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Abstract

This study focuses on the paleontological content of the middle Eocene (Bartonian) carbonate—siliciclastic sediments of the
Capo Mortola Calcarenite Formation from Olivetta San Michele (Liguria, Italy). Along the succession, there are significant
paleoecological changes triggered by the variation in neritic input as a consequence of tectonic and climatic instability.
Among microfossils, nummulitids prevail, followed by orthophragmines, smaller benthic, and planktonic foraminifera,
whereas mollusks and ichnofossils are the most abundant macrofossils. The sudden changes in the benthic communities due
to the progressive increase in fluvial input are recorded throughout the sedimentary succession. An increase in water turbid-
ity caused stressful conditions for autotrophic taxa, reducing their size and abundance. In contrast, filter feeders became
dominant, suggesting an increase in dissolved and suspended nutrients. Ichnological analysis shows environmental fluctua-
tions controlled by the transport of neritic material offshore, thus confirming the general deepening trend of the studied
succession. In the upper part of the succession, we recorded an alternation between gravity flows and marly sediments that
are interpreted as short-term alternations between low and intense precipitations. The gravity flows yield taxa such as larger
benthic foraminifera (LBF), smaller benthic and planktonic foraminifera, mollusks, and corals. In turn, marls display only a
few LBF and abundant smaller benthic and planktonic foraminifera. In these intervals, the increase in planktonic foraminif-
era also suggests a deepening of the carbonate ramp coinciding with a reduction of light that did not favor the development
of LBF. These changes are probably related to the climatic dynamics that occurred in the Bartonian in the western Tethys.

Keywords Paleoecology - Macrofauna - Larger benthic foraminifera - Ichnofossils - Photic zone - Carbonate ramp

Introduction

The Eocene is considered a critical epoch in terms of vari-
ation in both paleogeographic setting and climatic dynam-
ics (e.g., Zachos et al. 2001; Torsvik and Cocks 2016). A
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global greenhouse climate, characterized by high tempera-
tures in the early Eocene (Early Eocene Climatic Optimum:
EECO; Zachos et al. 2001, 2008; Bijl et al. 2009; Hollis
et al. 2010, 2012), was followed by a long-term cooling that
was interrupted by a global warming event during the late
middle Eocene (Middle Eocene Climatic Optimum: MECO;
Zachos et al. 2001; Bohaty and Zachos 2003; Bohaty et al.
2009; Sluijs et al. 2013). The interplay between global and
regional climate processes and the biosphere response have
been largely documented for the Eocene deep-water settings
(e.g., Ivany et al. 2008; Deprez et al. 2015; Boscolo Galazzo
et al. 2016; Giraldo-Gémez et al. 2017; Luciani et al. 2017;
Foster et al. 2020; Marchegiano and John 2022).

In contrast, shallow-water depositional settings such as
carbonate platforms or mixed carbonate—siliciclastic sys-
tems, as recorded in the Mediterranean region (NW Tethys),
are much less studied with respect to global climatic and
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«Fig. 1 a Map of Italy showing the Liguria region highlighted in green
(modified from https://server.arcgisonline.com/ArcGIS/rest/services/
World_Imagery). b Location map of the Liguria region displaying
the municipality of the Olivetta San Michele (modified from https://
server.arcgisonline.com/ArcGIS/rest/services/World_Imagery) c
Detailed geological map of Olivetta San Michele area, showing the
studied section, modified from Dallagiovanna et al. (2012b). d Sim-
plified stratigraphic column of the study area modified from Decarlis
et al. (2014)

environmental perturbations. These sedimentary succes-
sions yield an extraordinary diversity of both micro- and
macrofauna that during the Eocene experienced the effects
of climate change, as evidenced by high water tempera-
tures, increased continental weathering, and shifting hydro-
logical cycles (e.g., Martin-Martin et al. 2021; Coletti et al.
2021; Brandano and Tomassetti 2022; Bosellini et al. 2022;
Briguglio et al. 2024).

The paleogeographic setting of the Ligurian Alps (Italy)
and the Provengal Domain (Géze and Nestéroff 1968; Lan-
teaume 1968; Lemoine et al. 1986; Ford et al. 2006; de Gra-
ciansky et al. 2010; Giammarino et al. 2010; Dallagiovanna
et al. 2012a; Seno et al. 2012; Decarlis et al. 2014) provides
extended sedimentary successions where it is possible to
observe and study the resilience of micro- and macrofauna
to Middle Eocene climatic perturbations.

