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Resumo 
 

SAVIAN, J.F. Magnetostratigrafia e reconstrução paleoambiental de sucessões marinhas 

do Oceano Neo-Tétis: novas perspectivas acerca dos principais eventos paleoclimáticos 

do Paleógeno, 2013. 145 pp. Tese (Doutorado) -  Instituto de Astronomia, Geofísica e 

Ciências Atmosféricas, Universidade de São Paulo, São Paulo, 2013. 

 

O intervalo que compreende o Paleoceno, Eoceano e Oligoceno (65,5-23,03 Ma) 

testemunhou importantes mudanças paleoclimáticas e paleogeográficas. Dados de isótopos 

estáveis (δ18O e δ13C) em foraminíferos pelágicos mostram uma tendência de resfriamento de 

longo período, que termina com o evento abrupto Oi-1 (~34 Ma), próximo à transição 

Eoceno/Oligoceno, coincidente com a principal fase de glaciação da Antártida. Sobreposta a 

essa tendência de resfriamento lenta, observa-se curtos intervalos de aquecimento global 

extremos. Estes eventos hipertermais tem duração inferior a 300 kyrs e correspondem a 

variações de temperatura de 5° a 6°
 C. Na metade do Eoceno (~ 49-34 Ma), os registros 

isotópicos também indicam um forte evento de aquecimento transiente há ~40,0 Ma, o Ótimo 

Climatico do Eoceno Médio (MECO, na sigla em inglês). Nesta Tese apresentamos a 

magnetoestratigrafia, bioestratigrafia (nanofósseis e foraminíferos), litoestratigrafia, 

magnetismo ambiental, geoquímica e dados de isótopos de carbono e oxigênio em carbonato e 

em foraminíferos bentônicos ao longo do intervalo Eoceno-Oligoceno de sucessões do 

Oceano Indico (testemunho ODP 711A) e Neo-Tétis Oriental (seções de Monte Cagnero e 

Contessa). Os principais eventos climáticos globais do Paleoceno foram reconhecidos nestas 

seções. Este estudo mostra que as seções ODP 711A, Monte Cagnero (MCA), e Contessa 

(CHW–CR) oferecem um registro completo e integrado desde o Paleoceno até o Oligoceno da 

magnitude dos eventos hipertermais e do MECO, bem como as variações biogeoquímicas que 

os acompanharam. A seção de Monte Cagnero registra os mais importantes eventos climáticos 

do Eoceno-Oligoceno Inferior, incluindo a transição E-O em ~34 Ma e o MECO em ~40 Ma. 

Uma análise integrada e de alta resolução de isótopos estáveis, geoquímica, 

micropaleontologia e magnetismo ambiental neste seção ao longo do MECO revelou um 

intervalo de alta produtividade marcado por uma grande abundância de magnetofósseis, 

compreendendo o pico de temperatura do MECO e o período imediatamente posterior. O 
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mesmo sinal foi observado em Contessa e no testemunho ODP 711A. Nós especulamos que 

durante o MECO, um período mais quente, ocorreu um aumento na quantidade de hematita 

levada aos oceanos por meio de transporte eólico gerando fertilização e um consequente 

aumento de produtividade nos oceanos. A ocorrencia ubiqua de magnetofósseis em períodos 

quentes ao longo de todo o Eoceno sugere que mecanismos similares tenham sido 

responsáveis pelos picos de produção e preservação de magnetossomas.  
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Abstract 

 

SAVIAN, J.F. Magnetostratigraphy and palaeoenvironmental records in marine 

sedimentary sucessions from Neo-Tethys Ocean: New insights into the main Paleogene 

palaeoclimate events, 2013. 145 pp. Thesis (Doctorate) -  Instituto de Astronomia, Geofísica 

e Ciências Atmosféricas, Universidade de São Paulo, São Paulo, 2013. 

 

 The interval comprising the Paleocene, Eocene and Oligocene (65.5 to 23.03 Ma) has 

witnessed major changes in paleoclimate and paleogeography. Stable isotope records (δ18O 

and δ13C) from pelagic foraminiferal show a long-term cooling trend starting at ~55 Ma, 

which ends abruptally at the Oi-1 event (~34 Ma), near the Eocene/Oligocene transition, 

which is interpreted as the main episode of glaciation of Antarctica. Superimposed on this 

cooling trend, brief intervals of extreme warmt occur globally. These hyperthermal events last 

for less than 300 kyrs and may correspond to a global temperature increase of 5° to 6°
 C. In 

the middle to late Eocene, a strong transient warming event has been recognized in the 

oceanic record at ~40.0 Ma, the Middle Eocene Climate Optimum (MECO). The amplitude of 

the MECO warming is similar to that of hyperthermals, but it durations if two times longer; 

its origin and global nature being still debated. In this thesis we present a 

magnetostratigraphic analysis, integrated with biostratigraphy (calcareous nannofossils and 

foraminifera), lithostratigraphy, environmental magnetism, wt.% CaCO3 and isotope records 

on bulk carbonate and on benthic foraminifera through the Paleogene interval from 

sedimentary successions from the Indian Ocean (ODP Hole 711A) and Eastern Neo-Tethys 

(Monte Cagnero and Contessa sections). The main global climatic events in the Paleogene 

were recognized in these sections. This study shows that the ODP 711A, Monte Cagnero 

(MCA), and Contessa (CHW–CR) sections are a complete and integrated record of 

hyperthermals, the MECO and the biogeochemical changes that occurred during the 

Paleocene to Oligocene interval. The Monte Cagnero section likely records the most 

important middle Eocene–early Oligocene climate events, such as the E-O climate transition 

at ~34 Ma and the MECO event at ~40 Ma. An integrated and high-resolution analysis of 

stable isotopes, geochemistry, micropaleontology and environmental magnetism of this 

section through the MECO interval shows an interval of very high productivity comprising 
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the MECO peak and its aftermath marked by a higher abundance of fossil magnetotactic 

bacteria. The same signal has also been found in Contessa and ODP 711A. We speculate that 

eolian hematite durint the MECO event may have promoted iron fertilization of the oceans 

during the warming event increasing significantly the primary productivity in the ocean. The 

widespread occurrence of magnetofossils in other warming periods suggest a common 

mechanism linking climate warming and the enhancement of magnetossome production and 

preservation.  
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Chapter 1. Introduction 
 

1.1. A Brief Summary of the Paleogene Climate 

 

The Paleogene (Paleocene to Oligocene, 65.5 to 23.03 Ma) is a period of the Earth’s 

history that includes gradual trends of warming and cooling climatic conditions driven by 

tectonic process (105 to 107 years), periodic cycles driven by orbital process (104 to 106 years), 

and rapid shifts with extreme climate transients events (103 to 105 years) (e.g., Zachos et al., 

2001; 2008). The study of sedimentary achives of this age around in the Tethys Realm 

contributes to better understand the continuous changes esperienced by the Earth’s climate 

system. This period is also ideal to better understand the relationships between carbon cycling 

and climate in the absence of anthropic influence (Zachos et al., 2008). 

Deep-sea stable isotope records indicate a general cooling trend over the last 50 Ma 

(Figure 1.1), since the early Eocene climatic optimum (EECO). The early Cenozoic was 

characterized by higher concentrations of greenhouse gases and much warm mean global 

temperature (Zachos et al., 2001; 2008). The Paleogene was a key transition in Earth history 

during which global climate changed from warm comparatively ice-free conditions to the 

colder, more glaciated state of the Cenozoic (Zachos et al., 2001). 

Global temperatures during the Paleogene were aproximatly 12°C higher than today, 

especially during the EECO, 51-53 Ma ago, when the global climate system experienced the 

highest temperatures and pCO2 concentration during the Cenozoic (Zachos et al., 2008). The 

EECO was followed by a long trend toward cooler conditions as expressed by a 3.0‰ rise in 

δ
18O with much of the change occurring over the early middle (50 to 48 Ma) and late Eocene 

(40 to 36 Ma), culminating in the Oi-1 glaciation (~33.4 Ma; Kennett and Shackeleton, 1976; 

Miller et al., 1991; Zachos et al., 2001; Coxall et al., 2005; Katz et al., 2008; Figure 1.1), was 

a critical part of the shift from a greenhouse climate to an icehouse climate. The long-term 

decline during the Paleogene in Earth's temperature is coupled to a long-term decline in the 

CO2 concentration of the atmosphere (Figure 1.1) (Pearson and Palmer, 2000; Royer et al., 

2001; Pagani et al., 2005). 
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Figure 1.1. (a) Cenozoic pCO2 for the last 65 Ma from marine and lacustrine proxy records. 

(b) δ
18

O and temperature variation for the same period. The figure also show the mainly 

climatic events during the Cenozoic, as the short-lived Paleocene Eocene Thermal Maximum 

(PETM), Eocene Thermal Maximum 2 (ETM2), Early Eocene Climatic Optimum (EECO), 

Middle Eocene Climatic Optimum (MECO), Oi-1 cooling event, and the Mid-Miocene 

Climatic Optimum (Modified from Zachos et al., 2008). 
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The long-term warming trend from the Palaeocene through the early Eocene, was 

punctuated by a series of abrupt, but short-lived (<300 ka) episodes of widespread warming. 

These transient events, termed ‘‘hyperthermals’’ (Thomas et al., 2000), are associated with 

major perturbations in the Earth’s carbon cycle, major ecologically controlled biotic 

turnovers, temporary shoaling of the lysocline and carbonate compensation depth (CCD) 

inducing carbonate dissolution, and accelerated hydrological cycle (e.g., Kennett and Stott, 

1991; Zachos et al., 2001; Bralower et al., 2002; Cramer et al., 2003; Bowen et al., 2006; 

Sluijs et al., 2007; Quillévéré et al., 2008; Westerhold et al., 2008). The Palaeocene–Eocene 

thermal maximum (PETM) was an important event of temperature warming by 5-7 °C over 

approximately 30,000 years at around 56 Ma that constitutes one of the most widely used 

analogues for global change (Dickens, 1999; Bains et. al., 2000). The contribution of the 

Paleogene paleogeographic, paleoclimatic, and paleoceanographic features suggests that the 

Paleogene was not a time of stable climate but may have recorded several shifts and the 

ocean-climate system was controlled by factors very different from today. 

Superimposed on the period of cooling trend after the EECO, the middle Eocene 

climatic optimum (MECO) (Bohaty and Zachos, 2003; Jovane et al., 2007b; Bohaty et al., 

2009), around 40 Ma, represents ~500 kyr increase in global surface and bottom water ocean 

temperatures of up to 4°C. These long-term cooling trend culminating in the Oi-1 glaciation 

(~33.4 Ma; Miller et al., 1991, Figure 1.1), more glaciated state of the Neogene that was a 

critical part of the shift from a greenhouse climate to an icehouse climate. The Eocene-

Oligocene transition (E/O) transition reveals an abrupt stepwise onset of Antarctic glaciations 

with global shifts in the distribution of marine biogenic sediments, an overall increase in 

ocean fertility, a major drop in the CCD, and onset of Atlantic thermohaline circulation 

(Coxall et al., 2005; Via and Thomas, 2006; Billups, 2008). During this interval, Antarctica 

grew a large ice sheets, ≥ 50% the size of the present day volume (Coxall et al., 2005; Katz et 

al., 2008). Whether the opening of Southern ocean gateways was the catalyst for this dramatic 

climate change is still debated (Kennett, 1977; Scher and Martin, 2006; Backer et al., 2007; 

Lyle et al., 2007). Alternative and/or perhaps complementary hypotheses call upon other 

factors, including decreasing greenhouse gases (DeConto and Pollard, 2003; Pagani et al., 

2005), and opening or closure of oceans gateways (DeConto and Pollard, 2003; Jovane et al., 

2009; Allen and Armstrong, 2008). 
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One of the most important climatic event that brief reversal of the long-term Eocene 

cooling trend (Bohaty and Zachos, 2003) that eventually culminated in large-scale Antarctic 

glaciation and global cooling at the Eocene–Oligocene boundary, was namened Meddle 

Eocene Climatic Optimum (MECO). The MECO event is a transient warming event occurred 

gradually over ~500 ka, bigning at ~40.6-40.5 Ma with peak temperatures at ~40 Ma (Bohaty 

et al., 2009) (Figure 1.2). The MECO warming event was described initially in Southern 

Ocean drillcore records from Maud Rise and the Kerguelen Plateau (Bohaty and Zachos, 

2003). Subsequently studies shown that MECO event to have been a global event because 

was recorded in South Atlantic, southwest Pacific, and subtropical North Atlantic cores (Bijl 

et al., 2009, 2010; Bohaty et al., 2009; Edgar et al., 2010; Witkowski et al., 2012), in Tethyan 

sections in Italy (Jovane et al., 2007b; Luciani et al., 2010; Spofforth et al., 2010; Toffanin et 

al., 2011, Savian et al., submitted), and also in the high-latitude North Atlantic (Polling et al., 

2011). The MECO is defined by a large negative ~1.0–1.5‰ excursion in both benthic 

foraminiferal and fine-fraction δ18O records (Bohaty and Zachos, 2003; Bohaty et al., 2009). 

The MECO warming event is also associated with a brief ~0.5‰ decrease in benthic and fine-

fraction δ13C during peak warming, which is superimposed on a long-term increase in δ13C 

(Bohaty et al., 2009). The oxygen isotope (δ18O) records indicate warming of ~4–6 °C that 

lasted for approximately 500 kyr (Bohaty et al., 2009; Edgar et al., 2010). Increased CO2 

outgassing from volcanic or metamorphic sources were postulated as the most likely causes 

for a transient increase in the atmospheric CO2 levels (pCO2) that led to the greenhouse 

warming during the MECO event (Bohaty and Zachos, 2003; Zachos et al., 2008; Bohaty et 

al., 2009; Bijl et al., 2010). The rapid termination of this event has been linked to increased 

rates of organic carbon burial and resultant lowering of atmospheric pCO2 (Spofforth et al., 

2010). 
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Figure 1.2. Definition of the MECO event based on Late middle Eocene compilation of 

benthic foraminiferal stable isotope data, selected bulk/fine-fraction records, and carbonate 

mass accumulation rate (MAR) records (After Bohaty et al., 2009). 
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1.2. The Neo-Tethys in the Paleogene: Magneto- and Biostratigraphy 

 

Extensive outcrops in the Umbria–Marche basin of central Italy include some of the 

most complete successions of Paleogene sediments known in the Tethyan Realm. These 

successions could improve the magneto–, bio–, and chronostratigraphic framework of the 

classical southern Tethyan zonations enabling regional and supraregional correlations to 

construct a record of reliable Paleogene tropical to subtropical Cenozoic climatic conditions. 

  Neo-Tethys is defined as the ocean dividing Eurasia to the north from Africa and 

Arabia to the south (Dercourt et al., 1993). Neo-Tethys was denominated for differentiate the 

Neo-Tethys Ocean closed through the Alpine-Himalayan orogeny from the Paleo-Tethys 

Ocean closed along the Hercynian orogeny. In addition to the Neo-Tethys and the Paleo-

Tethys, the Para-Tethys is defined as a series of basins north of the Alpine-Himalayan 

collision, which remained isolated from ocean circulation. Before the Alpine-Himalayan 

orogeny and the opening of the Red Sea, the Neo-Tethys was a wide ocean separating the 

Asian-European plate from the African-Arabian plate (Dercourt et al., 1993; Popov et al., 

2004). The first Indo-Asian collision is dated at around 55 Ma, and continent-continent 

collision began at around ~34 Ma (Aitchison at al., 2007). Recently, Allen and Armstrong 

(2008) showed that the Arabian-Eurasian closure occurred at around the E/O boundary. The 

Arabian-Eurasia collision extends from the Aegean Sea to Iran, and is mostly concentrated in 

Turkey and Iran (Allen et al., 2004). 

 In the 1970’s, a new interest in the nearly continuous and complete Paleogene 

sequences attracted a group of Paleomagnetic researchers to the Umbria-Marche Basin, 

central Italy. Alvarez et al. (1977) conducted a Paleomagnetic investigation on the 

Bottaccione Gorge section at Gubbio, at the Cretaceous-Paleogene Scaglia Formation, a 

succession of continuosly deposited pelagic limestones and marls that provided the magnetic 

reversal stratigraphy for the Upper Cretaceous and most of the Paleogene (Figure 1.3). 
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Figure 1.3. Magnetic polarity stratigraphy in the pelagic carbonate rocks of the Umbria-

Marche Apennines (Lowrie & Alvarez, 1981). 

  

Successive works of Lowrie et al. (1982) and Napoleone et al. (1983) provided a 

Paleogene magnetic stratigraphy in the Umbrian pelagic carbonates from Contessa section 

and Bottaccione Gorge, respectively. The work of William Lowrie and co-authors 
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independently confirmed the Paleogene geomagnetic polarity history first deduced from the 

oceanic magnetic anomalies. Also during the 1980s, the magnetostratigraphy of the 

Massignano section was studied by Bice and Montanari (1988). During the 1990s, the 

paleomagnetism of the Massignano section was studied by W. Lowrie and L. Lanci (Lowrie 

and Lanci, 1994; Lanci et al., 1996; Lanci and Lowrie, 1997; Lanci et al., 1998). 

 The Palaeogene carbonate succession of the Umbria–Marche (U–M) Basin is probably 

the most thoroughly studied in the Tethyan Realm, thanks to the accessibility of numerous 

well-exposed outcrops throughout this region, and its remarkable record of many crucial 

aspects of Earth’s history from the Cretaceous–Palaeogene (K–Pg) boundary until the 

uppermost Oligocene (Coccioni et al. 1986, 1988, 1989, 1994, 2000, 2008, 2009, 2010a, b, 

2012; Cresta et al. 1989; Bellagamba and Coccioni, 1990; Mattias et al. 1992; Brinkhuis and 

Biffi 1993; Premoli Silva and Jenkins 1993; Lowrie and Lanci 1994; Montanari et al. 1994, 

1997; Galeotti et al. 2000, 2004, 2010; Montanari and Koeberl 2000; Spezzaferri et al. 2002; 

Coccioni and Galeotti 2003; Bodiselitsch et al. 2004; Jovane et al. 2004, 2006, 2007a, b, 

2009, 2010; Brown et al. 2009; Giusberti et al. 2009; Hyland et al. 2009; Pross et al. 2010, 

and references therein). 

A complete U–M Palaeogene pelagic composite succession (PPCS) was constructed 

from six well-exposed and thoroughly studied sections magnetobiostratigraphically calibrated 

and radioisotopically dated from several interbedded volcanosedimentary layers, which 

provides an improved integrated chronostratigraphy for the Palaeogene time scale, from the 

K–Pg boundary at 65.5 Ma to the uppermost Oligocene at 23 Ma (Coccioni et al., 2012).  

The Monte Cagnero Lower section (lat. 43°38′51′′ N; long. 12°28′24′′ E) extends from 

the lower Bartonian to the lower Rupelian and is 70 m–thick (Figure 1.4). It consists of 

calcareous marls and marls with subordinate marly limestones white, greenish–grey, grey and 

pink to red in colour. Discrete biotite–rich layers occur at 107.55, 112.2 and 122.8 m (Parisi et 

al., 1988; Hyland et al., 2009). The transition between the Scaglia Variegata and the Scaglia 

Cinerea contains deformations possibly related to soft sediment slumping and/or faulting. 

Twenty reliable biohorizons were recognized, ten of which based on planktonic foraminifera, 

six to calcareous nannofossils, and four to dinocysts. 
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Figure 1.4. Integrated stratigraphy of the Monte Cagnero Lower and Massignano sections. 

Chronostratigraphy is after Ogg et al. (2008). Correlation between Contessa Highway Upper 

and Monte Cagnero Lower sections is tied to the base of Chron C18n and that between Monte 

Cagnero Lower and Massignano sections to the base of Chron C16n. Planktonic 

foraminiferal Zones and Subzones are after Berggren et al. (1995) (codified as P) and 

Berggren and Pearson (2006) and Wade et al. (2011) (codified as E and O). Calcareous 

nannofossil Zones and Subzones are after Martini (1971) (codified as NP) and Okada and 

Bukry (1980) (codified as CP). 
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Following Parisi et al. (1988), Brinkhuis and Biffi (1993), Verducci and Nocchi 

(2004), Hyland et al. (2009) and Jovane et al. (2013), the Monte Cagnero Lower section spans 

calcareous nannofossil Zones and Subzones NP16 to NP21 of Martini (1971) and CP14a to 

CP16b of Okada and Bukry (1980), planktonic foraminiferal Zones P12 to P18 of Berggren et 

al. (1995) and Zones E11 to O1 of Berggren and Pearson (2006) and Wade et al. (2011), 

dinocyst Zones Cfu to Rac of Brinkhuis and Biffi (1993), and the middle part of Chron C18r 

to the lowermost part of Chron C12r (Figure 1.4). The correlation between the Contessa 

Highway Upper section and the Monte Cagnero Lower section is tied to the base of Chron 

C18n (Figure 1.4). 

The Monte Cagnero Middle section (lat. 43°38'51” N; long. 12°28'24” E) extends 

within the lower to middle Rupelian (Figure 1.5). It is currently 36 m–thick and consists of 

calcareous marls and marls with subordinate marly limestones greenish–grey, grey and 

reddish–violet in colour. Discrete biotite–rich layers occur at 122.8, 142.8, 145.8, 146.6, and 

147 m. Volcaniclastic biotite at 146.6 m provided an age of 31.5±0.2 Ma (Coccioni et al., 

2008). Fourteen reliable biohorizons were recognized, two of which based on planktonic 

foraminifera, eight to calcareous nannofossils, and four to dinocysts. According to Coccioni et 

al. (2008), Hyland et al. (2009) and Pross et al. (2010), the Monte Cagnero Middle section 

spans calcareous nannofossil Zones and Subzones NP21 to NP23 of Martini (1971) and 

CP16a to CP17–CP18 of Okada and Bukry (1980), planktonic foraminiferal Zones P18 to P19 

of Berggren et al. (1995) and Zones E16 to O2 of Berggren and Pearson (2006) and Wade et 

al. (2011), dinocyst Zones Gse to Hpu of Brinkhuis and Biffi (1993), and the upper part of 

Chron C13r to the upper Chron C12n (Figure 1.5). The correlation between the Massignano 

section and the Monte Cagnero Middle section is tied to the base of Chron C13n (Figure 1.5). 

Monte Cagnero Upper section (lat. 43°38'51” N; long. 12°28'24” E) has been proposed 

by Coccioni et al. (2008) as the GSSP for the Rupelian/Chattian boundary. It is currently 66 

m–thick and the Rupelian/Chattian boundary falls at m 189 (Figure 1.5). This section consists 

of calcareous marls and marls with subordinate marly limestones greenish–grey and grey in 

colour. Discrete biotite–rich layers occur at 145.8, 146.6, 147, 151.65, 174.5, 208.7 and 209.1 

m. Biotite from layer at 146.6 m provided an age of 31.5±0.2 Ma and those from layers at 

208.7 and 209.1 m provided an age of 26.7 ±0.2 Ma (Coccioni et al., 2008). Twenty–one 
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reliable biohorizons were identified, five of which based on planktonic foraminifera, ten to 

calcareous nannofossils, and six to dinocysts. 

 

Figure 1.5. Integrated stratigraphy of the Monte Cagnero Middle and Monte Cagnero Upper 

sections. Chronostratigraphy is after Coccioni et al. (2008) and Ogg et al. (2008). 

