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ABSTRACT - The present paper summarises the state of the art of the studies on Italian Palaeocene-Eocene Thermal Maximum (PETM) 
records. The PETM (~ 56 Ma) likely represents the most dramatic and rapid event of global climate warming of the whole Cenozoic. During 
the PETM, temperatures at the Earth’s surface probably increased by at least 5°C over a few thousand years, and remained thereafter 
exceptionally high for over 100 k.y. Hallmark of the PETM is a negative excursion in stable carbon isotopes globally recognised that is 
generally interpreted as the response to a massive and sudden input of isotopically light carbon into the ocean-atmosphere system, which 
eventually gave rise to a rapid and extreme global warming. Climatic perturbations associated with the PETM were severe and affected 
both the marine and terrestrial domains, triggering faunal and floral turnovers and radiations, migrations and the most dramatic Cenozoic 
deep-sea benthic foraminiferal extinction event. Since the beginning of the 2000s, insightful contributions to this topic have been provided by 
the investigations of lower Palaeogene marine Italian records from the Umbria-Marche (Northern Apennines, Italy) and Belluno (Southern 
Alps, Italy) basins. In particular, crucial reference sections found in Scaglia Rossa-type facies, such as the Contessa, Possagno, Forada 
and Cicogna sections, have significantly improved our knowledge of the biotic and abiotic events associated to the PETM. Among these, the 
Forada section (Belluno Basin) was the focus of accurate integrated micropalaeontological (calcareous plankton and benthic foraminifera) 
and geochemical-stratigraphical studies, which possibly offer the most complete reconstruction across the PETM available in Europe to date.

RIASSUNTO - [Il record italiano del Palaeocene-Eocene Thermal Maximum] - Il Palaeocene-Eocene Thermal Maximum (PETM; ca. 
56 Ma) rappresenta probabilmente il più drammatico e rapido evento di riscaldamento globale dell’intero Cenozoico. I dati disponibili 
suggeriscono che, durante il PETM, le temperature sulla superficie terrestre aumentarono di circa 5°C in poche migliaia di anni, rimanendo 
poi eccezionalmente alte per oltre 100.000 anni. Il tratto più caratteristico del PETM è rappresentato da un’ampia escursione negativa degli 
isotopi stabili del carbonio (la cosiddetta Carbon Isotope Excursion, CIE; 2-7‰), riconosciuta a scala globale e generalmente interpretata 
come la risposta a una massiccia e improvvisa immissione di carbonio isotopicamente leggero nel sistema Terra-Atmosfera. Questo fenomeno 
determinò, in ultima istanza, un rapido riscaldamento a scala globale che finì per portare il sistema climatico a livelli di stress senza precedenti. 
Le perturbazioni climatiche associate al PETM furono severe e interessarono sia il dominio marino sia quello continentale, innescando 
radiazioni di fauna e flora, migrazioni, e il più drammatico evento di estinzione tra i foraminiferi bentonici cenozoici di acque profonde, il 
cosiddetto BEE (benthic foraminiferal extinction event). Dall’inizio degli anni 2000, contributi fondamentali allo studio del PETM sono stati 
forniti da indagini eseguite sui record marini italiani del Paleogene inferiore affioranti nel contesto dei bacini sedimentari umbro-marchigiani 
(Appennino Settentrionale, Italia centrale) e bellunesi (Sudalpino orientale, Italia settentrionale). Nello specifico, sezioni in facies di Scaglia 
Rossa quali la Contessa, Possagno, Forada e Cicogna, hanno fornito una documentazione di cruciale importanza per lo sviluppo delle 
conoscenze sugli eventi associati al PETM. Tra questi, la sezione del Forada (Bacino di Belluno) è stata oggetto di accurati studi integrati 
con ricostruzioni di tipo micropaleontologico (plancton calcareo e foraminiferi bentonici) e geochimico-stratigrafico ad altissima risoluzione, 
che offrono - a nostra conoscenza - una delle più complete documentazioni del PETM attualmente disponibili in Europa. 

INTRODUCTION

The Palaeocene/Eocene boundary (~56 Ma) is marked 
by the most intense and dramatic climatic disruption of 
the entire Cenozoic, i.e., the Palaeocene-Eocene Thermal 
Maximum (PETM or, previously, “Late Palaeocene 
Thermal Maximum”; Zachos et al., 2001; Aubry et al., 
2007; Sluijs et al., 2007; Mc Inerney & Wing, 2011). This 
short-term event of global warming (“hyperthermal” sensu 
Foster et al., 2018), superimposed on the late Palaeocene-
early Eocene long-term warming trend, culminated in 
the Early Eocene Climatic Optimum (EECO; Zachos et 
al., 2001). The PETM was characterised by temperature 
increases of 4-5°C at the Earth’s surface, which occurred 
over just a few thousand years (e.g., Mc Inerney & Wing, 
2011; Dunkley Jones et al., 2018). Hallmark of the PETM, 
lasting between ~170 and ~230 k.y. (e.g., Röhl et al., 

2007; Murphy et al., 2010), is a large negative excursion 
in stable carbon isotopes (the carbon isotope excursion, 
CIE) that is recognised worldwide both in marine and 
terrestrial settings (e.g., Kennett & Stott, 1990, 1991; 
Koch et al., 1992). Its magnitude ranges from ~2-4.5‰ 
in marine carbonates to 4-7‰ in marine and terrestrial 
organic carbon records (see Giusberti et al., 2016 and 
references therein) and implies a perturbation of the 
global carbon cycle in response to a massive and abrupt 
input of isotopically depleted carbon into the ocean-
atmosphere system, rapidly leading to an extreme global 
warming (e.g., McInerney & Wing, 2011). The onset of 
the CIE was paralleled by a dramatic ocean acidification 
and shallowing of the calcite compensation depth (CCD; 
Zachos et al., 2005), as well as a significant increase of the 
terrigenous input to continental margins (e.g., Schmitz et 
al., 2001; Egger et al., 2005; Giusberti et al., 2007; Pujalte 
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et al., 2015; Dunkley Jones et al., 2018) that resulted in 
major lithologic changes (carbonate dissolution intervals 
and siliciclastic units: CDI and SU; Coccioni et al., 1994; 
Schmitz et al., 2001). In spite of almost three decades 
of intensive investigations, disagreements persist on 
the source, mass and injection rate of the “light” carbon 
released during the PETM (e.g., Frieling et al., 2016; 
Gutjahr et al., 2018; Turner, 2018). Trigger mechanisms 
proposed so far also include, among others, variations in 
the Earth’s orbit and extra-terrestrial impacts (De Conto et 
al., 2012; Schaller & Fung, 2018). Similarly, mechanisms 
responsible for both the climatic and isotopic recovery at 
the end of the PETM are still uncertain (e.g., Bowen & 
Zachos, 2010; Dunkley Jones et al., 2018). Major biotic 
turnovers are associated with the PETM, as terrestrial 
and marine organisms experienced large modifications in 
their geographic ranges, rapid evolution and changes in 
trophic strategies (e.g., Sluijs et al., 2007; McInerney & 
Wing, 2011). The best documented turnover in the marine 
environment is probably the extinction event of bathyal 
and abyssal benthic foraminifera that affected ~30-50% 
of deep-water species (BEE, benthic foraminiferal 
extinction event), thus representing the largest benthic 
foraminiferal extinction in the past 90 Ma (e.g., Thomas, 
1998, 2007; Speijer et al., 2012; Alegret et al., 2018, 
and references therein). Terrestrial records of the PETM 
witness significant mammalian turnovers, including the 
sudden appearance of three modern mammalian orders 
(artiodactyls, perissodactyls and primates; APP taxa) 
as well as mammalian dwarfing in both immigrant and 
endemic taxa (e.g., Gingerich, 2003, 2006; D’Ambrosia 
et al., 2017). Overall, the biotic changes associated 
with PETM indicate that, from the continent to the 
deep ocean, the biosphere was pervasively perturbed 
by a rapid climate change that left a permanent mark on 
macroevolutionary patterns (e.g., Speijer et al., 2012). 
Because of the different durations and timings involved, 
the PETM hyperthermal cannot be considered as a direct 
analogue of the “Anthropocene”. However, it can provide 
a unique set of information on the response of both the 
global climate system and biota to an abrupt and massive 
carbon addition in to the ocean-atmosphere system (Foster 
et al., 2018).

