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Resumo

SAVIAN, J.F.Magnetostratigrafia e reconstrucédo paleoambiental € sucessfes marinhas
do Oceano Neo-Tétis: novas perspectivas acerca dmincipais eventos paleoclimaticos
do Paleégenp 2013. 145 pp. Tese (Doutorado) - Instituto ddréxeomia, Geofisica e

Ciéncias Atmosféricas, Universidade de Sado Pado,Pawulo, 2013.

O intervalo que compreende o Paleoceno, Eoceandigecéno (65,5-23,03 Ma)
testemunhou importantes mudancas paleoclimatigaalemgeograficas. Dados de is6topos
estaveis (**0 e **C) em foraminiferos pelagicos mostram uma tendéfeigesfriamento de
longo periodo, que termina com o evento abruptd @+34 Ma), préximo a transicédo
Eoceno/Oligoceno, coincidente com a principal fdseglaciacdo da Antartida. Sobreposta a
essa tendéncia de resfriamento lenta, observatsescutervalos de aquecimento global
extremos. Estes eventdspertermaistem duracdo inferior a 300 kyrs e correspondem a
variacbes de temperatura de & 6 C. Na metade do Eoceno (~ 49-34 Ma), 0s registros
isotépicos também indicam um forte evento de aguemio transiente ha ~40,0 Ma, o Otimo
Climatico do Eoceno Médio (MECO, na sigla em inglédesta Tese apresentamos a
magnetoestratigrafia, bioestratigrafia (nanofosseis foraminiferos), litoestratigrafia,
magnetismo ambiental, geoquimica e dados de istpaarbono e oxigénio em carbonato e
em foraminiferos bentdnicos ao longo do intervalocdno-Oligoceno de sucessfes do
Oceano Indico (testemunho ODP 711A) e Neo-Tétierdal (se¢cbes de Monte Cagnero e
Contessa). Os principais eventos climaticos glotai®aleoceno foram reconhecidos nestas
secOesEste estudo mostra que as sec¢des ODP 711A, Momgee@a(MCA), e Contessa
(CHW-CR) oferecem um registro completo e integrdeede o Paleoceno até o Oligoceno da
magnitude dos eventos hipertermais e do MECO, lenoa@s variacbes biogeoquimicas que
0s acompanharam. A secédo de Monte Cagnero regsstrais importantes eventos climaticos
do Eoceno-Oligoceno Inferior, incluindo a transi¢g® em ~34 Ma e o MECO em ~40 Ma.
Uma analise integrada e de alta resolucdo de igStopstaveis, geoquimica,
micropaleontologia e magnetismo ambiental nestéosse@p longo do MECO revelou um
intervalo de alta produtividade marcado por umandgaabundancia de magnetofésseis,
compreendendo o pico de temperatura do MECO e iodmeimediatamente posterior. O
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mesmo sinal foi observado em Contessa e no testemBP 711A. NOs especulamos que
durante o MECO, um periodo mais quente, ocorretaumento na quantidade de hematita
levada aos oceanos por meio de transporte edlicngde fertilizacdo e um consequente
aumento de produtividade nos oceanos. A ocorramigua de magnetofosseis em periodos
guentes ao longo de todo o Eoceno sugere que rsauaslisimilares tenham sido

responséaveis pelos picos de producao e preserdagii@agnetossomas.
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Abstract

SAVIAN, J.F. Magnetostratigraphy and palaeoenvironmental recordsin marine
sedimentary sucessions from Neo-Tethys Ocean: Nemsights into the main Paleogene
palaeoclimate events2013. 145 pp. Thesis (Doctorate) - InstitutcAgé&ronomia, Geofisica

e Ciéncias Atmosféricas, Universidade de Sao P&ao,Paulo, 2013.

The interval comprising the Paleocene, EoceneGligbcene (65.5 to 23.03 Ma) has
witnessed major changes in paleoclimate and patepgphy. Stable isotope record<2Q
and *C) from pelagic foraminiferal show a long-term dagl trend starting at ~55 Ma,
which ends abruptally at the Oi-1 event (~34 Maamthe Eocene/Oligocene transition,
which is interpreted as the main episode of glamabf Antarctica. Superimposed on this
cooling trend, brief intervals of extreme warmt wcglobally. These hyperthermal events last
for less than 300 kyrs and may correspond to aaglt@mperature increase of 6 C. In
the middle to late Eocene, a strong transient wagnavent has been recognized in the
oceanic record at ~40.0 Ma, the Middle Eocene Gen@ptimum (MECO). The amplitude of
the MECO warming is similar to that of hyperthermdut it durations if two times longer;
its origin and global nature being still debatech this thesis we present a
magnetostratigraphic analysis, integrated with tbedigraphy (calcareous nannofossils and
foraminifera), lithostratigraphy, environmental magism, wt.% CaCe@and isotope records
on bulk carbonate and on benthic foraminifera tgtouhe Paleogene interval from
sedimentary successions from the Indian Ocean (6BIE 711A) and Eastern Neo-Tethys
(Monte Cagnero and Contessa sections). The malagldimatic events in the Paleogene
were recognized in these sections. This study shbasthe ODP 711A, Monte Cagnero
(MCA), and Contessa (CHW-CR) sections are a comphkatd integrated record of
hyperthermals, the MECO and the biogeochemical gémnthat occurred during the
Paleocene to Oligocene interval. The Monte Cagrexction likely records the most
important middle Eocene—early Oligocene climatenéyesuch as the E-O climate transition
at ~34 Ma and the MECO event at ~40 Ma. An integtadnd high-resolution analysis of
stable isotopes, geochemistry, micropaleontologg anvironmental magnetism of this

section through the MECO interval shows an intenfavery high productivity comprising
11



the MECO peak and its aftermath marked by a higliemdance of fossil magnetotactic
bacteria. The same signal has also been foundmte€sa and ODP 711A. We speculate that
eolian hematite durint the MECO event may have teoh iron fertilization of the oceans
during the warming event increasing significantlg fprimary productivity in the ocean. The
widespread occurrence of magnetofossils in othermivey periods suggest a common

mechanism linking climate warming and the enhancgné 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 t8284) is a period of the Earth’s
history that includes gradual trends of warming aodling climatic conditions driven by
tectonic process (£@o 10 years), periodic cycles driven by orbital procgi<€¥ to 1¢ years),
and rapid shifts with extreme climate transientsrgs (16 to 1& years) (e.g., Zachos et al.,
2001; 2008). The study of sedimentary achives of #ge around in the Tethys Realm
contributes to better understand the continuousigds esperienced by the Earth’s climate
system. This period is also ideal to better undebsthe relationships between carbon cycling

and climate in the absence of anthropic influeZ@xkos et al., 2008).

Deep-sea stable isotope records indicate a geoeodihg trend over the last 50 Ma
(Figure 1.1), since the early Eocene climatic optm(EECO). The early Cenozoic was
characterized by higher concentrations of greerdh@ases and much warm mean global
temperature (Zachos et al., 2001; 2008). The Pale®dgvas a key transition in Earth history
during which global climate changed from warm corafigely ice-free conditions to the

colder, more glaciated state of the Cenozoic (Za&hal., 2001).

Global temperatures during the Paleogene were apably 12°C higher than today,
especially during the EECO, 51-53 Ma ago, whenglbbal climate system experienced the
highest temperatures ap@O, concentration during the Cenozoic (Zachos e2@08). The
EECO was followed by a long trend toward coolerditbons as expressed by a 3.0%o rise in

80 with much of the change occurring over the earigdle (50 to 48 Ma) and late Eocene
(40 to 36 Ma), culminating in the Oi-1 glaciatior33.4 Ma; Kennett and Shackeleton, 1976;
Miller et al., 1991; Zachos et al., 2001; Coxalbkt 2005; Katz et al., 2008; Figure 1.1), was
a critical part of the shift from a greenhouse dieto an icehouse climate. The long-term
decline during the Paleogene in Earth's temperasuceupled to a long-term decline in the
CO, concentration of the atmosphere (Figure 1.1) @oeaand Palmer, 2000; Royer et al.,
2001; Pagani et al., 2005).

13
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The long-term warming trend from the Palaeoceneuthin the early Eocene, was
punctuated by a series of abrupt, but short-live8DQ ka) episodes of widespread warming.
These transient events, termed “hyperthermalshgifias et al., 2000), are associated with
major perturbations in the Earth’s carbon cycle,jamaecologically controlled biotic
turnovers, temporary shoaling of the lysocline aagdbonate compensation depth (CCD)
inducing carbonate dissolution, and accelerateddbgdical cycle (e.g., Kennett and Stott,
1991; Zachos et al., 2001; Bralower et al., 200&gn@r et al., 2003; Bowen et al., 2006;
Sluijs et al., 2007; Quillévéreé et al., 2008; Westdd et al., 2008). The Palaeocene—Eocene
thermal maximum (PETM) was an important event afigerature warming by 5-7 °C over
approximately 30,000 years at around 56 Ma thastiioiies one of the most widely used
analogues for global change (Dickens, 1999; Bainsale 2000). The contribution of the
Paleogene paleogeographic, paleoclimatic, and patemgraphic features suggests that the
Paleogene was not a time of stable climate but hese recorded several shifts and the

ocean-climate system was controlled by factors dédfgrent from today.

Superimposed on the period of cooling trend after EECO, the middle Eocene
climatic optimum (MECO) (Bohaty and Zachos, 2008yahe et al., 2007b; Bohaty et al.,
2009), around 40 Ma, represents ~500 kyr increaggobal surface and bottom water ocean
temperatures of up to 4°C. These long-term codiiegd culminating in the Oi-1 glaciation
(~33.4 Ma; Miller et al., 1991, Figure 1.1), moraaated state of the Neogene that was a
critical part of the shift from a greenhouse climab an icehouse climate. The Eocene-
Oligocene transition (E/O) transition reveals arugbstepwise onset of Antarctic glaciations
with global shifts in the distribution of marineogenic sediments, an overall increase in
ocean fertility, a major drop in the CCD, and oneétAtlantic thermohaline circulation
(Coxall et al., 2005; Via and Thomas, 2006; Billuge08). During this interval, Antarctica
grew a large ice sheets50% the size of the present day volume (Coxadl.e2005; Katz et
al., 2008). Whether the opening of Southern ocedevgays was the catalyst for this dramatic
climate change is still debated (Kennett, 1977;e6&nd Martin, 2006; Backer et al., 2007;
Lyle et al., 2007). Alternative and/or perhaps ctemgentary hypotheses call upon other
factors, including decreasing greenhouse gases iteCand Pollard, 2003; Pagani et al.,
2005), and opening or closure of oceans gatewag€¢nto and Pollard, 2003; Jovane et al.,
2009; Allen and Armstrong, 2008).
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One of the most important climatic event that brefersal of the long-term Eocene
cooling trend (Bohaty and Zachos, 2003) that ewahticulminated in large-scale Antarctic
glaciation and global cooling at the Eocene-Oligecdoundary, was namened Meddle
Eocene Climatic Optimum (MECO). The MECO event isamsient warming event occurred
gradually over ~500 ka, bigning at ~40.6-40.5 Mé#&hwpeak temperatures at ~40 Ma (Bohaty
et al., 2009) (Figure 1.2). The MECO warming evesats described initially in Southern
Ocean drillcore records from Maud Rise and the Kelgn Plateau (Bohaty and Zachos,
2003). Subsequently studies shown that MECO ewemiatre been a global event because
was recorded in South Atlantic, southwest Pacé#ia] subtropical North Atlantic cores (Bijl
et al., 2009, 2010; Bohaty et al., 2009; Edgad.e2810; Witkowski et al., 2012), in Tethyan
sections in Italy (Jovane et al., 2007b; Lucianalet2010; Spofforth et al., 2010; Toffanin et
al., 2011, Savian et al., submitted), and alsdvéhigh-latitude North Atlantic (Polling et al.,
2011). The MECO is defined by a large negative =1L®%o. excursion in both benthic
foraminiferal and fine-fraction®0 records (Bohaty and Zachos, 2003; Bohaty e2aD9).
The MECO warming event is also associated withief b10.5%0 decrease in benthic and fine-
fraction **C during peak warming, which is superimposed oprgterm increase in'3C
(Bohaty et al., 2009). The oxygen isotop&’@) records indicate warming of ~4—6 °C that
lasted for approximately 500 kyr (Bohaty et al.020Edgar et al., 2010). Increased O
outgassing from volcanic or metamorphic sourcesvpastulated as the most likely causes
for a transient increase in the atmospheric, &&els pCO,) that led to the greenhouse
warming during the MECO event (Bohaty and Zach@932 Zachos et al., 2008; Bohaty et
al., 2009; Bijl et al., 2010). The rapid terminatiof this event has been linked to increased
rates of organic carbon burial and resultant lomgef atmospheripCO, (Spofforth et al.,
2010).
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1.2. The Neo-Tethys in the Paleogene: Magneto- @&idstratigraphy

Extensive outcrops in the Umbria—Marche basin oitreg Italy include some of the
most complete successions of Paleogene sedimentsnkim the Tethyan Realm. These
successions could improve the magneto—, bio—, &mdnostratigraphic framework of the
classical southern Tethyan zonations enabling nedi@nd supraregional correlations to

construct a record of reliable Paleogene tropralubtropical Cenozoic climatic conditions.

Neo-Tethys is defined as the ocean dividing Harés the north from Africa and
Arabia to the south (Dercourt et al., 1993). Nethye was denominated for differentiate the
Neo-Tethys Ocean closed through the Alpine-Himalagaogeny from the Paleo-Tethys
Ocean closed along the Hercynian orogeny. In audito the Neo-Tethys and the Paleo-
Tethys, the Para-Tethys is defined as a seriesasing north of the Alpine-Himalayan
collision, which remained isolated from ocean dation. Before the Alpine-Himalayan
orogeny and the opening of the Red Sea, the Ndoy$aetas a wide ocean separating the
Asian-European plate from the African-Arabian pléercourt et al., 1993; Popov et al.,
2004). The first Indo-Asian collision is dated abund 55 Ma, and continent-continent
collision began at around ~34 Ma (Aitchison at aD07). Recently, Allen and Armstrong
(2008) showed that the Arabian-Eurasian closureimed at around the E/O boundary. The
Arabian-Eurasia collision extends from the Aegean ® Iran, and is mostly concentrated in
Turkey and Iran (Allen et al., 2004).

In the 1970’s, a new interest in the nearly camdus and complete Paleogene
sequences attracted a group of Paleomagnetic cbsearto the Umbria-Marche Basin,
central Italy. Alvarez et al. (1977) conducted aleBPaagnetic investigation on the
Bottaccione Gorge section at Gubbio, at the Cretas®aleogene Scaglia Formation, a
succession of continuosly deposited pelagic linrestaand marls that provided the magnetic

reversal stratigraphy for the Upper Cretaceousnaost of the Paleogene (Figure 1.3).
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Figure 1.3 Magnetic polarity stratigraphy in the pelagic tanate rocks of the Umbria-
Marche Apennines (Lowrie & Alvarez, 1981).

Successive works of Lowrie et al. (1982) and Napaodeet al. (1983) provided a
Paleogene magnetic stratigraphy in the Umbriangielearbonates from Contessa section

and Bottaccione Gorge, respectively. The work ofllivn Lowrie and co-authors
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independently confirmed the Paleogene geomagnetarity history first deduced from the
oceanic magnetic anomalies. Also during the 1980e, magnetostratigraphy of the
Massignano section was studied by Bice and Monitad®88). During the 1990s, the
paleomagnetism of the Massignano section was stumlieV. Lowrie and L. Lanci (Lowrie

and Lanci, 1994; Lanci et al., 1996; Lanci and Liewt997; Lanci et al., 1998).

The Palaeogene carbonate succession of the UrMarake (U-M) Basin is probably
the most thoroughly studied in the Tethyan Reahlmnks to the accessibility of numerous
well-exposed outcrops throughout this region, aisdrémarkable record of many crucial
aspects of Earth’s history from the Cretaceous-déglene (K—Pg) boundary until the
uppermost Oligocene (Coccioni et al. 1986, 1988919994, 2000, 2008, 2009, 2010a, b,
2012; Cresta et al. 1989; Bellagamba and Cocci@90; Mattias et al. 1992; Brinkhuis and
Biffi 1993; Premoli Silva and Jenkins 1993; Lowrad Lanci 1994; Montanari et al. 1994,
1997; Galeotti et al. 2000, 2004, 2010; Montanad Koeberl 2000; Spezzaferri et al. 2002;
Coccioni and Galeotti 2003; Bodiselitsch et al. £00o0vane et al. 2004, 2006, 2007a, b,
2009, 2010; Brown et al. 2009; Giusberti et al. 208yland et al. 2009; Pross et al. 2010,

and references therein).

A complete U-M Palaeogene pelagic composite suicce$BPCS) was constructed
from six well-exposed and thoroughly studied seximagnetobiostratigraphically calibrated
and radioisotopically dated from several interbeddelcanosedimentary layers, which
provides an improved integrated chronostratigrafonythe Palaeogene time scale, from the
K—Pg boundary at 65.5 Ma to the uppermost Oligo@r&3 Ma (Coccioni et al., 2012).

The Monte Cagnero Lower section (lat. 43538 N; long. 12°284 E) extends from
the lower Bartonian to the lower Rupelian and isn#6thick (Figure 1.4). It consists of
calcareous marls and marls with subordinate margdtones white, greenish—grey, grey and
pink to red in colour. Discrete biotite—rich layexscur at 107.55, 112.2 and 122.8 m (Parisi et
al., 1988; Hyland et al., 2009). The transitionwestn the Scaglia Variegata and the Scaglia
Cinerea contains deformations possibly relatedaib sediment slumping and/or faulting.
Twenty reliable biohorizons were recognized, tenvbich based on planktonic foraminifera,

six to calcareous nannofossils, and four to dintscys
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Figure 1.4 Integrated stratigraphy of the Monte Cagnero Lowed Massignano sections.
Chronostratigraphy is after Ogg et al. (2008). Gaation between Contessa Highway Upper
and Monte Cagnero Lower sections is tied to theelwd<Chron C18n and that between Monte
Cagnero Lower and Massignano sections to the bakeCloron C16n. Planktonic
foraminiferal Zones and Subzones are after Berggeeral. (1995) (codified as P) and
Berggren and Pearson (2006) and Wade et al. (2@taddlified as E and O). Calcareous
nannofossil Zones and Subzones are after Marti@v 1) (codified as NP) and Okada and
Bukry (1980) (codified as CP).
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Following Parisi et al. (1988), Brinkhuis and Biffi993), Verducci and Nocchi
(2004), Hyland et al. (2009) and Jovane et al. 20the Monte Cagnero Lower section spans
calcareous nannofossil Zones and Subzones NP1® 24 Mf Martini (1971) and CP14a to
CP16b of Okada and Bukry (1980), planktonic forafeml Zones P12 to P18 of Berggren et
al. (1995) and Zones E11 to O1 of Berggren andd8ea(2006) and Wade et al. (2011),
dinocyst Zones Cfu to Rac of Brinkhuis and Biffb@3), and the middle part of Chron C18r
to the lowermost part of Chron C12r (Figure 1l.4heTcorrelation between the Contessa
Highway Upper section and the Monte Cagnero Loveetign is tied to the base of Chron
C18n (Figure 1.4).

The Monte Cagnero Middle section (lat. 43°38'51” Iblng. 12°28'24” E) extends
within the lower to middle Rupelian (Figure 1.5).id currently 36 m—thick and consists of
calcareous marls and marls with subordinate marhedtones greenish—grey, grey and
reddish—violet in colour. Discrete biotite—rich éag occur at 122.8, 142.8, 145.8, 146.6, and
147 m. Volcaniclastic biotite at 146.6 m provided age of 31.5+0.2 Ma (Coccioni et al.,
2008). Fourteen reliable biohorizons were recoghizevo of which based on planktonic
foraminifera, eight to calcareous nannofossils, fad to dinocysts. According to Coccioni et
al. (2008), Hyland et al. (2009) and Pross et 2010), the Monte Cagnero Middle section
spans calcareous nannofossil Zones and Subzone$ PRP23 of Martini (1971) and
CP16ato CP17—CP18 of Okada and Bukry (1980), ptandkforaminiferal Zones P18 to P19
of Berggren et al. (1995) and Zones E16 to O2 ofj§en and Pearson (2006) and Wade et
al. (2011), dinocyst Zones Gse to Hpu of Brinkhamsl Biffi (1993), and the upper part of
Chron C13r to the upper Chron C12n (Figure 1.5 €brrelation between the Massignano
section and the Monte Cagnero Middle section o tibethe base of Chron C13n (Figure 1.5).

Monte Cagnero Upper section (lat. 43°38'51" N; loh2°28'24” E) has been proposed
by Coccioni et al. (2008) as the GSSP for the RapAThattian boundary. It is currently 66
m-—thick and the Rupelian/Chattian boundary fallmat89 (Figure 1.5). This section consists
of calcareous marls and marls with subordinate ynariestones greenish—grey and grey in
colour. Discrete biotite—rich layers occur at 143.86.6, 147, 151.65, 174.5, 208.7 and 209.1
m. Biotite from layer at 146.6 m provided an age3tf5+0.2 Ma and those from layers at
208.7 and 209.1 m provided an age of 26.7 £0.2 ®laccioni et al., 2008). Twenty—one
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reliable biohorizons were identified, five of whiddased on planktonic foraminifera, ten to

calcareous nannofossils, and six to dinocysts.
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Figure 1.5 Integrated stratigraphy of the Monte Cagnero Mé&ddnd Monte Cagnero Upper
sections. Chronostratigraphy is after Coccioni dt &£008) and Ogg et al. (2008).
Correlation between Massignano and Monte CagnerddMi sections is tied to the base of
Chron C13n and that between Monte Cagnero MiddkE lionte Cagnero Upper sections to
the base of Chron C12n. Planktonic foraminiferah&se and Subzones are after Berggren et
al. (1995) (codified as P) and Berggren and Pearf006) and Wade et al. (2011) (codified
as E and O). Calcareous nannofossil Zones and $wiszare 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.O@®) and Pross et al. (2010), the
Monte Cagnero Upper section spans calcareous rassibZones and Subzones NP23 to
NP25 of Martini (1971) and CP17-CP18 to CP19b odd2kand Bukry (1980), planktonic
foraminiferal Zones and Subzones P19 to P21b ofdden et al. (1995) and Zones O2 to O5
of Berggren and Pearson (2006) and Wade et al1§2@inocyst Zones and Subzones Hpu to
Dbi (Cpy) of Pross et al. (2010), and the uppet p&aChron C12r to the lowermost part of
Chron C8r. The correlation between the Monte Cagrididdle section and the Monte
Cagnero Upper section is tied to the base of Ckxtign (Figure 1.5).

