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ABSTRACT - Earth history is punctuated by phases of extreme global stress of concurrent warming, ocean fertilisation and acidification
that impacted biologic diversity and function. Under excess CO, and greenhouse conditions, the Mesozoic deep ocean became temporarily
depleted of oxygen, promoting the accumulation of massive amounts of organic matter during Oceanic Anoxic Events (OAEs). Although
global anoxia and enhanced organic matter burial are the most striking and intriguing palaeoceanograhic phenomena, OAEs can be studied
also to decipher the oceanic ecosystem response to CO, pulses. In Jurassic and Cretaceous oceans, calcareous nannoplankton were already
common from coastal to open oceanic settings and of enough abundance and diversity to produce calcareous oozes. Indeed, Jurassic and
Cretaceous pelagic micrites mainly consist of coccoliths and nannoliths, in addition to variable amounts of diagenetic carbonate. Therefore,
pelagic limestones are ideal for epitomising variations in abundance and composition of calcareous phytoplankton at large scale to understand
their response to global change.

Italian pelagic successions are a reference for the Tethys Ocean and, in general, for low to middle latitudes. We consider herein well-dated
sections with quantitative nannofossil data across OAEs to synthesise changes in abundance of the dominant, micrite-forming, nannofossil
taxa and species-specific variations in size to trace the response of calcareous nannoplankton as expressed by biocalcification across the
early Toarcian T-OAE, late Valanginian Weissert-OAE, early Aptian OAE1a and latest Cenomanian OAE?2. In general, a major decrease in
nannofossil abundance is recorded for the highly calcified dominant forms, evidenced by the “‘Schizosphaerella crisis”, the “nannoconid
decline” and the “nannoconid crisis” during the T-OAE, Weissert-OAE and OAEla, respectively. An even more dramatic drop in coccolith/
nannolith abundance characterises OAE2, with a nannoplankton biocalcification “blackout” through the Bonarelli Level in Italian sections.
Despite these abundance crises, calcareous nannofloras recovered soon after the paleoenvironmental perturbation terminated, although the
return to pre-OAE conditions occurred rather slowly and assemblage composition was renewed across the event. Species-specific changes in
size were detected for Schizosphaerella across the T-OAE and for Biscutum constans (Gorka, 1957) in the intervals of maximum perturbation
within OAE1a and OAE?2. Size of Nannoconus steimannii Kamptner, 1931, conversely, does not show variations across the Weissert-OAE and
OAEla. The T-OAE and OAEla were preceded and accompanied by a few million-year-long origination phase, indicating the calcareous
nannoplankton ability to positively respond to and overcome stressing oceanic conditions, as further evidenced by absence of extinctions.
Calcareous nannoplankton reacted differently during the Weissert-OAE and OAE?2 as the Valanginian “nannoconid decline” is gradual and
followed by a symmetric increase in abundance, while the late Cenomanian nannofossil drop in abundance was as sudden as its recovery. In
both cases, extinctions are paralleled by entry of new taxa, at a slower rate across the Weissert-OAE and at faster rates in the case of OAE?2.
The influence of palacoenvironmental stress on calcareous nannofloral abundance and composition during the early Toarcian T-OAE, late
Valanginian Weissert-OAE, early Aptian OAEla and latest Cenomanian OAE?2, are clearly recorded in Italian pelagic sections and at supra-
regional to global scale. However, the effects on nannoplankton evolution, if any, was differentiated and resulted in overall originations.
Calcareous nannofossil patterns underline the resilience of this phytoplankton group during OAE perturbations.

RIASSUNTO - [Larisposta del nannoplancton calcareo agli Eventi Anossici Oceanici: il record pelagico in Italia] - La storia della Terra e
punteggiata da eventi di stress globale estremo evidenziato da riscaldamento, fertilizzazione e acidificazione oceanica che hanno influito sulla
diversita e sul funzionamento del biota marino. In condizioni di eccesso di CO, e di clima a effetto serra, durante il Mesozoico i fondali marini
hanno sperimentato temporanea anossia e accumulo di materia organica durante eventi anossici oceanici (OAE). Sebbene [’anossia globale
e il seppellimento di grandi quantita di carbonio organico siano i fenomeni paleoceanografici piu intriganti, gli OAE possono essere studiati
anche per decifrare la risposta dell ecosistema oceanico a perturbazioni globali. Negli oceani del Giurassico e Cretacico, il nannoplancton
calcareo era gia diffuso dalle zone costiere all oceano aperto, in sufficiente abbondanza e diversita per produrre sedimenti biogenici calcarei.
Infatti, le micriti pelagiche del Giurassico e del Cretacico consistono principalmente di coccoliti e nannoliti, oltre a quantita variabili di
carbonato diagenetico. Pertanto, i calcari pelagici sono ideali per quantificare le variazioni di abbondanza e composizione del fitoplancton
calcareo e, di conseguenza, dei produttori primari per comprenderne la risposta ai cambiamenti globali.

Le successioni pelagiche italiane sono considerate di riferimento per I’Oceano della Tetide e, in generale, per le basse-medie latitudini.
In questo lavoro, abbiamo considerato sezioni stratigrafiche ben datate e con dati quantitativi delle associazioni a nannofossili calcarei, per
sintetizzare i cambiamenti in abbondanza dei taxa dominanti e le variazioni dimensionali di alcune specie al fine di tracciare la risposta del
nannoplancton calcareo tramite la biocalcificazione durante il T-OAE del Toarciano inferiore, il Weissert-OAE del Valanginiano superiore,
I’OAEla dell’Aptiano inferiore e I'OAE2 del Cenomaniano sommitale. In generale, si registra una drastica diminuzione dell’abbondanza
dei nannofossili, soprattutto per le forme dominanti altamente calcificate, come evidenziato dalla “crisi di Schizosphaerella”, dal “declino
dei nannoconidi” e dalla “crisi dei nannoconidi” durante i T-OAE, Weissert-OAE e OAEla, rispettivamente. Una riduzione ancora piu
drammatica dell’ abbondanza di coccoliti/nannoliti caratterizza I’ OAE2, con un “blackout” della biocalcificazione del nannoplancton durante
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la deposizione del Livello Bonarelli nelle sezioni italiane. Nonostante queste crisi di abbondanza, le nannoflore calcaree si sono ristabilite
subito dopo la fine della perturbazione paleoambientale, sebbene il ritorno a condizioni pre-OAE sia avvenuto piuttosto lentamente e le
associazioni abbiano raggiunto una composizione diversa. Sono stati rilevati cambiamenti delle dimensioni di Schizosphaerella attraverso
il T-OAE e di Biscutum constans (Gorka, 1957) negli intervalli di massima perturbazione all’interno degli OAEla e OAE?2. Le dimensioni
di Nannoconus steimannii Kamptner, 1931, al contrario, non mostrano variazioni durante il Weissert-OAE e 'OAEla. Il T-OAE e 'OAEla
sono stati preceduti e accompagnati da una fase di speciazione del nannoplancton, durata alcuni milioni di anni, che indica la capacita del
fitoplancton calcareo a rispondere positivamente superando condizioni oceaniche stressanti, come evidenziato anche dall’assenza di estinzioni.
1l nannoplancton calcareo ha reagito in modo diverso durante il Weissert-OAE e I’ OAE?2 poiché il “declino dei nannoconidi” del Valanginiano
e graduale e seguito da un altrettanto graduale aumento dell’abbondanza, mentre la riduzione dei nannofossili nel Cenomaniano sommitale
¢ stata repentina come il suo recupero. In entrambi i casi, si sono verificate alcune estinzioni ma contemporaneamente anche la speciazione
di nuovi taxa, a un ritmo piu lento attraverso il Weissert-OAE e a tassi piu rapidi nel caso dell’ OAE?.

