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ARTICLE INFO ABSTRACT

Editor: L Angiolini The Bartonian sedimentary succession of the drowning ramp of the Provencal-Dauphinois Domain records the
Middle Eocene Climatic Optimum (MECO), the prominent global warming event, centered at ~40 Ma and lasting
~400-600 kyr. In this work, we study the response of foraminifera (planktic, smaller benthic and larger benthic
foraminifera) as one of the main groups of marine calcifiers, highlighting their ecological behavior across the

MECO climatic perturbation. Herein we present new data on the Olivetta San Michele section (NW Italy) across
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Bartoni . . . . .
Maécooman the MECO perturbance. We compare our findings with previous data from a wider geographic realm encom-
Palaeoecology passing a large portion of the Provencal-Dauphinois ramp. The palaeoenvironmental reconstruction consists of

slightly different depositional conditions in terms of riverine input, water depth, and distance from the mainland,
which are reflected in faunal distribution. Nonetheless, the main part of the successions is interpreted as
deposited within the photic zone and with a relatively high hydrodynamic regime. Planktic foraminiferal as-
semblages differ in the investigated successions both in abundance and diversity, suggesting major differences in
the studied shallow-water setting. The variations in abundance of Subbotina and Acarinina appear to be controlled
by both the MECO warming and a moderate increase of eutrophic conditions, related to an enhanced hydro-
logical cycle. Shallow benthic communities, being already adapted to seasonal variations in salinity and tem-
perature, proved to be resilient to long-term climatic perturbation. Their population shifts appear indeed directly
impacted by changes in sedimentary rates and nutrient input modulated by the new hydrological cycle, in turn
largely triggered by the warming.

1. Introduction

The early Paleogene is one of the most climatically dynamic periods
of Earth’s history, characterized by long-term warming and by several
superimposed short-term warming events (~50-200 kyr), known as
hyperthermals (Zachos et al., 2001). In the Eocene, the peaks of tem-
perature and pCO5 were reached during the Early Eocene Climatic Op-
timum (EECO, ~53-49Ma) (Zachos et al., 2008; Huber and Caballero,
2011; Hollis et al., 2012; Inglis et al., 2015, 2020; Anagnostou et al.,
2016; Honisch et al., 2023). A long-term cooling trend (~49 to ~34 Ma)
followed the EECO, eventually leading to the establishment of a
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continental Antarctic ice sheet by the early Oligocene (Coxall et al.,
2005). This climatic transition was interrupted by a significant, though
transient, global warming event: the Middle Eocene Climatic Optimum
(MECO, ~40 Ma). During the MECO, the 5'80 values of marine car-
bonates and benthic foraminiferal shells declined by roughly 1 %. over
~400 kyr; this has been usually interpreted as a 4-6 °C global temper-
ature rise, with a gradual onset and a brief temperature peak at ~40 Ma,
followed by a rapid return to pre-event conditions (Bohaty and Zachos,
2003; Jovane et al., 2007; Bohaty et al., 2009; Edgar et al., 2010; Luciani
et al., 2010; Spofforth et al., 2010; Savian et al., 2013; Boscolo Galazzo
et al., 2014; D’Onofrio et al., 2021). Several characteristics, such as its
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duration being longer than the early Eocene hyperthermals, the absence
of a clear trigger mechanism, and the lack of a globally coherent nega-
tive 8'3C excursion in marine carbonates, make the MECO one of the
most enigmatic events in the Cenozoic, dubbed the middle Eocene
“carbon cycle conundrum” (Sluijs et al., 2013). It has been suggested
that the MECO warming was triggered by an atmospheric CO, increase
by paroxysmal continental arc volcanism (e.g., van der Boon et al.,
2021), even though the timing is not well constrained.

Considering that the MECO shares several characteristics with
possible future climate changes (Representative Concentration Pathway
RCP 8.5; Intergovernmental Panel on Climate Change, 2023), the eval-
uation of marine ecosystems resilience across this event is extremely
significant. A population is resilient when it is able to resist a distur-
bance (e.g., via migration) and/or recover from disturbance (Capdevila
et al., 2020) by returning to a stable state (Hodgson et al., 2015). The
ongoing anthropogenic CO; emissions induce ocean acidification,
eutrophication, and increased anoxia, thus compromising the marine
ecosystem’s resilience (Raven et al., 2005; Cooley et al., 2023). How-
ever, the present observations necessarily lack the long-term perspective
offered by the geological record.

The interplay between global and regional climate processes and the
resilience of the biosphere across the MECO have been mainly docu-
mented for deep-water settings (Ivany et al., 2008; Luciani et al., 2010;
Boscolo Galazzo et al., 2014; Rivero-Cuesta et al., 2019; Marchegiano
and John, 2022). The deep-water settings so far analyzed, though not
recording evolutionary originations or extinctions, document pro-
nounced variations within the biotic communities. In contrast, shallow-
water depositional settings, such as carbonate platforms, ramps, or
mixed carbonate-siliciclastic systems as recorded in the Mediterranean
region (NW Tethys), are yet much less studied with respect to the MECO
global climatic and environmental perturbations (Brachert et al., 2023;
Gandolfi et al., 2023, 2024; Briguglio et al., 2024; Arena et al., 2024;
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Giraldo-Gomez et al., 2024).

With the aim of improving the understanding of the MECO impact on
the shallow-water marine biotic communities, this study presents new
data on the shallow-water sedimentary succession of Olivetta San
Michele (OSM) cropping out in NW Italy (Fig. 1), near the Italian-French
border. This section records a time interval that includes the MECO
event and yields a diverse micro- and macrofauna composed of corals,
mollusks, echinoids, foraminifera (both benthic and planktic), coccoli-
thophores, and a large variety of ichnofossils as well. The presence of
suspension feeders such as oysters, cardiid bivalves, and several detritus
feeders intaking organic particles such as turritellid gastropods, suggests
the occurrence of significant riverine input in this area. This diversity
permitted an integrated approach to examine the effects of climate
changes related to the MECO on shallow-water taxa, which are typically
also controlled by other factors such as variations in hydrological cycles
and related continental weathering, seafloor irradiation, and trophic
conditions (Martin-Martin et al., 2021; Coletti et al., 2021; Brandano
and Tomassetti, 2022; Bosellini et al., 2022; Briguglio et al., 2024). In a
much broader framework, the data obtained are correlated with those
from other sedimentary successions in the region, specifically the Sealza
section (SE) and the Capo Mortola section (CM), published by Gandolfi
et al. (2023), Coletti et al. (2021) and Gandolfi et al. (2024), respec-
tively. The palaeogeographic setting of the foredeep basin of the Lig-
urian Alps (Italy) within the Provencal Domain proved to be an excellent
playground where the MECO resilience of marine organisms can be
traced.