Other important section in the Tethyan realm a& Wmbria-Marche basin is the
Contessa Section. In the Contessa Valley, whick altiE-dipping, half-anticlinal structure a
few kilometres NW of the Medieval city of Gubbibet Scaglia Rossa, Scaglia Variegata and
Scaglia Cinerea formations are well exposed ininaous fresh road-cuts and quarry faces
several metres high (Lowrie et al. 1982; Crestal.e1989; Montanari et al. 1997; Galeotti et
al. 2000, 2004, 2010; Jovane et al. 2007a, 2010slgerti et al. 2009; Coccioni et al. 2010Db,
2012; Pross et al. 2010) (Figures 1.6 and 1.7).

The Contessa Highway Lower section extends froen Dianian to the lowermost
Thanetian. This section spans calcareous nannbi@mses NP1-NP5 of Martini (1971) and
CP1a—CP4 of Okada and Bukry (1980), planktonicnfonieral Zones PO—Pa to P4a—P4b of
Berggren et al. (1995) and Zones PO—Pa to P4b fgBen and Pearson (2005) and Wade et
al. (2011), and the upper part of Chron C29r tololeermost part of Chron C26n (Figure 1.6)
(Lowrie et al., 1982; Cresta et al., 1989; Forna@&saal., 2007; Coccioni et al., 2010).

The Contessa Road section extends from Upper Ddaighe Middle Ypresian. The
Contessa Road section spans calcareous nanndosgi$ NP4—NP13 of Martini (1971) and
CP3-CP11 of Okada and Bukry (1980), planktonic rfonéiferal Zones P2 to P7-P9 of
Berggren et al. (1995) and Berggren and Pearsddbj2dhd Zones E1-E7a of Berggren and
Pearson (2006) and Wade et al. (2011), and the dfa€&ron C26n to the Middle part of
Chron C22r (Figure 1.6). The correlation between @ontessa Highway Lower section and
the Contessa Road section is tied to the base @nGB26n (Figure 1.6) (Lowrie et al., 1982;
Aubry, 1995; Galeotti et al., 2000, 2004, 2010; fRaf al., 2005; Angori et al., 2007,
Giusberti et al., 2009; Agnini et al., 2006).
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Contessa Highway Middle section extends from thddM Ypresian to the Middle
Lutetian. Contessa Highway Middle section spanscarabus nannofossil Zones and
Subzones NP12-NP15a of Martini (1971) and CP11-@Rif30Okada and Bukry (1980),
planktonic foraminiferal Zones P7—P8 to P9 of Beegget al. (1995) and Zones E5-E6 to E8
of Berggren and Pearson (2006) and Wade et al.1j2@hd Chron C23n.1n to lowermost
part of Chron C20r (Figure 1.7). The correlatiotwen the Contessa Road section and the
Contessa Highway Middle section is tied to the édbfChron C23n.1n (Figures 1.6 and 1.7)
(Lowrie et al., 1982; Cresta et al., 1989; Jovdred.e2007a; Agnini et al., 2006).

Contessa Highway Upper section extends from thddMi Lutetian to the Lower
Bartonian Contessa Highway Upper section spansamegas nannofossil Zones and
Subzones NP15a—-NP17 of Martini (1971) and CP13a4kP1 Okada and Bukry (1980),
planktonic foraminiferal Zones P9-P14 of Berggreénak (1995) and Zones E8-E13 of
Berggren and Pearson (2006) and Wade et al. (2ahdl)the uppermost part of Chron C21n
to Chron C18n.2n (Figure 1.7). The correlation lestw the Contessa Highway Middle
section and the Contessa Highway Upper sectioedsthe top of Chron C21n (Figure 1.7)
(Lowrie et al., 1982; Cresta et al., 1989; Jovdared.e2007a, 2010; Aubry, 1991).
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Figure 1.6 Integrated stratigraphy of the Contessa Highwaywer and Contessa Road
sections. Chronostratigraphy is after Ogg et aDdR). Correlation between these sections is
tied to the base of Chron C26n. Planktonic forafewsl Zones and Subzones are after
Berggren et al. (1995), Berggren and Pearson (2G0%) Wade et al. (2011) (codified as P).
Calcareous nannofossil Zones and Subzones are [siftetini (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 NatbyE record is found on oceanic
sediments. Ocean Dirilling Program (ODP) Leg 11%he western equatorial Indian Ocean
was designated to undertand the Neogene sedimmntatid Cenozoic evolution of the
Reunion hotspot. The paleomagnetic study of thansmus recovered on the Leg 115
contributed to these scientific objectives, inchglithe 711A drill site, near the Seychelles
Archipelago, Madingley Rise, northern Indian Ocedor which biostratigraphic data
(planktonic foraminifera, diatoms and nannofossil€ aCQ, opal content, magnetic
susceptibility and other parameters were alreadyilave. This core contains the most
complete and least disturbed record from the mid@ialeene to Oligocene from the northern
Indian Ocean. The sediments consist of brown andtewlimterlayered clays and
nannofossil/radiolarian chalks, respectively. Palagnetic measurements from late Eocene
to late Oligocene (Figure 1.8) have been made @dbnand Kent, 1990; Touchard et al.,
2003), but modern high-resolution methods are mtede develop a good
magnetostratigraphic age model.
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tephra layers (Touchard et al., 2003).

1.3. Main Obijectives

The purpose of this study is to better understémedphenomena of abrupt climatic
changes in the Paleocene. New paleomagnetic aedrpabrds data were then generated for
the Neo-Tethys and Indian Oceans in two key aneasder to address the following main
objectives:
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0] Provide an accurate integrated age model baseagmeto and biostratigraphy
for the Tethyan and Indian Ocean sections; a robgst model forms the
framework for future paleoceanographic and palewaic studies at these

sites.

(i) Provide a high-resolution environmental magnetigzrapaleontological and
stable isotopic datasets of the western Tethyaagpelsections during the
Paleogene interval. These results coupled withobadéogical data are then
used to derive a paleoenvironmental scenario ferdimatic events in the

Neotethys realm.

(i)  Perform a detailed study of the MECO, in which netgn mineralogical
proxies for its recognition in the geological ret@nd the paleoceanographyc

mechanisms involved (the iron-fertilization hypatls are investigated.

1.4. General Outline

The present Thesis is a composition of scientifipgys that | authored or co-authored
during the past four years. In order to facilitdte reading through the Thesis, the geological
setting of the two studied areas — the Umbria-Marbasin and the Indian Ocean — is
described together in Chapter 2. This Chapter st;mi2f a compilation of information
available in three different manuscripts that | éngarticipated as leading author or co-author
(Coccioni et al., 2012; Jovane et al.,, 2013; Sawtml., 2013), as well as data from the

literature. This information is not repeated in tiext Chapters.

Chapter 3 consists of an integrated magnetobiagtaghic record for the Eocene-
Oligocene interval to generate a high-resolutioa agpdel for Monte Cagnero section. The
original goal of the study was to obtain a reliatteonostratigraphic framework for studying
the Eocene-Oligocene paleoceanographic changesgdthve switch from greenhouse to
icehouse conditions, which is the main topic o&rast of the senior author. But this work

also provides the chronological framework for sindythe MECO event, being the basis for
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Chapter 4, thus justifying its inclusion in the §l® The studied sediments consist of
alternating reddish and greenish limestones andstoaes. A new integrated age model for
the section is based on high-resolution paleomagraetalyses, combined with detailed
planktonic foraminiferal and calcareous nannofobsgiktratigraphic results. Rock magnetic
measurements show that the magnetic mineralogynsircated by a mixture of high- and
low-coercivity minerals, likely representing a camddion of hematite and magnetite. A
robust magnetostratigraphic signal, together wité tdentification of multiple bioevents,
allows the construction of a detailed age modeltifigr section. Based on these results, we
infer that the section spans a continuous inteft@lmagnetochron 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, Bancala, G., Catanzariti, R.,
Luciani, L., Bohaty, S., Wilson, P., and FlorindoF. (2013). Integrated
magnetobiostratigraphy of the middle Eocene-lowdigddene interval from the Monte
Cagnero section, central Ital¢aeological Society, London, Special PublicatioB83 first
published March 25, 2013; doi 10.1144/SP373.13.

Chapter 4 reports results of high-resolution envmental and rock magnetic
investigations at the Neotethyan Monte Cagnero (MG@&ction (northeastern Apennines,
Italy), where the MECO has been recognized. Eadlirisate experienced a warming event
known as the Middle Eocene Climatic Optimum (MECGD)-40.0 Ma, which was an abrupt
reversal of a long-term Eocene cooling trend. Ténent is characterized in the deep
Southern, Atlantic, Pacific and Indian Oceans ljiséinct negative %0 excursion over 500
kyr. We report results of high-resolution paleoatptal, geochemical, and rock magnetic
investigations of the Neo-Tethyan Monte Cagnero AYIGection (northeastern Apennines,
Italy), which can be correlated on the basis of meagbiostratigraphic results to the MECO
event recorded in deep-sea sections. In the MCAiosgcan interval with significantly
increased eutrophic nannofossil taxa (and decrealeddances of oligotrophic taxa) spans
the peak MECO warming and its aftermath and cosxidith a positive carbon isotope

excursion, and a peak in magnetite and hematiteent® The magnetite content peak reflects
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the appearance of magnetofossils, while the heenagiaik is attributed to an enhanced detrital
mineral contribution, likely as aeolian dust tramged from the continent adjacent to the
Neo-Tethys Ocean during a drier, more seasonalaténduring the peak MECO warming.
Based on our new geochemical, paleontological aagnetic records, the MECO warming
peak and its immediate aftermath are interpreted psriod of high primary productivity.
Sea-surface iron fertilization is inferred to hastamulated high phytoplankton productivity,
increasing organic carbon export to the seaflodr@emoting enhanced biomineralization of
magnetotactic bacteria, which are preserved as etaigissils during the warmest periods of
the MECO event in the MCA section. Together witbyious studies, our work reinforces the
connection between hyperthermal climatic events dhed occurrence (or increased

abundance) of magnetofossils in the sedimentaxyrdec
The related manuscript was submitted as:

Savian, J.F., Jovane, L., Trindade, R.l.F., FramtaF., Coccioni, R., Bohaty, S.M.,
Wilson, P.A., Florindo, F., Sprovieri, M., RobersP., Catanzariti, R., and Figueira, R.C.L.
(Submitted). Enhanced primary productivity and negtactic bacterial production in
response to middle Eocene warming in the Neo-Te@gsan Earth and Planetary Science

Letters

Chapter 5 presents a high-resolution study at Geat&alley (Gubbio, central Italy),
that integrates stable isotope stratigraphy, catmas nannofossil and foraminiferal
biostratigraphy and geochemistry. | have contridutethe study with the rock magnetic and
magnetostratigraphic datasets and participatedhe ihtegration of results. This well-
preserved succession offers an excellent oppoyttmitdentify and constrain the Palaeocene
to early Eocene hyperthermal events and carboropsoexcursions (CIEs). Our dataset
provides the first evidence in the Tethys OceasedMeral CIEs previously identified in the
Pacific, Atlantic and Southern Oceans, highlightingir global significance, but also present
other CIEs still not identified elsewhere. Theiradhcteristics are compared with those
reported for deep-sea cores and other land-basdawrse to test whether the signature
associated with the documented CIEs in our compasgttion can be traced over a wider

area. The Contessa composite section is heredtabllias a reference succession for the the
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magnetobiochronostratigraphic framework of theyeBdleogene and its hyperthermal events
and CIEs. This reference succession is now beirdjest in terms of its magnetic mineralogy
to test the intimate correlation between eventalwiipt increase in sea surface temperature
and the occurrence (or increase in abundance) ghetafossils. This correlation is already
proven by other authors in Southern Ocean secfamthe PETM, and by our own work on
the Neo-Thetys for the MECO event.

The manuscript was included in thesis almost & dtiginal form, with a final
comment on the perspectives of magnetic mineradbgistudies of hyperthermal

fingerprinting in this succession. The related papas published as:

Coccioni, R., Bancala, G., Catanzariti, R., FormacE., Frontalini, F., Giusberti, L.,
Jovane, L., Luciani, V., Savian, J., Sprovieri, (2012). An integrated stratigraphic record of
the Palaeocene—lower Eocene at Gubbio (ltaly): mesights into the early Palaeogene
hyperthermals and carbon isotope excursidesta Nova 24, 380-386, doi: 10.1111/}.1365-
3121.2012.01076.x.

Chapter 6 presents a high resolution magnetostaptigc and environmental
magnetism record and a new integrated age modéhéomiddle Eocene to-lower Oligocene
section of Hole 711A. Correlation of the polaritatiern to the geomagnetic polarity
timescale provides a record from Chron C19r (midebeene) to C12r (early Oligocene). Our
results extend the existing polarity record dowmo inthe middle Eocene and confirm
published results from the lower Oligocene sectibthe hole. These new results from Hole
711A have important implications for identifying calating global climate change events,
and for reconstructing calcite compensation de@@) history at this site. In addition,
variations of magnetic parameters across the Hwe strong similarities to those observed
in Monte Cagnero, suggesting that similar mechasisfrprimary productivity enhancement

have also operated in this pelagic oceanic enviesim

The chapter corresponds to a modified versiorheffollowing manuscript, with the
addition of magnetic mineralogical data (environtaémagnetism and FORC diagrams) and
specific discussion:
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Savian, J., Jovane, L., Bohaty, S., Wilson, P.1220 Middle Eocene to early
Oligocene magnetostratigraphy of ODP Hole 711A (Udd), western equatorial Indian
Ocean.Geological Society, London, Special PublicatioB833 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-Tethgean)

The U-M Apennines is a foreland fold-and-thrust l§€hiarabba et al. 2005), which
was formed in the latest phase of the Alpine—Hilyaaorogenesis. These mountains are
entirely made from marine sedimentary rocks of #tecalled U-Msuccession, which
represent a continuous record of the geotectonbduggn of an epeiric sea from the Late
Triassic to the Pleistocene. During the Late Tr@assd Early Jurassic, at the time of the
opening of the North Atlantic, the rifting betwe&urope and Africa took place within a
formerly continuous continental crust at the sowtheargin of Europe (Centamore et al.
1980; Bosellini 1989). This rifting formed oceamiccestral basins, which are now preserved
in the present Alpine mountain chains, including ennine—Liguride Ocean. This new
ocean, perhaps connected to part of the anciertydetOcean to the east, outlined a
northward-pointing promontory of African continehtaiust, commonly referred to as Adria
or the Adriatic Promontory (Channell et al. 197%he Adriatic Promontory was isolated
from inputs of clastic sediments. As a large, aedrly isolated, passive continental margin,
Adriatic Promontory underwent extensional faultidgprmal faults defined a complex of
subsiding blocks leading to an irregular topographsgtructural highs (horsts) and adjacent
depocentres (grabens and/or halfgrabens). Whetlowhaater carbonate deposition could
keep up with subsidence, and where the faultedkblogere large enough to support
productive carbonate platform environments, veryckthsequences of shallow water
carbonates developed on the Adria’s crust. In otBgions, subsidence and complex block
faulting carried the seafloor down, below the pti@bne and out of the zone of shallowwater
carbonate production. Areas with this history beegalagic basins, such as the U-M Basin,
in which the Palaeogene carbonate succession vpasitkd recording the geologic, biologic
and oceanographic evolution of this region, witmaekable continuity and completeness.

The Palaeogene portion of the U-M pelagic succrssioepresented by three distinct
formations (from bottom to top): Scaglia Rossa lgeduronian to middle Eocene), Scaglia

Variegata (Middle to late Eocene) and Scaglia Gadtate Eocene to earliest Miocene). The
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Italian terms ‘Rossa’, ‘Variegata’ and ‘Cinereafaeto the red, variegated and ashy colour,
respectively, and ‘Scaglia’ to the scaly, conchbidacture typical of these thinly bedded
rocks. The Palaeogene Scaglia Rossa corresportds ®3 and R4 members of Alvarez and
Montanari (1988) and is made up of well-beddedk gm red limestones with red marly
interbeds in the Middle—Lower Danian, at the SelamdThanetian transition and from the
Upper Thanetian to middle Ypresian. Radiolarianrcbecurs from the Middle Ypresian to
the Lower Lutetian portion of this formation. Thel&eogene Scaglia Rossa varies in
thickness between 80 and 100 m. Beginning in thedlai Eocene, terrigenous clay input
became increasingly important. The Scaglia Vargegapresents a transitional interval
between the Scaglia Rossa and Scaglia Cinerea @mgists of an alternation of white,
greenish-grey and pink to red marly limestones eaddareous marls. Its lower boundary is
marked by the last occurrence of nodular chert (i®wt al. 1982). The top of the Scaglia
Variegata is conventionally placed at the top ef tippermost reddish interval (Monaco et al.
1987; Coccioni et al. 1988: Odin and Montanari )988e Scaglia Variegata varies from 30
and 95 m in thickness. The Scaglia Cinerea consiatsly of calcareous marls and marls and
subordinate marly limestones greenish-grey and greylour. This unit varies from 100 to
200 m in thickness and its top is set at the b&skeoRaffaello Level (Coccioni et al. 1989,
1994), a volcanoclastic bentonite that represemegmnal marker bed easily recognizable in
the field, which marks the base of the overlyingyeto Middle Miocene Bisciaro Formation.
Biotite-rich layers emplaced as air-fall volcanghaare found at different stratigraphic levels

in the uppermost Scaglia Variegata and throughwmuBScaglia Cinerea.

The Palaeogene pelagic sediments the U-M Basin aegresited well above the CCD
at Middle to lower bathyal depths (1000-1500 m;e@tl et al. 2004; Jovane et al. 20074a;
Giusberti et al. 2009; Coccioni et al. 2010) andcat308N palaeolatitude (Jovane et al.
2007a).

The Monte Cagnero section (43°38'50"N, 12°28'05'titl&27 m above sea-level) lies
within the Umbria-Marche Basin (northeastern Apeesi Chiarabba et al., 2005) near
Urbania, Italy. The study section ranges from 5828 msl (70-m thick) and comprises the
Priabonian-Rupelian boundary at 114.1 msl, whictiesponds 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 adRtipelian/Chattian GSSP
(Coccioni et al., 2008). The lithologies of theimmEocene and Oligocene section consist of
alternating reddish/greenish gray calcareous muadl @arly limestones from the Scaglia
Variegata and Scaglia Cinerea Formations, whiclgelsr represent pelagic carbonate
successions (Figure 2.1) (e.g., Jovane et al. 200 29009; 2013). The lower part of the study
section consists of ~21 m (58.00-79.50 msl) of @dL%.00-m-thick red-violet limestone and
0.20 to 2.00-m-thick violet marls with intercalatgof white marl corresponding to the lower
member of Scaglia Variegata Formation. We recogitisemiddle member of the Scaglia
Variegata Formation as ~24 m (79.50-103.50 ms§ltefnating 0.15 to 0.35 -m-thick marly
limestones and green/gray marls. The upper membéneo Scaglia Variegata Formation
(103.50-107.50 msl) is represented by a seriesl&-@-thick beds of red calcareous marls.
The Scaglia Variegata Formation comprises a tinerval from the end of the early Eocene
to the end of the late Eocene (~47-~35 Ma) (eayade et al., 2007a). Above 107.50 msl, the
Scaglia Variegata Formation grades into gray mad anarly limestone of the mainly
Oligocene Scaglia Cinerea Formation (e.g., Jovara.,e2007a). Benthic foraminiferal data
from Guerrera et al. (1988) and Parisi et al. ()98&rpret lower bathyal paleo-depths
(1000-2000 m) during the middle Eocene, which galgshoaled in the early late Eocene to
mid-bathyal depths (800—-1000 m). In the early Qlggee, upper bathyal paleo-depths (400—
600 m) are estimated. Between 103.5 and 103.30iessh 0.2 m layer of slightly deformed

marl of the Scaglia Cinerea Formation associatéd slumping.
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Figure 2.1 High-resolution lithostratigraphic sequence o&tMonte Cagnero section from
meter stratigraphic level (msl) 58 to 128 followitlye legend. Purple diamonds and blue
lines indicate samples used for thermomagnetic esiand magnetostratigraphy. At 114.1
msl is marked the Eocene-Oligocene boundary (Cac@&bal, 2008; Hyland et al., 2009;

Jovane et al., 2013).

The Contessa Highway (CHW) (lat. 43°22’47” N; lorig°33'45” E) and Contessa
Road (CR) (lat. 43°22’47" N; long. 12°33'50” E) $iems, located a few kilometres northwest
of Gubbio (central Italy) (Figure 2.2), are probabmong the best studied Cenozoic Tethyan
successions. They are characterized by a contintemessd of many crucial aspects of the
Earth’s history from the Cretaceous y through to the Upper
Oligocene (e.g., Lowrie et al., 1982; Cresta etE89; Coccioni et al., 2010a,b; Galeotti et
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al., 2010; Jovane et al., 2010). As the lower pérthe CR section is affected by some
tectonic disturbances, we used two distinct postiohthe CHW and CR sections to construct
a Palaeocene—lower Eocene complete and well-pe@emposite stratigraphic succession,
67 m in thickness and 16 Ma in duration, on thesbas biostratigraphic correlation. This
succession, which is the focus of this study, wegsodited at an average sedimentation rate of
~0.5 cm -stratified red

to pinkish, pelagic coccolith-foraminiferal limests with subordinated marls deposited at
middle to lower bathyal depths (1000-1500 m) (Gdilezi al., 2004; Jovane et al., 2007;
Giusberti et al., 2009; Coccioni et al., 2010a)d @&t ~30°N palaeolatitude (Jovane et al.,
2007). Marls ranging from 1 to 20 cm in thicknese bbcalized within the middle-lower
Danian, at the Selandian-Thanetian transition aanoh fthe upper Thanetian upwards. Chert

beds and nodules are associated with the middlerufjresian limestones.