Mentre I'influenza dello stress paleoambientale sull’abbondanza e composizione delle nannoflore calcaree durante il T-OAE, il Weissert-
OAE, I’OAEla e I’'OAE? é chiaramente registrata nelle sezioni pelagiche italiane e spesso su scala sopra-regionale fino a globale, |'influenza
degli OAE sull’evoluzione del nannoplancton, se causale, é stata differenziata e ha generalmente indotto delle speciazioni. Le variazioni
riscontrate nelle associazioni a nannofossili calcarei sottolineano la resilienza di questo gruppo di fitoplancton durante le perturbazioni

ambientali associate agli OAE.

INTRODUCTION

The early phase of the Deep Sea Drilling Project
provided evidence of extensive occurrence of Cretaceous
black shales from previously unsampled oceanic basins.
As on-land, stratigraphies of pelagic successions showed
that organic carbon-rich lithologies are confined to specific
geologically short intervals (0.5 to 2 million years)
suggesting a global rather than local to regional oxygen-
depletion of bottom waters.

The term “Oceanic Anoxic Event” (OAE) was coined
by Schlanger & Jenkyns (1976) after the recovery of mid-
Cretaceous black shales at sites drilled in the Pacific Ocean.
Such lithologic units were recognised as equivalent and
coeval of well-known lithostratigraphic markers previously
described in the Tethys and Atlantic Oceans. The term
OAE was originally defined to signify time intervals
during which black shale deposition was prevalent at a
global scale. The original definition was, therefore, based
on lithologic criteria and applied to two time intervals,
namely the Aptian-Albian (OAE1) and the Cenomanian-
Turonian (OAE2). Later investigations on land and in
the oceans pointed out the occurrence of the Coniacian-
Santonian OAE3 (Arthur & Schlanger, 1979; Jenkyns,
1980) and of the Toarcian OAE (Jenkyns, 1985, 1988).
Based on integrated and higher resolution stratigraphy of
the sedimentary record of organic-rich black shales, Arthur
etal. (1990) subdivided OAEI into discrete events OAE1a,
OAE1b, OAElc and OAEI1d, still using the sedimentary
record of organic C-rich black shales.

The most spectacular sedimentary expression of the
early Aptian and latest Cenomanian events are the Livello
Selli and Livello Bonarelli, respectively. For both the type
area is the Umbria-Marche Basin (central Italy), where a
continuous pelagic succession deposited in the Jurassic to

Paleogene interval. The first event that was recognised and
the most studied one is the Bonarelli Level, named after
its discoverer Guido Bonarelli. In fact, in 1891 Bonarelli
described “uno strato di scisto nero bituminoso” (a level
of black organic-rich shale), about 1 metre thick, in the
uppermost part of the Scaglia Bianca in the region of
Gubbio, close to the Cenomanian/Turonian boundary
(Bonarelli, 1891) (Fig. 1).

At the beginning of the XX century, Dal Piaz
(1907) described Toarcian organic-rich facies in pelagic
Jurassic successions of the Alpi Feltrine in the Southern
Alps, similarly to other occurrences in Germany and
Switzerland (Posidonienschiefer), England (Jet Rock and
Bituminous Shales) and France (Schistes Cartons). Dal
Piaz’s perception of black shales as geological archives of
major environmental changes was by far innovative and a
precursor of modern palacoceanography. A few decades
later Gaetani & Poliani (1978) described a lower Toarcian
black shale interval, named “Livello a Pesci” (Fish Level),
in the pelagic succession of the Lombardy Basin (Fig. 1).
In the 80s, Jenkyns (1985, 1988) labelled these black shale
intervals as the Toarcian OAE (T-OAE).

The identification of the Livello Selli is much younger
(Coccioni et al., 1987) and, again, was based on the
occurrence of a 1-3 m thick marker bed described as a
“livello radiolaritico-bituminoso-ittiolitico” (a black shale
interval enriched in radiolarians, fish remains and organic
matter) in the lowermost part of the Marne a Fucoidi
Formation through the Umbria-Marche Basin (Fig. 1).

With the rapid development of chemostratigraphy,
and specifically of C and O stable isotopic investigations,
it became clear that the T-OAE, OAEla and OAE?2 are
associated with negative and positive anomalies of carbon-
isotope curves obtained from sedimentary carbonate and/
or organic matter, which record major perturbations of

>
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Fig. 1 - a) “Livello a Pesci”, deposited during the T-OAE, at the Colle di Sogno section (n. 3 in Fig. 3 - Lombardy Basin, northwestern Italy).
b) “Livello a Pesci” in the Sogno Core compared to the equivalent outcropping litostratigraphic interval (n. 3 in Fig. 3 - Lombardy Basin,
northwestern Italy). ¢) Selli Level, deposited during the OAE1a, at the Apecchiese section. The laterally equivalent interval was cored nearby
in the Piobbico Core (n. 17 in Fig. 3 - Umbria-Marche Basin, central Italy). d) Selli Level equivalent recovered with the Cismon APTICORE
placed next to the same outcropping litostratigraphic interval (n. 11 and 12 in Fig. 3 - Belluno Basin, northeastern Italy). ) The Weissert-
OAE interval (bounded by the two yellow dashed lines) at Polaveno (n. 6 in Fig. 3 - Lombardy Basin, northwestern Italy). f) The middle
Cenomanian to lower Turonian succession at Furlo (n. 15 in Fig. 3 - Umbria-Marche Basin, central Italy) with the black shales of the Livello
Bonarelli deposited during OAE2. g) Close up view of Livello Bonarelli in the Contessa outcrop (n. 24 in Fig. 3 - Umbria-Marche Basin,
central Italy). h) Close up view of Livello Bonarelli in the Bottaccione Gorge section (n. 22 in Fig. 3 - Umbria-Marche Basin, central Italy).
i) Close up view of Livello Bonarelli in the Monte Petrano section (n. 18 in Fig. 3 - Umbria-Marche Basin, central Italy).



E. Erba et alii - Nannofossils and Oceanic Anoxic Events in Italian sections




54 Bollettino della Societa Paleontologica Italiana, 58 (1), 2019

the global carbon cycle (Jenkyns, 2010). The original
definition of OAEs (Schlanger & Jenkyns, 1976) has
become somehow misleading for various reasons: 1)
anoxia is rarely reached; 2) black shale intervals were
proved to be diachronous in many cases; 3) fully oxic
continental and shallow marine successions also record
the global C cycle anomalies; 4) anomalies are of long
to short duration.

High-resolution integrated stratigraphy of marine
and terrestrial records has produced a solid time
framework for OAEs (Robinson et al., 2017), and 8*C
chemostratigraphy has grown as the prominent tool for
identifying, characterising and correlating OAEs (e.g.,
Erba, 2004; Tsikos et al., 2004; Weissert & Erba, 2004;
Jenkyns, 2010). A typical example is the discrete C isotope
excursion of late Valanginian age identified in the Maiolica
Formation of the Southern Alps (Weissert, 1989; Lini et
al., 1992), which is not accompanied by a black marker
bed (Fig. 1). Such an anomaly was constrained by bio-
magnetostratigraphy (Channell et al., 1993) and used by
Erba et al. (2004) to formalise the Valanginian event as the
“Weissert OAE”. Global anoxia has not been documented,
but discrete black shale levels enriched in organic matter
are described from the Tethys and Pacific Oceans in the
early phase of the Weissert-OAE (Erba et al., 2004).

