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Abstract 

The Plenus Cold Event (PCE) temporarily interrupted the supergreenhouse 

conditions exacerbated during much of the Cenomanian–Turonian Oceanic Anoxic Event 

2 (OAE 2). The PCE is coeval to the occurrence of Boreal benthic macroinvertebrates and 

of the nektonic belemnite Praeactinocamax plenus (after which the event is named) in 

Europe, and to the re-oxygenation of bottom waters in the Northern Hemisphere. However, 

its effects on the sea-surface circulation are unknown and evidence for changes in the 

biogeography of planktonic organisms are limited to the equatorward migration of the 

dinoflagellate cysts grouped in the Cyclonephelium compactum–membraniphorum 

morphological plexus. 

This study presents new planktonic foraminiferal quantitative data from two complete 

OAE 2 records of the Anglo-Paris (Eastbourne, SE England) and Vocontian (Clot 
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Chevalier, SE France) basins that registered the equatorward pulse of Boreal 

macroinvertebrates during the PCE and have been extensively studied for bio- and 

chemostratigraphy. 

At the onset of OAE 2 (before the PCE), planktonic foraminifera are mainly 

represented by oligo-mesotrophic Tethyan taxa (rotaliporids and whiteinellids) in both 

localities, but this assemblage is sharply replaced by cold and meso-to-eutrophic species 

(praeglobotruncanids, dicarinellids and muricohedbergellids) during the PCE. The cold-

water assemblage shows strong affinities with the coeval fauna of the Norwegian Sea and 

yields the Boreal endemic species Muricohedbergella kyphoma and Praeglobotruncana 

plenusiensis. This observation combined with previously published data collected in other 

localities of the Northern Hemisphere and on other fossil groups suggest a ~20° 

equatorward expansion of the Boreal marine bioprovince during the PCE. Moreover, 

contrarily to the nektonic belemnitellids that were able to move independently of ocean 

circulation, planktonic organisms are passively transported by currents and changes in the 

planktonic foraminiferal assemblages documented in the Anglo-Paris and Vocontian 

basins have been interpreted to reflect the transition from a dominant influence of warm, 

saline, and thermally stratified waters carried by the proto-Gulf Stream before the PCE to 

cold and low-saline Boreal waters originated in the Norwegian Sea during the PCE. We 

suggest that such changes were forced by the equatorward shift of the proto-Arctic Front 

(i.e., the boundary between warm saline Tethyan-Atlantic and cold low-saline Boreal 

waters) from offshore Norway to Southern England. In this southerly position, the proto-

Arctic Front represented an oceanographic barrier that limited the influence of the proto-

Gulf Stream in the Anglo-Paris Basin, and favored the inflow of Boreal waters in the 

European epicontinental basins. 

The sea-surface cooling and equatorward expansion of Boreal planktonic 

assemblages during the PCE are of the same order of magnitude of those reconstructed 
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between some glacial and interglacial intervals of the Plio-Pleistocene. Despite obvious 

differences between Cretaceous and Plio-Pleistocene paleogeography and climate 

dynamics, this study reviews the extent of environmental changes occurred during the 

PCE, provides evidence for a profound re-organization of the sea-surface circulation 

patterns and a more comprehensive overview of the equatorward migration of Boreal 

marine communities in the Northern Hemisphere. 

 

 

Keywords 

Plenus Cold Event, Oceanic Anoxic Event 2, Cenomanian–Turonian boundary 

interval; Cretaceous supergreenhouse; planktonic foraminifera; Praeactinocamax plenus 

 

 

1. Introduction 

The Cenomanian–Turonian boundary interval (Late Cretaceous) is characterized by 

Oceanic Anoxic Event 2 (OAE 2), a severe perturbation of the global carbon cycle that 

caused dysoxia/anoxia at the sea-floor. OAE 2 is testified lithologically by the occurrence 

of organic-rich lithologies in most deep-sea and hemipelagic records (i.e., Bonarelli Level 

and equivalents), and geochemically by a major positive (+2 to +4‰) 13C excursion 

ubiquitously found in well-preserved marine and terrestrial sequences (e.g., Schlanger and 

Jenkyns, 1976; Schlanger et al., 1987; Jenkyns et al., 2017). The late Cenomanian–

Turonian also registered the highest sea-surface temperatures of the Late Cretaceous and 

likely of the past 120 myr (e.g., O’Brien et al., 2017; Huber et al., 2018), as a result of the 

activity of one or more Large Igneous Provinces (LIPs) that injected huge amounts of 

volcanogenically derived greenhouse gases in the ocean-atmosphere system (e.g., 

Turgeon and Creaser, 2008; du Vivier et al., 2014; Schröder-Adams et al., 2019). 
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However, this hot greenhouse phase was abruptly interrupted during the latest 

Cenomanian (~94 Ma) by a 40-200 kyr (Jarvis et al., 2011; Gangl et al., 2019; Boulila et 

al., 2020) cooling episode known as Plenus Cold Event (PCE: Jefferies, 1962, 1963; Gale 

and Christensen, 1996; Jarvis et al., 2011; Jenkyns et al., 2017). Different geochemical 

proxies obtained from the European epicontinental basins, the Western Interior Seaway 

(WIS) and the North and equatorial Atlantic Ocean suggest a 5 to 11°C drop in sea-

surface temperatures, increased equator-to-pole temperature gradients, and a 400 to 600 

ppmv decrease of the atmospheric pCO2 levels, which has been generally related to the 

burial of organic matter during the initial phase of OAE 2 (e.g., Arthur et al., 1988; Kump 

and Arthur, 1999; Paul et al., 1999; Tsikos et al., 2004; Voigt et al., 2006; Forster et al., 

2007; Sinninghe Damsté et al., 2010; Jarvis et al., 2011; Jenkyns et al., 2017; Kuhnt et al., 

2017; Gale et al., 2019). However, the timing and magnitude of cooling might have been 

modulated by local factors (O'Connor et al., 2020; Percival et al., 2020) and evidence for 

cooling are doubtful (Gangl et al., 2019; Petrizzo et al., 2021) or missing from the Southern 

Hemisphere and from the Pacific Ocean, where the OAE 2 interval is often incomplete 

(e.g., Ando et al., 2009; Jiménez Berrocoso et al., 2015; Falzoni et al., 2016a; Dickson et 

al., 2017; Robinson et al., 2019) or shows a noisy 13C record (Takashima et al., 2011) 

that complicates the chemostratigraphic correlations. 

Coeval to the PCE, a repopulation event of benthic foraminifera in the WIS 

(Benthonic Zone: Eicher and Worstell, 1970; Eicher and Diner, 1985; Leckie, 1985) and a 

geochemical fingerprint for oxidation in several European epicontinental basins (Jenkyns 

et al., 2017; Clarkson et al., 2018; Danzelle et al., 2020) suggest a re-oxygenation phase 

of bottom waters temporarily interrupting dysoxia/anoxia at the sea floor, potentially 

associated to changes in the deep-water circulation patterns in the Anglo-Paris Basin 

(Zheng et al., 2013). 
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The typical OAE 2 hot greenhouse climate conditions re-established soon after the 

PCE likely as a response to a reduced rate of silicate weathering (Robinson et al., 2019; 

Percival et al., 2020) and/or to the LIP(s) reactivation after brief quiescence (Sullivan et al., 

2020). 

Despite its brief duration, abrupt cooling during the PCE had a deep impact on the 

evolutionary history and biogeography of organisms. In terrestrial ecosystems, the PCE 

likely favored the radiation of angiosperms and the proliferation of a cold and less humid 

savanna-type vegetation (Heimhofer et al., 2018). Certainly, the PCE affected the 

biogeographic distribution of marine macroinvertebrates in several European 

epicontinental basins. The occurrence of Boreal benthic bivalves (Oxytoma seminudum 

and Chlamys arlesiensis) and serpulids (Hamulus sp.), and of the Boreal nektonic 

belemnite Praeactinocamax plenus in several localities of Southern England (e.g., Dover, 

Eastbourne; Fig. 1A) was taken historically as the first evidence for cooling in the Anglo-

Paris Basin (Jefferies, 1962, 1963). The same macrofossil assemblage, including several 

P. plenus specimens at different ontogenetic stages, was documented in a single 

correlative bed at Les Lattes (Vocontian Basin, SE France; Fig. 1B) indicating that Boreal 

taxa approached the northern margin of the tropical Tethyan Realm, where they found 

favorable environmental conditions to breed and complete their life cycle (Gale and 

Christensen, 1996; Christensen, 1997; Fig. 1B-C). 

Nevertheless, the response of planktonic organisms to the PCE remains poorly 

investigated. Evidence for changes in the planktonic communities are currently limited to 

the equatorward migration of the Boreal dinoflagellate cysts grouped in the 

Cyclonephelium compactum–membraniphorum morphological plexus in sections of the 

Western Interior Seaway (WIS), in the western North Atlantic (New Jersey), in the Lower 

Saxony Basin (van Helmond et al., 2014, 2016; Eldrett et al., 2014), in Lincolnshire 

(eastern England: Hart et al., 1993) and in the Vocontian Basin (Vergons: Courtinat et al., 
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1991). Moreover, Desmares et al. (2016) and Grosheny et al. (2017), documented an 

increased proportion of the left- to right-coiled planktonic foraminifera Muricohedbergella 

delrioensis in sections of the WIS and of the Vocontian Basin, a morphological feature that 

is controlled by the temperature of calcification in some living species (after Ericson, 

1959). 

In this study, we present a high-resolution quantitative analysis of planktonic 

foraminiferal assemblages in two European key localities showing an almost complete 

record of OAE 2, i.e. Eastbourne (Gun Gardens, SE England) in the Anglo-Paris Basin, 

and Clot Chevalier (SE France) in the Vocontian Basin (Fig. 1A-B-C). The Clot Chevalier 

section is correlated with the Les Lattes section, located about 20 km to the NW (Fig. 1B), 

where the Boreal macrofossil assemblage was discovered by Gale and Christensen 

(1996), which enables the comparison between the stratigraphic distributions and 

abundances of planktonic foraminifera and those of Boreal macrofossils within the same 

basin.  

Innovation of this study compared to previous planktonic foraminiferal quantitative 

data presented for the Eastbourne section (Paul et al., 1999; Keller et al., 2001) is 

represented by the application of a successful methodology for the disaggregation of 

indurated carbonate-rich lithologies with acetic acid preserving the specimens wall-texture 

(after Lirer, 2000), and of a revised taxonomy (after Hasegawa, 1999; González-Donoso et 

al., 2007; Desmares et al., 2008, 2020; Falzoni et al., 2016b, Huber et al., 2017, 

submitted; Falzoni and Petrizzo, 2020), both improving species determinations. 

Results of this study are combined with previously published geochemical and 

paleontological information with the aim of documenting the response of planktonic 

foraminifera to the PCE and of filling the gap in the reconstruction of environmental 

changes in surface waters during a cold snap of the Cretaceous supergreenhouse. 
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2. The OAE 2 and PCE record at Eastbourne (SE England) 

The Cenomanian–Turonian transition at Eastbourne (SE England) contains one of 

the most expanded, complete, fossil-rich and well-studied OAE 2 records (e.g., Paul et al., 

1999; Gale et al., 2005; Jenkyns et al., 2017, and references therein), which was 

deposited in the Anglo-Paris Basin at a paleolatitude of ~35°N (Fig. 1C). The section 

consists of 8 m-thick calcareous marls (Plenus Marl) pinched in between two dominant 

chalky successions assigned to the Grey Chalk Member and White Chalk Formation (see 

Gale et al., 2005 and references therein) (Fig. 2). A strongly burrowed omission surface 

(sub-Plenus erosion surface; Jefferies, 1962, 1963) separates the Grey Chalk from the 

overlying Plenus Marl and corresponds to a major sea-level fall and sequence boundary 

(Robaszynski et al., 1998; Wilmsen, 2003). An erosion surface is also present at the base 

of Bed 4 and it has been interpreted as a transgressive surface (Robaszynski et al., 1998; 

Gale et al., 2000). The typical 13C positive excursion registering the perturbation of the 

global carbon cycle during OAE 2 is comprised between the base of the Plenus Marl and 

the lower part of the Holywell Member (Fig. 2). 