2. Geological setting
The OSM succession is located near the village of Olivetta San

Michele (Imperia province) (43°52'46.9”N 7°31'58.5"E) (Fig. 1). The
studied deposits are part of the Meso-Cenozoic cover of the Provencal
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Fig. 1. a: Studied area (red rectangle) with geographic location of the three sections here discussed; b: Detail of the Olivetta San Michele (OSM) section; ¢: Detail of
the Sealza (SE) section; d: Detail of the Capo Mortola (CM) section. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Domain that represents the southernmost part of the European Plate
(Giammarino et al., 2010; Dallagiovanna et al., 2012; Seno et al., 2012;
Decarlis et al., 2014; Marini et al., 2022). The sedimentation in this area
was tectonically affected, being involved in the Pyrenean-Provencal
(Cretaceous-Paleogene) and Alpine (Paleogene-Neogene) orogenic
events, in the anticlockwise rotation and translation of the Corsica-
Sardinia block (upper Oligocene-Miocene) and subsequently, in Plio-
cene to Recent tectonic events (de Graciansky et al., 2010; Dallagio-
vanna et al., 2012; Morelli et al., 2022). During the Paleogene tectonic
phase, sediments are represented by shallow-water limestones grading
upward to marlstones capped by siliciclastic turbidite deposits; this
succession is known as the “trilogie priabonienne” (Boussac, 1912) or
the “Sinclair trilogy” (Sinclair, 1997). The lithostratigraphic succession
of this sector of the Provencal Domain includes in stratigraphic order:
marls and marly limestones (Trucco formation: Campanian-lower
Maastrichtian), Microcodium-rich, burrowed marls with grayish to red-
dish patches and minor conglomerates (Microcodium formation: upper
Lutetian-lower Bartonian), biocalcirudites, biocalcarenites and minor
fine- to coarse-grained siliciclastic deposits of shallow marine environ-
ment (Capo Mortola Calcarenite formation: lower Bartonian); marls,
silty marls and very fine sandstones (Olivetta San Michele Silty Marl
formation: Bartonian-lower Priabonian); siliciclastic turbidite deposits
(Ventimiglia Flysch formation: upper Bartonian-lower Priabonian)
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(Giammarino et al.,, 2010; Dallagiovanna et al., 2012; Perotti et al.,
2012; Brandano, 2019; Briguglio et al., 2024).

The MECO event along this sedimentary sequence was first hypoth-
esized by Brandano and Tomassetti (2022) and only recently fully
constrained both biostratigraphically and isotopically by Gandolfi et al.
(2023, 2024), and Arena et al. (2024).

3. Material and methods

The OSM section has been previously described in terms of macro-
and microfacies by Arena et al. (2024) and Giraldo-Gomez et al. (2024).
In this study, we present new data on the uppermost interval of the
succession from 190.0 m to 223.3 m (Fig. 2) as it records the MECO
climatic perturbation. From this interval, we collected 20 rock samples,
subsequently processed for foraminiferal and calcareous nannofossil
analysis. In addition, 99 powder samples were collected from the
outcrop surface using a pressure driller for stable carbon and oxygen
isotope analysis.

Larger benthic foraminifera (LBF) were studied from rock thin sec-
tions obtained from fresh surface cuts. Only nummulitids could be
properly identified according to the monograph of Schaub (1981) and,
for axial sections, the work of Kleiber (1991).

Planktic (PF) and smaller benthic foraminifera (SBF) were extracted
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Fig. 2. 5180 and §!3C isotope data from bulk-sediment plotted against the stratigraphic log of the OSM section and biozones of LBF (SBZ: Serra-Kiel et al., 1998), PF
(E: Wade et al., 2011), and calcareous nannofossil (MNP: Fornaciari et al., 2010 and CNE: Agnini et al., 2014). Green and blue lines indicate 5 point moving average.
Biostratigraphy and age model of the OSM section for the middle Eocene based on calcareous nannofossil and planktic foraminifera events. Composite standard
reference section (CSRS) of the middle Eocene (Bartonian) showing the absolute age model of Speijer et al. (2020). The pink-shaded band outlines the MECO interval,
which also crosses the C18r and the C18n 2n, according to Speijer et al. (2020). (For interpretation of the references to colour in this figure legend, the reader is
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from rock samples using the acetic acid or acetolysis technique (Lirer,
2000; D’Onofrio and Luciani, 2020) that has been successfully applied to
lithified rocks (Fornaciari et al., 2007; Luciani et al., 2007; Coccioni
et al., 2012; Luciani and Giusberti, 2014; D’Onofrio et al., 2016; Luciani
et al., 2016). Microfossils were picked, isolated in microslides, and
identified under a binocular stereomicroscope (Optech GZ808) equip-
ped with an on-board DeltaPix camera by Invenio, model 6EIIL. The
taxonomic criteria adopted in this study to identify SBF genera are based
on Loeblich and Tappan (1987, 1994) and Holbourn et al. (2013),
whereas PF taxa were identified according to Pearson et al. (2006).

The abundance of foraminiferal taxa was standardized to 1 g of dried
sediment and expressed as a percentage to highlight changes in fora-
miniferal communities. The standardized abundance data were used to
perform a Principal Components Analysis (PCA) using the PAST soft-
ware (Hammer et al., 2001), merging the data here presented with those
available in the literature from the region. LBF are not included in the
statistical counting.

Coccolithophorids were retrieved from fourteen samples of the OSM
section and observed in smear-slides following Bown and Young (1998).
Semi-quantitative data were obtained by the observation under
transmitted-light microscopy (Leitz) in cross-polarized (XPL) and phase
contrast (PC) light at ~1000 magnification. The scarcity of calcareous
nannofossil content reflects the shallow-water depositional environ-
ment. Semi-quantitative data were recorded by scanning five traverses
of each slide, and five abundance classes were recorded (Gandolfi et al.,
2023): very abundant, VA: taxon with abundances >50 % of the
assemblage; abundant, A: 5 specimens per field of view (FOV); common,
C: 1-4 specimens per FOV; few, F: 1 specimen per 1-10 FOVs; and rare,
R: 1 specimen per >10 FOVs. Calcareous nannofossils were identified at
species level whenever possible, following the taxonomy of Perch-
Nielsen (1985) and Nannotax (Young et al., 2022). This study adopted
the biozonations MNP (Fornaciari et al., 2010) and CNE (Agnini et al.,
2014).