This study aims to describe the paleoenvironmental
development of the Bartonian deposits in the Olivetta San
Michele section, with special emphasis on (1) the analysis
of paleoecological parameters such as diversity and domi-
nance, (2) the climatic influence exerted on specific taxa, and
(3) the data retrieved from both the biota observed at out-
crop scale and the one recorded in thin sections. With these
aims, our goal is to describe in detail the sedimentary and
ecological development of the early stages of the drowning
of a middle Eocene ramp. The early stages of ramp drown-
ing may vary rapidly along a sedimentary succession as the
result of shifting ecological gradients; ecological niches for
specific organisms may have a relatively short occurrence
along the profile yet provide valuable insights on the evolu-
tionary stages of the drowning. The integration of observa-
tions on macro-, microfacies, and trace fossils allowed us to
reconstruct the paleoenvironmental succession.

Geological setting and studied section

The studied section is in the westernmost part of Ligu-
ria (Italy), which is part of the Provencal Domain
(43°52.78140'-7°31.97550'"; Fig. 1a, b). The Olivetta San
Michele (Olivetta SM) section crops out along the east-
ern limb of the syncline of Piene—Olivetta SM (between
the villages of San Michele and Olivetta, Imperia prov-
ince, W Liguria; Fig. 1c¢) and represents a good exposure

of the Meso—Cenozoic cover of the southern Dauphi-
nois—Provencal Domain (European plate) involved in the
Pyrenean—Provencal and Alpine orogenic events (Cre-
taceous—Oligocene), in the deformations related to the
anticlockwise rotation of the Corsica—Sardinia Block
(Miocene) and, finally, in the Pliocene to Recent exten-
sional faulting (Geze and Nestéroff 1968; Geze et al. 1968;
Lanteaume 1968; Lemoine et al. 1986; Ford et al. 2006;
de Graciansky et al. 2010; Giammarino et al. 2010; Dal-
lagiovanna et al. 2012a, b; Seno et al. 2012; Decarlis et al.
2014; Morelli et al. 2022).

Across the latest Cretaceous to early Paleogene, the
Pyrenean—Provencgal orogeny uplifted the southern Proven-
cal Domain, which emerged and was exposed to a strong
erosional event that produced a widespread unconformity
at the top of the Upper Cretaceous deposits (Lanteaume
1968; Apps et al. 2004; de Graciansky et al. 2010; Giam-
marino et al. 2010; Dallagiovanna et al. 2012a, b; Seno et al.
2012; Marini et al. 2022; Briguglio et al. 2024). During the
Eocene, the thrusting of the Ligurian Alps orogenic wedge
onto this part of the European plate caused this domain to
evolve into a foredeep basin, with a basin-fill succession
unconformably deposited upon Upper Cretaceous depos-
its and characterized by shallow-water limestones grading
to deep-water marls covered by siliciclastic turbidite sedi-
ment. This stratigraphic succession is known as Boussac’s
trilogy or Sinclair’s trilogy (Boussac 1912; Lanteaume 1968;
Campredon 1977; Sinclair 1997; Varrone 2004; Giammarino
et al. 2009, 2010; de Graciansky et al. 2010; Dallagiovanna
et al. 2012a, b; Perotti et al. 2012; Seno et al. 2012; Maino
and Seno 2016; Mueller et al. 2020; Marini et al. 20222022).

In the study area (Fig. lc, d), the stratigraphic section is
composed of (a) marls and marly limestones (Trucco Forma-
tion; Campanian—lower Maastrichtian); (b) Microcodium-
rich, burrowed marls with grayish to reddish patches and
minor conglomerates (Microcodium Formation; generally
referred to the upper Lutetian or lower Bartonian); (c) fine
to coarse grained siliciclastic, mixed, and carbonate deposits
of shallow-marine environment (Capo Mortola Calcaren-
ite; upper Lutetian—lower Bartonian); (d) hemipelagic silty
marls and marls (Olivetta San Michele Silty Marl; Barto-
nian—lower Priabonian); (e) siliciclastic turbidite deposits
(Ventimiglia Flysch, upper Bartonian—lower Priabonian)
(Lanteaume 1968; Sturani 1969; Campredon 1977; Pasquini
et al. 2001; Varrone 2004; Varrone and Clari 2003; Giamma-
rino et al. 2009, 2010; Dallagiovanna et al. 2012a, b; Seno
et al. 2012; Perotti et al. 2012; Maino and Seno 2016; Bran-
dano 2019; Mueller et al. 2020; Coletti et al. 2021; Marini
et al. 2022; Briguglio et al. 2024).

