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ARTICLE INFO ABSTRACT

Keywords: Oceanic Anoxic Event 2 (OAE 2), spanning the Cenomanian/Turonian boundary (93.9 Ma), was an episode of
Extinction and resilience major perturbation of the global carbon cycle. Its geochemical signature is a synchronous positive 8'°C excursion
Hyperthermal

in both carbonates and organic matter that resulted from the net burial of large amounts of organic carbon in
deep-sea and hemipelagic settings.

Causes for OAE 2 are still the subject of investigations; however, several studies postulate that massive sub-
marine volcanic activity emitted greenhouse gases and provided biolimiting metals in marine ecosystems,
leading to the onset of the Cenomanian-Turonian thermal maximum and to the enhancement of ocean fertility.
Ocean temperature, sea-surface stratification, nutrient availability, and carbonate ion saturation were subject to
variations during OAE 2 that resulted in fluctuations in diversity abundance and calcification of species.

We analyzed the record of the main biocalcifiers of pelagic-hemipelagic settings (planktonic foraminifera and
calcareous nannofossils) and of low-latitude carbonate platforms (larger benthic foraminifera and rudist bi-
valves) by looking at well-dated sections. Carbon isotope stratigraphy allowed precise correlation from shallow
to deep water and tied the biotic response to the record of geochemical proxies of paleoenvironmental changes.
The main extinction event, severely affecting the shallow-water benthic biocalcifiers and to a minor extent the
calcareous plankton, occurred within and after the Plenus Cold Event. Fluctuations in surface seawater tem-
perature and extreme warming were probably the main cause of extinction, with contributions from decreased
seawater carbonate saturation and disruption of ocean stratification. Overall, calcareous plankton fared much
better, showing a greater resilience than carbonate-platform biocalcifiers to paleoenvironmental perturbations
across OAE 2.

Planktonic foraminifera
Calcareous nannoplankton
Larger benthic foraminifera
Rudists

Jenkyns et al., 2017; Robinson et al., 2017; Gale et al., 2019). The iso-
topic excursion likely resulted from the net burial of large amounts of
organic matter in deep-sea and hemipelagic settings (e.g., Kuroda and
Ohkouchi, 2006; Trabucho Alexandre et al.,, 2010 and references
therein). However, anoxic conditions were not pervasive during this
interval in shallow marine environments (Gertsch et al., 2010).

Editor name: Professor L Angiolini.
1. Introduction

The latest Cenomanian-earliest Turonian Oceanic Anoxic Event 2
(OAE 2, e.g., Schlanger and Jenkyns, 1976; Scholle and Arthur, 1980;

Schlanger et al., 1987) represents the last prominent global Oceanic
Anoxic Event. OAE 2 is associated to a positive §'3C excursion in both
carbonates and organic matter that is globally correlatable (e.g., Tsikos
et al., 2004; Voigt et al., 2006, 2008; Jenkyns, 2010; Wendler, 2013;
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Several hypotheses have been presented to account for the increase
in the global rate of organic-carbon burial during OAE 2, including in-
crease in the delivery of weathering-derived nutrients to the oceans
(Frijia and Parente, 2008; Blattler et al., 2011; Monteiro et al., 2012;
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Pogge von Strandmann et al., 2013), sea-level rise that promoted the
increase in the flux of recycled nutrients to the oceans (Erbacher et al.,
2005; Bjerrum et al., 2006), incursion of oxygen minimum zones onto
the continental shelf (Schlanger and Jenkyns, 1976; Arthur et al., 1987;
Gavrilov et al., 2013), changes in the cycling of major nutrients (Mort
et al., 2007; Adams et al., 2010; Higgins et al., 2012), input of volca-
nically derived nutrients to the oceans (Kerr, 1998; Larson and Erba,
1999; Leckie et al., 2002; Erba, 2004; Turgeon and Creaser, 2008; Du
Vivier et al., 2014; Jenkyns et al., 2017), changes in ocean circulation
(MacLeod et al., 2008; Martin et al., 2012; Zheng et al., 2013), and a
combination of the above changes coinciding with an increase in sea-
sonality after a long eccentricity (2.4 Myr) cycle minimum (Mitchell
et al., 2008; Batenburg et al., 2016).

OAE 2 was probably triggered by submarine volcanic activity (i.e.,
emplacement of the Caribbean, High Arctic, and part of the Kerguelen
Plateau Large Igneous Provinces) that injected large amounts of COs,
sulfides and trace metals into the ocean and atmosphere leading to the
enhancement of ocean fertility (e.g., Larson, 1991; Kuypers et al., 2002;
Leckie et al., 2002; Jenkyns, 2003; Erba, 2004; Pancost et al., 2004;
Kuroda et al., 2007; Turgeon and Creaser, 2008; Barclay et al., 2010;
Trabucho Alexandre et al., 2010; Zheng et al., 2013; Du Vivier et al.,
2014; Scaife et al., 2017; Schroder-Adams et al., 2019; Jones et al., 2021,
2023).

The Cenomanian-Turonian boundary interval is also accompanied by
warming of the ocean (e.g., Jenkyns et al., 1994; Clarke and Jenkyns,
1999; Bice et al., 2003; Voigt et al., 2004; Friedrich et al., 2012).
Surface-ocean temperatures exceeded 35 °C at low latitudes (Wilson
et al., 2002; Forster et al., 2007; Moriya et al., 2007; Friedrich et al.,
2012; MacLeod et al., 2013; O’Brien et al., 2017), and equator-to-pole
sea surface temperature gradients were reduced to about 5 °C in sur-
face and bottom waters (Huber et al., 2002; Linnert et al., 2014; O’Brien
et al., 2017; Huber et al., 2018).

Regionally, the warming during the OAE 2 interval was briefly
interrupted by a cooling event known as the Plenus Cold Event (PCE;
after Gale and Christensen, 1996) that has been attributed to a decrease
in atmospheric pCO4 forced by the widespread burial of organic carbon
(Arthur et al., 1988; Kuypers et al., 1999; Voigt et al., 2006; Barclay
et al., 2010; Sinninghe Damsté et al., 2010; Jarvis et al., 2011; van
Bentum et al., 2012; Gale et al., 2019; O’Connor et al., 2020). Cooling in
the early part of OAE 2 has been first documented in the Anglo-Paris and
Vocontian Basins by the incursion of a Boreal macrofossil fauna found to
coincide with two 580 shifts of bulk carbonates toward higher values in
the Shakespeare Cliff section at Dover, England (Gale and Christensen,
1996), subsequently confirmed in other sections of both basins (Voigt
et al., 2004, 2006; Jarvis et al., 2011; Jenkyns et al., 2017; Gale et al.,
2019; O’Connor et al., 2020; Jeans et al., 2021). Occurrence of Boreal
macrofossils coinciding with 5'%0 shifts as well as with changes in the
Nd-isotope signatures and in other geochemical elements were also
documented in other sections of the Anglo-Paris Basin, suggesting coeval
changes in ocean circulation patterns and increased oxygenation at the
sea-floor (Jefferies, 1962, 1963; Hart et al., 1991; Morel, 1998; Paul
et al., 1999; Tsikos et al., 2004; Voigt et al., 2004, 2006; Zheng et al.,
2013; Jenkyns et al., 2017; Clarkson et al., 2018; Desmares et al., 2020;
O’Connor et al., 2020; Jeans et al., 2021). The cooling event has been
reported in other localities across the Tethyan margins, North to central
Atlantic, and Western Interior Seaway (WIS) based on faunal assem-
blages (Friedrich et al., 2006; Voigt et al., 2006; van Helmond et al.,
2016; Eldrett et al., 2017), foraminiferal coiling direction (Desmares
et al., 2016), 880 values (Morel, 1998; Caron et al., 2006; Keller et al.,
2008; Desmares et al., 2016; Kuhnt et al., 2017; Kalanat et al., 2018),
and TEXge measurements (Forster et al., 2007; Sinninghe Damsté et al.,
2010).

The environmental perturbations associated to OAE 2 certainly
influenced the evolutionary history of planktonic (e.g., Erbacher et al.,
1996; Leckie et al., 2002; Erba, 2004; Pearce et al., 2009) and benthic
(Parente et al., 2008; Steuber et al., 2023; Krizova et al., 2024)
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biocalcifiers. However, after decades of studies on OAE 2, a synthesis on
the combined marine shallow- and deep-water biotic records of the
event is still missing. The main aim of this paper is to fill this gap by
producing a detailed dataset of biotic changes (extinctions and origi-
nations) across the OAE 2 interval for the main groups of marine bio-
calcifiers of pelagic-hemipelagic settings (planktonic foraminifera and
calcareous nannofossils) and of low latitude carbonate platforms (larger
benthic foraminifera and rudist bivalves).

We use carbon isotope stratigraphy to establish a common time
framework from basins to platforms and to tie precisely the record of
bioevents with the record of geochemical proxies of paleoenvironmental
changes. Timing and selectivity across different groups of organisms are
then used to evaluate the potential causes of extinction.

Finally, we try to answer the main question raised by our dataset:
why larger benthic foraminifera and rudists experienced a mass
extinction across the OAE 2 interval while planktonic foraminifera and
calcareous nannoplankton were much more resilient?

2. Materials and methods

In this paper, we use published and some new data from three well-
known hemipelagic-pelagic sections (Rock Canyon, Pueblo, USA,
38°16'56"N, 104°43'39"W; Gun Gardens, Eastbourne, UK,
50°44'12.001"N, 0°14°53.998"E; Clot Chevalier, France, 43°59'32.02"N,
6°24'14.27"E) to illustrate the biotic changes in planktonic foraminifera
and calcareous nannoplankton across OAE 2 (Fig. 1). New data only
concern the calcareous nannofossil biostratigraphy of the Eastbourne
section. Specifically, a total of 138 samples (from 0 to 26.9 m, Fig. 2)
were analyzed. Smear slides were prepared using the standard technique
described by Bown and Young (1998) and were studied under a Leitz
Laborlux polarizing light microscope at 1250x.

For carbonate platform environments we present data on Larger
Benthic Foraminifera (LBF) and rudist bivalves. For LBF we use pub-
lished data from the Raia del Pedale section (southern Italy,
40°13'57.09"N, 15°26'48.49'E) and from the Lusitanian Carbonate
Platform (Portugal). For rudist bivalves we use data from the Lusitanian
Carbonate Platform and review literature data from the northern and
southern margins of Tethys and the Americas (Fig. 1).

Carbon isotope stratigraphy, described in subchapter 2.1, is used to
establish a high-resolution correlation between the hemipelagic-pelagic
and the carbonate platform sections analyzed in this study and to
compare the record of biotic changes with the record of geochemical
proxies for surface seawater temperature, pCOo, silicate weathering in-
tensity, sea-floor anoxia and volcanism.

The detailed description of the hemipelagic-pelagic and carbonate
platform sections and of the published and new data on the calcareous
plankton and shallow-water benthic taxa are presented in subchapters
2.2 and 2.3, respectively, for each stratigraphic section examined in this
study.