The 99 powdered samples were analyzed for 5'3C and §'20 in the
stable isotope laboratory of the University of Lausanne (Switzerland).
The analyses were done on a Gasbench II coupled to a Finnigan MAT
Delta V mass spectrometer by reacting the samples with phosphoric acid
at 70 °C (Spotl and Vennemann, 2003). The generated CO was intro-
duced with a He-flow into the mass spectrometer. In-house Carrara
Marble standards calibrated to NBS-19 were used to normalize the ob-
tained data. The analytical precision for this method was better than the
+0.1 %o standard deviation. Cathodoluminescence (CL) images were
obtained in a Technosyn 8200 MKII, which was operated at 15-20 kV
and 0.4-0.5 mA with an unfocused cold cathode electron beam under a
He atmosphere at 0.2 Torr. The Technosyn was mounted on an Olympus
BH-2 microscope equipped with a DP 74 Olympus camera.

We analyzed the 8'°C and 8'®0 records of shells of selected PF taxa
(Acarinina spp., Subbotina spp., Morozovelloides spp., Turborototalia spp.,
Globigerinatheka spp., and Orbulinoides beckmanni (Saito, 1962)) to
derive insight on their palaeobiology. Analyses were performed from the
CM section (sample CM-45 in Gandolfi et al. (2024)) and from the
tropical Atlantic Ocean Drilling Program (ODP) Site 1051 (samples
68.26 m below sea floor and 66.76 mbsf). We selected Site 1051 for its
latitude comparable with that of the Liguria sections, allowing us to
compare our shallow-water findings with those from deeper environ-
ments and to identify similarities or differences. The stable isotope an-
alyses were conducted at the Stable Isotope Laboratory of the
Department of Geosciences at Padova University using a Thermo Sci-
entific Delta V Advantage Isotope Ratio Mass Spectrometer coupled with
a Gas Bench II automated preparation device. Around 20-30 specimens
per taxon were picked from the washed residue to make an isotope
analysis.
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4. Results
4.1. Foraminifera

The foraminiferal abundance within the disaggregated samples from
the OSM section is scarce, and the preservation of SBF and PF tests is
very poor. However, it has been possible to detect diagnostic morpho-
logical features useful to identify the genera and sometimes the species.
Two of the samples (OL41J and OL72) processed for foraminiferal
picking were barren. The abundances of SBF and PF are shown in Fig. 3,
and the most significant taxa are shown in Fig. 4.

4.1.1. Smaller benthic foraminifera

A total of six SBF genera were recognized (Fig. 3). The most abundant
is the genus Heterolepa (H. dutemplei; mean abundance 39.76 %), which
remains constant in the interval from 196 to 214 m but starts to decrease
in abundance from 214 to 217.5 m and subsequently shows an increase
in the last sample at 223.2 m. The genus Anomalinoides (mean abun-
dance 2.02 %) is absent in the lower and upper parts of the section, but it
is present in the interval from 203.5 to 217.5, with an increase in
abundance from 203.5 to 214 m followed by a decrease from 214 to
217.5 m. The genus Cibicidoides is scarcely represented in this section; it
occurs only in three samples (OL66, OL67, and OL68) at 209.1 m, 210.9
m, and 214 m. The genus Uvigerina (mean value: 2.46 %) increases in
abundance in the lower part of the section with a peak at 201.5 m,
followed by a decrease in abundance from 201.5 to 211 m and a peak at
208.3 m. Other infaunal genera such as Dentalina and Nodosaria do not
show significant changes in abundance but are present almost contin-
uously from the base to the top of the interval analyzed. These genera
have the same peak at 208.3 m as Uvigerina, even if Dentalina seems to be
almost in antiphase compared to Uvigerina.

4.1.2. Larger benthic foraminifera

LBFs are infrequent in the herein investigated portion of the suc-
cession but they are more abundant and diverse in the lower part of the
section. The assemblages are initially dominated by Nummulites ex gr.
perforatus associated with sporadic Assilina exponens and rare Dis-
cocyclina; toward the middle part of the succession LBFs almost disap-
pear, and they occur only as resedimented specimens. The uppermost
50 m of the succession yield mostly small operculinids, occurring
sporadically, and very rare orthophragmines are present in the last
meters. Throughout the succession, the LBF association is referable to
SBZ 17 (Serra-Kiel et al., 1998).

4.1.3. Planktic foraminifera

As for PF, five taxa were identified: Subbotina, Acarinina, Morozo-
velloides, Globigerinatheka, and Orbulinoides beckmanni. The most abun-
dant genus is Subbotina (mean abundance 34.18 %), which is recorded in
all samples except for the barren ones (Fig. 3). This genus occurs rather
constantly along the entire section. Acarinina is less abundant than
Subbotina but shows an increase in abundance within the MECO (Fig. 3).
Globigerinatheka is a minor component of the assemblages (mean
abundance 1.21 %), it is present from 196 to 217.5 m with a minor shift
and does not show significant variations. Finally, Morozovelloides ap-
pears only during the MECO interval with maximum abundance of only
2 %, and O. beckmanni is recorded by rare specimens in the interval
spanning 203.5 to 215 m (samples OL63, OL65, OL66, and OL69).

Due to the occurrence of O. beckmanni, the Total Range Zone E12
(Wade et al., 2011) that largely corresponds to the MECO interval
(Sexton et al., 2006; Bohaty et al., 2009), has been identified. The in-
terval below the base of O. beckmanni is probably referable to Zone E11
due to the absence of Guembelitrioides nuttallii.

4.2. Calcareous nannofossils

The calcareous nannofossils in the OSM section are generally poorly



A. Gandolfi et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 661 (2025) 112697

Olivetta San Michele section

[0 - .- . - .. ]
] Benthic foraminifera Planktic foraminifera P/B ratio
c = 1 1
2 £ 1 !
S 9 i 1
£ § § 3 1 i
a 1 1 "
3 g 5 E g‘ Heterolepa Anomalinoides Cibicidoides — Uvigerina Dentalina Nodosaria ! Subbotina Acarinina  Globigerinatheka Morozovelloides O. beckmanni ! (P/P+B)*100
g <L 2 £
B o 3 ] % % % % % 3 % % % % % 3 %
0 60 0 100 100 10 0 100 1010 60 0 100 10 0 100 110 100
Lubdibbilighibiubnlil
223.30 Ll buliulil ! i
| |
| |
i i
i i -
1 1 g
220 ; i &
<
1 ! o
i i
i i
i i
I I
1 1
i i
1 1
1 1
--4 215 i i
i i
i i
i i
oL-41 ! :
] 1
1 1
oL-67 g g
= i i
NI e ! ! 9
gu = 1 | :
© i i
c oL-40 ! :
] f !
OL-64
5 : :
fis] ! |
i i
1 1
-- oL-63 i |
1 1
1 1
oL-39 i i
1 1
i i
200 oL-62 ! !
1 1
i i
i i
1 1
i i
T ! ‘
w i i
i i
1 1
: : 8
' ' w
| | a
i i 5]
i i =
i i 5
| | 5
| | z
i i
| |
| |
i i

190
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preserved and rather scarce, except for some marly layers (OL-62, OL-
63) where they are more abundant and better preserved. In all sam-
ples, only a few reworked specimens of Cretaceous taxa are recorded.
The most significant taxa are shown in Fig. 5. Two biozones have been
identified (Fig. 2), according to the biozonation by Agnini et al. (2014).
Biozone CNE14 is characterized by the common occurrence of Retic-
ulofenestra reticulata, R. umbilicus, and Sphenolithus furcatolithoides. Bio-
zone CNE15 is determined by the first occurrence of Dictyococcites
bisectus in sample OL-67 (210.9 m), and this zone continues until the top
of the studied section.