12°33'42" E of Greenwich 12°33'54"
1 1

43°23'N

Osteria di
Valderchia

LY W Quarry front
i Studied segment

43°22'42"

Figure 2.2 Location map of the Contessa sections (CHW-Csatétighway and CR-
Contessa Road) on a simplified map that gives dhendtion boundaries in the Contessa

Valley.
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Palaeomagnetic data indicate eight chrons intesgdras Chron C29r to C22r based on
comparison with calcareous plankton biostratigraphyhich spans from planktonic
foraminiferal standard Zones PO—Pa to P9 and Ed7&(Berggren et al., 1995; Wade et al.,
2011), and from calcareous nannofossil standaréZand Subzones NP1 to NP13 and CPla
to CP11 (Martini, 1971; Okada and Bukry, 1980).etastingly, Galeotti et al. (2010)
presented an integrated stratigraphic analysisudiogy biostratigraphy based on calcareous
nannofossils, magnetostratigraphy and cyclostiapigy, and wt.% CaC{and bulk carbon
isotope records across the upper Palaeocene-loaamE interval at CR section comprising
the PETM, ETM2 and ETM3. However, in our studystimterval has been investigated at

higher resolution also providing a biostratigrapghitamework based on foraminifera.

2.2. ODP Hole 711A (Indian Ocean)

ODP Hole 711A (2844.58, 61809.7&) was drilled near the Seychelles Archipelago,
between Madingley Rise and Carlsberg Ridge at &mapth of 4430 m, northern Indian
Ocean (Figure 2.3). Hole 711A was advanced to 164 Below seafloor (mbsf) using the
advanced piston corer system, recovering 95.1 ®)@hd advanced to 249.6 mbsf using the
extended core barrel system, recovering 108.7 rfoj8Backman et al., 1988). We studied
the depth interval of Cores 711A-14X to -21X, whhcompass sediments from the middle
Eocene to lower Oligocene interval. The middle Becto-lower Oligocene strata within
Hole 711A primarily consist of carbonate-rich sedits characterized as clay-bearing
nannofossil oozes/ chalks (68-173 mbsf; Lithogiraphic Unit 1ll), and clay-bearing
nannofossil chalks with interbedded radiolarian esoand radiolarian-bearing nannofossil
chalks with carbonate content comprise about 70—-8D28—-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 arduhe Mascarene Plateau and
the location of Site 711. (B) Stratigraphic summafySite 711 with recovery section (black

column) and division of geologic timescale of tleweAfter Backman et al., 1988).

Previous biostratigraphic work in the Eocene-Olggoe section of Hole 711A
includes studies of planktonic foraminifera, diakoand nannofossil (Fenner and Mikkelsen
1990; Fornaciari et al. 1990; Johnson 1990; Mikiel$4990; Okada 1990; Rio et al. 1990).
Moreover, CaCg opal and magnetic susceptibility parameters halge been measured
(Hampel and Bohrmann 1990; Peterson and Backma;, Fashinson 1990). Palaeomagnetic
measurements (progressive alternating-field denemgi®n) have been measured in all Leg
115 sites (Schneider & Kent 1990a), and a more ilddtgpalaecomagnetic study was
performed by Touchard et al. (2003) in the upp&-1®0 mbsf interval of Hole 711A. In this
present study, a total of 375 discrete samples vaken by International ODP personnel in
Kochi (Japan) pressing 7 érplastic samples boxes into the working half of toees 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 Caggro section,
central Italy

3.1. Introduction

The Cenozoic Era represents the last 65 Myr, froeneénd of the Cretaceous to the
present, and is a transformational time in the @ah of Earth’s paleoclimate. Planktonic
foraminiferal oxygen isotope ¥°O) records from all major ocean sedimentary basidisate
a cooling trend over the past 50 Myr, since théyeaocene climatic optimum (EECO, ~53-
51 Ma ago) (e.g. Zachos et al., 2001, 2008). ThadhaiEocene to early Oligocene was a key
interval for Earth’s transition from warmer (greenke) to cooler (icehouse) conditions. This
interval is characterized by the expansion of Asttadarge ice sheets tb0% the size of the
present day volume (Zachos et al., 1996; Lear.e2800; Coxall et al., 2005; Katz et al.,
2008; Coxall and Wilson, 2011), culminating in tlscene-Oligocene (E-O) climate
transition (Oi-1; ~33.5 Ma) (Miller et al., 1991).

The long-term cooling trend through the Eocene rddl occur as a single gradual
change. There are a series of distinct cooling wadming episodes superimposed on the
cooling trend (e.g., Shackleton and Kennett, 1Mbler et al., 1991; Zachos et al., 1996,
2001, 2008; Bohaty and Zachos, 2003; Edgar e2@07, 2010; Jovane et al., 2007a,b, 2009;
Ivany et al., 2008; Merico et al., 2008; Bohatyakt 2009; Luciani et al., 2010, Spofforth et
al., 2010). The most important climatic warming ®vim this interval is the Middle Eocene
Climatic Optimum (MECO) that is characterized bjagge negative 0 excursion at ~40
Ma (Bohaty and Zachos, 2003; Bohaty et al., 20G$3&E et al., 2010). The causes of this
event, which has been identified at multiple deep-drill sites around the globe and in
outcrop sections in the Tethys region (Jovane.eR807b; Bohaty et al., 2009; Edgar et al.,
2010; Luciani et al., 2010; Spofforth et al., 20IDawber and Tripati, 2011), are still
unknown. The main hypothesized causes for the @rLipt cooling at the E-O transition
include the opening of Southern Ocean gateways [évgrmore et al., 2005), decreasing

concentrations of greenhouse gases in the atmaspbdital forcing (e.g., DeConto and
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Pollard, 2003; Coxall et al., 2005; Lyle et al.08Q Pagani et al., 2005; Pearson et al., 2009),
and closure of the Neo-Tethys gateway (e.g. Joearad, 2007a, 2009). Concerning the last
hypothesis, new data from the Tethys Ocean areedetal better assess the effects of the
gradual closure of the Neo-Tethys gateway, whicls @kaven by collision between Arabia
and Eurasia (Jovane &, 2007a, 2009; Allen and Armstrong, 2008). Thadgal nature of
the closure resulted in paleoceanographic osahati particularly clear evidence in
environmental magnetic properties, in the Neo-Tetlegion prior to the Oi-1 event (Jovane
et al., 2007a), perhaps as a result of variatioriee subtropical Eocene Neo-Tethys (STENT)

current (Jovane et al., 2009).

The Monte Cagnero section (Figure 3.1), near Ugbérentral Italy), is an important
sedimentary sequence for study of paleoclimate tevBom the middle Eocene to upper
Oligocene. Biostratigraphic studies of several ofwssil groups have been carried out for
this section, including dinoflagellates (Brinkhwasd Biffi, 1993), calcareous nannofossils
(Baumann and Roth, 1969; Baumann, 1970; MaioraloMonechi, 2006) and foraminifera
(Baumann and Roth, 1969; Baumann, 1970; Paridi,e1388; Verducci and Nocchi, 2004).
An integrated stratigraphy of the Oligocene pelaggguence at Monte Cagnero has been
constructed by Coccioni et al. (2008). The integplastratigraphy indicates a stratigraphic
equivalence between meter stratigraphic level (dBf).1 at Monte Cagnero and msl 19 at the
section at Massignano, which represents the Glbbahdary Stratotype Section and Point
(GSSP) for the Eocene-Oligocene boundary (Premlota &nd Jenkins, 1993; Coccioni et al.,
2008; Hyland et al., 2009). A previous magnetogjraphic interpretation (Hyland et al.,
2009) covers mainly the Oligocene part of the sectirom 100 to 146.5 msl, and in the
lower part the Priabonian—Rupelian boundary. ThentddCagnero section is a unique and
representative section for the Eocene and Oligoepoehs in the Umbria-Marche Basin, and
offers the possibility of correlation with the Ceasa Highway section (e.g. Jovane et al.,
2007b) ~40 km south, and with the Massignano diagosection (e.g. Jovane et al. 2009) ~
100 km east (Figure 3.1).

In this study, we present a high-resolution magndtm-, and chronostratigraphic
study of the Monte Cagnero section spanning thell@iBocene to lower Oligocene interval.
We extend the stratigraphic study of the secti@mfrl28 msl down to 58 msl. The main

objectives of this work were (1) to obtain an aetermagnetostratigraphy for the middle
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Eocene-lower Oligocene interval, and (2) to refihe age calibration of biostratigraphic
events in the same interval. This work has resuftdzketter documentation of the relationship
between the gradual closure of the Neo-Tethys gatemd the resulting variation of the Sub-
Tropical Eocene Neo-Tethys (STENT) (Jovane et24lQ9). A robust age model forms the
framework for future paleoceanographic studieshet $ite, which will be used in studies of

important climatic events, such as the MECO andh# events.

12°29'00"
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Figure 3.1.(A) Location map of the Monte Cagnero Section.RBpresentative picture from
Scaglia Cinerea, which is part of the Monte Cagnszotion (photo taken in March 2008).
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3.2. Methods

3.2.1. Paleomagnetism

A total of seven hundred samples were collected0at m intervals from the Monte
Cagnero section and used for all analyses repbeesl Paleomagnetic sampling consisted of
241 oriented block samples for magnetostratigra@malysis at ~0.3 m resolution. The
oriented block samples were cut into 2 or 3 pageldes (named A and B), in order to apply
both alternating field (AF) (A samples) and therrdamagnetization (B samples) methods.
Before analysis, each dry sample was weighed witlgla precision balance, and, due to the

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

Because of the low intensity of the natural rermameagnetization (NRM) observed
in a pilot study, samples were collected betweeto7B)2 msl from two parallel transects at a
distance of 20 m from the central main transece plrpose of this sampling strategy was to
increase the number of samples in this key inteMd designated these two sections as Y
and Z, in addition to the central section calledA.the materials studied are archived in the
laboratory of the Dipartimento di Scienze dellardedella Vita e dellAmbiente, Universita
di Urbino, Italy.

All paleomagnetic measurements were carried otlieatJniversity of Southampton’s
paleomagnetic laboratory of the National Oceandgyyagentre Southampton, UK. We
measured the low-field mass-specific bulk magnstisceptibility () in all samples using a
KLY-4 Kappabridge (AGICO) instrument. Measuremewtse performed using a three-axis
2-G Enterprises cryogenic magnetometer (model 7568)sed in a magnetically shielded
room. Progressive AF demagnetization steps (513020, 25, 30, 35, 40, 45, 50, 60, 70, and
80 mT) were applied to all “A” specimens, and stegaaheating to the “B” specimens (25,
100, 150, 200, 250, 300, 350, 400, 450, 500, 520, 560, 580, 600, 620, 640, 660, 680, and
700 °C). The 241 discrete “A” samples from the Moftagnero section were subjected to
progressive AF demagnetization to remove possikdgnatic overprints due to secondary
magnetization and to discern characteristic remamagnetization (ChRM) directions.

Magnetic components were identified using stergolgic projections, orthogonal and
demagnetizing intensity plots. The characterigtimainent magnetization (ChRM) directions
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were calculated using principal component analy@@rschvink, 1980) using the
paleomagnetic data software package REMASOFT 3l& paleomagnetic results were
rectified removing the tectonic tilt of Monte Cagaesection, which dips between 20° to 22°
to the WNW (mean strike N30°E).

To obtain information on the magnetic mineralogy the study samples,
thermomagnetic analyses were performed using a @&gpabridge at the paleomagnetic
laboratory of the IAG - University of S&o Paulo,oSBaulo (Brazil). Thermomagnetic
analyses are produced by heating samples and thasuming susceptibility as a function of
temperature, revealing features typical of indi@domagnetic minerals or groups of minerals
(e.g., Hrouda, 1994; Dunlop and Ozdemir, 1997; Hegi2003). The temperature dependence
of magnetic susceptibility was measured up to 70@0figh-temperature) on selected samples
(22). The thermomagnetic curves were measuredgonaatmosphere in order to eliminate
oxidation and alteration of magnetic minerals dgrireating. For the same set of samples,
low temperature thermomagnetic curves also wertomeed down to -192°C for the same
samples. These measurements were performed undatnesphere. The thermomagnetic
curves were interpreted and evaluated using thevard package CUREVAL (AGICO).

3.2.2. Biostratigraphy

3.2.2.1. Planktonic foraminifera

Marly and soft marly-limestone samples for plamktoforaminiferal analysis were
disaggregated using dilute hydrogen peroxide andofen (a surfactant). Hard marly
limestone and limestone samples were prepared tisengold acetolyse technique of Lirer
(2000), sieving through a 63n mesh, and drying at 50°C. This method enablecexbn of
identifiable foraminifera even from indurated lin@mses. The combined preparation
techniques allowed accurate taxonomic determinadioth detailed analysis of foraminiferal
assemblages through the entire Monte Cagnero seclite residues were studied with a
binocular microscope to characterize assemblagek identify biostratigraphic marker
species, following the taxonomic criteria of Pearset al. (2006). The two planktonic

foraminiferal zonations of Berggren et al. (1998) &/ade et al. (2011) were followed.
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3.2.2.2. Calcareous nannofossil

Samples for calcareous nannofossil analysis wepaped from unprocessed material
as simple smear slides using standard preparatethaads (Bown and Young, 1998). Smear
slides were studied using a Leitz Laborlux 12 Rghtl microscope both under crossed
polarized and transmitted light at a magnificatadri250%. Nannofossil taxa were identified
according to the taxonomic concepts summarized é&ygPNielsen (1985). The standard
calcareous nannofossil zonations of Martini (19849l Okada and Bukry (1980) are widely
used for low- and mid- latitude biostratigraphicdsés 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 doGagnero sample set varies
from 4.27x10° Am?/kg to 4.71x10 Am?/kg, with mean values of 3.49x$@\m?kg (Figure
3.2). The NRM intensities are significantly lowear the interval between 78 to 104 ms| and

the magnetic behavior during demagnetization iscoatpletely resolvable.

AF demagnetization was more effective in removimg $econdary magnetization than
thermal demagnetization at Monte Cagnero sectionmbst samples, a low-coercivity
component was removed after AF demagnetization éetwl0-80 mT and after thermal
demagnetization at 200-540°C. Stable paleomagreitavior (with maximum angular
deviation (MAD) values below 15°) was obtained 105 samples (44% of the total analyzed
samples). Thermal treatment performed on all 241s@nples showed stable behavior for 65
samples (27%). For a total of 170 samples (70%gedbaon the observed demagnetization
behavior (Figure 3.3), we isolated the ChRM compdmecognizing both normal and reverse

polarity directions (Figure 3.4).

47



The magnetic polarity record from the Monte Cagnseation was divided into
thirteen magnetozones (Figure 3.4). A high-resofutecord was obtained between 58 and 79
msl and between 102 and 124 msl (Figure 3.4). Batwieese intervals (79-102 msl), a much
lower resolution record was obtained due to the mer behavior of the samples during
demagnetization. Many of these samples with poonagmetization behavior have MAD
values >15° and were not used to define the magmetiarity record. The magnetozones
were defined using multiple and consecutive samplgs the same polarities along the

section.
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Figure 3.4 Intensity and inclination of the characteristiernanent magnetization (ChRM)
along the Monte Cagnero section from 58 to 128 owmshpared with lithostratigraphic
column. On the right site, we also included the neigzones and the boundary between them
in msl. Black horizontal lines at O degrees in theination of ChRM represent samples for
which we have not been able to calculate the ChRdalbse of high MAD values. The dashed
line represents the GAD based on the reconstruafddesse and Courtillot (1998).
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The arithmetic mean inclination and declination o normal polarity samples used
for in the magnetozones are 50.8° and 245.8° (tadi@s=48.8°; N=94;#s= 3.40),
respectively. For the reverse polarity samplesntieans are -42.8° and 83.2° (colatitudes= -
48.9°; N=69;#95= 3.52), respectively. Samples with ChRM inclinagdelow 20° were not
considered when calculating the means. At thistioonathe expected average values are 56°
for inclination and 6° for declination (Besse andu@illot, 1991). Thus, published values of
inclination and declination are close to the coecanfidence determined here. For the
samples that retained a weak magnetization (inrakeases we were not able to remove the

secondary components), we believe the reversahtestesults to be acceptable.

The thermomagnetic heating and cooling curves &ecsed samples from Monte
Cagnero section are shown in Figure 3.5. For afidas, we observe magnetic mineralogical
transformations during thermal treatment detectethb variation of magnetic susceptibility
versus temperature changes. Samples at 58.60 a6 6&l (Figures 3.5A and D) show
initially low values of magnetic susceptibility eesponding to a presence of dia- and/or
paramagnetic minerals. Samples at 63.35 ms| (Fig@) and 64.70 msl (Figure 3.5C) show
an increase of the magnetic susceptibility at afo8@0—408C, and then a major fall after
580°C indicating the presence of magnetite withimat presence of hematite. The sample at
64.70 msl shows the reversible behavior after hgatiowever, after heating at 700°C under
open-air conditions, the samples at 58.60, 68.66, @3.35 ms| suffered an irreversible
mineralogical transformation indicated by the highesceptibility of the cooling curve. For
samples at 58.60 and 68.65 msl, the susceptilidyeases rapidly during cooling between
600-500°C indicating that magnetite is productlafs during thermal treatment. In samples
from 63.35 and 64.70 msl, the increase begins ptoapnately 650°C suggesting that new
hematite was also produced. These mixtures ofrdiftemagnetic phases are often found in
carbonate samples, and the formation of secondarthigenic) iron oxides is thought to
result from the presence of pre-existing iron-b@aminerals (Channell et al., 1982; Channell
and McCabe, 1994, Jovane et al., 2007a,b).
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Figure 3.5. Temperature versus magnetic suscepyidibr four samples from the Monte
Cagnero section. Details on the significance forgmetic mineral associations from heating
progression and the cooling return are in the teékhe furnace diamagnetism has been
subtracted.

3.3.2. Biostratigraphy

The biostratigraphy of the Monte Cagnero sectioas vinitially documented by

Baumann and Roth (1969). They established a ctioelhetween planktonic foraminiferal
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and calcareous nannofossil biozonations from thee&®-Oligocene boundary interval to the
uppermost Oligocene and identified seven nanndfdsezones corresponding to Zones
NP19/20-NP24 of Martini (1971). Compared with saVesther sections of the Umbria-
Marche Scaglia succession, the Monte Cagnero seigtithe most expanded and continuous
section straddling the E-O boundary (Baumann, 19@ther biostratigraphic refinement of
the Monte Cagnero section, encompassing ~55 m ef Ebcene (Scaglia Variegata
Formation) and ~30 m of the overlying Oligocenetisac(Scaglia Cinerea Formation), was
completed by Guerrera et al. (1988) and Parisil.e{1888). A further refinement of the
middle—late Eocene planktonic foraminiferal biostnaphy at the Monte Cagnero section
was performed by Verducci and Nocchi (2004), wheo attempted to identify significant
paleoclimatic and paleoceanographic events achiss$ine interval. More recently, Coccioni
et al. (2008) proposed the Monte Cagnero sectioa pstential candidate for the Chattian
GSSP, and Hyland et al. (2009) nominated this seds a parastratotype for the Eocene-
Oligocene GSSP at Massignano.

3.3.3. Planktonic foraminifera

Planktonic foraminifera are abundant and divehseughout the study interval of the
Monte Cagnero section, with high species richnessassemblages typical of late Eocene—
early Oligocene low-latitude pelagic environmergeservation is mostly moderate to good

therefore offering the possibility of accurate tagmic.

The following main biostratigraphic events (bioets were identified and correlated
with the planktonic foraminiferal biozones (fromttmon to top): (I) Lowest Occurrence (LO)
of Orbulinoides beckmanmit 63.2 msl; (2) Highest Occurrence (HOXfbeckmannat 65.5
msl; (3) HO of Morozovelloides crassatust 85.0 msl; (4) LO ofGlobigerinatheka
semiinvolutaat 86.5 msl; (5) HO oGlobigerinatheka semiinvolutat 101.1 msl; (6) LO of
Turborotalia cunialensisat 102.50 msl; (7) HO o&lobigerinatheka index.07.52 msl; (8)
HO of Cirbrohantkenina inflatal12.90 msl; (9) HO offurborotalia cerroazulensid13.6
msl; (10) HO ofHantkenina alabamenset 114.1 msl. The lower part of the study secison
assigned to Zones P12 of Berggren et al. (1995)Eridof Wade et al. (2011), based on the
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absence ofD. beckmanniwhich defines the lower and the upper boundasiegone P13
(Globigerapsis beckmanriiotal Range Zone) of Berggren et al. (1995) andeZ&12 O.
beckmanniTaxon-range Zone) of Wade et al. (2011), respelstiyFigure 3.6). Following
Berggren et al. (1995), the LOs & semiinvolutaand T. cunialensisand the HOs ofC.
inflata andT. cerroazulensisre used to mark the P14/P15, P15/P16, P16/P1PaMP18
zonal boundaries, respectively (Figure 3.6). Acocwydo Wade et al. (2011), the HOs Mf
crassatus G. semiinvoluteandG. indexand the LO oH. alabamensigiefine the E13/E14,
E14/E15, E15/E16 and EI6/O1 zonal boundaries, wsedy (Figure 3.6). Following
Coccioni et al. (1988), Nocchi et al. (1988) anerRoli Silva and Jenkins (1993), the E-O
boundary is placed at 114.1 msl, at the extindéwel of the planktonic foraminiferal Family
HantkeninidagFigure 3.6).

3.3.4. Calcareous nannofossil

In all study samples from the Monte Cagnero sactmalcareous nannofossils are
abundant, and preservation varies from moderajgoty. The following primary bioevents
were identified in the Monte Cagnero section (frbottom to top) (Figure 3.6): (1) HO of
Chiasmolithus solitust 70.0 msl; (2) LO o€hiasmolithus oamaruensa 84.0 msl; (3) HO
of Chiasmolithus grandiat 85.50 msl; (4) HO a€hiasmolithus oamaruenss 98.5 msl; (5)
HO of Discoaster saipanensa 108.5 msl; and (6) Acme Base (AB)@Hhusicoccus obrutus
>5.7"m at 114.5 msl. The lower part of the section Egrsed to zones NP16 and CP14a of
Martini (1971) and Okada and Bukry (1980), respetyi, based on the presence of
Reticulofenestra umbilicand the absence @&lackites gladiugFigure 3.6). The HO o€.
solitus marks the NP16/NP17 and CP14a/CP14b zonal bowsdafi Martini (1971) and
Okada and Bukry (1980), respectively. Following thestratigraphical scheme of Martini
(1971), we used the LO d@. oamaruensido define the base of NP17/NP18-NP19 zonal
boundary, the HOs o€. oamaruensisand D. saipanensisto mark NP18-19/NP20 and
NP20/NP21 zonal boundaries, respectively (Figur@).3Since the LO oflsthmolithus
recurvus which defines both NP18/NP19 and CP15a/CP15b|Zomandaries of Martini
(1971) and Okada and Bukry (1980), respectivelys nat identified, zones NP18 and NP19

have been combined, as well as subzone CPl15a ¢FiguB). According to the
54



biostratigraphical biozonations of Okada and Buk980), the HOs ofC. grandisandD.
saipanensiswere used to define the CP14b/CP15, and CP15/CRt6al boundaries,
respectively (Figure 3.6). The AB @f. obrutus>5.7'm was proposed by Hyland et al. (2009)
to define the CP16a/CP16b zonal boundary instedlteoAE ofClausicoccuss suggested by
Backman (1987). This event is placed immediatelyvalthe E-O boundary and falls in the
middle-upper part of chron C13r (Figure 3.6).
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Figure 3.6 Correlation between age of the geomagnetic puglatime scale (C&K1995,
Cande and Kent, 1995; and Gee and Kent, 2007; GT&20andenberghe et al., 2012) and
ChRM inclination of the Monte Cagnero section piarzonations (purple solid line).
Calcareous nannofossil and planktonic foraminifeiddta were used to constrain the
interpretation. Planktonic foraminiferal zones aaéter (P) Berggren et al. (1995) and (E)
Wade et al. (2011); calcareous nannofossil zones ater (NP) Martini (1971) and (CP)
Okada and Bukry (1980). Correlation between chrayesaat Monte Cagnero and the
Geologic Time Scale (GTS2012; Vandenberghe e2@l2) and magnetozones is also shown
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(pink dashed line). LO—Lowest Occurrence; HO—Higl@scurrence; AB—Acme Base.
Sedimentation rates are tabulated for each chraeerwal. The Eocene-Oligocene boundary is
at 114.1 msl (Coccioni et al, 2008; Hyland et 2D09).