2.1. Definition of OAE 2 and nomenclature of the carbon isotope
excursion

OAE 2 was originally defined on the basis of the widespread occur-
rence of broadly coeval organic-carbon rich deposits across the
Cenomanian-Turonian boundary interval (Schlanger and Jenkyns,
1976). A few years later it was documented that the event was associated
with a positive carbon isotope excursion (CIE) close to the Cenomanian/
Turonian boundary recorded on a global scale (Scholle and Arthur,
1980). Detailed studies based on integrated stratigraphy documented
that the onset and termination of the deposition of organic-rich sedi-
ments were not synchronous in different basins, due to local paleo-
environmental conditions interfering with global paleoenvironmental
perturbations (Tsikos et al., 2004; Grosheny et al., 2017). At the same
time, it was realised that the CIE was much more reliable than the dis-
tribution of organic-rich sediments as a tool to define the onset and
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Fig. 1. Paleogeographic reconstruction (Scotese, 2016) for the Cenomanian/Turonian boundary (93.6 Ma) with location of the stratigraphic sections analyzed and

mentioned in this study.

termination of the event and to correlate records of different basins and
across different facies and latitudes (see for instance Tsikos et al., 2004).
Following this chemostratigraphic approach, OAE 2 was defined as the
stratigraphic interval from the onset of the positive CIE to the point in
the 5!3C curve where carbon isotope values start a steep decline to re-
turn to pre-excursion values (Tsikos et al., 2004). In this paper the OAE 2
interval (Fig. 2) is identified from the level of the initial positive shift
into the §'°C excursion (onset) through the level where 513C values
begin a definite decrease from those high values (termination) according
to the definition of Jarvis et al. (2011), Gambacorta et al. (2015) and
Jenkyns et al. (2017). A nomenclature subdividing the OAE 2 CIE was
first proposed by Pratt and Threlkeld (1984) and Pratt (1985) that
interpreted peak “a” as a maximum, peak “b” as a trough and peak “c” as
the entire plateau of less negative values above “b”. Later Paul et al.
(1999) subdivided the §'3C curve of the English Chalk at Eastbourne into
pre-excursion, first build-up, trough, second build-up, plateau, recovery
and post-excursion (Fig. 2). A further elaboration was the identification
of three positive peaks in the inorganic carbon isotope record, labelled
“a” to “c” by Jarvis et al. (2006). Peak “a” represents the positive peak
reached at the end of the first build-up. Peak “b” is reached at the end of
the second build-up and is separated from peak “a” by the trough. Peak
“c” is at the end of the plateau. Finally, a four-peaks nomenclature was
introduced by Voigt et al. (2007, 2008), who labelled as peak “d” the
termination of the OAE 2 CIE, which was left unlabelled by Jarvis et al.
(2006, 2011) (Fig. 2). This four-peaks nomenclature is adopted in this
paper (Figs. 3-7).

Estimates of the duration of OAE 2 have been obtained in different
localities using a cyclostratigraphic approach. Comparisons between the
different estimates are often plagued by the problem of different defi-
nitions of the stratigraphic extent of the OAE 2 CIE and particularly of its
termination (see discussion in Boulila et al., 2020). In the WIS, Sageman
et al. (2006) calculated a duration of 563-601 ky for the interval going
from the onset of the CIE to the end of the plateau, and of 847-885 ky, if
the termination of the CIE is taken at the level where 5'3C values return

to background values. Similar durations have been obtained using
radioisotopically dated bentonites (Meyers et al., 2012) and cyclo-
stratigraphy (Jones et al., 2021) in the WIS and in other localities such as
Texas (920 + 170 ky; Eldrett et al., 2015), Tibet (820 + 25 ky; Li et al.,
2017), New Zealand (930 + 25 ky; Gangl et al., 2019) and Paris Basin
(ca 850 ky; Boulila et al., 2020).

The Plenus Cold Event (PCE: Gale and Christensen, 1996; Jarvis
et al., 2011; Jenkyns et al., 2017) temporarily interrupted the super-
greenhouse conditions that prevailed during much of OAE 2. It refers to
a time interval of 40-200 ky (Jarvis et al., 2011; Gangl et al., 2019;
Boulila et al., 2020) characterized by cooling identified based on the
geochemical proxies and the fossil record (Jenkyns et al., 2017;
O’Connor et al., 2020).

The series of '80 shifts toward higher values obtained on bulk
carbonates (Dover: Lamolda et al., 1994; Eastbourne: Paul et al., 1999;
Tsikos et al., 2004) and on macrofossil shells (Voigt et al., 2004, 2006),
is associated with a A'3C (i.e., 613Ccarb—613corg) drop, which reflects an
atmospheric pCO- decrease (Jarvis et al., 2011), and coincides with the
occurrence of Boreal macrofossils, suggesting synchronism between
cooling and migration of Boreal species in the Anglo-Paris and Vocon-
tian Basins (Gale and Christensen, 1996; Jenkyns et al., 2017) (Fig. 2).

In the English Chalk, the occurrence of Boreal macrofossils (e.g., the
belemnite Praeactinocamax plenus, the bivalve Oxytoma seminudum;
Jefferies, 1962, 1963; Gale and Christensen, 1996; Paul et al., 1999),
dinoflagellate cysts (Cyclonephelium compactum-membraniphorum;
Dodsworth, 2000; Pearce et al., 2009), and planktonic foraminifera
(Praeglobotruncana plenusiensis, Muricohedbergella kyphoma; Falzoni and
Petrizzo, 2022) correlates with increases in the 5'80 values (Gale and
Christensen, 1996; Paul et al., 1999; Voigt et al., 2004, 2006; Jarvis
etal., 2011; Gale et al., 2019; O’Connor et al., 2020), suggesting that the
PCE can be separated in at least two distinct cooler intervals interrupted
by a warmer episode (Jenkyns et al., 2017). Other studies distinguish
three cooler intervals interrupted by two warmer episodes (Jeans et al.,
2021) (Fig. 2). Because the number of cooling episodes within the PCE in
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Fig. 2. Gun Gardens section, Eastbourne, SE England (Anglo-Paris Basin). Synthesis of the OAE 2 and of the Plenus Cold Event nomenclature adopted in this study,
modified after Falzoni and Petrizzo (2022). Ammonite biozonation (AZ) follows Gale et al. (2005). Planktonic foraminifera biozonation (PFZ) is according to Falzoni
and Petrizzo (2020). Calcareous nannofossils biozonation (CNZ) follows Tsikos et al. (2004) and this study. Lithostratigraphy, carbon isotope stratigraphy, oxygen
isotope ratio of bulk carbonates and macrofossil shells, and A3C (8%3Cearp —613C0rg) of the Eastbourne section after Gale et al. (2005), Tsikos et al. (2004), Voigt et al.
(2006) and Jarvis et al. (2011). Definition of the OAE 2 interval after Jarvis et al. (2011), Gambacorta et al. (2015) and Jenkyns et al. (2017). Identification of the
8'3c positive peaks “a” to “d” follows Jarvis et al. (2006, 2011) and Voigt et al. (2008); 813Cmb nomenclature after Paul et al. (1999). Plenus Carbon Isotope
Excursion (Plenus CIE) according to O’Connor et al. (2020) and Falzoni and Petrizzo (2022) (light blue band). The stratigraphic range of Boreal macrofossils follows
Paul et al. (1999) and Gale and Christensen (1996); the latter is based on the Jefferies’ collection of Dover deposited in the Sedgwick museum (Cambridge). The
stratigraphic range of the dinoflagellate cysts Cyclonephelium compactum-membraniphorum is after Pearce et al. (2009) for Eastbourne and Dodsworth (2000) for
Lulworth. Planktonic foraminiferal data (Praeglobotruncana plenusiensis, Muricohedbergella kyphoma) of the Eastbourne section are after Falzoni and Petrizzo (2020,
2022). Stratigraphic intervals characterized by cooling episode(s) during the PCE according to different studies in the references (dark blue bars). For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.

the English Chalk (Fig. 2) and elsewhere have been differently inter-
preted by the authors, O’Connor et al. (2020) suggested to constrain the
PCE to the stratigraphic interval between the §!3C peak “a” and “b”
(Plenus CIE in Fig. 2), independently from the evidence for cooling. A
similar approach was followed by Falzoni and Petrizzo (2022) who
extended the Plenus CIE to below peak “a” to account for the
geochemical evidence for cooling from the top of Bed 1 and the occur-
rence of Boreal species from the base of Bed 2 (Fig. 2). Therefore, the
Plenus CIE constrains the stratigraphic interval characterized by one or
more episodes of cooling as identified based on the geochemical proxies
and/or fossil record. The definition of the PCE by Jenkyns et al. (2017) is
followed for the Eastbourne section.

Two distinct events, if present, cannot be stratigraphically resolved
in the Vocontian Basin based on the available data (Gale and Chris-
tensen, 1996; Gale et al., 2019; Falzoni and Petrizzo, 2022), and the
identification of the PCE interval in this section follows Gale et al.
(2019).

The influence of cooling during the PCE in the WIS is still subject to
debate. No belemnites or other boreal macrofossils entered the WIS in
this stratigraphic interval. Evidence of assemblage changes are currently
limited to the southward migration of boreal dinoflagellate cysts (Eldrett
et al., 2014; van Helmond et al., 2014, 2016) and changes in the
dominant coiling direction of Muricohedbergella delrioensis coinciding
with high 5'%0 values (Desmares et al., 2016), which might reflect
cooling in analogy with modern species (Neogloboquadrina pachyderma
vs. Neogloboquadrina incompta). However, the duration and effects of the
event in the WIS are currently unclear (see Sageman et al., 2024), and
for this reason the PCE is not discussed for the Pueblo section.

2.2. Hemipelagic-pelagic sections

2.2.1. Rock Canyon section, Pueblo, Colorado, USA
The Rock Canyon section near Pueblo is situated in the south-central
part of the Western Interior Seaway (WIS) (Fig. 1), which was a foreland
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Fig. 3. Rock Canyon section, Pueblo, Colorado (Western Interior Seaway). The Cenomanian/Turonian boundary is placed between the N. juddii and the W. devonense
Zones according to the GSSP definition (Kennedy et al., 2000). Stratigraphic log after Kennedy et al. (2005), bed numbers according to Cobban and Scott (1972).
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Threlkeld (1984) and Pratt (1985). OAE 2 definition follows Jarvis et al. (2011), Gambacorta et al. (2015) and Jenkyns et al. (2017). Peaks “a” to “d” on the carbon
isotope curve are according to Jarvis et al. (2006) and Voigt et al. (2008). Planktonic foraminifera species extinction, speciation, and other biotic events are from
Leckie (1985), Eicher and Diner (1985), Leckie et al. (1998), Keller and Pardo (2004), Caron et al. (2006), Desmares et al. (2007, 2016), Elderbak and Leckie (2016)
re-interpreted according to Falzoni et al. (2018a). Radiolaria are after Caron et al. (2006). Calcareous nannofossil data are from Bralower (1988), Bralower and
Bergen (1998), Watkins (1985) and Russo (2014).

Abbreviations planktonic foraminifera: L. bentonensis = Laeviella bentonensis; R. cushmani = Rotalipora cushmani; T. greenhornensis = Thalmanninella greenhornensis;
T. deeckei = Thalmanninella deeckei; D. hagni = Dicarinella hagni; D. imbricata = Dicarinella imbricata; D. canaliculata = Dicarinella canaliculata; D. marianosi =
Dicarinella marianosi; H. helvetica = Helvetoglobotruncana helvetica; M. sigali = Marginotruncana sigali.

