., 2008) (Fig. 3.3). The biostratigraphic framework is based on
planktonic foraminiferal (PF) events 3, 4 and 6 of Sierro et al. (1993), and the first
occurrence of Globorotalia puncticulata. According to these authors, the PF event 3,
which is correlated with the Tortonian/Messinian boundary, is the replacement of the
Globorotalia menardii group Il by the Globorotalia miotumida group; the PF event 4 is
the first abundant occurrence of dextral specimens in the Neogloboquadrina acostaensis
group; and the PF event 6 is first abundant occurrence of Globorotalia margaritae s.s.

The Montemayor-1 core is 260 m long including the uppermost part of the
basement and the marine sediments of the four aforementioned formations (Fig. 3.3).
The core begins with 1.5 m of reddish clays from the Paleozoic—Mesozoic substrate. A
well-cemented sandy calcarenite layer 0.5 m thick, corresponding to the Niebla Forma
tion, unconformably overlays the basement. Silt and clay belonging to the Arcillas de
Gibraleon Formation, 198 min thickness, overlay the sandy calcarenites. A glauconitic
layer, 3 m in thickness, is present at the base of the formation. The sharp boundary
between the Niebla and Arcillas de Gibraledn formations, located at 258 m, could be
correlated with the unconformity observed in coeval deposits cropping out onland
(Baceta and Pendon, 1999). Sands and silts from the Arenas de Huelva Formation, 42 m

thick, overlay the underlying formation. A 3 m-thick glauconitic layer is found at the
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Figure 3.3. Log of theMontemayor-1 core and magneto biostratigraphic framework. Magnetostratigraphy
follows the ATNTS2004 (Lourens et al., 2004). Biostratigraphy is based on the planktonic foraminiferal
events (PF events) of Sierro et al. (1993) and first occurrence of Globorotalia puncticulata. Numbers in

the right-hand side column are sedimentation rates (cm/kyr) estimated for the Montemayor-1 core.
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base of the unit. According to the paleomagnatic data, a discontinuity, located at 60 m,
separates these deposits from the Arcillas de Gibraleon (Larrasoafia et al., 2008). The
Montemayor-1 core endswith 14.5 m of brownish sands with marine fossils, the Arenas
de Bonares Formation which presents a discontinuity at the bottom (18 m), and 3.5 m of
recent soil.

Sedimentation rate was estimated in cm/kyr using thickness of paleomagnetic
chrons and the calibrated time scale in Fig. 3.3. Sedimentation rate was calculated in 3
intervals: 1) from the bottom of the chron C3Br.1n to the top of the chron C3Ar; 2)
from the bottom of the chron C3An to the top of the chron C3An; and 3) from the
bottom of the chron C3r to the top of the chron C3r (Fig. 3.3). Concerning the three
discontinuities of the core, the lower and upper discontinuities, located at 258 and 18 m
respectively, prevent us from estimating the sedimentation rate for the lowermost and
uppermost parts of the core (Fig. 3.3). The sedimentation rate for the chron C3r is also

uncertain because of the discontinuity located at 60 m (Fig. 3.3).

3.4. Methods

In this paper, an interval of 220 m, from 256.5 m to 36.5 m in the core, has been
studied. This interval encompasses the Arcillas de Gibraleon, and the lower part of the
Arenas de Huelva. According to the magnetobiostratigraphy, the sedimentary record of
the studied interval is continuous except for a discontinuity close to the Miocene-
Pliocene boundary, located at 60m (Fig. 3.3). A total of 89 samples each 2.5 m have
been analyzed. All samples were washed over a 63 pum sieve and oven dried at 40 °C.

For faunal analysis, samples were divided into equal aliquots with a
microsplitter to obtain sub-samples containing at least 300 benthic foraminifera. These
sub-samples were dry-sieved over a 125 um sieve, and benthic foraminifera were
identified and counted. Census data were transformed into relative abundances. Several

metrics were calculated: 1) number of taxa (species richness), 2) the Shannon index (H):

H =—Zpilnpi

where pi is the proportion of the ith species and In is the natural logarithm; 3) evenness
(E) sensu Hayek and Buzas (1997):
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where e is the base of the natural logarithms, H is the Shannon index, and S is the
number of species; and 4) the dominance (D), defined as the percentage of the most
abundant species (Levin and Cage, 1998), has also been quantified.

The sand content was determined as percentage of the >63 pum fraction. The total
number of benthic foraminifera per gram of dry sediment (N/g) was also calculated.

Changes in paleowater depth have been inferred applying various proxies,
including the planktonic/benthic ratio (P/B ratio hereafter), specific marker taxa with a
narrow and well-defined depth distribution range (depth markers), and a quantitative
transfer function based on benthic foraminiferal depth ranges. The P/B ratio, scored as
[P/(P+B)], was used as an approximation to infer sea-level changes. The use of P/B
ratio to represent sea-level changes exhibits many drawbacks. For instance, dissolution
affects preferentially to planktic foraminifera (Kucera, 2007), and the planktic
foraminifera abundance decreases in brackish waters (Arnold and Parker, 1999;
Retailleau et al., 2009). Furthermore, benthic foraminiferal abundance interferes with
oxygen and food levels at the sea floor affecting the P/B ratio (van Hinsbergen et al.,
2005; Milker, 2010). In spite of these limitations, the P/B ratio can be used to infer
general sea-level trends. Depth markers can be used for a qualitative estimation of water
depth, notwithstanding their occurrence can be related to environmental conditions
instead of water depth, such as oxygen and organic matter supply (van Hinsbergen et
al., 2005). In order to define depth markers, we discarded species with a wide bathyme
tric range such as bolivinids, buliminids and uvigerinids. Depth markers used in this
study are: 1) Ammonia beccarii and Ammonia sp. (inner-middle shelf); 2) Cibicidoides
floridanus (outer shelf); 3) Planulina ariminensis (predominantly upper slope); 4)
Anomalinoides flinti (middle and lower slope); 5) Oridorsalis umbonatus and Siphonina
reticulata (predominantly middle and lower slope). Finally, the transfer function
developed by Hohenegger (2005) based on depth ranges of benthic foraminiferal taxa,
later modified by Baldi and Hohenegger (2008) and Hohenegger et al. (2008) to include
the species relative abundances, was applied to quantitatively estimate sea-level

fluctuations:

paleodepth (m) = X (njl jdjil)/ ) (njdjil)
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Species Minimum depth Maximum depth | Awerage depth SD
Ammonia beccarii 0 100 50 50.00
Ammonia inflata 20 30 25 5.00
Ammonia sp. 0 100 50 50.00
Amphicoryna sp. 9 2860 1434.5 1425.50
Anomalinoides flinti 600 2000 1300 700.00
Bolivina punctata 50 2000 1025 975.00
Brizalina dilatata 15 3000 1507.5 1492.50
Brizalina spathulata 30 3547 1788.5 1758.50
Brizalina sp. 15 3547 1781 1766.00
Bulimina aculeata 5 4000 2002.5 1997.50
Bulimina costata 50 3241 1645.5 1595.50
Bulimina elongata 16 200 108 92.00
Bulimina mexicana 100 2000 1050 950.00
Bulimina sp. 5 4000 2002.5 1997.50
Cassidulina laevigata 30 2500 1265 1235.00
Cassidulina sp. 30 3588 1809 1779.00
Cibicides sp. 0 2000 1000 1000.00
Cibicidoides dutemplei 100 600 350 250.00
Cibicidoides floridanus 100 200 150 50.00
Cibicidoides pachyderma 30 4000 2015 1985.00
Cibicidoides ungerianus 50 4000 2025 1975.00
Cibicidoides sp. 30 4000 2015 1985.00
Fursenkoina schreibersiana 20 200 110 90.00
Globocassidulina subglobosa 50 4000 2025 1975.00
Gyroidinoides soldanii 100 5000 2550 2450.00
Gyroidinoides umbonatus 16 2000 1008 992.00
Hanzawaia boueana 30 200 115 85.00
Hoeglundina elegans 30 4330 2180 2150.00
Lagena sp. 16 3500 1758 1742.00
Lenticulina sp. 19 4500 2259.5 2240.50
Marginulina costata 50 310 180 130.00
Martinottiella communis 200 3000 1600 1400.00
Melonis barleeanum 13 3974 19935 1980.50
Melonis soldanii 90 1000 545 455.00
Melonis sp. 13 4800 2406.5 2393.50
Nonion fabum 12 200 106 94.00
Oridorsalis umbonatus 65 4000 2032.5 1967.50
Orthomorphina tenuicostata 50 1000 525 475.00
Planulina ariminensis 70 1300 685 615.00
Planulina sp. 70 4700 2385 2315.00
Pullenia bulloides 60 4000 2030 1970.00
Siphonina reticulata 55 1500 7715 722.50
Siphotextularia concava 50 631 3405 290.50
Sphaeroidina bulloides 25 4500 2262.5 2237.50
Stilostomella monilis 100 2500 1300 1200.00
Textularia sp. 0 2000 1000 1000.00
Trifarina bradyi 0 600 300 300.00
Uvigerina canariensis 150 1097 623.5 473.50
Uvigerina peregrina s.l. 100 4400 2250 2150.00
Uvigerina striatissima 200 2000 1100 900.00
Valvulineria complanata 30 100 65 35.00

Table 3.1. Depth ranges of the benthic foraminifera from the Montemayor-1 core. Minimum, maximum,
average depth and standard deviation (SD) are indicated. Bathymetric ranges are based on Berggren and
Haq (1976), Berggren et al. (1976), Lutze (1980), van Morkhoven et al. (1986), van Marle (1988),
Gonzélez-Regalado (1989), Sgarrella and Moncharmont Zei (1993), Schonfeld (1997), Gonzalez-
Regalado et al. (2001), Murray (2006), Schonfeld (2006), Spezzaferri and Tamburini (2007), Pascual et
al. (2008), Villanueva-Guimerans and Canudo (2008), Gonzalez-Regalado et al. (2009), and Corbi
(2010).
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where nj is the relative abundance of the jth species, I is the geometric average of the
distribution borders, and d; is the dispersion. For the transfer function, very rare species
were not used, only species with >1% of the total assemblage at least in 3 samples were
considered (Table 3.1). Following the recommendations made by Hohenegger (2005),
we use global data of water-depth distribution of benthic foraminiferal species, thus,
avoiding local or geographical biases in their bathymetric ranges. Thus, we consider the
largest depth range possible for each species (Table 3.1). The accuracy of the water
depth estimates was expressed with the 95% confidence intervals (Table 3.2).

Q and R-mode principal component analyses (PCA) were performed to
determine the benthic foraminiferal assemblages using the software package SYSTAT
12. The Q-mode PCA groups the dominant species into assemblages. In the R-mode
PCA, species with similar distribution patterns independent from their relative
abundance are grouped together. To remove the effect of very rare species, only those
representing >1% of the total assemblage at least in 3 samples were considered. Pearson
correlation coefficients were calculated to quantify the relationships between all the
metrics used in this study. Correlations with a p-value<0.01 were considered significant.

Benthic foraminifera were classified according to their microhabitat preferences
(Table 3.3). Five different microhabitats have been recognized, following Lutze and
Thiel (1989) and Schmiedl et al. (2000): a) epifaunal, elevated epibenthic species, b)
epifaunal-shallow infaunal (0-0.7 cm below the water-sediment interface; BWSI), c)
shallow infaunal (0.7-1.5 cm BWSI), d) intermediate infaunal (1.5-3 cm BWSI), and e)
deep infaunal (>3 cm BWSI).
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Depth (m)| Paleodepth (m)|Lower CL [Upper CL
256.50 31.88 -25.32 89.08
254.00 449.67| 301.18] 598.16
251.50 394.53] 239.99] 549.08
249.00 383.67| 244.64] 522.69
246.50 321.86] 210.09] 433.63
244.00 447.91] 313.78] 582.05
241.50 443.72] 295.62| 591.81
239.00 383.02] 251.29] 514.75
236.50 440.75| 283.07| 598.43
234.00 458.48| 317.39] 599.57
231.50 401.62| 298.15| 505.10
229.00 370.43| 231.37] 509.48
227.00 439.12] 298.50] 579.75
224.00 342.36| 222.61| 462.11
221.50 372.87| 234.63] 511.10
219.00 405.48| 275.03] 535.93
216.50 405.27) 230.55| 580.00
214.00 383.92| 218.85| 548.98
211.50 156.63 48.45( 264.81
209.00 247.46 121.20f 373.71
206.50 303.18 186.51| 419.85
204.00 339.13 192.95| 485.31
201.50 341.18| 230.76) 451.60
199.50 375.50] 248.36) 502.64
196.50 333.72| 216.86] 450.58
194.00 33410 224.06| 444.13
191.50 326.20| 175.12| 477.27
189.00 307.78 180.57| 434.99
186.50 269.44| 166.35| 372.54
184.00 301.41 171.45] 431.36
181.50 287.80 162.02| 413.58
179.00 282.82 165.26] 400.39
176.50 113.74 25.65| 201.83
174.00 182.35 123.74|  240.96
171.50 166.25 72.89] 259.61
169.00 197.67 117.59| 277.74
166.50 166.83 105.78| 227.88
164.00 167.09 106.56] 227.63
161.50 161.61 99.03| 224.19
159.00 189.16 109.18| 269.14
157.00 161.68 102.72|  220.65
154.00 164.57 100.07| 229.07
151.50 155.43 92.55| 218.30
149.00 155.08 105.60[  204.55
146.50 171.87 111.02| 232.72

Depth (m)| Paleodepth (m)|Lower CL [Upper CL
144.00 162.91 106.42| 219.40
141.50 214.61 140.83| 288.39
139.00 162.52 102.45] 222.58
136.50 179.19 117.94|  240.44
134.00 173.87 112.11]  235.63
131.50 168.71 106.75|  230.67
129.00 190.47 128.67| 252.27
126.50 179.28 119.27] 239.29
124.00 230.78 160.65|  300.90
121.50 175.32 119.02] 231.62
119.00 176.16 120.81| 231.51
116.50 166.96 111.89| 222.03
114.00 194.59 127.54|  261.65
112.50 181.35 124.82| 237.87
109.00 168.79 107.86| 229.72
106.50 186.27 118.63|  253.90
104.00 183.70 123.02] 244.38
101.50 170.59 113.55| 227.64
99.00 167.50 105.51|  229.50
96.50 151.64 95.13| 208.15
94.00 175.42 114.56] 236.27
91.50 165.42 102.85| 227.99
88.50 180.08 120.27| 239.89
86.50 145.96 90.01 201.91
84.00 170.39 97.52| 243.25
81.50 142.10 86.03] 198.17
79.00 149.95 102.74| 197.17
76.50 155.04 96.88| 213.21
74.50 160.35 101.69| 219.02
71.50 149.16 92.25| 206.07
69.00 148.26 92.60| 203.93
66.50 134.91 81.70| 188.12
64.50 37.94 -14.25 90.13
61.50 46.80 15.50 78.09
59.00 47.83 20.87 74.78
56.50 52.97 0.84| 105.11
54.00 44.27 2.30 86.25
51.50 48.18 0.29 96.06
49.00 40.04 -1.01 81.09
46.50 49.58 4.65 94.51
44.00 40.99 4.73 77.25
41.50 52.68 23.16 82.19
39.00 12.37 -27.85 52.60
36.50 13.26 -11.84 38.36

Table 3.2. Paleodepth estimates in meters, and lower and upper confidence limits (CL).
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Microhabitat

Epifauna

Epifauna-shallow infauna

Shallow infauna

Intermediate infauna

Deep infauna

Asterigerinata mamilla
Asterigerinata sp.
Cibicides refulgens
Cibicides lobatulus
Cibicides wuellerstorfi
Cibicides sp.
Cymbaloporetta squammosa
Discorbis sp.

Elphidium advenum
Elphidium complanatum
Elphidium macellum
Hanzawaia boueana
Hanzawaia sp.
Planulina ariminensis
Planulina sp.

Rosalina sp.

Ammonia beccarii
Ammonia inflata
Ammonia tepida
Ammonia sp.
Anomalinoides flinti
Anomalinoides helicinus
Anomalinoides sp.
Burseolina calabra
Cassidulina crassa
Cassidulina sp. 1
Cassidulina sp.
Cibicidoides dutemplei
Cibicidoides floridanus
Cibicidoides incrassatus
Cibicidoides kullenbergi
Cibicidoides pachyderma
Cibicidoides ungerianus
Cibicidoides sp.
Elphidium sp.

Eponides sp.

Fissurina sp.
Globocassidulina subglobosa
Gyroidinoides laevigatus
Gyroidinoides soldanii s.I.
Gyroidinoides umbonatus
Gyroidinoides sp.
Heterolepa bellincionii
Hoeglundina elegans
Lagena striata

Lagena sp.

Lenticulina calcar
Lenticulina cultrata
Lenticulina curvisepta
Lenticulina inornata
Lenticulina rotulata
Lenticulina vortex
Lenticulina sp.
Marginulina costata
Marginulina glabra
Marginulina hirsuta
Marginulina sp.
Neoeponides sp. 1
Oridorsalis umbonatus
Planularia sp.
Quingueloculina sp.
Siphonina reticulata
Siphotextularia concava
Sphaeroidina bulloides
Spiroplectinella sagittula
Textularia agglutinans
Textularia calva
Textularia pala
Textularia pseudorugosa
Textularia sp.
Vaginulina sp.

Amphicoryna scalaris
Amphicoryna semicostata
Amphicoryna sublineata
Amphicoryna sp.
Bigenerina nodosaria
Bolivina punctata
Bolivina reticulata
Bolivina sp.

Brizalina arta

Brizalina dilatata
Brizalina spathulata
Brizalina sp.

Bulimina aculeata
Bulimina alazanensis
Bulimina costata
Bulimina elongata
Bulimina mexicana
Bulimina subulata
Bulimina sp.

Cancris auriculus
Cancris sp.

Cassidulina carinata
Cassidulina laevigata
Chrysalogonium sp.
Dentalina leguminiformis
Dentalina sp.

Dorothia gibbosa
Eggerella bradyi
Florilus sp.

Glandulina sp.
Globulina sp.
Martinottiella communis
Nodosarella sp.
Nodosaria pentecostata
Nodosaria sp.

Nonion sp.
Orthomorphina tenuicostata
Orthomorphina sp.
Pandaglandulina dinapolii
Pullenia bulloides
Pullenia quinqueloba
Pullenia salisburyi
Reussella spinulosa
Stilostomella monilis
Stilostomella vertebralis
Stilostomella sp. 1
Stilostomella sp.
Trifarina angulosa
Trifarina bradyi
Uvigerina canariensis
Uvigerina peregrina
Uvigerina rutila
Uvigerina striatissima
Valvulineria complanata
Valvulineria sp.

Melonis barleeanum
Melonis soldanii
Melonis sp.

Nonion boueanum
Nonionella turgida
Nonionella sp.
Rectuvigerina sp.

Cassidulinoides bradyi
Fursenkoina schreibersiana
Globobulimina affinis
Globobulimina ovula
Globobulimina sp.
Pleurostomella sp.
Praeglobobulimina ovata

Table 3.3. Microhabitat preferences of benthic foraminifera from the Montemayor-1

core.
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3.5. Results

Results of the measured parameters allow the division of the studied section into
three intervals: a) The lower interval is from 256.5 m, the base of the core, to 180 m.
This ranges the latest Tortonian and lower part of the Messinian. b) The middle interval
is from 180 to 60 m. This includes the upper part of the Messinian up to the
unconformity detected close to the Miocene—Pliocene boundary. ¢) The upper interval is
from 60 m to the end of the section, 36.5 m, that corresponds with the lower part of the
Pliocene deposits. For practical reasons, in the description and discussion following

below, we will refer to these three parts or intervals.

3.5.1. Numerical faunal parameters, sand content, and sedimentation rate

The P/B ratio shows a very sharp increase in the lowermost part, with maximum
values around 0.6, followed by a gradual decrease to values between approximately 0.1
and 0.3 in the middle and uppermost part of the section. The lowest P/B ratios (<0.1)
appear in the upper part of the section (Fig. 3.4). The sand content is lower than 5%
throughout most of the core, except in the two first samples, at 256.5 and 254 m (nearly
50%), and in the upper part of the section (fluctuating values with up to 38%). The total
number of benthic foraminifera per gram of dry sediment (N/g) shows high values in
the lower part (>50 N/g as an average) of the core. The middle part of the section starts
with values below 50 N/g and ends with values above 50 N/g. Fluctuating values
(mostly higher than 50 N/g) are recorded in the upper part of the section.

In the lowermost part of the core (256.5-240 m), the estimated sedimentation
rate shows the lowest values throughout the section, with 2.7 cm/kyr (Fig. 3.3).The
estimated sedimentation rate exhibits an abrupt increase at 217.5 m, corresponding to
the base of chron C3r, changing from 3.2 cm/kyr to 20 cm/kyr (Fig. 3.3). This
significant change in sedimentation rate is also detected by a sharp decrease in natural

remanent magnetization intensities (Larrasoafia et al., 2008).
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Figure 3.4. Curves showing the planktonic-benthonic ratio (P/B ratio), sand content, and number of

benthic foraminiferal per gram of sediment (N/g) along the Montemayor-1 core.

3.5.2. Species richness, diversity and dominance

In the lower part of the section, the number of taxa ranges between 40 and 50,
followed by a decrease with values ranging between 30 and 40. In the middle part, the
values fluctuate around 40. In the upper part, the number of taxa first decreases sharply,
reaching the lowest values (<30) between approximately 60 and 45 m, followed by

increased values>30 (Fig. 3.5).
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Figure 3.5. Number of taxa, diversity metrics (Shannon index H, evenness E) and dominance.

The Shannon index (H) and the evenness (E) have very similar trends as they
show a positive high Pearson correlation coefficient (Table 3.4), but fluctuations in the
evenness are more expressed (Fig. 3.5). Both H and E decrease progressively through
the lower part of the core. In the middle part, both metrics alternate between relatively
higher, then lower and finally higher values. In the upper part, H and E sharply decrease
reaching the lowest values (H=0.93, E=0.18). Above this low diversified interval, both
parameters abruptly increase. The dominance shows an opposite trend as those shown
by H and E. This is consistent with the negative high Pearson correlation coefficients
(Table 3.4).

