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ABSTRACT 

The Eocene was a period of intense climatic variability in Earth’s history. It 

comprised a long-term climatic transition from the early Eocene greenhouse to the 

Oligocene icehouse state, and this general trend was punctuated by short warming 

events coeval with temporary perturbations of the global carbon cycle, called 

hyperthermal events. Early Eocene hyperthermals have received much attention, 

but the middle to late Eocene events such as the Late Lutetian Thermal Maximum 

(LLTM) are largely underrepresented in the current literature. Additionally, one of 

the most intriguing events of this epoch, the Middle Eocene Climatic Optimum, 

shows an unusual long duration and its trigger mechanisms are still enigmatic. 

This thesis aims to analyse the faunal response of benthic foraminifera and 

interpret the paleoecological and paleoenvironmental changes across the MECO 

and LLTM climatic events, as well as across the Lutetian/Bartonian and 

Eocene/Oligocene stratigraphic boundaries in order to contribute to the broad 

picture of the middle to late Eocene climate. Taxonomic, quantitative and statistical 

studies of benthic foraminiferal assemblages were combined with geochemical 

analyses and integrated in five multidisciplinary publications. 

Benthic foraminiferal assemblages from three land sections (Torre Cardela 

in Spain, Alum Bay in England and Menzel Bou Zelfa in Tunisia) and an ocean 

drilling site (ODP Site 702, South Atlantic Ocean) were studied across several key, 

middle to late Eocene climatic (LLTM, MECO) and stratigraphic events 

(Lutetian/Bartonian and Eocene/Oligocene boundaries). Overall, the warming 

events studied did not have a large impact on the benthic fauna, but temporary 

shifts in their assemblages related to changes in the food supply to the seafloor. 

The environmental instability recorded by these transient changes on the benthic 

fauna lasted longer than the isotopic excursion that defines the LLTM and MECO 

events. This stresses the importance of paleoenvironmental assessment and 

multidisciplinary studies across enigmatic events such as the MECO. 

Correlation between the carbon isotope values and changes in abundance of 

certain benthic taxa across the warming intervals suggests that the main ecological 

driver of the faunal turnover was related to changes in the organic matter flux to 
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the seafloor rather than to temperature. Warming across the LLTM and MECO 

seems to have affected the accumulation rates of benthic (rather than their 

diversity) and planktic foraminifera, pointing to a temperature threshold possibly 

related to increased metabolic rates of these organisms. 
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RESUMEN 

El Eoceno fue un periodo de intensa variabilidad climática en la historia de 

la Tierra. Esta época abarca una transición climática a largo plazo, desde el estado 

“invernadero” del Eoceno inferior hasta un planeta con hielo permanente en el 

Oligoceno. Esta transición climática estuvo salpicada de breves eventos de 

calentamiento global relacionados con perturbaciones temporales en el ciclo del 

carbono, llamados eventos hipertermales. Los hipertermales del Eoceno inicial han 

recibido mucha atención, pero los del Eoceno medio y terminal, como el Máximo 

Térmico del Luteciense superior (LLTM por sus siglas en inglés), están 

ampliamente infrarrepresentados en la literatura. Además, uno de los eventos más 

insólitos de esta época, el Óptimo Climático del Eoceno medio (MECO por sus siglas 

en inglés), muestra una duración excepcionalmente larga y los mecanismos que lo 

generaron aún son un enigma. Esta tesis tiene como objetivo analizar la respuesta 

de los foraminíferos bentónicos e interpretar su paleoecología y los cambios 

paleoambientales a través de los eventos climáticos del LLTM y al MECO, así como 

a través de los límites estratigráficos Luteciense/Bartoniense y Eoceno/Oligoceno, 

y así obtener nuevos datos para contribuir a la visión global del Eoceno medio y 

superior. Los estudios taxonómicos, cuantitativos y estadísticos de las asociaciones 

de foraminíferos bentónicos se combinaron con análisis geoquímicos en cinco 

publicaciones multidisciplinares. 

Se han estudiado las asociaciones de foraminíferos de tres afloramientos 

(Torre Cardela en España, Alum Bay en Inglaterra y Menzel Bou Zelfa en Túnez) y 

un sondeo oceánico (ODP Site 702, Atlántico Sur) a través de varios eventos 

climáticos (LLTM, MECO) y límites estratigráficos (Luteciense/Bartoniense y 

Eoceno/Oligoceno) claves del Eoceno medio y superior. En general, los eventos de 

calentamiento analizados no muestran un gran impacto sobre la fauna bentónica, 

pero sí modificaciones temporales en sus asociaciones, relacionadas con cambios 

en el aporte alimenticio al fondo oceánico. La inestabilidad ambiental revelada por 

estos cambios temporales de la fauna bentónica persistió más que la excusión 

isotópica que define el LLTM y el MECO. Este descubrimiento acentúa la 
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importancia de la evaluación paleoambiental y los estudios multidisciplinares en 

eventos complejos como el MECO. 

La correlación entre los valores isotópicos del carbono y la abundancia de 

ciertos taxones observados en los eventos de calentamiento estudiados sugiere 

que el mayor factor ecológico que controló estos cambios de abundancia estuvo 

relacionado con modificaciones del flujo de la materia orgánica hacia los fondos 

oceánicos en vez de con el aumento de la temperatura. El calentamiento asociado a 

los eventos LLTM y MECO afectó a las tasas de acumulación de los foraminíferos 

bentónicos (en lugar de a su diversidad) y planctónicos, sugiriendo un límite de 

temperatura posiblemente relacionado con las tasas metabólicas de estos 

organismos. 
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1.1 Benthic foraminifera 

Benthic foraminifera are eukaryotic unicellular microorganisms (protists) 

that inhabit the seafloor, from shallow settings to abyssal depths (Phleger, 1960). 

They are the most abundant organisms in the benthic realm (Snider et al., 1984; 

Gooday et al., 1992), occurring at all latitudes and in a wide range of marine 

environments, from warm, brackish lagoons (e.g. Reizopoulou and Nicolaidou, 

2004) to cold Antarctic deep waters (e.g. Mikhalevich, 2004). Ecological studies 

have documented more than 2100 living species of benthic foraminifera, although 

their actual diversity could be even two times higher (Murray, 2007). Molecular 

techniques have improved the understanding of actual foraminifera diversity 

(Pawlowski, 2000), revealing a larger number of biological species than previous 

estimates by morphological classifications (Pawlowski and Holzmann, 2008). 

Genetically, foraminifera (order Foraminiferida) belong to the Rhizaria supergroup 

(Adl et al., 2005), which is characterised by the presence of thread-like 

pseudopods (rhizopodia) for feeding or/and locomotion. 

Benthic foraminifera cover their cytoplasmic body with a test, which is 

either made of calcium carbonate (CaCO3) or by agglomeration of mineral grains 

embedded in organic cement. Foraminifera with no test, called “naked” 

foraminifera, have also been reported (Gooday, 1986; Pawlowski et al., 1998). 

Tests range from a simple single chamber with an aperture to more complex, 

multi-chambered morphologies (Boersma, 1998). Possible functions of the test 

include protection against adverse environmental condition, and to aid 

reproduction and cell growth, among others (Murray, 2006). 

Test composition and morphology (chamber arrangement and shape) have 

been historically used to classify benthic foraminifera into families, genera and 

species (therefore, they are morphospecies, not biological species). Alfred R. 

Loeblich and Helen Tappan compiled a comprehensive classification (Loeblich and 

Tappan, 1987) that is currently the most widely used one at the supra-specific 

level, although it has undergone revisions and updates (e.g. uniserial morphologies 

by Hayward et al., 2012). Molecular studies suggest that chamber shape, mode of 

coiling and distance between apertures correspond better to the main 
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evolutionary trends in foraminifera than test composition and structure 

(Pawlowski et al., 2013). Matching the molecular and morphological approaches in 

benthic foraminifera classification is one of the current challenges for taxonomists 

to tackle (e.g. Tsuchiya et al., 2000). 

Because of their abundance and ubiquity, benthic foraminifera have been 

increasingly studied since the XIX century despite their small size, which can range 

from a few microns to several centimetres. Large benthic foraminifera are usually 

found in shallow-water settings, where they are able to grow large due to the 

presence of sunlight and symbionts hosted within their tests (Hallock, 1985; Lee 

and Anderson, 1991). Small benthic foraminifera are found at all depths and they 

become dominant in deep-water settings. There are records of benthic 

foraminifera since the Late Proterozoic (Gaucher and Sprechmann, 1999) and their 

long, continuous and abundant fossil record makes them one of the most useful 

fossil groups in paleoenvironmental reconstructions and paleoclimate research 

(Holbourn et al., 2013). 

1.1.1 Ecology of benthic foraminifera 

Ecology explores patterns of distribution and abundance of organisms and 

the causes behind them, considering interactions between individuals and their 

physical and chemical environment. Despite the widespread presence of benthic 

foraminifera, ecology studies have commonly reported the occurrence of specific 

benthic taxa in particular ocean environments and habitats (see Murray, 2007 for 

particular cases). It is now widely accepted that benthic foraminifera distribution 

is strongly controlled by their environment (Murray, 2006) and that most species 

are adapted to inhabit specific marine settings. Broad distribution patterns can be 

defined in relation to major environmental controls (Cushman, 1948; Boltovskoy 

and Wright, 1976; Culver and Buzas, 2000). At local scales, however, there are too 

many factors involved, preventing identification of narrower distribution patterns 

(Gooday, 1999).  

Temperature, salinity, oxygen concentration, food supply, sediment 

characteristics and hydrodynamics are believed to be the main environmental 

parameters controlling benthic foraminiferal distribution and abundance (Murray, 
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2007). However, the importance of each factor varies within marine settings. 

Salinity and temperature, for example, play an important role controlling shallow-

water benthic foraminifera distribution, while they become less relevant in deeper 

environments where these parameters are steadier. Experimental studies have 

been able to artificially isolate individual factors in order to determine critical 

thresholds of a particular species (i.e. the lower and upper limits for survival). 

These studies usually show more extreme critical limits than those observed in 

field studies (Murray, 2001 and references therein). “No one factor controls the 

benthic community. Nearly all factors are coupled and their relative importance at 

different sites determines benthic community structure” (Flach, 2003; pp. 351-352). 

In nature, factors operate and co-vary together, which may produce different 

thresholds, explaining why in one particular environment there is a strong 

correlation between certain species and one particular factor, while this 

correlation is not observed in another setting (Murray, 1991).  

The deep-sea is the largest and most stable ecosystem on Earth (Verity et 

al., 2002), and one of the least explored areas on Earth. The most important 

parameters controlling deep-sea benthic foraminifera distribution and abundance 

are thought to be the amount organic matter (Corliss and Emerson, 1990; Jorissen 

et al., 1992, 1995; Hohenegger et al., 1993; Linke and Lutze, 1993; Wollenburg and 

Meckensen, 1998) and oxygen availability at the seafloor (Sen Gupta, 1999; van 

der Zwaan et al., 1999; Gooday, 2003; Jorissen et al., 2007 and references therein). 

This hypothesis was first proposed by Corliss and Emerson (1990), then Jorissen 

et al. (1995) formalised it into a conceptual model named TROX (TRophic OXygen 

model), which explains benthic foraminiferal distribution and abundance based on 

these two parameters. The type, quality and seasonality of food supply also play an 

important role (Lee et al., 1977; Altenbach, 1992; Smart et al., 1994; Loubere, 

1998; Gooday, and Rathburn 1999; Den Dulk et al., 2000; Fontainer et al., 2005), 

suggesting that the abundance and distribution of deep-sea benthic foraminifera is 

more complex than a two-axis model. 

Opportunistic species, for instance, do not follow the TROX model. These 

species increase quickly in abundance when conditions change in their favour, and 

decrease again once conditions are reverted, with individuals still existing in small 
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numbers for long periods of time (e.g. Finger and Lipps, 1981; Alve and Murray, 

1997; Scott et al., 2003). For example, species with preference for refractory 

organic matter (i.e., low quality organic matter, of terrestrial origin) rather than 

labile (fresh) organic matter have been reported to have this opportunistic 

behaviour (Jorissen et al., 1998; Loubère and Fariduddin, 1999; Gooday, 2003; 

Fenero et al., 2012; Arreguín-Rodríguez et al., 2014; Giusberti et al., 2016). Another 

good example is the seasonal input of phytodetritus that provides a temporary 

source of food to phytodetritus-eating species, which rapidly increase in 

abundance (Gooday, 2002). Species showing this opportunistic behaviour have 

been defined as phytodetritus species (Gooday, 1988; 1993) or phytodetritus 

exploiting taxa (PET, Jorissen et al., 2007; Smart et al., 2007), and have been 

reported in numerous deep-sea benthic foraminifera studies (e.g. Thiel et al., 1988; 

Gooday and Turley, 1990; Lambshead and Gooday, 1990; Gooday and Hughes, 

2002; Boscolo-Galazzo et al., 2015). Species that thrive during seasonal 

phytodetritus blooms such as Alabamina weddellensis and Epistominella exigua 

have the ability to cope with a rapid change, rather than having tolerance to a 

specific environmental parameter (Alve, 2003).  

The diversity of deep-sea benthic foraminifera is also restricted by CaCO3-

corrosivity of bottom waters: CaCO3 saturation decreases with depth, starting to 

decrease at the lysocline and being completely depleted below the carbonate 

compensation depth (CCD). Consequently, there is an increase in agglutinated tests 

with increasing water depth as the amount of calcareous tests decreases. Below 

the CCD, only agglutinated and organic-walled foraminifera exist, hence CaCO3 

saturation is a strong limiting factor for calcareous taxa besides oxygen and food 

availability. 

1.1.2 Applications of benthic foraminifera 

The widespread distribution of benthic foraminifera across geographic 

space and geological time, and their rapid response to ecological changes makes 

them a powerful tool for analysing benthic oceanic processes (Gooday et al., 1992; 

Murray, 2000; Gooday, 2003). All their applications must involve an understanding 

of their ecology, as their distribution and abundance are strongly controlled by 

environmental parameters (see section 1.1.1). In this thesis, benthic foraminifera 
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and their paleoecology have been used to obtain paleoenvironmental inferences. 

The comparison of fossil and modern assemblages has been traditionally used in 

paleoenvironmental inferences, although the interpretation of past environments 

based on modern taxa becomes less accurate with age. The niche of a given fossil 

species may or may not be the same as its extant representatives; in fact it is 

known that organisms adapt to the dynamics of their environment through time. 

Furthermore, the habitats of modern species are calibrated to the ranges of 

modern environments. If a past environmental factor exceeded the limits of 

modern analogues (e.g. higher atmospheric CO2 concentration), there are no real 

modern analogues and interpretations are therefore partially speculative. 

Nevertheless, general features of the assemblages such as wall composition 

(relative abundance of calcareous and agglutinated tests) or diversity (e.g. Fisher-

alpha index) are more conservative features in deep time (Murray, 2006). Short-

term (e.g. diurnal) natural variability is time-averaged in the sedimentary record 

while longer-term climatic changes are preserved, usually shown by changes in the 

fossil assemblages or even by extinction events. 

Paleoenvironmental studies do not allow direct measures of environmental 

variables, but the use of proxies, based on strong statistical correlation between 

the value of a single environmental factor and the abundance of a benthic 

foraminiferal species (Murray, 2006), helps reconstructing past conditions such as 

bottom-water temperature, salinity, oxygen concentration, organic matter flux to 

the seafloor, etc. (e.g. Herguera and Berger, 1991; Schmield et al., 1997; Schönfeld, 

2002; Alegret and Thomas, 2009; Friedrich, 2010). Common proxies are based on 

assumptions, hence they present numerous challenges such as interpretation, 

errors and other uncertainties. The most robust paleoceanographic interpretations 

are based on interdisciplinary studies that analyse an array of techniques, such as 

the geochemistry of the foraminiferal tests (e.g., stable isotopes, Ca/Mg ratio; see 

Katz et al., 2010) together with the abundance of taxa and their paleoecological 

interpretation.  

Benthic foraminifera are also widely applied to estimate water paleodepth. 

Benthic species show distinct bathymetric boundaries between environments such 

as marsh, lagoon, continental shelf, bathyal and abyssal depths (Van Morkhoven et 
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al., 1986). They are commonly used to determine relative changes (e.g. oceanic 

transgression from inner shelf to outer shelf) rather than providing absolute water 

depths (e.g. Li et al., 2003). In more recent timescales, benthic foraminifera have 

been used to monitor contemporary environmental change and disturbance 

caused by anthropogenic activities. Marginal marine and inner shelf environments 

are particularly affected as they are closest to pollutant sources, both chemical (e.g. 

organic sewage, nitrite, hydrocarbons and heavy metals) and physical (e.g. thermal 

pollution, Titelboim et al., 2016). Historical studies of benthic foraminifera 

assemblages have been able to differentiate pre-pollution from pollution periods 

although there are difficulties separating natural climatic variability from changes 

induced by pollution (Alve, 1995; Sen Gupta, 1999; Lee and Hallock, 2000; Martin, 

2000; Scott et al., 2001; Haslett, 2002). Despite certain benthic foraminifera 

species being adapted to extreme changes (e.g. Weinmann and Langer, 2017), 

current climate change is threatening even these resilient organisms (Uthicke et 

al., 2013). While “the present is the key to the past” (Charles Lyell) applies for 

paleoceanographic reconstructions, this can be turned around as the analysis of 

benthic foraminifera fossil assemblages can help predicting future environmental 

and climatic changes. 

1.1.3 Fossil benthic foraminifera assemblages 

Benthic foraminifera are useful for reconstructing conditions of the past. 

When performing paleoecological and paleoenvironmental analysis, it is necessary 

to assess to what extent the fossil assemblage is representative of the original 

living assemblage. This section discusses the taphonomic processes that influence 

post-mortem assemblage composition, abundance and preservation. 

Empty tests are sedimentary grains that are hence subject to transport, 

either as bed load or suspended load depending on their size, mass and shape. 

These mechanisms are common in marginal marine and inner-shelf environments, 

caused by tidal currents and waves; however contour currents can transport 

sedimentary material in continental margins and bathyal depths (Schönfeld, 

1997). This transport produces loss of tests in source areas and gain of tests in 

depositional areas (Alve and Murray, 1994). Turbidity currents, submarine 

canyons and sediment mass flows also transport foraminiferal tests from shallow 
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to deeper environments (e.g. Vénec-Peyré and Le Calvez, 1986, Wynn et al., 2002). 

Plants can be an active transport mechanism for certain species such as epiphytic 

taxa, which live attached to seaweed and seagrasses that can be carried away by 

storms and currents to a different setting (e.g. Bock and Moore, 1968; Boltovskoy 

and Lena, 1969; Spindler, 1980). Their natural habitat is not the associated sandy 

sediment where their dead tests accumulate, hence their distribution and 

abundance in dead and fossil assemblages should be carefully interpreted (e.g. 

García-Gallardo et al., 2017). 

As opposed to transport, which occurs laterally, bioturbation disturbs 

benthic faunas vertically into the sediment, up to a maximum depth of 1 m, and 

infaunal organisms move through the sediment, which causes mixing and 

homogenization.  

The diversity of the original assemblage can decrease due to the loss of 

agglutinated tests, which have been recorded to decrease downcore due to 

bacterial or chemical decay of the cement (e.g. Douglas et al., 1980; Denne and Sen 

Gupta, 1989; Edelman-Furstenberg et al., 2001; Murray and Pudsey, 2004). This is 

thought to affect assemblage diversity more than the loss of calcareous tests by 

dissolution (Murray, 2006), although understanding carbonate dissolution is still a 

challenge (Morse and Arvidson, 2002). Corrosive pore water due to organic matter 

decay can lead to different intensities of CaCO3 dissolution, from etched surfaces to 

chamber breakage or even the total destruction of calcareous tests. Dissolution 

largely depends on wall thickness, structure and composition (Peebles and Lewis, 

1991; Boltovskoy, 1991), with thinner, smaller and hyaline tests being more prone 

to dissolution. There is an inverse correlation between the amount of broken tests 

and CaCO3 levels (Corliss and Honjo, 1981), except for high-energy environments. 

An agglutinated-dominated assemblage can evidence total dissolution, and 

occasionally glauconite infillings (preserved as moulds) can be found after the 

dissolution of the calcareous tests (George and Murray, 1977). 

Loss of benthic foraminifera tests can also be related to sample processing, 

however this is more difficult to assess and the extraction of foraminifera from the 

sediment should be done carefully, avoiding the use of strong acids and mechanical 

methods. In cases when micropaleontological criteria are unclear, the geological 
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context can be helpful. Diagenesis and weathering should also be assessed, 

especially if foraminiferal tests are used for geochemical analyses (e.g. stable 

isotopes) because their primary signal could have been altered. Post-mortem and 

depositional processes must be taken into account to ensure accurate 

paleoecological interpretations of fossil assemblages. 
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The Eocene epoch (33.9 – 56.0 Ma, Gradstein et al., 2012) was a period of 

intense climate variability in Earth’s history. The Eocene has increasingly received 

attention in paleoclimate research due to its high potential to reconstruct Earth’s 

carbon cycle dynamics and climate evolution (Zachos et al., 2008). Analyses of 

oxygen and carbon isotopes in deep-sea sediments reflect climatic changes, with 

the warmest period of the Paleogene represented by the early Eocene, followed by 

global cooling in the middle and late Eocene, especially at high latitudes (Miller et 

al., 1987; Zachos et al., 1993, 2001, 2008; Lear et al., 2000; Cramer et al., 2009; 

Littler et al. 2014; Barnet et al., 2019; Westerhold et al., 2020). The Early Eocene 

Climatic Optimum (EECO, 50 - 52 Ma) represents the tipping point towards heavier 

oxygen isotopic values and a cooler climate during the Eocene (Fig. 1). 

The gradual cooling trend from a greenhouse to an icehouse state 

concluded at the Eocene-Oligocene transition (Coxall et al., 2005), which 

culminated in a major cooling event during the early Oligocene (Oi-1 glaciation, 

33.5 Ma; Wade and Pälike, 2004) that settled the climatic conditions for modern 

life (Zachos et al., 1996; Zachos, 2001). Earth’s long term trends are commonly 

related to important tectonic phenomena. Rifting and associated volcanism in the 

North Atlantic during the early Eocene may have contributed to the EECO, whilst 

the reduction of seafloor spreading rates is connected to the Eocene/Oligocene 

transition (Vandenberghe et al., 2012). 

Superimposed on this general warming-cooling trend, several transient 

global warming events have been described. These events, known as 

hyperthermals, have a short duration (from tens to a few hundred thousand years) 

and are characterised by global warming and perturbations of the carbon cycle 

(Lyle et al., 2005; McInerney and Wing, 2011; Tipple et al., 2011; Luciani et al., 

2016; Zeebe et al., 2017; Giorgioni et al., 2019), showing paired negative oxygen 

and carbon isotope excursions (e.g., Thomas et al., 2000; Cramer et al., 2003; 

Lourens et al., 2005; Bowen et al., 2006; Zachos et al., 2010; Sluijs et al., 2012; 

Kirtland Turner and Ridgwell, 2013; Littler et al., 2014; Lauretano et al., 2015). 

They are usually associated with ocean acidification, deep-sea carbonate 

dissolution, perturbations of the hydrological cycle and increased continental 

erosion (e.g. Thomas et al., 2000; Cramer et al., 2003; Lourens et al., 2005; Zachos, 



Chapter 1: Introduction 

 

17 

 

2005; Nicolo et al., 2007; Sluijs et al., 2009; Leon-Rodriguez and Dickens, 2010; 

Stap et al., 2010a, b; Sexton et al., 2011; Payros et al., 2012; Littler et al., 2014; 

Lauretano et al., 2015). These features make them very interesting events as 

analogues of current global warming because of their relation to increasing CO2 

atmospheric levels (e.g. Bijl et al., 2010; Pearson, 2010). Hyperthermal events 

provide a perfect testing ground to investigate the feedbacks and mechanisms of 

the climate system during periods of transient global warming, especially 

regarding the carbon cycle under greenhouse conditions in timescales of 10s to 

100s kyr. 

The most extreme and widely recognized of these events was the 

Paleocene-Eocene Thermal Maximum (PETM; Miller et al., 1987b; Kennett and 

Stott, 1991; Thomas and Shackleton, 1996; Wing et al., 2005; Zachos et al., 2006; 

Thomas, 2007; Alegret et al., 2020) at the base of the Eocene (Fig. 1). A massive 

input of isotopically light carbon into the ocean-atmosphere system, reflected by a 

2 – 3‰ negative carbon isotopic excursion, is commonly accepted as the cause 

(e.g., McInerney and Wing, 2001; Sluijs et al., 2007; Littler et al., 2014 and 

references therein). However the sources, rate and triggering mechanisms of 12C 

release are still under debate. Due to the similarities among the PETM and the 

smaller hyperthermal events, it has been suggested that they should have had a 

common cause, ruling out the possibility of singular causes such as asteroid 

impacts. Hyperthermal events are thought to have been paced or triggered by 

Earth’s orbital eccentricity (Cramer et al., 2003; Zachos et al., 2010; Sexton et al., 

2011; Lauretano et al., 2015, 2016), although the PETM has been argued to be out 

of phase (Cramer et al., 2003; Lourens et al., 2005; Westerhold et al., 2007; Zachos 

et al., 2010; Littler et al., 2014). 

The biotic consequences of the PETM have been documented in detail, 

including a major extinction (35-55%) of deep-sea benthic foraminifera species 

(Tjalsma and Lohman, 1983; Thomas, 1989, 1990, 2007; Katz and Miller, 1991; 

Alegret et al., 2009a, b, 2018; Giusberti et al., 2009, 2016; Arreguín-Rodríguez et 

al., 2016; Giraldo-Gómez et al., 2018). It is the largest extinction of the Cenozoic 

(Thomas, 1998, 2007; Alegret et al., 2009a, b, 2020), which makes the PETM a key 

biotic event considering that deep-sea benthic foraminifera survived other global 
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extinction events such as the Cretaceous/Paleogene boundary (e.g. Alegret and 

Thomas, 2005). Numerous studies have documented perturbation (but no 

extinction) of benthic foraminifera across late Paleocene and early Eocene smaller 

hyperthermal events, including decreased diversity and absolute abundance of 

benthic foraminifera (e.g. Bernaola et al., 2007; Agnini et al., 2009; Coccioni et al., 

2010; Stap et al., 2010a; D’haenens et al., 2012, 2014; Payros et al., 2012; Sprong et 

al., 2012, 2013; Foster et al., 2013; Jennions et al., 2015; Frontalini et al., 2016; 

Arreguín-Rodriguez and Alegret, 2016; Arreguín-Rodríguez et al., 2016; Thomas et 

al., 2018). Middle and late Eocene hyperthermal events (Wade and Kroon, 2002; 

Bohaty and Zachos, 2003; Tripati et al., 2005; Sexton et al., 2006; Edgar et al., 2007; 

Ivany et al., 2008; Bohaty et al., 2009), however, have not received the same 

attention. 

The middle to late Eocene covers a critical period during which benthic 

foraminifera shifted from warm to cold-type assemblages across the Eocene at 

lower and abyssal depths (e.g. Thomas, 1992; Ortiz and Thomas, 2015). This 

middle late Eocene turnover has also been recorded in the fossil record of 

nannoplankton (Aubry, 1992; Newsam et al., 2017) and radiolaria (Kamikuri and 

Wade, 2012), indicating significant ecological changes at both surface and deep 

waters during this interval. A recent compilation on Paleogene deep-sea benthic 

foraminifera showed that the middle Eocene was a critical period of several 

millions of years of faunal turnover (possibly linked to long-term changes in 

functional types of dominant phytoplankton) and establishment of latitudinal 

diversity gradients (Alegret et al., 2020). The late Lutetian to early Bartonian 

interval (44-38 Ma) is of particular interest due to the uncertainties about the 

presence and volume of polar ice sheets across this period (Prentice and 

Matthews, 1988; Zachos et al., 1994; 2001; Tripati et al., 2005; Edgar et al., 2007; 

Burgess et al., 2008; Koeberl and Montanari, 2009). This interval encompasses the 

Middle Eocene Climatic Optimum (MECO, Bohaty and Zachos, 2003) and the Late 

Lutetian Thermal Maximum (LLTM), also known as the C19r event (Edgar et al., 

2007). 
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1.2.1 The Late Lutetian Thermal Maximum 

The oldest hyperthermal event analysed in this thesis is the C19r event 

(Edgar et al., 2007) or Late Lutetian Thermal Maximum (LLTM), a short-lived 

warming event recorded at 41.52 Ma (Westerhold et al., 2018) in the upper part of 

magnetochron C19r. This event has been identified by short and sharp negative 

excursions in the oxygen and carbon isotopic records coupled with dissolution in 

the deep-sea, similar to most Eocene hyperthermals. The LLTM has been 

documented in the Atlantic Ocean, ODP Sites 1260, 1263 and 702 (Edgar et al., 

2007; Westerhold and Röhl, 2013; Westerhold et al., 2018) and in a land section in 

Cape Oyambre, Spain (Intxauspe-Zubiaurre et al., 2018). 

The total duration of the LLTM carbon isotopic excursion (CIE) is estimated 

to be ca. 30 kyr calculated by orbital tuning, a duration similar to that of other 

early Eocene hyperthermals. The magnitude of the carbon and oxygen isotope 

excursions across the LLTM is comparable to the H2 event in the early Eocene 

(53.6 Ma), suggesting a similar behaviour of the climate system during carbon 

cycle perturbations (Kirtland Turner et al., 2014; Westerhold et al., 2018). The 

LLTM occurred at the highest insolation value of the last 45 Ma (Westerhold and 

Röhl, 2003 using La 2004 solution) and this exceptional strong insolation could 

have crossed a threshold leading to the rapid release of carbon into the ocean-

atmosphere system; a very similar mechanism as proposed for early Eocene 

hyperthermals H1, H2, I1, I2, J and K (Lourens et al. 2005; Galeotti et al., 2010; Stap 

et al., 2010a; Zachos et al., 2010; Lunt et al., 2011; Lauretano et al., 2015).  

The duration and magnitude of the isotopic excursion and a potential 

orbital trigger of the LLTM are characteristics similar to those observed across 

other early Eocene hyperthermals (e.g. Lourens et al, 2005; Edgar et al., 2007; Stap 

et al., 2010b) that have been linked to release of dissolved organic carbon due to 

orbital driven changes in ocean ventilation (Sexton et al., 2011). Nevertheless, the 

LLTM occurred in slightly cooler climate several million years after the EECO. 

Paleoecological data could shed some light on the similarities and differences 

among events, however the ecological response to this event is underrepresented 

in the current scientific literature, with only one paleoecological study (Intxauspe-

Zubiaurre et al. 2018) published since the discovery of the LLTM. Chapter 4.1.1 
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(Rivero-Cuesta et al., 2020) of this thesis shows the first benthic foraminifera 

record across this event and discusses its paleoecological significance. 

1.2.2 The Middle Eocene Climatic Optimum 

The Middle Eocene Climatic Optimum (MECO, Bohaty and Zachos, 2003) is 

one of the most puzzling warming events of the Eocene. It was documented for the 

first time at several Southern Ocean deep-sea sites (Bohaty and Zachos, 2003) that 

showed a conspicuous negative oxygen isotopic excursion (OIE, ca. – 1 ‰ in bulk 

sediment and benthic foraminiferal records). The MECO is considered a global 

event as it has been recognized at globally distributed ocean drilling sites and on-

land sections (Jovane et al., 2007; Bohaty et al., 2009; Spofforth et al., 2010; 

Boscolo Galazzo et al., 2014). The associated OIE has been interpreted as a 

temperature signal since ice sheets were small or absent during the Eocene 

(Bohaty and Zachos, 2003; Edgar et al., 2007), suggesting a transient global 

warming of 4-6ºC in both surface and deep waters (Bohaty and Zachos, 2003; 

Bohaty et al., 2009; Bijl et al., 2010; Edgar et al., 2010). 

Like most Eocene hyperthermals, the MECO is associated with an increase 

in atmospheric pCO2 concentrations (Bijl et al., 2010), shoaling of the carbonate 

compensation depth (Bohaty et al., 2009; Pälike et al., 2012) and related decline in 

carbonate accumulation at abyssal sites (Lyle et al., 2005). However, it usually 

lacks a clear CIE accompanying the OIE, with carbon isotopic values even rising 

rather than declining during MECO warming (Bohaty and Zachos, 2003). Some 

study sites show records of a brief CIE (-0.5 ‰ in bulk sediment) coinciding with 

OIE peak conditions, but this is not consistent across sites (Boscolo Galazzo et al., 

2014). 

The MECO OIE peak coincides with the base of Chron C18n.2n (40.14 Ma, 

Gradstein et al., 2012), which provides a reliable age constraint (Bohaty et al., 

2009). In addition to the identification of the base of Chron C18n.2n, high-

resolution carbon and oxygen isotope records are arguably the best tool available 

to compare and correlate the MECO among different sites due to their distinctive 

patterns (Bohaty et al., 2009). Estimations of MECO duration based on isotopic 

records vary from ~500 kyr (Bohaty et al., 2009), ~600 kyr (Bohaty and Zachos, 
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2003) to ~750 kyr (Edgar et al., 2010). An accurate estimation of the duration of 

this event is essential to discuss its mechanisms, and robust age models are needed 

to assess its relation with orbital cycles as it is thought to coincide with a very long 

eccentricity minimum (Lunt et al., 2011; Westerhold et al., 2014, 2015; Giorgioni et 

al., 2019). 

The duration of the MECO, its gradual warming/rapid cooling pattern and 

its unusual CIE trend have raised questions about how well we understand carbon 

cycle mechanisms across warming periods, with models struggling to recreate the 

trends displayed by MECO records (Sluijs et al., 2013). The characteristics of this 

event provide a unique opportunity to analyse the complex relationship between 

climate and the carbon cycle during past periods of increased atmospheric pCO2 

and global warming on timescales of 100s kyr. Analysis of benthic foraminiferal 

fauna across the MECO (Boscolo-Galazzo et al., 2013, 2015; Moebius et al., 2014, 

2015) show that its impact on deep-sea environments seems to vary 

bathymetrically, in latitude and within oceans. This thesis explores in detail the 

response of benthic foraminifera to the MECO at South Atlantic ODP site 702 

(Chapter 4.1.2; Rivero-Cuesta et al., 2019) and in the Torre Cardela section (Spain), 

western Tethys (Chapter 4.1.3; Rivero-Cuesta et al., 2018). 

1.2.3 The Eocene/Oligocene transition 

The Eocene-Oligocene transition (EOT; 34 Ma) was a period of global 

cooling (Zachos et al., 2001; DeConto and Pollard, 2003; Coxall and Pearson, 2007; 

Lear et al., 2008; Liu et al., 2009; Miller et al., 2009) associated with sea level fall 

(e.g. Miller et al., 1991, 2009; Pekar et al., 2002), deepening of the calcite 

compensation depth (Van Andel, 1975; Coxall et al., 2005; Rea and Lyle, 2005) and 

reorganization of the carbon cycle (Shackleton and Kennet, 1975; Diester-Haass 

and Zahn, 1996; Zachos et al., 2001; Coxal et al., 2005; Merico et al., 2008). This 

transition includes the Oi-1 glaciation event (Miller et al., 1991; Zachos et al., 

2001), which is associated with the establishment of a permanent ice-sheet in 

Antarctica (Kennett et al., 1975; Liu et al., 2004; Miller et al., 2009). The EOT global 

cooling is coupled with atmospheric CO2 decrease (Pearson and Palmer, 2000; 

Pagani et al., 2005) and tectonic and paleoceanographic changes, especially in 

Antarctica and nearby continents (e.g. Lawver and Gahgan, 2003). The onset of a 
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permanent ice-sheet in Antarctica in the late Eocene-early Oligocene and a bipolar 

glaciated world had a major role in oceanographic reorganization, heat 

distribution and global climate (Zachos et al., 2001). 

The EOT has been identified on deep-sea benthic foraminiferal oxygen and 

carbon isotopes (Coxall et al., 2005) reflecting the cooling of the oceans and the 

development of large ice sheets in Antarctica (Shackleton and Kennett, 1975; 

Zachos et al., 1996; DeConto and Pollard, 2003; Coxall et al., 2005; Lear et al., 

2008). This period of global climatic reorganization is coeval with marine biotic 

turnovers (Aubry, 1992; Dunkley Jones et al., 2008; Funakawa and Nishi, 2008; 

Pearson et al., 2008; Suto, 2006; Villa et al., 2008; Wade and Pearson, 2008), 

terrestrial faunal and floral changes (e.g. Francis, 1999; Hooker et al., 2004; 

Jaramillo et al., 2006), increased marine productivity (Diester-Haass and Zahn, 

1996; Salamy and Zachos, 1999; Diester-Haass and Zachos, 2003; Anderson and 

Delaney, 2005) and the extinction of several species of phytoplankton and 

zooplankton (Funakawa et al., 2006; Pearson et al., 2008). Planktic foraminifera 

suffered a rapid but gradual extinction event across the E/O boundary (Molina, 

2015 and references therein), characterized by the extinction of hantkeninids and 

turborotalids. The E/O boundary is also reported to coincide with the extinction of 

the hantkeninids at the Italian Massignano section (Premoli Silva and Jenkins, 

1993). 

 Larger foraminifera living in shallow platforms show faunal turnover but 

no extinction across the E/O boundary (Molina et al., 2016), although the 

magnitude of the turnover is not well known. Studies on small benthic 

foraminifera living in bathyal and abyssal environments are scarce and their 

extinction pattern across the E/O boundary is not yet known, although published 

works suggest they were little affected (Bolli et al., 1994; Molina et al., 2006; 

Hayward et al., 2010; among others). Chapter 4.1.4 (Grira et al., 2018) of this thesis 

explores the response of benthic foraminifera in detail across the EOT at the Bou 

Zelfa and Jhaff composite section (Tunisia) and discusses its paleoecological 

significance. 
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1.3 Missing formal boundary stratotypes of the Paleogene:          

the base of the Bartonian, a GSSP in progress  

A high-resolution timescale of the Earth’s geological history requires the 

definition of unit stratotypes for global correlation. The International Commission 

on Stratigraphy (ICS) developed the concept of Global Boundary Stratotype Section 

and Point (GSSP) to define boundary stratotypes in well-documented, well-

preserved and accessible outcrops. Within the Eocene epoch, three stages 

(Ypresian, Lutetian, Priabonian) have formally ratified GSSPs (Dupuis et al., 2003; 

Aubry et al., 2007; Molina et al., 2011; Agnini et al., formally ratified by ICS in 

January 2020 and publication in prep.), with only one GSSP pending formal 

definition by the International Subcommission on Paleogene Stratigraphy (ISPS): 

the base of the Bartonian stage (Vandenberghe et al., 2012). This is also the last 

GSSP that remains to the defined within the whole Paleogene (ISPS website, 

www.paleogene.org). The locality (stratotype) where this boundary was originally 

described (before the creation of the GSSP concept) was defined by local or 

regional features that hinder correlation at a global level. Consequently, there is a 

need for finding a viable GSSP and to define characteristic geological markers that 

allow long distance correlation of the base of the Bartonian. 

The Bartonian unit stratotype (Mayer-Eymar, 1858) was originally defined 

in marine clays and sands (Barton Beds) of a coastal outcrop in the Hampshire 

Basin (Barton-on-sea, central southern England), which contains well-preserved 

Paleocene sedimentary sequences (Curry, 1981). The base of the Bartonian was 

initially defined by a horizon rich in large benthic foraminifera Nummulites 

prestwichianus (Curry, 1981). Larger benthic foraminifera (LBF) are restricted to 

shallow platform environments and are facies dependent, therefore they are a 

limited marker. Accordingly, the characteristic Nummulites prestwichianus bed is a 

local feature that cannot be correlated outside the Hampshire and Paris basins 

(Murray and Wright, 1974). Hooker (1986) shifted the base of the Bartonian 

downwards to a thin glauconitic and pebbly omission surface, so that it would 

coincide with a major lithological boundary rather than with a local 

biostratigraphic level. More recently Ogg et al. (2008) suggested that the base of 

the Bartonian occurs close to the C19n/C18r magnetochron boundary. In the last 
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version of the geological timescale (Gradstein et al., 2012), the C19n/C18r 

magnetochron boundary was proposed as a marker for the base of the Bartonian 

(Vandenberghe et al., 2012) because magnetostratigraphic events are global, 

geologically instantaneous and identifiable in both land and marine sections. 

To test the validity of this magnetostratigraphic boundary and aiming to 

find further stratigraphic markers, Bartonian outcrops outside the Hampshire 

Basin have been explored. The Basque-Cantabrian basin (Spain) hosts three 

Paleogene GSSPs: the Selandian, Thanetian and Lutetian (Schmitz et al., 2008, 

2011; Molina et al., 2011) and auxiliary stratotypes for the Danian and Ypresian 

Stages (Molina et al., 2009), therefore being a favourable area. After the analysis of 

several outcrops, Cape Oyambre yielded valuable information (Payros et al., 2015) 

but discrepancy on planktic foraminifera bioevents hindered the definition of the 

GSSP at this locality. 

A well-documented section near the classical Contessa Highway section 

(Italy) suggests the top of Chron C19r has potential to mark the base of the 

Bartonian (Jovane et al., 2007; 2010). This section also contains planktic 

foraminifera biostratigraphic markers below the base of the Bartonian, and a 

noticeable oxygen and carbon isotope excursion that starts about 6 m above the 

C19n/C18r magnetochron boundary, which is accompanied by significant planktic 

foraminifera turnover. This is comparable to the MECO as observed in several 

deep-sea cores (Bohaty and Zachos, 2003; Bohaty et al. 2007) and it has also been 

identified in the Barton Clay Formation of the Hampshire Basin (Dawber et al., 

2011). The Contessa section seems to be the most promising option to place the 

Bartonian GSSP, however the presence of faults and accessibility issues hinder its 

ratification as GSSP. To endorse the proposed events around the base of the 

Bartonian and to aim for further biological markers for correlation, fossiliferous-

rich Bartonian outcrops with good preservation and adequate thickness are being 

studied, as the Torre Cardela section presented in this thesis (section 4.1.3; Rivero-

Cuesta et al., 2018). 

Regional and global correlation at the Bartonian stratotype locality remains 

problematic due to the lack of comprehensive studies combining multidisciplinary 

records. The parastratotype section, located 7 km from the Barton stratotype, is 
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found in a coastal outcrop on the Isle of Wight (Curry, 1981) and it has been 

reported to have potential for correlation (Hooker and King, 2019). This 

parastratotype section of Alum Bay has been reassessed in detail by members of 

the ISPS in order to assess, confirm and extend potential correlations and 

placements for this boundary. This thesis has contributed to this multidisciplinary 

approach, which integrates nannofossil, smaller and large benthic foraminifera, 

dinoflagellates and paleomagnetic studies (section 4.2.1, Cotton et al., 2020). 
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The main aim of this PhD thesis is to analyse deep-sea benthic foraminiferal 

assemblages across key Eocene climatic events of different nature, magnitude and 

duration in order to identify the most relevant environmental factors that controlled 

the structure and changes of the assemblages. In order to achieve this goal, the 

following specific objectives have been addressed: 

 

•  To produce the first quantitative dataset of benthic foraminiferal 

assemblages across the Late Lutetian Thermal Maximum (LLTM) and to 

analyse its paleoecological and paleoenvironmental implications. 