Abbreviations calcareous nannofossils: C. striatus = Cretarhabdus striatus; A. albianus = Axopodorhabdus albianus; C. kennedyi = Corollithion kennedyi; L. acutus =
Lithraphidites acutus; H. chiastia = Helenea chiastia; E. octopetalus = Eprolithus octopetalus; Q. gartneri = Quadrum gartneri; E. moratus = Eprolithus moratus.

basin extending from the Gulf of Mexico, northward to the Arctic Ocean planktonic foraminiferal bioevents derived from all previous studies and
and with a southern prolongation connected to the Atlantic Ocean. The reinterpreted according to Falzoni et al. (2018a). Calcareous nanno-
Rock Canyon section is ~12 m-thick and it includes the uppermost fossils at Pueblo were studied in detail by Watkins (1985), Bralower

Hartland Shale and the lower Bridge Creek Limestone Members of the (1988), Bralower and Bergen (1998), Tsikos et al. (2004), Corbett et al.
Greenhorn Formation exposed west of Pueblo (Fig. 3). The Global (2014) and Faucher et al. (2017), and are discussed herein. Morpho-

Stratotype Section and Point (GSSP) for the base of the Turonian Stage is metric analyses on nannofossils were performed by Faucher et al.
located at the first occurrence of the ammonite Watinoceras devonense in (2017).

Bed 86 (Kennedy et al., 2000, 2005). The Cenomanian/Turonian In this study, we adopt the organic carbon isotope curve by Pratt and
boundary at Pueblo is one of the best-documented stage boundaries due Threlkeld (1984) and Pratt (1985), being the most representative,
to the dense fossil record, consisting mainly of ammonites, inoceramids, although other carbon isotope records have been generated for the Rock
foraminifera and nannofossils (Kennedy et al., 2000). Ammonite species Canyon section and for cores drilled nearby (PU-79 and Portland cores)

are well known, owing to the detailed publications of Cobban and Scott (Pratt et al., 1993; Keller et al., 2004; Bowman and Bralower, 2005;
(1972), Cobban (1988), Kennedy and Cobban (1991) and Kennedy et al. Caron et al., 2006; Sageman et al., 2006; Desmares et al., 2007).
(1999, 2000). Planktonic foraminifera have been studied by many au-

thors over the last 45 years adopting different sampling resolution and 2.2.2. Gun Gardens section, Eastbourne, UK

methodologies (i.e., washed residues and thin sections) (Eicher, 1969; The Gun Gardens section at Eastbourne (UK) is situated in the central
Eicher and Worstell, 1970; Eicher and Diner, 1985; Leckie, 1985; Leckie part of the Anglo-Paris Basin (Fig. 1). The succession is 27 m-thick and
etal., 1998; West et al., 1998; Keller and Pardo, 2004; Keller et al., 2004; consists of alternations of clay-rich (marls) and clay-poor carbonates
Caron et al., 2006; Desmares et al., 2007, 2016; Elderbak et al., 2014; (calcisphere-, coccolith- and inoceramid-rich limestones called chalks).
Elderbak and Leckie, 2016; Bryant et al., 2021). In this paper, we use Boundaries between beds are invariably bioturbated. The succession can
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Fig. 4. Gun Gardens section, Eastbourne, SE England (Anglo-Paris Basin). The Cenomanian/Turonian boundary is placed between the N. juddii and the W. devonense
Zones according to the GSSP definition (Kennedy et al., 2000). Ammonite biozonation (AZ) follows Gale et al. (2005). Planktonic foraminifera biozonation (PFZ) is
according to Falzoni and Petrizzo (2020). Calcareous nannofossils biozonation (CNZ) follows Tsikos et al. (2004) and this study. Lithostratigraphy after Tsikos et al.
(2004); 8'3Cearp is according to Tsikos et al. (2004). OAE 2 definition follows Jarvis et al. (2011), Gambacorta et al. (2015) and Jenkyns et al. (2017). Peaks “a” to “d”
on the carbon isotope curve are according to Jarvis et al. (2006, 2011) and Voigt et al. (2008). Plenus Cold Event according to Jenkyns et al. (2017). Planktonic
foraminifera extinction, speciation, and calcispheres distribution are from Falzoni and Petrizzo (2020, 2022). Size reduction of R. cushmani is according to Falzoni
et al. (2018b). Calcareous nannofossil data are from Tsikos et al. (2004) and this study.

See caption of Fig. 3 for abbreviations of planktonic foraminifera and calcareous nannofossils and as follows: D. falsohelvetica = Dicarinella falsohelvetica; M. cf. sigali
= Marginotruncana cf. sigali; P. plenusiensis = Praeglobotruncana plenusiensis; M. kyphoma = Muricohedbergella kyphoma; Q. intermedium = Quadrum intermedium.

be divided into four distinct units, from the base: the Grey Chalk and the
Plenus Marl Members of the Lower Chalk Formation, and the Ballard
Cliff and Holywell Members of the White Chalk Formation (Fig. 4) (Gale
et al., 2005). This section has been extensively studied in the last 30
years because it is relatively thick and complete, it yields a highly-
resolved carbon isotope record from bulk carbonates (Gale et al.,
1993; Paul et al., 1999; Tsikos et al., 2004), tolerably well-preserved
microfossils (benthic and planktonic foraminifera, nannofossils:
Lamolda et al., 1994; Paul et al., 1999; Keller et al., 2001; Hart et al.,
2002; Linnert et al., 2011; Faucher et al., 2017; Falzoni and Petrizzo,
2020, 2022) and a diverse macrofauna (ammonites, inoceramids, bi-
valves: Gale et al., 2000, 2005).

The Plenus Marl Member is a distinctive greenish marly unit pinched
in between the two thick carbonate-rich units of the Grey Chalk and
White Chalk and crops out at Gun Gardens with the maximum thickness
(8 m) found in the Anglo-Paris Basin (Gale et al., 2005). Jefferies (1962,
1963) distinguished 8 beds within the Plenus Marl, based on their lith-
ological features and paleontological content including belemnites (the
species Praeactinocamax plenus), brachiopods, bivalves, and serpulids
with strong boreal affinities. Boreal macrofossils are recognized in Bed
2, 4 to 6, and 8 (Gale and Christensen, 1996; Paul et al., 1999; Jenkyns
et al., 2017). However, the Boreal macrofossil fauna is particularly
abundant and diverse in Bed 4 suggesting that the maximum cooling
occurred during its deposition (Jefferies, 1962; Gale and Christensen,
1996; Paul et al., 1999), a hypothesis supported by oxygen isotopes
values obtained on diagenetically screened macrofossils (Voigt et al.,
2004, 2006). Following the GSSP definition, the Cenomanian/Turonian
boundary is placed at the base of the ammonite Watinoceras devonense

Zone, which is traced at Eastbourne based on the ammonite and ino-
ceramid assemblage and on the biostratigraphic and carbon isotope
correlation with the GSSP section at Rock Canyon (Gale et al., 2005;
Kennedy et al., 2005).

We present and discuss species extinctions, speciations and changes
in size of planktonic foraminifera using published data (Falzoni et al.,
2018a, 2018b; Falzoni and Petrizzo, 2020, 2022), whereas for calcar-
eous nannofossils we integrated published data (Tsikos et al., 2004;
Linnert et al., 2011; Faucher et al., 2017) with new high-resolution data
acquired for this study.

2.2.3. Clot Chevalier section, Vocontian Basin, SE France

The Clot Chevalier section is located in southeastern France (Fig. 1).
The area paleogeographically belongs to the Vocontian Trough, a rela-
tively deep subtropical basin (estimated mid-Cretaceous paleolatitude of
~30°N: Hay et al., 1999; Philip and Floquet, 2000) connected to the
Tethyan Ocean. The examined section is 35 m-thick and the sedimentary
succession consists of alternating dark grey marlstones and light grey
limestones of latest Cenomanian-earliest Turonian age (Gale et al.,
2019) (Fig. 5). The section includes a ~ 28 m-thick succession of lami-
nated organic-rich marlstones that belong to the Thomel Level
(Crumiere, 1990; Morel, 1998) and represent the local equivalent of the
Bonarelli Level of the Umbria-Marche Basin (Arthur and Premoli Silva,
1982). Four lithological units within the Thomel Level (Th1-Th4) were
defined by Jarvis et al. (2011) in another section of the eastern part of
the Vocontian Basin (Pont d’Issole) and recognized at Clot Chevalier.
Units Th1 and Th3 consist of grey to dark grey marlstones with modest
TOC content (up to 2 wt%) whereas units Th2 and Th4 are primarily
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Fig. 5. Clot Chevalier section, SE France (Vocontian Basin). The Cenomanian/Turonian boundary is approximated to peak “c” (Gale et al., 2019). Lithostratigraphy
and lithologic units follow Gale et al. (2019). Planktonic foraminifera biozonation (PFZ) follows Falzoni et al. (2016). Calcareous nannofossils biozonation (CNZ),
613Ccarb and Plenus Cold Event (PCE) are according to Gale et al. (2019). Peaks “a” to “d” on the carbon isotope curve are according to Jarvis et al. (2006, 2011) and
Voigt et al. (2008). Planktonic foraminifera extinction, speciation, and radiolaria distribution are from Falzoni et al. (2016) and Falzoni and Petrizzo (2020, 2022).

Calcareous nannofossil data are from Gale et al. (2019).

See caption of Fig. 3 for abbreviations of planktonic foraminifera and calcareous nannofossils and as follows: M. cf. sigali = Marginotruncana cf. sigali; M. cf.
schneegansi = Marginotruncana cf. schneegansi; M. cf. coldreriensis = Marginotruncana cf. coldreriensis; P. plenusiensis = Praeglobotruncana plenusiensis; M. kyphoma =

Muricohedbergella kyphoma; Q. intermedium = Quadrum intermedium.

marly limestones (Gale et al., 2019). Sedimentological evidence in-
dicates a hiatus at the base of unit Th1, confirmed by the presence of a
burrowed sharp surface. The occurrence of glauconite grains from 4 to 6
m from the base of the section (within units Th1 and Th2) indicates the
presence of a condensed stratigraphic interval characterized by a very
low sedimentation rate or by brief episodes of interruption of sedi-
mentation. Among microfossils, radiolaria are particularly common in
the organic-rich marly layers, planktonic foraminifera and calcareous
nannofossils are generally abundant, except in unit Th3 where abun-
dance is low, and the calcareous plankton shows moderate to good
preservation (Falzoni et al., 2016; Gale et al., 2019). The section does
not yield ammonites or other diagnostic macrofossils, but a Boreal
macrofossil assemblage (including P. plenus), is documented in a single
bed at Les Lattes (Gale and Christensen, 1996; Grosheny et al., 2017)
~20 km to the SE of Clot Chevalier. Lithostratigraphy, biostratigraphy,
and carbon isotope correlations suggest that the bed containing Boreal
macrofossils at Les Lattes is correlatable with the upper part of unit Th2
at Clot Chevalier (Falzoni and Petrizzo, 2022) and with Bed 4 of the
Plenus Marls in the English Chalk (Gale and Christensen, 1996). This
interval coincides with a shift toward higher oxygen isotope ratios in
bulk carbonates and a pCO, drop suggested by a decrease of A'3C values
(Gale et al., 2019).

The planktonic foraminifera and calcareous nannofossils species
extinctions, speciations and changes in size (Falzoni et al., 2016, 2018a,
2018b; Faucher et al., 2017; Gale et al., 2019) are discussed in this study.