3.5.3. Benthic foraminiferal assemblages

The Q-mode PCA vyields 3 assemblages that explain 81.8% of the total variance
(Table 3.5). The Cibicidoides pachyderma assemblage (PC1), with Cibicidoides sp.,
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QPC1 | QPC2 | QPC3 [ RPC1 | RPC2 | RPC3 | P/B |[%sand| N/g G/g [Number| H E D
ratio of taxa
QPC1 1.000
QPC2 -0.674 | 1.000
QPC3 -0.643 [ 1.000
RPC1 0.318 | -0.753 | 1.000
RPC2 -0.492 [ 0.472 1.000
RPC3 0.848 | -0.575 1.000
P/B ratio -0.483 [ 0.655 0.816 1.000
% sand -0.529 | 0.552 [ -0.428 | 0.372 0.488 1.000
N/g -0.283 | 0.311 1.000
Glg 0.641 1.000
Number of taxa | 0.392 | -0.571 [ 0.294 0.317 | 0.415| 0.374 1.000
H 0.481 | -0.567 0.553 0.787 | 1.000
E 0.356 | -0.314 0.498 0.358 | 0.828 | 1.000
D 0.458 -0.324 | -0.316 | -0.313 -0.567 | -0.880 | -0.822 | 1.000

Table 3.4. Pearson correlation coefficients at p-valueb0.01 of the Q-mode and R-mode PCA assemblages

and the other measured parameters.

Cibicidoides floridanus and Brizalina spathulata as accompanying species (Fig. 3.6A-
D, Table 3.5), shows a fluctuating pattern in the lower part and becomes dominant in
the middle part of the core (Fig. 3.7). The Nonion fabum assemblage (PC2) includes
Ammonia beccarii, Spiroplectinella sp., Ammonia sp., Bulimina elongata and Brizalina
spathulata as associated taxa (Fig. 3.6D-H, Table 3.5). This assemblage is important in
the lowermost sample and in the upper part of the section (Fig. 3.7). The Uvigerina
peregrina s.l. assemblage (PC3) dominates the lower part and shows significant values
in the middle part, between 160 and 140 m (Fig. 3.7). Bulimina subulata, Cibicidoides
pachyderma, Planulina ariminensis and Cibicidoides sp. are the associated taxa (Fig.
3.6A-B, 3.61-K, Table 3.5).

The relative abundances of dominant and associated taxa from Q-mode
assemblages are shown in Fig. 3.8. Three distinctive patterns of relative abundance can
be distinguished. The first group of species dominates in the lower part of the core,
comprising Uvigerina peregrina s.l. (Uvigerina peregrina+Uvigerina pygmaea),
Bulimina subulata and Planulina ariminensis. The latter species is exclusively limited
to this part of the core (Fig. 3.8). The second group of species is important throughout
the section, except in the upper part, comprising Cibicidoides pachyderma, Cibicidoides
sp., and in lesser abundance Cibicidoides floridanus. The third group of species
dominates in the upper part of the section, comprising Ammonia beccarii, Ammonia sp.,
Spiroplectinella sp., Bulimina elongata, Nonion fabum and Brizalina spathulata.
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Among them, Nonion fabum reaches the highest values when the others show low
percentages (Fig. 3.8). These species show also a peak of abundance in the first sample
of the core.

PC assemblage | Variance (%) Species Score
1 49.6 Cibicidoides pachyderma | 6.86
Cibicidoides sp. 1.98
Cibicidoides floridanus 1.22
Brizalina spathulata 1.03
2 8.5 Nonion fabum 7.2
Ammonia beccarii 2.01
Spiroplectinella sp. 1.31
Ammonia sp. 1.19
Bulimina elongata 1.13
Brizalina spathulata 1.05
3 23.7 Uvigerina peregrina s.I. | 6.01
Bulimina subulata 2.65
Cibicidoides pachyderma | 2.46
Planulina ariminensis 1.77
Cibicidoides sp. 1.22

Table 3.5. Results of the Q-mode principal component analysis with indication of the more representative

benthic foraminiferal species.

The R-mode PCA explains 31.2% of the total variance and differentiates 3
assemblages (Fig. 3.9, Table 3.6). The Anomalinoides flinti assemblage (PC2) is only
important in the lower, part between 254 and 211.5 m (Fig. 3.9). Some of the associated
taxa of this assemblage are Siphonina reticulata, Oridorsalis umbonatus, Uvigerina
striatissima and Planulina ariminensis (Fig. 3.6K, 3.60-R, Table 3.6). In the middle
part, the Cibicidoides pachyderma assemblage (PC3) becomes significant (Fig. 3.9).
Cibicidoides floridanus and Hanzawaia boueana are other important taxa of this
assemblage (Fig. 3.6A-C, 3.6S, Table 3.6). In the upper part, from 44m to the top, the
Spiroplectinella sp. assemblage dominates (PC1) (Fig. 3.9). This assemblage includes
Valvulineria complanata, Textularia sp., Melonis barleeanum, Textularia agglutinans,
Cassidulina laevigata and Ammonia beccarii as secondary species (Fig. 3.6G, 3.6L-N,
Table 3.6).
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Figure 3.6. Some of the most abundant and representative benthic foraminiferal species in the
Montemayor-1 core. A) Cibicidoides pachyderma, spiral side; B) Cibicidoides pachyderma, peripheral
view; C) Cibicidoides floridanus, spiral side; D) Brizalina spathulata, side view; E) Nonion fabum, side
view; F) Nonion fabum, peripheral view; G) Ammonia beccarii, spiral side; H) Bulimina elongata, side
view; 1) Uvigerina peregrina s.l., side view; J) Bulimina subulata, side view; K) Planulina ariminensis,
spiral side; L) Valvulineria complanata, spiral side; M) Valvulineria complanata, peripheral view; N)
Cassidulina laevigata, apertural side; O) Anomalinoides flinti, spiral side; P) Siphonina reticulata, side
view; Q) Oridorsalis umbonatus, spiral side; R) Uvigerina striatissima, side view; S) Hanzawaia

boueana, umbilical side. Scale bars=100 pm.
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Figure 3.7. Benthic foraminiferal assemblages as derived from Q-mode principal component analyses
(PCA). Principal component loadings higher than 0.5 are considered significant following the suggestions

of Malmgren and Haq (1982) and indicated by colour shading.

3.5.4. Estimated paleodepth

A water depth of 31.88 m is estimated for the lowermost sample (Fig. 3.10,
Table 3.2). Then, paleodepth sharply increases reaching 449.67 m, and decreases to
282.82 m at the end of the lower part. An important sea-level lowering is detected at
211.5 m, in the middle part of the lower interval, followed by a rapid increment up to
375.50 m. Paleodepth suddenly diminishes at the beginning of the middle part, then
slightly decreases and finally abruptly drops to 37.94 m. In the upper part, paleodepth
remains stable with values between 40 and 50 m, except for the last two samples that
has values around 12 m (Table 3.2).
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Figure 3.9. Benthic foraminiferal assemblages as derived from R-mode principal component analyses

(PCA). Significant principal component scores are indicated in colour.
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PC assemblage | VVariance (%0) Species Loading

1 11.5 Spiroplectinella sp. 0.85
Valvulineria complanata 0.76
Textularia sp. 0.7
Orthomorphina tenuicostata 0.68
Melonis barleeanum 0.68
Textularia agglutinans 0.67
Cassidulina laevigata 0.66
Ammonia beccarii 0.56

2 9.9 Anomalinoides flinti -0.7
Cibicidoides incrassatus -0.67
Uvigerina canariensis -0.65
Globocassidulina subglobosa -0.6
Planulina sp. -0.59
Siphonina reticulata -0.58
Oridorsalis umbonatus -0.57
Uvigerina striatissima -0.56
Planulina ariminensis -0.55
Gyroidinoides sp. -0.54
Anomalinoides sp. -0.53

3 9.7 Cibicidoides pachyderma 0.61
Cibicidoides floridanus 0.6
Pullenia bulloides 0.59
Sphaeroidina bulloides 0.55
Lenticulina sp. 0.55
Hanzawaia boueana 0.53
Melonis soldanii 0.53
Gyroidinoides soldanii 0.51

Table 3.6. Results of the R-mode principal component assemblages with indication of the more

representative benthic foraminiferal species.

3.5.5. Distribution of benthic foraminiferal microhabitats

The lowermost sample has a high percentage of intermediate infaunal species
(Fig. 3.11). In the lower part of the core, between 254 and 194 m, shallow infaunal taxa
show high percentages and epifauna only amounts to 10% on average. Between 194 and
180 m, the epifauna and epifauna-shallow infauna increase, and the shallow infauna
decreases. In the middle part of the core, between 165 and 130 m, the shallow infauna
has relatively high values. Up in the section, epifaunal-shallow infaunal species become

significant but then gradually diminish, being replaced by shallow infauna towards the

44




top of the middle part (around 60 m). In the upper part, between 64.5 and 46.5 m,
intermediate infaunal species are significantly abundant, reaching up to 80%. In this
interval, deep infauna also reaches the highest values. From 56.5 to the top of the core,
the fauna is dominated by shallow infaunal and epifaunal shallow infaunal taxa (Fig.

3.11).

Montemayor-1 core Rifian corridors Hardenbol et al. (1998)

& Core depth (m)

||Hl|luh
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0 T1d0 200 300 400 500 600 0 100 200 300 400 500 600 + !
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Figure 3.10. Estimated paleodepth changes for theMontmayor-1 core. Horizontal bars represent the 95%
confidence intervals. Three important sea-level drops are shown at 211.5, 176.5, and 61.5 m. This sea-
level trend is correlated with that inferred in the Rifian corridors by Barbieri and Ori (2000) and with the
global sea-level curve of Hardenbol et al. (1998). The two last shallowing events correlates precisely with
similar lowering inferred in the Rifian corridors. The sea-level fall at about 211.5 m can be linked with

the onset of the MSC.

3.6. Discussion

3.6.1. Relative sea-level fluctuations

According to the paleobathymetric indicators used in this study, a very abrupt

sea-level rise is inferred at the lowermost part of the core. The Q-mode PCA Nonion
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fabum assemblage, which includes species inhabiting inner-middle shelf such as
Ammonia beccarii and Ammonia sp. (Murray, 1991, 2006), occurs in the lowermost
sample of the section (Fig. 3.7, Table 3.5). A peak in sand content in this sample (Fig.
3.4) is consistent with a shallow inner-middle shelf paleoenvironment. Further, this is
supported by a paleodepth of 31.88m estimated with the transfer function (Fig. 3.10,
Table 3.2). Coincidently, a very low value of the P/B ratio is also shown (Fig. 3.4).

The next three samples show a significant increase in the Cibicidoides
pachyderma assemblage that includes Cibicidoides floridanus, a species living on the
outer shelf (van Morkhoven et al., 1986; Barbieri and Ori, 2000), as associated species
(Fig. 3.7, Table 3.5). Coinciding with the increased importance of this assemblage, the
P/B ratio and paleodepth rise concomitantly (Figs. 3.4 and 3.10), responding to the rapid
sea-level rise. Sand-sized particles virtually disappear, which is consistent with the

inferred deepening (Fig. 3.4).
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Figure 3.11. Distribution of microhabitat preferences of benthic foraminifera (in percentage of the total

taxa) along the studied section.

Enhanced glauconite concentration is recorded in the second sample of the
section. Glauconite is commonly formed along the shelf to continental slope during
transgressions and under very low sedimentation rates (Odin and Matter, 1981; Galan et
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al., 1989; Harris and Whiting, 2000). The rapid transgression produced a sharp onshore
shift of the depositional systems, trapping the coarse-grained sediment in shallower
areas of the platform. Sedimentation rate dropped and sand grains virtually disappeared
in this interval (Figs. 3.3 and 3.4), thus promoting the deposition of glauconite. As a
recent analogue, glauconite is formed on the present-day outer shelf off Guadiana River
(SW Spain), close to the study area (Gonzalez et al., 2004).

Magnetobiostratigraphic data indicate that the rapid sea-level rise occurred
during the latest Tortonian-earliest Messinian. The same sea-level rise has been also
inferred from the investigation of onland sections along the northern margin of the
lower Guadalquivir Basin (Baceta and Penddn, 1999; Gonzélez-Regalado et al., 2005).

The maximum flooding is reached between 254 and 236.50m core depth as
indicated by the dominance of the R-mode PCA Anomalinoides flinti assemblage (Fig.
3.9), and the highest paleodepth values (Fig. 3.10, Table 3.2). Anomalinoides flinti is
common in middle and lower slope settings (Berggren and Haqg, 1976). Some additional
taxa of this assemblage (Table 3.6), such as Siphonina reticulata and Oridorsalis
umbonatus, also inhabit the middle and lower slope (Berggren and Haq, 1976; Berggren
et al., 1976; Hayward et al., 2003). This assemblage shows a positive Pearson
correlation coefficient with P/B ratio (Table 3.4) and dominates at highest P/B ratios
(Fig. 3.4). Consequently, maximum flooding detected in this part of the core reached at
least the middle talus slope.

Following the maximum flooding, the P/B ratio and paleodepth decrease
progressively up to the end of the lower core interval, suggesting a sea-level lowering
(Figs. 3.4 and 3.10). This interpretation is supported by a decrease of the Anomalinoides
flinti assemblage scores (Fig. 3.9). The dominance of the Uvigerina peregrina s.l.
assemblage in this part of the section (Fig. 3.7) suggests an upper slope depositional
environment. Similarly, Planulina ariminensis (Table 3.5), an associated species of the
U. peregrina s.l. assemblage, predominantly inhabits the upper slope, with maximum
abundances commonly between 300 and 500 m (Berggren and Haq, 1976; Schonfeld,
1997). The same bathymetric preference of P. ariminensis was also inferred for
occurrences in Miocene-early Pliocene deposits off Morocco (Gebhardt, 1993). This
species also inhabits the upper slope in the continental margins off NW Africa, off
southern Portugal, and in the Gulf of Cadiz (Lutze, 1980; Schonfeld, 1997, 2002).

Quantitative transfer function also suggests an upper slope water depth between 400 and
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250 m (Fig. 3.10, Table 3.2). Coincidently, U. peregrina is below 300 m depth in the
Gulf of Mexico (Parker, 1954; Schonfeld, 2006).

In the last 10 m of the lower interval, 190-180 m, the P/B ratio, estimated
paleodepth, and the Uvigerina peregrina s.l. assemblage decrease rapidly (Figs. 3.4, 3.7
and 3.10, Table 3.2). All these changes are interpreted as a sea-level fall. Concurrently,
the Cibicidoides pachyderma assemblage dominates, as documented by the Q-mode
assemblage (Fig. 3.7). Above this benthic foraminifera faunal turnover, at 179 m,
Planulina ariminensis disappears (Fig. 3.8), thus indicating the transition to the outer
shelf, and corroborating the sea-level decrease. At the north of Cape Blanc in the
continental margin of NW Africa the shallowest occurrence of P. ariminensis also
indicates the transition to the outer shelf (Lutze and Coulbourn, 1984).

This sea-level drop occurred in chron C3r (Fig. 3.10, Table 3.2). Therefore the
age uncertainty for this event is from 6.033 to 5.235 Ma. However, it can be correlated
with the global sea-level fall that took place during the mid Messinian (Haq et al., 1987,
Hardenbol et al., 1998) (Fig. 3.10). At the northwestern margin of Morocco, Barbieri
and Ori (2000) also detected a sea-level fall during the middle part of the Messinian that
can be correlated with the sea-level drop observed in the Montemayor-1 core (Fig.
3.10). These authors associated the mid-Messinian shallowing with the onset of the
MSC on the Atlantic side of the Rifian corridors and correlated it with the glacial stages
TG22 and TG20 of Shackleton et al. (1995), two of the most pronounced glacial events
occurring during the Messinian. Nonetheless, these glacial stages have been dated at
5.79 and 5.75 Ma, respectively (Krijgsman et al., 2004), well after the onset of the MSC
that took place at 5.96+£0.02 Ma according to Krijgsman et al. (1999b). Hence, the major
sea-level fall observed both in the Montemayor-1 core and in the Rifian corridors would
most likely postdate the start of the MSC. The detailed record along the core of the
estimated paleodepth trend based on the transfer function allows us to identify a major
sea-level fall at 211.5 m, before the aforementioned major sea-level drop (Fig. 3.10,
Table 3.2). This sea-level fall could be related to the onset of the MSC.

In spite of the constant dominance of the outer shelf Cibicidoides pachyderma
assemblage throughout the middle core interval, the continuous upward decrease in P/B
ratios and paleodepth (Figs. 3.4 and 3.10) suggests a slight and progressive lowering in
sea level. The middle core interval ends with a sharp sea-level fall reaching the middle

shelf. This shallowing is also recorded in the Rifian corridors (Fig. 3.10).
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The continuous Messinian record is interrupted by a discontinuity around the
Miocene-Pliocene boundary (Fig. 3.3). After this unconformity, an inner-middle shelf
setting established during the deposition of the upper part of the section. This setting is
indicated by the dominance of the Nonion fabum assemblage (Fig. 3.7), and paleodepth
values between 40 and 50m (Fig. 3.10, Table 3.2).

The glauconitic layer at the base of the upper part of the core caps the
unconformity (Fig. 3.3). This bed is also present in onland sections and has been
interpreted as the transgressive deposits formed during the early Pliocene (Sierro and
Flores, 1992; Sierro et al., 1996). Nonetheless, this deepening did not exceed the early
Messinian inundation since only shelf deposits were formed during the early Pliocene at
the studied site.

The global sea-level curve of Hardenbol et al. (1998) shows three transgressive-
regressive 3rd-order cycles during the late Tortonian- early Pliocene (Fig. 3.10). This
global trend is not recorded in the Montemayor-1 core. As previously discussed, sea-
level at the Montemayor-1 core site shows a very rapid rise close to the Tortonian-
Messinian boundary, when the global sea-level curve shows a progressive shallowing
(Fig. 3.10). After the sudden deepening in the Montemayor-1 core, sea-level followed a
continuous fall until the end of the Messinian (Fig. 3.10). The Hardenbol et al. (1998)
eustatic curve shows, however, a fluctuating sea level. Gebhardt (1993) and Barbieri
and Ori (2000) noticed a similar Messinan sea-level trend in the Atlantic side of the
Rifean corridors as that observed in Montemayor-1 core, thus differing from the global
one. According to these authors, a regional tectonic uplifting might account for the
continuous sea-level drop through the Messinian in a context of global fluctuating sea
level. Tectonic uplifting also led to the closure of the Guadalhorce corridor during the
Messinian, most likely just before the main gypsum deposition in the Mediterranean
(Martin et al., 2001). The N-S compressional regime established during the Messinian
in the Betic-Rifean domain (Sanz de Galdeano, 1990; Maldonado et al., 1999) supports
this interpretation. Thus, our data sustain that the tectonic uplift could played an
important role in the relative sea-level changes observed in the Atlantic side of the
Atlantic-Mediterranean gateways in both the Rifian corridors and the Betic ones. This
might explain the age disagreement between the major sea-level fall observed during the
mid Messinian and that leading to the onset of the MSC.
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3.6.2. Paleoenvironmental key factors: continental versus marine organic

matter supply and seafloor oxygen content

It is well known that organic matter supply and dissolved oxygen content in the
sea bottom and pore waters are among the key environmental factors affecting benthic
foraminifera distribution (e.g., Jorissen et al., 1995; Fariduddin and Loubere, 1997; De
Rijk et al., 2000; Jorissen et al., 2007). The impact of these factors on benthic
foraminifera cannot be analyzed separately. The oxygen content of the sea floor and in
the pore waters is controlled by the quantity of organic matter. In environments with
high organic input, the remineralisation of organic matter decreases the oxygen
concentration on the sea floor as well as the depth of oxygen penetration below the
water-sediment interface (Jorissen et al., 1995; Mojtahid et al., 2009, 2010a).
Consequently, eutrophic environments are commonly characterized by a low oxygen
concentration and shallow oxygen penetration, while oligotrophic environments exhibit
a high oxygen concentration and deep oxygen penetration. Furthermore, changes in the
trophic conditions can produce variations in the diversity and microhabitat preferences.
Oligotrophic environments are dominated by epifaunal taxa and have rather low
diversity; mesotrophic environments show the highest diversity and all microhabitats
are represented; and finally, eutrophic environments are characterized by low diversity
and dominance of (deep) infaunal taxa (Jorissen et al., 1995).

Based on this concept, it appears likely that the benthic foraminiferal fauna at
the study site was also influenced by changes in trophic conditions, particularly in
quantity and quality of the available food source. In general, continental organic matter
is more refractory than organic matter primarily produced in marine settings since
terrestrial-derived organic matter is degraded before reaching the marine environment
(Zonneveld et al., 2010). High input of this terrestrial organic matter can provoke
eutrophication and led to oxygen depletion at the bottom and pore waters (Van der
Zwaan and Jorissen, 1991; Jorissen et al., 1992; Donnici and Serandrei Barbero, 2002)

The inner-middle shelf Nonion fabum assemblage at the base of the section (Fig.
3.7) indicates the most eutrophic conditions, suggesting organic matter run-off from the
continent. This assemblage is characterized by low diversity and dominance of
intermediate infaunal taxa (Figs. 3.5 and 3.11). Nonion fabum is usually associated with
eutrophic environments with high organic matter of low quality and significant oxygen
depletion (Fontanier et al., 2002; Duchemin et al., 2008; Mojtahid et al., 2010a, 2010b).
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In the prodelta of the Rhéne River, high proportions of N. fabum occur under the
influence of the river plume reflecting low-quality continental organic matter supply
from river discharge and low oxygen penetration (Mojtahid et al., 2010b; Goineau et al.,
2011). Similarly, Bulimina elongata, an associated species of the N. fabum assemblage,
can also feed from low quality organic matter and tolerates low oxygen concentrations
(Diz and Francés, 2008; Mojtahid et al., 2009). Coincidently, B. elongata also occurs in
the Rhéne prodelta close to the river mouth (Mojtahid et al., 2009).