The role of the Tethyan area in PETM studies
The discovery of the PETM in the early 1990s (Kennett 

& Stott, 1990, 1991) prompted an early Palaeogene 
hyperthermals “saga”, and henceforth, the climate and 
biota from lower Palaeogene records became the focus of 
several ODP and IODP oceanic expeditions and researches 
presented and discussed in dedicated congresses (e.g., 
CBEP: Climate and Biota of the early Palaeogene). Efforts 
in expanding the information across the PETM from a 
wide array of palaeoenvironmental settings led to the 

intensive exploitation of continental and on-land marine 
sedimentary archives.

Bathyal and shelfal successions of the Tethyan area, 
such as Spain, North Africa and the Middle East, became 
sites of extensive studies (e.g., Molina et al., 1994; Speijer, 
1994; Canudo et al., 1995; Charisi & Schmitz, 1995; 
Lu et al., 1995; Ortiz, 1995; Angori & Monechi, 1996; 
Speijer et al., 1996). These investigations acknowledged 
that probably the Tethyan area was a massive source of 
warm and saline deep-waters, which might have played 
a critical role in driving the deep ocean warming at the 
P/E boundary (Kennett & Stott, 1990, 1991; Arenillas et 
al., 1999). Data gathered from the Tethys significantly 
improved the knowledge on several aspects of the “Late 
Palaeocene Thermal Maximum” (Zachos et al., 1993), 
which was still largely undocumented at that time. 
These efforts were paralleled and fuelled by the need for 
a suitable GSSP candidate for the Palaeocene/Eocene 
boundary. Eventually, the Dababyia section (Egypt) was 
ratified as the stratotype for the base of the Ypresian, with 
the onset of the CIE as the best criterion for recognising 
and correlating the boundary (Aubry et al., 2007; 
Gradstein et al., 2012).

Mesozoic-Palaeogene pelagic records of the Tethyan 
realm are well preserved and exposed in Italy, namely in 
the Northern Apennines (Umbria and Marche regions) and 
Southern Alps (Veneto region) (Fornaciari et al., 2007). 
Although entered into the PETM “business” later (end of 
the 1990s) than other Mediterranean regions (e.g., Spain, 
Egypt), they provided key contributions to the knowledge 
of the PETM as summarised below.

THE PETM RECORD IN THE UMBRIA-MARCHE 
BASIN (CENTRAL ITALY)

Because of its remarkable record of several crucial 
events of the Earth’s history, spanning from the Cretaceous/
Palaeogene (K/Pg) boundary to the Palaeogene/Neogene 
(Pg/Ng) boundary (e.g., Coccioni et al., 2012, 2013, 
2016 and references therein), the Palaeogene pelagic and 
hemipelagic carbonate succession located in the Umbria-
Marche Basin, close to the historical locality of Gubbio 
(Fig. 1a), is undoubtedly the most thoroughly studied 
record in the Tethys. The local Palaeogene succession 
is represented in the area by three distinct formations, 
namely the Scaglia Rossa (lower Turonian-middle 
Eocene), Scaglia Variegata (middle-upper Eocene) and 
Scaglia Cinerea (upper Eocene-lowermost Miocene). 
Such formations are composed of biogenic carbonates 
(ancient nanno-foraminiferal oozes) deposited well 
above the CCD at middle to lower bathyal depths, and 
at a palaeolatitude ranging from 30°N to 40°N (from 
K/Pg to Pg/Ng boundary; Coccioni et al., 2013, 2016). 

Fig. 1 - The PETM record in the Contessa Road section. a) Location map of Contessa and Bottaccione sections (Umbria Marche Basin, central 
Italy; after Coccioni et al., 2016). b) Location map of some sections of the pelagic Palaeogene composite succession (PPCS), including the 
Contessa Road section (after Coccioni et al., 2016). c) The outcrop of the PETM record at Contessa Road with indication of the lower and 
upper marly beds M1 and M2. The CIE onset and the BEE fall within the lower BED M1 (courtesy of Rodolfo Coccioni). d) Simplified log 
and stable isotope record of the PETM at Contessa Road section (modified after Galeotti et al., 2000). e) Synopsis of bioevents recognised 
in the Deep Water Agglutinated Foraminifera (DWAF) across the Palaeocene/Eocene boundary at Contessa Road section. Biozonal scheme 
1 after Martini (1971), 2 after Okada & Bukry (1980), 3 after Berggren et al. (1995). Redrawn from Galeotti et al. (2004).
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Recently, integrated bio-magneto and chronostratigraphic 
studies on five Palaeogene key sections from the historical 
Contessa Valley and Bottaccione Gorge exposures 
(Fig. 1b), allowed reconstructing a complete composite 
succession, ~250 m-thick, covering the entire Palaeogene 
interval (PPCS; Coccioni et al., 2016). The component 
segments of the PPCS are internationally recognised as 
standards for the Palaeogene geomagnetic polarity time 
scale (GPTS), calibrated to the integrated calcareous 
plankton and dinocysts biostratigraphy, which provided 
reference for the geologic time scale of Gradstein et al. 
(2012). The lower Palaeogene succession of Gubbio was 
object of pioneering stratigraphic investigations since the 
1930s (e.g., Renz, 1936; Luterbacher, 1964; Luterbacher 
& Premoli Silva, 1964; Monechi & Pirini Raddrizzani, 
1975; Alvarez et al., 1977; Lowrie et al., 1982; Napoleone 
et al., 1983; Monechi & Thierstein, 1985, among others) 
and became of worldwide importance after Alvarez et 
al. (1980) proposed the bolide impact hypothesis as the 
cause for the K/Pg mass extinction. After the early studies 
on the PETM at the Contessa Road section (see below), 
the researches on the Umbria-Marche Palaeogene record 
moved to the less documented early Palaeogene climatic 
events, such as the Dan-C2, the ELPE, the Eocene Thermal 
Maximum 3 and the Middle Eocene Climatic Optimum 
(e.g., Jovane et al., 2007; Coccioni et al., 2010; Frontalini 
et al., 2016; Coccioni et al., 2019).

The Contessa Road section
At about the same time of the publication of the 

fundamental paper of Kennett & Stott (1991) on the 
discovery of the “end Palaeocene event” in ODP 
sediments (Hole 690, Weddell Sea, Antarctica), Corfield 
et al. (1991) published the first Cretaceous to Palaeogene 
stable isotope record with reliable time control from 
a spliced on-land section, including the Bottaccione 
Gorge and Contessa Highway records. This isotope 
record included an uncommented negative δ13C shift at 
the Palaeocene-Eocene transition, which was however 
poorly documented because of tectonic and sedimentary 
disturbances that occurred in both the component sections 
at that stratigraphic level.