2.3. Carbonate platform sections

2.3.1. Raia del Pedale section, Apennine Carbonate Platform, southern
Italy

The Raia del Pedale section is located in southern Italy (Fig. 1). It
belongs to the Apennine Carbonate Platform (APC), a shallow-water
paleogeographic domain, which developed at the southern margin of
the Tethyan Ocean from the Late Triassic to the Late Cretaceous
(Bernoulli, 2001; Bosellini, 2004). The estimated late Cenomanian
paleolatitude of the APC is ~22-24°N (Philip and Floquet, 2000). The
section examined for this paper is 70 m-thick (Fig. 6). It consists of
meter-scale peritidal cycles deposited in an inner carbonate platform
environment (Frijia et al., 2019). Subtidal intervals at the base of the
cycles are characterized by LBF, green algae (dasycladaleans and
codiaceans), and rudist bivalves (radiolitids). Intertidal and supratidal
intervals at the top of the cycles are generally made of microbial lam-
inites. The carbon isotope stratigraphy of the Raia del Pedale section has
been previously published by Parente et al. (2008). A detailed sedi-
mentological log can be found in Frijia et al. (2019), along with addi-
tional geochemical data (TOC, 613C0rg and 615Nbu1k). The record of other
geochemical proxies has been produced for the OAE 2 interval of the
Raia del Pedale section (67Li, Pogge von Strandmann et al., 2013;
8238Ucarb, Clarkson et al., 2018). The extinctions and speciations of LBF
are from Parente et al. (2008).
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Abbreviations LBF: B. bentori = Biconcava bentori; B. peneropliformis = Biplanata peneropliformis; C. fraasi = Cisalveolina fraasi; C. gradata = Chrysalidina gradata; C.
zubairensis = Coxites zubairensis; C. pavonia parva = Cuneolina pavonia parva; H. sigali = Hemicyclammina sigali; M. apenninica = Moncharmonti apenninica; N. gyra =
Nezzazata gyra; N. simplex = Nezzazata simplex; P. simplex = Praealveolina simplex; P. tenuis = Praealveolina tenuis; P. rugosa = Pseudocyclammina rugosa; P. sphaeroidea
= Pseudocyclammina sphaeroidea; P. reicheli = Pseudolituonella reicheli; P. dubia = Pseudorhapydionina dubia; P. casertana = Pseudorhipidionina casertana; T. avnimelechi
= Trochospira avnimelechi; V. radoicicae = Vidalina radoicicae.

Abbreviations rudists: A. carentonensis = Apricardia carentonensis; A. laevigata = Apricardia laevigata; C. boissyi = Caprinula boissyi; C. brevis = Caprinula brevis; C.
dorbignyi = Caprinula dorbignyi; C.? doublieri = Caprinula? doublieri; D. arnaudi = Durania arnaudi; S. sharpei = Sauvagesia sharpei. The two species of radiolitid (calcite-

dominated) rudists marked with an asterisk are known from Turonian levels in carbonate platforms of other localities (see explanation in the text).

2.3.2. Dataset for rudist bivalves

Data for rudist bivalves (Hippuritida Newell, 1965) used in this study
are from a compilation of ranges of genera (Steuber et al., 2016),
reviewed and evaluated in the context of the evolution of benthic car-
bonate producers and carbonate platforms (Mitchell, 2023; Steuber
et al., 2023). These compilations are at the substage level, and detailed
systematic studies of the stratigraphical distribution of rudist taxa in
upper Cenomanian sections that have a reliable carbon isotope stratig-
raphy are still missing. For most regions, either a precise bio-
stratigraphical framework for upper Cenomanian rudist-bearing
deposits is absent (e.g., Bauer et al., 2004), or detailed taxonomic data
for rudists are lacking in sections that have a well-established chemo-
stratigraphy (e.g., Kiizova et al., 2024). Detailed biostratigraphic cor-
relations at the level of ammonite zones have been established for the
upper Cenomanian of the Lusitanian Platform at the eastern margin of
the Atlantic Ocean (Berthou, 1984) and of the Provence Platform at the
northwestern Tethyan margin (Philip and Airaud-Crumiere, 1991) and
were extrapolated to the carbonate platforms of north African and
Levantine Tethyan margin (Philip et al., 2024).

3. Results
3.1. Hemipelagic-pelagic sections
3.1.1. Rock Canyon section, Pueblo, Colorado, USA

3.1.1.1. Planktonic foraminifera. Extinctions of planktonic foraminif-
eral species are observed in the lower part of OAE 2 (below peak “b”), in
stratigraphic order from the bottom to the top (Fig. 3): Thalmanninella
deeckei in the interval between the onset of OAE 2 and peak “a” (Keller
and Pardo, 2004); Thalmanninella greenhornensis, Rotalipora cushmani
and the planispiral species Laeviella bentonensis between peaks “a” and
“b” (Eicher and Diner, 1985; Leckie, 1985; Keller and Pardo, 2004;
Caron et al., 2006; Desmares et al., 2007). Atypical specimens that
resemble R. cushmani, but with smaller size, fewer chambers and a thin
keel, have been reported by Desmares et al. (2007) and Leckie (1985)
below bed 86 in between peak “b” and “c”. However, we do not include
these specimens in R. cushmani because of their morphological differ-
ences and ecologically controlled stratigraphic record. Speciations are
documented outside the OAE 2 interval (Fig. 3) with the lowest occur-
rence (LO) of Dicarinella species (D. hagni, D. imbricata, D. canaliculata)
below the onset of OAE 2 (Caron et al.,, 2006) and of Helvetoglobo-
truncana helvetica, Dicarinella marianosi and Marginotruncana sigali above
the event (Caron et al., 2006; Elderbak and Leckie, 2016).
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Additional events include a sharp increase (up to the 45 %) in the
abundance of sinistral M. delrioensis (Desmares et al., 2016) from below
the onset of OAE 2 to the trough between peaks “a” and “b”, followed by
the onset of the Heterohelix shift (a sharp increase of the abundance of
biserial taxa up to the 50 % of the assemblage, after Leckie, 1985 and
Leckie et al., 1998) slightly above peak “b” (Leckie et al., 1998). Caron
et al. (2006) also reported a peak in the abundance of radiolaria slightly
preceding the Heterohelix shift.

3.1.1.2. Calcareous nannofossils. Extinctions and speciations of calcar-
eous nannoplankton species are encountered throughout OAE 2 in the
following stratigraphic order (Fig. 3): the HO (highest occurrence) of
Cretarhabdus striatus is right above peak “a” (Russo, 2014); the HOs of
Corollithion kennedyi and Axopodorhabdus albianus are reported in cor-
respondence of the trough between peaks “a” and “b” (Bralower, 1988);
the HO of Lithraphidites acutus is associated to peak “b” (Watkins, 1985;
Bralower and Bergen, 1998); the LO of Eprolithus octopetalus (Russo,
2014) and the HO of Helenea chiastia (Bralower, 1988) are in corre-
spondence of peak “c”; the LO of Quadrum gartneri is just prior to peak
“d” (Watkins, 1985) and the LO of Eprolithus moratus is above peak “d”
(Russo, 2014). Quadrum intermedium and Rotelapillus biarcus were not
identified (Watkins, 1985; Bralower, 1988; Russo, 2014).

3.1.2. Gun Gardens section, Eastbourne, UK

3.1.2.1. Planktonic foraminifera. Extinctions are identified in the lower
part of OAE 2 (below peak “b”), in stratigraphic order from the bottom to
the top (Fig. 4): the HO of T. deeckei and T. greenhornensis in the same
sample in the middle part of the first 5'3C build-up (below peak “a”), the
extinction of R. cushmani in the trough between peaks “a” and “b”, and of
L. bentonensis about 1 m below peak “b”. Most speciations are docu-
mented below the onset of OAE 2 and include the LO of Marginotruncana
cf. sigali and of Dicarinella species (D. canaliculata and D. marianosi)
(Falzoni and Petrizzo, 2020). The LO of Dicarinella falsohelvetica occurs
in correspondence of peak “c” (Fig. 4).

Other events include the occurrence of short-lived species (i.e.,
Praeglobotruncana plenusiensis and Muricohedbergella kyphoma) ranging
from 50 cm below peak “a” to below peak “b”, except for two samples at
the base of the section yielding very rare M. kyphoma specimens (Falzoni
and Petrizzo, 2022). The acme in the abundance of calcispheres occurs
from 50 cm below peak “b” to peak “c” (Falzoni and Petrizzo, 2020)
(Fig. 4). The Heterohelix shift and the LO of H. helvetica reported by
Keller et al. (2001) in this section were not confirmed by subsequent
studies in thin section and washed residue samples (Tsikos et al., 2004;
Falzoni et al., 2018a).

3.1.2.2. Calcareous nannofossils. Extinctions and speciations of calcar-
eous nannoplankton species are encountered throughout OAE 2
following this stratigraphic order (Fig. 4): the HO of C. kennedyi is in the
lower part of the first 5!3C build-up, i.e. ca 2 m below peak “a” (Tsikos
et al., 2004; this study). The LO of R. biarcus and the HO of C. striatus are
just above peak “a” at the beginning of the §'C trough (this study). The
HO of L. acutus (this study) and the HO of A. albianus (Tsikos et al., 2004)
just precede peak “b”. The LO of E. moratus (this study), the HO of
H. chiastia and the LO of Q. intermedium correspond to the middle part of
the 5'3C plateau (this study). The LO of E. octopetalus occurs just below
peak “c” (this study) and the LO of Q. gartneri is just above peak “c”
(Tsikos et al., 2004).

3.1.3. Clot Chevalier section, Vocontian Basin, SE France

3.1.3.1. Planktonic foraminifera. Extinctions are identified in the lower
part of OAE 2 (below peak “b”), in stratigraphic order from the bottom to
the top (Fig. 5): T. deeckei and T. greenhornensis in the lower part of the
first 513C build-up below peak “a”, followed by the extinction of
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R. cushmani close to peak “a” and by the extinction of L. bentonensis close
to peak “b”. Speciations include the LO of some Dicarinella species
(D. marianosi, D. imbricata, D. canaliculata) below peak “a” and of Mar-
ginotruncana species (M. cf. coldreriensis, M. cf. schneegansi, M. cf. sigali)
slightly above peak “d”.

Other events are represented by the occurrence of short-lived species
(P. plenusiensis and M. kyphoma) from below peak “a” to the trough
between peak “a” and peak “b”, followed by the acme of radiolaria from
below peak “b” to below peak “d” (Falzoni and Petrizzo, 2022).

3.1.3.2. Calcareous nannofossils. Extinctions and speciations are
encountered throughout OAE 2 in the following stratigraphic order
(Gale et al., 2019): the HO of C. kennedyi is at the onset of the 5'3C
positive excursion; the LO of R. biarcus is in correspondence of peak “a”;
the HO of L. acutus and the LO of C. striatus are close to peak “b”; the HO
of A. albianus and the LO of E. octopetalus are just after peak “b”; the HO
of H. chiastia is in correspondence of peak “c”; the LO of Q. intermedium is
at peak “d”; and the LO of Q. gartneri and the LO of E. moratus are just
above peak “d” (Fig. 5).

3.2. Carbonate platform sections

3.2.1. LBF atRaia del Pedale, Apennine Carbonate Platform, southern Italy

High-diversity LBF assemblages are present in the lower part of the
section, up to the relative minimum in §'3C values occurring between
the positive peaks “a” and “b” (Fig. 6). Within this interval, 16 species of
LBF have been identified: Biconcava bentori, Biplanata peneropliformis,
Broeckina sp., Chrysalidina gradata, Cisalveolina fraasi, Coscinoconus sp.,
Coxites zubairensis, Cuneolina pavonia parva, Dicyclina sp., Nezzazata
gyra, N. simplex, Pseudolituonella reicheli, Pseudorhapydionina dubia,
Pseudorhipidiniona casertana, Trochospira avnimelechi, Vidalina radoici-
cae. The range of C. fraasi is actually very short, as this species occurs
only in a 5 m-thick interval in the lower part of OAE 2 (Fig. 6). The
disappearance of C. fraasi coincides with the HO of most of the species
listed above. This is the first step of LBF extinction described in Parente
etal. (2008). The only three species of LBF occurring above this level are
C. gradata, P. reicheli and P. dubia. These three “survivors” disappear
about 15 m above, within the plateau of the §!3C excursion (Fig. 6). This
represents the second step of LBF extinction described in Parente et al.
(2008). Above this level, the benthic foraminiferal assemblages consist
of Nezzazatinella sp., whose LO is just above the second step of LBF
extinction, associated with small and simple morphotypes of miliolids
and textulariids (see also Arriaga et al., 2016). New species appear
above the OAE 2 interval, starting with Pseudocyclammina sphaeroidea
and Moncharmontia apenninica (Fig. 6).