Above the Nonion fabum assemblage, the Uvigerina peregrina s.l. and the
Cibicidoides pachyderma assemblages alternate (Fig. 3.7). Uvigerina peregrina s.l. is
an opportunistic taxon commonly present in fine grained sediments deposited in
environments with significant fluxes of labile organic matter and moderate oxygen
depletion (Schmiedl et al., 1997, 2000; 2010; Fontanier et al., 2002; Koho et al., 2008).
The presence of Uvigerina peregrina s.l. indicates a productivity between 4.0 and
17.0 g C m 2 yr ' in NW-Africa and Gulf of Guinea and from 4.0t0 5.1 gC m 2yr tin
the northeastern Atlantic (Schonfeld and Altenbach, 2005). Furthermore, this species is
common in upper slope and outer shelf environments under the influence of seasonal
upwelling events, for example off Southwest Africa (Schmiedl et al., 1997), off the Ria
de Vigo, NW Spain (Martins et al., 2006), off Congo (Mojtahid et al., 2006), and off the
Guadiana platform, SW Spain (Mendes et al., 2004), close to the study area.

Accordingly, the presence of upwelling above the upper slope may account for
the dominance of Uvigerina peregrina s.l. assemblage in the lower part of the section.
This assemblage indicates mesotrophic conditions, characterized by a relatively high
benthic foraminiferal diversity and low dominance (Fig. 3.5), as well as the highest
percentages of shallow infaunal taxa (Fig. 3.11). The high abundance of shallow
infaunal taxa in mesotrophic settings is attributed to a diversification of infaunal niches
(Milker et al., 2009). The present-day current system in the northern Gulf of Cadiz can
be used as a possible analogue for the paleoceanographic setting in the study area during
the Messinian. In the present Gulf of Cadiz, major upwelling is located near Cape St.
Vicent (S Portugal), and during westerly conditions, upwelled waters extend eastwards
along the shelf margin reaching our study area (Vargas et al., 2003; Criado-Aldeanueva
et al., 2006).

On the other hand, the C. pachyderma assemblage shows a high abundance of
epifaunal-shallow infaunal taxa and relatively low diversity indicating more

oligotrophic conditions (Figs. 3.5 and 3.11). Cibicidoides pachyderma is a suspension
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feeder that inhabits oligo- to mesotrophic environments with high oxygenation contents
(Gebhardt, 1999; Schmiedl et al., 2000, 2003). This species feeds from episodic inputs
of labile organic matter (Fontanier et al., 2002; Melki et al., 2009). The presence of
Cibicidoides sp. is also consistent with a well-oxygenated and relatively oligotrophic
setting (Kaiho, 1994, 1999; Takata, et al., 2010).

To summarize, the alternation of Uvigerina peregrina s.I. and Cibicidoides
pachyderma assemblages in the lower part of the section suggests episodic influence of
upwelling currents and related food pulses at the core site.

At the end of deposition of the lower core interval (194-180 m), the influence of
upwelling currents diminished, indicated by the disappearance of the Uvigerina
peregrina s.l. assemblage and the consistent establishment of the Cibicidoides
pachyderma assemblage. This faunal turnover coincides with a maximum proportion of
epifaunal taxa in the interval between 194 and 180m, attributable to the high abundance
of the epifaunal species Planulina ariminensis (Figs. 3.7, 3.8 and 3.11). This transition
interval likely represents particularly oligotrophic conditions.

The outer shelf Cibicidoides pachyderma assemblage dominates throughout the
middle part of the section (180-60 m), although some short-term occurrences of the
Uvigerina peregrina s.l. assemblage are observed between 160 and 140 m.

Similarly, the sporadical influence of upwelling currents likely also fostered high
diversity and increase of shallow infaunal species, such as B. spathulata, at the end of
deposition of the middle core interval (120-60 m) (Figs. 3.5, 3.8 and 3.11). Brizalina
spathulata can tolerate low oxygen concentrations (Barmawidjaja et al., 1992;
Stefanelli, 2004) and shows an opportunistic life style, rapidly responding to pulses of
fresh organic matter in high oxygen environments (Fontanier et al., 2003; Diz et al.,
2006; Diz and Francés, 2008). In the Ria de Vigo (NW Spain), this species reproduces
immediately after phytoplankton blooms related to upwelling conditions (Diz et al.,
2006; Diz and Francés, 2008). It is also related to upwelling events off Guadiana River
in SW lberia (Mendes et al., 2004). However, the increased abundance of B. spathulata
could also be related to nutrient influx derived fromthe continent as has been observed
by other authors (i.e. Duchemin et al., 2008; Schmiedl et al., 2010).

During deposition of the upper part of the section (60-36.5 m), the inner-middle
shelf was inhabited by the N. fabum assemblage indicating eutrophic conditions. Here,
species dominance and percentages of deep and intermediate infauna reach maximum

values (Figs. 3.5 and 3.11). Nonion fabum is found in the finer-grained interval,
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between 56.5 and 39 m (Figs. 3.4 and 3.8), consistent with its preference to muddy
sediments (Haunold et al., 1997; Rezqi et al., 2000; Duchemin et al., 2008). In the
present-day northern and northeastern Gulf of Cadiz, extensive mud deposits
accumulate on the middle shelf, related to the Guadiana run-off (Gonzalez et al., 2004)
and to the Guadalquivir prodelta (Gutiérrez-Mas et al., 1996; Nelson et al., 1999).
Recent N. fabum populations proliferate in the prodelta muddy sediments of the
Guadalquivir River (Villanueva-Guimerans and Canudo, 2008). In late Pliocene
deposits from the Almeria-Nijar basin (SE Spain), N. fabum is a major component in
silts and fine-grained sands of middle fan-delta deposits and in varve-like laminated
deposits that indicate low-oxygen conditions and high organic input derived from
terrestrial run-off (Pérez-Asensio and Aguirre, 2010). Hence, the dominance of this
species in the upper part of the studied section points to periods of high river run-off
supplying fine-grained sediment and low quality continental organic matter.

The interpretation of river-derived continental matter input is corroborated by
appearance of Bulimina elongata that has been observed in comparable environments of
the Mediterranean Sea (Jorissen, 1988; Mojtahid et al., 2009). Enhanced river run-off
influence is also suggested by the low P/B ratio values in the muddy interval (Fig. 3.4),
because planktic foraminifera do not tolerate brackish waters (Arnold and Parker, 1999;
Retailleau, et al., 2009).

The upper limit of the muddy interval is dominated by the R-mode
Spiroplectinella assemblage, coinciding with a sandy substrate and high diversity (Figs.
3.4, 3.5 and 3.9). Valvulineria complanata and Textularia sp. (Table 3.6) are also
abundant in this assemblage. In the prodelta of the Rhone River, V. complanata and
some arenaceous taxa, such as Textularia agglutinans and Textularia porrecta, occur
close to the end of the freshwater layer entering the marine waters. Food supply in this
environment is mainly of marine origin although there is still influence of organic
matter provided from the continent (Mojtahid et al., 2009; Goineau et al., 2011). Thus,
the Spiroplectinella sp. Assemblage is indicative of shallow freshwater-marine
transitional conditions with a greater influence of marine organic matter in a sandy inner
shelf environment.

Benthic foraminiferal assemblages of the Montemayor-1 core show a
mesotrophic upper slope setting influenced by seasonal upwelling, an oligotrophic outer
shelf less affected by upwelling, and inner-middle shelf settings with high continental

run-off influence. Upwelling conditions also prevailed on the upper slope of the Atlantic
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side of the Rifian corridors during the Messinian (Gebhardt, 1993). The coastal
upwellings have persisted off NW Africa up to the present day (Sarnthein et al.,

1982). In our study case, however, it seems that the position of the area of major
influence of upwelling nuclei has changed westwards from the Messinian to the recent.
This paleoceanographic reconfiguration in the northern Gulf of Cadiz can be due to the
observed Messinan progressive shallowing. This is consistent with the change in
organic matter supply from marine labile to continental refractory inferred along the

Montemayor-1 core.

3.7. Conclusions

1) A detailed paleoenvironmental evolution of the lower Guadalquivir Basin
during the Messinian has been proposed using benthic foraminifera from the
Montemayor-1 core.

2) Relative sea-level fluctuations during the late Miocene-early Pliocene have
been reconstructed using P/B ratio, depth marker species and a quantitative transfer
function. A very sharp transgressive episode, changing from inner-middle shelf to
middle slope settings, took place at the beginning of the studied deposits (latest
Tortonian-earliest Messinian). After this maximum flooding, sea-level dropped, passing
from the middle slope to the outer shelf. This sea-level fall appears to postdate the onset
of the Messinian salinity crisis in the Mediterranean. Next, a progressive but slow sea
level lowering occurred. Sea-level abruptly dropped close to the end of the Messinian.
After a discontinuity close to the Miocene-Pliocene boundary, inner middle shelf
established during the early Pliocene. This transgressive-regressive sea-level trend is
similar to that observed on the Atlantic side of the Rifian corridors. In the context of
global fluctuating sea level, the continuous Messinian shallowing trend on the Betic and
Rifian corridors is likely caused by regional tectonic uplift.

3) The distribution, composition, diversity and microhabitat preferences of the
benthic foraminiferal assemblages of the late Miocene-early Pliocene in the lower
Guadalquivir Basin are predominantly controlled by trophic conditions in terms of
guantity and quality of the organic matter reaching the sea floor.

4) During the Messinian, the outer shelf fauna is characterized by relatively low
diverse foraminiferal assemblages and dominance of epifaunal-shallow infaunal taxa.

Similarly, the assemblages of the transitional interval between the upper slope and the
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outer shelf are low diverse and dominated by epifaunal-shallow infaunal taxa although
epifaunal taxa are more important than on the outer shelf. Both the outer shelf and the
transitional interval between the upper slope and the outer shelf faunas are consistent
with a low organic matter input and high oxygen contents. The upper slope faunas are
highly diverse and mainly dominated by shallow infaunal taxa indicating mesotrophic
conditions with moderate oxygenation. The inner-middle shelf environments are
characterized by a very low diverse fauna, dominated by intermediate infaunal and
various deep infaunal taxa. Eutrophic conditions with very high organic matter supply
and low oxygen concentrations are in agreement with this fauna.

5) Upwelling currents and river run-off are considered to be the major sources of
organic matter at the study area. The sediments deposited in the upper slope are
dominated by species from the Uvigerina peregrina s.l. assemblage that profit from
pulses of labile marine organic matter related to upwelling events. The outer shelf has
likely also been influenced by upwelling events indicated by the presence of U.
peregrina s.l. and Brizalina spathulata. The middle shelf muddy sediments may have
been influenced by continental organic matter derived from river run-off. These
environments have been inhabited by Nonion fabum and Bulimina elongata that can

tolerate continental low quality organic matter.

Acknowledgements

We are very grateful to two anonymous reviewers for their constructive
suggestions on an early version of the manuscript. This paper is part of the Research
Projects CGL2010-20857 and CGL2009-11539/BTE of the Ministerio de Ciencia e
Innovacion of Spain, and the Research Group RNM-190 of the Junta de Andalucia.
JNPA has been funded by a research scholarship provided by the Ministerio de
Educacion of Spain (F.P.U. scholarship).

55



56



CHAPTER 4

57



58



CHAPTER 4

IMPACT OF RESTRICTION OF THE ATLANTIC-MEDITERRANEAN
GATEWAY ON THE MEDITERRANEAN OUTFLOW WATER AND
EASTERN ATLANTIC CIRCULATION DURING THE MESSINIAN

José N. Pérez-Asensio, Julio Aguirre, Gerhard Schmiedl, Jorge Civis
Published in Paleoceanography 27, PA3222, 14 pp (28 August 2012).
Abstract

Messinian foraminiferal stable oxygen and carbon isotopes of the Montemayor-1
core (Guadalquivir Basin, SW Spain) have been investigated. This record is exceptional
to study the Mediterranean Outflow Water (MOW) impact on the Atlantic meridional
overturning circulation (AMOC) and global climate during the Messinian because the
core is near the Guadalhorce Corridor, the last Betic gateway to be closed during the
early Messinian. Our results allow dating accurately its closure at 6.18 Ma. Constant
benthic §'®0 values, high difference between benthic and planktonic 820, and low
sedimentation rates before 6.18 Ma indicate the presence of a two-layer water column,
with bottom winnowing due to an enhanced Mediterranean outflow current. The
enhanced contribution of dense MOW to the North Atlantic Ocean likely fostered the
formation of North Atlantic Deep Water (NADW). After 6.18 Ma, benthic 80 values
parallel that of the global glacioeustatic curve, the difference between benthic and
planktonic §'%0 is low, and sedimentation rates considerably increased. This indicates a
good vertical mixing of the water column, interruption of the MOW, and a dominant
glacioeustatic control on the isotopic signatures. According to the role of MOW in the
modern Atlantic thermohaline circulation, the reduction of the MOW after the closure
of the Guadalhorce Corridor might have resulted in a decreased NADW formation rate
between 6.0 and 5.5 Ma weakening the AMOC and promoting northern hemisphere
cooling. After the Gibraltar Strait opening, the restoration of the MOW and related salt
export from the Mediterranean could have promoted an enhanced NADW formation.
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4.1. Introduction

At present, the Mediterranean connects with the Atlantic by the Strait of
Gibraltar. The water mass exchange throughout the Strait of Gibraltar is characterized
by an anti-estuarine circulation pattern (Fig. 4.1a) (Wist, 1961). This anti-estuarine
circulation pattern was definitively established after the opening of the Strait of
Gibraltar (Nelson, 1990), although it has been suggested that the movements of water
masses reversed to estuarine-type circulation during the early Pleistocene (Huang and
Stanley, 1972). Lower salinity surface waters from the North Atlantic flow superficially
eastwards into the Mediterranean (Fig. 4.1a). On the other hand, strong evaporation and
production of dense, saline intermediate and deep-water in the eastern Mediterranean
forces a high-velocity density driven bottom current westwards as MOW through the
Strait of Gibraltar. This mass of water is mainly fed by the Levantine Intermediate
Water (LIW) (Bryden and Stommel, 1984), formed by convection in the Eastern
Mediterranean (Marshall and Schott, 1999; Herndndez-Molina et al., 2011), and in
lesser extent by the Western Mediterranean Deep Water (WMDW), which is formed in
the Gulf of Lion during cold and windy winters (MEDOC Group, 1970; Bryden and
Stommel, 1984; Lacombe et al., 1985). Today, the LIW contributes to 2/3 of the MOW
while WMDW only represents 1/3 of the MOW (Millot, 1999). Therefore, the LIW
might be more important in controlling the MOW than WMDW. The MOW is
characterized by higher 8*3C and §'®0 than the Atlantic waters (Vergnaud-Grazzini,
1983; Sierro et al., 2005).

The outflow of the MOW into the Eastern Atlantic has a significant effect on the
Atlantic oceanic circulation as well as on the global climate. The dense MOW mixes
with the North Atlantic intermediate waters forming a high salinity tongue (Fig. 4.1b)
that contributes to the momentum of the Atlantic meridional overturning circulation
(AMOC) (Reid, 1979; Rahmstorf, 1998; Bigg and Wadley, 2001; Bigg et al., 2003). In
turn, the AMOC is the driving force for the Atlantic Ocean circulation, and even the
global thermohaline circulation (Bethoux et al., 1999). Global thermohaline circulation
affects the global radiation budget and global carbon cycling and can thus produce
major climate changes (Brown et al., 1989; Bigg et al., 2003; Murphy et al., 2009).
Therefore, a reduction or interruption of the MOW could have a critical impact both on
the AMOC and on the global circulation, as well as on the global climate. Without the

contribution of the saline MOW, the formation of dense water, which triggers the
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AMOC, would have most likely not taken place steadily in the North Atlantic
(Rahmstorf, 1998; Bethoux et al., 1999).
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Figure 4.1. (a) Present salinity and circulation patterns at the Strait of Gibraltar and in the Mediterranean
(based on Wst, 1961). The dense and saline Mediterranean intermediate and deep waters form a bottom
ouflow, while lower salinity surface waters from the Atlantic enters the Mediterranean representing an
anti-estuarine circulation pattern. (b) Present-day general circulation pattern at the eastern North Atlantic
and Mediterranean Sea (based on Hernandez-Molina et al., 2011; Pinardi and Masetti, 2000).
Mediterranean Outflow Water (MOW), North Atlantic Deep Water (NADW), Levantine Intermediate
Water (LIW), Western Mediterranean Deep Water (WMDW) and WMDW formation are indicated.
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The impact of the MOW on the Atlantic Ocean circulation during the Pliocene,
Pleistocene, and Holocene, has been comprehensively studied (Loubere, 1987; Nelson
et al., 1993; Schonfeld, 1997; Maldonado and Nelson, 1999; Schonfeld and Zahn, 2000;
Rogerson et al., 2005; Hernandez-Molina et al., 2006, 2011; Llave et al., 2006, 2011;
Toucanne et al., 2007; Khélifi et al., 2009; Rogerson et al., 2010, 2011, 2012; Stumpf et
al., 2010; van Rooij et al., 2010; Estrada et al., 2011). These studies show an Upper
North Atlantic Deep Water (UNADW) formation produced by an enhanced MOW flow
related to an increased Mediterranean deep-water formation and enhanced aridity in the
Mediterranean region. Furthermore, the supply of salt by the MOW into the
intermediate North Atlantic waters favors the resumption of the AMOC during
interglacials (Rogerson et al., 2006, 2012; Voelker et al., 2006).

All these studies have analyzed the history and impact of the MOW on the
Atlantic circulation after the end of Messinian salinity crisis (MSC), when the Atlantic-
Mediterranean connections were reestablished through the Strait of Gibraltar. However,
little is known about the impact of the MOW during the Messinian, when the
connections were through the Betic and Rifian Corridors (van der Laan et al., 2012) or
after the cessation of the MOW due to the closure of these corridors. Keigwin et al.
(1987) questioned that the MSC had any effect on the deep circulation in the North
Atlantic. On the contrary, Zhang and Scott (1996) reported the presence of the MOW at
the northeastern Atlantic Ocean, at least reaching 50°N of latitude, during the
Messinian. Moreover, Pb and Nd isotopic studies also pointed out to the influence of the
MOW in the NE Atlantic during the Messinian (Abouchami et al., 1999). Apart from
these works deciphering the influence of the MOW in the distant Atlantic, no study has
focused on the areas close to the Atlantic-Mediterranean connections in the Betics.

It has been largely substantiated that the restriction of the Atlantic-
Mediterranean connections played a major role in the onset of the MSC (e.g. Esteban et
al., 1996; Riding et al., 1998; Krijgsman et al., 1999a, 1999b; Martin et al., 2001; Braga
et al., 2006). The Betic Corridors together with their southern counterparts, the Rifian
Corridors (NW Morocco), were the main gateways connecting the Atlantic and
Mediterranean until their closure (Benson et al., 1991; Esteban et al., 1996; Martin et
al., 2001, 2009; Betzler et al., 2006).

The Guadalquivir Basin, located in the south of the Iberian Peninsula, represents
the Atlantic side of the Betic Corridors that extended through southern Spain during the
early late Miocene (Benson et al., 1991; Martin et al., 2001, 2009; Braga et al., 2002).
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The last active Betic gateway was the Guadalhorce Corridor, which controlled the
Messinian pre-evaporitic circulation in the western Mediterranean, and allowed the
MOW to enter the Atlantic Ocean (Martin et al., 2001). The Guadalhorce Corridor was
a NW-SE trending strait with an estimated maximum width of 5 km and maximum
water depth of 120 m (Martin et al., 2001). The corridor was filled by sediment
displaying huge unidirectional sedimentary structures indicating Mediterranean waters
flowing out into the Atlantic at estimated current velocities of about 1.0-1.5 m/s (Martin
et al., 2001). This water mass circulation is consistent with the siphon model of Benson
et al. (1991) stating that prior to the closure of the Betic Corridors, the water exchange
between the Mediterranean and the Atlantic during the Messinian was characterized by
Atlantic inflow through the Rifian Corridors and MOW through the Guadalhorce
Corridor (Benson et al., 1991; Martin et al., 2001). After the closure of the Guadalhorce
Corridor in the early Messinian (Martin et al., 2001), MOW was interrupted and
circulation was restricted to the Rifian Corridors (Esteban et al., 1996). Later the closure
of the Rifian Corridors in the late Messinian (Krijgsman et al., 1999a) caused the
isolation of the Mediterranean Sea and, consequently, a hydrographical deficit that
triggered the onset of the MSC with deposition of extensive evaporites in the central
and deeper parts of the Mediterranean (Hsu et al., 1973, 1977).
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Figure 4.2. Geological setting of the lower Guadalquivir Basin. Asterisk indicates the location of the

Montemayor-1 core.
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In this study, we examine the impact of the MOW during the Messinian close to
the Betic corridors. We analyze foraminiferal stable O and C isotope composition in the
Montemayor-1 core (SW Spain) (Fig. 4.2). The core site is located close to the
Guadalhorce Corridor, the last Betic corridor to be closed (Martin et al., 2001, 2009),
and shows a continuous Messinian record accurately dated by magnetobiostratigraphic
methods (Larrasoaria et al., 2008). The Guadalquivir Basin was well connected with the
Atlantic Ocean during the MSC, so there was neither desiccation nor evaporite
deposition. Furthermore, according to the siphon model of Benson et al. (1991),
Mediterranean outflow took place only throughout the Betic Corridors. Therefore, the
location of the core is exceptional to study the effect of the MOW on the eastern
Atlantic Ocean circulation during the Messinian, as well as its possible impact on global
climate changes.

The main aims of this study are: 1) to assess the impact of the MOW on the
AMOC during the Messinian; and 2) to precisely date the closure of the Guadalhorce
Corridor.