3.4. Discussion

3.4.1. Correlation to the geomagnetic polarity timescale (GPTS)

A series of thirteen magnetozones are recognizddmthe Monte Cagnero section in
a sequence of six normal polarity intervals anceseneversal polarity intervals (Figure 3.4).
We interpreted the magnetic polarity record basedhe Geomagnetic Polarity Time Scale
(GPTS) calibrations of Cande and Kent (1995; C&K3)Pand Vandenberghe et al. (2012;
GTS2012). Magnetozones R1 (58.00-63.57 msl), N15®J7.92 msl), R2 (77.92-81.30
msl), N2 (81.30-84.70 msl), R3 (84.70-85.40 msB, (85.40-86.42 msl), N3 (86.42-88.00
msl), N4 (88.00-99.15 msl), R5 (99.15-102.25 nis§, (102.25-106.10 msl), R6 (106.10-
117.30 msl), N6 (117.30-124.15) and R7 (124.15-a@&sl) are interpreted to correspond
respectively to chrons C18r, C18n, C17r, C17n.3n,17r2r, C17n.2n,
C17n.1r/C17n.1n/C16n, C15r, C15n, C13r, C13n an@rdFigures 3.4 and 3.6). Our
magnetostratigraphy is based on a straightforwatetpretation for most of the section, with
some uncertainties in the depth interval betwee@ afd 95 msl - an interval which is
characterized by low concentration of magnetic malse Through linear interpolation
between chron boundary ages (Cande and Kent, A28tjenberghe et al., 2012), we have
constructed a detailed age—depth model for the &@aignero study section (Figure 3.6). The
age—depth model for the interval between ~90 andn®&$ is mainly based on the
biostratigraphic results because the magnetostagtiy in this interval is less reliable than

the rest of the section (Figure 3.6).

The top of the study section has an interpretedadge 32.6 Ma within chron 12r
(C&K95, 30.939-33.058 Ma; GTS2012, 31.034-33.18#)jile the bottom has an age of ~
40.8 Ma within Chron 18r (40.130-41.257 Ma) (Fig3t6é). No faults, condensed layers or
hiatuses have been recognized along the sectibmight indicate a time discontinuity in the

section. Consequently, the entire Monte Cagnertcsespans a time interval of at least 13
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Myr (8 Myr in our segment and the 5 Myr through B&gocene section documented by
Hyland et al. (2009) and Coccioni et al. (2008)) ane continuous and undisturbed
sedimentary sequence. The chron 12r interval wargtifted in previous work on this section

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

3.4.2. Eocene-Oligocene sedimentation rates at MenCagnero

Based on the GPTS calibrations of Cande and KE®8Y) (confirmed in Gee and
Kent, 2007), sedimentation rates throughout the telddagnero section vary from 14.07
m/Myr (chron 13n) to 5.34 m/Myr (Chron 17n.1r). TAeerage sedimentation rate, which is
calculated by linear interpolation between conseeuthron boundaries, is 8.57 m/Myr
(0.857 cm/kyr) (Figure 3.7A).

Appling the most recent GTS chron ages from Vabdeghe et al. (2012), the
calculated sedimentation rates for the Monte Cagrsaction are very similar to those
obtained using the GPTS of Cande and Kent (199%u(é 3.7B) with an average
sedimentation rate of 8.68 m/Myr. These values ioonthe duration of the chrons for this
period from Cande and Kent (1995), Gee and Ker@{20and Jovane et al. (2010) and GTS
2012 (Vandenberghe et al., 2012). Furthermore,ctileulated sedimentation rates for the
Monte Cagnero section are comparable with sedimientaates of coeval sections at
Massignano (upper Eocene to lower Oligocene) andtg€dsa Highway (middle Eocene),
which have average rates of 7.3 and 6.4 m/Myr,eesgely (Jovane et al., 2007a,b).
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Figure 3.7. Variation of sedimentation rates at Monte Cagneersus age for the middle
Eocene-early Oligocene interval. The average sedliat®n rate is 8.57 m/Myr using Cande
and Kent (1995), Gee and Kent (2007) and Jovara. €2010). The average sedimentation
rate is 8.68 m/Myr using the GTS from Vandenberghal. (2012). Depths units are in

meters stratigraphic level (msl).

3.4.3. Refinement of age calibrations for biostragjraphic events

All of the biostratigraphic marker taxa that defitbe standard planktonic
foraminiferal zones of Berggren et al. (1995) andd& et al. (2011), through the middle—late
Eocene and early Oligocene, occur in the analyzamal from the Monte Cagnero section.
Additionally, most of the key markers used to defime standard calcareous nannofossil
zonations of Martini (1971) and Okada and Bukry 80 occur together with several
additional marker species. Our integrated biographic study provides evidence that the
58-127 msl interval at the Monte Cagnero sectiocoigtinuous, within biostratigraphic and
magnetostratigraphic resolution, between planktdoraminiferal Zones P12 and P18 of
Berggren et al. (1995) and between Zones E11 andfOW&ade et al. (2011). Also, a
complete record of calcareous nannofossil ZonescNBINP21 of Martini et al. (1971) and

CP14ato CP16b of Okada and Bukry (1980) is pre$egtire 3.6).
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At Monte Cagnero, however, some bioevents that ntlek zonal boundaries are
placed at different stratigraphic levels compared the current standard magneto-
biochronological timescale (Luterbacher et al.,£2060ith updates from Ogg et al., 2008). The

main discrepancies, from bottom to top, are asWat

1) the HO ofC. solitus(NP16/NP17 and CP14a/CP14b zonal boundaries) @tdgier in the
upper part of Chron C18n.2n;

2) the LO ofC. oamaruensigNP17/NP18-NP19 zonal boundary) is found loweCimron
C17n.3n;

3) the HO ofC. grandis(CP14b/CP15 zonal boundary) occurs lower at thse lsd Chron
C17n.2n;

4) the HO ofG. semiinvolutdE14/E15 zonal boundary) is identified higherhe tmiddle part
of Chron C15r;

5) the HO ofD. saipanensigNP20/NP21 and CP15/CP16a zonal boundaries) egnezed
higher in the lower part of Chron C13r.

These discrepancies are likely due to the fadt it markers adopted in standard
calcareous nannofossil zonations of Martini (19ahyi Okada and Bukry (1980) for the
Paleogene Period might be latitudinally restrictedl facies dependent (Fornaciari et al.,
2010). Moreover, the biostratigraphic resolutiortied calcareous nannofossil and planktonic
foraminiferal schemes for the middle Eocene—earligddene is low and some bioevents
have been rarely calibrated to high-resolution neaggstratigraphic records. Accordingly,
correlations of the standard calcareous nannofassilplanktic foraminiferal biohorizons, to
the geomagnetic polarity time scale (GPTS; CandkKent 1995; CK95) remain disputed
for Paleogene times. The data presented above wumdarized in Table 3.1 expand the
existing database of calcareous nannofossil andkgaic foraminiferal biochronology

during the middle—late Eocene and early Oligocene.
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Planktonic foraminiferal and calcareous Depth Age (Ma) Astronomical

nannofossil events and Chron boundaries (msl) Age (Ma)
LO Orbulinoides beckmanni 63.20 40.50M 40.330©
C18r/C18n.2n 63.57 40.130% 40.120@
HO Orbulinoides beckmanni 65.50 40.000 39.860
HO Chiasmolithus solitus 70.00 40.40@

C18n.20/C18n.1r 71.92 39.756-39.631®
C18n.11/C18n.1n 72.45 39.686%-39.552®
C18n.10/C17r 77.92 38.668%-38.426%
C171/C17n.3n 81.30 38.380"-38.113%

C17n.30/ C17n.2r 83.50 38.202%-37.920®

LO Chiasmolithus oamaruensis 24.00 37.00@®

C170.21/C17n.2n 84.00 38.135%-37.848®
C170.20/C17n.1r 84.70 37.908%-37.604®

HO Morozovelloides crassatis 85.00 38.00W

C17n.11/C17n.1n 85.40 37.785"-37.473®

HO Chiasmolithus grandis 85.50 37.109

LO Globigerinatheka semiinvoluta 86.50 38.000

C17n.10/C161? 92.00 36.969-36.618%

C16r?/C16n 93.40 36.700-36.3419

HO Chiasmolithus oamaruensis 98.50 35.40® 35.404%
C16n/C15r 99.15 35.706"-35.343% 35.340@
HO Globigerinatheka semiinvoluta 101.10 35.800 35.520
C151/C15n 102.25 35.294%-34.940® 34.960
LO Turborotalia cunialensis 102.50 35.30W 35.185®
C150/C13r 106.10 34.999%.34 6557 34.728®
HO Globigerinatheka index 107.52 34.300 34.400”
HO Discoaster saipanensis 108.50 34209

HO Cribrohantkenina inflata 112.90 34.00@ 34.2219
HO Turborotalia cerroazulensis 113.60 33.80®

HO Hantkenina alabamensis 114.10 33.70M 33.7039
AB Clausicoccus obrutis 114.50 n.a.

C13r/C13n 117.30 33.705-33.545% 33.545%
C130/C121? 126.67 33.157-33.058%

Table 3.1 Planktonic foraminiferal and calcareous nannofbssents and interpretation of
Chrons boundaries for the Monte Cagnero sectionetnt ages of Wade et al. (2011) (1),
and Berggren et al. (1995) (2). Magnetochron agesnfCande and Kent (1995) (3) and
Vandenberghe et al., 2012 (4). Astronomical agesmfdovane et al., (2006) (5) and Jovane
et al., (2010) (6).
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3.5. Conclusions

The Monte Cagnero section located in the norteeagipennines near Urbania in the
Umbria-Marche Basin (ltaly), provides the most cdetg and continuous stratigraphic
sequence representing the middle Eocene to lowago€dne interval (~55 to 28 Ma)
currently identified in central Italy, spanningimeé interval of at least ~13 Myr. In this study,
we have obtained new insight on the nature andoagieese strata based on high-resolution
magnetostratigraphic analyses and detailed caloareaannofossil and planktonic
foraminiferal analyses. These data form the bak&s wew, robust age-depth model for the

middle Eocene—lower Oligocene interval.

The Monte Cagnero section consists of limestong emarlstone of reddish and
greenish color. The magnetic mineralogy of theseksois represented mainly by low-
coercivity minerals (most likely magnetite or magtie) in a mixture in some intervals of
high coercivity minerals (most likely hematite). ér'thigh-resolution definition of the
occurrence of those intervals along the sectionirnasrtant implications for climate studies
and paleoceanographic events in the Neo-TethysnRdaling from the middle to the late
Eocene. Our new magneto-biostratigraphy for the télddagnero section also provides a
precise age model across several crucial climagatev The refined age information for this
section, in addition to multi-disciplinary climatmroxy studies, that are currently ongoing,
will allow reconstruction of environmental changeass the greenhouse-icehouse transition.
The Monte Cagnero section likely records importaiddle Eocene—early Oligocene climate
events, such as the E-O climate transition at ~34 did MECO event at ~40 Ma. New
insights into these events and related regionalatk changes in the Tethys region will be
gained through future paleoclimatic studies of Mhente Cagnero section and application of

the high-resolution integrated age-model presenézd.
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Chapter 4. Enhanced primary productivity and magnebtactic
bacterial production in response to middle Eocene arming in the
Neo-Tethys Ocean

4.1. Introduction

The early part of the Cenozoic Era was charactérizg greenhouse conditions
through the early Eocene, followed by a ~17 Myrdarooling trend (e.g. Zachos et al.,
2008). This long-term cooling trend was interrupbgdthe Middle Eocene Climatic Optimum
(MECO) — a warming event that peaked at ~40.0 Medbof Chron C18n.2n) (Bohaty and
Zachos, 2003; Bohaty et al., 2009). The MECO ehastbeen recognized from multiple sites
in the Southern, Atlantic, Pacific, Indian, and fygtn Oceans (Figure 4.1a). It was first
identified in foraminiferal stable isotope recorfdsm the Atlantic and Indian sectors of the
Southern Ocean (Barrera and Huber, 1993; Bohatyactos, 2003) and the hallmark of the
event is a distinct negativé®0 excursion that spanned 500 kyr (Bohaty et aD920The end
of the event was marked by a prominent negativé shbenthic foraminiferal **C of up to
~1.0%0 (e.g. Bohaty et al., 2009; Edgar et al., 30T8e long-lasting **0 excursion, with a
<100 kyr warming peak (MECO warming), has beenrprited to indicate a ~4-6°C
temperature increase of both surface and interrteedeep waters (Bohaty et al., 2009; Edgar
et al., 2010). Organic molecular paleothermometrthe southwest Pacific revealed absolute
sea surface temperatures of 24°C to 26°C just béhenwonset of MECO, and MECO peak
temperatures exceeding 28°C (Bijl et al., 2010) Témperature increase corresponded to a
concomitanpCQO; increase by a factor of 2 to 3 (Bijl et al., 2018h atmospheripCO; rise
has also been inferred at other sites by changésap ocean chemistry as revealed by the net
decline in carbonate accumulation that reflectsegfiiead calcite compensation depth (CCD)
shoaling (Bohaty et al., 2009). The abrp@O, increase during the MECO event has been
tentatively ascribed to massive decarbonation dusibduction of Tethyan Ocean pelagic
carbonates under Asia as India drifted northwamh@y and Zachos, 2003; Bijl et al., 2010).
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Figure 4.1 (a) Palaeogeographic reconstruction at 40 Ma dadation of the Prydz Bay
(ODP Leg 119, Sites 738, 744), south KergueleneRlatODP Leg 120, Site 748), Weddell
Sea (ODP Leg 113, Sites 689, 690), Angola BasibBeg 73, Site 523), Islas Orcadas
Rise (ODP Leg 114, Site 702), Black Nose (ODP L#g $ite 1051), Shatsky Rise (ODP Leg
198, Site 1209), “Paleogene Equatorial Transect”DP Leg 199, Sites 1218, 1219),
Mascarene Plateau (ODP Leg 115, Sites 709, 711)vigVRidge (ODP Leg 208, Site 1263),
Demerara Rise (ODP Leg 207, Sites 1258, 1260), Easianian Plateau (ODP Leg 189,
Site 1172), Pacific Equatorial Age Transect (IODRgk 320-321, Sites U1331-U1333),
Labrador Sea (ODP Leg 105, Site 647) and Monte @egnContessa Highway, Alano,
Krste any, and Seymour Island on-land sections. Recartsirumade using the web-based
software at http://www.odsn.de/odsn/services/pasg@paleomap.html. (b) Location of the
Monte Cagnero (MCA) and Contessa Highway secti@msl.ocation of the Monte Cagnero
(MCA) section (Lat. 43°38'50”N, Long. 12°28'05"E27 m above sea level) near the town of

Urbania, Italy.
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The Contessa Highway (CHW) section in Central Itafs the first land-based section
where MECO was documented (Figures 4.1a, b; Joearsd., 2007a). More recently, the
MECO event was also recognized at the Alano dié&action, northeast Italy (Figure 4.1a;
Luciani et al., 2010). In the Alano section the ME@vent is followed by deposition of two
organic-rich intervals (ORG1 and ORGZ2; Spofforthakt 2010), which are thought to
represent rapid organic carbon burial contemponamesith the globalpCO, drawdown
during the post-MECO recovery interval. Significaaieoredox, foraminifera and calcareous
nannofossil assemblage changes have been documenteel same section that point to a
shift toward more eutrophic waters and a lowerihgxygen availability at the end of MECO
during deposition of sapropel-like beds (Spoffathal., 2010; Luciani et al., 2010; Toffanin
et al., 2011). Deposition of organic-rich sedimeaftsr the transient warming event has been
associated with enhanced delivery of terrestriaten that would have both increased
nutrient availability to the sea surface and stated primary productivity (Spofforth et al.,
2010).

In marine environments, changes in primary proditgtiare directly related to the
distribution and availability of nutrients and che tracked by several proxies. One proxy is
the relative abundance of magnetofossils in pelagdiments (e.g. Hesse, 1994; Tarduno,
1994; Tarduno and Wilkison, 1996; Lean and McCa¥88; Yamazaki and Kawahata, 1998;
Kopp and Kirschvink, 2008; Yamazaki, 2008, 2009p&ts et al., 2011; Chang et al., 2012;
Larrasoafa et al., 2012; Yamazaki, 2012). Magneti® are the inorganic remains of
magnetotactic bacteria, which intracellularly bioeralize magnetically non-interacting
single domain (SD) crystals of magnetite {Bg or greigite (FgSs), or both, that are
arranged in chains within the cell (Bazylinski a@agnkel, 2003; Faivre and Schuler, 2008;
Kopp and Kirschvink, 2008; Moskowitz et al., 2008hese chains of nanocrystals (40-120
nm) are used by the magnetotactic bacteria to tatierthemselves relative to the Earth’s
magnetic field (Blackmore, 1975) in order to fingtional living conditions in strongly
chemically stratified aquatic environments (Bazskhand Frankel, 2004). Magnetosomes
can be preserved in sediments and in some casesaccaynt for 20—60% of their bulk
magnetization (Egli, 2004; Housen and MoskowitzQ&0Roberts et al., 2011). Although

magnetotactic bacteria are found in various magimaronments (e.g. Petersen et al., 1986;
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Vali et al., 1987; McNeill, 1990; Petermann and iBl&993; Hesse, 1994; Housen and
Moskowitz, 2006; Jovane et al., 2012), detectiofoskil magnetosomes can be complicated
by their mixture with other magnetic minerals, oithwmagnetic particles with different
magnetic domain structures. Nevertheless, magresitdohave been reported from pelagic
marine environments of different ages, such asGhetaceous-Paleogene boundary (e.g.
Abrajevitch and Kodama, 2009), the Paleocene-Eotenmdary (e.g. Chang et al., 2012;
Larrasoafna et al., 2012), the Eocene (e.g. Roletri., 2011, 2012), and the Miocene
(Florindo et al., in press). Magnetosome abundamsediments is strongly controlled by the
availability of particulate iron and organic carbfhmx to the seafloor (Roberts et al., 2011),
which can be related to climate, including hypemtted conditions (e.g. Schumann et al.,
2008; Chang et al., 2012; Larrasoafa et al., 2012).

Here we present a high-resolution environmentalmatig, micropaleontological and
stable isotopic investigation of the western Tethgalagic marine section at Monte Cagnero
(MCA), ltaly, which spans the late middle Eoceneeimal. Environmental magnetic data are
used to detect magnetofossils and paleoproductatiations across the MECO event and
just after the warming event. These results, coswimvith paleoecological data from
nannofossils and foraminifera, are used to assaEgnvironmental scenarios associated
with the MECO event in the Neo-Tethys realm.

4.2. Geological Setting and Magnetobiostratigraphidramework

A continuous Paleogene sedimentary record is predein the Scaglia Formation,
which includes pelagic limestones and marly limestoof the Umbria—Marche succession,
central Italy. The MCA section is exposed on thetlseastern slope of Monte Cagnero (Lat.
43°38'50"N, Long. 12°28'05"E, 727 m above sea lg¢velear the town of Urbania,
northeastern Apennines, Italy (Figure 4.1). Becaokéts completeness and stratigraphic
continuity, the MCA section is an important pelagedimentary succession for studying
Eocene and Oligocene climatic events (Coccionil.e2808; Hyland et al., 2009; Jovane et
al., 2013). The 100 m stratigraphic level at the M&&ction is equivalent to meter level O of
the GSSP for the Eocene/Oligocene boundary at leeso (e.g. Premoli Silva and Jenkins,
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1993; Coccioni et al., 2008; Hyland et al., 200®;ahe et al., 2004, 2006, 2007b, 2013). We
focus on the lower part of the section, from 5& 2ometers stratigraphic level (msl) (Figure
4.2). This 14-m-thick interval of the MCA sectiorlbngs to the Scaglia Variegata Formation
that consists of bundles of limestone-marl couplétdower bathyal (1000-2000 m) water
depth was inferred for the depositional environmainthe MCA section during the middle
Eocene (Guerrera et al., 1988; Parisi et al., 1988)ch gradually shoaled to mid-bathyal
(800-1000 m) and upper bathyal (400-600 m) watethdein the late Eocene and early

Oligocene, respectively.