Jefferies (1963) distinguished eight lithological beds within the Plenus Marl according 

to their lithological features and paleontological content, including the stratigraphic range 

of the Boreal macrofauna, i.e., the belemnite P. plenus, the bivalves Oxytoma seminudum 

and Chlamys arlesiensis, and the serpulid worm Hamulus sp., that are documented at 

Eastbourne and in other sections of the English Chalk (e.g., Dover) (Fig. 2). Boreal 

macrofossils are abundant in Bed 4 and 5, but they are also found in the lower part of Bed 

6 (Jefferies, 1962, 1963; Gale and Christensen, 1996; Paul et al., 1999). Oxytoma 

seminudum also occurs in Bed 2 and 8, and a single specimen of P. plenus was 

recognized in Bed 8 (Gale and Christensen, 1996) (Fig. 2). In addition, the Boreal 

dinoflagellate cysts Cyclonephelium compactum–membraniphorum first occur in Plenus 
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Marl Bed 2 at Lulworth (southern England: Fig. 1A; Dodsworth, 2000) and in Bed 7 at 

Eastbourne (Pearce et al., 2009) (Fig. 2). 

The occurrence of Boreal macrofossils coincides with a series of positive 18O shifts 

obtained on bulk carbonates (Dover: Lamolda et al., 1994; Eastbourne: Paul et al., 1999; 

Tsikos et al., 2004) and on macrofossil shells that were carefully screened for diagenetic 

alteration (Voigt et al., 2004, 2006), and with a drop of the 13C (i.e., 13Ccarb–
13Corg) 

values, which reflects an atmospheric pCO2 decrease (Jarvis et al., 2011), suggesting 

synchronicity between cooling and migration of Boreal species in the Anglo-Paris Basin 

(Gale and Christensen, 1996; Jenkyns et al., 2017) (Fig. 2). 

 

3. The OAE 2 and PCE record at Clot Chevalier (Vocontian Basin, SE France) 

The Clot Chevalier section (Vocontian Basin, SE France) consists of a 35 m-thick 

succession of limestones and marls deposited at a paleolatitude of ~32°N (Figs. 1B, C and 

3). The section includes a 28 m-thick interval of organic-rich marls belonging to the Thomel 

Level, the local equivalent of the Bonarelli Level and lithological expression of OAE 2 (e.g., 

Crumière, 1990), which has been subdivided into four lithological units: Th 1 to Th 4 (after 

Jarvis et al., 2011). Units Th 1 and Th 3 consist of grey marls with maximum TOC content 

of 1.5% (wt), while Th 2 and Th 4 consist of marly limestones with lower TOC content 

(Gale et al., 2019; Fig. 3). The base of Th1 is a sharply defined bioturbated surface 

indicating a minor hiatus and is correlative with the sub-Plenus erosion surface, suggesting 

erosion and/or non deposition and/or dissolution regionally developed in this stratigraphic 

interval (Gale et al., 2019). Unit Th 1 is thinner compared to other sections of the 

Vocontian Basin, and unit Th 2 is glauconitic-rich, thus the onset of the carbon-isotope 

positive excursion and of OAE 2 occur within a relatively condensed stratigraphic interval 

(Gale et al., 2019). By contrast, unit Th 3 is unusually expanded at Clot Chevalier (Gale et 

al., 2019). Given the shape of the 13C excursion and the different relative thickness of the 
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stratigraphic intervals between peak a and b compared to Eastbourne and other complete 

sections of the Vocontian Basin (e.g., Pont d’Issole: Grosheny et al., 2006; Jarvis et al., 

2011), it is likely that the condensed stratigraphic interval at Clot Chevalier also includes 

the base of unit Th 3 (Figs. 2–3). 

No Boreal macrofossils are found in this section but cooling during the PCE is 

suggested by a positive 18O excursion of bulk carbonates that was used to constrain the 

event in Gale et al. (2019), and by a drop in the 13C values in unit Th 2 and in the 

lowermost part of unit Th 3 (Fig. 3).  

 

4. The Plenus Carbon Isotope Excursion (Plenus CIE) 

The stratigraphic extension of the PCE interval and the number of cooling episodes 

within the PCE in the English Chalk (Fig. 2) and elsewhere (O’Connor et al., 2020) have 

been differently interpreted by authors according to the range of the Boreal fauna, the 18O 

trends and/or the proxies to trace changes in atmospheric pCO2 levels (Gale and 

Christensen, 1996; Jarvis et al., 2011; Jenkyns et al., 2017; O’Connor et al., 2020; Jeans 

et al., 2021). For this reason, and given the global nature of the carbon-isotope excursion, 

O’Connor et al. (2020) suggested to constrain the PCE to the stratigraphic interval 

comprised between the 13C peak a and b (Plenus CIE in Fig. 2), whether or not evidence 

for cooling is available.  

We follow the approach of chemostratigraphically constraining the PCE interval, but 

the Plenus CIE is herein extended from the onset of the second 13C build-up (i.e., below 

peak a) to peak b to account for the geochemical evidence for cooling and for the 

occurrence of Boreal species that are observed in the English Chalk from the top of Bed 1 

and base of Bed 2, respectively (Fig. 2; see also the 18O record at Dover: Lamolda et al., 

1994). 
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Therefore, the term Plenus CIE refers herein to the stratigraphic interval between the 

second 13C build-up (i.e., below peak a) and peak b at Eastbourne (Fig. 2) and Clot 

Chevalier (Fig. 3), while the term Plenus Cold Event (PCE) refers to the time interval(s) 

characterized by cooling identified based on the geochemical proxies and/or fossil record 

within the Plenus CIE. 

 

5. Methodology 

Rock samples from both sections were processed with acetic acid to obtain washed 

residues containing isolated planktonic foraminifera (see Lirer, 2000 and Falzoni et al., 

2016b for detailed procedure), with the exception of samples from the Plenus Marl that 

were treated with peroxide water following the standard methodology. 

The planktonic foraminiferal biostratigraphy applied in this study follows Falzoni and 

Petrizzo (2020) for Eastbourne, and Falzoni et al. (2016b) for Clot Chevalier. The 

stratigraphic range of relevant species is further discussed in section 6. 

Quantitative analyses were performed at the species level on the >125 μm size 

fraction on a total number of 105 samples (68 for Eastbourne and 37 for Clot Chevalier) 

with a sampling resolution of 40 cm (Eastbourne) and of 20 to 120 cm (Clot Chevalier). 

Relative abundances, reported in Supplementary Table 1 (Eastbourne) and 

Supplementary Table 2 (Clot Chevalier), are based on the identification and counting of 

>300 planktonic foraminiferal specimens per sample to ensure statistical reproducibility 

(CLIMAP, 1976), unless samples contain less than 300 specimens. Three samples at 

Eastbourne (interval from 14.9 to 15.7 m) and several samples belonging to unit Th 3 at 

Clot Chevalier yield less than 20 specimens in the >125 μm size fraction. At Eastbourne, 

these three samples were selected from an interval characterized by abundant pelagic 

microcrinoids (see Gale, 2019), echinoids and fragments of other macroinvertebrates, 

suggesting changes in the depositional environment and/or in the ecologic features of 
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surface waters. Unit Th 3 at Clot Chevalier is characterized by abundant radiolaria and 

relatively high TOC content (Gale et al., 2019), thus the very rare occurrence of planktonic 

foraminifera in this interval is likely due to the establishment of eutrophic conditions. 

The taxonomy applied in this study follows the online database for planktonic 

foraminifera available at https://www.mikrotax.org (Huber et al., 2016), which incorporates 

species original descriptions and illustrations and subsequent taxonomic studies, unless 

differently specified in Falzoni et al. (2016b) and Falzoni and Petrizzo (2020). Planispiral 

taxa include species that have been traditionally assigned to the polyphyletic genus 

Globigerinelloides, which is currently under revision (see taxonomic notes in Petrizzo et 

al., 2017). The taxonomy herein applied for this group follows Huber et al. (2021, under 

review), who assigned the species bentonensis to the new genus Laeviella. Biserial taxa 

include species of the genera Protoheterohelix and Planoheterohelix (following Haynes et 

al., 2015) that are herein grouped together as they are extremely rare in the >125 μm size 

fraction in the sections studied and are inferred to share similar paleoecological 

preferences (Petrizzo et al., 2020, 2021). The list of species included in each genus or 

morphogroup is reported in Supplementary Table 3 with the author(s) and year of 

description. 

 

6. Biostratigraphic range of relevant planktonic foraminiferal species at 

Eastbourne and Clot Chevalier 

The Plenus CIE as defined in this study is constrained by 4 relevant planktonic 

foraminiferal extinctions that are regarded as highly reliable for correlation at low-to-middle 

latitudes (Falzoni et al., 2018a), namely: 1) the HO (highest occurrence) of Thalmanninella 

deeckei and of 2) Thalmanninella greenhornensis below the Plenus CIE, 3) the HO of 

Rotalipora cushmani that falls within the Plenus CIE, and 4) the HO of Laeviella 

bentonensis (= Globigerinelloides bentonensis of previous authors) at the top of the 
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Plenus CIE (Figs. 2–3). These events are documented approximately at the same 

stratigraphic level at Eastbourne and Clot Chevalier. However, the extinction of R. 

cushmani falls in a slightly earlier stratigraphic interval below peak a in the latter section, 

likely because of its rare occurrence at the top of its stratigraphic range, which coincides 

with a condensed and glauconitic-rich interval reflecting episodes of reduced or interrupted 

sedimentation (see Falzoni et al., 2016b for further explanation). The shape of the 13C 

profile in this interval and the position of peak a might have been also slightly modified by 

brief episodes of interruption of sedimentation. In fact, peak a falls in the middle of unit Th 

2 at Pont d’Issole (Jarvis et al., 2011), whereas it falls at the top of unit Th 2 at Clot 

Chevalier (Fig. 3). Moreover, the highest 18O values within the Plenus CIE coincide with 

peak a at Clot Chevalier, while they fall above peak a in other stratigraphic sections of the 

Vocontian Basin (Jarvis et al., 2011; Danzelle et al., 2020) as observed at Eastbourne. 

Therefore, the earlier extinction of R. cushmani at Clot Chevalier likely relies on the 

peculiar sedimentation patterns of this locality, while this bioevent in other deep-sea 

sections of the Vocontian Basin (e.g., Pont d’Issole: Grosheny et al., 2006, 2017) is clearly 

synchronous with Eastbourne.  

Two planktonic foraminiferal species, Praeglobotruncana plenusiensis (Fig. 4.1) and 

Muricohedbergella kyphoma (Fig. 4.2), occur at Eastbourne in Bed 2 and 4, and in Bed 4 

to 5, respectively, and their occurrences parallel the stratigraphic distribution of Boreal 

macrofossils, although single specimens of M. kyphoma also occur in two samples at the 

base of the section (Falzoni and Petrizzo, 2020; Fig. 2). Praeglobotruncana plenusiensis 

(at 4.8 m; Fig. 4.3) and M. kyphoma (at 4.8 and 5.7 m; Fig. 4.4) are also recognized in two 

glauconitic-rich samples at Clot Chevalier within the Plenus CIE (Fig. 3), although in a 

slightly earlier stratigraphic interval compared to Eastbourne, as observed for the 

extinction of R. cushmani, and likely depending on the condensed nature of this 

stratigraphic interval. In addition, the absence of P. plenusiensis and M. kyphoma at the 
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trough between peak a and b, where they are common at Eastbourne, might rely on the 

very rare occurrence of planktonic foraminifera in the organic-rich levels at the base of unit 

Th 3 at Clot Chevalier (4 specimens at 6.9 m and 16 specimens at 7.8 m).  

Praeglobotruncana plenusiensis and M. kyphoma have been rarely documented in 

other localities: Praeglobotruncana plenusiensis was described from the uppermost R. 

cushmani to lowermost W. archaeocretacea Zone at Eastbourne (Falzoni and Petrizzo, 

2020). A specimen illustrated by Leckie (1985; p. 147, pl. 2, figs. 2–3) from a correlative 

stratigraphic interval at Pueblo (WIS) and assigned to Praeglobotruncana praehelvetica 

might fall in its range of species variability (see taxonomic discussion in Falzoni and 

Petrizzo, 2020), but the absence of the illustration of the umbilical side prevents the full 

comparison with the type specimens of praehelvetica and plenusiensis, thus the 

occurrence of the latter species in the WIS needs to be verified with further studies. 

Muricohedbergella kyphoma was described from Hokkaido (Japan), where it shows a very 

discontinuous stratigraphic range and occurs in one sample below the first appearance of 

R. cushmani and in two samples above its extinction approximately falling in the middle W. 

archaeocretacea Zone in between 13C peak b and c (Hasegawa, 1999; Takashima et al., 

2011). 