3.2.2. Rudists bivalves and Larger Benthic Foraminifera in the Lusitanian
Carbonate Platform

The Cenomanian-Turonian boundary interval marks a very signifi-
cant extinction among rudist bivalves, with a reduction in the number of
genera of more than 50 % (Steuber et al., 2023). It is remarkable that this
reduction is predominantly caused by the loss of genera with aragonite-
dominated shells, while calcite-dominated taxa were not affected and
then expanded significantly in the middle and upper Turonian (Philip
and Airaud-Crumiere, 1991; Steuber et al., 2023). Following the Cen-
omanian extinction, new aragonite-dominated rudist genera only
occurred in the mid-Campanian (Steuber et al., 2016). While these
patterns are obvious at the substage level, a higher stratigraphical res-
olution and detailed records of extinctions are scarce, because of the
typically low resolution of the biostratigraphy of shallow-water benthos.

Relatively high-resolution biostratigraphic data are available from
the Lusitanian Carbonate Platform (Fig. 6), at the eastern margin of the
Atlantic Ocean (Berthou, 1984; Callapez, 2003), from the Provence
Platform, at the northern margin of Tethys (Philip and Airaud-Crumiere,
1991), and from the carbonate platforms at the north African and north
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Arabian margins of southern Tethys (Philip et al., 2024). The extinction
of aragonite-dominated taxa (caprinulids and caprinids, Ichthyosarco-
lites) is reported within the Metoicoceras geslinianum ammonite Zone
(Berthou, 1984) or at the boundary between the M. geslinianum and
Neocardioceras juddii Zones (Philip and Airaud-Crumiere, 1991; Philip
et al., 2024). The latest Cenomanian rudist associations, after the
extinction of aragonite-dominated taxa, consist mainly of radiolitids.
Three steps of extinctions are recorded for LBF in the Lusitanian Plat-
form (Berthou, 1984). Alveolinids (Praealveolina simplex, P. tenuis and
C. fraasi) disappear in the middle part of the geslinianum ammonite Zone;
P. reicheli, P. dubia, Pseudocyclammina rugosa and Hemicyclammina sigali
disappear at the top of the M. geslinianum Zone; the HO of C. gradata and
T. anvimelechi is in the upper part of the N. juddii Zone (Fig. 6).

In many regions, carbonate platform growth continues up to the
Cenomanian/Turonian boundary where it is typically interrupted by a
hiatus and condensed sedimentation including most of the lower
Turonian.

4. Discussion
4.1. The response of biocalcifiers to OAE 2 from basin to platform

4.1.1. Planktonic foraminifera

Planktonic foraminifera experienced four extinctions and four to six
speciations in the studied sections across the latest Cenomanian-earliest
Turonian. All extinctions fall within the OAE 2 interval, between the
onset of OAE 2 and peak “b”, and follow the same sequence in the three
studied sections (Fig. 7): first the highest occurrences (HO) of Thal-
manninella species (T. deeckei and T. greenhornensis) below peak “a” in
the lower part of the first build-up, followed by the HO of R. cushmani
within the trough between peaks “a” and “b”, and finally the HO of
L. bentonensis just below peak “b”. The extinctions of these species are
broadly synchronous among the studied sections, and generally across
mid-low latitudes (Falzoni et al., 2018a). The only exceptions are rep-
resented by the delayed extinction (above peak “a”) of T. greenhornensis
at Pueblo (Fig. 7), possibly reflecting persisting favourable ecologic
conditions for this species in the WIS, and by the earlier extinction of
rotaliporids at Clot Chevalier (Fig. 7), which might be biased by the
presence of a condensed stratigraphic interval around peak “a” (Falzoni
et al., 2016; Gale et al., 2019). In the Eastbourne and Clot Chevalier
sections, morphometric analysis performed on R. cushmani show fluc-
tuations of the test size within a 150 pm range and a maximum size
reduction of ~200 pm prior to its extinction (Falzoni et al., 2018b). The
occurrence and maximum abundances (see also Falzoni and Petrizzo,
2022) of the short-lived species (P. plenusiensis and M. kyphoma) corre-
spond to the PCE interval at Eastbourne and Clot Chevalier (Fig. 7).

Speciations are only observed immediately before the onset of OAE 2
and after the termination of the event, except for the LO of
D. falsohelvetica that is identified only at Eastbourne among the studied
sections, and in correspondence of peak “c” (Fig. 7). All the new evolving
species belong to the double keeled genera Dicarinella and Margin-
otruncana, except for the single-keeled Helvetoglobotruncana helvetica.
The evolutionary first appearance of the genus Dicarinella is recorded in
the middle Cenomanian within the Mid Cenomanian Event 1 (Petrizzo
and Gale, 2023) and is followed by the appearance of Marginotruncana
species slightly below the onset of OAE 2 at Eastbourne (Fig. 7) and after
the termination of OAE 2 at Clot Chevalier and Pueblo (Fig. 7). Dicar-
inella and especially Marginotruncana diversify significantly after OAE 2
and are commonly found in tropical-subtropical assemblages from the
Turonian to the Santonian. Helvetoglobotruncana helvetica is only
recognized with certainty at Pueblo (Fig. 7) because its identification at
Eastbourne (Keller et al., 2001) was not confirmed by subsequent studies
(Tsikos et al., 2004; Falzoni et al., 2018a). Moreover, its first occurrence
is diachronous across mid-low latitudes (e.g., Caron et al., 2006; Huber
and Petrizzo, 2014, and references therein) and is likely controlled by
local paleoenvironmental conditions.
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Other events among planktonic foraminifera include the Heterohelix
shift from peak “b” to above “d” (Fig. 7), although the top of the event
may be diachronous among sections (Leckie et al., 1998; West et al.,
1998). The Heterohelix shift is documented throughout the WIS (Leckie,
1985; Leckie et al., 1998; West et al., 1998; Keller et al., 2004; Elderbak
etal., 2014; Bryant et al., 2021), the central Atlantic (Tsikos et al., 2004;
Falzoni et al., 2018a), and in the Tethyan domain (Nederbragt and
Fiorentino, 1999; Caron et al., 2006; Bomou et al., 2013; Kalanat and
Vaziri-Moghaddam, 2019; Ouikene et al., 2022).

4.1.2. Calcareous nannofossils

Across the OAE 2 interval, calcareous nannofossils experienced five
extinctions and four speciations. These bioevents characterize the whole
OAE 2 and its aftermath (Fig. 7). Four out of five extinctions
(C. kennedyi, C. striatus, A. albianus, L. acutus) occur between the onset of
OAE 2 and peak “b”, whereas the extinction of H. chiastia is registered
shortly before peak “c”. Speciations start above peak “b”, except for the
appearance of R. biarcus, which is recorded between the onset of OAE 2
and peak “a”. The LO of Q. intermedium at Eastbourne is between peaks
“b” and “c”, at Clot Chevalier is above peak “c” whereas it is absent at
Pueblo. The LO of E. octopetalus is in the interval between peaks “b” and
“c”. The LO of E. moratus at Eastbourne is between peaks “b” and “c”
whereas at Pueblo and Clot Chevalier is above peak “d”. The LO of
Q. gartneri is, instead, commonly identified just above peak “c” or
slightly above peak “d”.

Nannofossil biostratigraphic data, available for sections in different
basins and settings, show the reproducibility and synchroneity of the HO
of C. kennedyi, A. albianus, L. acutus and H. chiastia as well as the LO of
Q. gartneri (e.g., Bralower, 1988; Tsikos et al., 2004; Hardas and Mut-
terlose, 2006; Linnert et al., 2010, 2011; Gale et al., 2019; this study).
Remarkably, the species going extinct are all represented by coccoliths
(except for L. acutus) whereas speciations are of nannoliths or no-
coccoliths. Moreover, most taxa going extinct (with the only exception
of H. chiastia) are characterized by short stratigraphic range as they
appeared in the middle Albian or early Cenomanian.

Morphometric investigations revealed coeval size variations of
B. constans coccoliths, which are affected by average-size reduction in
the lowermost part of OAE 2 with smallest specimens occurring around
peak “b” (Faucher et al., 2017) (Fig. 7).

4.1.3. Large Benthic Foraminifera (LBF)

At Raia del Pedale, LBF show two steps of extinctions within the OAE
2 interval (Fig. 7). The first one occurred at the relative minimum in 513¢
values between the positive peaks “a” and “b” and severely reduced the
number of species (from 16 to 3 species). The second step occurred
above peak “b”, within the plateau of 5'3C excursion, eliminated the
three survivors and left a benthic foraminiferal fauna consisting only of
very simple and small forms, with no LBF. Some originations occurred
within the OAE 2 interval (Nezzazatinella sp.), just after the second step
of LBF extinction or immediately above it (M. apenninica and
P. sphaeroidea). However, it is worth noticing that these newcomers are
very small and simple species that would not qualify as LBF neither in
terms of size nor in terms of architectural complexity. The two-steps
pattern of extinction of LBF documented at Raia del Pedale is also
recorded in other sections of the Apennine Carbonate Platform (Parente
et al., 2008) and the same pattern has been reported from other Tethyan
carbonate platforms (Fleury, 1971; Chiocchini et al., 1994; Solak et al.,
2020).

In the Lusitanian Platform of Portugal a similar pattern of extinction
is recorded, with the alveolinids disappearing in the middle part of the
M. geslinianum Zone and other five species of LBF disappearing at the top
of the M. geslinianum Zone, with only two species having their HO in the
uppermost part of the N. juddii Zone (Fig. 7; based on data in Berthou,
1984). As to the consistency of this pattern on a global scale, it must be
taken into account that in many carbonate platform sections the exact
stratigraphic position of the HO of LBF species, with reference to the
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OAE 2 interval, is unknown or incorrectly placed, due to the lack of
ammonite or carbon isotope calibration (Simmons and Bidgood, 2023).
Despite the limitation imposed by poor chronostratigraphic calibration,
compilations of the stratigraphic ranges of LBF at the species (Neumann
and Schroeder, 1985) and genus level (Steuber et al., 2023) show a very
significant extinction at or close to the Cenomanian/Turonian boundary
and are therefore compatible with the high-resolution record of the
Apennine Carbonate Platform and of the Lusitanian Carbonate Platform,
which show that extinctions occurred within the OAE 2 interval. On the
other hand, the list of survivors, whose stratigraphic range extends
beyond OAE 2 in the lower Turonian, is continuously growing (e.g.
Schlagintweit and Yazdi-Moghadam, 2021). These survivors either
imply the existence of refugia, where conditions favourable to LBF
persisted during OAE 2, or call for the existence of biological traits
granting resilience to OAE 2 paleoenvironmental perturbations. The
existence of refugia is clearly witnessed by the Western Platform of Peru,
where an endemic fauna of LBF thrived during the OAE 2 interval
(Consorti et al., 2018 and references therein).