Correlation between Massignano and Monte Cagnero Middle sections is tied to the base of 

Chron C13n and that between Monte Cagnero Middle and Monte Cagnero Upper sections to 

the base of Chron C12n. Planktonic foraminiferal Zones and Subzones are after Berggren et 

al. (1995) (codified as P) and Berggren and Pearson (2006) and Wade et al. (2011) (codified 

as E and O). Calcareous nannofossil Zones and Subzones are after Martini (1971) (codified 

as NP) and Okada and Bukry (1980) (codified as CP). 
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 Following Coccioni et al. (2008), Hyland et al. (2009) and Pross et al. (2010), the 

Monte Cagnero Upper section spans calcareous nannofossil Zones and Subzones NP23 to 

NP25 of Martini (1971) and CP17–CP18 to CP19b of Okada and Bukry (1980), planktonic 

foraminiferal Zones and Subzones P19 to P21b of Berggren et al. (1995) and Zones O2 to O5 

of Berggren and Pearson (2006) and Wade et al. (2011), dinocyst Zones and Subzones Hpu to 

Dbi (Cpy) of Pross et al. (2010), and the upper part of Chron C12r to the lowermost part of 

Chron C8r. The correlation between the Monte Cagnero Middle section and the Monte 

Cagnero Upper section is tied to the base of Chron C12n (Figure 1.5). 

 Other important section in the Tethyan realm at the Umbria-Marche basin is the 

Contessa Section. In the Contessa Valley, which cuts a NE-dipping, half-anticlinal structure a 

few kilometres NW of the Medieval city of Gubbio, the Scaglia Rossa, Scaglia Variegata and 

Scaglia Cinerea formations are well exposed in continuous fresh road-cuts and quarry faces 

several metres high (Lowrie et al. 1982; Cresta et al. 1989; Montanari et al. 1997; Galeotti et 

al. 2000, 2004, 2010; Jovane et al. 2007a, 2010; Giusberti et al. 2009; Coccioni et al. 2010b, 

2012; Pross et al. 2010) (Figures 1.6 and 1.7). 

 The Contessa Highway Lower section extends from the Danian to the lowermost 

Thanetian. This section spans calcareous nannofossil Zones NP1–NP5 of Martini (1971) and 

CP1a–CP4 of Okada and Bukry (1980), planktonic foraminiferal Zones P0–Pa to P4a–P4b of 

Berggren et al. (1995) and Zones P0–Pa to P4b of Berggren and Pearson (2005) and Wade et 

al. (2011), and the upper part of Chron C29r to the lowermost part of Chron C26n (Figure 1.6) 

(Lowrie et al., 1982; Cresta et al., 1989; Fornaciari et al., 2007; Coccioni et al., 2010). 

 The Contessa Road section extends from Upper Danian to the Middle Ypresian. The 

Contessa Road section spans calcareous nannofossil Zones NP4–NP13 of Martini (1971) and 

CP3–CP11 of Okada and Bukry (1980), planktonic foraminiferal Zones P2 to P7–P9 of 

Berggren et al. (1995) and Berggren and Pearson (2005) and Zones E1–E7a of Berggren and 

Pearson (2006) and Wade et al. (2011), and the base of Chron C26n to the Middle part of 

Chron C22r (Figure 1.6). The correlation between the Contessa Highway Lower section and 

the Contessa Road section is tied to the base of Chron C26n (Figure 1.6) (Lowrie et al., 1982; 

Aubry, 1995; Galeotti et al., 2000, 2004, 2010; Raffi et al., 2005; Angori et al., 2007; 

Giusberti et al., 2009; Agnini et al., 2006). 
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 Contessa Highway Middle section extends from the Middle Ypresian to the Middle 

Lutetian. Contessa Highway Middle section spans calcareous nannofossil Zones and 

Subzones NP12–NP15a of Martini (1971) and CP11–CP13a of Okada and Bukry (1980), 

planktonic foraminiferal Zones P7–P8 to P9 of Berggren et al. (1995) and Zones E5–E6 to E8 

of Berggren and Pearson (2006) and Wade et al. (2011), and Chron C23n.1n to lowermost 

part of Chron C20r (Figure 1.7). The correlation between the Contessa Road section and the 

Contessa Highway Middle section is tied to the top of Chron C23n.1n (Figures 1.6 and 1.7) 

(Lowrie et al., 1982; Cresta et al., 1989; Jovane et al., 2007a; Agnini et al., 2006). 

 Contessa Highway Upper section extends from the Middle Lutetian to the Lower 

Bartonian Contessa Highway Upper section spans calcareous nannofossil Zones and 

Subzones NP15a–NP17 of Martini (1971) and CP13a–CP14b of Okada and Bukry (1980), 

planktonic foraminiferal Zones P9–P14 of Berggren et al. (1995) and Zones E8–E13 of 

Berggren and Pearson (2006) and Wade et al. (2011), and the uppermost part of Chron C21n 

to Chron C18n.2n (Figure 1.7). The correlation between the Contessa Highway Middle 

section and the Contessa Highway Upper section is tied the top of Chron C21n (Figure 1.7) 

(Lowrie et al., 1982; Cresta et al., 1989; Jovane et al., 2007a, 2010; Aubry, 1991). 
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Figure 1.6. Integrated stratigraphy of the Contessa Highway Lower and Contessa Road 

sections. Chronostratigraphy is after Ogg et al. (2008). Correlation between these sections is 

tied to the base of Chron C26n. Planktonic foraminiferal Zones and Subzones are after 

Berggren et al. (1995), Berggren and Pearson (2005) and Wade et al. (2011) (codified as P). 

Calcareous nannofossil Zones and Subzones are after Martini (1971) (codified as NP) and 

Okada and Bukry (1980) (codified as CP). 
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Figure 1.7. Integrated stratigraphy of the Contessa Highway Middle and Contessa Highway 

Upper sections. Chronostratigraphy is after Molina et al. (2011), Ogg et al. (2008), Jovane et 

al. (2010), Ogg et al. (2008) and Molina et al. (2011). Correlation between Contessa Road 

and Contessa Highway Middle sections is tied to the top of Chron C23n.1n and that between 

Contessa Highway Middle and Contessa Highway Upper sections to the top of Chron C21n. 

Planktonic foraminiferal Zones and Subzones are after Berggren et al. (1995) (codified as P) 

and Berggren and Pearson (2006) and Wade et al. (2011) (codified as E). Calcareous 

nannofossil Zones and Subzones are after Martini (1971) (codified as NP) and Okada and 

Bukry (1980) (codified as CP). 
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Further to the east, at the Indian Ocean, the Neo-Tethys record is found on oceanic 

sediments. Ocean Drilling Program (ODP) Leg 115 in the western equatorial Indian Ocean 

was designated to undertand the Neogene sedimentation and Cenozoic evolution of the 

Reúnion hotspot. The paleomagnetic study of the sediments recovered on the Leg 115 

contributed to these scientific objectives, including the 711A drill site, near the Seychelles 

Archipelago, Madingley Rise, northern Indian Ocean, for which biostratigraphic data 

(planktonic foraminifera, diatoms and nannofossils), CaCO3, opal content, magnetic 

susceptibility and other parameters were already available. This core contains the most 

complete and least disturbed record from the middle Eocene to Oligocene from the northern 

Indian Ocean. The sediments consist of brown and white interlayered clays and 

nannofossil/radiolarian chalks, respectively. Paleomagnetic measurements from late Eocene 

to late Oligocene (Figure 1.8) have been made (Schneider and Kent, 1990; Touchard et al., 

2003), but modern high-resolution methods are needed to develop a good 

magnetostratigraphic age model. 
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Figure 1.8. ChRM inclinations versus depth in Hole 711A, together with biostratigraphy, 

compared to the GPTS and calcareous nannofossil biochronology; dark symbols indicate the 

tephra layers (Touchard et al., 2003). 

 

1.3. Main Objectives 

 

The purpose of this study is to better understand the phenomena of abrupt climatic 

changes in the Paleocene. New paleomagnetic and paleorecords data were then generated for 

the Neo-Tethys and Indian Oceans in two key areas in order to address the  following main 

objectives: 
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(i) Provide an accurate integrated age model based in magneto and biostratigraphy 

for the Tethyan and Indian Ocean sections; a robust age model forms the 

framework for future paleoceanographic and paleoclimatic studies at these 

sites. 

(ii) Provide a high-resolution environmental magnetic, micropaleontological and 

stable isotopic datasets of the western Tethyan pelagic sections during the 

Paleogene interval. These results coupled with paleobiological data are then 

used to derive a paleoenvironmental scenario for the climatic events in the 

Neotethys realm. 

(iii) Perform a detailed study of the MECO, in which magnetic mineralogical 

proxies for its recognition in the geological record and the paleoceanographyc 

mechanisms involved (the iron-fertilization hypothesis) are investigated. 

  

1.4. General Outline 

 

The present Thesis is a composition of scientific papers that I authored or co-authored 

during the past four years. In order to facilitate the reading through the Thesis, the geological 

setting of the two studied areas – the Umbria-Marche basin and the Indian Ocean – is 

described together in Chapter 2. This Chapter consists of a compilation of information 

available in three different manuscripts that I have participated as leading author or co-author 

(Coccioni et al., 2012; Jovane et al., 2013; Savian et al., 2013), as well as data from the 

literature. This information is not repeated in the next Chapters. 

 

Chapter 3 consists of an integrated magnetobiostratigraphic record for the Eocene-

Oligocene interval to generate a high-resolution age model for Monte Cagnero section. The 

original goal of the study was to obtain a reliable chronostratigraphic framework for studying 

the Eocene–Oligocene paleoceanographic changes during the switch from greenhouse to 

icehouse conditions, which is the main topic of interest of the senior author. But this work 

also provides the chronological framework for studying the MECO event, being the basis for 
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Chapter 4, thus justifying its inclusion in the Thesis. The studied sediments consist of 

alternating reddish and greenish limestones and marlstones. A new integrated age model for 

the section is based on high-resolution paleomagnetic analyses, combined with detailed 

planktonic foraminiferal and calcareous nannofossil biostratigraphic results. Rock magnetic 

measurements show that the magnetic mineralogy is dominated by a mixture of high- and 

low-coercivity minerals, likely representing a combination of hematite and magnetite. A 

robust magnetostratigraphic signal, together with the identification of multiple bioevents, 

allows the construction of a detailed age model for the section. Based on these results, we 

infer that the section spans a continuous interval (to magnetochron resolution) from the 

middle Eocene to the lower Oligocene (~41 to ~27 Ma). 

 The related manuscript was published as: 

Jovane, L., Savian, J., Coccioni, R., Frontalini, F., Bancalà, G., Catanzariti, R., 

Luciani, L., Bohaty, S., Wilson, P., and Florindo, F. (2013). Integrated 

magnetobiostratigraphy of the middle Eocene-lower Oligocene interval from the Monte 

Cagnero section, central Italy. Geological Society, London, Special Publications, 373, first 

published March 25, 2013; doi 10.1144/SP373.13. 

 

Chapter 4 reports results of high-resolution environmental and rock magnetic 

investigations at the Neotethyan Monte Cagnero (MCA) section (northeastern Apennines, 

Italy), where the MECO has been recognized. Earth's climate experienced a warming event 

known as the Middle Eocene Climatic Optimum (MECO) at ~40.0 Ma, which was an abrupt 

reversal of a long-term Eocene cooling trend. This event is characterized in the deep 

Southern, Atlantic, Pacific and Indian Oceans by a distinct negative δ18O excursion over 500 

kyr. We report results of high-resolution paleontological, geochemical, and rock magnetic 

investigations of the Neo-Tethyan Monte Cagnero (MCA) section (northeastern Apennines, 

Italy), which can be correlated on the basis of magnetobiostratigraphic results to the MECO 

event recorded in deep-sea sections. In the MCA section, an interval with significantly 

increased eutrophic nannofossil taxa (and decreased abundances of oligotrophic taxa) spans 

the peak MECO warming and its aftermath and coincides with a positive carbon isotope 

excursion, and a peak in magnetite and hematite contents. The magnetite content peak reflects 
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the appearance of magnetofossils, while the hematite peak is attributed to an enhanced detrital 

mineral contribution, likely as aeolian dust transported from the continent adjacent to the 

Neo-Tethys Ocean during a drier, more seasonal climate during the peak MECO warming. 

Based on our new geochemical, paleontological and magnetic records, the MECO warming 

peak and its immediate aftermath are interpreted as a period of high primary productivity. 

Sea-surface iron fertilization is inferred to have stimulated high phytoplankton productivity, 

increasing organic carbon export to the seafloor and promoting enhanced biomineralization of 

magnetotactic bacteria, which are preserved as magnetofossils during the warmest periods of 

the MECO event in the MCA section. Together with previous studies, our work reinforces the 

connection between hyperthermal climatic events and the occurrence (or increased 

abundance) of magnetofossils in the sedimentary record. 

The related manuscript was submitted as: 

Savian, J.F., Jovane, L., Trindade, R.I.F., Frontalini, F., Coccioni, R., Bohaty, S.M., 

Wilson, P.A., Florindo, F., Sprovieri, M., Roberts, A.P., Catanzariti, R., and Figueira, R.C.L. 

(Submitted). Enhanced primary productivity and magnetotactic bacterial production in 

response to middle Eocene warming in the Neo-Tethys Ocean. Earth and Planetary Science 

Letters. 

 

Chapter 5 presents a high-resolution study at Contessa Valley (Gubbio, central Italy), 

that integrates stable isotope stratigraphy, calcareous nannofossil and foraminiferal 

biostratigraphy and geochemistry. I have contributed to the study with the rock magnetic and 

magnetostratigraphic datasets and participated in the integration of results. This well-

preserved succession offers an excellent opportunity to identify and constrain the Palaeocene 

to early Eocene hyperthermal events and carbon isotope excursions (CIEs). Our dataset 

provides the first evidence in the Tethys Ocean of several CIEs previously identified in the 

Pacific, Atlantic and Southern Oceans, highlighting their global significance, but also present 

other CIEs still not identified elsewhere. Their characteristics are compared with those 

reported for deep-sea cores and other land-based sections to test whether the signature 

associated with the documented CIEs in our composite section can be traced over a wider 

area. The Contessa composite section is here stablished as a reference succession for the the 
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magnetobiochronostratigraphic framework of the early Paleogene and its hyperthermal events 

and CIEs. This reference succession is now being studied in terms of its magnetic mineralogy 

to test the intimate correlation between events of abrupt increase in sea surface temperature 

and the occurrence (or increase in abundance) of magnetofossils. This correlation is already 

proven by other authors in Southern Ocean sections for the PETM, and by our own work on 

the Neo-Thetys for the MECO event.  

 The manuscript was included in thesis almost in its original form, with a final 

comment on the perspectives of magnetic mineralogical studies of hyperthermal 

fingerprinting in this succession. The related paper was published as: 

 Coccioni, R., Bancalà, G., Catanzariti, R., Fornaciari, E., Frontalini, F., Giusberti, L., 

Jovane, L., Luciani, V., Savian, J., Sprovieri, M. (2012). An integrated stratigraphic record of 

the Palaeocene–lower Eocene at Gubbio (Italy): new insights into the early Palaeogene 

hyperthermals and carbon isotope excursions. Terra Nova, 24, 380-386, doi: 10.1111/j.1365-

3121.2012.01076.x. 

 

Chapter 6 presents a high resolution magnetostratigraphic and environmental 

magnetism record and a new integrated age model for the middle Eocene to-lower Oligocene 

section of Hole 711A. Correlation of the polarity pattern to the geomagnetic polarity 

timescale provides a record from Chron C19r (middle Eocene) to C12r (early Oligocene). Our 

results extend the existing polarity record down into the middle Eocene and confirm 

published results from the lower Oligocene section of the hole. These new results from Hole 

711A have important implications for identifying and dating global climate change events, 

and for reconstructing calcite compensation depth (CCD) history at this site. In addition, 

variations of magnetic parameters across the hole show strong similarities to those observed 

in Monte Cagnero, suggesting that similar mechanisms of primary productivity enhancement 

have also operated in this pelagic oceanic environment.  

 The chapter corresponds to a modified version of the following manuscript, with the 

addition of magnetic mineralogical data (environmental magnetism and FORC diagrams) and 

specific discussion: 
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 Savian, J., Jovane, L., Bohaty, S., Wilson, P. (2012). Middle Eocene to early 

Oligocene magnetostratigraphy of ODP Hole 711A (Leg 115), western equatorial Indian 

Ocean. Geological Society, London, Special Publications, 373, first published March 25, 

2013; doi 10.1144/SP373.16. 
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Chapter 2. Geological Context 

 

2.1. Monte Cagnero and Contessa Sections (Neo-Tethys Ocean) 

 

The U–M Apennines is a foreland fold-and-thrust belt (Chiarabba et al. 2005), which 

was formed in the latest phase of the Alpine–Himalayan orogenesis. These mountains are 

entirely made from marine sedimentary rocks of the so-called U–Msuccession, which 

represent a continuous record of the geotectonic evolution of an epeiric sea from the Late 

Triassic to the Pleistocene. During the Late Triassic and Early Jurassic, at the time of the 

opening of the North Atlantic, the rifting between Europe and Africa took place within a 

formerly continuous continental crust at the southern margin of Europe (Centamore et al. 

1980; Bosellini 1989). This rifting formed oceanic ancestral basins, which are now preserved 

in the present Alpine mountain chains, including the Pennine–Liguride Ocean. This new 

ocean, perhaps connected to part of the ancient Tethyan Ocean to the east, outlined a 

northward-pointing promontory of African continental crust, commonly referred to as Adria 

or the Adriatic Promontory (Channell et al. 1979). The Adriatic Promontory was isolated 

from inputs of clastic sediments. As a large, and nearly isolated, passive continental margin, 

Adriatic Promontory underwent extensional faulting. Normal faults defined a complex of 

subsiding blocks leading to an irregular topography of structural highs (horsts) and adjacent 

depocentres (grabens and/or halfgrabens). Where shallow water carbonate deposition could 

keep up with subsidence, and where the faulted blocks were large enough to support 

productive carbonate platform environments, very thick sequences of shallow water 

carbonates developed on the Adria’s crust. In other regions, subsidence and complex block 

faulting carried the seafloor down, below the photic zone and out of the zone of shallowwater 

carbonate production. Areas with this history became pelagic basins, such as the U–M Basin, 

in which the Palaeogene carbonate succession was deposited recording the geologic, biologic 

and oceanographic evolution of this region, with remarkable continuity and completeness. 

The Palaeogene portion of the U–M pelagic succession is represented by three distinct 

formations (from bottom to top): Scaglia Rossa (early Turonian to middle Eocene), Scaglia 

Variegata (Middle to late Eocene) and Scaglia Cinerea (late Eocene to earliest Miocene). The 
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Italian terms ‘Rossa’, ‘Variegata’ and ‘Cinerea’ refer to the red, variegated and ashy colour, 

respectively, and ‘Scaglia’ to the scaly, conchoidal fracture typical of these thinly bedded 

rocks. The Palaeogene Scaglia Rossa corresponds to the R3 and R4 members of Alvarez and 

Montanari (1988) and is made up of well-bedded, pink to red limestones with red marly 

interbeds in the Middle–Lower Danian, at the Selandian–Thanetian transition and from the 

Upper Thanetian to middle Ypresian. Radiolarian chert occurs from the Middle Ypresian to 

the Lower Lutetian portion of this formation. The Palaeogene Scaglia Rossa varies in 

thickness between 80 and 100 m. Beginning in the middle Eocene, terrigenous clay input 

became increasingly important. The Scaglia Variegata represents a transitional interval 

between the Scaglia Rossa and Scaglia Cinerea and consists of an alternation of white, 

greenish-grey and pink to red marly limestones and calcareous marls. Its lower boundary is 

marked by the last occurrence of nodular chert (Lowrie et al. 1982). The top of the Scaglia 

Variegata is conventionally placed at the top of the uppermost reddish interval (Monaco et al. 

1987; Coccioni et al. 1988: Odin and Montanari 1988). The Scaglia Variegata varies from 30 

and 95 m in thickness. The Scaglia Cinerea consists mainly of calcareous marls and marls and 

subordinate marly limestones greenish-grey and grey in colour. This unit varies from 100 to 

200 m in thickness and its top is set at the base of the Raffaello Level (Coccioni et al. 1989, 

1994), a volcanoclastic bentonite that represents a regional marker bed easily recognizable in 

the field, which marks the base of the overlying early to Middle Miocene Bisciaro Formation. 

Biotite-rich layers emplaced as air-fall volcanic ash are found at different stratigraphic levels 

in the uppermost Scaglia Variegata and throughout the Scaglia Cinerea. 

The Palaeogene pelagic sediments the U–M Basin were deposited well above the CCD 

at Middle to lower bathyal depths (1000–1500 m; Galeotti et al. 2004; Jovane et al. 2007a; 

Giusberti et al. 2009; Coccioni et al. 2010) and at c. 308N palaeolatitude (Jovane et al. 

2007a). 

The Monte Cagnero section (43°38’50”N, 12°28’05”E and 727 m above sea-level) lies 

within the Umbria-Marche Basin (northeastern Apennines, Chiarabba et al., 2005) near 

Urbania, Italy. The study section ranges from 58 to 128 msl (70-m thick) and comprises the 

Priabonian-Rupelian boundary at 114.1 msl, which corresponds to 19 msl in the Massignano 

Section (Coccioni et al., 2008; Hyland et al., 2009). 
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 The Monte Cagnero section has been proposed as the Rupelian/Chattian GSSP 

(Coccioni et al., 2008). The lithologies of the entire Eocene and Oligocene section consist of 

alternating reddish/greenish gray calcareous marl and marly limestones from the Scaglia 

Variegata and Scaglia Cinerea Formations, which largely represent pelagic carbonate 

successions (Figure 2.1) (e.g., Jovane et al. 2007a, b; 2009; 2013). The lower part of the study 

section consists of ~21 m (58.00-79.50 msl) of 0.15 to 1.00-m-thick red-violet limestone and 

0.20 to 2.00-m-thick violet marls with intercalations of white marl corresponding to the lower 

member of Scaglia Variegata Formation. We recognize the middle member of the Scaglia 

Variegata Formation as ~24 m (79.50–103.50 msl) of alternating 0.15 to 0.35 -m-thick marly 

limestones and green/gray marls. The upper member of the Scaglia Variegata Formation 

(103.50–107.50 msl) is represented by a series of 0.15-m-thick beds of red calcareous marls. 

The Scaglia Variegata Formation comprises a time interval from the end of the early Eocene 

to the end of the late Eocene (~47-~35 Ma) (e.g., Jovane et al., 2007a). Above 107.50 msl, the 

Scaglia Variegata Formation grades into gray marl and marly limestone of the mainly 

Oligocene Scaglia Cinerea Formation (e.g., Jovane et al., 2007a). Benthic foraminiferal data 

from Guerrera et al. (1988) and Parisi et al. (1988) interpret lower bathyal paleo-depths 

(1000–2000 m) during the middle Eocene, which gradually shoaled in the early late Eocene to 

mid-bathyal depths (800–1000 m). In the early Oligocene, upper bathyal paleo-depths (400–

600 m) are estimated. Between 103.5 and 103.30 msl lies a 0.2 m layer of slightly deformed 

marl of the Scaglia Cinerea Formation associated with slumping. 
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Figure 2.1. High-resolution lithostratigraphic sequence of the Monte Cagnero section from 

meter stratigraphic level (msl) 58 to 128 following the legend. Purple diamonds and blue 

lines indicate samples used for thermomagnetic curves and magnetostratigraphy. At 114.1 

msl is marked the Eocene-Oligocene boundary (Coccioni et al, 2008; Hyland et al., 2009; 

Jovane et al., 2013). 