In the past four decades OAEs have been recognised
in oceanic and terrestrial sequences, highlighting local
variations in depositional conditions, types and degrees
of diagenesis, and preservation of organic matter. As
summarised by Jenkyns (2010), equivalents of the
Bonarelli, Selli, Weissert and Toarcian events have been
recognised in a variety of sedimentary basins, and a
number of geochemical anomalies have been detected in
addition to C-isotope excursions. Yet, a lively debate about
causes and consequences of OAEs and their influence
on biota continues to involve experts from various
disciplines within geosciences. The original hypotheses
of Schlanger & Jenkyns (1976) are still discussed to
discern and discriminate the role of productivity from that
of organic matter preservation under anoxic conditions.
Pelagic successions containing OAEs are crucial to
understand the biotic variations in marine planktonic
communities associated with such global perturbations
of the ocean/atmosphere system. In marine ecosystems
coccolithophores are part of phytoplankton responsible
for primary productivity, energy transfer to higher trophic
levels, export of biogenic particles to the seafloors and
exchanges between the surface ocean and the atmosphere.
The term calcareous nannoplankton was originally
introduced by Lohman (1902) for planktonic organisms
smaller than 63 mm and is now used for golden-brown
algae coccolithophores (phylum Haptophyta) secreting
tiny calcite crystals to build coccoliths and ultimately
coccospheres. The global occurrence of calcareous
nannoplankton and their biomineralisation make these
phytoplanktonic algae a very effective producer of calcite
on Earth. Calcareous nannofossils include the fossil
remains of coccolithophores, namely coccoliths and
coccospheres as well as associated nannoliths often of
unknown biological affinity.

In Jurassic and Cretaceous oceans, calcareous
nannoplankton were already the most efficient rock-
forming group (e.g., Erba, 2006). Indeed, Jurassic and

Cretaceous pelagic micrites mainly consist of coccoliths
and nannoliths, in addition to variable amounts of
diagenetic calcite. Consequently, pelagic carbonates offer
the opportunity of characterising variations in abundance
and composition of calcareous nannofloras across OAEs
to quantify their resilience to extreme conditions.

Italian pelagic successions represent excellent records
of the Tethys Ocean (Figs 1-2) and, in fact, have been
studied since a long time. The first documentations of
nannofossil-rich limestones were based on scanning
electron microscope investigations of Maiolica and
Scaglia limestones (Farinacci, 1964). These pioneering
studies unequivocally demonstrated the rock-forming role
of calcareous nannoplankton as further discussed by Noél
& Busson (1990) also for Jurassic pelagic successions of
the Tethys. Indeed, it became clear that Schizosphaerella
and Nannoconus can reach high abundances in pelagic and
hemipelagic carbonates of Jurassic and Cretaceous age.
The name “nannoconite” was proposed for Nannoconus-
limestone (Bréhéret, 1983) and quantitative studies
conclusively showed that Lower Cretaceous Maiolica
limestones are nannoconites (Erba, 1994; Erba &
Tremolada, 2004). Similarly, Schizosphaerella can be
so abundant (e.g., Kilin & Bernoulli, 1984; Claps et al.,
1995; Mattioli, 1997; Erba, 2004; Casellato & Erba, 2015;
Peti & Tibault, 2017) as to produce a “schizosphaerellite”.

Quantitative studies of Cretaceous pelagic successions,
comprising OAEs, reveal major shifts in the biogenic
component: from carbonate-dominated to siliceous- and
organic matter-dominated (Premoli Silva et al., 1999;
Leckie et al., 2002; Erba, 2004). Usually, radiolarian and
organic-walled micro-organisms become overwhelming
in the black shales representing OAEs, while calcareous
nannofossils are abundant below and above. The
nannofossil record, in fact, traces major decreases in
abundances across the perturbation, especially of the
dominant forms that usually show incomplete recovery
after termination of OAEs (Erba, 2004).

Erba (2004) reviewed changes in calcareous
nannofossil assemblages across the T-OAE, OAEla
and OAE2 and proposed palaecoceanographic and
palaeoecologic dynamics. In this work, we focus on
calcareous nannofossil changes across OAEs recorded
in pelagic Italian successions that are, still, reference
records of global changes at low to middle latitudes.
Our synthesis regards only well-dated sections with
quantitative nannofossil data and 6'*C chemostratigraphy
for the T-OAE, Weissert-OAE, OAEla and OAE2. In
particular, for each OAE we will highlight changes in
abundance of the dominant (micrite-forming) nannofossil
taxa and species-specific variations in size to trace the
response of calcareous nannoplankton as expressed by
their biocalcified remains.

MATERIAL AND METHODS

A geographical map showing the location of the
sections considered for this work is given in Fig. 3,
while Fig. 2 shows the palacogeography of the Tethyan
area during the Jurassic-Cretaceous interval. Considered
sections mostly lie in the Southern Alps (sections 1 to
14) and the Umbria-Marche Basin (sections 15 to 27),
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Fig. 2 - Bulk carbonate carbon isotope (8'*C.n) stratigraphy of the Jurassic and Cretaceous (modified after Robinson et al., 2017). The
stratigraphic position of T-OAE, Weissert-OAE, OAEla and OAE2 are reported as grey bands. Carbon-isotope data from: (1) Van de
Schootbrugge et al. (2005); (2) Hesselbo et al. (2000); (3) Morettini et al. (2002); (4) Dromart et al. (2003); (5) Weissert et al. (1998); (6)
Erbacher et al. (1996); (7) Jenkyns et al. (1994); (8) Jarvis et al. (2002); and (9) Abramovich et al. (2003). On the right the relative position
of Italy at 180 Ma, 135 Ma, 120 Ma and 95 Ma is reported as a red outline on palacogeographic maps (modified after Scotese, 2014).

but a few key-successions were studied in the Gargano
area (section 28), Sicily (sections 29 to 31) and Sardinia
(section 32). The sedimentary expression of the T-OAE,
Weissert-OAE, OAE1a and OAE2 in Italian key-sections
is illustrated in Fig. 1. For this review we considered
all the published papers documenting quantitative and

morphometric data for calcareous nannofossils across
the T-OAE, Weissert-OAE, OAEla and OAE2, within
a well-defined framework of C-isotope stratigraphy (see
Tabs 1-4). The data are summarised in a graphical form
by reporting as bars the relative stratigraphic range of
each section, separately for nannofossil and 8'*C data. In
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case the same section was described in multiple papers,
we synthesised in a single bar the cumulative extent of
the data generated for the analysed stratigraphic interval
(Tabs 1-4). The presence and extension of hiatuses are
also reported. The resulting synthesis figures are intended
to help the reader in rapidly identifying the relevant
literature and have an overall framework of C-isotope
chemostratigraphy applied to Jurassic and Cretaceous
OAEs in Italian sections.

As previously discussed, the operational definition
of OAEs has partially changed, and various authors
based OAE boundaries (onset and termination) on
lithostratigraphic or chemostratigraphic data. In most
cases biostratigraphy was used to constrain age attribution
and possibly identify/confirm hiatuses eliding part of the
OAE:s. It should also be stressed that in many cases black
shales are diachronous, defying the original definition of
Schlanger & Jenkyns (1976). The definitions adopted in
this paper are as follows:

1. The T-OAE corresponds to the negative excursion in
the carbonate and organic carbon isotope profile (Jenkyns,
2010).

2. The Weissert-OAE is based on the 3"3C curve: its
beginning and end are placed at the base of the positive
excursion and its climax, respectively (Erba et al., 2004).

3. The early Aptian OAEla corresponds to the Selli
Level. With reference to the 3*°C chemostratigraphy, it
begins with the onset of the sharp negative shift named C3-
Ap3, and terminates at the base of the extended positive
excursion named C7-Ap7 (Menegatti et al., 1998; Bottini
etal., 2015).

4. The definition of the latest Cenomanian OAE2 is
based on the §'°C curve: its beginning and end are placed
at the base of the positive excursion and at its climax,
respectively (Tsikos et al., 2004).

As discussed by Jenkyns (2010), the amplitude of the
carbon isotope anomaly is usually greater in marine and
terrestrial organic matter than in carbonate. However,
when bulk 8'C,,, chemostratigraphy is considered,
absolute values and trends are very comparable in many
marine sections, allowing the construction of reference
synthesis curves (e.g., Erba, 2004; Weissert & Erba, 2004;
Jarvis et al., 2006; Robinson et al., 2017; Bottini & Erba,
2018) (Fig. 3).