4.1.4. Rudists

The significant extinction event in the evolution of rudist bivalves in
the Cenomanian-Turonian boundary interval is well established (Philip
and Airaud-Crumiere, 1991; Steuber et al., 2016, 2023), but a precise
stratigraphy of the demise of individual taxa is only available for limited
regions and remains to be established on a global scale. Several carbon
isotope records of carbonate platforms across OAE 2 are available and
some of them have been used to establish late Cenomanian extinction
patterns, e.g., among LBF (Parente et al., 2008; Frijia et al., 2015), but
none of the latest Cenomanian rudist records can be confidently linked
to carbon isotope stratigraphy, with the exception of some papers, which
document fluctuations in the abundance of rudist remains but without
data on the taxonomic composition of rudist associations (e.g., Krizova
et al.,, 2024). In the sections from the Lusitanian platform, ammonite
biostratigraphy can be used to define the rudist bioevents at a resolution
comparable with that achieved by carbon isotope stratigraphy. The
currently available data highlight that the late Cenomanian rudist
extinction event occurred within the OAE 2 interval (Fig. 7). In partic-
ular, the demise of aragonite-dominated genera occurred below the top
of the M. geslinianum Zone (Berthou, 1984), while the proliferation of
carbonate platforms with calcite-dominated shells (radiolitids)
continued into the latest Cenomanian.

While the high sea-level during the late Cenomanian favoured the
widespread development of rudist-bearing carbonate platforms along
the northern and southern margins of Tethys (Philip, 1998; Steuber and
Loser, 2000), the development of Cenomanian carbonate platforms in
the Americas was very limited, and only a few low-diversity rudist as-
sociations are known from southern and central-east Mexico (Mitchell,
2023). No rudist records are available for the lowermost Turonian of the
Americas, and cosmopolitan hippuritids only occur in the uppermost
and middle Turonian. Very few isolated occurrences are reported from
the WIS. Therefore, patterns of turnover related to the Cenomanian-
Turonian boundary event in the Americas are largely unknown
(Mitchell, 2023).

4.2. A synthesis of bioevents across OAE 2 from pelagic basins to
carbonate platforms

A comparison of bioevents from pelagic-hemipelagic settings to
carbonate platforms highlights the following patterns across OAE 2
(Fig. 7):

(1) There was no extinction at the onset of OAE 2, neither in plank-
tonic nor in shallow-water benthic biocalcifiers, apart from the
local HO of T. deeckei at Clot Chevalier.

(2) The planktonic foraminifera, T. deeckei, disappeared in the first
build-up phase of the CIE, below peak “a” at both Pueblo and
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Eastbourne. During this first phase of OAE 2 both LBF and rudists

were highly diverse and were not affected by extinctions.
(3) The interval between peaks “a” and “b” shows the largest number
of biotic events among both planktonic and shallow-water
benthic calcifiers (Fig. 7). Among planktonic foraminifera,
there was the extinction of R. cushmani (preceded by a decrease in
size), T. greenhornensis and L. bentonensis and the occurrence of
two short-lived species (P. plenusiensis and M. kyphoma). Three
species of calcareous nannofossils have their HO in this interval
(A. albianus, C. striatus, L. acutus). Moreover, B. constans shows a
distinct decrease in coccolith size, with minimum size reached at
peak “b”. The first step of extinction of LBF also occurred within
this interval. It affected the alveolinids and most of the other
species, which became extinct, leaving only three survivors. The
extinction of aragonite-dominated rudists can also be placed at
the top of this interval, as it has been correlated with a level
below the top of the M. geslinianum Zone, which can be equated
with peak “b” of the CIE.
The interval between peaks “b” and “c” records some extinctions
and several speciations. The LBF species that survived the first
step of extinction were eliminated within this interval (second
step of extinction, Fig. 7). For planktonic foraminifera, the so-
called Heterohelix shift is recorded in the WIS and in many
other sections from the central Atlantic to the Tethyan domain
across this interval and extends above the termination of the OAE
2 interval. The HO of the calcareous nannofossil H. chiastia is also
recorded between peaks “b” and “c” along with the LO of three
species (Q. intermedium, E. octopetalus, E. moratus) albeit with
some diachrony among the three studied sections (Fig. 7). The LO
of Q. gartneri is recorded within the interval between peak “c” and
“d”. Among LBF, one new species appears above peak “b” (Nez-
zazatinella sp.) and two species just above peak “d” (M. apenninica
and P. sphaeroidea). These species are included in LBF by most
authors, even if they would not qualify as LBF, for their small size
and simple architecture. Some species of radiolitid rudists
(D. arnaudi and S. sharpei) are reported to have their HO within
the upper part of the OAE 2 interval in the Lusitanian Carbonate
Platform (Fig. 6) (Berthou, 1984; Philip et al., 2024). However, it
is worth mentioning that the taxonomic status of some of these
species is uncertain (Steuber, 1999; Salama and Ozer, 2019) and
that they have been reported also from younger Turonian levels
in other localities (De Castro and Sirna, 1996; Ozer and Ahmad,
2016; http://www.paleotax.de/rudists/).

(4

-

4.3. Linking the OAE 2 biotic events to proxies of paleoenvironmental
perturbations

OAE 2 is a global perturbation of the carbon cycle, witnessed by the
positive CIE and accompanied by a series of extreme paleoenvir-
onmental changes that potentially acted as stressors and drove a sig-
nificant biotic response. It is listed as a mass extinction that eliminated
approximately 26 % of marine genera (Sepkoski, 1996; Harries and
Little, 1999; Bambach, 2006). We analyzed the record of some fossil
groups that were among the dominant carbonate producers in pelagic-
hemipelagic settings and carbonate platforms: planktonic forami-
nifera, calcareous nannofossils, LBF and rudists. In this subchapter, we
will look at the time-relations between the biotic events and the record
of geochemical proxies of paleoenvironmental perturbations, and will
discuss potential causal links.

In Fig. 7, we plotted the oxygen isotope ratio (5%0cqrb) as a proxy of
sea surface temperature (SST) (Tsikos et al., 2004), the lithium isotope
ratio (87Li) as a proxy of the silicate weathering intensity (Pogge von
Strandmann et al., 2013), the uranium isotope ratio (6%%8Uarp) as a
proxy of the extent of sea-floor anoxia (Clarkson et al., 2018), and the
osmium isotope ratio (1870s/®0s) as a proxy of submarine volcanism
(Du Vivier et al., 2014). The carbon isotope curve (613Ccarb) of the
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Eastbourne section (Tsikos et al., 2004) is used as the standard time-
framework for the geochemical proxies and the bioevents. Fig. 7 high-
lights clearly that during the first phase of OAE 2, the increase of vol-
canic activity (which actually started before the onset of the event),
silicate weathering intensity, and extent of seafloor anoxia did not
impact significantly the main biocalcifiers. The only bioevents in this
interval are the diachronous disappearance of T. deeckei and the first
episode of size-reduction of B. constans coccoliths, the latter possibly
responding to volcanogenic CO, emissions (Faucher et al., 2017).

As discussed previously, for both planktonic and shallow benthic
biocalcifiers the most significant bioevents are recorded in the interval
between peak “a” and “b”. This interval coincides with the significant
SST fluctuations documented during the PCE at Eastbourne and in many
other basins (Fig. 7). Among planktonic foraminifera, extinctions
involved the last representatives of the genera Thalmanninella and
Rotalipora (Fig. 7) that have been traditionally interpreted as thermo-
cline dwellers and require a thermally stratified water column in
oligotrophic regimes (e.g., Caron and Homewood, 1983; Leckie, 1987;
Hart, 1999; Huber et al., 1999; Petrizzo et al., 2008a). Therefore, their
extinction indicates a perturbation that affected the thermocline, such as
the disruption of the water column stratification, and/or a shift from a
strictly oligotrophic to a more mesotrophic regime. The extinction of
R. cushmani coinciding with the acme of cooling during the PCE in the
Anglo-Paris and Vocontian Basins (Figs. 3, 4), the occurrence of short-
lived planktonic foraminiferal species with stratigraphic ranges paral-
leling those of the Boreal macrofossils at Eastbourne, the coeval
geochemical variations suggesting changes in ocean circulation patterns
(Zheng et al., 2013; O’Connor et al., 2020), and the re-oxygenation of
bottom waters (Jenkyns et al., 2017; Clarkson et al., 2018), are all
indicative of a disruption of ocean stratification during the PCE. This
disruption might be explained by the southward inflow of cool and more
mesotrophic surface waters in the Anglo-Paris and Vocontian Basins
(Falzoni and Petrizzo, 2022).

Laeviella bentonensis likely inhabited the cool/winter mixed layer in
oligo-mesotrophic regimes and in a relatively well-stratified water col-
umn (e.g., Caron and Homewood, 1983; Leckie, 1987; Huber et al.,
1999; Petrizzo et al., 2008a; Elderbak and Leckie, 2016; Falzoni and
Petrizzo, 2020). The extinction of this species indicates a perturbation
that might have affected the mixed layer possibly associated with an
increase in sea-surface nutrients, which is consistent with a pulse of
increased intensity of silicate weathering, based on the 8”Li record
(Fig. 7).

The extinctions of calcareous nannoplankton species do not repre-
sent an extinction event, as they are distributed over at least 100 ky
(Sageman et al., 2006) in all studied sections. Three out of four species
go extinct in the interval between peak “a” and “b” (A. albianus,
C. striatus, L. acutus). Corollithion kennedyi goes extinct just prior to peak
“a” and H. chiastia disappears close to peak “c”. As far as the PCE is
concerned, it appears that four nannoplankton extinctions occur within
the PCE (Fig. 7).

The coccolith size reductions of individual nannofossil species, such
as B. constans, do not temporally coincide with the extinctions. In fact,
an initial decrease in average coccolith size is observed prior to peak “a”,
with the climax reached around peak “b”. Regarding B. constans coc-
colith size, temperature and nutrient availability in surface waters do
not seem to have been decisive factors. Instead, ocean chemistry, related
to CO, concentration and carbonate saturation state, has been consid-
ered central in coccolith production by B. constans, leading to recurrent
reductions in size (Faucher et al., 2017). In general, the first phase of
OAE 2, up to peak “b”, was characterized by massive emissions of vol-
canic CO, during the formation of the Caribbean Plateau (Neal et al.,
2008; Percival et al., 2024), which likely induced a decrease of car-
bonate saturation that was detrimental to some calcareous nanno-
plankton species, temporarily resulting in the production of dwarf
B. constans coccoliths. Additionally, the biocalcification processes may
have also been affected by bio-limiting metals from hydrothermal
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plumes that fertilized the global ocean and pumped toxic metals into the
system (Faucher et al., 2017; Bryant et al., 2021).

The disruption of ocean stratification and the delivery of nutrient-
rich waters to isolated low-latitude shallow-water platforms was pro-
posed as the main cause of mass extinction of LBF during OAE 2 (Parente
et al.,, 2008). This hypothesis was based on two arguments. LBF as a
group can be considered as K-strategists (i.e., organisms characterized
by long life cycle and low reproductive potential) adapted to nutrient-
poor conditions (Hottinger, 1982; Hallock, 1985, 2000). Extinction
during OAE 2 affected first the larger and more complex LBF (i.e.
alveolinids), which are supposedly the most extreme oligotrophs, and
later the smaller and less complex taxa. This two-steps pattern was
interpreted as due to the passing of two thresholds of nutrification
during OAE 2 (Parente et al., 2008), paralleling the ecological succes-
sion along a gradient of increasing nutrient input observed in field
studies of nutrient-polluted habitats of LBF (Hallock, 2000). Even if the
hypothesis of extinction driven by increased nutrient levels is appealing
for LBF, it does not explain why rudists were also affected and especially
why aragonite-dominated rudists were the main victims. In fact, rudists
were epifaunal suspension feeders, seemingly adapted to mesotrophic
environments. The hypothesis that rudists hosted symbionts (Kauffman
and Johnson, 1988), has not passed the scrutiny of subsequent studies,
except for very few, rare taxa (Gili and Gotz, 2018, and references
therein). Therefore, rudists are not expected to be negatively impacted
by the increase of nutrient levels driven by a collapse of the thermal
stratification of the ocean. On the other hand, the selective extinction of
aragonite-dominated rudists and the greater resilience of calcite-
dominated ones is consistent with a decrease of seawater carbonate
saturation (Steuber et al., 2023). This could be linked to the collapse of
thermal stratification and to the invasion of the shallow-water tropics
with cool and CO2-rich water masses during the PCE.