•  To evaluate the impact of the Middle Eocene Climatic Optimum (MECO) on 

the benthic fauna at a low latitude setting and its differences with records 

from other latitudes and settings. 

•  To compare the response of benthic foraminifera to two different middle 

and late Eocene climatic events, the LLTM and the MECO, at the same site. 

•  To identify any critical thresholds controlling the impact of environmental 

changes on benthic foraminifera across the studied climatic events. 

•  To analyse the paleoenvironmental changes recorded on the benthic fauna 

associated with the climatic changes across the Eocene/Oligocene 

transition. 

•  To contribute to the definition of the GSSP of the Bartonian with new 

paleoenvironmental data at the parastratotype section. 

•  To better understand the response of benthic foraminifera to the Eocene 

climate variability and its paleoenvironmental consequences. 
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This chapter includes the studied material and the methodology followed in 

this thesis related to benthic foraminifera and paleoceanographic proxies. 

Methodologies followed by co-authors of the publications and specific details of 

each study section can be found in each publication. 

3.1 Initial deskwork 

The author of this thesis performed a thorough literature review on the 

response of benthic foraminifera to Eocene hyperthermal events in order to gain 

understanding of the topic, previous results and main hypotheses, as well as the 

scientific problems that were still unresolved. Events which were understudied, 

such as the LLTM, or which are not fully understood, such as the MECO, were 

preferentially chosen in order to obtain new, novel data. Background on the 

taxonomy of Eocene benthic foraminifera as well as on their paleoecological, 

paleoenvironmental and paleoceanographic applications was acquired. 

Sites and sections suitable for benthic foraminifera analysis were selected 

based on an extensive literature review and discussions with co-authors and other 

colleagues who kindly shared information (e.g., Kirsty Edgar, Univ. Birmingham). 

Spain belongs to the European Consortium for Ocean Research Drilling (ECORD), 

therefore scientists working in Spanish institutions are granted access to 

International Ocean Discovery Program (IODP) drilling cores material and 

facilities. A formal sampling request was submitted to and approved by the IODP 

Bremen Core Repository (BCR) in Germany, where the sampling took place.  

3.2 Study site and sections 

The samples studied in this thesis were collected from a deep-sea drilling 

ocean site located in the South Atlantic (Ocean Drilling Program –ODP- Site 702) 

and three land sections located in the Betic Cordillera in Southern Spain (Torre 

Cardela section), the Cap Bon peninsula in Northeast Tunisia (Menzel Bou Zelfa or 

MBZ section) and the Isle of White in Southern England (Alum Bay section) (Fig. 2 

and Table 1). 
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83.29 and 63.75 mbsf comprising the MECO event (ca. 40 Ma). Samples were 

collected during two sampling visits at the IODP Bremen Core Repository 

(Germany) by the author of this thesis, who processed them at the 

micropaleontology laboratory of the University of Zaragoza. 

The Torre Cardela section is located in the southern part of the Iberian 

Peninsula, within the External Zones of the Betic Cordillera (37° 29′ 02.4″ N, 3° 20′ 

43.8″ W, Fig. 2). The studied sedimentary succession is a 145 m-thick sequence 

composed of a rhythmic series of 25 to 35 cm-thick sandy carbonate (calcarenite) 

layers interbedded with 1 to 20 m-thick grey silty-marly intervals, deposited 

during the Eocene in the Western part of the Tethys Ocean. These levels contain 

abundant calcareous microfossils that reveal a middle to late Eocene age (Gonzalvo 

and Molina, 1996). A set of 25 samples collected and processed by E. Molina and C. 

Gonzalvo (Univ. Zaragoza) for planktonic foraminifera biozonation have been used 

in the study presented in this thesis. 

The Menzel Bou Zelfa (MBZ) section is located in the Cap Bon peninsula, 

North-Eastern Tunisia (Fig. 2). The stratigraphic series is composed of marls, 

limestones and sands ranging from the middle Eocene to the Quaternary. Since the 

E/O boundary interval is covered with Quaternary deposits, it was necessary to 

carry out an auxiliary sampling across the E/O boundary in a better exposed 

section (Jhaff section) 1 km south of the MBZ section which has been integrated in 

a composite section. A set of 27 samples was collected in MBZ and Jhaff sections by 

C. Grira (Univ. Carthage) for the study presented in this thesis. 

The Alum Bay section is a coastal outcrop with near vertical bedding 

situated in the Isle of White (South England) (Fig. 2). These sediments were 

deposited in a series of transgressive and regressive cycles during the Paleogene, 

and consist of near-shore shelf sediments. At Alum Bay the Barton Clay succession 

comprises a series of glauconitic and non-glauconitic clays and sands spanning the 

upper Lutetian to upper Bartonian. A total of 32 samples were collected across an 

almost 100 m transect section by L. Alegret and other components of the Bartonian 

Working Group of the ISPS in 2015. A set of 25 samples were selected and 

processed by the author of this thesis at the micropaleontology laboratory of the 

University of Zaragoza for the study presented in this thesis. 
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3.3 Sample collection and processing 

Samples from ODP Site 702 were collected from the working half of drilling 

cores. Each sample (10 cc of sediment) was individually labelled and introduced 

into a database (Bremen Core Repository Drilling Information System i.e. BCR DIS) 

that can be consulted freely. Standard procedures for sampling drilling cores were 

followed and sediment from the centre of the core was preferentially sampled, 

avoiding the edges of the core in contact with the liner, which can be contaminated 

during drilling. 

Sediment samples from ODP Site 702 and Alum Bay section were processed 

by standard procedures in order to obtain loose benthic foraminifera. About two 

thirds of the sample was processed, and one third was reserved for isotopic 

analysis on bulk sediment, or in case the sample had to be processed again. The 

part of the sample to be processed was individually labelled and dried in the oven 

at <50°C for 24 h, then weighed to obtain the bulk dry weight. Samples were then 

soaked in water or a weak acid such as (NaPO3)6 or H2O2 to disaggregate the 

sediment. After complete disaggregation of the samples (timing depending on its 

compaction), they were washed under running water through a 63 μm sieve. For 

the study presented in Grira et al. (2018), a column of three interlocking sieves 

(meshes size 250 μm, 150 μm and 63 μm) was used. 

Sieves were washed and dyed with a methylene blue solution after 

processing each sample to avoid contamination. Sieve size influences species 

abundance and assemblage composition (Gooday, 2003), and the use of a 63 μm 

sieve is recommended for quantitative ecological studies because some dominant 

species are small and concentrated in the finer fraction (e.g., Thomas, 1985; 

Rathburn and Corliss, 1994; Kurbjeweit et al., 2000), especially small key species 

such as Epistominella exigua are severely underrepresented in larger size fractions 

(e.g. 125, 150, 250 or 300 μm; Murray, 2006). The sediment fraction collected in 

the mesh (>63 μm) was oven-dried at <50°C and weighed. It is important not 

exceed this temperature to avoid possible alteration of the geochemical signal 

(stable isotopes) of the foraminiferal tests. 
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The analysis of fossil assemblages usually requires counting more than 250 

specimens per sample to be representative (Murray, 2006). Around 300 specimens 

of benthic foraminifera were picked from a representative split of each sample, 

and all the specimens were mounted with water-based glue on microslides for 

identification and storage. In Grira et al. (2018), the 63 and 150 μm fractions were 

combined before doing representative splits and picking the 300 specimens. 

3.4. Taxonomic classification 

Classification to the generic level was performed following the classification 

by Loeblich and Tappan (1988), and determinations at the species level largely 

followed the taxonomic concepts of Tjalsma and Lohmann (1983), Van Morkhoven 

et al. (1986), Bolli et al. (1994), Alegret and Thomas (2001), Holbourn et al. (2013) 

and Arreguín-Rodríguez et al. (2018). In addition, the exhaustive revision of 

uniserial taxa with complex apertures by Hayward et al. (2012), including 

modifications of some genera and/or species, was adopted in all the publications 

included in this thesis. 

Careful taxonomic revision of benthic foraminiferal species is required 

because different authors may use distinct taxonomical concepts. This is partly 

related to the fact that description of most extinct species is based on their test 

morphology, but they may show intraspecific variability, including the occurrence 

of different micro- and megalospheric forms. In order to clearly identify the 

various taxonomic concepts used in the literature, a bibliographic revision was 

carried out and benthic foraminiferal species were compared between several 

publications that included images and/or descriptions of Eocene benthic 

foraminifera species (e.g. Grünig, 1985; Katz and Miller, 1991; Müller-Merz and 

Oberhänsli, 1991; Katz et al., 2003; Ortiz and Thomas, 2006; Alegret et al., 2008; 

Fenero et al., 2012; Boscolo-Galazzo et al., 2015). Descriptions of several type 

species were consulted in the Ellis and Messina online catalogue of Foraminifera 

(www.micropress.org), and holotypes images were obtained from the Smithsonian 

Paleobiology Collections (https://collections.nmnh.si.edu) when available. 

The most representative species considering their abundance, evolution 

across particular intervals or paleoecological significance were illustrated to better 
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document the species identified. Scanning electron micrographs (SEM) were 

performed at the facilities of the University of Zaragoza (Servicio de Apoyo a la 

Investigación, SAI) except for those shown in Grira et al. (2018), which were 

obtained at the ETAP (Tunisian National Oil Company). 

3.5 Quantitative analyses and diversity  

The publications that form the main body of this thesis rely on quantitative 

studies based on representative splits of ~300 specimens per sample. The 

resulting data sets are the basis for the paleoecological and paleoenvironmental 

interpretation of the benthic foraminifera assemblages. The relative abundance 

(percentage) was calculated for each taxon or species in every sample, and 

absolute abundance (number of specimens of each taxon or species per gram of 

bulk sediment) was calculated for the most representative species in Rivero-

Cuesta et al. (2019, 2020). The relative abundances of all taxa within the 

assemblages at Torre Cardela (Rivero-Cuesta et al., 2018) were recalculated 

excluding allochthonous taxa in order to obtain an accurate paleoenvironmental 

interpretation. 

As diversity indices, the Fisher-ɑ diversity index (Fisher et al., 1943) and the 

heterogeneity index H(S) (Shannon, 1948; Hayek and Buzas, 1997) were 

calculated. All the publications presented include the Fisher-ɑ diversity index, 

which correlates the number of specimens (or individuals, N) and the number of 

species (S, i.e. species richness) in a sample. The heterogeneity index H(S) (in 

Rivero-Cuesta et al., 2018, 2019, 2020) considers the number of species and their 

relative abundances within a sample. The H(S) index shows less variability than 

the number of species (N), as it reduces de influence of the presence or absence of 

rare species. For the Atlantic Ocean, there is a linear relationship between Fisher-ɑ 

and H(S) and the correlation is high (r = 0.87) (Murray, 2006). 

3.6 Multivariate statistical analyses 

Multivariate analyses were performed using the PAST free software 

(Hammer et al., 2001) on datasets including species with relative abundance > 1% 

(Rivero-Cuesta et al., 2020), > 1.5% (Rivero-Cuesta et al., 2019) and > 2% (Rivero-
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Cuesta et al., 2018) in at least one sample and excluding informal taxonomic 

groups. They are a useful tool to evaluate the response of benthic foraminiferal 

assemblages to environmental changes. 

Hierarchical cluster analyses were performed in R-mode (Rivero-Cuesta et 

al., 2018, 2019, 2020) and Q-mode (Rivero-Cuesta et al., 2018) using the Pearson 

similarity index and the unweighted pair-group average algorithm (UPGMA). 

These analyses group together species (R-mode) or samples (Q-mode) with a 

similar distribution pattern across the studied interval. Additionally, as an attempt 

to identify the environmental variables that may have controlled the distribution 

pattern of benthic foraminifera (Hammer and Harper, 2005) and the results 

derived from clustering, detrended correspondence analysis (DCA) in both R-mode 

(species, Rivero-Cuesta et al., 2019, 2020) and Q-mode (samples, Rivero-Cuesta et 

al., 2018) were also performed on the same datasets. 

The visualization (graphs and plots) of quantitative and multivariate 

analyses have been performed with Grapher, Adobe Illustrator and IGOR Pro 

software. 

3.7 Assessment of benthic foraminiferal assemblages 

3.7.1 Paleoenvironment and paleoecology 

The ratio between calcareous and agglutinated taxa was calculated in all 

samples as a qualitative measure of the carbonate saturation of bottom waters. An 

increase in agglutinated taxa may indicate a decrease in carbonate availability, 

although other factors such as trophic levels can also play a role (e.g. Gooday et al., 

2008), hence the interpretation of the calcareous-agglutinated ratio must be made 

in combination with other proxies. 

Morphogroups analysis allowed us to calculate the infaunal-epifaunal ratio. 

According to the TROX model (e.g., Jorissen et al., 1995, 2007) (Fig. 3), their 

relative abundance can be used as a proxy for oxygen levels and trophic conditions 

in deep sea settings. A high relative abundance of infaunal taxa is thought to be 

indicative of a high food supply and/or low oxygen availability, and a low 
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and biconvex trochospiral tests, biconvex planispiral, rounded and flat tests, 

tubular, and leaf-like forms. Species with cylindrical, spherical, ovoid, unilocular 

globose, rounded planispiral and streptospiral shapes, and those with a neck are 

thought to be mostly infaunal (e.g., Corliss, 1985, 1991; Jones and Charnock, 1985; 

Corliss and Chen, 1988; Rathburn and Corliss, 1994; Jorissen, 1999; Murray, 2006). 

Nevertheless, this division between infaunal and epifaunal is not straightforward. 

Observations have shown that species can be epifaunal or infaunal according to 

different environmental conditions (Gross, 2002) and some authors consider taxa 

living in the top first cm of sediment as epifaunal (Corliss, 1991); hence this 

classification is not restrictive and applies loosely in some cases (Jorissen, 1999; 

van der Zwaan et al., 1999). Even for many living taxa, the relation between 

morphology and microhabitat is not well established (e.g., Jorissen, 1999), and 

assignments seem to be accurate only about 75% of the times (Buzas et al., 1993). 

Despite these, the infaunal/epifaunal ratio provides a basic evaluation of the 

relationship between benthic foraminifera and the main environmental conditions 

controlling their assemblages (Gooday, 2003). 

The relative and absolute abundances of ecologically key species, i.e., 

species with a well-known affinity to some environmental parameters, can be 

crucial in paleoenvironmental interpretations. Species associated to inputs of 

phytodetritus, called phytodetritus exploiting taxa (PET), have been of particular 

interest in this thesis (Rivero-Cuesta et al., 2019, 2020). These species (e.g., 

Epistominella exigua, Alamabina weddellensis and Caucasina spp.) are related to 

seasonality or pulsed deposition of labile organic matter to the seafloor (Gooday, 

1993, 2003; Smart et al., 1994; Thomas et al., 1995; Thomas and Gooday, 1996; 

Ohkushi et al., 2000; Boscolo-Galazzo et al., 2015). They show an opportunistic life 

strategy, and are likely to have fast reproduction rates due to their small size. 

3.7.2 Paleobathymetry 

Paleobathymetric reconstructions are based on the occurrence and 

abundance of depth-related species and their upper depth limits (e.g. Van 

Morkhoven et al., 1986; Alegret and Thomas, 2001; Ortiz and Thomas, 2006; 

Fenero et al., 2012), and on comparison between fossil and recent assemblages. 

Paleobathymetry is also inferred from comparison with assemblages from ocean 
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drilling sites where paleodepths have been established by independent methods 

such as backtracking (Grünig and Herb, 1980; Ingle, 1980; Tjalsma and Lohmann, 

1983; Thomas, 1990; Speijer, 1994; Bignot, 1998; Alegret and Thomas, 2001; Katz 

et al., 2003; Ortiz and Thomas, 2006). The publications in this thesis follow the 

bathymetric divisions defined by Van Morkhoven et al. (1986): neritic (0-200 m), 

upper bathyal (200-600 m), middle bathyal (600-1000 m), lower bathyal (1000-

2000 m) and abyssal (>2000 m). 

This thesis has contributed to the estimation of the paleobathymetry at 

Torre Cardela (Rivero-Cuesta et al., 2008) and MBZ section (Grira et al., 2018) and 

has corroborated the paleodepth estimations at Alum Bay (Cotton et al., 2020). 

Paleodepth estimates were already available for ODP Site 702. 

3.8 Paleoceanographic proxies 

3.8.1 Stable carbon and oxygen isotopes 

The isotopic composition of benthic foraminiferal calcareous tests is an 

extremely useful tool in paleoceanographic reconstructions (Rohling and Cooke, 

1999). In deep-sea settings, epifaunal taxa are closer to isotopic equilibrium with 

ambient seawater (Bemis et al., 1998), as infaunal taxa are exposed to pore water 

which may have different isotopic values than the overlying bottom water 

(Rathburn et al., 2003; Mackensen and Licari, 2004). Tests can show δ13C 

disequilibrium due to various causes, including uptake of metabolic CO2 during 

shell secretion, growth rate or variation on carbonate-ion concentration in 

ambient water (Murray, 2006). Disequilibrium in δ18O values of calcite secreted 

under stable low temperature suggests that microhabitats play a role. 

Species-specific carbon and oxygen stable isotopes analyses were 

performed in Rivero-Cuesta et al. (2018) and Rivero-Cuesta et al. (2019) at the 

Leibniz Laboratory for Radiometric Dating and Stable Isotope Research (Kiel 

University, Germany) and at MARUM Isotope Laboratory (Bremen University) 

respectively. Full details on procedures and mass spectrometers are explained in 

each publication. 



Chapter 3: Material and methods 

39 

 

Species-specific analyses were mainly made on Nuttallides truempyi 

(Rivero-Cuesta et al., 2019, 2020), in the size range between 100 and 500 μm. 

Larger individuals were preferentially chosen to avoid intraspecific variability 

between juveniles and adult specimens. N. truempyi is typically used in 

paleoceanographic records due to its abundance, size, thick carbonate wall and 

epifaunal mode of life. In Rivero-Cuesta et al. (2018), the infaunal species 

Bolivinoides crenulata was extracted from five samples that did not yield enough 

specimens of N. truempyi for the analyses. Additionally, two control samples were 

selected to perform analyses in both benthic species (N. truempyi and B. crenulata) 

and two planktic species (Acarinina bullbrooki and Catapsydrax unicavus) for 

paleoenvironmental assessment across the water column. The selection was 

preferential for well-preserved specimens in order to avoid diagenetic distortion 

of the isotopic signal of the tests. 

3.8.2 Calcium carbonate content 

Bulk wt % CaCO3 was analysed in Rivero-Cuesta et al. (2019) with a 

manocalcimeter at the University of Zaragoza, which yielded the total % CaCO3 of 

the sediment. This proxy complements the benthic calcareous/agglutinated ratio 

in order to identify intervals of dissolution or corrosive waters. 

3.8.3 Accumulation rates 

Benthic foraminifera accumulation rates (BFAR, Herguera and Berger, 

1991) and coarse fraction accumulation rates (CFAR, Diester-Haass, 1995) were 

calculated in Rivero-Cuesta et al. (2019, 2020). Both have been calculated with 

linear sedimentation rate (LSR) and dry bulk sediment (DBS) values. 

The BFAR is the number of benthic foraminifera per gram of bulk sediment, 

and it is considered as a proxy for total organic matter flux reaching the seafloor, 

i.e. export productivity (Herguera, 2000; Gooday, 2003; Jorissen et al., 2007). In 

sediments deposited above the lysocline, the number of benthic foraminifera per 

unit of space and time depends on the water depth and on the supply of organic 

matter (Herguera and Berger, 1991), hence the BFAR primarily depends on the 

organic material that makes it to the seafloor in above-lysocline and open ocean 

conditions. It has been observed that variations in oceanic organic carbon fluxes 
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derived from geochemical proxies in Paleogene sediments of the Southern Ocean 

show a similar signal as faunal proxies such as BFAR (Diester-Haass and Faul, 

2019) 

CFAR calculates the amount (gr) of coarse material (> 63 μm) per gram of 

sediment and it is an approximation of planktic foraminiferal accumulation rates, 

hence heterotrophs´ productivity (e.g. Diester-Haass, 1995; Boscolo-Galazzo et al., 

2014). Additionally, the carbonate mass accumulation rate (CMAR) determines the 

amount (gr) of CaCO3 per gram of sediment, which is also an additional proxy for 

carbonate dissolution and deposition. 

3.9 Contribution to biostratigraphy and sedimentation rates 

Planktic foraminifera biozones were revised and updated at the Torre 

Cardela section. These were originally defined by Gonzalvo and Molina (1996), 

who documented zones P12, P13 and P14 across the section, comprising most of 

the Bartonian. Since the late 90´s, the Eocene planktic foraminifera biozonation has 

been revised and updated, and zones P12, P13 and P14 have been redefined to 

E11, E12, E13, E14 (Berggren and Pearson, 2005). Sedimentation rates were then 

calculated based on the duration of the revised planktic biozones, calibrated to 

astronomical ages (Pälike et al., 2006; Wade et al., 2011). 

Linear sedimentation rates from the shipboard report of ODP Site 702 

(Ciesielski and Kristoffersen, 1988) were extrapolated and compared with the 

sedimentation rates derived from the age model generated in Rivero-Cuesta et al. 

(2019), yielding similar results. 
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A B S T R A C T

Understanding the role of deep-sea biota across global warming events in the past is key to unravel climate
system dynamics during periods of increased pCO2 levels. Here we present the irst record of the benthic fo-
raminiferal response to a middle Eocene transient warming event named the Late Lutetian Thermal Maximum
(LLTM; 41.52 Ma) at ODP Site 702 in the South Atlantic Ocean. Changes in benthic foraminiferal assemblages
such as a decrease in absolute abundance of certain taxa (e.g. Bulimina elongata) are correlated with the negative
carbon isotope excursion corresponding to the LLTM event. Paleoecological interpretations of the assemblage
turnover suggest changes in the type of organic matter arriving to the sealoor during the LLTM. Benthic fo-
raminifera and coarse fraction accumulation rates (BFARs and CFARs) decreased across the warming period of
the LLTM, coeval with the negative δ18O excursion associated with ~2 °C deep-sea warming. We suggest that
increased temperatures led to enhanced metabolic rates in heterotroph organisms such as foraminifera, trig-
gering a population decline in food-limiting environments such as the meso-oligotrophic setting of Site 702. A
similar ecological response and a decrease in export productivity, as inferred from decreased CFARs and BFARs,
have also been reported across the Middle Eocene Climatic Optimum at this site, and support the hypothesis that
metabolic rates accelerated during warming events, in spite of their diferent magnitude and duration.

1. Introduction

The climatic transition from the early Eocene greenhouse to the
Oligocene icehouse state (Miller et al., 1987; Lear, 2000; Zachos, 2001;
Cramer et al., 2009) was not steady: several transient, global warming
events spiced up the middle to late Eocene cooling, as shown by short
but sharp negative excursions in the oxygen and carbon isotopic records
(Wade and Kroon, 2002; Bohaty and Zachos, 2003; Sexton et al., 2006;
Ivany et al., 2008; Bohaty et al., 2009). These events, some of which are
categorised as “hyperthermals” (Thomas et al., 2000; Cramer et al.,
2003; Lourens et al., 2005; Bowen et al., 2006; Zachos et al., 2010;
Sluijs et al., 2012; Kirtland Turner and Ridgwell, 2013; Littler et al.,
2014; Lauretano et al., 2015), are usually associated with carbonate
dissolution (e.g. Leon-Rodriguez and Dickens, 2010; Sexton et al.,
2011) and increased levels of atmospheric CO2 (e.g. Bijl et al., 2010;
Pearson, 2010), evidencing changes in the global carbon cycle (Lyle
et al., 2005; McInerney and Wing, 2011; Tipple et al., 2011; Luciani
et al., 2016; Zeebe et al., 2017; Giorgioni et al., 2019). They provide a
perfect testing ground to investigate the feedbacks and mechanisms of
the climate system during periods of transient global warming,

especially regarding the carbon cycle in timescales of 10s to 100 s kyr.
One of those short-lived warming events was the C19r event (Edgar

et al., 2007) or Late Lutetian Thermal Maximum (LLTM), a hy-
perthermal event that is recorded 41.52 Ma ago (Westerhold et al.,
2018) in the upper part of magnetochron C19r. Similar to most Eocene
hyperthermals, this event has been deined by a short and sharp ne-
gative excursion in the oxygen and carbon isotopic records in the
Atlantic Ocean, including ODP Sites 1260, 1263 and 702 (Edgar et al.,
2007; Westerhold and Röhl, 2013; Westerhold et al., 2018) and a land
section in Cape Oyambre, Spain (Intxauspe-Zubiaurre et al., 2018). It
has also been associated with dissolution in the deep-sea, documented
by decreased CaCO3 values and a dark clay layer in deep-sea sediments
(Westerhold et al., 2018). A detailed and complete record of the LLTM
at Site 702 (South Atlantic Ocean) conirms the extent of this event at
high latitudes (Westerhold et al., 2018). At this site, deep-sea tem-
peratures increased by 2 °C in 7 kyr (Westerhold et al., 2018). So far, no
studies on the response of the deep-sea biota to this warming event
have been carried out. The ecological response to this event is under-
represented in the current scientiic literature, with only one paleoe-
cological study (Intxauspe-Zubiaurre et al., 2018) published since the
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discovery of the LLTM, hence records from deep-sea fauna are missing.
Benthic foraminifera are excellent paleoenvironmental proxies, and

they show a shift from warm to cold-type assemblages across the
Eocene at lower bathyal and abyssal depths (e.g. Thomas, 1992; Ortiz
and Thomas, 2015). Over the last decade, multiple studies on benthic
foraminifera have contributed to reconstruct key Eocene climatic events
and their paleoenvironmental consequences. Some of these events in-
clude the Paleocene-Eocene Thermal Maximum (PETM; e.g., Thomas,
2007; Alegret et al., 2009a, 2009b; Giusberti et al., 2009, 2016; Nagy
et al., 2013; Arreguín-Rodríguez et al., 2016; Alegret et al., 2018;
Giraldo-Gómez et al., 2018), several early Eocene hyperthermals (e.g.,
Foster et al., 2013; D'haenens et al., 2014; Thomas et al., 2018) and the
Middle Eocene Climatic Optimum (MECO; Boscolo-Galazzo et al., 2013,
2015; Moebius et al., 2014, 2015; Rivero-Cuesta et al., 2018, 2019).
High-resolution paleoecological analyses are needed to understand and
interpret the causes and consequences of signiicant climatic events in
the past.

The role that benthic fauna played within the biological pump
across these events is largely unknown. Oceanic organic matter through
the biological pump was an important regulator of atmospheric CO2

during the Eocene (Hilting et al., 2008), as it is today (Passow and
Carlson, 2012), and paleoecological studies across middle to late Eo-
cene hyperthermals have reported shifts in both surface and deep-sea
fauna, suggesting luctuations in the biological pump (Spoforth et al.,
2010; Tofanin et al., 2011; Boscolo-Galazzo et al., 2014; Rivero-Cuesta
et al., 2019). Organic carbon burial in marine sediments is an important
carbon sink, facilitated by the biological carbon pump. Benthic fauna,
especially benthic foraminifera as a main component of this fauna, have
a signiicant role within the biological pump by regulating the rate of
organic carbon burial at the sealoor. The analysis of these organisms
will contribute to understand paleoecological and paleoenvironmental
changes and their role within the ocean organic carbon budget, shed-
ding light into the mechanisms behind the LLTM.

The main goals of this study are: 1) to record for the irst time the
response of the benthic fauna to the LLTM event at Site 702, where
high-resolution carbon and oxygen isotopic analyses and a reliable age
model are available; 2) to analyze, quantitatively and statistically,
benthic foraminiferal changes in assemblage composition and paleoe-
cology as a result of the fast 2 °C warming reported in the deep-sea; and
3) to reconstruct the paleoceanographic conditions across the LLTM in
the deep-sea at a high latitude site, contributing to disentangle the
biotic role of benthic foraminifera across this event.

2. Location and setting

Ocean Drilling Program (ODP) Site 702 was drilled in the South
Atlantic Ocean (Fig. 1), in the central area of the Islas Orcadas Rise (50°
56.760′ S, 26° 22.122′ W, 3083.4 m water depth). Islas Orcadas is a N-
NW trending aseismic ridge over 1000 m above the adjacent sealoor
(Ciesielski and Kristofersen, 1988).

The Islas Orcadas Rise was likely formed during the early Paleogene
(Ciesielski and Kristofersen, 1988) and subsided to its present water
depth after the late Eocene, suggesting that late Paleocene to Eocene
subsidence of Site 702 was only minor (Ciesielski and Kristofersen,
1991). Extensive deposition of homogeneous nannofossil ooze and
chalk took place at lower bathyal (1000–2000 m) paleodepths during
the Paleogene (Ciesielski and Kristofersen, 1991; Katz and Miller,
1991). Eocene sediments are characterized by high carbonate content
(85% to 95%; Ciesielski and Kristofersen, 1991) with a relatively minor
contribution of foraminifera (< 10%). The occurrence of diverse and
well-preserved benthic foraminifera across middle-upper Eocene sedi-
ments, together with its relatively expanded and continuous record,
makes Site 702 a suitable location to perform high-resolution micro-
paleontological analyses.

3. Methods

In order to perform a detailed sampling across the short-lived LLTM
event at Site 702, we used as a guideline the high-resolution isotopic
record available from Westerhold et al. (2018). According to this study,
the event had a total duration of 30 kyr between 89.9 and 90.25 meters
below sea loor (mbsf) in Hole 702B. Sampling was performed at the
Bremen Core Repository (BCR) facilities of the International Ocean
Discovery Program (IODP), where 24 samples of 10 cc were extracted
between core 10×, section 5, interval 3–5 cm (88.34 mbsf) and core
10×, section 7, interval 22–24 cm (91.53 mbsf) of Hole 702B. Sampling
comprises 3.19 m of core, more than twice the duration of the LLTM, in
order to include the pre- and post-stages of the event. Sampling re-
solution ranges between 20 and 6 cm (highest across the event), which
equals to a 16 to 5 kyr resolution.

A total of 24 sediment samples were oven-dried at 50 °C for 24 h and
weighted before being washed. Benthic foraminifera were extracted by
disaggregation of sediment samples in H2O over 12–24 h. Soaked
samples were individually sieved under running water and the ≥63 μm
size fraction was collected, oven-dried (50 °C for 24 h) and weighted
again. Assemblage work of benthic foraminifera was performed on re-
presentative splits of ca. 300 individuals per sample. A total of 62 taxa
(58 calcareous and 4 agglutinated) were recognized at species or higher
taxonomic level (Supplementary Table 1). Classiication at the generic
level mainly follows Loeblich and Tappan (1987), except for uniserial
taxa (Hayward et al., 2012). Species identiication follows Tjalsma and
Lohmann (1983), Van Morkhoven et al. (1986), Katz and Miller (1991);
Müller-Merz and Oberhänsli (1991), Ortiz and Thomas (2006),
Holbourn et al. (2013), Boscolo-Galazzo et al. (2015) and Arreguín-
Rodríguez et al. (2018). Preservation of foraminiferal tests is commonly
good, and allows observation of diagnostic morphological features. The
most representative specimens were photographed using the Scanning
Electron Micrograph imaging facilities at the University of Zaragoza
(Spain) (Plate I).

The relative abundance of each species was calculated from the raw
data matrix that contains the original assemblage counts. Diversity
(Fisher-α and Shannon-Weaver H (S) indices; Murray, 1991) and the
percentage of calcareous and agglutinated tests were calculated for pa-
leoecological assessment. Taxa were assigned to infaunal or epifaunal
morphogroups according to their morphology, following Jones and
Charnock (1985), Corliss and Chen (1988) and Corliss (1991). The TROX
model (Jorissen et al., 1995) was followed to infer food supply and
oxygenation at the sealoor according to the microhabitat distribution of
benthic foraminifera, which is extrapolated by comparing with modern,
morphologically similar taxa (e.g. Jorissen, 1999). Note that foraminifera
are not static but actively move through the sediment (Bornmalm, 1997;
Gooday and Rathburn, 1999; Gross, 2000; Fontanier et al., 2002), and
this may lead to inaccuracies when assigning microhabitats.

Hierarchical cluster analysis was performed using the PAST soft-
ware (Hammer et al., 2001) on a data matrix containing all common
taxa (species > 1% in at least one sample) using the Pearson similarity
index and the unweighted pair-group (UPGMA) algorithm. Detrended
Correspondence Analysis (DCA) was carried out with the same software
and on the same dataset to further analyze the results derived from
clustering, and to investigate the relationship between foraminifera and
environmental variables (Hammer and Harper, 2005).

The number of benthic foraminifera per gram of bulk sediment was
calculated and multiplied by the linear sedimentation rate (LSR) and
the dry bulk sediment (DBS) (data from Ciesielski and Kristofersen,
1988) to determine benthic foraminiferal accumulation rates (BFAR,
Herguera and Berger, 1991). The coarse fraction accumulation rate
(CFAR) was determined by calculating the amount (g) of coarse mate-
rial (> 63 μm) per gram of sediment and multiplying it by the LSR and
the DBS (Diester-Haass, 1995). Individual accumulation rates of the
most common (> 10%) species were calculated following the same
method, obtaining the number of specimens of the selected species per
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g of bulk sediment and multiplying by the LSR and the DBS.
The CFAR is an approximation of planktic foraminiferal accumula-

tion rates, hence heterotrophs productivity (e.g. Diester-Haass, 1995;
Boscolo-Galazzo et al., 2014). The BFAR is considered as a proxy for
total organic matter lux reaching the sealoor, i.e. export productivity
(Herguera, 2000; Gooday, 2003; Jorissen et al., 2007), as the organic
matter produced in the photic zone and exported to the deep-sea pro-
vides food for benthic foraminifera at the sealoor. In sediments de-
posited above the lysocline, the number of benthic foraminifera per unit
of space and time depends on the water depth and on the supply of
organic matter (Herguera and Berger, 1991), hence BFAR primarily
depends on the organic material that makes it to the sealoor in below-
lysocline and open ocean conditions. It has been observed that varia-
tions in oceanic organic carbon luxes derived from geochemical
proxies in Paleogene sediments of the Southern Ocean show a similar
signal as faunal proxies such as BFAR (Diester-Haass and Faul, 2019).
Additionally, and as an independent proxy to check the validity of our
results, we used the wt%CaCO3 data from Westerhold et al. (2018) to
calculate carbonate mass accumulation rates (CMAR) by multiplying
the amount of carbonate per gram of sediment by the LSR and the DBS.

4. Results

4.1. Benthic foraminifera assemblages and cluster analysis

No extinctions of benthic foraminifera have been recorded across

the study interval at Site 702, but there are noticeable changes in the
relative abundance of certain species (Figs. 2 and 3) and overall di-
versity of the assemblages (Fig. 4). The Fisher-α diversity index ranges
between 9.95 and 18.09, with higher values (> 14.5) in the lowermost
part of the studied interval and between 90.9 and 90.1 mbsf (Fig. 4).
Benthic foraminifera assemblages are strongly dominated by calcareous
taxa, and agglutinated species only make up to 3.6% of the assemblages
(Fig. 4). Relative abundance of infaunal and epifaunal morphogroups is
steady across the study interval, with infaunal taxa slightly dominating
the assemblages (Fig. 4).

All the taxa that make up > 1% of the assemblages in at least one
sample are represented in Figs. 2 and 3. Among epifaunal taxa (Fig. 2),
Alabamina weddelensis, Nuttallides truempyi, Cibicidoides micrus, Episto-
minella exigua and Anomalinoides spp. dominate. Among infaunal taxa
(Fig. 3), Bulimina elongata, Oridorsalis umbonatus, Globocassidulina sub-
globosa, Nonion havanense and Stilostomellids are most abundant. In
order to better assess the benthic foraminiferal assemblages, a classical
hierarchical cluster analysis with 30 benthic species (n = 30) was
performed, and three main clusters (1, 2 and 3) with similarity < 0
were identiied (Fig. 4, Supplementary Fig. 1).

Cluster 1 includes Bulimina elongata as the most abundant species,
which is also one of the main components of the benthic assemblages at
Site 702. It also contains Cibicidoides micrus, and three other species
with minor representation (< 2% in relative abundance,
Supplementary Fig. 1). The relative abundance of this cluster ranges
from 12.46 to 32.88% across the study interval, recording lower values

Fig. 1. Position of ODP Site 702 (red star) a) at 41 Ma, plotted on a paleogeographic reconstruction from the Ocean Drilling Stratigraphic Network (GEOMAR, Kiel,
Germany); b) and c) at present, plotted on a bathymetry map form NOAA Bathymetric Data viewer. (For interpretation of the references to colour in this igure
legend, the reader is referred to the web version of this article.)
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Plate I. SEM images of the most common benthic foraminiferal species at Site 702 across the LLTM. 1, Cibicidoides micrus (sample 10 × 5, 3–5 cm): a) ventral side, b)
apertural view; 2, Nuttallides truempyi (sample 10 × 5, 3–5 cm), apertural view; 3, Oridorsalis umbonatus (sample 10 × 5, 13–15 cm): a) dorsal side, b) apertural view,
c) ventral side; 4, Alabamina weddellensis (sample 10 × 5, 13–15 cm): a) dorsal side, b) ventral side; 5, Bulimina elongata (sample 10 × 5, 3–5 cm); 6, Epistominella
exigua (sample 10 × 5, 33–35 cm): a) ventral side, b) apertural view, c) dorsal side. All scale bars = 100 μm.
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(< 21%) in the interval between 90.9 and 89.7 mbsf (Fig. 4).
Cluster 2 is the most diverse one (n = 14), and it is dominated by

Oridorsalis umbonatus and Nuttallides truempyi. Other common species

(> 2% in relative abundance) include Nonion havanense, Gyroidinoides
beisselli, Anomalinoides spissiformis and Cibicidoides praemundulus, sorted
from more to less frequent (Supplementary Fig. 1). This cluster presents

Fig. 2. Relative abundance of benthic epifaunal taxa at Site 702 against depth (mbsf). Geochemical data from Westerhold et al. (2018). Dark grey box indicates the
position of the LLTM, light grey box indicates the duration of the paleoecological changes recorded.

Fig. 3. Relative abundance of benthic infaunal taxa at Site 702 against depth (mbsf). Dark grey box indicates the position of the LLTM, light grey box indicates the
duration of the paleoecological changes recorded.
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the largest changes in relative abundance, ranging from 11.2% to 40%.
The highest values (> 25%) are mainly recorded within the interval
between 90.9 and 89.5 mbsf, coinciding with the lowest abundance of
cluster 1 (Fig. 4), and in the uppermost sample.

Overall, cluster 3 (n = 11) is the most common one but its relative
abundance strongly luctuates across the studied interval, ranging from
16% to 44.59% of the assemblages (Fig. 4). Alabamina weddellensis is
the most common species, and it is a main component of the whole
assemblage together with B. elongata (cluster 1). Other common species
in cluster 3 include Globocassidulina subglobosa and Epistominella exigua
(< 5% in relative abundance).

4.2. Accumulation rates and DCA analysis

Accumulation rates (AR) have been calculated for the two most
abundant species of each cluster (Fig. 5). The ARs of B. elongata and C.
micrus (cluster 1) are low (below average values) in the lower part of
the study interval, particularly between 90.8 and 89.6 mbsf, and they
increase in the upper part, between 89.5 and 88.8 mbsf. O. umbonatus
and N. truempyi ARs (cluster 2) remain fairly steady across the study
interval. The ARs of the most abundant species of cluster 3, A. wed-
dellensis and E. exigua, strongly luctuate and show a general trend
somehow similar to B. elongata ARs, with low values in the lower part
and high values in the upper part of the study interval. Note that the
ARs of the most common species (B. elongata and A. weddellensis, Fig. 5)
have the largest range of AR values (up to 80 N/cm2*kyr) as compared
to the ARs of other taxa, which do not exceed 30 N/cm2*kyr.

Benthic foraminiferal accumulation rates (BFARs) of the full as-
semblage show a general trend similar to A. weddellensis ARs (Fig. 5),
with overall low values in the lower to middle part of the study interval
(in the lowermost 30 cm, and between 90.8 and 89.6 mbsf), and posi-
tive peaks especially in the middle-upper part, with maximum values at
89.45 mbsf. The coarse fraction (> 63 μm) accumulation rates (CFARs)
show continuous low values between 90.6 and 90.1 mbsf and a low
peak at 89.75 mbsf (Fig. 5). The carbonate mass accumulation rates
(CMARs), calculated from weight % CaCO3 data (Westerhold et al.,
2018), show uniform values except for two low peaks at 90.23 and
89.61 mbsf (Fig. 5).

To further interpret the paleoecology of benthic foraminiferal as-
semblages across the LLTM event, a DCA analysis was performed on the

same dataset as the cluster analysis (species > 1% in relative abun-
dance, Fig. 6). As a general trend, species are more spread along axis 1,
with members of cluster 2 to the right half of this axis, and species from
cluster 3 towards the left. Species from cluster 1 show intermediate
values along axis 1, and positive values along axis 2. Species from
cluster 2 record mostly negative values along axis 2, and cluster 3
shows intermediate values (Fig. 6).

5. Interpretation

5.1. Paleoenvironmental interpretation based on benthic foraminifera

The lack of last occurrences of benthic species across the studied
interval suggests that the fast (7 kyr), 2 °C deep-sea warming recorded
at Site 702 during the LLTM (Westerhold et al., 2018) did not cause any
extinctions among benthic foraminifera. The CaCO3% decrease from
~90% to 80% across the LLTM (Fig. 2, data from Westerhold et al.,
2018) coincide with a slightly increase in corrosion-resistant species
(Oridorsalis umbonatus, Lenticulina spp.) and in some infaunal taxa
(Nonion spp.). These results might indicate a subtle increase in CaCO3

corrosivity of bottom waters, but assemblages do not support CaCO3

dissolution at the sealoor, as they were strongly dominated by cal-
careous taxa (Fig. 4) and the preservation of the tests do not show any
signs of carbonate dissolution.

Benthic foraminifera do show, however, changes in their assem-
blages across the studied interval, and provide information about their
ecological response across the LLTM for the irst time. The most re-
levant changes are recorded between 90.8 and 89.7 mbsf (Fig. 7),
where the relative abundance of cluster 2 increases and that of cluster 1
decreases. Both the relative abundance of cluster 1 (Fig. 4) and the ARs
of the most abundant species of cluster 1 (B. elongata and C. micrus,
Fig. 5) decrease across this interval, suggesting an actual decrease in
absolute abundance of these species. In contrast, cluster 2 records its
highest relative abundance across the same interval (Fig. 4). The ARs of
O. umbonatus and N. truempyi (main components of cluster 2) do not
show notable changes (Fig. 5) and indicate that their increase in
abundance is only relative and not absolute. O. umbonatus is an extant
cosmopolitan species with a broad environmental tolerance (Thomas
and Shackleton, 1996; Katz, 1999; Foster et al., 2013) and N. truempyi is
considered as an indicator of oligotrophic conditions, resistant to

Fig. 4. Benthic foraminiferal diversity (Fisher-α) and
relative abundance of agglutinated taxa, infaunal
morphogroups and clusters, including the most re-
presentative species of each cluster (black solid lines
within each colour plot, species names on top of each
plot). All data plotted against depth (mbsf) at Site
702. Dark grey box indicates the position of the
LLTM, light grey box indicates the duration of the
paleoecological changes recorded. (For interpreta-
tion of the references to colour in this igure legend,
the reader is referred to the web version of this ar-
ticle.)
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CaCO3-corrosive waters (e.g. Tjalsma and Lohmann, 1983; Thomas,
1998; Alegret et al., 2018). Their abundance in cluster 2 points to a high
resilience of the species included in this cluster (incl. N. havanense, G.
beisseli, A. spissiformis and C. praemundulus).