 

The Contessa Highway (CHW) (lat. 43°22’47” N; long. 12°33’45” E) and Contessa 

Road (CR) (lat. 43°22’47” N; long. 12°33’50” E) sections, located a few kilometres northwest 

of Gubbio (central Italy) (Figure 2.2), are probably among the best studied Cenozoic Tethyan 

successions. They are characterized by a continuous record of many crucial aspects of the 

Earth’s history from the Cretaceous⁄ Palaeogene (K ⁄ Pg) boundary through to the Upper 

Oligocene (e.g., Lowrie et al., 1982; Cresta et al., 1989; Coccioni et al., 2010a,b; Galeotti et 
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al., 2010; Jovane et al., 2010). As the lower part of the CR section is affected by some 

tectonic disturbances, we used two distinct portions of the CHW and CR sections to construct 

a Palaeocene–lower Eocene complete and well-preserved composite stratigraphic succession, 

67 m in thickness and 16 Ma in duration, on the basis of biostratigraphic correlation. This 

succession, which is the focus of this study, was deposited at an average sedimentation rate of 

~0.5 cm ⁄ka and belongs to the Scaglia Rossa Formation that is made up of well-stratified red 

to pinkish, pelagic coccolith-foraminiferal limestones with subordinated marls deposited at 

middle to lower bathyal depths (1000–1500 m) (Galeotti et al., 2004; Jovane et al., 2007; 

Giusberti et al., 2009; Coccioni et al., 2010a), and at ~30°N palaeolatitude (Jovane et al., 

2007). Marls ranging from 1 to 20 cm in thickness are localized within the middle-lower 

Danian, at the Selandian-Thanetian transition and from the upper Thanetian upwards. Chert 

beds and nodules are associated with the middle–upper Ypresian limestones. 

 

Figure 2.2. Location map of the Contessa sections (CHW–Contessa Highway and CR– 

Contessa Road) on a simplified map that gives the formation boundaries in the Contessa 

Valley. 
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Palaeomagnetic data indicate eight chrons interpreted as Chron C29r to C22r based on 

comparison with calcareous plankton biostratigraphy, which spans from planktonic 

foraminiferal standard Zones P0–Pa to P9 and E1 to E7a (Berggren et al., 1995; Wade et al., 

2011), and from calcareous nannofossil standard Zones and Subzones NP1 to NP13 and CP1a 

to CP11 (Martini, 1971; Okada and Bukry, 1980). Interestingly, Galeotti et al. (2010) 

presented an integrated stratigraphic analysis, including biostratigraphy based on calcareous 

nannofossils, magnetostratigraphy and cyclostratigraphy, and wt.% CaCO3 and bulk carbon 

isotope records across the upper Palaeocene-lower Eocene interval at CR section comprising 

the PETM, ETM2 and ETM3. However, in our study, this interval has been investigated at 

higher resolution also providing a biostratigraphical framework based on foraminifera. 

 

2.2. ODP Hole 711A (Indian Ocean) 

 

ODP Hole 711A (2844.56′S, 61809.78′E) was drilled near the Seychelles Archipelago, 

between Madingley Rise and Carlsberg Ridge at a water depth of 4430 m, northern Indian 

Ocean (Figure 2.3). Hole 711A was advanced to 104.5 m below seafloor (mbsf) using the 

advanced piston corer system, recovering 95.1 m (91%) and advanced to 249.6 mbsf using the 

extended core barrel system, recovering 108.7 m (80%) (Backman et al., 1988). We studied 

the depth interval of Cores 711A-14X to -21X, which encompass sediments from the middle 

Eocene to lower Oligocene interval. The middle Eocene-to-lower Oligocene strata within 

Hole 711A primarily consist of carbonate-rich sediments characterized as clay-bearing 

nannofossil oozes/ chalks (68–173 mbsf; Lithostratigraphic Unit III), and clay-bearing 

nannofossil chalks with interbedded radiolarian oozes and radiolarian-bearing nannofossil 

chalks with carbonate content comprise about 70–80% (173–249.6 mbsf; Lithostratigraphic 

Unit IV; Backman et al. 1988; Okada 1990).  
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Figure 2.3. (A) Geological map with bathymetric features around the Mascarene Plateau and 

the location of Site 711. (B) Stratigraphic summary of Site 711 with recovery section (black 

column) and division of geologic timescale of the Core (After Backman et al., 1988). 

 

Previous biostratigraphic work in the Eocene–Oligocene section of Hole 711A 

includes studies of planktonic foraminifera, diatoms and nannofossil (Fenner and Mikkelsen 

1990; Fornaciari et al. 1990; Johnson 1990; Mikkelsen 1990; Okada 1990; Rio et al. 1990). 

Moreover, CaCO3, opal and magnetic susceptibility parameters have also been measured 

(Hampel and Bohrmann 1990; Peterson and Backman 1990; Robinson 1990). Palaeomagnetic 

measurements (progressive alternating-field demagnetization) have been measured in all Leg 

115 sites (Schneider & Kent 1990a), and a more detailed palaeomagnetic study was 

performed by Touchard et al. (2003) in the upper 100–160 mbsf interval of Hole 711A. In this 

present study, a total of 375 discrete samples were taken by International ODP personnel in 

Kochi (Japan) pressing 7 cm3 plastic samples boxes into the working half of the cores at an 

average c. 20 cm spacing. 
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Chapter 3. Integrated magnetobiostratigraphy of the middle 
Eocene-lower Oligocene interval from the Monte Cagnero section, 
central Italy 

 

3.1. Introduction 

 

The Cenozoic Era represents the last 65 Myr, from the end of the Cretaceous to the 

present, and is a transformational time in the evolution of Earth’s paleoclimate. Planktonic 

foraminiferal oxygen isotope (δ18O) records from all major ocean sedimentary basins indicate 

a cooling trend over the past 50 Myr, since the early Eocene climatic optimum (EECO, ~53-

51 Ma ago) (e.g. Zachos et al., 2001, 2008). The middle Eocene to early Oligocene was a key 

interval for Earth`s transition from warmer (greenhouse) to cooler (icehouse) conditions. This 

interval is characterized by the expansion of Antarctic large ice sheets to ≥50% the size of the 

present day volume (Zachos et al., 1996; Lear et al., 2000; Coxall et al., 2005; Katz et al., 

2008; Coxall and Wilson, 2011), culminating in the Eocene-Oligocene (E-O) climate 

transition (Oi-1; ~33.5 Ma) (Miller et al., 1991). 

The long-term cooling trend through the Eocene did not occur as a single gradual 

change. There are a series of distinct cooling and warming episodes superimposed on the 

cooling trend (e.g., Shackleton and Kennett, 1975; Miller et al., 1991; Zachos et al., 1996, 

2001, 2008; Bohaty and Zachos, 2003; Edgar et al., 2007, 2010; Jovane et al., 2007a,b, 2009; 

Ivany et al., 2008; Merico et al., 2008; Bohaty et al., 2009; Luciani et al., 2010, Spofforth et 

al., 2010). The most important climatic warming event in this interval is the Middle Eocene 

Climatic Optimum (MECO) that is characterized by a large negative δ18O excursion at ~40 

Ma (Bohaty and Zachos, 2003; Bohaty et al., 2009; Edgar et al., 2010). The causes of this 

event, which has been identified at multiple deep-sea drill sites around the globe and in 

outcrop sections in the Tethys region (Jovane et al., 2007b; Bohaty et al., 2009; Edgar et al., 

2010; Luciani et al., 2010; Spofforth et al., 2010; Dawber and Tripati, 2011), are still 

unknown. The main hypothesized causes for the Oi-1 abrupt cooling at the E-O transition 

include the opening of Southern Ocean gateways (e.g. Livermore et al., 2005), decreasing 

concentrations of greenhouse gases in the atmosphere, orbital forcing (e.g., DeConto and 
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Pollard, 2003; Coxall et al., 2005; Lyle et al., 2005; Pagani et al., 2005; Pearson et al., 2009), 

and closure of the Neo-Tethys gateway (e.g. Jovane et al., 2007a, 2009). Concerning the last 

hypothesis, new data from the Tethys Ocean are needed to better assess the effects of the 

gradual closure of the Neo-Tethys gateway, which was driven by collision between Arabia 

and Eurasia (Jovane et al., 2007a, 2009; Allen and Armstrong, 2008). The gradual nature of 

the closure resulted in paleoceanographic oscillations, particularly clear evidence in 

environmental magnetic properties, in the Neo-Tethys region prior to the Oi-1 event (Jovane 

et al., 2007a), perhaps as a result of variations in the subtropical Eocene Neo-Tethys (STENT) 

current (Jovane et al., 2009). 

The Monte Cagnero section (Figure 3.1), near Urbania (central Italy), is an important 

sedimentary sequence for study of paleoclimate events from the middle Eocene to upper 

Oligocene. Biostratigraphic studies of several microfossil groups have been carried out for 

this section, including dinoflagellates (Brinkhuis and Biffi, 1993), calcareous nannofossils 

(Baumann and Roth, 1969; Baumann, 1970; Maiorano and Monechi, 2006) and foraminifera 

(Baumann and Roth, 1969; Baumann, 1970; Parisi et al., 1988; Verducci and Nocchi, 2004). 

An integrated stratigraphy of the Oligocene pelagic sequence at Monte Cagnero has been 

constructed by Coccioni et al. (2008). The integrated stratigraphy indicates a stratigraphic 

equivalence between meter stratigraphic level (msl) 114.1 at Monte Cagnero and msl 19 at the 

section at Massignano, which represents the Global boundary Stratotype Section and Point 

(GSSP) for the Eocene-Oligocene boundary (Premoli Silva and Jenkins, 1993; Coccioni et al., 

2008; Hyland et al., 2009). A previous magnetostratigraphic interpretation (Hyland et al., 

2009) covers mainly the Oligocene part of the section, from 100 to 146.5 msl, and in the 

lower part the Priabonian–Rupelian boundary. The Monte Cagnero section is a unique and 

representative section for the Eocene and Oligocene epochs in the Umbria-Marche Basin, and 

offers the possibility of correlation with the Contessa Highway section (e.g. Jovane et al., 

2007b) ~40 km south, and with the Massignano stratotype section (e.g. Jovane et al. 2009) ~ 

100 km east (Figure 3.1). 

In this study, we present a high-resolution magneto-, bio-, and chronostratigraphic 

study of the Monte Cagnero section spanning the middle Eocene to lower Oligocene interval. 

We extend the stratigraphic study of the section from 128 msl down to 58 msl. The main 

objectives of this work were (1) to obtain an accurate magnetostratigraphy for the middle 



44 

 

Eocene–lower Oligocene interval, and (2) to refine the age calibration of biostratigraphic 

events in the same interval. This work has resulted in better documentation of the relationship 

between the gradual closure of the Neo-Tethys gateway and the resulting variation of the Sub-

Tropical Eocene Neo-Tethys (STENT) (Jovane et al., 2009). A robust age model forms the 

framework for future paleoceanographic studies at this site, which will be used in studies of 

important climatic events, such as the MECO and the Oi-1 events. 

 

Figure 3.1. (A) Location map of the Monte Cagnero Section. (B) Representative picture from 

Scaglia Cinerea, which is part of the Monte Cagnero section (photo taken in March 2008). 
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3.2. Methods 

3.2.1. Paleomagnetism 

 

 A total of seven hundred samples were collected at ~0.1 m intervals from the Monte 

Cagnero section and used for all analyses reported here. Paleomagnetic sampling consisted of 

241 oriented block samples for magnetostratigraphic analysis at ~0.3 m resolution. The 

oriented block samples were cut into 2 or 3 paired cubes (named A and B), in order to apply 

both alternating field (AF) (A samples) and thermal demagnetization (B samples) methods. 

Before analysis, each dry sample was weighed with a high precision balance, and, due to the 

irregular volume of the samples, all data were normalized relative to mass. 

 Because of the low intensity of the natural remanent magnetization (NRM) observed 

in a pilot study, samples were collected between 78 to 102 msl from two parallel transects at a 

distance of 20 m from the central main transect. The purpose of this sampling strategy was to 

increase the number of samples in this key interval. We designated these two sections as Y 

and Z, in addition to the central section called X. All the materials studied are archived in the 

laboratory of the Dipartimento di Scienze della Terra, della Vita e dell’Ambiente, Università 

di Urbino, Italy. 

 All paleomagnetic measurements were carried out at the University of Southampton’s 

paleomagnetic laboratory of the National Oceanography Centre Southampton, UK. We 

measured the low-field mass-specific bulk magnetic susceptibility (χ) in all samples using a 

KLY-4 Kappabridge (AGICO) instrument. Measurements were performed using a three-axis 

2-G Enterprises cryogenic magnetometer (model 755R), housed in a magnetically shielded 

room. Progressive AF demagnetization steps (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, and 

80 mT) were applied to all “A” specimens, and stepwise heating to the “B” specimens (25, 

100, 150, 200, 250, 300, 350, 400, 450, 500, 520, 540, 560, 580, 600, 620, 640, 660, 680, and 

700 °C). The 241 discrete “A” samples from the Monte Cagnero section were subjected to 

progressive AF demagnetization to remove possible magnetic overprints due to secondary 

magnetization and to discern characteristic remanent magnetization (ChRM) directions. 

 Magnetic components were identified using stereographic projections, orthogonal and 

demagnetizing intensity plots. The characteristic remanent magnetization (ChRM) directions 
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were calculated using principal component analysis (Kirschvink, 1980) using the 

paleomagnetic data software package REMASOFT 3.0. The paleomagnetic results were 

rectified removing the tectonic tilt of Monte Cagnero section, which dips between 20° to 22° 

to the WNW (mean strike N30°E). 

 To obtain information on the magnetic mineralogy of the study samples, 

thermomagnetic analyses were performed 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 and then measuring susceptibility as a function of 

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

(e.g., Hrouda, 1994; Dunlop and Özdemir, 1997; Hrouda, 2003). The temperature dependence 

of magnetic susceptibility was measured up to 700°C (high-temperature) on selected samples 

(22). The thermomagnetic curves were measured in argon atmosphere in order to eliminate 

oxidation and alteration of magnetic minerals during heating. For the same set of samples, 

low temperature thermomagnetic curves also were performed down to -192°C for the same 

samples. These measurements were performed under air atmosphere. The thermomagnetic 

curves were interpreted and evaluated using the software package CUREVAL (AGICO). 

 

3.2.2. Biostratigraphy 

3.2.2.1. Planktonic foraminifera 
 

 Marly and soft marly-limestone samples for planktonic foraminiferal analysis were 

disaggregated using dilute hydrogen peroxide and Desogen (a surfactant). Hard marly 

limestone and limestone samples were prepared using the cold acetolyse technique of Lirer 

(2000), sieving through a 63 µm mesh, and drying at 50°C. This method enabled extraction of 

identifiable foraminifera even from indurated limestones. The combined preparation 

techniques allowed accurate taxonomic determination and detailed analysis of foraminiferal 

assemblages through the entire Monte Cagnero section. The residues were studied with a 

binocular microscope to characterize assemblages and identify biostratigraphic marker 

species, following the taxonomic criteria of Pearson et al. (2006). The two planktonic 

foraminiferal zonations of Berggren et al. (1995) and Wade et al. (2011) were followed. 
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3.2.2.2. Calcareous nannofossil 
 

Samples for calcareous nannofossil analysis were prepared from unprocessed material 

as simple smear slides using standard preparation methods (Bown and Young, 1998). Smear 

slides were studied using a Leitz Laborlux 12 Pol light microscope both under crossed 

polarized and transmitted light at a magnification of 1250×. Nannofossil taxa were identified 

according to the taxonomic concepts summarized by Perch-Nielsen (1985). The standard 

calcareous nannofossil zonations of Martini (1971) and Okada and Bukry (1980) are widely 

used for low- and mid- latitude biostratigraphic studies in the Paleogene, and these were 

adopted in this paper. 

 

3.3. Results 

3.3.1. Paleomagnetic behavior and polarity zonation 

 

The natural remanent magnetization (NRM) of the Monte Cagnero sample set varies 

from 4.27×10-10 Am2/kg to 4.71×10-7 Am2/kg, with mean values of 3.49×10-8 Am2/kg (Figure 

3.2). The NRM intensities are significantly lower in the interval between 78 to 104 msl and 

the magnetic behavior during demagnetization is not completely resolvable. 

AF demagnetization was more effective in removing the secondary magnetization than 

thermal demagnetization at Monte Cagnero section. In most samples, a low-coercivity 

component was removed after AF demagnetization between 10–80 mT and after thermal 

demagnetization at 200–540°C. Stable paleomagnetic behavior (with maximum angular 

deviation (MAD) values below 15°) was obtained for 105 samples (44% of the total analyzed 

samples). Thermal treatment performed on all 241 “B” samples showed stable behavior for 65 

samples (27%). For a total of 170 samples (70%), based on the observed demagnetization 

behavior (Figure 3.3), we isolated the ChRM component recognizing both normal and reverse 

polarity directions (Figure 3.4). 
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The magnetic polarity record from the Monte Cagnero section was divided into 

thirteen magnetozones (Figure 3.4). A high-resolution record was obtained between 58 and 79 

msl and between 102 and 124 msl (Figure 3.4). Between these intervals (79-102 msl), a much 

lower resolution record was obtained due to the complex behavior of the samples during 

demagnetization. Many of these samples with poor demagnetization behavior have MAD 

values >15° and were not used to define the magnetic polarity record. The magnetozones 

were defined using multiple and consecutive samples with the same polarities along the 

section. 

 

Figure 3.2. Intensity and inclination of the natural remanent magnetization (NRM) along the 

Monte Cagnero section from 58 to 128 msl compared with lithostratigraphic column. 
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Figure 3.3. Selected representative orthogonal plots, stereograms and intensity decay plots. 

Solid (open) squares represent the projection on the horizontal (vertical) plane. The 

demagnetization levels are represented in mT. 
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Figure 3.4. Intensity and inclination of the characteristic remanent magnetization (ChRM) 

along the Monte Cagnero section from 58 to 128 msl compared with lithostratigraphic 

column. On the right site, we also included the magnetozones and the boundary between them 

in msl. Black horizontal lines at 0 degrees in the inclination of ChRM represent samples for 

which we have not been able to calculate the ChRM because of high MAD values. The dashed 

line represents the GAD based on the reconstruction of Besse and Courtillot (1998). 
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The arithmetic mean inclination and declination for the normal polarity samples used 

for in the magnetozones are 50.8° and 245.8° (colatitudes=48.8°; N=94; α95= 3.40), 

respectively. For the reverse polarity samples, the means are -42.8° and 83.2° (colatitudes= -

48.9°; N=69; α95= 3.52), respectively. Samples with ChRM inclinations below 20° were not 

considered when calculating the means. At this location, the expected average values are 56° 

for inclination and 6° for declination (Besse and Courtillot, 1991). Thus, published values of 

inclination and declination are close to the cone of confidence determined here. For the 

samples that retained a weak magnetization (in several cases we were not able to remove the 

secondary components), we believe the reversal test and results to be acceptable. 

The thermomagnetic heating and cooling curves for selected samples from Monte 

Cagnero section are shown in Figure 3.5. For all samples, we observe magnetic mineralogical 

transformations during thermal treatment detected by the variation of magnetic susceptibility 

versus temperature changes. Samples at 58.60 and 68.65 msl (Figures 3.5A and D) show 

initially low values of magnetic susceptibility corresponding to a presence of dia- and/or 

paramagnetic minerals. Samples at 63.35 msl (Figure 3.5B) and 64.70 msl (Figure 3.5C) show 

an increase of the magnetic susceptibility at around 300–400◦C, and then a major fall after 

580°C indicating the presence of magnetite with minimal presence of hematite. The sample at 

64.70 msl shows the reversible behavior after heating; however, after heating at 700°C under 

open-air conditions, the samples at 58.60, 68.65, and 63.35 msl suffered an irreversible 

mineralogical transformation indicated by the higher susceptibility of the cooling curve. For 

samples at 58.60 and 68.65 msl, the susceptibility increases rapidly during cooling between 

600–500°C indicating that magnetite is product of clays during thermal treatment. In samples 

from 63.35 and 64.70 msl, the increase begins at approximately 650°C suggesting that new 

hematite was also produced. These mixtures of different magnetic phases are often found in 

carbonate samples, and the formation of secondary (authigenic) iron oxides is thought to 

result from the presence of pre-existing iron-bearing minerals (Channell et al., 1982; Channell 

and McCabe, 1994, Jovane et al., 2007a,b). 
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Figure 3.5. Temperature versus magnetic susceptibility for four samples from the Monte 

Cagnero section. Details on the significance for magnetic mineral associations from heating 

progression and the cooling return are in the text. The furnace diamagnetism has been 

subtracted. 

 

3.3.2. Biostratigraphy 

 

 The biostratigraphy of the Monte Cagnero section was initially documented by 

Baumann and Roth (1969). They established a correlation between planktonic foraminiferal 
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and calcareous nannofossil biozonations from the Eocene-Oligocene boundary interval to the 

uppermost Oligocene and identified seven nannofossil biozones corresponding to Zones 

NP19/20–NP24 of Martini (1971). Compared with several other sections of the Umbria-

Marche Scaglia succession, the Monte Cagnero section is the most expanded and continuous 

section straddling the E-O boundary (Baumann, 1970). Further biostratigraphic refinement of 

the Monte Cagnero section, encompassing ~55 m of the Eocene (Scaglia Variegata 

Formation) and ~30 m of the overlying Oligocene section (Scaglia Cinerea Formation), was 

completed by Guerrera et al. (1988) and Parisi et al. (1988). A further refinement of the 

middle–late Eocene planktonic foraminiferal biostratigraphy at the Monte Cagnero section 

was performed by Verducci and Nocchi (2004), who also attempted to identify significant 

paleoclimatic and paleoceanographic events across this time interval. More recently, Coccioni 

et al. (2008) proposed the Monte Cagnero section as a potential candidate for the Chattian 

GSSP, and Hyland et al. (2009) nominated this section as a parastratotype for the Eocene-

Oligocene GSSP at Massignano. 

 

3.3.3. Planktonic foraminifera 

 

 Planktonic foraminifera are abundant and diverse throughout the study interval of the 

Monte Cagnero section, with high species richness and assemblages typical of late Eocene–

early Oligocene low-latitude pelagic environments. Preservation is mostly moderate to good 

therefore offering the possibility of accurate taxonomic. 