4.2. Geological Setting

The study area is located in the westernmost part of the northwestern edge of the
lower Guadalquivir Basin (SW Spain) (Fig. 4.2). This is an ENE-WSW elongated
Atlantic Neogene foreland basin (Sanz de Galdeano and Vera, 1992; Vera, 2000; Braga
et al., 2002) with a sedimentary infilling consisting of marine and continental sediments
ranging from the early Tortonian to the late Pliocene (Aguirre, 1992, 1995; Aguirre et
al., 1993, 1995; Riaza and Martinez del Olmo, 1996; Sierro et al., 1996; Braga et al.,
2002; Gonzéalez-Delgado et al., 2004; Martin et al., 2009).

The Guadalquivir foreland basin was formed as a consequence of the Betic
Cordillera compressional overthrusting during the early-middle Miocene (Sanz de
Galdeano and Vera, 1992; Riaza and Martinez del Olmo, 1996; Sanz de Galdeano and
Rodriguez-Fernandez, 1996; Martin et al., 2009; Braga et al., 2010). During the
Serravallian, the Atlantic-Mediterranean connection started to be restricted in the
northeastern edge of the Guadalquivir Basin, in the Prebetic Domain of the Betic
Cordillera (Aguirre et al., 2007; Martin et al., 2009; Braga et al., 2010). The progressive
tectonic uplifting of the Betic mountain chain led to a progressive closure of this

seaway, originating the so-called North Betic Strait during the latest middle Miocene-
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earliest late Miocene (topmost Serravallian-earliest Tortonian) (Aguirre et al., 2007;
Martin et al., 2009; Braga et al., 2010). The final closure of the North Betic Strait took
place during the early Tortonian (Sierro et al., 1996; Martin et al., 2009; Braga et al.,
2010) and the Guadalquivir Basin was established as a wide, marine embayment only
opened to the Atlantic Ocean (Martin et al., 2009).

After the cessation of the North Betic Strait, other Betic gateways connected the
Atlantic and the Mediterranean through the Guadalquivir Basin. They were
progressively closed during the late Miocene. In the late Tortonian, the Dehesas de
Guadix Corridor and the Granada Basin were the main Atlantic-Mediterranean
connections (Esteban et al., 1996; Braga et al., 2003; Betzler et al., 2006; Martin et al.,
2009). After their closure, the Guadalhorce Corridor was the only connection during the
earliest Messinian (Martin et al., 2001). This last Betic Corridor became closed in the
early Messinian (Martin et al., 2001). Since its closure, the Rifian Corridors were the

unique Atlantic-Mediterranean gateways (Esteban et al., 1996).

4.3. Material and Methods

4.3.1. Montemayor-1 Core

The studied material is the Montemayor-1 core, a 260 m long core that has been
drilled in the northwestern margin of the lower Guadalquivir Basin close to Moguer
(SW Spain) (Figs. 4.2 and 4.3). This core includes marine sediments that can be divided
into four lithostratigraphic units (see a detail description in Pérez-Asensio et al., 2012)
(Fig. 4.3): the Niebla Formation (Tortonian), the Arcillas de Gibraledn Formation (latest
Tortonian-Messinian), the Arenas de Huelva Formation (early Pliocene), and the Arenas
de Bonares Formation (late Pliocene-Pleistocene).

In this study, we analyzed an interval of 70 m, from 240 to 170 m (from 6.67 Ma
to 5.7 Ma according to the age model. See below), including Messinian sediments from
the Arcillas de Gibraledon Formation (Fig. 4.3). In this interval, a total of 132 samples
were collected with a sampling interval of 0.5 m. Samples were wet sieved over a 63
pum mesh and dried out in an oven at 40 °C. A representative split was dry-sieved over a
125 um mesh to estimate the planktonic/benthic ratio (P/B ratio henceforth), calculated

as [P/(P+B)] as a proxy for relative sea-level change.
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Figure 4.3. Age model, estimation of the sedimentation rate (estimated in cm/kyr) and
magnetobiostratigraphic framework for the Montemayor-1 core. Magnetostratigraphy is based on the
ATNTS2004 (Lourens et al., 2004). Type 1 samples have higher quality than types 2 & 3 samples. CrRM
is the characteristic remanent magnetization. Biostratigraphy has been established using the planktonic
foraminiferal events (PF events) of Sierro et al. (1993) and first occurrence of Globorotalia puncticulata.
Position of glacial stage TG 22 is indicated. Question marks show uncertainties in the chronology and
sedimentation rate.

4.3.2. Stable Isotope Analyses

Stable isotope analyses (8'°0 and 5'°C) were performed on 10 individuals of
Cibicidoides pachyderma for benthic foraminifera and 20 individuals of Globigerina
bulloides for planktonic foraminifera separated from the size fraction >125 um.
Foraminiferal shells were ultrasonically cleaned, and washed with distilled water prior
to the analyses. The isotopic analyses were performed on a Finnigan MAT 251 mass
spectrometer connected to a Kiel I (prototype) preparation device for carbonates at the
Leibniz-Laboratory for Radiometric Dating and Isotope Research, Kiel, Germany.
Results are given in &-notation in per mil, and are reported on the Vienna Pee Dee

belemnite (VPDB) scale. The VPDB scale is defined by a certain value of the National
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Bureau of Standards (NBS) carbonate standard NBS-19. On the basis of the
international and lab-internal standard material, the analytical reproducibility is < £ 0.05
%o for 613C, and < =+ 0.07 %o for 8'%0.

4.3.3. Spectral Analyses

Spectral analysis was performed in order to identify the nature and significance
of periodic changes in the benthic §'20 record. The analysis was carried out in the time
domain using the software PAST (Hammer et al., 2001) and the REDFIT procedure of
Schulz and Mudelsee (2002). This procedure allows assessing the spectral analysis with
unevenly spaced samples. Spectral peaks over the 95% confidence interval (CI) were

considered significant.
4.4. Age Model

The age model of the Montemayor-1 core was established using a combination
of paleomagnetism, biostratigraphy, and stable oxygen isotope stratigraphy (Fig. 4.3).
The reversed chron C3r is almost continuously recorded since a discontinuity is
detected close to the boundary between chrons C3r and C3n, which prevent us from
using this magnetostratigraphic reversal boundary as a chronological datum in the upper
part of the core (Pérez-Asensio et al., 2012).

To complete the age model above the normal magnetic chron C3An.1n, we have
used the glacial stage TG 22 as a tie point, which was astronomically calibrated at 5.79
Ma (Krijgsman et al., 2004). We identified this glacial stage by means of stable oxygen
isotope stratigraphy (Fig. 4.4). The benthic oxygen isotope record shows two distinctly
pronounced “paired” glacial peak stages that we identify as the glacial stages TG 20 and
TG 22 (Fig. 4.4) according to the nomenclature established by Shackleton et al. (1995).
These two stages are easily identifiable because they are the most pronounced “paired”
glacial peaks at the end of a progressively increasing trend in the 20 record along the
chron C3r (Fig. 4.4). Both the isotopic trend and the two “paired” glacial maxima are
evident and have been observed in other cores at global scale including the Pacific
Ocean (Shackleton et al., 1995), the Atlantic Ocean (Hodell et al., 2001; Vidal et al.,
2002), as well as in sediments from the Rifian Corridors (Hodell et al., 1994).
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Figure 4.4. Benthic (Cibicidoides pachyderma) stable oxygen isotope record versus core depth (light blue
line) and three-point running average of the benthic oxygen isotope record (dark blue line) of the
Montemayor-1 core. Glacial stages TG 20 and TG 22 defined by Shackleton et al. (1995) in benthic

oxygen isotope record of the ODP site 846 are indicated.
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stages and the obliquity component of the benthic oxygen isotope record of the Montemayor-1 core.

Using the TG 22 as a tie point in the chronological framework, the estimated age
for the TG 20 based on the reconstructed sedimentation rate (14.8 cm/kyr) is 5.75 Ma
(Figs. 4.3 and 4.5). This age estimation is coincident with the age estimated by
Krijgsman et al. (2004) using astronomical tuning.

Further to the TG 20 and TG 22, we have identified the rest of the glacial stages
following the nomenclature of Shackleton et al. (1995). These authors found that the
benthic O isotope record was controlled by 41-kyr cycles related to orbital obliquity.
Hodell et al. (1994) also showed that the benthic isotope record from the Salé
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Briqueterie core at the Rifian Corridors reflects obliquity induced changes. The benthic
oxygen isotope record from the Montemayor-1 core is also mainly controlled by 41-kyr

cycles related to orbital obliquity (Fig. 4.6).
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Figure 4.6. Power spectrum of the benthic (Cibicidoides pachyderma) stable oxygen isotope record of the
Montemayor-1 core with main orbital periodicities indicated in kiloyears. The 95% confidence interval
(CI) is indicated.

Since the TG glacial stages of Shackleton et al. (1995) were related to obliquity,
we use the same methodology to identify the rest of the TG stages in the chron Ca3r.
Further, in order to confirm the reliability of the identification of TG 20 and TG 22 in
the Montemayor-1 core, we plotted the benthic isotope record versus age (Ma),
including the TG 22 datum (5.79 Ma), and counted obliquity cycles backwards (Fig.
4.5). Comparing the benthic oxygen isotope record from the Montemayor-1 core with
its obliquity component (Fig. 4.5) we identified up to stage TG 32 for chron Ca3r.
However, Hodell et al. (1994) and van der Laan et al. (2005) recognized one extra
obliquity cycle, up to TG 34 stage. The discrepancy in just one obliquity cycle (1 glacial
stage and 1 interglacial stage) can be due to the fact that Hodell et al. (1994) identified
glacial stages versus depth instead of time. This could result in counting cycles of

different periodicities. On the other hand, van der Laan et al. (2005), considered the
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glacial stage TG 30, which is a precession-related signal, at the same level of the rest of

the obliquity-related cycles.
4.5. Results

The benthic oxygen isotope record shows stable values around 1%. before 6.35
Ma, and then it decreases reaching a minimum of -0.93%o. at 6.18 Ma (Fig. 4.7). After
6.18 Ma, it exhibits fluctuations with a trend towards heavier values reaching the
maximum values at 5.79 Ma (TG 22), and then it decreases towards lighter values (Fig.
4.7). The benthic stable O isotope curves of the Montemayor-1 core and site 1085
(Vidal et al., 2002) reveal different trends for the time interval before 6.18 Ma (Fig.
4.5). On the contrary, both curves show a parallel trend with similar fluctuations after
6.18 Ma. In this interval, heavy values of §'®0 from the Montemayor-1 core can be
easily matched with glacial peaks from site 1085 (Fig. 4.5).

The planktonic oxygen isotope record exhibits a fluctuating trend with values <
0%o before 6.18 Ma and values > 0%o after this age (Fig. 4.7). Both the benthic and
planktonic O isotopic curves follow different trends before 6.18 Ma. After 6.18 Ma, the
planktonic O isotopic curve parallels that of the benthic one except for some low values
around 5.79 Ma (Fig. 4.7). The similar trend of both records is confirmed by a
statistically significant positive correlation (o = 0.415). The ASlSObemhiC_mankmmc (AS™Oy.
p) curve reflects these differences before and after 6.18 Ma between the benthic and
planktonic O isotope values, being higher before 6.18 Ma (Fig. 4.7). The difference
reaches average values close to 0 at around 6.2 Ma (Fig.4.7).

The planktonic carbon isotope record exhibits significant fluctuations with
average values around -0.8%. before 6.18 Ma (Fig. 4.7). After 6.18 Ma, the &°C
decreases reaching its lowest values from 6.05 to 5.85 Ma. Then, it drastically increases
from average values of -1%o to 0%o at 5.85 Ma, and remains with relatively high average
values around 0 until 5.77 Ma. At this age, another carbon shift took place recovering
average values of -1%o (Fig. 4.7). The benthic carbon isotope record shows fluctuations
with average values around 0.4%o before 6.18 Ma. After 6.18 Ma, the 8*3C decreases
reaching its lowest values from 6 to 5.9 Ma. Finally, it increases and remains with
relatively high values around 0.4%. from 5.9 to 5.7 Ma (Fig. 4.7).
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4.6. Discussion

4.6.1. Identification of the MOW in the northeastern Atlantic and age of the closure of

the Guadalhorce Corridor
4.6.1.1. MOW presence before 6.18 Ma

The benthic O isotopic values from the Montemayor-1 core depart from the
fluctuating global trend, based on Vidal et al. (2002), from the base of the studied
interval to 6.18 Ma (Fig. 4.5). The presence of a dense, i.e. highly saline, bottom water
mass affecting the study area might account for the observed deviation towards heavier
values in the O isotope record.

The Montemayor-1 core site is located adjacent to the Guadalhorce Corridor, the
last Atlantic-Mediterranean gateway providing a connection between the Mediterranean
and Atlantic oceans through the Betic Cordillera prior to the onset of the MSC (Fig.
4.8a). Based on the vicinity of the core site to this gateway it appears most likely that
the benthic habitats of the study area were bathed by the highly saline MOW prior to
6.18 Ma (Fig. 4.8a).

In the Montemayor-1 core, benthic O values remain approximately constant at
around 1%. before 6.35 Ma. This suggests a more or less constant MOW flux as
indicated by the scarcity of reactivation surfaces in the sedimentary structures of the
Guadalhorce Corridor (Martin et al., 2001). The benthic stable O isotope values of 1%o
reflect the density of the MOW that is the product of mixing between the exported
Mediterranean water and the ambient Atlantic water. This value is in the range of recent
benthic stable O isotope values of the upper core of the MOW, which ranges between 1
and 2%o (Rogerson et al., 2011). Before 6.35 Ma the exchange through the Guadalhorce
Corridor is expected to be maximal because of the increased density between the MOW
and Atlantic surface waters (A3'°0y.,) and the high sea-level indicated by the P/B ratios
(Fig. 4.7). The benthic C isotope record could partially reflect MOW activity. Using the
modern analogue, high values of benthic §'*C are associated to MOW because of the
low residence time of this water mass (Vergnaud-Grazzini, 1983; Schonfeld and Zahn,
2000; Raddatz et al., 2011; Rogerson et al., 2011). Thus, relatively high benthic C
isotopic values around 6.4-6.5 Ma might be the result of increased MOW presence (Fig.
4.7).
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The presence of the MOW before 6.18 Ma is also supported by the
paleobathymetry of the study area during this period. At the present day, the MOW
entering the Atlantic flows along the western Iberian continental slope between 400 and
1,500 m water depth (Schonfeld and Zahn, 2000; Llave et al., 2006). In the study area,
the presence of R-mode Anomalinoides flinti assemblage and Planulina ariminensis
before 6.18 Ma (below 227.5 m core depth in Pérez-Asensio et al., 2012) indicates that
the current flowed along the middle and upper slope (Pérez-Asensio et al., 2012). This
is within the depth range of MOW flow at the present day.

A comparison between benthic and planktonic O isotopic records from the
Montemayor-1 core offers another indication of the MOW presence before 6.18 Ma.
The decoupling and high difference between the benthic and planktonic O isotopic
signals before 6.18 Ma (Fig. 4.7) are indicative of a two-layer water column with the
presence of MOW at the sea floor. Moreover, the lowest sedimentation rates are
estimated before 6.18 Ma (Fig. 4.3). Thus, winnowing by the MOW might most likely

account for this result.

Guadalhorce
gateway
A

Atlantic
Ocean

N
Rifian —,
corrldors
100 k

Figure 4.8. Paleogeographic and paleoceanographic evolution of the lower Guadalquivir Basin during the
Messinian (based on Martin et al., 2009): a) situation before 6.18 Ma, when the Mediterranean Outflow
Water (MOW) reaches the studied core (asterisk); and b) situation after 6.18 Ma, when the MOW was
interrupted. The black thick arrow marks the progradation of the main depositional systems along the axis

of the Guadalquivir Basin.
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4.6.1.2. Response of the MOW plume to the restriction of the Guadalhorce Corridor
(6.3510 6.18 Ma)

Between 6.35 and 6.18 Ma, the benthic O isotopic record underwent a
significant negative excursion of about 2%o., from 1%. to a minimum of -0.93%. (Figs.
4.5 and 4.7). This noteworthy isotopic shift suggests a MOW product with a lighter O
isotopic signature. The ambient Atlantic water has a lower density than the MOW (Price
and O’Neil-Baringer, 1994). Hence, the local minimum in the benthic §'®0 from 6.35 to
6.18 Ma could be explained by a higher proportion of the lighter ambient Atlantic water
in the final MOW product as occurs at present day outside the upper core of the MOW
plume (Rogerson et al., 2011). In addition, this fact could reflect a gradual reduction in
the exchange through the Guadalhorce Corridor as it is indicated by the reduction of
density between the MOW and the Atlantic surface waters (ASlBOb-p) and relatively low
sea-level (Fig. 4.7). The reduced exchange from 6.35 to 6.18 Ma is also reflected by the
decrease in the benthic C isotopes (Fig. 4.7). Similarly, the diminished outflow of
Mediterranean waters in the Rifian Corridors is indicated by a negative excursion in the
planktonic C isotopes at 6.0 Ma (van der Laan et al., 2012).

Alternatively, the local minimum in the benthic 50 might reflect the isotopic
signature of less dense Atlantic waters. Increased salinity of Mediterranean source
waters due to the restriction of the Guadalhorce Corridor could produce a denser MOW
that mixes faster with ambient Atlantic waters reducing its density and consequently
shoaling on the slope (Rogerson et al., 2012). Therefore, the location of the
Montemayor-1 core would be beneath the MOW between 6.35 and 6.18 Ma. Our data
from the Montemayor-1 core do not allow us to rule out any of these two alternative

explanations.
4.6.1.3. Cessation of the MOW at 6.18 Ma

After 6.18 Ma, the benthic 5'°0 parallels that of the global benthic O record,
with main glacial stages easily distinguishable in both records (Fig. 4.5). Therefore,
benthic O isotopic values at the study area were primarily controlled by global

glacioeustatic fluctuations. Most likely, the striking change in the §'%0 record at 6.18
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Ma can be linked with the cessation of the dense MOW influence in the study area (Fig.
4.8b).

A comparison between benthic and planktonic O isotopic records from the
Montemayor-1 core also supports the interruption of the MOW after 6.18 Ma. Benthic
and planktonic O isotopic values covary after 6.18 Ma indicating enhanced vertical
mixing and absence of MOW. This is also supported by low ASlSOb_p and positive
statistical correlation between benthic and planktonic O isotopic values (o = 0.415)
(Fig. 4.7). The covariation and the decreasing difference between planktonic and
benthic O isotopes might have also been favored by the shallowing-upward trend that
reduces the difference between benthic and planktonic isotopic values.

Moreover, sedimentation rate could be affected by the interruption of the MOW
at 6.18 Ma. After this date, sedimentation rates drastically increases from 6.3 to 14.8
cm/kyr (Fig. 4.3) likely due to the interruption of the MOW and the resulting
progradation of depositional systems along the axis of the Guadalquivir Basin (Sierro et
al., 1996) (Figure 8b).

The closure of this corridor at 6.18 Ma caused the final interruption of MOW.
The observed age for the end of this Betic gateway is consistent with planktonic
foraminifera recorded in the sediments filling the Guadalhorce Corridor that indicate
that the strait was open at least from 7.2 to 6.3 Ma (Martin et al., 2001). Further, it is
also coincident with the first land mammal exchange between Africa and the Iberian
Peninsula prior to the MSC taking place at 6.1 Ma (Garcés et al., 1998). Therefore,
according to our data, the closure of the Guadalhorce Corridor (6.18 Ma) predates by
about 220-kyr the onset of the MSC, dated at 5.96 + 0.02 Ma by Krijgsman et al.
(1999b).

4.6.2. Impact of the MOW on the eastern North Atlantic Ocean circulation

The MOW is essential to maintain the meridional overturning circulation
(AMOC) because it increases the North Atlantic density gradient and can restart the
AMOC after its collapse (Rogerson et al., 2012). It appears likely that any fluctuation of
the MOW can alter the AMOC. During the Messinian period, the increase of the
NADW presence in the South Atlantic Ocean between 6.6 and 6.0 Ma (Billups, 2002)
suggests an enhanced NADW formation due to the suspected salinity increase of the
MOW before the closure of the Atlantic-Mediterranean gateways. During this interval,
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MOW affected our study area before the closure of the Guadalhorce Corridor at 6.18
Ma (Figs. 4.5 and 4.7). It has to be mentioned however, that the increase in NADW
flow in the South Atlantic Ocean could have also been caused by the shoaling of the
Central American Seaway (Panamanian Seaway) during the middle-late Miocene
(Billups, 2002; Nisancioglu et al., 2003; Butzin et al., 2011).

The MOW is predominantly fed by the LIW (Bryden and Stommel, 1984).
During the Quaternary, cold stadials have been associated with production of a denser
LIW (Cacho et al., 2000) that enhanced the current activity and depth of settling of the
MOW (Schoénfeld and Zahn, 2000; Rogerson et al., 2005). Similarly, during the late
Miocene global cooling (Zachos et al., 2001; Murphy et al., 2009) a denser LIW could
have enhanced the MOW via increasing its buoyancy loss, which is consistent with the
observed increase of the NADW formation and AMOC intensification during this time
interval.

The final closure of the Guadalhorce Corridor might have produced a dramatic
reduction of the MOW, which then could only flow through the Rifian Corridors until
their final closure at around 6.0 Ma (Krijgsman et al., 1999a). This led to a diminished
NADW production as is recorded between 6.0 and 5.5 Ma in the South Atlantic
(Billups, 2002). Concomitantly, the cessation of the MOW increased the freshwater
input in the North Atlantic reducing or interrupting the NADW formation (Rahmstorf,
1998). This might have had a critical impact on the AMOC, global thermohaline
circulation and global climate (Bethoux et al., 1999). Specifically, the reduction or
interruption of the NADW by MOW cessation would reduce the AMOC leading to
northern hemisphere cooling (Clark et al., 2002). This is supported by development of
northern hemisphere ice sheets in Greenland margin (Fronval and Jansen, 1996; Thiede
etal., 1998).