 

7. Litho-, bio- and chemostratigraphic correlation of Clot Chevalier and 

Les Lattes (Vocontian Basin) 

The litho-, bio- and chemostratigraphic record of Clot Chevalier is correlated with Les 

Lattes (Fig. 5) with the aim of stratigraphically constraining the occurrence of Boreal 

macrofossils in the Vocontian Basin (Gale and Christensen, 1996) and of comparing the 

occurrence of Boreal macrofossils with the planktonic foraminiferal data collected in this 

study. 
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The Cenomanian–Turonian transition at Les Lattes is extremely expanded (about 

150 m). The section was deposited in a relatively shallow depositional environment, likely 

on the slope (Grosheny et al., 2017), as indicated by lithological characteristics, including 

the abundance of sandy layers, and paleontological evidences such as the occurrence of 

benthic taxa typical of shallow environments and of rare planktonic foraminifera (Gale and 

Christensen, 1996; Grosheny et al., 2017). Moreover, no black shales occur in this section 

and sediments are strongly bioturbated suggesting a well-oxygenated sea floor (Gale and 

Christensen, 1996; Grosheny et al., 2017). These observations indicate a shallower 

depositional environment compared to Clot Chevalier and to the other basinal sections of 

the Vocontian Basin (e.g., Pont d’Issole: Grosheny et al., 2006), where the Cenomanian–

Turonian boundary interval is less than 35 m-thick and includes organic-rich layers (Gale, 

pers. comm., 2020). 

Nevertheless, the Cenomanian–Turonian boundary interval at Clot Chevalier and Les 

Lattes is remarkably similar in several other litho-, bio- and chemostratigraphic features. 

First of all, the onset of the 13C positive excursion corresponds to the top of a bed bundle 

at Les Lattes (Grosheny et al., 2017) and to an erosional surface at Clot Chevalier (Gale et 

al., 2019), both marking a lithological change from carbonate-rich lithologies to marlstones 

(Lower Recessive Interval, LRI, at Les Lattes; Grosheny et al., 2017) or marls with higher 

TOC content (unit Th 1 at Clot Chevalier; Gale et al., 2019) (Fig. 5). The LRI of sections 

deposited at shallower depth is considered correlative to the Lower Black Shale (LBS) of 

deeper sections of the Vocontian Basin (Grosheny et al., 2017), and the latter coincides 

with unit Th 1 of Jarvis et al. (2011) and Gale et al. (2019) (Fig. 5). 

The overlying stratigraphic interval is characterized by the occurrence of two 

glauconitic-rich levels: the lowermost level contains the highest occurrence of R. cushmani 

in both sections, while the uppermost glauconitic level lies just below the Boreal 

macrofossil assemblage at Les Lattes (Fig. 5). However, the lowermost glauconitic-rich 
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level is identified above an omission surface at the top of LRI at Les Lattes, while it is 

separated from the top of unit Th 1 by a ~1 m-thick stratigraphic interval corresponding to 

the lower part of unit Th 2 at Clot Chevalier (Fig. 5). This stratigraphic interval might be 

missing (not deposited/eroded) at Les Lattes, and this hypothesis would explain the 

absence of a clear second build-up in the 13C profile of this section, complicating the 

identification of the Plenus CIE. 

Nevertheless, the glauconitic-rich interval at Les Lattes and the upper part of unit Th 

2 at Clot Chevalier are likely correlative, and the bed yielding the Boreal macrofossil 

assemblage in the former section is tentatively correlated with the bed lying just above the 

uppermost glauconitic-rich level at Clot Chevalier (P. plenus correlative bed in Fig. 5). This 

interpretation is supported by the following evidences: (a) the overlying stratigraphic 

interval is characterized by a sharp lithological change and likely contains peak b in both 

sections; and (b) the omission surface below the upper glauconitic-rich level at Les Lattes 

is likely correlative with that found below Bed 4 at Eastbourne (Gale and Christensen, 

1996), thus it falls close to the trough between peak a and b. 

 

8. Relative abundances of planktonic foraminifera at Eastbourne and Clot 

Chevalier 

The relative abundances of planktonic foraminifera at Eastbourne and Clot Chevalier 

are plotted in Fig. 6A-B and presented below.  

 

8.1 Eastbourne 

Assemblages are generally dominated by the trochospiral unkeeled 

Muricohedbergella (up to 70%), Whiteinella (up to 63%) and Pseudoclavihedbergella (up 

to 67%) (Fig. 6A). Single- and double-keeled taxa usually represent a minor (<20%) 

component of the assemblage with few exceptions: Rotalipora reaches 46% of the 
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assemblage in one sample at 3.6 m and varies from 18 to 29% in Plenus Marl Bed 1. The 

abundance of Praeglobotruncana and Dicarinella is usually <10%, but it reaches 50% in 

Bed 2 and 3, and 40% in Bed 4, respectively. The relative abundance of P. plenusiensis is 

always lower than 1%. Muricohedbergella kyphoma and M. planispira together represent 

up to 34% of the assemblage in Bed 4 and 5 and are rare to absent in the other 

stratigraphic intervals. Planispiral taxa and Marginotruncana do not exceed 14% and 7% 

of the assemblage, respectively. The relative abundances of Thalmanninella and of 

biserial taxa is lower than 2% in the >125 μm size fraction. Biserial taxa are slightly more 

abundant in the >38 μm size fraction, but this small-sized assemblage is dominated by 

calcispheres. 

 

8.2 Clot Chevalier 

The planktonic foraminiferal assemblage at Clot Chevalier is dominated by 

Praeglobotruncana (up to 57%), Whiteinella (up to 40%), Helvetoglobotruncana (up to 

34%), Dicarinella (up to 31%), and Rotalipora (up to 27%) (Fig. 6B). The relative 

abundance of P. plenusiensis is less than 1%. Pseudoclavihedbergella and 

Muricohedbergella represent minor components of the assemblage (usually <25%), with 

the exception of four samples (at 10.8, 11.7, 15.9 and 17.4 m), where planktonic 

foraminifera are very rare (less than 6 specimens occur in the >125 μm size fraction), and 

these taxa represent up to the 100% of the specimens. Muricohedbergella planispira and 

M. kyphoma together show their maximum abundance (8%) at 4.8 m and less than 1% of 

the assemblage in the overlying sample at 5.4 m. The relative abundance of biserial taxa 

is lower than 1% and are found only in few samples in the >125 μm size fraction. Sample 

at 12.6 m does not contain planktonic foraminifera larger than >125 μm, but small-sized 

planispiral and biserial taxa are documented in the >38 μm size fraction (Falzoni et al., 
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2016b). The dominant component of the microfossil assemblage is represented by 

radiolaria in the lower and middle part of unit Th 3 (Fig. 6B). 

 

8.3 Differences and similarities among microfossil assemblages at Eastbourne and 

Clot Chevalier.  

The microfossil assemblages show some differences at Eastbourne and Clot 

Chevalier, including the occurrence of very abundant radiolaria and of 

Helvetoglobotruncana praehelvetica in the latter section. Moreover, there is an increase in 

the relative abundances of Praeglobotruncana, Dicarinella and Marginotruncana in the 

lower Turonian of Clot Chevalier that is not observed at Eastbourne, where assemblages 

are dominated by the trochospiral unkeeled taxa of the genera Whiteinella and 

Muricohedbergella. 

Conversely, other features of the assemblages are similar in both sections: a) 

Dicarinella, Praeglobotruncana and Muricohedbergella increase in abundance within the 

Plenus CIE compared to the stratigraphic interval slightly above and below, although such 

increase is impressive at Eastbourne and less evident at Clot Chevalier; b) both 

assemblages yield P. plenusiensis and M. kyphoma within the Plenus CIE, although with a 

significantly higher abundance of M. kyphoma at Eastbourne; c) Thalmanninella, 

Rotalipora and the planispiral taxa progressively disappear below, within and above the 

Plenus CIE, respectively; d) Pseudoclavihedbergella shows relatively low abundances 

within the Plenus CIE, whereas it shows an abundance peak (67% at Eastbourne and 

80% at Clot Chevalier) slightly above the Plenus CIE, and subsequently disappears from 

the assemblage. The highest occurrences of Thalmanninella and Rotalipora represent true 

extinctions, whereas the disappearance of planispiral taxa and of Pseudoclavihedbergella 

is a temporary event (eclipse: Falzoni and Petrizzo, 2020), because the same species re-

occur in younger assemblages. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 18 

The differences and similarities observed among planktonic foraminiferal 

assemblages are interpreted below according to the paleoecological preferences and 

paleobiogeographic distribution patterns of Cenomanian–Turonian planktonic foraminifera. 

 

 

9. Paleoecology and paleobiogeographic distribution of Cenomanian–Turonian 

planktonic foraminifera  

The paleoecological preferences of Cenomanian–Turonian planktonic foraminiferal 

taxa are mainly based on the intra-sample offsets in their stable-isotope (18O and 13C) 

composition, and on their biogeographic distribution patterns across latitudes. Additional 

information is provided by their abundance in near coastal, hemipelagic or pelagic settings 

which indicates tolerance to different salinity levels and capability to complete the life cycle 

in shallow or deeper environments (e.g., Leckie, 1987; Leckie et al., 1998; Hart, 1999; 

Premoli Silva and Sliter, 1999; Huber et al., 1999; Bornemann and Norris, 2007; Petrizzo 

et al., 2008; Ando et al., 2010; Petrizzo et al., 2020). 

The paleoecology and paleobiogeographic distribution patterns of Cenomanian–

Turonian planktonic foraminifera are discussed below and summarized in Fig. 7. 

  

9.1 Stable-isotope paleoecology and life strategies of Cenomanian–Turonian 

planktonic foraminifera  

Whiteinella species typically yield a stable-isotopic signature suggesting adaptation 

to the warmest/shallowest layers of the water column (Huber et al., 1999; Wendler et al., 

2013; Falzoni et al., 2016a; Petrizzo et al., 2020, 2021) with the possible exception of W. 

baltica that may have lived slightly deeper (Huber et al., 1995; Bornemann and Norris, 

2007; Petrizzo et al., 2020). Previous authors have noted the dominance of this group in 

lower Turonian assemblages (e.g., Zone à grosses globigerines: Sigal, 1955) and 
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suggested that Whiteinella was a meso- to eutrophic taxon characterized by a high 

reproductive potential and possible adaptation to upwelling regions (Hart, 1999; Premoli 

Silva and Sliter, 1999). However, upwelled waters are typically cold and yield small-sized 

species, therefore this interpretation is difficult to reconcile with the clear preference 

toward warm waters that is derived from their stable-isotope composition, and with an 

average test size of 300–700 μm for adult specimens (Falzoni et al., 2018b). By contrast, 

the increased abundance of Whiteinella in Tanzania was associated to a diminished 

siliciclastic input from land that likely led to a more oligotrophic upper water column 

(Petrizzo et al., 2017).  

A similar preference toward warm/surface and relatively oligotrophic layers of the 

water column is inferred from the limited stable-isotope data available for their descendant 

Helvetoglobotruncana species (Wendler et al., 2013; Huber and Petrizzo, 2014; Falzoni et 

al., 2016a).  

The paleoecological preferences of planispiral taxa are still poorly constrained owing 

to their generally small-size, which complicates the acquisition of species-specific stable-

isotope data, and the unclear taxonomy of this polyphyletic group (Huber et al., 2021, 

under review). However, planispirals inhabited the thick winter mixed layer in the Albian–

Cenomanian of the western Atlantic Ocean (Blake Nose: Leckie et al., 2002; Petrizzo et 

al., 2008) and in the latest Cenomanian–earliest Turonian (within OAE 2) at southern 

latitudes in the southeast Indian Ocean (Mentelle Basin: Petrizzo et al., 2021), and were 

absent during episodes of reduced stratification in the Cenomanian–Turonian of the WIS 

(Elderbak and Leckie, 2016), suggesting adaptation to cool waters within a relatively 

stratified oligo-mesotrophic upper water column. 