 The following main biostratigraphic events (bioevents) were identified and correlated 

with the planktonic foraminiferal biozones (from bottom to top): (l) Lowest Occurrence (LO) 

of Orbulinoides beckmanni at 63.2 msl; (2) Highest Occurrence (HO) of O. beckmanni at 65.5 

msl; (3) HO of Morozovelloides crassatus at 85.0 msl; (4) LO of Globigerinatheka 

semiinvoluta at 86.5 msl; (5) HO of Globigerinatheka semiinvoluta at 101.1 msl; (6) LO of 

Turborotalia cunialensis at 102.50 msl; (7) HO of Globigerinatheka index 107.52 msl; (8) 

HO of Cirbrohantkenina inflata 112.90 msl; (9) HO of Turborotalia cerroazulensis 113.6 

msl; (10) HO of Hantkenina alabamensis at 114.1 msl. The lower part of the study section is 

assigned to Zones P12 of Berggren et al. (1995) and E11 of Wade et al. (2011), based on the 
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absence of O. beckmanni, which defines the lower and the upper boundaries of Zone P13 

(Globigerapsis beckmanni Total Range Zone) of Berggren et al. (1995) and Zone E12 (O. 

beckmanni Taxon-range Zone) of Wade et al. (2011), respectively (Figure 3.6). Following 

Berggren et al. (1995), the LOs of G. semiinvoluta and T. cunialensis and the HOs of C. 

inflata and T. cerroazulensis are used to mark the P14/P15, P15/P16, P16/P17 and P17/P18 

zonal boundaries, respectively (Figure 3.6). According to Wade et al. (2011), the HOs of M. 

crassatus, G. semiinvoluta and G. index and the LO of H. alabamensis define the E13/E14, 

E14/E15, E15/E16 and El6/O1 zonal boundaries, respectively (Figure 3.6). Following 

Coccioni et al. (1988), Nocchi et al. (1988) and Premoli Silva and Jenkins (1993), the E-O 

boundary is placed at 114.1 msl, at the extinction level of the planktonic foraminiferal Family 

Hantkeninidae (Figure 3.6). 

 

3.3.4. Calcareous nannofossil 

 

 In all study samples from the Monte Cagnero section, calcareous nannofossils are 

abundant, and preservation varies from moderate to poor. The following primary bioevents 

were identified in the Monte Cagnero section (from bottom to top) (Figure 3.6): (1) HO of 

Chiasmolithus solitus at 70.0 msl; (2) LO of Chiasmolithus oamaruensis at 84.0 msl; (3) HO 

of Chiasmolithus grandis at 85.50 msl; (4) HO of Chiasmolithus oamaruensis at 98.5 msl; (5) 

HO of Discoaster saipanensis at 108.5 msl; and (6) Acme Base (AB) of Clausicoccus obrutus 

>5.7µm at 114.5 msl. The lower part of the section is assigned to zones NP16 and CP14a of 

Martini (1971) and Okada and Bukry (1980), respectively, based on the presence of 

Reticulofenestra umbilica and the absence of Blackites gladius (Figure 3.6). The HO of C. 

solitus marks the NP16/NP17 and CP14a/CP14b zonal boundaries of Martini (1971) and 

Okada and Bukry (1980), respectively. Following the biostratigraphical scheme of Martini 

(1971), we used the LO of C. oamaruensis to define the base of NP17/NP18-NP19 zonal 

boundary, the HOs of C. oamaruensis and D. saipanensis to mark NP18-19/NP20 and 

NP20/NP21 zonal boundaries, respectively (Figure 3.6). Since the LO of Isthmolithus 

recurvus, which defines both NP18/NP19 and CP15a/CP15b zonal boundaries of Martini 

(1971) and Okada and Bukry (1980), respectively, was not identified, zones NP18 and NP19 

have been combined, as well as subzone CP15a (Figure 3.6). According to the 
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biostratigraphical biozonations of Okada and Bukry (1980), the HOs of C. grandis and D. 

saipanensis were used to define the CP14b/CP15, and CP15/CP16a zonal boundaries, 

respectively (Figure 3.6). The AB of C. obrutus >5.7µm was proposed by Hyland et al. (2009) 

to define the CP16a/CP16b zonal boundary instead of the AE of Clausicoccus as suggested by 

Backman (1987). This event is placed immediately above the E-O boundary and falls in the 

middle-upper part of chron C13r (Figure 3.6). 

 

Figure 3.6. Correlation between age of the geomagnetic polarity time scale (C&K1995, 

Cande and Kent, 1995; and Gee and Kent, 2007; GTS2012, Vandenberghe et al., 2012) and 

ChRM inclination of the Monte Cagnero section polarity zonations (purple solid line). 

Calcareous nannofossil and planktonic foraminiferal data were used to constrain the 

interpretation. Planktonic foraminiferal zones are after (P) Berggren et al. (1995) and (E) 

Wade et al. (2011); calcareous nannofossil zones are after (NP) Martini (1971) and (CP) 

Okada and Bukry (1980). Correlation between chron ages at Monte Cagnero and the 

Geologic Time Scale (GTS2012; Vandenberghe et al., 2012) and magnetozones is also shown 
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(pink dashed line). LO—Lowest Occurrence; HO—Highest Occurrence; AB—Acme Base. 

Sedimentation rates are tabulated for each chron interval. The Eocene-Oligocene boundary is 

at 114.1 msl (Coccioni et al, 2008; Hyland et al., 2009). 

 

3.4. Discussion 

3.4.1. Correlation to the geomagnetic polarity time scale (GPTS) 

 

A series of thirteen magnetozones are recognized within the Monte Cagnero section in 

a sequence of six normal polarity intervals and seven reversal polarity intervals (Figure 3.4). 

We interpreted the magnetic polarity record based on the Geomagnetic Polarity Time Scale 

(GPTS) calibrations of Cande and Kent (1995; C&K1995) and Vandenberghe et al. (2012; 

GTS2012). Magnetozones R1 (58.00–63.57 msl), N1 (63.57–77.92 msl), R2 (77.92–81.30 

msl), N2 (81.30–84.70 msl), R3 (84.70–85.40 msl), N3 (85.40–86.42 msl), N3 (86.42–88.00 

msl), N4 (88.00–99.15 msl), R5 (99.15–102.25 msl), N5 (102.25–106.10 msl), R6 (106.10-

117.30 msl), N6 (117.30–124.15) and R7 (124.15–128.00 msl) are interpreted to correspond 

respectively to chrons C18r, C18n, C17r, C17n.3n, C17n.2r, C17n.2n, 

C17n.1r/C17n.1n/C16n, C15r, C15n, C13r, C13n and C12r (Figures 3.4 and 3.6). Our 

magnetostratigraphy is based on a straightforward interpretation for most of the section, with 

some uncertainties in the depth interval between ~90 and 95 msl - an interval which is 

characterized by low concentration of magnetic minerals. Through linear interpolation 

between chron boundary ages (Cande and Kent, 1995; Vandenberghe et al., 2012), we have 

constructed a detailed age–depth model for the Monte Cagnero study section (Figure 3.6). The 

age–depth model for the interval between ~90 and 95 msl is mainly based on the 

biostratigraphic results because the magnetostratigraphy in this interval is less reliable than 

the rest of the section (Figure 3.6). 

The top of the study section has an interpreted age of ~ 32.6 Ma within chron 12r 

(C&K95, 30.939–33.058 Ma; GTS2012, 31.034–33.157), while the bottom has an age of ~ 

40.8 Ma within Chron 18r (40.130–41.257 Ma) (Figure 3.6). No faults, condensed layers or 

hiatuses have been recognized along the section that might indicate a time discontinuity in the 

section. Consequently, the entire Monte Cagnero section spans a time interval of at least 13 
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Myr (8 Myr in our segment and the 5 Myr through the Oligocene section documented by 

Hyland et al. (2009) and Coccioni et al. (2008)) in one continuous and undisturbed 

sedimentary sequence. The chron 12r interval was identified in previous work on this section 

(Hyland et al., 2009), which is in agreement with our polarity and age interpretations. 

 

3.4.2. Eocene-Oligocene sedimentation rates at Monte Cagnero 

 

 Based on the GPTS calibrations of Cande and Kent (1995) (confirmed in Gee and 

Kent, 2007), sedimentation rates throughout the Monte Cagnero section vary from 14.07 

m/Myr (chron 13n) to 5.34 m/Myr (Chron 17n.1r). The average sedimentation rate, which is 

calculated by linear interpolation between consecutive chron boundaries, is 8.57 m/Myr 

(0.857 cm/kyr) (Figure 3.7A). 

 Appling the most recent GTS chron ages from Vandenberghe et al. (2012), the 

calculated sedimentation rates for the Monte Cagnero section are very similar to those 

obtained using the GPTS of Cande and Kent (1995) (Figure 3.7B) with an average 

sedimentation rate of 8.68 m/Myr. These values confirm the duration of the chrons for this 

period from Cande and Kent (1995), Gee and Kent (2007), and Jovane et al. (2010) and GTS 

2012 (Vandenberghe et al., 2012). Furthermore, the calculated sedimentation rates for the 

Monte Cagnero section are comparable with sedimentation rates of coeval sections at 

Massignano (upper Eocene to lower Oligocene) and Contessa Highway (middle Eocene), 

which have average rates of 7.3 and 6.4 m/Myr, respectively (Jovane et al., 2007a,b). 
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Figure 3.7. Variation of sedimentation rates at Monte Cagnero versus age for the middle 

Eocene-early Oligocene interval. The average sedimentation rate is 8.57 m/Myr using Cande 

and Kent (1995), Gee and Kent (2007) and Jovane et al. (2010). The average sedimentation 

rate is 8.68 m/Myr using the GTS from Vandenberghe et al. (2012). Depths units are in 

meters stratigraphic level (msl). 

 

3.4.3. Refinement of age calibrations for biostratigraphic events 

 

All of the biostratigraphic marker taxa that define the standard planktonic 

foraminiferal zones of Berggren et al. (1995) and Wade et al. (2011), through the middle–late 

Eocene and early Oligocene, occur in the analyzed material from the Monte Cagnero section. 

Additionally, most of the key markers used to define the standard calcareous nannofossil 

zonations of Martini (1971) and Okada and Bukry (1980) occur together with several 

additional marker species. Our integrated biostratigraphic study provides evidence that the 

58–127 msl interval at the Monte Cagnero section is continuous, within biostratigraphic and 

magnetostratigraphic resolution, between planktonic foraminiferal Zones P12 and P18 of 

Berggren et al. (1995) and between Zones E11 and O1 of Wade et al. (2011). Also, a 

complete record of calcareous nannofossil Zones NP16 to NP21 of Martini et al. (1971) and 

CP14a to CP16b of Okada and Bukry (1980) is present (Figure 3.6). 
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At Monte Cagnero, however, some bioevents that mark the zonal boundaries are 

placed at different stratigraphic levels compared to the current standard magneto-

biochronological timescale (Luterbacher et al., 2004, with updates from Ogg et al., 2008). The 

main discrepancies, from bottom to top, are as follows: 

1) the HO of C. solitus (NP16/NP17 and CP14a/CP14b zonal boundaries) occurs higher in the 

upper part of Chron C18n.2n; 

2) the LO of C. oamaruensis (NP17/NP18-NP19 zonal boundary) is found lower in Chron 

C17n.3n; 

3) the HO of C. grandis (CP14b/CP15 zonal boundary) occurs lower at the base of Chron 

C17n.2n; 

4) the HO of G. semiinvoluta (E14/E15 zonal boundary) is identified higher in the middle part 

of Chron C15r; 

5) the HO of D. saipanensis (NP20/NP21 and CP15/CP16a zonal boundaries) is recognized 

higher in the lower part of Chron C13r. 

 These discrepancies are likely due to the fact that the markers adopted in standard 

calcareous nannofossil zonations of Martini (1971) and Okada and Bukry (1980) for the 

Paleogene Period might be latitudinally restricted and facies dependent (Fornaciari et al., 

2010). Moreover, the biostratigraphic resolution of the calcareous nannofossil and planktonic 

foraminiferal schemes for the middle Eocene–early Oligocene is low and some bioevents 

have been rarely calibrated to high-resolution magnetostratigraphic records. Accordingly, 

correlations of the standard calcareous nannofossil and planktic foraminiferal biohorizons, to 

the geomagnetic polarity time scale (GPTS; Cande and Kent 1995; CK95) remain disputed 

for Paleogene times. The data presented above and summarized in Table 3.1 expand the 

existing database of calcareous nannofossil and planktonic foraminiferal biochronology 

during the middle–late Eocene and early Oligocene. 
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Table 3.1. Planktonic foraminiferal and calcareous nannofossil events and interpretation of 

Chrons boundaries for the Monte Cagnero section. Bioevent ages of Wade et al. (2011) (1), 

and Berggren et al. (1995) (2). Magnetochron ages from Cande and Kent (1995) (3) and 

Vandenberghe et al., 2012 (4). Astronomical ages from Jovane et al., (2006) (5) and Jovane 

et al., (2010) (6). 
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3.5. Conclusions 

 

 The Monte Cagnero section located in the northeastern Apennines near Urbania in the 

Umbria-Marche Basin (Italy), provides the most complete and continuous stratigraphic 

sequence representing the middle Eocene to lower Oligocene interval (~55 to 28 Ma) 

currently identified in central Italy, spanning a time interval of at least ~13 Myr. In this study, 

we have obtained new insight on the nature and age of these strata based on high-resolution 

magnetostratigraphic analyses and detailed calcareous nannofossil and planktonic 

foraminiferal analyses. These data form the basis of a new, robust age-depth model for the 

middle Eocene–lower Oligocene interval. 

 The Monte Cagnero section consists of limestone and marlstone of reddish and 

greenish color. The magnetic mineralogy of these rocks is represented mainly by low-

coercivity minerals (most likely magnetite or maghemite) in a mixture in some intervals of 

high coercivity minerals (most likely hematite). The high-resolution definition of the 

occurrence of those intervals along the section has important implications for climate studies 

and paleoceanographic events in the Neo-Tethys Realm during from the middle to the late 

Eocene. Our new magneto-biostratigraphy for the Monte Cagnero section also provides a 

precise age model across several crucial climate events. The refined age information for this 

section, in addition to multi-disciplinary climatic proxy studies, that are currently ongoing, 

will allow reconstruction of environmental change across the greenhouse-icehouse transition. 

The Monte Cagnero section likely records important middle Eocene–early Oligocene climate 

events, such as the E-O climate transition at ~34 Ma and MECO event at ~40 Ma. New 

insights into these events and related regional climate changes in the Tethys region will be 

gained through future paleoclimatic studies of the Monte Cagnero section and application of 

the high-resolution integrated age-model presented here. 
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Chapter 4. Enhanced primary productivity and magnetotactic 
bacterial production in response to middle Eocene warming in the 
Neo-Tethys Ocean 
 

4.1. Introduction 

 

The early part of the Cenozoic Era was characterized by greenhouse conditions 

through the early Eocene, followed by a ~17 Myr-long cooling trend (e.g. Zachos et al., 

2008). This long-term cooling trend was interrupted by the Middle Eocene Climatic Optimum 

(MECO) – a warming event that peaked at ~40.0 Ma (base of Chron C18n.2n) (Bohaty and 

Zachos, 2003; Bohaty et al., 2009). The MECO event has been recognized from multiple sites 

in the Southern, Atlantic, Pacific, Indian, and Tethyan Oceans (Figure 4.1a). It was first 

identified in foraminiferal stable isotope records from the Atlantic and Indian sectors of the 

Southern Ocean (Barrera and Huber, 1993; Bohaty and Zachos, 2003) and the hallmark of the 

event is a distinct negative δ18O excursion that spanned 500 kyr (Bohaty et al., 2009). The end 

of the event was marked by a prominent negative shift in benthic foraminiferal δ13C of up to 

~1.0‰ (e.g. Bohaty et al., 2009; Edgar et al., 2010). The long-lasting δ18O excursion, with a 

<100 kyr warming peak (MECO warming), has been interpreted to indicate a ~4-6°C 

temperature increase of both surface and intermediate deep waters (Bohaty et al., 2009; Edgar 

et al., 2010). Organic molecular paleothermometry in the southwest Pacific revealed absolute 

sea surface temperatures of 24°C to 26°C just below the onset of MECO, and MECO peak 

temperatures exceeding 28°C (Bijl et al., 2010). The temperature increase corresponded to a 

concomitant pCO2 increase by a factor of 2 to 3 (Bijl et al., 2010). An atmospheric pCO2 rise 

has also been inferred at other sites by changes in deep ocean chemistry as revealed by the net 

decline in carbonate accumulation that reflects widespread calcite compensation depth (CCD) 

shoaling (Bohaty et al., 2009). The abrupt pCO2 increase during the MECO event has been 

tentatively ascribed to massive decarbonation during subduction of Tethyan Ocean pelagic 

carbonates under Asia as India drifted northward (Bohaty and Zachos, 2003; Bijl et al., 2010). 
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Figure 4.1. (a) Palaeogeographic reconstruction at 40 Ma and location of the Prydz Bay 

(ODP Leg 119, Sites 738, 744), south Kerguelen Plateau (ODP Leg 120, Site 748), Weddell 

Sea (ODP Leg 113, Sites 689, 690), Angola Basin (DSDP Leg 73, Site 523), Islas Orcadas 

Rise (ODP Leg 114, Site 702), Black Nose (ODP Leg 171, Site 1051), Shatsky Rise (ODP Leg 

198, Site 1209), “Paleogene Equatorial Transect” (ODP Leg 199, Sites 1218, 1219), 

Mascarene Plateau (ODP Leg 115, Sites 709, 711), Walvis Ridge (ODP Leg 208, Site 1263), 

Demerara Rise (ODP Leg 207, Sites 1258, 1260), East Tasmanian Plateau (ODP Leg 189, 

Site 1172), Pacific Equatorial Age Transect (IODP Legs 320-321, Sites U1331-U1333), 

Labrador Sea (ODP Leg 105, Site 647) and Monte Cagnero, Contessa Highway, Alano, 

Kršteňany, and Seymour Island on-land sections. Reconstruction made using the web-based 

software at http://www.odsn.de/odsn/services/paleomap/paleomap.html. (b) Location of the 

Monte Cagnero (MCA) and Contessa Highway sections. (c) Location of the Monte Cagnero 

(MCA) section (Lat. 43°38’50”N, Long. 12°28’05”E, 727 m above sea level) near the town of 

Urbania, Italy. 
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The Contessa Highway (CHW) section in Central Italy was the first land-based section 

where MECO was documented (Figures 4.1a, b; Jovane et al., 2007a). More recently, the 

MECO event was also recognized at the Alano di Piave section, northeast Italy (Figure 4.1a; 

Luciani et al., 2010). In the Alano section the MECO event is followed by deposition of two 

organic-rich intervals (ORG1 and ORG2; Spofforth et al., 2010), which are thought to 

represent rapid organic carbon burial contemporaneous with the global pCO2 drawdown 

during the post-MECO recovery interval. Significant paleoredox, foraminifera and calcareous 

nannofossil assemblage changes have been documented in the same section that point to a 

shift toward more eutrophic waters and a lowering of oxygen availability at the end of MECO 

during deposition of sapropel-like beds (Spofforth et al., 2010; Luciani et al., 2010; Toffanin 

et al., 2011). Deposition of organic-rich sediments after the transient warming event has been 

associated with enhanced delivery of terrestrial material that would have both increased 

nutrient availability to the sea surface and stimulated primary productivity (Spofforth et al., 

2010). 

In marine environments, changes in primary productivity are directly related to the 

distribution and availability of nutrients and can be tracked by several proxies. One proxy is 

the relative abundance of magnetofossils in pelagic sediments (e.g. Hesse, 1994; Tarduno, 

1994; Tarduno and Wilkison, 1996; Lean and McCave, 1998; Yamazaki and Kawahata, 1998; 

Kopp and Kirschvink, 2008; Yamazaki, 2008, 2009; Roberts et al., 2011; Chang et al., 2012; 

Larrasoaña et al., 2012; Yamazaki, 2012). Magnetofossils are the inorganic remains of 

magnetotactic bacteria, which intracellularly biomineralize magnetically non-interacting 

single domain (SD) crystals of magnetite (Fe3O4) or greigite (Fe3S4), or both, that are 

arranged in chains within the cell (Bazylinski and Frankel, 2003; Faivre and Schüler, 2008; 

Kopp and Kirschvink, 2008; Moskowitz et al., 2008). These chains of nanocrystals (40-120 

nm) are used by the magnetotactic bacteria to orientate themselves relative to the Earth’s 

magnetic field (Blackmore, 1975) in order to find optimal living conditions in strongly 

chemically stratified aquatic environments (Bazylinski and Frankel, 2004). Magnetosomes 

can be preserved in sediments and in some cases may account for 20–60% of their bulk 

magnetization (Egli, 2004; Housen and Moskowitz, 2006; Roberts et al., 2011). Although 

magnetotactic bacteria are found in various marine environments (e.g. Petersen et al., 1986; 
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Vali et al., 1987; McNeill, 1990; Petermann and Bleil, 1993; Hesse, 1994; Housen and 

Moskowitz, 2006; Jovane et al., 2012), detection of fossil magnetosomes can be complicated 

by their mixture with other magnetic minerals, or with magnetic particles with different 

magnetic domain structures. Nevertheless, magnetofossils have been reported from pelagic 

marine environments of different ages, such as the Cretaceous-Paleogene boundary (e.g. 

Abrajevitch and Kodama, 2009), the Paleocene-Eocene boundary (e.g. Chang et al., 2012; 

Larrasoaña et al., 2012), the Eocene (e.g. Roberts et al., 2011, 2012), and the Miocene 

(Florindo et al., in press). Magnetosome abundance in sediments is strongly controlled by the 

availability of particulate iron and organic carbon flux to the seafloor (Roberts et al., 2011), 

which can be related to climate, including hyperthermal conditions (e.g. Schumann et al., 

2008; Chang et al., 2012; Larrasoaña et al., 2012). 

Here we present a high-resolution environmental magnetic, micropaleontological and 

stable isotopic investigation of the western Tethyan pelagic marine section at Monte Cagnero 

(MCA), Italy, which spans the late middle Eocene interval. Environmental magnetic data are 

used to detect magnetofossils and paleoproductivity variations across the MECO event and 

just after the warming event. These results, combined with paleoecological data from 

nannofossils and foraminifera, are used to assess paleoenvironmental scenarios associated 

with the MECO event in the Neo-Tethys realm. 

 

4.2. Geological Setting and Magnetobiostratigraphical framework 

 

A continuous Paleogene sedimentary record is preserved in the Scaglia Formation, 

which includes pelagic limestones and marly limestones of the Umbria–Marche succession, 

central Italy. The MCA section is exposed on the southeastern slope of Monte Cagnero (Lat. 

43°38’50”N, Long. 12°28’05”E, 727 m above sea level) near the town of Urbania, 

northeastern Apennines, Italy (Figure 4.1). Because of its completeness and stratigraphic 

continuity, the MCA section is an important pelagic sedimentary succession for studying 

Eocene and Oligocene climatic events (Coccioni et al., 2008; Hyland et al., 2009; Jovane et 

al., 2013). The 100 m stratigraphic level at the MCA section is equivalent to meter level 0 of 

the GSSP for the Eocene/Oligocene boundary at Massignano (e.g. Premoli Silva and Jenkins, 
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1993; Coccioni et al., 2008; Hyland et al., 2009; Jovane et al., 2004, 2006, 2007b, 2013). We 

focus on the lower part of the section, from 58 to 72 meters stratigraphic level (msl) (Figure 

4.2). This 14-m-thick interval of the MCA section belongs to the Scaglia Variegata Formation 

that consists of bundles of limestone-marl couplets. A lower bathyal (1000-2000 m) water 

depth was inferred for the depositional environment of the MCA section during the middle 

Eocene (Guerrera et al., 1988; Parisi et al., 1988), which gradually shoaled to mid-bathyal 

(800-1000 m) and upper bathyal (400-600 m) water depths in the late Eocene and early 

Oligocene, respectively. 