Finally, with the restoration of the Atlantic-Mediterranean connections through
the Strait of Gibraltar, the MOW enhanced the NADW formation as it is indicated by
the rise in NADW flow around the Miocene-Pliocene boundary in the South Atlantic

and the western equatorial Atlantic Ocean (King et al., 1997; Billups, 2002).

4.7. Conclusions

The Messinian stable isotope records from the Montemayor-1 core located in the

lower Guadalquivir Basin (SW Spain) allow the accurate dating of the closure of the
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Guadalhorce Corridor, the last Betic Corridor connecting the Atlantic and the
Mediterranean before the MSC, at 6.18 Ma.

Before the closure of the Guadalhorce Corridor, the export of highly saline
intermediate waters as MOW contributed to increased NADW formation in the North
Atlantic Ocean. During this period, constant benthic §'®0 values that depart from the
global glacioeustatic trend, high A3**0y.p, and low sedimentation rates indicate a strong
water stratification and bottom water winnowing due to the MOW flow. After the
closure of the corridor, benthic &0 values, which parallel that of the global
glacioeustatic curve, low ASlBOb.p, and high sedimentation rates suggest an improved
vertical mixing of the water column and interruption of MOW. Changes in the stable O
isotope composition of the subsurface North Atlantic water masses during this time
interval are primarily controlled by glacioeustatic processes. The cessation of the MOW
might have resulted in decreased NADW formation between 6.0 and 5.5 Ma weakening
the AMOC and promoting northern hemisphere cooling. Then, the restoration of the
MOW due to the opening of the Strait of Gibraltar around the Miocene-Pliocene
boundary would have favored an enhanced NADW formation.
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CHAPTER 5

MESSINIAN PALEOPRODUCTIVITY CHANGES AND ORGANIC CARBON
CYCLING IN THE NORTHEASTERN ATLANTIC

José N. Pérez-Asensio, Julio Aguirre, Gerhard Schmiedl, Jorge Civis
In preparation for submission
Abstract

Stable O and C records and benthic foraminifera of the continuous Montemayor-1 core
(SW Spain) have been studied in order to analyse the productivity changes and organic
carbon cycling in the northeastern Atlantic during the Messinian. Our results show that
glacioeustatic fluctuations controlled the productivity in the region. Glacial periods are
characterized by high planktic and benthic §'®0, low planktic and benthic '*C, low sea-
level and high abundance of Uvigerina peregrina s.l. (U. peregrina + U. pygmaea)
suggesting high productivity related to upwelling currents. In contrast, interglacial
periods have low planktic and benthic 80, high sea-level and high abundance of
Bulimina subulata in the upper slope, and Brizalina spathulata and Bulimina aculeata
in the outer shelf. These indicators suggest presence of degraded organic matter after
upwelling events in the upper slope and high input of degraded terrestrial organic matter
derived from riverine discharge in the outer shelf. Before the closure of the adjacent
Guadalhorce Corridor at 6.18 Ma, the study area was alternatively influence by the
well-ventilated Mediterranean Outflow Water (MOW) and the poor-ventilated Atlantic
Upwelled Waters (AUW). After the closure of this corridor, the cessation of the MOW,
which reduce the Atlantic meridional overturning circulation (AMOC) and promotes
glacial conditions in the northern hemisphere, led to high productivity. Furthermore, the
variability of the AMOC was recorded by fluctuations in the benthic §*C with high
values indicating well-ventilated bottom waters due to strong AMOC during interglacial
periods and low values reflecting poor ventilation as a result of weak AMOC during

glacial periods.
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5.1. Introduction

Continental shelves and slopes play a fundamental role in the biogeochemical
cycles of C and N (Walsh, 1991). These areas present high productivity due to the
supply of both continental and marine organic matter. At present-day, regions under
upwelling influence represent areas with the highest primary productivity in the world’s
ocean (Bakun et al., 2010). The main upwelling areas are located in the eastern South
and North Atlantic, and the eastern South and North Pacific (Schmiedl et al., 1997;
Martinez et al., 1999; Bakun et al., 2010; lles et al., 2012). Upwelling currents are
produced by Ekman pumping induced by strong winds (Lebreiro et al., 1997; Martinez
et al.,, 1999; Salgueiro et al., 2010), which might be affected by glacioeustasy.
Paleoproductivity proxies including benthic foraminifera, diatoms, radiolarians, fish
debris, phosphorite grains, and stable C isotopes are consistent with more intense
upwelling during glacial periods (Diester-Haass and Schrader, 1979; Martinez et al.,
1999; Abrantes, 1991, 2000; Eberwein and Mackensen, 2008). Furthermore, the
variability of the Atlantic meridional overturning circulation (AMOC) can also
influence productivity related to upwelling in the Atlantic region. A weak AMOC
induces northern hemisphere cooling leading to stronger winds that promote upwelling
(Zahnetal., 1997; Clark et al., 2002).

Close to the coast, high input of terrestrial organic matter via river run-off along
with a shallow water depth result in high organic matter content on the sea floor
(McKee et al., 2004). High supply of continental organic matter can cause
eutrophication and oxygen depletion at the bottom and pore waters (Van der Zwaan and
Jorissen, 1991; Jorissen et al., 1992; Donnici and Serandrei-Barbero, 2002). Riverine
discharge that is closely related to precipitation is higher during warm and wet
interglacial periods (van der Laan et al., 2012). The eastern Mediterranean sapropels are
remarkable examples of high productivity related to fresh water discharges. These
organic-rich, dark layers are deposited during periods of northward penetration of the
African monsoon along with wetter conditions and high insolation during boreal
summer related to precession minima (Schenau et al., 1999; Pérez-Folgado et al., 2003;
Larrasoafa et al., 2003; Gallego-Torres et al., 2007; Kotthoff et al., 2008; Liu et al.,
2012). Under this conditions, river run-off increases and discharges huge amounts of
terrestrial organic matter into the eastern Mediterranean (Rohling, 1994; Casford et al.,
2002).
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Paleoproductivity in the northeastern Atlantic during the Pliocene, Pleistocene
and Holocene has been extensively studied (Lebreiro et al., 1997; Eberwein and
Mackensen, 2008; Martinez et al., 1999; van der Laan et al., 2006, Naafs et al., 2010;
Salgueiro et al., 2010: Zarriess and Mackensen, 2010). According to these studies,
changes in global climate influence the humidity and wind systems controlling the
intensity and seasonality of primary productivity. In contrast, information about
productivity in the northeastern Atlantic during the Messinian is scarce (van der Laan et
al., 2006, 2012). The interruption of the MOW at 6.18 Ma (Pérez-Asensio et al., 2012a)
might have modified the paleoproductivity in the northeastern Atlantic because this
event weakened the AMOC promoting cooling in the northern hemisphere (Pérez-
Asensio et al., 2012a). As mentioned before, glacial conditions would produce stronger
winds favoring high productivity related to upwelling currents. However, so far there is
no detailed study on the productivity changes of the northeastern Atlantic during the
Messinian and its relationship with global climate and oceanography to prove this
hypothesis.

B |berian Massif Il Mediterranean Neogene basins

Il Betic Cordillera [ Atlantic Neogene basins
Il \olcanics

IBERIA

Guadalquivir
Basi

Almeria

6°W, 4°W, 2°W,

Figure 5.1. Geological setting of the lower Guadalquivir Basin. Asterisk points to the location of the
Montemayor-1 core.

In this study, we analyse foraminiferal stable O and C isotope records and
benthic foraminifera in the Montemayor-1 core (SW Spain) (Fig. 5.1). This core is
located near the Guadalhorce Corridor, the last Betic Corridor to be closed (Martin et
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al., 2001, 2009). The core includes a continuous Messinian record and was under the
influence of the MOW before the closure of this Betic seaway (Pérez-Asensio et al.,
2012a). Paleoceanographic changes produced by the MOW interruption affected the
global oceanography and climate (Pérez-Asensio et al., 2012a). These changes could
have controlled the productivity of the region during the Messinian since the MOW
contributes to the AMOC (Bigg and Wadley, 2001; Bigg et al., 2003), which is a key
controlling factor of the global oceanic circulation, carbon cycling and climate (Bethoux
et al., 1999, Bigg et al., 2003; Murphy et al., 2009). Therefore, the location of this core
is exceptional to investigate the productivity changes and organic carbon cycling in the
eastern North Atlantic during the Messinian, to assess the effect of the cessation of the
MOW on the productivity, and to decipher the relationship between productivity and
global oceanography and climate. The aims of this study are: 1) to unravel the
controlling mechanisms for the paleoproductivity changes in the northeastern Atlantic
during the Messinian; 2) and to evaluate the impact of the MOW interruption on the
Messinian paleoproductivity in the northeastern Atlantic.

5.2. Geographical and geological setting

The study area is located in the northwestern margin of the lower Guadalquivir
Basin (SW Spain) (Fig. 5.1). This basin is an ENE-WSW elongated Atlantic foreland
basin which is bounded to the N by the Iberian Massif, to the S by the Betic Cordillera,
and to the W by the Atlantic Ocean (Sanz de Galdeano and Vera, 1992; Vera, 2000;
Braga et al., 2002) (Fig. 5.1). The sedimentary filling of the basin consists of marine
deposits ranging from the early Tortonian to the late Pliocene (Aguirre, 1992, 1995;
Aguirre et al., 1993, 1995; Riaza and Martinez del Olmo, 1996; Sierro et al., 1996;
Braga et al., 2002; Gonzélez-Delgado et al., 2004; Martin et al., 2009).

In the study area, the Neogene deposits that filled the lower Guadalquivir Basin
have been divided into four lithostratigraphic units formally described as formations.
From bottom to top: 1) carbonate-siliciclastic mixed deposits of the Niebla Formation
(Civis et al., 1987; Baceta and Pendon, 1999), 2) greenish-bluish clays of the Arcillas de
Gibraledn Formation (Civis et al., 1987), 3) fossiliferous sands and silts of the Arenas
de Huelva Formation (Civis et al., 1987), and 4) sands of the Arenas de Bonares

Formation (Mayoral and Pendon, 1987).
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The Guadalquivir Basin acted as a corridor, the so-called North Betic Strait,
connecting the Atlantic and the Mediterranean during the latest Serravallian-earliest
Tortonian (Aguirre et al., 2007; Martin et al., 2009; Braga et al., 2010). Other Betic
seaways that connected the Atlantic and the Mediterranean through the Guadalquivir
Basin after the closure of the North Betic Strait during the early Tortonian, were
gradually closed during the late Miocene. The main late Tortonian Atlantic-
Mediterranean gateways were the Dehesas de Guadix Corridor and the Granada Basin
(Esteban et al., 1996; Braga et al., 2003; Betzler et al., 2006; Martin et al., 2009). The
Guadalhorce Corridor was the last Betic Corridor and was closed in the early Messinian
(Martin et al., 2001; Pérez-Asensio et al., 2012a). After its closure, the only Atlantic-
Mediterranean connections were established through the Rifian Corridors, N Morocco
(Esteban et al., 1996).

5.3. Material and methods

The studied material is the 260 m long continuous Montemayor-1 core which is
located in the northwestern edge of the lower Guadalquivir Basin close to the village of
Moguer (Huelva, SW Spain) (Figs. 5.1 and 5.2). This core includes sediments from the
four aforementioned formations (Pérez-Asensio et al., 2012b) (Fig. 5.2). The age model
of the core is based on magnetobiostratigraphy and O stable isotope data (Larrasoafa et
al., 2008; Pérez-Asensio et al. 20123, in prep. 2) (Fig. 5.2). In this work, we studied an
interval of 140 m, from 240 to 100 m, which ranges from 6.67 to 5.38 Ma (Messinian).
This interval includes marine sediments from the Arcillas de Gibraledn Formation (Fig.
5.2).

For faunal analysis, a total of 255 samples were collected with a sampling
interval of 0.5 m. Samples were wet sieved over a 63 um mesh and dried out in an oven
at 40 °C. Using a microsplitter samples were divided into sub-samples containing at
least 300 benthic foraminifera. The sub-samples were dry sieved over a 125 um mesh,
and benthic foraminifera were identified and counted. Benthic foraminiferal counts
were transformed into relative abundances. In order to assess the paleoproductivity
changes we used the relative abundances of high-productivity target taxa including
Uvigerina peregrina s.l. (U. peregrina + U. pygmaea), Bulimina subulata, Brizalina

spathulata, and Bulimina aculeata.
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Figure 5.2. Lithology, age model, sedimentation rate (estimated in cm/kyr) and magnetobiostratigraphic
framework for the Montemayor-1 core. Magnetostratigraphy was established according to the
ATNTS2004 (Lourens et al., 2004). Type 1 samples have higher quality than types 2 & 3 samples (data
from Larrasoafa et al., 2008). CrRM stands for characteristic remanent magnetization. Biostratigraphy is
based on the planktonic foraminiferal events (PF events) of Sierro et al. (1993) and first occurrence of
Globorotalia puncticulata. Position of glacial stages TG 22, 12 and 7 are shown. Question marks indicate

uncertainties in the chronology and sedimentation rate.

For stable oxygen and carbon isotope analyses, a total of 160 samples were
analysed. The sampling interval is 0.5 m from 240 to 170 m, and 2.5 m from 170 to 100
m. Approximately 10 tests of Cibicidoides pachyderma and 20 tests of Globigerina
bulloides have been picked from the size fraction >125 um. Prior to the analyses
foraminifera were cleaned with ultrasonic bath and washed with distilled water. Stable
isotope analyses were performed at the Leibniz-Laboratory for Radiometric Dating and
Isotope Research, Kiel, Germany (see Pérez-Asensio et al., 2012a for details).

Additionally, Pearson correlation coefficients were calculated to assess the
statistical correlation between O and C stable isotopes, relative abundance of target taxa
and planktonic/benthonic (P/B) ratio, this last metric following Pérez-Asensio et al.

(2012) (Table 5.1). Only coefficients with a p-value < 0.01 were considered significant.
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U. pe;elf;]rma B. subulata |B. aculeata | B. spathulata | P/B ratio |Benthic O|Benthic C |Planktic O |Planktic C
U. peregrina s.l. 1.000
B. subulata 1.000
B. aculeata 1.000
B. spathulata -0.301 -0.423 0.252 1.000
P/B ratio 0.370 -0.460 1.000
Benthic O 0.401 -0.211 1.000
Benthic C -0.218 1.000
Planktic O 0.313 0.376 1.000
Planktic C -0.378 0.349 -0.551 1.000

Table 5.1. Pearson correlation coefficients at p-value < 0.01 of high productivity benthic foraminiferal

species, the planktic and benthic O and C isotopes, and P/B ratio.

5.4. Results

5.4.1. High-productivity target taxa

The relative abundance of Uvigerina peregrina s.l. shows a fluctuating trend
with its highest values from 6.67 to 5.87 Ma (Fig. 5.3). In this interval, it presents two
minima at around 6.44 and 6.18 Ma and it gradually increases from 6.18 to 5.87 Ma
(Fig. 5.3). This species sharply diminishes at 5.87 Ma. In the interval from 5.87 to 5.38
Ma, it has low average values around 10% (Fig. 5.3). Bulimina subulata is more
abundant from 6.67 to 5.87 Ma where shows a local maximum at 6.44 Ma and a gradual
increasing trend (Fig. 5.3). In the interval from 5.87 to 5.38 Ma, B. subulata experiences
a gradual decrease. In contrast, Brizalina spathulata and Bulimina aculeata are more
abundant between 5.87 and 5.38 Ma (Fig. 5.3). In this interval, both species
progressively replace B. subulata.

5.4.2. Stable isotope data

The benthic O isotope record has stable average values of 1%o before 6.35 Ma.
Then, it reduces until a minimum of -0.93%o. at 6.18 Ma (Fig. 5.3). In the interval from
6.18 to 5.79 Ma, it gradually increases toward heavier values. Finally, 50 decreases
from 5.79 to 5.72 Ma and remains with relatively low values (~0.4%o) from 5.72 to 5.38

Ma (Fig. 5.3). The planktic O isotope record shows a fluctuating trend with average
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Figure 5 3. From top to bottom: P/B ratio (%) (Pérez-Asensio et al., 2012b); relative abundances (%) of
high productivity foraminiferal species including Bulimina aculeata, Brizalina spathulata, Bulimina
subulata, and Uvigerina peregrina s.l.; benthic (green) and planktic (purple) 8**C records and benthic
(dark blue) and planktic (red) 5'®0 records in %o VPDB of the Montemayor-1 core. The vertical dashed
lines indicate five events of high productivity related to upwelling currents in the upper slope (black)
(6.00, 5.99, 5.96, 5.91 and 5.87 Ma), and five events of high productivity linked to riverine discharge in
the outer shelf (grey) (5.67, 5.59, 5.52, 5.44, and 5.41 Ma). The vertical black solid line at 6.18 Ma marks
the end of the Atlantic-Mediterranean Betic connection through the Guadalhorce Corridor.
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values lower than 0%o before 6.18 Ma (Fig. 5.3). In the interval from 6.18 to 5.79 Ma,
the values progressively increase. After 5.79 Ma, the planktic O isotope record
decreases at 5.75 and 5.52 Ma. The planktic and benthic O curves have a parallel trend
as it is indicated by the positive correlation (Table 5.1).

The benthic C isotope record presents a fluctuating trend with average values of
0.4%0 before 6.18 Ma (Fig. 5.3). Then, 8*3C decreases from 6.18 to 5.9 Ma and it
remains with values around 0.4%. from 5.9 to 5.67 Ma. Finally, it gradually decreases
from 5.67 to 5.38 Ma. The planktic C isotopic values show fluctuations around values
of -0.8%o before 6.18 Ma (Fig. 5.3). 8*3C diminishes reaching its lowest values from
6.05 to 5.85 Ma. At 5.85 Ma, the planktic C isotope record abruptly rises from -1%o to
0%o and it remains with high average values of 0%. until 5.77 Ma. Then, it sharply
decreases up to -1%o and it increases until values of 0%o. at 5.67 Ma. Finally, it gradually
diminishes from 5.67 to 5.38 Ma.

5.5. Discussion

5.5.1 Paleoproductivity changes and organic carbon cycling in the northeastern
Atlantic during the Messinian

Paleoproductivity changes and organic carbon cycling in the northeastern
Atlantic depends on the global glacioeustatic fluctuations that, in turn, affect the
distribution of the high productivity benthic foraminiferal species. In the study site,
glacial periods are characterized by high planktic and benthic O isotopic values (Fig.
5.3). This is supported by a positive statistical correlation between these proxies (Table
5.1). Furthermore, relatively low P/B ratios coincide with high §**0 (Fig. 5.3) and cool
and dry climate (Jiménez-Moreno et al. submitted) supporting a glacioeustatic origin for
sea-level fluctuations.

Benthic foraminifer assemblages from the Montemayor-1 core suggest a
shallowing upwards trend from upper slope to outer platform settings in the studied core
interval (Pérez-Asensio et al., 2012b). Thus, effects of the local paleoenvironmental
evolution of this region of the lower Guadalquivir Basin are superimposed to the global
glacioeustatic variations. In the upper slope deposits of the study core (from 246.5 to
179 m core depth in Pérez-Asensio et al., 2012b), glacial periods coincide with low §"°C
values (Fig. 5.3).

89



Regarding the benthic C isotopes, Piotrowski et al. (2005) stated that the glacial
decrease in the &°C is between 0.46 and 0.32%. during glacial-to-interglacial
fluctuations in the global C budget. In the Montemayor-1 core, however, fluctuations in
the benthic 8*3C are around 1%. (Fig. 5.3). Therefore, other factors should have
contributed to the benthic §*C signature, such as influence of nutrient-rich waters. The
observed *3C-depleted values in the upper slope deposits could be related either with
nutrient-rich upwelling currents (Eberwein and Mackensen, 2006, 2008) or with
refractory organic matter reworked from exposed continental shelf sediments during
sea-level lowstands (Vincent et al., 1980; Loutit and Keigwin, 1982; Kouwenhoven et
al., 1999). In our study case, upper slope deposits are characterized by the abundance of
the Uvigerina peregrina s.l. (Pérez-Asensio et al., 2012b). This is a mesotrophic benthic
foraminiferal species (e.g. Schmiedl et al., 2000; Phipps et al., 2012) that dominates
under the influence of fresh marine organic matter supplied by upwellings (Fontanier et
al., 2003; Koho et al., 2008; Schmiedl et al., 2010). Therefore, high productivity can be
likely attributed to upwelling currents, which is also consistent with the observed
negative correlation between U. peregrina s.l. and benthic C isotopic values (Table 5.1).
Further, these high productivity periods occurred during glacial periods as indicated
above and coinciding with other authors’ findings (Martins et al., 2006; Mendes et al.,
2004; Mojtahid et al., 2006; Schmiedl et al., 1997). The driving mechanism for
enhanced upwelling in the lower Guadalquivir Basin might be stronger winds
promoting Ekman pumping during glacial periods as occurred in the Quaternary
(Schmiedl and Mackensen, 1997; Lebreiro et al., 1997; Poli et al., 2010; Salgueiro et al.,
2010).

The effect of upwelling currents is also confirmed by the negative correlation
between planktic C isotopes and U. peregrina s. I. (Table 5.1). Planktic §*3C values of
the Montemayor-1 core are strikingly lower than the benthic ones. Commonly, surface
waters have higher §"°C signatures than deep waters because of the biological pump, i.e.
removal of light *2C from surface waters due to primary productivity and release of *2C
in the bottom waters (Rohling et al., 2004). The low planktic §3C values from the
Montemayor-1 core are due to the fact that they have been measured in Globigerina
bulloides, which inhabits waters from surface to intermediate depths (20-300 m) (Pujol
and Vergnaud-Grazzini, 1995). Therefore, this species is likely reflecting the isotopic
signature of nutrient-rich *C-depleted upwelling subsurface waters masses. In addition,

low planktic 5'*C are concomitant with high 8*30 (Fig. 5.3) suggesting strong mixing
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between cold nutrient-rich bottom waters and surface waters (Grunert et al., 2010).
Furthermore, the §'C of G. bulloides decreases during upwelling events because of the
fractionation of carbon isotopes due to vital effects (Lebreiro et al., 1997; Naidu and
Niitsuma, 2004). During strong upwelling faster calcification rates due to high-nutrient
availability requires higher respiration, which involves more respired CO; enriched with
12C (Naidu and Niitsuma, 2004). These effects would explain the very low planktic §*C
signatures along the Montemayor-1 core.