The constant infaunal/epifaunal ratio (between 40.6% and 60.9%,
Fig. 4) rules out large changes in bottom water oxygenation or organic
matter lux, suggesting that the oligo-mesotrophic conditions at the
sealoor did not vary noticeably across the studied interval. In addition,
no evidence for low oxygenation at the sealoor has been found across
the LLTM (e.g., species tolerant to low-oxygen conditions, dark organic-
rich sediments) at Site 702. Species from cluster 1 (particularly B.
elongata) decrease in abundance across the 90.8–89.7 mbsf interval
(Fig. 4), possibly due to changes in the type of organic matter rather
than to decreased food supply to the sealoor. We speculate that species

from cluster 2 (mainly O. umbonatus and N. truempyi), which are in-
terpreted as more resilient and are able to cope with oligotrophic
conditions, were less afected by changes in the type of organic matter
reaching the sealoor. This is further supported by the lack of changes in
their absolute abundance (Fig. 5).

The relative abundance of cluster 3 does not show any clear trends
related to the LLTM, but it strongly luctuates across the entire study
interval. Two of its most common species, A. weddellensis and E. exigua,
are considered to be phytodetritus exploiting taxa (PET taxa), asso-
ciated with enhanced seasonality in food delivery to the sealoor (e.g.
Gooday, 2003; Boscolo-Galazzo et al., 2015; Ortiz and Thomas, 2015).
The relative and absolute abundance of these PET species shows no-
ticeable changes but no distinct patterns, suggesting non-steady con-
ditions across the entire study interval, possibly related to periods of

Fig. 5. Accumulation rates of the most abundant
species (coloured solid lines) and the second most
abundant species (dashed lines) of each cluster (same
colour-code as Fig. 4). Benthic foraminifera, coarse
fraction and carbonate mass accumulation rates. All
data plotted against depth (mbsf) at Site 702. Dark
grey box indicates the position of the LLTM, light
grey box indicates the duration of the paleoecolo-
gical changes recorded. (For interpretation of the
references to colour in this igure legend, the reader
is referred to the web version of this article.)

Fig. 6. R-mode (species) Detrended correspondence analysis (DCA) results from Site 702 across the LLTM event. The most common species of each cluster are colour-
coded (see legend). (For interpretation of the references to colour in this igure legend, the reader is referred to the web version of this article.)
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increased seasonality of the food lux.
The R-mode DCA analysis (Fig. 6) groups species from cluster 2 to

the right (positive values) of axis 1, including cosmopolitan species
such N. truempyi and O. umbonatus which show stable ARs across the
studied interval. We argue that these species were little afected by
changes in food supply to the sealoor. Negative values along this axis
include species with an opportunistic behavior that show highly vari-
able ARs across the studied interval, such as the PET species from
cluster 3 (e.g. A. weddellensis and E. exigua) which likely responded to
seasonality of food supply. Species from cluster 1 show mid-range va-
lues along axis 1. These species may have reacted to changes in the type
(rather than seasonality) of food supply to the sealoor. DCA axis 1 thus
may be indicative of ecological stability, showing resilient cosmopo-
litan species to the right and opportunistic, seasonally-related species to
the left of axis 1.

5.2. Paleoecological changes across the LLTM and MECO events

The negative δ13Cbulk excursion that deines the LLTM has a dura-
tion of 30 kyr at Site 702, from onset to recovery to background levels
(Westerhold et al., 2018). The interval of benthic faunal change re-
corded by our data at this site comprises ca. 80 kyr, which includes the
duration of the LLTM plus the pre- and post-event phases (Fig. 7). The

assemblage turnover points to environmental instability across an in-
terval (90.8 and 89.7 mbsf) that coincides with decreased δ13Cbenthic

and δ18Obenthic values, and suggests changes in the type of food supply
to the sealoor. A similar ecological response has been documented
across the longer (300 kyrs), Middle Eocene Climatic Optimum (MECO)
at this site (Rivero-Cuesta et al., 2019).

Low CFARs values correlate with low δ18O bulk values (Fig. 7), and
the linear regression in the CFAR vs. δ18Obulk cross-plot supports the
hypothesis that the production of organic matter at the surface de-
creased during the warming interval (Supplementary Fig. 2). Low δ18O
values in bulk sediment and benthic foraminifera across the LLTM have
been attributed to a 2 °C increase in surface and bottom waters lasting
10 kyr (Westerhold et al., 2018). Warmer temperatures could lead to a
decrease in heterotroph biomass according to the metabolic hypothesis
(Olivarez Lyle and Lyle, 2006; O'Connor et al., 2009; Boscolo-Galazzo
et al., 2014; Arreguín-Rodríguez et al., 2016). Increased temperature
accelerates metabolic rates because of metabolism temperature de-
pendency, especially of heterotroph organisms (Boscolo-Galazzo et al.,
2018), which then require a higher food consumption to maintain the
same population. In oligo-mesotrophic settings such as Site 702, food
availability is a limiting factor, and an increase in food demand would
increase competition, eventually leading to a decrease in the hetero-
troph population. This mechanism could account for the low CFAR and

Fig. 7. Compilation of the most relevant data from
this study, and C and O isotope records at Site 702
from Westerhold et al. (2018). The light grey box
highlights the interval where most relevant faunal
changes are recorded and the dark grey box high-
lights the LLTM event deined by the δ13C bulk ex-
cursion. The size and/or colours of circles corre-
spond to absolute values of the proxy represented,
with smaller/lighter circles corresponding to lower
values. Absolute ages are derived from Westerhold
et al. (2018). All data plotted against depth (mbsf).
(For interpretation of the references to colour in this
igure legend, the reader is referred to the web ver-
sion of this article.)

L. Rivero-Cuesta, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 545 (2020) 109637

8



BFAR values recorded between 90.5 and 90.1 mbsf (Fig. 7). A decrease
in CFARs and BFARs coinciding with a negative δ18O bulk isotopic
excursion has also been recorded across the MECO interval at Site 702
(Rivero-Cuesta et al., 2019). The magnitude of the δ18O excursions is
diferent in each event (~1‰ during the MECO and ~0.5‰ across the
LLTM), suggesting that metabolic rates accelerate during warm events
in spite of their diferent magnitude and duration.

6. Conclusions

• The benthic foraminiferal turnover across the Late Lutetian Thermal
Maximum (41.52 Ma, late middle Eocene) at South Atlantic Ocean
Site 702 is here documented for the irst time. It records assemblage
changes lasting longer than the carbon isotopic excursion that de-
ines the LLTM.

• Benthic foraminifera did not sufer extinction of species across the
LLTM, but moderate assemblage changes point to environmental
perturbations, likely related to changes in the type of organic matter
delivered to the sealoor.

• The relative and absolute abundance of the benthic species Bulimina
elongata (and other species of cluster 1) decreased across the pa-
leoecological instability interval including the LLTM, suggesting a
higher sensitivity than other species to changes in the type of or-
ganic matter delivered to the sealoor. A similar ecological response
has been also documented across the MECO at the same site.

• BFAR and CFAR values show a positive correlation with the δ18O
record, suggesting a link between accumulation rates and tem-
perature. Increased metabolic rates of heterotroph organisms under
warmer temperatures may account for the decreased CFAR and
BFAR values across the LLTM, as across the MECO. This might have
led to a decrease in the rate of carbon burial at the sealoor, but the
role of this possible positive feedback mechanism needs to be further
explored.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2020.109637.
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Abstract The Middle Eocene Climatic Optimum (MECO) was an unusual global warming event that

interrupted the long‐term Eocene cooling trend ca. 40 Ma. Here we present new high‐resolution bulk and

benthic isotope records from South Atlantic ODP Site 702 to characterize the MECO at a high latitude

setting. The MECO event, including early and peak warming as well as recovery to background levels, had

an estimated ~300 Kyr duration (~40.51 to ~40.21 Ma). Cross‐plots (δ18O vs. δ13C) suggest that the

mechanisms driving coupled changes in O and C isotope values across the MECO were weaker or absent

before the event. The paleoecological response has been evaluated by quantitative analysis of calcareous

nannofossils and benthic foraminifera assemblages. We document a shift in the biogeographical distribution

of warm and temperate calcareous nannoplankton taxa, which migrated toward higher latitudes due to

increased temperatures during the MECO. Conversely, changes in the organic matter flux to the seafloor

appear to have controlled benthic foraminifera dynamics at Site 702. Benthic phytodetritus exploiting taxa

increased in abundance coinciding with a positive δ13C excursion, ~150 Kyr before the start of the δ18O

negative excursion that marks the start of MECO warming. Our data suggest that paleoecological

disturbance in the deep sea predates MECO δ
18O excursion and that it was driven by changes in the type

and/or amount of organic matter reaching the seafloor rather than by increased temperature.

1. Introduction

The Eocene was a period of significant change in Earth's climate. It comprises a long‐term transition from

the greenhouse state of the early Eocene to the icehouse state at the Eocene‐Oligocene transition (Miller

et al., 1987; Zachos, 2001). Themiddle to late Eocene cooling was punctuated by short‐lived, transient warm-

ing events (Edgar et al., 2007; Ivany et al., 2008; Sexton et al., 2006; Tripati, 2005; Wade & Kroon, 2002), with

the Middle Eocene Climatic Optimum (MECO; Bohaty & Zachos, 2003) being one of the most puzzling

events described. The MECO was first recognized by a negative oxygen isotopic excursion (OIE; approxi-

mately –1‰ in δ18Obulk and δ18Obenthic records) at different Southern Ocean sites (Bohaty & Zachos,

2003). It was further documented at globally distributed ocean drilling sites and on‐land sections (Bohaty

et al., 2009; Boscolo Galazzo et al., 2014; Jovane et al., 2007; Spofforth et al., 2010), hence considered a global

event. The OIE recorded across the MECO has been interpreted mainly as a temperature signal as ice sheets

were likely small or absent during the Eocene (Bohaty & Zachos, 2003; Edgar et al., 2007), suggesting a tran-

sient global warming of 4–6 °C in both surface and deep waters (Bohaty & Zachos, 2003; Bohaty et al., 2009;

Bijl et al., 2010).

The MECO OIE peak appears to be synchronous with the base of Chron C18n.2n (40.14 Ma, Gradstein

et al., 2012), providing a reliable age constraint (Bohaty et al., 2009). Another useful dating event is the

short planktonic foraminifera biozone E12 (Berggren & Pearson, 2005), defined by the total range of

Orbulinoides beckmanni, that was believed to coincide with the MECO event (e.g., Bohaty et al., 2009)

However, this species is diachronous, as it appeared earlier at low latitudes and successively spread

toward higher latitudes (Edgar et al., 2010). Nannofossil biozones provide further tie points across the

MECO (Agnini et al., 2014) even at high latitudes (Villa et al., 2008; Wei & Thierstein, 1991), although

there is also slight diachroneity of certain biostratigraphic events between high and low latitudes
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(Bohaty et al., 2009). In order to compare and correlate the MECO among different sites and in addition

to the identification of the base of Chron C18n.2n, high‐resolution carbon and oxygen isotope records are

arguably the best tool available due to their distinctive patterns (Bohaty et al., 2009). Estimations of

MECO duration based on isotopic records vary from ~500 Kyr (Bohaty et al., 2009), ~600 Kyr (Bohaty

& Zachos, 2003) to ~750 Kyr (Edgar et al., 2010). Robust age models are needed to better constrain the

duration of this event, to discuss its mechanisms, and to assess its relation with orbital cycles

(Giorgioni et al., 2019; Westerhold et al., 2014, 2015).

Like other Eocene warming events, the MECO is associated with a decline in carbonate accumulation at

abyssal sites (Lyle et al., 2005) and related increase in atmospheric pCO2 concentrations (Bijl et al., 2010).

However, it usually lacks a clear carbon isotope excursion (CIE) accompanying the OIE, with carbon isoto-

pic values even rising rather than declining during MECO warming (Bohaty & Zachos, 2003). Some study

sites show records of a brief CIE (−0.5‰ δ
13Cbulk) coinciding with OIE peak conditions, but this is not

consistent across sites (Boscolo Galazzo et al., 2014). The duration of the MECO, its gradual

warming/rapid cooling pattern, and its unusual CIE trend have raised questions about how well we under-

stand carbon cycle mechanisms across warm periods, withmodels struggling to recreate the trends displayed

by MECO records (Sluijs et al., 2013). The characteristics of this event provide a unique opportunity to

analyze the complex relationship between climate and the carbon cycle during past periods of increased

atmospheric pCO2 and global warming on a hundreds of Kyr timescale.

Carbon‐containing organic matter is an important component of the carbon cycle, and its cycling is driven

by both abiotic and biotic processes. Oceanic organic matter through the biological pump was the main reg-

ulator of atmospheric CO2 during the Eocene (Hilting et al., 2008). However, only a small part of the organic

matter produced in the surface reaches the deep sea, especially at high latitudes (Diester‐Haass & Faul, 2019)

where recycling across the water column is particularly high. The remaining organic carbon is consumed by

deep‐sea heterotrophs (e.g., benthic foraminifera) and ultimately removed from the ocean‐atmosphere sys-

tem by burial (Arndt et al., 2013). Paleoecological studies across the MECO have reported shifts in both sur-

face and deep‐sea faunas (e.g., Toffanin et al., 2011; Boscolo Galazzo et al., 2014; 2015), suggesting changes in

the biological pump. Surface primary productivity has been reported to increase or decrease depending on

the study site (e.g., Luciani et al., 2010; Takata et al., 2013; Toffanin et al., 2011, 2013). Similarly, reported

changes in benthic foraminifera assemblages across the MECO range from significant and transient restruc-

turing of the fauna (Ocean Drilling Program [ODP] Site 738, Moebius et al., 2014) to unchanged benthic

assemblages (ODP Site 1263, Boscolo Galazzo et al., 2015). In order to characterize this perturbation of

the global carbon cycle and to improve our understanding of its paleoenvironmental consequences, we

generated geochemical and paleontological proxies across the MECO interval at ODP Site 702 (Leg 114,

South Atlantic Ocean). New, high‐resolution bulk and benthic δ
18O and δ

13C isotope records as well

as XRF, magnetostratigraphy, and calcium carbonate content (%CaCO3) are presented to assess

paleoceanographic changes. Paleoecological inferences are based on calcareous nannofossil and benthic

foraminifera assemblages.

A comprehensive reconstruction of the paleoceanographic conditions of surface and deep‐sea realms at this

high latitude site is here presented, addressing the changes in organic carbon flux across the MECO and its

consequences on deep‐sea biota. Additionally, we provide constrains on the timing of the δ18O and δ13C iso-

topic excursions in the bulk and benthic records identifying their similarities and differences, which may

contribute to improve our understanding of the mechanisms triggering and controlling the MECO.

2. Location and Setting

ODP Site 702 was drilled during Leg 114 (March–May 1987) in the central area of the Islas Orcadas Rise (50°

56.760′S, 26°22.122′W, 3,083.4 m water depth) in the South Atlantic Ocean (Figure 1). Islas Orcadas is a

north‐northwest‐trending aseismic ridge more than 500 km long, 90 to 180 kmwide, and over 1,000 m above

the adjacent seafloor (Ciesielski & Kristoffersen, 1988). Circumpolar DeepWater bathes the central region of

the Islas Orcadas Rise, and surface waters have a strong easterly flow created by the Antarctic Circumpolar

Current (Reid et al., 1977). The Antarctic Convergence Zone, or polar front, today lies 60 km north of Site 702

(Gordon et al., 1977).
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The Islas Orcadas Rise was likely formed during the early Paleogene, at a propagating rift that also produced

theMeteor Rise (Ciesielski & Kristoffersen, 1988). Rifting and seafloor spreading separated the Islas Orcadas

and Meteor rises in the Eocene, forming a deep passageway that allowed less‐restricted communication of

deep water from the South Atlantic to the north (Ciesielski & Kristoffersen, 1988). Site 702 subsided to near

its present water depth after the late Eocene, suggesting that late Paleocene to Eocene subsidence of Site 702

was only minor; by middle to late Eocene, the polar front was located south of the Islas Orcadas Rise

(Ciesielski & Kristoffersen, 1991). Extensive deposition of homogeneous nannofossil ooze and chalk, with

relatively minor contribution of foraminifera (<10%) and a high carbonate content (85% to 95%; Ciesielski

& Kristoffersen, 1991), took place at lower bathyal (1,000–2,000 m) paleodepths at that time (Ciesielski &

Kristoffersen, 1991).

The occurrence of abundant, diverse, and well‐preserved benthic foraminifera and calcareous nannofossils

across middle‐late Eocene sediments, together with its relatively expanded and continuous record, make Site

702 a suitable location to perform paleontological and geochemical analyses at high resolution.

3. Materials and Methods

ODP Site 702 Hole B was sampled at the International Ocean Discovery Program Bremen Core Repository.

Sediment samples between Core 8X, Section 1, interval 44–46 cm (63.74 m below sea floor [mbsf]) and Core

10X, Section 1, interval 98–100 cm (83.28 mbsf) were taken at high resolution (see details below). TheMECO

was first identified at Hole 702B by a sharp OIE between 75 and 70.5 mbsf (Bohaty et al., 2009), which served

as a baseline for our study.

3.1. Inorganic Geochemistry and XRF Measurements

Bulk stable C and O isotope analyses were performed on 238 sediment samples between 81.00 and 64.90

mbsf (5 to 10 cm resolution, ~4–8 Kyr; supporting information Table S1). Analyses were performed at the

MARUM Isotope Laboratory (Bremen University) using a Finnigan MAT 252 gas isotope ratio mass spectro-

meter with Kiel III/Kiel IV automated carbonate preparation device. Data are reported relative to the Vienna

Pee Dee Belemnite international standard, determined via adjustment to calibrated in‐house standard

(Solnhofen limestone) and NBS‐19. The standard deviation of house standard over the measurement period

was 0.04‰ for δ13C and 0.07‰ for δ18O. Species‐specific C and O isotope analyses were carried out on

benthic foraminiferal tests, using a set of 72 samples between 80.85 and 64.90 mbsf, with a sample resolution

between 50 and 8 cm (higher around the OIE). Between 8 and 15 specimens of well‐preserved Nuttallides

truempyi were analyzed per sample. Large specimens from the ≥100 μm fraction were used to avoid intras-

pecific variation of juvenile and adult specimens. Bulk wt%CaCO3 was analyzed on 41 samples between

80.85 and 64.90 mbsf (sampling resolution from 1.5 m to 25 cm, with higher resolution across the OIE).

Figure 1. Map of ODP sites where benthic foraminifera assemblages have been studied across the MECO: Site 702 (this

study), Site 738 (Moebius et al., 2014), and Site 1263 (Boscolo Galazzo et al., 2015). High‐resolution isotope and XRF

data from these sites have been used to generate the age model used in this study. Approximate positions at 40 Ma are

plotted on a paleogeographic reconstruction from the Ocean Drilling Stratigraphic Network (GEOMAR, Kiel, Germany).
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The analyses were performed with a manocalcimeter (Geoservices) by addition of 5 ml of HCl (50 %) to 1 g of

pulverized sediment. The pCO2 produced during this reaction was measured in vacuum, and the result is

given in % CaCO3 of the total sediment analyzed.

Sediment Cores 702B7X to 702B10X fromHole 702B (archive half) were analyzed with an XRFCore Scanner

III at MARUM‐University of Bremen. Data were obtained every 2 cm down core over a 1 cm2 area using a

generator setting of 10 kV, 0.150 mA, and a sampling time of 15 s. XRF Scanner III was operated with a

Canberra X‐PIPS Silicon Drift Detector (Model SXD 15C‐150‐500) with 150 eV X‐ray resolution, the

Canberra Digital Spectrum Analyzer DAS 1000 and an Oxford Instruments 100W Neptune X‐ray tube with

rhodium (Rh) target material. Data are complementary to the set published in Westerhold et al. (2018).

3.2. Magnetostratigraphy

Shipboard paleomagnetic measurements of the natural remanent magnetization (NRM) were performed on

the archive halves after maximum alternating field (AF) cleaning of 5 or 9 mT (Clement & Hailwood, 1991).

Despite the low level of demagnetization, this analysis resulted in a shift from negative (up‐pointing) to posi-

tive (down‐pointing) paleomagnetic inclination interpreted as the C18n.2n‐C19r Chron boundary. However,

the shipboard data do not provide a continuous and fully reliable magnetic polarity record through the inter-

val of interest at Hole 702B, and the archive halves measurements are not supported by discrete sample ana-

lysis because the intensity of the NRM signal is too low for the equipment available at the time. The CIE

related to the MECO has been found near the C18n.2n‐C18r Chron boundary (Bohaty et al., 2009). In order

to improve the shipboard‐based magnetostratigraphy, we collected a total of 23 oriented discrete samples

between 70.14 and 74.43 mbsf (Figure 2), where this Chron boundary was originally placed (Clement &

Hailwood, 1991). After selecting sedimentary layers not affected by coring deformation, samples were col-

lected by pushing standard 8 cm3 plastic cubes into the core.

Figure 2. (a) Correlation of Hole 702B with Hole 738B and Site 1263 by high‐resolution carbon isotope records (bulk sediment) and (b) magnetostratigraphic data.

Data in Table S5.
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To determine the paleomagnetic component of the NRM, all samples were demagnetized using three‐axes

AF technique, adopting 5 mT steps from 5 to 50 mT and 10 mT steps from 50 up to 100 mT, measuring

the NRM after each demagnetization step. After AF demagnetization, we investigated the magnetic miner-

alogy of the samples by means of isothermal remanent magnetization (IRM) acquisition on a representative

set of eight samples. Samples were magnetized using 22 steps with field ranging from 10 to 700 mT, and the

IRM was measured after each step. All magnetic remanence measurements were performed with a 2G‐

Enterprises cryogenic magnetometer placed in line with an ASC AF demagnetizer and a pulse magnetizer

(Mullender et al., 2016) at the University of Bremen.

The characteristic remanent magnetization (ChRM) of the sediment has been isolated by means of visual

inspection of vector end points demagnetization diagrams (Zijderveld, 1967). We isolated the vector compo-

nents linearly decaying to the origin of the demagnetization axes using the principal component analysis of

Kirschvink (1980). ChRM components failing to trend linearly to the origin of the axes are estimated apply-

ing the spherical statistic of Fisher (1953) to the vector end points. Since the cores are azimuthally not

oriented, the magnetic polarity stratigraphy has been interpreted using only the inclination of the ChRM,

whereby directions with negative inclination were acquired during a normal geomagnetic field, while posi-

tive inclination represents reversed field. Analyses were performed using the PuffinPlot freeware (Lurcock &

Wilson, 2012).

3.3. Correlation and Age Model

Records of carbon and oxygen stable isotopes on bulk carbonate and benthic foraminifera are key to identi-

fying and correlating the MECO between different ocean regions (Bohaty & Zachos, 2003; Bohaty et al.,

2009). Our new, high‐resolution bulk carbon isotope records were used to correlate ODP Sites 702B, 738B,

and 1263 based on the identification of characteristic and unique features across magnetic polarity

Chrons C18r and C18n2n (Figure 2). Bulk oxygen isotope and magnetostratigraphic data (inclination) rein-

force the correlation confirming that the reversal from C18r to C18n2n is located in the second of three pro-

minent carbon isotope swings in the peak‐MECO. After depth correlation, the age model for ODP Site 1263

has been adopted providing a consistent stratigraphic framework for the sites across theMECO interval. The

age model for Site 1263 is based on astronomical tuning of high‐resolution bulk carbonate stable carbon iso-

tope data to the La2010b (Laskar et al., 2011) solution for orbital eccentricity. Variations in Site 1263 bulk

carbon isotope data show clear imprint of short (100 Kyr) and long (405 Kyr) eccentricity, as already docu-

mented and applied for orbital tuning for the early and middle Eocene records from Site 1263 (Westerhold

et al., 2015, 2017, 2018). Tuning was done by correlating the long eccentricity cycle related lighter carbon iso-

tope data to themaxima in the La2010b eccentricity solution (Figure S1). Bulk carbon isotope data fromHole

702B reinforce the tuning of Site 1263 carbon isotope data, particularly in 405 Kyr eccentricity cycle 102

where Hole 702B data show a clearer expression of the cycle compared to Site 1263 as already presented

in Westerhold et al., 2018 (see Figure S6 and S7 therein). This procedure results in a new astronomically

tuned age model fully encompassing the MECO event. A previous tuned age model combining

International Ocean Discovery Program Expedition 320 records from the equatorial Pacific with records

from ODP 1051, 1172A, and 1260 (Westerhold et al., 2014) is lacking of high‐quality, high‐resolution stable

isotope data due to dissolution of carbonate during the MECO and rely on low quality magnetostratigraphic

data from 1172A.

3.4. Benthic Foraminifera

Quantitative analyses on benthic foraminifera were carried out on 36 samples between 83.29 and 63.75mbsf;

sampling resolution varied from 1.5 m to 25 cm, ~120 to 20 Kyr (higher resolution across the OIE). Samples

were oven‐dried (<50 °C for 24 hr), weighed, and disaggregated in (NaPO3)6 for 3 hr. Each sample was sieved

under running water, and the ≥63 μm size fraction was collected, oven‐dried (<50 °C for 24 hr), and

weighed again.

Assemblage work was performed on representative splits of around 300 specimens per sample. A total of 73

taxa (70 calcitic and 3 agglutinated) was recognized at species or higher taxonomic level (Table S2).

Classification at the generic level mainly follows Loeblich and Tappan (1987), except for uniserial taxa

(Hayward et al., 2012). Species identification follows Tjalsma and Lohmann (1983), Van Morkhoven et al.

(1986), Müller‐Merz and Oberhänsli (1991), Ortiz and Thomas (2006), Holbourn et al. (2013), Boscolo
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Galazzo et al. (2015), and Arreguín‐Rodríguez et al. (2018). Preservation of foraminiferal tests is commonly

good, suitable to detect diagnostic morphological features. The most representative specimens were photo-

graphed using the SEM imaging facilities at the University of Zaragoza (Spain) (Figure S2).

The relative abundance of each species was calculated from the raw data matrix. Diversity (Fisher‐α) and

dominance indices (Murray, 1991) and the percentage of calcareous and agglutinated tests were calculated.

Taxa were assigned to infaunal or epifaunal morphogroups according to their morphology, following Jones

and Charnock (1985), Corliss and Chen (1988), and Corliss (1991). The TROX model (Jorissen et al., 1995)

was followed to infer food supply and oxygenation at the seafloor according to the microhabitat distribution

of benthic foraminifera, which is extrapolated by comparing with modern, morphologically similar taxa

(e.g., Jorissen, 1999). Note that foraminifera are not static but actively move through the sediment (e.g.,

Bornmalm, 1997; Fontanier et al., 2002; Gooday & Rathburn, 1999; Gross, 2000; Jorissen, 1999), and this

may lead to inaccuracies when assigning microhabitats.

Hierarchical cluster analysis was performed (PAST package, Hammer et al., 2001) on a data matrix contain-

ing all common taxa (species >1.5% in at least one sample) using the Pearson similarity index and the

unweighted pair‐group (UPGMA) algorithm. Detrended Correspondence Analysis (DCA) was carried out

to further analyze the results derived from clustering and to investigate the relationship between foramini-

fera and environmental variables (Hammer & Harper, 2005). For further paleoenvironmental assessment,

the longitudinal axis of the species Bulimina elongata was measured (15 to 57 measures per sample) using

an Olympus SC50 camera and Stream Basic software.

3.5. Calcareous Nannofossils

A total of 46 samples was analyzed between 81.18 and 65.20 mbsf with a variable sample resolution that

increases up to 10–20 cm from 74.50 to 70.50 mbsf and results in a time resolution of 8 and 33 Kyr, respec-

tively. Standard smear slides were processed following the routine method described in Bown and Young

(1998). Preliminary qualitative estimate of the abundance and preservation state of calcareous nannofossil

assemblages was performed for all samples. Samples were examined under a Zeiss light microscope at

1,250X magnification. The taxonomy adopted is that of Perch‐Nielsen (1985) and Agnini et al. (2014). The

adopted biostratigraphic schemes are those of Martini (1971), Okada and Bukry (1980), and Agnini et al.

(2014). Counts on selected taxa were performed on a given area (1 mm2; Backman & Shackleton, 1983)

for biostratigraphical and paleoecological aims. The number of specimens on a fixed area in a truly pelagic

depositional setting provides an estimation of the productivity of the taxa examined even if the variable

amount of sediment could bias the absolute number, but previous studies have shown that the standard

deviation on different replicas is always <2–5% (Agnini et al., 2016). Biohorizon nomenclature follows that

given by Agnini et al. (2014): base (B), base common (Bc), top (T), and top common (Tc).

3.6. Accummulation Rates

Linear sedimentation rate and dry bulk density data from the shipboard report (Ciesielski & Kristoffersen,

1988) were extrapolated to calculate benthic foraminiferal (BFAR; Herguera & Berger, 1991) and coarse frac-

tion (CFAR) accumulation rates (ARs). BFAR values are considered as a proxy for total organic matter flux

reaching the seafloor (Gooday, 2003; Jorissen et al., 2007), and CFAR values are an approximation of plank-

tonic foraminiferal ARs (Diester‐Haass, 1995).

ARs were also calculated according to the sedimentation rates calculated with the age model derived from

correlation with Site 1263, although the trends are very similar to the ARs calculated with the linear sedi-

mentation rate from shipboard data.

4. Results

4.1. Stable Isotope Trends

Results from stable O and C isotope analyses performed on bulk carbonate follow the trends observed by

Bohaty et al. (2009) but now resolve Hole 702B record at much higher resolution (every 5 to 10 cm), revealing

cyclic variations throughout (Figure S3).

Oxygen isotope values of bulk sediment (δ18Obulk) vary between 0.65‰ and −0.34‰ (maximum amplitude

0.99‰; Figure 3). The lowermost part of the section (from 81.00 to 75.20 mbsf) shows consistently high
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values (>0.20‰). A gradual decreasing trend is recorded between 75 and 72.15 mbsf, where the minimum

δ
18Obulk value is recorded. Negative δ

18Obulk values are concentrated within 73.05 and 70.60 mbsf and

shows three distinct negative peaks at 72.15, 71.70, and 71.00 mbsf (MECO OIE peak conditions), and this

pattern is also present in the other O and C isotopic records. The last peak is followed by a very rapid

+0.59‰ increase in δ18Obulk within a 0.4 m interval (between 71.00 and 70.60 mbsf). δ18Obulk recover to

preexcursion values toward the top of the studied interval, interrupted by a short‐term decrease to ~0‰

δ18Obulk between 67.70 and 67.20 mbsf.

Overall, oxygen isotope values measured on N. truempyi (δ18Obenthic) parallel the trend observed in δ18Obulk

(Figure 3), showing a slightly larger variability from 0.90‰ in the lower part of the studied interval to −0.44

‰ (maximum amplitude 1.35‰) in the middle part. While the negative excursion of the δ18Obenthic record

starting at 74.50 mbsf has a similar excursion rate (−0.56‰ across ~3 m) than the δ18Obulk record, the second

part of the excursion (72.86 to 71.00 mbsf) shows a higher excursion rate in the δ18Obenthic record: a −0.74‰

drop within a 1.86 m interval. The three negative peaks observed in δ
18Obulk are also recorded in δ

18Obenthic,

which display minimum values at the third peak (71 mbsf). Similar to the δ18Obulk trend, the recovery in

δ18Obenthic values is recorded within a short interval (+0.87‰ increase between 71 and 69.67 mbsf), but

the length of the recovery interval is twice as long in δ
18Obenthic compared to δ

18Obulk (~0.40 m). Post‐

excursion δ
18Obenthic values are lower than preexcursion values by −0.2‰.

Carbon isotope values of bulk sediment (δ13Cbulk) range between 2.62‰ and 1.92‰ (maximum amplitude

0.69‰; Figure 3). A gradual increasing trend in δ
13Cbulk is observed from the lower to the middle part of

the studied interval, between 78.35 (1.96‰) and 76.00 mbsf (2.47‰), followed by an interval of relatively

constant high δ
13Cbulk values ranging between 2.25‰ and 2.47‰. A decreasing trend in δ

13Cbulk values

starts ~73.00 mbsf, and three minor, negative peaks are distinguished at 72.20, 71.60, and 70.95 mbsf, the last

one being more significant. They coincide with the three negative excursions in δ
18Obulk and δ

18Obenthic

values. Recovery to preexcursion values is recorded within a 1.2 m thick interval (between 70.90 and 69.70

mbsf), and δ
13Cbulk values remain relatively constant (>2.32‰) above the recovery interval. A few, below‐

average δ13Cbulk values are recorded in coincidence with relatively low δ18Obulk values at ~67.20 mbsf.

Figure 3. Bulk (darker lines) and benthic (Nuttallides truempyi, lighter lines) isotopic data from Site 702 plotted against

depth (mbsf). Visual representation of relative abundances of benthic Subclusters A1 (red dots) and A2 (orange dots),

benthic foraminifera diversity (Fisher‐α), B. elongata maximum test size, benthic foraminifera accumulation rates

(BFARs) and coarse fraction accumulation rates (CFARs) (darker dots represent lower values). Age derived from this

study.
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Benthic carbon isotope values (δ13Cbenthic) fluctuate between 1.47‰ and 0.32‰, showing a larger variability

(max. amplitude 1.14‰) than δ
13Cbulk values (Figure 3). Despite minor differences between δ

13Cbenthic and

δ13Cbulk records, they show similar trends, with minimum values in the lower part of the study interval and

higher values in the uppermost part. Short‐term trends in the δ13Cbenthic record are difficult to assess due to

the larger variability and lower sampling resolution. However, the gradual increase in δ
13Cbenthic values is

interrupted across interval 72.37–70.57 mbsf, and a three‐peaked negative excursion (approximately

−0.6‰) can be distinguished. The three negative peaks in δ
13Cbenthic (at 72.19, 71.48, and 71.00 mbsf) coin-

cide with those identified in δ
13Cbulk, δ

18Obulk, and δ
18Obenthic values, with the latter peak recording the

most prominent negative excursion.

Cross‐plots of δ18O versus δ13C values are useful to assess the correlation between these two proxies. A linear

regression comprising all samples within theMECO event shows a positive correlation between δ
18Obulk and

δ
13Cbulk values (Figure S4a). No correlation is observed during the pre‐MECO interval, where increasing

δ13C values are recorded while δ18O values remain high. The MECO linear regression of the δ18Obemthic ver-

sus δ13Cbenthic cross‐plot (Figure S4b) shows a less pronounced slope. In this case, the number of samples (n

= 72) could partially account for the poor linear regression fit and different slope result compared to the bulk

record (n= 238). Benthic MECO regression line is plotted against the regression lines of other Eocene warm-

ing events for comparison (Figure S4c).

4.2. Rock Magnetism and Paleomagnetism

The maximum IRM after, magnetization with 0.7 T inducing field, is between 0.3 and 0.4 mA/m. In all sam-

ples, 77% to 85% of the maximum IRM is reached within a magnetizing field of 100 mT (Figure S5a), indicat-

ing that the magnetic mineralogy is dominated by a low coercivity phase, likely consisting of magnetite. This

result supports the reliability of the presented paleomagnetic data set, because the ChRM directions were

isolated by AF demagnetization up to a peak field of 100 mT.

The intensity of the NRM ranges around 10−5 and 10−4 A/m. We obtained ChRM directions suitable for

magnetic polarity stratigraphy from 17 samples out of 23 (74%). Of these 17, 11 have been obtained by linear

interpolation of vector end points (Kirschvink, 1980). On six specimens, the vector end points are found to

decay toward the demagnetization axes origin without a clear linear pattern, and the ChRM directions have

been estimated by calculating the Fisher (1953) mean of the vector end points themselves, an approach

already successfully used in analyses of paleomagnetic data (Tauxe et al., 2012) (Figure S5c and Table S3).

The directional data set is organized in twomodes, whereby seven directions have negative inclination while

10 have positive inclination. The sampled stratigraphic interval straddles two cores, namely, 702B‐8X and

702B‐9X. Due to the lack of declination control (in particular between the two cores), we estimated the aver-

age direction of the two modes, and of the whole data set, using the inclination‐only approach of McFadden

and Reid (1982; Figure S5d).

The inclination data are plotted together with the inclination of the continuous archive halves measurement

(Clement, 1991). There is a substantial agreement between the two data sets in the interval from 70 to 72.3

mbsf. Our new discrete‐sample based magnetostratigraphy constrains at 71.99 mbsf, the depth of the mag-

netic polarity reversal that was originally interpreted as the C18n.2n‐C18r Chron boundary (Clement &

Hailwood, 1991; Figure 2 and S6). Shipboard measurements are characterized by a gap between 72.25 and

74.35 mbsf, limiting the reliability of the position originally proposed for the Chron boundary (Clement &

Hailwood, 1991). Our new data clearly show consistent positive ChRM inclination below 71.99 mbsf (i.e.,

reversed magnetic polarity).

4.3. Benthic Foraminiferal Assemblages

Benthic foraminifera are strongly dominated by calcareous taxa (98% of the assemblages) matching the con-

tinuously high (~80%) CaCO3 content recorded. Diversity (Fisher‐α index) ranges between 10.8 (minimum

at 73.29 mbsf) and 18.2 (maximum at 66.88 mbsf) (Figure 4). Low diversity values (below average Fisher‐α

14.3) are mostly recorded between 78.26 and 72.08 mbsf. In contrast, dominance oscillates, showing the

highest (above average 0.20) but also the lowest values between 79.76 and 72.46 mbsf.

Assemblages show changes in relative abundance of species across the studied interval. A classical hierarch-

ical cluster analysis of species (n = 33) shows two main clusters (A and B) and four subclusters (A1, A2, B1,
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and B2) with similarity <0 (Figure S7). Cluster B contains more species (n = 24) and has a higher relative

abundance (up to 72.8% of the assemblages) than Cluster A.

In Subcluster A1, the main component is Alabaminella weddellensis, followed by Caucasina sp. and

Epistominella exigua. These taxa have flattened trochospiral tests and an inferred epifaunal habitat.

Infaunal taxa (e.g., Buliminella grata and Buliminella beaumonti) are a minor component of Subcluster A1

(<2.25%). The relative abundance of this subcluster strongly varies across the studied interval from 3.07%

to 47.19%, with the largest changes and highest values recorded between 76.86 and 69.39 mbsf (highest value

at 76.07 mbsf) (Figure 4). Subcluster A2 only includes two species, Bolivina cf. huneri and Fursenkoina sp. 2,

the former being the main component. Both species are believed to have had an infaunal mode of life, and

they show substantial ornamentation on their tests (Figure S2). The relative abundance of Subcluster A2

increases between 74.48 and 70.89 mbsf (maximum at 73.58 mbsf). Both subclusters are scarce in the lower

part of the studied interval, and their relative abundances show a negative correlation in the middle and

upper part of the investigated section.

Subcluster B1 is the most diverse one, including 19 species. Nuttallides truempyi is the most abundant spe-

cies, followed by Globocassidulina subglobosa, Cibicidoides micrus, Oridorsalis umbonatus, Bulimina alaza-

nensis, and Cibicidoides praemundulus (each of them >5% in relative abundance). The lowest values of

this subcluster (average < 37.26%) are recorded between 76.45 and 72.46 mbsf (Figure 4). Subcluster B2

shows the smallest changes in relative abundance across the study interval, and unlike the other subclusters,

it is more abundant in the lower part (between 83.29 and 76.45 mbsf). It is dominated by Bulimina elongata,

while the other four species forming this subcluster show relative abundances <5%. Due to the different

Figure 4. Benthic foraminifera quantitative analysis at Site 702. Morphotypes (infaunal/epifaunal ratio), diversity (Fisher‐α index), and dominance indices and

relative abundance of Subclusters A1 (orange), A2 (red), B1 (blue), and B2 (green), including their most representative species (black lines within each color

plot, species names in the figure). The gray plot represents the range of Bulimina elongata test sizes (black line = average).
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abundance trend of B. elongata as compared to other species, the length of this taxon was measured across

the study interval. Average values (181.91 μm) and minimum values do not show any significant changes

(Figure 4), but maximum test sizes have lower values between 76.07 to 68.79 mbsf (lowest at 72.72 mbsf).

In order to better understand and interpret the paleoecological changes related to subcluster abundance fluc-

tuations, a DCA analysis was performed on the same data set as the cluster analysis (with species >1.5% in

relative abundance; Figure S8). Species from Cluster A fall within positive values of Axis 1, while Cluster B

shows Negative Axis 1 values except for one outlier. Species from Subcluster A2 show high positive values

along Axis 2, while Subcluster A1 values are negative along Axis 2. Cluster B shows Intermediate Axis 2

values, ranging between 25 and −40.

4.4. Benthic foraminifera and Coarse Fraction Accumulation Rates

BFARs and species‐specific ARs have been calculated for the dominant species of each subcluster.

Calculations were made with assumed constant sedimentation rates (Ciesielski & Kristoffersen, 1988) and

with sedimentation rates derived from Site 702 age model; however, both calculations show similar overall

trends and range of values (Figure 5).

BFARs show average values in the lower part of the study interval, shifting to lower values between 72.72

and 70.58 mbsf and between 68.79 and 65.00 mbsf. Alabaminella weddellensis has low ARs values across

the section, showing larger values in the intervals 76.75–75.66, 73.58–73, and 70.28–69.99 mbsf.

Nuttallides truempyi and B. huneri ARs are stable except for a noticeable increase of the latter between

74.07 and 73.19 m. In contrast to the other species, B. elongata ARs are higher in the lower part of the

Figure 5. Accumulation rates (ARs), XRF, and CaCO3 %. Solid lines represent ARs calculated with the linear sedimentation rate from shipboard data. Dashed lines

are ARs calculated with sedimentation rates derived from Site 702 age model (this study).
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interval, between 83.29 and 75.66 mbsf, with two positive peaks between 70.28 and 69.00 mbsf that parallel

the general BFAR trend.

Despite the wide range of CFAR values (>63 μm) (Figure 5), there is a short interval with low values between

74.77 and 71.63 mbsf, while above average (>0.5 g * cm2/Kyr) values are constant in the lower and upper

parts of the section. This proxy has been commonly used as an estimation of the planktonic foraminiferal

ARs (e.g., Boscolo Galazzo et al., 2014).

4.5. Calcareous Nannofossil Biostratigraphy and Abundance Patterns

Calcareous nannofossil assemblages from Site 702 were previously reported by Pea (2011), but our data

provide a biostratigraphic frame based on the semiquantitative abundance patterns of the index species

(N/mm2) used in the biozonations (Figure 6 and Table S4).

4.5.1. Base of Reticulofenestra umbilicus (>14 μm)

It marks the base of Subzone CP14a (Okada & Bukry, 1980) and the base of Zone NP16, as the Top of

Blackites gladius, which was originally proposed to define the base of Zone NP16 (Martini, 1971), has been

reported to extend into lower Zone NP17 (e.g., Agnini et al., 2014; Berggren & Aubry, 1984; Wei & Wise,

1989). Reticulofenestra umbilicus is present throughout the section with a continuous, relatively common

abundance that is lower in the basal part and increases from 74.1 (±0.10) mbsf upward. This abundance pat-

tern indicates that the base of this taxon is positioned below the base of the studied interval.

