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RESUMO 

 
de Souza, Ana Paula de Martini. Magnetostratigrafia do intervalo Eoceno-Oligoceno: 
Novas interpretações paleoambientais no fechamento do oceano Neotethys. 2020. 
XXX f. Dissertação (Mestrado) – Instituto Oceanográfico, Universidade de São Paulo, 
São Paulo, 2020. 
 
 

A transição Eoceno-Oligoceno (EOT) é caracterizada como um período de mudanças 

climáticas drásticas de um clima Greenhouse no Paleoceno-Eoceno para um clima 

Icehouse. Esse período também é conhecido pelas condições oceanográficas 

peculiares evidenciadas pela reorganização oceânica, extinções bióticas e excursões 

isotópicas. Supõe-se que o fechamento gradual do Oceano Neotethys alterou a parte 

sul da Corrente Subtropical Eoceno Neotethys (STENT) global para um Giro no 

sentido anti-horário no Oceano Índico e fechou sua conexão com o Oceano Atlântico. 

Se essa hipótese estiver correta, os sedimentos de Neotethys seriam sensíveis a 

mudanças na circulação global contendo evidências desse paleoambiente. Neste 

trabalho, técnicas de magnetismo ambiental, magnetismo de rochas e geoquímica 

foram aplicadas em duas seções diferentes, uma correspondente (1) aos sedimentos 

marinhos recuperados do Oceano Índico equatorial ocidental durante a expedição Leg 

115, sítio 709C e (2) a segunda seção correspondente a Portella Colla, na formação 

de Caltavuturo na Sicília, Itália, para comparar como as mudanças ambientais 

próximas ao EOT são registradas em ambas as áreas. Desta forma, a 

magnetoestratigrafia revelou um modelo de idade dos sedimentos estudados, 

compreendendo desde o Ótimo Climático do Eoceno Médio (MECO) até o EOT no 

Oceano Índico, e do final do priaboniano ao rupeliano em Portella Colla. As 

propriedades magnéticas ambientais indicam a diminuição do tamanho do grão 

magnético de MECO para EOT, sugerindo um aporte diferencial. Os dados de 

magnetismo de rocha indicam uma maior contribuição detrítica paramagnética em 

Portella Colla, enquanto o testemunho 790C apresenta picos de alta produtividade 

com a principal contribuição magnética de magnetita biogênica do estado do domínio 

SD, o que sugere períodos de corrente ativa. Além disso, mudanças geoquímicas e 

mineralógicas apoiam essa observação. 

 

Palavras-chave: Oceano Neotethys, paleomagnetismo, magnetismo ambiental, 

Intervalo Eoceno-Oligoceno. 



 

 

ABSTRACT 

 
de Souza, Ana Paula de Martini. Magnetostratigraphy of the Eocene-Oligocene 
Interval:New paleoenvironmental interpretations on the closure of the Neotethys 
Ocean. 2020. XXX f. Dissertation (Masters) – Instituto Oceanográfico, University of 
São Paulo, São Paulo, 2020. 
 
 

The Eocene-Oligocene Transition (EOT) is characterized as a period of drastic climate 

change from a greenhouse environment of the Paleocene-Eocene to the icehouse 

climate of the Oligocene. This period is also known for the peculiar oceanographic 

conditions evidenced by the oceanic reorganization, biotic turnovers and isotopic 

excursions. It is hypothesized that the gradual closure of Neotethys Ocean changed 

the southern part of the global Eocene Neotethys Subtropical Current (STENT) to a 

counter-clockwise Gyre in the Indian Ocean and closed its connection with the Atlantic 

Ocean. If this hypothesis is correct, the sediments from Neotethys would be sensitive 

to changes in global circulation containing evidence of this paleoenvironment. In this 

work, techniques of environmental magnetism, rock magnetism and geochemistry 

were applied for two different sections, one corresponding (1) the marine sediments 

recovered from western equatorial Indian Ocean during the Deep Sea Drilling Program 

(DSDP) expedition Hole 709C, Leg115 and (2) the Portella Colla section, at the 

Caltavuturo formation at Sicily, Italy, in order to compare how the environmental 

changes around the EOT is recorded in both areas. The magnetostratigraphy revealed 

an age range of studied sediments from the Mid Eocene Climatic Optimum (MECO) to 

EOT in the Indian Ocean and from the late Priabonian to Rupelian at Portella Colla. 

Environmental magnetic properties indicate decreasing magnetic grain size from 

MECO to EOT suggesting differential input. The rock magnetism data indicates a 

higher paramagnetic detrital contribution for Portella Colla, while Hole 790C presents 

peaks of high productivity with main contribution of biogenic magnetite of single domain 

state (SD), which suggests periods of active current. Further, geochemical and 

mineralogical changes support this observation.  

 

Keywords: Neotethys ocean, paleomagnetism, environmental magnetism, Eocene 

Oligocene Interval. 
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1 INTRODUCTION 

 

 The oceans play a central role in regulating climate by transporting heat, 

carbon, oxygen and nutrients with widespread implications. However, its configuration 

and geography have not always been the same. In fact, our planet has undergone 

several changes through the years. Such so, the development of the modern 

Thermohaline Circulation pattern during the Cenozoic is resulted from several tectonic 

and paleogeographic events (Ivanova, 2009). 

During the Cenozoic the ocean's circulation was associated with 

paleogeographic events, notably by the Tibetan uplift, the opening of the Drake 

Passage, the closure of the Neotethys Ocean, the development of the mature Antarctic 

Circumpolar Current, the narrowing of the Indonesian Seaway and the closure of the 

Central American Seaways (Kennett, 1977; Raymo & Ruddiman, 1992; Gourlan et al., 

2008; Ivanova, 2009). Thus, the Cenozoic represents a period of drastic climate 

transitions, shifting from an intersection of warming and greenhouse effect during the 

Eocene (Pearson & Palmer, 2000; Kennett & Stott, 1991; McInerney & Wing, 2011) to 

conditions of cooling of the planet until the climax of glaciation at the Eocene-Oligocene 

Transition ( EOT; 33.5 Ma; Miller et al., 1991; Zachos et al., 2001; Zanazzi et al., 2007; 

Zachos et al., 2008; Barker and Thomas, 2004; Livermore et al., 2005, 2007; Jovane 

et al., 2007; Bohaty et al., 2013). 

The EOT was conjointly a period of peculiar oceanographic conditions. It is 

hypothesized that the gradual closure of Neotethys Ocean changed the southern part 

of the global Eocene Neotethys Subtropical Current (STENT) to a huge counter-

clockwise Gyre in the Indian Ocean (Figure 1; Gourlan et al., 2008). Based on public 

records, the STENT was deactivated and reactivated consecutively for about 3 million 

years before the complete closure of the Neotethyan passage (Jovane et al., 2007a, 

2009). If this hypothesis is correct, the ancient Neotethys sediments contain evidence 

of this paleoenvironment and the changes in global circulation. 
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Figure 1- Changes in paleocirculation through the EOT in response of the closure of the 

Neotethys Ocean. 

Source: Modified from Ivanova, 2009. 

 

 Some researches show that the deep-water sediments from the Umbria-

Marche basin in Italy are the most complete successions representing the EOT 

boundary period (Jovane et al., 2009) due to its preservation and continuity, which 

allows the identification of the variable oceanographic conditions, probably controlled 

by changes in the current flowing through the passage between the Tethys and the 

Indian Ocean (Jovane et al., 2007, 2009). Although the current Italian sector is 

excellent because of its continuity and preservation, new data are still needed to better 

assess the effects of the gradual closure of the Neotethyan passage, and to evaluate 

if the fluctuations in environmental magnetic properties documented in Umbria-Marche 

(Jovane et al, 2004; Jovane et al, 2007; Jovane et al, 2013) are reproducible and 

synchronic elsewhere in Neotethys. 

 In order to better understand the paleoenvironmental changes in the Neotethys 

Ocean, two strategic areas were chosen coinciding to the passage of the STENT 

current. The first section is located at the Madonie Mountains, In Sicily- Italy (Figure 2; 

Benedetti 2010; 2017) corresponding to the Mediterranean Neotethys. The section 

here investigated, Portella Colla at Caltavuturo formation, is important due to its 

paleogeographic location at the EOT, rock magnetism and the mineral content that has 

never been studied before in the region. The second section corresponds to a sediment 

core drilled in the Indian Ocean by the Integrated Ocean Drilling Program (IODP). This 

one was chosen due to its preservation of the EOT and because it may show changes 

on rock magnetism resulted from Neotethys closure and the development of the Indian 
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Gyre. Thus, the correlation between these two different sections may clarify some 

questions about the Neotethys Ocean. 

 
Figure 2- The location of the sections studied. In the top right is the EOT location of the sections in the 

path of the ancient STENT current. 

 

 Therefore, in this research, a magnetostratigraphy and a rock magnetism 

study were developed for the two sections from: (1) Sicily, southern Italy, and the (2) 

709C IODP site at the Indian Ocean (Figure 2), corresponding to the EOT boundary, 

with the purpose of performing the paleoenvironmental reconstructions of the 

Neotethys Ocean, and observe how the obstruction of the STENT current is expressed 

in the marine sediments.  
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2 OBJECTIVES 

 

The main objective of this work is to carry out a magnetostratigraphic survey 

from the sediments of the Madonie Mountains at Sicily, Southern Italy and the site 

709C at the Indian Ocean, in the section that comprises the EOT period, to understand 

how the paleoenvironmental and paleoceanographic data, respond to the STENT 

closure hypothesis. 

The specific objectives are: 

 

● Obtain an age model from the magnetostratigraphy and biostratigraphy of the 

sections based on the Geological Polarity Time Scale (GPTS) 2012; 

 

● Calculate environmental magnetic proxies in order to better document the 

closure process of the Neotethyan passage; 

 

● Compare the magnetostratigraphic data of the selected stratigraphic sections 

with others previously obtained from Umbria- Marche Italy (Jovane et al., 2004; 

2007; 2014; Cornacchia et al., 2018). 

 

3 HYPOTHESIS 

 

If the variability of the magnetic properties in the marine sediments from 

Sicily and the Indian Ocean was due to the flux and influx of Neotethyan currents rich 

in iron, it is expected that the sediments from these areas are sensitive to the periods 

of activating and deactivating of the STENT, thus, it may elucidate the closure of the 

Neotethys Ocean. 
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4 LITERATURE REVIEW 

 

4.1 Paleogene climate leading to the EOT boundary 

 

The Paleogene is a period of important climate and environmental changes. 

Characterized by the highest global temperatures of the Cenozoic, the Paleocene-

Eocene Thermal Maximum (PETM; about 55 million years ago; Figure 3) at the 

Paleocene-Eocene boundary records the onset of 2-3% negative carbon isotopic 

excursion (Kennett and Stott, 1991; Schmitz et al., 2001). The isotopic anomaly, known 

as hyperthermal, developed within a few thousands of years in both deep and shallow 

oceans, indicating that the entire oceanic carbon reservoir experienced a rapid change 

in isotopic composition. This isotopic event is believed to be triggered by the rapid 

release of oceanic methane hydrates beneath the sediment surface (Dickins et al., 

1995). It took about 200 kyr before δ13C returned to its background levels (Gradstein 

et al., 2012). The oceanic perturbation is also shown by benthic fauna turnovers and 

dissolution phenomena leading to changing carbonate compensation depth, 

phenomena observed with other hyperthermal events. The δ13C anomaly has been 

used for marine and terrestrial correlations, documenting overspread flora and fauna 

turnovers around the PETM (Koch et al., 1992).  

During the PETM, the global temperature increased by more than 5°C in less 

than 10 myr (Zachos et al., 2001). At about the same time, more than 2,000 Gt of 

carbon as CO₂ entered the atmosphere and oceans. Evidence for carbon release is 

suggested from sedimentary records across the event. This includes a rapid and 

evident decrease in the13C/12C ratio of carbonate and organic carbon (negative carbon 

isotope excursion) and a remarkable drop in the carbonate content of marine sediment 

deposited at several thousands of meters water depth (Zachos et al., 2005; Zachos et 

al., 2008).  
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Figure 3- Cenozoic Climate transitions, with focus on the time period of this study. 

Source: Modified from Zachos et al., 2008. 

 

Succeeding the PETM, the Eocene Thermal Maximum 2 (ETM2) was another 

hyperthermal event that occurred about 2 myr after the PETM and it had similar isotopic 

and microfaunal characteristics, although less pronounced (Lourens et al., 2005; 

D’haenens et al., 2012).  

Around 40 to 40.5 Ma, during the Bartonian, it is recorded the Mid Eocene 

Climatic Optimum (MECO), a warming event with typical properties regarding carbon 

and oxygen isotopes, oscillation in Carbonate Compensation Depth (CCD), and short 

duration of about 500 kyr (Bohaty et al., 2009; Luciani et al., 2010). The MECO is 

characterized by a decrease in oxygen isotope (δ18O) values, suggesting up to 5°C 

warming of the sea surface water (Bohaty et al., 2003; Zachos et al., 2003). It is also 
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related to a widespread carbonate decrease in pelagic settings, attributed to seawater 

acidification, which induced shallowing of the lysocline and of CCD, like in the PETM 

and other hyperthermals (ETM2; Bohaty et al., 2003; 2009; Sexton et al., 2011; 

Giorgioni et al., 2019). 

Controversially, the MECO cannot be interpreted as a typical warming event. 

Considering that climate warming events can be explained by the intensification of the 

greenhouse effect, supported by a negative carbon isotope (δ13C) peak occurring at 

the onset of these warming events (Dickens et al., 1995; 1997; Thomas et al., 2002). 

Nonetheless, over hundreds of thousands of years, such as the duration of the MECO, 

high atmospheric pCO₂ increases the weathering of surface rocks, which draws pCO₂ 

from the atmosphere and increases the seawater alkalinity. Meaning that at the time 

scale of the MECO, a massive injection of greenhouse gases into the atmosphere and 

the ocean is counterbalanced by carbon cycle feedbacks and would produce an 

increase in deep-water carbonate deposition, instead of a decrease (Figure 4; Sluijs et 

al 2016; Penman et al 2016; Giorgioni et al., 2019). 

The MECO also does not present a distinct δ13C negative peak, which is a 

diagnostic feature of the PETM and other hyperthermals. The negative δ13C excursions 

occurs only in some of the records of the MECO and not at the onset of the warming 

conditions (Bohaty et al., 2009; Spofforth et al., 2010), suggesting that the MECO was 

triggered by different factors from the transient warming events (Giorgioni et al., 2019). 

Following the warm trend from the end of Paleocene to Eocene, the Earth 

started to cool down leading up to the EOT. This remarkable cooling at the beginning 

of the Oligocene is something already noted by earlier researchers with oxygen 

isotopes of coastal shell material from the North Sea (Buchardt, 1978). It drove a 

changing of Earth's climate from a greenhouse environment during the Paleocene and 

Eocene to an icehouse climate at the EOT.  

The transition from the Eocene to the Oligocene lasted about 500 kyr and marks 

a major step towards the development of the modern glaciated climate. During this 

period several researches provide strong evidence for a phase of oceanic 

reorganization, temperature decrease (5 – 6 ℃; Liu et al., 2009) biotic turnovers, sea 

level change (- 55 m; Miller et al., 2005), positive isotopic excursions of oxygen (Figure 

4, Miller et al., 2015),  the growth of the first semi-permanent ice-sheets on Antarctica, 

the deepening of the global CCD (Coxall et al., 2005) and a decrease in atmospheric 

ρCO₂ is also detected (Pagani et al., 2005, DeConto et al., 2007, Pearson et al., 2009). 
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Although the mechanisms of the EOT climate change are widely debated, the 

discussion centers on the relative roles of declining greenhouse gases and the opening 

of Southern Hemisphere oceanic gateways in permitting substantial ice build-up on 

Antarctica (Coxall & Pearson, 2007). 

 

Figure 4- Sea level and oxygen isotopic estimates for the past 100 myr, with focus on the EOT. 

Source: Modified from Miller et al, 2015. 