High-resolution magnetobiostratigraphic calibratiminthe MCA section was carried
out by Coccioni et al. (2008), Hyland et al. (2008hd Jovane et al. (2013). The studied
interval spans from the middle-upper part of Ch@i8r to the lowermost part of C18r.1r
with an average sedimentation rate of ~8.57 m/nojlowing the geomagnetic polarity
timescale (GPTS) of Cande and Kent (1995) (confirny Ogg, 2012). The primary
nannofossil and foraminiferal biostratigraphic egeidentified are (from bottom to top) the:
() lowest occurrence (LO) oDrbulinoides beckmanrat 63.2 msl; (2) highest occurrence
(HO) of O. beckmannat 65.5 msl; and (3) HO @hiasmolithus solituat 70.0 msl (Jovane et
al., 2013). It is worth noting, however, that recitign of the LO ofO. beckmanntan be
subjective because this taxon originates fr@ahobigerinatheka euganeaand some
transitional forms of problematic taxonomic assigmi occur from 62.8 to 63.2 msl.
Additionally, identification of the HO o®. beckmannis hampered by its scarce abundance,
moderate preservation of planktic (P) and bentBit foraminifera and some problematic
specimen identifications up to 66.60 msl. Nevedbg] the MCA biostratigraphic record in
the 58-72 msl interval is likely continuous andnterpreted to span planktonic foraminiferal
Zones P12 to P14 of Berggren et al. (1995) and Z&1d to E13 of Wade et al. (2011), and
calcareous nannofossil Zones NP16 to NP17 of Maetial. (1971) and CP14a to CP14b of
Okada and Bukry (1980).
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Figure 4.2 Changes in CaCfcontent, coarse fraction,’*C and '°0 in bulk sediments,
low-field magnetic susceptibility }; and rock magnetic properties (anhysteretic reamdn
magnetization, ARM; isothermal remanent magnetratiRM at 900mT; hard isothermal
remanent magnetization, HIRM; S-ratio300) across 14-m-thick studied MCA section.
ARM, IRM900mT, and HIRM300mT were also calculatecaccarbonate-free basis (CFB,
dashed lines). The magnetobiostratigraphy is fravade et al. (2013). Numerical ages (1)
are from Cande and Kent (1995) (stars) and Ogg 22@diamonds). Biostratigraphy is based
on the planktonic foraminiferal Zones of Berggreémle (1995) (2) and Wade et al. (2011) (3)
and calcareous nannoplankton Zones of Martini ()94) and Okada and Bukry (1980) (5).
The areas shaded in yellow, orange and green lgghthe 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 coiéel at ~5 cm stratigraphic
intervals from the MCA section, corresponding taeanporal spacing of ~6 kyr between
samples. High-resolution calcium carbonate, staldetopic, rock magnetic and
micropaleontological analyses were performed. Qzat® contents were measured at the
National Oceanography Centre, Southampton (NOC8® Rundred-twenty-five bulk rock
samples were reduced to fine powder in an agatdamand their CaC®content was
obtained using a Dietrich-Fruhling calcimeter thatasures the GOvolume produced by
complete dissolution of pre-weighed samples (30014 each) in 10% vol. HCI. Total
carbonate contents (wt.% Cag)@ere computed with a precision of 1% taking iatmount
pressure and temperature of the laboratory enviesinthe amount of bulk sample used, and
the volume of CQ in the calcimeter. Standards of pure calcium caab® (e.g. Carrara
Marble) were measured every ten samples to ensopepcalibration. For coarse-fraction
analyses, weighed freeze-dried samples were saakeddionized distilled water, and were
washed through 63m sieves. The >63m fraction residue was collected, dried, and
weighed. The coarse fraction is defined as the ltgigrcent ratio of the >63n size fraction
to the weight of the bulk sample (~100 g for eaaimgle) (Broecker and Clark, 1999, 2001).

This index has been largely used as an indicatmadfonate dissolution (e.g. Hancock and
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Dickens, 2005; Colosimo et al., 2006; Leon-Rodryaad Dickens, 2010; Luciani et al.,
2010).

Oxygen and carbon isotope analyses were condusted WG Optima and VG Prism
dual-inlet isotope ratio mass spectrometers at NA@&-hundred-twenty-five samples were
reacted in a common acid bath at 90°C using amaattx carbonate preparation system with
a carousel device. NBS-19, Atlantis I, and an aude Carrara Marble standard were
included in all sample runs. All values are repaite standard delta notation)(in parts per
mil (%o) relative to VPDB (Vienna Pee Dee Belemnit@)d analytical precision is estimated
at 0.06%o (%) for *°C and 0.08%. (®) for *°O.

Paleomagnetic and environmental magnetism measotemeere carried out at
NOCS and at the University of Sdo Paulo (USP). mlagnetic remanence of 253 unoriented
block samples (5-cm resolution) was measured usitigee-axis 2-G Enterprises cryogenic
magnetometer (model 755R), housed in a magneticallgided room at NOCS. Low-field
magnetic susceptibility!J was measured with a Kappabridge KLY-3 (AGICO) metic
susceptibility meter. All data were normalized bggs, due to the irregular sample volumes.
An anhysteretic remanent magnetization (ARM) wapadrted in a 100 mT alternating field
(AF) with a direct current bias field of 0.05 mTnAsothermal remanent magnetization
(IRM) was imparted in a direct field of 900 mT (IRMmw7) and was demagnetized in
backfields of 100 mT (-IRNbom7) and 300 mT (-IRMoom7). From these measurements, we
calculated the S-ratio {&mt = [-IRM3oom7?IRMgoom7) and “hard” isothermal remanent
magnetization (HIRMbomt = [IRMgoomtIRM300m7/2), In order to investigate the coercivity
of magnetic minerals. Hysteresis loops and firsieoreversal curve (FORC) diagrams were
analysed for eight samples from the MCA sectionnepay the MECO interval and from
immediately before and after the warming event. dieements were performed in a
Princeton Measurements Corporation vibrating sammgnetometer (MicroMag) at NOCS.
FORCs were measured with an averaging time of 280ansmoothing factor (SF) of 4, and
using the input parameters of Egli et al. (2010} @0 mT, H, =110 mT; H; =-15 mT, H>
= +15 mT; H = 0.63 mT). FORC diagrams were produced usingMAgd LAB routine of
Egli et al. (2010). Magnetic mineralogy was furtlerestigated at USP for selected samples
through acquisition of an IRM and measurement efrttomagnetic curves. IRM acquisition

curves were obtained for six samples with a 2-Gegpmises pulse magnetizer and a cryogenic

69



magnetometer (model 755UC). IRM acquisition curwe&se analyzed with cumulative log-
Gaussian functions (CLG) using the software of Keuiet al. (2001). The CLG function is
described by three parameters (SIRM;Bnd dispersion parameter, DP) that characterize
magnetic minerals (Robertson and France, 1994;viruet al., 2001). Thermomagnetic
curves up to 700 °C were obtained using a KLY-4SIGG magnetic susceptibility meter
with high-temperature attachment at USP to detezntire Curie or Néel temperatures of

magnetic minerals.

Al, Ba, Cr, Co, Fe, Mo, Ni and V contents were deiieed for twenty-two samples
along the MCA section. Around 30 mg of sample pawaas weighed and digested in a
Teflon pump adding initially 5 mL of HNO3, and th@mmL of HF and 2 mL of kD,. The
procedure was carried out in a microwave oven. $@snpere then heated to evaporate HF.
After HF evaporation, 10 mL of 5% HNQwvas added. Finally, the sample was diluted to
reach 30 mL and Al, Ba, Cr, Co, Fe, Mo, Ni and Vievanalysed with inductively coupled
plasma optical emission spectrometry (ICP-OES)3®PU

For calcareous nannofossil analyses, samples wegpamed from unprocessed
material as simple smear slides using standarcapsgpn methods (Bown and Young, 1998)
at the Istituto di Geoscienze e Georisorse CNRigh,Rtaly. Smear slides were studied under
a Leitz Laborlux 12 Pol light microscope both undesssed nicols and transmitted light at a
magnification of 1250x. Most nannoplankton specwesre identified according to the
taxonomy of Perch-Nielsen (1985) except for sphémoland Dictyococcites that were
classified following Fornaciari et al. (2010) aReticulofenestra umbilicuthat was defined
following the taxonomic criteria adopted in Backnmamd Hermelin (1986), ascribing to this
species all specimens >14 mm and lumpindrasculofenestra sppall the specimens <14
mm. Assemblages were studied following quantitatiwenting methods based on at least 300
specimens. Following Toffanin et al. (2011), thiatige abundances of species belonging to
the genus Sphenolithusere determined by counting 100 specimens. Rai® tuch as the
genus Helicosphaerand species belonging to tgenus Chiasmolithusiere counted in a
prefixed area of 10 mh{three-four transects). The standard calcareonsafassil zonations
of Martini (1971) and Okada and Bukry (1980) arelely used for low- and middle latitude
Eocene-Oligocene (E-O) biostratigraphic studiesl, ware adopted in this paper. In order to

infer probable temperature and trophic variatiorfs sarface waters, most calcareous
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nannofossils were, whenever possible, allocated groups of environmental affinities,
largely following Haq and Lohman (1976), Aubry (299 Gardin and Monechi (1998),
Bralower (2002), Tremolada and Bralower (2004),sRer and Villa (2004), Gibbs et al.
(2006), Villa et al. (2008), Raffi et al. (2009)chAgnini et al. (2011). Thus, according to this
literature, the following environmental groups hdeen used: eutrophic tax@i¢tyococcites
bisectus D. scrippsage Reticulofenestra daviési and oligotrophic taxa Qribrocentrum

reticulatum Ericsonia spp Sphenolithus sppZygrablithus bijugatus

For foraminiferal analyses, samples were treatedhatUniversita degli Studi di
Urbino, following the cold acetolyse technique afelc (2000) by sieving through a 63n
mesh and drying at 50 °C. The cold acetolysis ntethabled extraction of generally easily
identifiable foraminifera even from indurated lint@mses. This technique offered the
possibility of accurate taxonomic determination adetailed foraminiferal assemblage
analysis. For planktonic foraminifera, all samplsre studied for biostratigraphy and
quantitative analysis was performed on a subsdi0af samples. The residues were studied
with a binocular microscope to characterize assagdd and to identify biostratigraphic
marker species. A representative split of at 1886t specimens was picked from the *68
fraction, mounted on micro-slides for permanentordcand identification purposes, and
classified following the taxonomic criteria of Bgrgn and Pearson (2005). The planktonic
foraminiferal zonations of Berggren et al. (199%)3daVNade et al. (2011) were followed.
Following Hancock and Dickens (2005), the fragmeotaindex (FI) was calculated using at
least 300 specimens and including the whole tesgnients and dissolved tests to estimate
carbonate dissolution effects. For benthic fornaimia, a quantitative study of sixty-four
selected samples was performed. A representatiteo$ghe >90" m fraction was used to
pick approximately 300 specimens. The sample—a@light used to pick benthic foraminifera
was determined so that the foraminiferal density)(Fexpressed as the number of
foraminifera per gram of dry sediment, could becgkited. The planktonic to planktonic and
benthic (P/P+B) ratio, expressed as a percentagkthe percentages of agglutinants were
also calculated.
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4.4, Results

4.4.1. Micropaleontology

Benthic foraminiferal assemblages are generallyed® and well preserved
throughout the studied MCA section, except at @lD msl where evidence of partial
dissolution is observed (Figure 4.3). The assenaslaaye dominated by calcareous-hyaline
forms with variable percentages of agglutinants #r@ more abundant at the base of the
section and at 63.2-64 msl (Figure 4.3). The P/(R#aBo fluctuates throughout the sequence,
with the lowest values at 63.2-64 msl where both ltighest FD value of and percentage
fragmentation are documented (Figure 4.3). The -68.8 msl interval is therefore
characterized by pronounced paleoecological anelopalvironmental changes. The increase
of benthic to planktonic foraminifera and of agglated forms that are less prone to
dissolution might reflect shallowing of the lysoai In addition, increased FD values might
suggest greater nutrient availability at the seaflprobably related to increased detrital
mineral influx associated to with intensified hyldrgical and weathering cycles.

PI(P+B) Faunal Density Agglutinans Fragmentation Index
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Figure 4.3 Changes in selected benthic and planktonic fongeral parameters [P/(P+B)
ratio, foraminiferal density (FD), agglutinans wsalcareous ratio, and fragmentation index
across the studied segment at MCA. Magnetobioclstoatigraphy and shaded areas as in

Figure 4.2.
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4.4.2. Stable isotopes

Bulk *°C and %0 values average 1.8%. and -1.4%o, respectivelyutftiche studied
MCA (Figures 4.2c, d). **C has background values of ~1.8%. and is charaetkrizy an
increase from ~1.6 to 2.1%o. at 63.2-65.5 ms| (~48lQ@M6 Ma), with a peak value of 2.1%. at
63.35 msl (~40.1 Ma) (Figure 4.2c). The peak vatudllowed by a smoothly decreasing
trend up to 66.34 msl (~39.8 Ma). BullO varies from -0.2%. to -3.3%. and is noisy (Figure
4.2d). Similarly noisy *®0 in the correlative Contessa Highway section (CHWAs
interpreted as resulting from burial diagenesig@niheteoric water diagenesis (Jovane et al.,
2007a). It is well known that bulk carbonat®’C is more robust to diagenesis thafO
because the carbon content of fluids and fluid/n@tlos is often too low compared to that of
carbonate rocks to modify significantly their cambizotopic composition (e.g. Veizer and
Hoefs, 1976).

4.4.3. Environmental magnetism

Low-field magnetic susceptibility! { along the studied MCA section varies between
0.57 x 10 and 6.42 x 18 m¥/kg (Figure 4.2e), whereas Cag€bntents vary between 47%
and 93% (Figure 4.2a). Two narrow intervals (63300 msl| and 64.15-65.30 msl) have
lower CaCQ contents and highérvalues (Figures 4.2a, e). Cagéand! have a significant
negative correlation (r = -0.72; i.e. lower Caf@ related to highet values, which
correspond to peak abundances of paramagneticclayg) and ferrimagnetic minerals). To
account for dilution effects by the carbonate matwe calculated magnetic parametdrs (
ARM, IRMgoomt @and HIRMsoom7) ON a carbonate-free basis (CFB, dashed linesigarés
4.2e-h). To achieve this, we normalized the magrgarameters by (100 wt.% Cag)OAll
magnetic parameters that depend on the concemtrafiderrimagnetic minerals are well
correlated before and after this normalization (Fég 4.2e-h). For example, the ARM and
ARM CFB, IRMgomtr and IRMypomt CFB, and HIRMgomt and HIRMsoomr CFB have

pronounced peaks at 63.30-63.90 msl and 64.15-66sB0as mentioned above.
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The relative concentration of different magnetimenals across the studied interval
can be inferred from the S-rajigmt and HIRMsoomt (Bloemendal et al., 1992; Liu et al.,
2007). The large IRMyomt and S-ratigoomt fluctuations indicate variable proportions of low
and high-coercivity magnetic minerals, i.e. mageefpredominant when S-ratio is near 1)
and hematite (present in significant concentratwwhen HIRM is high and S-ratio is close to
0). The presence of mixtures of magnetic mineralsh wontrasting coercivities is
corroborated by stepwise IRM acquisition curvedMIRcquisition curves were measured at
fields up to 1 T for six representative samplesiglthe MCA section (Figure 4.4a; Table 4.1)
and components due to different magnetic mineraevitted using CLG functions (Figures
4.4b-d) (Kruiver et al., 2001; Heslop et al., 2Q0R)ree magnetic components were identified
(Table 1). They correspond to a low-coercivity camgnt (B, = 16 mT, DP = 0.40-0.45), a
medium-coercivity component (B = 50-70 mT, DP = 0.30-0.40) and a high-coercivity
component (B, = 250-479 mT, DP = 0.24-0.30), similar to thosarfd by Roberts et al.
(2011, 2012) for pelagic sediments. The low-coetgiomponent varies from 5% to 17% for
samples collected inside the magnetic mineral aunaton peaks. These samples also have a
predominant medium-coercivity component. Outside peaks (samples 67.55 and 68.60
msl), IRM acquisition curves can be fitted withabe low-coercivity component, which
suggests that this component has negligible coratés at these stratigraphic levels. In
these samples, the high-coercivity component cachraip to 82% of the total IRM-T

curves indicate that magnetite is the dominant reagmineral (Figure 4.5).
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Figure 4.4 (a) IRM acquisition curves for six representatsgnples from the MCA section.
(b-d) IRM unmixing analyses (Kruiver et al., 200Heslop et al., 2002) for three

representative samples; (b) and (c) represent saspbllected inside the magnetic mineral
concentration peaks and (d) from outside the peRlasv data (circles) and calculated IRM
acquisition curves are shown for two and threeefittomponents after fitting of a spline

function.
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Sample Component Component Component Component Component  Component

I 2 3 1 2 3

SIRM SIRM SIRM Contribution  Contribution Contribution

(Am?/kg) (Am*kg) (Am*/kg) (%) (%) (%)
MCA-63.25 6.00E-05 3.30E-04 2.00E-04 10 56 34
MCA-63.50 3.00E-05 2.00E-04 4.20E-04 5 31 65
MCA-64.55 1.20E-04 3.20E-04 2.50E-04 17 46 36
MCA-65.10 5.00E-05 3.20E-04 2.50E-04 8 52 40
MCA-67.55 NA 1.40E-04 2.40E-04 NA 37 63
MCA-68.60 NA 4.00E-05 1.80E-04 NA 18 82

By By Bi» Contribution Contribution Contribution

(mT) (mT) (mT) (%) (%) (%)
MCA-63.25 158 63.1 478.6 10 56 34
MCA-63.50 15.8 50.1 251.2 5 31 65
MCA-64.55 15.8 63.1 446.7 17 46 36
MCA-65.10 158 70.8 446.7 8 52 40
MCA-67.55 NA 70.8 2399 NA 37 63
MCA-68.60 NA 70.8 251.12 NA 18 82

DP DP DP Contribution  Contribution Contribution

(logjp mT)  (log;o mT)  (log;umT) (%) (%) (%)
MCA-63.25 0.40 0.33 0.24 10 56 34
MCA-63.50 0.40 0.30 0.30 5 31 65
MCA-64.55 0.45 0.34 0.24 17 46 36
MCA-65.10 045 0.31 0.24 8 a2 40
MCA-67.55 NA 0.40 0.30 NA 37 63
MCA-68.60 NA 0.40 0.30 NA 18 82

Table 4.1 Parameters associated with components identiliech IRM analysis of the six

representative samples from Monte Cagnero section.
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Figure 4.5 Thermomagnetic curve for a representative sarfipi@m 64.70 msl. This sample
contains magnetite as dominant magnetic carrierafghdecline in susceptibility to
approximately 580 °C). The susceptibility during @ooling cycle was not thermal altered

during heating.
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Hysteresis data (Figure 4.6; Table 4.2), includimg ratio of saturation remanence to
saturation magnetization (Mr/Ms) and the coercietyemanence to coercive force (Hcr/Hc),
from MCA samples lie within the pseudo-single dom@ SD) field of Day et al. (1977). The
presence of high-coercivity hematite mixed with éwoercivity fine-grained magnetite does
not affect significantly the Day plot because Sbnag@te has similar hysteresis ratios to those
of SD magnetite (Dunlop, 2002). The significant @dpre of bulk hysteresis parameters from
values expected for uniaxial SD magnetite for hbtnMCA and CHW samples (Figure 4.6)
can be related to significant admixtures of non-Sietrital magnetite grains
(superparamagnetic, PSD and multi-domain grainghénstudied samples (Dunlop, 2002;

Roberts et al., 2012) as suggested by the IRM attoun curves.
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Figure 4.6. Day plot diagram (Day et al., 1977) for nine repeatative samples from MCA
section. The data fields represented in the diaghnMs versus Bcr/Bc is subdivided in
single domain (SD), pseudo-single domain (PSD) muudti domain (MD) titanomagnetite
particles.
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Sample ID Depth M M M/M; B. B.; B../B.

r §
(msl) (Am*/kg)  (Am*/kg) (mT) (mT)

MCA-58.15 58.15 18.61E-09 44.89E-09 0.41 28.65E-03 287.27E-03  10.00
MCA-64.55 64.55 394,32E-09 1.03E-06 0.37 27 47E-03 72.34E-03 2.63
MCA-63.25 63.25 428.86E-09 1.83E-06 0.23 20.02E-03 57.05E-03 2.85
MCA-64.90 64.90 497 47E-09 1.26E-06 0.39 30.42E-03 73.96E-03 2.43
MCA-63.50 63.50 741.31E-09 2.01E-06 0.36 29.24E-03 84.64E-03 2.89
MCA-65.10 65.10 545.76E-09 1.70E-06 0.31 28.79E-03 79.39E-03 2.76
MCA-63.85 63.85 768.56E-09 2.70E-06 0.28 22.17E-03 60.15E-03 2.71
MCA-66.30 66.30 46.93E-09 997.2E-09 0.04 5.04E-03 9.45E-03 1.87
MCA-64.50 64.50 429.7E-09 1.08E-06 0.39 33.79E-03 91.15E-03 2.70

Table 4.2 Measured hysteresis parameters for the studiedrsnts from MCA and CHW

sections.

FORC diagrams provide detailed information aboutgmetic interactions and
microcoercivity distributions (Roberts et al., 200®igh-resolution FORC measurements
following the specifications of Egli et al. (201€8n be used to detect the presence of biogenic
magnetite (e.g. Egli et al., 2010, Roberts et2fl11, 2012; Jovane et al., 2012; Larrasoafa et
al., 2012). FORC distributions are nearly identi@al the high-magnetization intervals
between 63.2 and 65.5 msl (Figures 4.2, 4.7). TR€dRC diagrams have a sharp horizontal
ridge (Figure 4.7) that indicate negligible magoetteractions and a dominance of non-
interacting SD particles (Roberts et al., 2000} tisacharacteristic of intact magnetosome
chains (Egli et al., 2010; Roberts et al., 201112QJovane et al., 2012; Larrasoafa et al.,
2012). The coercivity distribution has a broad peatween 3 and 21 mT, with a maximum at
10 mT (Figure 4.7) that falls within the range ected for magnetite magnetosomes (Egli,
2004; Egli et al., 2010; Kopp and Kirschvink, 2008he weaker signal in the outer parts of
the FORC diagrams is indicative of minor but vaeabontributions from coarser-grained
magnetic particles (Roberts et al., 2000). FOR@rdias from samples below 61 msl and
above 65.5 msl have contrasting behaviour, withkmeagnetizations and no measurable
FORC distributions (Figures 4.7a, h).

To compare our results to those from a nearby @mectve also performed FORC
analyses on samples from the MECO interval at toatéssa Highway (CHW) section
between 135 and 139 msl as defined by Jovane @Qfl7a). This interval is characterized a

peak in magnetic concentration dependent parami@eys, ARM, IRM). A horizontal ridge
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due to non-interacting SD magnetite with coeradgtbetween 10 and 50 mT is also evident

in these samples (Figure 4.71).