Likewise, two different biozones are recognized according to the
biozonation by Fornaciari et al. (2010) (Fig. 2). Biozone MNP16A is
identified due to the common presence of S. furcatolithoides and the
occurrence of R. reticulata and R. umbilicus. Biozone MNP16B also in-
cludes the subzone MNP16Ba, defined by the continuous occurrence of
Sphenolithus spiniger between the high occurrence (HO) of S. furcatoli-
thoides and the lowest common occurrence (LCO) of D. bisectus. The
common presence of Dictyococcites scrippsae, R. reticulata, Coccolithus
pelagicus, and Cyclicargolithus floridanus is also recorded in this biozone.
Finally, subzone MNP16BDb is determined by the FO of D. bisectus in
sample OL-67 (210.9 m) and the common and continuous occurrence of
S. spiniger. Other taxa recorded within this zone are D. scrippsae,
R. reticulata, C. pelagicus, and C. floridanus. MNP16Bb correlates with
biozone CNE15 and continues until the top of the studied section.

4.3. Carbon and oxygen stable isotopes in the OSM section

The results of bulk oxygen and carbon stable isotope analyses are

shown in Fig. 2. The 5'80pyik values vary between —4.7 %o and — 3.9 %o
but most of them are very close to —4.1 %o, whilst the 813Cbulk values
vary between 0.7 %o and — 0.7 %o with several minor shifts along the
section. Between 190 and 202 m, the oxygen and carbon curves show the
same positive trend followed by a negative shift. The carbon isotope data
indicate relatively lower values toward the top of the succession
whereas, the oxygen data show slightly more positive values.

The 8'3C and 580 values measured on Acarinina spp. and Subbotina
spp. shells from sample CM-45 of the CM section (Gandolfi et al., 2024)
show similar values, i.e., 1.0 vs. 0.9 %o and — 3.7 vs —3.8 %o, respec-
tively, very different from those obtained from Site 1051. Isotopic data
from O. beckmanni are '3C = —1.1 %o and 680 = —3.2 %o; however, an
air peak invalidated the oxygen value, and no more specimens were
available to repeat the analysis.

5. Discussion
5.1. MECO isotope data and their interpretation

The OSM section displays a 6180bu1k negative trend from 201.70 to
209.0 m. This negative excursion is included within the E12, CNE14 and
15 biozones, potentially related to the MECO event (Fig. 2; Bohaty and
Zachos, 2003; Sexton et al., 2006; Edgar et al., 2007; Bohaty et al., 2009;
Edgar et al., 2010; Boscolo Galazzo et al., 2014; Borelli et al., 2014;
Giorgioni et al., 2019). The OSM age model displayed in Fig. 2 allows us
to fix only the initial part of the MECO event. Data from CL show that the
bulk of the studied lithologies in the OSM section are formed by clastic
silt- and sand-sized elements, showing a diverse CL response ranging
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Fig. 4. Scanning electron microscope (SEM) images of the most significant taxa
from the SE and CM sections (modified after Gandolfi et al., 2023, 2024) and
thin sections of selected LBF from the OSM section. 1: Heterolepa dutemplei
(d’Orbigny, 1846); 2: Anomalinoides sp.; 3: Cibicidoides sp.; 4: Uvigerina sp.; 5:
Orbulinoides beckmanni (Saito, 1962); 6: Acarinina praetopilensis (Blow, 1979);
7a, b: Subbotina hagni (Gohrbandt, 1967). Scale bar = 100 pm.

8: Nummulites ex gr. perforatus (de Montfort, 1808); 9: Discocyclina sp.; 10:
Assilina exponens (Sowerby, 1840). Scale bar = 500 pm.

from bright orange-yellow to dark violet (Fig. 6). This indicates a het-
erogeneous (possibly Cretaceous) origin of clasts, which were probably
derived from the erosion of a pre-existing emerging rocky substrate
further north in the domain. The SBF and PF exhibit an almost intrinsic
dark blue to mauve, pristine CL (Fig. 6).

Samples from OSM record lower §'80 values in comparison with the
values from CM and SE sections (Gandolfi et al., 2023, 2024) (Fig. 7 A, B,
C). However, the largely scattered values of measured 8'°C and §'%0
from the shallow-water sections of OSM, CM, and SE (Figs. 6A, 7) may
suggest several intervals where pore water chemistry differs from the
original seawater chemistry and the original isotopic signal has been
altered (Veizer et al., 1999; Zachos et al., 2001; Giraldo-Gomez et al.,
2017; Gandolfi et al., 2024) (Fig. 6).

A non-significant correlation (Pearson correlation coefficient r < 0.3)
between §'2C and §'%0 may indicate that a diagenetic overprint of the
primary isotopic signal of carbonate can be excluded (Fio et al., 2010;
Peris Cabré et al., 2023). The presence of pristine autochthonous bio-
clasts (foraminifera and probably nannofossils in the matrix) is
responsible for the recorded negative trend similarly observed at OSM
and at SE, which is highly diluted by isotopic values derived from a
variety of calcareous lithoclasts. At CM this detrital influence has totally
obliterated the negative tendency, and the §'%0 curve seems to follow
lithological changes. The 1 %o offset between SE and OSM is a very minor
effect of slightly different tectonic settings (Fig. 7 A, B, C). The lower
values of 5180 recorded in the three sections (Fig. 6A) may indicate some
influence of burial diagenesis, which modified the oxygen isotope
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signature (Banner and Hanson, 1990; Marshall, 1992; Lavastre et al.,
2011; Pellenard et al., 2014; Al-Mojel et al., 2018); nevertheless, the
heterogeneity of CL response in some analyzed samples in the OSM
section (OL-61, OL-64, OL-69, and OL-74) excludes very extensive burial
diagenesis because the CL of the different components (litho- and bio-
clasts) has not been homogenized (Fig. 6 B). Some samples in the SE
section record very low 580 and 8'°C values, probably indicating a
strong influence of meteoric diagenesis (Fig. 6 A).