4.5.2. Base of Cribrocentrum reticulatum

It denotes the base of Zone CNE14 (Agnini et al., 2014). This taxon is unevenly distributed and suggests, con-

versely to what was reported in Pea (2011), that its base is located below the base of the study section. The

appearance of C. reticulatum shows diachroneity, starting more than 2 Myr before at low‐middle latitudes

than at high latitudes (Agnini et al., 2014; Villa et al., 2008). This discrepancy and its low abundance at

Site 702 are most likely related to the warm/temperate preference suggested for this taxon (e.g., Backman,

1987; Bukry, 1973; Haq & Lohmann, 1976).

4.5.3. Top of Sphenolithus furcatolithoides

It has been proposed to define the base of Subzone MNP16B (Fornaciari et al., 2010) at low‐middle latitudes.

This warm water taxon (e.g., Agnini et al., 2006; Gibbs et al., 2004; Wei &Wise, 1992) is rare at Site 702, and

only one specimen was observed at 79.40 mbsf. This finding does not allow us to precisely position this bio-

horizon, but the specimen lies, as expected, between the base of R. umbilicus and the appearance of

Dictyococcites bisectus.

Figure 6. Calcareous nannofossils abundances plotted against depth. Biozones recognized are shown on the left and abundances of relevant biostratigraphic mar-

kers on the right. Relative abundance of warm species and the isotopic records are plotted to show correlation across the MECO event (light orange box) and during

the warming phase (dark orange box).
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4.5.4. Base of Common (Bc) and Continuous Dictyococcites bisectus (>10 μm)

It marks the base of Zone CNE15 (Agnini et al., 2014) at low‐middle latitudes, while it is found to occur

more than 2 Myr later in the high latitude Southern Ocean Site 748 (Villa et al., 2008). The taxonomy of

D. bisectus is complicated, and we follow Agnini et al. (2014), who include forms >10 μm, in order to

directly correlate results between Site 702 and low to low‐middle latitude sites (i.e., Sites 1051 and

1052 and Alano section). Similar taxa such as D. aff. bisectus and D. hesslandii (see Agnini et al., 2014,

for detail on taxonomy) enter or reenter in the record very close to each other in Chron C18r (Pea, 2011;

Figure 6). These taxa are rare at Site 702 likely because of their temperate affinity (Haq & Lohmann,

1976; Villa et al., 2008; Wei & Wise, 1990), but they display a relatively continuous presence (Figure 6

and Table S4).

4.5.5. Top Common/Top of Sphenolithus spiniger

The top common of S. spiniger defines the base of Subzone MNP17A (Fornaciari et al., 2010). This warm

water species is virtually absent in the lower part of the study interval at Site 702, and it displays a rare

but substantially continuous occurrence from 73.05 (±0.05) mbsf to 70.80 (±0.1) mbsf, where it disappears.

A similar trend for the final tail of occurrence of this taxon has been recognized in multiple sections at low‐

middle latitudes (e.g., Sites 1051, 1052, and 1263 and Alano, Italy; Fornaciari et al., 2010; Toffanin et al.,

2011; Agnini et al., 2014).

4.5.6. Top of Chiasmolithus solitus

It marks the base of Zone NP17 and Subzone CP14b (Martini, 1971; Okada & Bukry, 1980). This species is

continuously present across the study interval at Site 702, and its highest occurrence is located in the upper

part. We cannot thus validate the inconsistencies reported in the literature on the relative position of this

biohorizon among sequences located at low‐middle latitudes and between high and low‐middle latitudes

sections (Agnini et al., 2014; Marino & Flores, 2002; Villa et al., 2008).

In summary, the simultaneous presence of R. umbilicus (>14 μm) andC. solitus indicates that the study inter-

val belongs entirely to Subzone CP14a and Zone NP16 (Martini, 1971; Okada & Bukry, 1980). The presence

of C. reticulatum from the base of the section and the appearance of D. bisectus at 73.20 (±0.1) mbsf indicate

that the study interval spans the upper part of Zone CNE14 and the basal part of Zone CNE15 (Agnini

et al., 2014).

The semiquantitative abundance patterns of selected taxa show major changes in surface waters across the

study interval. The total number of forms ascribable to the genus Sphenolithus, which includes mainly S.

moriformis gr., displays a remarkable increase in abundance at 74.80 (±0.10) mbsf and remains relatively

high up to 70.80 (±0.10) mbsf, where it returns to the background values observed in the lower part.

Similarly, the abundance of forms belonging to Ericsonia formosa, the only representative of its genus,

increases exactly in the same interval. Within this interval but across a shorter period (from 73.95 ± 0.05

to 71.80 ± 0.10 mbsf), the genus Discoaster also shows an increase from virtually zero to a peak value of

50 specimens per mm2 recorded at 72.80 mbsf. An anomalous and highly variable increase in abundance

of Zyghrablithus bijugatus starts at 71.15 ± 0.15 mbsf, but the abundance pattern is characterized by a high

variance of the signal (1σ = 36; Figure 6).

5. Discussion

5.1. Finding MECO

The MECO event has been defined by a negative bulk OIE, followed by a peak interval of lowest δ18O values

that ends with a rapid recovery to preexcursion values. This pattern is recurrent in records from different

latitudes and ocean basins (Bohaty et al., 2009; Giorgioni et al., 2019; Jovane et al., 2007; Spofforth et al.,

2010). At Site 702 in the South Atlantic Ocean, our high‐resolution isotopic analyses follow the same overall

trend. δ18O profiles show amanifest decrease starting at 75 mbsf, followed by three relative minimum values

at 72.15, 71.70, and 71 mbsf, ending in a rapid recovery (+0.6‰ δ18Obulk within 0.4 m) after the last mini-

mum peak (Figure 3). Overall, the δ
18Obulk pattern is paralleled by the δ

18Obenthic record, although the

benthic record presents a positive excursion in the lower part of the studied interval, before the beginning

of the OIE (Figure 3).

The driving mechanisms of the MECO are still largely unknown; however, the δ
18Obulk versus δ

13Cbulk

cross‐plot suggests that these mechanisms were weaker or absent in surface waters before and after the
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warming. Samples from the pre‐ and post‐MECO periods show no correlation, while samples comprising the

MECO event have a positive linear correlation (Figure S4a). Similarly, the δ18Obenthic versus δ13Cbenthic

cross‐plot show no correlation in samples from the pre‐ and post‐MECO interval (Figure S4b), suggesting

that MECO driving mechanisms were weaker or absent before and after the MECO also in the deep sea.

The positive correlation between δ
18O and δ13C supports a constant linear relationship between temperature

(δ18O) and carbon release (δ13C) across the MECO, as observed in older hyperthermal events (Lauretano

et al., 2015, 2018; Stap et al., 2010; Westerhold et al., 2018). The linear regression calculated with benthic iso-

tope samples across the MECO (dashed line Figure S4b) is less steep than those calculated for other early

Eocene hyperthermals (Figure S4c; Westerhold et al., 2018), which suggests a different carbon signature

and heavier carbon source of the MECO (Lauretano et al., 2015).

Comparison of our high‐resolution stable isotope record with that from Site 1263 suggests a total duration of

~270 Kyr for the MECO (between the onset of the bulk OIE at 75 mbsf and the recovery to the same δ18Obulk

values at 70.60 mbsf) (Figure 3). Site 1263, on which our age model is based, experienced some dissolution

during the MECO peak, which may have led to slight overestimations of sedimentation rates across this

interval. However, it seems very likely that the total duration of the MECO did not exceed 300 Kyr at Site

702. Conversely, if the duration of the MECO is calculated using the linear sedimentation rate data from

the shipboard report (1.224 cm/Kyr across the study interval), its duration is >700 Kyr.

5.2. Paleoenvironmental Interpretation: Benthic Foraminiferal Response

Benthic foraminifera reveal short, transient changes in the assemblages that point to a temporary shift in

environmental conditions at the seafloor across the study interval.

The species with larger relative abundance shifts belong to subcluster A1, which is mainly composed of

phytodetritus exploiting taxa (PET; e.g., A. weddellensis, Caucasina sp., and E. exigua) and shows higher

abundances in the middle of the studied interval, between 76.86 and 69.39 mbsf (Figure 4). PET taxa have

been related to seasonality (Boscolo Galazzo et al., 2015, and references therein) and probably to an oppor-

tunistic life strategy and rapid reproduction due to their small size. Across this interval with high abun-

dance of species from Subcluster A1, there are peaks in relative abundance of B. huneri (the main

component of Subcluster A2; Figure 4), a species that has been associated with seasonality and input of

refractory (low quality) organic matter (e.g., D'haenens et al., 2012). The interval with peaks in PET taxa

and B. huneri (~76.5–69 mbsf) probably represents a period of stronger seasonality, with changes in the type

of organic matter flux to the seafloor. High percentages of Subclusters A1 and A2 coincide with high δ
13C

values (Figure 3), pointing to a change in the organic carbon source. The negative correlation between the

abundance of Subclusters A1 and A2 may be related to their different ecological preferences, with species

from Subcluster A1 adapted to feeding on phytodetritus and those from Subcluster A2 preferentially feed-

ing on refractory organic matter. These results support fluctuations in the organic carbon flux across

this interval.

Subclusters B1 and B2 decrease in relative abundance coinciding with the interval of increased percentage of

Subclusters A1 and A2 (between ~76.5 and 72.5 mbsf; Figure 4). While subcluster B1 recovers to previous

(and even higher) relative abundance values after this interval, subcluster B2 does show consistently low

values. In addition, the ARs of N. truempyi (main component of Subcluster B1) show no significant changes

across the studied interval and point to a decrease in relative–—but not in absolute—abundance (Figure 5).

This nonspecialist, cosmopolitan epifaunal species and other Eocene lower bathyal species of Subcluster B1

(e.g., Globocassidulina subglobosa, Oridorsalis umbonatus, and Bulimina alazanenesis) might have adapted

better than B. elongata to the inferred changes in organic matter flux, whose ARs notably fluctuate.

DCA analysis confirms differences among subclusters (Figure S8). Axis 1 may be controlled by the type of

organic matter reaching the seafloor, with species from Cluster A (which thrived during the period of

inferred changes in organic matter flux, 76.86–69.39 mbsf) showing positive values, and species from

Cluster B, which dominated during the pre‐ and post‐event, showing negative values. The interpretation

of Axis 2 is more complex, but it might be related to changes in temperature. Species from Cluster A2, which

is more abundant during the OIE (MECO warming phase), show high Axis 2 values, while the rest of the

species have low or negative values along this axis.
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The main limiting factors for deep‐sea benthic foraminifera are oxygen concentration and the amount and

type of food (e.g., Gooday, 2003; Murray, 2006). No evidence for low oxygenation has been found at Site 702

(e.g., species tolerant to low‐oxygen conditions and dark sediments); thus, oxygen was not likely a significant

factor driving the benthic turnover at this site. Assemblages are composed of mixed infaunal and epifaunal

taxa, and the morphogroups ratio does not show any significant trends (Figure 4). Together with the assem-

blage composition (Figure S7), they point to fairly steady oligo‐mesotrophic conditions at the seafloor.

Continuously high (>80%) CaCO3 content (Figure 5), the strong dominance of calcareous (>98%) over

agglutinated benthic foraminifera, and the overall good preservation of the foraminiferal tests and the nan-

nofossil assemblages (Pea, 2011; this study) indicate that Site 702 was well above the CCD across the MECO,

as suggested by Bohaty et al. (2009).

No extinctions have been recorded across the MECO at Site 702 (Table S2) in contrast to the extinction of

almost half of deep‐sea benthic foraminiferal species across the PETM (e.g., Alegret et al., 2009, b, 2018;

Arreguín‐Rodríguez et al., 2018; Miller et al., 1987; Thomas, 1998, 2003, 2007; Tjalsma & Lohmann, 1983).

Similarly, no benthic foraminiferal extinctions have been recorded across the MECO in other locations from

different latitudes and basins (Boscolo Galazzo et al., 2013; Moebius et al., 2014, 2015) nor across some

Paleocene (e.g., Alegret et al., 2016; Deprez et al., 2017) and Eocene smaller hyperthermal events (e.g.,

Arreguín‐Rodríguez et al., 2016; Arreguín‐Rodríguez & Alegret, 2016).

5.3. Paleoenvironmental Interpretation: Surface Waters

Previous studies on the paleoenvironmental affinities of calcareous nannofossil taxa have documented that

Discoaster (e.g., Haq & Lohmann, 1976; Haq, Lohmann, & Sherwood, 1977; Haq, Premoli‐Silva, Lohmann,

1977; Wei & Wise, 1990; Pospichal & Wise, 1990; Agnini et al., 2006), Sphenolithus (e.g., Agnini et al.,

2007; Aubry, 1998; Bralower, 2002; Gibbs et al., 2004; Wei & Wise, 1990), and Ericsonia (e.g., Haq &

Lohmann, 1976; Haq, Lohmann et al., 1977; Wei & Wise, 1990; Aubry, 1992; Wei & Wise, 1992; Kelly

et al., 1996; Bralower, 2002; Agnini et al., 2007) preferentially thrive in warm waters and oligotrophic con-

ditions. The virtual absence of these taxa in the lower and upper parts of the study interval, combined with

their abundance peaks between 74.80 and 70.80 mbsf, suggest that they were ecologically excluded before

and after the MECO because of the cool sea‐surface temperatures at Site 702. Coinciding with the begin-

ning of surface water warming and the OIE that marks the MECO, Discoaster, Sphenolithus, and Ericsonia

extended their biogeographical distribution. Their abundance peaks suggest that the increase in surface‐

water temperature was sufficient to surmount their ecological thresholds. Anomalous warming allowed

these taxa to survive within their thermal optimum but outside their natural biogeographical domain,

while the disappearance of these species is related to decreased temperatures and increased nutrient avail-

ability. More interestingly, the biochronology of the appearances and disappearances of the marker species

of standard zonations show that Site 702 was located at the transition between high and low‐middle lati-

tudes and could in fact represent the ideal link between these two apparently unconnected paleoecological

domains. Understanding the different responses of calcareous nannofossils to the MECO at different lati-

tudes is fundamental, as it could shed light on the appearance of D. bisectus and the evolution of spheno-

liths at low‐middle latitudes, as well as on the expansion of temperate taxa toward high latitudes (Toffanin

et al., 2011; Villa et al., 2008, 2014). Site 702 records the expansion of warm water taxa and temperate taxa

toward higher latitudes across the MECO, suggesting that a strong global teleconnection exists between

these different geographical areas.

The peak of Z. bijugatus in the post‐MECO interval may be related to a change in water chemistry rather

than to temperature changes. Warming during the MECO should have favored the arrival and proliferation

of this species, as documented for other warm water/oligotrophic taxa (Agnini et al., 2007). However, its

increase during the post‐MECO at Site 702 points to an intermittent carbonate oversaturation of sea surface

waters, triggered by increased alkalinity due to accelerated terrestrial chemical weathering, as suggested for

the PETM (Dickens et al., 1997; Penman& Zachos, 2018; Zeebe & Zachos, 2013). The record of these changes

well after the climax of the MECO contributes to the MECO conundrum (Sluijs et al., 2013). Indeed, the

extremely fragile structure of Z. bijugatus holococcolith is easily dissolved in the early stage of the sedimen-

tation process, but the enhanced availability of carbonate in the seawaters might have favored the preserva-

tion of the very delicate crystallites forming the holococcolith.
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5.4. Accummulation Rates and the Ocean Organic Carbon Budget

An increase in metabolic rates has been previously invoked to explain lower foraminiferal ARs across

hyperthermal events (e.g., Boscolo Galazzo et al., 2015; Arreguín‐Rodríguez et al., 2016). Higher tempera-

tures increase the metabolic rates of heterotroph organisms such as planktonic and benthic foraminifera,

requiring a higher nutrient intake (e.g., John et al., 2013; Laws et al., 2000). If the food demand increase is

not compensated (e.g., by an increase in primary productivity), it could result in an overall decrease in

heterotroph productivity (Boscolo Galazzo et al., 2014). Additionally, increased respiration rates throughout

the water column may have contributed to decreasing organic carbon reaching the seafloor. Oligotrophic

settings are more likely to display this mechanism and register lower benthic and planktonic foraminifera

ARs across a warming period, as nutrient availability is already low and primary productivity is not able

to cope with the increasing demand. This mechanism has been suggested for oligotrophic Site 1263

(Boscolo Galazzo et al., 2015), where low BFARs and CFARs are recorded during the MECO peak and might

also explain the decreased BFARs and CFARs recorded at Site 702.

Our records show low CFARs values between 74.77 and 71.63 mbsf, coinciding with the duration of the

MECO δ
18Obulk excursion (Figure 3). Similarly, BFAR shows relatively low values from 74.42 mbsf upward,

but it is between 72.72 mbsf and 70.58 where minimum values are reached. This period of low BFARs over-

laps with the highest isotopic excursion rate of the δ18Obenthic record (−0.74‰ in 1.86 m), during the later

stage of MECO warming. Hence, CFAR and BFAR values at Site 702 seem to be coupled with δ18Obulk

and δ18Obenthic excursions, respectively, happening first in surface waters (CFAR values start to decrease

at 74.77 mbsf) and right after in the deep sea (BFAR decreasing at 74.42 mbsf).

BFARs have been largely used as a proxy for delivery of organic matter to the seafloor (e.g., Diester‐Haass &

Faul, 2019). Low BFARs values have been recorded across MECO warming at Site 702 (this study) and dur-

ingMECO peak conditions at Site 1263 (Boscolo Galazzo et al., 2015), suggesting less organic matter arriving

to the seafloor in oligo‐mesotrophic settings. This mechanism could have played a significant role as a posi-

tive feedback in the ocean carbon budget in the short term. If export productivity decreased during MECO

warming (as reported by low CFARs) and less organic matter arrived at the seafloor (as reported by low

BFARs), the organic carbon pump was likely less efficient during this warming period. As a consequence,

less organic carbon was being buried at the seafloor (Diester‐Haass & Faul, 2019); hence, this oceanic region

would have been less efficient or slower taking up carbon from the atmosphere and favoring CO2 accumula-

tion in the ocean during warming. Although this mechanism accounts for the observed faunal changes at

Sites 702 and 1263 and the decreased export productivity registered at Equatorial Atlantic ODP Site 959

(Cramwinckel et al., 2019), it does not apply to eutrophic settings (e.g., Site 1051, North Atlantic Ocean)

where BFARs and CFARs increased during MECO peak conditions (Moebius et al., 2015). Further AR esti-

mates, accompanied by revised sedimentation rates (calculated with robust age models), are needed to accu-

rately assess foraminiferal ARs and their role in the ocean organic carbon budget during MECO warming.

5.5. Disentangling MECO Environmental Signal

Carbon stable isotopes have been challenging to interpret across the MECO due to the different trends

revealed at several sites (Bohaty et al., 2009). At Site 702, the δ
13Cbulk record shows similarities with the

δ
18Obulk trend, in particular the three‐peaked values at 72.15, 71.70, and 71 mbsf (Figure 3). This suggests

a correlated mechanism during peak conditions for both isotope records, as shown by cross‐plot linear

regressions (Figure S4). Interestingly, a positive δ13Cbulk excursion happening before the MECO OIE over-

laps with the main shifts recorded in the benthic fauna. The start of the positive δ13Cbulk excursion at

78.35 mbsf coincides with decreasing diversity of benthic assemblages (78.26 mbsf) (Figure 3). These shifts

predate by 1.76 m (~150 Kyr) the start of the δ18Obulk excursion, which has traditionally marked the start

of the MECO event. Sharp abundance increases of PET benthic taxa (Subcluster A1) as well as even lower

diversity values are particularly noticeable between 76.86 and 72.46 mbsf, a period across which δ13Cbulk

reach higher values (Figure 2). As discussed in section 5.2, this period is likely associated with a change in

the flux of organic matter, especially between 76.45–75.26 and 73.83–72.46 mbsf, which significantly affected

the benthos (low diversity, high dominance, and maximum abundance of Subcluster A1). The relative and

absolute abundance of B. elongata (main component of Subcluster B2) decrease across these two intervals

(Figures 4 and 5) and its maximum length values decrease (Figure 4), suggesting that this species (and
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likely the other species from Subcluster B2) was disadvantaged by changes in the type of food supply to the

seafloor. Our results document that the significant ecological changes recorded by the benthic foraminifera

assemblages, occurring ~150 Kyr before the start of the OIE, are coupled with a positive CIE. Carbon isotopic

changes are hence likely related to changes in the organic carbon flux to the seafloor, as evidenced by

benthic assemblages.

Regarding the oxygen isotope signal, warming started synchronously in both surface and bottom waters,

similarly to Site 1263 records (Boscolo Galazzo et al., 2014) but contrasting with data at Site 738, where

warming is recorded earlier at the bottom than at the surface (Bohaty et al., 2009). The extent of warming

during MECO peak conditions appears to have lasted longer in surface waters than in the deep sea in the

Indian sector of Southern Ocean Site 738 (Bohaty et al., 2009). Instead, our O isotope records from Site

702 show tightly coupled variations in bulk and benthic values across MECO peak conditions (Figure 3),

suggesting a similar warming pace in both surface and bottom waters, mirroring the records at Site 1263

(Boscolo Galazzo et al., 2014). Environmental effects of the MECO at Site 702 were more similar to low lati-

tude Atlantic Sites (Site 1263) than other sites at similar latitudes (e.g., Site 738) in the Southern Ocean

(Indian sector). Calcareous nannofossil data support this hypothesis, suggesting that Site 702 temporarily

became part of the low‐middle latitude domain during theMECO. High‐resolution records at other southern

high latitude sites are needed to verify if warming started earlier in bottom waters in the western part of the

Southern Ocean and to assess the duration of MECO peak conditions in surface and bottom waters.

6. Conclusions

New high‐resolution carbon and oxygen isotopic records in bulk carbonate and monospecific benthic fora-

minifera at ODP Site 702 yield a ~300 Kyr duration of the MECO event in the South Atlantic. The mechan-

isms driving coupled changes in δ
18O and δ

13C isotope values were weaker or absent before and after the

event according to linear regression analysis of the δ18O versus δ13C cross‐plots.

We document the expansion of warm and temperate calcareous nannofossil taxa toward higher latitudes

during the MECO at Site 702, suggesting a strong global teleconnection between these different biogeogra-

phical areas. In the deep sea, changes in the benthic fauna predate by ~150 Kyr the start of the warming and

correlate with a positive δ
13C excursion, pointing to a change in the type of organic matter reaching the

seafloor prior to MECO warming. Planktonic and BFARs decline during warming, which could have act

as a positive feedback during MECO warming due to decreased export productivity and decreased organic

carbon burial at Site 702 and other ocean oligotrophic ocean settings.
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A B S T R A C T

The Eocene was a period of intense climate variability and the response of deep-sea biota is still poorly un-
derstood, especially across certain understudied intervals from the middle Eocene. We present new benthic
foraminiferal data from a Bartonian marine sequence deposited in the western Tethys Ocean (Torre Cardela
section, Spain), and determine the biotic and paleoenvironmental turnover. The assemblages indicate a middle
to lower bathyal depth of deposition, and they contain allochthonous taxa (e.g. asterigerinids) that were
transported from shallower settings. A Detrended Correspondence Analysis (DCA) performed on the total as-
semblage differentiates the autochthonous and allochthonous taxa, supporting the idea of different provenience.
We suggest that the latter were likely transported downslope by currents. Quantitative analyses of the auto-
chthonous assemblages show a strong dominance of calcareous infaunal taxa, mainly bolivinids, which point to a
high flux of organic matter to the seafloor. Bolivinoides crenulata, the most common species, is associated with
inputs of refractory organic matter and high-energy environments. Five intervals were differentiated based on
changes in the relative abundance of taxa. Two intervals (B and D) show the highest percentages of al-
lochthonous taxa and B. crenulata. We suggest that enhanced current activity not only transported allochthonous
taxa, but also brought in refractory organic matter to the seafloor, which was consumed by opportunistic taxa
during these two intervals. We conclude that benthic foraminiferal assemblages at Torre Cardela were strongly
controlled by the amount and type of organic matter reaching the seafloor, which were in turn affected by
sedimentary and, ultimately, by climatic factors.

1. Introduction

The Eocene was a critical time in the Earth's climate evolution
during the Cenozoic. This epoch started with a pronounced warming
event at the Paleocene-Eocene boundary superimposed on a global
greenhouse climate that persisted during the Eocene (Zachos et al.,
2008), and a gradual cooling trend is recorded towards the Eocene-
Oligocene transition (Coxall et al., 2005). These long-term climatic
trends were punctuated by several hyperthermal events, or transient
perturbations of the global C cycle associated with global warming
(Thomas and Zachos, 2000; Zachos et al., 2010; Kirtland Turner et al.,
2014). Most of these events were short-lived (< 200 kyr), but there are
records of a longer-lived event named Middle Eocene Climatic Op-
timum (MECO; (Bohaty and Zachos, 2003; Bohaty et al., 2009; Sluijs
et al., 2013). With an estimated duration of ~500 kyr, the MECO entails
an increase in atmospheric pCO2 (Bijl et al., 2010), shoaling of the
carbonate compensation depth (Bohaty et al., 2009; Pälike et al., 2012),
and a 4–6 °C increase in surface and deep waters (Bohaty and Zachos,

2003; Bohaty et al., 2009; Edgar et al., 2010) at ~40Ma. The stable
isotopic signature of the MECO suggests that the driver mechanism was
different from other Eocene hyperthermal events (Bohaty and Zachos,
2003; Lunt et al., 2011; Sluijs et al., 2013), suggesting that the con-
sequences might also have been different.

Benthic foraminifera are one of the most abundant, diverse and
widely distributed groups at the seafloor and they are an excellent tool
to reconstruct the paleoenvironmental evolution through periods of
climate change (Jorissen et al., 2007). Variations in benthic for-
aminiferal assemblages mainly indicate changes in water depth, organic
matter flux to the seafloor, oxygenation and temperature (e.g., Van der
Zwaan et al., 1999; Gooday, 2003; Murray, 2006; Van der Zwaan et al.,
1999). Many authors consider that the amount, quality and seasonality
of the flux of organic matter from the sea surface are key factors con-
trolling the assemblage composition (Gooday, 1994; Loubere, 1998;
Den Dulk et al., 2000). Oxygen also plays an important role, being a
limiting resource when the flux of organic matter is high (Jorissen et al.,
1995). The benthic foraminiferal assemblage turnover across the MECO
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interval has been documented in the Atlantic Ocean (Boscolo Galazzo
et al., 2014; Moebius et al., 2015), in the South Indian Ocean (Moebius
et al., 2014), in the Equatorial Pacific (Takata et al., 2013) and in the
central Tethys Ocean (Boscolo Galazzo et al., 2013). However, further
studies in different oceans and latitudes are needed to understand the
response of benthic foraminifera to the MECO, to unravel the nature
and specifically the aftermath of this event, and to better understand
the Eocene climate variability in a global scale.

So far, the Torre Cardela section in the Betic Cordillera (southern
Spain, Fig. 1) is the only land-based section from the western Tethys
Ocean where the interval immediately following the MECO has been
documented (Gonzalvo and Molina, 1996). The stratigraphic con-
tinuity, high sedimentation rates and abundance and diversity of for-
aminiferal tests suggest that this section is appropriate for micro-
paleontological studies, but the analysis of benthic foraminifera was
missing. Here we report on the benthic foraminiferal assemblage
changes across the Bartonian in the Torre Cardela section, and de-
termine the paleoenvironmental evolution to evaluate the impact of the
variable Eocene climate in this area from the Western Tethys.

2. Geological setting

The Torre Cardela section is located in the southern part of the
Iberian Peninsula (coordinates 37° 29′ 02.4″ N, 3° 20′ 43.8″ W). This
area lies in the Subbetic realm (External Zones) of the Betic Cordillera,
which represents the most occidental edge of the Alpine Orogeny. The
studied sedimentary succession belongs to the Cañada Formation, a
500m-thick sequence of hemipelagic marls with interbedded turbiditic
sandstones (Comas, 1978) that was deposited during the Eocene in the
western part of the Tethys Ocean (Fig. 1). The Torre Cardela section is a
145m-thick sequence composed of a rhythmic series of 25 to 35 cm-
thick sandy carbonate (calcarenite) layers interbedded with 1 to 20m-
thick grey silty-marly intervals. These levels contain abundant calcar-
eous microfossils that reveal a middle to late Eocene age (Gonzalvo and
Molina, 1996). No evidence for bed amalgamation nor any large-scale
vertical re-arrangement of beds was observed in the Torre Cardela
section, as it did not suffer important tectonic disturbances during the

middle Eocene (Andeweg, 2002).

3. Material and methods

3.1. Benthic foraminiferal studies

Quantitative studies of benthic foraminifera were carried out in 25
samples selected from the same set of samples that Gonzalvo and
Molina (1996) used to establish the planktonic foraminiferal biozona-
tion at Torre Cardela. All samples were collected from lithologically
similar, marly intervals and are evenly distributed throughout the
lowermost 100m of the section (Fig. 2). A standard procedure was
followed to extract microfossils: the sediment was disaggregated in
water with diluted H2O2, washed through a 63 μm sieve and dried at
50 °C. The residue was studied under a binocular microscope, showing
that the preservation of benthic foraminiferal tests was variable but in
general adequate to detect diagnostic morphological features. Two
samples (90 and 92.5) were not suitable for quantitative analysis due to
the scarce material available, and they were excluded from the study.

Quantitative analyses of benthic foraminifera were based on re-
presentative splits of approximately 300 specimens of the>63 μm
fraction, obtained with a modified Otto micro-splitter. The taxonomic
identification of the assemblages follows Loeblich Jr. and Tappan
(1987) for genera identification except for uniserial forms, which fol-
lows Hayward et al. (2012). Identification to species level was possible
in many cases, mainly following Tjalsma and Lohmann (1983), Grünig
(1985), Van Morkhoven et al. (1986), Bolli et al. (1994), Alegret and
Thomas (2001), Katz et al. (2003), Holbourn et al. (2013), Ortiz and
Thomas (2006), Alegret et al. (2008), Fenero et al. (2012) and
Arreguín-Rodríguez et al. (2018). Original descriptions of species were
checked in the Ellis & Messina Online Catalogue of Foraminifera, and
holotype images were obtained from the Smithsonian Paleobiology
Collections when available for comparison with our specimens.

The data matrix produced was standardized by converting count
data into relative abundance (percentages) for each sample
(Supplementary Data 1). In addition, many species were grouped into
genera and morphogroups. A total number of 117 taxa (114 calcareous

Fig. 1. Paleogeographic reconstruction (40Ma) showing the location of Torre Cardela section.
Modified from ODSN Plate Tectonics Reconstruction Service and Andeweg (2002).
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and 3 agglutinated) were identified, and the relevant and best-pre-
served specimens are illustrated in Fig. 3. The images were obtained by
SEM (scanning electron microscope) imaging at the University of Zar-
agoza. Due to the high number of species identified, Fig. 4 only includes
species whose relative abundance is higher than 1% in at least one
sample.

Morphogroup analysis was performed, and the most probable mi-
crohabitat preferences and environmental parameters (bottom water
oxygen and organic flux levels) were inferred following Corliss (1985),
Jones and Charnock (1985), Corliss and Chen (1988), Murray (2006)
and Jorissen et al. (2007). The Fisher-α and H(S) Shannon–Weaver
indices were calculated as proxies for diversity and heterogeneity of the
assemblages, respectively (Murray, 2006). Paleobathymetry assign-
ments were based on the occurrence and relative abundances of depth-

dependent species. This is based on their upper-depth limits (Van
Morkhoven et al., 1986; Alegret and Thomas, 2001; Ortiz and Thomas,
2006; Fenero et al., 2012) and on comparisons with benthic for-
aminiferal assemblages whose paleodepths can be derived in-
dependently by back-tracking (Grünig and Herb, 1980; Ingle Jr., 1980;
Tjalsma and Lohmann, 1983; Thomas, 1990; Speijer, 1994; Bignot,
1998; Katz et al., 2003).

A hierarchical cluster analysis was performed with the PAST
package (Hammer et al., 2001) using the Pearson similarity index and
the unweighted pair-group average (UPGMA) algorithm. R-mode and
Q-mode analyses were performed on a data matrix including all the
studied samples and selected species that showed relative abun-
dance>2% in at least one sample. Detrended Correspondence Analysis
(DCA) was carried out in order to further analyse the results derived

Fig. 2. Benthic foraminiferal indices (based on the autochthonous assemblages only): Fisher-α diversity index, Shannon-Weaver H(S) heterogeneity index, and
relative abundance of infaunal morphogroups at the Torre Cardela section. Percentages of significant benthic foraminiferal groups, and species-specific carbon stable
isotope data. Dashed lines in the δ13C data represent standard deviation; red circles with a black ring represent “rusty” specimens (see text). Planktonic foraminiferal
biozones (1) Gonzalvo and Molina (1996) and (2) this work. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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from clustering, as they contribute to investigate the relationship be-
tween benthic foraminifera and environmental variables (Hammer and
Harper, 2005).

3.2. Stable isotopes analyses

Species-specific C and O stable isotope analyses were performed at
the Leibniz Laboratory for Radiometric Dating and Stable Isotope
Research (Kiel University, Germany) using a Kiel IV carbonate pre-
paration device connected to a MAT 253 mass spectrometer from
ThermoScientific. During preparation the carbonates were reacted with
100% phosphoric acid (H3PO4) under vacuum at 75 °C, and the evolved
carbon dioxide was analysed eight times for each individual sample. All
values are reported in the Vienna Pee Dee Bee notation (VPDB) relative
to NBS19. Precision of all different laboratory internal and international
standards (NBS19 and IAEA-603) is< 0.05‰ for δ13C and<0.09‰
for δ18O values.

Twelve specimens of Nuttallides truempyi were extracted from each
sample where specimens were sufficiently abundant, and used for tri-
plicate isotope analyses (except for samples 4 and 8). The analysed
material is moderately preserved, less than half of the specimens show
broken edges and chambers, and they are infilled with very fine-grained
material. Sutures are visible, and the central boss is made of clear shell
material. Size (diameter) ranges from 200 μm (juvenile specimens
mostly) up to 500 μm. The, largest, best-preserved and most complete
specimens were selected for isotope analyses. Bolivinoides crenulata (50
specimens) were extracted from samples that did not yield enough
specimens of N. truempyi (samples 0, 63, 65, 67 and 88.5). Two addi-
tional samples (16 and 40) were selected as control samples, where
both benthic (N. truempyi and B. crenulata) and planktonic species
(Acarinina bullbrooki and Catapsydrax unicavus) were analysed.

3.3. Biostratigraphy and sedimentation rates

The biozones recognised at the Torre Cardela section by Gonzalvo
and Molina (1996) include the upper part of planktonic foraminiferal
Zone P12 and Zones P13 and P14 (Berggren and Miller, 1988), mostly
Bartonian in age. In order to update this biozonation to a more recent
one (Berggren and Pearson, 2005), as shown in Fig. 2, we revised the
slide collection used by Gonzalvo and Molina (1996). Most of the
biostratigraphic concepts used by these authors are in line with more
recent ones (Berggren and Pearson, 2005), however there are a few
exceptions. The Last Occurrence (LO) of Morozovelloides crassatus oc-
curs within E12 Zone, instead of reaching the top of Zone E13. This
species marks the transition between Zones E13/E14 (Berggren and
Pearson, 2005). We used the LO of M. crassatus as the top of Zone E13,
as it has been suggested to coincide with the same horizon as the ex-
tinction of the Morozovelloides lineage (Wade, 2004). This decision was
also based on the First Occurrence (FO) of Globigerinatheka semiinvoluta,
which is close to, but younger than, the LO of M. spinulosa (Wade,
2004).

Jovane et al. (2010) proposed to place the Lutetian/Bartonian
boundary at the top of Chron C19r. Due to the lack of magnetostrati-
graphic data at Torre Cardela, and since the original section has been
covered by road works, we analysed the planktonic foraminiferal
biostratigraphy data to determine the proximity to the L/B boundary.
The FO of Turborotalia pomeroli is present at Torre Cardela, but asso-
ciated younger bioevents (e.g., the FO of T. cerroazulensis; Jovane et al.,
2010) have not been identified in this section. On the other hand, the

LO of Acarinina bullbrooki should be located above the L/B boundary
and below the FO of Orbulina beckmanni (marker of Zone E12). Sur-
prisingly, this species has been identified within Zone E13 (85m at
Torre Cardela), well above Zone E11 where its LO has been reported
from other sites of similar latitudes (Jovane et al., 2010; Wade et al.,
2011). Given the discrepancies about the aforementioned planktonic
foraminiferal events, we cannot be certain that the lowermost part of
the Torre Cardela section includes the L/B boundary. The extinction of
large muricate planktonic foraminifera (large Acarinina and Mor-

ozovelloides) has been defined as the marker of the middle - late Eocene
transition (Agnini et al., 2011). These genera disappear in the upper-
most part of the section (95m) at Torre Cardela, suggesting the location
of the Middle–Late Eocene transition.

Sedimentation rates across the studied interval have been estimated
based on the revised biozones at Torre Cardela. According to the
duration of the planktonic foraminiferal biozones (calibrated astro-
nomically by Pälike et al., 2006 and Wade et al., 2011), sedimentation
rates are 8.4 cm/kyr within Zone E12, and 1.95 cm/kyr within Zone
E13. These are the only biozones that appear to be complete at Torre
Cardela. Caution should be taken, however, as discrepancies were ob-
served among planktonic foraminiferal events, but these results point to
a much higher sedimentation rate in the lower half of the section.

4. Results

4.1. Paleobathymetry: autochthonous versus allochthonous taxa

Benthic foraminiferal assemblages contain common bathyal and
middle bathyal to abyssal species (Bulimina alazanensis, Bulimina semi-

costata, Cibicidoides eocaenus, Cibicidoides micrus, Cibicidoides prae-

mundulus, Globocassidulina subglobosa, Oridorsalis umbonatus; Tjalsma
and Lohmann, 1983; Van Morkhoven et al., 1986; Bignot, 1998;
Thomas, 1990; Alegret and Thomas, 2001; Katz et al., 2003; Ortiz and
Thomas, 2006; Fenero et al., 2013; Holbourn et al., 2013). Other spe-
cies that have been reported from lower bathyal Paleogene biofacies
(Anomalinoides pompilioides, Nuttallides truempyi, Pleurostomella paleo-

cenica; Ingle Jr., 1980) are also present. Nuttallides truempyi and Buli-

mina semicostata have an upper depth limit (UDL) of 600m (Van
Morkhoven et al., 1986), although the former has been recorded in
shallower waters in the southern Tethys during the Paleocene (Speijer
and Schmitz, 1998). Aragonia aragonensis has been recorded from
middle bathyal environments (600–1000 m paleodepth) of Eocene age
(Grünig and Herb, 1980; Bignot, 1998) and potentially at shallower
depths (Deprez et al., 2015), although it ranges from bathyal to abyssal
depths (Van Morkhoven et al., 1986; Alegret et al., 2009; Arreguín-
Rodríguez et al., 2018).

Due to the wide paleobathymetric ranges of many of these species,
we compared the composition of the assemblages and relative abun-
dance of taxa at Torre Cardela with other sections deposited in the same
basin during the middle Eocene to early Oligocene, namely the Fuente
Caldera section (lower bathyal, planktonic biozones P15-P17; Molina
et al., 2006) and the Zarabanda section (1000m, middle-lower bathyal;
planktonic biozones O5-O7; Fenero et al., 2013). The similarity of these
assemblages with ours (including abundant Bolivinoides crenulata), to-
gether with the paleodepth preferences of the identified species, sug-
gests a similar middle to lower bathyal depth of deposition at Torre
Cardela. Benthic foraminiferal assemblages across the MECO interval in
the middle bathyal (600–1000m) Alano di Piave section (north-eastern
Italy, central-western Tethys; Agnini et al., 2011) also contain common

Fig. 3. Scanning electron micrographs of selected benthic foraminiferal species at Torre Cardela. All scale-bars represent 100 μm. 1–3, Asterigerinata sp. A (0m); 4, 5,
Asterigerina sp. (16m); 6, 7, Asterigerina sp. B (0m); 8, 9, Cibicides laurisae (0 m); 10, Lobatula lobatula (16m); 11, 12, Gyroidinoides sp. (33m); 13, 14, Anomalinoides

capitatus (0 m); 15, Pullenia sp. (33m); 16, Bolivinoides crenulata (0 m); 17, Bolivina nobilis-gracilis (52m); 18, Brizalina sp. (16m); 19, Bulimina alazanensis (4 m); 20,
Reusella terquemi (0 m); 21, Angulogerina muralis (0 m); 22, Fursenkoina sp. A (52m); 23, Uvigerina longa (65m); 24, Uvigerina elongata (0 m); 25, Nodosarella sp.
(49m); 26, Siphonodosaria sp. (49m).
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infaunal, bi- and triserial taxa (including Bolivinoides crenulata) (Boscolo
Galazzo et al., 2013), showing close similarities with the assemblages at
Torre Cardela.

Neritic taxa such as Cibicides laurisae, Lobatula lobatula and several
species of Asterigerina and Asterigerinata (Fenero et al., 2012, 2013) are
also present throughout the studied section. This group, which strongly
fluctuates between< 5% and 50% of the total assemblages, was in-
terpreted by Fenero et al. (2012, 2013) as allochthonous taxa that were
transported from the shelf towards deeper parts of the slope. DCA
analysis on the total assemblage dataset differentiates these shallow-
water taxa (low values on Axis 1; Suppl. Fig. 1) from the lower-middle
bathyal autochthonous assemblages, supporting this hypothesis.

In order to elucidate the environmental conditions that prevailed at
the seafloor in this western Tethys location, we describe the al-
lochthonous and autochthonous assemblages separately. Total assem-
blage refers to autochthonous plus allochthonous assemblages; assem-
blage refers to autochthonous taxa only (total assemblage minus the
allochthonous taxa).

4.2. Autochthonous benthic foraminifera

Autochthonous assemblages are strongly dominated by calcareous
taxa, and agglutinated species make up<2% of the assemblages.
Infaunal morphogroups dominate over epifaunal ones, making up to
75% of the assemblages.

Assemblages are generally diverse, with 40 to 80 species recognised
per sample. Diversity slightly increases upwards in the section (Fig. 2),
reaching its maximum values in the uppermost two samples. Hetero-
geneity shows a similar upward increasing trend, reaching its lowest
value in sample 8 and the maximum value in sample 79.

Among calcareous taxa, assemblages are strongly dominated by
bolivinids, including several species of the genera Bolivina, Bolivinoides
and Brizalina. This group is more dominant in the lower half of the
section (0–60m), where it constitutes> 50% of the assemblages (ex-
cept for sample 40). Bolivinoides crenulata is the species with the highest
relative abundance, ranging from 8.86% to 34.16%. Other common
calcareous taxa include Anomalinoides, Fursenkoina, Gyroidinoides,
Nonionella and Pleurostomella, as well as uniserial (e.g. Siphonodosaria)
and unilocular morphogroups. Uniserial taxa were difficult to

determine at the genus level due to high fragmentation of their tests.
The unilocular group includes Fissurina, Lagena and Oolina, and its re-
lative abundance increases towards the upper part of the section,
showing a pronounced peak in sample 88.5.