Rotalipora and Thalmanninella (rotaliporids) stable isotopes suggest that this group 

inhabited cold/deep layers of the water column close to the thermocline, although with 

some differences observed among species and through time (Huber et al., 1999; Petrizzo 
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et al., 2008; Ando et al., 2010). Accordingly, rotaliporids are typically found in pelagic 

settings of the Tethyan Realm and have been traditionally interpreted as strictly 

oligotrophic, with Thalmanninella usually regarded as the most stenotopic taxon (Leckie, 

1987; Leckie et al., 1998; Hart, 1999; Premoli Silva and Sliter, 1999). Dwarf specimens of 

R. cushmani were observed in sediments deposited in corridors of about 80 m of 

estimated depth, separating a series of carbonate platforms in Central Sahara (Grosheny 

et al., 2017). However, the occurrence of fully developed large-sized (400-800 m) 

morphotypes in deeper water settings (Falzoni et al., 2018b) and in the pelagic Tethyan 

Realm (Coccioni et al., 2016) indicates that this species required a relatively thick and 

stratified upper water column to complete its life cycle.  

Pseudoclavihedbergella yields stable isotope data supporting a deep water habitat at 

or below the thermocline within a well-stratified water column (Norris and Wilson, 1998; 

Coxall et al., 2007) with possible adaptation to the nutrient-rich and oxygen-poor layers of 

the nutricline (Coccioni et al., 2006; Coxall et al., 2007). Episodic increases in abundance 

of Pseudoclavihedbergella are found in several basins within the Tethyan Ocean below 

and above the Bonarelli Level and equivalents, indicating tolerance to high nutrient 

concentrations before and after black shale deposition (Coccioni et al., 2006). 

Limited stable-isotope data are available for Cenomanian–Turonian biserial species, 

but they usually yield stable-isotope values suggesting adaptation from shallow to 

intermediate layers of the upper water column (Huber et al., 1999; Wilson et al., 2002; 

Wendler et al., 2013). Biserial taxa likely represented the most eutrophic planktonic 

foraminiferal group in this stratigraphic interval (e.g., Leckie et al., 1998; Premoli Silva and 

Sliter, 1999; Elderbak and Leckie, 2016) and their acme (i.e., Heterohelix shift) 

documented within 13C peak b and c in the WIS and in several Tethyan and Central 

Atlantic sections is indicative of high nutrient concentrations and of a poorly stratified 

upper water column (e.g., Leckie et al., 1998; Nederbragt and Fiorentino, 1999; Caron et 
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al., 2006; Keller et al., 2008; Falzoni et al., 2018a). However, increases in biserials were 

also observed in normal environmental settings in the Turonian (Huber et al., 1999; 2017; 

Haynes et al., 2015) suggesting that they were adapted to a wide range of water mass 

conditions and/or benefitted from seasonally favorable ecological contexts. 

The stable-isotope signature of Muricohedbergella species indicates adaptation to 

relatively cold/deep layers of the water column in open ocean settings at low latitudes 

(Norris and Wilson, 1998; Wilson et al., 2002; Ando et al., 2010; Petrizzo et al., 2008), but 

they likely inhabited shallower layers at the higher latitudes of the Southern Hemisphere, 

probably because sea-surface waters were cooler (Falzoni et al., 2016a; Petrizzo et al., 

2020, 2021). Nevertheless, Muricohedbergella shows great tolerance to different 

ecological conditions and lived from low salinity coastal environments to normal salinity 

open ocean settings, clearly pointing to an opportunist meso-eutrophic life strategy (e.g., 

Leckie, 1987; Leckie et al., 1998; Hart, 1999; Premoli Silva and Sliter, 1999). 

Praeglobotruncana species yield intermediate oxygen isotope values between 

surface and thermocline taxa and have been interpreted as intermediate or winter mixed 

layer dwellers (Petrizzo et al., 2008; 2020; Falzoni et al., 2016a), although they might have 

lived deeper near the thermocline (Huber et al., 1999; Ando et al., 2010). Interestingly, 

Praeglobotruncana shifted from the thermocline to the mixed layer across the Albian–

Cenomanian transition at Blake Nose in the NW Atlantic Ocean, when surface waters 

became cooler and poorly stratified (Ando et al., 2010).  

Dicarinella possesses a stable-isotope signature suggesting adaptation to cold 

waters and lived close to the permanent thermocline in different localities at low to mid-

latitudes (Huber et al., 1999; Wendler et al., 2013; Falzoni et al., 2016a; Petrizzo et al., 

2020). A shift toward a shallower habitat at higher latitudes (as observed for 

Muricohedbergella) is consistent with the stable-isotope data obtained for several 

Dicarinella species in the Southern Hemisphere (Petrizzo et al., 2020, 2021).  
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A shallower habitat of Muricohedbergella and Dicarinella at higher latitudes and the 

migration of Praeglobotruncana toward shallower layers of the water column as a 

response to climate cooling at the Albian/Cenomanian boundary suggest that the main 

ecological factor controlling their distribution and abundance was the sea-surface 

temperature rather than the depth, and that these taxa do not require a well-stratified 

water column to thrive and complete their life cycle. This interpretation is consistent with a 

preference toward meso-eutrophic (Muricohedbergella) or mesotrophic 

(Praeglobotruncana and Dicarinella) conditions that were suggested in previous studies 

(Hart, 1999; Premoli Silva and Sliter, 1999).  

Marginotruncana species likely adopted different life strategies. During their interval 

of maximum diversification in the late Turonian–Santonian, different species inhabited all 

available ecological niches from the mixed layer to the thermocline (Falzoni et al., 2016a; 

Petrizzo et al., 2020, 2021). Currently, there are no stable-isotope data available for the 

species occurring at Eastbourne and Clot Chevalier (mostly represented by M. caronae), 

but their relative abundances show similar trends compared to Dicarinella and 

Praeglobotruncana suggesting similar preferences toward cold waters, although 

Marginotruncana is usually regarded as a more oligotrophic taxon (Premoli Silva and 

Sliter, 1999). 

 

9.2 Paleobiogeographic distribution of Cenomanian–Turonian planktonic foraminifera 

in Northern Europe 

Whiteinella, Rotalipora, Thalmanninella, Pseudoclavihedbergella, the planispiral and 

biserial taxa represent the dominant group of a typical Tethyan assemblage with a 

paleobiogeographic distribution mainly confined to the tropical-subtropical latitudinal belts.  

These taxa progressively decrease in abundance toward the high latitudes, with 

Whiteinella approaching the paleolatitude of 55° or 60° in the Northern and Southern 
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Hemisphere, respectively (e.g., Leckie, 1987; Leckie et al., 1998; Hart, 1999; Premoli Silva 

and Sliter, 1999; Gradstein et al., 1999; Petrizzo et al., 2020). The absence/rarity/delayed 

occurrence of Helvetoglobotruncana outside the oligotrophic Tethyan Realm in the lower 

Turonian (Huber and Petrizzo, 2014 and reference therein) suggest a more stenotopic 

ecology compared to their whiteinellid ancestors that might be explained by a limited 

tolerance toward a less stratified water column and/or higher nutrient concentrations. 

Accordingly, the northern European record of Helvetoglobotruncana coincides with 

Lincolnshire (eastern England; paleolatitude of about 45°N) (Hart et al., 1993). Similarly, 

no planispiral taxa are documented north of this locality in the same stratigraphic interval 

(Hart et al., 1993; Gradstein et al., 1999). Pseudoclavihedbergellids and rotaliporids 

progressively disappear moving northward along the eastern coast of UK and are very rare 

in the northern North Sea (Moray Firth region) that broadly coincides with the northern limit 

of their paleobiogeographic distribution (Hart et al., 1989; King et al., 1989). Rare 

specimens assigned to Pessagnoina simplex (morphologically similar and likely 

phyletically related to Pseudoclavihedbergella simplicissima, see Georgescu, 2009) and a 

single specimen of Thalmanninella cf. greenhornensis are also documented in the 

southernmost hole drilled along the eastern margin of the Norwegian Sea at a 

paleolatitude of about 50°N, but both taxa do not occur further north in the late 

Cenomanian (Gradstein et al., 1999). Biserial taxa occur throughout the Cenomanian–

Turonian transition at Eastbourne (Keller et al., 2001; Falzoni and Petrizzo, 2020), and are 

generally regarded as having a wide paleobiogeographic distribution (Premoli Silva and 

Sliter, 1999). However, they are not documented along the eastern coast of UK above the 

extinction of R. cushmani throughout the uppermost Cenomanian (Hart et al., 1993), 

although this gap in their stratigraphic record might have been amplified by the small size 

and poor preservation of specimens. Moreover, biserial taxa might have been sometimes 

overlooked (e.g., in King et al., 1989) owing to their poor biostratigraphic value in this 
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interval. However, very rare specimens are reported from the upper Cenomanian–lower 

Turonian of the Norwegian Sea (Gradstein et al., 1999), testifying their rare occurrence 

north of 50°N. 

By contrast, the paleobiogeographic distribution of Muricohedbergella, 

Praeglobotruncana, Dicarinella, and Marginotruncana is broad and supports their 

preference toward cooler waters: Muricohedbergella has a cosmopolitan distribution, but 

its relative abundance progressively increases toward the high latitudes, where the tropical 

taxa become rare to absent (e.g., Hart, 1999; Premoli Silva and Sliter, 1999; Gradstein et 

al., 1999). Praeglobotruncana and Dicarinella were also widely distributed across latitudes 

(Premoli Silva and Sliter, 1999), with the exception of the WIS, where, however, keeled 

taxa are very rare and assemblages are dominated by unkeeled trochospiral and biserial 

taxa throughout the latest Cenomanian–Turonian (Leckie et al., 1998; Elderbak and 

Leckie, 2016). Overall, Praeglobotruncana and Dicarinella generally show higher relative 

abundances in Northern Europe (King et al., 1989; Gradstein et al., 1999) compared to low 

latitude Tethyan or Atlantic localities (e.g., Tunisia: Nederbragt and Fiorentino, 1999; 

Morocco: Keller et al., 2008). Accordingly, the stratigraphic interval correlative with the 

Plenus Marl is characterized by abundant Praeglobotruncana in the chalk facies of the 

central and southern North Sea at a paleolatitude of 40–50°N (Praeglobotruncana Zone of 

King et al., 1989) and by floods of Dicarinella and hedbergellids at higher latitudes offshore 

Norway and in the northern North Sea at a paleolatitude of 50°–55°N (Gradstein et al., 

1999), which coincides with the northernmost record of planktonic foraminifera in Europe. 

Marginotruncana is at the beginning of its stratigraphic range and is globally very rare 

in this stratigraphic interval, but it occurs in the northern North Sea and in the Norwegian 

Sea at a paleolatitude of 55°N, where this genus shows relatively higher species diversity 

compared to lower latitude sites in the lower Turonian (King et al., 1989; Gradstein et al., 

1999). 
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10. Planktonic foraminiferal abundances, oxygen isotope and 13C trends at 

Eastbourne and Clot Chevalier 

The cumulative abundances of planktonic foraminifera at Eastbourne and Clot 

Chevalier separated in two groups are plotted in Fig. 8. The first group (Group 1 in Figs. 7 

and 8) includes the genera Whiteinella, Rotalipora, Thalmanninella, 

Pseudoclavihedbergella, the planispiral and biserial taxa, which share a 

paleobiogeographic distribution and/or higher relative abundances in the tropical-

subtropical latitudinal belt. The second group (Group 2) includes the genera 

Muricohedbergella, Praeglobotruncana, Dicarinella, and Marginotruncana that show a 

broader or cosmopolitan distribution and/or higher relative abundances at mid-high 

latitudes (Figs. 7 and 8). 

The cumulative abundances of these two assemblages are plotted against the 

available proxies for paleotemperature trends (18O values of bulk carbonates and, for 

Eastbourne, of macrofossils shells) and atmospheric pCO2 levels (13C) (Fig. 8), with the 

aim of identifying possible causal links between variations of these environmental 

parameters and abundances of planktonic foraminiferal taxa. 

 

10.1. Eastbourne 

In the absence of a significant diagenetic overprint, the 18O values of bulk samples 

provide a mixed signal registered by pelagic and benthic organisms, but the dominant 

component is usually represented by the coccolith-rich fine fraction that calcifies in the 

photic zone. Oxygen-isotope data of macrofossils at Eastbourne were determined on well-

preserved belemnites (P. plenus), brachiopods (mainly Orbirhynchia multicostata and 

Orbirhynchia wiesti) and bivalves (oysters, Inoceramus pictus and Spondylus sp.) (Voigt et 

al., 2006), the former actively swimming in the relatively shallow waters of the European 
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epicontinental basins (Christensen, 1997; Wilmsen et al., 2010), and the latter two tracing 

temperature variations of bottom waters (Voigt et al., 2006) at about 300 m depth in the 

Anglo-Paris Basin (Hay, 2008). 