From a general perspective, it has been reported from multiple re-
gions that negative values recorded in the §'%0 signal during the MECO
are more common in shallow-water settings, where sediments are more
sensitive to the diagenetic signal (e.g., Peris Cabré et al., 2023; Sharma
et al., 2024) than in deep-water sites (Bohaty et al., 2009; Edgar et al.,
2010; Spofforth et al., 2010).

5.2. Palaeoceanographic setting and palaeo-water depth reconstruction

Within the western Liguria geological and structural framework,
characterized by a foreland-foredeep system (Marini et al., 2022 and
references therein), the sections SE, CM, and OSM reflect a progressive
deepening trend. A deepening of the depositional settings is also
recorded in each succession from the base upwards. We infer this sce-
nario based on both the taxonomic diversity of LBFs and the increasing
percentage of PF to SBF ratio (P/B ratio; Fig. 3) (e.g., van der Zwaan
et al., 1999).

At SE, very low values of P/B ratio are recorded in the lower part of
the section, interpreted as implying palaeodepth <50 m, whereas in the
MECO interval, the increase of the P/B ratio values (mean value 10 %)
suggests palaeodepth possibly up to ~80 m (Gandolfi et al., 2023). This
is also confirmed by the LBF assemblage, which is mostly dominated by
thick Nummulites ex gr. perforatus tests and, toward the top, by thin
operculinas (Briguglio et al., 2024) and by the absence of discocyclinids.

The CM section has P/B mean values greater than SE, being around
23 % (Gandolfi et al., 2024), whereas these values strongly increase in
the OSM section (mean values 45 %, this work), thus indicating greater
depths. The LBF assemblage in the CM section changes from thick and
diverse nummulitid shells to large and flat assilinas and lastly to thin
discocyclinids, thus expressing the full range of bathymetric realm for
symbiont-bearing foraminiera, though always within the photic zone.
LBF scarcity or absence in a large interval of the OSM section, including
the MECO, is likely due to higher depth, probably within the oligophotic
zone (Arena et al., 2024). An accurate palaeogeographic reconstruction
is hampered by tectonic dislocation (de Graciansky et al., 2010; Dalla-
giovanna et al., 2012; Morelli et al., 2022); nevertheless, we suppose
that the SE section was probably closer to the fluvial discharge and
related nutrient input, as being the shallowest succession with thick
conglomerates at its base directly above the Upper Cretaceous marly
limestone. On the contrary, the dominant marly sediments of the OSM
succession denote a finer terrigenous contribution, possibly due to the
greater distance from the fluvial discharge and deeper setting.

5.3. How did shallow-water calcifiers react to the MECO event?

The main changes recorded in SBFs, LBFs, and PFs from the shallow-
water Liguria successions are summarized in Fig. 8. Both seafloor set-
tings and upper water column environments are mainly interpreted from
the known ecological characters of the taxa recorded. The palae-
oenvironmental reconstruction of the Bartonian Liguria ramp allows us
to evaluate the degree of adaptation of the various biotic communities to
the MECO event and to test their degree of resilience, if any, to the
climate warming.

5.3.1. Smaller benthic foraminifera

The most pronounced changes in SBF assemblages are recorded from
the shallowest SE section (Fig. 8). The genus Cibicidoides is highly
abundant in the pre-MECO interval, thus suggesting a well-oxygenated
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Fig. 5. Photomicrographs of selected calcareous nannofossils from the OSM section. Scale bar = 5 ym in all figures 1. Reticulofenestra umbilicus; 2. Dictyococcites
bisectus; 3, 5. Dictyococcites scrippsae; 4, 11. Sphenolithus spiniger; 6. Discoaster sp.; 7 Sphenolithus furcatolithoides; 8. Campylosphaera dela; 9. Reticulofenestra reticulata;

10. Cyclicargolithus floridanus; 12. Coccolithus pelagicus.

seafloor and poor nutrient supply. This genus is indeed recognized as an
epifaunal, epiphytic benthic foraminifer living in well-oxygenated en-
vironments (Speijer, 1994; Speijer and Schmitz, 1998; Murray, 2006;
Giraldo-Gomez et al., 2018a, 2018b). During the MECO event, Cibici-
doides firstly decreases in abundance (Gandolfi et al., 2023), probably
due to the oxygen reduction and rise in the organic flux associated with
the MECO warming (Spofforth et al., 2010), as confirmed by the increase
of the TOC values (Gandolfi et al., 2023). However, after the initial and
marked decrease, Cibicidoides slowly adapted to the MECO perturbance
as suggested by its abundance recovery toward the top of the event
(Gandolfi et al., 2023). This genus, outside its preferred ecological
conditions, is able to adapt to reduced bottom-water oxygen concen-
trations (Rathburn et al., 2018; Schmiedl et al., 2023). Indeed, some
species of Cibicidoides tolerate increased organic carbon fluxes and labile
seasonal food supply (Licari, 2006).

The genus Anomalinoides, regarded as having ecological characters
similar to Cibicidoides (van der Zwaan, 1982; Rogl and Spezzaferri, 2002;
Russo et al., 2022), follows the same trend of Cibicidoides in the pre-

MECO phase being very abundant, but it temporarily prevails over
Cibicidoides across the MECO interval. Along the deeper CM section,
these two genera are both present and do not display prominent changes
during the MECO (Gandolfi et al., 2024).

In the deepest OSM section, both Cibicidoides and Anomalinoides are
absent in the pre-MECO phase and increase constantly in abundance
during MECO (Fig. 3). This abundance variation between Cibicidoides
and Anomalinoides along a depth gradient might be related to ecological
factors such as food availability, seawater chemistry, competition, and
oxygen concentration (van der Zwaan et al., 1999), which were modi-
fied during the MECO event. The genus Heterolepa, known as preferring
oxygenated waters as Cibicidoides and Anomalinoides (van der Zwaan,
1982; Rogl and Spezzaferri, 2002; Russo et al., 2022), occurs in all three
sections. In the shallowest SE section, Heterolepa increases in abundance
during the warming event, proving to be favored by the temperature
increase (Fig. 8), while in the deeper CM and OSM sections, it is rather
abundant throughout the investigated intervals (Fig. 3).