Figure 4.7. FORC diagrams for nine MCA samples (“inside” andutside” the MECO event) and

one sample from Contessa Highway (during the ME@En®. The FORC diagrams shows sharp
ridge which indicative of non-interacting SD paléis (Roberts et al., 2000) during the MECO climax
event in Monte Cagnero and Contessa Highway. Sanf8el5 and 66.30 did not show the same
behavior. The sharpness of the ridges during theCREevent 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, Biuod V were measured to assess
paleoredox/paleoxygenation conditions, source traria of terrigenous materials,
paleoproductivity patterns and possible anomakdsted to biotite-rich volcanic ashes in the
studied pelagic carbonates. Elemental ratios, gty Ba/Al, Fe/Al, Co/Al, Ni/Al, V/Cr,
Ni/Co, Mo/Cr, Cr/Al, V/AIl, and V/(V+Ni), are showm Figure 4.8. Ba, Cd, Mo, Sr, Ba/Al
and Al/Ti have been proposed as proxies for ocepnioary productivity (Moreno et al.,
2002; Pattan et al., 2003; Wei et al., 2003). Traeenent indices such as Ni/Co, V/Cr and
V/(V+Ni) are widely used to evaluate paleoredoXepaygenation conditions (Rimmer et al.,
2004). Jones and Manning (1994) suggested thatoNi&fios <5 are indicative of oxic
conditions, while values of 5-7 indicate dysoxia@ions, and values >7 are indicative of
suboxic to anoxic conditions. Hatch and Leventd&9¢) compared V/(V + Ni) ratios to
other geochemical redox indicators, including degrvepyritization, and suggested that ratios
greater than 0.84 are indicative of euxinic coodii, while values of 0.54-0.82 are
representative of anoxic waters, and values of-0.86 indicate dysoxic conditions. In the

MCA section, these indices point to dysoxic comaii between 61 and 65.5 msl| (Figure 4.8).
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Figure 4.8. Stratigraphical log plotted against selected trasdements and ratios.

Magnetobiochronostratigraphy and shaded areas dSgure 4.2.
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4.5. Discussion

4.5.1. The MECO event in the Neo-tethys

Benthic and planktonic foraminiferal and calcareoasinofossil assemblages in the
MCA section across the Chron C18r/C18n boundary affected by important faunal
turnovers. Together with rock magnetic, geochem&a stable isotope data, they enable
subdivision of the studied 14-m-thick section ifit@ discrete intervals (Figures 4.2, 4.3, 4.8,
4.9): Interval 1 (58-61 m, ~370 kyr), Interval 21(63.2 m, ~250 kyr), Interval 3 (63.2-64 m,
~70 kyr), Interval 4 (64-65.5 m, ~200 kyr) and mtd 5 (65.5-72 m, ~780 kyr). Following
Bohaty et al. (2009), the total duration of the ME€vent is estimated to be ~500 kyr with a
peak warming at the end of the event. During thenwag peak, a shoaling of the CCD by up
to 500-1500 m has been reported in the Pacifi@riit and Indian oceans where a total loss
of carbonate is reported at sites with paleodep#hiew ~3000 m (Bohaty et al., 2009; Palike
et al., 2012). Interval 3 of the MCA section is d@erized by the lowest CaG©@ontents in
the studied section and the highest bulk carbon&dt€ values. It also has the lowest
concentrations of the coarsest foraminiferal fiagtiwhich is used as a proxy for carbonate
dissolution (e.g. Hancock and Dickens, 2005; Caohosiet al.,, 2006; Leon-Rodriguez and
Dickens, 2010; Luciani et al., 2010). Dissolutioaridg this interval is also supported by
increased values of the planktonic foraminiferahgientation index, greater relative
abundances of agglutinated foraminifera that ass Iprone to dissolution, and a clear
decrease of the P/P+B ratio (Figure 4.3). In catfrthere is no evidence for carbonate
dissolution upsection in Intervals 4 and 5. Inté®dalls within the lowermost part of Chron
C18n, therefore it can be magnetostratigraphicatiyelated with peak MECO warming in
marine sediment cores (Bohaty et al., 2009), arttienTethyan CHW (Jovane et al., 2007a)
and Alano sections (Luciani et al., 2010; Spoffathal., 2010; Toffanin et al., 2011). Thus,
observed changes in paleoenvironmental proxiesigeasiues that point to seafloor CagCO
dissolution and lysocline shallowing at the MCAesiluring the MECO warming. Interval 3 is
immediately followed by an interval with lower Cag@ontents associated with higher
magnetic susceptibility values. On the basis ofilalke magnetobiostratigraphic results,
Interval 4 correlates well with the organic-rich GR unit identified at the Alano section

(Spofforth et al., 2010; Luciani et al., 2010). $leorganic-rich layers are thought to

82



represent rapid organic carbon burial events aetiteof the MECO event, probably induced

by enhanced delivery of terrestrial material todlsean (Spofforth et al., 2010).

Figure 4.9 Productivity proxies based on selected calcareoasnofossil genera and
magnetic parameters from the MCA section. (a) Ca@) ARM, and ARM CFB, (c) HIRM
and HIRM CFB, and (d) eutrophic and oligotrophic nmafossil taxa. The increase in
eutrophic taxa coincides with an increase in ARMI &hiRM during the MECO interval.
These results suggest an increase in iron fertibzaand high primary productivity during

MECO. Magnetobiochronostratigraphy and shaded a@&sas in Figure 4.2.

4.5.2. Ocean iron fertilization and magnetotactic acterial abundance during the
MECO event
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Detrital magnetic minerals can be delivered to theep sea through different
transportation pathways, including ice-rafting, mmélsws, hemipelagic sediment plumes or
wind (e.g. Evans and Heller, 2003). Fine-grainadigenous inputs that reached the deep,
carbonate-dominated MCA site were most likely tpamged by suspended plumes or wind.
Both processes result in similar grain-size distitns and mineralogy (Rea, 1994).
Hemipelagic sediment has been reported in modermagments as far as 500 km from the
coast, with values in excess of 900 km suspected,(R994 and references therein). Such
distances are within the expected range of the M€étion from the paleoshoreline of the
Neo-Tethys. Nevertheless, processes that controlpgetagic and aeolian inputs to the deep
sea tend to be out of phase; wet conditions (ahdresed runoff) in the source region would
favor hemipelagic fluxes, whereas drier sourceargilimates would enhance aeolian dust
fluxes. Enhanced aeolian supply relative to detfiiaxes into the Neo-Tethys has been
reported on the southern Tethyan margin (centralpBgas a result of drier, likely more
seasonal, climatic conditions during the Paleodeéoeene Thermal Maximum (PETM)
(Schulte et al., 2011). Similar observations hagenbmade for the PETM in the Bighorn
Basin, Wyoming (Wing et al., 2005; Kraus and Riggi2007; Smith et al., 2009), East Africa
(Handley et al., 2012) and the southern Kerguelete®u, Indian Ocean, on the Antarctic
margin (Larrasoafia et al., 2012).

Environmental magnetic parameters can serve a#tiserseolian dust proxies, given
the high abundance of hematite that forms in oxidiz dehydrating desert environments
(Larrasoafa et al., 2003; Liu et al., 2012 andregfees therein). Hematite concentrations can
be easily tracked using the “hard” IRM on a carlterfeee basis (HIRNyomt CFB). In the
MCA section, HIRMoomt CFB has two pronounced peaks in Intervals 3 afeigure 4.9c),
which coincide with the MECO peak warming and thstgMECO recovery. We interpret the
increased hematite concentrations in Intervals @ 4rio be related to the presence of an
enhanced aeolian dust component similar to scengioposed for other Eocene sites
(Roberts et al., 2011; Larrasoafia et al., 2012).

Aeolian dust is a potential source for iron feztiliion of the ocean (Maher et al., 2010;
Roberts et al., 2011; Larrasoafa et al., 2012;etial., 2012). Roberts et al. (2011) reported
enhanced iron supply by aeolian dust in Eocenarsats (ODP Hole 738B) of the southern

Kerguelen Plateau (Indian Ocean), where a markedease in hematite concentrations
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coincided with a switch from oligotrophic to eutrep conditions. The interval with higher
hematite concentrations is also coincident withreased magnetofossil abundances. Roberts
et al. (2011) argued that iron input and increasganic carbon delivery to the seafloor were
the main factors that controlled the abundance afgmetotactic bacterial populations.
Likewise, in the MCA section the magnetic proxidsssically used to trace low-coercivity
magnetite (ARM CFB) and high-coercivity hematite IR goomt CFB) co-vary, which
indicates a concomitant increase in concentratfdsoth magnetic minerals in Intervals 3 and
4 (Figs. 4.2 and 4.9b, c). A significant fractiohtbbe magnetite in these intervals is due to
magnetofossils as recorded by FORC signatures ahattypical of non-interacting SD
magnetite (Figure 4.7). The same intervals are agdtarized by a marked increase in
eutrophic calcareous nannofossil taxa (Figure 4.84dyis, in the pelagic setting of the MCA
section, phytoplankton productivity was likely stilated by sea surface iron fertilization
produced by addition of iron-rich aeolian dust toface waters. This promoted enhanced
organic carbon export to deeper waters and bunidhe seafloor, which stimulated increased
magnetotactic biomineralization. The iron needed bBmmineralization by magnetotactic
bacteria is likely to have been provided by subakegenetic iron reduction that released
Fe* from the most reactive iron-bearing minerals. Thaiswultaneous delivery of enhanced
organic carbon, reactive iron-bearing aeolian gasticles and non-reactive aeolian hematite
particles to the seafloor would have released #isting limitation on key nutrients (carbon
and iron) for an existing, but small, population rmagnetotactic bacteria to produce the
observed magnetic signatures. In the MCA sectianfimd no sign of magnetofossils outside
Intervals 3 and 4 (Figures 4.7a-h), which suggdsist accumulation of magnetite
magnetofossils was strongly controlled by delivefyiron and carbon to the seafloor, as
suggested by Roberts et al. (2011), in associatitnthe MECO event.

4.6. Conclusion

An integrated high-resolution stable isotope, geadical, micropaleontological and
environmental magnetic analysis has been carriedwar a 14-m-thick interval of the Monte
Cagnero section (Umbria-Marche Basin), Italy, wharresponds to the 40.79-39.12 Ma

period around the Middle Eocene Climatic OptimunE@®D). Magnetic parameters indicate
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a concomitant increase of aeolian iron supply eafdrm of hematite, and a higher abundance
of magnetite magnetofossils produced by magnefotdicteria as indicated by FORC
diagrams that are typical of non-interacting SD neige between 63.2 and 65.5 msl. This
interval corresponds to peak MECO warming and ftermath. Intervals with enhanced
magnetofossil concentrations correspond to thoselitcch other proxies systematically point
to an increase in primary productivity, which waslably stimulated by increased aeolian
supply of detrital iron to surface ocean watersctSa scenario has been recently envisaged
for the PETM event (e.g. Chang et al., 2012; Lamaés et al., 2012), and we now confirm a
similar connection between magnetofossil abundamoe paleoproductivity through the
MECO event. It reinforces the connection betweepehermal climatic events and the
occurrence (or increased abundance) of magnettsfossirther work is needed to assess
whether the preserved inorganic remains of magaetot bacteria can provide a useful

paleoproductivity proxy in ancient carbonate seditae
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Chapter 5. An integrated stratigraphic record of the Paleocene-
lower Eocene at Gubbio (Italy): new insights into he early
Palaeogene hyperthermals and carbon isotope excunsis

5.1. Introduction

The long-term warming trend from the Palaeoceneutn the early Eocene, most
likely driven by a multimillion year rise in atmdsgric pCO, (Zachos et al., 2008), was
punctuated by a series of abrupt, but short-live8DQ ka) episodes of widespread warming.
These transient events, termed “hyperthermalshgifias et al., 2000), are associated with
major perturbations in the Earth’s carbon cycle,jamaecologically controlled biotic
turnovers, temporary shoaling of the lysocline aagbonate compensation depth (CCD)
inducing carbonate dissolution, and accelerateddbgdical cycle (e.g., Kennett and Stott,
1991; Zachos et al., 2001; Bralower et al., 200&gn@r et al., 2003; Bowen et al., 2006;
Sluijs et al., 2007; Quilléevéreé et al., 2008; Westdd et al., 2008; and references therein). So
far, at least four short episodes of global warnhiage been recognized in the early Eocene:
the largest of hyperthermals, the Palaeocene-Eoteaenal Maximum (PETM, or ETM1, ~
55.5 Ma) and three smaller warming events knowrthasEocene Thermal Maximum 2
(ETM2 or H1 or Elmo, ~53.7 Ma), the H2 (~53.6 Madahe Eocene Thermal Maximum 3
(ETM3 or K or X, ~52.5 Ma) (Kennett and Stott, 199homas and Zachos, 2000; Bralower
et al., 2002; Zachos et al., 2004, 2005, 2010; &osiet al., 2005; Nicolo et al., 2007; R6hl et
al., 2005, 2007; Agnini et al., 2009; Stap et 2D10a,b; Lunt et al., 2011). Available
information, albeit somewhat tentative, suggestst tbther brief episodes in the early
Palaeogene may also be characterized by elevatedwséace temperatures and negative
carbon isotope excursions (CIEs), and may be tberefonsidered suspected hyperthermals
(i.e., Thomas and Zachos, 2000; Thomas et al.,,2Z@W6; Cramer et al., 2003; Zachos et al.,
2004; ROl et al., 2005; Nicolo et al., 2007; Qaultré et al., 2008; Coccioni et al., 2010a;
Westerhold et al., 2011).

Accordingly, documentation of the early Palaeogdngerthermals is, as yet,

insufficient to assess their exact number, timidgration and magnitude of warming. In
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addition, although previous analysis and astronahtiming provide compelling evidence of
the timing of the hyperthermal series and theiatreh to orbital changes (e.g., Cramer et al.,
2003; Lourens et al., 2005; Westerhold et al., 2&€thos et al., 2010), it is not obvious
whether they share a common origin. The accutaeacterization of the stratigraphic record
and chronological framework encompassing the emsirges of documented and suspected
Palaeocene-early Eocene hyperthermals as wellya€ ) which may be proved to be an
hyperthermal, placing them in a proper temporaltexinof short- and longer-term variations
in climate and the carbon cycle is a fundament&rguuisite to ascertain their global

distribution and to resolve their origin and causgdtionships.

We present a high-resolution, integrated stratigi@p analysis, including
biostratigraphy based on calcareous nannofossdsf@maminifera, magnetostratigraphy and
environmental magnetism, wt.% Cag@nd bulk carbonate isotope records for the
Palaeocene—lower Eocene interval of the referemtagm succession in Contessa Valley
(Gubbio, Italy). With its complete and wellpresetvescord, this sedimentary succession of
the subtropical-tropical western Tethys Ocean mayige key data to: (1) establish a
complete and integrated stratigraphic frameworknatdle-low latitudes encompassing the
Danian—latest Ypresian interval from 6~5.5 to ~481&, (2) identify and well constrain the
signatures of the Palaeocene—early Eocene docuthantesuspected hyperthermals, as well
as of the CIEs from a magnetobiochronostratigrapbiat of view and (3) characterize their
features and compare them with those reported émp-dea cores and other land-based
sections to test whether the signature associaidd the CIEs documented in Contessa

Valley may give evidence for tracing them over wideeas.

5.2. Material and methods

A total of 907 bulk rock samples were collected-@tcm intervals corresponding to
~16 ka from the Contessa Highway (CHW) — ContessadRCR) composite section.
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5.2.1. Mineralogy, geochemistry and environmental agnetism

5.2.1.1. Calcium carbonate

Calcium carbonate analyses were performed on sidied and ten samples. The bulk
rock samples were reduced to fine powder in aneagairtar. Calcium carbonate content
measurements were obtained using a Dietrich—Fgildaicimeter. The method is based on
the measurement of GOvolume produced by the complete dissolution of-yesghted
samples (3001 mg each) in 10% vol. HCI. Total oadie contents (wt.% CaGOwere
computed with a precision of 1% using formulae tkete into account pressure and
temperature of the lab environment, amount of mdkiple used, and the volume of £O
developed in the calcimeter. Standards of purdwalcarbonate (i.e., Carrara Marble) were
measured every ten samples to ensure proper dadifora

5.2.1.2. Stable isotopes

Stable isotope analyses were conducted on eighiredrand eight bulk samples using
an automated continuous flow carbonate preparatiGasBenchll device (Spotl and
Vennemann, 2003) and a ThermoElectron Delta Plus m#&ss spectrometer in the
geochemistry laboratories at the IAMC—CNR InstitotdNaples. The acidification of samples
was performed at 50 °C. An internal standard (Garfdlarble with ®0=2.43 versus
Vienna Pee Dee Belemnite [VPDB] ani’C=2.43 versus VPDB) was run for every six
samples and for every thirty samples the NBS19rnateonal standard was measured.
Standard deviations of carbon and oxygen isotopgsarements were estimated at 0.1%. and
0.08%o, respectively, on the basis of replicate mesments of 20% of the analyzed samples.
All of the stable isotope data are reported in pdr (%0) relative to the VPDB standard.
Following Corfield et al. (1991), the Paleogene dhieasediments at CHW CR composite
section might be affected by diagenesis, and oxygetope values have, therefore, been

disregarded.
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5.2.1.3. Magnetic susceptibility

A total of eight hundred and thirty-nine sampleswaed for paleomagnetic analyses
in the magnetically shielded laboratory at thetusti Nazionale di Geofisica e Vulcanologia
(INGV), Rome. A range of rock magnetic measuremaerats used to investigate the magnetic
mineralogy throughout the studied section. The Idwld mass—specific magnetic

susceptibility (MS) was measured with a Kappabrifg&—2 magnetic susceptibility meter.

5.2.1.4. Environmental magnetism

Environmental magnetism was analyzed in eight heshdnd twenty-three samples.
These analyses were carried out at the Nationahi@ggaphy Centre Southampton (NOCS),
University of Southampton, UK. Artificial remanerscavere also measured, including the
anhysteretic remanent magnetization (ARM) impanted 100 mT AF, with a superimposed
0.05 mT direct current (DC) bias field, the isothat remanent magnetization (IRM)
imparted in a field of 0.9 T, and back field demaggization of the IRM at 0.1 T and 0.3 T.
These data were used to determine the Sratio (IfRIMIRMog7) and the hard isothermal
remanent magnetization (HIRM = [IRMr + IRM_o 31/2). Natural and artificial remanences
were measured using a 2G Enterprises automatedtipagsgh cryogenic magnetometer
(Model 755) with in line AF demagnetization capahbyl Environmental magnetic properties
(concentration, composition, and dimension of mégrgains) were defined by investigating
ARM, IRM and, from them, other indirect parametek&M magnetically excites only finer
magnetic minerals, while IRM excites all of thenorfcentration). Back field magnetizations
allow us to define HIRM and Sratio300, which giveaformation 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 follolslow degree: generally good
preservation of calcareous plankton and benthi@anfamifera; planktonic foraminiferal
fragments or partially dissolved tests (includinge@mens showing notable deterioration,
missing chambers and substantial breakage) <10fwlbmndance of benthic foraminifera (in
particular of agglutinans) or high values of plamkt to benthic (P/B) ratio; negligible
coccolith fragmentation and overgrowth 2) mediungrde: generally moderate preservation
of calcareous plankton and benthic foraminiferaangtonic foraminiferal fragments or
partially dissolved tests (including specimens shgwnotable deterioration, missing
chambers and substantial breakage) >10% to 50%;erated abundance of benthic
foraminifera (in particular of agglutinans) or meah values of the P/B ratio; moderate
coccolith fragmentation and overgrowth; 3) high rdeg generally poor to very poor
preservation of calcareous plankton and benthi@aniamifera; planktonic foraminiferal
fragments or partially dissolved tests (includinge@mens showing notable deterioration,
missing chambers and substantial breakage) >508h; &undance of benthic foraminifera
(in particular of agglutinans) or high values oé tR/B ratio; high percentages of coccolith

fragments and marked overgrowth and recrystalbpati

5.2.2. Biostratigraphy

5.2.2.1. Calcareous nannoplankton

Samples were prepared from unprocessed matersthaar slides and were examined
using a light microscope at 1250x magnification.eTbalcareous nannofossil standard
zonations of Martini (1971) and Okada and Bukry8@Pwere applied making additional

reference to the zonations of Romein (1979) andiPdrelsen (1985) for the Danian.

5.2.2.2. Foraminifera

Samples were treated following the cold acetolysehrtiique of Lirer (2000) by

sieving through a 32m mesh and drying at 50 °C.
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5.2.2.3. Planktonic foraminifera

The tropical to subtropical planktonic foraminifestandard zonations of Berggren
and Pearson (2005, 2006) and Wade et al. (2011 fe#owed with additional reference to
the earlier zonation of Berggren et al. (1995).

5.2.2.4. Benthic foraminifera

The benthic foraminiferal zonation of Berggren afitder (1989) was applied.

5.2.3. Magnetostratigraphy

Magnetostratigraphic data are after Lowrie et H08@), Galeotti et al. (2000, 2010).
For this work, a highly resolved magnetostratigrapiecord was constructed on 16 closely
spaced (ca. 35 cm, on average) samples from ther lpart of CHW section in order to refine
the base of Chron C29n and to identify for thet tirne Chron C28r in the Contessa Highway
section.

Paleomagnetic analyses were carried out within gneizcally shielded laboratory at
the Istituto Nazionale di Geofisica e Vulcanolo@lalGV), Rome. Natural and artificial
magnetic remanences were measured using a harre@ssagpass-through cryogenic
magnetometer (2-G Enterprises model 750R) withnea-AF demagnetization capability. One
sample from each stratigraphic level was AF dem@zge at successive peak fields of 5, 10,
15, 20, 25, 30, 40, 50, 60, 80, and 100 millite¢gtdl). Next, sister samples were thermally
demagnetized using a magnetically shielded Pyrexafte at 100, 200, 300, 330, 360, 400,
450, 500, 550, 600, 650, and 700 °C. The MS wassured after each heating step to
monitor for thermal alteration of the magnetic mals. Thermal and AF demagnetization

data were examined using orthogonal vector comgaiegrams (Zijderveld, 1967); best-fit
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lines for the progressive demagnetization data weraluated by principal component
analysis (Kirschvink, 1980). Magnetic polarity wiaterpreted after calculation of the virtual

geomagnetic polarity latitude following Cande anehK(1995).