Generally, the 18O values exhibited by macrofossils parallel the 13C trends and 

suggest that changes in the temperature of the relatively shallow water column at 

Eastbourne were ultimately linked to changes in the atmospheric pCO2 levels (Fig. 8). 

Little mismatches between these two proxies and the 18Obulk trends (e.g., between 14 and 

16 m) might be related to a different sampling resolution and/or diagenetic alteration 

affecting one or more proxies. The influence of salinity on the 18O/16O composition of 

samples cannot be isolated from that of paleotemperatures but it is generally considered 

very low at Eastbourne because of the limited siliciclastic input observed in the section and 

significant distance from the land (Pearce et al., 2009).  

The relative abundances of planktonic foraminiferal Group 1 vs. Group 2 broadly 

parallel the trend shown by 18O (particularly those exhibited by macrofossils) and 13C 

values throughout the section. Group 1 generally shows higher relative abundances when 

geochemical proxies indicate higher atmospheric CO2 concentrations and water 

temperature (e.g., between 6 and 8.2 m and between 14 and 15 m), while the opposite is 

observed for Group 2 (e.g., between 8.5 and 12.5 m).  

Geochemical data indicate that warm conditions prevailed at the onset of OAE 2 

(Plenus Marl Bed 1), likely resulting from the injection of volcanogenically-derived 

greenhouse gases in the ocean-atmosphere system (e.g., Leckie et al., 2002; Erba, 2004; 

Turgeon and Creaser, 2008; du Vivier et al., 2014). No Boreal macrofossils are 

documented in this interval in the Anglo-Paris Basin and sea-surface waters were 

dominated by planktonic foraminiferal taxa of Group 1 (up to the 80% of the assemblage) 

(Fig. 8). 
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A first evidence for cooling within the Plenus CIE is testified by a shift in the 18O and 


13C values from the uppermost part of Bed 1 to the middle part of Bed 3, suggesting that 

the first cooling episode lasted slightly longer than indicated by Jenkyns et al. (2017) and 

Jeans et al. (2021) (i.e., to the top of Bed 2; see Fig. 2). In this interval, we observe the 

occurrence of the bivalve O. seminudum at Dover (Gale and Christensen, 1996), the LO of 

the planktonic foraminiferal P. plenusiensis, and the sharp increase in the abundance of 

Praeglobotruncana (the dominant group) and of Dicarinella at Eastbourne (Fig. 8).  

The overlying stratigraphic interval (upper part of Bed 3) shows a minor 18O 

negative excursion and slightly higher 13C values, likely recording a transient and 

moderate warming episode that is supported by a gap in the stratigraphic distribution of 

Boreal macrofossils and is coeval to a slight increase in the abundance of Group 1 among 

planktonic foraminifera. 

The interval between the base of Bed 4 and the top of Bed 5 is characterized by the 

highest 18O values (macrofossil shells: Voigt et al., 2004, 2006) and the maximum 

abundance and diversity of the Boreal macrofossil assemblage (Gale and Christensen, 

1996; Paul et al., 1999), and likely records the second and coldest episode within the 

Plenus CIE. Planktonic foraminiferal assemblages yield the short-lived species P. 

plenusiensis and show an acme of M. kyphoma and of Dicarinella that together represent 

the 85% of the assemblage in the >125 µm size fraction. The composition of this 

assemblage yielding abundant Dicarinella and M. kyphoma, and rare P. plenusiensis is 

exclusive of this stratigraphic interval. 

The interval from Bed 6 to Bed 7 records an abrupt decrease of the macrofossil 18O 

and a parallel increase of the 13C values, both suggesting a return to warmer conditions, 

with temperature comparable or higher than those recorded in Bed 1. A single 18O data 

point of bulk carbonates at the base of Bed 7 (at 13 m) apparently indicates an opposite 
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trend, but the 18O/16O composition of this sample might be biased by diagenetic alteration. 

A second gap in the stratigraphic distribution of Boreal macrofossils and the recovery of 

Group 1 among planktonic foraminifera are observed in this interval (Fig. 8). 

Macroinvertebrates from Bed 8 yield higher 18O values compared to those of Bed 7, 

although significantly lower than specimens of Bed 4 to 5, suggesting relative cooling 

compared to the underlying stratigraphic interval (Bed 7), but warmer temperatures 

compared to those registered in Bed 4 and 5. The same trend is reflected by changes in 

the 13C values and is also supported by the occurrence of a single specimen of P. plenus 

in Bed 8 instead of the multiple specimens found in Bed 4–5 (Gale and Christensen, 

1996). In Bed 8, the planktonic foraminiferal assemblages show an increase in the 

abundance of Muricohedbergella (mainly M. delrioensis) that replaces Dicarinella and M. 

kyphoma within Group 2. This assemblage is very similar to that observed in other 

intervals of the Grey and White Chalk that are characterized by slight positive 18O shifts 

but are not accompanied by the occurrence of Boreal macrofossils.  

Geochemical proxies indicate that the deposition of the Ballard Cliff Member 

occurred when bottom water temperatures reached the maximum values within OAE 2 and 

coincided with the disappearance of Boreal macrofossils in the Anglo-Paris Basin. 

Planktonic foraminiferal taxa belonging to Group 1 represent up to the 80% of the 

assemblage in this stratigraphic interval. 

In summary, by combining oxygen-isotope and 13C trends, the stratigraphic range of 

Boreal macrofossils and the planktonic foraminiferal biostratigraphic and quantitative data 

presented in this study, we suggest that the PCE was represented by two distinct cooling 

episodes of shallow waters in the Anglo-Paris Basin, each one characterized by a 

distinctive planktonic foraminiferal assemblage: 1) a first moderate episode of cooling 

(uppermost part of Bed 1 to the middle of Bed 3), when assemblages are dominated by 

Praeglobotruncana and yield the short-lived P. plenusiensis, and 2) a second more severe 
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episode of cooling (base of Bed 4 to top of Bed 5), when assemblages are dominated by 

Dicarinella and M. kyphoma, and also yield P. plenusiensis. The third brief cooling event 

that is suggested by a weak positive shift of the benthic macrofossil 18O values and by 

the occurrence O. seminudum and of a single specimen of P. plenus (Bed 8) is not 

reflected by significant changes in planktonic foraminiferal assemblages that are equally 

dominated by whiteinellids (Group 1) and M. delrioensis (Group 2), in the absence of P. 

plenusiensis and M. kyphoma (Fig. 8).  

 

10.2. Clot Chevalier 

The 18Obulk and 13C trends are slightly decoupled at Clot Chevalier (e.g., within the 

Plenus CIE). The 13Ccarb and 13Corg records in this section ideally reproduce the peaks 

and troughs of the positive excursion typically associated to OAE 2 (see Gale et al., 2019), 

and thus it is unlikely that their trends have been deeply affected by diagenetic alteration. 

Moreover, the excellent correlation (R2=0.91) between the 13C of S-bound phytane and 

TOC suggests that the 13CTOC records primary water-column processes of organic 

carbon-isotope fractionation (Gale et al., 2019). By contrast, the 18Obulk is generally more 

susceptible to diagenetic alteration (e.g., Schrag et al., 1995) and changes in salinity are 

poorly constrained in the Vocontian Basin. 

At Clot Chevalier, the relative abundances of Group 1 vs. Group 2 closely mirror the 


18O trends in the lower part of the section (0 to 7 m), and within most of the Plenus CIE 

(Fig. 8). There is no clear relationship between planktonic foraminiferal abundances and 

the 18O trends above 7 m, however, the abundances of both groups closely parallel the 


13C trend between 7 and 20 m, suggesting a close relationship between atmospheric 

pCO2 levels and the composition of planktonic foraminiferal assemblages in the latest 

Cenomanian. Only two 13C data points are available above 20 m, but the increased 
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abundance of taxa belonging to Group 2 in the upper part of unit Th 3 and Th 4 above 

peak c is correlative with a drop in the 13C values and pCO2 drawdown observed at 

Lambruisse (~5 km to the NE of Clot Chevalier, Fig. 1B; Danzelle et al., 2020).  

At Clot Chevalier sea-surface warming at the onset of OAE 2 is testified by a 

decrease in the 18O values of bulk carbonates that parallels an increase in the abundance 

of planktonic foraminiferal taxa belonging to Group 1 (unit Th 1). 

The overlying stratigraphic interval, broadly corresponding to unit Th 2 and to the 

lower part of unit Th 3, falls within the Plenus CIE. Among planktonic foraminifera, we 

highlight the occurrence of M. kyphoma and P. plenusiensis and an increase in the 

abundance of Muricohedbergella planispira, Praeglobotruncana and Dicarinella compared 

to the underlying stratigraphic interval. The maximum abundance of M. kyphoma, as well 

as the extinction of R. cushmani, fall in a slightly earlier stratigraphic interval (below peak 

a) compared to Eastbourne, but this diachronism might result from episodes of non 

deposition at Clot Chevalier, as discussed above (section 6). Moreover, it is unclear 

whether samples collected at 6.9 and 7.8 m still register cooling as suggested by the 13C 

values or warmer conditions as suggested by the 18O trends. Assemblages show the 

dominance of Group 2 in these two samples, but estimation of the relative abundances is 

biased by the very rare occurrence of planktonic foraminifera in the >125 μm size fraction 

(4 and 16 specimens, respectively).  

In summary, the very rare occurrence of planktonic foraminifera in the lowermost part 

of unit Th 3, the condensed nature of this stratigraphic interval, and/or the sampling 

resolution did not allow recognition of possible distinct cold episodes within the Plenus CIE 

at Clot Chevalier. Nevertheless, the highest 13C values obtained for this section above 

peak b suggest higher atmospheric pCO2 levels that likely forced a return to warmer sea-

surface temperatures as confirmed by the dominance of Group 1 (50 to 80%) in this 

stratigraphic interval. 
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11. Significance of changes in the dominant planktonic foraminiferal groups  

The dominance of planktonic foraminiferal Group 1 when geochemical proxies 

indicate warmer climate conditions and/or higher atmospheric pCO2 concentrations, and of 

Group 2 when geochemical proxies indicate cooler waters and/or lower pCO2 levels, 

suggests that the variations in sea-surface temperatures, which were primarly controlled 

by changes of the atmospheric CO2 concentration (Laugié et al., 2020), exerted a primary 

control on the composition of the assemblages during the Cenomanian–Turonian 

transition in the Anglo-Paris and Vocontian basins. This is not surprising because sea-

surface temperatures represent the principal ecological factor controlling planktonic 

foraminiferal vertical and latitudinal distributions in modern oceans (e.g., Bé and 

Tolderlund, 1971).  

However, planktonic foraminifera are pelagic organisms passively transported by 

sea-surface currents, which regulate the heat transport from the equator to the poles and 

are ultimately controlled by the direction and strength of prevailing winds (e.g., trade 

winds, westerlies). Accordingly, the variations observed in the planktonic foraminiferal 

assemblages through stratigraphy do not simply reflect changes in sea-surface 

temperatures, but broadly mirror the dominance of different surface water masses 

characterized by different physico-chemical properties (i.e., temperature and salinity), each 

yielding a distinctive assemblage, as observed in Pleistocene and modern oceans (e.g., 

Peeters et al., 2004; Kucera et al., 2005).  

The paleoecological preferences of planktonic foraminifera that dominated the 

assemblages at Eastbourne and Clot Chevalier during the warmer intervals (i.e., Group 1) 

suggest that most of them (i.e., Rotalipora, Thalmanninella, Pseudoclavihedbergella and 

the planispirals) are not expected to benefit directly from increasing sea-surface 
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temperatures, unless this condition would have favored the development of a thermally 

stratified and relatively oligotrophic upper water column with a strong temperature gradient 

between the warm surface layers and the thermocline. Given the properties of this water 

mass and the paleogeographic location of Eastbourne, we suggest that the abundance of 

Group 1 reflects the influence of the proto-Gulf Stream, which conveyed warm saline and 

thermally stratified surface waters originated in the Tethyan-Central Atlantic Ocean to the 

European mid-high latitudes. The proto-Gulf Stream was already established in the 

Valanginian (Early Cretaceous) according to the paleobiogeographic distribution of 

belemnites (Alsen and Mutterlose, 2009), and is predicted by modelling of the sea-surface 

circulation patterns and Nd isotope data of the mid–Cretaceous (Poulsen et al., 1998; 

Pucéat et al., 2005).  