Later, Galeotti et al. (2000) investigated and 
acknowledged the Contessa Road section, belonging the 
Scaglia Rossa and Scaglia Variegata formations (Fig. 1b), 
as suitable for the study of the P/E transition. The section, 
previously studied by Luterbacher (1964) and Lowrie et 
al. (1982), belongs to Member R3 of the Scaglia Rossa 
Formation of Alvarez & Montanari (1988) and provides 
the only (virtually) complete record of the PETM available 
in the area. The local lithology is dominated by reddish 
limestones and marly limestones, with bedding ranging 
in thickness from ~ 0.5 cm to ~10 cm. After an integrated 
bio-magnetostratigraphic and isotopic study of a 10 
m-thick interval, Galeotti et al. (2000) documented the 
presence of two distinctive marly layers in the interval 
between 30.30 m and 30.70 m above the K/Pg boundary 
(Fig. 1c-d). The lower layer, ~10 cm-thick, was interpreted 
as the Carbonate Dissolution Interval (CDI) reported in 
several PETM on-land sections and ODP sites. At its base, 
both the onset of a 40 cm-thick carbon isotopes excursion 
(CIE; Fig. 1d) and the benthic foraminiferal extinction 
event (BEE) were detected. The study of Galeotti et al. 

(2000) represented the first opportunity to compare and 
mutually calibrate the records from calcareous plankton, 
magnetostratigraphy and stable isotopes across the 
PETM interval in Italy, and allowed investigating the 
faunal turnover of calcareous and agglutinated benthic 
foraminifera. Galeotti et al. (2000) also observed that a 
gradual change in agglutinated foraminiferal assemblages 
begun well before the BEE, as testified by the entrance of 
outer neritic-bathyal agglutinated foraminifera at lower 
bathyal settings. Galeotti et al. (2004; Fig. 1e) collected 
further information on this event from the same section, 
pointing to a general re-organisation of the deep-water 
masses during the last 750 k.y. of the late Palaeocene, 
which probably intensified about 250 k.y. prior to the 
BEE, as also testified by two separate blooms of the 
opportunistic agglutinated species Spiroplectammina 
spectabilis (Grzybowski, 1898). Such changes were 
interpreted as the response to significant re-organisation 
of intermediate and deep-water masses following the onset 
of deep convection in the western Tethys. Above the CIE, 
a bloom of ammodiscids as Repmanina charoides (Jones 
& Parker, 1860), widely documented in many Tethys 
and Atlantic sites during the lowermost Eocene, was 
also observed (Fig. 1e). This bloom, initially explained 
as the response to extensive shallowing of the CCD, was 
recently interpreted as a consequence of massive inputs of 
refractory organic matter, possibly associated with pulses 
of terrigenous and/or siliciclastic material to deep-sea floor 
(e.g., Arreguín-Rodríguez et al., 2014).

The Contessa Road section was also part of a 
comprehensive study (Angori et al., 2007; Fig. 2a) aimed 
at documenting the response of calcareous nannoplankton 
communities to the PETM event in selected Tethyan 
sections, compared to the high-latitude reference record of 
ODP Site 690 (Weddell Sea). Sharp increases of r-selected 
taxa (e.g., the genera Biscutum Black in Black & Barnes, 
1959 and Prinsius Hay & Mohler, 1967) pre-dating the 
PETM were observed in both sectors, which possibly 
reflect the onset of eutrophic conditions in surface waters 
in response to episodic upwelling pulses (Angori et al., 
2007). These evidences suggest that the ocean system 
was perturbed well before the onset of the CIE (Fig. 2a). 
The Tethyan calcareous nannoplankton record shows that 
a dramatic drop occurred in calcareous nannoplankton 
diversity and abundance in coincidence with the BEE 
and paralleled by the appearance of a Rhomboaster 
Bramlette & Sullivan, 1961-Discoaster araneus Bukry, 
1971 assemblage (R-D assemblage of Kahn & Aubry, 
2004 or the CNET, “calcareous nannofossil excursion 
taxa”; see Agnini et al., 2006 and references therein). The 
latter assemblage characterises the CIE interval, pointing 
to stressed conditions at the ocean surface. The recovery 
to “standard” conditions in the calcareous nannofossils 
community was achieved later in the Tethys than at high 
latitudes in the Southern Hemisphere, where it occurred 
even prior to the CIE recovery. In both high latitudes and 
Tethys, however, the post-CIE assemblages indicate the 
persistence of stressed conditions (Angori et al., 2007).

Giusberti et al. (2009) provided a detailed analysis 
of the calcareous benthic foraminiferal response to the 
PETM in the Contessa Road section (Fig. 2b-c). Based 
on the overall faunal content, the palaeobathymetry of the 
site was assessed at depths not exceeding 1000-1500 m, 
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slightly shallower than previous estimates (e.g., Galeotti 
et al., 2004). This study also revealed the consistent 
presence of buliminids as Siphogenerinoides brevispinosa 
Cushman, 1939 and Rectobulimina carpentierae Marie, 
1956, previously documented at the PETM only in ODP 
Sites (e.g., Thomas & Shackleton, 1996; Thomas, 2003, 
2007; Fig. 2b). A significant change in the taxonomical 
structure of benthic foraminiferal assemblages was 
recognised ~45 k.y. before the BEE suggesting unstable 
conditions at the seafloor as precursors of the PETM, as 
later observed in other sites (e.g., Giusberti et al., 2016; 
Alegret et al., 2018). The BEE was pinned precisely in the 
mid portion of the lower marly bed (“M1”), previously 
described and interpreted by Galeotti et al. (2000, 2004) 
as equivalent to the CDI (Fig. 2c). A second interval of 
dissolution, however less severe than the previous, was 
recognised in the middle part of the upper marly unit 
“M2” (uppermost part of the main CIE interval). This 
interval, interpreted as a repeated yet less pronounced 
shoaling of the lysocline/CCD that hampered the recovery 
of benthic faunas (Fig. 2b-c), suggests that the ocean 
geochemistry was persistently unstable in this sector of 
the Tethys before the CIE ended (Giusberti et al., 2009). 
Intervals of decreased calcite content or dissolution have 
been observed at a similar stratigraphic position in other 
Tethyan PETM records (e.g., Ortiz, 1995; Luciani et al., 
2007; Alegret et al., 2009), but further investigations 
are required. Based on geochemical and microfaunal 
evidences, Giusberti et al. (2009) concluded that the lower 
part of the CIE in the Contessa section is represented by 
a complete yet extremely condensed record. Galeotti 
et al. (2010) studied a more expanded profile of the 
Contessa Road section, from 26 to 53 m above the K/
Pg boundary, including the PETM and the overlying 
Ypresian hyperthermals ETM2 and ETM3, by means of an 
integrated bio-magneto-cyclostratigraphic approach. The 
authors concluded that the two post-PETM hyperthermals 
took place under conditions of maximal insolation within a 
very long period of eccentricity modulation (ca. 1.2 M.y.), 
thus suggesting that the orbital control on insolation might 
have played a key role in triggering both the ETM2 and 
ETM3 events. Also based on the astronomically-calibrated 
cyclostratigraphic record of the Contessa Road, De Conto 
et al. (2012) concluded that the magnitude and timing of 
the PETM, as well as the following hyperthermals, can be 
explained by the decay of organic carbon stored in soils 
of circum-Arctic and Antarctic terrestrial permafrost in 
response to orbital forcing (the so-called “permafrost” 
theory).

More recently, the PETM record from the Umbria-
Marche region was included in a high-resolution 
geochemical stratigraphy reconstructed in the composite 

Contessa Road-Bottaccione section (CRBTT), which 
allowed to test the global significance of early Eocene 
short- and long-term carbon isotope trends by comparison 
with ocean records worldwide (Galeotti et al., 2017). The 
recognition of orbitally-forced sedimentary cycles at the 
CRBTT, interpreted as the response to long- (405 k.y.) 
and short- (100 k.y.) eccentricity periods, permitted a 
straightforward correlation to the Walvis Ridge ODP Sites 
records (southern Atlantic Ocean). Accordingly, the main 
hyperthermal events were framed within an unambiguous 
magnetostratigraphic record in the interval straddling the 
Early Eocene Climatic Optimum, which allowed for a 
refined astrochronological interpretation of the Ypresian 
Stage (Galeotti et al., 2017).