 

Concentrations of CO₂ have been low over the past 34 million years, with 

temperatures relatively cool, and the poles glaciated. This long-term shift in Earth’s 

climatic state resulted, in part, from differences in volcanic emissions, which were 

particularly high during parts of the Paleocene and Eocene epochs (about 40–60 

million years ago) but have diminished since then. Changes in chemical weathering of 

silicate rocks were also important. On long timescales, this process sequesters CO₂, 

preventing concentrations from rising too high or from falling too low. As the 

atmospheric CO₂ concentration rises, temperature and precipitation increase and 

thereby enhance chemical weathering; as the concentration declines, temperature and 

precipitation decrease, slowing weathering (Figure 3; Zachos et al., 2008).  

The EOT is formally defined at the Global Stratotype Section and Point (GSSP) 

at Massignano, Italy, and corresponds to the extinction of the planktonic foraminiferal 

Hantkeninidae (Coccioni et al. 1988; Berggren et al.1995). This period also 
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corresponds to a dramatic extinction of larger benthic foraminifera populations of 

carbonate producers throughout the Eocene, when they were abundant and 

widespread (Kiessling et al., 2003; Nebelsick et al., 2005). 

There is clear evidence for vegetation turnover around the EOT, however the 

pattern and velocity of change varied from continent to continent and also at different 

latitudes. Perhaps the most drastic changes would be expected in the high southern 

latitudes close to the supposed expansion of Antarctic ice (Coxall & Pearson, 2007). 

The EOT interval coincides with a change from evergreen forest to sparse tundra on 

the Antarctic Peninsula and Seymour Island, demonstrating that climate feedbacks 

may have played a role in the rapid environmental shift. Similar patterns are seen in 

the high northern latitudes, where there was widespread displacement of subtropical 

broad-leaved vegetation, especially at altitude (Francis, 1999; Myers, 2003). 

The EOT also marks one of the largest extinctions of marine invertebrates in 

the world oceans and of mammalian fauna in Europe and Asia in the Cenozoic era 

(Sun et al., 2014; Herman et al., 2017; Edie et al., 2018). A shift to a cooler climate 

across this boundary has been indicated as the cause of this extinction in the marine 

environment, suggesting there was a change from large-size perissodactyl-dominant 

fauna in forests under a warm-temperate climate to small rodent/lagomorph-dominant 

fauna in forest-steppe in a dry-temperate climate across the EOT (Figure 5; Sun et al., 

2014). Yet, this prolonged period of environmental transition is different from the 

sudden mass extinction from past boundaries like the Cretaceous and Permian (Coxal 

& Pearson, 2007). 
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Figure 5- Schematic figures showing the change of ecosystem across the EOT. A) Warm-

temperate forest dominated by large-se perissodactyl dominant fauna during the Late Eocene. 

B) Dry-temperate forest-steppe dominated by small size rodent lagomorph dominant fauna 

during the Early Oligocene. 

Source: Modified from Sun et al., 2014. 

 

Although the EOT is known for its extinctions, there is evidence of species 

enhancement. The cold water from high latitude masses of the early Oligocene 

suggests a spur to the evolution of crown group whales, and the first baleen whales 

are recognized from the early Oligocene (Fordyce, 2003), most likely in parallel with 

increased Southern Ocean plankton abundance. The cause of worldwide increased 

paleoproductivity from the Late Eocene to the Oligocene in the marine environment is 

attributed to ocean circulation changes that increased the availability of nutrients in 

surface waters. This may characterize a feedback driven by increased latitudinal 

thermal gradients stimulating stronger winds, upwelling and mixing, or reorganization 

of global circulation related to the opening and closing of tectonic ocean gateways 

(Diester-Haass & Zahn 2001; Diester-Haass & Zachos 2003; Hay et al.2005).  

In addition, it has been demonstrated that Odontoceti whales underwent a 

significant increase in brain size with respect to body size near the EOT (Marino et al., 

2004). In general, the Oligocene marks the time when representatives of modern land 

mammals became the dominant vertebrate life, including the appearance of the first 
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primates (Coxal & Pearson, 2007). This pattern relates to the fact that the EOT was 

one of the most profound periods of change that led to the modern climatic regime, 

known as the greenhouse – icehouse transition (Miller et al., 1991). 

Improved deep-sea core recovery and downhole logging analysis have resulted 

in a number of EOT climate proxy records, including environmental magnetism, rock 

magnetism, astronomical tuning (Coxall et al. 2005; Coxal & Pearson,2007; Jovane et 

al. 2006; 2007; Westerhold at al., 2014), isotopic excursions and sedimentation rates. 

Changes in surface productivity and bottom-water redox conditions in response to 

climate are thought to be responsible for the observed periodicity in sediment physical 

property records (Zachos et al., 1996). Astronomical tuning data recovered from cores 

and exposed formations evidence the EOT age around 33.7 Ma (Jovane et al., 2006; 

2007; Westerhold et al., 2014). These records also exhibit abrupt and large 

alternations in magnetic proxies, concentration, composition, and grain size, which the 

authors interpret to be the result of rapid bimodal shifts in deep-sea circulation, 

affecting sediment sources or transport (Jovane et al.,2006; 2007; 2010). 

Paleoenvironmental proxies from deep-sea cores demonstrates the existence 

of positive excursions of about 1.2 to 1.5‰ shift in benthic δ18O associated with the 

EOT (Zachos et al., 2008; Ozsvárt et al., 2016; Lee & Jo, 2018). This interval of 

maximum δ18O, is now believed to represent the maximum extent of the first semi-

permanent ice sheet on Antarctica (Zachos et al. 2001; Lear et al.2001; Coxall et al. 

2005; Bohaty et al., 2012; Galeotti et al., 2016). In addition, the commencement of 

Oligocene glaciation was accompanied by an oceanwide positive δ13C anomaly of up 

to 1.0‰ (e.g. Zachos et al. 1996, 2001; Diester-Haass & Zachos 2003), suggesting 

that the response of the global carbon cycle may have induced changes in early 

Oligocene climate (Coxall et al. 2005; Coxal & Pearson, 2007). 

The pattern of early Cenozoic glaciomarine sedimentation recovered in deep-

sea cores indicates several episodes of expansive continental glaciation during the 

Oligocene and several short-lived episodes in the late Eocene in east Antarctica 

(Zachos et al.1992, 1999). Variations in strontium isotopes from marine carbonates 

during the Cenozoic shows a general increase in values around the late Eocene to 

early Oligocene (Miller et al. 1991; Zachos et al. 1999; Reilly et al. 2002). Changes in 

hydrothermal flux and carbonate weathering are thought to have contributed to the 

general 87Sr/86Sr increase over the last 100 myr (Reilly et al. 2002; Lear et al. 2003). 
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4.2 Neotethys Ocean and the Eocene Neotethys Subtropical Current (STENT) 

 

The opening of the Neotethys Ocean along the eastern margin of Gondwana 

created the Cimmerian terranes (Figure 6). These migrated northward (7–10 cm/yr) 

across the Tethys Ocean from southern Gondwana paleolatitudes in early Permian to 

subequatorial paleolatitudes by the middle Permian–early Triassic (Metcalfe, 2006; 

Muttoni et al., 2009; Berra & Angiolini, 2014; Kargaranbafghi & Neubauer, 2018).  The 

presence of a N-S trending transform fault probably controlled these northward 

migrations, which also defined portions of the Neotethys oceanic ridge characterized 

by different rates of spreading (Berra & Angiolini, 2014). 

 

Figure 6- Early Permian (≅290 Ma) Global paleogeography. 

Source: Modified from Berra & Angiolini, 2014. 

 

Paleogeographic reconstructions are complex in the western part of the Tethys, 

as the narrowing of the oceanic basin along with the closer proximity of the Neotethys 

ridge and the Paleotethys subduction zone complicates the definition and precise 

position of the numerous blocks which can be identified in this zone. The Triassic, 

around Norian Age (227- 207 Ma; Figure 7A), represents a key interval in the evolution 

of the Neotethys Ocean. The Neotethys Ocean was widely open with Northern Africa 

and Arabia as its southern passive margin. During the Norian, climate was generally 

arid at Tethyan latitudes, carbonate facies deposited along the Tethys margin, 

bordered by evaporitic facies from coastal, continental, fluvial and beach environments 

(Berra & Angiolini, 2014).  

The breakup of Pangea continued in the Callovian (166-163 Ma; Figure 7B) with 

spreading in the Central Atlantic and the complete detachment of Africa from North 
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America. The Callovian also marks the onset of the Neotethys subduction along the 

southern margin of Laurasia. The northward subduction of the Neotethys was 

responsible for the development of a volcanic belt, whereas retro-arc basins formed 

between the margin of Laurasia and the volcanic arc. Sedimentation in the basins 

ranged from deep to shallow marine carbonates and siliciclastics (Berra & Angiolini, 

2014; Ali et al., 2016). 

Around the Aptian (125-113 Ma; Figure 7C) the Neotethys ocean connected 

with the Central Atlantic through the Alpine Tethys (Barrier & Vrielynck, 2008). The 

active southern margin of Laurasia was still characterized by the subduction of the 

Neotethys Ocean beneath it. The central part of the Neotethys was characterized by 

the slow northward motion of blocks from present Turkey, Greece, and Adria 

microplates (Berra & Angiolini, 2014).  

At the end of the Cretaceous the continents were completely defined (65.5 Ma; 

Figure 7D). The Alpine Tethys and related basins, which linked the Central Atlantic 

Ocean with Neotethys, were in a convergent plate regime. Thus, the progressive 

closure of the Neotethys affected the evolution of the passive margin of Arabia, where 

the Peri-Arabian Massif high delivered sediments both northward (toward the 

Neotethys) and southward (Berra & Angiolini, 2014). The origin of this high was related 

to the approach of the lower plate (Arabia) to the southern margin of Laurasia or, 

alternatively, to an intra-oceanic subduction zone (Stampfli & Borel, 2002; Berra & 

Angiolini, 2014). Uplift took place during the Palaeocene resulting in sediment 

instability, slumping and submerged gravity flows. In response to local faulting and 

tilting, some areas in the north and the southwest emerged during the early–middle 

Eocene developing alluvial fans in a warm, humid climate that enhanced oxidation and 

reddening (Robertson et al., 2016). 
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Figure 7- Global paleogeography from: A) Norian (205 Ma), B) Callovian (164 Ma), C) Aptian (120 Ma), 

D) Cretaceous-Paleocene boundary (65.5 Ma), E) EOT (33.7 MA) and F) depositional setting in the 

southern margin of the Neotethys around the EOT. 

Source: Modified from Berra & Angiolini, 2014. 
 

At the EOT the opening of the Atlantic and Indian Oceans was coupled with the 

migration of Africa towards the southern boundary of Eurasia and with the gradual 

closure of the Neotethys Ocean (Figure 7E). The rapid northward movement of India 

was responsible for the continental collision and the development of the Himalayas, 

following the complete closure of the eastern Neotethys (Berra & Angiolini, 2014). This 

time transgressive collision generated the orogenic belts from the Alps to Himalaya, 

including the development of basins such as the Black Sea and the Caspian. The 

progression of this continued by the compressional regime, initiating the development 

of the Zagros deformation front (Barrier & Vrielynck, 2008). Close to the EOT, intense 

magmatic activity was recorded in the Afar area (Afar Traps). Volcanic sediments were 

deposited along the western margin of the Arabian Plate, where a rift valley, in which 

alluvial/lacustrine sediments were deposited (Figure 7F), marked as the onset of the 

Red Sea opening (Berra & Angiolini, 2014). A complex network of rift basins developed 

along the future Aden Gulf, and volcanic activity was recorded within the orogenic belts 

of southern Eurasia (Barrier & Vrielynck, 2008; Berra & Angiolini, 2014). It is also 

reported that the rapid closure of the Neotethys or Indo-Pacific Ocean in the north left 
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a relic narrow marine seaway connecting northern Syria–Jordan and the Iran–Iraq 

oceanic basin (Segev et al., 2017). 

The gradual closure of the Neotethys Ocean had a profound impact on the 

ocean-climate system during the Cenozoic (Rodelli et al., 2017). Kargaranbafghi and 

Neubauer (2018) suggest that the tectonic evolution of the Iranian plateau offers an 

explanation for global cooling during the EOT, as a result of the gradual closure of the 

Neotethyan Sea, which led to the disappearance of the Indian Ocean and the 

Mediterranean Sea connection, implying the loss of warm ocean currents, mountain 

building, extensional collapse, rifting, erosion and flare-up volcanism (Allen & 

Armstrong, 2008). Additionally, the regional tectonic activity and significant glacio-

eustatic fluctuations during the early Oligocene might have reduced the surface and 

bottom water mass exchange between the Paratethys, the western part of Neotethyan 

basin, the Indian Ocean and the Atlantic Ocean (Ozsvárt et al., 2016).  

The Neotethys Ocean represented the connection between the Indian Ocean 

and the Equatorial Atlantic Ocean, separating Africa and Eurasia until its closure 

(Figure 8; Aitchison et al., 2007). This gateway permitted the circulation of waters 

between the two oceans, enhanced by the Subtropical Eocene Neotethys Current 

(STENT; Jovane et al., 2009), in a paleogeographic environment very different from 

the present one (Jovane et al., 2007, 2009, 2010, 2013; Savian et al., 2013, 2014, 

2016; Cotton et al., 2017). Additionally, according to the authors, the 

paleoceanography of the Neotethys was characterised by alternating periods of low 

productivity, represented by intervals of deposition driven by local terrigenous material, 

and periods of high productivity, displayed by abundant fine-grained magnetite with 

hematite layers (Jovane et al., 2007). 
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Figure 8- Neotethys schematic palaeogeographic map for the late Rupelian, showing position of 

continental basins, shallow and deep marine basins. 

Source: Meulenkamp & Sissingh, 2003. 

 

A recent study with C-isotope record of the Central Mediterranean around the 

EOT suggests that the Neotethys C-isotope matches the global trend, with however, 

some regional interference in the results (Cornacchia et al., 2018). The authors 

propose that the negative spikes in the record testify for high productivity pulses which 

are related to enhanced nutrient availability triggered by the subtropical Eocene 

Neotethys current, which entered from the Arabian-Eurasian gateway, carring iron rich 

waters. Thus concluding that the Neotethys paleoceanography and current patterns 

mostly controlled these short-term anomalies in the central Mediterranean. 

 

4.3 Paleoenvironmental proxies 

 

In this study, it was analyzed the data from paleoenvironmental magnetism (Natural 

Remanent Magnetization-NRM, back-field IRM, Anhysteretic Remanent 

Magnetization), rock magnetism (Magnetic Susceptibility (𝜒), Isothermal Remanent 

Magnetism-IRM, Hysteresis loop, First Order Reversal Curve-FORC, DC field 

demagnetization-DCD, Thermomagnetic curves), and Geochemistry (X-ray 

Spectrometry- XRF, X-ray Diffraction- XRD). Thus, it is presented here some literature 
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review covering the main paleoenvironmental proxies used in this work, and their 

applications.  

Magnetic Susceptibility (𝝌) 

The proportionality between induced magnetization and the applied field is 

known as the magnetic susceptibility (Tauxe et al., 2018). Thus, magnetic susceptibility, 

𝜒, can be regarded as the magnetizability of a substance (Dearing, 1994; Butler, 1998). 

A rock, for instance, is made of different minerals that reacts differently to the applied 

field. Some minerals, as the iron oxide magnetite, are highly magnetic and its induced 

magnetization is positively towards the applied field (Dearing, 1994; Butler, 1998; 

Tauxe et al., 2018). Therefore, rocks with relatively high concentrations of magnetite, 

like basalt, have much higher magnetic susceptibility values than rocks, such as 

limestone which usually have no magnetite crystals at all (Dearing, 1994). 

Different minerals and materials show different responses to an applied field. 