In the shallowest SE section, the decrease in oxygen content and
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increase of organic matter preservation at the seafloor during the MECO
may explain the increase in Uvigerina abundance because this genus is
considered a proxy for carbon-rich and oxygen-poor conditions (Sen
Gupta and Machain-Castillo, 1993; Kaiho, 1994; Thomas and Gooday,
1996; Schmiedl et al., 1997; van der Zwaan et al., 1986, 1999; De Rijk
et al., 2000; Hess and Kuhnt, 2005; Kawagata et al., 2006). Conversely,
in the deeper CM section, where abundant epifaunal benthic taxa pre-
vailed, Uvigerina is relatively rare, possibly due to better oxygenated
bottom waters and lower organic flux (Gandolfi et al., 2024). The OSM
section records the same trend, as Uvigerina decreases in abundance until
it disappears (Fig. 3). The scarcity of both porcelaneous and aggluti-
nated foraminifera in our sections seems probably related to the great
abundance of LBFs that may have prevented the establishment of a
highly diversified community (Beavington-Penney and Racey, 2004;
Kovecsi et al., 2022).

5.3.2. Larger benthic foraminifera

As expected from shallow-water successions, LBFs are generally the
most abundant group of foraminifera present in all the studied strati-
graphic sequences (Varrone, 2004; Coletti et al., 2021; Brandano and
Tomassetti, 2022).

The genus Nummulites in the SE section is virtually the only LBF
taxon during the pre-MECO, and it remains very abundant throughout
the entire succession, followed by sporadically abundant small

Operculina that appear only when the lithology gets finer and muddier, i.
e. in marly limestones (Fig. 8) (Gandolfi et al., 2023; Briguglio et al.,
2024). Since SE is considered the shallowest of all the investigated
sections, it is reasonable to infer that only LBFs adapted to this shallow
depth occur and dominate. Interestingly, in the entire SE succession,
porcelaneous foraminifera, which are typical of the shallowest envi-
ronments, are completely absent (Briguglio et al., 2024). Possibly
Nummulites was more tolerant to a somewhat increased of nutrient levels
than the porcelaneous foraminifera, confined to strictly oligotrophic
waters (Beavington-Penney and Racey, 2004; Kovecsi et al., 2022). In
the CM section, the LBF assemblage, dominated initially by Nummulites
spp., shifts to an Assilina exponens assemblage just before the MECO
interval, and finally Discocyclina spp. co-dominating with Assilina
exponens and small operculinas during the entire MECO event (Gandolfi
et al., 2024). These variations could be attributed to the
deepening-upward conditions and changes in seafloor irradiation, as
Assilina and especially Discocyclina are commonly considered to be able
to inhabit the lower photic zone (e.g., Beavington-Penney and Racey,
2004).

In OSM the genus Nummulites is rather abundant in the lowest part of
the succession (Arena et al., 2024; Giraldo-Gomez et al., 2024), followed
by sparse Assilina, Operculina, and Discocyclina, appearing just before the
MECO. All these taxa decrease in abundance and almost disappear
across the MECO interval, where they are only recorded as resedimented
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Fig. 7. Isotope data (5'®0: green line; '3C: blue line) from the Ligurian sections in the Provencal domain (all using 5 point moving average compilations) with
respective cross-plots (using original data) between 5'80 and 5'°C showing the Pearson correlation and regression. A. OSM section (this study). B. CM section
(modified after Gandolfi et al., 2024). C. SE section (modified after Gandolfi et al., 2023). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

material (Giraldo-Gomez et al., 2024). This sudden disappearance can
be interpreted as a consequence of the deepening trend that brought this
locality well below the photic zone where no LBF can thrive, and all tests
are transported from shallower environments (Fig. 8).

In conclusion, our data highlight that the LBF assemblages respond
more promptly to irradiation conditions at the seafloor rather than to
MECO-related temperature variations. Irradiation at the seafloor may
have been controlled, besides the water depth, by water turbidity likely
due to enhanced fluvial input, in turn related to an accelerated hydro-
logical cycle across the MECO.

5.3.3. Planktic foraminifera

In the analyzed shallow-water successions, mainly dominated by
LBF, PF are generally scarce; nonetheless, they increase in abundance in
the upper part of all the three sections (Fig. 8). In the shallowest SE
section, PF in the pre-MECO phase are generally rare, with the cold-
water index genus Subbotina (e.g., Boersma et al., 1987) being the
most common taxon. During the MECO interval, the simultaneous
decrease in abundance of Subbotina coupled with a significant increase
in abundance of Acarinina and the sudden appearance of Morozovelloides
likely suggest an increase of the surface-water temperature because
these two taxa are indicating mixed-layer, oligotrophic warm-waters
that dominated the tropical and subtropical assemblages in the late
Paleocene to middle Eocene (with Morozovella preceding Morozo-
velloides) (Boersma et al., 1987; Pearson et al., 1993, 2001; Edgar et al.,
2010). Even in the OSM section a slight increase in Acarinina is observed
across the MECO, though its abundance remains lower than in SE and

significantly lower as compared to Subbotina (Fig. 8). Conversely, at the
CM section, Acarinina shows a marked decrease in abundance during the
MECO phase, which may appear unusual for this genus, which prefers
warm environments (e.g., Boersma et al., 1987; Pearson et al., 1993,
2001, 2006). Acarinina has indeed been recorded to increase in abun-
dance during early Paleogene hyperthermals and the EECO (Agnini
et al., 2009; Luciani et al., 2016; D’Onofrio et al., 2021; Filippi et al.,
2024), but it decreased during the MECO in bathyal Tethyan successions
(Luciani et al., 2010; D’Onofrio et al., 2021). This reduction across the
MECO has been linked to increased surface-water eutrophy (Luciani
etal., 2010; D’Onofrio et al., 2021; Gandolfi et al., 2024), that in the CM
section possibly affected the habitat of the specialized, oligotrophic
mixed-layer dweller acarininids (e.g., Boersma et al., 1987; Pearson
et al., 1993, 2001, 2006).

The relatively common occurrence of the deep-water thermocline
dweller Subbotina (e.g., Pearson et al., 2006) in the studied sections may
appear atypical, especially in the shallower SE and CM sections. How-
ever, Subbotina has been recorded as capable of moving its habitat
higher in the upper column, as suggested from Northwest Atlantic Site
U1408 by the middle Eocene stable isotope data close to the surface
water dwellers (Kearns et al., 2021). Our stable isotope data, from the
CM section (CM-45 Gandolfi et al., 2024), confirm that Subbotina lived in
a surface-water habitat across the MECO as the 5'%0 and §!3C values are
close to those obtained for the mixed-layer Acarinina (Fig. 9). The genus
Subbotina is not only recognized as a cold-water index, but it may also
indicate meso- to eutrophic conditions (D’Onofrio et al., 2021 and ref-
erences therein). In CM and OSM sections during the MECO, the genus
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Subbotina displays an initial slight decrease interrupted by a positive
trend toward the top of the section (Gandolfi et al., 2024). We suppose
that Subbotina was initially affected by the MECO warming, but after-
wards it benefited from the nutrient supply related to the enhanced
hydrological cycle, commonly associated with this event (Luciani et al.,
2010; D’Onofrio et al., 2021; Gandolfi et al., 2023, 2024).