By contrast, the paleoecological preferences and paleobiogeographic distribution 

patterns of Muricohedbergella, Praeglobotruncana, Dicarinella, and Marginotruncana 

(Group 2) indicate that these taxa were adapted to a cooler and relatively poorly stratified 

water mass. The strong affinities between this assemblage and the coeval fauna 

documented offshore Norway (Gradstein et al., 1999) and in the northern North Sea (King 

et al., 1989) suggest that these taxa were carried at lower latitudes by Boreal waters and 

were capable of surviving at lower latitudes by shifting to a deeper and cooler layer of the 

water column, or alternatively, by becoming highly seasonal with peak abundances 

concentrated in the coldest season. This Boreal, poorly stratified, surface water mass was 

also relatively low-saline compared to the Tethyan-Central Atlantic surface waters, 

because of the reduced net evaporation at high latitudes and the fresh water discharge 

from surrounding continents (Hay and Floegel, 2012; Ladant et al., 2020). Additional 

evidence for a Boreal origin of this assemblage is provided by the acme of Dicarinella 

paralleling the stratigraphic range of P. plenus at Eastbourne indicating similar affinity to 

cold waters, and by the co-occurrence of M. kyphoma and P. plenusiensis with the Boreal 
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macrofossils and their absence or discontinuous stratigraphic distribution at lower latitudes 

(e.g., Japan: Hasegawa, 1999), suggesting that both species might be endemic of the 

Boreal Realm. The acme of M. kyphoma at Eastbourne, coinciding with the coolest 

episode of the PCE, suggests that this species might have had a biogeographic 

distribution comparable to that of the modern polar (Neogloboquadrina pachyderma) or 

subpolar species (e.g., Neogloboquadrina incompta or Turborotalita quinqueloba) that 

thrive in the Boreal Realm northern of 60°N, but are progressively less common to absent 

at lower latitudes (e.g., Bé, 1977; Kucera et al., 2005; Kucera, 2007; Kretschmer et al., 

2016). Accordingly, the highest abundances of Neogloboquadrina pachyderma at low 

latitudes are found in the upwelling regions, which are typically characterized by cool 

temperatures and low salinities (Darling et al., 2017). 

 

12. Evidence for changes in sea-surface circulation patterns and equatorward 

shift of the proto-Arctic Front during the PCE  

As discussed above, the alternating dominance of Group 1 vs. Group 2 is best 

explained by changes in the dominant surface water mass (Tethyan-Central Atlantic vs. 

Boreal waters) entering the Anglo-Paris and Vocontian basins. 

The boundary between the warm saline Atlantic surface waters carried at the 

northern mid-high latitudes by the Gulf Stream and the Boreal cold surface waters flowing 

southward through the Norwegian Sea is a well recognizable oceanographic feature of the 

modern North Atlantic Ocean generally referred to as Arctic Front (e.g., Piechura and 

Walczowski, 1995; Raj et al., 2019). The Arctic Front is normally subject to seasonal and 

longer-term poleward or equatorward migrations, the latter being directly related to climate 

change such as the interglacial and glacial cycles of the Plio-Pleistocene. During these 

intervals, the position of the Arctic Front determined the poleward contraction or 

equatorward expansion of the planktonic foraminiferal Boreal bioprovince and ultimately 
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controlled the biogeographic distribution of the polar and subpolar species in the Atlantic 

Ocean (e.g., Fronval et al., 1998; Wright and Flower, 2002; Eynaud et al., 2009; Alonso-

Garcia et al., 2011; Naafs et al., 2010; Kretschmer et al., 2016).  

Reasonably, planktonic foraminiferal bioprovinces reacted to climate change with 

similar poleward contractions or equatorward expansions following the position of the 

proto-Arctic Front during the Cretaceous, although the Norwegian Sea was much narrower 

at that time. 

 

12.1 Onset of OAE 2 (before the PCE) 

At the onset of OAE 2, planktonic foraminiferal assemblages are dominated by 

Tethyan taxa (Group 1) indicating that the dominant surface water mass was supplied by 

the proto-Gulf Stream, which conveyed warm saline and thermally stratified Tethyan-

Central Atlantic waters to the Anglo-Paris and Vocontian basins through the corridor 

between the Welsh and the Armorican Massif (Figs. 1C and 9A). Branches of the proto-

Gulf Stream flowing southward through the Vocontian Basin and the Bay of Biscay are 

consistent with the reconstructed atmospheric circulation patterns of that time (Fluteau et 

al., 2007; Pearce et al., 2009; Hay and Floegel, 2012; Fig. 9A). However, the occurrence 

of radiolaria at Clot Chevalier suggests an additional direct influence of Tethyan waters in 

the Vocontian Basin (Fig. 9A), as radiolaria are commonly found in the Tethys (e.g., 

Umbria-Marche Basin: Coccioni and Luciani, 2004; Tunisia: Caron et al., 2006), but not in 

the North Atlantic (Blake Nose: Huber et al., 1999) and in the Anglo-Paris Basin (e.g., Paul 

et al., 1999; Keller et al., 2001; this study). Secondary branches of the proto-Gulf Stream 

likely moved northward in the proto-North Atlantic and in the North Sea, the latter being 

testified by the common occurrence of whiteinellids, pseudoclavihedbergellids and 

rotaliporids (Group 1) in late Cenomanian sections of Lincolnshire and in the Moray Firth 

region of the North Sea (King et al., 1989; Hart et al., 1993; Fig. 9A). By contrast, 
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assemblages of the northern North Sea and southern Norwegian Sea yield mixed species 

belonging to Group 2 (muricohedbergellids and praeglobotruncanids) and Group 1 

(whiteinellids) in the absence of taxa that require a well-stratified water column, suggesting 

mixing of the Tethyan and Boreal components in this region. The identification of the 

Boreal dinoflagellate cysts Cyclonephelium compactum–membraniphorum in the northern 

Norwegian Sea throughout the middle-late Cenomanian (Radmacher et al., 2015; van 

Helmond et al., 2016) points to a dominant and stable influence of Boreal waters further 

north (Fig. 9A). This latitudinal distribution of taxa suggests that the proto-Arctic Front was 

positioned consistently north of the Moray Firth and south of the northern Norwegian Sea 

in this stratigraphic interval, and likely fluctuated seasonally between these regions (Fig. 

9A). 

During the Cenomanian–Turonian boundary interval, a branch of the North Atlantic 

subtropical gyre entered the WIS via the Gulf of Mexico and moved northward along the 

eastern side of the seaway, while cold Boreal waters flowed southward along the western 

side; as a result, the front between these two surface water masses developed mostly in a 

NNE-SSW direction and exhibited minor latitudinal variations during OAE 2 (Elderbak and 

Leckie, 2016; Lowery et al., 2018 and references therein) (Fig. 9A). At the onset of OAE 2, 

Boreal waters likely reached at least the paleolatitude of 35°N on the western side of the 

WIS (Lowery et al., 2018), but the Boreal dinoflagellate cysts Cyclonephelium 

compactum–membraniphorum are only documented at about 55°N (Alberta, Canada: van 

Helmond et al., 2016).  

Undetermined belemnitellids co-occur with Inoceramus pictus in two non-adjacent 

beds of the upper Cenomanian of Siberia (~60°N; Fig. 9A) (Košťák and Wiese, 2008). 

Both levels cannot be more precisely dated in the absence of additional stratigraphic 

information, but the occurrence of belemnitellids in the upper Cenomanian of Siberia is 

significant because together with the identification of Praeactinocamax aff. plenus in the 
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lower Turonian (Košťák and Wiese, 2008), suggests that this group has a wider 

stratigraphic distribution at higher latitudes compared to the southern Russia Platform and 

European epicontinental basins, confirming its affinity for Boreal waters. 

 

12.2 During the PCE 

The sharp variation in planktonic foraminiferal assemblages that led to the 

dominance (up to 85%) of Boreal taxa during the PCE at Eastbourne (Fig. 8) is unlikely to 

have been caused by the weakening of the proto-Gulf Stream, because the increased 

latitudinal temperature gradient established in this interval (Forster et al., 2007; Sinninghe 

Damsté et al., 2010) should have caused a more efficient poleward heat transport, as 

opposite to a warmer equable climate in which the strength of winds and surface currents 

was likely reduced (Kidder and Worsley, 2010; Hay and Floegel, 2012). Therefore, the 

sharp increase in the abundance of Praeglobotruncana (top Bed 1–middle Bed 3), and 

later of Dicarinella and M. kyphoma (Beds 4–5) at Eastbourne (Fig. 8) is best explained by 

a reinforced N to S inflow of Boreal waters through the Norwegian Sea, which led to the 

equatorward shift of the proto-Arctic Front and to the parallel step-wise expansion of the 

planktonic foraminiferal bioprovinces during moderate (first episode) and intense (second 

episode) cooling (Fig. 9B). In addition, the rare (15%) but continuous occurrence of 

Tethyan taxa at Eastbourne during the coolest phase of the PCE (Beds 4–5) suggests that 

the proto-Arctic Front fluctuated around southern England, and it allowed a limited supply 

of Tethyan waters entering the Anglo-Paris Basin during the warmer season (Fig. 9B). In 

this southerly position, the proto-Arctic Front might have represented an oceanographic 

barrier that forced the proto-Gulf Stream to a dominant SW to NE direction at subtropical 

latitudes, favoring the incursion of Boreal waters (and of Boreal endemic taxa) in the 

European epicontinental seas and in the Vocontian Basin (Fig. 9B). This reconstruction is 

supported by the equatorward expansion of the Boreal dinoflagellate cysts 
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Cyclonephelium compactum–membraniphorum that are identified in Lincolnshire (Hart et 

al., 1993), in the Anglo-Paris and Lower Saxony basins and in the subtropical Vocontian 

Basin (Vergons: Courtinat et al., 1991). Moreover, the occurrence of P. plenus in Bavaria 

(southern Germany: Wilmsen et al., 2010) and the increased diversity of Dicarinella 

species at the extinction level of R. cushmani in Switzerland (Chrummflueschlucht: 

Westermann et al., 2010) and northern Spain (Ganuza: Lamolda et al., 1997), as observed 

in Lincolnshire (Hart et al., 1993), suggest that Boreal waters might have entered the 

Estella Basin through the Bay of Biscay and might have expanded to the east of the 

Vocontian Basin in the northern Tethyan Realm. 

In addition, the dominant SW to NE direction of the proto-Gulf Stream allowed Boreal 

surface waters flowing southward on the western side of the Atlantic Ocean, as suggested 

by the bloom of the Boreal dinoflagellate cysts Cyclonephelium compactum–

membraniphorum at Bass River (New Jersey) slightly northern of 30°N (van Helmond et 

al., 2014). New Jersey represents the southernmost locality with documented Boreal 

endemic species in the Atlantic Ocean; moreover, Boreal dinoflagellate cysts are found 

exclusively in this stratigraphic interval (van Helmond et al., 2014, 2016), suggesting the 

establishment of exceptional environmental conditions that did not reoccur throughout the 

Cenomanian–Turonian boundary interval. The planktonic foraminifera Muricohedbergella 

kyphoma and P. plenusiensis have never been documented in the western Atlantic, but 

the increased abundance of Praeglobotruncana, Dicarinella and Muricohedbergella 

coinciding with sea-surface cooling after the onset of OAE 2 at the 28°N Blake Nose 

Plateau (Huber et al., 1999) might indicate that the influence of Boreal waters reached the 

western subtropical North Atlantic (Fig. 9B). 

In the same stratigraphic interval, the Boreal dinoflagellate cysts Cyclonephelium 

compactum–membraniphorum were recognized in several stratigraphic records of Texas 

(Shell Iona-1 Core: Eldrett et al., 2014; Lozier Canyon: Dodsworth, 2016), suggesting a 
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significant influx of Boreal surface waters in the southern-central region of the WIS at the 

paleolatitude of 30-35°N that is in agreement with the regional water mass circulation 

reconstructed by Eldrett et al. (2017) (Fig. 9B). However, the paleontological record of the 

PCE is less diverse in the WIS compared to Europe, as there is no evidence for the 

occurrence of belemnitellids before the middle Turonian (Christensen, 1997) and of the 

other Boreal macroinvertebrates of the Plenus fauna. Moreover, Praeglobotruncana and 

Dicarinella are extremely rare and planktonic foraminiferal trochospiral taxa are exclusively 

represented by the unkeeled Muricohedbergella and Whiteinella at Pueblo, Colorado 

(Leckie et al., 1998; Elderbak and Leckie, 2016). The occurrence of Whiteinella supports 

the existence of warm Tethyan surface currents flowing northward on the eastern side of 

the WIS, which likely persisted in this stratigraphic interval (Elderbak and Leckie, 2016; 

Lowery et al., 2018 and reference therein).  