THE PETM RECORD IN THE SOUTHERN ALPS 
OF NORTHEASTERN ITALY

A “Scaglia”-type pelagic-hemipelagic succession, very 
similar to that exposed in the Umbria-Marche region, is 
also well preserved in the eastern Southern Alps (Veneto 
region, northeastern Italy; Fig. 3a). This succession is 
well known in the literature thanks to its contribution to 
the Cretaceous and Palaeogene stratigraphy (e.g., Bolli, 
1975; Channell et al., 1979; Channell & Grandesso, 1987; 
Channell et al., 1987). These sedimentary successions 
were mainly deposited at middle to lower bathyal depths in 
the so-called Belluno Basin (BB), a Mesozoic-Palaeogene 
palaeogeographic unit of the European Southern Alps. 
The BB probably consisted in an embayment connected 
to the western Tethys at a palaeolatitude of ca. 42° during 
the early Eocene (Luciani et al., 2016). Traditionally, 
only the shallow-water, richly fossiliferous Palaeogene 
successions preserved in the central-western part of the 
Veneto region (e.g., Fabiani, 1915) were investigated 
thoroughly since the Reinassance (e.g., the fish-bearing 
Ypresian Fossil-Lagerstatte of Bolca; see Marramà et al., 
2016). On the contrary, the deep-sea regional stratigraphy 
of the Palaeogene was scarcely documented (Poletti et 
al., 2004), as only the deep-sea succession exposed in 
the surroundings of the village of Possagno (Treviso 
province; Fig. 3a-b) was studied in depth during the 1970s 
(Bolli, 1975). The expanded lower Palaeogene succession 
of the northeastern part of the region remained for 
decades virtually unknown to the international scientific 
community, although the area was one of the first localities 
where the benthic foraminiferal extinction event associated 
with the Palaeocene-Eocene transition was recognised 
(Di Napoli Alliata et al., 1970). In the early 2000s, the 
“Palaeogene Veneto Project” (PVP), coordinated and 
promoted by Prof. D. Rio from the University of Padova 

Fig. 2 (next page) - The Contessa Road PETM record. a) Calcareous nannofossil assemblages across the P-E transition: correlation between 
ODP Site 690 and Tethyan sections (based on data from Alamedilla, Caravaca, Zumaia [Spain], Contessa [central Italy], and Wadi Nukhl 
[Egypt] sections; Angori et al., 2007). The green band indicates the core of the negative carbon isotope excursion (CIE) interval. Redrawn 
from Angori et al. (2007). b) Relative abundance of selected benthic foraminifera across the Palaeocene/Eocene boundary at Contessa Road 
plotted against the recognised assemblages (A to H), the δ13C and barite content records together with the isotopic intervals. “Extinction 
taxa” includes the species listed in Giusberti et al. (2009, Table 1). Benthic foraminiferal zonation after Berggren & Miller (1989). Modified 
after Giusberti et al. (2009). c) Main benthic foraminiferal events, assemblages, environmental conditions and isotopic intervals across the 
Palaeocene/Eocene boundary at Contessa Road. The stratigraphic intervals containing assemblages A-B, C and D-H are the pre-extinction, 
extinction and repopulation intervals, respectively. BL: Burndown Layer; CDI: Carbonate Dissolution Interval. Benthic foraminiferal zonation 
after Berggren & Miller (1989).
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renewed the interest in the deep-sea Palaeogene record of 
Veneto, and regional biostratigraphic studies - paralleled 
by interdisciplinary investigations on Palaeogene climate 
- got under way (Rio et al., 2003; Agnini et al., 2014a). 
The regional biostratigraphic knowledge collected 
during fourteen years of investigation was fundamental 
for establishing a new low- to mid-latitude Palaeogene 
calcareous nannofossil zonation (Agnini et al., 2014b) 
and for a critical reassessment of the Eocene planktic 
foraminiferal biostratigraphy (e.g., Luciani & Giusberti, 
2014). Such results provided the tools for time telling on 
some poorly dated Palaeogene records of western Veneto 
region (Giusberti et al., 2014; Papazzoni et al., 2017) and 
were fundamental for proposing a GSSP candidate for the 
Priabonian Stage (Agnini et al., 2011). Early investigations 
performed in the framework of the PVP were initially 
focused on the iconic PETM, but eventually led to the 
discovery in the region of key records of climatic extreme 
events of the Palaeogene, such as the ETM2 (D’Onofrio et 
al., 2016), the ETM3 (Agnini et al., 2009) and the Middle 
Eocene Climatic Optimum (MECO; e.g., Boscolo Galazzo 
et al., 2013 and references therein).

The Possagno section (Carcoselle Quarry, Treviso)
Modern investigations on the PETM in northern Italy 

started at the end of the 1990s, when Arenillas et al. 
(1999) studied the planktic foraminiferal record of the 
Carcoselle Quarry section, in the outskirts of Possagno 
(Fig. 3b-d). The site was internationally known since the 
publication of the monograph by Bolli (1975), and was 
cited in the seminal paper of Kennett & Stott (1991) as 
one of the three on-land sections where the BEE was 
first documented (Braga et al., 1975). Here, Arenillas et 
al. (1999) recognised the PETM close to the transition 
between the Scaglia Rossa and “Scaglia Variegata” 
formations, in correspondence to a 1 m-thick interval of 
red marls and limestones that contain a 4 cm-thick dark 
red clay layer characterised by dissolution, seemingly 
coinciding with the BEE (Fig. 3c-d). The δ13C record of 
the Carcoselle section revealed a 35-40 cm-thick, thus 
very condensed CIE. Within this interval, in agreement 
with any other section investigated so far in the Tethys 
and North Atlantic, planktic foraminiferal assemblages 
show a low-latitudes acarininid incursion, which allegedly 
occurred in response to the peak P/E warming (Arenillas 
et al., 1999; Molina et al., 1999; Fig. 3c). The onset of 
such warm-water taxa incursion, as recorded at Possagno 
and in other Spanish sections, preceded the onset of the 
CIE and was possibly associated to the massive spawning 
of warm-water masses prior to the PETM (Arenillas et 
al., 1999; Fig. 3c). The Palaeocene-Eocene transition at 
Possagno was framed within the planktic foraminiferal 
subzonation of Molina et al. (1999), one of the first 
attempts to refine the biozones P4-P6 of Berggren et al. 
(1995), valid for low and middle latitudes. Specifically, 
Molina et al. (1999) subdivided the 1.4 M.y.-long P5 Zone 
into 5 subzones, with the aim of constraining the “P/E 

boundary events” within a more resolved biostratigraphic 
framework. Based on this pioneer work, Berggren & 
Pearson (2005) adopted a twofold subdivision of the 
upper part of (former) Zone P5 in their revised planktic 
foraminiferal Palaeogene biozonation. In particular, the 
LO of the “excursion taxon” Acarinina sibaiyaensis (El 
Naggar, 1966) (one of the events highlighted by Molina 
et al., 1999) was selected as biohorizon for defining the 
first Eocene Zone (E1). Such subdivision was adopted later 
by Wade et al. (2011) in their revised Cenozoic tropical 
planktic foraminiferal zonation. At the beginning of the 
2000s, the discovery of expanded records of the PETM 
in the nearby Valbelluna (see below) partly diverted the 
scientific attention from the Carcoselle Quarry section. 
The latter, however, was subjected to broad investigations 
aimed at exploring the bio-magnetostratigraphic record 
and documenting the transient modifications and true 
evolutionary trends in calcareous plankton through the 
upper Palaeocene-middle Eocene interval (e.g., Agnini et 
al., 2006; Luciani & Giusberti, 2014; Luciani et al., 2016).