A further peculiar response is recorded by the genus Globigerinatheka,
which is completely absent in the SE and CM sections and occurs with
scattered specimens only in the OSM section (Figs. 3, 8) (Gandolfi et al.,
2023, 2024). This absence/scarcity is unusual because this genus is
regarded as having a habitat comparable with that of Acarinina and
possibly O. beckmanni. (Boersma et al., 1987; Pearson et al., 1993;
Premoli Silva and Jenkins, 1993; Pearson et al., 2001, 2006; Wade and
Kroon, 2002; Wade, 2004). However, the ecological characteristics of
O. beckmanni are unclear, lacking stable isotope data. It is assumed to
share the Globigerinatheka habitat due to morphological similarities and
because it is believed descending from Globigerinatheka euganea
(Pearson et al., 2006). Our new stable isotope data obtained at the CM
section and Site 1051 (Fig. 9) may suggest an alternative explanation.
Although the CM specimens are affected by greater test recrystallization
than those from Site 1051, they record evident differences between the
isotope values from the taxa analyzed. The lower 8'3C values from
O. beckmanni than Globigerinatheka and Acarinina, recorded at the
Atlantic Site 1051 and CM (~2 %), suggest it may have inhabited
slightly deeper waters or had less efficient symbiosis relationships with

10

respect to the other two genera (Fig. 9). With these differences, it is
possible that the ecological characters of O. beckmanni advantaged it in
the Liguria setting across the MECO. The possible shallow-water habitat
of Subbotina may provide a further explanation for the scarcity/absence
of Globigerinatheka, as the former may have prevailed in the ecological
competition for vital resources, invading to some extent the Globiger-
inatheka ecological niche.

5.3.4. Calcareous nannofossils

The calcareous nannofossils were only semi-quantitatively estimated
in all three sections. Preservation is generally poor in most of the
analyzed samples with variable degrees of overgrowth and recrystalli-
zation, so assemblages documenting pristine conditions are rare to few.

Notwithstanding, we attempt to derive information on variations in
the photic zone based on the recognized ecological affinities of the taxa
recorded. Though differences arise from the three sections, the assem-
blages share some common characters (Gandolfi et al., 2023, 2024).
Specifically, enhanced eutrophy at the MECO can be deduced by the
rarity or virtual absence of oligotrophic taxa such as Sphenolithus fur-
catulithoides, Cyclicargolithus floridanus, and Zygrhablithus bijugatu, with
the latter also known as a cold water index (e.g., Young, 1998; Aubry,
1998; Bralower, 2002; Agnini et al., 2007; Gibbs et al., 2004; D’Onofrio
et al., 2021). The increase in abundance of the warm watereutrophic
index Dictyococcites scrippsae is only recorded at the SE section, whereas
the other eutrophic and warm indices such as Coccolithus pelagicus and
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D. bisectus (Wei and Wise, 1989; Villa et al., 2008) do not display sig-
nificant variations or occur only in the post-MECO interval. However,
reworking of Cretaceous nannofossils increases across the MECO,
especially in the two shallower SE and CM sections, indicating terrige-
nous discharge in the surface waters. Similar variations have been
detected in the MECO of the Baskil section, Turkey (D’Onofrio et al.,
2021) and may testify the increased fluvial input likely triggered by the
MECO enhanced hydrological cycle that appears to have primarily
affected the shallower successions rather than tectonics.

5.4. Palaeoecological and palaeoenvironmental reconstruction

We performed the PCA analysis for each section by using our stan-
dardized abundance data for SBF and PF, to check for possible ecological
groupings that might further provide insights on the palae-
oenvironmental reconstruction of the entire study area. The results are
illustrated in Fig. 10 for all three sections.

In each analysis, there is a dense cloud of taxa all clustering very
close to each other, which can be defined as the “MECO assemblage”; it
is composed, in fact, by all those taxa that either appear suddenly or
have a distinctive peak during the MECO event. The same group includes
the species O. beckmanni and the genera Acarinina and Morozovelloides;
the former taxon confirms that the MECO assemblage is indeed
restricted to the MECO event, and both genera suggest that surface water
temperature was a major trigger of such peculiar grouping. Further
confirmation is given by the cold-water index Subbotina which always
plots far from the MECO assemblage (Fig. 10). This confirms that PC1
indicates temperature, which rised at the MECO and was the main
controlling factor of the assemblage. This peculiar pattern seems to be
replicated almost identically in all three sections, thus confirming the
general interpretation.

There are, however, some significant differences among the PCAs as
suggested by the positioning of the genera Cibicidoides and Heterolepa
which appear scattered in different parts of the diagram (Fig. 10). This
pattern may reflect the diverse palaeogeographic position of each suc-
cession. As the SE section records the shallowest setting, the abundant
LBF, corals and mollusks probably benefited from higher light
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Fig. 10. Principal component analyses for the three studied sections. The pink
ellipse represents the MECO assemblage. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

penetration, and Cibicidoides may have thrived on highly vegetated
seafloor in the pre-MECO interval. During the MECO, the dominance of
Heterolepa and Anomalinoides at SE suggest greater ecological flexibility
for these two genera with respect to Cibicidoides, abundant mostly in the
pre-MECO phase and out of the MECO assemblage. (Fig. 10 a). In the CM
section, Heterolepa falls far from Cibicidoides, thus indicating a con-
trasting response (Fig. 10 b). The anti-phase variations in abundance of
these two genera may suggest possible ecological competitions never
previously reported. In OSM, the PCA shows a marked distinction
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between pre-MECO and MECO (Fig. 10 c), indicating the increasing
difference between the two types of communities. This may suggest that
rising temperatures and runoff, impacting nutrients and light avail-
ability, influenced benthic communities. The alternate occurrence of
Heterolepa and Cibicidoides within the MECO grouping or outside of it
(Fig. 10) indicates that these genera were resilient to the MECO envi-
ronmental variations.