As far as Italian sections are concerned, quantitative
analyses of nannofossil abundances of Lower Jurassic
(T-OAE) and Lower Cretaceous intervals (Weissert-
OAE and OAE1la) were performed on ultrathin sections
by light polarising microscope at 1250% magnification.
Thin sections were thinned to an average thickness of 7

ITALIAN PELAGIC SECTIONS WITH NANNOFOSSIL AND CARBON ISOTOPIC DATA FOR T-OAE

n. Locality Reference Nannofossils 83C
1. Val Ceppelline (Lombardy Basin, northwestern Italy) Jenkyns & Clayton, 1986 .
3. Colle di Sogno/Mt. Brughetto (Lombardy basin, northwestern Italy)  Jenkyns & Clayton, 1986 .
Casellato & Erba, 2015 .
8. Brasa (Lombardy Basin, northwestern ltaly) Cobianchi & Picotti, 2001 .
14. Dogna (Belluno Basin, northeastern Italy) Jenkyns et al., 2001 .
20. Valdorbia (Umbria-Marche, central Italy) Jenkyns & Clayton, 1986 .
Sabatino et al., 2009 °
21. Colle d’Orlando (Umbria-Marche, central ltaly) Bucefalo Palliani et al., 1998 .
Mattioli & Pittet, 2004 °
25. Pozzale (Umbria-Marche, central ltaly) Bucefalo Palliani et al., 1998 .
Mattioli et al., 2004b . .
Mattioli & Pittet, 2004 °
26. Somma (Umbria-Marche, central Italy) Mattioli & Pittet, 2002 .
Mattioli et al., 2004a .
Mattioli et al., 2004b . °
Mattioli et al., 2009 . .
27. Fonte Cerro (Umbria-Marche, central Italy) Bucefalo Palliani et al., 1998 .
Mattioli & Pittet, 2004 °

Tab. 1 - Compilation of papers documenting quantitative nannofossil and carbon isotope data for the T-OAE interval.
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Fig. 3 - Geographic location of the Italian sections with available
quantitative and morphometric nannofossil and/or carbon isotope
data for the T-OAE, Weissert-OAE, OAEla and OAE2.

mm in order to have an adequate view of nannofloras,
and nannofossil absolute abundances were calculated
counting all specimens in 1 mm? (Erba, 1994, 2004;
Erba & Tremolada, 2004; Bottini et al., 2015; Casellato
& Erba, 2015). For the OAE2 interval, total nannofossil
abundances were obtained on simple smear slides: the
nannofossil assemblages were quantified by counting
at least 300 specimens in each sample using a light
polarising microscope at 1250% magnification, and the
total abundance was calculated as the average number of
nannofossils per field of view (Erba, 2004).

In addition to trends of nannofossil abundances, we
report here species-specific changes in size of selected
taxa across the T-OAE, Weissert-OAE, OAEla and
OAE2. Particularly, morphometric investigations were
applied to capture size fluctuations of: 1) Schizosphaerella
across the T-OAE; 2) Nannoconus steinmannii Kamptner,
1931 across the Weissert-OAE; 3) N. steinmannii and
Biscutum constans (Gorka, 1957) across OAEla; 4)
Biscutum constans across OAE2. Size measurements
were carried out on simple smear slides. Morphometry
of Schizosphaerella and B. constans is based on digital
photographs acquired with a camera mounted on a Leitz
Laborlux light microscope and using the ImageJ64
software. Morphometric analyses of N. steinmannii,
instead, were obtained with built-in camera Olympus

DP73 set on the light microscope Leica DM2700P and
using the Fiji software (Schindelin et al., 2012).

Schizosphaerella specimens were measured taking
into account the maximum diameter of the valve (Fig.
4), similarly to Mattioli & Pittet (2002). Nannoliths of N.
steinmannii are shaped like an elongated frustum of cone,
and measured parameters include the maximum width
(base width), the minimum width (top width) and the
height (Fig. 4). In addition, the volume of each specimen
was calculated. Coccoliths of B. constans are elliptical in
shape, consequently length and width were measured for
individual specimens (Fig. 4).

NANNOFOSSIL ABUNDANCE
AND SIZE CHANGES ACROSS OAES

Previous papers documented variations in calcareous
nannofloral assemblage composition related to
palacotemperature and palaeofertility fluctuations and
nannofossil indices were reconstructed for the intervals
prior to, during and after OAEs recorded in Italian sections
(Erba, 2004; Bottini et al., 2015; Casellato & Erba, 2015;
Bottini & Erba, 2018). In this chapter we synthetise and
discuss the changes in calcareous nannofossil abundance
and coccolith/nannolith size as potential proxies of
biocalcification adjustments under altered oceanic
carbonate chemistry. Data are presented in stratigraphic
order from the oldest to the youngest OAE.

The Toarcian T-OAE

A total of nine Italian pelagic sections cover the T-OAE
(Fig. 5): the Val Ceppelline, Colle di Sogno and Brasa
sections in the Lombardy Basin, the Dogna section in the
Belluno Basin, the Valdorbia, Colle d’Orlando, Pozzale,
Somma and Fonte Cerro sections in the Umbria-Marche
Basin. Six out of the nine sections were investigated
for carbon isotope chemostratigraphy, while for three
sections the identification of the stratigraphic position of
the T-OAE was based on biostratigraphy. As summarised
in Tab. 1, a limited amount of papers documents the
occurrence of the Toarcian C isotopic anomaly in Italian
sections. In particular, it is important to stress that for
the Val Ceppelline and Colle di Sogno sections nothing
was published in recent years, as the only C isotopic data
were presented by Jenkyns & Clayton (1986). The Dogna
(Jenkyns et al., 2001) and Valdorbia (Sabatino et al., 2009)
sections undoubtedly represent to date the best available
Italian record, with a high-resolution comparable to
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Fig. 4 - Measured parameters of selected nannofossil taxa:
a) Nannoconus steinmannii; b) Biscutum constans and c)
Schizosphaerella.
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ITALIAN PELAGIC SECTIONS WITH NANNOFOSSIL AND CARBON ISOTOPIC DATA FOR WEISSERT-OAE

n. Locality Reference Nannofossils 53C
2. Pusiano (Lombardy Basin, northwestern lItaly) Channell et al., 1993 ° .
4. Rio Corna (Lombardy Basin, northwestern ltaly) Lini et al., 1992 .
5. Capriolo (Lombardy Basin, northwestern lItaly) Lini et al., 1992 .
6. Polaveno (Lombardy Basin, northwestern lItaly) Lini et al., 1992 .

Bersezio et al., 2002 °

Erba & Tremolada, 2004 )

This work °
9. Valle Aviana (Trento Plateau, northeastern ltaly) Lini et al., 1992 .
13. Val del Mis (Belluno Basin, northeastern Italy) Channell et al., 1993 .
19. Chiaserna Monte Acuto (Umbria-Marche, central Italy) Sprovieri et al., 2006 .
32. S’Ozzastru (Sardinia, Italy) Bottini et al., 2018 .

Tab. 2 - Compilation of papers documenting quantitative nannofossil and carbon isotope data for the Weissert-OAE interval.

modern standards. We highlight that for the Brasa section
in the Lombardy Basin and the Colle d’Orlando and Fonte
Cerro sections in the Umbria-Marche Basin, no carbon
isotopic data were published.