According with the benthic foraminiferal assemblages in the upper slope
deposits (Pérez-Asensio et al., 2012b), peaks of relative abundance of U. peregrina s..
during glacial periods alternate with high percentages of Bulimina subulata (Fig. 5.3).
Bulimina subulata, like other species of the genus, feeds from more degraded organic
matter (Schmiedl et al., 2000) than Uvigerina peregrina s.l., which feeds from fresh and
labile organic matter (Fontanier et al., 2003; Koho et al., 2008; Schmiedl et al., 2010).
This difference in trophic behaviour might account for the low abundances of B.
subulata during glacial periods when fresh organic matter is available on the sea-floor.
In contrast, more degraded organic matter is accumulated after upwelling events
fostering increases of B. subulata during interglacial periods. U. peregrina s.l. and B.
subulata abundances decrease in a different way after 5.87 Ma. At this age, Uvigerina
peregrina s.l. virtually disappears while B. subulata diminishes gradually. The upper
slope U. peregrina s.l. is replaced by epifaunal taxa, mainly P. ariminensis, inhabiting
an oligotrophic shelf edge setting (Pérez-Asensio et al., 2012b). This sharp decrease of
U. peregrina s.I. might be due to the absence of fresh organic matter related to
upwelling currents that does not reach the shelf edge. Oligotrophic conditions in the
shelf edge are also consistent with the relatively high planktic 5°C values (Fig. 5.3). A
bottom current along the platform margin preventing upwelling waters from reaching
the shelf edge could account for these oligotrophic conditions during glacial conditions .
In contrast, B. subulata diminishes gradually because it is able to feed from degraded
organic matter that remains more time at the sea floor than fresh organic matter.

At 5.77 Ma, Planulina ariminensis disappears pointing to the transition from the
shelf edge to the outer shelf (Pérez-Asensio et al., 2012b). This event is concomitant
with a significant sea-level drop and is close to the glacial stage TG 20 (5.75 Ma)
(Pérez-Asensio et al., 2012a, 2012b; in prep. 2). From 5.77 to 5.67 Ma, the planktic
83C increases significantly (Fig. 5.3) pointing to a decrease in the productivity most

likely related to interglacial conditions as it is shown by the decrease in benthic and
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planktic 8*°0 (Fig. 3). After 5.67 Ma, the outer-shelf setting is characterised by high
abundance of Brizalina spathulata and Bulimina aculeata (Fig. 5.3) (Pérez-Asensio et
al, 2012b). It is well established that B. spathulata can thrive with continental degraded
organic matter derived from river run-off (Donnici and Serandrei-Barbero, 2002;
Duchemin et al., 2008; Schmiedl et al.,, 2010). In the Montemayor-1 core, the
upwelling-related U. peregrina s.l. shows high abundance during glacial periods,
whereas B. spathulata has relatively low values. This is supported by a negative
correlation between both species (Table 5.1). Hence, B. spathulata does not seem to be
controlled by the influence of fresh organic matter derived from upwelling currents, as
previously interpreted (Pérez-Asensio et al., 2012b).

B. aculeata is able to feed from both fresh and degraded organic matter
(Schmiedl and Leuschner, 2005). It has been also found in low-oxygen environments
with supply of continental degraded organic matter under river run-off influence
(Schmiedl et al., 2000, Pérez-Asensio and Aguirre, 2010). In the study site, it shows the
highest percentages coinciding with high values of B. spathulata during interglacial
periods (Fig. 5.3). Therefore, both B. spathulata and B. aculeata indicate supply of
continental degraded organic matter related to riverine discharge during interglacial
periods.

These periods are characterised by relatively high sea-level (Fig. 5.3), as well as
warm and humid climate as it is indicated by palynological analyses (Jiménez-Moreno
et al., submitted). Consequently, a higher humidity might have promoted higher river
run-off and more supply of continental degraded organic matter during interglacial
periods. This is consistent with the gradual increase of B. spathulata concomitant with a
long-term decrease in §*C and low §'®0 (Fig. 5.3) and with the progressive shallowing
upward trend in the core (Pérez-Asensio et al., 2012b) since continental organic matter
reached areas closer to the coast. Very depleted planktic C isotopic values of
Globigerina bulloides at 5.44, and 5.41 Ma might also reflect enhanced precipitation
(Milker et al., 2012) (Fig. 5.3). Increased humidity could be related to the global
warming linked to interglacial stage TG 11 that started before the Miocene-Pliocene
boundary and persisted until the mid Pliocene (Vidal et al., 2002; Pérez-Asensio et al.,

in prep. 2).
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5.5.2. Effect of the MOW interruption on the paleoproductivity in the northeastern

Atlantic during the Messinian

The MOW promotes the NADW formation and therefore contributes to the
AMOC increasing the North Atlantic density gradient and promoting the resumption of
the AMOC after its collapse (Rogerson et al., 2012). A reduction or interruption of the
MOW would result in a decrease or interruption of the NADW formation (Rahmstorf,
1998) and, consequently, would reduce the AMOC causing cooling and ice sheet
growth in the northern hemisphere (Zahn et al., 1997; Clark et al., 2002). This glaciation
would lead to high productivity conditions due to stronger winds that induce Ekman
pumping stimulating upwellings (Lebreiro et al., 1997; Salgueiro et al., 2010).

The stable isotope records of the Montemayor-1 core indicates that MOW
bathed the study area during the early Messinian up to 6.18 Ma (Pérez-Asensio et al.,
2012a). Therefore, the global glacioeustatic control on the productivity at the study area
might have a superimposed influence of the MOW before 6.18 Ma. Thus, the study area
was alternatively affected by the MOW and the upwelling currents from the Atlantic
(Atlantic Upwelled Waters, AUW) (Fig. 5.4A-B). At the present-day, during the
Quaternary and the Plio-Pleistocene, the MOW has benthic §*3C values higher than
Atlantic waters indicating well-ventilated bottom waters (Vergnaud-Grazzini, 1983;
Schonfeld and Zahn, 2000; Raddatz et al., 2011). Fluctuations in the upwelling-related
Uvigerina peregrina s.l. and the benthic §*C could reflect the alternation between the
MOW and the AUW before 6.18 Ma. Thus, low abundance of U. peregrina s.l. and high
benthic '°C at 6.44 and 6.18 Ma (Fig. 5.3) indicates a well-ventilated bottom with low
organic flux to the sea floor. This indicates that the MOW winnowed organic matter
particles and increased the bottom-water oxygenation (Fig. 5.4A). Furthermore, high
benthic "*C could also indicate well-ventilated bottom waters linked to a strong AMOC
during interglacial periods (Fig. 5.4A). In contrast, high abundance of U. peregrina s.l.
and low benthic §*3C at 6.6 and 6.35 Ma (Fig. 5.3) point to the influence of low-oxygen
AUW (Fig. 5.4B). In addition, low benthic §*3C could also reflect low ventilation due to
a reduced AMOC during glacial conditions (Zahn et al., 1997) (Fig. 5.4B-C). Hence, the
AMOC was weaker during glacials than during interglacials as occurs in the Holocene
and Pleistocene (Broecker et al., 1985).
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Figure 5.4. Paleogeographic and paleoceanographic evolution of the lower Guadalquivir Basin during the
Messinian (based on Martin et al., 2009): A) Interglacial conditions before 6.18 Ma, when only the
Mediterranean Outflow Water (MOW) reaches the studied core (asterisk); B) Glacial conditions before
6.18 Ma, when the Atlantic Upwelled Water (AUW) and the MOW reach the studied core; C) Glacial
conditions after 6.18 Ma, when only AUW reaches the core because the MOW is interrupted. The black
thick arrow marks the progradation of the main depositional systems along the axis of the Guadalquivir
Basin; and D) Studied core (asterisk) influenced by a current along the shelf-break (dashed arrows) that

prevented the AUW from reaching the study area between 5.87 to 5.77 Ma.

After the closure of the Guadalhorce Corridor at 6.18 Ma, there is a gradual
decrease in the benthic §'*C signature that could be due to the interruption of the MOW
and the influence of oxygen-depleted AUW (Fig. 5.3). The planktic 8*3C shows a
progressive decrease towards depleted values indicating also a higher influence of
nutrient-rich AUW. Concomitantly, U. peregrina s.l., which thrives under upwelling
conditions, gradually increases reaching its highest abundance (Fig. 5.3). Therefore,

after the cessation of the MOW only AUW reached the study area promoting high
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productivity related to upwelling currents (Fig. 5.4C-D). In addition, high productivity
could have been favoured by the cessation of the MOW, which weaken the AMOC and
promotes northern hemisphere cooling (Pérez-Asensio et al., 2012a). A reduced AMOC
associated to high productivity has also been recorded in the SE Atlantic Ocean during

the Messinian (Rommerskirchen et al., 2011).
5.6 Conclusions

Paleoproductivity changes and organic carbon cycling in the northeastern
Atlantic during the Messinian are controlled by global glacioeustasy. Glacial periods
(cold and dry climate) are characterized by high planktic and benthic 50, low planktic
and benthic 5'°C, low sea-level and high abundance of U. peregrina s.l. These proxies
points to high productivity related to upwelling currents during glacial periods. These
upwelling currents were produced by Ekman pumping due to intense winds. On the
contrary, interglacial periods (warm and humid climate) show low planktic and benthic
80, high sea-level and high abundance of B. subulata in the upper slope, and B.
spathulata and B. aculeata in the outer shelf. These indicators suggest presence of
degraded organic matter after upwelling events in the upper slope and supply of
degraded continental organic matter derived from river run off in the outer shelf.

Before the closure of the Guadalhorce Corridor, the study area was alternatively
influenced by the well-ventilated MOW and the poor-ventilated AUW. Once this Betic
seaway was closed at 6.18 Ma, the interruption of the MOW, that reduced the AMOC
and promoted glacial conditions in the northern hemisphere, favoured high productivity
conditions. The variability of the AMOC is recorded by fluctuations in the benthic "*C.
High benthic §*°C indicates well-ventilated bottom waters due to strong AMOC during
interglacial periods. In contrast, low benthic §**C reflect poor ventilation as a result of
weak AMOC during glacial periods.
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CHAPTER 6
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MESSINIAN SALINITY CRISIS
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Abstract

The desiccation of the Mediterranean during the Messinian salinity crisis (MSC)
is one of the most intriguing geological events of the recent Earth’s history. However,
timing and mechanisms triggering both its onset and end are still controversial. We
present a novel approach by looking at the MSC from the Atlantic, but close to the
Gibraltar Arc, analyzing a complete Messinian record; the Montemayor-1 core
(Guadalquivir Basin, SW Spain). Our results support global cooling and associated
glacioeustatic sea-level drop coinciding with the MSC onset (5.96 Ma). Backstripping
analysis shows that tectonic uplifting in the Gibraltar Arc area was insufficient to
promote the observed sea-level fall. The later flooding of the Mediterranean occurred
during a stable tectonic period and a sea-level rise during global warming. We postulate
a two-step flooding event: 1) Glacioeustatic sea-level rise during interglacial stage
TG11 (5.52 Ma) led to subtropical Atlantic waters entered the west-central
Mediterranean through pathways south of the Gibraltar Strait, probably the Rifian
corridors. 2) Water overload favored intensification of regressive fluvial erosion in the
Gibraltar threshold, generating the Gibraltar Strait and producing the complete

Mediterranean refilling during the earliest Pliocene.
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6.1. Introduction

The Messinian salinity crisis (MSC) in the Mediterranean has attracted the
interest of Earth scientists ever since the publication by Hsu et al. (1973). The general
consensus is that the Mediterranean was isolated from the Atlantic due to the closure of
the Betic and the Rifian corridors with deposition of the Lower and Upper Evaporites.
There are still crucial issues under heated debates, particularly concerning the ultimate
mechanisms leading to the isolation of the Mediterranean. Global glacioeustatic sea
level lowering, regional tectonic uplift in the Gibraltar area, or a combination of both
processes have been invoked as trigger mechanisms (Weijermars, 1988; Kastens, 1992;
Duggen et al., 2003; Hilgen et al., 2007). Additionally, there is no consensus on the
timing and causes of the reestablishment of normal marine conditions in the
Mediterranean after the MSC (Martin and Braga, 1994; Riding et al., 1998; Krijgsman
et al., 1999b; Hilgen et al., 2007). These discrepancies can be attributed to the particular
Messinian paleogeography of the Mediterranean associated with different local tectono-
sedimentary regimes and problems of accurate correlation of deep-basin and marginal-

basin deposits (e.g. Roveri and Manzi, 2006).

Figure 6.1. Paleogeographic map of the Gibraltar Arc area during the early Messinian (after Martin et al.,

2009). The asterisk indicates the location of the studied core.
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Here, we present data that, in combination with published ones, provide a
solution for the MSC conundrum. We have studied the Montemayor-1 core
(Guadalquivir Basin, SW Spain) (Fig. 6.1) that shows a continuous Messinian
sedimentary record in the vicinity of the Gibraltar Arc. The core is accurately dated
(Fig. 6.2) and provides an unbiased perspective of the MSC from the open Atlantic
Ocean, offering the unique opportunity of linking global oceanic processes with
regional Mediterranean events coetaneous with the desiccation. Our main goal is to
provide a comprehensive model for understanding the desiccation and re-filling of the

Mediterranean during the Messinian.

Montemayor-1 core

‘M
-
-
offe R6
iy o
H - -11‘.@;‘ G puncticulata
=
! ?
(.'.'. 4
! ?
Bonares .
n. ‘a sands Em. e Types 1 & 2 samples
. .
3 . | 4
A Huelva | !
100 . L) o Typel I~
. . . sands Fm samples TG 'r'll."
£ . . [
= : - RS Gibraledn x  no ChRM identified | fong
= - . clays Fm. | 238 cmikyr
=% - - |
@ . - Flanktic foraminiferal |
- N Miebla -—:3. . |
=} !. ‘,' calcarenite Fm. events [Sierro et al., ‘993]. J.’\]\“ 12
150 | s
3 . —/
. ‘. 181 i.-"
" -
P oY TG 22 /
- - 3 LL
y .
: < 7
. i o a1 138 a7 ma/
; o, |
. N Y. s | P e N
T SR x
9 Yo 6.3
S I \\ | o
i i ! R4 N -
(= SIS = % Vg 32 ATNTS 2004
250 " R o e = -8 N2 W T [Laurens et al,, 2004]
— e RE v
| ||
0 2 906030 0 30 60 90 NNl N Pa—— e
SIS N A8 5 = 3 s ¥y ¥y =z
-z - U . M5C MSC .. .
NRM (107 A/m) Inclination (%) G4 |C3Br °| G3Ar | C3An onset eng| C3n C2Ar
Tortenian Messinian Zanclean
T
7.5 7 6.5 ] 55 5 45 4 Mz

Figure 6.2. Age model and sedimentation rate (in cm/kyr) for the Montemayor-1 core. Position of stages

TG22, TG12, and TG7 is indicated. Question marks show imprecision in the age model.

6.2. The Montemayor-1 core
The Montemayor-1 core is close to Huelva (SW Spain) (Fig. 6.1). It consists of
latest Tortonian-early Pliocene marine deposits (Pérez-Asensio et al., 2012a). Here, we

have studied the interval ranging from 6.17 to 5.19 Ma. We have analyzed &0 of
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foraminifers as proxy of paleoclimatic changes and for establishing the age model of the
core (Figs 6.2 and 6.3). We have also carried out a backstripping analysis, following the
procedure of van Hinsbergen et al. (2005) to evaluate vertical movements of the
basement before, during and after the MSC in the vicinity of the Gibraltar Strait (Fig.
6.4). We integrate these data with additional paleontological findings from the core
(Pérez-Asensio et al., 2012a, 2012b; Jiménez-Moreno et al., submitted), and reconcile
them with available information to propose a model for the onset and end of the MSC.

Chronology of the Montemayor-1 core is based on magnetobiostratigraphy
(Larrasoana et al., 2008) and O stable isotope data (Fig. 6.2). We have extended the age
model of Pérez-Asensio et al. (2012b) by accurately identifying the glacial stages TG22,
TG20, TG12 and TG4, as well as the interglacial stages TG11 and TG7 (Figs. DR1 and
DR2).

6.3. MSC onset and end

6.3.1. Beginning of the MSC

The MSC started at 5.96 £ 0.02 Ma (Krijgsman et al., 1999b), coinciding with
the Lower Evaporite deposition. Our results show a significant sea-level fall of 227 m at
this time based on benthic foraminifera (Pérez-Asensio et al., 2012a) (Fig. 6.3). This is
sufficient to disconnect the Mediterranean from the Atlantic since Betic and Rifian
corridors were about 120 m and 100 m in depth, respectively (Martin et al., 2001;
Krijgsman et al., 1999a). A dramatic reduction in the dinoflagellate/pollen ratio in the
core (Fig. 6.3) at this time also indicates shallowing (Jiménez-Moreno et al., submitted).
Relative abundance of Quercus pollen (Fig. 6.3), and other thermophilous plants,
decreases substantially at this time pointing to cool and arid conditions concurrent with
the beginning of the MSC (Jiménez-Moreno et al., submitted). This cooling and sea-
level drop match with minima of the ETP, eccentricity and obliquity orbital curves, as
well as with an increase in the benthic '®0 in Montemayor-1 core (Fig. 6.3). The sea-
level lowering is also documented in the benthic §'®0 of Atlantic and Pacific oceans
(Shackleton et al., 1995, Vidal et al., 2002) (Fig. DR3). This cooling was probably
associated with ice-sheet expansions on western Antarctica and the Arctic taking place
during the late Miocene (Zachos et al., 2001).
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Figure 6.3. A: Relative abundance of Quercus pollen (Jiménez-Moreno et al., submitted). B:
Dinocyst/pollen ratio (Jiménez-Moreno et al., submitted) C: Paleodepth estimate based on benthic
foraminiferal assemblages (Pérez-Asensio et al., 2012a). D: Eccentricity curve from La2010 orbital
solution (Laskar et al., 2011). E: Obliquity curve from La2004 orbital solution (Laskar et al., 2004). F:
Eccentricity, tilt and precession (ETP) curve. G: Benthic 80 in Montemayor-1 core. H: Global sea-level
curves of Hardenbol el al. (1998) (light blue) and Miller et al. (2005), as well as the 4th order eustatic
cycles of Esteban et al. (1996) (purple). Age of the MSC onset (5.96 + 0.02 Ma) and termination (5.52

Ma) indicated with vertical lines.
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The sea-level drop lasted ~17 kyr in the Montemayor-1 core and occurred at an
average rate of 13.4 mm/yr. Backstripping analysis shows that after a long-term tectonic
stability during early Messinian, there is an uplifting trend from the MSC (5.99 Ma) to
the TG20 glacial stage (5.75 Ma) (Fig. 6.4). This time interval is limited by two pulses
of tectonic rising with average values of 25.5 mm/yr at the base and 17.2 mm/yr at the
top. They are unlikely high and probably exaggerated due to the global sea-level
changes used in the analysis (Miller et al., 2005), which indicate corresponding sea-
level drops of 40 m and 16.8 m. However, our data show sea-level falls of 227 m and
169 m respectively (Pérez-Asensio et al., 2012a). Eliminating these two pulses, the
resulting average uplifting rate is 0.5 mm/yr, close to the estimation of Braga et al.
(2003), 0.2 mml/yr, for the Late Neogene uplift of the Betic Cordillera. The critical uplift
rate that would cause the complete isolation of the Mediterranean is ca. 5 mm/yr
(Garcia-Castellanos and Villasefior, 2011). Sedimentation rate in Montemayor-1 core at
the time of the MSC onset is 14.8 cm/kyr (Fig. 6.2). Even considering the highest
possible tectonic uplift (5 mm/yr) plus the sedimentation rate (0.148 mm/yr), summing
up 5.2 mm/yr, the observed sea-level drop is still fast (13.4 mm/yr). Therefore, although
tectonic uplift occurred, the combined effect of tectonism and sedimentation rate played

subordinate roles in the MSC initiation.
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Figure 6.4. Estimation of the vertical movement of the basement in meters obtained by backstripping

analysis.
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6.3.2. Closing the MSC

It is conventionally alleged that the Upper Evaporites deposition took place from
5.50 Ma to 5.33 Ma (Miocene/Pliocene boundary) (Krijgsman et al., 1999b). These
deposits have been assumed coetaneous with the brackish-freshwater Lago-Mare
deposits, implying a complete disconnection of the Mediterranean (Krijgsman et al.,
1999b). This hypothesis contrasts with the proposal that fully marine post-evaporitic
sediments formed in marginal basins of SE Spain during the late Messinian (Riding et
al., 1998; Braga et al., 2006). Geomorphologic features of late Messinian drainage
systems in the western Mediterranean also point to a flooding before the
Miocene/Pliocene boundary (Estrada et al., 2011; Garcia et al., 2011).