The Valbelluna area and the discovery of the CMU
Along the southern flank of the Piave River Valley, 

known as the Valbelluna (Belluno province; Figs 3a, 
4a), an Upper Cretaceous to lower Eocene sedimentary 
succession is widely exposed. It consists of locally 
rhythmically bedded pelagic to hemipelagic rocks, 
attaining to thicknesses of about 200-250 m (Fig. 4b; 
Giusberti et al., 2007). These rocks are traditionally 
referred to as “Scaglia Rossa” sensu lato, which includes 
lithostratigraphic units that still need formal ratification 
and/or revision (Dallanave et al., 2009). Field researches 
carried out in the early 2000s within the PVP context 
allowed for the recognition of four Palaeocene-lower 
Eocene sections suitable for integrated, high-resolution 
stratigraphic studies (Fig. 4c). These sections are 
characterised by marked differences in sedimentary 
facies and thicknesses, due to the dissimilar terrigenous 
content and the variable occurrence of redeposited shelf 
material in the Danian interval (Fig. 4c). Despite this 
lithological variability, an ubiquitous character of the 
lower Palaeogene stratigraphy in the Valbelluna is a 
3 to 4 m-thick package of reddish and greenish marly 
clays and clayey marls known as the “clay marl unit” 
(CMU; Giusberti et al., 2007), which is interbedded 
within the background carbonate sediments (Fig. 4c-d). 
Such lithological anomaly marks regionally the PETM 
(Giusberti et al., 2007) and correlates well with analogous 
clay-rich units found globally on continental margins (e.g., 
the Siliciclastic Unit-SU of Schmitz et al., 2001). The 
base of the CMU corresponds to the Palaeocene/Eocene 
boundary as defined biostratigraphically (e.g., BEE), and 
the entire unit coincides with the main CIE associated 
with the PETM event, as demonstrated by the δ13C record 
from bulk rock (Fig. 5a-b). In Valbelluna, the Palaeocene-
Eocene transition interval is characterised by a pervasive 
lithologic cyclicity, that is documented immediately 

Fig. 3 - The PETM record at Possagno. a) Location map of the northeastern Italy sites cited in the text: Possagno and Valbelluna area (rectangle). 
b) The exposed quarry face of Carcoselle (Possagno) exposing the upper Palaeocene-Lutetian interval (summer 2002). c) Biostratigraphy, 
relative abundance of planktonic foraminifera and δ13C curve across the Palaeocene/Eocene boundary at Carcoselle quarry. BEE: benthic 
foraminiferal extinction event; CIE: Carbon isotope excursion. 1: calcareous marls; 2: marls and clays (CMU: clay marl unit); 3: limestones. 
Redrawn from Molina et al. (1999). d) The Palaeocene-Eocene transition at Carcoselle Quarry. CMU: clay marl unit.
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below and above the CMU, consisting of couplets of 
reddish marls and indurated marly limestones (Fig. 4d). 
The boundary between the CMU and the overlying marl-
limestone couplets, known as the “couplet unit” (CU; 
Fig. 4d), is sharp (Giusberti et al., 2007; Dallanave et al., 
2009). Among the numerous sites recording the PETM 
in the Valbelluna area, the best section is exposed along 
the Forada Creek, where the CMU is easily accessible, 
well exposed and unaffected by tectonic disturbances 
(Figs 4a, c-d, 5a).

The PETM in the Forada section
The Forada section consists of ~62 m of reddish 

limestones and marls belonging to the Scaglia Rossa 
Formation, encompassing the uppermost Maastrichtian 
to lower Ypresian interval (Fornaciari et al., 2007; 
Fig. 5a). Component sediments were deposited in the 
central-eastern portion of the Belluno Basin, probably 
at depths between 1000 and 1500 m (Giusberti et al., 
2016). The Palaeocene interval is represented by ~40 
metres of reddish marls and marly limestones. Sediment 
accumulation rates are highly variable, because - against 
an expanded stratigraphic record of the lowermost Danian 
and the Thanetian - the Danian-Selandian interval is 
remarkably condensed (Fig. 5a). The CMU is ~3 m 
thick and is overlain by a 4-5 m thick CU that, in turn, 
fades into a 15 m-thick interval of scaly, yet still strongly 
cyclically-organised reddish marls (Figs 4d, 5a). The 
expanded PETM record preserved in the Forada section 
has been extensively studied over the years thanks to its 
continuity, microfossils abundance and cyclostratigraphy, 
thus becoming a firm reference for the Tethyan region 
(e.g., Agnini et al., 2007; Giusberti et al., 2007; Luciani et 
al., 2007; Tipple et al., 2011; Giusberti et al., 2016, 2018).

Cyclostratigraphy of the PETM - The entire CIE at 
Forada is ~4.8 m thick. It develops within an interval that 
is characterised not only by changes in carbonate content, 
carbon and oxygen isotopes, but also by significant 
changes in lithology, micropalaeontology, mineralogy, 
and chemistry (Fig. 5a-b). Such variability allowed for 
a subdivision of the CIE into six microstratigraphic 
intervals, beginning from shortly below the base of the 
CMU (Fig. 5b). Concentrations of hematite, CaCO3, 
δ13C values, as well as the abundance of radiolarians, 
oscillate cyclically according to frequencies that are 
interpreted as consistent with orbital precession cycles 
(Fig. 5b; Giusberti et al., 2007). The recognition of 11 
precession-related cycles within the CIE interval implied 
that the PETM lasted between ca. 209 and 253 k.y., with 
an average of about 230 k.y. (Figs 5b, 6a) (Giusberti et 

al., 2007). The derived age model was the first attempt to 
obtain a cyclostratigraphically-derived chronology for the 
PETM in a marine on-land section. Röhl et al. (2007), in 
their attempt to compare the Forada record with the one 
of the ODP Site 690, objected that only eight cycles could 
be recognised within the CIE; accordingly, their estimated 
PETM duration was in the order of about 170 k.y., in 
stark contradiction with the conclusions of Giusberti et 
al. (2007) (Fig. 6). However, the 3He-based chronology 
proposed later by Murphy et al. (2010) for ODP Site 1266 
at Walvis Ridge indicated that the PETM lasted ~234 
+48/-34 k.y., in good agreement with the previous age 
model proposed by Giusberti et al. (2007).

Huge terrestrial input at the PETM - The chronological 
framework developed by Giusberti et al. (2007) suggests 
that the sediment accumulation rates at Forada underwent 
a 3- to 5-fold increase in the interval straddling the 
PETM, being in the order of 7-10 m/M.y. in the upper 
Palaeocene and of about 33 m/M.y. for the basal Eocene, 
represented by the CMU/CIE main excursion. It must 
be stressed, however, that the estimates for the upper 
Palaeocene interval can vary significantly based on the 
employed age models. The sharp increase in sediment 
accumulation rates at Forada is consistent with what 
observed in continental sites (e.g., Charmichael et al., 
2017 and references therein), where a dramatic change 
in the hydrological regime is documented during the 
super-greenhouse PETM that dramatically enhanced 
weathering and, consequently, the sediment yield to the 
basin margins. Giusberti et al. (2007) concluded that 
the hypothesis of increasing terrestrial inputs during the 
PETM was consistent with a scenario of extreme global 
warming and enhanced hydrological cycle, which might 
have triggered a pervasive silicate weathering via the 
permanent removal of excess atmospheric carbon. Recent 
studies in the Basque Zumaia section, which exhibits 
remarkable similarities with the Forada section, indicate 
nonetheless that silicate weathering alone was probably 
insufficient to recover from the PETM CIE, and the 
occurrence of active organic carbon burial processes was 
required in order to match the dynamics that are observed 
across the CIE (Dunkley Jones et al., 2018).