There are five different kinds of magnetic behavior. The first covers the most highly 

magnetic substances and magnetic susceptibility, where the magnetic moments are 

highly ordered and aligned in the same direction, and is termed ferromagnetism (Figure 

9). The most important magnetic behavior in natural materials is ferrimagnetism 

(Figure 9), which the magnetic moments are strongly aligned. This category includes 

magnetite and a few other Fe-bearing minerals with high magnetic susceptibility values 

(Dearing, 1994). Lower magnetic susceptibility values are obtained for canted 

antiferromagnetic iron minerals (Figure 9), such as hematite, due to the crystal 

structure which gives rise to well-aligned but opposing magnetic moments that cancel 

each other out. All metals and minerals in these three magnetic groups are able to 

remain magnetized in the absence of a magnetic field and may be identified using 

remanence measurements. Similar magnetic susceptibility values are obtained with 

paramagnetic minerals, such as biotite, pyrite, and mostly, clays (Dearing, 1994; Butler, 

1998). 

Finally, the last category is known as diamagnetism, in which the magnetic field 

interacts with the orbital motion of electrons to produce weak and negative values of 

magnetic susceptibility ((Dearing, 1994). Materials which fall into this group include 

many minerals which do not contain iron, like quartz and calcium carbonate. Therefore, 

the magnetic susceptibility of an environmental material is the sum of all the magnetic 

susceptibilities of the ferrimagnetic, canted antiferromagnetic, paramagnetic minerals 

and diamagnetic components. Normally, the diamagnetic component is negative and 



34 

 

very weak relative to the sum of the other three and can be ignored (Dearing, 1994; 

Butler, 1998; Tauxe et al., 2018). 

 

Figure 9- Schematic relationship between magnetization and magnetic field for different magnetic 

behaviors.Source: Dearing, 1994. 

 

Natural Remanent Magnetization (NRM) 

Naturally acquired remanences are generally referred to as Natural Remanent 

Magnetizations or NRM. NRM is remanent magnetization present in a rock sample 

from its formation. NRM depends on the geomagnetic field and geological processes 

during rock formation and during the history of the rock, therefore, NRM can record the 

geomagnetic field present during rock formation and retain the recording over geologic 

time. The NRM is composed of more than one component. The NRM component 

acquired during rock formation is referred to as primary NRM and is the component 

sought in most paleomagnetic investigations. However, secondary NRM components 

can be acquired subsequently to rock formation and can misrepresent primary NRM 

(Butler, 1998; Tauxe et al., 2018).  

The three basic forms of primary NRM are (1) Thermoremanent Magnetization, 

acquired from cooling in high temperature, (2) Chemical Remanent Magnetization, by 

growth of ferromagnetic grains under the Curie temperature and (3) detrital remanent 

magnetization (DRM), acquired during accumulation of sedimentary rocks containing 

detrital ferromagnetic minerals (Figure 10; Butler, 1998). In this type of remanence 

magnetization, the magnetic moment of elongated ferromagnetic grains lies along the 
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long axis of the particle. However, gravitational torques cause such particles to rotate 

toward the horizontal. In a depositional terrane, the mineral grains usually align towards 

the Earth's magnetic field. The formation of detrital remanent magnetism occurs when 

consolidation restrains the motion between sedimentary particles. Once physical 

contact of surrounding grains inhibits motion, DRM is mechanically locked (Butler, 

1998; Tauxe et al., 2018). 

  

Figure 10- Schematic representation of ferromagnetic grains with 

magnetic moments (m) settling in magnetic field (H). 

Source: Modified from Butler, 1998. 

 

In a geological formation, the magnetic remanence from rocks can be obtained 

from different mechanisms. The NRM is often a combination of several components 

that need to be separated in order to isolate the primary NRM and ascribe its origin 

(Butler, 1998; Tauxe et al., 2018). Because of this, the NRM is measured in a series of 

demagnetization steps of increasing fields (Figure 11). The magnetization of the 

specimen is measured after each step. During the analysis, the remanent 

magnetization vector change until the stable component is isolated, at which point the 

vector decays in a straight line towards the origin. This final component is called the 

characteristic remanent magnetization or ChRM (Tauxe et al., 2018). Data 

visualization often rely on a set of two projections of the vectors, one on the horizontal 

plane and one on the vertical plane. These are variously called Zijderveld diagrams 

(Zijderveld, 1967), orthogonal projections, or vector end-point diagrams (Butler, 1998; 

Tauxe et al., 2018). 
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Figure 11- Schematic representation of alternating-field demagnetization. A) Generalized waveform of 

the magnetic field used in alternating-field (AF) demagnetization showing magnetic field versus time; 

the waveform is a sinusoid with linear decay in amplitude. B) Detailed data retrieved from the AF 

demagnetization from the Hole 709C, studied in this work, showing the Zijderveld diagram (Zijderveld, 

1967) and the orthogonal projection for the same sample. 

Source: Modified from Butler, 1998. 

 

Isothermal remanent magnetism (IRM)  

 IRM is a kind of remanence produced in hysteresis experiments and is 

acquired by ferromagnetic grains with coercive force lower than the applied field. In the 

laboratory, IRM is acquired by exposure to a magnetizing field generated by an 

electromagnet (Butler, 1998). 

The usual procedure in coercivity spectrum analysis is to induce IRM by 

exposing a sample to a magnetizing field, H, measure resulting IRM, then repeat the 

procedure using a stronger magnetizing field. This procedure allows detection of small 

amounts of minerals with low coercivity (magnetite) even when coexisting with more 

coercive materials (hematite or goethite; Butler, 1998). In other words, exposing a 

particle to a high magnetic field, allow the magnetic particles with lower coercivities to 

flip their magnetic moments to a direction at a more favorable angle to the applied field, 

resulting in a gain in magnetic remanence in that direction. Thus, the magnitude is 

sensitive to the magnetic mineralogy, concentration and grain size (Tauxe, 2018). 
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Anhysteretic Remanent Magnetization (ARM) 

Anhysteretic Remanent Magnetization (ARM) is produced by superimposing an 

alternating magnetic field on a small direct magnetic field. ARM is acquired when a 

specimen is exposed to an AC field of gradually decreasing amplitude with a steady 

DC field. The combined process of AC and DC fields is much more efficient in 

producing a remanence than the application of a DC field. Therefore, the AC field 

amplitude controls which particles are involved in the magnetization process while DC 

field intensity controls how much the particles are magnetized. Typically, the DC field 

is maintained during the entire course of AC field decrease (Butler, 1998). 

The ferromagnetic grains that carry ARM are those with microscopic coercive 

force up to the maximum amplitude of the alternating magnetic field used to impart the 

ARM. As with other forms of remanent magnetization, Single Domain (SD) and 

Pseudo-Single Domain (PSD) grains are more effective carriers of ARM than Multi 

Domain grains are. So imparting ARM in different directions within a rock sample 

allows examination of fabric in the important carriers of remanent magnetism, the SD 

and PSD grains (Butler, 1998). 

Hysteresis loop 

The use of magnetic hysteresis data is prevalent throughout paleomagnetic and 

Earth science  studies. It has applications in fundamental rock magnetism, 

paleointensity (Paterson et al., 2016, 2017), paleoclimate, paleoenvironmental studies 

(Rodelli et al., 2018), biomagnetism (Chang et al., 2012), tectonics, pollution 

monitoring, among many  others (Paterson et al., 2018).  

The hysteresis data of a material is characterized by a loop. The hysteresis loop 

begins by saturating the magnetic moment (M) of a specimen in large positive (or 

negative) field (B) (Figure 12). The intensity of the field is decreased to zero and 

increased in the opposite direction to negative saturation (blue branch). Finally, the 

field is swept back to positive saturation to complete the loop (red branch). The sweep 

from positive to negative saturation is termed the upper branch and the sweep from 

negative to positive saturation is termed the lower branch (Figure 12; Paterson et al., 

2018).  



38 

 

 

Figure 12- Example hysteresis loop. A basic hysteresis loop 

distinguishing the upper and lower branches as well as the remanent 

(Mrh) and induced (Mih) hysteretic curves. 

Source: Paterson et al., 2018. 

 

After application of a high field, the sample achieve its saturation magnetization 

(Ms). Removal of this field leaves the sample with its saturation remanence (Mrs), but 

if the original field was insufficient to achieve saturation, there is left only the sample's 

remanence (Mr). Application of a reversed field to Mrs eventually leads to the point 

where the overall magnetization, M, is equal to zero. The field required to achieve this 

is called the coercive force (Hc). To arrive at the point where the sample has zero 

remanence after the removal of the field, a stronger negative field is required, called 

coercivity of remanence (Hcr). These hysteresis parameters are useful diagnostic tools 

in environmental magnetism (Evans & Heller, 2003). 

Under idealized conditions and for most specimens of natural material, the 

upper and lower branches are inversely symmetric around the origin. That is, any point 

(Bi, Mi) on a loop can be inverted around the origin to (-Bi, -Mi), and lie exactly on the 

opposite branch. There are, of course, physical reasons why a hysteresis loop may not 

be centered and symmetric about the origin, but for most geological materials it is 

acceptable to assume origin-centered symmetry, and deviations from symmetry can 

then be attributed to undesirable factors such as measurement noise, drift, and offsets 

(Tauxe et al., 2018; Butler 1998; Paterson et al., 2018). In practice, however, the match 
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is rarely exact and the difference between the upper and inverted lower branch can be 

viewed as an estimate of the noise of a hysteresis measurement (Paterson et al., 2018). 

First Order Reversal Curve (FORC) 

Hysteresis loops can yield a tremendous amount of information yet much of this 

is lost by simply estimating the set of parameters explained above. Mayergoyz (1986) 

developed a method using a First Order Reversal Curves or FORCs to represent 

hysteresis data. In this experiment, a specimen is exposed to a saturating field, like 

most hysteresis experiments, then the field is lowered, then increased again to 

saturation several times depending on the experiment (Figure 13; Tauxe et al., 2018). 

Later these hysteresis data are transformed for better visualization into contour plots 

known as FORC diagrams (Evans & Heller, 2003; Roberts et al., 2000; Valdez-Grijalva 

& Muxworthy, 2019). 

 

Figure 13- Illustrations of construction and interpretation of FORC diagrams. A)  A set 

of 33 FORCs for a typical floppy disk sample. B) A plot with the microcoercivity (Hc) 

and the magnetic interactions (Hu) coordinate axes superimposed. The leftmost point 

on eac each row of data points represents the reversal point for each FORC. C) 

Examples of FORC diagrams for different samples. 

Source: Modified from Roberts et al., 2000. 

 

 FORC diagrams represent microcoercivity (Hc) along the horizontal axis, while 

magnetic interactions cause vertical spread (Hu). Thus, noninteracting SD particles 
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produce horizontally elongated contour lines on a FORC diagram, peaking at the 

appropriate Hc with little vertical spread. MD grains have vertical contour lines centered 

on their Hc with a contour density spread over a comparatively large Hu interval 

because the domains within MD particles interact with each other. Often they form 

contour line patches that are shaped like acute triangles in various attitudes (Roberts 

et al., 2000; Evans & Heller, 2003). At present, FORC diagrams are able to recognize 

magnetic interactions qualitatively and to identify SP, SD, and MD particles of magnetic 

minerals that may constitute a complex magnetic rock mineralogy (Evans & Heller, 

2003).  

 

Curie Temperature  

Analysis of the behavior of magnetic susceptibility during continuous heating up 

to 700°C and the following cooling is a standard method for identification of magnetic 

mineralogy in natural samples through the observed Curie temperatures. While the 

heating curve can show the blocking temperature of magnetic saturation for specific 

minerals, the cooling curve is indicative for the occurrence of mineralogical changes 

caused by laboratory heating (Evans & Heller, 2003; Jordanova & Jordanova, 2016; 

Tauxe et al., 2018). Curie temperatures of ferromagnetic minerals can be determined 

from strong-field thermomagnetic experiments (Figure 14) in which magnetization of a 

sample exposed to a strong magnetic field is monitored while the temperature is 

increased. For samples with magnetization dominated by the ferromagnetic minerals, 

measured strong-field magnetization approximates the magnetic saturation of the 

ferromagnetic minerals. Therefore, Curie temperatures are determined as the points 

of major decrease in the magnetic saturation (Tauxe et al., 2018). 

The Curie temperatures are the temperatures above which spontaneous 

magnetization ceases. Estimating the Curie temperature, however, is not as simple as 

it seems. Grommé et al. (1969) used the intersection point of the two tangents to the 

thermomagnetic curve that bounds the Curie temperature. Moskowitz (1981) applied 

a method based on statistical physics to deduce the ferromagnetic behavior expected 

from experimental data with the Curie temperature to determine the point at which the 

ferromagnetic contribution reaches zero. A third method for estimating Curie 

temperatures from thermomagnetic data is the differential method of Tauxe (1998), 

which seeks the maximum curvature in the thermomagnetic curve. This method 

calculates the derivative (dM/dT) of the data, then, differentiates once again to produce 
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d2M/dT2. The maximum in the second derivative occurs at the point of maximum 

curvature in the thermomagnetic curve and is a reasonable estimate of the Curie 

temperature (Tauxe et al., 2018).  

The drawback of the differential method of Curie temperature estimation is that 

noise in the data is greatly amplified by differentiation, which makes identification of 

the Curie temperature difficult. These drawbacks can often be overcome by smoothing 

the data either by calculating three or more point running means, or using some filter 

either by Fourier methods or in the temperature domain (Tauxe et al., 2018). 

 

 

Figure 14- Strong field thermomagnetic behaviors. A) Example from Pliocene continental 

sediment from Argentina. B) Paleocene continental sediment of northwestern New Mexico. 

C) Cretaceous submarine volcanic rocks of coastal Peru. S) Berriasian marine micritic lim 

estone from southeastern France. 

Source: Modified from Butler, 1998. 
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5 GEOLOGICAL AND STRATIGRAPHIC SETTING 

5.1. Sicily Section, Italy  

Sicily forms a natural laboratory for the reconstruction of the complex tectonic and 

sedimentary history that goes from the formation of Neotethys which separated the 

African and Eurasian plates during the Mesozoic (Vai & Martini, 2013). Located between 

the Calabrian Arc and the chains of North Africa, the Sicily island is considered a key area 

for understanding the very complex geological history of the Central Mediterranean 

(Cornacchia et al., 2018). Sicily is characterized by different rocks, large variety of 

sedimentary sequences, volcanism and tectonic structures developed during the 

Paleozoic–Quaternary time interval (Basilone 2018).  

Sicily’s mountain ranges are distributed along the northern sector of the island, as 

the Madonie (reaching 1979 m a.s.l.), the Nebrodi (1847 m a.s.l.) and the Peloritani (1374 

m a.s.l.) (Figure 15). In the central and southern sectors, the landscape is characterized 

by a typical low relief. The highest peak is the Etna volcano (3340 m). This considerable 

altitudinal heterogeneity encompasses different climate zones, from semi-arid to humid 

(Signorello et al, 2018).  

The Madonie Mts. range in central-northern Sicily is a structural and topographic 

culmination of the S-migrating Sicilian Fold and Thrust Belt, a portion of a wider orogenic 

system developed in the central Mediterranean as a consequence of the Africa-Europe 

convergence (Dewey et al, 1989). The Madonie results from the compressive tectonic 

regime that was achieved through the overthrust of Mesozoic paleogeographic domains 

(Nigro and Renda, 2000). Then latter characterized by successions of pelagic basin 

(Imerese Domain), carbonate platform (Panormide Domain) and by a sequence of 

siliciclastic and terrigenous rocks (Numidian Flysch) (Lanzo et al, 2014). 
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Figure 15- Geological map of Sicily. 

Source: Modified from Di Maggio et al., 2017. 

 

5.1.1 Portella Colla at Caltavuturo Formation 

The Caltavuturo Formation (Schmidt di Friedberg et al., 1960) belongs to the 

Imerese Domain, generally described as red to dark greenish clays and marly-clays, with 

low calcium carbonate content, intercalated foraminiferal biocalcarenites and interbedded 

turbidity levels dominated by numulitids and orbitoidiforms. This sedimentary succession 

crops out discontinuously in northeastern Sicily, and spans from the Cretaceous to the 

lower Oligocene (Basilone, 2018). The Caltavuturo Fm. at Portella Colla (Figure 16) is 

about 30 m thick (Benedetti, 2010), comprised in the Upper Cretaceous-Lower Oligocene 

time interval (Basilone, 2018). 
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Figure 16- Location map of Portella Colla stratigraphic section. 