Quantitative and semiquantitative nannofossil data are
available for the Colle di Sogno (Casellato & Erba, 2015),
Brasa (Cobianchi & Picotti, 2001), Colle d’Orlando,
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Pozzale, Somma and Fonte Cerro sections (Bucefalo
Palliani et al., 1998; Mattioli & Pittet, 2004) (Fig. 5).
Morphometric analyses of Schizosphaerella are available
for the Somma section (Mattioli et al., 2004b, 2009) and
were obtained for the Sogno Core (this study) drilled at
Colle di Sogno. Quantitative analyses of Schizosphaerella
punctulata Deflandre & Dangeard, 1938 and Mitrolithus
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Fig. 5 - On the left: synthesis of calcareous nannofossil changes through the Toarcian-OAE (ca. 183 Ma). Nannofossil origination and extinction
intervals are reported as pink and blue bars, respectively. The Schizosphaerella and M. jansae variations in abundance and the diameter of
Schizosphaerella (three point moving average of the diameter) are reported (this study). On the right: the stratigraphic extent of published
(semi)quantitative nannofossil data (red bar) and available inorganic and/or organic stable carbon isotope record (black bar) is reported for
each section. Section numbering as in Fig. 3. The T-OAE is indicated with a grey band. The time scale is after Gradstein et al. (2012). Carbon
isotope curve is modified after Hesselbo et al. (2007), Peniche section (Portugal).
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Fig. 6 - a-d) Images of Schizosphaerella from the Colle di Sogno section (after Casellato & Erba, 2015); scale bar =2um. a) Scanning electron
microscope of a Schizosphaerella-micrite from the uppermost Domaro Limestone. b) Light polarising microscope image of a cluster of
Schizosphaerella from the uppermost Domaro Limestone. ¢) Light polarising microscope image of S. punctulata from the topmost Domaro
Limestone. d) Light polarising microscope image of “small S. punctulata” from the lowermost Sogno Formation. e-g) Results of mixture
analysis of samples with estimated mean diameter (M), median diameter (MD) and number of specimens analysed (N) subdivided in three
intervals: e) pre- T-OAE, f) T-OAE and g) post - T-OAE, analysed in the Colle di Sogno section and Sogno Core (this study).

Jjansae (Wiegand, 1984) identified changes in abundance
of these taxa across the T-OAE (Casellato & Erba, 2015).
After a period of stability and oligotrophy dominated by
the rock-forming deep-dwellers (Fig. 5), enhanced nutrient
availability under increased run-off, possibly induced the
“Schizosphaerella decline” close to the Pliensbachian/
Toarcian boundary, also accompanied by a marked
decrease in abundance of M. jansae and an increase in
abundance of Biscutum and Lotharingius (Casellato &
Erba, 2015). Just before the onset of T-OAE, a further drop
in abundance is shown by both Schizosphaerella and M.
Jjansae, with the exclusion of “encrusted S. punctulata”
and the survival of “thin M. jansae” (Casellato & Erba,
2015). In the Fish Level both S. punctulata and M. jansae
drop in abundance while small coccoliths show an increase
in abundance that, however, contributed very little to
calcite production, justifying the low carbonate content
of the T-OAE black shales at Colle di Sogno (Casellato
& Erba, 2015). In the interval above the Fish Level,
nannofossils are mostly represented by small taxa with
some contribution by S. punctulata, while M. jansae barely
survived the palacoenvironmental stress and disappeared
soon after the T-OAE termination (Fig. 5). Indeed, after
the end of anoxia, palaecoceanographic conditions in the

photic zone resumed gradually to a pre-perturbation state,
as suggested by calcareous nannofloral assemblages
(Casellato & Erba, 2015).

The “Schizosphaerella crisis” is evidenced by its
drastic reduction in abundance just prior to the T-OAE
black shale interval and represents the temporary
breakdown of such a rock-forming taxon (Erba, 2004;
Tremolada et al., 2005). Similar and coeval decreases in
abundance of S. punctulata - and in general in nannofossil
total abundances - are reported from Portugal (Mattioli
et al., 2008), Spain (Fraguas et al., 2012), and France
(Hermoso et al., 2012), pointing to a major shift in
nannofloral assemblages at supra-regional scale.

The T-OAE perturbation also affected the
biomineralisation of Schizosphaerella, which shows
reduced sizes as documented in the Somma section
(Mattioli & Pittet, 2002; Mattioli et al., 2004b, 2009).
Fig. 6 illustrates the size changes measured in the Sogno
Core (this study) for the interval preceding the T-OAE,
within the T-OAE and in samples from the overlying
interval. Both the mean and median diameter values
decrease in the black shale interval, further evidencing
- contemporaneously to the abundance drop - reduced
calcification of Schizosphaerella. Such decrease in size
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was also documented in Italy for the Somma section
(Mattioli et al., 2004b, 2009), in France (Clemence et al.,
2015), Spain (Reolid et al., 2014), and Portugal (Suan et
al., 2008, 2010).

The nannoplankton patterns described above for Italian
pelagic sections confirm general trends documented
elsewhere, indicating stepped palacoenvironmental
perturbations culminating into the T-OAE. The extreme
conditions resulting from combined warming, ocean
fertilisation and possibly acidification contributed to
the establishment of very stressing surface waters with
dominance of opportunistic taxa. Ocean acidification
might have reached threshold values at the onset of the
T-OAE inducing the “Schizosphaerella crisis”, the drop in
abundance of M. jansae and the temporary size reduction
in Schizosphaerella.

Environmental stress started to affect the ocean
structure, fertility and chemistry at least one million years
before the T-OAE, close to the Pliensbachian/Toarcian
boundary, that was a time of accelerated nannoplankton
speciation, a most spectacular case for calcareous
nannoplankton evolution within the Mesozoic (Bown et
al., 2004; Erba, 2006). Data from Italian pelagic sections
support the interpretation of the T-OAE as a nutrification
episode combined with some ocean acidification exerting
adirect control on phytoplankton type and abundance, and
influencing species-specific biocalcification.

The late Valanginian Weissert-OAE

Eight sections covering the Weissert-OAE were
analysed for C isotopic chemostratigraphy (Fig. 7). In
particular, five sections were studied in the Lombardy
Basin (Pusiano, Rio Corna, Capriolo, Polaveno) and on
the Trento Plateau (Valle Aviana section) while the Valle
del Mis and Chiaserna sections are located in the Belluno
and Umbria-Marche Basins, respectively. Finally, we also
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considered here the S’Ozzastru section in Sardinia, which
consists of relatively shallow-water sediments deposited
during flooding of a carbonate ramp. Two major papers
published in the nineties still represent the sole reference
of the Weissert-OAE in Italy (Lini et al., 1992; Channell
et al., 1993). However, recent works at the Chiaserna
(Sprovieri et al., 2006) and S’Ozzastru sections (Bottini
et al., 2018) document with new data the occurrence of
the Weissert carbon isotopic anomaly. It should be noticed
that not all of these outcrops cover the entire OAE: the
Val del Mis section records just the descending trend of
the event after the C-isotope anomaly, and the S’Ozzastru
section covers the initial increase of the carbon isotopic
excursion (Fig. 7).

Calcareous nannofossil absolute abundances were
quantified only for the Polaveno section (Erba &
Tremolada, 2004), but semiquantitative data are also
available for the Pusiano section (Channell et al., 1993).
The Weissert-OAE interval is marked by a decline in
abundance of all nannoconids, called “nannoconid
decline” (sensu Channell et al., 1993), whose onset
correlates with magnetochron CM12 and predates
the positive 8'°C excursion. Nannoconid abundance
resumes during the C-isotope recovery starting within
magnetochron CM10N. The “nannoconid decline”
interval is also characterised by higher abundance of
Diazomatolithus throughout the entire Weissert-OAE
interval. Absolute abundances of Diazomatolithus (Erba
& Tremolada, 2004) show a symmetric increase and
decrease specular to the relative decrease and increase
in abundance of nannoconids. In Italian pelagic sections,
the onset of the “nannoconid decline” is also marked by
a peak in abundance of pentaliths (Bersezio et al., 2002;
Erba & Tremolada, 2004) (Fig. 7).