The most complex interpretation is related to the genus Subbotina as
its position in the PCAs seems compatible with the cold preferences of
this genus but appears in contrast with its affinities to eutrophic con-
ditions (Fig. 10) as this taxon should not reflect a nutrient-poor envi-
ronment (e.g., Boersma et al., 1987; D’Onofrio et al., 2021 and
references therein). However, such a peculiar pattern can be explained
with diverse degrees of adaptation and resilience; the eutrophic cold-
water index Subbotina does not enter into the MECO assemblage due
to the temperature increase, which probably exceeded its ecological
tipping point, but the increasing mesotrophic settings could have
favored its abundance. This interpretation implies that Subbotina was
tolerant to the MECO climatic perturbation in these shallow-water set-
tings as the undesired temperature increase was somewhat compensated
by its preference for eutrophic conditions. Concerning LBF, they seem
not to be particularly influenced by MECO temperature effects but
appear to have been mostly affected by enhanced eutrophy and/or water
turbidity, therefore occurring at the specific depths requested by their
photosymbionts. In this context, a specific resilience of LBF to the cli-
matic perturbation driven by MECO cannot be directly established;
however, they remain important environmental indicators that can vary
their abundance and diversity depending on the ecological conditions at
the seafloor.

The supposed enhanced eutrophy to explain the calcareous plankton
and LBF records in the three sections studied does not contrast with the
general oligotrophic conditions recorded by SBF, dominated by
epifaunal taxa, and whether nutrients were mainly consumed by the
former groups. Elevated temperatures could have indeed enhanced the
rate of bacterial respiration and remineralization significantly, thus
resulting in more efficient recycling of nutrients higher in the water
column (John et al., 2013, 2014; Ma et al., 2014). This would have
resulted in a restriction of food supply at depth.

6. Summary and conclusions

This study illustrates the palaeoecological and palaeoenvironmental
variations across the MECO event in shallow-water settings of western
Liguria. In these settings, the interpretation of the recorded changes is
complex due to constant perturbations from nearby riverine systems,
superimposed on the warming trend, that affected the foraminiferal
communities. These factors may hamper the observation of clear direct
correlations between climate and biosphere because any higher sedi-
mentary input might indeed have been derived by both tectonic activity
and enhanced precipitations triggered by improved weathering,
commonly associated with warming events. In addition, diagenetic ef-
fects were quite intense due to high sediment porosity, and therefore the
interpretation of all isotopic data must be taken with caution. However,
the correspondence of the biotic variations with the MECO 80 nega-
tive shifts suggests the significant contribution of the warming event on
the fossil assemblages. Furthermore, the negative excursions are
included within planktic foraminiferal biozone E12 as well as within the
calcareous nannofossil biozones CNE14 and 15, which largely corre-
spond to the time of the MECO event. Despite the above-listed diffi-
culties, this work reveals diverse ecological flexibilities of the taxa
recorded, mainly attributable to the climatic variations triggered by the
MECO event.

Our interpretations take also into account that data integration from
all studied sites allows a reliable palaeogeographic reconstruction along
a depth gradient, thus differentiating the shallower site of SE from the
deeper ones of CM and OSM. Based on the variations recorded in both
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benthic and planktic communities, it is reasonable to suppose that, along
with increasing temperatures, runoff was also crucial in the interpreta-
tion of MECO’s impact on organisms’ ecology, especially in the analyzed
shallow-water settings. Runoff enhancement can lead to reduced irra-
diation on the seafloor, an increased sedimentation rate, and higher
nutrient availability, thus affecting to a different extent the trophic
behavior of the entire communities, favoring the more ecologically
flexible taxa.

The MECO perturbance (considering both temperature and runoff)
induced indeed major changes and diverse degrees of adaptations in
benthic and planktic foraminiferal communities. Assemblages were
modified by the MECO event to a different extent, thus proving that
populations were generally not resistant to the disturbance by moving to
a different state. In this scenario, some taxa, such as Cibicidoides, Het-
erolepa, and Subbotina, proved to be more resilient to the new environ-
mental conditions, whereas LBFs were more affected by the other factors
such as the decrease in seafloor irradiation, caused by either higher
water turbidity or increased water depth.
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Appendix A. Taxonomic appendix
A.1. Benthic foraminifera

Anomalinoides Brotzen, 1942.
Cibicidoides Thalmann, 1939.

Dentalina Risso, 1826.

Heterolepa Franzenau, 1884.

Heterolepa dutemplei (d’Orbigny, 1846).
Nodosaria Lamarck, 1816.
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Uvigerina d’Orbigny, 1826.
A.2. Planktic foraminifera

Acarinina Subbotina, 1953.

Acarinina praetopilensis (Blow, 1979).

Globigerinatheka Bronnimann, 1952, emended Proto Decima & Bolli,
1970.

Morozovelloides Pearson & Berggren, 2006.

Orbulinoides beckmanni (Saito, 1962).

Subbotina Brotzen & Pozaryska, 1961.

Subbotina hagni (Gohrbandt, 1967) = Parasubbotina hagni (Gohr-
bandt 1967).

A.3. Larger benthic foraminifera

Assilina exponens (Sowerby, 1840).
Nummulites ex gr. perforatus (Montfort, 1808).

A.4. Calcareous nannofossils

Chiasmolithus Hay et al., 1966.

Chiasmolithus solitus (Bramlette & Sullivan, 1961) Locker, 1968.

Clausicoccus Prins, 1979.

Coccolithus pelagicus (Wallich, 1877) Schiller, 1930.

Cribrocentrum reticulatum (Gartner & Smith, 1967) Perch-Nielsen
1971 = Reticulofenestra reticulata (Gartner & Smith, 1967) Roth &
Thierstein, 1972.

Cyclicargolithus floridanus (Roth & Hay, in Hay et al., 1967) Bukry,
1971.

Discoaster Tan Sin Hok, 1927.

Discoaster saipanensis Bramlette & Riedel, 1954.

Dictyococcites bisectus (Hay, Mohler & Wade, 1966) Bukry & Percival,
1971 = Reticulofenestra bisecta (Hay, Mohler & Wade, 1966) Roth, 1970.

Dictyococcites scrippsae Bukry & Percival, 1971.

Ericsonia Black, 1964.

Helicosphaera compacta Bramlette & Wilcoxon, 1967.

Pontosphaera Lohmann, 1902.

Reticulofenestra Hay, Mohler & Wade, 1966.

Reticulofenestra dictyoda (Deflandre in Deflandre & Fert, 1954)
Stradner in Stradner & Edwards, 1968.

Reticulofenestra umbilicus (Levin, 1965) Martini & Ritzkowski, 1968.

Sphenolithus Deflandre in Grassé, 1952.

Sphenolithus furcatolithoides Locker, 1967.

Sphenolithus moriformis (Bronnimann & Stradner, 1960) Bramlette &
Wilcoxon, 1967.

Sphenolithus predistentus Bramlette & Wilcoxon, 1967 = Furcatolithus
predistentus (Bramlette & Wilcoxon, 1967) Howe 2021.

Sphenolithus spiniger Bukry, 1971.

Zygrhablithus bijugatus (Deflandre in Deflandre & Fert, 1954)
Deflandre, 1959.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2024.112697.
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