Source: Modified from Benedetti 2008. 

 

The lithology of the Caltavuturo Formation is composed of thin-bedded calcilutites 

and calcisiltites with conchoidal fractures, bedded cherts and whitish to blackish chert 

nodules, planar lamination and abundant ichnites regularly alternated with reddish marls 

and coloured marly limestone (Figure 17A). Microscopically, they are mudstone-

wackestone with planktonic foraminifera (Figure 17B; Basilone, 2018; Benedetti, 2008; 

Benedetti, 2017; Benedetti, 2019). The whole unit displays a variable thickness between 

50 and 150 m, assembled with greyish laminated thin-bedded biocalcarenites (packstone-

grainstone) and large benthic foraminifera are interlayered. Upwards, resedimented 

calcareous breccias and calcarenites with shallow-water derived fragments and large 

benthic foraminifera, displaying thick-bedded stratification characterised by turbiditic 

sedimentary structures and internal discordance (Basilone, 2018). 
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Figure 17- Upper Cretaceous- Lower Oligocene pelagic calcareous deposits of the Caltavuturo 

formation: A) greenish and red marls alternated with marly limestones, and B) mudstone-

wackestone with planktonic foraminifera. 

Source: Basilone, 2018. 

 

Lithofacies characteristics, environmental and paleobathymetric data (fossils, 

ichnites) suggest a slope to deep-water depositional environment, where the pelagic and 

hemipelagic sedimentation were interrupted by the occurrence of gravity flows, including 

slumping phenomena, grain flow and turbidites originating from the margin of an adjacent 

carbonatic platform. The several species of agglutinated foraminifera (DWAF) suggest 

well oxygenated paleoenvironments and mesotrophic conditions in the lower portion of 

the succession. Oligotrophic conditions with poor oxygenated waters change in the 

uppermost section to a deepening of the water column with higher abundance of nutrients 

(Benedetti and Pignatti 2008).  

The chronostratigraphy of the Caltavuturo formation shows markers of the 

Globotruncana ventricosa (Upper Cretaceous), Morozovella velascoensis (Upper 

Paleocene), Morozovella subbotinae and Morozovella aragonensis (Lower Eocene), 

Turborotalia cerroazulensis s.l. and Globigerinatheka semiinvoluta (Upper Eocene) 

planktonic foraminifera biozones can be recognised. The occurrence of Acarinina 

bullbrooki and Globigerinatheka index indicates the Middle Eocene. The markers of the 

Discoaster multiradiatus (NP9), Discoaster sublodoensis (NP14), Nannotetrina fulgens 

(NP15), Discoaster saipanensis (NP17) a nd Sphenolithus pseudoradians (NP20) 

calcareous nannofossils biozones dated the unit to the Upper Palaeocene–Upper Eocene. 

The fossil content (planktonic and reworked benthic fauna) of the Nummulitic breccias 

lithofacies dates these beds to the Middle-Upper Eocene. The markers of the 
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Cassigerinella chipolensis-Pseudohastigerina micra and Globigerina ampliapertura 

planktonic foraminifera biozones and the Sphenolithus predistentus (NP23) calcareous 

nannofossils biozone date the grey marls lithofacies to the Lower Oligocene (Figure 18; 

Basilone, 2018).  

  

Figure 18- Biostratigraphic interpretation of Portella Colla, presenting the identification of four 

biozones from Paleogene (Benedetti, 2010). The EOT is redefined from poorly-preserved 

nannofossils following the biozonal schemes of Martini (1971), and Catanzariti et al. (1997). 

Source: Benedetti, 2017. 

 

An integrated biostratigraphic analysis of large benthic foraminifera, recognised 

along the Portella Colla section (Benedetti, 2010, 2017) the occurrence of Heterostegina 

reticulata italiaca, Borelis vonderschmittii, Halkyardia minima, Dyscocyclina dispansa 

dispansa, Orbitoclypeus varians, and many other species that pertained to the SBZ 19 

(Shallow Benthic Zones; Serra-Kiel et al. 1998) corresponding to the Priabonian and the 

SBZ 21-22A (Cahuzac & Poignant 1997), to the Rupelian age. In another study from the 

same author, Benedetti and Pignatti (2008) identified clay layers containing poor 

foraminiferal assemblages, essentially composed by Deep-Water Agglutinated 
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Foraminifera (DWAF). With samples completely barren of hyaline taxa, rare epibathyal 

and bathyal hyaline taxa such as Cibicidoides occured in the uppermost Eocene and 

lower Rupelian and disappeared in upper Rupelian sediments, suggesting a deposition 

of the clay layers close or below the CCD. 

  

5.2. Indian Ocean, LEG 115- Hole 709C  

The sedimentary record from the Indian ocean was recovered from IODP in June 

of 1987 in the LEG 115 program exploration. This expedition was the first detailed 

information about the geologic and oceanographic setting of this major region. The 

scientific objectives of this leg focused on the hotspot volcanism and paleoceanography 

of the Indian Ocean. This expedition drilled several Holes in western Indian Ocean from 

carbonates to basalt transects. Accordingly, the Hole 709C is one of the eleven sites 

recovered from the carbonate-dissolution transect with a better preservation of the EOT 

(Figure 19; Backman & Duncan, 1988). 

The main objective of the carbonate-dissolution transect drilled during leg 115 

centered on the interplay between the flux of carbonate production at the ocean's surface 

and the dissolution of this material as a function of water depth, as the shallow and deep 

circulation and climatic systems evolved through late Cenozoic times (Backman & 

Duncan, 1988).  
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Figure 19- Map of the sites explored by the expedition Leg 115 with emphasis in the 

Hole 709 retrieved from Madingley rise eastern Indian Ocean. 

Source: Modified from Backman et al, 1988. 

 

Hole 709 is located in the western equatorial Indian Ocean at 3°54.9'S and 

60°33.1'E, in water depths of 3038 m (Figure 20). The Hole lies in a small basin perched 

near the summit of the Madingley Rise, a regional topographic high between the 

Carlsberg Ridge and the northern Mascarene Plateau. The irregular basement 

topography is draped with sediment, varying in thickness from less than 50 m to over 400 

m. Hole 709 was placed in one of the thicker sediment sequences because the objective 

was to study the Neogene history of carbonate preservation at this intermediate-depth 

site. Three holes were cored at Hole 709 (A, B and C). Hole 709A terminated in 

nannofossil ooze of late Oligocene age at 203.1 meter below sea floor (mbsf), while Hole 

709B covers the lower Oligocene oozes. Hole 709C was cored to 353.7 mbsf, with a total 

recovery of 93% evidencing the nannofossil chalks of middle Eocene (47 Ma; Backman 

& Duncan, 1988). 
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Cored sediments at Hole 709 are fairly homogeneous in composition, comprising 

a single major lithostratigraphic unit consisting of alternate clay-bearing nannofossil ooze 

and nannofossil ooze layers (Figure 20A). The Eocene - Oligocene time period shows an 

interval of light gray to white nannofossil oozes and chalks forms. First occurrence of 

more cemented chalk was observed at aproximately 130 mbsf. The amount of chalk 

increases with depth, until chalk occurs consistently toward the bottom of Hole 709C 

(Backman & Duncan, 1988). 

 

Figure 20- Compiled data from the Hole 709C. A) The recovered data and lithostratigraphy of Hole 709C, 

B) Strontium isotopic data from water pore chemistry and C) The average concentration of recrystallization 

of carbonates with depth. 

Source: Compiled data from Backman & Duncan, 1988 and Swart & Burns, 1990. 

 

A research about pore-water chemistry and carbonate diagenesis in sediments 

from the leg 115 shows that the concentration of average recrystallization of carbonates 

at Hole 709C increases with the depth (Figure 20C). Although the Strontium data in the 
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records from leg 115 do not show any systematic difference in concentration between 

coarse and fine fractions trough depth, the Hole 709C display a slightly decrease towards 

the bottom core (Figure 14B; Swart & Burns, 1990).  

The Hole 709 presents a high carbonate content (85-95%; Figure 21), only 

occasionally falling below 80%, indicating that the sediments at this Hole were always 

deposited above the CCD. Lower carbonate contents verified in the middle Eocene are 

probably caused by a larger input (dilution) of siliceous material rather than dissolution 

(Hempel & Bohrmann, 1990). This is evident from the preservation of the remaining 

calcareous nannofossils (Backman & Duncan, et al., 1988).  

Contents of detrital quartz in the diagenetically less affected intervals vary between 

0% and 5% of the carbonate-free fraction (Figure 21). A major trend from generally lower 

quartz amounts in Oligocene and Eocene sediments to higher quartz contents in Miocene 

sediments is documented in 709C, in which quartz amounts reach minimum values below 

0.2% downhole during the late and middle Eocene, where maximum values of biogenic 

opal were recorded. In the early Miocene a sharp step occurs, with values ranging from 

1% to 4% (Hempel & Bohrmann, 1990).  

XRD records from Hole 709 show opal-A in early and late Oligocene and late 

Miocene sediments, although no opal-A was recorded in the early and middle Miocene 

(Figure 15). The same pattern of latitudinal opal-A distribution is documented for the late 

Miocene, with opal-A contents ranging between 5% and 19% at Hole 709 (Hempel & 

Bohrmann, 1990). In general, barite concentrations at Hole 709C are highest during the 

Oligocene with maximum values in the early Oligocene. During the early and middle 

Miocene, barite concentrations decrease and are distinctly enhanced during the late 

Miocene (Hempel & Bohrmann, 1990). 
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Figure 21- Lithotypes, ages, carbonate contents, and XRD data from Hole 709, with focus on 

the time period of this study. 

Source: Modified from Hempel & Bohrmann, 1990. 
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6 METHODS 

6.1. Sample Handling 

In this study sedimentary sections corresponding to the EOT were analyzed. The 

Sicilian records were collected at Portella Colla, from the Caltavuturo formation in the 

Madonie Mountains, and the settings information as the coordinates, orientation, 

inclination, declination and azimuth were noted for future corrections. At Portella Colla, in 

Sicily, a total of 8 hand samples were collected at variable intervals, from 30 cm to 1,5 m. 

The sampling intervals were spaced closer near the suspected Eocene/Oligocene 

boundary, following the sampling space in Benedetti (2010). In the laboratory, the rock 

samples were cut into cubes of roughly 8 cm³ in volume, with vertices of roughly 2 x 2 x 

2 cm, in order to run the magnetic analysis. 

Every sample was weighed prior to any measurement with a high precision 

balance, and, due to the irregular volume of the samples, all data were normalized 

relatively to the mass. For this section, due the small quantity of samples, analysis was 

carried out in all samples with the most variable proxies that will be list below for a better 

understanding of the paleoenvironment around the Portella Colla. Small pieces of these 

samples were crushed with an opal mortar, in order to calculate the carbonates 

concentration published by Gross (1971).  

The sedimentary record from the Indian Ocean was recovered from IODP in June 

of 1987 in the program of exploration leg 115.  From the expedition was chosen the Hole 

709C due its preservation of the EOT. Accordingly, the IODP sedimentary record of the 

Hole 709C were carefully dissected within the chrons corresponding to the desired 

interval. After the planning, an application was sent to the IODP program and samples of 

7 cm³ were sent to the Oceanographic Center of Stratigraphic Records- CORE of the 

University of São Paulo - USP. In total, this work has analyzed 233 oriented samples with 

a resolution interval lower than 0.3 m. 

For this Hole, the following measurements were carried out: Magnetic susceptibility, 

NRM, ARM, IRM (Cryogenic magnetometer) and Back-Field IRM in 233 samples; XRF in 

94 samples in order to have a good elementary resolution throughout the core; XRD 

analysis in 40 of 94 samples equally spaced and FORC, Hysteresis loop, IRM (Micromag), 
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DCD and Thermomagnetic curves  in 39 samples that presented high peaks of ARM, in 

order to study if those peaks of ARM are acquired from SD magnetofossils.  

 

6.2. Environmental Magnetism 

Magnetic properties were analyzed in order to obtain information on the variation 

of characteristics of the magnetic minerals present throughout the section by analysing 

oriented samples. Therefore, the magnetic susceptibility (K) was measured on every 

sample using a KF1 model or MFK model Kappabridge (Agico) prior to any other study. 

The samples were analyzed in three frequencies (F1, F2 and F3) and an average were 

obtained from those. Before analysis, each dry sample was weighed with a high precision 

balance and normalized relatively to its mass. Based on the frequencies, the percentage 

of frequency-dependent susceptibility (%KFD) was defined to identify the possible 

contribution of superparamagnetic behavior in the magnetic grains. 

 

Magnetic susceptibility generally depends on the concentration of paramagnetic, 

diamagnetic and ferromagnetic minerals. The most common paramagnetic minerals are 

phyllosilicates (mainly clays) and their variation over time is related to the variation 

between extra-basal input and primary productivity (Kent, 1982), mainly represented by 

calcium carbonate, which is diamagnetic. Magnetic susceptibility data were plotted on a 

depth-varying curve that allows us to recognize the influence of terrigenous and biogenic 

sediments over time. 

Dating a specific event as the EOT depends on many steps and the first one is a 

reliable age versus depth model of the sedimentary record in question. Therefore, two 

age models were constructed from the different sections based on the 

magnetostratigraphy integrated with biostratigraphic data acquired from the shipboard 

(Backman & Ducan, 1988) and other published data (Okada, 1990; Peterson & Backman, 

1990; Benedetti & Pignatti, 2008; Benedetti, 2010; 2012). For this, the NRM was 

measured with a 2G RAPID Superconducting Rock Magnetometer in part of the samples, 

and for the majority with a three-axis 2-G Enterprises Long Core cryogenic magnetometer, 
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both located in a shielded room in order to avoid noise from the Earth's magnetic field, at 

the USPMag lab at Instituto de Astronomia, Geofísica e Ciências Atmosféricas (IAG) at 

Universidade de São Paulo.  

To remove any secondary magnetic component, which could mask the original 

magnetic signal, an Alternate Field (AF) demagnetization technique (Figure 11) was 

employed, with stepwise demagnetizations of 5, 10, 15, 20, 25, 30, 35,  40, 50, 60, 70, 

80, 90, and 100 mT. 

The NRM data analysis used the vector component diagrams (Zjiderveld, 1967; 

Dunlop, 1979) retrieved with the PuffinPlot software by Lurcock and Wilson (2012), with 

the interest of displaying the stepwise demagnetization at the paleomagnetic laboratory 

of the IAG - University of São Paulo, São Paulo (Brazil). After recognizing the ChRM, 

which was considered the primary component, its directions were calculated using the 

principal component analysis (PCA) developed by Kirschvink (1980). Following, a 

common standard was selected in order to exclude samples of low quality: samples have 

been excluded if the Mean planar Deviation Angle (MAD) was greater than 15°. The 

ChRM directions with MAD ≤15° display normal and reverse polarities defining the 

magnetic polarity zonation. Additionally, samples showing a ChRM with an inclination in 

the opposite direction relative to those of the nearest samples were marked as “outliers”. 

From that, the 709C section presented 223 samples with fair to good demagnetization, to 

which 103 samples (46%) displayed stable paleomagnetic behavior.  

Artificial magnetic fields of known characteristics were used in order to study the 

response of the samples in different conditions, the techniques involving artificial fields 

are: 

● ARM- measured by imposing a low intensity, constant, magnetic field of 0.005T 

while performing AF demagnetization in steps of 0mT, 50mT, 100mT, 150mT, 

200mT, 250mT, 300mT, 350mT, 500mT, 600mT, 700mT and 800mT. This 

analysis gives information about the relative abundance of magnetic minerals in 

the samples. The 10 mT ARM indicates the presence of fine-grained magnetite 

(SD), while the 30 mT ARM indicates the presence of high coercivity magnetite 

(Frederichs et al., 1999). 
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● IRM acquisition curves were obtained using a pulse magnetizer 2G Enterprises, 

by applying stepwise increasing magnetic fields of 100mT, 200mT, 300mT, 

4000mT, 500mT and 600mT. 