The “nannoconid decline” depicted in the Tethyan
sections (Channell et al., 1993; Bersezio et al., 2002;
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Fig. 7 - On the left: synthesis of calcareous nannofossil changes through the Weissert-OAE (ca. 134 Ma). Nannofossil origination and extinction
intervals are reported as pink and blue bars, respectively. The nannoconid variations in abundance (Erba & Tremolada, 2004) and the volume
of N. steinmannii (three point moving average of the volume, this study) are reported. The extent of the Diazomatolithus acme, the pentalith
abundance peak and the presence of Kokia borealis are also represented (Bersezio et al., 2002; Erba & Tremolada, 2004). On the right: the
stratigraphic extent of published (semi)quantitative nannofossil data (red bar) and available inorganic and/or organic stable carbon isotope
record (black bar) is reported for each section. Section numbering as in Fig. 3. The Weissert-OAE is indicated with a grey band. The time
scale is from Channell et al. (1995). Carbon isotope curve is modified after Channell et al. (1993) (Capriolo section).
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Erba & Tremolada, 2004; Bottini et al., 2018) has been
later documented as a global shift in the composition of
nannofloral assemblages (Erba et al., 2004; Bornemann
& Mutterlose, 2008; Greselle et al., 2011; Barbarin et
al., 2012; Duchamp-Alphonse et al., 2014; Mattioli et
al., 2014).

Morphometric analyses of N. steinmannii were
performed for the Polaveno section (Fig. 8) to test a
possible size reduction associated to the “nannoconid
decline”. Collected data show that the base width and
the height fluctuate independently (R?= 0.31), but that
the volume is highly correlated with the base width (R?
=0.81) and to a minor extent with the height (R?= 0.66).
In Fig. 7, we illustrate the volume fluctuations as the
three-point moving average of the volume curve. Average
volume values of ca. 300 mm® are recorded in the interval
preceding the Weissert-OAE and a moderate increase is
observed at the onset of the OAE, followed by a decrease
(to ca. 250 mm?®) in correspondence of the climax of the
dBCexcursion. The interval following the Weissert-OAE
is marked by a large increase in the average volume (to ca.
500 mm?®) during the recovery phase. The size variations
of N. steinmannii do not show any correspondence with
fluctuations in nannoconid total abundance, indicating
that these two parameters were independent and that the
factor/s that caused the “nannoconid decline” did not affect
the size of N. steinmannii, although larger specimens are
observed in the recovery phase of the C-isotope curve
at supraregional scale (Barbarin et al., 2012; this study).

The Italian pelagic record of the Weissert-OAE shows
changes in nannofossil abundance and composition that
have been also documented in France (Barbarin et al.,
2012; Duchamp et al., 2014), in the Atlantic (Bornemann
& Mutterlose, 2008) and in the Pacific (Erba et al.,
2004) Oceans, thus demonstrating the supra-regional
nature of the nannoplankton response. The Weissert-
OAE differs from other Cretaceous OAEs since it was
characterised by relatively cooler conditions, as for
example documented by the occurrence of the nannofossil
boreal species Kokia borealis Perch-Nielsen, 1988 at
low latitudes in Romania (Melinte & Mutterlose, 2001)
and in the tropical Pacific Ocean (Erba et al., 2004).
Therefore, the palacoenvironmental perturbations across
the Weissert-OAE cannot be ascribed to global warming.
The biocalcification crisis expressed by the “nannoconid
decline” has been linked to excess CO, and concurrent
higher fertility (Bersezio et al., 2002; Erba & Tremolada,
2004; Erba et al., 2004; Weissert & Erba, 2004). Although
ocean acidification as the triggering factor of the major
decrease in abundance of the heavily calcified nannoconids
has been disputed (Duchamp-Alphonse et al., 2007, 2014;
Barbarin et al., 2012), there is a general consensus on the

»
»

Fig. 8 - a) Scanning electron microscope image of a nannoconid-
micrite from the Maiolica limestone of the Gorgo a Cerbara section.
Nannoconids are marked by “N”, on the left side, indicated by the
arrow, there is a coccosphere of Watznaueria barnesiae (Black in
Black & Barnes, 1959) (after Erba, 1994); scale bar = 10 um. b)
Scatter plots of N. steinmannii base width, height and volume with
Pearson correlation coefficient (r) and the number of measurements
(N). Blue circles refer to the Polaveno section (Valanginian
Weissert-OAE), orange circles refer to the Cismon Core (early
Aptian OAEla).
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and nutrient indices are after Bottini et al. (2015). On the right: the stratigraphic extent of published (semi)quantitative nannofossil data (red
bar) and available inorganic and/or organic stable carbon isotope record (black bar) is reported for each section. The occurrence of a hiatus
is indicated with a dashed line. Section numbering as in Fig. 3. The OAE1a is indicated with a grey band. The time scale is from Malinverno
etal. (2010, 2012). Carbon isotope curve is modified after Bottini et al. (2015), Cismon Core (Italy). Identification of segments of the carbon

isotopic anomaly across OAE1a follows Bottini et al. (2015).

role of enhanced fertility (Bersezio et al., 2002; Erba et al.,
2004; Duchamp-Alphonse et al., 2007, 2014; Bornemann
& Mutterlose, 2008; Barbarin et al., 2012).

The early Aptian OAEla

Nine Italian sections record the occurrence of OAEla
as traced by carbon isotope data (Fig. 9). In particular,
the Pusiano and Pi¢ del Dosso sections in the Lombardy
Basin, the Spiazzi section on the Trento Plateau, the
Cismon Core and outcrop in the Belluno Basin, the Gorgo
a Cerbara section and the Piobbico Core in the Umbria-
Marche Basin, the Coppitella section in Gargano (Puglia,
southern Italy) and the Calabianca section in Sicily.
The Cismon APTICORE is the most studied record for
OAEla in Italy (Tab. 3). In fact, following the first work
of Erbaetal. (1999), a large amount of published literature
has continuously extended and/or refined the C,,, and
Coe chemostratigraphy, highlighting the importance
of this core as a fundamental reference for the OAEla
interval. The distribution of the various sections allows
for comparisons of the occurrence and extent of OAEla
in different basins. However, it must be noticed that not
all the published records are complete, in particular the
Spiazzi section documents only a small portion of the
event, as it preserves just the uppermost part of the carbon
isotopic anomaly, while a hiatus corresponds to the Ap3

and Ap4 intervals of the carbon excursion in the Piobbico
Core (Bottini et al., 2015).

Quantitative abundance data of nannofossil
assemblages of the upper Barremian-lower Aptian are
available for the Pié del Dosso, Cismon outcrop and
Core, Gorgo a Cerbara, Piobbico Core, Coppitella and
Calabianca (Erba, 1994; Luciani et al., 2001; Bellanca et
al., 2002; Erba & Tremolada, 2004; Bottini et al., 2015).
Slightly before the onset of OAEla, the “nannoconid
crisis” documents a major decrease of nannofossil calcite
production. It represents the culmination of a trend
initiated close to the Barremian/Aptian boundary with
the “nannoconid decline” associated with the appearance
of small taxa. Together these changes seem to testify the
response of calcareous nannoplankton to increased CO,
and metal enrichment (Erba et al., 2015). The “nannoconid
crisis” corresponds to a more severe biocalcification
failure, with a drop in pelagic biogenic calcite production
of ~80% under excess CO,, enhanced nutrient availability,
global warming and possibly ocean acidification (Erba
et al., 2010). Despite the major temporary crisis during
OAE1a, the nannoconids were able to survive, presumably
in sufficiently shielded ecological niches, and to partially
recover to pre-crisis abundance and palacofluxes when
palaeoenvironmental conditions ameliorated (Erba et
al., 2015).
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ITALIAN PELAGIC SECTIONS WITH NANNOFOSSIL AND CARBON ISOTOPIC DATA FOR OAE1a

n. Locality Reference Nannofossils &"C
2. Pusiano (Lombardy Basin, northeastern Italy) Keller et al., 2011 °
7. Pié del Dosso (Lombardy Basin, northeastern ltaly) Erba, 1994 °
Giorgioni et al., 2015 °
10. Spiazzi (Trento Plateau, northeastern ltaly) Weissert et al., 1985 .
11. Cismon APTICORE (Belluno Basin, northeastern Italy) Premoli Silva et al., 1999 °
Erba et al., 1999 .
Tremolada & Erba, 2002 °
van Breugel et al., 2007 °
Erba & Tremolada, 2004 .
Mehay et al., 2009 ° °
Erba et al., 2010 ° °
Giorgioni et al., 2015 °
Bottini et al., 2015 °
This work °
12. Cismon (Belluno Basin, northeastern ltaly) Weissert et al., 1985 °
Erba, 1994 .
Menegatti et al., 1998 °
16. Gorgo a Cerbara (Umbria-Marche, central Italy) Coccioni et al., 1992 )
Erba, 1994 .
Erbacher et al., 1996 °
Tejada et al., 2009 °
Stein et al., 2011 .
17. Piobbico Core (Umbria-Marche, central Italy) Premoli Silva et al., 1989 °
Erba, 1994 .
Erba et al., 2015 °
Bottini et al., 2015 .
28. Coppitella (Gargano, southern Italy) Luciani et al., 2001 ) )
30. Calabianca (Sicily, southern lItaly) Bellanca et al., 2002 . °

Tab. 3 - Compilation of papers documenting quantitative nannofossil and carbon isotope data for the OAEla interval.