High-resolution magnetobiostratigraphic calibration of the MCA section was carried 

out by Coccioni et al. (2008), Hyland et al. (2009), and Jovane et al. (2013). The studied 

interval spans from the middle-upper part of Chron C18r to the lowermost part of C18r.1r 

with an average sedimentation rate of ~8.57 m/myr following the geomagnetic polarity 

timescale (GPTS) of Cande and Kent (1995) (confirmed by Ogg, 2012). The primary 

nannofossil and foraminiferal biostratigraphic events identified are (from bottom to top) the: 

(l) lowest occurrence (LO) of Orbulinoides beckmanni at 63.2 msl; (2) highest occurrence 

(HO) of O. beckmanni at 65.5 msl; and (3) HO of Chiasmolithus solitus at 70.0 msl (Jovane et 

al., 2013). It is worth noting, however, that recognition of the LO of O. beckmanni can be 

subjective because this taxon originates from Globigerinatheka euganea, and some 

transitional forms of problematic taxonomic assignment occur from 62.8 to 63.2 msl. 

Additionally, identification of the HO of O. beckmanni is hampered by its scarce abundance, 

moderate preservation of planktic (P) and benthic (B) foraminifera and some problematic 

specimen identifications up to 66.60 msl. Nevertheless, the MCA biostratigraphic record in 

the 58-72 msl interval is likely continuous and is interpreted to span planktonic foraminiferal 

Zones P12 to P14 of Berggren et al. (1995) and Zones E11 to E13 of Wade et al. (2011), and 

calcareous nannofossil Zones NP16 to NP17 of Martini et al. (1971) and CP14a to CP14b of 

Okada and Bukry (1980). 
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Figure 4.2. Changes in CaCO3 content, coarse fraction, δ
13

C and δ
18

O in bulk sediments, 

low-field magnetic susceptibility (χ), and rock magnetic properties (anhysteretic remanent 

magnetization, ARM; isothermal remanent magnetization, IRM at 900mT; hard isothermal 

remanent magnetization, HIRM; S-ratio300) across the 14-m-thick studied MCA section. χ, 

ARM, IRM900mT, and HIRM300mT were also calculated on a carbonate-free basis (CFB, 

dashed lines). The magnetobiostratigraphy is from Jovane et al. (2013). Numerical ages (1) 

are from Cande and Kent (1995) (stars) and Ogg (2012) (diamonds). Biostratigraphy is based 

on the planktonic foraminiferal Zones of Berggren et al. (1995) (2) and Wade et al. (2011) (3) 

and calcareous nannoplankton Zones of Martini (1971) (4) and Okada and Bukry (1980) (5). 

The areas shaded in yellow, orange and green highlight the Intervals (2-4) that represent the 

MECO, MECO warming peak and the post-MECO periods. 

 

4.3. Material and methods 

 

Two-hundred-sixty-five bulk rock samples were collected at ~5 cm stratigraphic 

intervals from the MCA section, corresponding to a temporal spacing of ~6 kyr between 

samples. High-resolution calcium carbonate, stable isotopic, rock magnetic and 

micropaleontological analyses were performed. Carbonate contents were measured at the 

National Oceanography Centre, Southampton (NOCS). One hundred-twenty-five bulk rock 

samples were reduced to fine powder in an agate mortar and their CaCO3 content was 

obtained using a Dietrich-Frühling calcimeter that measures the CO2 volume produced by 

complete dissolution of pre-weighed samples (300±1 mg each) in 10% vol. HCl. Total 

carbonate contents (wt.% CaCO3) were computed with a precision of 1% taking into account 

pressure and temperature of the laboratory environment, the amount of bulk sample used, and 

the volume of CO2 in the calcimeter. Standards of pure calcium carbonate (e.g. Carrara 

Marble) were measured every ten samples to ensure proper calibration. For coarse-fraction 

analyses, weighed freeze-dried samples were soaked in deionized distilled water, and were 

washed through 63 µm sieves. The >63 µm fraction residue was collected, dried, and 

weighed. The coarse fraction is defined as the weight percent ratio of the >63 µm size fraction 

to the weight of the bulk sample (~100 g for each sample) (Broecker and Clark, 1999, 2001). 

This index has been largely used as an indicator of carbonate dissolution (e.g. Hancock and 



69 

 

Dickens, 2005; Colosimo et al., 2006; Leon-Rodriguez and Dickens, 2010; Luciani et al., 

2010). 

Oxygen and carbon isotope analyses were conducted using VG Optima and VG Prism 

dual-inlet isotope ratio mass spectrometers at NOCS. One-hundred-twenty-five samples were 

reacted in a common acid bath at 90°C using an automated carbonate preparation system with 

a carousel device. NBS-19, Atlantis II, and an in-house Carrara Marble standard were 

included in all sample runs. All values are reported in standard delta notation (δ) in parts per 

mil (‰) relative to VPDB (Vienna Pee Dee Belemnite), and analytical precision is estimated 

at 0.06‰ (1σ) for δ13C and 0.08‰ (1σ) for δ18O. 

Paleomagnetic and environmental magnetism measurements were carried out at 

NOCS and at the University of São Paulo (USP). The magnetic remanence of 253 unoriented 

block samples (5-cm resolution) was measured using a three-axis 2-G Enterprises cryogenic 

magnetometer (model 755R), housed in a magnetically shielded room at NOCS. Low-field 

magnetic susceptibility (χ) was measured with a Kappabridge KLY-3 (AGICO) magnetic 

susceptibility meter. All data were normalized by mass, due to the irregular sample volumes. 

An anhysteretic remanent magnetization (ARM) was imparted in a 100 mT alternating field 

(AF) with a direct current bias field of 0.05 mT. An isothermal remanent magnetization 

(IRM) was imparted in a direct field of 900 mT (IRM900mT) and was demagnetized in 

backfields of 100 mT (-IRM100mT) and 300 mT (-IRM300mT). From these measurements, we 

calculated the S-ratio (S300mT = [-IRM300mT/IRM900mT]) and “hard” isothermal remanent 

magnetization (HIRM300mT = [IRM900mT+IRM300mT]/2), in order to investigate the coercivity 

of magnetic minerals. Hysteresis loops and first-order reversal curve (FORC) diagrams were 

analysed for eight samples from the MCA section spanning the MECO interval and from 

immediately before and after the warming event. Measurements were performed in a 

Princeton Measurements Corporation vibrating sample magnetometer (MicroMag) at NOCS. 

FORCs were measured with an averaging time of 200 ms, a smoothing factor (SF) of 4, and 

using the input parameters of Egli et al. (2010) (Hc1 = 0 mT, Hc2 = 110 mT; Hu1 = -15 mT, Hu2 

= +15 mT; δH = 0.63 mT). FORC diagrams were produced using the MATLAB routine of 

Egli et al. (2010). Magnetic mineralogy was further investigated at USP for selected samples 

through acquisition of an IRM and measurement of thermomagnetic curves. IRM acquisition 

curves were obtained for six samples with a 2-G Enterprises pulse magnetizer and a cryogenic 
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magnetometer (model 755UC). IRM acquisition curves were analyzed with cumulative log-

Gaussian functions (CLG) using the software of Kruiver et al. (2001). The CLG function is 

described by three parameters (SIRM, B1/2 and dispersion parameter, DP) that characterize 

magnetic minerals (Robertson and France, 1994; Kruiver et al., 2001). Thermomagnetic 

curves up to 700 °C were obtained using a KLY-4S AGICO magnetic susceptibility meter 

with high-temperature attachment at USP to determine the Curie or Néel temperatures of 

magnetic minerals. 

Al, Ba, Cr, Co, Fe, Mo, Ni and V contents were determined for twenty-two samples 

along the MCA section. Around 30 mg of sample powder was weighed and digested in a 

Teflon pump adding initially 5 mL of HNO3, and then 2 mL of HF and 2 mL of H2O2. The 

procedure was carried out in a microwave oven. Samples were then heated to evaporate HF. 

After HF evaporation, 10 mL of 5% HNO3 was added. Finally, the sample was diluted to 

reach 30 mL and Al, Ba, Cr, Co, Fe, Mo, Ni and V were analysed with inductively coupled 

plasma optical emission spectrometry (ICP-OES) at USP. 

For calcareous nannofossil analyses, samples were prepared from unprocessed 

material as simple smear slides using standard preparation methods (Bown and Young, 1998) 

at the Istituto di Geoscienze e Georisorse CNR di Pisa, Italy. Smear slides were studied under 

a Leitz Laborlux 12 Pol light microscope both under crossed nicols and transmitted light at a 

magnification of 1250x. Most nannoplankton species were identified according to the 

taxonomy of Perch-Nielsen (1985) except for sphenoliths and Dictyococcites that were 

classified following Fornaciari et al. (2010) and Reticulofenestra umbilicus that was defined 

following the taxonomic criteria adopted in Backman and Hermelin (1986), ascribing to this 

species all specimens >14 mm and lumping as Reticulofenestra spp. all the specimens <14 

mm. Assemblages were studied following quantitative counting methods based on at least 300 

specimens. Following Toffanin et al. (2011), the relative abundances of species belonging to 

the genus Sphenolithus were determined by counting 100 specimens. Rare taxa, such as the 

genus Helicosphaera and species belonging to the genus Chiasmolithus were counted in a 

prefixed area of 10 mm2 (three-four transects). The standard calcareous nannofossil zonations 

of Martini (1971) and Okada and Bukry (1980) are widely used for low- and middle latitude 

Eocene-Oligocene (E-O) biostratigraphic studies, and were adopted in this paper. In order to 

infer probable temperature and trophic variations of surface waters, most calcareous 
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nannofossils were, whenever possible, allocated into groups of environmental affinities, 

largely following Haq and Lohman (1976), Aubry (1992), Gardin and Monechi (1998), 

Bralower (2002), Tremolada and Bralower (2004), Persico and Villa (2004), Gibbs et al. 

(2006), Villa et al. (2008), Raffi et al. (2009) and Agnini et al. (2011). Thus, according to this 

literature, the following environmental groups have been used: eutrophic taxa (Dictyococcites 

bisectus, D. scrippsae, Reticulofenestra daviesi), and oligotrophic taxa (Cribrocentrum 

reticulatum, Ericsonia spp., Sphenolithus spp., Zygrablithus bijugatus). 

For foraminiferal analyses, samples were treated at the Università degli Studi di 

Urbino, following the cold acetolyse technique of Lirer (2000) by sieving through a 63 µm 

mesh and drying at 50 °C. The cold acetolysis method enabled extraction of generally easily 

identifiable foraminifera even from indurated limestones. This technique offered the 

possibility of accurate taxonomic determination and detailed foraminiferal assemblage 

analysis. For planktonic foraminifera, all samples were studied for biostratigraphy and 

quantitative analysis was performed on a subset of 101 samples. The residues were studied 

with a binocular microscope to characterize assemblages and to identify biostratigraphic 

marker species. A representative split of at least 300 specimens was picked from the >63 µm 

fraction, mounted on micro-slides for permanent record and identification purposes, and 

classified following the taxonomic criteria of Berggren and Pearson (2005). The planktonic 

foraminiferal zonations of Berggren et al. (1995) and Wade et al. (2011) were followed. 

Following Hancock and Dickens (2005), the fragmentation index (FI) was calculated using at 

least 300 specimens and including the whole test, fragments and dissolved tests to estimate 

carbonate dissolution effects. For benthic fornaminifera, a quantitative study of sixty-four 

selected samples was performed. A representative split of the >90 µm fraction was used to 

pick approximately 300 specimens. The sample–split weight used to pick benthic foraminifera 

was determined so that the foraminiferal density (FD), expressed as the number of 

foraminifera per gram of dry sediment, could be calculated. The planktonic to planktonic and 

benthic (P/P+B) ratio, expressed as a percentage, and the percentages of agglutinants were 

also calculated. 
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4.4. Results 

4.4.1. Micropaleontology 

 

Benthic foraminiferal assemblages are generally diverse and well preserved 

throughout the studied MCA section, except at 63.2-64.0 msl where evidence of partial 

dissolution is observed (Figure 4.3). The assemblages are dominated by calcareous-hyaline 

forms with variable percentages of agglutinants that are more abundant at the base of the 

section and at 63.2-64 msl (Figure 4.3). The P/(P+B) ratio fluctuates throughout the sequence, 

with the lowest values at 63.2-64 msl where both the highest FD value of and percentage 

fragmentation are documented (Figure 4.3). The 63.2-65.5 msl interval is therefore 

characterized by pronounced paleoecological and paleoenvironmental changes. The increase 

of benthic to planktonic foraminifera and of agglutinated forms that are less prone to 

dissolution might reflect shallowing of the lysocline. In addition, increased FD values might 

suggest greater nutrient availability at the seafloor probably related to increased detrital 

mineral influx associated to with intensified hydrological and weathering cycles. 

 

Figure 4.3. Changes in selected benthic and planktonic foraminiferal parameters [P/(P+B) 

ratio, foraminiferal density (FD), agglutinans vs. calcareous ratio, and fragmentation index 

across the studied segment at MCA. Magnetobiochronostratigraphy and shaded areas as in 

Figure 4.2. 
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4.4.2. Stable isotopes 

 

Bulk δ13C and δ18O values average 1.8‰ and -1.4‰, respectively, through the studied 

MCA (Figures 4.2c, d). δ13C has background values of ~1.8‰ and is characterized by an 

increase from ~1.6 to 2.1‰ at 63.2-65.5 msl (~40.20-40.06 Ma), with a peak value of 2.1‰ at 

63.35 msl (~40.1 Ma) (Figure 4.2c). The peak value is followed by a smoothly decreasing 

trend up to 66.34 msl (~39.8 Ma). Bulk δ18O varies from -0.2‰ to -3.3‰ and is noisy (Figure 

4.2d). Similarly noisy δ18O in the correlative Contessa Highway section (CHW) was 

interpreted as resulting from burial diagenesis and/or meteoric water diagenesis (Jovane et al., 

2007a). It is well known that bulk carbonate δ13C is more robust to diagenesis than δ18O 

because the carbon content of fluids and fluid/rock ratios is often too low compared to that of 

carbonate rocks to modify significantly their carbon isotopic composition (e.g. Veizer and 

Hoefs, 1976). 

 

4.4.3. Environmental magnetism 

 

Low-field magnetic susceptibility (χ) along the studied MCA section varies between 

0.57 × 10-8 and 6.42 × 10-8 m3/kg (Figure 4.2e), whereas CaCO3 contents vary between 47% 

and 93% (Figure 4.2a). Two narrow intervals (63.30-63.90 msl and 64.15-65.30 msl) have 

lower CaCO3 contents and higher χ values (Figures 4.2a, e). CaCO3 and χ have a significant 

negative correlation (r = -0.72; i.e. lower CaCO3 is related to higher χ values, which 

correspond to peak abundances of paramagnetic (e.g. clays) and ferrimagnetic minerals). To 

account for dilution effects by the carbonate matrix, we calculated magnetic parameters (χ, 

ARM, IRM900mT and HIRM300mT) on a carbonate-free basis (CFB, dashed lines in Figures 

4.2e-h). To achieve this, we normalized the magnetic parameters by (100 wt.% CaCO3). All 

magnetic parameters that depend on the concentration of ferrimagnetic minerals are well 

correlated before and after this normalization (Figures 4.2e-h). For example, the ARM and 

ARM CFB, IRM900mT and IRM900mT CFB, and HIRM300mT and HIRM300mT CFB have 

pronounced peaks at 63.30-63.90 msl and 64.15-65.30 msl, as mentioned above. 
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The relative concentration of different magnetic minerals across the studied interval 

can be inferred from the S-ratio300mT and HIRM300mT (Bloemendal et al., 1992; Liu et al., 

2007). The large IRM300mT and S-ratio300mT fluctuations indicate variable proportions of low 

and high-coercivity magnetic minerals, i.e. magnetite (predominant when S-ratio is near 1) 

and hematite (present in significant concentrations when HIRM is high and S-ratio is close to 

0). The presence of mixtures of magnetic minerals with contrasting coercivities is 

corroborated by stepwise IRM acquisition curves. IRM acquisition curves were measured at 

fields up to 1 T for six representative samples along the MCA section (Figure 4.4a; Table 4.1) 

and components due to different magnetic minerals were fitted using CLG functions (Figures 

4.4b-d) (Kruiver et al., 2001; Heslop et al., 2002). Three magnetic components were identified 

(Table 1). They correspond to a low-coercivity component (B1/2 = 16 mT, DP = 0.40-0.45), a 

medium-coercivity component (B1/2 = 50-70 mT, DP = 0.30-0.40) and a high-coercivity 

component (B1/2 = 250-479 mT, DP = 0.24-0.30), similar to those found by Roberts et al. 

(2011, 2012) for pelagic sediments. The low-coercivity component varies from 5% to 17% for 

samples collected inside the magnetic mineral concentration peaks. These samples also have a 

predominant medium-coercivity component. Outside the peaks (samples 67.55 and 68.60 

msl), IRM acquisition curves can be fitted without the low-coercivity component, which 

suggests that this component has negligible concentrations at these stratigraphic levels. In 

these samples, the high-coercivity component can reach up to 82% of the total IRM. χ-T 

curves indicate that magnetite is the dominant magnetic mineral (Figure 4.5). 
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Figure 4.4. (a) IRM acquisition curves for six representative samples from the MCA section. 

(b-d) IRM unmixing analyses (Kruiver et al., 2001; Heslop et al., 2002) for three 

representative samples; (b) and (c) represent samples collected inside the magnetic mineral 

concentration peaks and (d) from outside the peaks. Raw data (circles) and calculated IRM 

acquisition curves are shown for two and three fitted components after fitting of a spline 

function. 
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Table 4.1. Parameters associated with components identified from IRM analysis of the six 

representative samples from Monte Cagnero section. 

 

Figure 4.5. Thermomagnetic curve for a representative sample from 64.70 msl. This sample 

contains magnetite as dominant magnetic carrier (sharp decline in susceptibility to 

approximately 580 °C). The susceptibility during the cooling cycle was not thermal altered 

during heating. 
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Hysteresis data (Figure 4.6; Table 4.2), including the ratio of saturation remanence to 

saturation magnetization (Mr/Ms) and the coercivity of remanence to coercive force (Hcr/Hc), 

from MCA samples lie within the pseudo-single domain (PSD) field of Day et al. (1977). The 

presence of high-coercivity hematite mixed with lower coercivity fine-grained magnetite does 

not affect significantly the Day plot because SD hematite has similar hysteresis ratios to those 

of SD magnetite (Dunlop, 2002). The significant departure of bulk hysteresis parameters from 

values expected for uniaxial SD magnetite for both the MCA and CHW samples (Figure 4.6) 

can be related to significant admixtures of non-SD detrital magnetite grains 

(superparamagnetic, PSD and multi-domain grains) in the studied samples (Dunlop, 2002; 

Roberts et al., 2012) as suggested by the IRM acquisition curves. 

 

Figure 4.6. Day plot diagram (Day et al., 1977) for nine representative samples from MCA 

section. The data fields represented in the diagram Mr/Ms versus Bcr/Bc is subdivided in 

single domain (SD), pseudo-single domain (PSD) and multi domain (MD) titanomagnetite 

particles. 
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Table 4.2. Measured hysteresis parameters for the studied sediments from MCA and CHW 

sections. 

 

FORC diagrams provide detailed information about magnetic interactions and 

microcoercivity distributions (Roberts et al., 2000). High-resolution FORC measurements 

following the specifications of Egli et al. (2010) can be used to detect the presence of biogenic 

magnetite (e.g. Egli et al., 2010, Roberts et al., 2011, 2012; Jovane et al., 2012; Larrasoaña et 

al., 2012). FORC distributions are nearly identical in the high-magnetization intervals 

between 63.2 and 65.5 msl (Figures 4.2, 4.7). These FORC diagrams have a sharp horizontal 

ridge (Figure 4.7) that indicate negligible magnetic interactions and a dominance of non-

interacting SD particles (Roberts et al., 2000) that is characteristic of intact magnetosome 

chains (Egli et al., 2010; Roberts et al., 2011, 2012; Jovane et al., 2012; Larrasoaña et al., 

2012). The coercivity distribution has a broad peak between 3 and 21 mT, with a maximum at 

10 mT (Figure 4.7) that falls within the range expected for magnetite magnetosomes (Egli, 

2004; Egli et al., 2010; Kopp and Kirschvink, 2008). The weaker signal in the outer parts of 

the FORC diagrams is indicative of minor but variable contributions from coarser-grained 

magnetic particles (Roberts et al., 2000). FORC diagrams from samples below 61 msl and 

above 65.5 msl have contrasting behaviour, with weak magnetizations and no measurable 

FORC distributions (Figures 4.7a, h). 

To compare our results to those from a nearby section, we also performed FORC 

analyses on samples from the MECO interval at the Contessa Highway (CHW) section 

between 135 and 139 msl as defined by Jovane et al. (2007a). This interval is characterized a 

peak in magnetic concentration dependent parameters (e.g. χ, ARM, IRM). A horizontal ridge 
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due to non-interacting SD magnetite with coercivities between 10 and 50 mT is also evident 

in these samples (Figure 4.7i). 

 

Figure 4.7. FORC diagrams for nine MCA samples (“inside” and “outside” the MECO event) and 

one sample from Contessa Highway (during the MECO event). The FORC diagrams shows sharp 

ridge which indicative of non-interacting SD particles (Roberts et al., 2000) during the MECO climax 

event in Monte Cagnero and Contessa Highway. Samples 58.15 and 66.30 did not show the same 

behavior. The sharpness of the ridges during the MECO event indicates the presence of 

magnetofossils (Egli et al., 2010). 
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4.4.4. Geochemistry 

 

Elemental abundances of Al, Ba, Fe, Co, Ni, Cr, Mo, and V were measured to assess 

paleoredox/paleoxygenation conditions, source variations of terrigenous materials, 

paleoproductivity patterns and possible anomalies related to biotite-rich volcanic ashes in the 

studied pelagic carbonates. Elemental ratios, including Ba/Al, Fe/Al, Co/Al, Ni/Al, V/Cr, 

Ni/Co, Mo/Cr, Cr/Al, V/Al, and V/(V+Ni), are shown in Figure 4.8. Ba, Cd, Mo, Sr, Ba/Al 

and Al/Ti have been proposed as proxies for oceanic primary productivity (Moreno et al., 

2002; Pattan et al., 2003; Wei et al., 2003). Trace element indices such as Ni/Co, V/Cr and 

V/(V+Ni) are widely used to evaluate paleoredox/ paleoxygenation conditions (Rimmer et al., 

2004). Jones and Manning (1994) suggested that Ni/Co ratios <5 are indicative of oxic 

conditions, while values of 5–7 indicate dysoxic conditions, and values >7 are indicative of 

suboxic to anoxic conditions. Hatch and Leventhal (1992) compared V/(V + Ni) ratios to 

other geochemical redox indicators, including degree of pyritization, and suggested that ratios 

greater than 0.84 are indicative of euxinic conditions, while values of 0.54-0.82 are 

representative of anoxic waters, and values of 0.46-0.60 indicate dysoxic conditions. In the 

MCA section, these indices point to dysoxic conditions between 61 and 65.5 msl (Figure 4.8). 
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Figure 4.8. Stratigraphical log plotted against selected trace elements and ratios. 