The calcareous nannofossil PETM record - 
Agnini et al. (2007) detailed the changes in calcareous 
nannoplankton assemblages across the PETM at Forada 
within the chronological, geochemical and mineralogical 
framework of Giusberti et al. (2007; Fig. 7). A sharp 
evidence is provided that the changes observed in the 
terrigenous input and mineralogical proxies at Forada 

Fig. 4 - The most significant lower Palaeogene Valbelluna sections and the “clay marl unit”. a) The Piave River Valley in the Belluno Province 
(the “Valbelluna”) showing the location of the sections containing the Palaeocene-Eocene transition. 1: Forada Creek; 2: Terche Creek; 3: Ardo 
South Creek; 4: Cicogna Creek; 5: Madeago Valley; 6: Vena d’Oro Valley. b) Ypresian hemipelagic sediments of Scaglia Rossa Formation 
cropping out along the Cicogna Creek in Valbelluna (northeastern Italy), showing a prominent cyclicity. c) The simplified stratigraphy of 
the Cicogna, South Ardo, Terche and Forada sections (Giusberti et al., 2007; Dallanave et al., 2009, 2012a; D’Onofrio et al., 2016) and their 
correlation with the classical section of Possagno (Veneto region, NE Italy; Agnini et al., 2006) based on calcareous nannofossil biostratigraphy. 
From the bottom to the top, the coloured bands approximate the extension of the Danian (NP1-NP4), the Selandian-Thanetian (NP5-NP9a) 
and part of the Ypresian (NP9b-NP11) in the considered sections. 1: “marly unit” (MU: post-PETM hyperthermals); 2: clay marl unit (CMU); 
3: Scaglia Rossa Formation; 4: “Cugnan formation”; 5: “Scaglia Cinerea formation” and “Marna della Vena d’Oro formation”. d) Forada 
section: view of the upper part of the “clay marl unit” (CMU) and well-developed lower Eocene limestone-marl couplets (“couplets unit”, 
CU). The base of CMU corresponds to the onset of the CIE. The interval of low δ13C values has been recognised within the lithological 
anomaly, while the marl-limestone couplets represent the δ13C recovery interval.
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are in keeping with variations in nutrient supply, as 
demonstrated by a compelling correlation with changes 
in nannofossil assemblages. Accordingly, it is suggested 
that the fluctuations in surface waters conditions and the 
calcareous nannoplankton associations were linked by 
a persistent dynamic equilibrium (Agnini et al., 2007). 
Within the main CIE interval, oligotrophic taxa - such as 
Sphenolithus Deflandre, 1952, Zygrhablithus Deflandre, 
1959, Octolithus Romein, 1979 and Fasciculithus 
Bramlette & Sullivan, 1961 - exhibit a sharp decrease in 
abundance. This trend is paralleled by both an increase 
in more eutrophic taxa (such as Ericsonia Black, 1964) 
and a peak of reworked Cretaceous taxa that, notably, has 
also been observed in the context of other hyperthermal 
records regionally. This event has been interpreted in terms 
of increased terrigenous discharge to the ocean in response 
to an enhanced hydrological cycle that, conceivably, also 
conveyed huge amounts of nutrients washed off from the 
mainland (e.g., Agnini et al., 2009; D’Onofrio et al., 2016). 
In support of this scenario is the evidence that the late- and 
post-CIE intervals show the return to more oligotrophic 
conditions, fully similar to those of the pre-CIE. The 
PETM at Forada also records both the emergence and 
extinction of ephemeral CNET taxa (Discoaster anartios 
Bybell & Self-Trail, 1995, D. araneus Bukry, 1971 and 
Rhomboaster spp.; Fig. 7), which have been interpreted as 
ecophenotypic malformations evolved in response to the 
changes in chemistry (nutrients, CO2, pH) and temperature 
of the surface waters during the CIE (e.g., Agnini et al., 
2007; Raffi & De Bernardi, 2008). Based on the age 
model developed for the P/E transition at Forada, Agnini 
et al. (2007) obtained a chronology for seven calcareous 
nannofossil biohorizons considered as reliable over wide 
areas in an interval of ca. 350 k.y. Among these, two were 
later adopted for the revised Palaeogene biozonation of 
Agnini et al. (2014b).

The planktic foraminiferal PETM record - 
Luciani et al. (2007) detected prominent changes in the 
abundance and composition of planktic foraminiferal 
assemblages at Forada (Fig. 8) that outlined a complex 
palaeoenvironmental evolution in the central-western 
Tethys across the PETM. About 150 k.y. before the onset 
of the CIE, an increase in subbotinids paralleled by a 
decrease in morozovellid suggests a marked environmental 
instability, involving a change from oligotrophy to 
eutrophy in the upper-column waters. Two prominent 
peaks in the abundance of acarininids were observed ca. 
30 k.y. prior to the onset of the CIE, suggesting an increase 
in temperature heralding the onset of the PETM. Such 
increase, previously documented by Molina et al. (1999) 
in other Tethyan sites, commenced immediately below a 
-1‰ shift in δ13C, further supporting the hypothesis of a 

“PETM-prelude”. The basal CIE at Forada is represented 
by a planktic foraminiferal dissolution interval (PFDI) 
lasting ca. 16 k.y. (Fig. 8). The utter dominance by 
acarininids in the lower part of the CIE (ca. 36 k.y.), 
coupled with the entry of abundant radiolarians, was 
interpreted as a consequence of extreme warming coupled 
with the onset of eutrophic conditions. The acarininid 
peak (Fig. 8) includes Acarinina sibaiyaensis (El Naggar, 
1966) and A. africana (El Naggar, 1966), morphologically 
similar to the radially-elongated chambered forms that 
are documented to flourish during the Cretaceous anoxic 
events. Accordingly, Luciani et al. (2017) speculated that 
the oxygen depletion in the upper water column might 
have promoted the conspicuous occurrence of these 
“excursion taxa” during the PETM. Forms as Acarinina 
sibaiyaensis possibly thrived in nutrient-rich conditions 
as well (e.g., Ernst et al., 2006), which are demonstrated 
to occur within the CMU interval at Forada. In the upper 
part of the CIE at Forada (ca. 50 k.y.) planktic foraminifera 
indicate less stressed conditions that further improved in 
the overlying late CIE and post-CIE intervals (ca. 600 
k.y.), where a diversified assemblage suggests a relatively 
stable and oligo-mesotrophic environment. Luciani et al. 
(2007) observed several first occurrences of new species 
within the “PETM prelude” and PETM intervals at Forada, 
which prompted the hypothesis that short-lived, yet severe, 
changes in the environmental conditions stimulated the 
speciation of planktic foraminifera, contrary to previous 
assumptions that related micro-evolutionary patterns in 
planktic foraminifera to both stable ocean conditions and 
depth-related specialisations.

Discarding a normal magnetic polarity event 
during the PETM - Lee & Odama (2009) reported the 
discovery of a normal polarity event (PEMR, Palaeocene-
Eocene magnetic reversal, 39-53 k.y.-long; Dallanave 
et al., 2012b) within the 2.55 Myr-long Chron C24r at 
ODP Site 1262 (Walvis Ridge, South Atlantic Ocean), 
embedded within the clay layer interval of PETM. The 
authors speculated that the PEMR was possibly a global 
event related to a change in the Earth’s rotation rate, 
influenced by an abrupt ocean-atmosphere circulation 
overturning that occurred during the PETM. Dallanave 
et al. (2012b) investigated in detail the expanded PETM 
record of Valbelluna in order to resolve the controversy 
regarding the existence of such a problematic event. 
The high-resolution palaeomagnetic and rock-magnetic 
dataset obtained from the Forada and nearby Cicogna 
sites (resolved temporally down to an average of ca. 3.3 
k.y.) indicated that the entire CMU interval was deposited 
during a continuous interval of reverse geomagnetic 
field polarity, ruling out the occurrence of a magnetic 
polarity reversal throughout the PETM. Moreover, based 