During the PCE, belemnitellids expanded their biogeographic distribution from 

Siberia (Košťák and Wiese, 2008) to the European epicontinental basins (Gale and 

Christensen, 1996; Wilmsen et al., 2010) via the North Pole and the Norwegian Sea 

(Košťák and Wiese, 2008), an immigration route already exploited by Boreal belemnites in 

the Early Cretaceous (Alsen and Mutterlose, 2009) and/or through the Turgai Channel 

(Fig. 9B) (Baraboshkin et al., 2003), as suggested by the occurrence of P. plenus in 

Kazakhstan (Gale et al., 1999) (Fig. 9B). The occurrence of belemnitellids at ~35°N on the 

Russian Platform indicates a parallel equatorward expansion of the Boreal bioprovince of 

the same order of magnitude (about 20°) of that observed in the European basins and in 

the North Atlantic. The acme of Praeglobotruncana, hedbergellids, and of large-sized 

dicarinellids identified above the extinction of R. cushmani in Caucasus (Tur, 1996) would 

support the influence of Boreal waters in this region deviating to the west for the Coriolis 

Effect (Fig. 9B). However, the occurrence of the planktonic foraminiferal assemblage is not 
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constrained by chemostratigraphy and further studies are required to verify whether it falls 

within the Plenus CIE or in a slightly younger stratigraphic interval.  

 

12.3 Middle phase of OAE 2 (after the PCE) 

After the PCE, Tethyan planktonic foraminifera dominated the assemblages at 

Eastbourne and Clot Chevalier (Fig. 8) indicating a poleward migration of the proto-Arctic 

Front that allowed the proto-Gulf Stream to become again the dominant sea-surface water 

mass entering the Anglo-Paris and Vocontian basins. However, the position of the proto-

Arctic Front in this stratigraphic interval (i.e., between 13C peak b and c) is more difficult 

to constrain. The uppermost Cenomanian to lower Turonian assemblages of the northern 

North Sea and offshore Norway are overall very similar to that dominating during the PCE 

(King et al., 1989; Gradstein et al., 1999) and there is no additional stratigraphic 

information to discriminate within different intervals of the W. archaeocretacea Zone (or 

equivalent zones) of the Boreal Realm. Moreover, the influence of Tethyan surface waters 

in Northern Europe can be traced only based on the abundance of Whiteinella and the 

occurrence of Pseudoclavidhedbergella, because the Tethyan assemblage is 

depauperated of rotaliporids and planispirals. Pseudoclavidhedbergella is not documented 

north of southern England above the Plenus CIE, but it becomes very rare and temporarily 

disappears from the lowermost Turonian assemblages also at lower latitudes (Falzoni and 

Petrizzo, 2020), therefore, its absence does not provide reliable information to trace the 

influence of Tethyan waters in Northern Europe. Several Whiteinella species are instead 

reported in Lincolnshire, while in the northern North Sea and offshore Norway they show 

low diversity and discontinuous stratigraphic distributions (Hart et al., 1993; King et al., 

1989; Gradstein et al., 1999), suggesting that Tethyan waters reached at least the central 

North Sea. 
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A coeval poleward contraction of the biogeographic distribution of belemnitellids 

including P. plenus after the PCE is consistent with the identification of specimens 

assigned to P. aff plenus in the lowermost Turonian of Siberia (Košťák and Wiese, 2008), 

and their absence at lower latitudes. Nevertheless, the occurrence of Cyclonephelium 

compactum–membraniphorum in several European epicontinental basins and in the WIS 

(Pearce et al., 2009; Eldrett et al., 2014; van Helmond et al., 2016) suggests a persisting 

supply of Boreal surface waters after the PCE in these regions, or alternatively that these 

Boreal dinoflagellates cysts became seasonal and adapted to lower latitude environments. 

 

13. Broader implications 

13.1 Ocean circulation 

This study suggests significant changes in the sea-surface circulation patterns of the 

Northern Hemisphere with a reinforced N to S inflow of Boreal surface waters during the 

PCE. However, circulation changes also involved deeper waters as suggested by a 

positive shift in the Neodymium isotope record of the English Chalk (Eastbourne: Zheng et 

al., 2013; Dover: O’Connor et al., 2020) and geochemical evidence for re-oxygenation of 

the sea-floor in several European epicontinental basins (Jenkyns et al., 2017; Clarkson et 

al., 2018; Danzelle et al., 2020), and by the coeval “Benthonic Zone” (Eicher and Worstell, 

1970; Eicher and Diner, 1985; Leckie, 1985) that was likely favored by the supply of 

bottom cool and oxygen-rich waters interrupting dysoxia/anoxia at the sea-floor in the WIS 

(e.g., Elderbak and Leckie, 2016; Eldrett et al., 2017). Accordingly, environmental changes 

during the PCE were not limited to global cooling but included a major re-organization of 

the ocean circulation patterns that involved surface and deeper layers of the water column.  

 

13.2 Plio-Pleistocene vs. Cretaceous  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 41 

The paleobiogeographic distribution and abundance of polar and subpolar planktonic 

foraminiferal species including Neogloboquadrina pachyderma in different North Atlantic 

sites suggest that the Arctic Front migrated from 70°-60°N north of Iceland and 

Scandinavia during the warm interglacials to 50°-45°N near Brittany (Alonso-Garcia et al., 

2011) or along the Iberian margin (Eynaud et al., 2009; Naafs et al., 2010; Kretschmer et 

al., 2016) during the peak and terminal phase of the Plio-Pleistocene cold intervals, 

implying a 10° to 25° latitudinal shift of the Arctic Front between warmer and colder states. 

Such latitudinal shifts were controlled by mean sea-surface temperature variations of 6°–

15°C in the NE Atlantic Ocean (Martrat et al., 2007; Naafs et al., 2013; Rasmussen et al., 

2016; Rodrigues et al., 2017). 

The ~20° equatorward shift of the proto-Arctic Front during the coolest phase of the 

PCE from the Norwegian Sea (~55°N) to southern England (~35°N) and the comparable 

equatorward migration of Boreal assemblages in the European epicontinental basins (Fig. 

9B) are therefore of the same order of magnitude of that reconstructed for some glacial-

interglacial cycles of the Plio-Pleistocene. The 5°–11°C sea-surface temperature drop 

estimated through TEX86 paleothermometry in the North-Central Atlantic (Newfoundland 

Basin: Sinninghe Damsté et al., 2010) and the 12°C temperature decrease reconstructed 

through the oxygen isotope values of nektonic and benthic macrofossils at Eastbourne 

(~300 m depth) during the PCE (Voigt et al., 2006) are comparable to the range of sea-

surface temperature changes that are typically found between the glacial and interglacial 

states of the Plio-Pleistocene.  

Further comparison between the PCE and the Plio-Pleistocene glacial intervals are 

hampered by the different paleogeography of the Atlantic Ocean, by the most probable 

absence of permanent polar ice sheets, and by a generally stable warm equable climate in 

the early Late Cretaceous with mean sea-surface temperatures significantly higher than 

during more recent intervals of Earth history (e.g., Hay, 2016; Huber et al., 2018; Hay et 
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al., 2019). Nevertheless, these observations provide new insights into the extent of cooling 

and environmental changes occurred during the PCE compared to the background hot 

greenhouse climate conditions that prevailed during most of OAE 2. 

 

10. Conclusions  

This study presents a review of environmental changes occurred during the latest 

Cenomanian Plenus Cold Event and their effects on the biogeographic distribution of 

Boreal marine oganisms reconstructed through new planktonic foraminiferal quantitative 

data collected from two continuous records of OAE 2 at Eastbourne (~35°N in the Anglo-

Paris Basin) and Clot Chevalier (~32°N in the Vocontian Basin) combined with previously 

published geochemical and paleontological information.  

 

Our major conclusions include: 

 

 Chemo- and biostratigraphy: we suggest a revised definition of the Plenus Carbon 

Isotope Excursion (Plenus CIE) previously introduced by O’Connor et al. (2020) to 

chemostratigraphically constrain the PCE, that is herein extended from the second 


13C build-up below peak a to peak b to account for the stratigraphically lowest 

(i.e., below peak a) evidences for cooling, pCO2 drawdown, occurrence of Boreal 

macro- and microfossils, and changes in the sea-surface circulation patterns 

observed in the Anglo-Paris Basin. The revised Plenus CIE is biostratigraphically 

constrained by the step-wise extinction of the planktonic foraminiferal T. deeckei 

and T. greenhornensis (below the Plenus CIE), and of R. cushmani and of L. 

bentonensis (within the Plenus CIE).  
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 Planktonic foraminiferal response to the PCE: this group of calcareous pelagic 

microfossils shows changes in the taxonomic composition of assemblages (i.e., 

occurrence of the Boreal endemic species Muricohedbergella kyphoma and 

Praeglobotruncana plenusiensis) and an increased abundance of cold meso-to-

eutrophic taxa closely paralleling the geochemical evidence for sea-surface 

cooling and the range of Boreal macrofossils in the Anglo-Paris Basin. Specifically, 

at Eastbourne assemblages are dominated by Praeglobotruncana during the first 

event of moderate cooling (Plenus Marl top Bed 1–middle Bed 3), and by 

Dicarinella and M. kyphoma during the second event of intense cooling (Plenus 

Marl Bed 4–5). However, contrarily to the underlying stratigraphic interval within 

the Plenus CIE, slight cooling and the rare occurrence of Boreal macrofossils in 

Plenus Marl Bed 8 are not accompanied by significant changes in planktonic 

foraminiferal assemblages. In the subtropical Vocontian Basin, we observe the 

occurrence of M. kyphoma and P. plenusiensis and the increased (although to a 

lower extent compared to Eastbourne) abundance of Praeglobotruncana, 

Dicarinella and Muricohedbergella within the Plenus CIE. However, the 

identification of different cooling episodes is hampered by the condensed nature of 

this stratigraphic interval and rare occurrence of planktonic foraminifera in the 

upper part of the Plenus CIE.  

 

 Significance of changes in the planktonic foraminiferal assemblages: planktonic 

foraminifera are passively transported by sea-surface currents, and thus register 

changes in the dominant circulation patterns. The cold-water meso-eutrophic 

planktonic foraminiferal assemblage dominating during the PCE shows strong 

affinities with the coeval fauna documented offshore Norway (~50°–55°N), 

reflecting the inflow of a cold Boreal low-saline and poorly stratified water mass 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 44 

originated in the Norwegian Sea that reached the subtropical Vocontian Basin 

through the North Sea and Anglo-Paris seaway. By contrast, the abundance of 

tropical-subtropical Tethyan planktonic foraminifera at the onset of OAE 2 and 

after the PCE testifies the dominance of warm, saline and thermally stratified 

surface waters likely carried to the European mid-high latitudes by the proto-Gulf 

Stream. 

 

 Location of the proto-Arctic Front and biogeographic distribution of Boreal taxa: we 

suggest that the dominant influence of Tethyan vs. Boreal waters was ultimately 

controlled by the position of the proto-Arctic Front, which shifted of ~20° from the 

Norwegian Sea at the onset of OAE 2 to southern England-Bay of Biscay (E 

Atlantic) and New Jersey (W Atlantic) during the coolest phase of the PCE. In this 

southerly position, the proto-Arctic Front represented an oceanographic barrier 

that limited the inflow of the proto-Gulf Stream in the corridor between the Welsh 

and Armorican Massif, favoring the inflow of Boreal surface waters into the 

European epicontinental basins and the ~20° equatorward migration of Boreal 

communities. The Vocontian Basin represents the European southernmost locality 

reached by Boreal species among planktonic foraminifera (M. kyphoma and P. 

plenusiensis), and dinoflagellate cysts (C. compactum–membraniphorum), but the 

nektonic belemnitellids (P. plenus) and the benthic bivalves (C. arlesiensis and O. 

seminudum) and serpulids (Hamulus sp.) of the Plenus fauna show the same 

biogeographic distribution. In the WIS, the NNE-SSW front between Boreal and 

Tethyan waters probably slightly rotated anticlockwise during the PCE and allowed 

Boreal surface waters and dinoflagellate cysts to reach the southern-central region 

of the WIS. A ~20° latitudinal shift of Boreal assemblages from 55-60°N might 

have also occurred in the Russian Platform, implying that the PCE had a supra-
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regional impact on the biogeographic distribution of a large component of the 

marine biota and led to a major re-organization of the sea-surface and 

intermediate circulation patterns of the Northern Hemisphere. 