Magnetobiochronostratigraphy and shaded areas as in Figure 4.2. 
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4.5. Discussion 

4.5.1. The MECO event in the Neo-tethys  

 

Benthic and planktonic foraminiferal and calcareous nannofossil assemblages in the 

MCA section across the Chron C18r/C18n boundary are affected by important faunal 

turnovers. Together with rock magnetic, geochemical and stable isotope data, they enable 

subdivision of the studied 14-m-thick section into five discrete intervals (Figures 4.2, 4.3, 4.8, 

4.9): Interval 1 (58-61 m, ~370 kyr), Interval 2 (61-63.2 m, ~250 kyr), Interval 3 (63.2-64 m, 

~70 kyr), Interval 4 (64-65.5 m, ~200 kyr) and Interval 5 (65.5-72 m, ~780 kyr). Following 

Bohaty et al. (2009), the total duration of the MECO event is estimated to be ~500 kyr with a 

peak warming at the end of the event. During the warming peak, a shoaling of the CCD by up 

to 500-1500 m has been reported in the Pacific, Atlantic and Indian oceans where a total loss 

of carbonate is reported at sites with paleodepths below ~3000 m (Bohaty et al., 2009; Pälike 

et al., 2012). Interval 3 of the MCA section is characterized by the lowest CaCO3 contents in 

the studied section and the highest bulk carbonate δ13C values. It also has the lowest 

concentrations of the coarsest foraminiferal fraction, which is used as a proxy for carbonate 

dissolution (e.g. Hancock and Dickens, 2005; Colosimo et al., 2006; Leon-Rodriguez and 

Dickens, 2010; Luciani et al., 2010). Dissolution during this interval is also supported by 

increased values of the planktonic foraminiferal fragmentation index, greater relative 

abundances of agglutinated foraminifera that are less prone to dissolution, and a clear 

decrease of the P/P+B ratio (Figure 4.3). In contrast, there is no evidence for carbonate 

dissolution upsection in Intervals 4 and 5. Interval 3 falls within the lowermost part of Chron 

C18n, therefore it can be magnetostratigraphically correlated with peak MECO warming in 

marine sediment cores (Bohaty et al., 2009), and in the Tethyan CHW (Jovane et al., 2007a) 

and Alano sections (Luciani et al., 2010; Spofforth et al., 2010; Toffanin et al., 2011). Thus, 

observed changes in paleoenvironmental proxies provide clues that point to seafloor CaCO3 

dissolution and lysocline shallowing at the MCA site during the MECO warming. Interval 3 is 

immediately followed by an interval with lower CaCO3 contents associated with higher 

magnetic susceptibility values. On the basis of available magnetobiostratigraphic results, 

Interval 4 correlates well with the organic-rich ORG1 unit identified at the Alano section 

(Spofforth et al., 2010; Luciani et al., 2010). These organic-rich layers are thought to 
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represent rapid organic carbon burial events at the end of the MECO event, probably induced 

by enhanced delivery of terrestrial material to the ocean (Spofforth et al., 2010). 

 

Figure 4.9. Productivity proxies based on selected calcareous nannofossil genera and 

magnetic parameters from the MCA section. (a) CaCO3, (b) ARM, and ARM CFB, (c) HIRM 

and HIRM CFB, and (d) eutrophic and oligotrophic nannofossil taxa. The increase in 

eutrophic taxa coincides with an increase in ARM and HIRM during the MECO interval. 

These results suggest an increase in iron fertilization and high primary productivity during 

MECO. Magnetobiochronostratigraphy and shaded areas are as in Figure 4.2. 

 

4.5.2. Ocean iron fertilization and magnetotactic bacterial abundance during the 
MECO event 
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Detrital magnetic minerals can be delivered to the deep sea through different 

transportation pathways, including ice-rafting, mass flows, hemipelagic sediment plumes or 

wind (e.g. Evans and Heller, 2003). Fine-grained terrigenous inputs that reached the deep, 

carbonate-dominated MCA site were most likely transported by suspended plumes or wind. 

Both processes result in similar grain-size distributions and mineralogy (Rea, 1994). 

Hemipelagic sediment has been reported in modern environments as far as 500 km from the 

coast, with values in excess of 900 km suspected (Rea, 1994 and references therein). Such 

distances are within the expected range of the MCA section from the paleoshoreline of the 

Neo-Tethys. Nevertheless, processes that control hemipelagic and aeolian inputs to the deep 

sea tend to be out of phase; wet conditions (and enhanced runoff) in the source region would 

favor hemipelagic fluxes, whereas drier source region climates would enhance aeolian dust 

fluxes. Enhanced aeolian supply relative to detrital fluxes into the Neo-Tethys has been 

reported on the southern Tethyan margin (central Egypt) as a result of drier, likely more 

seasonal, climatic conditions during the Paleocene-Eocene Thermal Maximum (PETM) 

(Schulte et al., 2011). Similar observations have been made for the PETM in the Bighorn 

Basin, Wyoming (Wing et al., 2005; Kraus and Riggins, 2007; Smith et al., 2009), East Africa 

(Handley et al., 2012) and the southern Kerguelen Plateau, Indian Ocean, on the Antarctic 

margin (Larrasoaña et al., 2012). 

Environmental magnetic parameters can serve as sensitive aeolian dust proxies, given 

the high abundance of hematite that forms in oxidizing, dehydrating desert environments 

(Larrasoaña et al., 2003; Liu et al., 2012 and references therein). Hematite concentrations can 

be easily tracked using the “hard” IRM on a carbonate free basis (HIRM900mT CFB). In the 

MCA section, HIRM900mT CFB has two pronounced peaks in Intervals 3 and 4 (Figure 4.9c), 

which coincide with the MECO peak warming and the post-MECO recovery. We interpret the 

increased hematite concentrations in Intervals 3 and 4 to be related to the presence of an 

enhanced aeolian dust component similar to scenarios proposed for other Eocene sites 

(Roberts et al., 2011; Larrasoaña et al., 2012). 

Aeolian dust is a potential source for iron fertilization of the ocean (Maher et al., 2010; 

Roberts et al., 2011; Larrasoaña et al., 2012; Liu et al., 2012). Roberts et al. (2011) reported 

enhanced iron supply by aeolian dust in Eocene sediments (ODP Hole 738B) of the southern 

Kerguelen Plateau (Indian Ocean), where a marked increase in hematite concentrations 
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coincided with a switch from oligotrophic to eutrophic conditions. The interval with higher 

hematite concentrations is also coincident with increased magnetofossil abundances. Roberts 

et al. (2011) argued that iron input and increased organic carbon delivery to the seafloor were 

the main factors that controlled the abundance of magnetotactic bacterial populations. 

Likewise, in the MCA section the magnetic proxies classically used to trace low-coercivity 

magnetite (ARM CFB) and high-coercivity hematite (HIRM900mT CFB) co-vary, which 

indicates a concomitant increase in concentration of both magnetic minerals in Intervals 3 and 

4 (Figs. 4.2 and 4.9b, c). A significant fraction of the magnetite in these intervals is due to 

magnetofossils as recorded by FORC signatures that are typical of non-interacting SD 

magnetite (Figure 4.7). The same intervals are characterized by a marked increase in 

eutrophic calcareous nannofossil taxa (Figure 4.9d). Thus, in the pelagic setting of the MCA 

section, phytoplankton productivity was likely stimulated by sea surface iron fertilization 

produced by addition of iron-rich aeolian dust to surface waters. This promoted enhanced 

organic carbon export to deeper waters and burial on the seafloor, which stimulated increased 

magnetotactic biomineralization. The iron needed for biomineralization by magnetotactic 

bacteria is likely to have been provided by suboxic diagenetic iron reduction that released 

Fe2+ from the most reactive iron-bearing minerals. Thus, simultaneous delivery of enhanced 

organic carbon, reactive iron-bearing aeolian dust particles and non-reactive aeolian hematite 

particles to the seafloor would have released the existing limitation on key nutrients (carbon 

and iron) for an existing, but small, population of magnetotactic bacteria to produce the 

observed magnetic signatures. In the MCA section, we find no sign of magnetofossils outside 

Intervals 3 and 4 (Figures 4.7a-h), which suggests that accumulation of magnetite 

magnetofossils was strongly controlled by delivery of iron and carbon to the seafloor, as 

suggested by Roberts et al. (2011), in association with the MECO event. 

 

4.6. Conclusion 

 

An integrated high-resolution stable isotope, geochemical, micropaleontological and 

environmental magnetic analysis has been carried out over a 14-m-thick interval of the Monte 

Cagnero section (Umbria-Marche Basin), Italy, which corresponds to the 40.79-39.12 Ma 

period around the Middle Eocene Climatic Optimum (MECO). Magnetic parameters indicate 
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a concomitant increase of aeolian iron supply in the form of hematite, and a higher abundance 

of magnetite magnetofossils produced by magnetotactic bacteria as indicated by FORC 

diagrams that are typical of non-interacting SD magnetite between 63.2 and 65.5 msl. This 

interval corresponds to peak MECO warming and its aftermath. Intervals with enhanced 

magnetofossil concentrations correspond to those for which other proxies systematically point 

to an increase in primary productivity, which was probably stimulated by increased aeolian 

supply of detrital iron to surface ocean waters. Such a scenario has been recently envisaged 

for the PETM event (e.g. Chang et al., 2012; Larrasoaña et al., 2012), and we now confirm a 

similar connection between magnetofossil abundance and paleoproductivity through the 

MECO event. It reinforces the connection between hyperthermal climatic events and the 

occurrence (or increased abundance) of magnetofossils. Further work is needed to assess 

whether the preserved inorganic remains of magnetotactic bacteria can provide a useful 

paleoproductivity proxy in ancient carbonate sediments. 
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Chapter 5. An integrated stratigraphic record of the Paleocene-
lower Eocene at Gubbio (Italy): new insights into the early 
Palaeogene hyperthermals and carbon isotope excursions 
 

5.1. Introduction 

 

The long-term warming trend from the Palaeocene through the early Eocene, most 

likely driven by a multimillion year rise in atmospheric pCO2 (Zachos et al., 2008), was 

punctuated by a series of abrupt, but short-lived (<300 ka) episodes of widespread warming. 

These transient events, termed ‘‘hyperthermals’’ (Thomas et al., 2000), are associated with 

major perturbations in the Earth’s carbon cycle, major ecologically controlled biotic 

turnovers, temporary shoaling of the lysocline and carbonate compensation depth (CCD) 

inducing carbonate dissolution, and accelerated hydrological cycle (e.g., Kennett and Stott, 

1991; Zachos et al., 2001; Bralower et al., 2002; Cramer et al., 2003; Bowen et al., 2006; 

Sluijs et al., 2007; Quillévéré et al., 2008; Westerhold et al., 2008; and references therein). So 

far, at least four short episodes of global warming have been recognized in the early Eocene: 

the largest of hyperthermals, the Palaeocene-Eocene Thermal Maximum (PETM, or ETM1, ~ 

55.5 Ma) and three smaller warming events known as the Eocene Thermal Maximum 2 

(ETM2 or H1 or Elmo, ~53.7 Ma), the H2 (~53.6 Ma) and the Eocene Thermal Maximum 3 

(ETM3 or K or X, ~52.5 Ma) (Kennett and Stott, 1991; Thomas and Zachos, 2000; Bralower 

et al., 2002; Zachos et al., 2004, 2005, 2010; Lourens et al., 2005; Nicolo et al., 2007; Röhl et 

al., 2005, 2007; Agnini et al., 2009; Stap et al., 2010a,b; Lunt et al., 2011). Available 

information, albeit somewhat tentative, suggests that other brief episodes in the early 

Palaeogene may also be characterized by elevated sea surface temperatures and negative 

carbon isotope excursions (CIEs), and may be therefore considered suspected hyperthermals 

(i.e., Thomas and Zachos, 2000; Thomas et al., 2000, 2006; Cramer et al., 2003; Zachos et al., 

2004; Röhl et al., 2005; Nicolo et al., 2007; Quillévéré et al., 2008; Coccioni et al., 2010a; 

Westerhold et al., 2011). 

Accordingly, documentation of the early Palaeogene hyperthermals is, as yet, 

insufficient to assess their exact number, timing, duration and magnitude of warming. In 
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addition, although previous analysis and astronomical tuning provide compelling evidence of 

the timing of the hyperthermal series and their relation to orbital changes (e.g., Cramer et al., 

2003; Lourens et al., 2005; Westerhold et al., 2007; Zachos et al., 2010), it is not obvious 

whether they share a  common origin. The accurate characterization of the stratigraphic record 

and chronological framework encompassing the entire series of documented and suspected 

Palaeocene-early Eocene hyperthermals as well as any CIE, which may be proved to be an 

hyperthermal, placing them in a proper temporal context of short- and longer-term variations 

in climate and the carbon cycle is a fundamental prerequisite to ascertain their global 

distribution and to resolve their origin and causal relationships. 

We present a high-resolution, integrated stratigraphic analysis, including 

biostratigraphy based on calcareous nannofossils and foraminifera, magnetostratigraphy and 

environmental magnetism, wt.% CaCO3 and bulk carbonate isotope records for the 

Palaeocene–lower Eocene interval of the reference pelagic succession in Contessa Valley 

(Gubbio, Italy). With its complete and wellpreserved record, this sedimentary succession of 

the subtropical–tropical western Tethys Ocean may provide key data to: (1) establish a 

complete and integrated stratigraphic framework at middle-low latitudes encompassing the 

Danian–latest Ypresian interval from 6~5.5 to ~49.5 Ma, (2) identify and well constrain the 

signatures of the Palaeocene–early Eocene documented and suspected hyperthermals, as well 

as of the CIEs from a magnetobiochronostratigraphic point of view and (3) characterize their 

features and compare them with those reported for deep-sea cores and other land-based 

sections to test whether the signature associated with the CIEs documented in Contessa 

Valley may give evidence for tracing them over wider areas. 

 

5.2. Material and methods 

 

A total of 907 bulk rock samples were collected at ~7 cm intervals corresponding to 

~16 ka from the Contessa Highway (CHW) – Contessa Road (CR) composite section. 
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5.2.1. Mineralogy, geochemistry and environmental magnetism  

5.2.1.1. Calcium carbonate 
 

Calcium carbonate analyses were performed on six hundred and ten samples. The bulk 

rock samples were reduced to fine powder in an agate mortar. Calcium carbonate content 

measurements were obtained using a Dietrich–Frühling calcimeter. The method is based on 

the measurement of CO2 volume produced by the complete dissolution of pre-weighted 

samples (300±1 mg each) in 10% vol. HCl. Total carbonate contents (wt.% CaCO3) were 

computed with a precision of 1% using formulae that take into account pressure and 

temperature of the lab environment, amount of bulk sample used, and the volume of CO2 

developed in the calcimeter. Standards of pure calcium carbonate (i.e., Carrara Marble) were 

measured every ten samples to ensure proper calibration.   

 

5.2.1.2. Stable isotopes  
 

Stable isotope analyses were conducted on eight hundred and eight bulk samples using 

an automated continuous−flow carbonate preparation GasBenchII device (Spötl and 

Vennemann, 2003) and a ThermoElectron Delta Plus XP mass spectrometer in the 

geochemistry laboratories at the IAMC–CNR Institute of Naples. The acidification of samples 

was performed at 50 °C. An internal standard (Carrara Marble with δ18O=−2.43 versus 

Vienna Pee Dee Belemnite [VPDB] and δ13C=2.43 versus VPDB) was run for every six 

samples and for every thirty samples the NBS19 international standard was measured. 

Standard deviations of carbon and oxygen isotope measurements were estimated at 0.1‰ and 

0.08‰, respectively, on the basis of replicate measurements of 20% of the analyzed samples. 

All of the stable isotope data are reported in per mil (‰) relative to the VPDB standard. 

Following Corfield et al. (1991), the Paleogene Scaglia sediments at CHW−CR composite 

section might be affected by diagenesis, and oxygen isotope values have, therefore, been 

disregarded. 
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5.2.1.3. Magnetic susceptibility 
 

A total of eight hundred and thirty-nine samples was used for paleomagnetic analyses 

in the magnetically shielded laboratory at the Istituto Nazionale di Geofisica e Vulcanologia 

(INGV), Rome. A range of rock magnetic measurements was used to investigate the magnetic 

mineralogy throughout the studied section. The low field mass–specific magnetic 

susceptibility (MS) was measured with a Kappabridge KLY–2 magnetic susceptibility meter.            

 

5.2.1.4. Environmental magnetism 
 

Environmental magnetism was analyzed in eight hundred and twenty-three samples. 

These analyses were carried out at the National Oceanography Centre Southampton (NOCS), 

University of Southampton, UK. Artificial remanences were also measured, including the 

anhysteretic remanent magnetization (ARM) imparted in a 100 mT AF, with a superimposed 

0.05 mT direct current (DC) bias field, the isothermal remanent magnetization (IRM) 

imparted in a field of 0.9 T, and back−field demagnetization of the IRM at 0.1 T and 0.3 T. 

These data were used to determine the S−ratio (IRM–0.3T/IRM0.9T) and the hard isothermal 

remanent magnetization (HIRM = [IRM0.9T + IRM–0.3T]/2). Natural and artificial remanences 

were measured using a 2G Enterprises automated pass−through cryogenic magnetometer 

(Model 755) with in−line AF demagnetization capability. Environmental magnetic properties 

(concentration, composition, and dimension of magnetic grains) were defined by investigating 

ARM, IRM and, from them, other indirect parameters. ARM magnetically excites only finer 

magnetic minerals, while IRM excites all of them (concentration). Back−field magnetizations 

allow us to define HIRM and S−ratio300, which give information about coercivities 

(composition) of the magnetic minerals.  

 

5.2.1.5. Degree of dissolution 
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We evaluated the degree of dissolution as follows: 1) low degree: generally good 

preservation of calcareous plankton and benthic foraminifera; planktonic foraminiferal 

fragments or partially dissolved tests (including specimens showing notable deterioration, 

missing chambers and substantial breakage) <10%; low abundance of benthic foraminifera (in 

particular of agglutinans) or high values of planktonic to benthic (P/B) ratio; negligible 

coccolith fragmentation and overgrowth 2) medium degree: generally moderate preservation 

of calcareous plankton and benthic foraminifera; planktonic foraminiferal fragments or 

partially dissolved tests (including specimens showing notable deterioration, missing 

chambers and substantial breakage) >10% to 50%; moderate abundance of benthic 

foraminifera (in particular of agglutinans) or medium values of the P/B ratio; moderate 

coccolith fragmentation and overgrowth; 3) high degree: generally poor to very poor 

preservation of calcareous plankton and benthic foraminifera; planktonic foraminiferal 

fragments or partially dissolved tests (including specimens showing notable deterioration, 

missing chambers and substantial breakage) >50%; high abundance of benthic foraminifera 

(in particular of agglutinans) or high values of the P/B ratio; high percentages of coccolith 

fragments and marked overgrowth and recrystallization. 

 

5.2.2. Biostratigraphy 

5.2.2.1. Calcareous nannoplankton 
 

Samples were prepared from unprocessed material as smear slides and were examined 

using a light microscope at 1250x magnification. The calcareous nannofossil standard 

zonations of Martini (1971) and Okada and Bukry (1980) were applied making additional 

reference to the zonations of Romein (1979) and Perch−Nielsen (1985) for the Danian. 

 

5.2.2.2. Foraminifera 
 

Samples were treated following the cold acetolyse technique of Lirer (2000) by 

sieving through a 32 µm mesh and drying at 50 °C. 
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5.2.2.3. Planktonic foraminifera 
 

The tropical to subtropical planktonic foraminiferal standard zonations of Berggren 

and Pearson (2005, 2006) and Wade et al. (2011) were followed with additional reference to 

the earlier zonation of Berggren et al. (1995). 

 

5.2.2.4. Benthic foraminifera 
 

The benthic foraminiferal zonation of Berggren and Miller (1989) was applied. 

 

5.2.3. Magnetostratigraphy 

 

Magnetostratigraphic data are after Lowrie et al. (1982), Galeotti et al. (2000, 2010). 

For this work, a highly resolved magnetostratigraphic record was constructed on 16 closely 

spaced (ca. 35 cm, on average) samples from the lower part of CHW section in order to refine 

the base of Chron C29n and to identify for the first time Chron C28r in the Contessa Highway 

section.  

Paleomagnetic analyses were carried out within a magnetically shielded laboratory at 

the Istituto Nazionale di Geofisica e Vulcanologia (INGV), Rome. Natural and artificial 

magnetic remanences were measured using a narrow access pass-through cryogenic 

magnetometer (2-G Enterprises model 750R) with in-line AF demagnetization capability. One 

sample from each stratigraphic level was AF demagnetized at successive peak fields of 5, 10, 

15, 20, 25, 30, 40, 50, 60, 80, and 100 millitesla (mT). Next, sister samples were thermally 

demagnetized using a magnetically shielded Pyrex furnace at 100, 200, 300, 330, 360, 400, 

450, 500, 550, 600, 650, and 700 °C. The MS was measured after each heating step to 

monitor for thermal alteration of the magnetic minerals. Thermal and AF demagnetization 

data were examined using orthogonal vector component diagrams (Zijderveld, 1967); best-fit 
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lines for the progressive demagnetization data were evaluated by principal component 

analysis (Kirschvink, 1980). Magnetic polarity was interpreted after calculation of the virtual 

geomagnetic polarity latitude following Cande and Kent (1995). 

 

5.3. Magnetobiochronologic remarks 

 

All of the biostratigraphic markers that define the standard zones and subzones 

through the Paleocene−early Eocene occur in the analyzed material (see also Coccioni et al., 

2010a). Our integrated biostratigraphic study provides evidence that the CHW-CR composite 

section is continuous and spans from planktonic foraminiferal Zones P0−Pα to P9 and E1 to 

E7a, and from calcareous nannofossil Zones and Subzones NP1 to NP13 and CP1a to CP11. 

However, most likey due to stratigraphic condensation, the biostratigraphic interval 

corresponding to Zone P0 (Guembelitria cretacea Zone) and characterized by the partial 

range of the nominate taxon between the last occurrence of Cretaceous taxa and the first 

occurrence of Parvulorugoglobigerina eugubina, which defines the base of the next Zone Pα 

(P. eugubina Zone), cannot recognized in the CHW section because this species is already 

present at the base of the studied section (Coccioni et al., 2010a). Accordingly, in our 

biostratigraphy it is not possible to separate Zones P0 and Pα, which, consequently, have been 

combined. Moreover, specimens with ambiguous taxonomic features have prevented the 

confident identification of the lowest and the highest occurrences of Heliolithus riedeli and 

Tribrachiatus orthostylus that define the bases of Zones NP8 and NP13, respectively. 

Consequently, it was not possible to differentiate Zones NP7 and NP8 but, following Agnini 

et al. (2006), we were able to confidently place the NP12/NP13 zonal boundary at the lowest 

occurrence (LO) of Dictyococcites.   

Our high−resolution stratigraphic framework enables a refinement of the previous 

calibration of the lower Paleogene geomagnetic reversals in Contessa Valley (Lowrie et al., 

1982; Galeotti et al., 2000, 2010) and of the Paleocene−early Eocene 

magnetobiochronostratigraphy in relation to the current standard Geologic Polarity Time 

Scale (GPTS04, Gradstein et al., 2004; and GTPS08, Ogg et al., 2008). Some significant 

mismatches among the GPTSs, the Cenozoic tropical planktonic foraminiferal biostratigraphy 
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by Wade et al. (2011) and our calcareous plankton biostratigraphic framework are recognized, 

which show the need to reassess the magnetobiochronostratigraphic scheme of the current 

standard GPTSs for the Paleocene−early Eocene interval, as has already been done for the 

middle Eocene CHW section (Jovane et al., 2010). In particular, according to this time−scale 

and Wade et al. (2011), the LO of Morozovella aragonensis (P6b/P7 or E4/E5 zonal 

boundary) lies in the lower Chron C23r. In the CR section this event is recognized in the 

middle part of Chron C24n.3n. This remarkable mismatch, leading to the LO of M. 

aragonensis ~0.8 Myr younger than previously estimated, agrees well with previous findings 

in the CHW and Bottaccione sections (Cresta et al., 1989). 