● The study of Back-field IRM, performed imposing first a pulsed magnetic field of 

1T in one direction with a pulse magnetizer 2G Enterprises, then, after measuring 

the acquired magnetization, new fields of lower intensity, at 100mT and 300mT in 

the opposite direction. This value is the magnitude of magnetic field necessary to 

demagnetize the sample and is useful to differentiate grain sizes in ferromagnetic 

phases, such as magnetite (Day et al., 1977). 

 

From these measurements, various indirect parameters were calculated, 

describing the magnetic mineralogy. The environmental and magnetic mineralogy 

interpretations of the following parameters adopt the definitions of Thompson and Oldfield 

(1986), Oldfield (1991), and Walden et al. (1999). 

● S-Ratios (as S-Ratio 300: IRM300mT/IRM-900mT, and S-Ratio 100:  

IRM100mT/IRM900mT) which give information about the relative abundance 

between low and high coercivity minerals; hard coercivity remanent 

magnetizations (HIRMs), defined as HIRM 300 (IRM300mT+IRM-900mT)/2 and 

HIRM 100 (IRM100mT+IRM-900mT)/2, which give information about the relative 

concentration of high coercivity minerals. 

● Magnetic grain size (ratio between ARM and IRM), which gives information about 

the relative grain size of the magnetic particles. 

 

6.3 Rock Magnetism 

Selected samples were used to study in more detail the magnetic mineralogy, in 

order to measure or calculate with precision the abundance and characteristics of the 

magnetic mineral assemblage of the sample. In addition, the definition of the magnetic 

minerals that carry primary (ChRM) and secondary magnetic components is useful to 

understand the magnetization processes that result in the definition of the magnetic 

zonations. 
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The samples chosen for those analyses were powdered and about 1g of the 

material put in a gelatin capsule to perform the following analyses at the LakeShore 

vibrating sample magnetometer (VSM/AGM MicroMag TM 3900): 

 

Acquisition of IRM: with samples imposed to progressively higher magnetic fields until the 

IRM reached saturation (SIRM), in a maximum field of 1T, with 150 acquisition steps. IRM 

curves were separated into discrete coercivity components (Robertson & France, 1994) 

with cumulative log-Gaussian functions using the software of Kruiver et al. (2001). This 

software lists different characteristics of the magnetic minerals associated with each 

component, such as saturation of IRM, coercivity spectrum, and relative percentage. 

 

Hysteresis loops: The samples were put in artificial fields progressively increasing to a 

maximum value of 1T and then decreasing until reaching a magnetic field with opposite 

direction and equal intensity (1T). From the hysteresis loops, values of magnetic 

remanence (Mr), magnetic coercivity (Hc), and magnetic saturation (Ms) were calculated. 

For this, the specimen is placed on a thin stalk between poles of a large magnet. The 

probe mounted behind the specimen measures the applied magnetic field. Small coils on 

the pole pieces modulate the gradient of the applied magnetic field. The specimen 

vibrates in response to changing magnetic fields, and the amplitude of the vibration is 

proportional to the moment in the axis of the applied field direction. The vibration of the 

specimen was measured and calibrated in terms of magnetic moment. Later, these 

parameters we normalized by mass and plotted with the Hystlab software developed by 

Paterson, (2018). 

 

Thermomagnetic curves: To obtain information on the magnetic mineralogy of the 

samples, thermomagnetic curve analyses were performed on the samples with the 

highest values of ARM, using a CS-3 Kappabridge at the paleomagnetic laboratory of the 

IAG - University of São Paulo, São Paulo (Brazil). Thermomagnetic analyses are 

produced by heating samples up to 700°C and then measuring susceptibility as a function 

of temperature, revealing features typical of individual magnetic minerals or groups of 

minerals (Dunlop and Özdemir, 1997) and its transition. The thermomagnetic curves were 
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measured in Oxygen atmosphere, which allowed the oxidation and alteration of magnetic 

minerals during heating. The thermomagnetic curves were interpreted and evaluated 

using the software package CUREVAL (AGICO), and following the most accepted 

methods of Curie temperature determination (Grommé et al., 1969; Moskowitz, 1981; 

Tauxe et al., 2018). 

 

First Order Reversal Curve (FORC): Represented by a class of partial hysteresis curves 

plotted as a two-dimensional distribution function (Roberts et al., 2000), where the 

horizontal dimension represents the coercivity distribution and the vertical dimension the 

magnetic interaction between the single magnetic particles. The diagrams were produced 

using the software Forcinel 3.0, developed by Harrison and Feinberg (2008). The input 

parameters are the following: Hc1 = 0 mT, Hc2 = 300 mT; Hu1 = −15 mT, Hu2 = +15 mT, 

297 cycles. PCA analysis of FORC diagrams focused in isolating the contribution of 

biogenic magnetite with respect of detrital magnetite. Variations in these parameters were 

tentatively interpreted as variations in the abundance of sediment transportation or origin, 

and fertilization of the water. 

  

6.4 Mineralogy and Geochemistry 

Samples were prepared for powder X-ray diffraction (XRD) analysis at stratigraphic 

intervals of approximately 3 m (48 samples were analyzed; 40 from 709C and 8 from 

Portella Colla). Those were prepared by crushing and pulverizing ~0.2 g of bulk sediment 

in an opal mortar. Later the samples were sieved in a 150 μm. Samples were analyzed 

with an Olympus® BTX diffractometer using Co-K radiation, operated at 30 kV and 0.326 

mA, over the 2θ range of 5-60°, with a step size of 0.05° and 60 exposures. The XRD 

technique is based on the constructive interference of monochromatic x-rays in a 

crystalline sample. X-rays are generated by a cathode ray tube and a monochromatic 

radiation is obtained through filters. The interaction of incident X-rays with the sample 

produces constructive interference (and a diffracted ray) when conditions satisfy Bragg's 

Law (nλ = 2d sin θ). The law refers to the wavelength of electromagnetic radiation, the 

diffraction angle and grid spacing of a crystalline sample.  
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Diffracted X-rays are detected, processed and counted providing a count rate 

spectrum (cps) as a function of Bragg angle (2θ). The crystalline material provides a 

specific peak set, called a diffractogram, used for identification in samples with more than 

one crystalline material (Ewald, 1962). After that, the samples were analyzed by a cluster 

interpretation, which is a statistical method that simplifies the analysis of large amounts 

of data, establishing relationships, similarity and dissimilarity between samples (Tan et 

al., 2006). 

Mineral identification and analysis were carried out using the Highscore Plus 

software, which uses the PDF-2 International Centre for Diffraction Data (ICDD) database. 

XRD identification criteria are based on Biscaye (1965), and Moore and Reynolds (1989).  

Analyzes were performed using a Dispersive X-ray Fluorescence Spectrometer 

(XRF), RIGAKU® Co (Tokyo, Japan), composed with palladium X-ray tube. XRF is a non-

destructive multi-element analytical technique used to obtain qualitative and quantitative 

information on the elementary composition of samples. This methodology is based on the 

production and detection of characteristic x-rays emitted by the constituent elements of 

the sample when irradiated with electrons, ions, x-rays or gamma with appropriate 

energies. This energy involved in absorption is a specific characteristic of each chemical 

element, allowing its identification and corresponding quantification. (Scholze et al.,  

2006). 

The XRF scanner measures the chemical composition of the sediment, such as 

element intensity in total counts (cnts) or counts per second (cps), which are proportional 

to chemical concentrations. Although element intensities depend mainly on element 

concentration, they are also influenced by the energy level of the X-ray source, the 

counting time, and the physical properties of the sediment (Röhl & Abrams, 2000). 

Conventional XRF analyzers use dry, homogenized powder samples to avoid interference 

from sample inhomogeneity or physical variations. The elementary proportion were 

measured in 102 powdered samples (94 from 709C, 8 from Portella Colla).  
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7 RESULTS 

 

7.1 Portella Colla, Sicily 

 The Portella Colla samples show values of low frequency susceptibility bellow 

10.E-6 m3/kg, which is probably controlled by the concentration of paramagnetic minerals 

(Figure 22). The 𝜒 set varies from 8.38E-08 m3/kg to 2.59E-07 m3/kg for low frequency 

susceptibility (𝜒lf) and from 8.25E-08 m3/kg to 2.57E-07 m3/kg for high frequency (𝐾hf), 

with mean values of 1.34E-07 m3/kg and 1.32E-07 m3/kg, respectively.  

 

Figure 22- From the left to the right: Stratigraphic section of Portella Colla with the main lithologies from 

Benedetti, (2017); Magnetic susceptibility from low frequency (F1, 976 Hz), Intermediate (F2, 3904 Hz) and 

high frequency (F3, 15616 Hz); concentration of carbonates throughout the section; and the %Kfd-Klf 

Diagram (Dearing, 1996), showing the paramagnetic behavior of the samples. 

 

The average difference from 𝜒hf to 𝜒 lf show values of 1.74E-07 m3/kg, which 

indicates that the samples may not be composed of superparamagnetic minerals. 
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Accordingly, the percentages of frequency-dependent susceptibility (𝜒fd) ranged from 

0.71 m3/kg to 1.8 m3/kg, presenting virtually no superparamagnetic (SP) grains, and only 

paramagnetic behavior. The percentage of carbonates, which are diamagnetic, presented 

values from 2.17% at PC5 up to 30.6% at PC4 (Figure 22). Calcium carbonates and 𝜒  

have a negative correlation of low significance (r =-0.03). 

The Natural remanent magnetization (NRM) of Portella Colla at the Caltavuturo 

formation varies from 9.52E-05 A/m up to 2.91E-03 A/m, with mean values of 9.69E-04 A/m 

(Figure 24). The alternating field demagnetization was problematic for this section (Figure 

23), making it hard to determine the ChRM. Some samples presented remagnetization 

after 20 mT (PC2, 4 and 5), those were marked as unstable (hollow circle, Figure 23). 

With exception of PC6, all samples displayed MAD values bellow the standard used in 

this study (15°), however due to lack of samples in this section, PC6 inclination data 

(hollow circle, Figure 23) was plotted because it presented a similar direction relative to 

those of the nearest samples. Stable paleomagnetic behavior was obtained for 3 samples 

(PC1, 3 and 7).The arithmetic mean inclination and declination for the normal polarity in 

this section is 39.5 and 265.8, respectively. For the reverse polarity the values were -13.9 

of inclination and 159.9 of declination. 

The age model for Portella Colla (PC) was based on the correlation between the 

Inclination data retrieved from the AF demagnetization and the biostratigraphy published 

by Benedetti (Figure 24; 2010; 2017). The inclination data from PC determines two 

inclinations, one possibly representing the Priabonian Chron C15n at Eocene, and other 

representing the Rupelian Chron C13r at Oligocene, displaying the onset of the EOT. The 

magnetozones were defined using multiple and consecutive samples with the same 

polarities along the section. These data are supported by the shallow benthic zones (SBZ) 

proposed by Serra-Kiel et al, (1998) at PC (Benedetti & Pignatti, 2008; Benedetti 2010, 

2017). However, there is not enough data to determine both chron transitions, thus it is 

needed more data about this section in order to better determine the magnetic polarities 

and develop a higher resolution age model. 
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Figure 23- Orthogonal plots, stereograms and intensity decay plots for the PC section. Solid (open) squares 

represent the projection on the horizontal (vertical) plane. 
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Figure 24- Proposed age model for Portella Colla section. 

  

The applied steps of ARM and IRM (Figure 25) shows that the magnetic 

concentrations and magnetic mineralogy remains constant for most of the section, with 

exception of samples PC1, PC4 and PC6, which presented an increase in magnetization 

and coercivity with the applied steps. It can indicate a higher concentration of fine 

magnetic minerals (single domain) with considerable high coercivity at these samples in 

comparison with the others in the section. For samples PC1 and PC4, the intensity of the 

ARM and IRM increased proportionally with the applied field, however for sample PC6 

the IRM presented a slow increase if compared with the ARM.  

The rock magnetism data for IRM also recognized a high coercivity dominance for 

samples PC1, PC2 and PC4 (Figure 26). In PC1 the samples start to saturate after 600 

mT, for PC2 the saturation appears to occur around the same applied field as PC1 (600 

mT), however, the magnetization keeps increasing with higher fields. Thus, indicating that 

PC2 has not fully saturated in higher fields. Similarly, to PC2, PC4 appears to never 
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saturate. From the IRM acquisition (Figure 26) it can be inferred that the samples PC3, 

PC5, PC6 and PC8 have a dominant ferrimagnetic contribution, while PC7 presents a 

mixed contribution, and therefore, a dominance of antiferromagnetic minerals in samples 

PC1, PC2 and PC4. 

 

Figure 25- Portella Colla ARM and IRM stepwise induced magnetizations. 

 

Figure 26- IRM acquisition curves for Portella Colla section. 
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The ARM values at 100 mT varied from 1.45E-07 Am2/Kg at PC5 to 1.85E-06 

Am2/Kg at PC1, with an average of 6.77E-07 Am2/Kg (Figure 27). The ARM presented 

high intensity values at PC1, PC4 and PC6, with indication of fine magnetite minerals.The 

IRM intensity at 100 mT ranged from 2.72E-05 Am2/Kg at PC5 to 3,74E-04 Am2/Kg at PC4, 

with a mean of 1.48E-04 Am2/Kg. The 300 mT IRM values are constant along the section, 

varying from 2.42E-05 Am2/Kg at PC5 to 7.36E-04 Am2/Kg at PC4, with an average of 

2.24E-04 Am2/Kg (Figure 26). The IRM of Saturation (SIRM- 1T; Figure 27) presented a 

similar curve to the IRM at 300 mT, presenting low values for most of the section, with 

exception of the sample PC4, which had an intensity of 2.59E-03 Am2/Kg. 

The above magnetic parameters allow calculating of the magnetic grain size of the 

samples, the Hard coercivity minerals (HIRM) and the S-ratio (Figure 27). The magnetic 

grain size shows small variations within the section, with finer magnetic grain sizes around 

the Oligocene (PC5, PC6, PC7 and PC8) and coarser magnetic grain size for the Eocene. 

The values ranged from 1.20E-03 Am2/Kg at PC4 to 9.06E-03 Am2/Kg at PC7, with a mean 

value of 5.54E-03 Am2/Kg. The HIRM had a similar behavior to the SIRM, with a high 

intensity around PC4 (9.94E-04 Am2/Kg), which suggests the dominance of high coercivity 

minerals within this sample. At last, the S-ratio for two applied fields is presented (100mT 

and 300 mT) with the highest intensity peaks at PC3 and PC5, indicating relatively 

increased contribution of ferrimagnetic minerals, and low intensity at PC2 and PC4, 

indicating an antiferromagnetic contribution. 
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Figure 27- Correlation between environmental magnetic properties. 

 

The rock magnetism displays the magnetic mineral parameters. From the 

Hysteresis loop it was possible to determine the saturation magnetization, saturation 

remanence and coercive force, The DCD data identified the remanent coercive force and 

from the IRM, the remanence of the magnetic assemblage. The values of saturation 

magnetization falls within 5.40E-07 Am2/Kg at PC6 to 1.09E-04 Am2/Kg PC7, with an 

average of 2.33E-05 Am2/Kg (Figure 28). The saturation remanence ranged from 4.04E-

08 Am2/Kg at PC6 up to 3.93E-06 Am2/Kg at PC4, with an average of 7.43E-07Am2/Kg. 

The remanent coercive force values acquired from  DCD goes from 3.07E-02 Am2/Kg at 

PC5 to 2.84E-01Am2/Kg at PC2, with an average value of 1.20E-01 Am2/Kg. The coercive 

force data covers from 7.04E-03 Am2/Kg at PC6 up to 1.56E-01 Am2/Kg at PC2, with an 

average of 4.38E-02 Am2/Kg. Finally, the remanence values varied from 3.38E-08 Am2/Kg 

at PC5 to 4.13E-06 Am2/Kg at PC4, with an average of 7.31E-07 Am2/Kg. 