Based on the analysis of the autochthonous assemblages and on the
relative contribution of allochthonous taxa, five intervals (A to E, Fig. 4)
were recognised across the studied section:

Interval A (0–12m): assemblages are strongly dominated by boli-
vinids (mainly Bolivina spp., Bolivina nobilis-gracilis and Bolivinoides

crenulata). Buliminids, Pleurostomella spp. and Uvigerina spp. are also
common. Diversity of the assemblages slightly decreases upwards.

Interval B (12–29m): this interval contains the highest percentage
of allochthonous taxa (~50% of the total assemblage) across the stu-
died section, and the autochthonous assemblage is characterised by the
highest relative abundance of bolivinids (mainly Bolivinoides crenulata)
and the common occurrence of Angulogerina muralis and Osangularia

spp. Fisher-α diversity index reaches the minimum values of the studied
section.

Interval C (29–53.5 m): the percentage of bolivinids decreases,
mainly due to the decrease in relative abundance of Bolivinoides cre-

nulata, while the percentage of uniserial forms (particularly laevi-
dentalinids) increases. The increase in relative abundance of Nonionella
spp. and Cibicidoides spp. coincides with an increase in diversity in
sample 40.

Interval D (53.5–60.5 m): it is characterised by an increase in the
abundance of allochthonous taxa, and autochthonous assemblages are
strongly dominated by Bolivinoides crenulata, as in interval B. Species of
Anomalinoides and Cibicidoides are common.

Interval E (60.5–100m): the dominance of bolivinids gradually
decreases, but this group still makes up to 40% of the autochthonous
assemblages. Uniseral and unilocular taxa are common, and the per-
centage of buliminids and various Pleurostomella species increases to-
wards the upper part of the section. This interval contains one sample
(88.5) with a higher relative abundance of unilocular taxa, Nonionella
spp. and Uvigerina spp., and lowest percentage of bolivinids.

The five intervals are differentiated in the Q-mode DCA plot (Fig. 5),
where samples with a higher contribution of allochthonous taxa (in-
tervals B and D) show the lowest values along Axis 1, intervals im-
mediately below these (intervals A and C) show higher values along this
axis, and samples from the upper half of the studied section (interval E)
show the highest values along the Axis 1.

4.3. Stable isotope analysis

Results from species-specific δ13C analyses (Fig. 2) on N. truempyi

show a decreasing trend of> 1.50‰ from the lower part of the section
towards the upper part. In addition to standard analyses on moderately
preserved tests, some poorly preserved, “rusty” specimens of N.
truempyi covered with an orange-yellow patina were analysed in four
samples to assess the preservation bias. Remarkably, these rusty spe-
cimens did not show significantly different values than the better-pre-
served specimens, especially in sample 76, where the “rusty” specimens
yielded the same result as regular specimens. Standard deviation, cal-
culated from triplicate analyses performed on every sample (except
samples 4 and 8), is particularly high in sample 58 (interval D), possibly
due to the presence of reworked specimens from adjacent, shallower
areas.

The δ13C and δ18O values do not show a strong correlation (see
Suppl. Fig. 5), and correlation value is low (p=0.064). Control samples
for which planktonic and benthic taxa were analysed (samples 16 and
40) show differences depending on the ecology of the species: Acarinina
bullbrooki (encrusted mixed-layer symbiotic) yields higher δ13C values

Fig. 4. Benthic foraminiferal diversity indices and relative abundance of significant benthic foraminiferal taxa at Torre Cardela (based on autochthonous assemblages
only). Planktonic foraminiferal biozones (1) Gonzalvo and Molina (1996) and (2) this work.

Fig. 5. Q-mode DCA analysis of samples from Torre Cardela. Coloured ellipses
group samples from the same intervals, as interpreted from relative abundance
of benthic foraminifera. Low values along axis 1 (intervals B and D) indicate
low quality of organic matter, high values (samples from interval E) are linked
to a high quality, and the dashed ellipse includes samples with intermediate
values.
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than deep-dweller Catapsydrax unicavus. Benthic species show lower
δ13C values than both planktonic species. These data suggest that
general δ13C trends are preserved, even though δ13C absolute values
may not be primary signals.

4.4. Paleoenvironmental reconstruction and interpretation

Benthic foraminiferal assemblages contain species with different
paleobathymetric ranges, and reveal that allochthonous taxa are re-
markably abundant at the Torre Cardela section. The autochthonous
assemblage indicates a middle to lower bathyal depth of deposition,
while the allochthonous assemblage contains species typical from
neritic environments. Some of these allochthonous species are believed
to have had epiphytic lifestyles (Alegret et al., 2008; Fenero et al.,
2013), living attached to animals, plants or hard substrates that were
likely transported as floating material into pelagic environments, as
reported by Fenero et al. (2012). The significant changes in relative
abundance of this group suggest that transport of shallower material
towards deeper parts of the basin was more intense in intervals B and D,
possibly related to enhanced current activity, as suggested in the nearby
Zarabanda and Fuente Caldera sections. The analysis of benthic for-
aminifera in the Fuente Caldera section showed abundant reworked
neritic taxa and epiphytic species during the early Oligocene (Alegret
et al., 2008; Fenero et al., 2012). Similarly, the identification of
shallow-water benthic foraminifera in the bathyal Zarabanda section
was attributed to transport by turbidity currents after erosion of a
shallow platform, possibly due to the destabilization of the outer ramp
sediment (Fenero et al., 2013).

The second most remarkable feature of the benthic assemblages at
Torre Cardela refers to the strong dominance by bolivinids. This group
is considered as indicative of a high input of organic matter to the
seafloor (e.g. (Gooday, 1994; Bernhard and Sen Gupta, 1999; Murray,
2006). Bolivinoides crenulata is the most dominant species within the
bolivinids group and the autochthonous assemblage. This species has
been suggested to proliferate during periods of enhanced input of low-
quality, refractory organic matter to the seafloor (Agnini et al., 2009;
Ortiz et al., 2011; D'haenens et al., 2012; Boscolo Galazzo et al., 2013),
and is considered as an opportunistic species related to high-energy
environments. The relative abundance of B. crenulata shows a positive
correlation with the percentage of allochthonous taxa, especially in
intervals B and D, and may indicate increased current activity and
downslope transport of low-quality organic matter together with
shallow-water benthic foraminifera. We argue that B. crenulata was able
to feed on this type of organic matter that was not easily digested by
other taxa, thus dominating the assemblages during these intervals.
Decreasing abundance of shallow-water and opportunistic taxa in the
same intervals could be explained by reduced supply of refractory or-
ganic matter and less downslope transport, likely caused by weakened
current activity.

Abundant bolivinids and other bi-triserial taxa related to a high
nutrient supply have also been reported from other Eocene Tethyan
sections (Alegret et al., 2008; Molina et al., 2006; Agnini et al., 2009;
Boscolo Galazzo et al., 2013; Fenero et al., 2013). Although high food
availability is commonly associated with decreasing oxygen levels
(TROX model; Jorissen et al., 1995), we did not find any evidence for
anoxic conditions such as laminated sediments or dark, organic levels.
In addition, bolivinids have also been reported from environments with
well‑oxygenated bottom waters (Fontanier et al., 2005; Jorissen et al.,
2007). We suggest that benthic foraminifera at Torre Cardela were
more strongly controlled by the amount and type of organic matter
rather than by oxygenation at the seafloor.

The high dominance of bolivinids in interval A may indicate a high
nutrient flux to the seafloor. Intervals B and D show lower diversity
than adjacent intervals and a sharp increase in the percentage of al-
lochthonous taxa and Bolivinoides crenulata. This is likely related to
enhanced current activity and downslope transport of shallow-water

taxa and sediments to the bathyal realm. The decrease in the percentage
of allochthonous taxa in intervals C and E suggests less intense current
activity. The percentage of bolivinids decreased as well, but the overall
abundance of infaunal morphogroups did not significantly change be-
cause the percentage of uniserial taxa and other infaunal morphotypes
such as Nonionella spp. increased, possibly indicating a change in the
type (quality) of food rather than in its amount.

Sample 88.5 contains an anomalous assemblage with higher relative
abundance of unilocular morphologies (Fig. 2 and Suppl. Fig. 2) that
might indicate well‑oxygenated, oligotrophic conditions possibly re-
lated to changes in deep-water currents, as documented in the upper
part of Zone E13 in the Alano section (Boscolo Galazzo et al., 2013).
The lack of a higher-resolution sampling across this interval however,
precludes further investigation to test this hypothesis at Torre Cardela.

5. Discussion

Assemblages from Torre Cardela bear similarities with those re-
ported from the Cap Breton canyon (Bay of Biscay), where the abun-
dance of shallow infaunal bolivinids and other taxa that are able to feed
on low-quality organic matter have been associated with the dynamics
of sedimentary processes (Hess and Jorissen, 2009). Despite the high
nutrient flux, no dysoxic conditions were reported at the seafloor in the
canyon, possibly because refractory organic matter may have been fully
consumed by the benthic population before it could degrade. Similarly,
there is no evidence for oxygen deficiency of sea-bottom waters at Torre
Cardela, and we hypothesize that sedimentary processes may have
strongly influenced benthic foraminifera, controlling the flux and
quality of organic matter input to the seafloor.

Intervals B and D at Torre Cardela include the base and the top of
planktonic foraminiferal biozone E12. This biozone is defined by the
total range of the species Orbulinoides beckmanii (Berggren and Pearson,
2005), which is considered as a marker for the MECO (Edgar et al.,
2010). In the Tethys Ocean, the E12 biozone has been well identified in
the Alano section (Spofforth et al., 2010), where two positive δ13C
excursions have been recorded right after the MECO peak, in coin-
cidence with two organic-rich events (ORG1 and ORG 2; Spofforth
et al., 2010). Benthic assemblages across these events (Boscolo Galazzo
et al., 2013) show similar characteristics to assemblages B and D at
Torre Cardela (dominance of infaunal morphogroups, especially boli-
vinids). The Alano section was deposited in a very similar (middle
bathyal, high-productivity) environment, and stress-tolerant taxa (bi-
and triserial taxa; e.g. Bolivina spp., B. crenulata, Uvigerina spp.) domi-
nated across intervals ORG1 and ORG2, as observed in intervals B and D
at Torre Cardela. In Alano, deposition of both organic-rich events seems
to have been controlled by variations in surface productivity, where the
increase in organic carbon flux led to low oxygen conditions at the
seafloor, followed by a rapid recovery to well‑oxygenated waters
(Boscolo Galazzo et al., 2013). The lack of evidence for decreased
oxygenation across intervals B and D at Torre Cardela may be related to
differences in the depositional setting, and local sedimentary dis-
turbances seem to have influenced the assemblages at this site.

Despite the different parameters shaping benthic foraminiferal as-
semblages, one might speculate that increased weathering resulting
from an intensification of the hydrological cycle during Eocene hy-
perthermal events (Nicolo et al., 2007) may have led to more runoff,
higher sedimentation rates (as estimated for the lower part of Torre
Cardela section, intervals B to D) and enhanced transport of nutrients
and sediments to the basin, thus increasing productivity. In addition,
high burial rates of organic carbon in marine shelves may have led to
decreased atmospheric pCO2, consistent with global cooling following
MECO (Bohaty et al., 2009; Spofforth et al., 2010; Sluijs et al., 2013).
We acknowledge that the organic events at Alano section occur after the
peak climatic conditions of the MECO (Spofforth et al., 2010), which we
have not been able to clearly identify at Torre Cardela. A higher-re-
solution age model would be of great interest to confirm this
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correlation, but further studies are not feasible at present because the
original section has been covered by road works. With the available
data, we conclude that benthic foraminiferal assemblages at Torre
Cardela were strongly controlled by the amount and type of organic
matter reaching the seafloor, which are in turn affected by sedimentary
and, ultimately, climatic factors.

6. Conclusions

1. The analysis of benthic foraminifera from the Torre Cardela section
provides the first insights into the effects of middle Eocene climate
variations on the deep-water marine ecosystems of the western
Tethys Ocean. The studied interval encompasses planktonic for-
aminiferal biozones E11 to E14 (including the post-MECO interval)
and corresponds to the Bartonian Stage.

2. Five intervals were differentiated based on changes in the relative
abundance of benthic foraminiferal taxa. Two of them contain
higher percentages of allochthonous taxa, and indicate enhanced
downslope transport of sediment and shallow-water taxa to middle-
lower bathyal settings.

3. The abundance of bolivinids points to a high nutrient flux, and the
dominance of Bolivinoides crenulata is possibly linked to a higher
input of low-quality, refractory organic matter in a high-energy,
well‑oxygenated environment, especially in the same intervals (B
and D) where allochthonous taxa are most abundant.

4. The amount and type of food reaching the seafloor, possibly con-
trolled by current activity, are here interpreted as the main para-
meters controlling benthic foraminiferal assemblages at Torre
Cardela.
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a b s t r a c t

Biostratigraphic analysis of the Eocene-Oligocene transition (E-O) at the Menzel Bou Zelfa and Jhaff

composite section in the Cap Bon Peninsula (North East Tunisia) allowed us to recognize a continuous

planktic foraminiferal biozonation: E14 Globigerinatheka semiinvoluta Zone, E15 Globigerinatheka index

Zone, E16 Hantkenina alabamensis Zone and O1 Pseudohastigerina naguewichiensis Zone. A quantitative

study of benthic and planktic foraminifera assemblages was carried out and the richness and diversity of

foraminifera allowed us to reconstruct the paleoenvironmental evolution from marine to terrestrial

environments. From the Eocene E14 Zone, the foraminiferal association characterizes a relatively warm

climate with considerable oxygen content and a dominance of keeled and spinose planktic foraminifera,

which became extinct at the E/O boundary, possibly due to cooling of the planktic environment.

Nevertheless, the small benthic foraminifera do not show an extinction event at the Eocene/Oligocene (E/

O) boundary, indicating that the benthic environment was not significantly affected. In the basal

Oligocene O1 Zone, the benthic environment changes to a shallower setting due to cooling of the climate.

These changes generated a remarkable dominance of globular forms in the planktic environment. Small

benthic foraminifera apparently have a gradual extinction event, or more likely a gradual pattern of local

disappearances, that could have been caused by the Oi1 glaciation.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The E-O transition, around 34 Ma, was a pivotal time in Earth's

evolution as the climate shifted from Early Cenozoic greenhouse to

glacial conditions with significant permanent ice sheets on

Antarctica (Shackleton and Kennett, 1976; Zachos et al., 1996;Wade

et al., 2012; Ortiz and Kaminski, 2012). This was associated with a

cooling of the regions of low, medium and high latitudes (Coxall

and Pearson, 2007; Lear et al., 2008).

As the world shifted from warm Eocene climate to colder

Oligocene climate, there were major changes in ecology, produc-

tivity, chemistry and also probably within the vertical structure of

the water column. This major change under the climatic conditions

is reflected by similar progressive changes in the oxygen and car-

bon isotopes of the benthic foraminifera from deep waters (Coxall

et al., 2005; Coxall and Wilson, 2011) as well as in the lithology

of the pelagic sediments (P€alike et al., 2012), reflecting the cooling

of the oceans and the development of large ice sheets in Antarctica

(Shackleton and Kennett, 1976; Zachos et al., 1996; DeConto and

Pollard, 2003; Coxall et al., 2005; Lear et al., 2008). These climate

changes were associated with a reduction of atmospheric carbon

dioxide (Pearson et al., 2009; Pagani et al., 2011), the extinction of

many species of phytoplankton and zooplankton (Funakawa et al.,

2006; Pearson et al., 2008) a deepening of the calcite compensa-

tion depth (CCD), a fall in sea level increased ocean alkalinity

(Coxall et al., 2005), and the tectonic changes that have opened

Oceanic gateways of flows around the Antarctic (Exon et al., 2004;

Stickley et al., 2004; Barker et al., 2007).

Planktic foraminifera suffered extinction across the E/O

boundary (Martínez-Gallego and Molina, 1975; Molina, 1980, 1986;
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Molina et al., 1986, 1988; 1993, 2006; Nocchi et al., 1988; Gonzalvo

and Molina, 1992; Farouk et al., 2013, 2015; Pearson and Wade,

2015; Karoui-Yaakoub et al., 2017). Planktic foraminifera suffered

a rapid but gradual extinction event, which is characterized by the

extinction of the hantkeninids and turborotalids (Hantkenina

primitiva, Hantkenina compressa, Hantkenina alabamensis, Hantke-

nina nanggulanensis, Cribohantkenina lazzarii, Turborotalia

cocoaensis and Turborotalia cunialensis). Furthermore, the larger

Pseudohastigerina micra s. str. also seems to have gone extinct.

These species gradually became extinct in about 0.04 Myr and ac-

count for 31% of the planktic assemblages (Molina, 2015). The E/O

boundary was defined at the Massignano section, coinciding with

the extinction of the hantkeninids (Premoli Silva and Jenkins,1993).

Larger foraminifera living in shallow platforms had a turnover

(Orabi et al., 2015), but did not suffer extinction coinciding with the

E/O boundary (Molina et al., 2016), although the magnitude of this

turnover is not yet well known. Small benthic foraminifera, living in

bathyal and abyssal environments, are not so well studied as

planktic and their pattern of extinction at the E/O boundary is not

yet known in detail. Deep-sea benthic foraminifera underwent a

mass but gradual extinction from the late Eocene-early Oligocene,

with modern type assemblages becoming established (Kaminski

et al., 1989; Thomas, 1992; Thomas and Gooday, 1996; Kaminski

and Gradstein, 2005; Thomas and Via, 2007).

The aim of this work is to study the paleoenvironmental

changes across the E/O boundary in North East Tunisia, based on

the quantitative analyses of small benthic and planktic foraminif-

eral assemblages at the Menzel bou Zelfa and Jhaff composite

section. The richness of planktic foraminiferal species reflects the

climatic stability of the water, and therefore, varies depending on

ocean circulation being greatest where redistribution of hot water

masses is promoted (Wade and Pearson, 2008). This causes a va-

riety of ecological habitats where the various species of life grow

and proliferate. The planktic foraminiferal extinction event is

known to coincide with the E/O boundary, but little is known about

what happened at the sea bottom. Our study therefore, focuses on

small benthic foraminifera in order to investigate the nature and

timing of the benthic foraminiferal turnover and to ascertain

whether the benthic extinctions coincided with the E/O boundary

and the beginning of the Oi1 glaciation.

2. Geological and geographical setting

The 54m thick Menzel Bou Zelfa (MBZ) section is located in the

north-eastern of Tunisia in the Cap Bon peninsula. Section sampling

was carried out on the NE flank of the anticline Jebel Abderrah-

mane. The stratigraphic series is essentially composed of marls,

limestones and sands ranging in age from the middle Eocene to

Quaternary (Fig. 1). However, in some places the E/O boundary

interval was covered with Quaternary deposits, for which reason it

was decided tomerge two separate sections into a single composite

one. It was necessary to carry out detailed sampling across the E/O

boundary, which is why a better exposed section in the same area

about 1 km to the south was chosen, located between the coordi-

nate points 36� 42016.4400N and 10º41042.5800E. This interval of the

composed section is named Jhaff (J6-J13). This detailed interval was

located between MBZ 26 and MBZ 25 (Fig. 2).

This section is composed of light grey marls occasionally inter-

bedded with centimetric argillaceous reddish limestone beds, rich

in iron oxide and is called Unit 1. From sample Jhaff 11 it comprises

a sandy limestone bed rich in iron oxide and is called Unit 2. This

sample marks a transition to a new facies characterized by grey

sandymarls. This facies is overlaid by dark grey marls intersected at

the top by a centimetric bed of indurated marl with ferruginous

concretions. The units 1 and 2 are marine and belong to the Tellien

Domain. The top of the section is formed by light grey marl,

sometimes intercalated with yellowish to brownish rust, overlaid

with a sandstone bed with yellow limestone cement known as Unit

3. This upper unit is terrestrial and belongs to the Numidian Flysch

(Boukhalfa et al., 2009).

3. Materials and methods

In the field it was possible to select a complete section, which

was accessible and presented the best outcrop. An initial scatter

sampling was performed during the first visit to identify the loca-

tion of the boundaries, followed by a second more detailed sam-

pling to further characterize them.

The marly samples were washed in the laboratory. Each sample

was soaked in tap water for few days, adding diluted H2O2 for some

very compacted samples. These samples were then washed

through a column of three interlocking sieves, with meshes

250 mm, 150 mm and 63 mm. The washed residue was collected in

Petri dishes and dried in a stove at a temperature of 50 �C.

The residues were sorted and observed under a binocular mi-

croscope in order to identify the foraminifera. The quantitative and

taxonomic studies were based on representative splits of >300

specimens of the 63 and 150-mm fraction combined, obtained with

an Otto microsplitter and the rest of the sample was scanned to

look for rare species. Relative abundance of common taxa was

calculated, together with faunal indices commonly used in ecology

and paleoenvironmental reconstruction. The most representative

taxawere photographed using the Scanning ElectronMicroscope at

the ETAP (Tunisian National Oil Company).

The biostratigraphy of this section was previously studied and

published by the present authors (Karoui-Yaakoub et al., 2017) with

planktic foraminifera biozonation based on Pearson et al. (2006).

The last occurrence (LO) of the index taxon Globigerinatheka semi-

involutawas used to recognize E14, the LO of Globigerinatheka index

to mark E15, the LO of Hantkenina alabamensis to locate the E16/O1

boundary, and the LO of Pseudohastigerina naguewichiensis to mark

the first biozone of the Rupelian (Fig. 2).

Benthic fauna occupies numerous and diverse ecological niches.

Indeed, it yields a considerable amount of information about the

conditions of the bottom of the ocean and has played an important

role over the years in interpreting these conditions. Furthermore,

determining the micro-habitat of benthic foraminifera is funda-

mental as it allows us to specify the ecological requirements of each

species. This work has used quantitative analysis based primarily

on the nature of foraminifera tests, whether calcitic, agglutinated or

porcelaneous (Fontanier, 2003).

4. Results

In this work the association of planktic foraminifera in the

middle and upper Eocene sediments reflects a considerable num-

ber of individuals (about 500 individuals), belonging to around 25

species. This number of planktic foraminifera is relatively small

compared to the number of species of benthic foraminifera (see

below). Major turnovers of planktic foraminifera occur across the E/

O boundary; the quantitative analysis revealed that planktic fora-

minifera are very numerous but not very diversified (about 7 spe-

cies). Furthermore, it showed low diversity of benthic foraminifera

(about 15 species) and represented by a relatively small number of

individuals (Fig. 2).

The planktic foraminifera are present in all samples of the

middle Eocene to the lower Oligocene succession interval and show

a variation of the assemblage composition and relative abundance.

A faunal turnover occurred during the E/O transition interval and

includes major extinctions of some species such as the extinction of

C. Grira et al. / Journal of African Earth Sciences 143 (2018) 145e161146



all species of the genus Hantkenina and three species of Turborotalia

(T. cerroazulensis Cole, T. cocoaensis Cushman, T. cunialensis Tou-

markine and Bolli). At the same time, species such as Pseudohasti-

gerina micra Cole, P. naguewichiensis Myatliuk, Chilguembelina

ototara Finlay, Streptochilus martini Pijpers, and Tenuitella prae-

gemma Li dominate the assemblages.

Above the E/O boundary, there is a gradual decrease in the in-

fluence of pelagic realm signaled by a decreased number of planktic

foraminifera and a micro-faunistic undiversified association

announced by a low value of species richness, 10 to 15 species per

sample. According to Wade and Pearson (2008), a minor change in

temperature can have an important effect on planktic foraminifera

as their niches are closely grouped together and depend on the

stratification of the water column.

Benthic foraminiferal species richness varies from 30 to 50

species per sample, represented mainly by calcitic test species such

as Bolivinoides floridana Cushman, Brizalina antegressa Subbotina,

Globocassidulina subglobosa Brady, Cibicidoides mundulus Brady,

Parker and Jones, C. praemundulus Berggren and Miller, Oridorsalis

umbonatus Reuss and Gyroidina girardana Reuss. Indeed, the

extinction of only two species (Nuttallides truempyi Nuttall and

Angulogerina muralis Terquem) was observed across the E/O tran-

sition interval.

The dominance of the benthic foraminifera especially with the

calcitic test, is recorded throughout the section (Fig. 3), such as

B. floridana, Br. antegressa Subbotina, Gl. Subglobosa Brady, C. mun-

dulus Brady, C. praemundulus Berggren and Miller, O. umbonatus

Reuss, G. girardana Reuss, C. eocaenus Gümbel, C. mexicanus Nuttall,

and representative species of tri-serial tests groups such as Buli-

mina jarvisi Cushman and Parker, Bu. macilenta Cushman and

Parker, Bu. jacksonensis Cushman, Bu. thanetensis Cushman and

Parker and Bu. secaensis Cushman and Stainforth.

On the other hand, the agglutinated test forms are less abundant

(around 10%) and are represented by the species Reticulo-

phragmium amplectens Gzybowski, Valvulina peruviana Cushman

and Stainforth, Rhadbamina samunica Berry, Ammodiscus sp., Kar-

rierella sp. The Miliolidae with porcelaneous tests are represented

mainly by Spiroloculinidae and are very rare throughout the

section.

5. Discussion

As foraminifera constitute the major protists in many marine

ecosystems (Murray, 1991), we will discuss their role in the

reconstruction of the paleoenvironment. Their potential for fossil-

ization makes them good indicators of the physicochemical
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conditions of deposition environment where they were buried.

Changes in relative abundances and diversity have been used to

infer changes in carbonate saturation state, oxygenation and food

supply (Gooday, 2003).

The calcitic test assemblages found are typical of bathyal and

abyssal environments; generally, the Bolivinidae, Buliminidae,

Uvigerinidae and Cibicidoidae genera require bathyal environ-

ments (Holbourn et al., 2013). On the contrary, Gyroidinoidinae

indicates an abyssal domain. We also noticed the coexistence of

several species such as C. mexicanus Nuttall, Bu. Jarvisi Cushman

and Parker, C. grimsdalei Nuttall, indicators of a low to median

bathyal environment (Holbourn et al., 2013) (Fig. 3).

Furthermore, we identified cosmopolitan species which thrive

in deep sea basins such as Nuttallides umboniferus rarely found on

the Oligocene sediment, Epistominella exiguawhich was also rarely

found on the Eocene and Oligocene sediment, and Cibicidoides

wuellerstorfi which are distributed all along the section (Jorissen

et al., 2007). However, below the E/O boundary we recorded the

LO of the species Nuttallides truempyi which is proposed to reflect

fluctuations in organic matter flux to the seafloor (meso-to eutro-

phic) under oxygenated bottom-water conditions. Indeed, it is one

of the dominant lower bathyal-abyssal taxa with an age range of

Late Cretaceous (Maastrichtian) to latest Eocene, which was re-

ported in Molina et al. (2006), Berggren and Miller (1989) and

Holbourn et al. (2013). Angulogerina muralis, which refer to the

Eocene (Ortiz and Thomas, 2006; Molina et al., 2006) was also

found in this section and we marked the LO close to the E/O which

was also reported in the Fuente Caldera section in Spain (Molina

et al., 2006) (Fig. 3a).

The assemblages of small benthic foraminifera in Menzel Bou

Zelfa and Jhaff sections are very diverse. Species with calcitic test

are significantly the most dominant and have a very high frequency

ranging from 85.63 to 100%. This percentage reflects sedimentation

above the CCD. The quantitative study of benthic foraminifera

species immediately below the E/O boundary (Fig. 4) shows the

abundance of bathyal forms, the most important among them be-

ing Br. antegressa (around 8%) and B. floridana (around 6%). More-

over, we cannot exclude the presence of some foraminifera with

calcitic test but typical of neritic environment such as Lagenidae

and Lenticulininae (around 0.1e0.7%). Their presence is interpreted

as the result of erosion of the shallow levels and thus transport

from the platform to the bathyal environment. On the other hand,

we noticed the presence of some agglutinated forms mostly rep-

resented by clavulinids, Ammodiscus, Karrierella, vulvulinids, and

Plectina such as Cyclamina cancellata, Ammodiscus incertus and

Reticulophragmium amplectens, which coincide with Alano section

NE Italy (Agnini et al., 2011). These forms show relatively small

percentages (about 0.05%).

Approaching the E/O boundary, the abundance of these agglu-

tinated forms shows a slight increase, particularly of the species

Cyclammina cancellata, which shows a maximum value 0.68%

(Table 1). This increase is negligible compared to percentages of

Fig. 2. Planktic foraminiferal biostratigraphy and specific richness of foraminifera.
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forms of hyaline tests that showed considerable ability to survive

and thrive during the limit. While the frequency of species with

hyaline tests increased steadily up to the upper part of the O1 Zone

reaching a high frequency of around 98.3%.

This mixture of foraminifera, comprising 3 types of test, could be

indicative of a decrease in sea level and an increase in erosion that

caused the transport of certain non-native species from the plat-

form to the bathyal domain. This decrease could be linked to the

cooling and global glaciation characterizing the E-O transition

(Molina et al., 2006). Approaches based onmicro-organisms for the

estimation of paleo-depth have been developed by determining the

index of oceanity which normally increases with depth (Bellier

et al., 2010). The density of planktic foraminifera is therefore

maximal in open marine environments. Moreover, we have also

used some species of benthic foraminifera considered to be indi-

cator species for paleobathymetry (Nyong and Olsson, 1984; Van

Morkhoven et al., 1986; Culver, 2003; Alegret and Thomas, 2004).

The index of oceanity shows values close to 80% (Fig. 5) at the

base of the series, decreasing to 40% at sample Jhaff 10. Indeed, the

index marks some fluctuations in the last 30m (from sample MBZ

26). The percentages of around 80% recorded at the base of the

series indicate sedimentation in nearby bathymetries 200m and

more precisely the upper bathyal domain. This is confirmed by the

presence of an association of planktic foraminifera typical of the

surface dwellings and intermediate environments (Molina et al.,

2006) such as T. cunialensis, T. cocoaensis, Cr. inflata, H.
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alabamensis, S. linaperta, S. corpulenta, S. eocaena that showed a

relative abundance at the base of this series (Fig. 5). However, it

should be noted that values below 80% indicating low bathymetries

are probably related to a fall in the number of planktic foraminifera

and therefore the state of preservation of these microorganisms.

This reflects a disturbance of stratification of the water column

caused by the decline in sea level. Moreover, the upheaval in the

behavior of foraminifera is essentially due to the disappearance of

the latest keeled forms and therefore a fall in the index of oceanity

at the E/O boundary. However, this change is followed by the

development of typical forms of deep dwellings such as

D. pseudovenezuelana, D. tripartita, C. unicavus, Gl. suteri. At the

same time, we note that the assemblages of benthic foraminifera

are dominated by the calcitic test forms of the upper bathyal

domain such as B. floridana, Br. antegressa, Gl. subglobosa, C. mun-

dulus, O. umbonatus.

The abundance of benthic forms is continuous throughout the

series, causing the decrease of the index of oceanity, showing the

eustatic variation during the late Eocene and the base of Oligocene.

The relative fall of this index at the E/O boundary could indicate a

decrease in sea level, from the decline of the sea spawned during

global cooling.
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Foraminifera have a rapid adaptation to environmental changes,

a potential for fossilization and a strong correlation with the lat-

itudinal distributions of surface temperatures, and the use of ap-

proaches based on the morphology of their test could provide an

estimation of the paleotemperature and paleobathymetry (Murray,

1991). The change in the water column structure is mainly due to

the variation of the thermocline, which is defined as the depth

where we find the highest temperature transition. Even in the

general case, the warm surface waters or deep thermocline favors

the establishment of shallow dwellings with warm waters. How-

ever, the reduction in depth of the thermocline favors deep niches

and forms that thrive in cold waters (Wade and Pearson, 2008).

In the section of Menzel Bou Zelfa and Jhaff, planktic forami-

nifera present a well-preserved test in all samples. At the base of

the section, precisely in the E14, E15 biozones of Gl. semiinvoluta

and Gl. index, we notice a major faunal change in the history of the

evolution of planktic foraminifera, which involves paleoenvir-

onmental implications in determining the Bartonian/Priabonian

boundary (Fig. 5). These changes are manifested by the absence of

keeled forms such as Morozovelloides and Acarinina that are

abundant in low and middle latitudes (Agnini et al., 2011). In fact,

these forms normally record the low values of d18O and the greatest

values of d13C and are typical of warm waters (Pearson et al., 1993,

2001; Norris, 1996). The absence of these typical forms of surface

water, with no disruption of those living in deeper waters, generally

reflects a drop in temperature or more precisely the cooling of

surface waters.

According to Wade (2004), the extinction of these keeled forms

may result from the destruction of their dwellings, due initially to

sudden cooling of the thermocline. In addition, the drop in tem-

perature is accompanied mainly by a decrease in the depth of the

thermocline. These forms are therefore disturbed by the installa-

tion of a low temperature zone, meaning an inability to adapt to

these conditions caused their major extinction. This structural

change in the water column may also have impacts on the repro-

ductive side of foraminifera, leading to a gradually decreasing fre-

quency. This change was followed by the invasion of the mixed

level by the genera Hantkenina, Turborotalia and Subbotina at the

reduced level of the thermocline, and thus the change in the depth

of their niches (Wade, 2004).

This extinction can be associated with several factors including

the main cause, which is the inability of acarininids to overcome

this temperature decrease. A small increase in the number of keeled

forms on the upper Eocene at samples (J6, J7, J8, J9, MBZ 26, MBZ27,
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MBZ28, MBZ 29) could be explained by a particular abundance of

the species: T. cunialensis, T. cocoaensis T. cerroazulensis, H. primitiva,

H. compressa.

The top of the Eocene, precisely the top of the E16 zone, is

characterized by the last appearance of five species of the genus

Hantkenina, typical of surface dwellings; H. compressa, H. primitiva,

H. nanggulanensis, H. alabamensis and Cribrohantkenina lazzarii, is

associated with the extinction of T. cerroazulensis T. cunialensis and

T. cocoaensis. According to Coxall and Pearson (2007), these species

require the establishment of a warm climate with considerable

oxygen levels, which explains their development during theMiddle

to Upper Eocene. In addition, Molina et al. (2006) pointed out that

these species would be linked to a lower rate of d18O and a high rate

of d13C, belonging to the group of low and middle latitudes

reflecting a mixed level of warm water. Thus, the species which

survived the beginning of the cooling would subsequently be

affected by this event.

From the boundary, this extinction of tropical and subtropical

forms is followed by an increase in the number of species belonging

to the families Globigerinidae, Globoquadrinidae and the species

T. ampliapertura. However, at the base of the Oligocene the species

S. corpulenta and S. eocaena and the Globoquadrinidae

Dentoglobigerina galavisi, Dentoglobigerina pseudovenezuelana

constantly increase in number. According to Wade and Pearson

(2008), these species show high values of d18O which reflect

dwellings belonging to a deep cold thermocline. It should be noted

that Catapsydrax unicavus which appears on the lower Eocene is

one of the species that has shown a considerable abundance after

the E/O boundary and is considered a good indicator of deep, cold

environments (sub thermocline) (Pearson et al., 2001). Based on

these data, some species are indicators of cold deep water. These

species have survived despite the crisis by adapting to the newway

of life; the others were not able to survive and underwent a major

extinction.

However, we noticed the existence of a third group of forami-

nifera that was affected by this crisis but was able to adapt to these

conditions, these are the Pseudohastigerina group. According to

Wade and Pearson (2008), the species Ps. naguewichiensis is asso-

ciated with values depleted in d18O, indicating that it has been

calcified in the mixed levels. Indeed we notice the existence of this

species in the samples above the E/O boundary, but in the fractions

less than 150 mm, meaning it suffered an actual reduction in size.

Furthermore, the species Ps. micra has been able also adapt to these

conditions using a different strategy. Indeed, they are smaller than
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Fig. 4b. Relative abundances of the most common benthic foraminifera species.
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Table 1

Percentages of small benthic foraminifera.

Uvigerina

pigmea

Bulimina

macilenta

Ramulina

pulchra

Lagena

perlucida

Bulimina

jacksonensis

Osangularia

mexicana

Sigmoilina

tenuis

Anomalina

subbadenensis

Chrysalogonium

elongatum

Marginulinopsis aff.

tuberculata

Dentalina

eocaena

Lagena

striata

Spiroplectammina

nuttalli

Stillostomella

nuttalli

Stillostomella

subspinosa

MBZ1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ11 0 0,95 0 0 1,71 0 0 0 0 0 0 0 0 0 1,14

MBZ12 0 0,84 0 0 0,25 0 0,08 0 0 0 0 0 0 0,08 1,09

MBZ13 0 0,00 0 0 0 0,35 0,53 0 0 0 0 0 0 0 0,35

MBZ14 0 1,58 0 0 0,39 0 1,18 0 1,18 0 0 0 0 0 0,39

MBZ15 0 0,00 0,11 0 0,11 0,11 0,11 0 0,22 0 0 0 0 0 1,02

MBZ16 0 0,00 0 0 0 0 0 0 0 0 0 0 0 0,48 2,42

MBZ17 0 0,84 0 0 0,55 0 0,27 0,27 0,83 0 1,4 0,55 0 0,27 2,23

MBZ18 0 0,34 0 0 2,72 0 2041 0 1,02 0 0 0 0 0 0,34

MBZ19 0 0,18 0 0 0,73 0 0,37 0 0 0 0,74 0 1,1 0,92 1,29

MBZ21 0 0,77 0 0 1,27 0 1,27 0 0 0 0 0 1,02 1,53 4,34

MBZ22 0 0,64 0 0 0 0 0,64 0 0,32 0 0,32 0 0,64 1,92 4,5

MBZ23 0 0,00 0 0 1,93 0 0,32 0 0 0 0 0 0 0 7,09

MBZ24 0 0,00 0 0 0,77 0 1,16 0 0,38 0 1,56 0 0 0 8,17

MBZ25 0 0,00 0 0 1,53 0 2,15 0 0,61 0 0 0 0 4 0

Jhaff13 0 0,31 0 0 0 0 0,18 0 0 0 0 0 0 0 0,81

Jhaff12 0 0,45 0 0 0,19 0 0,64 0 0 0,06 0 0,13 0 0 1,23

Jhaff10 0 0,11 0 0 0,44 0 0,11 0 0 0 0 0 0 0 2,78

Jhaff9 0 1,57 0 0 0 0 0,31 0 0 0,09 0 0,09 0 0 2,02

Jhaff8 0 0,83 0 0 0,05 0 0,16 0 0 0 0 0,22 0,05 0 0,88

Jhaff7 0 1,87 0 0 0,62 0 0,67 0 0 0 0 0,41 1,19 0 2,08

Jhaff6 0 0,00 0 0 1,19 0 0,25 0 0,15 0,05 0 0 0,25 0 0

MBZ26 0 0,27 0,27 0,82 0,41 0 1,09 0 0 0,13 0 0,27 0 0 1,09

MBZ27 0 0,64 0 0 0,85 0,85 0 0 0,21 0 0 0 0 0 0

MBZ28 0 0,00 0,17 0 1,24 0,35 0,17 0 0,35 0 0,36 0 0 0 0

MBZ29 0,3 0,30 0 0 1,36 0 0 0 0,45 0 0 0 0 0 0

MBZ30 1,61 0,32 0,32 0,32 1,29 0,32 0,32 1,29 0,96 0,32 0,65 0,32 0,64 0,96 3,87

Lenticulina

inornata

Uvigerina

auberiana

Stillostomella

midwayensis

Planulina

wuellerstorfi

Nonion

havanense

Anomalina

alazanensis

Nodosaria

stainforthi

Favulina

squamosa

Uvigerina

ciperana

Stillostomella

paleocenica

Brizalina

antegressa

Bolivioides

floridana

Pleurostomellana

cf. alternans

Rectuvigerina

mexicana

Fursenkoina

sp2

Ellipsonodosaria

plummerae

Bolivina

sp

Spiroplectammina

dentata

MBZ1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ11 0 0,38 10,27 3,04 0 0 0 0 0 1,52 10,5 2,47 0 0 0 0,38 0,76 0

MBZ12 0,25 0 2,10 0,84 0 0 0,08 0 0 0,25 7,66 2,35 0 0 0 0,42 0,76 0,08

MBZ13 0 0 0 0,53 0 0 0 0 0 1,43 13,4 1,61 0,18 0 0 0,71 0,36 0

MBZ14 0 0,39 3,95 5,13 0 0 0,4 0,39 0 0 8,7 0 0 0,79 0 0 0 0

MBZ15 0 0 0 0,56 0 0 0,23 0 0,56 1,70 9,9 1,59 0,11 0 0 0,68 0,68 0

MBZ16 2,91 0 0 0 0 0 0 0 0 0,48 5,34 0 0 0 0 0 0 0

MBZ17 0,84 0,27 0 0 0 0 1,12 0 0 1,11 5,87 0 0 0,28 0 0 0 0

MBZ18 0 0 5,44 2,72 0 0 0,68 0,34 0 0,34 5,78 1,70 0 0 0,34 0 0 0

MBZ19 0,74 0 0 0 0 0 0,37 0 0,73 0,73 4,07 2,03 0,18 0 0 0 0,37 0

MBZ21 1,53 0 0 0,25 0 0 0 0 0 0 3,84 0 0 0 0 0 0,26 0

MBZ22 0,64 0 0 0 0 0 0 0 0,64 0 4,5 0 0 0 0 0 2,57 0

MBZ23 0 0 0 0 0 0 0 0 0 0 8,06 0 0 0 0 0 0,32 0

MBZ24 0 0,38 0,38 0,38 0 0 0 0 3,11 0 7 0 0 0 0 0 1,17 0

(continued on next page)
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Table 1 (continued )

Lenticulina

inornata

Uvigerina

auberiana

Stillostomella

midwayensis

Planulina

wuellerstorfi

Nonion

havanense

Anomalina

alazanensis

Nodosaria

stainforthi

Favulina

squamosa

Uvigerina

ciperana

Stillostomella

paleocenica

Brizalina

antegressa

Bolivioides

floridana

Pleurostomellana

cf. alternans

Rectuvigerina

mexicana

Fursenkoina

sp2

Ellipsonodosaria

plummerae

Bolivina

sp

Spiroplectammina

dentata

MBZ25 0,92 2,46 0 0,61 0 0 0,31 0 0 0,61 11,4 0 0 0 0 0 0 0

Jhaff13 0,13 0 0,06 0,25 0 0 0,13 0 0 0,56 12,5 4,32 0 0 0 0 0 0

Jhaff12 0,13 0 0 0,9 0 0 0 0 0,06 0,06 19,6 5,45 0 0,26 0 0 0 0

Jhaff10 0,11 0 0 1,33 0 0 0 0 0 1,11 22 6,68 2,12 0 0 0 0 0

Jhaff9 0,81 0 0 0,49 0 0 0 0 0,53 0 8,67 7,00 0 0 0 0 0 0

Jhaff8 0,61 0 0 0,05 0 0 0 0 0 0,27 5,61 4,73 0,44 0,06 0 0 0 0

Jhaff7 1,35 0,05 0 0,41 0 0 0,05 0 0 0,2 9,37 4,94 0 0,36 0,15 0 0 0

Jhaff6 0,41 0,2 0 0 0 0 0 0 0,10 0,98 4,67 1,86 0,1 0 0 0 0 0

MBZ26 1,37 0 0,41 2,32 0 0 0 0,13 0 0,13 6,44 0,41 0 0,27 0 0 0,55 0,27

MBZ27 1,72 0 0 1,07 0 1,07 0 0 0 0 3,86 0,64 0 0 0,42 0,21 0 0

MBZ28 2,66 3,19 0,35 0,35 0 0,36 0,36 0 0,53 0,35 6,93 3,55 0 0,71 1,24 0 0,36 0,36

MBZ29 0,15 0,45 0 0 0,45 1,52 0 0 2,42 0 7,59 1,82 1,06 0 0,45 0 0 0

MBZ30 1,61 0,32 0,96 0,32 0,32 0,65 0,32 0,32 0,64 0,32 0 0 0 0 0 0 0 0

Lagena

alternans

Pullenia

quiqueloba

Ammodiscus

incertus

Uvigerina

gallowayi

Pullenia

bulloides

Cassidulina

subglobosa

Bulimina

jarvisi

Cyclammina

cancellata

Bulimina

tuxpamensis

Cibicidoides

mexicanus

Rhadbammina

samanica

Oridorsalis

umbonatus

Entosolenia cf.

marginata

Plectina

nuttali

Uvigerina

capayana

Gyroidina

girardana

Haplophragmoides

carinatum

MBZ1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ11 0 0 0 0 0 6,46 0 0,19 0 0,19 0 0,95 0 0,19 0,57 0,57 0

MBZ12 0 0 0 0 0,17 4,88 0 0,25 0,08 0,75 0 0,16 0 0 0,33 0,58 0

MBZ13 0 0,36 0 0 0 0 0 1,07 0,17 1,43 0 0,35 0,71 0 0,71 1,25 0

MBZ14 0 0 0 0 0 0 0 1,58 0 3,55 1,97 1,18 0,39 0,39 0,79 1,97 0

MBZ15 0 0,23 0 0 0 5,23 0,11 0,22 0,11 0,11 0 0 0 0 0 0,45 0

MBZ16 0 1,94 0,49 4,36 0 0 0 0 0 0,48 0 0 0 0 0 0,48 0

MBZ17 0 0,28 0 0 0 7,54 0 1,11 0,27 0,27 0,27 0 0 0 0,83 0 0

MBZ18 0 0,34 0 0 0 4,42 0,34 2,04 0 1,7 2,72 0 0 0 0 1,02 0

MBZ19 0 0,18 0 0 0 5,54 0,55 0,37 0,18 0,18 0 0 0 0 0 0,36 0

MBZ21 0 0 0 0 0 8,69 0,25 0,512 0 0,76 0 0 0 0 0,25 1,27 0

MBZ22 0 0 0 0 0 17,0 0 0,32 0,32 0 0 0 0 0 0 0 0

MBZ23 0 0 0 0 0 9,03 0 0,32 0 0 0 0 0 0 0 1,61 0

MBZ24 0 0 0 0,77 0 0 0,38 0,38 0 0 0 0 0 0 0,77 0,38 0

MBZ25 0 0 0 0 0 0 0 0,61 0 0 0 0 0 0 0 2,15 0,31

Jhaff13 0 0 0 0 0 8,46 0 0 0,18 0 0 0 0,18 0 0 0 0

Jhaff12 0 0 0 0 0 5,19 0 0 0,32 0 0 0,06 0 0 0 0,06 0

Jhaff10 0 0,22 0 0 0 10,13 0 0 0 1,33 0 0,55 0 0 0 0,22 0

Jhaff9 0 0,22 0,13 0 0,22 6,73 0,49 0,09 0 0,4 0,13 0 0,35 0 0 0,449 0

Jhaff8 0 0 0 0 0 4,89 0,27 0,05 0 0 0 0 0,16 0 0,16 0,27 0

Jhaff7 0 0,1 0,21 0 0 2,34 0,57 0,05 0,46 0 0 0,41 0,05 0 0 0,57 0

Jhaff6 0 0,73 0,1 0 0 4,76 0,25 0,05 0 0 0 0,1 0,31 0 0,36 0,62 0,16

MBZ26 0,14 0,14 0,14 0 0,27 0 2,05 0,13 0 0 0 0 0 0 0,54 0,54 0

MBZ27 0,21 1,07 0,43 0,64 0,43 0,64 0 0 0 0 0 0 0 0 1,07 0 0

MBZ28 0,18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MBZ30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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150 mm and are considered Pseudohastigerina cf.micra (see Plate 1).