Our results reveal a shift of 1%o and 0.7%o in 80 of planktonic and benthic
foraminifera, respectively, from the glacial stage TG12 (5.55 Ma) to the interglacial
TG11 (5.52 Ma) that correlate with a global sea level rise (Figs. 6.3 and DR3).
Eccentricity and ETP curves increase (Fig. 6.3) supporting a glacioeustatic control of
this isotopic shift. The same trend is recorded in the Atlantic and Pacific oceans
(Shackleton et al., 1995; Vidal et al., 2002) (Fig. DR3), and is related to a period of
global warming that persisted until the mid Pliocene (Vidal et al., 2002). Global sea
level rise during the TG12-TG11 transition is ~75 m (Miller et al., 2005), close to our
estimation of 68.3 m (Pérez-Asensio et al., 2012a) (Fig. 6.3). Backstripping analysis
shows a tectonic stable period during the late Messinian (Fig. 6.4), suggesting that
tectonism in the vicinity of the Gibraltar Arc was insignificant. Therefore, we propose
that the glacioeustatic sea level rise at TG1l could have triggered the western
Mediterranean flooding shortly before the Miocene/Pliocene boundary. This agrees with
the idea that a small connection to the Atlantic was enough to a fast reinundation of the
Mediterranean (Meijer and Krijgsman, 2005) and with the presence of upper Messinian
marine deposits in western Mediterranean marginal basins (Riding et al., 1998; Braga et
al., 2006).

It is assumed that Atlantic waters flooded into the Mediterranean through the
Gibraltar Strait (Blanc, 2002; Meijer and Krijgsman, 2005; Estrada et al., 2011). In such
a case, cold Atlantic waters would enter the Mediterranean (Martin et al., 2010).
However, photozoan carbonates developed at the uppermost Messinian deposits in SE
Spain (Braga et al., 2006). To accommodate this finding we postulate a two-step

flooding process: 1) The west-central Mediterranean was inundated during the TG11

105



glacioeustatic sea level rise. Warm Atlantic waters entered the Mediterranean from
more meridional latitudes than Gibraltar Strait, probably through Rifian Corridors,
promoting the formation of coral reefs in SE Spain (Martin et al., 2010). Messinian
canyons excavated at NW Morocco shelf might account for this first inundation (Loget
and van den Driessche, 2006). 2) Water loading due to this initial flooding caused
subsidence of the western Mediterranean basin. This accelerated regressive fluvial
erosion in the Gibraltar isthmus (Blanc, 2002; Loget and van den Driessche, 2006) to
attain its complete opening due to overflow of Atlantic waters during the early
Zanclean. This second stage would lead to the catastrophic flow of more northern-
derived and cooler Atlantic waters through the Gibraltar Strait (Martin et al., 2010)
filling up the entire Mediterranean Basin.

6.4. Conclusions

Our results prove that glacioeustasy accounts for the initiation (5.96 Ma) and the
end (5.52 Ma) of the MSC, with negligible contribution of tectonics in the Gibraltar Arc
area. We postulate a two-steps flooding of the Mediterranean: 1) Atlantic waters
entering western-central Mediterranean through Rifian Corridors during the stage TG11
(5.52 Ma). 2) Intensification of regressive fluvial erosion in the Gibraltar threshold
during the earliest Pliocene led to the opening of the Gibraltar Strait and complete

refilling of the Mediterranean.
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DATA REPOSITORY

Age model

The age model of the core is based on magnetobiostratigraphy and O stable
isotope data. Magnetostratigraphy chronology is established using the ATNTS2004
(Lourens et al., 2004). Biostratigraphy is based on the planktonic foraminiferal events of
Sierro et al., (1993) and first occurrence of Globorotalia puncticulata. In the lower part
of the core, eight magnetic reversal boundaries, from chron C3Br.2r to chron C3An.1n,
are used as tie points. Within the long reversal magnetic chron C3r, there are no
biostratigraphic data to define the age model. Thus, this time interval has been
calibrated using a combination of the &0 foraminifera record of the Montemayor-1
core (Fig. DR1) and the obliquity curve from the orbital solution (Fig. DR2). The
correlation between these two datasets permits to accurately identify several glacial-
interglacial TG stages, such as the glacial stages TG22, TG20, TG12 and TG4, as well
as the interglacial stages TG11 and TG7, to constraint the time frame (Figs. DR1 and
DR2).

Stages TG22 and TG20 are two distinctive maxima at the end of an increasing
trend in the 5'®0 benthic foraminifera record. The cycle TG12-TG11 represents an
important 'O decrease that correlates with the major global warming and sea-level rise
during the late Messinian. Both the TG22-TG20 couple and the TG12-TG11 isotopic
shift have been globally observed, including the Pacific Ocean and the Atlantic Ocean
(Fig. DR3). Finally, TG7 and TG4 can be confidently recognized by counting glacial-
interglacial stages from TG12 onwards when comparing the TG stages, as named in the
Rifian corridor by van der Laan et al. (2005, 2006) and the La2004 orbital solution
curve (Fig. DR2).

We have used the astronomically calibrated ages of the TG22 (5.79 Ma), TG12
(5.55 Ma) (Krijgsman et al., 2004) and TG7 (5.36 Ma) (van der Laan et al., 2006) to
tighten the age model (Fig. DR2).
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CHAPTER 7

MESSINIAN HISTORY OF THE LOWER GUADALQUIVIR BASIN

The Montemayor-1 core in the northwestern margin of the lower Guadalquivir
Basin covers a marine sedimentary record that ranges from the latest Tortonian
(C3Br.2r, ca. 7.4 Ma) to the lower Pliocene (Zanclean, C3n/C2Ar boundary, ca. 4.3-4.2
Ma) (Larrasoafia et al., 2008). The «core was accurately dated using
magnetostratigraphy, biostratigraphy and oxygen isotope stratigraphy. According to the
age model established for the core, the entire Messinian is recorded. Consequently, it
includes marine sediments that were deposited in the Atlantic Ocean before, during and
after the Messinian salinity crisis (MSC). In addition, the sedimentation rate of the core
is high during the Messinian presenting a very high resolution. Therefore, the
Montemayor-1 core is exceptional to precisely analyse the MSC from an Atlantic
perspective where there were neither desiccation nor evaporite deposition that could

hamper the study of this crucial geological event of the recent history of the Earth.

7.1. Paleoenvironmental evolution

The late Miocene-early Pliocene paleoenvironmental evolution of the lower
Guadalquivir Basin can be assessed based on benthic foraminiferal assemblages of the
Montemayor-1 core (Pérez-Asensio et al., 2012a) (Fig. 7.1). The dominance of the
Nonion fabum assemblage in the basal part of the Montemayor-1 core indicates an
inner-middle shelf setting during the latest Tortonian. This assemblage presents a very
low diversity and dominance of intermediate infaunal taxa, characteristics of eutrophic
conditions with high supply of organic matter and low oxygenation. The most likely
food source might be continental degraded organic matter supplied by river run-off.

During the latest Tortonian-earliest Messinian, the inner-middle shelf Nonion
fabum assemblage is replaced by the Cibicidoides pachyderma assemblage and then by
the Uvigerina peregrina s.l. and Anomalinoides flinti assemblages. This change in the

benthic foraminiferal assemblages suggests a sharp sea-level rise from the inner-middle
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TG stages, onset and end of the MSC, MOW influence, closure of the Guadalhorce corridor and bottom
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shelf to the upper-middle slope, which is inhabited by Anomalinoides flinti, Siphonina
reticulata, and Oridorsalis umbonatus.

Later, the middle slope species disappeared suggesting a sea-level drop from the
middle slope to the upper slope during the early Messinian. At this age, the upper slope
was inhabited by the Uvigerina peregrina s.l. assemblage, which is highly diverse and
dominated by shallow infaunal taxa. This paleoenvironment was under mesotrophic
conditions with moderate oxygenation. Furthermore, the Uvigerina peregrina s.l.
assemblage indicates influence of marine fresh organic matter related to upwelling
currents. In the upper slope, glacioeustatic fluctuations controlled the productivity
(Pérez-Asensio et al., in prep. 1). Glacial periods are characterised by high productivity
related to upwelling currents. In the eastern South Atlantic Ocean and the western North
Atlantic, increased abundance of U. peregrina s.l. indicating high productivity is also
recorded during glacial periods in the Quaternary (Schmiedl and Mackensen, 1997; Poli
et al., 2010). The presence of poor-ventilated nutrient-rich deep waters, i.e. upwelling
currents, is supported by low benthic and planktic 8*3C (Pérez-Asensio et al., in prep.
1). The driving mechanism for intense upwelling in the study area might be strong
winds during glacial conditions fostering Ekman pumping, as occurred in the
Quaternary (Lebreiro et al., 1997; Salgueiro et al., 2010). In contrast, the productivity
was lower during interglacial periods because of the low abundance of U. peregrina s.I.
(Pérez-Asensio et al., in prep. 1). Nevertheless, there is some marine organic matter on
the upper slope during interglacials as it is recorded by increased numbers of Bulimina
subulata. This species feeds from degraded organic matter that is available on the
seafloor after upwelling events (Pérez-Asensio et al., in prep. 1).

During the late Messinian, sea-level continued falling from the upper slope to
the shelf edge and outer shelf. The shelf edge is characterised by the dominance of the
low diverse Cibicidoides pachyderma assemblage, high abundance of epifaunal-shallow
infaunal taxa and the highest abundance of epifaunal taxa. This suggests a particularly
oligotrophic environment with very low input of organic matter and the highest
oxygenation. Significantly high planktic §"3C also support low productivity at the shelf
edge. Paradoxically, oligotrophic conditions at the shelf edge coincide with a glacial
period. A possible explanation might be the presence of a bottom current preventing the
nutrient-rich upwelling waters from reaching the shelf edge (Pérez-Asensio et al., in
prep. 1). In general, the outer shelf was an oligotrophic well-oxygenated setting

dominated by the Cibicidoides pachyderma assemblage and epifaunal shallow infaunal
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taxa. However, the outer shelf had some input of both marine and continental organic
matter. Under glacial conditions, marine fresh organic matter was supplied by upwelling
currents as it is indicated by the presence of Uvigerina peregrina s.l.. On the contrary,
high abundance of Brizalina spathulata and Bulimina aculeata reveal high supply of
continental degraded organic matter derived from river run-off during wet and warm
interglacial periods. Low planktic and benthic °C and 'O are consistent with
presence of terrestrial degraded organic matter during interglacial periods (Pérez-
Asensio et al., in prep. 1). This is particularly evident during the interglacial stage TG
11 when there was a long-term decrease in both §°C and §'®0 along with a gradual
increase in B. spathulata.

Finally, sea-level fell abruptly from the outer shelf to the inner-middle shelf
close to the Miocene-Pliocene boundary. As in the latest Tortonian, the inner-middle
shelf was inhabited by the N. fabum assemblage pointing to an eutrophic environment
with low oxygenation and high supply of terrestrial degraded organic matter provided
by riverine discharge during the early Pliocene.

7.2. Paleoceanography

The Montemayor-1 core is located in front of the Guadalhorce Corridor, the last
Betic corridor to be closed. According to the siphon model of Benson et al. (1991), the
Mediterranean Outflow Water (MOW) entered the Atlantic through the Betic corridors
during the Messinian. Therefore, the core is exceptionally well suited for detecting the
MOW in the Atlantic Ocean, and recording paleoceanographic and paleoproductivity
changes in the northeastern Atlantic before and after the MOW interruption. Middle-
upper slope marine sediments of the Montemayor-1 core recorded influence of the
MOW during the early Messinian when the Guadalhorce corridor was open (Pérez-
Asensio et al., 2012b) (Fig. 7.1). At this age, the MOW maintained the North Atlantic
Deep Water (NADW) promoting a strong Atlantic meridional overturning circulation
(AMOC) (Reid, 1979; Rahmstorf, 1998; Bigg and Wadley, 2001; Bigg et al., 2003).
The presence of the oligotrophic well-ventilated MOW is reflected by constant benthic
80 values that depart from the global O isotopic trend, high benthic §°C and low
abundance of U. peregrina s.l. (Pérez-Asensio et al., 2012b, in prep. 1). Apart from the

MOW, the Montemayor-1 core also recorded the influence of poorly ventilated nutrient-
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rich Atlantic Upwelled Waters (AUW) as it is indicated by low benthic §*C and high
abundance of U. peregrinas.l..

After the closure of the Guadalhorce Corridor at 6.18 Ma, the reduction and
eventual interruption of the MOW when the Rifian Corridors were closed could have
had a strong impact on the NADW, AMOC, global climate and paleoproductivity
(Pérez-Asensio et al., 2012b, in prep. 1). The cessation of the MOW would reduce the
AMOC as it is supported by the diminished NADW production in the South Atlantic
between 6.0 and 5.5 Ma (Billups, 2002) and low benthic 8*3C in the Montemayor-1 core
after 6.18 Ma (Perez-Asensio et al., in prep. 1). This event would affect the global
thermohaline circulation and global climate because a week AMOC due to the
interruption of the MOW would lead to northern hemisphere cooling (Clark et al., 2002;
Pérez-Asensio et al. 2012b). Concomitantly, ice sheets were developed in the northern
hemisphere as a result of this cooling (Fronval and Jansen, 1996; Thiede et al., 1998).
This glacial conditions produced by a weak AMOC would promote, in turn, stronger
winds that induced upwelling (Lebreiro et al., 1997; Zahn et al., 1997; Clark et al.,
2002; Salgueiro et al., 2010). The gradual decrease in benthic and planktic 5*C and
progressive increase of U. peregrina s.l. after 6.18 Ma reflect high productivity in the
study area as a result of the glacial conditions favored by the MOW interruption (Pérez-
Asensio et al., in prep. 1).

The closure of the Guadalhorce Corridor was a critical event for the onset of the
MSC in the Mediterranean Sea. After this event, the Atlantic-Mediterranean water mass
exchange was restricted to the Rifian corridors (Esteban et al., 1996). Consequently, the
restriction of the Atlantic-Mediterranean exchange produced a blockage of deep-water
outflow inducing water-mass stratification with sluggish deep water circulation, low
oxygenation and rising salinities in the Mediterranean (Kouwenhoven et al., 1999,
2006; Kouwenhoven and van der Zwaan, 2006). These gradually stressing conditions
due to the restriction of the Atlantic-Mediterranean exchange are recorded by benthic
foraminifera from the Mediterranean (Kouwenhoven et al., 2006).

The Atlantic-Mediterranean exchange was restored after the opening of the
Strait of Gibraltar increasing the NADW production around the Miocene-Pliocene
boundary as it is recorded in the South Atlantic and the western equatorial Atlantic
Ocean (King et al., 1997; Billups, 2002). A higher NADW production might have
promoted a stronger AMOC as occur during interglacial periods in the Holocene and
Pleistocene (Broecker et al., 1985).
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7.3. Onset and cessation of the MSC

The remarkable data obtained from the continuous Montemayor-1 core has
allowed to unravel the main Messinian events out of the complex stratigraphic
framework of the Mediterranean because the Atlantic sedimentary record of the core
was not affected by evaporite deposition (Pérez-Asensio et al., in prep. 2). Here, a
comprehensive explanation for the causes that isolated the Mediterranean from the
Atlantic triggering the evaporite deposition is provided. Results from the Montemayor-1
core allow for the first time to decipher the contribution of glacioeustatic sea-level fall
and regional tectonic uplifting in the Gibraltar Arc area to the onset of the MSC. All
proxies recorded at the time of the initiation of the MSC suggest that glacioeustatic sea
level fall had a major contribution, while regional tectonic uplift in the Arc of Gibraltar
was negligible.

The proposed causes and timing for the end of the MSC has also puzzled Earth
Scientists for decades, and they are still controversial. Some authors suggest that the
MSC ends with the reflooding of the Mediterranean at the base of the Pliocene (e.g.
Krijgsman et al., 1999b; Hilgen et al., 2007), whereas others claim that the reflooding
had already started in the latest Messinian (e.g. Martin and Braga, 1994; Riding et al.,
1998). The new data obtained from the Montemayor-1 core clearly show that the marine
re-filling of the Mediterranean already started in the latest Messinian coinciding with
the interglacial stage TG 11 and a period of tectonic stability. Further, it is postulated
that this process took place in two steps, one during the latest Messinian and the other
during the lowermost Pliocene (Pérez-Asensio et al. in prep. 2) (Fig. 7.1). This is
consistent with the presence of fully marine post-evaporitic sediments in the satellite
basins of SE Spain and the central Mediterranean during the late Messinian (Martin and
Braga, 1994; Riding et al., 1998; Aguirre and Sanchez-Almazo, Braga et al., 2006;
Carnevale et al., 2006a, 2006 b, 2008). This pre-Pliocene flooding is also supported by
the geomorphology of the late Messinian drainage systems in the western
Mediterranean (Estrada et al., 2011; Garcia et al., 2011). Furthermore, the presence of
photozoan carbonates at the uppermost Messinian sediments in basin from SE Spain
indicates the influence of warm waters (Braga et al., 2006; Martin et al., 2010). To
explain theses findings, a novel two-step re-flooding process is proposed: 1) inflow of
warm waters through the Rifian corridors during interglacial stage TG 11 (5.52 Ma), not

through the Strait of Gibraltar as previously thought (Blanc, 2002; Meijer and
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Krijgsman, 2005; Estrada et al., 2011; Bache et al., 2012). This first step fostered the
development of coral reefs in SE Spain (Martin et al., 2010), and it is recorded in the
canyons excavated at NW Morocco shelf (Loget and van den Driessche, 2006). 2) The
first flooding would provoke water loading that might have increased the subsidence of
the westernmost basin floor. This event would accelerate the regressive fluvial erosion
in the Gibraltar Arc (Blanc, 2002; Loget et al., 2005; Loget and van den Driessche,
2006) until the Strait of Gibraltar was completely open during the early Zanclean. Then,
cool waters from the northern Atlantic that entered through the Strait of Gibraltar would
have re-filled the whole Mediterranean basin during the earliest Pliocene. This favored
the deposition of heterozoan carbonates in the Mediterranean continental shelves during
a period of rising global temperatures (Martin et al., 2010). An alternative model
proposes that the entire Mediterranean was re-flooded trough the Strait of Gibraltar
during TG 11 in two steps: step | (5.56?-5.46 Ma): a relatively moderate and slow sea-
level rise as a result of the beginning of a progressively increasing erosion of the
Gibraltar isthmus; and step 1l (5.46 Ma): a particularly sudden and dramatic flooding
due to the collapse of Gibraltar channel (Bache et al., 2009, 2012). However, as
mentioned before the presence of coral reefs in the western Mediterranean indicate that
warm Atlantic waters would have entered into the Mediterranean from more southern
paths, most likely through the Rifian Corridors. Therefore, timing and processes
proposed by Bache et al. (2009, 2012) for the two-step re-filling of the Mediterranean

are improbable since they do not fit the evidences.
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CHAPTER 8

CONCLUSIONS

1) The paleoenvironmental evolution and paleoceanographic changes during the
late Miocene-early Pliocene of the lower Gualdalquivir Basin have been studied based
on benthic foraminiferal assemblages and stable isotopes (O and C) from the
Montemayor-1 core (SW Spain). Data show a complete upward transgressive-regressive
sea-level cycle. Furthermore, the distribution, composition, diversity and microhabitat
preferences of the benthic foraminiferal assemblages were controlled by the trophic
conditions, specifically the quantity and quality of the organic-mater flux to the sea
floor.

2) Deposits of the Montemayor-1 core were accurately dated based on
magnetostratigraphy, biostratigraphy and stable oxygen isotope stratigraphy.

3) The studied core is close to the last Betic gateway to be closed, the
Guadalhorce Corridor. According to the age model, this seaway was closed at 6.18 Ma.
The presence of the Mediterranean outflow waters (MOW) before 6.18 Ma in the lower
Guadalquivir area supports the siphon model of Benson et al. (1991) with
Mediterranean outflow through the Betic Corridors and Atlantic influx through the
Rifian Corridors.

4) The interruption of the MOW after the closure of the Guadalhorce Corridor
might have decreased the North Atlantic deep waters (NADW) weakening the Atlantic
meridional overturning circulation (AMOC) from 6.0 to 5.5 Ma. This would have
promoted cooling in the northern hemisphere favouring a high primary productivity in
the northeastern Atlantic.

5) Global glacioeustatic fluctuations controlled the paleoproductivity and
organic carbon cycling in the northeastern Atlantic during the Messinian. High
productivity due to intense upwelling currents that were induced by strong winds is
recorded during glacial periods. Furthermore, poor bottom-water ventilation due to a
week AMOC is evidenced by low benthic §**C during glacial conditions. In the
interglacial periods, productivity was related to degraded organic matter after upwelling
events in the upper slope and input of degraded continental organic matter from riverine
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discharge in the outer shelf. In addition, high benthic §*3C suggests well-ventilated
bottom waters produced by a strong AMOC during interglacial periods.

6) A model for the onset and end of the MSC is established. The initiation of the
MSC was principally produced by a glacioeustatic sea-level lowering with only a minor
contribution of tectonic uplift. The reflooding of the Mediterranean took place in two
steps during a period of tectonic stability, thus glacioeustacy forced the re-filling.
Firstly, relatively warm Atlantic water flowed, at least into the western-central
Mediterranean, most likely through the Rifian Corridors during the glacioeustatic sea-
level rise associated to the interglacial stage TG 11 (5.52 Ma). Secondly, cold water
refilled the entire Mediterranean through the Strait of Gibraltar during the earliest
Pliocene.
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CONCLUSIONES

1) La evolucion paleoambiental y los cambios paleoceanograficos durante el
Mioceno tardio-Plioceno temprano de la Cuenca del bajo Guadalquivir han sido
estudiados a partir de las asociaciones de foraminiferos bentonicos y los isétopos
estables (O y C) del testigo de Montemayor-1 (SO de Espafia). Los datos muestran un
ciclo de nivel del mar transgresivo-regresivo completo hacia techo. Ademas, la
distribucion, composicion, diversidad y preferencias de microhabitats de las
asociaciones de foraminiferos bentonicos estaban controladas por las condiciones
troficas, especificamente la cantidad y calidad del flujo de materia organica que
alcanzaba el fondo del mar.

2) Los depositos del testigo de Montemayor-1 han sido datados con precision a
partir de la magnetoestratigrafia, bioestratigrafia y estratigrafia de isotopos de oxigeno
del testigo.