The Day Plot was constructed from the rock magnetism parameters, by classifying 

the samples based on its domain state (Figure 28). In this plot, the Portella Colla samples 

falls into two categories: one is the PSD state for samples PC1, PC4 and PC5; while PC6 

fits into the MD state. The other samples vary between these two classifications. However, 

there are many ambiguities about the Day Plot classification, which could be resolved by 

the First Order Reversal Curve (Roberts et al. 2000; 2014). 
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Figure 28- A) The Day Plot for domain state. B) Correlation between rock magnetism parameters. 

 

 The hysteresis loop analysis for PC1, PC2, and PC4 presents a large coercive 

force which indicates a contribution of hard ferromagnetic material. For the rest of the 

samples, the hysteresis loop did not fully closed or sometimes opened with higher fields, 
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which indicates a paramagnetic thermal drift contribution. Therefore, to avoid the thermal 

contribution in the loop, the paramagnetic drift correction was applied on the Hystlab 

software.  The lack-of-fit F test was performed in order to assess if the lack of fit between 

the data and a linear model fit is significant to the whole loop. With a p value < 0.05, it 

can be concluded that the loop is not linear, therefore, the high-field slope correction is 

the best slope correction to be applied in these samples (Paterson et al., 2018).  

 The processed hysteresis loop shows that the samples PC1, PC2 and PC4 has 

strong coercive forces of 78 mT, 173 mT and 35.1 mT, respectively. These samples also 

showed the lowest percentage of saturation. On the other hand, the sample PC6 has the 

lowest value of coercive force (6.9 mT). Therefore, from the shape of the Hysteresis loop 

and the values of the coercive force, it can be inferred that the samples PC1, PC2, and 

PC4 have a higher contribution of hard magnetic minerals, while PC3, PC5, PC6, PC7 

and PC8 have a higher contribution of soft magnetic minerals. 

 Furthermore, the sample PC4 presents a small but visible wasp-waist behavior. 

This type of loop is relative to the difference in coercivity between the minerals. The wasp 

waisted hysteresis behavior can be identified as a mixture of SD and SP minerals 

(Roberts et al., 2000). 
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Figure 29- Hysteresis loop for Portella Colla section, with the values of Saturation 

Magnetisation (Ms), Saturation Remanence (Mrs), coercive force (Bc) and the 

saturation percentage in the samples. 
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In order to comparison, the same parameters of the first order reversal curve was 

applied for both sections. For most of the samples from Portella Colla the FORC diagram 

is too weak or noisy to determine the domain states. For this, the data was treated with a 

high variforc smoothing. However low, it can be observed (Figure 30) a SP component, 

characterized by a peak of forc distribution near the origin of the plot in PC2, PC3, PC7 

and PC8.  

 

 

Figure 30- FORC diagrams for Portella Colla samples. 

  

The thermomagnetic curves were performed in the samples with the highest signal 

of ARM (PC1, PC4 and PC6). The Curie temperature was determined by the calculation 

of the susceptibility tangent and the first derivative. For the sample PC1 the Curie 

temperature were mainly determined by the tangent, showing peaks at 233 °C, 581 °C 

and 687 °C with a new ferrimagnetic phase generation that started around 350 °C up to 

460 °C, which could be induced by the oxidation in high temperatures (Figure 31). 
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According, the cooling curve presents a high irreversible increase in susceptibility, which 

is assumed to be proportional to the amount of transformed phase due to the kinetics of 

the solid-state transformations. Therefore, for this sample it can be inferred a contribution 

of titanomaghemite at 233℃ (Titanomaghemite Tc≅250℃ to 300℃), magnetite at 581℃ 

(Magnetite Tc≅575℃) and Hematite at 687℃ (Hematite Tc≅675℃). The new 

ferrimagnetic phase generation at 350℃ appears to be a product of siderite oxidation.  

The temperature of curie for PC4 (Figure 31) were determined by both tangent and 

the first derivative. This sample also exhibit a new ferrimagnetic phase generation due to 

mineral oxidation around 355 ℃ up to 531℃, however It is lower than the one presented 

in PC1. This can be observed by the almost reversible cooling curve, indicating a lower 

oxidation in PC4. Additionally, for the rest of the thermomagnetic curve the Curie 

temperature varied from 531℃ and at 676℃ (hematite). The Tc at 531℃ could be an 

indication of a ferrimagnetic mineral from reducing environments like Pyrrhotite or siderite 

that transforms into magnetite, this would explain the drop starting at 531℃. 

PC6 (Figure 31) also presents a new ferrimagnetic phase generation by the rapid 

increase in susceptibility from 400℃ up to 560℃, suggesting a Hopkinson effect. This can 

be an indicative of the siderite oxidation into Hematite (Pan et al., 2000). After that, two 

curie temperatures were identified by both methods, one at 574℃ corresponding to a 

magnetite contribution, and the other one at 676.1℃ corresponding to a small but still 

noticeable hematite contribution. In the cooling curve for the PC6, there is a very high 

susceptibility increase corresponding to the amount of transformed phase, which 

indicates that this sample had the highest phase generation in this section, due to 

oxidation. 
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Figure 31- The thermomagnetic curves for PC1, PC4 and PC6. 
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The XRF data is semi-quantitative, plotted as a percentage of the bulk mass. 

Portella Colla samples presented a great abundance on Aluminium (Al; average of 13%), 

Silicon (Si; average of 36%), Potassium (K; average of 4%), Calcium (Ca; average of 

24.5%) and Iron (Fe; average of 16.3%) elements, making up 94.7% of its concentration 

(Table 1). In lower percentages, it can be detected the contribution of Magnesium (Mg), 

Phosphorus (P), Titanium (Ti), Chromium (Cr), Manganese (Mn), Copper (Cu), Strontium 

(Sr), Zirconium (Zr), Sulfur (S), Chlorine (Cl) and Sodium (Na).  

SAMPLE PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

Epoch Eocene Oligocene 

Mg 1.55 1.85 1.50 1.59 1.66 1.85 2.24 1.98 

Al 10.03 8.50 12.96 12.76 17.38 18.61 12.02 13.23 

Si 26.61 26.79 38.64 33.92 47.98 49.11 31.89 33.86 

P 0.15 0.14 0.19 0.18 0.25 0.15 0.19 0.16 

K 2.92 2.35 5.11 4.88 7.89 7.76 2.81 3.47 

Ca 44.24 45.81 26.84 26.91 6.47 1.17 21.63 23.16 

Ti 1.17 1.01 1.86 1.36 2.28 1.77 1.07 1.24 

Cr 0.06 0.07 0.07 0.00 0.10 0.07 0.05 0.08 

Mn 1.30 1.50 0.75 0.73 0.79 0.11 2.97 1.33 

Fe 11.62 11.65 11.32 17.41 14.75 18.47 24.82 20.49 

Cu 0.09 - - - 0.08 0.07 0.04 0.04 

Sr 0.22 0.28 0.18 0.18 0.06 0.08 0.14 0.18 

Zr 0.03 0.03 0.15 0.05 0.12 0.08 0.03 0.04 

S - 0.01 0.01 - 0.02 0.08 0.02 0.03 

Cl - 0.01 - - - - - - 

Na - - 0.35 - 0.00 0.50 - 0.63 

Table 1- XRF data of the elementary percentages at Portella Colla section. 
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 The large content of Ca over Ti and Fe indicates a higher biogenic contribution in 

the sediments. Considering Ca as a component of calcite and aragonite, one of the main 

contents of marine carbonates in the sediments from biogenic contributions. On the other 

hand, Ti and Fe are associated with a siliciclastic contribution from terrestrial fractions of 

sediments (Govin et al., 2012). However, the high content of Si and Al also indicates a 

significant continental input.  Therefore, it can be assumed for Portella Colla section a 

contribution of biogenic and continental sediments.  

The elementary profile for Portella Colla does not show any particular 

predominance, with very little change throughout the section (Figure 32). The Si profile 

appears to be inversely proportional to the Ca profile, with the highest peaks at PC3, PC5 

and PC6. While the Ca profile presented high values in PC2 and PC4.  

The EOT transition, sample PC4, presents significant percentages of Ca, Fe and 

low values of Al, K and Ti. For most of the samples the elementary percentage profiles 

does not show substantial changes throughout the section, with one exception. The most 

significant peaks appear to belong to PC7 with high values of Ca, Fe, Mg and Mn and low 

values of Al, K and Ti. 

The abundance of terrestrial elements can be estimated from Ti concentration, 

assuming that all Ti is of terrigenous origin (Schroeder et al., 2000). However, because 

they are sensitive to dilution effects, elemental ratios are more useful in 

paleoceanographic studies (Figure 32). Fe/Ca and Ti/Ca ratios are used to track changes 

in terrestrial inputs from river origin (Arz et al., 1999). High values of these ratios are 

indicative of a robust entry of terrigenous into the ocean basin. For the Portella Colla 

section, the Fe/Ca and Ti/Ca ratios profile are constant with exception of sample PC6 at 

the Oligocene, which shows a high intensity peak indicating a significant terrigenous input. 

According to Henderson (2002), the Sr/Ca ratio in corals varies as a function of 

temperature being close to the ocean surface temperature (SST), with lower values 

reflecting warmer temperatures and high values reflecting colder temperatures. For this 

section the Sr/Ca is almost linear, with a peak at PC6 (Oligocene), suggesting colder SST 

temperature. 

In marine sediments, coarse sediment fractions are generally enriched in Ti, while 

Al is mainly associated with clay minerals (Biscaye, 1965; Govin et al., 2012). Ti/Al values 
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are concentrated in areas of high wind dust deposition and low Ti/Al ratios occur in regions 

dominated by suspended material input from large river systems. The Ti/Al ratio for 

Portella Colla shows two high intensity peaks at PC3 and PC5 thus, indicating an 

increasing contribution of eolian supply in the ocean basin. 

According to Govin et al. (2012) high Fe/K values in marine sediments indicate the 

presence of regional wetter climatic conditions. The Fe/K and Al/Si ratios of sediments 

reflect the relative input of terrestrial material from climatic zones characterized by 

different degrees of continental chemical weathering. High values indicate the dominant 

input of highly weathered material derived from tropical humid regions, while low Fe/K 

and Al/Si values reflect the input of slightly weathered material formed under drier 

conditions. At Portella Colla both profiles show very distinct characteristics, making it hard 

to infer the climatic conditions around the EOT. However, the Al/Si ratio profile presents 

lower values at the lower part (Eocene). This suggests the entry of slightly weathered 

material formed under drier conditions at the end of the Eocene (Priabonian).  
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Figure 32- Portella Colla profiles of: A- XRF elements and B- elements ratios. 
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The mineralogy fraction of Portella Colla samples was analyzed by X-ray diffraction 

(XRD), generating diffractograms that were initially divided in 3 clusters based on its 

similarities (Figure 33).  The first cluster belongs to samples PC6 and PC7, which appears 

to be dominated by the quartz contribution with a high intensity peak around a d-spacing 

of 3.36 [Å], in lower intensities it can also be determined the contribution of Calcite (3.04 

[Å]; 2.46 [Å]; 2.28 [Å]), Pyroxene (3.56 [Å]; 3.21 [Å]; 2.58 [Å]) and Kaolinite (7.15 [Å]; 3.56 

[Å]). 

The second cluster gathered the samples PC5 and PC8 as a group. These 

samples do not present a Pyroxene contribution as the group above, with fewer peaks of 

low intensity throughout the diffractogram. From those, Quartz has the highest intensity 

peaks identified (3.31 [Å]; 3.36 [Å]; 4.22 [Å]). Following, it can be recognized the 

contribution of Calcite (3.04 [Å]; 2.43 [Å]) and Kaolinite (7.10 [Å]; 4.45 [Å]; 2.55 [Å]). 

The third cluster assembled the samples PC1, PC2, PC3 and PC4. In this, I was 

able to identify high intensity peaks for Quartz (3.36 [Å]; 4.27 [Å]; 2.13 [Å]) and Calcite 

(3.04 [Å]; 2.28 [Å]; 2.50 [Å]), and low intensity peaks for Kaolinite (7.11 [Å]; 4.50 [Å]) and 

Pyroxene (3.20 [Å]; 2.58 [Å]). In this group, there is a distinct peak at a d-spacing of 3.87 

[Å] probably corresponding to a secondary peak of Calcite and Kaolinite, which is not 

recognizable at the other two diffractograms clusters. 

Finally, in the second and third clusters is observed a high background at the 

beginning of the diffractograms belonging to clay minerals spectra. This indicates a high 

mineralogical contribution of clay minerals in these two groups. However, their 

identification is not possible due to the specificities of the XRD machine, which require a 

further analysis of the clay fraction in these samples. 
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Figure 33- The XRD crystallographic diagrams for the Portella Colla section. 
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7.2 Leg 115, Hole 709C, Indian Ocean 

 

The Indian Ocean samples also show values of low frequency susceptibility bellow 

1.E-06, which is probably controlled by the concentration of paramagnetic minerals (Figure 

34), in comparison with PC, the 709C samples exhibited values of two orders lower (1.E-

9). The 𝜒  set varies from 3.20E-09 m3/kg to 23.90E-08 m3/kg for low frequency 

susceptibility (𝜒lf) and from 3.13E-09 m3/kg to 4.42E-08 m3/kg for high frequency (𝜒hf), 

with mean values of 1.48E-08 m3/kg and 1.32E-08 m3/kg, respectively. 

 

Figure 34- From left to right: Stratigraphic section of the Hole 709C with the lithologies from Backman and 

Ducan (1988); Magnetic susceptibility from low frequency (F1, 976 Hz) and high frequency (F3, 15616 

Hz); concentration of carbonates throughout the section; and the %Kfd-Klf Diagram (Dearing, 1996), 

showing the magnetic behavior of the samples. 
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The average difference from 𝜒hf to 𝜒 lf show values of 1.55E-09 m3/kg, which 

indicates that the samples may not be composed of superparamagnetic minerals. 

Accordingly, the percentages of frequency-dependent susceptibility (𝜒fd) ranged from 

0.25% to 63.6%, presenting a mix between virtually all (>75%) SP grains (expressing 

37.5% of the samples); mixture of SP and coarser non-SP grains, or SP grains <0.005 

(53%); Paramagnetic behavior (4.8%) and 3.93% of high/rare values or weak samples 

(Figure 34). The concentration of the virtually SP grains occurs in two groups, one that 

goes from 267.41 mbsf to 272.38 mbsf, and the other one at the end of the section, that 

goes from 327.38 mbsf to 352.88 mbsf. Between those, there is a concentration of a 

mixture of SP and coarser non-SP grains occurring mainly from 283.6 mbsf to 327.3 mbsf. 

The percentage of carbonates ranged from 75.7% to 94.9% with a mean value of 88.6% 

(Figure 34). Calcium carbonates and 𝜒 have a negative correlation of low significance (r 

=-0.02). 

The NRM intensity at the Hole 709C varies from 6.95 E-05 A/m to 4.89 E-03 A/m, 

with an average of 8.25E-04 A/m. The samples with MAD below 15° and the same 

inclination direction relative to those of the nearest samples, but with few 

remagnetizations, were marked as uncertain/unstable and plotted as hollow circles 

(Figure 35). The samples that presented remagnetizations and a MAD above 15° were 

marked as poor/bad demagnetization and plotted as Xs. Stable paleomagnetic behavior 

was obtained for 45.8% of the samples, with 33.4% of uncertain and 20.1% with bad 

demagnetization. 

The analysis of the PCA inclination shows 16 reversions at the Earth's magnetic 

field. Those were classified based on the latitude of the samples and their inclinations 

value. The Hole 709C is currently located at a latitude of 3° S, its paleolatitude was 

calculated to be around 8° S at the EOT (Van Hinsbergen et al., 2015). Since the Hole is 

located in the Southern Hemisphere, differently from the samples at Portella Colla, the 

positive values of inclination indicate a reverse polarity (white), while the negative values 

a normal polarity (black).  

The magnetozones were defined using multiple and consecutive samples with the 

same polarities along the section. Therefore, besides the 16 polarity reversions observed 

in the Inclination data, 3 others can be recognized based only on two samples of similar 
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reversion, thus, marked as uncertain (gray; Figure 35) due to the lack of nearest samples 

indicating the same directions. However, the data of another researcher (light blue; Fabio 

Florindo unpublished PCA inclination) shows similar findings in these depths, probably 

indicating new reversions at the Earth's magnetic field. 