5.3. Magnetobiochronologic remarks

All of the biostratigraphic markers that define te@andard zones and subzones
through the Paleocene early Eocene occur in thdyaed material (see also Coccioni et al.,
2010a). Our integrated biostratigraphic study ptesievidence that the CHW-CR composite
section is continuous and spans from planktoniarfoniferal Zones PO B to P9 and E1 to
E7a, and from calcareous nannofossil Zones andddelszNP1 to NP13 and CPla to CP11.
However, most likey due to stratigraphic condesatithe biostratigraphic interval
corresponding to Zone P@yembelitria cretaceaZzone) and characterized by the partial
range of the nominate taxon between the last oenoer of Cretaceous taxa and the first
occurrence oParvulorugoglobigerina eugubinavhich defines the base of the next Zowe P
(P. eugubinaZone), cannot recognized in the CHW section bexdhis species is already
present at the base of the studied section (Cocebral., 2010a). Accordingly, in our
biostratigraphy it is not possible to separate Zdh@ and 2, which, consequently, have been
combined. Moreover, specimens with ambiguous taxopodeatures have prevented the
confident identification of the lowest and the hegh occurrences dfeliolithus riedeliand
Tribrachiatus orthostylusthat define the bases of Zones NP8 and NP13, cteplky.
Consequently, it was not possible to differentidbmes NP7 and NP8 but, following Agnini
et al. (2006), we were able to confidently place WP12/NP13 zonal boundary at the lowest
occurrence (LO) obDictyococcites

Our high resolution stratigraphic framework enablasrefinement of the previous
calibration of the lower Paleogene geomagneticreale in Contessa Valley (Lowrie et al.,
1982; Galeotti et al., 2000, 2010) and of the Radeeearly Eocene
magnetobiochronostratigraphy in relation to therenir standard Geologic Polarity Time
Scale (GPTS04, Gradstein et al., 2004; and GTPS@g, et al., 2008). Some significant

mismatches among the GPTSs, the Cenozoic tropimakionic foraminiferal biostratigraphy
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by Wade et al. (2011) and our calcareous planktostiatigraphic framework are recognized,
which show the need to reassess the magnetobiadtratigraphic scheme of the current
standard GPTSs for the Paleocene early Eocenevaltleas has already been done for the
middle Eocene CHW section (Jovane et al., 2010palticular, according to this time scale
and Wade et al. (2011), the LO ®orozovella aragonensigP6b/P7 or E4/E5 zonal
boundary) lies in the lower Chron C23r. In the GRt®n this event is recognized in the
middle part of Chron C24n.3n. This remarkable mismmaleading to the LO of M.
aragonensis ~0.8 Myr younger than previously esgthaagrees well with previous findings
in the CHW and Bottaccione sections (Cresta efl8B9).

5.4. A new complete survey of the spatio—temporsirdbution of the
Palaeocene to early Eocene hyperthermals and CIEs

Our high-resolution magnetobiochronostratigraphr@amfework, along with the
magnetic and geochemical records provide an ef¥edbol for comparison with analogue
data from deep-sea cores and other land-basearseclihis has allowed us to identify and
well constrain hyperthermal events as well as Glitshe CHW-CR composite section
previously documented for the Palaeocene—early ipc@cluding Dan—C2, Lower C29n,
Top C27n (equivalent to CIE-DS1 and LDE), CIE-D8f& Early Late Palaeocene Event
(ELPE, equivalent to the Mid—Palaeocene Biotic EvBPBE), A, B1, B2, C1, C2, D1, D2,
PETM, E1, E2, F, G, H1, H2, 11, 12, J, K, L and EaEocene Climatic Optimum (EECO)
(e.g., Kennett and Stott, 1991; Zachos et al., 280alower et al., 2002; Cramer et al., 2003;
Bernaola et al., 2007; Arenillas et al., 2008; (@viéré et al., 2008; Westerhold et al., 2008,
2011; Youssef, 2009; Coccioni et al., 2010a; Sexbml., 2011; with references therein)
(Figure 5.1).
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Figure 5.1 Integrated high-resolution stratigraphic framenkoof the Palaeocene—early
Eocene CHW-CR composite section plotted againsbldison degree (DD), CaC{rontent,
3¢ and PO of bulk carbonate, magnetic susceptibility (M8 @nvironmental magnetism
(anhysteretic remanent magnetization, ARM; isotlan@manent magnetization, IRM; hard
isothermal remanent magnetization, HIRM; S-ratid@he correlation between the two
sections is based on biostratigraphic correlatidore precisely, it is tied to the lowest
occurrence of the planktonic foraminifera Morozéedngulata. The CHW CR composite
section starts at the Cretaceous/Palaeogene boyndathostratigraphy is from Galeotti et
al. (2000, 2010), Coccioni et al. (2010a) and thligidy. Chronostratigraphy (1,2) is
according to Aubry et al. (2007) and Ogg et al. 80 Magnetostratigraphy (3) is from
Lowrie et al. (1982), Galeotti et al. (2000, 20H0)d this study. Numerical ages (4) are from
Cande and Kent (1995) (stars) and Gradstein et(2004) (diamonds). Biostratigraphy is
based on planktonic foraminiferal Zones of Berggeeal. (1995) (5) and Wade et al. (2011)
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(6), calcareous nannofossil Zones of Martini (1977)) Okada and Bukry (1980) (8), Romein
(1979) (9) and Perch-Nielsen (1985) with the bladt marking the “B.? romeinii-barren

interval” Zone (10), and benthic foraminiferal Zanef Berggren and Miller (1989) (11). The
grey shaded areas mark the documented and susphygfetthermals, CIEs as well the

inferred Early Eocene Climatic Optimum (EECO).

In addition, we provide the first direct evidendeaonumber of negative CIEs, on the
order of 0.3%o to 0.8%o, associated with significdetreases in carbonate content and peaks
in magnetic susceptibility and magnetic paramegerserally linked to marly layers (Figure
5.1). We confidently interpret these abiotic vadas as the result of environmental
perturbations, which we termed the “Middle—Lowearidan Multiple Event” (“MLDME"),
“Middle C27n” (middle Danian), “Lower C26r” (l&& Danian), “Upper C26r-1" and
“Upper C26r-2" (late Selandian), “Selandian-Tham@n transition event” (“STTE"),
“Upper C26n” (early Thanetian), “F1” (early Ymsian) and “M”, “N”, “O”, “P” and
“Q” (middle Ypresian) (Figure 5.1).

The “MLDME” is in fact a discrete interval, ~2 Méong according to Cande and
Kent (1995) and Gradstein et al. (2004), whichudels 25 thin marly layers and spans part of
Chron C29n to Chron C27r. In terms of calcareoashktbn biostratigraphy, the “MLDME”
spans planktonic foraminiferal Zones Pla to Plc @aldareous nannofossil Zones NP2 to
NP4 and CP1b to CP3 (Figure 5.1). The “MLDME” rhigbe regarded as a series of CIEs
comparable to those of the early Danian suspecgpdrthermals Dan-C2 and Lower C29n
(Quillévéré et al., 2008; Coccioni et al., 2010a).

The “Middle C27r” CIE falls in the middle part o€hron C27r, at the planktonic
foraminiferal P1c/P2 zonal boundary and within tbever part of calcareous nannofossil
Zones NP4 and CP3. The “Lower C26r” CIE is fouimdthe lower part of Chron C26r, and
within the middle part of planktonic foraminiferdbne P3a and the middle part of calcareous
nannofossil Zones NP4 and CP3. The “Upper C26rahd “Upper C26r—2" CIEs occur in
the upper part of Chron C26r and within the loweart @f planktonic foraminiferal Zone P4b

and the middle part of calcareous nannofossil Zdies and CP4 (Figure 5.1).
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The “STTE” is an abrupt environmental disruptiement documented by pronounced
and complex changes in abundance and compositiaimeofforaminiferal and calcareous
nannofossil assemblages, intense carbonate disglarop in **C bulk carbonate and in
carbonate content accompanied by prominent peaksagnetic susceptibility recognized in
three discrete marly beds (Coccioni et al., 201Pmure 5.1), which according to Cande and
Kent (1995) and Gradstein et al. (2004) lasted 2b@nd is centred at ~58.3 Ma (Selandian—
Thanetian transition). This relatively long-lastiagent falls within the middle—lower part of
the planktonic foraminiferal Zone P4b and spansddleareous nannofossils Zones NP5 to
NP6 and CP4 to CP5 and Chrons C26r to C26n (Fi§ute The uppermost part of the
“STTE” would include the ELPE (Bralower et al.,082; Petrizzo, 2005) or the MPBE
(Bernaola et al., 2007), which would therefore Imeeopart of a more complex scenario
(Coccioni et al., 2010b) (Figure 5.1).

The “Upper C26n” CIE lies in the upper part of @nh C26n and within the upper
part of planktonic foraminiferal Zone P4b and thedfe part of calcareous nannofossil
Zones NP6 and CP5. The “F1” CIE, which comes jafier the F event of Cramer et al.
(2003), falls in the middle part of C24r and withire lower part of planktonic foraminiferal
Zone P6b, and the upper part of calcareous narsibitsnes NP10b and CP9a. The “M”,
“N”, “O”, “P” and “Q” CIEs are found from t he lower part of Chron C23r.2r to the lower
part of Chron C23n.2n and within the middle parpteEnktonic foraminiferal Zones P7-P9
and E5, and the middle-lower part of calcareoushofossil Zones NP12 and CP10 (Figure
5.1).

Moreover, we are able to infer the stratigraphisifgon and timing of the EECO in the
CHW-CR composite section by recognizing the disitnec sequence of calcareous
nannofossil events as that provided by Agnini et(2006). A progressive decrease in the
abundance oPrinsiales (hamely Toweiu$ and low percentages d@iscoaster which are
correlative to the ®0 decreasing trend leading to the EECO, are fsseoved at ~55 metre
stratigraphic level (msl) (Figure 5.1). Next, tbéscoaster Acmeand the virtual absence of
Prinsiales (Toweiu3, which are correlative to the EECG°0O minima as recognized by
Zachos et al. (2001), occur between ~57.5 and 6&btogether with an increase in the
abundance of the warm-water taaccolithus pelagicuandEricsonia formosaJust before

the end of thd®iscoaster Acmethe early entry of thBictyococcites Reticulofenestrgroup
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(Noelaerhabdacedewhich is broadly correlative to the onset of th&0 increasing trend as
recognized by Zachos et al. (2001), is found. Bmahn increasing abundance of
Dictyococcites Reticulofenestraand low percentages d@discoasterare recognized. The
EECO, confidently placed in correspondence toDlseoaster Acmespans the upper part of
planktonic foraminiferal Zones E5 to the top of B6d the calcareous nannofossil Zones
NP12 to NP13 and CP10 to CP11 (Figure 5.2). In eagemt with Westerhold and R&hl
(2009), this event spans from the lower part ofddH£23n.2n to the lowermost part of Chron
C22r (Figure 5.1). Following the age calibratiorddahe duration of geomagnetic reversal of
Cande and Kent (1995) and Gradstein et al. (2@Bé)EECO in our composite section would
have a duration estimated at ~0.90 Ma or ~1.08édpectively.

Figure 5.2 Quantitative nannofossil distribution of key tap#tted against the integrated
high resolution stratigraphy of the CHW—-CR compasgection. The gray shaded area marks
the inferred stratigraphic position of the Early &me Climatic Optimum (EECO).

We also provide the first direct evidence in theh/e Ocean of CIEs A, B1, B2, C1,
C2,D1, D2, E1, E2, F, G and L (Figure 5.1), presly identified in the Pacific, Atlantic and
Southern Oceans (Cramer et al., 2003; Zachos et2800), highlighting the global
significance thereof. In addition, we confirm thegional nature of CIE-DS2 (Figure 5.1),

previously recognized in the Tethyan area by Atagiét al. (2008) and Youssef (2009).
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However, given the sampling resolution, it is likéhat the carbon isotope record is a
highly aliased record of orbital scale cyclicitytime *°C. Accordingly, the identification of

the CIEs is here presented as a model rather tharfianly established isotope stratigraphy.

Our data confirm that carbonate dissolution in thestern Tethys during the
Palaeocene—early Eocene was extremely severe BEfTEI. An enhanced dissolution, which
is probably linked to prominent shoaling of thedgkne and CCD, is also documented here
through the “STTE” and the stratigraphic intervebm hyperthermals H1 to K (early
Ypresian) when, interestingly, the atmospheric,@€ached its highest levels (Zachos et al.,
2008) (Figure 5.1).

5.5. Conclusion and perspectives on magnetic minegg studies

This study shows that the CHW-CR composite sedfters a unique, complete and
integrated record for the Palaeocene to early Eogeterval, thus providing a reference
succession also for insight into the magnetobiarbstratigraphy and the magnitude of early

Palaeogene hyperthermals and CIEs.

Some of these hyperthermal events have been atbcia the presence of
magnetofossils, identified directly from microscombservations (TEM) (Schumann et al.,
2008; Chang et al., 2012) or indirectly by theirgmetic properties (Larassoafia et al., 2012).
These findings calls for a common origin for thergase in magnetotactic bacteria activity
and the rapid increase in global temperatures reithgypical hyperthermals, like the PETM,
or in other high-temperature ‘anomalous’ eventshsas the MECO. We have now started a

systematic work on the magnetic properties of thRAVGCR to test this hypothesis.
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Chapter 6. Middle Eocene to early Oligocene
magnetostratigraphy of ODP Hole 711A (Leg 115), wésrn
equatorial Indian Ocean

6.1. Introduction

Ocean Drilling Program (ODP) Leg 115 in the westeguatorial Indian Ocean was
designed to study the Cenozoic evolution of theriRguhotspot and Neogene sedimentation
and dissolution history in the Indian Ocean Bagr(can et al., 1990). The main objective
for coring at Site 711 was to obtain a complete dée@ sediment sequence to study time
dependent vertical changes in the position of thkeite compensation depth (CCD) and
variability of carbonate preservation within thélstsocline transition zone (Backman et al.,
1988). Moreover, development of accurate age maoslets to be provided by a combination
of bio and magnetostratigraphy (Backman et al. 81980le 711A is located at a water depth
at 4430 m on Madingley Rise (Figure 6.1A); a 25@kmk sedimentary section was
recovered. Sediments from Hole 711A span the timiog between the Pleistocene and
middle Eocene. Paleodepth estimates for the sittngluhe middle Eocene and early
Oligocene interval (50-30 Ma) is approximately 3480at 42 Ma and 3750 at 30 Ma
(Peterson and Backman, 1990).

Previous paleomagnetic studies from the Oligoceterval of Hole 711A (Schneider
and Kent, 1990a; Touchard et al., 2003) indicated the sediments retain a good record of
the Earth’s past magnetic field; however, the matiion data appear scattered because of
magnetic overprints associated with the coring @sses (e.g., Roberts et al., 1996; Fuller et
al., 1998; Acton et al., 2002). Schneider and K&80B0) studied the magnetostratigraphy of
Hole 711A down to the top of Chron C9n, recognizing magnetostratigraphic Chrons C18
and C19 based on nannofossil Zone CP19. Touchaatl €003) obtained a implemented
magnetostratigraphy from 214 samples that spanhedséction between 98.8 and 157.38
mbsf, which corresponded to the time interval fréhron 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 timberval for paleoclimate and
paleoceanography evolution. Deep-sea oxygen armbieastable isotope records (e.g. Miller
et al., 1991; Zachos et al., 2001, 2008) indicdtat tthe climate system experienced
progressive high-latitude cooling since the Earbcéne Climatic Optimum (EECO, ~50-52
Ma), which culminated in the oxygen isotopic (Oiekcursion (~34 Ma; Miller et al., 1991).
Superimposed on this long-term cooling trend anenatic instabilities associated with
warming (e.g., Bohaty and Zachos, 2003; Jované. ,e2@07; Bohaty et al., 2009; Sexton et
al., 2011) and cooling events (e.g., Tripati ef a005). The largest warming event is the
middle Eocene Climatic Optimum (MECO) (Bohaty anaclos, 2003; Jovane et al., 2007,
Luciani et al., 2010; Spofforth et al., 2010; Edgaal., 2010), which is interpreted as a global
warming event by Bohaty et al. (2009). The MECOn¢ve characterized by a progressive
long-term increase (~1.0%o) in benthic foraminiferafC values in several sites in the
southern Ocean. This long-term trend began at ~¥&and ended at ~39.6 Ma (Bohaty et
al., 2009). The large negativ&’O shift at 40 Ma from several sites indicates M&CO was
a global warming event (Bohaty et al., 2009). Bijlal., 2010 reconstructed th€0, and sea
surface temperatures (SST) during the MECO sugggativarming of ~5°C of the SST.

The Oi-1 event at the Eocene-Oligocene boundaryan@gotal event in the shift from
greenhouse to icehouse climate state. The Oi-1tevas associated with an abrupt stepwise
onset of Antarctic glaciation with global shifts distribution of marine biogenic sediments,
an overall increase in ocean fertility, a majoria the CCD, and an onset of Atlantic
thermohaline circulation (e.g., Coxall et al., 20@oxall and Wilson, 2011). The Oi-1
cooling event was associated with an abrupt iner¢as.5%o) in benthic foraminiferaf:°0
values, which is attributed to development of ibeets on Antarctica, which grew t®&0%
near present day (e.g., Shackleton and Kennet§;10a@xall et al., 2005). Variations in the
Earth’s climate system are caused by changes @nodeculation due to opening of Southern
Ocean gateways (e.g., Kennett, 1977; Lyle et @D/, reduction of atmospheric greenhouse
gases (DeConto and Pollard, 2003; Pagani et d@5;2@erico et al., 2008; Liu et al., 2009),
superimposed orbital forcing (Coxall et al., 20@5)d closure of the Neo-Tethys ocean

gateway at ~35 Ma (late Eocene) (e.g., Allen anaigtrong, 2008; Jovane et al., 2009).

In order to identify and provide new insight inteetmajor Eocene and Oligocene

climatic events, we developed a integrated higbluti®n age model for Hole 711A. The
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middle Eocene-to-lower Oligocene interval is wepresented in sediments form this hole,
and in this paper, we present new high-resoluticegmetostratigraphy for this section.
Previously published biostratigraphic results (Gkad990) from this site are used to
constrain the correlation to the GPTS (Table 6Magnetostratigraphic results have been
previously reported for Hole 711A by Schneider &moht (1990) and Touchard et al. (2003).
However, these earlier studies do not cover theefquart of the section due to the proximity
of the site to the equator and the difficulty eri®d in obtaining polarity data from these
azimuthally-unoriented samples. Our new resultsmfrédole 711A have important
implications for identification and dating globdincate 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 equat Indian Ocean. (B)
Paleogeographic reconstruction showing locatiorO®dP site 711 at 40 Ma. The maps were

generated from the Ocean Drilling Stratigraphic etk (GEOMAR, Kiel, Germany).
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6.2. Methods

Measurements were carried out in the paleomagretioratory of the National
Oceanography Centre Southampton (NOCS), University Southampton, UK. All
measurements were made using a 2G-—Enterprisescenpecting quantum interference
device (SQUID) magnetometer (model 755R). To mimenisources of noise, the
magnetometer is situated in a magnetically shielded, which reduces the intensity of the
ambient magnetic field. The sensitivity of the raghtent corresponds to a rock magnetization
of ~10° A/m. We measured the low—field mass magnetic uixkty (!) of all samples
using a KLY—-4 Kappabridge (Agico Ltd.), prior to asirement of the natural remanent
magnetization (NRM).

In order to recognize and remove secondary NRM acorapts we use alternating field
(AF) demagnetization to isolate the characteristimanent magnetization (ChRM). This
process effectively randomizes the magnetizatiograins with coercivities below the peak
AF intensity, which allows the remanence of higlkeercivity grains to be isolated. The
NRM of all samples from the Hole 711A was measuafigér progressive stepwise AF
demagnetization at 5, 10, 15, 20, 25, 30, 35, 8050, 60, 70, and 80 milliTesla (mT).

In order to display stepwise demagnetization da&yuse vector component diagrams
(Zijderveld, 1967; Dunlop, 1979). The ChRM directizvere determined using stereographic
projections, orthogonal and demagnetizing intenglbts of stepwise demagnetization data,
allowing the various remanence components that mgkethe NRM to be separately
identified. The directions of these different coments are then calculated using principal
component analysis (Kirschvink, 1980). This methamhlyses the best-fit line through
straight-line, single component line. This linearitan be assessed by calculating the
maximum angular derivation (MAD). A good line fi$ indicated by a MAD <15°. This
method is only valid where linear components of deenagnetization path can be isolated.
Principal component analyses were analyzed usiegé#teomagnetic data software package
REMASOFT 3.0 (Chadima and Hrouda, 2006).

The rock-magnetic measurements consisted of hgstetarves and IRM (isothermal

remanence magnetization) performed at room temperatising a vibrating sample
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magnetometer (VSM MicroMagTM 3900) and a Pulse Mdiger (MMPM-9) at the
National Oceanography Centre Southampton (NOCS)ydwsity of Southampton, UK.
Hysteresis loops were measured in maximum fieltl ®fand average time 500 ms. The rock
samples were placed in progressively fields the IRgreasing to a maximum value of

saturation (SIRM), in a maximum field of 1.5 T.

Furthermore, environmental magnetism and FORC dmgrwere performad for
investigate the variation of the magnetic minerglogugh the section. We used the same
methodology mensioned in the section 4.4.3 for MggAtion.

6.3. Results

6.3.1. Paleomagnetic polarity zonation

A total of 375 discrete samples were analyzedguie SQUID magnetometer. Of the
375 analyzed samples, 248 (66%) had no reliablenetagdirections (MAD 15°) after AF
demagnetization. The others 127 samples (34%) ajisdl stable paleomagnetic behavior
upon stepwise AF demagnetization (Figure 6.2). TidRM directions with MAD&15°
display normal and reverse polarities defining agnedic polarity zonation. In particular,
several samples have inclination values that aternrediate between normal and reverse
directions. For azimuthally-unoriented samples freadimentary rocks that formed in low-
latitudes, determining the polarity of sedimentamits may be difficult. The polarity
ambiguity arises because the samples are azimydlnadriented, the declination cannot be
used to determine polarity; the inclination is &halnear the equator, the angular distance
between reversed and normal polarity inclinati@snall; and the paleomagnetic inclinations
from any samples will have some degree of disperabimut their mean inclination, it is likely
that when the mean inclination is shallow, the §the inclination will not be indicative of
the polarity (e.g., McFadden and Reid, 1982; Cad @ordon, 1984). In our case, only two
samples (163.7 and 193.7 mbsf) present inclinatless than 10 degrees. The sign of the
inclination of these two samples cannot be used @efinitive estimate of magnetic polarity.

The samples with MAD values15° were discarded. Some of them were showing low
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intensity due to low magnetic concentration theeathcan be interpreted as drilling-induced

overprint.

Figure 6.2 Orthogonal and vector component diagrams (witlmnmadized intensity decay

plots) for alternating field (AF) demagnetizatioatd for six representative specimens from
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the Hole 711A. Open circles indicate projectionsoathe vertical plane, and full black circles
indicate projections onto the horizontal plane.