Fig. 5 - The Forada section stratigraphy. a) Simplified columnar log, calcareous nannofossil biostratigraphy, stable isotopes stratigraphy 
(δ13C and δ18O measured on bulk sample) and CaCO3 of the entire upper Maastrichtian-Ypresian Forada section. Coloured bands denote the 
interval enclosing the basal Eocene carbon isotope excursion (main CIE and CIE recovery intervals). Calcite in the interval –122/+3205 cm 
was determined by recalculating chemical data (CaO and loss on ignition), whereas calcite in the interval +3252/+5142 cm was determined by 
coulometry. VPDB: Vienna Peedee belemnite standard; BEE: benthic foraminiferal extinction event; CMU: “clay marl unit”; K/Pg: Cretaceous/
Palaeogene boundary; 1: Scaglia Rossa Formation. Modified after Giusberti et al. (2007). b) Summary of the main biotic, mineralogical, and 
cyclostratigraphic features recognised across the Palaeocene-Eocene boundary and in the CMU of the Forada section. Pa-I to Pa-II and Eo-I to 
Eo-IV denote the stratigraphic intervals recognised by Giusberti et al. (2007). Analyses of radiolarians and foraminifera are based on the fraction 
> 125 μm. CNET: calcareous nannofossil excursion taxa; VPDB: Vienna Peedee belemnite standard. Modified from Giusberti et al. (2007).
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Fig. 6 - Cyclostratigraphy of the PETM at Forada section. Cyclostratigraphic correlation between ODP Site 690 (Weddel Sea) and the Forada section. ODP Site 690 Fe (total counts) and δ13C data are after 
Röhl et al. (2007). CaCO3 and δ13C data are after Giusberti et al. (2007). Abundance pattern of calcareous nannofossil Fasciculithus spp. from Agnini et al. (2007). Letters (A-F) indicate horizons as identified 
by Zachos et al. (2005) for ODP Site 690. BEE: benthic foraminiferal extinction event. The blue dashed lines mark the position of the end of CIE according to Giusberti et al. (2007; Option 1) or Röhl et al. 
(2007; Option 2). For the lithology see Luciani et al. (2007, fig. 2), with the exception of the planktic foraminiferal dissolution interval (PFDI) at the base of CMU, here not reported. After Agnini et al. (2014a). 
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Fig. 7 - Calcareous nannofossil record in the interval straddling the PETM at Forada section. On the left, cumulative percentages before and after the removal of the Coccolithus Schwarz, 1894-Toweius Hay 
& Mohler, 1967 fraction are plotted against lithostratigraphy, chronostratigraphy, calcareous nannofossil biostratigraphy (NP: Martini, 1971; CP: Okada & Bukry, 1980; CN: Agnini et al., 2014b), lithology, 
cyclostratigraphy, and carbon isotopes. On the right, abundance patterns of selected calcareous nannofossil taxa, reported in term of either N/mm2 or % within Discoaster Tan, 1927, are also reported. The dark 
and light grey shaded areas correspond to the CIE main excursion in-terval and CIE recovery interval, respectively. The dark grey band at the onset of the PETM marks the calcareous nannofossil dissolution 
interval (CNDI). BEE: benthic foraminiferal extinction event. After Agnini et al. (2014a).
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Fig. 8 - The planktic foraminiferal record at Forada section. Main changes in planktic foraminifera, radiolarians, fragmentation-index, CaCO3, δ13C across the PETM. Eight phases (a to h) have been identified 
on the basis of the prominent changes displayed by the components of assemblages. For the lithology see Luciani et al. (2007, fig. 2). Modified from Luciani et al. (2007). 
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on the reinterpretation of original data of Lee & Odama 
(2009), Dallanave et al. (2012b) suggested that the PEMR 
might have simply been the result of a drilling-induced 
remagnetisation the analyzed sediment samples.

Marine and terrestrial records of carbon 
and hydrologic cycles variations during the 
PETM - Tipple et al. (2011) generated carbon isotope 
records from terrestrial biomarkers (δ13Cn-alkane), marine 
bulk carbonates (δ13Ccarbonate), and bulk organic carbon 
(δ13Corganic) from the Forada section, in order to evaluate 
the mutual relationships between the hydrologic cycle, 
temperatures and terrestrial geochemical signatures 

(Fig. 9). For the very first time, this study allowed for a 
high-resolution estimate of the dynamics and changes in 
marine and terrestrial reservoirs within a single PETM 
section. At Forada, the terrestrial δ13

Cn-alkane record lags 
behind the δ13Ccarbonate/δ13C organic trend by ~4-5 k.y. at the 
onset of PETM, suggesting the incorporation of pre-PETM 
n-alkanes in sediments due to soil erosion, along with a 
residence time of soil-related n-alkanes of ca. 4000 years 
during the early CIE times. Hydrogen isotope records 
from higher-plant leaf waxes (δDn-alkane) and sea-surface 
temperatures (SSTs) derived from TEX86 analyses were 
also established, in order to assess hydrologic and ocean 
temperature trends. TEX86-derived SSTs show at first a 

Fig. 9 - Upper row: stable carbon isotope ratios of higher plant n-alkanes (α), bulk organic carbon (β) and bulk carbonates (γ) across the 
Palaeocene/Eocene boundary interval at Forada section. Terrestrial higher plant n-C27, n-C29, and n-C31 δ13C values are shown as crosses, 
closed circles, and triangles, respectively. Lower row: carbon isotope, hydrogen isotope, average chain length, and sea-surface temperature 
records from the Forada section relative to stratigraphic age. Bulk carbonate δ13C values (δ), δ13C (ε) and δD (ζ) values for n-C29. Sea-surface 
temperature estimates from TEX86 (g). Modified after Tipple et al. (2011).
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gradual increase (3.5°C) right below the onset of the CIE, 
with peak values (ca. 35°C) that are attained at the base 
of the CIE (Fig. 9). The δDn-alkane record (Fig. 9) shows 
a shift to more positive values prior to the onset of the 
carbon isotope excursion, in parallel with SSTs, while 
lower δDn-alkane values are reported throughout the CMU. 
Tipple et al. (20111) concluded that both the hydrologic 
cycle and temperatures changed prior to the onset of the 
CIE, in parallel with changes in planktic foraminifera (i.e., 
acarininids bloom; Luciani et al., 2007), thus confirming 
a strong pre-event warming of the surface sea waters.

Towards an integration of forada’s PETM data 
sets - Giusberti et al. (2016) investigated the benthic 
foraminiferal record at Forada by coupling new and 
previously acquired data (Figs 10-11). Altogether, this 
work provided one of the most complete reconstruction 
available to date of the ecological and climatic changes 
that occurred across the PETM in the Tethyan area. 
About 34 k.y. before the CIE onset, both foraminiferal, 
molecular and geochemical data point to changing 
climatic and oceanographic conditions heralding the 
PETM (assemblage B; Figs 10-11). Such “PETM 
prelude”, associated at Forada with a negative shift in 
bulk δ13C previously evidenced by Luciani et al. (2007), 
is consistent with the results of various studies that 
reported on environmental changes prior to the onset 
of the CIE by some ten thousand years (e.g., Alegret et 
al., 2018 and references therein). The profound changes 
recorded at the onset of the PETM at Forada, as combined 
de-oxygenation, acidification and high environmental 
instability, and may have synergistically impacted the 
biota in deep-sea settings, thus leading to a massive 
benthic foraminiferal extinction over a time interval not 
longer than 4 k.y. (Giusberti et al., 2016). The first early 
Eocene benthic foraminiferal assemblages (C, D: ca. 
12 k.y.; Fig. 11) at Forada show a complex succession 
of abundance peaks of agglutinated and calcareous 

recolonisers (Fig. 10). As confirmed by molecular and 
mineralogical proxies, these short-term turnovers point 
to increased precipitation and strong continental erosion 
during the early PETM, which ultimately led to a massive 
sediment discharge into the Belluno Basin. The strong 
precession-paced variability of biotic (i.e., foraminifera 
and radiolarians), mineralogical and molecular proxies in 
the overlying core CIE interval has been interpreted by 
Giusberti et al. (2016) as reflecting the alternation between 
wetter and drier periods (assemblages E and lower F; 
Fig. 11). This extreme climatic variability at the orbital 
time scale persisted, albeit with a declining intensity, 
well above the end of CIE recovery (middle and upper 
third of assemblage F). Weather extremes, persisting over 
several k.y., might have significantly increased the erosion 
rates and weathering on mainland by way of periods with 
alternating wet and dry conditions, which played a critical 
role in diminishing the atmospheric CO2 levels (Giusberti 
et al., 2016). Information collected so far suggests that 
the Forada record, along with the comparable Zumaia 
record (Spain), holds a regionally-validated record of the 
climate dynamics, as well as the related responses of the 
sedimentary system at the continental margin, across the 
PETM (Dunkley Jones et al., 2018).