 

5.4. A new complete survey of the spatio–temporal distribution of the 

Palaeocene to early Eocene hyperthermals and CIEs 

 

Our high-resolution magnetobiochronostratigraphic framework, along with the 

magnetic and geochemical records provide an effective tool for comparison with analogue 

data from deep-sea cores and other land-based sections. This has allowed us to identify and 

well constrain hyperthermal events as well as CIEs in the CHW–CR composite section 

previously documented for the Palaeocene–early Eocene, including Dan–C2, Lower C29n, 

Top C27n (equivalent to CIE–DS1 and LDE), CIE–DS2, the Early Late Palaeocene Event 

(ELPE, equivalent to the Mid–Palaeocene Biotic Event, MPBE), A, B1, B2, C1, C2, D1, D2, 

PETM, E1, E2, F, G, H1, H2, I1, I2, J, K, L and Early Eocene Climatic Optimum (EECO) 

(e.g., Kennett and Stott, 1991; Zachos et al., 2001; Bralower et al., 2002; Cramer et al., 2003; 

Bernaola et al., 2007; Arenillas et al., 2008; Quillévéré et al., 2008; Westerhold et al., 2008, 

2011; Youssef, 2009; Coccioni et al., 2010a; Sexton et al., 2011; with references therein) 

(Figure 5.1). 
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Figure 5.1.  Integrated high-resolution stratigraphic framework of the Palaeocene–early 

Eocene CHW–CR composite section plotted against dissolution degree (DD), CaCO3 content, 

δ
13

C and δ
18

O of bulk carbonate, magnetic susceptibility (MS) and environmental magnetism 

(anhysteretic remanent magnetization, ARM; isothermal remanent magnetization, IRM; hard 

isothermal remanent magnetization, HIRM; S-ratio). The correlation between the two 

sections is based on biostratigraphic correlation. More precisely, it is tied to the lowest 

occurrence of the planktonic foraminifera Morozovella angulata. The CHW−CR composite 

section starts at the Cretaceous/Palaeogene boundary. Lithostratigraphy is from Galeotti et 

al. (2000, 2010), Coccioni et al. (2010a) and this study. Chronostratigraphy (1,2) is 

according to Aubry et al. (2007) and Ogg et al. (2008). Magnetostratigraphy (3) is from 

Lowrie et al. (1982), Galeotti et al. (2000, 2010) and this study. Numerical ages (4) are from 

Cande and Kent (1995) (stars) and Gradstein et al. (2004) (diamonds). Biostratigraphy is 

based on planktonic foraminiferal Zones of Berggren et al. (1995) (5) and Wade et al. (2011) 
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(6), calcareous nannofossil Zones of Martini (1971) (7), Okada and Bukry (1980) (8), Romein 

(1979) (9) and Perch-Nielsen (1985) with the black dot marking the “B.? romeinii-barren 

interval” Zone (10), and benthic foraminiferal Zones of Berggren and Miller (1989) (11). The 

grey shaded areas mark the documented and suspected hyperthermals, CIEs as well the 

inferred Early Eocene Climatic Optimum (EECO). 

 

In addition, we provide the first direct evidence of a number of negative CIEs, on the 

order of 0.3‰ to 0.8‰, associated with significant decreases in carbonate content and peaks 

in magnetic susceptibility and magnetic parameters generally linked to marly layers (Figure 

5.1). We confidently interpret these abiotic variations as the result of environmental 

perturbations, which we termed the ‘‘Middle–Lower Danian Multiple Event’’ (‘‘MLDME’’), 

‘‘Middle C27n’’ (middle Danian), ‘‘Lower C26r’’ (late Danian), ‘‘Upper C26r-1’’ and 

‘‘Upper C26r–2’’ (late Selandian), ‘‘Selandian–Thanetian transition event’’ (‘‘STTE’’), 

‘‘Upper C26n’’ (early Thanetian), ‘‘F1’’ (early Ypresian) and ‘‘M’’, ‘‘N’’, ‘‘O’’, ‘‘P’’ and 

‘‘Q’’ (middle Ypresian) (Figure 5.1). 

The ‘‘MLDME’’ is in fact a discrete interval, ~2 Ma long according to Cande and 

Kent (1995) and Gradstein et al. (2004), which includes 25 thin marly layers and spans part of 

Chron C29n to Chron C27r. In terms of calcareous plankton biostratigraphy, the ‘‘MLDME’’ 

spans planktonic foraminiferal Zones P1a to P1c and calcareous nannofossil Zones NP2 to 

NP4 and CP1b to CP3 (Figure 5.1). The ‘‘MLDME’’ might be regarded as a series of CIEs 

comparable to those of the early Danian suspected hyperthermals Dan-C2 and Lower C29n 

(Quillévéré et al., 2008; Coccioni et al., 2010a). 

The ‘‘Middle C27r’’ CIE falls in the middle part of Chron C27r, at the planktonic 

foraminiferal P1c/P2 zonal boundary and within the lower part of calcareous nannofossil 

Zones NP4 and CP3. The ‘‘Lower C26r’’ CIE is found in the lower part of Chron C26r, and 

within the middle part of planktonic foraminiferal Zone P3a and the middle part of calcareous 

nannofossil Zones NP4 and CP3. The ‘‘Upper C26r–1’’ and ‘‘Upper C26r–2’’ CIEs occur in 

the upper part of Chron C26r and within the lower part of planktonic foraminiferal Zone P4b 

and the middle part of calcareous nannofossil Zones NP5 and CP4 (Figure 5.1). 
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The ‘‘STTE’’ is an abrupt environmental disruption event documented by pronounced 

and complex changes in abundance and composition of the foraminiferal and calcareous 

nannofossil assemblages, intense carbonate dissolution, drop in δ13C bulk carbonate and in 

carbonate content accompanied by prominent peaks in magnetic susceptibility recognized in 

three discrete marly beds (Coccioni et al., 2010b) (Figure 5.1), which according to Cande and 

Kent (1995) and Gradstein et al. (2004) lasted ~250 ka and is centred at ~58.3 Ma (Selandian–

Thanetian transition). This relatively long-lasting event falls within the middle–lower part of 

the planktonic foraminiferal Zone P4b and spans the calcareous nannofossils Zones NP5 to 

NP6 and CP4 to CP5 and Chrons C26r to C26n (Figure 5.1). The uppermost part of the 

‘‘STTE’’ would include the ELPE (Bralower et al., 2002; Petrizzo, 2005) or the MPBE 

(Bernaola et al., 2007), which would therefore become part of a more complex scenario 

(Coccioni et al., 2010b) (Figure 5.1). 

The ‘‘Upper C26n’’ CIE lies in the upper part of Chron C26n and within the upper 

part of planktonic foraminiferal Zone P4b and the middle part of calcareous nannofossil 

Zones NP6 and CP5. The ‘‘F1’’ CIE, which comes just after the F event of Cramer et al. 

(2003), falls in the middle part of C24r and within the lower part of planktonic foraminiferal 

Zone P6b, and the upper part of calcareous nannofossil Zones NP10b and CP9a. The ‘‘M’’, 

‘‘N’’, ‘‘O’’, ‘‘P’’ and ‘‘Q’’ CIEs are found from the lower part of Chron C23r.2r to the lower 

part of Chron C23n.2n and within the middle part of planktonic foraminiferal Zones P7-P9 

and E5, and the middle-lower part of calcareous nannofossil Zones NP12 and CP10 (Figure 

5.1). 

Moreover, we are able to infer the stratigraphic position and timing of the EECO in the 

CHW–CR composite section by recognizing the distinctive sequence of calcareous 

nannofossil events as that provided by Agnini et al. (2006). A progressive decrease in the 

abundance of Prinsiales (namely Toweius) and low percentages of Discoaster, which are 

correlative to the δ18O decreasing trend leading to the EECO, are first observed at ~55 metre 

stratigraphic level (msl) (Figure 5.1). Next, the Discoaster Acme and the virtual absence of 

Prinsiales (Toweius), which are correlative to the EECO δ18O minima as recognized by 

Zachos et al. (2001), occur between ~57.5 and 63.5 msl together with an increase in the 

abundance of the warm-water taxa Coccolithus pelagicus and Ericsonia formosa. Just before 

the end of the Discoaster Acme, the early entry of the Dictyococcites ⁄ Reticulofenestra group 
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(Noelaerhabdaceae), which is broadly correlative to the onset of the δ18O increasing trend as 

recognized by Zachos et al. (2001), is found. Finally, an increasing abundance of 

Dictyococcites ⁄ Reticulofenestra and low percentages of Discoaster are recognized. The 

EECO, confidently placed in correspondence to the Discoaster Acme, spans the upper part of 

planktonic foraminiferal Zones E5 to the top of E6 and the calcareous nannofossil Zones 

NP12 to NP13 and CP10 to CP11 (Figure 5.2). In agreement with Westerhold and Röhl 

(2009), this event spans from the lower part of Chron C23n.2n to the lowermost part of Chron 

C22r (Figure 5.1). Following the age calibration and the duration of geomagnetic reversal of 

Cande and Kent (1995) and Gradstein et al. (2004), the EECO in our composite section would 

have a duration estimated at ~0.90 Ma or ~1.08 Ma respectively. 

 

Figure 5.2. Quantitative nannofossil distribution of key taxa plotted against the integrated 

high−resolution stratigraphy of the CHW–CR composite section. The gray shaded area marks 

the inferred stratigraphic position of the Early Eocene Climatic Optimum (EECO). 

 

We also provide the first direct evidence in the Tethys Ocean of CIEs A, B1, B2, C1, 

C2, D1, D2, E1, E2, F, G and L (Figure 5.1), previously identified in the Pacific, Atlantic and 

Southern Oceans (Cramer et al., 2003; Zachos et al., 2010), highlighting the global 

significance thereof. In addition, we confirm the regional nature of CIE–DS2 (Figure 5.1), 

previously recognized in the Tethyan area by Arenillas et al. (2008) and Youssef (2009). 
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However, given the sampling resolution, it is likely that the carbon isotope record is a 

highly aliased record of orbital scale cyclicity in the δ13C. Accordingly, the identification of 

the CIEs is here presented as a model rather than as a firmly established isotope stratigraphy. 

Our data confirm that carbonate dissolution in the western Tethys during the 

Palaeocene–early Eocene was extremely severe at the PETM. An enhanced dissolution, which 

is probably linked to prominent shoaling of the lysocline and CCD, is also documented here 

through the ‘‘STTE’’ and the stratigraphic interval from hyperthermals H1 to K (early 

Ypresian) when, interestingly, the atmospheric CO2 reached its highest levels (Zachos et al., 

2008) (Figure 5.1). 

 

5.5. Conclusion and perspectives on magnetic mineralogy studies 

 

This study shows that the CHW–CR composite section offers a unique, complete and 

integrated record for the Palaeocene to early Eocene interval, thus providing a reference 

succession also for insight into the magnetobiochronostratigraphy and the magnitude of early 

Palaeogene hyperthermals and CIEs. 

Some of these hyperthermal events have been associated to the presence of 

magnetofossils, identified directly from microscopic observations (TEM) (Schumann et al., 

2008; Chang et al., 2012) or indirectly by their magnetic properties (Larassoaña et al., 2012). 

These findings calls for a common origin for the increase in magnetotactic bacteria activity 

and the rapid increase in global temperatures either in typical hyperthermals, like the PETM, 

or in other high-temperature ‘anomalous’ events, such as the MECO. We have now started a 

systematic work on the magnetic properties of the CHW-CR to test this hypothesis. 
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Chapter 6. Middle Eocene to early Oligocene 
magnetostratigraphy of ODP Hole 711A (Leg 115), western 
equatorial Indian Ocean 
 

6.1. Introduction 

 

Ocean Drilling Program (ODP) Leg 115 in the western equatorial Indian Ocean was 

designed to study the Cenozoic evolution of the Réunion hotspot and Neogene sedimentation 

and dissolution history in the Indian Ocean Basin (Duncan et al., 1990). The main objective 

for coring at Site 711 was to obtain a complete Neogene sediment sequence to study time 

dependent vertical changes in the position of the calcite compensation depth (CCD) and 

variability of carbonate preservation within the sublysocline transition zone (Backman et al., 

1988). Moreover, development of accurate age models were to be provided by a combination 

of bio and magnetostratigraphy (Backman et al., 1988). Hole 711A is located at a water depth 

at 4430 m on Madingley Rise (Figure 6.1A); a 250-m-thick sedimentary section was 

recovered. Sediments from Hole 711A span the time period between the Pleistocene and 

middle Eocene. Paleodepth estimates for the site during the middle Eocene and early 

Oligocene interval (50-30 Ma) is approximately 3450 m at 42 Ma and 3750 at 30 Ma 

(Peterson and Backman, 1990). 

Previous paleomagnetic studies from the Oligocene interval of Hole 711A (Schneider 

and Kent, 1990a; Touchard et al., 2003) indicated that the sediments retain a good record of 

the Earth’s past magnetic field; however, the inclination data appear scattered because of 

magnetic overprints associated with the coring processes (e.g., Roberts et al., 1996; Fuller et 

al., 1998; Acton et al., 2002). Schneider and Kent (1990) studied the magnetostratigraphy of 

Hole 711A down to the top of Chron C9n, recognizing the magnetostratigraphic Chrons C18 

and C19 based on nannofossil Zone CP19. Touchard et al. (2003) obtained a implemented 

magnetostratigraphy from 214 samples that spanned the section between 98.8 and 157.38 

mbsf, which corresponded to the time interval from Chron C13r to C19n (Schneider and Kent, 

1990) and zonal boundary NP19-20/NP21 (Okada, 1990). 
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The Eocene and Oligocene represent a critical time interval for paleoclimate and 

paleoceanography evolution. Deep-sea oxygen and carbon stable isotope records (e.g. Miller 

et al., 1991; Zachos et al., 2001, 2008) indicate that the climate system experienced 

progressive high-latitude cooling since the Early Eocene Climatic Optimum (EECO, ~50-52 

Ma), which culminated in the oxygen isotopic (Oi-1) excursion (~34 Ma; Miller et al., 1991). 

Superimposed on this long-term cooling trend are climatic instabilities associated with 

warming (e.g., Bohaty and Zachos, 2003; Jovane et al., 2007; Bohaty et al., 2009; Sexton et 

al., 2011) and cooling events (e.g., Tripati et al., 2005). The largest warming event is the 

middle Eocene Climatic Optimum (MECO) (Bohaty and Zachos, 2003; Jovane et al., 2007; 

Luciani et al., 2010; Spofforth et al., 2010; Edgar et al., 2010), which is interpreted as a global 

warming event by Bohaty et al. (2009). The MECO event is characterized by a progressive 

long-term increase (~1.0‰) in benthic foraminiferal δ13C values in several sites in the 

southern Ocean. This long-term trend began at ~40.7 Ma and ended at ~39.6 Ma (Bohaty et 

al., 2009). The large negative δ18O shift at 40 Ma from several sites indicates that MECO was 

a global warming event (Bohaty et al., 2009). Bijl et al., 2010 reconstructed the pCO2 and sea 

surface temperatures (SST) during the MECO suggesting a warming of ~5°C of the SST. 

The Oi-1 event at the Eocene-Oligocene boundary was a pivotal event in the shift from 

greenhouse to icehouse climate state. The Oi-1 event was associated with an abrupt stepwise 

onset of Antarctic glaciation with global shifts in distribution of marine biogenic sediments, 

an overall increase in ocean fertility, a major drop in the CCD, and an onset of Atlantic 

thermohaline circulation (e.g., Coxall et al., 2005; Coxall and Wilson, 2011). The Oi-1 

cooling event was associated with an abrupt increase (~1.5‰) in benthic foraminiferal δ18O 

values, which is attributed to development of ice sheets on Antarctica, which grew to ≥50% 

near present day (e.g., Shackleton and Kennett, 1975; Coxall et al., 2005). Variations in the 

Earth’s climate system are caused by changes in ocean circulation due to opening of Southern 

Ocean gateways (e.g., Kennett, 1977; Lyle et al., 2007), reduction of atmospheric greenhouse 

gases (DeConto and Pollard, 2003; Pagani et al., 2005; Merico et al., 2008; Liu et al., 2009), 

superimposed orbital forcing (Coxall et al., 2005) and closure of the Neo-Tethys ocean 

gateway at ~35 Ma (late Eocene) (e.g., Allen and Armstrong, 2008; Jovane et al., 2009). 

In order to identify and provide new insight into the major Eocene and Oligocene 

climatic events, we developed a integrated high-resolution age model for Hole 711A. The 
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middle Eocene-to-lower Oligocene interval is well represented in sediments form this hole, 

and in this paper, we present new high-resolution magnetostratigraphy for this section. 

Previously published biostratigraphic results (Okada, 1990) from this site are used to 

constrain the correlation to the GPTS (Table 6.1). Magnetostratigraphic results have been 

previously reported for Hole 711A by Schneider and Kent (1990) and Touchard et al. (2003). 

However, these earlier studies do not cover the lower part of the section due to the proximity 

of the site to the equator and the difficulty envisioned in obtaining polarity data from these 

azimuthally-unoriented samples. Our new results from Hole 711A have important 

implications for identification and dating global climate change events (MECO, Oi-1), and for 

reconstructing CCD history of this site. 

 

Figure 6.1. (A) Location of ODP site 711 in the western equatorial Indian Ocean. (B) 

Paleogeographic reconstruction showing location of ODP site 711 at 40 Ma. The maps were 

generated from the Ocean Drilling Stratigraphic Network (GEOMAR, Kiel, Germany). 
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6.2. Methods 

 

Measurements were carried out in the paleomagnetic laboratory of the National 

Oceanography Centre Southampton (NOCS), University of Southampton, UK. All 

measurements were made using a 2G–Enterprises superconducting quantum interference 

device (SQUID) magnetometer (model 755R). To minimize sources of noise, the 

magnetometer is situated in a magnetically shielded room, which reduces the intensity of the 

ambient magnetic field. The sensitivity of the instrument corresponds to a rock magnetization 

of ~10-6 A/m. We measured the low–field mass magnetic susceptibility (χ) of all samples 

using a KLY–4 Kappabridge (Agico Ltd.), prior to measurement of the natural remanent 

magnetization (NRM). 

In order to recognize and remove secondary NRM components we use alternating field 

(AF) demagnetization to isolate the characteristic remanent magnetization (ChRM). This 

process effectively randomizes the magnetization of grains with coercivities below the peak 

AF intensity, which allows the remanence of higher coercivity grains to be isolated. The 

NRM of all samples from the Hole 711A was measured after progressive stepwise AF 

demagnetization at 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, and 80 milliTesla (mT). 

In order to display stepwise demagnetization data, we use vector component diagrams 

(Zijderveld, 1967; Dunlop, 1979). The ChRM direction were determined using stereographic 

projections, orthogonal and demagnetizing intensity plots of stepwise demagnetization data, 

allowing the various remanence components that make up the NRM to be separately 

identified. The directions of these different components are then calculated using principal 

component analysis (Kirschvink, 1980). This method analyses the best-fit line through 

straight-line, single component line. This linearity can be assessed by calculating the 

maximum angular derivation (MAD). A good line fit is indicated by a MAD <15°. This 

method is only valid where linear components of the demagnetization path can be isolated. 

Principal component analyses were analyzed using the paleomagnetic data software package 

REMASOFT 3.0 (Chadima and Hrouda, 2006). 

The rock-magnetic measurements consisted of hysteresis curves and IRM (isothermal 

remanence magnetization) performed at room temperature using a vibrating sample 
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magnetometer (VSM MicroMagTM 3900) and a Pulse Magnetizer (MMPM–9) at the 

National Oceanography Centre Southampton (NOCS), University of Southampton, UK. 

Hysteresis loops were measured in maximum field of 1 T and average time 500 ms. The rock 

samples were placed in progressively fields the IRM increasing to a maximum value of 

saturation (SIRM), in a maximum field of 1.5 T. 

Furthermore, environmental magnetism and FORC diagrams were performad for 

investigate the variation of the magnetic mineralogy trough the section. We used the same 

methodology mensioned in the section 4.4.3 for MCA section. 

 

6.3. Results 

6.3.1. Paleomagnetic polarity zonation 

 

 A total of 375 discrete samples were analyzed using the SQUID magnetometer. Of the 

375 analyzed samples, 248 (66%) had no reliable magnetic directions (MAD ≥15°) after AF 

demagnetization. The others 127 samples (34%) displayed stable paleomagnetic behavior 

upon stepwise AF demagnetization (Figure 6.2). The ChRM directions with MAD ≤15° 

display normal and reverse polarities defining a magnetic polarity zonation. In particular, 

several samples have inclination values that are intermediate between normal and reverse 

directions. For azimuthally-unoriented samples from sedimentary rocks that formed in low-

latitudes, determining the polarity of sedimentary units may be difficult. The polarity 

ambiguity arises because the samples are azimuthally-unoriented, the declination cannot be 

used to determine polarity; the inclination is shallow near the equator, the angular distance 

between reversed and normal polarity inclinations is small; and the paleomagnetic inclinations 

from any samples will have some degree of dispersion about their mean inclination, it is likely 

that when the mean inclination is shallow, the sign of the inclination will not be indicative of 

the polarity (e.g., McFadden and Reid, 1982; Cox and Gordon, 1984). In our case, only two 

samples (163.7 and 193.7 mbsf) present inclinations less than 10 degrees. The sign of the 

inclination of these two samples cannot be used as a definitive estimate of magnetic polarity. 

The samples with MAD values ≥15° were discarded. Some of them were showing low 
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intensity due to low magnetic concentration the others can be interpreted as drilling-induced 

overprint. 

 

Figure 6.2. Orthogonal and vector component diagrams (with normalized intensity decay 

plots) for alternating field (AF) demagnetization data for six representative specimens from 
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the Hole 711A. Open circles indicate projections onto the vertical plane, and full black circles 

indicate projections onto the horizontal plane. 

 

Figure 6.3 illustrates the lithologic units of the middle Eocene-lower Oligocene 

sedimentary interval of Hole 711A. The abundance and preservation of the calcareous 

nannofossils varies from whole dissolved to moderate at Hole 711A (Backman et al., 1988; 

Okada, 1990; Wei et al., 1992). The NRM demagnetization paths of the 375 samples from 

Hole 711A have considerable variations that are attributed to the relatively low intensity of 

magnetizations (5.23×10-5 to 1.77×10-1 A/m with an arithmetic average of 5.27×10-3 A/m) 

(Figure 6.3). Several samples are characterized by high NRM intensity, which are associated 

with dished lithologies (186.92 and 187.01 mbsf), (e.g. very dark grayish brown clay-bearing 

radiolarian ooze). Arithmetic mean directions were computed separately for normal and 

reverse polarity populations and calculated following Jovane et al. (2008). The normal 

polarity samples have an arithmetic mean inclination of 29.0° (N = 59; α95 = 2.5) and the 

reverse polarity samples have an arithmetic mean inclination of -30.7° (N = 37; α95 = 2.6). 