In conclusion, we can note a remarkable dominance of globular

forms during the late Eocene to the Oligocene, adapting to the cold

climate (Fig. 6). This can be explained by the instability of the

environment in the tropical zones causedmainly by the decrease in

temperature and thus the paleoecological changes of the forami-

niferal habitat. These changes would likely be in conjunction with

the predominance of glaciation in the high latitudes and a change

in the circulation of deep waters (Wade and Pearson, 2008).

Due to their lifestyle, their ubiquity and richness in marine en-

vironments as well as their potential fossilization, benthic forami-

nifera are good markers of paleo-depth due to their ability to

rapidly respond to environmental parameters. Based on the results

obtained, it is noted that the benthic foraminifera assemblages

reflect the variations in their relative abundances along the section,

reacting to the cooling which starts at the upper Eocene. Below the

boundary, there is a dominance of infaunal species characterized by

percentage around 80%, due particularly to the high frequency of

Buliminids and Bolivinids. Their high abundance could be related to

a significant transfer of the organic matter to the bottom of the sea

as they proliferate in these environments (Molina et al., 2006;

Alegret et al., 2008; Fenero et al., 2012) (see Plate 2).

As we approach to the E/O boundary, we notice that the di-

versity of the assemblages decline, reaching the lowest values. This

decrease is partly due to a decline in relative abundance of recti-

linear species with complex apertures (Pleurostomella, Bulimini-

dae, etc.) (Thomas and Via, 2007; Bordiga et al., 2015). We noticed

also a temporary decrease in abundance of buliminids reaching

1.03%, also reported by Miller et al. (1985), Thomas (1992), and

Coccioni and Galeotti (2003) in the Massignano section.

The presence of infauna increases after the boundary, reaching a

maximum value of about 89%. This abundance of infauna is due to

the proliferation of the Bi and Tri-serial forms (Fig. 6). Therefore, we

interpret a high relative abundance of the infaunal, triserial

Plate 1. 1e3: Globigerinatheka semiinvoluta KEIJZER. Zone E14. Sample MBZ30. 4e5: Globigerinatheka index FINLAY. Sample MBZ29. Zone E15. 6: Globigerinatheka index FINLAY.

Sample MBZ29. Zone E15. 7: Hantkenina alabamensis CUSHMAN. Sample MBZ 27. Zone E16. 8: Cribrohantkenina inflata HOWE. Sample MBZ 27. Zone E16. 9: Cribrohantkenina

lazzarii. Sample Jhaff 8. Zone E16. 10: Pseudohastigerina micra COLE. Sample MBZ 12. Zone O1. 11: Pseudohastigerina naguewichiensis MYATLIUK. Sample MBZ 12. Zone O1. 12:

Streptochilus martini PIJPERS. Sample MBZ 27. Zone E16.
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Plate 2. 1e2: Cibicidoides mexicanus NUTTALL. Sample MBZ15. Zone O1. 3:Pseudoglandulina manifesta REUSS. Sample MBZ29. Zone E15. 4: Gyroidina girardana REUSS. Sample

MBZ29. Zone E15. 5: Lenticulina inornata D'ORBIGNY. Sample J12. Zone O1. 6: Cyclammina cancellata BRADY. Sample MBZ14. Zone O1. 7: Globocassidulina subglobosa BRADY. Sample

MBZ16. Zone O1. 8: Planulina wuellerstorfi SCHWAGER. Sample J12. Zone O1. 9: Reticulophragmium amplectens GRZYBOWSKI. Sample MBZ12. Zone O1. 10: Pullenia quinqueloba

REUSS. Sample MBZ28. Zone E15. 11e12: Oridorsalis umbonatus REUSS Cole. Sample J12. Zone O1. 13: Favulina squamosa MONTAGU. Sample MBZ30. Zone E14. 14: Plectina nuttalli

CUSHMAN & STAINFORTH. Sample MBZ11. Zone O1. 15: Plectina nuttalli CUSHMAN & STAINFORTH. Sample MBZ11. Zone O1. 16: Cassidulina caudriae CUSHMAN & STAINFORTH.

Sample MBZ13. Zone O1. 17: Sigmoilina tenuis CZJZEK. Sample J7. Zone E16. 18: Clavulinoides eucarinatus CUSHMAN & BERMUDEZ. Sample MBZ17. Zone O1. 19: Coryphostoma

midwayensis CUSHMAN. Sample MBZ22. Zone O1. 20: Bulimina macilenta CUSHMAN & PARKER. Sample J12. Zone O1. 21: Bulimina secaensis CUSHMAN & STAINFORTH. Sample

MBZ27. Zone E15. 22: Stilostomella subspinosa CUSHMAN. Sample MBZ22. Zone O1. 23: Stilostomella paleocenica CUSHMAN & TODD. Sample MBZ19. Zone O1. 24: Brizalina antegressa

SUBBOTINA. Sample MBZ24. Zone O1. 25: Entosolenia flintiana CUSHMAN. Sample J8. Zone E16.
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buliminids as indicative of a high food supply (Gooday, 2003;

Bordiga et al., 2015). They are represented mainly by small size

forms and smooth test or lightly ornamented by longitudinal

costae, which generally explains a significant transfer of the potent

supply to the bottom of the sea. Indeed, two peaks (around 50%) of

Bolivinidae are recorded during the upper Eocene and at the E/O

boundary. These peaks in fact correspond to an increase in the

percentage of the species Br. antegressa and B. floridana, which are

representative of bathyal domain. We suggest that this remarkable

increase in the percentage of bolivinids is the response of benthic

foraminifera to a local increase in the flux of organic matter to the

sea floor. In parallel with the dominance of the infaunal group

recorded throughout the section, we notice the presence of some

epifaunal species also characteristic of bathyal domain such as

C. eocaenus, C. mexicanus, Planulina wuellerstorfi and Alabamina

dissonata.

This high influence of infaunal species typical of bathyal do-

mains, markers of the environments with minimum oxygen and an

important flow of organic matter (Gooday, 2003) such as Bu.

macilenta, Bu. jacksonensis, Bu. jarvisi, Br. antegressa, B. floridana, U.

spinulosa and Glo. subglobosa associated with a small percentage of

epifaunal foraminifera (about 20%), undoubtedly indicates a

bathyal environment with eutrophic conditions.

The assemblages of the benthic foraminifera found are the result

of an accumulation of autochthonous and allochthonous forms, the

latter being typical of neritic domains towards the deeper levels

such L. inornata, La. sulcata, Si. tenuis, as well as the distribution of

the organic substances in the bathyal zone. This mixture of forms

could be related to the decrease in sea level at the beginning of the

Oi1 glaciation, facilitating the transport of this shallow species to-

wards deeper environments. The retreat of the sea is also accom-

panied by an increase in detrital elements observed from the

sample MBZ 12.

Small benthic foraminifera do not show an extinction event at

the E/O boundary, indicating that the benthic environment was not

significantly affected. The extinction of N. truempyi is similarly not

recorded up to the boundary, although it was considered a marker

for the E/O boundary (Molina et al., 2006), possibly because the

environment was not yet enough deep for this species to live in the

section studied.

In the basal Oligocene O1 Zone, the small benthic foraminifera

shows an apparently gradual pattern of extinction, which more

likely could be a pattern of local disappearances caused by the

decrease in temperature and depth. This patternwas not previously

reported (Bolli et al., 1994; among others), although Hayward et al.

(2010) suggested that it could be a benthic faunal turnover after the

rapid E-O cooling event. The maximum glacial conditions occurred

about 200 k.y. after the E/O boundary (Pearson et al., 2008).

Consequently, this pattern of extinctions or disappearances could

be caused by the Oi1 glaciation.

6. Conclusions

The detailed micropaleontological study of the samples of the

Menzel Bou Zelfa and Jhaff section allowed us to establish different

characteristics of the planktic and benthic associations of forami-

nifera, which meant we could reconstruct the paleoenvironment

and highlight the global and regional eustatic changes.

The exploitation of all the micropaleontological data for planktic

foraminifera led us to establish a regional scale of biozonation

which we used to highlight the biological events recorded in the

deposits of the E-O transition in accordance with the differential

behavior of planktic and benthic foraminifera. In the biostrati-

graphic paper, wewere able to recognize in the of Menzel Bou Zelfa

and Jhaff section the following zones: E14. Globigerinatheka

semiinvoluta, E15. Globigerinatheka index, E16. Hantkenina alaba-

mensis for the late Eocene and zone O1. Pseudohastigerina nague-

wichiensis for the lower Oligocene.

Based on a quantitative analysis and paleoecological preferences

for planktic and benthic foraminifera, we have established a general

paleoenvironment reconstruction during the Eocene. From the base

to the top of the Menzel Bou Zelfa and Jhaff section, these analyses

revealed that the associations of foraminifera are characteristic of a

relatively warm climate with considerable oxygen content during

the middle to late Eocene, whereas at base of Oligocene the data

indicates a cooling of the climate.

The diversity of foraminifera reveals that the top of the Eocene is

marked by a massive extinction event of a distinctive group of

planktic foraminifera, probably caused by the decrease in temper-

ature, bathymetry and reduction in depth of the thermocline.

Nevertheless, the small benthic foraminifera do not show an

extinction event at the E/O boundary, indicating that the benthic

environment was not significantly affected. Similarly, the extinction

of N. truempyi, which is considered a marker for the E/O boundary,

is recorded at the boundary due to bathymetry.

In the basal Oligocene a clear dominance of infaunal morpho-

types with calcitic test, especially the bolivinids, indicates bathyal

domains with cold-water, eutrophic seas and oxygen minimum. In

the basal Oligocene O1 Zone, the benthic environment is appar-

ently affected by a gradual extinction event that could be caused by

the Oi1 glaciation. The small benthic foraminifera show a gradual

pattern of extinction, which more likely could be local disappear-

ances caused by the decrease in temperature and depth. Conse-

quently, further studies are necessary to confirm whether this

pattern is a global extinction event or just a local pattern of

disappearances.
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Reassessing the Bartonian unit stratotype at Alum 

Bay (Isle of Wight, UK): an integrated approach  
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Alina Iakovleva4, Laia Alegret2, Jaume Dinarès-Turell5, Jerry Hooker6, 

Chris King7, Richard Fluegeman8, Stacy Yager8 and Simonetta Monechi3 

With 13 figures  

Abstract. The Global Stratotype Section and Point (GSSP) for the base of the Bartonian, currently remains 
undefined. The Bartonian unit stratotype is located at the Barton coastal section in the Hampshire Basin, on the 
South Coast of the UK. The base of the “Barton beds” was originally placed at the lowest occurrence of 
Nummulites prestwichianus, and this is still the basis of the recognition of the unit Bartonian Stage as a formal 
chronostratigraphic unit of the Paleogene. However, this biostratigraphic marker is not widely applicable 
elsewhere. The base of the lithostratigraphic unit, the Barton Clay Formation, also extends below this level 
creating further complication. The parastratotype section is located at Alum Bay, 7 km away, on the Isle of 
Wight. Despite a number of studies carried out in 1970s and ‘80s on both sections, global correlation remains 
problematic. Here we present an integrated (micropalaeontological, stratigraphic, palaeomagnetic) study of 
the Lutetian-Bartonian transition at Alum Bay, and aim at improving the stratigraphy of this section to better 
define the base of the Bartonian and contribute towards a decision on the GSSP. 

Key words. Lutetian, Bartonian, GSSP, Nummulites, stratotype, biostratigraphy 

1. Introduction 

The Eocene Epoch is a dynamic period of Earth’s 
history and has been the focus of numerous palaeon-
tological, biostratigraphical, geochemical, magnetos-
tratigraphical and palaeoclimatic studies. However, 
one of the Eocene stage boundaries remain formally 

undefined, the Bartonian. At present, the base of the 
Bartonian stage has no designated Global Stratotype 
Section and Point (GSSP). Traditionally the Bartonian 
has been defined by the Bartonian unit stratotype 
between Highcliffe and Barton-on-Sea (hereafter re-
ferred to as Barton), within the Hampshire Basin in the 
south of the UK, which contains well-preserved Pa-
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leogene sedimentary sequences. Continuity of the 
section has been and is still being disrupted by sea- 
defences, although most beds can still be accessed to a 
limited extent. Keeping (1887) placed the base of the 
“Barton beds” at the lowest occurrence of the large 
foraminiferan “Nummulites prestwichianus”. The Bar-
ton Clay of Prestwich (1847) is a lithostratigraphic 
unit, which extends beneath the Nummulites prestwi-
chianus bed and is now defined as a formation (Hooker 
1986). The biostratigraphically defined “Barton Beds” 
are still the basis of the recognition of the Bartonian 
Stage as a formal chronostratigraphic unit of the 
Paleogene (Berggren 1972, Curry 1981). 

The parastratotype section for the Bartonian is 
located 7 km away at Alum Bay on the Isle of Wight 
and is better exposed, although the beds are steeply 
dipping and there is some tectonic disturbance, which 
is probably responsible for doubling the thickness of 
cycle 4 compared to that at Barton. It may also be 
responsible for differing thicknesses reported by pre-
vious authors (Hooker & King 2018). Despite numer-

ous studies since the 1970s and ‘80s, correlation of 
both Barton and Alum Bay to global stratigraphy has 
been challenging owing to a lack of studies combining 
stratigraphic methods, and a lack of clear global 
turnover events around this level (Hooker & King 
2018). 

As outlined above, the boundary has frequently been 
placed at the Nummulites prestwichianus bed. How-
ever, this species is not widely correlatable outside the 
Hampshire Basin. The geographic range of N. pre-
stwichianus only extends as far as France, and larger 
benthic foraminifera (LBF) are well known to be 
restricted to shallow platform environments and facies 
dependent, therefore this is a limited marker. In 
addition, King (2016, fig.154) showed a series of 
N. prestwichianus–like forms with morphological dif-
ferences to the species description of N. prestwichia-
nus s. s., found in and around the base of the stratotype 
level, further clouding correlations. The taxonomy of 
British Nummulites will therefore be addressed in 
detail in a later publication. Only a single, long-ranged, 
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planktonic foraminifer has been identified, Dipsidri-
pella danvillensis, and so correlation of this bed with 
planktonic foraminiferal biostratigraphy has not been 
possible. A number of dinoflagellate cyst investiga-
tions in the south of England have been carried out 
since the 1960s (Davey et al. 1966, Gruas-Cavagnetto 
1970, Downie et al. 1971, 1976, Eaton 1971a, b, 1976, 
Gruas-Cavagnetto 1976, Costa and Downie 1976, 
Costa et al. 1978, Bujak 1976, 1979, Bujak et al. 
1980, Islam 1981, 1983a, b, 1984, Jolly 1996, Jolley 
and Spinner 1989, 1991) which include the palynolo-
gical study of the Alum Bay. The Eocene Dinoflagel-
late cyst zonation for southern England proposed by 
Bujak et al. (1980), was later based on the stratigraphic 
distribution of dinoflagellate cysts from the Whitecliff 
Bay and Alum Bay key-outcrop sections. The dino-
flagellates do show a taxonomic turnover close to the 
base Bartonian stratotype with Rhombodinium draco 
occurring a few centimeters above the level of the 
N. prestwichianus bed at several localities in the 
Hampshire Basin. However, this is not consistent 
outside of this region. Previous studies on calcareous 
nannofossils from the site showed they were relatively 
impoverished, with NP zones being largely recognized 
by secondary markers. The occurrence of Reticulofe-
nestra umbilicus, which is a primary marker of CP14a, 
within the CP zonation (Okada and Bukry 1980) was 
recognised by Aubry (1983, 1986) suggesting further 
correlation potential for calcareous nannoplankton in 
the section. Palaeomagnetic studies have also been 
carried out at the Alum Bay section. Hardenbol and 
Berggren (1978) placed the base Bartonian within 
magnetic polarity chron C19n. Subsequent Paleogene 
numerical time scales (Harland et al. 1982, Berggren et 
al. 1985, Harland et al. 1989, Berggren et al. 1995, 
Luterbacher et al. 2004, Vandenberghe et al. 2012) 
continued to associate the base of the Bartonian with 
magnetic polarity Chron 19n. In keeping with this, 
Jovane et al. (2010) and Fluegeman (2007) suggested 
the Top and Base, respectively, of C19n as alternative 
potential primary events for the base of the Bartonian 
Stage to guide future GSSP designation. Recently, 
Dawber et al. (2011) identified C18n indicating the 
Nummulites prestwichianus bed as being within the 
underlying reversed interval at Alum Bay. 

Whilst a large number of previous studies on Alum 
Bay have been carried out, the majority outlined here 
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focus on one or two stratigraphic techniques. In order 
to resolve the correlation potential of the base of the 
Bartonian, we re-examine the Alum Bay section using 
integrated nannofossil, dinoflagellate, LBF, small 
benthic foraminifera and magnetostratigraphy to as-
sess potential correlations and placements for bound-
aries. In particular, we aim to address the occurrences 
of new nannofossil zonal indicators of the Agnini et al. 
(2014) mid-latitude zonation and the occurrence of key 
taxa of dinoflagellate cysts as Areoligera sentosa, 
A. tauloma and Rhombodinium draco against the se-
quence stratigraphy and palaeomagnetism of King 
(2016). The base of the dinoflagellate Distatodinium 
paradoxum is re-examined for its correlation with 
strata below the N. prestwichianus bed within the 
Barton Clay as shown in Eaton (1976), as an additional 
potential biostratigraphic marker. Likewise, the range 
of R. draco is examined to determine whether the Base 
(of R. draco) falls within the C19n interval 2–5 m 
above the base of the Barton Clay, as recorded in SW 
Siberia (Iakovleva 2017). Improvement in the strati-
graphy of the interval is essential to better define this 
interval and contribute towards a decision for the 
GSSP.   

2. Geological setting 

Alum Bay is situated within the Hampshire Basin, 
which consists of an asymmetric syncline within the 
larger Anglo – Paris – Belgian Basin (Fig. 1). The 
sediments were deposited in a series of transgressive 
and regressive cycles during the Paleogene, and consist 
of various near-shore shelf sediments. The Barton Clay 
Formation spans the upper Lutetian to upper Barto-
nian, and is overlain by the Becton Sand Formation in 
the upper Bartonian. According to the Bartonian unit 
stratotype definition, the Lutetian – Bartonian transi-
tion should lie within the Barton Clay Formation. At 
Alum Bay the Barton Clay succession comprises a 
series of glauconitic and non-glauconitic clays and 
sands, with the lower beds showing a clear abundance 
of LBF. There are two models for the deposition of this 
formation (see Hooker and King (2018) for detailed 
discussion), the first indicates that the base of the 
Barton Clay is a timeline, onlapping in a westwards 
direction over the underlying Boscombe Sand Forma-
tion (King 2016). Alternatively, a number of authors 
(e. g. Hooker 1986, Bristow et al. 1991) interpreted the 
succession as five cycles that transgress progressively 
westwards, with the Boscombe Sands being the more 

proximal shoreface facies and the Barton Clay the 
more distal offshore facies. The larger benthic for-
aminifera near the base of the Barton Clay however do 
indicate that these lowermost beds were deposited 
within the photic zone and therefore not deeper than 
~100 m water depth. The south of the UK also re-
presents the most northerly extent of the range of 
Nummulites (LBF) during the Paleogene at a palaeo-
latitude of ~40 degrees North and temperatures in 
keeping with this. 

3. Methods 

The Alum Bay section was visited in 2015 by members 
of the Bartonian Working Group, part of the Sub-
commission of Paleogene Stratigraphy, as part of an 
effort to formally constrain the base of the Bartonian 
Stage. The section comprises a coastal outcrop with 
near vertical bedding and, although some parts are 
obscured by a chair lift and intermittent slumps, the 
section is largely accessible. A total of 32 levels were 
collected for the study across an almost 100 m transect 
section, with samples taken at intervals from 50 cm to 
6 m, through the Barton Clay Formation and therefore 
including the base of the unit Bartonian Stage. 

3.1. Smaller benthic foraminifera 

A set of twenty-five samples was collected to study 
small benthic foraminiferal assemblages. Samples 
were soaked in water for 24 hours to help disaggrega-
tion, wet sieved over a 63 µm sieve and the collected 
residue was oven-dried at less than 50 °C for 24 hours. 
Quantitative analyses of benthic foraminiferal assem-
blages were based on representative splits of 300 
individuals per sample. Picked specimens were iden-
tified to species level whenever possible; when the 
preservation was poor or the test was fragmented, 
determination was at the genus or higher level. The 
relative abundance (given as percentage) of each 
species, the percentage of agglutinated and calcar-
eous-walled taxa, diversity (Fisher-α index), hetero-
geneity (Shannon-Weaver index) of the assemblages 
and the planktic/benthic (P/B) ratio were calculated. 
Additionally, specimens were assigned to infaunal or 
epifaunal microhabitats (e. g., Jorissen et al. 1995). The 
sediment from which the 300 specimens were picked 
was weighed, and used as an approximate estimation of 
the concentration of foraminifera per gram of sedi-
ment. 
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Only 6 samples out of 25 (AB 12 to AB 17, lower 
part of the section) contain enough specimens of small 
benthic foraminifera to perform quantitative analyses 
(300 specimens) of the assemblages. In order to show a 
longer record, samples with low concentration of 
foraminiferal tests (AB 10, AB 19, AB 22d and AB 
22f) were also studied. As samples below AB 10 and 
above AB 22f were barren of small benthic forami-
nifera, the interpretation given here refers to the lower 
half of the log. The overall preservation of the tests is 
good and there are no signs of dissolution, although 
fragmented tests make up ~20 % of the assemblages. 

3.2. Larger benthic foraminifera 

Seven of the twenty-five smaller benthic foraminiferal 
samples contained larger benthic foraminifera (LBF). 
Samples were picked up to a maximum of 300 speci-
mens. Representative examples of LBF were examined 
in oriented section, and natural split sections, and 
traditional measurements of proloculus and deutero-
conch size along with successive whorl radii were 
taken. A total of 18 equatorial sections were used and 2 
axial sections. 

3.3. Calcareous nannofossils 

Twenty-seven samples were collected in the Alum Bay 
section to study calcareous nannofossil assemblages. 
Smear slides were prepared from raw material using 
the technique described by Bown and Young (1998). 
Qualitative and semi-quantitative analyses were con-
ducted on the light microscope Zeiss Axiophot, at a 
magnification of 1250x. Two random long traverses 
were analysed to detect rare key species (i. e. Chias-
molithus solitus, Sphenolithus furcatolithoides mor-
photype B, S. spiniger, S. obtusus and Discoaster dis-
tinctus). Taxonomy follows Perch-Nielsen (1985), 
Fornaciari et al. (2010) for Dictyococcites and Agnini 
et al. (2014) for Sphenolithus. The biostratigraphic 
schemes adopted are those of Agnini et al. (2014), 
codified CNE, and Martini (1971) codified NP. 

3.4. Palynology 

Seventeen samples from the Alum Bay section were 
analyzed palynologically. Palynomorphs were pre-
pared using the standard palynological techniques of 
the British Geological Survey (Riding and Kyffin- 
Hughes 2004) consisting of four main steps: (1) 
dissolution of carbonates and silicates by HCl and 

HF acid digestion; (2) sieving between 106 and 10 µm; 
(3) neutralization with distilled water and centrifuga-
tion; (4) staining with Safranin-O. The palynological 
material is stored within the collections of Zaragoza 
University (Spain). 

Once prepared a quantitative analysis of the samples 
was carried out. Firstly, a minimum 200 palynomorphs 
were counted and grouped into 6 broad categories as 
dinoflagellate cysts, reworked dinoflagellate cysts 
(mostly Mesozoic), acritarchs, prasinophytes, conifers 
and foraminiferal linings, but finally prasinophytes, 
conifers and foraminiferal linings were represented 
only by few specimens and did not achieve 1 %. 
Secondly, a minimum of 200 dinoflagellate cysts 
were counted; the remaining material was scanned 
for rare dinoflagellate cysts taxa. For palaeoenviron-
mental reconstructions we followed the approach of 
Sluijs and Brinkhuis (2009) in using a grouping of 
morphologically/ecologically related dinoflagellate 
cyst taxa and assigned cysts to 12 groups: wetzel-
ielloids; Phthanoperidinium; other peridinioids; 
Homotryblium–group (mostly Homotryblium, plus 
Lingulodinium, Heteraulacacysta, Polysphaeridium); 
Areoligera–group (Areoligera, Glaphyrocysta, Adna-
tosphaeridium, Membranophoridium); Enneadocysta/ 
Areosphaeridium; Distatodinium; Cordosphaeri-
dium–group (Cordosphaeridium, Fibrocysta, Ara-
neosphaera araneosa); Hystrichokolpoma; Spini-
ferites–group (Spiniferites, Achomosphaera, Hystri-
chosphaeropsis, Hystrichostrogylon, Rottnestia 
borussica); other gonyaulacoids; gonyaulacoids indet. 

3.5. Palaeomagnetism 

The palaeomagnetic sampling at Alum Bay was con-
ducted along about 85 m of a Barton Clay Formation 
stratigraphic section with the meter 0 established at the 
base of the Formation. A total of 15 stratigraphic levels 
were sampled corresponding to equivalent biostrati-
graphic samples. The lower 20 m of the section studied 
was sampled in more detail (average sampling of about 
2 m) whereas wider-spaced sampling was performed 
along the upper part in this pilot study. Samples 
consisted of either hand-samples or cubic plastic boxes 
(2 x 2 x 2 cm) that were pressed on a soft clay cut 
surface on the outcrop. Both sample types were 
oriented in-situ with a magnetic compass. The hand- 
samples were cut in regular standard block samples in 
the laboratory before palaeomagnetic measurements. 
Natural remanent magnetization (NRM) and rema-
nence through demagnetization were measured on a 
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2G Enterprises DC SQUID high-resolution pass- 
through cryogenic magnetometer (manufacturer noise 
level of 10–12 Am2) operated in a shielded room at the 
Istituto Nazionale di Geofisica e Vulcanologia in 
Rome, Italy. A Pyrox oven in the shielded room 
was used for thermal demagnetizations and alternating 
field (AF) demagnetization was performed with three 
orthogonal coils installed in line with the cryogenic 
magnetometer. Progressive stepwise AF demagnetiza-
tion was routinely used and applied after a single 
heating step to 150 °C. AF demagnetization included 
14 steps (4, 8, 13, 17, 21, 25, 30, 35, 40, 45, 50, 60, 80, 
100 mT). Characteristic remanent magnetizations 
(ChRM) were computed by least-squares fitting 
(Kirschvinkc 1980) on the orthogonal demagnetization 
plots (Zijderveld 1967). The ChRM declination and 
inclination were used to derive the latitude of the 
virtual geomagnetic pole (VGP) of each sample. This 
parameter was taken as an indicator of the original 
magnetic polarity, normal polarity being indicated by 
positive VGP latitudes and reverse polarity by negative 
VGP latitudes. 

4. Results 

4.1. Smaller benthic foraminifera 

Diversity of the smaller benthic foraminiferal assem-
blages is low, with an average of 20 species per sample. 
The Fisher-α diversity index ranges from 2.8 to 6.8, 
and the Shannon-Weaver H (S) heterogeneity index 
ranges from 1.31 to 2.13. Both indices show their 
highest values between meters 14 and 22 (samples AB 
10 to AB 17), and subsequently decrease and remain 
relatively constant towards the uppermost sample 
containing benthic foraminifera at 48 m. The P/B ratio, 
which shows a positive correlation with the number of 
benthic foraminifera per gram, yields percentages 
below 5 %, probably indicating a shallow setting close 
to the coastline. 

Calcareous taxa dominate the benthic assemblages, 
and only one agglutinated and two miliolid taxa were 
identified. Epifaunal morphogroups clearly dominate 
over infaunal ones (<10 %). The genus Cibicides is the 
most abundant epifaunal taxon, making up to >70 % of 
the assemblages in all samples. Less abundant but 
commonly occurring genera include Bolivina, Briza-
lina, Buccella, Buliminella, Discorbis, Globulina, 
Melonis, Nonion, Pullenia, Quinqueloculina, Rober-
tina and Rosalina (Fig. 3).   

The quantitative analysis of the assemblages al-
lowed us to differentiate three intervals (see Fig. 4): 

Interval A: 14 to 20.5 m (samples AB 10 to AB 16). 
The genus Cibicides strongly dominates the assem-
blages (up to 87 %), with the species Cibicides pyg-
meus and Cibicides ungerianus together making up 
~50 % of the assemblages. The percentage of Buccella 
propingua ranges between 6 % and 12 %. Other spe-
cies that are present but make up less than 10 % of the 
assemblages include Anomalinoides ypresiensis, Bo-
livina cookei, Cibicides fortunatus, Discorbis per-
plexa, Globulina gibba and Protelphidium sp. The 
highest diversity values (Fisher-α = 6.8 and H(S) = 
2.13) and the highest percentage of infaunal mor-
phogroups (up to 9.28 %) across the whole succession 
have been recorded across this interval. Sample AB 16 
yields the highest diversity, and a 100 fold increase in 
number of foraminifera per gram. 

Interval B: 20.5 to 40.5 m (samples AB 17 to AB 
19). Within the genus Cibicides, the species C. pyg-
meus dominates over C. ungerianus. The relative 
decrease in the percentage C. ungerianus is coupled 
with a decrease in Buccella propingua and Protelphi-
dium sp. and a small increase in the percentage of 
Rosalina sp. Diversity and the percentage of infaunal 
morphogroups are lower than in interval A. There are 
no data available from the middle part of this interval 
as sample AB18 is barren of foraminifera. However, 
assemblages from its lower and upper parts are very 
similar, and slightly differ in the lower number of 
fragments of Cibicides sp. and higher percentage of 
Rosalina sp. towards the upper part of interval B. 

Interval C: 40.5 to 48 m (samples AB 22d to AB 
22e). The genus Cibicides reaches its maximum 
abundance (90 % of the assemblages) with a strong 
dominance of C. ungerianus (> 50 %) over C. pyg-
meus. The percentages of Buccella propingua, Cibi-
cides fortunatus, Globulina gibba and Nonion laeve 
are higher than in the previous interval B. Diversity of 

Fig. 3. SEM and light microscopy images of common 
Bartonian benthic foraminiferal species at Alum Bay. All 
scale bars represent 100 µm, except for 1a and 1b that 
represent 500 µm. 1) Nummulites prestwichianus (sample 
AB14), equatorial (1a) and axial (1b) section; 2) Protel-
phidium sp. (AB14); 3) Cibicides ungenianus (AB22b), 
dorsal (3a) and ventral (3b) view; 4) Cibicides pygmeus 
(AB19), apertural (4a) and ventral (4b) view; 5) Cibicides 
fortunatus (AB14), dorsal (5a) and ventral (5b) view; 6) 
Bucella propingua (AB14), dorsal (6a) and ventral (6b) 
view; 7) Bolivina cookei (AB14)  
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Fig. 4. Abundances and occurrences of smaller benthic foraminiferal and larger benthic foraminiferal taxa, with sampled 
levels shown on the log. For larger benthic foraminifera black represents abundant (>200 specimens) and grey present (1–50 
specimens). Assemblage zones are shown in bands A–C.  

Fig. 5. Plate of most abundant and/or diagnostic nannofossils. 1) Sphenolithus obtusus Bukry 1971. view at 0°, Sample 
AB10, cross-polarized light (XPL); 2) Sphenolithus obtusus Bukry 1971. view at 45°, Sample AB10; 3) Dictyococcites 
bisectus >10 µm (Hay, Mohler and Wade) Roth, Sample AB21, XPL; 4) Reticulofenestra umbilicus (Levin 1965) Martini and 
Ritzkowski 1968, Sample AB12, XPL; 5) Chiasmolithus solitus (Bramlette and Sullivan 1961) Locker 1968, Sample AB10, 
XPL; 6) Sphenolithus furcatolithoides Locker 1967 morphotype B. view at 0°, Sample AB16, XPL; 7) Sphenolithus 
furcatolithoides Locker 1967 morphotype B. view at 0°, Sample AB15, XPL; 8) Sphenolithus furcatolithoides Locker 1967 
morphotype B. view at 45°, Sample AB16, XPL; 9) Reticulofenestra dictyoda (Deflandre in Deflandre & Fert, 1954), Sample 
AB11, XPL; 10) Discoaster distinctus Martini, 1958, Sample AB16, trasmissed light (IIPL); 11) Braarudosphaera bigelowii 
(Gran and Braarud 1935) Deflandre, 1947, Sample AB23b, XPL; 12) Neococcolithes dubius (Deflandre in Deflandre and 
Fert, 1954) Black, 1967, Sample AB11, XPL; 13) Helicosphaera compacta Bramlette and Wilcoxon, Sample AB10, XPL; 
14) Helicosphaera compacta Bramlette and Wilcoxon, Sample AB10, IIPL; 15) Blackites inflatus (Bramlette and Sullivan 
1961) Kapellos and Schaub 1973, Sample AB13, XPL; 16) Blackites inflatus (Bramlette and Sullivan 1961) Kapellos and 
Schaub 1973, Sample AB13, IIPL; 17) Ericsonia formosa (Kamptner, 1963) Wise, 1973, Sample AB23b, XPL; 18) 
Discoaster saipanensis Bramlette & Riedel 1954, Sample AB12, IIPL; 19) Discoaster barbadiensis Tan Sin Hok 1927, 
Sample AB19, IIPL; 20) Blackites spinosus (Deflandre & Fert, 1954) Hay & Towe, 1962, Sample AB23b, XPL.  
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the assemblages (Fisher-α = 2.8, H(S) = 1.31) and the 
percentage of infaunal morphogroups (2 %) show the 
lowermost values of the section. 

4.2. Larger benthic foraminifera 

Larger benthic foraminifera, where present, were low 
in diversity but high in abundance at specific levels 
(Fig. 4). Preservation of the tests is generally good to 
excellent although there is some pyritisation. The 
exception to this is sample AB17 where all specimens 
are poorly preserved and heavily pyritised. Two taxa 
were identified, Nummulites prestwichianus and Num-
mulites rectus, although assemblages appear mono-
specific and N. prestwichianus was the more abundant 
of the two taxa. Nummulites prestwichianus is char-
acterized by a flattened test with sigmoidal sutures, and 
loose spiral, following Blondeau (1972), whilst N. rec-
tus is more lenticular, with a comparatively tight spiral. 
Measured specimens of N. prestwichianus had a mean 
proloculus diameter of 93 microns, and range of 
65–145 microns. It should be noted that the range 
of proloculus diameters in sample AB12 was larger 
than in AB14 and may be linked to taxonomic issues 
within N. prestwichianus which we outline in the 
discussion. Nummulites prestwichianus was abundant 
in samples AB12–AB14, with ~200 specimens picked 
from AB12 and >500 in each of AB13 and AB14, 
thereby indicating the N. prestwichianus beds and 
adjacent levels, utilized in previous studies as the 
base of the unit Bartonian. Samples AB15 and 
AB16 contain far fewer specimens. Preservation in 
sample AB17 was poor and specimens could not be 
accurately identified to species level. Only two speci-
mens of N. rectus were identified and both were within 
AB18, the highest sample containing LBF.  

4.3. Calcareous nannofossils 

The nannofossil assemblages consist mainly of Reti-
culofenestra umbilicus, R. samodurovii, Cyclicargo-
lithus floridanus, Coccolithus pelagicus and Blackites 
inflatus. The genus Discoaster is rare. However, 
among discoasterids D. barbadiensis is the more fre-
quent. Nannoliths such as Braarudosphaera bigelowii, 
Lanternithus minutus, and Zygrablithus bijugatus are 
always present (Fig. 5). Few reworked upper Cretac-
eous taxa (Micula murus, Watznaueria and Predisco-
sphaera) are present throughout the section. Blackites 
inflatus, in agreement with Aubry (1983), has been 
considered reworked since its stratigraphic range is 

limited to lower Lutetian (NP14–NP15; Perch-Nielsen 
1985). 

The total abundance varies from rare to common and 
the preservation from poor to moderate along the 
section. Generally, the calcareous nannofossil assem-
blages are moderately diverse throughout the Alum 
Bay section. Ten samples of twenty-seven are barren of 
coccoliths, the majority located in the lower part of the 
section up to 13 m (3 samples) and in the interval 
between 47 to 72 m (7 samples). Only the sample 
collected at 72.5 m shows a good preservation and the 
highest total abundance among the samples studied. 
Figure 6 gives an overview of nannofossil abundances.  

The first sample with calcareous nannofossils is at 
13 m (AB8). The total abundance is common, but the 
richness is low, and only 4 species (Cribrocentrum 
reticulatum, R. umbilicus, B. inflatus, B. spinosus) 
were recognized. The co-occurrence of R. umbilicus 
and C. reticulatum, markers of the base of CNE13 and 
CNE14 Zones respectively, has been recognized from 
sample AB8. The co-occurrence suggests, following 
Agnini et al. (2014), for the lower part of Alum Bay 
section Zone CNE14 (middle-upper part of Zone 
NP16). 

In the interval from 14 m to 22 m (AB10 to AB17) 
abundance increases and the preservation is moderate. 
The assemblages consist of R. umbilicus, Neococco-
lithus dubius, C. pelagicus and B. bigelowii and sec-
ondarily they contain D. barbadiensis, D. distinctus, 
D. saipanensis, L. minutus, C. floridanus, C. reticula-
tum, S. furcatolithoides morphotype B, and R. samo-
durovi. Representatives of Chiasmolithus are very rare. 
Only a single specimen of C. solitus, marker of the 
base of NP17 Zone (Martini 1971), has been identified 
at 13.80 m. Chiasmolithus solitus is rare or absent in 
low latitude sediments, difficult to recognize in poorly 
preserved material and strongly diachronous at differ-
ent latitudes (Perch-Nielsen 1985, Wei and Wise 1989, 
Aubry 1992, Berggren et al. 1995, Marino and Flores 
2002a, b, Villa et al. 2008, Fornaciari et al. 2010, 
Agnini et al. 2014). Owing to the sporadic distribution 
of this species Perch-Nielsen (1985) suggested to use 
the Top of S. furcatolithoides as an alternative event to 
the Top of C. solitus. Agnini et al. (2014) recognized 
two different morphotypes of S. furcatolithoides A and 
B. The differences between morphotypes A and B are 
in the extinction patterns and in the stratigraphic 
distribution. Sphenolithus furcatolithoides morpho-
type A has its stratigraphic range limited to CNE10 
up to lower part of CNE11 Zone, and it corresponds to 
the middle-upper part of NP15 Zone. On the contrary, 
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S. furcatolithoides morphotype B has a younger strati-
graphic distribution from CNE12 to CNE14 Zones (the 
upper part of NP15 to the upper part of NP16 Zones). 
Furthermore, Agnini et al. (2011) have correlated the 
Top of S. furcatolithoides B to the upper part of C18r in 
the Alano section and in ODP Sites 1051 and 1052. In 
the Alum Bay section only morphotype B of S. furca-
tolithoides has been recognized and the Top has been 
identified at 22 m (AB17). 