Morphometric data of B. constans, obtained for the
uppermost Barremian through Cenomanian interval of
Italian sections (Erba et al., 2010; Faucher et al., 2017; this
work), show that coccolith length and width are directly
correlated (R?=0.80) (Fig. 10), thus we only comment the
fluctuations of the mean length, reported as the three-point
moving average of the mean length curve. In the Cismon
Core the coccolith length/width Pearson correlation is very
high (R?>= 0.90); B. constans shows a marked reduction
in size in correspondence of the onset of the OAE1a and
minimum average size (ca. 3 mm) was reached in the core
of the negative 3"°C segment Ap3 (Fig. 9). The mean B.

constans length increases across segments Ap4 to Ap6
and remains relatively stable up to the end of OAEla. A
minor decrease in the average coccolith size is detected
in segment Ap7.

Morphometric analyses of N. steinmannii performed in
the Cismon Core (this study) highlight rather stable sizes
through OAEla. As for the Weissert-OAE, the base width
and height are not correlated but there is a correlation
between the base width and the height with the volume
(Fig. 8). The average volume is above 500 mm? prior to
OAElaand shows a minor decrease during the event. The
only interval characterised by relatively smaller specimens
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Fig. 10 - Scatter plots of B. constans length and width with Pearson correlation coefficient (r) and the number of measurements (N). a) Scatter
plots of B. constans length and width measured in uppermost Barremian-Cenomanian Italian sections (Erba et al., 2010; Faucher et al., 2017;
this work); scale bar = 1 um. b) Scatter plots of B. constans length and width measured across the early Aptian OAEla in the Cismon Core
(Erbaetal., 2010). ¢) Scatter plots of B. constans across the Cenomanian/Turonian OAE2 from Novara di Sicilia section (Faucher et al., 2017).

(average volume comprised between 300 and 400 mm?)
coincides with the end of OAEla (segments Ap6-base
Ap7) (Fig. 9) which is followed by an interval of increased
sizes during 8"*C segment Ap7 (Fig. 9). The average
volume of N. steinmannii in the early Aptian (500 mm?)
is relatively higher compared to the Weissert-OAE (380
mm?). But, similarly to the Valanginian Weissert-OAE,
the N. steinmanii mean size does not show correlation
with the nannoconid total abundance. In the specific case
of OAEla, the volume fluctuations of N. steinmanii do
not follow the size variations displayed by B. constans
coccoliths.

The latest Barremian “nannoconid decline” and early
Aptian “nannoconid crisis” have been documented at
global scale (Erba, 1994, 2004; Erba et al., 2015) and
are interpreted as the result of concurrent higher fertility
and excess CO, that would have negatively affected the
biocalcification process in calcareous nannoplankton
(Erba & Tremolada, 2004; Erba et al., 2010, 2015). The
coincidence of the “nannoconid decline” and “nannoconid
crisis” with trace metal enrichments was further explained
by hydrothermal activity releasing large quantities of
biolimiting and/or toxic trace elements (Erba et al.,
2015). The maximum perturbation was reached in the
core of the negative 8'3C anomaly, when the highest
temperatures, highest surface water fertility, the maximum
ocean acidification and the maximum reduction of
coccolith size occurred. The nannoconids responded to
these perturbations with a severe reduction in the total
abundance, but not with significant size variations.

The latest Cenomanian OAE?2

Ten sections reporting the carbon isotope excursion
for the OAE2 in Italy are described in the literature
(Fig. 11). Most sections are located in the Umbria-

Marche Basin (Furlo, Gorgo a Cerbara, Monte Petrano,
Bottaccione, Contessa sections, and Gubbio S2 Core), but
other outcrops document the OAE2 positive C-isotope
excursion in the Belluno Basin (Cismon section) and
in Sicily (Novara di Sicilia, Calabianca and Guidaloca
sections). Among all, the Bottaccione area represents
a cornerstone for OAE2 C-isotope chemostratigraphy
in Italy (Tab. 4). In fact, following the seminal work of
Scholle & Arthur (1980), many papers in the past 40 years
have continuously documented the occurrence of the 3'3C
positive anomaly characterising OAE2 in the Gubbio
succession. Even if the Umbria-Marche Basin remains a
key-area for the stratigraphy of OAE2, recent advances
in the 8'*C chemostratigraphy (Gambacorta et al., 2015,
2016), suggest that in the Furlo, Contessa-Gubbio S2 Core,
Monte Petrano and Gorgo a Cerbara sections a regional
hiatus elides most of the C-isotope anomaly, namely the
“plateau”, the “c” peak and the first part of the recovery.
Therefore, the OAE2 stratigraphic record in these sections
was proved incomplete (Fig. 11). In Sicily, just the
Calabianca section contains the entire 3'3C excursion, as
the Novara di Sicilia and Guidaloca sections cover only
the lower and uppermost part of the event, respectively.
Quantitative analyses of calcareous nannofloras
are scanty for Italian sections, because the Bonarelli
Level is typically barren of calcareous nannofossils.
Changes in abundance across OAE2 were obtained for
the Bottaccione section (Erba, 2004) and morphometric
data were documented by Faucher et al. (2017) for
the Novara di Sicilia section. In addition, quantitative
nannofossil data are available for the intervals below
and above the Bonarelli Level of the Furlo and Monte
Petrano sections. The absence or extremely rareness of
calcareous nannofossils across the OAE2 black shales of
the Bonarelli Level is attributed to extreme acidification
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ITALIAN PELAGIC SECTIONS WITH NANNOFOSSIL AND CARBON ISOTOPIC DATA FOR OAE2

n. Locality Reference Nannofossils 6"3C

12. Cismon (Belluno Basin, northeastern ltaly) Gambacorta et al., 2015 °

15.  Furlo (Umbria-Marche, central Italy) Mort et al., 2007 )
Jenkyns et al., 2007 °
Gambacorta et al., 2015 °
Bottini & Erba, 2018 °

16. Gorgo a Cerbara (Umbria-Marche, central Italy) Kuroda et al., 2007 °

18. Monte Petrano (Umbria-Marche, central Italy) Erbacher et al., 1996 °
Gambacorta et al., 2015 °
Bottini & Erba, 2018 °

22. Bottaccione Gorge (Umbria-Marche, central Italy) Scholle & Arthur, 1980 )
Renard, 1986 °
Arthur et al., 1988 [
Corfield et al., 1991 .
Erba, 1994 .
Jenkyns et al., 1994 °
Scopelliti et al., 2008 °
Sprovieri et al., 2013 °

23. Gubbio - S2 Core (Umbria-Marche, central Italy) Tsikos et al., 2004 )

24. Contessa (Umbria-Marche, central Italy) Stoll & Schrag, 2000 )

29. Novara di Sicilia (northwestern Sicily, southern Italy) Scopelliti et al., 2008 °
Faucher et al., 2017 °

30. Calabianca (northwestern Sicily, southern Italy) Scopelliti et al., 2004 °
Scopelliti et al., 2008 .

31. Guidaloca (northwestern Sicily, southern Italy) Scopelliti et al., 2004 )

Tab. 4 - Compilation of papers documenting quantitative nannofossil and carbon isotope data for the OAE2 interval.

conditions (Erba, 2004). A drop in nannofossil abundance
and species richness has been documented worldwide
(Nederbragt & Fiorentino, 1999; Hardas & Mutterlose,
2007; Linnert et al., 2010, 2011; Corbett & Watkins,
2013) and interpreted as the result of eutrophic conditions,
perhaps combined with trace metal enrichments in surface
water. These factors of palacoenvironmental stress could
have favored phytoplanktonic group other than calcareous
nannoplankton (Erba, 2004; Lignum et al., 2007; Linnert
et al., 2010; Faucher et al., 2017). Indeed, Biscutum is
interpreted as a higher fertility taxon, but its drop in
abundance might be evidence of trophic conditions above
threshold values for calcareous nannoplankton during
OAE?2 (Erba, 2004).