Planktonic foraminifera do not show extinctions or speciations be-
tween peaks “b” and “c”, except for the appearance of D. falsohelvetica,
which is very rare and only documented in the Anglo-Paris Basin
(Desmares et al., 2020) and Algeria (Ouikene et al., 2022). However,
they register a significant change in the composition of the assemblage
between peaks “b” and “c”, represented by the acme of biserial taxa
(Heterohelix shift). The Heterohelix shift has been traditionally related to
periods of unstable environmental conditions characterized by a poorly
stratified water column and increased nutrient concentrations in surface
waters (Leckie, 1985; Leckie et al., 1998; West et al., 1998). In strati-
graphic sections where the Heterohelix shift is not documented (e.g.,
Eastbourne and Clot Chevalier), radiolaria and calcispheres dominate
the microfossils assemblages and suggest a widespread shift to a meso-
eutrophic regime. The increased concentration of nutrients could have
been triggered, at least in coastal waters, by another episode of
increased silicate weathering intensity recorded by the &’Li proxy above
peak “b” (Fig. 7). The second step of extinction of LBF also occurred
between peaks “b” and “c”. It could be related to the passing of a further
threshold in nutrient concentration, which affected the few LBF species
that survived the first step of extinction (Parente et al., 2008).

Four new species of calcareous nannofossils show their LOs in an
interval going from half-way between peaks “b” and “c” to just above
peak “d”. However, these bioevents are diachronous, and some of them
were probably influenced by local factors (e.g., E. moratus,
E. octopetalus). The time interval corresponding to the appearance of
new species of calcareous nannofossils is associated with a partial size
recovery of B. constans, likely linked to a decrease in trace metals and
COo, in relation to reduced volcanic activity (Faucher et al., 2017, and
1870s,/1880s proxy in Fig. 7). It is interesting to note that these species
are all nannoliths, which are more heavily calcified compared to coc-
coliths. One might speculate that these forms are related to a recovery of
the alkalinity following the interval of reduced carbonate saturation
highlighted by the size reduction of B. constans coccoliths.

Speciations of planktonic foraminifera prior and after OAE 2 (Fig. 7)
mainly occur within the double keeled genera Dicarinella and
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Marginotruncana, which are interpreted as intermediate to thermocline
dwellers that lived in oligo-mesotrophic regimes, although some species
belonging to the genus Dicarinella also thrived in a more weakly strati-
fied upper water column (Petrizzo et al., 2020; Falzoni and Petrizzo,
2022). Therefore, speciations among double-keeled taxa prior to OAE 2
might have been favoured by the differentiation of ecological niches
within a thermally stratified upper water column, where rotaliporids
probably represented the deepest and most oligotrophic dwellers. After
OAE 2, the diversification of double-keeled taxa may have been also
triggered by the availability of new ecological niches at the thermocline
depth, which were previously occupied by rotaliporids.

Figure 7 shows that planktonic foraminifera and calcareous nanno-
plankton experienced different evolutionary patterns. In fact, although
both groups were affected by similar numbers of extinctions and speci-
ations, the timing of the positive and negative phases were very
different. The speciation phase (five LOs) of planktonic foraminifera
predates the onset of OAE 2 when nannofossil assemblages remain
constant. The extinction phase is the same for planktonic foraminifera
and calcareous nannofossils: it correlates with the core of the chemo-
stratigraphic anomaly and appears associated with the PCE. The latest
part of OAE 2 testifies rather constant planktonic foraminiferal assem-
blages but is characterized by an origination phase of calcareous nan-
noplankton. These patterns suggest that calcareous phyto- and zoo-
plankton reacted differently during the OAE 2 precursor and recovery
intervals, perhaps because autotrophs (phyto-plankton) and hetero-
trophs (zoo-plankton) have a different rate of evolutionary response
when new niches become available.
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4.4. Significance of extinction and resilience of calcareous plankton and
benthos across OAE 2

In the previous subchapters we used the record of some key sections
to resolve the details of the response of the main biocalcifiers of pelagic-
hemipelagic settings and carbonate platforms to the paleoenvironmental
perturbations associated with OAE 2. The main merit of this approach is
that it allows a high-resolution comparison of the timing of the bioevents
from basins to platforms and of the timing of bioevents with the main
fluctuations of geochemical proxies. However, by concentrating on a
limited number of sections covering only the narrow stratigraphic in-
terval of OAE 2, we could not address a fundamental question: how
significant was the impact of OAE 2 on the long-term evolutionary his-
tory of the main biocalcifiers?

In Fig. 8 we show a compilation of the number of genera and species
of planktonic foraminifera and calcareous nannofossils and of the
number of genera of rudists and larger benthic foraminifera across the
Albian-Santonian interval. The dataset of Fig. 8 supports the well-known
fact that OAE 2 did not represent a major turnover in the evolutionary
history of planktonic foraminifera and calcareous nannofossils (see for
instance Leckie et al., 2002; Erba, 2004; Steuber et al., 2023). For
planktonic foraminifera there were some extinctions within genera
during the late Cenomanian, but a much larger number of genera sur-
vived and extinctions were compensated by new originations, so that the
Turonian records an increase in the number of species. For calcareous
nannofossils the long-term number of genera shows a moderate increase
with three new genera appearing across the Cenomanian-Turonian
boundary interval. Conversely, the number of species shows a two-
step decrease in the same interval although the short-term curve
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Fig. 8. Compilation of the number of genera and species of planktonic foraminifera and calcareous nannofossils, and of the number of genera of rudists and Larger
Benthic Foraminifera (LBF) during the Albian-Santonian time interval. Data for planktonic foraminifera are after the pforams@mikrotax portal (Huber et al., 2016).
Data for calcareous nannofossils are from Bown et al. (2004) and this study (OAE 2 detail). Data for LBF and rudists are from Steuber et al. (2023). Extent of
carbonate platforms in the Americas (a) and Europe, north Africa and the Middle East (b) from Skelton (2003). The compilation shows that OAE 2 was a mass
extinction for LBF and rudists while it did not represent a significant turnover event for planktonic foraminifera and calcareous nannoplankton.
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indicates that extinctions and originations are interfingered, thus the
total number of nannofossil species after OAE 2 is the same as before the
onset of the event.

On the contrary, the OAE 2 and the Cenomanian-Turonian boundary
intervals represent a very important extinction event for LBF and rudists
(Fig. 8; Philip and Airaud-Crumiere, 1991; Parente et al., 2008; Steuber
et al., 2016). Actually, only the end-Cretaceous mass extinction scored
higher than the Cenomanian-Turonian boundary event in terms of
reduction of diversity (Steuber et al., 2023). The main question that
arises from the data of Fig. 8 is: why carbonate platform biocalcifiers
were much more vulnerable than planktonic biocalcifiers?

The late Cenomanian-early Turonian interval represents the thermal
maximum for the Cretaceous, with open-ocean surface temperatures
(SST) estimates at tropical latitudes of >35 °C (Forster et al., 2007;
O’Brien et al., 2017). Significantly higher SST could have been reached
in the shallow water masses on top of carbonate platforms, as suggested
by recent data on the Upper Cretaceous carbonates of the Adriatic
Carbonate Platform (Krizova et al., 2024).

Rapid climate change and extreme fluctuations of seawater tem-
perature have been postulated to cause marine extinctions (Reddin
et al., 2020 and reference therein), with proposed thresholds for the
major Phanerozoic mass-extinctions of magnitudes >5.2 °C and rates
>10 °C/Myr (Song et al., 2021). Even faster rates of changes could have
been at work during past episodes of rapid climate change, as it has been
demonstrated that maximum rates are systematically underestimated in
the geological record (Kemp et al., 2015).

The detrimental effect of high temperatures has been demonstrated
for several modern species of LBF (Hallock et al., 1993; Schmidt et al.,
2011, 2014; Doo et al., 2014; Fuyjita et al., 2014; Prazeres et al., 2017;
Kawahata et al., 2019; Kinoshita et al., 2021). Arguments supporting the
vulnerability of rudists to thermal stress can be gained by looking at
some large bivalves such as Pinna and Crassostrea, which have been
shown to be endangered by extremely high SST (Fleury et al., 2020;
Hernandis et al., 2023).

If climate warming and rapid fluctuations of SST were the main cause
of extinction during the OAE 2 interval, there are several possible ex-
planations of why LBF and rudists were much more affected than
planktonic foraminifera and calcareous nannofossils. Tropical benthic
taxa tend to be more vulnerable to extinction, probably because of their
smaller and more fragmented geographic range (Finnegan et al., 2015),
especially during hyperthermals (Reddin et al., 2019). Moreover,
aragonitic and photosymbiotic taxa tend to have higher extinction risks
at hyperthermals (Reddin et al., 2020), which would be another factor
explaining the pattern of extinction during OAE 2, when photosymbiotic
LBF and aragonite-dominated rudists paid the highest toll. Other
ecological factors that could explain the greater vulnerability to
extinction of LBF and rudists compared to planktonic foraminifera and
calcareous nannofossils are their larger body size and stenothermic
ecology (McKinney, 1997).

Ocean acidification has been proposed as a cause of some mass
extinction events, especially for those that featured tropical hyper-
calcifiers among the main victims (Kiessling and Simpson, 2010;
Honisch et al., 2012). OAEs are prime candidates for ocean acidification,
because they are caused by the increase of the atmospheric pCO, forced
by Large Igneous Provinces (LIP) volcanic activity (Greene et al., 2012;
Honisch et al., 2012; Jones et al., 2023). It is worth recalling that the
massive injection of volcanogenic CO3 in the atmosphere-ocean system
will result in ocean acidification only if it happens on time scales of less
than c. 50 kyr, as for longer time scales the dynamics of the lysocline
would act as a buffer and maintain carbonate saturation (Zeebe, 2001;
Honisch et al., 2012).

For OAE 2, ocean acidification has been proposed based on Ca iso-
topes (Du Vivier et al., 2015; Kitch et al., 2022), on the occurrence of
carbonate-poor lithologies (Erba, 2004; Petrizzo et al., 2022; Jones
et al., 2023), and on the dwarfism of the calcareous nannofossil
B. constans (Faucher et al., 2017). However, for OAE 2 there is no
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compelling geochemical evidence from boron isotopes of a significant
decrease in ocean pH, like that produced for other mass extinction
events (e.g., Clarkson et al., 2015 and Jurikova et al., 2020 for the end-
Permian; Trudgill et al., 2021 for the end-Triassic; Miiller et al., 2020 for
the early Toarcian; Henehan et al., 2019 for the end-Cretaceous).