  

Figure 35- The NRM intensity and PCA inclination for Hole 709C, LEG 115 at the Indian Ocean.With 

compiled PCA inclination (light blue) from Florindo's ‘unpublished data. 

 

The age model for Hole 709C was based on the correlation between the Inclination 

data retrieved from the AF demagnetization and the biostratigraphy published by 

Backman and Ducan (1988); Okada (1990) and Peterson and Backman (1990) (Figure 

36). By their correlation I was able to identify some important chrons like,C12r, C13r, 
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C15n, C18r, C19r and C20r, then from an observational standard point, the other Chrons 

( C13n, C15r, C16n.1n/2n, C16r, C17n.1n, C17n.2n, C17n.3n, C17r, C18n.1n, C18n.1r, 

C18n.2n and C20n) were identified. Two hiatus zones were identified, the first one 

belonging to Chron C15n and the other between the chrons C18r and C19r. 

After the age model is completed, we can determine the core depth of two 

important climate transitions, MECO and EOT. The MECO at the Hole 709C occurs 

approximately at a depth of 319 mbsf and the EOT approximately at 283 mbsf. 

 

Figure 36- High resolution Age model for Hole 709C, with integrated PCA inclination from Fabio Florindo 

unpublished data (light blue) and compiled biostratigraphy data from Backman and Ducan (1988); Okada 

(1990) and, Peterson and Backman (1990), Fornaciari et al. (2010), Agnini et al. (2014) and Paelike et al. 

(2010). 

 

The applied steps of ARM and IRM (Figure 37) shows that the magnetic 

concentrations and magnetic mineralogy varies in the core, with high peaks of ARM and 

IRM intensity in the following depths: 268.38; 277.1; 282.08; 286.27; 291.81; 296.36; 
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300.37; 303.87; 309.05; 319.78; 326.4 mbsf. The high values of IRM and ARM indicates 

a higher concentration of fine magnetic minerals (single domain) with considerable high 

coercivity at these samples in comparison with the rest of the core. 

In some samples the intensity of the ARM and IRM are not proportional, which 

means that a remarkable increase in ARM does not appear at the IRM analyses, meaning 

that these fine magnetic particles, probably fine magnetite, does not have high coercivity. 

Finally, it can also be recognized a decrease trend in the intensity of the IRM data, starting 

at a depth of 310 mbsf, probably presenting a higher contribution of ferrimagnetic minerals 

in the bottom portion of the core.  

 

Figure 37- Hole 709C ARM and IRM stepwise induced magnetizations. 

 

The ARM values at 100 mT varied from 3.24E-07 Am2/Kg at 278.59 mbsf to 1.27E-

06 Am2/Kg at 336.58 mbsf, with an average of 6.50E-07 Am2/Kg (Figure 38). The ARM 
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signal shows a slight increase at the end of the section, with indication of fine magnetite 

minerals in the high intensity peaks. 

The IRM signal as reported above appears to have lower intensities below the 310 

msbf, at the bottom of the section. The IRM intensity at 100 mT ranged from 2.32E-04 

Am2/Kg at 350.86mbsf to 7.21E-04 Am2/Kg at 296.36 mbsf, with a mean of 4.51E-04 

Am2/Kg. The 300 mT IRM values varies from 1.01E-04 Am2/Kg to 3.18E-04 Am2/Kg 

consequently at the same depths as the prior, with an average of 2.00E-04 Am2/Kg (Figure 

38). The IRM of Saturation (SIRM- 1T; Figure 38) presented values from 3.42E-04 

Am2/Kg at 266.70 mbsf to 8.37E-04 Am2/Kg at 283.10 mbsf, with a mean of 5.86E-04 

Am2/Kg. 

The magnetic grain size shows small variations within the section, with coarser 

magnetic grain sizes at the upper part and around the Oligocene and smaller/finer 

magnetic grain size below the 310 mbsf. The values ranged from 6.05E-04 Am2/Kg at 

278.59 mbsf to 3.15E-03 Am2/Kg at 345.38 mbsf, with a mean value of 1.52E-03 Am2/Kg. 

The HIRM had a similar behavior to the SIRM, whit values from 1.30E-07 Am2/Kg at 

319.60 mbsf to 7.77E-05 Am2/Kg at 300.37 mbsf with an average value of 4.48E-06 

Am2/Kg. Lastly, the S-ratio ranged from 0.80 at 300.37 mbsf to the value of 1 in a few 

depths, and an average of 0.98 at the applied field of 300 mT. At 100 mT the values varied 

from 0.57 at a depth of 290.78 mbsf, indicating a mix of antiferromagnetic and 

ferrimagnetic minerals, to a value of 1 in a few depths, average of 0.90. This indicates a 

relatively increased contribution of ferrimagnetic minerals for most of the section, with the 

exception of the sample at the 290.78 mbsf depth. 
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Figure 38- Correlation between environmental magnetic properties. The yellow highlight represents depths with the 

most intense peaks between the parameters, with the indication of the MECO and EOT.
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From the previous data I was interested to see if these high peaks of ARM would 

indicate the presence of biogenic single domain magnetic minerals. Therefore I 

selected 39 samples with high intensity peaks to be analyzed further with methods of 

rock magnetism, thermomagnetic curves and geochemistry. The samples selected are: 

268.38; 277.1; 278.44; 279.05; 279.43; 281.6; 282.08; 282.43; 282.58; 283.52; 286.27; 

290.78; 290.92; 291.81; 292.61; 296.36; 298.87; 300.37; 301.57; 303.85; 304.22; 

308.08; 308.58; 309.05; 311.18; 312.17; 316.57; 319.78; 320.2; 322.45; 323.76; 

324.58; 325; 327; 334.56; 336.58; 338.1 and 347.38 mbsf. 

Based on the rock magnetism parameters, a Day Plot was constructed in order 

to classify the samples on its domain state (Figure 39). In this plot, all the samples fall 

at the PSD domain state. 

The rock magnetism display the magnetic mineral parameters. The saturation 

magnetization curve shows high values up to approximately 285 mbsf, then presenting 

a less pronounced variation with higher depths.The values of saturation  magnetization 

falls within 3.24E-07 Am2/Kg at 312.17 mbsf to 2.55E-06 Am2/Kg at 282.08 mbsf, with 

an average of 8.84E-07 Am2/Kg (Figure 39). The saturation remanence ranged from 

1.04E-07 Am2/Kg at 320.2 mbsf up to 2.02E-06 Am2/Kg at 290.78, with an average of 

2.54E-07Am2/Kg. This curve has little variations with depth, with the exception of the 

sample at 290.78 mbsf, which presents a peak of high remanence.  

The coercivity of remanence values acquired from DCD goes from 2.89E-02 

Am2/Kg at 304.22 mbsf to 3.15E-02 Am2/Kg at 281.6 mbsf, with an average value of 

2.99E-02 Am2/Kg. The curve for this data present high peaks at the following depths: 

281.6, 283.52, 290.92, 308.58, 323.76 and 338.1 mbsf. The coercive force data covers 

from 1.25E-02 Am2/Kg at 282.08 up to 1.77E-02 Am2/Kg at 322.45, with an average of 

1.62E-02 Am2/Kg. The curve for the coercive force is the most constant with depth from 

all the other three above. 
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Figure 39- Hole 709C rock magnetism data. A) The Day Plot for domain state. B) Correlation 

between rock magnetism parameters with demarked (light gray) intense peaks between the 

parameters. 
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 The hysteresis loop analysis for the Hole 709C at the Indian ocean shows 

strong similarities between the samples with very little difference. The majority of the 

samples appear to have low coercivity with almost 100% saturation before the applied 

field of 1T. Therefore, it was selected to be presented here (Figure 40) only the 

samples which displayed the most intense peaks between the parameters from the 

rock magnetism data (Figure 39, light gray band). 

 Differently from the samples of the Portella Colla section, the 709C hysteresis 

data appears to have very narrow loops due to the low coercivity of the samples 

(ranging from 17 mT to 18.3 mT; Figure 40). Although with little signal of paramagnetic 

minerals within the samples, there is no visible contribution of the paramagnetic 

thermal drift as seen in Portella Colla samples. The lack-of-fit F test was applied for all 

samples from Hole 709C, which exhibited a p value < 0.05, indicating a not linear loop, 

thus, requiring a high-field slope correction (Paterson et al., 2018).  

 If it is in the reader's interest, the entire hysteresis cycles for this Hole (709C) 

can be found in APPENDIX 1 of this research, at the end of the document. 
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Figure 40- Hysteresis loop for a few samples of Hole 709C, with the values of Saturation 

Magnetisation (Ms), Saturation Remanence (Mrs), coercive force (Bc) and the saturation 

percentage in the samples after normalization in the Hystlab software. 

 

The FORC diagrams from the Indian ocean can be divided into three categories 

of classification (Figure 41). The first group of classification is demarcated by elongated 
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contours with negligible vertical spread, with coercivity values ranging from 20 to 37, 

which indicates the contribution of biogenic SD minerals from magnetite (Hc=20 mT) 

and hematite (Hc=40 mT). The samples in this classification are 268.38; 277.1; 279.05; 

281.6; 282.08; 282.58; 286.27; 290.78; 296.36; 298.87; 300.37; 303.85; 308.08; 308.58; 

309.05; 319.78 mbsf and correspond to 44.6% of the whole assembly analyzed.  

 

Figure 41- FORC diagrams main classification for Hole 709C, at the Indian ocean. 

 

The second group (Figure 41) is mainly composed of biogenic SD minerals with 

a small contribution of detrital SD grains (41.6%), due to the small but yet considerable 

vertical interaction. The coercivity for this samples varies from 20 mT up to 35 mT, which 

also indicates a contribution of magnetite and in less amounts the hematite. The 

samples in this classification are 278.44; 279.43; 282.43; 283.52; 290.92; 291.81; 

292.61; 298.93; 301.57; 304.22; 311.18; 316.57; 320.2; 323.76 and 327 mbsf. 
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The third group is composed mainly of biogenic SD grains with a paramagnetic 

contribution, seen by the secondary peak at the origin of the FORC diagram, which 

appears to be a hallmark of particles that have lost their coercivity. This third 

classification appears to control 14% of the analyzed samples (312.17; 322.45; 324.58; 

325; 338.1 and 347.38 mbsf).  

All the FORC diagrams studied in this work can be viewed at appendix 2, at the 

end of the document. 

 Following, the thermomagnetic curves were also performed  in these samples 

in order to determine the magnetic contribution. For most of the samples the 

temperature of Curie was determined by calculation of the susceptibility tangent, rather 

than by the first derivative to avoid erroneously calculation of the data noise. From 39 

samples analysed in rock magnetism, only 27 showed a good signal of 

thermomagnetic curve (appendix 3). From those, four samples were selected as the 

most representative of the group (Figure 42).  

 At a depth of 279.43 mbsf (Figure 42) one prominent peak at 235 °C is 

observed, probably representing the blocking temperature of titanomaghemites (Tc= 

between 230 and 300 °C). Followed by a new ferrimagnetic phase generation probably 

due to the oxidation of the sample at high temperatures starting from 300 °C up and 

developing until 540 °C. This type of formation of a new mineral is a common feature 

in most of the samples analyzed in this study (appendix 3). It can also be observed 

from the thermomagnetic curve two blocking temperature at 563.8 °C and 684.4 °C, 

corresponding to magnetite and hematite respectively. 

The second sample represents the depth of 304.22 mbsf, in this was identified 

4 blocking temperatures of 401.9 °C, 550-583.6 °C, 636.655 °C and 671.2 °C 

corresponding to goethite (Tc= 401.9 °C), magnetite, maghemite (Tc= 645 °C) and 

hematite.  The contribution of goethite in this sample was also identified by a 

pronounced increase in susceptibility from 250 °C to 400 °C due to the dehydration of 

the mineral and consequently formation of hematite as a product.  

Following, at a depth of 309.05 mbsf it can be observed a drop in susceptibility 

around 189.8 which could be interpreted as a contribution of titanomagnetite (Tc= 

200 °C) or titanohematite (Tc= 20 °C and 200 °C), however it cannot be concluded 

without further analyses. Other than that, three other peaks were identified as 

titanomaghemite (232.7 °C), maghemite (644 °C) and hematite ( 686 °C). Notice that 

in this sample no magnetite could be identified, this pattern, although unusual, repeats 
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in more 2 depths (282.43 and 320.2 mbsf).Finally, at a depth of 324.58 mbsf it can be 

identified a small contribution of titanomahemite (232.7 °C), magnetite (643.6 °C), 

maghemite (643.6 °C) and hematite (677.4 °C). 

For most of the samples in this section the cooling curve presents a high 

irreversible increase in susceptibility, proportional to the amount of transformed phase 

due to the rapid increase in temperature during measurement. Which is in accordance 

with the kinetics of solid state transformations. Presumably, the newly formed magnetic 

phases are mainly particles in the superparamagnetic domain state. Therefore, 

expressed as a maximum of susceptibility on the cooling curve (Jordanova & 

Jordanova, 2016). 
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Figure 42- Thermomagnetic curves for representative samples of the Hole 709C. 

 

The XRF data for Hole 709C shows a great abundance of Calcium (89%) 

indicating a higher contribution of biogenic sediments, followed by small percentages 
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of Si (6.8%), Na (1.03%), Cl (0.80%), Fe (0.76%), Mg (0.49%) and Al (0.44%), making 

up 99.4% of its concentration (Figure 43). In lower concentrations, the XRF analyses 

also identified P, S, K, Mn and Sr. 

The elementary profile for this section shows some pronounced peaks (gray 

band) of different elements that could give more information about the input of 

sediments in the area. Around the EOT, the elementary profile shows low values of Fe, 

K, and Sr contrasting with higher contribution of Al, Mg and P. In the rest of the section, 

it can be visualized some peaks of elements that could indicate periods of high 

productivity enhanced by the input of elements in the system, and maybe could help 

to elucidate about the development through time of the STENT current. 

 

 

Figure 43- Profile of elements for the Hole 709C. 

 

Elementary ratios are useful in paleoceanographic studies to infer changes in 

the environment (Figure 44). Fe/Ca ratio is used to track changes in terrestrial inputs 

from river origin (Arz et al., 1999). The high values found at depths of 277.57, 282.08, 

290.82, 304.22, 326.0 and 344.38 mbsf are indicative of a robust entry of terrigenous 
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into the ocean basin. At the EOT this ratio presents low values, probably indicating a 

more biogenic contribution. 

The Sr/Ca ratio in corals varies as a function of temperature, with lower values 

reflecting warmer temperatures and high values reflecting colder temperatures. In this 

section, the Sr/Ca ratio presents a low value around the EOT, indicating high 

temperatures, which is inconsistent with the icehouse climate transition and lower 

temperatures reported by Liu et al, (2009). Other than this, it can be observed one 

higher peak of intensity, indicating colder temperatures around the depth of 304.22 

mbsf. 

 

Figure 44- Profile of elements for the Hole 709C. 

 

High Fe/K values at the depths of 277.57, 282.08 and 304.22 mbsf indicate the 

presence of regional wetter climatic conditions (Figure 44). The Fe/K and Al/Si ratios 

reflect the input of terrestrial material from climatic zones. These high values indicate 

the dominant input of highly weathered material derived from tropical humid regions. 

While the low values found at subsequent depths of those with high values, reflects 
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the input of slightly weathered material formed under drier conditions. Thus, probably 

suggesting a change in environmental input in the area. 

The mineralogy data from the Indian Ocean was initially divided into 3 clusters 

based on its similarities (Figure 45).  The first cluster represented here is the sample 

at a depth of 276.9 mbsf, which shows peaks of feldspar (4.54 [Å]; 4.28 [Å]; 3.86 [Å]; 

3.22 [Å]; 3.02 [Å]; 2.83 [Å]; 2.49 [Å];2.28 [Å];2.09 [Å] and 1.99 [Å]), quartz (4.28 [Å]; 

3.36 [Å];2.28 [Å]) and calcite (3.86 [Å]; 3.02 [Å]; 2.83 [Å]; 2.49 [Å]; 2.28 [Å]; 2.09 [Å]). 