Morphometric data of B. constans across the latest
Cenomanian OAE2 in the Novara di Sicilia section,
integrated with those gathered for the Eastbourne
section (Faucher et al., 2017), are represented in Fig. 11.
Coccoliths of B. constans show significant variations in

size as traced by length and width. These two parameters
are directly correlated (R?2= 0.76) (Fig. 10), thus we
only comment the fluctuations of the mean length, as
represented in the smoothed curve of Fig. 11. Atthe OAE2
onset, B. constans shows a first decrease in size, followed
by an increase of coccolith size in "*C peak “a”. A further
size decrease culminates with dwarfism around 3"*C peak
“b”, where the smallest coccoliths are recorded (ca. 1.5
mm). Similar and coeval trends have been documented
in a variety of settings as a biocalcification response to
palacoenvironmental global stress. However, at Novara
di Sicilia, B. constans coccoliths have the most reduced
sizes compared to other sections: this seems to depict a
trend of declining average coccolith size with decreasing
latitude (Faucher et al., 2017).

Fluctuations of calcareous nannofossil abundance
and size of selected taxa across the latest Cenomanian
OAE?2 are interpreted as caused by global warming,
interrupted by the cooling interlude of the Plenus Cold
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Fig. 11 - On the left: synthesis of calcareous nannofossil changes through the latest Cenomanian OAE2 (ca. 94 Ma). Nannofossil origination
and extinction intervals are reported as pink and blue bars, respectively. The total nannofossil abundance variations (from Gubbio section,
Erba, 2004) and the length of B. constans (three point moving average of the mean length, Faucher et al., 2017) are reported. Nannofossil
based-nutrient index and peaks of Eprolithus floralis (Stradner, 1962) are from Erba (2004). Cooling intervals are from Jenkyns et al. (2017).
On the right: the stratigraphic extent of published (semi)quantitative nannofossil data (red bar) and available inorganic and/or organic stable
carbon isotope record (black bar) is reported for each section. The occurrence of a hiatus is indicated with a dashed line. Considering the
proximity of the sites, we assume an extent of the hiatus for the Contessa and Bottaccione Gorge sections equal to that observed in the Gubbio
S2 Core. Section numbering as in Fig. 3. The OAE2 is indicated with a grey band. The time scale is modified after Gradstein et al. (2012).
Carbon isotope curve is modified after Tsikos et al. (2004), Eastbourne section (UK). Identification of individual peaks of the carbon isotopic

anomaly across OAE2 follows Voigt et al. (2007).

Event (Gale & Christensen, 1996; Gale et al., 2019),
changes in ocean fertility and chemistry. The short return
to larger B. constans coccoliths around 8"°C peak “a”
occurs in the Plenus Cold Event: a cool-water preference
was implied for B. constans (Lees et al., 2005) and may
explain its increase in size during the cooling interval.
The subsequent B. constans dwarfism correlates with the
maximum ocean perturbation with metal enrichments,
temperature rise and probably ocean acidification due to
excess CO, (Erba, 2004; Snow et al., 2005; Jarvis et al.,
2011; Du Vivier et al., 2015; Faucher et al., 2017). Only
a partial return to pre-OAE2 sizes was observed in B.
constans coccoliths during the C-isotope recovery phase
following 6'3C peak “d”, suggesting the persistence of
stressing conditions in the earliest Turonian.

CONCLUDING REMARKS

Our synthesis points out that Italian pelagic sections
are key to quantify changes in calcareous nannoplankton
during times of highly perturbed conditions associated with
OAEs, as evidenced by 8'*C anomalies testifying discrete
global alterations of the C cycle. Indeed, in addition to
extreme climatic conditions and oceanic fertilisation,
OAEs were also times of altered chemistry making
calcification difficult. It is possible that volcanically
driven excess CO, in the ocean/atmosphere system
(Jenkyns, 2010) induced ocean acidification (Erba et al.,
2010) and caused crises of the dominant rock-forming

calcareous nannoplankton forms. This seems the case
for the “Schizosphaerella crisis”, the “nannoconid
decline” and the “nannoconid crisis” during the early
Toarcian T-OAE, the late Valanginian Weissert-OAE
and the early Aptian OAE1a, respectively. An even more
dramatic drop in nannofossil abundance characterises
the latest Cenomanian OAE2, marked by a widespread
biocalcification failure of calcareous nannoplankton taxa.

In addition to major changes in nannofossil abundance,
a species-specific decrease in size has been detected for
most OAEs, specifically for Schizosphaerella across
the T-OAE and B. constans in the interval of maximum
perturbation of both OAEla and OAE2. Size of N.
steimannii, instead, does not show significant variations
across the Weissert-OAE and OAEla. We underline
that none of the taxa experiencing a calcification
crisis and/or showing a size decrease got extinct:
they recovered when the palaeoenvironment returned
to a pre-perturbation state, although the calcareous
nannoplankton return to normal conditions occurred much
slower than their response to environmental stress at the
beginning of the OAE disturbance. After the T-OAE and
OAEl1a, schizosphaerellids and nannoconids resumed in
abundance, although nannofossil assemblages changed to
a different composition. This was also due to originations
of new species starting some one million years before the
onset of the T-OAE and OAE1a and continuing through
the events (Figs 5 and 9), indicating that some calcareous
nannoplankton taxa could overcome the stressing
phase, perhaps by resorting to innovative pathways of
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calcification. These speciation episodes developed quickly,
at an average rate of one first occurrence every 100-200 k
years, with no accompanying increase in extinction rate,
suggesting resilience of this phytoplankton group.

The Italian pelagic record shows that the response
of calcareous nannoplankton to palacoenvironmental
perturbations of the Weissert-OAE and OAE2 was
significantly different. The Valanginian “nannoconid
decline” was gradual and less pronounced, as it was the
recovery phase, while in the late Cenomanian the dramatic
reduction in nannofossil total abundance is as sudden
as the recovery after OAE2. As far as nannoplankton
evolutionary patterns and rates are concerned, the response
to the Weissert-OAE and OAE2 was different between the
two events and also with respect to the T-OAE and OAEl a.
During the late Valanginian-early Hauterivian (Fig.
7), a few first occurrences followed each other slowly,
about one every million years. Across OAE2, instead,
extinctions occurred with a rate of one every 100-200 k
years at the onset or at the end of the event, while some
originations are recorded from the middle part of OAE2
and continued afterwards (Fig. 11).

In conclusion, OAEs perturbations are fully recorded
in pelagic micrites by shifts in abundance of calcareous
nannofossils and specifically of rock-forming taxa.
The same taxa partly and gradually resumed when
palaeoecosystem conditions ameliorated. Changes in
biocalcification are further documented by species-
specific reduction in size under maximum stress during
OEAs. The role of palaeoenvironmental pressure on
calcareous nannoplankton evolution during the early
Toarcian T-OAE, late Valanginian Weissert-OAE, early
Aptian OAEla and latest Cenomanian OAE2, if any, was
not univocal, but in general resulted in the origination of
new taxa.
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