Figure 6.3 illustrates the lithologic units of tmeiddle Eocene-lower Oligocene
sedimentary interval of Hole 711A. The abundanced @reservation of the calcareous
nannofossils varies from whole dissolved to modeedtHole 711A (Backman et al., 1988;
Okada, 1990; Wei et al., 1992). The NRM demagnetimgpaths of the 375 samples from
Hole 711A have considerable variations that anebated to the relatively low intensity of
magnetizations (5.23xT0to 1.77x10" A/m with an arithmetic average of 5.27<1@/m)
(Figure 6.3). Several samples are characterizelaidiy NRM intensity, which are associated
with dished lithologies (186.92 and 187.01 mbs#f)g( very dark grayish brown clay-bearing
radiolarian ooze). Arithmetic mean directions we@nputed separately for normal and
reverse polarity populations and calculated follogviJovane et al. (2008). The normal
polarity samples have an arithmetic mean inclimatid 29.0° (N = 59#95 = 2.5) and the
reverse polarity samples have an arithmetic mealmation of -30.7° (N = 37#95 = 2.6).
These values show that our magnetostratigraphiordepasses the reversal test. Our
interpretation was compared with predicted pal@&oldés of the site 711A according to the
absolute plate motion model based on fixed Afribatspots (e.g., Duncan, 1981; Kidd et al.,
1992). Based on these mean directions, the céécllmean paleolatitude of Hole 711A is
16° S. However, based on the reconstructed positidtiole 711A (see Figure 6.1B), the 40
Ma paleolatitude would be 9.5° S, and the expeatetination would be 19 degrees. The
observed mean inclination is approximately 10 degsteeper than the expected inclination.
These inclinations are steeper than the preseng@agentric axial dipole inclination and it is
attributed to three systematic error sources: neetifacalculating the mean inclination, drift
of the hotspots, and a large non-dipole field (®other and Kent, 1990). This result is
compatible with previous paleoreconstructions fog Eocene-Oligocene period (Schneider
and Kent, 1990; Royer and Coffin, 1992; Zachod.etl892). However, our mean inclination
Is steeper than expected (according to the fixedpod models), and that this could be due to
some unresolved combination of unaccounted for anotif the plate, long-term non-dipole
fields, or effects of hotspot motion on the plaitewit models (Schneider and Kent, 1990b).

Based on paleocenographic and paleomagnetic rebara@sbeen reconstructing the globally

106



tectonic implications of the Site 711. The drileshas moved northward since the formation
these sediments approximately 600 km.

Figure 6.3. Detailed lithostratigraphic column for ODP Hole ZA in the interval between
120 and 200 mbsf. The second column shows thestlittigraphic units as defined in
shipboard work (Backman et al., 1988), includingitUl (nannofossil oozes, clay-bearing
nannofossil oozes, clay-bearing nannofossil chadkg) Unit 1V (distinguished from unit Il
by the consistent occurrence of radiolarians). Tthéd panel shows the stratigraphic
variations of intensity and fourth panel shows thelination of the natural remanent
magnetization (NRM).
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The magnetic polarity record of the studied paorted Hole 711A can be subdivided
into fourteen magnetozones (Figure 6.4). The magoekes are defined as intervals with
multiple, consecutive samples with polarities theg distinctly different from neighboring
intervals. In only one case, at 142.23 mbsf, thepda has polarity opposite of the rest of the

magnetozone, but it is not used to determine theripyp

Figure 6.4. Core number (left), core recovery (gray bars), aradiations in the declination
and inclination in Hole 711. The magnetostratigrapimterpretation is show on the right
side, which is constrained by the nannofossil batgjraphy of Okada (1990). Nannofossil
zones, using the zonal of both Okada and BuckyOj1@§ Martini (1971) (B), are defined in
the section. Inclination values steeper than 10rele@re black while values below 10 degree

are grey points.
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6.3.2. Rock magnetic properties

Isothermal remanent magnetization (IRM) acquisittmves were obtained for five
representative samples of Hole 711A at fields ud.® T (Figure 6.5). IRM acquisition
experiments indicated that saturation magnetizafds) occur at field comprised between
60-80 mT, which typifies low- to medium coercivitgmanence carrier such as magnetite
and/or titanomagnetite (Ti—poor magnetite) (e.gnPp and Ozdemir, 1997). These results
confirm previous published results from the lowelig@cene section of the Hole 711A
(Touchard et al., 2003). The presence of a low-ebagr mineral is also confirmed from the

rapid decrease in intensity of remanence duringl@&fagnetization (Figure 6.2).

Figure 6.5.1sothermal remanent acquisition curves for fivpresentative samples within the

ODP Hole 711A study section (normalized intensigsapplied magnetic field).

Hysteresis cycles for the twenty representativeptesnalong of the eighty meters of
section show a low coercivity behavior (Figure 6.6#hich is most likely indicated of the
presence of magnetite and/or titanomagnetite (Bgnjop and Ozdemir, 1997; Krasa et al.,
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2011). The hysteresis standard parameters likesktaration remanent magnetization (Mrs),
coercive force (Hc), and coercivity of remanencerftare combined as ratio and approaching
pseudo-single domain (PSD) values. Magnetic hysitedata (Figure 6.6A) are characterized
by stably magnetized samples that have moderatéHEId.74—2.10) and Mrs/Ms (2.61—

3.61). Hysteresis ratios for samples from 711A catk a pseudo-single domain (PSD)
assemblage (Figure 6.6B) (Day et al., 1977) wite ttominance of magnetite and/or

titanomagnetite particles (e.g. Dunlop and Ozdeh€87).

Figure 6.6.(A) Hysteresis curves for two representative sasiiom Hole 711A indicating a
similar magnetic behavior (low-coercivity behavionagnetite and/or titanomagnetite). (B)
Mrs/Ms versus Hcr/Hc plot for sediments from thdeHGl1A. The magnetic grain size show

a pseudo-single domain particles.

6.3.3. Biostratigraphy

In order to obtain a high-resolution integrated agedel, magnetostratigraphic data
need to be combined with biostratigraphic daturthensame interval. Okada (1990) and Wei
et al. (1992) conducted a biostratigraphic invediogn on the Paleogene interval of the Site
711, studying calcareous nannofossil using biozafégartini (1971) and Okada and Bukry
(1980) (Figure 6.4).
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The base of the studied section (198.1 mbsf), whafines the Zone CP14a, near the
CP13c-CP14a zonal boundary of Okada and Bukry (188iciding with the lower part of
the Zone NP16-17 of Martini (1971), was charactstidy the first occurrence (FO) of
Reticulofenestra umbilicé€Okada, 1990) (Table 6.1). The FOQittyococcites scrippsaeat
188.49 mbsf occurs approximately in the CP14a-CRit4bkada and Bukry (1980), which is
defined by last occurrence (LO) dThiasmolithus solitus(192.1 mbsf). The LO of
Chiasmolithus grand$177.22 mbsf) occurs near the CP14b-CP15a zonatdasy of and
NP18-NP20. The FO ofsthmolithus recurvog163.12 mbsf) and the LO ddiscoaster
barbadiensisoccur approximately at CP15a-CP15b boundary antb@fP16ab boundary,
respectively. The CP16ab-CP16¢c zonal boundary mracherized by LO ofEricsonia
formosa(151.2 mbsf). The LO oReticulofenestra umbilicavhich marks the CP16¢c-CP17
zonal boundary, occur at 140 mbsf. The FCGsphenolithus distenty(425.8 mbsf) occusr in
the CP17 and NP23.

Table 6.1 Calcareous nannofossil events and interpretabbrChrons boundaries for the
Hole 711A. Calcareous nannofossil zonations of dewet al. (2010) (1) and Berggren et al.
(1995) (3) and references therein. Magnetochrorsdgam Gee and Kent (2007) (2).

Calcareous nannofossil events and chrons boundari@epth (mbsf) Age (Ma)

FO Reticulofenestra umbilica 198.1 42.67 (C20n) (1)
C20n/C19r 197.3 42.356 (2)
C19r/C19n 1935 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)
Ci18n/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)
Ci13n/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 timescale

In this work, we present a new magnetic polarityord between 123.93 and 198.91
mbsf of Hole 711A. We recognize fourteen magnetesom the middle Eocene-lower
Oligocene interval following the published biosigeaphic of Okada (1990) (C12n-C20n;
Figure 6.4). The new interpretation of the magnettarity pattern provides a correlation
with geomagnetic polarity time scale (GPTS) of @ad Kent (2007) and Jovane et al. (2010)
between the top of Chron C12r (30.939-33.058 Ma) twe top of Chron C20n (42.536—
43.789 Ma) (Figure 6.7). From 160 to 120 mbsf (l&ecene to early Oligocene) our
interpretation is in good agreement with previousgnetostratigraphic results reported for
Hole 711A (Touchard et al., 2003). However, beld® inbsf our interpretation is completely

new spanning approximately 8 myr.

Our new age interpretation following ages of Gee ldant (2007) differs significantly
of previously published data collected during thgpsoard work (Backman et al., 1988) as
well as subsequent works (Okada, 1990; Rio efl@B0; Schneider and Kent, 1990). We use
the GPTS of Gee and Kent (2007) and Jovane e2@l0) — use of the Gradstein et al (2004)
GPTS results in small changes in (less than 1 aniljiears) in the age-depth relationships,

and minor changes in the calculated sedimentatittnaf the section (see Figure 6.8 and 6.9).
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Figure 6.7. Inclination of ChRM and age versus depth plohwebrrelation of the ODP Hole
711A polarity zonation to the geomagnetic polatitye scale of Gee and Kent (2007) and
Jovane et al. (2010). Inclination values steepantfhO degree are black while values below
10 degree are grey points and limited by dashegkliCalcareous nannofossil and planktonic
foraminiferal datums are used to constrain the riptetation. The biostratigraphic events
from Okada (1990) are based on the calcareous nfmssd zonal schemes of Martini (1971)
and Okada and Bukry (1980). The gray bars in thengggnetic polarity zonation represent
the uncertainties in the definition of polarity zdion in relationship with GPTS.
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Figure 6.8 Estimated ages of Peterson and Backman (199@)pnate concentration data,
and the calculated mass accumulation rates (MABTgkyr) for the middle Eocene to lower
Oligocene interval of ODP Hole 711A between 120 20@ mbstf.

Figure 6.9 Compilation of carbonate concentration and massuanulation rates data from
Peterson and Backman (1990) and paleomagnetic ukd in this study.
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6.4.2. Age-Depth Model

With the aim of perform a new age model we coregldhe twelve magnetozones with
GPTS (Gee and Kent, 2007; Jovane et al., 2010)cdrstrain the magnetostratigraphic
interpretation for the interval between 123.93 ab@B.91 mbsf, we use nannofossil
stratigraphy presented by Okada (1990). Overall timeear correlation between
magnetostratigraphy and biostratigraphy for Hol@A/ {Figure 6.7) show small uncertainties.

The age-depth curve for the middle Eocene to tieeddOligocene interval of Hole
711A is presented in Figure 6.7. The resulting reeditation rates are relatively uniform and
are consistent with biostratigraphic datum. Theraye sedimentation rate for the interval
between 197.43 mbsf (base of Chron C19r) and 130B4f (top of Chron C12r) is 6.22
m/myr (0.622 cm/kyr) (Figure 6.10).

Figure 6.1Q Variation in sedimentation rate along the Middicene-early Oligocene
interval are shown as linear interpolation betwettie chron’s boundary at Site 711. The
average sedimentation rate is 6.22 m/myr. Ageoisifthe Gee and Kent (2007) and Jovane et
al. (2010) and depths are the meters below seafimdsf).
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The new age model obtained in this study improves tating of the bio-
chronostratigraphical events during Eocene-Oligegeeriod. In this study we show that the
Eocene-Oligocene boundary is placed approximatgly 81a (~155 mbsf), at the top of the
Chron C13r, which is in agreement with Touchardle{2003) and Jovane et al. (2006). Hole
711A represents the most complete and least dedugmleomagnetic record from the
northern Indian Ocean for the interval between frtme middle Eocene to the early
Oligocene. The defined age model for this sectidhaow further development of Eocene-
Oligocene paleoceanographic records at this site miiable age constraints. In particular,
we are now able to define the Chrons C18n and @ilBlole 711A, which span the interval
of the MECO event (Bohaty and Zachos, 2003; Joeam, 2007; Bohaty et al., 2009; Edgar
et al., 2010). We observe a decrease of the sethti@nrates along the Chron C18n, which
can be easily related to the carbonate concentraida for the same interval (Peterson and
Backman, 1990) showing that in this interval thésea decrease in carbonate mass
accumulation rates (MARs) (Bohaty et al., 2009). \Wlso observe an increase in
sedimentation rates along Chrons 13n and 12r, wikicitributed to deepening of the CCD
(Coxall et al., 2005; Katz et al., 2008).

6.5. Magnetic fingerprinting of the MECO event

CaCQ data previously published by Bohaty et al. (20@@)cate a rapid shifts from
high carbonate content (around 90 wt%) before ditet he MECO event to very low
carbonate contents (around zero) at its peak (83618 and 6.9). The site 711A also records
a distinct drop in carbonate MARs at 40.0 Ma. Bgledtal. (2009) suggest that a shoaling of
the CCD at the peak of the MECO event resultstota loss of the carbonate at the studied

sections.

Environmental magnetic parameters for 310 samplre obtained at NOCS for the
70 m-thick interval of the Hole 711A (Figure 6.1Magnetic susceptibility varies between
11.67 and 184.5 x 10SI (Figure 6.11). A strong peak in the magnetiscsptibility is

observed between ~180-190 mbsf, which is coincideith the MECO event. Magnetic
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susceptibility is modulated by amount, but also thg grain size of ferromagnetic and
ferrimagnetic materials in the sediments (e.g.,/Svand Heller, 2003). In the same interval, a
pronounced peak in the ARM data is observed. Irtrat;1to the magnetic susceptibility,
which is a bulk measurement influenced by all mégnfactions and the paramagnetic
matrix, the ARM is controlled only by the finest gmetic minerals (frequently SD grains).
The ARM is thus a powerfull proxy for the concetita of fine magnetite (e.qg., originated
by eolian, biogenic, and impactoclastic proces@as)et al., 2012). The ARM/IRNbomtratio
shows a small increase during the MECO intervalicanting an increase in magnetic grain
size. HIRM values oscilate between 0.0006 and R@9/n along the studied section. This
variation is very low and reflect the homogeneifytite magnetic mineral types across the
section. This is corroborated by the S-ratio theies in a narrow range between 0.96 and 1

consistent with the dominance of magnetite befdueing, and after the the MECO event.

Figure 6.11 Down-core variations in environmental magnetisarameters across the
Eocene-Oligocene at ODP Hole 711A.
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The magnetic record of the ODP Hole 711A congragth that of the Monte Cagnero
section, where magnetic and hematite were obsqiseel Chapter 4), with a characteristic
increase in hematite at the MECO peak as evidehygedl distinctive incerase in HIRM. In
ODP Hole 711A the HIRM does not show any significpeak coincident with the MECO
interval. Hence, in this site the peak in magnetigperties at the MECO must be almost
exclusively related to fine-grained magnetite. Buthis magnetite related to magnetossomes?
Recent data by Chang et al. (2012) posetively anghis question. Using transmission
electron microscopy they reported giant bullet-gthpagnetite crystals (Figure 6.12) from
ODP Hole 711A at the Middle Eocene Climatic Optim(td0 Ma). Their results indicate a
more widespread geographic, environmental, and deahp distribution of giant
magnetofossils in the geological record with a litak “hyperthermal” events. They also
suggest that enhanced global weathering during rihygenals, and expanded suboxic
diagenetic environments, probably provided more avadable iron that enabled
biomineralization of giant magnetofossils. Buthistcase, the evidence for hematite dust and
consequently of its potential as iron fertilizemsich weaker than in other sections.

Figure 6.12 Transmission electron microscopy images of giatiet-shaped magnetofossils
during the MECO event extracted from Hole 711A (@8/mbsf). Arrows indicate the giant
bullet-shaped magnetites. The thinlayer surroundimgmagnetite is amorphous silica (After
Chang et al., 2012).
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We performed FORC diagrams for samples from theesaterval analyzed by Chang
et al. (2012) in order to confirm the typical magoesignal of the magnetossomes (Roberts et
al., 2000; Egli et al., 2010). FORC distributions these samples are nearly identical to those
of the MCA samples at the MECO interval (Figure3.Irhese results further reinforce the
widespread occurrence of magnetofossils througtioeitMECO event, suggesting a link
between the warming event and the increase in @noedof magnetotactic bacteria. Thereby,
as previously proposed for the MCA section, thedase in magnetossome production may
be related to enhanced global weathering and exghidboxic diagenetic zones within
sediments, providing more bioavailable iron to gelamarine environments, which eased a
key limiting factor for magnetite biomineralizatiaand enabled growth of magnetofossils.
The absence (or low-content) of hematite in ODPeHHL 1A may suggest that in this case,
local iron fertilization was not a necessary ingeatl for magnetotactic blooming.
Alternatively, it may also result from the completensumption of this mineral for

magnetossome production.

Figure 6.13 Representative FORC diagram for a sample at B#bsf during the MECO
event in ODP Hole 711A. FORC diagram indicate thespnce of magnetostatically non-
interacting SD magnetic particle assemblages tha¢ dypical of intact magnetite
magnetofossil chains.

6.6. Conclusions

We present a new magnetostratigraphic record atefined age model for the middle

Eocene-lower Oligocene interval of Indian Ocean OD®le 711A. The new
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magnetostratigraphic results are integrated withlipied biostratigraphic results, and the
integrated magnetozones are correlated to Chro8s ©1C12r, (~42.5 and 30.9 Ma). Our
magnetostratigraphy provides the basis for furihgrovement based on cyclostratigraphy

and astrochronology.

Isothermal remanence curves and hysteresis curvegdp information on the
magnetic mineralogy of the Hole 711A. The primarggmetic mineral carrier in pelagic
sediments at this site is interpreted to be (tifaragnetite. Similar magnetic properties are
observed throughout the study section.

Using our newly-developed age-depth model for tloeeBe-Oligocene section of
Hole 711A, it will be possible to document paleouwsgraphic variability within the middle
Eocene-early Oligocene interval at this site. Thedhe-Oligocene transition and the MECO

event, in particular, are present within continusestions.

Our data indicate a decrease in the sedimentadit@s @t site 711 during the MECO
event which may be related to the CCD shoalingreteby Bohaty et al. (2009). In contrast,
a considerable increase in the sedimentation nateglthe Eocene-Oligocene transition is
also observed in our magnetostratrigraphic datas Phriod is characterized by an abrupt
stepwise onset of Antarctic glaciations, with a enajeepening in the calcite compensation
depth (CCD) (Coxall et al., 2005).

In addition to the previous report of magnetofassil the ODP Hole 711A (Chang et
al., 2012), we have identified the presence of ratigally non-interacting SD magnetic
particles using FORC diagrams. Thereby, enhanceabagl weathering during warm
climateseems to be responsible for enhanced maggoete production worldwide. This may
be related to the expansion of suboxic diagenetinez within sediments, potentially
providing in the pelagic marine environments magatbailable iron, which is a key limiting
factor for magnetite biomineralization (Robertskt 2011, Larrasoafa et al., 2012, Chang et
al., 2012).
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7. Conclusions and Perspectives

This thesis provides new insights into the magnedatgraphy and paleoclimate
fatures under the Peleogene period in the Neo-Settgim at the Umbria-Marche basin and
the Indian Ocean. High-resolution integrated sgraphy is used to stablish a robust temporal
framework to correlate sections at inter-regiort@les, and to unravel paleoceanographic and

paleoclimatic signatures at the million years tsoale. The main findings are:

The Monte Cagnero section is the most complete ematinuous stratigraphic
sequence representing the middle Eocene to lonign€ne interval (~55 to 28 Ma)
currently identified in central Italy, spanningimé interval of at least ~13 Myr. New
insights were obtained on the nature and age sktbgata based on high-resolution
magnetostratigraphic analyses and detailed caloare@mnnofossil and planktonic
foraminiferal analyses. These data form the bdsisnew, robust age-depth model for

the middle Eocene—lower Oligocene interval.

The refined age information for this section, irdiéidn to multi-disciplinary climatic
proxy studies, that are currently ongoing, willoall reconstruction of environmental
change across the greenhouse-icehouse transitenMbnte Cagnero section likely
records the most important middle Eocene—earlydokge climate events, such as the
E-O climate transition at ~34 Ma and the MECO ewwnt40 Ma. New insights into
these events and related regional climate chamgiéxeiTethys region will be obtained
through future paleoclimatic studies of the Monigy@ero section and application of

the high-resolution integrated age-model presenézd.

An integrated and high-resolution analysis of stahbbsotopes, geochemistry,
micropaleontology and environmental magnetism leslrarried out in a 14 m-thick
interval of the Monte Cagnero section correspondinthe ~40 Ma MECO. The data
shows an interval of high productivity comprisitgg tMECO climax and its aftermath
marked by the presence of fossil magnetotactic ebiact Intervals with higher

concentration of magnetofossils correspond to thése which other proxies

systematically point to an increase in productivity addition to the non-interacting
SD magnetic fossils, hematite was recognized alh@lthe MCA section with a peak
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in the MECO interval and interpreted to be the Itestiaeolian dust transport. We
speculate that this eolian hematite may have prethiwon fertilization of the oceans
during the warming event increasing significanthe tprimary productivity in the

ocean. This hypothesis must be tested on otheatsegtions worldwide.

The chapter 5 shows that the CHW—-CR compositeasedifers a unique, complete
and integrated record for the Palaeocene to easbeke interval, thus providing a
reference succession to study the early Palaeoggperthermals events and CIEs.
Ongoing research on the magnetic signature of teesets may provide clues for the

mechanisms behind such climatic events and thegdaichemical feedbacks.

We present a new magnetostratigraphic record atefined age model for the middle
Eocene-lower Oligocene interval of Indian Ocean OBBle 711A. The new

magnetostratigraphic results are integrated withlipkied biostratigraphic results, and
the integrated magnetozones are correlated to GHed®r to C12r, (~42.5 and 30.9
Ma). We have identified the presence of magneticatin-interacting SD magnetic
particles using FORC diagrams during the MECO evEm¢ simultaneous occurrence
of magnetofossils at the MECO intervals at ODP Htié&A and Monte Cagnero, as
well as the widespread occurrence of magnetofossdsher warming periods suggest
a common mechanism linking climate warming and thehancement of

magnetossome production. Further work on hypertakeintervals in the Umbria-

Marche area were designed to test this correlatiod to better understand the

mechanisms behind it.
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