According to Martini (1971) the Top of D. distinctus 
could also be used in this area to approximate the 
NP16/NP17 boundary. Discoaster distinctus is con-
tinuously present from 14 m up to 22 m (sample 
AB17) where its Top has been observed. Unfortu-
nately, D. distinctus is difficult to identify in poorly 
preserved material, and according to Dunkley Jones et 
al. (2009) its range is diachronous, with its highest 
occurrence up to NP23, thus in the Alum Bay section 
its uppermost occurrence could not be used as a 
reliable event. Within the interval from 36 m up to 
46 m the calcareous nannofossil assemblages are less 
abundant and the nannofloral content is similar to the 
previous interval. The occurrence of Dictyococcites 
bisectus >10 µm, marker of the Base of CNE15 Zone 

has been identified at 40.5 m (AB21). From this level, 
these specimens are continuously present. Specimens 
of D. bisectus all specimens <10 µm (usually rare) 
have been grouped together with D. scrippsae. 

In the upper part of the section only two (AB22 and 
AB23b) out of seven studied samples contain calcar-
eous nannofossils. The co-occurrence of S. obtusus, 
S. spiniger (rare) and D. bisectus allow us to assign 
sample AB22 to the lower part of CNE15 Zone (Agnini 
et al. 2014). The last sample with calcareous nanno-
fossil content has been collected at 73 m (AB23b). 
This sample shows the highest abundance and an 
assemblage similar to the previous sample AB22, 
without the presence of S. spiniger. The Top of S. spi-
niger occurs in the lower part of CNE15 Zone slightly 
above the Base of S. obtusus confirming CNE15 Zone 
(NP 16 Zone) for the upper part of the section. 

4.4. Palynology 

In general, all 17 palynological samples revealed 
quantitatively rich palynomorph assemblages with 
the absolute (80–100 %) dominance of dinoflagellate 
cysts; acritarchs do not exceed 15 %. The lower part of 

M
a

rt
in

i 
1
9

7
1

A
g
n

in
i 
e
t 

a
l.

  
  

  
2

0
1

4

N/mm2

Top

  Base 
common

Top

  Base 

S
ta

g
e

0 5 10S
E

R
IE

S

B
. 
b

ig
e

lo
w

ii

B
. 

in
fl
a

tu
s

C
. 

re
ti
c
u
la

tu
m

C
. 

s
o

li
tu

s

D
. 
b

a
rb

a
d
ie

n
s
is

D
. 
d

is
ti
n

c
tu

s

D
. 
s
a
ip

a
n

e
n

s
is

D
. 

b
is

e
c
tu

s
 >

1
0
��

m

D
. 
s
c
ri
p
p

s
a
e

E
. 

fo
rm

o
s
a

H
. 
c
o

m
p

a
c
ta

R
. 
u

m
b

il
ic

u
s

S
. 
fu

rc
a

to
li
th

o
id

e
s
 B

S
. 

m
o

ri
fo

rm
is

S
. 
o
b

tu
s
u
s

Z
. 

b
ij
u
g

a
tu

s

4

8

10

12

14

16

18

20

22

25

30

35

40

45

50

AB10

AB12
AB13

AB14

AB15

AB16

AB17

AB18

AB19

0

AB22d

AB22f

AB22b

AB11

AB22a

AB08

E
O

C
E

N
E

B
a

rt
o

n
ia

n
L

u
te

ti
a
n

AB21

C
N

E
1

5
C

N
E

1
4

N
P

1
6

AB20
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Fig. 7. Dinoflagellate taxa from the Alum Bay section. The scale bar of 20 μm applies to all specimens. 1) Areosphaeridium 
diktyoplokum, Slide AB 17-2; 2) Rhombodinium draco, specimen damaged by crystalline particles, Slide AB 18-4; 3) 
Distatodinium craterum-biffii (transitional form), Slide AB22d-2; 4) Enneadocysta fenestrata; Slide AB 23-1; 5) 
Heteraulacacysta porosa, Slide AB 19-4; 6) Enneadocysta pectiniformis, Slide AB 14-4; 7) Hemisphaeridium fenestratum, 
Slide AB 23-1; 8, 11) Glaphyrocysta? vicina, Slide AB 20-3; 9) Enneadocysta fenestrata; Slide AB 23-1; Cordosphaeridium 
cantharellus, Slide AB 14-4  
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Fig. 8. Dinoflagellate taxa from the Alum Bay section. The scale bar of 20 μm applies to all specimens. 1) Thalassiphora 
fenestrata, Slide AB 10-4; 2) Wetzeliella sp.1, archeopyle invisible, Slide AB 10-1; 3) Wetzeliella sp. 2, archeopyle invisible; 
Slide AB 17-1; 4) Areoligera tauloma, Slide AB 06-1; 5) Lentinia serrata, Slide AB 17-3; 6) Selenopemphix selenoides, Slide 
AB 23-1; 7) Areoligera undulata, Slide AB 14-4; 8) Distatodinium craterum, Slide AB 14-4; 9) Homotryblium floripes, Slide 
AB 20-3; 10) Homotryblium tenuispinosum, Slide AB 06-1; 11) Palaeocystodinium golzowense, Slide AB 19-4.  
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Fig. 10. Distribution and abundances (%) of dinoflagellate eco-groups through the Alum Bay section. Intervals 1 to 5 
represent specific assemblage intervals, for full description of each assemblage see section 4.4.  
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the interval studied is marked by the presence (up to 
9 %) of reworked Mesozoic dinoflagellate cysts. Pra-
sinophytes (Pterospermella, Pediastrum) and pollen 
grains of conifers represent less than 1 % of the total 
assemblage. Dinoflagellate cyst assemblages from the 
studied samples are diversified with moderately well 
preserved dinoflagellate cysts: in total, ca. 96 dino-
flagellate cyst taxa were recognized in the Alum Bay 
section. The most abundant and stratigraphically sig-
nificant are shown in Figs. 7 and 8. 

The distribution of stratigraphically significant spe-
cies (Fig. 9) as well as the major changes in relative 
abundance of different dinoflagellate cysts eco-group 
fluctuations allowed us to recognize five intervals 
(Fig. 10).     

The lowermost part of the section (samples 
AB03–AB07) is characterized by the presence from 
the base of stratigraphically important Lutetian species 
Cordosphaeridium cantharellus, Enneadocysta arcua-
ta and Enneadocysta multicornuta; species Distatodi-
nium craterum, Selenophemphix nephroides, S. sele-
noides, S. armata and Glaphyrocysta laciniiforme are 
also present. Therefore, this part of the Alum Bay 
section corresponds to the part of the Areosphaeridium 
arcuatum–Cyclonephelium intricatum Zones interval 
in southern England (Bujak et al. 1980), the part of the 
Enneadocysta arcuata Zone in Denmark (Heilmann- 
Clausen 1988), part of the E. arcuata-E. multicornuta 
Subzones in Ukraine (Andreeva-Grigorovich et al. 
2011) and the part of the Costacysta bucina Zone in 
eastern Peri-Tethys (Iakovleva 2017). The dinoflagel-
late cyst assemblage from this part of the section is 
characterized by the dominance (20–50 %) of the 
Areoligera–group; Homotryblium– and Spiniferi-
tes–groups are very common and attain up to 25 % 
and 20 % respectively. This may be interpreted as part 
of a transgressive phase in the inner neritic environ-
ments. 

The second interval (samples AB07–AB08) re-
vealed the first occurrence of stratigraphically impor-
tant Enneadocysta pectiniformis at ~10.5 m (sample 
AB07). The Top of Areoligera tauloma is noted at 
~13.0 m. Consequently, this part of the Alum Bay 
section may be correlated with the E. pectiniformis 
Zone in eastern Peri-Tethys (Iakovleva 2017). Dino-
flagellate cyst assemblage from this interval is char-
acterized by the dominance of Areoligera (up to 36 %) 
and Homotryblium (up to 35 %) groups; the Spinifer-
ites–group attains 10 %. This may be interpreted as a 
continuation of the transgressive phase in inner neritic 
environments. 

The third dinoflagellate cyst interval (samples 
AB10–AB12) is characterized by the lowermost oc-
currences of Thalassiphora fenestrata and Phthano-
peridinium geminatum at ~14.0 m and of Heteraula-
cacysta porosa at ~15.5 m. It should be noted that 
previously the Base (LO) of Th. fenestrata was often 
recognized only from the Priabonian (Liengjarern et al. 
1980, Bujak and Mudge 1994, Köthe 2012). Now the 
Base of typical Th. fenestrata is known from the 
Rhombodinium draco Zone interval in Denmark (Heil-
mann-Clausen and Van Simaeys 2005) and eastern 
Peri-Tethys (Iakovleva 2017), while the Base of speci-
mens recognized as Th. cf. fenestrata were noted by 
Heilmann-Clausen and Van Simaeys (2005) from the 
uppermost Lutetian part of the E. arcuata Zone. In the 
present study, the Base of Rhombodinium draco is 
recognized only from ~17.1 m. Owing to the unfavor-
able facies characteristics (sandy units with glauconite, 
pebbles and shells), we cannot exclude the possibility 
that the true lowermost occurrence of R. draco was not 
represented. In this case, this part of the Alum Bay 
succession should be tentatively attributed to a part of 
the R. draco Zone. The palynological assemblage from 
sample AB10 revealed a relative influx of acritarchs 
and reworked dinoflagellate cysts, indicating a possi-
ble transgression. The assemblage from sample AB12 
additionally demonstrates a decrease in open-marine 
Spiniferites–group (only 7 %), still common Homo-
tryblium–group (7 %) and an increase in Enneadocys-
ta–group (33 %); peridinioid taxa attain up to 10 %. 
This may indicate a more restricted inner-neritic en-
vironment. 

The fourth dinoflagellate cyst interval (Samples 
AB14–AB17) revealed the successive occurrences 
of Rhombodinium draco and Distatodinium paradox-
um at ~17.1 m, Enneadocysta partridgei at ~18.5 m, 
Enneadocysta fenestrata at ~19.9 m, Membranophor-
idium aspinatum and Hemiplacophora semilunifera at 
~21.8 m. The Top (highest occurrence) of Areoligera 
undulata is recognized at ~17.1 m, the Top of Axio-
dinium prearticulatum is noted at ~19.9 m, and the Top 
of Charlesdowniea coleothrypta – at ~21.8 m. Based 
on the occurrence of stratigraphically important Rhom-
bodinium draco, this part of the Alum Bay succession 
may be attributed to the R. draco Zone from the West 
European zonation of Powell (1992), Ukrainian zona-
tion of Andreeva-Grigorovich et al. (2011), W Siberian 
zonation of Iakovleva and Aleksandrova (2013) and 
Peri-Tethyan zonation of Iakovleva (2017). According 
to nannoplankton data, the recognized Base of R. dra-
co in the Alum Bay corresponds to the upper part of the 
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NP16 Zone. Taking into account the questionable 
attribution of the 3rd dinocyst interval to the R. draco 
Zone, the stratigraphic level of the Base of R. draco 
correlates well with the data from eastern Peri-Tethys, 
where the Base of R. draco is directly calibrated to 
calcareous nannoplankton and corresponds to the 
upper part of NP15–NP16 Zone interval (Iakovleva 
2017). The dinoflagellate cyst assemblage from this 
interval is characterized by alternating dominance of 
open-marine Spiniferites–group (up to 30 %), with the 
low-salinity tolerant Homotryblium–group (42 %), in-
dicating a possible transition to the restricted shallow- 
water environments with reduced salinity. 

The fifth dinoflagellate cyst interval (samples 
AB18–AB23) revealed the lowermost occurrences 
of the species Homotryblium floripes and Glaphyro-
cysta intircata at ~32.4 m, the LO of Distatodinium 
craterum-biffii (transitional form to D. biffii) at 
~46.5 m and the LO of Hemisphaeridium fenestratum 
at ~47.2 m. Based on the virtual absence of Rhombo-
dinium porosum and any other stratigraphically young-
er taxa, the upper part of the section is still attributed to 
the R. draco Zone interval. The dinoflagellate cyst 
assemblage is again characterized in the lowermost 
part of the interval by an increase in the Spiniferi-
tes–group (28 %) and a relative decrease (21 %) in the 
Homotryblium–group, while most of this interval is 
marked by a significant increase and dominance of the 
Homotryblium–group, which varies between 49 and 
65 %. Such dominance of the Homotryblium–group 
may indicate restricted shallow environments with 

reduced salinity. A slight influx in the Areoligera– 
and Enneadocysta–groups at ~48.0 m may likely re-
flect a short transgressive pulse.  

4.5. Palaeomagnetism 

A total of 15 samples have been demagnetized step-
wise following the combined thermal and alternating 
field (AF) protocol outlined above. The NRM intensity 
generally ranges from 0.2 x10–3 to 0.6 x 10–3 A/m. with 
the exception of sample AB2-1A at 2 m that corre-
sponds to a reddish lithology which has an intensity 
value of 4 x 10–3 A/m. Samples from 11 stratigraphic 
levels have provided moderately good quality demag-
netization data. Samples from 4 stratigraphic levels 
display scattered demagnetization data preventing the 
computation of any magnetization components. These 
later samples are qualified as “class C” samples. 
Normally, intensity of the samples drops noticeably 
after the first heating step at 150 °C and proceeds up to 
about 25–30 mT demagnetizing a component which is 
usually northerly oriented and steep in in-situ (geo-
graphic) coordinates (Fig. 11 Z-plots). Above those 
demagnetizing fields and up to about 80–100 mT 
demagnetization trajectories trending toward the ori-
gin define the characteristic remanent magnetization 
(ChRM). The ChRM components are either northerly 
and moderately steeply downward (Fig. 11a) or south-
erly and upwards (Fig. 11b, c) oriented in bedding 
corrected coordinates. The fact that the strata are 
subvertical along the studied sections affirms that 
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Fig. 11. Representative “class A” normal (a) and reverse (b and c) tilt-corrected (TC) orthogonal demagnetization diagrams 
from the studied Alum Bay section. The stratigraphic position in meters, the natural remanent magnetization (NRM) intensity 
and some demagnetization steps are indicated. Open and closed symbols indicate projections onto the upper and lower 
hemisphere respectively. The computed ChRM direction is shown by a solid grey thick line.  
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this component is of pre-tilt origin and likely repre-
sents a primary magnetization with dual polarity. The 
firstly removed low-field component conforms to a 
recent viscous geomagnetic field direction in geo-
graphic coordinates and, thus, represents a secondary 
overprint. We classify as “class A” samples those 
where a clear ChRM trajectory including several 
demagnetization steps trending towards the demagne-
tization diagram can be retrieved (Fig. 11a–c) or “class 

AB” when this trajectory is no so well defined. The 
magnetostratigraphy (Fig. 12) indicates a clear rever-
sal boundary located within the 4.0–5.4 m interval 
defining a lower normal polarity chron represented by 
three sample levels and an upper reverse chron that 
extends up to about 19 m and probably up to 33 m 
although there is a sampling gap of about 10 m. The 
interval from 32.2 m up to 86.8 m contains only two 
sampled stratigraphic levels with “Class C samples” 
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and therefore the polarity of this interval cannot be 
interpreted with the present dataset. A sample level at 
the top of the section (86.8 m) presents normal polarity.   

5. Interpretation and Discussion 

Overall, the biostratigraphic records are in general 
agreement with each other and show that the Lute-
tian–Bartonian transition certainly occurs within the 
section as it is currently defined (Fig. 13). In the 
absence of a formal Bartonian GSSP, following 
GTS (Gradstein 2012), the base of the Bartonian 
has been taken at the C19n/C18r boundary. The 

Alum Bay section falls largely into CNE14 Zone 
and the upper part within CNE15. In the scheme of 
Agnini at al. (2014) the Lutetian/Bartonian boundary is 
placed at the top of C19n and in the middle of CNE14, 
so unfortunately its presence cannot be recognised 
from nannofossil data alone. However, the palaeomag-
netic data from the section suggests it is present. The 
palaeomagnetic data indicate that in the lowermost part 
of the section (0–5 m) C19n and the C19n/C18r 
boundary occur, indicating that the Bartonian/Lutetian 
boundary can be identified approximately between 
4.5 m and 5 m. Chrons C18r and C18n have been 
recognized, but at present it is not possible to determine 
the C18r/C18n boundary, because in the interval from 
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32.2 m up to 86.8 m the polarity cannot be interpreted 
(Fig. 12), although it was recognised by Dawber et al. 
(2011) (Fig. 13). However, the nannofossil data (Top 
S. furcatolithoides, D. bisectus and S. obtusus Base) 
suggest (as reported by Agnini et al. 2014) that the 
C18r/C18n could be between 41 m and 47 m. There-
fore, additional palaeomagetic sampling would be 
required to resolve this further. 

When nannofossil indicators are compared with 
Aubry (1983, 1986) and Dawber et al. (2011) using 
the Nummulites prestwichianus bed as a marker, 
sample 2165 (12.30 m) of Aubry approximately seems 
to correlate with AB8 at 13 m. The Tops of S. furca-
tolithoides and D. distinctus were recognised by Aubry 
in sample 2171 at 18 m, which correlates with 18.75 m 
in this study. In our results the Tops of S. furcato-
lithoides and D. distinctus are at at meter 20 (AB16) 
and at 22 m (AB17) respectively, extending their range 
slightly. In Aubry (1983, 1986) these taxa are used to 
denote the NP16–NP17 zonal boundary, but more 
recent works have shown this correlation to be in-
correct. Agnini et al. (2014) place the Top of S. furca-
tolithoides B in the middle part of NP16 Zone (upper 
C18r) and following Dunkley Jones et al. (2009) the 
range of D. distinctus extends to NP23. Additionally, 
Aubry (1983, 1986) reports the occurrence of S. obtu-
sus approximately at 27.2 m, whilst in our results it is at 
47 m (AB22). Dawber et al. 2011 also recorded the 
first occurrence of Neococcolithites minutus just 3 m 
above the Nummulites prestwichianus bed (Fig. 13). 
However, Aubry (1986) just reports in one sentence (p. 
299) that she approximated the NP16/17 zonal bound-
ary using the first occurrence in bed E of “a very 
flattened variety of Neococcolithites minutes”. Unfor-
tunately Aubry (1983, 1986) did not show the range of 
this variety in any of the sections studied but only the 
range of N. minutus as a whole; and this taxon extends 
down to well below the N. prestwichianus bed. 

Thus, the Base of N. minutus is irrelevant, as this 
species was recorded below N. prestwichianus and it is 
therefore not useful for further refining the stratigra-
phy. 

The nannofossil data and dinoflagellate (R. draco) 
levels appear to be different in our study compared to 
those reported in Dawber et al. (2011) (from Bujack et 
al. 1980). Within the palynological data R. draco is one 
of the most biostratigraphically important occurrences. 
The recognised Base of R. draco in Alum Bay corre-
sponds to the topmost part of the NP16 Zone (CNE14) 
and lower part of C18r. When the third dinoflagellate 
cyst interval is questionably attributed to the R. draco 

Zone, the stratigraphic occurrence of the Base of 
R. draco correlates well with data from the Eastern 
Peri-Tethys, where the Base of R. draco is directly 
calibrated to the calcareous nannoplankton occur-
rences and corresponds to the upper part of the 
NP16 Zone interval (Iakovleva 2017). It also coincides 
with the acme of N. prestwichianus. 

King (2016) shows Nummulites prestwichianus as 
having an upper NP 16 to lower NP 17 Zone range. 
However, in our study N. prestwichianus falls only 
within the NP 16 Zone. Nummulites rectus, the only 
other larger foraminiferal taxon in the section, is 
correlated to NP17 Zone and SBZ17 by King 
(2016). In this study, N. rectus was only found in 
sample AB18 which we assign to the NP16 Zone. 
Following the ranges given by King (2016) the larger 
foraminifera would suggest a slightly younger age than 
the other microfossil studies. However, larger benthic 
foraminiferal biostratigraphy is challenging owing to 
factors such as species endemism, dispersals and often 
lack of independent dating (see Cotton and Pearson 
2011, Papazzoni et al 2017). It is therefore more likely 
that the range of N. prestwichianus and N. rectus 
extend into NP16 Zone and their ranges should be 
updated. 

The larger benthic foraminifera comprise of a 
largely monospecific assemblage, with Nummulites 
rectus only being found in very low numbers at the 
top of the cycles 2–3, and highest sample containing 
LBF (AB18). Such assemblages of Nummulites are not 
uncommon and may be linked to the area being at the 
limits of their range and not a typical oligotrophic 
shallow carbonate environment. Previous studies have 
suggested that the Nummulites prestwichianus from 
this region consisted of several morphotypes (King 
2016). There is some variation in the proloculus size 
between the beds, but a full morphological compar-
ison, including other material from the south of the UK 
is needed to clarify this. All however, closely fit the 
descriptions of N. prestwichianus following Blondeau 
(1972), and therefore for the purpose of this study we 
keep them as N. prestwichianus. Whilst the beds are 
certainly distinctive, they have limited use as biostrati-
graphic marker beds as because of their lateral dis-
continuity and the potential for diachroneity. Larger 
benthic foraminifera are well known to be restricted to 
the oligotrophic, photic zone, and thus only occur 
during specific intervals in the Alum Bay section, 
when appropriate environmental conditions are met. 

This shallow water environmental interpretation is 
supported by the smaller benthic foraminifera assem-
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blages. Based on benthic foraminifera, Murray and 
Wright (1974) inferred a near shore shelf depositional 
setting at Alum Bay, with fine substrate and turbid 
water for this part of the sequence. Our new study 
corroborates this interpretation, as in addition to Ci-
bicides, the rest of the identified genera at Alum Bay 
(Bolivina, Brizalina, Buccella, Buliminella, Discorbis, 
Nonion, Quinqueloculina and Rosalina) are common 
in inner shelf environments (Murray 2006). 

The dominance of a single genus (Cibicides) is the 
most remarkable feature of the small benthic forami-
nifera assemblages at Alum Bay. This genus is com-
monly associated with cool waters (Murray 2006). The 
upper half of the section studied is not only dominated 
by this one genus, but it also has a strong dominance of 
one species (>50 % of C. pygmeus in interval B, and 
C. ungerianus in interval C), which accounts for the 
low diversity of the assemblages. 

Interval A (14–20.5 m) represents a near shore, 
shallow shelf setting, possibly partially restricted ow-
ing to its low diversity values (Murray 2006). This 
hypothesis is supported by the occurrence of Protel-
phidium, as this genus is associated with low salinity 
environments (Murray and Wright 1974). Dinoflagel-
late assemblages also point towards a restricted-inner 
neritic environment (sample AB12). The maximum 
values of diversity, P/B ratio and foraminifera per gram 
in sample AB16 (19.5 m) of this interval might in-
dicate reduced sedimentation rates and/or changes in 
sea level. 

Interval B (20.5–40.5 m) is dominated by C. pyg-
meus, and it contains one sample barren of foramini-
fera. Murray and Wright (1974) interpreted barren 
samples from this part of the log as reflecting intertidal 
conditions, which might point to variations in sea level 
and unstable conditions. We argue that C. pygmeus 
may have adapted to environmental instability related 
to rapidly changing sea level, becoming more abundant 
in this interval. Rosalina spp. has been argued to have a 
clinging mode of life (attached with organic ‘glue’ to 
the seaweeds or hard substrates), indicative of a high- 
energy environment (Kitazato 1988), supporting a 
near-shore setting with episodes of intertidal settings. 

Interval C (40.5–48 m) is characterised by a strong 
dominance of C. ungerianus, and by a small increase in 
percentage of species present in interval A such as 
Buccella propingua, Cibicides fortunatus and Globu-
lina gibba. These results point to a return to conditions 
similar to those inferred from the lower part of the 
section. However, diversity and the percentage of 
infaunal morphogroups are lower, possibly due to 

the proliferation of opportunistic species (C. ungeria-
nus and Buccella propingua). After the instability 
recorded in interval B, the assemblages seem to re-
cover and reflect environmental conditions similar to 
those from interval A. 

Our results agree with the interpretation and inter-
vals defined by Murray and Wright (1974) for this part 
of the section, corresponding to the “Upper Brackle-
sham Beds” and “Lower Barton Beds”. However, the 
interpretation given by Dawber et al. (2011) for the 
same section slightly differs from our results. They 
infer a shallowing-upward trend from the lower part of 
the section (70–120 m palaeodepth, equivalent to our 
interval A) to 30–70 m palaeodepth towards our inter-
val B, and 0–30 m towards our interval C. Diversity 
values are also slightly lower, with Fisher-α ranging 
from 0 to 5 and H (S) from 0 to 1.5. The trends 
described by Dawber et al. (2011) do not fit our 
observations. We do not know the source of these 
discrepancies, and we cannot evaluate the results in 
that publication as it does not provide information 
regarding the methodology followed in the study of 
benthic foraminifera (e. g., number of specimens 
counted per sample, permanent record of the picked 
specimens, taxonomic criteria used in the identifica-
tion of taxa, etc.), and a table with the benthic 
foraminiferal counts is missing. 

A difference in the preservation was noted when 
compared to that previously reported by Aubry, with 
our observations indicating a poor/average preserva-
tion compared to Aubry (1983, 1986) in the calcareous 
nannofossil content. The exception to this is the larger 
benthic foraminifera in the Nummulites prestwichianus 
bed. Though pyrite is common the preservation of the 
LBF is often exceptional, owing to their preservation in 
clay preserving their mineralogy, rather than within 
shallow water limestones where replacement readily 
occurs. 

6. Conclusion 

Integrated stratigraphy combining nannofossil, smaller 
and larger benthic foraminifera, dinoflagellate and 
palaeomagnetic studies has been carried out for the 
first time from Alum Bay, to reassess its potential to 
define the Lutetian/Bartonian boundary. The Alum 
Bay section is within nannoplankton Zones CNE14 
and CNE15, middle upper part of NP16, the Base of 
R. draco is recognised within the section, which also 
coincides with the acme of Nummulites prestwichia-
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nus, both of which are correlated with nannoplankton 
Zone NP16 which spans the upper Lutetian and lower 
Bartonian. The palaeomagnetic data indicates C19n 
and C18r at the base of the section, and C18n at the top, 
although there is a gap with no data. All analyses 
therefore support that, on the criterion of the boundary 
at top C19n the section is largely lower Bartonian in 
age, with the palaeomagnetic data indicating that the 
first 5 m of the section also contains the upper Lutetian 
and that the boundary is therefore within the section. 
These results largely confirm those from previous 
individual stratigraphic studies (e. g., Eaton 1971a, 
b, Aubry 1983, 1986, Dawber et al. 2011). Although 
notable differences were found in the quality of pre-
servation and distribution in the calcareous nanno-
plankton, it has also highlighted the potential of LBF 
from this site for future geochemical work. Higher 
resolution palaeomagnetic sampling would be needed 
to further refine the bio- magnetostratigraphy. The 
results of this study have left many unanswered ques-
tions about the stratigraphic succession at Alum Bay. 
They do, however, provide valuable information on the 
proposed guide events for the base of the Bartonian 
(Jovane et al. 2010, Fluegeman 2007). The verification 
of beds assignable to C19n below the Nummulites 
prestwichianus bed of Keeping (1887) mean that the 
selection of either the base or the top of C19n as the 
primary guide event for the base of the Bartonian Stage 
will not truncate the historical concept of the Bartonian 
Stage. 
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Appendix 

Sedimentary log and full description of the Alum Bay section: 
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15

16

17

18

Very silty sand, highly bioturbated, very streaky, very !ne streaks and lenses

Clayey silt, pyritic moulds of molluscs common;

Nummulites r1op886 06a681l bed

Lower part glauconitic, with quartz granules and pyritic mollusc moulds

Sandy clayey silt, coarsening up to sandy silt, highly bioturbated

Nummulites common at 4.25-4.50 m

Dominantly sandy silt, highly bioturbated, silty streaks common

probably several deeply and complexly interburrowed omission surfaces

Two diffuse red-brown ferruginous bands

Sandy clayey silt, glauconitic, abundant quartz grit, frequent small quartz pebbles,

small "int pebbles, shelly, !ning up to sandy silt, highly bioturbated, shelly

Sandy clayey silt, glauconitic with quartz granules, shelly, !ning up to

clayey silt

Sandy clayey silt, glauconitic, shelly with quartz granules, !ning up to clayey silt

es0s86 abundant in lower part

Sandy clayey silt, highly glauconitic, shelly with quartz granules, !ning up to

shelly clayey silt. g6n10bnts86 very common.

esoos814pl hnpl4A10B16asl bed

Sandy clayey silt, highly glauconitic, shelly, quartz granules common,

dispersed rounded "int pebbles

Sandy clayey silt, glauconitic. Two thin beds of !ne laminated sand, well sorted

Silty clay, silt streaks and lenses

g6n10bnts86 very common

Very silty clay, glauconitic, shelly, passing up to silty clay

Clayey silt, glauconitic; shelly pockets. g6n10bnts86 (very common), gpapn106n716

Semitabular calcareous concretion layer

Silty clay, some silt laminae and lenses

g6n10bnts86 common.

Poorly exposed, lithology and thickness uncertain

probably similar to below

Sandy clayey silt, glauconitic, shelly, esoos814pl np04sl common

Interbedded light grey silt with very !ne sand partings

Fine ,well sorted very !ne unlaminated sand,

with soft sediment deformation at some levels

Beds13 &14 decalci!ed

Clayey silt, shelly: 3 thin beds silt, laminated; silt lenses

Sandy clayey silt, glauconite, shelly; quartz granules frequent sharp, rounded "int

pebbles at base. Molluscs prominent, often abraded and fragmentary. 96881l46 tp8y106

Angular pebbles at base

Semitabular layer of calcareous concretions

Silt, laminated grey, bioturbated, streaky; thin layers of very !ne sand at top,

transitional to: sandy clayey silt, glauconitic, shelly, 9bnts86 nsybl6, 96881l46,

teleost scales

complexly interburrowed

Clayey sandy silt, glauconite, 9bnts86 common; probably several interburrowed

surfaces, grading to sandy clayey silt, glauconitic, poorly sorted, shelly

Sandy silt, highly bioturbated, mottled, streaky

Cobbles
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Bed

Sandy clayey silt up to clayey sandy silt, poorly sorted, glauconitic, quartz granules

common; common small !int pebbles, subrounded to subangular at base

Silty sand, highly glauconitic, :micr60 abundant

Sandy clayey silt-sandy silt, glauconitic, shelly

Lenses of very "ne sand, with abundant :micr60 in lower part

Topmost grey silt

Sandy clayey silt, very glauconitic, poorly sorted, with quartz granules and

occasional pebbles, coarsening up to sandy silt and very "ne silty sand,

bioturbated, glauconitic, spare molluscs

complex interburrowed zone, op060997am7le9

Base highly glauconitic, silty, clayey

Small black !int pebbles frequent at 55 m

Very "ne silty sand, glauconitic, highly bioturbated, frequent wood debris

Decalci"ed between 50 - 55 m

(Upper part of bed 20c and bed 21 details approximate, taken from Norvick 1969)

Silty clay coarsening up to sandy clay, frequent dispersed molluscs,

moderately diverse

Very silty clay: common dispersed molluscs; some diffuse shelly layers

s6g8gnei79 le6e50 frequent; b75irt0 frequent

h0i78micr60 coquina in very "ne sand; otoliths common, also other bivalves and gastropods

Very silty clay with closely spaced partings of very "ne sand

Thin partings and lenses of very "ne sand - common silt

Comminuted shell debris coquina

Severe dislocation and faulting (parallell to bedding) between 76-80 m,

with possible repetition of section

Sideritic tabular nodules

Silty clay, h0i78micr60 common

Some lenses and thin layers of very "ne sand

packed with h0i78micr60 and often orii75e660

Shelly, :i099m95ie0 and orii75e660 common

Sandy shelly clay, oe667a0 0nc7Ar0 and abraded orii75e660

Stairs pebble bed: glauconitic sandy clayey silt; shelly; black !int pebbles dispersed

Very silty clay: closely spaced partings of very "ne sand

Molluscs include :p0n0

Sideritic concretions

:p0n0 moulds frequent at 84.0-84.6 m

Tabular sideritic concretions

Very silty clay-clayey silt: thin partings of very "ne-"ne laminated sand

between 83.8-84.3 m occur at higher levels

Molluscs moulds includes :i099mi5ie0

Sandy clayey silt
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5.1 Benthic foraminifera response to Eocene climatic events 

5.1.1 The Late Lutetian Thermal Maximum 

As the first record of benthic foraminifera assemblages across the LLTM, 

Chapter 4.1.1 (Rivero-Cuesta et al., 2020) reports the foraminiferal turnover across 

this understudied middle Eocene hyperthermal event, providing valuable 

paleoecological and paleoenvironmental information at ODP Site 702 (South 

Atlantic Ocean). 

Assemblages are strongly dominated by calcareous taxa throughout the 

studied interval at Site 702. Both infaunal and epifaunal morphogroups are 

common, with infaunal taxa slightly dominating the assemblages, pointing to oligo-

mesotrophic conditions at the seafloor. No extinctions of benthic foraminifera have 

been recorded across the study interval, but assemblages show changes in the 

relative abundance of species.  

Cluster analysis reports 3 different clusters of species. The most relevant 

changes occur between 90.8 and 89.7 mbsf of the study interval (Fig. 4). This 

interval comprises the LLTM and the pre- and aftermaths of the event according to 

the isotopic data. Across this interval, the relative abundance of cluster 1 decreases 

and that of cluster 2 increases. However, the accumulation rates (ARs, hence 

absolute abundance) of the main species of these clusters show a different trend.  

The most common species from cluster 1, B. elongata and C. micrus, show 

decreasing ARs across the 90.8 - 89.7 mbsf interval, pointing to a decrease in 

absolute abundance. On the contrary, O. umbonatus and N. truempyi (main species 

from cluster 2) ARs do not vary significantly across the studied interval, indicating 

that the increase in abundance of species from cluster 2 is only relative and not 

absolute. 
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Species from cluster 1 seem to have been more affected by the 

environmental changes related to the LLTM than those of cluster 2. Indeed, cluster 

2 species O. umbonatus is an extant cosmopolitan species with a broad 

environmental tolerance (Thomas and Shackleton, 1996; Katz, 1999; Foster et al., 

2013) and N. truempyi is considered as an indicator of oligotrophic conditions, 

resistant to CaCO3-corrosive waters (e.g. Tjalsma and Lohmann, 1983; Thomas, 

1998; Alegret et al., 2018). Their steady absolute abundance across the studied 

interval points to a high resilience of these species and those included in cluster 2, 

being able to cope with the environmental change across the LLTM. This 

hypothesis is further supported by DCA analysis (Supplementary material in 

Rivero-Cuesta et al., 2020), where the cosmopolitan, resilient species of cluster 2 

species are grouped to the right of axis 1 and the rest of the assemblage, including 

highly seasonally species from cluster 3 Alabamina weddellensis and Epistominella 

exigua, appear on the left part of axis 1.  

The decrease in abundance of cluster 1 and particularly its main species B. 

elongata has been attributed to a change in the type of organic matter arriving to 

the seafloor during the 90.8 - 89.7 mbsf interval, as there is no evidence for large 

changes in the organic matter flux or oxygenation, which are the main drivers of 

benthic foraminifera abundance and diversity in the deep sea. There are no specific 

records on the literature about the food preferences of B. elongata, but its turnover 

at Site 702 suggests this species may have been able to feed on a specific type of 

organic matter, showing resource partitioning (Murray, 2006 and references 

therein).  

The 90.8 - 89.7 mbsf interval across which B. elongata decreases in absolute 

abundance comprises not only the LLTM but also several kyr before and after the 

event. This suggests that the environmental effects of the LLTM lasted longer than 

the associated isotopic excursion. Interestingly, this interval of environmental 

change coincides with decreased benthic carbon isotope values, suggesting a 

relation between the decrease in abundance of B. elongata and the environmental 

change reflected by the carbon isotopes in the deep-sea. The paleoecological 

interpretation of the assemblage turnover, as discussed above, points to a change 

in the type of organic matter supplied to the seafloor across the LLTM. Further 
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studies are needed to unravel the nature of this change in type of organic matter 

flux to the seafloor, and to explore its relation with the carbon isotopic record. 

Low CFAR and BFAR values suggest that the production of organic matter at 

the surface might have decreased during the warming interval of the LLTM. 

Warming across the LLTM, recorded by oxygen isotopic values, could have led to a 

decrease in heterotroph biomass (both planktic and benthic foraminifera) 

according to the metabolic hypothesis (Olivarez Lyle and Lyle, 2006; O'Connor et 

al., 2009; Boscolo-Galazzo et al., 2014; Arreguín-Rodríguez et al., 2016). Increased 

temperature accelerates metabolic rates, especially those of heterotroph 

organisms (Boscolo-Galazzo et al., 2018), which then require a higher food 

consumption to maintain the same population. In oligo-mesotrophic settings such 

as Site 702, food availability is a limiting factor, and an increase in food demand 

would increase competition, eventually leading to a decrease in the heterotroph 

population. This mechanism might account for the low CFAR and BFAR values 

(between 90.5 and 90.1 mbsf; Fig. 4) leading to a decrease in the rate of carbon 

burial at the seafloor, but the role of this possible positive feedback mechanism 

needs to be further explored. 

The slight decrease in CaCO3 content recorded at Site 702 across the LLTM 

(Westerhold et al., 2018) coincides with a slight increase in corrosion-resistant 

species (e.g. O. umbonatus, Lenticulina spp.) and some infaunal taxa (e.g. Nonion 

spp.), suggesting a subtle increase in bottom waters CaCO3 corrosivity, but there 

are is no evidence for strong CaCO3 dissolution at the seafloor, as inferred from the 

dominance of calcareous taxa and the good preservation of their tests. 

5.1.2 The MECO 

The response of benthic foraminifera to the environmental effects across 

the MECO has been documented from several settings, ocean basins and latitudes 

yielding different results. Chapter 4.1.2 (Rivero-Cuesta et al., 2019) contributes 

with new benthic foraminiferal data across the MECO at ODP Site 702 in the south 

Atlantic. 
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species shows two main clusters (A and B) and four subclusters (A1, A2, B1 and 

B2). Subcluster A1 shows the largest changes in relative abundance, yielding 

significant paleoecological information. This subcluster is composed by the species 

Alabamina weddellensis, Caucasina sp. and Epistominella exigua, which are largely 

known as “phytodetritus exploiting taxa” (PET) (Boscolo-Galazzo et al., 2015 and 

references therein). These species have a small size and an opportunistic mode of 

life, profiting from seasonal blooms of phytodetritus. The relative abundance of 

subcluster A1 significantly increased between 76.9 and 72.1 mbsf (Fig. 5), which is 

described as an interval of environmental instability. 

The species Bulimina cf. huneri and Fursenkoina sp. 2 (subcluster A2), which 

have been associated with strong seasonality (D’haenens et al., 2012), also 

increased noticeably in abundance within this environmental instability interval. 

Interestingly, this interval coincides with increased positive carbon isotopic values 

(Fig. 5), pointing to a correlation with a carbon component. This interval and the 

associated environmental changes described above started 150 kyr before the 

onset of the oxygen negative excursion that marks the beginning of the MECO 

warming (, i.e., the bulk CIE is recorded before “warming onset”, Fig. 5). Since no 

significant changes in oxygenation nor in export productivity have been inferred 

across the study interval (e.g., steady infaunal/epifaunal ratio), the assemblage 

turnover is interpreted as result of changes in the type (rather than in the amount) 

of organic matter reaching the seafloor. The isotopic data suggest that this 

paleoecological disturbance in the deep sea predates MECO OIE, hence the benthic 

turnover is apparently unrelated to the warming associated with this event. 

Coincident with the start of the environmental instability interval, the 

absolute abundance of B. elongata, the main component of subcluster B2, 

decreased. This species is a major component of the assemblages, and it shows 

lower abundance and accumulation rates from the middle to the upper part of the 

study interval. The different response of subcluster B2 to the changing 

environmental conditions is also suggested by a decrease in maximum test size of 

this species in the middle part of the study interval. This is further supported by 

DCA analysis, which differentiates between subclusters A1 - A2 (to the right of axis 
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 ODP Site 1263 

 (Boscolo-Galazzo 

et al., 2015) 

Alano section 

 (Boscolo-Galazzo 

et al., 2013) 

ODP Site 1051 

(Moebius et al., 

2015) 

ODP Site 738 

(Moebius et al., 

2014) 

Basin SE Atlantic Central-W Tethys NW Atlantic 
Southern Ocean 

(Indian sector) 

Paleodepth 2000 m 600 – 1000 m 1000 – 2000 m 1700 m 

Setting 
Open ocean 

(pelagic) 

Hemipelagic, 

marginal marine 

Open ocean 

(pelagic) 

Open ocean 

(pelagic) 

Benthic 

assemblages 

Restructured but 

no extinctions 

Restructured but 

no extinctions 

Unchanged 

composition 

Restructured but 

no extinctions 

Fraction 

studied 
63 µm 63 µm 125 µm 125 µm 

MECO 

warming 

PET taxa increase 

(seasonal/pulsed 

flux of organic 

matter) 

Refractory 

organic matter  

(B. crenulata 

increase) 

No notable 

changes 

recorded 

Change from 

epifaunal to 

infaunal-

dominated 

assemblages 

MECO peak 

conditions 

Increase in infaunal 

taxa 

Lowest BFAR and 

CFAR 

Decline in organic 

matter flux 

Decrease in 

infaunal taxa 

Increase in 

agglutinated taxa 

Minimum 

foraminiferal N/g 

BFAR and PFAR 

increase by an 

order of 

magnitude 

Brief drop 

infaunal taxa 

Post-MECO 

Rebound of PET 

Recovery of BFAR 

and CFAR to pre-

MECO levels 

Opportunistic bi-

triserial taxa 

Decrease in 

diversity 

Organic-rich 

layers ORG1 and 

ORG2 

High 

productivity 

intervals HPI 1 

and HPI 2 

Return to 

epifaunal-

dominated 

assemblage 

Oxygen 
No signs of oxygen 

deficiency 

Depletion during 

ORG1 and 2 

Geochemical 

proxies (Mn/Al) 

No signs of 

oxygen 

deficiency 

Brief depletion 

during peak 

conditions 

(Ce/Ce fish 

teeth) 

Productivity 

Oligotrophic 

conditions, no 

evidence of 

changes in surface 

primary 

productivity (FFAR) 

Eutrophic 

conditions 

Increased during 

ORG 1 and 2 

Eutrophic 

conditions 

Increased 

during HPI 1 

and 2 

Eutrophic 

conditions 

Increased during 

warming 

Dissolution 

(CCD) 

No signs of 

dissolution 

Local CCD 

shallowing during 

MECO peak and 

ORG2 

No signs of 

dissolution 

No signs of 

dissolution 

Table 2. Summary of benthic foraminifera studies across the MECO. 
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ODP Site 1263 (Boscolo Galazzo et al., 2015) is located in the SE Atlantic 

(Walvis Ridge) (Fig. 6) and deposition took place in an open ocean setting at 2000 

m paleodepth during the middle Eocene. Benthic foraminiferal assemblages do not 

show major faunal changes during and after the MECO, and they are mainly 

dominated by phytodetritus-exploiting taxa, indicative of a seasonal or pulsed flux 

of organic matter. However, the MECO peak is coeval with a marked decline in 

BFARs and CFARs. This has been related to a decrease in the transfer of organic 

matter to the seafloor, likely as an effect of warming which affected pelagic food 

webs. It has been suggested that higher temperatures increased heterotrophs 

metabolic rates, which would have led to a decrease in numbers of both planktic 

and benthic foraminifera in food-limiting (oligotrophic) settings such as at Site 

1263. 

Alano section (Boscolo Galazzo et al., 2013) was deposited in a marginal-

marine basin of central western Tethys (Fig. 6) at 600-1000 m paleodepth. During 

the gradual warming of the MECO, marine export productivity increased, causing a 

transient restructuring of benthic fauna. The aftermath of the MECO shows even 

higher export productivity, which led to bottom-water oxygen depletion. 