The Cicogna section
The Cicogna section, originally described by Di Napoli 

Alliata et al. (1970), is exposed continuously along the 
Cicogna Creek, about 14 km northeast of the Forada 
section (Fig. 4a). The section is ca. 80 m thick (Fig. 4c), 
and consists of 20 m of dominantly grey-greenish marls 
and marly limestones grading upwards to 60 m of reddish 
and greenish marls and marly limestones (“Marna della 
Vena d’Oro”, an informal lithostratigraphic subunit of 
the Scaglia Rossa Formation; Fig. 4b). The succession is 
capped by the turbidites of the Belluno Flysch (Dallanave 
et al., 2009). The Cicogna section spans from the upper 
Palaeocene to the lower Eocene (CNP10-CNE4 calcareous 

Fig. 10 - The Forada section. Enlargement of the interval from -1 to +2m across the Palaeocene/Eocene boundary showing the relative 
abundance of selected benthic foraminifera plotted against biostratigraphy, precessional cycles, lithology, δ13C bulk record, recognised benthic 
foraminiferal assemblages (A to F) and isotopic intervals. Benthic foraminiferal biozonation after Berggren & Miller (1989). The grey bands 
indicate intervals of carbonate dissolution. α: pre-CIE dissolution interval; β: burndown layer; BFDI: benthic foraminiferal dissolution interval. 
Red: agglutinated taxa, black: hyaline taxa. After Giusberti et al. (2016).
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Fig. 11 - The Forada section. Synopsis of main calcareous plankton (calcareous nannofossils and planktic foraminifera) and benthic foraminiferal events and inferred environmental conditions, isotopic 
intervals, thickness, precessional cycles and benthic foraminiferal assemblages (A-F; see also Fig. 10). The stratigraphic intervals containing assemblages A and B, C, and D to F are considered as pre-
extinction, extinction and repopulation intervals, respectively. Benthic foraminiferal zonation after Berggren and Miller (1989). CNET: calcareous nannofossil excursion taxa. After Giusberti et al. (2016).
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nannofossil zones of Agnini et al., 2014; Fig. 4b). The 
interval between 28.7 m and 31.7 m consists of greenish 
and reddish clayey marls that have been attributed to 
the CMU (Dallanave et al., 2009). In its lower part (~40 
cm), the CMU shows evidences of a modest tectonic 
disturbance (Krishan et al., 2015) that is problematic for 
high resolution studies of the early PETM.

Studies performed in the Cicogna section were 
especially aimed at refining the biomagnetostratigraphic 
record in the C25r-C24n interval (Dallanave et al., 2009). 
Furthermore, the relationships between changes in stable 
isotopes (i.e., the PETM and minor hyperthermals) 
and nannofossil assemblages were investigated, 
specifically by discriminating long-lasting and short-
lived modifications within nannoliths, holococcoliths and 
placoliths (Agnini et al., 2016). Based on these results, 
Agnini et al. (2016) concluded that the PETM compelled 
the calcareous nannoplankton communities to undergo a 
rapid and profound evolution, which exerted permanent 
modifications on the overall taxonomic composition of the 
group. On the contrary, the less prominent hyperthermals 
that followed did not provide such dramatic effects, apart 
from lesser changes at the expense of a limited number of 
rare taxa that probably could not cope successfully with 
the climatic and environmental stress.

Dallanave et al. (2010) described two pronounced 
events of increasing detrital hematite located immediately 
above the Palaeocene/Eocene boundary in the Cicogna 
section, between ∼54.9 and 54.6 Ma (PETM and post 
PETM interval), which were followed by a long‐term 
increasing trend between ∼54 Ma and ∼52.2 Ma (Early 
Eocene Climatic Optimum). The authors speculated 
that the formation, transport, and deposition of massive 
hematite yields might have been promoted by periods of 
enhanced chemical weathering rates that most likely, as 
discussed above, were associated to the warm and humid 
conditions associated to the PETM and EECO events. 
Instead, Giusberti et al. (2016) postulated that the hematite 
peaks recorded in the proximal Forada section during the 
PETM were primarily indicative of a periodic variability 
in the amount of wind-blown dusts. In particular, the 
abundance of hematite in marine sediments would reflect 
the persistence of powerful high-pressure cells over 
the continent that, as a consequence, would ensure dry 
climates, with development of strong land-winds and 
massive conveyance of dust to the basin (Giusberti et 
al., 2016).

Krishan et al. (2015) reconstructed carbon and 
hydrogen isotopic records from leaf wax lipids for the 
Cicogna section, which were compared to the previous 
records obtained in the adjacent Forada section (Tipple 
et al., 2011) in order to gauge the intrabasinal variability 
and changes in the hydrological cycle at mid-latitudes 
during the PETM. Magnitude of the CIE anomaly in the 
Cicogna section (ca. -2.5 ‰) is smaller than that observed 
at Forada (ca. -3.5‰); this discrepancy was interpreted 
as the result of local mixing processes with older, pre-
CIE 13C-rich sources. A pre-event enrichment in 2H was 
found at Forada, suggesting pre-PETM modifications of 
the hydrological cycle (Tipple et al., 2011). This isotopic 
event was not detected in the Cicogna record, probably 
because of the tectonic disturbance that affects the basal 
part of the PETM (see above). 2H depletion in n-alkanes 

was detected in both sections within the CIE, which 
has been interpreted primary as a change in the isotopic 
composition of meteoric waters. This modification might 
result from a greater warming at lower latitudes, and/or 
an increased activity by extra-tropical convective storms 
(Krishan et al., 2015). The general δ2H offset observed 
between the Forada and Cicogna sections throughout the 
interval of relevance may be explained in terms of different 
2H sources and/or topography, which may influence 
the local precipitation rates. Likewise, differences in 
compound distributions (average chain lengths, ACL) 
observed between the two localities suggest that the 
analyzed biomarkers may originate from different source 
areas. Altogether, Krishan et al. (2015) concluded that a 
most careful approach must be taken, when dealing with 
absolute magnitudes obtained from biomarkers in the 
attempt of reconstructing the zonal hydrological changes.

CONCLUSIONS

Information provided in the last decades by the Italian 
sections straddling the PETM offers critical insights on 
the climatic, biotic and environmental dynamics that 
took place in the Tethyan region during this dramatic 
event, included its onset and aftermaths. Although the 
Umbria-Marche and Veneto stratigraphic records can be 
correlated straightforwardly, each record allows for the 
reconstruction of vastly different scenarios. Specifically, 
the former is better comparable to the open ocean records, 
as being deposited in deep, pelagic environment with 
limited terrigenous input, while the latter deposited within 
a landlocked basin where the significant terrigenous input 
was paradigmatic of a more marginal marine setting. 
Considering that the documentation globally available 
is mainly represented by deep, open-ocean records, we 
deem that the stratigraphy preserved in the Veneto region 
provides a unique point of view on the manifold biotic 
and abiotic events that took place during the earliest 
Cenozoic.
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