 

 Extent of cooling and environmental changes during the PCE: the sea-surface 

temperature variations and the equatorward expansion of the Boreal planktonic 

bioprovince reconstructed for the PCE in the Atlantic and European epicontinental 

basins are comparable to that occurred during some glacial-interglacial cycles of 

the Plio-Pleistocene. Despite the background conditions (climate, paleogeography) 

of the Cretaceous supergreenhouse and of the Plio-Pleistocene icehouse are not 

comparable, this observation underlines the magnitude of environmental changes 

occurred during the PCE and its effects on the sea-surface currents and 

biogeography of Boreal marine communities in the Northern Hemisphere. 
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Fig. 1. 1A) Location of Cenomanian–Turonian sections in Southern England (Anglo-Paris 

Basin) discussed in the text (modified after Mitchell, 2019). 1B) Location of 

Cenomanian–Turonian sections in South East France (Vocontian Basin) discussed in 

the text (modified after Gale et al., 2019). Fig. 1C) Late Cenomanian 

paleogeographic map of the Anglo-Paris and Vocontian Basin (modified after Gale et 

al., 2019) with location of sections in (1) Southern England and (2) South East 

France. 

 

Fig. 2. Litho-, bio- and chemostratigraphy, oxygen-isotope of bulk carbonates and 

macrofossil shells, and 13C (13Ccarb–
13Corg) of the Eastbourne section (after Gale 

et al., 2005, Tsikos et al., 2004; Voigt et al., 2006, and Jarvis et al., 2011). 

Identification of the 13C positive peaks a, b, and c follows Jarvis et al. (2006) and 

Voigt et al. (2008), see discussion in Falzoni et al. (2018a). Definition of the OAE 2 

interval after Jenkyns et al. (2017). Plenus Carbon Isotope Excursion (Plenus CIE) 

according to O’Connor et al. (2020) and this study (light grey 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 of the 

Eastbourne section are after Falzoni and Petrizzo (2020). Stratigraphic intervals 

characterized by cooling during the PCE according to different studies (dark grey). 

 

Fig. 3. Litho-, bio- and chemostratigraphy, oxygen-isotope of bulk carbonates, and 13C 

(13Ccarb–
13Corg) of the Clot Chevalier section (after Falzoni et al., 2016b and Gale et 

al., 2019). Please note that there is a 50 cm upward shift of the bioevents and of the 
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13Ccarb curve compared to the stratigraphic log of Falzoni et al. (2016b) due to the 

erroneous position of meter 0 that was placed at the base of the section instead of 

50 cm above. This mistake was corrected in Gale et al. (2019) and the log is herein 

modified accordingly. As a result, the planktonic foraminiferal bioevents fall in the 

same position relative to the 13Ccarb curve but are shifted 50 cm upward relative to 

lithostratigraphy compared to the original illustration of Falzoni et al. (2016b). OAE 2 

interval after Jenkyns et al. (2017). PCE interval (cooling) after Gale et al. (2019) and 

based on the 18O record. Plenus CIE and stratigraphic distribution of the planktonic 

foraminiferal species P. plenusiensis and M. kyphoma according to this study. 

 

Fig. 4. Scanning Electron Microscope images of the planktonic foraminiferal species 

Praeglobotruncana plenusiensis and Muricohedbergella kyphoma identified at 

Eastbourne and Clot Chevalier: 1A–C, P. plenusiensis (holotype, Eastbourne, 11.2 

m); 2A–C, M. kyphoma (Eastbourne, 11.8 m); 3A–C, P. plenusiensis (Clot Chevalier, 

4.8 m); 4A–C, M. kyphoma (Clot Chevalier, 4.8 m). 

 

Fig. 5. Litho-, bio- and chemostratigraphic correlation of Les Lattes and Clot Chevalier 

(Vocontian Basin). Litho-, bio- and chemostratigraphy of Les Lattes after Gale and 

Christensen (1996) and Grosheny et al. (2017). Litho-, bio- and chemostratigraphy of 

Clot Chevalier after Falzoni et al. (2016b) and Gale et al. (2019) (see caption of Fig. 

3 for further explanation). The 13C positive peaks at Les Lattes are tentatively 

identified in this study based on the similarities between the 13C peaks and troughs 

of the carbon-isotope profile obtained at Clot Chevalier and the available litho- and 

biostratigraphic data (see text for further explantion). The suggested position of the 

Praeactinocamax plenus correlative bed at Clot Chevalier lies rightly above the 
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second glauconitic-rich interval in agreement with observations at Les Lattes (see 

text for further explanation). Abbreviations: T= turbidites; LRI =Lower Recessive 

Interval (after Grosheny et al., 2017). 

 

Fig. 6. Relative abundances of planktonic foraminiferal genera at A) Eastbourne and B) 

Clot Chevalier. The relative abundances of Muricohedbergella planispira, M. 

kyphoma and Praeglobotruncana plenusiensis are plotted at species level, because 

they are discussed separately in the text. The relative abundances of radiolaria are 

plotted for Clot Chevalier, as this group dominated the pelagic assemblage in several 

samples. The planktonic foraminiferal assemblage is divided in two groups according 

to the paleoecological preferences and paleobiogeographic distribution patterns of 

taxa (see text for further explanation) 

 

Fig. 7. Summary of the paleoecological preferences, life strategies, and 

paleobiogeographic distribution patterns in Northern Europe of Cenomanian–

Turonian planktonic foraminiferal genera and morphogroups. See text and caption of 

Fig. 8 for description of Group 1 and 2. Scale bar = 100m. 

 

Fig. 8. Relative abundances of planktonic foraminiferal genera plotted against the 

stratigraphic distribution of the Boreal macrofossils (Jefferies, 1963; Gale and 

Christensen, 1996; Paul et al., 1999) and of M. kyphoma and P. plenusiensis 

(Falzoni and Petrizzo, 2020), and the available proxies for paleotemperature and 

pCO2 levels at Eastbourne and Clot Chevalier (after Tsikos et al., 2004; Voigt et al., 

2006; Jarvis et al., 2011; Gale et al., 2019). Oxygen-isotope values obtained on 

macrofossil shells at Eastbourne were measured on brachiopods (Orbirhynchia 

multicostata and O. wiesti), bivalves (oysters, Inoceramus pictus and Spondylus sp.), 
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and on the belemnite Praeactinocamax plenus (Voigt et al., 2006). 

Paleotemperatures were calculated on the 18O values of macrofossils considering 

seawater 18O values of -0.6‰ and are adjusted to account for salinity according to 

Zachos et al. (1994) (after Voigt et al., 2006). Planktonic foraminiferal genera are 

divided in two groups as follows: Group 1 includes the genera Whiteinella, 

Pseudoclavihedbergella, Rotalipora, Thalmanninella, Whiteinella, the planispiral and 

biserial taxa; Group 2 includes the genera Muricohedbergella, Praeglobotruncana, 

Dicarinella and Marginotruncana. The Plenus CIE is according to the definition given 

in this study. Intervals characterized by cooler sea-surface temperatures within the 

Plenus CIE are identified by combining geochemical trends and paleontological data. 

Eastbourne: (1 = light blue band) First episode (moderate cooling); (2 = dark blue 

band) Second episode (severe cooling). A possible third episode of slight cooling (3? 

= light blue band) does not correspond to significant changes in the planktonic 

foraminiferal assemblages. Clot Chevalier: a single cooling episode is identified 

within the Plenus CIE (dark blue band), which is overlaid by an interval with very rare 

planktonic foraminifera that might register the end of cooling (? = light blue band) 

(see text for further explanation). Abbreviations: Rot.= Rotalipora; Thalm.= 

Thalmanninella; Praeglobot.= Praeglobotruncana; Pseudoclavihedb.= 

Pseudoclavihedbergella; Muricohedb. = Muricohedbergella; Helv.= 

Helvetoglobotruncana; Marginotr.= Marginotruncana. 

 

Fig. 9. Paleogeographic reconstruction for the latest Cenomanian (94 Ma) (Scotese, 2016) 

and dominant sea-surface currents according to this study and previous works 

(Poulsen et al., 1998; Baraboshkin et al., 2003; Pucéat et al., 2005; Košťák and 

Wiese, 2008; Hay, 2008; Pearce et al., 2009; Hay and Floegel, 2012; Elderbak and 

Leckie, 2016; Eldrett et al., 2017; Lowery et al., 2018). 9A) Onset of OAE 2 (before 
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the PCE). 9B) During the coldest interval of the PCE, corresponding to the interval of 

Plenus Marl Beds 4–5 at Eastbourne. Source of data: P. plenus and Boreal benthic 

macroinvertebrates (Mangyshlak: Gale et al., 1999; Eastbourne: Jefferies, 1962, 

1963; Lower Saxony Basin: Wiese et al., 2009; Vocontian Basin: Gale and 

Christensen, 1996; Bavaria: Wilmsen et al., 2010); P. aff. plenus and other 

belemnitellids are recognized in Siberia from three non-adjacent beds across the 

Cenomanian–Turonian boundary interval, but their occurrence is not constrained by 

chemostratigraphy (Košťák and Wiese, 2008); Boreal dinoflagellate cysts of the 

Cyclonephelium compactum–membraniphorum plexus (northern Norwegian Sea: 

Radmacher et al., 2015; Lincolnshire: Hart et al., 1993; Alberta: van Helmond et al., 

2016; New Jersey: van Helmond et al., 2014; Texas: Eldrett et al., 2014; Dodsworth, 

2016; Vocontian Basin: Courtinat et al., 1991); planktonic foraminifera (Norway: 

Gradstein et al., 1999; North Sea: King et al., 1989; Lincolnshire: Hart et al., 1993; 

Eastbourne and Clot Chevalier: this study; Switzerland: Westermann et al., 2010; 

Blake Nose: Huber et al., 1999; Ganuza, Spain: Lamolda et al., 1997; Pueblo, 

Colorado: Leckie, 1985; Caucasus: Tur, 1996. Abbreviations: pAF= proto-Arctic Front 

(white dashed line in the Norwegian Sea [Fig. 9A] and North Atlantic [Fig. 9B]), 

WISF= front between warm Tethyan and cold Boreal surface waters in the WIS 

(white dashed line in the WIS); A= Alberta (Canada), T= Texas, NJ= New Jersey; 

BN= Blake Nose; nS: northern Norwegian Sea; sN= southern Norwegian Sea; nNS= 

northern North Sea; MF: Moray Firth; Li= Lincolnshire; E= Eastbourne; LS= Lower 

Saxony Basin; G= Ganuza; V= Vocontian Basin; Sw: Switzerland; B: Bavaria; C= 

Caucasus; M= Mangyshlak; S= Siberia. 
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Supplementary Table 1. Relative abundances (%) of planktonic foraminiferal genera and 

species identified at Eastbourne. Abbreviations: GC= Grey Chalk; PM= Plenus Marl; 

WC= White Chalk. 

 

Supplementary Table 2. Relative abundances (%) of planktonic foraminiferal genera and 

species identified at Clot Chevalier. 

 

Supplementary Table 3. List of the species included in each genus or morphogroup 

occurring at Eastbourne and Clot Chevalier. 
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Highlights 

 Planktonic foraminiferal quantitative abundances across OAE 2 are provided for 

Eastbourne (Anglo-Paris Basin) and Clot Chevalier (Vocontian Basin). 

 Assemblages are dominated by Rotalipora and Whiteinella at the onset of OAE 2 and 

by Praeglobotruncana, Dicarinella and Muricohedbergella during the PCE. 

 The planktonic foraminifera M. kyphoma and P. plenusiensis are Boreal endemic 

species and their range at Eastbourne parallel that of Boreal macrofossils. 

 The biogeography of Boreal marine organisms expanded ~20° equatorward during the 

PCE in the Atlantic and European epicontinental basins and likely on the Russian 

Platform. 

 The proto-Arctic Front shifted ~20° equatorward in the Atlantic Ocean during the PCE 

and favored the southern migration of Boreal taxa in the European epicontinental 

basins. 
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