Opportunistic stress-tolerant taxa (buliminids, bolivinids and uvigerinids) 

dominate in coincidence with the deposition of organic-rich sediments during a 0.5 

Ma period of environmental instability after MECO peak conditions. However, 

there were no permanent changes (extinctions) in the structure and composition 

of the benthic foraminiferal assemblages, which recovered to pre-MECO conditions 

after the post-MECO instability period. Signs of dissolution (increased percentage 

of agglutinated taxa and minimum numbers of benthic foraminifera per gram) are 

registered especially during peak-MECO conditions. The inferred higher 

productivity has been attributed to an increased influx of nutrient-bearing fresh 

water into the basin, caused by a strengthened hydrological cycle during MECO 

warming. This mechanism continued after peak conditions, leading to the 

deposition of organic rich layers and eventually hypoxic conditions. 

ODP Site 1051 (Moebius et al., 2015) is located in the Northwest Atlantic 

(Blake Nose) (Fig. 6) , and its estimated depositional setting lies between 1000 to 

2000 m paleodepth. Similar to Site 1263, it corresponds to an open ocean (pelagic) 
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environment and its benthic foraminiferal response to the MECO event is also 

similar to that at Site 1263: largely unchanged faunal composition. However, BFAR 

and PFAR (planktic foraminiferal accumulation rates) values increase during peak 

MECO conditions, and two high productivity intervals have been recorded (one at 

peak MECO and the second one 300 kyr later). An increase in biological 

productivity has been interpreted during and after the MECO peak, which led to 

eutrophic conditions and suggests correlation with the two organic intervals at the 

Alano section (Boscolo Galazzo et al., 2013).  

ODP Site 738 (Moebius et al., 2014) is located in the Indian sector of the 

Southern Ocean (Kerguelen Plateau) (Fig. 6) and was deposited at 1700 m 

paleodepth during the middle Eocene. A change in benthic foraminiferal 

dominance, from epifaunal to infaunal morphotypes, is recorded during warming 

and peak MECO conditions. Cerium content of fish teeth suggests lower oxygen 

levels during peak conditions. Changes in benthic assemblages and oxygen 

depletion have been related to an increase in export productivity, associated with 

warming and possibly increased continental runoff and arrival of additional 

nutrients to surface waters. This conclusion matches the interpretations from the 

Alano section and Site 1051. 

Benthic foraminifera analyses at ODP Site 702 (Rivero-Cuesta et al., 2019) 

show a benthic faunal turnover but no extinctions across the MECO. This has been 

also reported at the studied sites described above except for ODP Site 1051, the 

only site from the North Atlantic region. This could suggest that the North Atlantic 

region was less affected by the effects of the MECO, however more records are 

needed to support this hypothesis. Other common characteristics of the sites 

analysed are the lack of dissolution and largely unchanged oxygen levels except for 

the Alano section (Table 2). Its marginal marine setting in a restricted basin may 

account for the differences recorded. 

Changes recorded across SE Atlantic Site 1263 are the most similar to those 

at Site 702. Site 1263 records an increase in PET taxa during MECO warming, 

pointing to higher seasonality; and a decrease in BFAR and CFAR values during 

peak MECO, suggesting lower flux of organic matter due to warming (metabolic 

hypothesis) (Boscolo-Galazzo et al., 2015). Nannofossil analyses report warm-
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water taxa extending at high latitudes at Site 702, suggesting a strong ecological 

connection between Site 702 and other South Atlantic sites such as Site 1263 (see 

section 5.3 of Rivero-Cuesta et al., 2019) rather than other sites at a similar 

latitudes such as Site 738 in the Indian sector of the Southern Ocean. It is 

noticeable that the environmental effects of the MECO are variable not only in 

space (different settings and basins), but also in time, with environmental 

instability extending long before (e.g. Site 702) or after (e.g. Alano and Site 1051) 

the isotopic excursion. This enhances the importance and interest of 

paleoenvironmental data in order to understand complex climatic events such as 

the MECO. 

5.1.3 Comparison of climatic events 

The analysis of benthic foraminifera assemblages across the LLTM and 

MECO events at the same location (ODP Site 702) provides a unique opportunity to 

compare and discuss differences and similarities between these two climatic 

events for the first time. Despite certain differences between these events, such as 

duration (30 kry of the LLTM vs. 300 kyr of the MECO) and other characteristics 

shown in Table 3, there are remarkable similarities in the benthic response at Site 

702. Both events are recorded during the gradual cooling trend of the middle-late 

Eocene, in contrast to the early Eocene hyperthermals, which are recorded during 

a gradual warming trend superimposed on the general warm climate background 

of the early Eocene. 

ODP Site 702 LLTM (41.52 Ma) MECO (40.51 Ma) 

OIE magnitude 0.23‰ bulk / 0.48‰ benthic 0.65‰ bulk / 1.35‰ benthic 

OIE onset to peak (bulk) 7 kyr 150 kyr 

Deep-sea warming 2ºC 4º - 6ºC 

CIE magnitude 0.55‰ bulk / 0.77‰ benthic 0.69‰ bulk / 1.14‰ benthic 

CIE duration (bulk) 30 kyr 150 kyr (not coeval with OIE) 

CaCO3 content decrease 15 kyr none 

Table 3. Main characteristics of the LLTM and MECO warming events at Site 702. Data 

from Westerhold et al. (2018) and Rivero-Cuesta et al. (2019). 
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The lack of extinctions across both LLTM and MECO events suggests that 

their duration and rate of environmental changes were within the tolerance limits 

of the benthic species analysed. Neither the fast warming of the LLTM (2ºC in 7 

kyr; Westerhold et al., 2018) nor the long duration of the MECO (ca. 300 kyr; 

Rivero-Cuesta et al., 2019) passed any critical thresholds to trigger extinctions 

among benthic foraminifera at Southern high latitudes such as Site 702. The lack of 

extinctions across the MECO has been previously reported from other Atlantic and 

Pacific sites (Boscolo Galazzo et al., 2013, 2015; Moebius et al., 2014, 2015), similar 

to other late Paleocene and early Eocene hyperthermals (e.g., Alegret et al., 2016; 

Arreguín-Rodríguez et al., 2016; Arreguín-Rodríguez and Alegret, 2016; Deprez et 

al., 2017), excluding the PETM (e.g. Thomas, 1998, 2003, 2007; Alegret et al., 

2009a, b, 2018; Arreguín-Rodríguez et al., 2018). 

Detailed analysis of the benthic foraminiferal turnover provides new 

insights into these events. Benthic foraminiferal assemblages reported across the 

LLTM (Rivero-Cuesta et al., 2020) are very similar to those described across the 

MECO at Site 702 (Rivero-Cuesta et al., 2019), except for a few species that are 

present (Hanzawaia ammophila, Cibicidoides dohmi and Fursenkoina sp. 2) to 

common (Bolivina cf. huneri) across the MECO which have not been reported 

across the LLTM. Caucasina sp., which is included in the phytodetritus exploiting 

taxa (PET) cluster across the MECO (Rivero-Cuesta et al., 2019), is very scarce 

across the LLTM. The general characteristics of the assemblages reported at Site 

702 across the LLTM and MECO events are very similar, both largely dominated by 

calcareous taxa (agglutinated species > 4%). This suggests that the CCD was well 

below the seafloor (1000-2000 m paleodepth) and no significant dissolution took 

place during the middle Eocene, as also observed in the analysis of calcareous 

nannofossil assemblages at this site across the MECO (Pea, 2011). The 

infaunal/epifaunal morphogroup ratio is also very similar, ca. 50%, and it points to 

oligo-mesotrophic conditions at the seafloor. The infaunal/epifaunal ratio did not 

vary noticeably across the study events, ruling out large changes in bottom water 

oxygenation or organic matter flux. Additionally, no evidence for low oxygenation 

at the seafloor (e.g. species tolerant to low-oxygen conditions or dark organic rich 

sediments) has been found across the LLTM or the MECO at Site 702. 
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The number of species is slightly lower across the LLTM (n=62) than across 

the MECO (n=73), but diversity (Fisher-α index) of the benthic assemblages is very 

similar, varying between ∼10 and ∼18 across both events. The alikeness of the 

assemblages (same species in similar relative abundance), the same size fraction 

analysed (63 µm) and the similar sampling resolution (slightly higher across the 

LLTM due to its shorter duration) allows a detailed comparison of the benthic 

foraminifera response to these two climatic events. Site 702 had very similar 

accumulation rates across the LLTM (1.340 cm/kyr) and the MECO (1.224 

cm/kyr), and no significant core breaks or hiatuses are recorded across these 

events. 

Hierarchical cluster analysis of benthic foraminifera assemblages generated 

3 clusters across the LLTM and 4 subclusters across the MECO study intervals. 

Despite the aforementioned minor differences in species composition of the 

assemblages, their main components and characteristics are similar: subcluster A1 

from the MECO cluster analysis is comparable to cluster 3 from the LLTM analysis, 

with PET taxa (especially A. weddellensis) dominating both clusters. To facilitate 

comparison, these two clusters have been represented in the same color (orange) 

in their respective figures in Rivero-Cuesta et al. (2019, 2020). Subcluster B1 

(MECO) is analogous to cluster 2 (LLTM), where N. truempyi, O. umbonatus and 

other cosmopolitan species are common. These clusters are represented in blue. 

Finally, subcluster B2 (MECO) is equivalent to cluster 1 (LLTM), being B. elongata 

the most common species (represented in green). 

The N. truempyi - O. umbonatus clusters (subcluster B1 of MECO and cluster 

2 of LLTM; blue plots) show a very similar response, increasing in relative 

abundance across both events. Nevertheless, the accumulation rates of the most 

common species (N. truempyi and O. umbonatus) do not vary significantly, 

suggesting that their absolute abundance (and likely the rest of the species 

constituting these clusters) was largely unaffected by the environmental changes 

related to these climatic events.  

The B. elongata clusters (subcluster B2 of MECO and cluster 1 of LLTM; 

green plots) show a decrease in both relative and absolute abundance across the 
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MECO and LLTM. These changes are coeval with higher carbon isotopic values 

across the MECO, and lower values across the LLTM. One might speculate that 

changes in the type of organic matter arriving to the seafloor during the MECO and 

LLTM (discussed previously in sections 5.1.1 and 5.1.2) may have led to differences 

in the carbon isotopic signal and to the ecological response of B. elongata, but 

further analyses are needed to link the isotopic signal and differences in the type of 

organic matter. Interestingly, B. elongata was reported to become extinct during 

the late Eocene (Thomas, 1989; 1990), and it did not recover to pre-event 

abundances after the MECO (River-Cuesta et al., 2019). This suggests that the 

profound climatic changes of the middle-late Eocene passed the threshold limit of 

this species.  

The cluster with the most different behaviour across both events is the A. 

weddellensis – E. exigua cluster (subcluster A1 of MECO and cluster 3 of LLTM; 

orange plots). The relative and absolute abundance of this cluster strongly 

fluctuates across the LLTM studied interval, with no clear trends across the event. 

This has been interpreted as a changing but overall intense seasonality, and is 

supported by the high abundance of PET species. On the other hand, this cluster 

has a distinct pattern across the MECO, showing a large increase in abundance 

before the onset of the event, coinciding with a positive CIE. The MECO A2 

subcluster (which has no analog clusters in the LLTM) shows a similar behaviour, 

and it is also related to enhanced seasonality (see section 5.1.2). These results 

point to paleoenvironmental changes predating the onset of the MECO, mostly a 

large increase in seasonality (phytodetritus) and associated changes in the type of 

organic matter arriving to the seafloor, which triggered a benthic foraminiferal 

turnover. The inferred changes in organic matter type across the LLTM, however, 

seem to be of a different nature and may not be related to seasonality. Due to the 

small test size of the PET, some paleoenvironmental studies have traditionally 

overlooked their presence, but more data regarding these taxa is needed to shed 

light on seasonality changes across Eocene hyperthermal events. 

A decrease in surface and export productivity, as inferred from decreased 

CFAR and BFAR values, is recorded across both the MECO and the LLTM, coeval 

with negative oxygen isotopic values, especially across the LLTM where data 
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shows a positive correlation between CFAR and bulk oxygen isotopic values (see 

supplementary figure 2 in Rivero-Cuesta et al., 2020). These results point to a 

significant relation between temperature and accumulation rates. Interestingly, 

the magnitude of the CFAR and BFAR decrease is very similar across both events, 

despite the different magnitude of the oxygen isotopic excursion (Table 3). This 

suggests that accumulation rates decreased at the same rate during these warming 

events in spite of their different magnitude and duration. This might be related to a 

specific warming threshold which, once overpassed, the metabolic feedback starts 

to operate. However, more BFAR data is needed to test this hypothesis. 

The metabolic hypothesis has been previously invoked to account for low 

accumulation rates across Eocene hyperthermal events (e.g. Olivarez Lyle and Lyle, 

2006; O'Connor et al., 2009; Boscolo-Galazzo et al., 2014; Arreguín-Rodríguez et al., 

2016). Low BFAR values have also been recorded during MECO peak conditions at 

Site 1263 (Boscolo Galazzo et al., 2015), suggesting less organic matter arriving to 

the seafloor in this oligo-mesotrophic setting. Higher temperatures increase the 

metabolic rates of heterotroph organisms such as planktic and benthic 

foraminifera, which then require a higher nutrient intake (e.g., John et al., 2013; 

Laws et al., 2000). If the food demand increase is not compensated (e.g., by an 

increase in primary productivity), it results in an overall decrease in heterotroph 

productivity (Boscolo-Galazzo et al., 2014). Oligotrophic settings are more likely to 

display this mechanism and register lower benthic and planktic foraminifera ARs 

across a warming period, as nutrient availability is already low and primary 

productivity is not able to cope with the increasing demand. 

This mechanism could have played a significant role as a positive feedback 

in the ocean carbon budget in the short term. If export productivity decreased 

during MECO warming (as reported by low CFARs) and less organic matter arrived 

at the seafloor (as inferred from low BFARs), the organic carbon pump was likely 

less efficient during this warming period. As a consequence, less organic carbon 

was being buried at the seafloor (Diester-Haass and Faul, 2019), and this oceanic 

region would have been less efficient or slower taking up carbon from the 

atmosphere and favoring CO2 accumulation in the ocean during the warming 

phases. Although this mechanism accounts for the observed faunal changes at Sites 
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702 and 1263 and for the decreased export productivity registered at Equatorial 

Atlantic ODP Site 959 (Cramwinckel et al., 2019), it does not apply to eutrophic 

settings (e.g., Site 1051, North Atlantic Ocean) where BFARs and CFARs have been 

reported to increase during MECO peak conditions (Moebius et al., 2015). Further 

AR estimates, accompanied by revised sedimentation rates (calculated with robust 

age models), are needed to accurately assess foraminiferal ARs and their role in 

the ocean organic carbon budget during MECO warming and other Eocene 

hyperthermal events. 

  



Chapter 5: Discussion 

 

148 

 

5.2 Stratigraphic boundaries  

5.2.1 Benthic turnover across the Eocene Oligocene transition 

Benthic foraminifera analysis at the Menzel bou Zelfa and Jhaff composite 

section reflects paleoecological changes across the upper Eocene and lower 

Oligocene (section 4.1.3). The quantitative benthic and planktic foraminiferal data 

contributed to the paleoenvironmental reconstruction on this area for the first 

time. 

Benthic foraminifera assemblages show a dominance of calcareous over 

agglutinated taxa, pointing to deposition well above the CCD. The relatively diverse 

assemblages (30 – 50 species per sample) and the abundance of bathyal taxa 

indicate an upper to middle bathyal paleodepth, which seems to decrease towards 

the upper part of the study interval. The dominance of infaunal morphogroups 

(around 80%) and a particularly high abundance of bolivinids, buliminids and 

triserial taxa points to eutrophic conditions (Gooday, 2003; Alegret et al., 2008; 

Fenero et al., 2012). At the Eocene/Oligocene boundary (EOB) there is an increase 

in the bi- and triserial taxa coupled with a decrease in diversity, suggesting a 

further increase in the food supply. Trophic changes across the EOB have also been 

recorded in the South Atlantic (Bordiga et al., 2015), where species indicative of 

seasonal delivery of food to the seafloor (e.g. Epistominella spp.) and buliminid 

taxa peaked at the EOB. Increased productivity across the EOB has been reported 

even at high latitudes (Antarctic Ocean ODP Site 689, Diester-Haass, 1995), and 

attributed to a stronger ocean mixing due to polar-equator temperature gradient 

increase. Certainly, there are records of export nutrient-rich waters at the EOB 

which could be related to the onset of the North Atlantic Deep Water Formation 

(e.g. Coxall et al., 2018), suggesting the changes in global oceanic circulation might 

have played a key role across the EOT. 

Benthic foraminifera analysis in the western Tethys (Fuente Caldera 

section, Spain) has some similarities with the results at the MBZ section, such as 

the dominance of bolivinids in the lower Rupelian, which points to a sudden 

increase in the nutrient flux to the seafloor (Alegret et al., 2008). These authors 

identified three major biotic and paleoenvironmental events across the EOT at 
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Fuente Caldera, including a dramatic sea-level fall after the Oi1 that may have been 

tectonically controlled. Shallow-water taxa were commonly found across this 

section, as well as other epiphytic taxa which may have been transported by 

turbidites, suggesting a strong locally tectonic control. This hinders direct 

comparison with the record at MNZ section and emphasizes that regional features, 

especially in the Tethys area, need to be addressed. Indeed, regional factors seem 

to have influenced the carbon isotopic signal in the Neo-Tethys area (Cornacchia et 

al., 2018), which has been interpreted as short periods of higher productivity 

linked to enhanced nutrient availability. 

The abundance of infaunal morphotypes, especially elongate uniseral taxa, 

increases after the EOB at the MBZ section. Benthic foraminifera across the EOT in 

the North Atlantic do not show significant taxonomic turnover of the Elongate 

Group (benthic foraminifera with elongate cylindrical morphologies) (Ortiz and 

Kaminski, 2012), hence this increase in elongate taxa could be a regional feature of 

the MBZ section area. 

The disappearance of two species (N. truempyi and Angulogerina muralis) 

across the EOT at MBZ section indicates that the paleoecological changes might not 

have been beneficial for all benthic species, especially for oligotrophic taxa such as 

N. truempyi. Early studies across the EOT already reported the extinction of N. 

truempyi, Clinapertina spp. and Abyssamina spp. in the Bay of Biscay, and the 

proliferation of Nuttallides umbonifera, a species that is positively correlated with 

increased corrosiveness of bottom waters (Miller, 1983). 

It has been suggested that the transition from the Eocene greenhouse to the 

Oligocene and its changes in temperature, ice-volume and sea-level were stepwise 

according to oxygen isotopes and Mg/Ca ratio of benthic foraminifera (Katz et al., 

2008). This might account for the pattern of local disappearances of benthic 

foraminifera across the early Oligocene at the MBZ section. Certainly, lower 

bathyal benthic foraminifera faunas from Weddell Sea (Thomas, 1992) show 

gradual, stepped faunal changes between 34 and 31.5 Ma, with decreased diversity 

and increased relative abundance of epifaunal species in combination with high 

dominance of Nuttallides umbonifera. The gradual nature of the faunal changes in 

lower bathyal benthic foraminiferal assemblages and the absence of catastrophic 
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extinctions may reflect the reaction of the fauna to the E/O gradual cooling and an 

increase in corrosiveness of deep waters. 

5.2.2 The Bartonian GSSP 

The analysis of benthic foraminifera assemblages at the Alum Bay section 

(parastratotype of the Bartonian GSSP) has contributed to the paleoecological 

interpretation of this section. Early studies by Murray and Wright (1974) inferred 

a near shore shelf depositional setting at Alum Bay, with fine substrate and turbid 

water for this part of the sequence. Our new data (section 4.2.1) corroborates this 

interpretation and identifies different intervals of paleoenvironmental change 

along the study section. The small benthic foraminifera genera identified at Alum 

Bay (Bolivina, Brizalina, Buccella, Buliminella, Cibicides, Discorbis, Nonion, 

Quinqueloculina and Rosalina) are common in inner shelf environments (0-100 m; 

Murray, 2006). Dominance of calcareous and epifaunal taxa, low diversity (Fisher-

α = 2.8 – 6.2), high dominance and low P/B ratio also point to a shallow setting 

close to the coastline. This environmental interpretation is further supported by 

the analysis of the larger benthic foraminifera assemblages in Cotton et al. (2020). 

The dominance of a single genus (Cibicides), commonly associated with cold 

waters (Murray 2006), is the most remarkable feature of the small benthic 

foraminifera assemblages at Alum Bay (Fig. 7). The upper half of the studied 

section is not only dominated by this one genus, but it also has a strong dominance 

of one species (>50% of C. pygmeus in interval B, and C. ungerianus in interval C), 

which accounts for the low diversity and high dominance of the assemblages 

reported. 

Interval A (14 – 20.5 m) represents a near shore, shallow and stable shelf 

setting.  The low diversity values recorded and the occurrence of Protelphidium sp. 

suggest a partially restricted and/or slightly hyposaline setting, as this genus is 

associated with low salinity environments (Murray and Wright, 1974; Murray, 

2006). Dinoflagellate assemblages also point towards a restricted, inner neritic 

environment (see details in section 4.2.1). The maximum values of diversity, P/B 

ratio and foraminifera per gram in sample AB16 (19.5 m) may reflect a condensed 
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Interval B (20.5 – 40.5 m) is dominated by the species C. pygmeus, and it 

contains one sample barren of foraminifera. Murray and Wright (1974) 

interpreted barren samples from this part of the log as reflecting intertidal 

conditions, which might point to variations in sea level and unstable conditions. 

We argue that C. pygmeus may have adapted to environmental instability related to 

rapidly changing sea level, becoming more abundant in this interval. Rosalina spp. 

has been argued to have a clinging mode of life (attached with organic ‘glue’ to the 

seaweeds or hard substrates), indicative of a high-energy environment (Kitazato, 

1988), pointing to an energetic, near-shore setting with episodes of intertidal 

settings. 

Interval C (40.5 – 48 m) is characterized by a strong dominance of C. 

ungerianus, and by a small increase in percentage of species present in interval A 

such as Buccella propingua, Cibicides fortunatus and Globulina gibba. These results 

point to a return to conditions similar to those inferred from the lower part 

(interval A) of the section. However, diversity and the percentage of infaunal 

morphogroups are lower, possibly due to the proliferation of opportunistic species 

(C. ungerianus and Buccella propingua). After the instability recorded in interval B, 

the assemblages seem to recover and reflect environmental conditions similar to 

those from interval A. 

Our results agree with the interpretation and intervals defined by Murray 

and Wright (1974) for this part of the section, corresponding to the "Upper 

Bracklesham Beds" and "Lower Barton Beds". However, the interpretation given 

by Dawber et al. (2011) for the same section slightly differs from our results. They 

infer a shallowing-upward trend from the lower part of the section (70-120 m 

paleodepth, equivalent to our interval A) to 30-70 m palaeodepth towards our 

interval B, and 0-30 m towards our interval C . Diversity values are also slightly 

lower, with Fisher-α values ranging from 0 to 5 and H (S) values from 0 to 1.5. The 

trends described by Dawber et al. (2011) do not fit our observations. We do not 

know the source of these discrepancies, and we cannot evaluate the results in that 

publication as it does not provide information regarding the methodology followed 

in the study of benthic foraminifera (e.g., number of specimens counted per 

sample, permanent record of the picked specimens, taxonomic criteria used in the 
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identification of taxa, etc.), and a table with the benthic foraminiferal counts is 

missing. 

The integrated analysis of further sections across the Bartonian base within 

the Hampshire basin will shed more light on the paleoecological reconstruction in 

this area, however reliable correlation between sections is necessary in order to 

have a clear picture of the evolution of the basin across the middle Eocene and to 

clearly define the Bartonian base in this area. 

Early studies on calcareous nannofossils at Alum Bay showed relatively 

impoverished assemblages with NP zone, being largely recognized by secondary 

markers. The occurrence of Reticulofenestra umbilicus, primary marker of CP14a 

within the CP zonation (Okada and Bukry, 1980), was recognized by Aubry (1983, 

1986) suggesting further correlation potential for calcareous nannoplankton in the 

section. Our study places the Alum Bay section within nannoplankton Zones 

CNE14 and CNE15 and middle upper part of NP16, but also using secondary 

markers. Only a single long-ranged planktic foraminifera species (Dipsidripella 

danvillensis) has been found at Alum Bay, hence planktic foraminifera biozones 

cannot be identified. 

Dinoflagellate cyst studies have reported a taxonomic turnover close to the 

base Bartonian stratotype (Bujak et al., 1980) with the species Rhombodinium 

draco occurring a few centimetres above the level of the N. prestwichianus bed at 

Alum Bay and other several localities in the Hampshire basin; however this is not 

consistent outside this region. Our study, performed at higher resolution, reports 

the base of R. draco coinciding with the acme of N. prestwichianus. Other 

biostratigraphic markers such as the renowned N. prestwichianus bed do not allow 

long-distance correlation, hence they are not useful outside the Hampshire basin. 

Our multidisciplinary study (Cotton et al., 2020) concludes that the 

parastratotype Alum Bay section is not viable as the Bartonian GSSP. The 

C19n/C18r magnetochron boundary, the most reliable geological marker of the 

base of the Bartonian (Gradstein et al., 2012), has not been clearly identified at 

Alum Bay (Dawber et al., 2011; Cotton et al., 2020) and there are scarce primary 

biostratigraphic markers which can be correlated worldwide. 
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CONCLUSIONS 

Benthic foraminiferal assemblages were analysed across two middle to late 

Eocene climatic events (LLTM and MECO) and two stratigraphic boundaries 

(Lutetian/Bartonian and Eocene/Oligocene) at three land sections from the Tethys 

and NE Atlantic Ocean (Torre Cardela section in Spain, Alum Bay in England and 

Menzel Bou Zelfa in Tunisia) and an ocean drilling site (ODP Site 702, South 

Atlantic Ocean). The data has been analysed and interpreted as the ecological 

response of the benthic fauna to these events in a variety of settings. 

The climatic and stratigraphic events analysed did not cause large 

extinctions among benthic foraminifera. Instead, transient changes in benthic 

assemblages point to temporary shifts in the environmental conditions. The 

common driver of these faunal turnovers in our study cases seems to be closely 

related to changes in the flux of organic matter to the seafloor, especially in the 

deeper settings. Salinity, current activity and eustatic changes also influenced 

benthic foraminifera distribution across the Lutetian/Bartonian boundary at Alum 

Bay and the Eocene/Oligocene transition at Menzel Bou Zelfa. 

Benthic foraminifera reflect paleoenvironmental instability across the LLTM 

and MECO global warming events that lasted longer than the isotopic excursion 

that defines both events. These paleoenvironmental perturbations are likely 

related to changes in the type of organic matter arriving to the seafloor, which 

affected abundance and distribution of the benthic foraminiferal species. The 

dominance of calcareous taxa and the balanced infaunal/epifaunal ratio across 

both events rules out major changes in the trophic conditions and in the CaCO3 

saturation of bottom waters at ODP Site 702, suggesting that no significant 

dissolution took place across these events at this site.  

The decrease in abundance of Bulimina elongata across both the LLTM and 

MECO events at ODP Site 702 points to a higher sensitivity of this species to the 

middle and late Eocene climatic changes, but the correlation between its 

abundance and the carbon isotope record is not clear, and further analyses are 

needed to understand its paleoecology in detail. 
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Phytodetritus exploiting taxa (PET) reveal as a key group with 

paleoenvironmental significance across the MECO at ODP Site 702. Their 

abundance increased coupled with a positive carbon isotope excursion that 

predates the onset of the MECO by 150 kyr. This correlation suggests that the 

carbon flux –rather than temperature- played a key role in the distribution and 

abundance of benthic foraminifera at Site 702 across this event. 

The amount and type of food reaching the seafloor, possibly influenced by 

current activity, are here suggested as the main factor controlling benthic 

assemblages at the Torre Cardela section, which comprises the base of the 

Bartonian stage and the MECO. The increase in abundance of the species 

Bolivinoides crenulata points to a higher input of low-quality, refractory organic 

matter that is correlated with an increase in allochthonous taxa.  

At ODP Site 702, benthic foraminifera and coarse fraction accumulation 

rates (BFARs and CFARs) decreased during the warming events studied, showing a 

positive correlation with the oxygen isotopic records. Increased metabolic rates of 

heterotroph organisms may account for the decreased CFAR and BFAR values 

across two warming events of different magnitude and duration, the LLTM (OIE ~ 

0.5 ‰) and the MECO (OIE ~ 1 ‰).  Interestingly, the decrease rate in CFARs and 

BFARs is very similar across both events despite the different characteristics of 

their OIEs. This suggests that metabolic rates accelerated during warm events in 

spite of their different magnitude and duration. 

Regarding the stratigraphic boundaries, analysis of benthic foraminifera 

across the Eocene-Oligocene transition at Menzel Bou Zelfa section has been 

performed for the first time, allowing the paleoenvironmental reconstruction of 

this area and contributing with new foraminiferal data across this boundary. The 

benthic assemblages studied are characteristic of a relatively warm climate during 

the middle to late Eocene, whereas eustatic changes and cooling have been 

inferred at the base of the Oligocene. These interpretations are in line with the 

global framework of the Eocene-Oligocene transition. The gradual pattern of 

disappearances of benthic foraminifera in the basal Oligocene is coeval with the 

decrease in temperature and sea level fall related to the Oi1 glaciation.  
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The reassessment of the Lutetian/Bartonian boundary in the classic Alum 

Bay section has been carried out through a multidisciplinary analysis that 

combines nannofossil, smaller and larger benthic foraminifera, planktic 

foraminifera, dinoflagellates and paleomagnetic data. This thesis has contributed 

with the analysis of smaller benthic foraminifera and its paleoecological 

interpretations, which has been integrated with paleoecological data from larger 

benthic foraminifera and dinoflagellates. This work has contributed to the analysis 

of the base of the Bartonian at the parastratotype section, providing further 

information for correlation within the Hampshire basin, and contributing to the 

search of a potential GSSP for the base of the Bartonian. 
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CONCLUSIONES 

Se han analizado las asociaciones de foraminíferos bentónicos a través de 

dos eventos climáticos del Eoceno medio y superior (el LLTM y el MECO) y dos 

límites estratigráficos (Luteciense/Bartoniense y Eoceno/Oligoceno) que se 

localizan en tres secciones del  Océano Tetis y Atlántico NE (afloramiento de Torre 

Cardela en España, Alum Bay en Inglaterra y Menzel Bou Zelfa en Túnez) y un 

sondeo oceánico (ODP 702, Atlántico Sur). Estos datos han sido analizados e 

interpretados como la respuesta ecológica de la fauna bentónica a estos eventos en 

diferentes ambientes. 

Los eventos climáticos y estratigráficos analizados no causaron extinciones 

significativas entre en los foraminíferos bentónicos. Sin embargo, se observan 

cambios transitorios en las asociaciones que indican variaciones temporales de las 

condiciones ambientales. La causa de estos cambios faunísticos parece estar 

estrechamente relacionada con cambios en el flujo de materia orgánica hacia los 

fondos oceánicos, especialmente en los ambientes más profundos. Cambios en la 

salinidad, en la actividad de las corrientes y en el nivel del mar también influyeron 

en la distribución de los foraminíferos bentónicos a través del límite 

Luteciense/Bartoniense en el afloramiento de Alum Bay y del límite 

Eoceno/Oligoceno en Menzel Bou Zelfa. 

Los foraminíferos bentónicos revelan que la inestabilidad paleoambiental 

durante los eventos globales del LLTM y el MECO duró más que la excusión 

isotópica que define ambos eventos. Las perturbaciones paleoambientales están 

probablemente relacionadas con cambios en el tipo de materia orgánica que 

llegaba a los fondos oceánicos, lo cual afectó a la abundancia y distribución de las 

especies de foraminíferos bentónicos. La dominancia de taxones calcáreos y la 

equilibrada proporción de formas infaunales y epifaunales a través de ambos 

eventos descarta grandes cambios en las condiciones tróficas así como en la 

saturación de CaCO3 en las aguas de fondo del sondeo ODP 702, sugiriendo que no 

hubo disolución importante durante estos eventos.  
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La disminución en la abundancia de Bulimina elongata durante el LLTM y el 

MECO en el sondeo ODP 702 indica una mayor susceptibilidad de esta especie a los 

cambios climáticos del Eoceno medio y superior, aunque no se ha encontrado una 

correlación directa con los valores isotópicos del carbono. Se precisan análisis 

adicionales para ahondar en el conocimiento de su paleoecología. 

Los taxones con preferencia por el fitodetritus (PET por sus siglas en inglés) 

son un grupo relevante por su significado paleoambiental durante el MECO en el 

sondeo ODP 702. Esto taxones aumentaron en coincidencia con la excursión 

positiva de los isótopos del carbono unos 150 kyr antes del inicio del MECO. Esta 

correlación sugiere que el flujo de carbono –en vez de la temperatura- jugó un 

papel clave en la distribución y abundancia de los foraminíferos bentónicos 

durante este evento. 

La cantidad y el tipo de alimento que llegaba a los fondos oceánicos, 

posiblemente influenciados por la actividad de corrientes, se sugieren como el 

factor principal que controló las asociaciones bentónicas en la sección de Torre 

Cardela, que abarca la base del Bartoniense y el MECO. El aumento en abundancia 

de la especie Bolivinoides crenulata indica un mayor aporte de materia orgánica 

refractaria, de baja calidad, que se correlaciona además con un incremento en 

taxones alóctonos.  

En el sondeo ODP 702, las tasas de acumulación de los foraminíferos 

bentónicos y de la fracción gruesa (BFARs y CFARs, por sus siglas en inglés) 

disminuyeron durante los eventos de calentamiento, mostrando una correlación 

positiva con los isótopos de oxígeno. El incremento en las tasas metabólicas de 

organismos heterótrofos puede explicar el descenso de las tasas de acumulación 

durante dos eventos de calentamiento de diferente magnitud y duración, el LLTM 

(OIE ~ 0.5 ‰) y el MECO (OIE ~ 1 ‰).  

Respecto a los límites estratigráficos, los foraminíferos bentónicos del 

tránsito Eoceno-Oligoceno se han estudiado por primera vez en la sección de 

Menzel Bou Zelfa, dando lugar a la reconstrucción paleoambiental de esta zona y 

contribuyendo con nuevos datos al estudio de este interesante límite estratigráfico. 

Las asociaciones de foraminíferos bentónicos estudiadas son características de un 
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clima relativamente cálido durante el Eoceno medio y superior, mientras que se 

han detectado cambios eustáticos y enfriamiento en la base del Oligoceno. Estas 

interpretaciones concuerdan con el marco global del tránsito Eoceno-Oligoceno. El 

patrón gradual de desapariciones de foraminíferos bentónicos en el Oligoceno 

basal es sincrónico con la disminución de temperatura y el descenso del nivel del 

mar relacionados con la glaciación Oi1.  

La reevaluación del límite Luteciense/Bartoniense en el afloramiento 

clásico de Alum Bay se ha llevado a cabo mediante un análisis multidisciplinario 

que combina nanofósiles, macro- y microforaminíferos bentónicos, foraminíferos 

planctónicos, dinoflagelados y datos de paleomagnetismo. Esta tesis ha contribuido 

con el análisis de los microforaminíferos bentónicos, y con interpretaciones 

paleoecológicas en las que encajan los datos paleoecológicos de 

macroforaminíferos  y  dinoflagelados. Este trabajo ha contribuido al análisis de la 

base del Bartoniense en la sección paraestratotípica, proporcionando información 

adicional para su correlación en la cuenca de Hampshire y en la búsqueda de un 

potencial GSSP para la base del Bartoniense. 
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study that are named and/or used in the material and methods, results and/or discussion 

sections in a derived or secondary way and hence not included in the main article. Small tables 

have also been included in this file, however large datasets can be found as separate .xlsx files 

(captions in this document). Scanning Electron Microscope (SEM) images of the most relevant 

benthic foraminiferal species cited in the main text are shown here too. 

 

 

 

 
 

 

 

 



 

 

2 

 

 
 

 

Figure S1. Hole 702B age model derived from calibrated age model of Site 1263. Tie points 

between both sites (blue lines) and cyclicity tuning points (green lines) ages are shown. 
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Figure S2. SEM images of most abundant (> 3%) benthic foraminiferal species at Site 702. 

1, Caucasina sp.: a) ventral, b) dorsal; 2, Epistominella exigua: a) ventral, b) dorsal; 3, 

Alabaminella weddellensis: a) ventral, b) dorsal, c) apertural; 4, Bulimina cf. huneri; 5, 

Fursenkoina sp. 2; 6, Nuttallides truempyi: ventral; 7, Globocassidulina subglobosa; 8, Oridorsalis 

umbonatus: apertural; 9, Cibicidoides micrus: a) dorsal, b) apertural; 10, Bulimina alazanensis; 

11, Stilostomella subspinosa; 12, Pullenia sp. 1: a) lateral, b) apertural; 13. Bulimina elongata; 14, 

Heronallenia lingulata. All scale bars = 100 µm. 
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Figure S3. ODP Site 702 isotopic records (bulk) plotted against depth (mbsf) across the MECO. 

Darker lines correspond to data from Bohaty et al. 2009. Brighter lines correspond to bulk 

isotopic data generated in this study. 
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Figure S4. Oxygen vs. carbon cross-plots of bulk (a) and benthic (b) isotope analysis. Samples 

are color-coded in background and event values (see legend). MECO linear regressions (red 

dashed lines) and r2 correlation values are shown; c) comparison of our benthic isotopic data 

and the resulting MECO linear regression (red dashed line) with several early and middle 

Eocene hyperthermal events from Westerhold et al. 2018 (see figure caption and references 

therein for details). 
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Figure S5. Rock- and paleomagnetism results. A) Isothermal remanent acquisition (IRM) of 8 

representative samples up to 0.7 T; the inset shows the same data normalized by the 

maximum IRM (IRM0.7T); all samples reach between 77% and 85% of the IRM0.7T within 100 

mT of inducing field. B, C) Representative vector end-point demagnetization diagrams with 

characteristic remanent directions isolated by (B) linear interpolation (Kirschvink, 1980) or (C) 

Fisher (1953) mean; the diagram of panel C is shown together with the equal-area projection, 

where the diamond represent the average direction with associated 95% confidence circle; in 

all diagrams, open and filled symbols are the projection onto the vertical and the horizontal 

plane, respectively; demagnetization steps unit is in mT, while the axes unit is 10-5  A/m; N= 

north; W, Up= west and up. D) Stereographic projection of the characteristic remanent 

magnetization (ChRM) directions; open and filled circles are negative (up-pointing) and 

positive (down-pointing) directions, respectively; average inclinations with associated 95% 

confidence boundaries (McFadden and Reid, 1982) are represented by the red (negative 

directions), green (positive directions) and blue (all directions plotted on a common polarity) 

hemicycles. 
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Figure S6. Inclination of the paleomagnetic vectors plotted versus depth (mbsf); red 

diamonds are inclination derived by linear interpolation of vector end-points (Kirschvink, 

1980), while blue diamonds are inclination derived by calculating spherical mean (Fisher, 

1953) of vector end-points failing to trend linearly to the origin of the demagnetization axes. 

Data are shown together with archive-halves measurement (Clement and Hailwood, 1991). 

Magnetostratigraphic interpretation is shown on the right-hand panel. 
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Figure S7. Relative abundances of most representative (>1.5 %) benthic foraminiferal species 

against depth (mbsf) at ODP Site 702. At the bottom of the figure are shown the species 

grouped into 4 subclusters (A1, A2, B1 and B2) according to cluster analysis (Pearson similarity 

index and unweighted pair group method with arithmetic mean, PAST Software). 
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Figure S8. DCA analysis (Q-mode) of benthic foraminiferal species (n =31). Species are color-

coded according to the subclusters from the hierarchical cluster analysis (see legend). Squares 

highlights the dominant species of each subcluster, circles are used for the rest of the species. 
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Table S1. Stable isotope analysis from Site 702, bulk (sheet 1) and benthic (sheet 2). Includes 

errors and corrections of the measurements.  

Table S2. Benthic foraminiferal data from Site 702 across the MECO. Sheet 1: relative 

abundances of all the species identified and environmental indices calculated. Sheet 2: 

measurements of B. elongata. Sheet 3: benthic foraminiferal accumulation rates. Sheet 4: 

coarse fraction accumulation rates. 

  



 

 

11 

 

 

Table S3. List of paleomagnetic directions and associated confidence boundaries; MBSF= 

meter below seafloor; NRM= intensity of the natural remanent magnetization in A/m; N= 

number of vector end-points; Dec, Inc= declination and inclination of the paleomagnetic 

vector; MAD= maximum angular deviation of Kirschvink (1980), calculated for paleomagnetic 

vector either anchored or not anchored (anchored yes/no) to the origin of the 

demagnetization axes; k, R, a95 = statistical precision parameters of Fisher (1953). 

 

Site Hole Core Section Top-Depth Bottom-Depth MBSF_Top NRM intensity (A/mN Dec Inc MAD Anchored k R a95

702 B 8 5 84 86 70.14 4.096E-05 8 147.45 -59.94 31.21 7.78 10.07

702 B 8 5 103 105 70.33 7.231E-05 9 132.91 -67.05 5.81 yes

702 B 8 5 118 120 70.48 8.330E-05 10 102.26 -58.03 6.76 no

702 B 8 5 146 148 70.76 4.380E-05 9 134.50 -51.96 13.82 no

702 B 8 6 5 7 70.85 6.493E-05 10 150.31 -78.47 4.97 yes

702 B 8 6 76 78 71.56 2.375E-05 9 139.07 -58.16 12.29 8.35 15.29

702 B 8 6 116 118 71.96 2.580E-05 8 302.00 -3.98 31.89 7.78 9.96

702 B 8 6 147 149 72.27 1.590E-04 8 355.66 46.37 8.88 no

702 B 9 1 7 9 72.87 3.894E-05 7 229.34 76.27 26.48 6.77 11.95

702 B 9 1 34 36 73.14 5.405E-05 9 100.38 74.24 6.98 yes

702 B 9 1 45 47 73.25 3.936E-05 9 111.76 84.55 10.74 no

702 B 9 1 63 65 73.43 3.221E-05 9 247.85 72.72 10.01 yes

702 B 9 1 86 88 73.66 5.499E-05 10 14.29 79.09 3.68 yes

702 B 9 1 97 99 73.77 6.451E-05 9 22.97 77.36 37.28 8.79 8.54

702 B 9 1 132 134 74.12 3.519E-05 9 84.48 70.80 32.21 8.75 9.21

702 B 9 1 147 149 74.27 4.853E-05 10 338.39 63.99 4.70 yes

702 B 9 2 13 15 74.43 9.408E-05 13 65.20 76.35 3.69 yes
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Table S4. Calcareous nannofossil biostratigraphic data from Site 702. The position of 

biohorizons (i.e., Top ID sample, Base ID samples and depth in mbsf) are provided. 

Biochronology adopted (Top chron position Time Scale reference, calibration reference) is also 

reported. 
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Table S5. XRF analysis from Site 702 (sheet 1), isotopic data from Site 702 (sheet 2) and Site 

1263 (sheet 3) used for the age model, correlation tie points and cyclostratigraphic ages (sheet 

4). 
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