Comparison of the biotic response of LBF, rudists, planktonic fora-
minifera and calcareous nannofossils across the OAE 2 interval can be
used to assess the role played by ocean acidification. LBF were heavily
affected, but aragonitic taxa, which should have been more vulnerable
to ocean acidification, disappeared mainly before OAE 2, after a long-
term decline starting in the Early Cretaceous (Steuber et al., 2023).
Among rudists, the selective extinction of aragonite-dominated taxa and
the greater resilience of calcite-dominated ones is consistent with ocean
acidification (Steuber et al., 2023) but could also be the result of the
higher vulnerability of aragonitic taxa during hyperthermals (Reddin
et al., 2020).

Across OAE 2, planktonic foraminifera assemblages do not show
evidence of ocean acidification as documented for other warming events
in the geological record (e.g., the increased fragmentation and dissolu-
tion of shells during Paleocene-Eocene Thermal Maximum, Petrizzo
et al., 2008b) and in modern assemblages (e.g., lighter shells, increased
shell porosity: Moy et al., 2009; Iwasaki et al., 2019). The size reduction
documented for R. cushmani prior to its extinction (Fig. 7) does not seem
related to a decrease of ocean CaCOj3 saturation, as the last representa-
tives of this species are typically heavily calcified with thick and raised
spiral sutures and ridges on the umbilical side. On the other hand, ex-
tinctions among planktonic foraminifera involve species that thrived in
thermally stratified oligotrophic waters and are concentrated in the PCE
interval (Fig. 7), thus are more probably related to the disruption of the
sea-surface stratification likely associated to an increased supply of
nutrients.

For calcareous nannofossils, the global occurrence of size reduction
of B. constans coccoliths across the OAE 2 interval has been interpreted
as a response to ocean acidification (Faucher et al., 2017), as docu-
mented also for OAE 1a (Erba et al., 2010). However, the calcareous
nannofossil signal of ocean acidification is much more subdued for OAE
2 compared to the Valanginian Weissert event, which recorded a sig-
nificant decline of calcite paleofluxes, and to the early Aptian OAE 1a,
for which a calcification crisis has been documented at global scale
(Erba and Tremolada, 2004; Erba et al., 2010; Erba and Parente, 2024).

In conclusion, the pattern of vulnerability and resilience of LBF,
rudists, planktonic foraminifera and calcareous nannofossils across the
OAE 2 interval support the hypothesis that ocean acidification was not
the main stressor but probably played a role in conjunction with rapid
increase and fluctuations of SST, which ultimately caused changes in the
ocean circulation patterns and thermal stratification.

5. Conclusions

OAE 2 was a global perturbation of the carbon cycle, accompanied by
a series of extreme paleoenvironmental changes that drove a significant
biotic response: approximately 26 % of marine genera were extinct
during the event. In this study we analyzed the record of the main groups
of Cretaceous marine biocalcifiers: planktonic foraminifera, calcareous
nannoplankton, large benthic foraminifera (LBF) and rudist bivalves.
We used high-resolution data from well-dated sections to compare the
timing of biotic events from pelagic-hemipelagic settings to low-latitude
carbonate platforms using carbon isotope stratigraphy to establish a
common time-framework. We used the same approach to tie the record
of biotic events to the record of geochemical proxies of paleoenvir-
onmental changes, looking for potential causes of extinction. Finally, we
looked at the wider picture offered by compilations of stratigraphic
ranges of species and genera to assess the significance of OAE 2 on the
long-term evolutionary history of the main biocalcifiers. The main
conclusions that can be drawn from our study are:
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1. The first phase of OAE 2, from the onset of the CIE to peak “a”, re-
cords the extinction of only two species in the studied groups of
marine biocalcifiers (T. deeckei and C. kennedyi). Geochemical
proxies indicate that significant paleoenvironmental stressors were
already at work during this interval. LIP volcanic activity started
before the onset of OAE 2, as recorded by the 870s/'880s record.
The massive injection of volcanogenic CO, into the ocean-
atmosphere system caused global warming and rising SST (recor-
ded by the 6'80 proxy) and stimulated higher intensity of continental
weathering (witnessed by the &’Li proxy), which both concurred to
increasing the extent of seafloor anoxia (recorded by the 6238Ucarb
proxy). However, our data suggest that these paleoenvironmental
stressors did not pass the threshold of resilience neither for plank-
tonic nor for shallow-water benthic biocalcifiers.

2. The interval between peaks “a” and “b” shows the largest number of
biotic events among both planktonic and shallow-water benthic
calcifiers. Three species of planktonic foraminifera (R. cushmani, T.
greenhornensis and L. bentonensis) and three species of calcareous
nannofossils (A. albianus, C. striatus and L. acutus) have their HO in
this interval. Moreover, the coccoliths of B. constans show a distinct
decrease in size. The first step of extinction of LBF also occurred
within this interval, eliminating the alveolinids (which are the
largest and most complex LBF) and most of the other species. The
extinction of aragonite-dominated rudists can be placed at peak “b”.
The interval between peaks “a” and “b”, corresponding to part of the
PCE, was characterized by extreme fluctuations of SST, with cooling
episodes alternating with peaks of very high temperature. Disruption
of ocean stratification during the PCE seems to be a key factor driving
the first step of extinction of LBF and of the single keeled and more
specialized planktonic foraminifera. The first step of extinction of
LBF within the PCE may be also related to overfeeding stress and
increased competition for space in high nutrients surface water
during the cooling episodes. The increase of the SST at the end of the
PCE seems to be the most probable cause of extinction of the
aragonite-dominate rudists and of the second step of extinction of the
LBF with the concurrent contribution of decreased seawater car-
bonate saturation.

3. Compilations of the stratigraphic ranges of species and genera of the
studied groups of biocalcifiers confirm that planktonic foraminifera
and calcareous nannoplankton were much more resilient than LBF
and rudists across the OAE 2 interval. The event actually did not
represent a major turnover for calcareous plankton while it was a
mass extinction for LBF and rudists. There are at least three potential
explanations for the higher vulnerability of LBF and rudists under a
scenario of extremely high and fluctuating SST as the main cause of
extinction: tropical benthic taxa tend to be more vulnerable to
extinction during hyperthermals; larger organisms have been shown
to be more vulnerable to extinction during hyperthermals; much
higher temperatures were probably reached by the shallow water
masses on top of carbonate platforms compared to the open ocean.
Moreover, LBF hosted photosymbionts, which is another trait that
has been shown to enhance vulnerability during hyperthermals, and
aragonite-dominated rudists were much more heavily affected than
calcite-dominated rudists, which is also expected during
hyperthermals.
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Appendix A. Taxonomic list

Taxonomic list of species and genera, with author(s) and year of
description mentioned in the text and figures, listed in alphabetical
order for each fossil group.

Ammonite

Metoicoceras geslinianum (D’Orbigny, 1841)

Neocardioceras juddii (Barrois and Guerne, 1898)

Watinoceras devonense Wright and Kennedy, 1981

Belemnite

Praeactinocamax plenus (Blainville, 1827)

Benthic Foraminifera

Biconcava bentori Hamaoui and Saint-Marc, 1970

Biplanata peneropliformis Hamaoui and Saint-Marc, 1970

Genus Broeckina Munier-Chalmas, 1882

Chrysalidina gradata d’Orbigny, 1939

Cisalveolina fraasi (Glimbel, 1872)

Genus Coscinoconus (Leupold in Leupold and Bigler, 1936)

Coxites zubairensis Smout, 1956

Cuneolina pavonia parva Henson, 1948

Genus Dicyclina Munier-Chalmas, 1887

Hemicyclammina sigali Maync, 1953

Moncharmontia apenninica (De Castro, 1966)

Genus Nezzazatinella Darmoian, 1976

Nezzazata gyra (Smout, 1956)

Nezzazata simplex Omara, 1956

Praealveolina simplex Reichel, 1936

Praealveolina tenuis Reichel, 1933

Pseudocyclammina rugosa (d’Orbigny, 1850)

Pseudocyclammina sphaeroidea Gendrot, 1968

Pseudolituonella reicheli Marie, 1954

Pseudorhapydionina dubia (De Castro, 1965)

Pseudorhipidiniona casertana (De Castro, 1965)

Trochospira avnimelechi Hamaoui and Saint-Marc, 1970

Vidalina radoicicae Cherchi and Schroeder, 1986

Bivalves

Apricardia carentonensis (d’Orbigny, 1850)

Apricardia laevigata (d’Orbigny, 1842)

Caprinula boissyi (d’Orbigny, 1840)

Caprinula brevis Sharpe, 1850

Caprina dorbignyi Sharpe, 1850

Caprinula? doublieri (d’Orbigny, 1850)

Crassostrea Sacco, 1897

Durania arnaudi (Choffat, 1891)
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Oxytoma seminudum (Dames, 1874)

Pinna Linnaeus, 1758

Sauvagesia sharpei (Bayle, 1857)

Calcareous nannofossils

Genus Axopodorhabdus Wind and Wise in Wise and Wind, 1977

Axopodorhabdus albianus (Black, 1967) Wind and Wise in Wise and
Wind, 1977

Genus Biscutum Black in Black and Barnes, 1959

Biscutum constans (Gorka, 1957) Black in Black and Barnes, 1959

Genus Corollithion Stradner, 1962

Corollithion kennedyi Crux, 1981

Genus Cretarhabdus Bramlette and Martini, 1964

Cretarhabdus striatus (Stradner, 1963) Black, 1973

Genus Eprolithus Stover, 1966

Eprolithus moratus (Stover), Burnett 1998

Eprolithus octopetalus Varol, 1992

Genus Helenea Worsley, 1971

Helenea chiastia Worsley, 1971

Genus Lithraphidites Deflandre, 1963

Lithraphidites acutus Verbeek and Manivit in Manivit et al., 1977

Genus Quadrum Prins and Perch-Nielsen in Manivit et al., 1977

Quadrum gartneri Prins and Perch-Nielsen in Manivit et al., 1977

Quadrum intermedium Varol, 1992

Genus Rotelapillus Noél, 1973

Rotelapillus biarcus (Bukry, 1969) Lees and Bown, 2006

Dinoflagellate cysts

Cyclonephelium compactum-membraniphorum complex Marshall and
Batten, 1988

Planktonic foraminifera

Genus Dicarinella Porthault, in Donze et al., 1970

Dicarinella canaliculata (Reuss, 1854)

Dicarinella falsohelvetica Desmares, 2020

Dicarinella hagni (Scheibnerova, 1962)

Dicarinella imbricata (Mornod, 1950)

Dicarinella marianosi (Douglas, 1969)

Helvetoglobotruncana helvetica (Bolli, 1945)

Genus Heterohelix Ehrenberg, 1843

Laeviella bentonensis (Morrow, 1934)

Marginotruncana cf. coldreriensis (Gandolfi, 1957)

Marginotruncana cf. schneegansi (Sigal, 1952)

Marginotruncana cf. sigali (Reichel, 1950)

Marginotruncana Hofker, 1956

Marginotruncana sigali (Reichel, 1950)

Muricohedbegella delrioensis (Carsey, 1926)

Muricohedbergella kyphoma (Hasegawa, 1999)

Neogloboquadrina incompta (Cifelli, 1961)

Neogloboquadrina pachyderma (Ehrenberg, 1862)

Praeglobotruncana plenusiensis Falzoni and Petrizzo, 2020

Genus Rotalipora Brotzen, 1942

Rotalipora cushmani (Morrow, 1934)

Genus Thalmanninella Sigal, 1948

Thalmanninella deeckei (Franke, 1925)

Thalmanninella greenhornensis (Morrow, 1934)

Data availability
Data will be made available on request.
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