3) El testigo estudiado se situa cerca del Gltimo corredor Bético que se cerrd, el
Corredor del Guadalhorce. Segun el modelo de edad, este corredor se cerrd hace 6,18
millones de afios. La presencia de la corriente de salida del Mediterraneo (MOW) antes
de 6,18 millones de afios en el area del bajo Guadalquivir apoya el modelo sifon de
Benson et al., (1991) con corriente de salida del Mediterraneo a través de los Corredores
Béticos y entrada de aguas del Atlantico a través de los Corredores Rifefios.

4) La interrupcién de la MOW despues del cierre del Corredor del Guadalhorce
podria haber disminuido la formacion de agua profunda del Atlantico Norte (NADW)
debilitando la circulacién termohalina meridional del Atlantico (AMOC) entre 6,0 y 5,5
millones de afios. Esto habria fomentado el enfriamiento del hemisferio norte
favoreciendo una alta productividad primaria en el Atlantico nororiental.

5) Las fluctuaciones glacioeustaticas controlaron la paleoproductividad en el
Atlantico nororiental durante el Messiniense. Durante los periodos glaciales, se registra
una alta productividad debida a corrientes de afloramiento intensas que fueron inducidas
por vientos fuertes. Ademas, valores bajos del 5*C medido en foraminiferos benténicos
durante periodos glaciales indica que el fondo del mar estaba poco ventilado. En los
periodos interglaciales, la productividad estaba asociada a materia organica degradada
después de eventos de corrientes de afloramiento en el talud superior y aporte de
materia organica continental degradada proporcionada por la descarga fluvial en la

plataforma externa. Ademas, valores altos del §*3C medido en foraminiferos benténicos
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sugieren que habia una buena ventilacion del fondo marino producida por una AMOC
fuerte durante los periodos interglaciales.

6) En esta tesis se establece un modelo para el comienzo y final de la crisis de
salinidad del Messiniense en el Mediterraneo (CSM). El inicio de la CSM se produjo
principalmente por una bajada del nivel del mar glacioeustatica con solo una
contribucion menor del levantamiento tectonico. La reinundacion del mediterraneo tuvo
lugar en dos pasos durante un periodo de estabilidad tecténica, por lo tanto el
glacieustatismo forzé la reinundacion. En primer lugar, aguas relativamente célidas del
Atlantico fluyeron, al menos en el Mediterraneo occidental-central, probablemente a
través de los Corredores Rifefios durante una elevacion del nivel de mar glacioeustatica
asociada al estadio interglacial TG 11 (5,52 millones de afios). En segundo lugar, aguas
frias del Atlantico rellenaron todo el Mediterraneo a través del Estrecho de Gibraltar

durante la primera parte del Plioceno temprano.
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CHAPTER 9

FUTURE PERSPECTIVES

The results of this PhD thesis have improved our understanding about
paleoenvironmental, paleoproductivity and paleoceanographic changes in the lower
Guadalquivir Basin and the northeastern Atlantic during the Messinian, and its
relationship with global climate. Furthermore, it has been clarified the contribution of
global glacioeustatic processes and regional tectonic uplifting to the onset and end of
the MSC in the Mediterranean. Some of the new findings of this PhD thesis will surely
pushed future research on Messinian paleoceanography and paleoclimate. For example,
the Messinian impact of the Mediterranean Outflow Water (MOW) on the eastern
Atlantic circulation and global climate and paleoproductivity has been analysed for the
first time. In the future, the knowledge about the spatial and temporal distribution of the
MOW during the Messinian might be improved with a multidisciplinary approach
including sedimentology, geochemistry and micropaleontology. Particularly, the use of
paleothermometers such as the Mg/Ca ratio measured on foraminiferal shells and Nd
isotopes could be critical to trace the MOW in the past. This technique has shown
excellent results for studying the MOW during the Pliocene (Khélifi et al., 2009). The
MOW has also been recorded in the Messinian using Pb and Nd isotopes (Abouchami et
al., 1999). Sedimentary analyses are also very important to record the MOW and to
assess its intensity. An extraordinary example is the study of contourites in the Gulf of
Caédiz for the Pliocene-Quaternary (e.g. Hernandez-Molina et al., 2006, 2011; Toucanne
et al.,, 2007; Llave et al., 2007, 2011). The same methodology for studying recent
contourites could be applied to the Messinian records. A key issue to know better the
spatial and temporal distribution of the MOW is to analysed different locations for the
same time interval, and if it is possible locations with different paleobathymetries for
the same time lapse. This will help to establish a reliable distribution pattern for the
MOW in the lower Guadalquivir Basin as well as northeastern Atlantic during the
Messinian.

Once temporal and spatial distribution of the MOW is studied in detail, the
impact of the MOW on global climate, paleoceanography and paleoproductivity might
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be tested comparing simulations made by modelling analyses and the Messinian oceanic
records from the Atlantic. This would be essential to check the validity of modelling
analyses. Moreover, the study of MOW during the Messinian both on the Betic and
Rifian corridors might improve the lack of knowledge about the models of Atlantic-
Mediterranean water mass exchange during the Messinian. For this purpose, complete
Messinian records should be studied in the Atlantic and Mediterranean sides of the
Betic and Rifian corridors.

In addition, it would be very interesting to perform cyclostratigraphic studies on
high resolution, continuous, accurately dated Messinian sedimentary records from the
Atlantic like the Montemayor-1 core. These studies might be useful to analyse global
paleoclimatic changes and to separate global and local processes. Cyclostratigraphic
analyses have been performed in Pliocene sediments from the northeastern Atlantic both
on SW Spain and NW Morocco (Sierro et al., 2000; van der Laan et al., 2006).
However, Messinian cyclostratigraphy of sediments from the northeastern Atlantic was
only studied close to the Rifian corridors (van der Laan et al., 2005, 2012). Therefore,
further research is needed to establish the cyclostratigraphy of the Atlantic side of the
Betic corridors during the Messinian, and to compare these new results with those from
the Rifian corridors.

Finally, the novel model for the initiation and end of the MSC proposed in this
PhD thesis that try to separate the contribution of glacioeustatic fluctuations and
tectonic activity needs to be tested in other locations. Future research on this topic could

reinforce or refute this model.
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APPENDIX

The attached CD-ROM contains the following tables:

Table A.1. Census counts of benthic foraminifera of the Montemayor-1 core with total

of benthic foraminifera and sample splits.

Table A.2. Benthic (Cibicidoides pachyderma) and planktonic (Globigerina bulloides)
380 and 8*3C in %o VPDB of the Montemayor-1 core.
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1137 1119 339 3/8
27 19 317 1/4
101 4 (11 300 5/16
91 19 299 1/4
5 26| 4|14 375 3/16
3 60 15 308 3/16
51 3]23 368 3/16
2 119 36 42 433 1/8
1 23 2 323 1/2
2 31 301 172
2 (54130 3]26 340 1/8
31531 18 298 1/8
171 3 | 28] 1|13 306 3/16
621 1 |113 17 573 1/8
10| 2 [142] 2 323 1/8
11 80 341 1/4
101 2 | 98] 2 | 17 404 1/4
63| 7 | 48 9 380 1/4
66 241 211 352 1/16
7 |214] 49 364 1/4
66 | 2 |112]| 2 314 1/8
501 1] 56 309 3/16
49 30 3 311 5/8
21 12 4 306 3/8
19 221 212 335 3/4
3 26| 1 302 5/16
18] 2 [ 38] 6 319 3/16
14| 1 (531 349 3/16
15 851 1 388 3/8
60 78 323 1/4
8 38| 3 302 3/16
83 301 1/4
15115(71]) 1| 3 304 1/4
18 65 300 3/16
25 1 311 3/16
441 2 302 3/16
69 312 1/4
1] 46 309 3/16
66 306 1/4
74 380 5/8
76 358 3/16
51| 7 332 3/8
79 2 301 3/8
15| 88 351 5/8
93 315 3/16
85 365 1/4
4 | 43 329 3/8
2 146 3 302 7/16
491 1 356 5/16
62| 5 307 1/4




5111 309 7/16
83 2 303 7/16
102 1 330 1/4
1261 4 | 1 426 3/8
28 332 3/16
241111 422 3/8
14 311 3/16
29 300 1/4
22 307 5/16
3|1 395 3/8
16 1 304 11/16
11111 268 1
4 342 1/4
13| 4 300 1/2
171 2| 1 301 5/8
14 321 3/8
9| 4 313 7/8
4 13 302 3/8
9| 2 317 7/8
131 2 305 3/4
19| 3 444 5/8
221 1 309 3/8
13| 3 312 5/16
2119 298 1
15 1 316 9/16
3 10 303 1/2
4 11 2 332 7/8
2 21| 1 301 718
2 13| 1 303 5/8
6 811 304 1/4
1 1011 332 5/16
3 17 1 301 1/4
20 91111 331 3/4
112 29 2 435 1/4
38 8 1 319 1/4
48 19 2 330 3/8
15 700 1/2
11 349 1/8
3 21 1 305 1/4
26 324 112
1 23 338 1/4
1 30 7 314 3/16
23 1 336 1/4
2 10 322 3/16
7 26 5 306 3/16
2 3 11 306 1/4
5 7 302 5/16
1 306 1/4
3 1 323 3/8
3 7 304 5/16




1 2 305 3/16
1 9 1 364 3/16
2 11 303 3/16
10 11 352 1/4
8 50 304 1/4
5 37 301 1/4
3 51 306 1/4
3 25 1 327 1/4
2 24 306 1/8
21 26 390 3/16
11 23 364 3/16
8 30 14 392 3/16
11 16 2 303 3/16
17 4 330 3/16
16 10 309 1/4
10 3 327 3/16
7 14 330 5/32
10 301 1/4
30 359 5/16
14 300 1/4
17 9 2 307 5/8
11 36 333 3/8
21 31 302 1/4
8 33 1 316 3/16
4 30 302 3/16
14 34 340 3/8
14 21 318 3/8
11 37 6 313 3/8
11 26 4 309 3/16
10 27 309 5/32
14 31 306 3/16
21 44 2 391 3/8
14 28 2 319 1/4
13 19 2 308 3/16
12 33 302 1/4
15 39 8 376 3/8
11 18 5 311 3/8
12 11 3 306 3/8
8 14 5 330 3/8
8 6 309 3/16
1 11 1 303 9/32
9 17 308 9/32
7 13 342 5/16
6 14 305 3/16
8 29 319 1/4
6 36 304 3/16
1 31 302 3/32
2 38 310 1/8
1 42 369 3/16
28 304 3/16




21 302 3/16
2 22 1 324 5/32
2 17 1 339 3/16
10 30 300 3/16
14 21 11 341 3/16
7 16 2 303 1/8
5 20 7 329 5/32
6 11 3 311 5/64
7 14 303 1/8
1 5 341 1/8
6 4 3 312 5/32
12 1 2 304 5/32
1 8 3 317 7/32
8 4 2 311 3/16
3 3 306 3/16
6 2 346 5/32
5 2 304 3/16
7 315 5/32
12 304 5/32
3 4 307 3/16
3 2 1 335 3/16
11 4 3 308 3/16
7 4 3 307 5/32
4 1 2 307 1/4
2 3 5 306 5/32
8 4 1 305 5/32
2 12 3 310 3/16
15 13 432 1/8
8 7 305 1/8
3 312 3/32
3 20 326 5/64
9 26 307 1/8
1 16 309 1/8
1 21 310 7132
8 20 304 1/4
7 20 320 1/4
5 22 1 318 7/64
6 14 2 374 1/8
5 8 375 3/16
3 21 10 340 3/32
2 23 3 304 3/64
9 18 5 373 1/8
9 24 1 318 3/32
2 3 309 1/16
2 4 310 7/64
7 2 313 1/4
6 2 328 3/32
7 10 1 317 3/32
11 304 3/32
7 1 315 5/64




6 5 347  ws
7 2 305| 3/32
2 3 301| 5/64
3 9 304| 332
4 10 302 116
5 19 305 564
2 17 304 3/32
2 51 307| 564
6 34 326 7/64
6 22 304| 564
2 36 2 423  1/16
6 43 1 532 18
2 27 4 423  1/16
2 28 11 314 1116
2 13 6 307 332
4 7 5 325 3132
4 10 7 307| /64
1 3 9 306 3/32
7 303| 18
5 316| 7/64
5 8 340  3/32
1 13 303 564
4 4 305 3/32
3 2 1 340| 5/32
3 6 308 /128
3 5 5 306| 7/32
2 5 330 5/32
5 307| 3/16
6 4 30| 1
4 1 302| 18
1 305 3/32
4 3 2 304| 332
3 4 304 18
5 383| 1/16
4 10 302 1116
1 1 2 311|332
2 311| 7116
1 320| 316
5 305 1/16
1 1 302| 1/16
1 326 18
1 1 308| 1/16
1 404| 18
1 12 303 3/16
20 303 9/64
367| 3132
306 3/32




Table A.2.

Core depth (m)

Benthic 5'°0 (%o VVPDB)

Planktonic 8'°0 (%o \VPDB)

254.00 0.46

251.50 0.74 0.16
249.00 0.79 0.45
246.50 0.74 -0.11
244.00 0.70 0.03
241.50 0.50 0.33
240.00 1.01 -0.03
239.00 1.06 -0.36
238.50 0.92 0.01
238.00 1.04 -0.31
237.50 0.92 -1.43
237.00 0.99 -0.06
236.50 0.94 0.05
236.00 0.83 -0.81
235.50 1.03 0.06
235.00 0.90 0.37
234.50 1.20 0.09
234.00 0.68 -0.16
233.50 0.80 -1.20
233.00 0.80 -1.56
232.50 0.72 -0.11
232.00 0.61 -1.23
231.50 0.64 0.19
231.00 0.96 -0.37
230.50 0.70 -0.38
230.00 0.37 -1.16
229.50 1.01 0.33
229.00 0.82 -0.12
228.50 -0.68 -0.08
228.00 1.01 0.22
227.50 -0.93 0.12
227.00 0.77 -0.01
226.00 0.87 0.16
225.50 0.92 0.09
225.00 0.69 0.21
224.50 0.67 -0.64
224.00 0.55 -0.19
223.50 1.32 0.05
223.00 1.25 0.38
222.50 -0.16 0.21
222.00 0.98 0.08
221.50 0.86 0.09
221.00 1.19 0.61
220.50 0.94 0.34
220.00 0.19 -0.27




219.50 0.58 -0.08
219.00 1.04 0.15
218.50 1.24 0.42
218.00 0.48 -0.19
217.50 0.84 -0.29
217.00 1.08 0.28
216.50 0.94 -0.01
216.00 1.05 0.16
215.50 1.10 0.20
215.00 1.17 0.10
214.50 0.63 -0.33
214.00 0.85 -0.18
213.50 0.89 -0.34
213.00 0.97 -0.29
212.50 1.41 0.54
212.00 1.26 -0.01
211.50 0.70 0.12
211.00 0.82 0.23
210.50 0.80 -0.13
210.00 1.04 0.23
209.50 1.12 0.40
209.00 0.95 0.10
208.50 1.15 0.36
208.00 1.11 0.21
207.50 1.01 0.08
207.00 0.90 0.00
206.50 1.08 0.34
206.00 1.36 0.77
205.50 1.11 0.68
205.00 0.91 0.21
204.00 1.00 0.34
203.50 0.62 0.12
203.00 1.02 0.11
202.50 0.44 0.23
202.00 0.97 0.44
201.50 0.97 0.24
201.00 1.23 0.83
200.50 1.31 0.67
200.00 1.74 0.82
199.50 0.96 0.21
198.50 1.27 0.61
197.50 1.19 0.09
197.00 1.22 0.11
196.50 1.06 0.22
196.00 1.06 0.02
195.50 1.04 0.02
195.00 1.45 0.33
194.50 1.39 0.46
194.00 1.57 0.68
193.50 1.49 0.57




192.00 1.40 0.65
191.50 0.80 0.07
190.00 1.15 0.12
189.50 1.12 -0.36
189.00 0.91 -0.14
188.50 1.49 0.82
188.00 1.32 0.50
187.50 0.98 -0.24
187.00 1.32 0.59
186.50 0.98 0.41
186.00 0.99 -0.37
185.50 1.26 0.10
185.00 1.16 0.49
184.50 1.23 0.24
184.00 1.12 0.35
183.50 1.11 0.07
183.00 0.42
182.50 1.80 0.23
182.00 1.51 0.37
181.50 1.51 -0.79
181.00 1.77 0.16
180.50 1.54 -0.19
180.00 1.43 0.32
179.50 1.50 0.22
179.00 1.26 0.23
178.50 0.96 -0.44
178.00 1.05 0.05
177.50 1.34 0.31
177.00 0.55
176.50 1.40 0.48
176.00 1.49 0.65
175.50 1.65 -0.03
175.00 1.44 0.06
174.50 0.64 0.36
174.00 1.00 0.67
173.50 1.12 0.31
173.00 0.99 0.48
172.50 1.02 0.28
172.00 0.89 0.11
171.50 0.85 0.31
171.00 0.84 -0.09
170.50 0.50 -0.08
170.00 0.61 -0.18
169.00 0.54 0.06
166.50 0.73 0.06
164.00 1.12 0.34
161.50 0.41 0.41
159.00 0.41 0.20
157.00 0.38 0.10
154.00 0.47 0.22




151.50 0.86 0.42
149.00 0.71 0.27
146.50 0.50 0.19
144.00 0.77 0.26
141.50 0.83

139.00 0.97 0.38
136.50 0.70 -0.10
134.00 0.51 -0.13
131.50 0.29 -0.61
129.00 0.37 -0.34
126.50 0.63 -0.22
124.00 0.89 0.01
121.50 0.41 -0.38
119.00 0.50 0.02
116.50 0.39 -0.56
114.00 0.33 -0.45
112.50 0.48 0.02
109.00 0.63 -0.08
106.50 0.94 0.27
104.00 0.65 -0.01
101.50 0.51 -0.03
99.00 0.29 -0.27
96.50 0.20

94.00 0.19

91.50 0.53

88.50 0.63 0.25
86.50 0.54

84.00 0.64 -0.02
81.50 0.66

79.00 0.70

76.50 0.56

74.50 0.59

71.50 0.34

69.00 0.42

66.50

64.50 0.64

61.50 0.58

59.00 0.83

56.50 0.39

54.00 0.33




Benthic °C (%o VPDB)

Planktonic 8"°C (%o VPDB)

1.14

1.08 0.06
0.64 -0.35
0.61 -0.07
0.53 -1.08
0.47 0.02
0.10 -1.23
0.13 -0.80
0.35 -1.02
0.72 -0.67
0.44 -0.80
0.36 -1.28
0.53 -0.77
0.50 -0.05
0.39 -1.10
0.11 -0.46
0.36 -0.73
0.36 -0.85
0.02 -1.07
0.26 -1.23
0.12 -1.38
0.44 -0.89
0.75 -0.26
1.08 -0.92
0.33 -0.49
0.24 -0.27
0.47 -0.90
0.54 -0.88
-0.02 -1.17
0.32 -1.23
-0.11 -0.94
0.43 -0.48
0.34 -0.99
0.69 -0.76
0.63 -0.25
0.63 -1.06
0.26 -0.53
0.51 -0.61
0.02 -1.18
0.16 -0.88
0.42 -0.97
0.69 -0.97
0.70 -0.80
0.53 -0.77
0.27 -1.17




0.57 -1.10
0.59 -1.06
0.30 -0.73
0.34 -1.34
0.38 -1.19
0.23 -1.44
0.55 -1.11
0.60 -0.75
0.30 -1.17
0.25 -0.98
0.58 -1.52
0.59 -1.43
0.81 -1.19
0.39 -1.14
-0.10 -0.49
-0.11 -1.48
0.44 -1.55
0.15 -1.61
0.43 -1.45
0.29 -0.92
0.06 -1.22
0.34 -1.22
0.31 -0.95
0.50 -0.73
0.25 -1.02
0.25 -1.35
0.31 -0.70
0.12 -1.14
-0.12 -1.38
0.25 -1.43
0.32 -0.96
0.21 -1.29
0.70 -1.43
0.16 -0.74
0.37 -0.25
0.16 -1.05
0.37 -0.91
-0.43 -0.72
-0.42 -1.03
0.45 -1.24
0.18 -1.46
0.21 -0.88
0.44 -1.06
0.54 -1.33
0.60 -1.11
0.65 -0.63
0.24 -0.63
0.28 -0.91
0.20 -0.78
0.33 -0.84




0.51 -1.31
0.40 -0.79
0.39 -0.40
0.44 0.29
0.49 -0.27
0.49 -0.44
0.11 -0.23
0.49 0.13
0.41 -0.20
0.15 -0.55
0.36 0.12
0.59 -0.02
0.48 0.51
0.49 -0.40
0.62 -0.02
0.61 -0.29

-0.93
0.40 -0.24
0.53 0.20
0.50 -0.46
0.44 0.20
0.37 0.13
0.62 -0.87
0.50 -0.04
0.39 0.11
0.49 -1.17
0.53 -1.22
0.42 -0.95

-1.10
-0.04 -0.97
0.34 -0.66
0.44 -0.64
0.58 -1.29
0.45 -0.27
0.31 -0.30
0.33 -0.56
0.34 -0.69
0.22 -0.64
0.35 -0.55
0.27 -0.32
0.10 -0.47
0.58 -0.96
0.30 -0.43
0.31 -0.88
0.52 -0.42
0.01 -0.59
0.67 -0.59
0.48 0.12
0.79 0.58
0.56 0.46




0.37 0.30
0.45 0.52
0.49 0.44
0.39 0.15
0.30
0.10 0.02
0.26 0.26
0.34 -0.13
0.24 0.15
0.39 0.42
0.40 0.04
0.16 -0.54
0.41 -0.33
-0.06 -0.81
0.17 -0.77
0.41 -0.95
0.15 -0.37
0.10 -0.14
-0.09 -0.62
0.01 -0.78
0.20 -0.28
0.21 -0.44
0.24
0.18
0.16
0.06 -0.03
0.37
0.25 -0.93
-0.08
0.08
-0.05
-0.31
-0.10
0.09
-0.16
-0.31
-0.32
-0.27

-0.44
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