The second cluster represented by the sample at 276.9 mbsf indicates 

mineralogical contributions of pyroxene-ideal (4.49 [Å]; 4.27 [Å]; 3.87 [Å]; 3.20 [Å]; 3.10 

[Å]; 2.84 [Å]; 2.47 [Å]; 2.32 [Å]; 2.01 [Å] and 1.98 [Å]), feldspar (4.27 [Å]; 3.20 [Å]; 3.04 

[Å]; 2.84 [Å]; 2.55 [Å]; 2.47 [Å]; 2.32 [Å]; 2.28 [Å]; 2.01 [Å]; 1.98 [Å]), quartz (4.27 [Å]; 

3.35 [Å]; 2.47 [Å]; 2.28 [Å]; 1.98 [Å]) and calcite (3.87 [Å]; 3.04 [Å]; 2.84 [Å]; 2.47 [Å] 

and 2.28 [Å]). 

The third cluster, represented by the sample 269.88 indicates contributions of 

feldspar (5.03 [Å]; 4.27 [Å]; 3.21 [Å]; 3.05 [Å]; 2.83 [Å]; 2.58 [Å]; 2.49 [Å]; 2.29 [Å]; 2.09 

[Å]; 2.04 [Å] and 1.98  [Å]), quartz (4.27  [Å]; 3.35 [Å]; 2.29 [Å]; 1.98 [Å]) and calcite 

(3.86 [Å]; 3.05 [Å]; 2.83 [Å]; 2.49 [Å]; 2.29 [Å] and 2.09 [Å]). From the samples, there 

are two distinct peaks that were not properly identified (4.54 [Å] and 4.47-4.49 [Å]), 

which could be a secondary peak of feldspar and pyroxene. 
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Figure 45- XRD diffractograms for the Hole 709C. 
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8 DISCUSSION  

 

 The magnetic susceptibility at both sites shows low values of χlf (< 1.E-06), 

which is probably controlled by the concentration of paramagnetic minerals (Dearing, 

1994). At the Indian Ocean the 𝜒 values are lower than at Portella Colla due to higher 

concentrations of calcium carbonate (diamagnetic). 

The frequency-dependent susceptibility for Portella Colla indicates a 

contribution of paramagnetic minerals, while in the Hole 709C it can be observed a 

concentration of mixture of SP and coarser non-SP grains (from 283.6 mbsf to 327.3 

mbsf) between two main concentrations of virtually all SP grains located at the upper 

part of the core (267.41 to 272.38 mbsf), around the EOT, and at the bottom of the 

core (327.38 to 352.88 mbsf). Some authors suggest that the variations in magnetic 

susceptibility are a function of changes in provenance, in the inputs of detrital 

carbonates, the amount and type of eolian magnetic and paramagnetic minerals, the 

amount and type of authigenic magnetic/paramagnetic minerals; diagenetic dissolution 

and dilution by diamagnetic biogenic and detrital minerals and grain size (Andrews & 

Stravers, 1993; Larrasoaña et al., 2008).  

Both sections presented similar NRM intensities ranging from 1.E-05 to 1.E-03 

A/m. The age model for the Portella Colla samples was able to identify the EOT, from 

two polarities reverts in Earth's magnetic field. The age model for the Indian Ocean 

presents 18 polarity reversions, from this we can infer an EOT depth around 283 mbsf 

and MECO around 318 mbsf. 

The applied steps of ARM and IRM combined with the rock magnetism data 

characterized the increase in magnetization and coercivity in the samples. At Portella 

Colla PC1, PC4 and PC6 presented the highest magnetization with an applied field, 

while samples PC1, PC2 and PC4 had the highest coercivity in this section, indicating 

an antiferromagnetic mineral contribution in these samples while PC3, PC5, PC6 and 

PC8 have a dominance of ferimagnetic minerals. The S-ratio data for this section also 

supports these magnetic contributions above.  

At Hole 709C, the peaks of ARM can be interpreted as samples with higher 

magnetic content than the rest of the core, probably indicative of SD magnetite 

produced by magnetotactic bacteria activity enhanced with the Fe input from the 

STENT current. Therefore, all high intensity peaks of ARM were further investigated 

with methods of rock magnetism, paleomagnetism, thermomagnetic curves and 
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geochemistry. The coercivity (IRM) characterizes the magnetic contribution of the 

sediments, which for 709C, presents high peaks at the same depth as the ARM peak, 

indicating a contribution of antiferromagnetic minerals. On the other hand, at a depth 

of 320 mbsf it is noticeable a significant decrease in values of IRM, which indicates a 

higher ferrimagnetic content at the bottom of the core. 

In a recent study about the paleoenvironmental implications of magnetofossil 

from the Monte Cagnero Section at the EOT, Savian et al. (2018) show a similar result 

to Hole 709C. The data presents high IRM and ARM intensity, with high concentration 

of magnetofossils with high paleomagnetic stability. In this work they also correlate the 

nannofossils assemblages with oligotrophic conditions associated with low nutrients 

contents, coincident with low magnetic intensity. On the other hand, the eutrophic 

conditions are observed in high intensity magnetic interval. Therefore, their preliminary 

results suggest that magnetofossil abundance is an important determinant of the 

paleomagnetic recording fidelity of Monte Cagnero sediments.  

The paleomagnetic proxies indicates a contribution of high coercivity minerals 

at sample PC4, from Portella Colla. Combined with the low value of S-ratio, denotes a 

significant concentration of hematite in this sample. The same pattern was achieved 

by Jovane et al, (2014) which identified the stratigraphic intervals with stronger red 

colorations containing significant concentrations of hematite as indicated by higher 

HIRM values and lower S-ratios. 

The magnetic grain size calculated from the ratio between ARM and IRM 

indicates coarser magnetic grains at the Eocene period and smaller magnetic grains 

around the Oligocene. This could be an indication of environmental changes such as 

differential input from currents or lower nutrient (Fe) supply due to climatic conditions.  

Besides the magnetic proxies, the sample PC4 is easily distinguished by its reddish 

color, which has been suggested by different authors (Coccioni et al., 2000; Jovane et 

al., 2004) that sudden changes in sediment color could indicate changes in ventilation 

and flushing at the sea floor, representing a significant reorganization of the water 

mass structure. Jovane et al. (2007), suggest that the fluctuations between fine and 

coarser magnetic mineral concentrations may be related to changes in flux driven by 

paleocurrent changes that may be linked to climatic, tectonic or sea level changes. 

At Hole 709C, the EOT and the MECO presents coarser magnetic grain sizes, 

the s-ratio for this Hole at these two climatic events indicates a higher ferrimagnetic 

contribution. Furthermore, in this section the paleoenvironmental proxies present 
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combined peaks of high intensity (Figure 38, gray bands), which are hypothesized to 

correspond with active periods of the STENT current. If this hypothesis is correct we 

can infer that these patterns appear to be become more frequent towards the EOT. 

The STENT hypothesis is supported by the fact that in periods of active STENT there 

was more exchange in nutrients in the area, which would enhance the mineralogical 

production of magnetofossils by magnetotactic bacteria and consequently its 

preservation in marine sediments.  

In a similar study at Massignano section, the authors supported the hypothesis 

that the changes in the magnetic proxies is due to the influx of magnetic materials 

controlled by paleocurrent variations. Those variations could be related to the closing 

of the gateway between the Indian Ocean and the Atlantic Ocean, which would have 

affected the transport of sediments and nutrients. As the gateway progressively closed 

over time, flow through it possibly fluctuated between being dominantly active or 

deactive, thus producing the bimodal rock‐magnetic signature observed at Massignano 

(Jovane et al., 2007).However, they still did not ruled out the Possibility of that sea 

level changes and tectonics had a direct role in turning the STENT current on and off. 

The day plot classifies Portella Colla samples as a mixture PSD and MD domain 

states, while Hole 709C presents PSD domain state for all the samples analyzed. 

Tauxe et al., (2018) affirms that the problem with the Day diagram is that virtually all 

paleomagnetically useful specimens yield hysteresis ratios that fall within the PSD 

range. In fact, there are many ambiguities about the Day Plot classification, which could 

be resolved by the First Order Reversal Curve (Roberts et al. 2000; 2014). 

The hysteresis loop between the section shows that the samples at Portella 

Colla has higher coercivity and a lower overall percentage of saturation than the 

samples from Hole 709C. However, an interesting feature presented in Portella Colla 

hysteresis loop was the paramagnetic thermal drift. Paterson et al, (2018) affirm that 

because of the balance between heat generated by the magnets plus the heat 

dissipated by the magnet cooling system, the temperature between the vsm pole 

pieces can often be different from the general room temperature. Therefore, when a 

specimen is measured, it may be out of thermal equilibrium with the measurement 

space, which is called thermal drift and it has the strongest influence on specimens 

that have large paramagnetic contributions with respect to the ferromagnetic 

component. 
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The FORC diagram for Portella Colla showed weaker/noisy signal than the ones 

from the Indian Ocean. In fact, the Portella Colla samples required higher smoothing 

factors in order to determine the domain state contribution. Therefore, the best 

approach in this section would be the remeasurement of the samples with higher 

averaging time to identify and discriminate between the different components in the 

samples. According with Roberts et al, (2010; 2014), the application of higher 

averaging time and increased number of FORCs would allow the field to stabilize 

before the measurement proceeds, which often offers a higher signal to noise, with 

increasing measurement time. For this, in order to test this statement and give a better 

look into the domain state contribution at Portella Colla, the sample PC4 was 

remeasured following Roberts et al, (2010; 2014) recommendations. The results show 

a very strong paramagnetic domain state with also the influence of a MD contribution 

in this sample (Figure 46). 

As reported by Jovane et al, (2007) and also here in this study, the FORC 

diagrams illustrate that nearly all samples from the Hole 709C have coercivities 

distributions that fall dominantly between 0 and 60 mT. The Indian Ocean FORC 

diagrams all presented signal of biogenic SD contribution with some detrital SD and 

paramagnetic components, which corroborates with our hypothesis of possible active 

periods of the STENT current at the investigated depths.  

 

Figure 46- Forc diagram for sample PC4. Measurement parameters: Averaging time of 600 ms, 

280 number of FORCs, variforc smoothing factor of 7 (horizontal and vertical smoothing) and 

central ridge of 4. 

 

The thermomagnetic curves for Portella Colla indicated the contribution of 

titatomaghemite, magnetite and hematite.  At Hole 709C the analysis was able to 

identify the contribution of titanomaghemite, magnetite, hematite, goethite and 

maghemite. The magnetite appears to be the main magnetic (Tc= 575 °C) carrier of 
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the carbonatic sections from mostly biogenic origin but also with some detrital 

contribution. Similar results were found at the Massignano sedimentary section in Italy, 

around the EOT (Jovane et al., 2007). In addition, some samples present a rapid 

decrease of susceptibility starting around 560°C as a indication of magnetite. In a 

paleomagnetic study from the Great Barrier reef, Herrero-Bervera and Jovane (2013) 

suggest that the curie points from 560 to 563 °C indicate the presence of Ti-poor 

magnetite. 

Another recent study by Savianet al. (2016), shows the Magnetite as the main 

magnetic mineral in the MECO sediments, which occured as magnetically non-

interacting single domain biogenic particles. They suggest that a increased magnetic 

mineral concentration at the MECO event is likely to have been caused by increased 

eolian iron fertilization, which may have given rise to increased surface ocean 

productivity. And consequently, increased the delivery of iron and nutrients to the 

seafloor, enhancing magnetotactic bacterial populations during the MECO event. 

All samples from both sections present a visible new ferrimagnetic phase 

generation, sometimes more pronounced than others, induced by the oxidation due to 

fast heating rates. Similar with the phase generations found in this research, Cunha et 

al, (2017) investigated the mineral phases in thermomagnetic curves from natural 

crystalline siderite and suggests that susceptibilities of siderite increase sharply 

between 400° and 530°C indicative of some new ferrimagnetic mineral phase 

generation. Demonstrating a drop (between 540° and 590°C) on the heating cycle and 

a dramatic increase (from 590°C to 520°C) on the cooling cycle occurred and are well 

consistent with the characteristic of magnetite. They continue affirming that it has been 

revealed in detail that the original inverse magnetic susceptibility fabric contributed by 

the crystalline anisotropy of siderite in siderite‐bearing specimens is changed to a 

normal magnetic fabric during heating over 410°– 490°C. This is a result of dominant 

contributions from the distribution anisotropy of newly transformed ferromagnetic 

minerals. Additionally, rock magnetic experimental results show that magnetite, 

maghemite, and hematite are the transformation products of high‐temperature 

oxidation of siderite in air. Therefore, the new ferrimagnetic phase found in both sites 

could indicate a siderite contribution in the samples, however XRD data as not able to 

identify siderite contribution probably due to low representative amount of this mineral 

in the samples. 
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XRD data for Portella Colla identified a qualitative mineralogical contribution of 

quartz, calcite, kaolinite and pyroxene, while at Hole 709C a mineralogical assemblage 

of quartz, calcite, pyroxene and feldspar. The XRF profiles in both sections were able 

to identify differential inputs in the areas with time. The elementary ratios indicate a 

more biogenic contribution in both sections. At the Hole 709C, the high peaks of Fe 

and some other elements coincides with the peaks of magnetic proxies and with the 

SD biogenic contribution, probably indicating periods of active STENT. Another 

observation that can be made with the data from the magnetic proxies and the 

elementary profiles is that these periods of possibly active STENT become more 

frequent towards the EOT, which can be interpreted as if the changes in the past 

environment and the impending closure of the Neotethys interfered in the flux and influx 

of the STENT current and made these periods of active and deactivate more frequent 

in time towards its total termination. 

In a recent study about the C-isotope record from different successions around 

the EOT, Cornacchia et al. (2018) conclude that regional factors, influenced the 

Neotethys carbon isotope record, as suggested by a sharp transient negative spikes. 

Therefore, the Neotethys paleoceanography and current patterns mostly controlled 

these short-term anomalies. They are indeed interpreted as short times of higher 

productivity linked to enhanced nutrient availability and triggered by the STENT current 

entering from the Arabian-Eurasian gateway. 
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9 CONCLUSION  

  Both sections studied in this research presented a higher contribution of 

biogenic sediments with very distinct paleoenvironmental changes around the EOT.  

 The samples at Portella Colla formation presented lower carbonate 

percentages, higher coercivity contribution in a paramagnetic domain state. The 

magnetic grain size of the samples appears to decrease from the Eocene towards the 

Oligocene, probably indicating a differential input of nutrients in the area. The FORC 

diagrams displayed paramagnetic and MD contribution, with no signal of SD from 

biogenic input. Therefore, it is suggested a strong detrital component. The Age model 

for this section was able to recognize the EOT transition, however more samples are 

required to better establish the magnetozones and give more information of how the 

tectonics and the climatic transition to an icehouse climate played a role in this area 

formation.  

 The 709C samples showed peaks in environmental proxies as seen in other 

published researches (Jovane et al., 2004; 2007; 2014; Cornacchia et al., 2018), which 

indicates higher productivity in bimodal shifts that appears to get more frequent 

towards the EOT. These high productivity peaks are demarcated by the contribution of 

biogenic SD components, probably induced by the nutrient input, rich in Fe, from the 

STENT current. This work shows that the bimodal peaks extend to the Oligocene 

period, and it cannot be concluded the period of the STENT closure. For this it is 

necessary a further investigation at the Oligocene stratigraphic records in order to 

establish the fully closure of this current and its nutrient transport between the Indian 

ocean and the Atlantic. Furthermore, new proxies could be investigated to give more 

information about the ancient current and help to determine if these shifts of high 

productivity are in fact controlled by the STENT current system or other determinants. 
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APPENDIX A- Hysteresis loop for all the analyzed samples 
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APPENDIX B- FORCs diagram for all the analyzed samples 
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APPENDIX C- Thermomagnetic curves for all the analyzed samples 
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