These values show that our magnetostratigraphic record passes the reversal test. Our 

interpretation was compared with predicted paleolatitudes of the site 711A according to the 

absolute plate motion model based on fixed African hotspots (e.g., Duncan, 1981; Kidd et al., 

1992).  Based on these mean directions, the calculated mean paleolatitude of Hole 711A is 

16° S. However, based on the reconstructed position of Hole 711A (see Figure 6.1B), the 40 

Ma paleolatitude would be 9.5° S, and the expected inclination would be 19 degrees. The 

observed mean inclination is approximately 10 degrees steeper than the expected inclination. 

These inclinations are steeper than the present-day geocentric axial dipole inclination and it is 

attributed to three systematic error sources: method of calculating the mean inclination, drift 

of the hotspots, and a large non-dipole field (Schneider and Kent, 1990). This result is 

compatible with previous paleoreconstructions for the Eocene-Oligocene period (Schneider 

and Kent, 1990; Royer and Coffin, 1992; Zachos et al., 1992). However, our mean inclination 

is steeper than expected (according to the fixed hotspot models), and that this could be due to 

some unresolved combination of unaccounted for motion of the plate, long-term non-dipole 

fields, or effects of hotspot motion on the plate circuit models (Schneider and Kent, 1990b). 

Based on paleocenographic and paleomagnetic records have been reconstructing the globally 
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tectonic implications of the Site 711. The drill site has moved northward since the formation 

these sediments approximately 600 km. 

 

 

Figure 6.3. Detailed lithostratigraphic column for ODP Hole 711A in the interval between 

120 and 200 mbsf. The second column shows the lithostratigraphic units as defined in 

shipboard work (Backman et al., 1988), including Unit III (nannofossil oozes, clay-bearing 

nannofossil oozes, clay-bearing nannofossil chalks) and Unit IV (distinguished from unit III 

by the consistent occurrence of radiolarians). The third panel shows the stratigraphic 

variations of intensity and fourth panel shows the inclination of the natural remanent 

magnetization (NRM). 
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 The magnetic polarity record of the studied portion of Hole 711A can be subdivided 

into fourteen magnetozones (Figure 6.4). The magnetozones are defined as intervals with 

multiple, consecutive samples with polarities that are distinctly different from neighboring 

intervals. In only one case, at 142.23 mbsf, the sample has polarity opposite of the rest of the 

magnetozone, but it is not used to determine the polarity. 

 

Figure 6.4. Core number (left), core recovery (gray bars), and variations in the declination 

and inclination in Hole 711. The magnetostratigraphic interpretation is show on the right 

side, which is constrained by the nannofossil biostratigraphy of Okada (1990). Nannofossil 

zones, using the zonal of both Okada and Bucky (1980) (A) Martini (1971) (B), are defined in 

the section. Inclination values steeper than 10 degree are black while values below 10 degree 

are grey points. 
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6.3.2. Rock magnetic properties 

 

Isothermal remanent magnetization (IRM) acquisition curves were obtained for five 

representative samples of Hole 711A at fields up to 1.5 T (Figure 6.5). IRM acquisition 

experiments indicated that saturation magnetization (Ms) occur at field comprised between 

60–80 mT, which typifies low- to medium coercivity remanence carrier such as magnetite 

and/or titanomagnetite (Ti–poor magnetite) (e.g. Dunlop and Özdemir, 1997). These results 

confirm previous published results from the lower Oligocene section of the Hole 711A 

(Touchard et al., 2003). The presence of a low–coercivity mineral is also confirmed from the 

rapid decrease in intensity of remanence during AF demagnetization (Figure 6.2). 

 

Figure 6.5. Isothermal remanent acquisition curves for five representative samples within the 

ODP Hole 711A study section (normalized intensities vs. applied magnetic field). 

 

Hysteresis cycles for the twenty representative samples along of the eighty meters of 

section show a low coercivity behavior (Figure 6.6A), which is most likely indicated of the 

presence of magnetite and/or titanomagnetite (e.g., Dunlop and Özdemir, 1997; Krása et al., 
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2011). The hysteresis standard parameters like Ms, saturation remanent magnetization (Mrs), 

coercive force (Hc), and coercivity of remanence (Hcr) are combined as ratio and approaching 

pseudo-single domain (PSD) values. Magnetic hysteresis data (Figure 6.6A) are characterized 

by stably magnetized samples that have moderate Hcr/Hc (1.74–2.10) and Mrs/Ms (2.61–

3.61). Hysteresis ratios for samples from 711A indicate a pseudo-single domain (PSD) 

assemblage (Figure 6.6B) (Day et al., 1977) with the dominance of magnetite and/or 

titanomagnetite particles (e.g. Dunlop and Özdemir, 1997). 

 

Figure 6.6. (A) Hysteresis curves for two representative samples from Hole 711A indicating a 

similar magnetic behavior (low-coercivity behavior, magnetite and/or titanomagnetite). (B) 

Mrs/Ms versus Hcr/Hc plot for sediments from the Hole 711A. The magnetic grain size show 

a pseudo-single domain particles. 

 

6.3.3. Biostratigraphy 

 

In order to obtain a high-resolution integrated age model, magnetostratigraphic data 

need to be combined with biostratigraphic datum in the same interval. Okada (1990) and Wei 

et al. (1992) conducted a biostratigraphic investigation on the Paleogene interval of the Site 

711, studying calcareous nannofossil using biozones of Martini (1971) and Okada and Bukry 

(1980) (Figure 6.4). 
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The base of the studied section (198.1 mbsf), which defines the Zone CP14a, near the 

CP13c-CP14a zonal boundary of Okada and Bukry (1980) coinciding with the lower part of 

the Zone NP16-17 of Martini (1971), was characterized by the first occurrence (FO) of 

Reticulofenestra umbilica (Okada, 1990) (Table 6.1). The FO of Dictyococcites scrippsae  at 

188.49 mbsf occurs approximately in the CP14a-CP14b of Okada and Bukry (1980), which is 

defined by last occurrence (LO) of Chiasmolithus solitus (192.1 mbsf). The LO of 

Chiasmolithus grands (177.22 mbsf) occurs near the CP14b-CP15a zonal boundary of and 

NP18-NP20. The FO of Isthmolithus recurvos (163.12 mbsf) and the LO of Discoaster 

barbadiensis occur approximately at CP15a-CP15b boundary and CP15b-CP16ab boundary, 

respectively. The CP16ab-CP16c zonal boundary is characterized by LO of Ericsonia 

formosa (151.2 mbsf). The LO of Reticulofenestra umbilica, which marks the CP16c-CP17 

zonal boundary, occur at 140 mbsf. The FO of Sphenolithus distentus (125.8 mbsf) occusr in 

the CP17 and NP23. 

Table 6.1. Calcareous nannofossil events and interpretation of Chrons boundaries for the 

Hole 711A. Calcareous nannofossil zonations of Jovane et al. (2010) (1) and Berggren et al. 

(1995) (3) and references therein. Magnetochron ages from Gee and Kent (2007) (2). 

Calcareous nannofossil events and chrons boundaries Depth (mbsf) Age (Ma) 
FO Reticulofenestra umbilica 198.1 42.67 (C20n) (1) 
C20n/C19r 197.3 42.356 (2) 
C19r/C19n 193.5 41.521 (2) 
LO Chiasmolithus solitus 192.1 40.4 (C18r) (3) 
C19n/C18r 191.3 41.257 (2) 
FO Dictyococcites scrippsae 188.49 39.86 (C18n.2n) (1) 
C18r/C18n 187.3 40.13 (2) 
C18n/C17r 182.7 38.426 (2) 
C17r/C17n 180.07 38.113 (2) 
LO Chiasmolithus grands 177.22 37.1 (C17n.1n) (3) 
C17n/C16n 169 36.341 (2) 
FO Isthmolithus recurvos 163.12 36 (C16n.2n) (3) 
C16n/C15r 163.2 35.343 (2) 
C15r/C15n 161.4 34.94 (2) 
C15n/C13r 159.3 34.655 (2) 
LO Discoaster barbadiensis 158.5 34.3 (C13r) (3) 
C13r/C13n 153.2 33.545 (2) 
LO Ericsonia formosa 151.2 32.8 (C12r) (3) 
C13n/C12r 148.4 33.058 (2) 
LO Reticulofenestra umbilica 140 32.3 (C12r) (3) 
FO Sphenolithus distentus 125.8 31.5-33.1 (C12r) (3) 
C12r/C12n 129.8 30.939 (2) 
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6.4. Discussion 

6.4.1. Correlation to the geomagnetic polarity time scale 

 

In this work, we present a new magnetic polarity record between 123.93 and 198.91 

mbsf of Hole 711A. We recognize fourteen magnetozones in the middle Eocene-lower 

Oligocene interval following the published biostratigraphic of Okada (1990) (C12n-C20n; 

Figure 6.4). The new interpretation of the magnetic polarity pattern provides a correlation 

with geomagnetic polarity time scale (GPTS) of Gee and Kent (2007) and Jovane et al. (2010) 

between the top of Chron C12r (30.939–33.058 Ma) and the top of Chron C20n (42.536–

43.789 Ma) (Figure 6.7). From 160 to 120 mbsf (late Eocene to early Oligocene) our 

interpretation is in good agreement with previous magnetostratigraphic results reported for 

Hole 711A (Touchard et al., 2003). However, below 160 mbsf our interpretation is completely 

new spanning approximately 8 myr. 

Our new age interpretation following ages of Gee and Kent (2007) differs significantly 

of previously published data collected during the shipboard work (Backman et al., 1988) as 

well as subsequent works (Okada, 1990; Rio et al., 1990; Schneider and Kent, 1990). We use 

the GPTS of Gee and Kent (2007) and Jovane et al. (2010) – use of the Gradstein et al (2004) 

GPTS results in small changes in (less than 1 million years) in the age-depth relationships, 

and minor changes in the calculated sedimentation rate of the section (see Figure 6.8 and 6.9). 



113 

 

 

Figure 6.7. Inclination of ChRM and age versus depth plot with correlation of the ODP Hole 

711A polarity zonation to the geomagnetic polarity time scale of Gee and Kent (2007) and 

Jovane et al. (2010). Inclination values steeper than 10 degree are black while values below 

10 degree are grey points and limited by dashed lines. Calcareous nannofossil and planktonic 

foraminiferal datums are used to constrain the interpretation. The biostratigraphic events 

from Okada (1990) are based on the calcareous nannofossil zonal schemes of Martini (1971) 

and Okada and Bukry (1980). The gray bars in the geomagnetic polarity zonation represent 

the uncertainties in the definition of polarity zonation in relationship with GPTS. 
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Figure 6.8. Estimated ages of Peterson and Backman (1990), carbonate concentration data, 

and the calculated mass accumulation rates (MAR: g/cm
2
/kyr) for the middle Eocene to lower 

Oligocene interval of ODP Hole 711A between 120 and 200 mbsf. 

 

Figure 6.9. Compilation of carbonate concentration and mass accumulation rates data from 

Peterson and Backman (1990) and paleomagnetic data used in this study. 
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6.4.2. Age-Depth Model 

 

With the aim of perform a new age model we correlated the twelve magnetozones with 

GPTS (Gee and Kent, 2007; Jovane et al., 2010). To constrain the magnetostratigraphic 

interpretation for the interval between 123.93 and 198.91 mbsf, we use nannofossil 

stratigraphy presented by Okada (1990). Overall the linear correlation between 

magnetostratigraphy and biostratigraphy for Hole 711A (Figure 6.7) show small uncertainties. 

The age-depth curve for the middle Eocene to the lower Oligocene interval of Hole 

711A is presented in Figure 6.7. The resulting sedimentation rates are relatively uniform and 

are consistent with biostratigraphic datum. The average sedimentation rate for the interval 

between 197.43 mbsf (base of Chron C19r) and 130.91 mbsf (top of Chron C12r) is 6.22 

m/myr (0.622 cm/kyr) (Figure 6.10). 

 

Figure 6.10. Variation in sedimentation rate along the Middle Eocene-early Oligocene 

interval are shown as linear interpolation between the chron’s boundary at Site 711. The 

average sedimentation rate is 6.22 m/myr. Age is from the Gee and Kent (2007) and Jovane et 

al. (2010) and depths are the meters below seafloor (mbsf). 
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The new age model obtained in this study improves the dating of the bio-

chronostratigraphical events during Eocene-Oligocene period. In this study we show that the 

Eocene-Oligocene boundary is placed approximately 33.7 Ma (~155 mbsf), at the top of the 

Chron C13r, which is in agreement with Touchard et al. (2003) and Jovane et al. (2006). Hole 

711A represents the most complete and least disturbed paleomagnetic record from the 

northern Indian Ocean for the interval between from the middle Eocene to the early 

Oligocene. The defined age model for this section will allow further development of Eocene-

Oligocene paleoceanographic records at this site with reliable age constraints. In particular, 

we are now able to define the Chrons C18n and C18r in Hole 711A, which span the interval 

of the MECO event (Bohaty and Zachos, 2003; Jovane et al., 2007; Bohaty et al., 2009; Edgar 

et al., 2010). We observe a decrease of the sedimentation rates along the Chron C18n, which 

can be easily related to the carbonate concentration data for the same interval (Peterson and 

Backman, 1990) showing that in this interval there is a decrease in carbonate mass 

accumulation rates (MARs) (Bohaty et al., 2009). We also observe an increase in 

sedimentation rates along Chrons 13n and 12r, which is attributed to deepening of the CCD 

(Coxall et al., 2005; Katz et al., 2008). 

 

6.5. Magnetic fingerprinting of the MECO event  

 

 CaCO3 data previously published by Bohaty et al. (2009) indicate a rapid shifts from 

high carbonate content (around 90 wt%) before and after the MECO event to very low 

carbonate contents (around zero) at its peak (Figures 6.8 and 6.9). The site 711A also records 

a distinct drop in carbonate MARs at 40.0 Ma. Bohaty et al. (2009) suggest that a shoaling of 

the CCD at the peak of the MECO event results in a total loss of the carbonate at the studied 

sections. 

 Environmental magnetic parameters for 310 samples were obtained at NOCS for the 

70 m-thick interval of the Hole 711A (Figure 6.11). Magnetic susceptibility varies between 

11.67 and 184.5 × 10-6 SI (Figure 6.11). A strong peak in the magnetic susceptibility is 

observed between ~180-190 mbsf, which is coincident with the MECO event. Magnetic 
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susceptibility is modulated by amount, but also by the grain size of ferromagnetic and 

ferrimagnetic materials in the sediments (e.g., Evans and Heller, 2003). In the same interval, a 

pronounced peak in the ARM data is observed. In contrats to the magnetic susceptibility, 

which is a bulk measurement influenced by all magnetic fractions and the paramagnetic 

matrix, the ARM is controlled only by the finest magnetic minerals (frequently SD grains). 

The ARM is thus a powerfull proxy for the concentration of fine magnetite (e.g., originated 

by eolian, biogenic, and impactoclastic processes) (Liu et al., 2012). The ARM/IRM900mT ratio 

shows a small increase during the MECO interval, indicanting an increase in magnetic grain 

size. HIRM values oscilate between 0.0006 and 0.9193 A/m along the studied section. This 

variation is very low and reflect the homogeneity of the magnetic mineral types across the 

section. This is corroborated by the S-ratio that varies in a narrow range between 0.96 and 1 

consistent with the dominance of magnetite before, during, and after the the MECO event. 

 

 

Figure 6.11. Down-core variations in environmental magnetism parameters across the 

Eocene-Oligocene at ODP Hole 711A. 
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 The magnetic record of the ODP Hole 711A constrasts with that of the Monte Cagnero 

section, where magnetic and hematite were observed (see Chapter 4), with a characteristic 

increase in hematite at the MECO peak as evidenced by a distinctive incerase in HIRM. In 

ODP Hole 711A the HIRM does not show any significant peak coincident with the MECO 

interval. Hence, in this site the peak in magnetic properties at the MECO must be almost 

exclusively related to fine-grained magnetite. But is this magnetite related to magnetossomes? 

Recent data by Chang et al. (2012) posetively answer this question. Using transmission 

electron microscopy they reported giant bullet-shaped magnetite crystals (Figure 6.12) from 

ODP Hole 711A at the Middle Eocene Climatic Optimum (~40 Ma). Their results indicate a 

more widespread geographic, environmental, and temporal distribution of giant 

magnetofossils in the geological record with a link to “hyperthermal” events. They also 

suggest that enhanced global weathering during hyperthermals, and expanded suboxic 

diagenetic environments, probably provided more bioavailable iron that enabled 

biomineralization of giant magnetofossils. But in this case, the evidence for hematite dust and 

consequently of its potential as iron fertilizer is much weaker than in other sections. 

 

Figure 6.12. Transmission electron microscopy images of giant bullet-shaped magnetofossils 

during the MECO event extracted from Hole 711A (187.01 mbsf). Arrows indicate the giant 

bullet-shaped magnetites. The thinlayer surrounding the magnetite is amorphous silica (After 

Chang et al., 2012). 
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 We performed FORC diagrams for samples from the same interval analyzed by Chang 

et al. (2012) in order to confirm the typical magnetic signal of the magnetossomes (Roberts et 

al., 2000; Egli et al., 2010). FORC distributions for these samples are nearly identical to those 

of the MCA samples at the MECO interval (Figure 6.13). These results further reinforce the 

widespread occurrence of magnetofossils throughout the MECO event, suggesting a link 

between the warming event and the increase in abundance of magnetotactic bacteria. Thereby, 

as previously proposed for the MCA section, the increase in magnetossome production may 

be related to enhanced global weathering and expanded suboxic diagenetic zones within 

sediments, providing more bioavailable iron to pelagic marine environments, which eased a 

key limiting factor for magnetite biomineralization and enabled growth of magnetofossils. 

The absence (or low-content) of hematite in ODP Hole 711A may suggest that in this case, 

local iron fertilization was not a necessary ingredient for magnetotactic blooming. 

Alternatively, it may also result from the complete consumption of this mineral for 

magnetossome production. 

 

 

Figure 6.13. Representative FORC diagram for a sample at 184.55 mbsf during the MECO 

event in ODP Hole 711A. FORC diagram indicate the presence of magnetostatically non-

interacting SD magnetic particle assemblages that are typical of intact magnetite 

magnetofossil chains. 

  

6.6. Conclusions 

 

We present a new magnetostratigraphic record and redefined age model for the middle 

Eocene-lower Oligocene interval of Indian Ocean ODP Hole 711A. The new 
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magnetostratigraphic results are integrated with published biostratigraphic results, and the 

integrated magnetozones are correlated to Chrons C19r to C12r, (~42.5 and 30.9 Ma). Our 

magnetostratigraphy provides the basis for further improvement based on cyclostratigraphy 

and astrochronology. 

Isothermal remanence curves and hysteresis curves provide information on the 

magnetic mineralogy of the Hole 711A. The primary magnetic mineral carrier in pelagic 

sediments at this site is interpreted to be (titano)magnetite. Similar magnetic properties are 

observed throughout the study section.  

Using our newly-developed age-depth model for the Eocene-Oligocene section of 

Hole 711A, it will be possible to document paleoceanographic variability within the middle 

Eocene-early Oligocene interval at this site. The Eocene-Oligocene transition and the MECO 

event, in particular, are present within continuous sections. 

Our data indicate a decrease in the sedimentation rates at site 711 during the MECO 

event which may be related to the CCD shoaling inferred by Bohaty et al. (2009). In contrast, 

a considerable increase in the sedimentation rate during the Eocene-Oligocene transition is 

also observed in our magnetostratrigraphic data. This period is characterized by an abrupt 

stepwise onset of Antarctic glaciations, with a major deepening in the calcite compensation 

depth (CCD) (Coxall et al., 2005). 

In addition to the previous report of magnetofossils in the ODP Hole 711A (Chang et 

al., 2012), we have identified the presence of magnetically non-interacting SD magnetic 

particles using FORC diagrams. Thereby, enhanced global weathering during warm 

climateseems to be responsible for enhanced magnetossome production worldwide. This may 

be related to the expansion of suboxic diagenetic zones within sediments, potentially 

providing in the pelagic marine environments more bioavailable iron, which is a key limiting 

factor for magnetite biomineralization (Roberts et al., 2011, Larrasoaña et al., 2012, Chang et 

al., 2012). 
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7. Conclusions and Perspectives 
 

This thesis provides new insights into the magnetostratigraphy and paleoclimate 

fatures under the Peleogene period in the Neo-Tethys realm at the Umbria-Marche basin and 

the Indian Ocean. High-resolution integrated stratigraphy is used to stablish a robust temporal 

framework to correlate sections at inter-regional scale, and to unravel paleoceanographic and 

paleoclimatic signatures at the million years time scale. The main findings are: 

� The Monte Cagnero section is the most complete and continuous stratigraphic 

sequence representing the middle Eocene to lower Oligocene interval (~55 to 28 Ma) 

currently identified in central Italy, spanning a time interval of at least ~13 Myr. New 

insights were obtained on the nature and age of these strata based on high-resolution 

magnetostratigraphic analyses and detailed calcareous nannofossil and planktonic 

foraminiferal analyses. These data form the basis of a new, robust age-depth model for 

the middle Eocene–lower Oligocene interval. 

� The refined age information for this section, in addition to multi-disciplinary climatic 

proxy studies, that are currently ongoing, will allow reconstruction of environmental 

change across the greenhouse-icehouse transition. The Monte Cagnero section likely 

records the most important middle Eocene–early Oligocene climate events, such as the 

E-O climate transition at ~34 Ma and the MECO event at ~40 Ma. New insights into 

these events and related regional climate changes in the Tethys region will be obtained 

through future paleoclimatic studies of the Monte Cagnero section and application of 

the high-resolution integrated age-model presented here. 

� An integrated and high-resolution analysis of stable isotopes, geochemistry, 

micropaleontology and environmental magnetism has been carried out in a 14 m-thick 

interval of the Monte Cagnero section corresponding to the ~40 Ma MECO. The data 

shows an interval of high productivity comprising the MECO climax and its aftermath 

marked by the presence of fossil magnetotactic bacteria. Intervals with higher 

concentration of magnetofossils correspond to those for which other proxies 

systematically point to an increase in productivity. In addition to the non-interacting 

SD magnetic fossils, hematite was recognized all along the MCA section with a peak 
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in the MECO interval and interpreted to be the result of aeolian dust transport. We 

speculate that this eolian hematite may have promoted iron fertilization of the oceans 

during the warming event increasing significantly the primary productivity in the 

ocean. This hypothesis must be tested on other coeval sections worldwide. 

� The chapter 5 shows that the CHW–CR composite section offers a unique, complete 

and integrated record for the Palaeocene to early Eocene interval, thus providing a 

reference succession to study the early Palaeogene hyperthermals events and CIEs. 

Ongoing research on the magnetic signature of these events may provide clues for the 

mechanisms behind such climatic events and their biogeochemical feedbacks. 

� We present a new magnetostratigraphic record and redefined age model for the middle 

Eocene-lower Oligocene interval of Indian Ocean ODP Hole 711A. The new 

magnetostratigraphic results are integrated with published biostratigraphic results, and 

the integrated magnetozones are correlated to Chrons C19r to C12r, (~42.5 and 30.9 

Ma). We have identified the presence of magnetically non-interacting SD magnetic 

particles using FORC diagrams during the MECO event. The simultaneous occurrence 

of magnetofossils at the MECO intervals at ODP Hole 711A and Monte Cagnero, as 

well as the widespread occurrence of magnetofossils in other warming periods suggest 

a common mechanism linking climate warming and the enhancement of 

magnetossome production. Further work on hyperthermal intervals in the Umbria-

Marche area were designed to test this correlation and to better understand the 

mechanisms behind it. 
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