The Olivetta SM section here presented, due to the con-
tinuous presence and abundance of Nummulites perfora-
tus and N. puschi, is assigned to the shallow benthic zone
(SBZ) 17 (lower Bartonian) according to the biostratigraphic
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scheme by Serra-Kiel et al. (1998), with updates by Papaz-
zoni et al. (2017).

Material and methods

In this study, a total of 188 m of sedimentary succession
was studied (Fig. 2a, b); it is part of a 230-m-long profile
that starts from the Microcodium Formation and covers the
entire Capo Mortola Calcarenite Formation. The succession
here presented starts after the 13.7-m-thick vegetation cover
hiding the contact between the two formations.

Macrofacies analysis was made with observation directly
in the field (Fig. 3) at one-meter intervals: each observa-
tion point includes abundance data (0: absent; 1: common;
2: abundant) for all visible macrofossils and the lithology
by using the classification scheme by Grabau (1904) and
Fliigel (2012). For this classification, only the size of the
components of carbonate rocks (regardless of their origin)
is considered for limestones, defining three classes: cal-
cisiltite, calcarenite, and calcirudite. If fossil content is pre-
sent, they are named biocalcisiltite, biocalcarenite, and bio-
calcirudite. Throughout the entire section, five main types
of macrofossils were observed: larger benthic foraminifera
(almost exclusively nummulitids), gastropods, oysters, other
bivalves, and corals (Figs. 2a, b, 3; see Supplementary
Table S1 for the entire dataset).

For microfacies investigation, a total of 57 rock samples
(from OL-15 to OL-77) were collected (Fig. 2a, b). Two rock
thin sections per sample were prepared and analyzed using a
custom-made Optech GZ808 optical stereomicroscope; pho-
tos were taken with a Delta Pix by Invenio (model 6EIII)
digital camera. Textures were classified following Dunham
(1962), and biogenic components were identified at the most
accurate taxonomic level possible (genera).

The following parameters have been estimated on all
thin sections (Supplementary Table S1) and parametrized
to finite numbers: (1) matrix percentage (following Folk
1959) (0: 0%; 1: 1-10%; 2: 11-50%; 3:>50%); (2) grains
roundness and grain sorting (0: poor; 1: well; 2: very well);
(3) grain size (0: fine; 1: medium; 2: coarse); (4) presence
of quartz, glauconite, and organic matter (0: absent; 1: com-
mon; 2: abundant); (5) taxonomic diversity including num-
mulitids (separating Nummulites and Assilina), orthophrag-
mines, smaller benthic foraminifera, planktonic foraminifera,
mollusks, corals, echinoderms, and worm tubes (0: absent;
1: common; 2: abundant); and (6) special features such as
diagenesis, bioturbation, deformation, and transport evi-
dence (0: absent; 1: common; 2: abundant).

This dataset was used to build a cluster analysis using
Ward’s algorithm (Ward 1963) to statistically discriminate
the different macro- and microfacies. Pearson’s correlation
coefficient, calculated for both macrofacies (0.7014) and
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microfacies (0.7305), indicates significant clustering within
the studied data. Clusters were then used to differentiate the
evolution of the sedimentary environment along the strati-
graphic sections (Fig. 4). All statistical data treatment was
processed by PAST software v.4.1 (Hammer et al. 2001).

Following the multidisciplinary workflow of Crippa et al.
(2018), we integrated sedimentology and body fossil paleon-
tology with ichnological analysis. For the vertical exposures
of the Olivetta SM section, the application of the ichnofabric
approach was used, placing particular emphasis on those tex-
tural aspects that arise from biological reworking, i.e., ichno-
fabrics (Ekdale and Bromley 1983; Taylor et al. 2003). The
ichnofabric analysis method is comparable to facies analysis
(Mcllroy 2008). Each of the stratigraphic intervals studied
for ichnofabrics (sample) was approximately 50 cm to 100
cm thick. Each sample was attributed to an ichnofabric class
based on (1) degree of bioturbation, quantified as percent
of bioturbated area (Knaust 2021); (2) components of the
ichnofabric, including either distinct trace fossils or biode-
formational structures with indistinct outlines (Taylor et al.
2003; Wetzel and Uchman 1998); (3) diversity, i.e., the num-
ber of ichnotaxa present; and (4) distribution of bioturbation
at the sample scale (Supplementary Table S1). Following
standard ichnological practice (Bromley 1996; Taylor et al.
2003; Gingras et al. 2011, 2015; Knaust 2017), relative
abundance, burrow size, tiering, trace fossil frequency, and
primary sedimentology have also been observed.

Results
Macrofacies analysis (outcrop observation)

The Capo Mortola Calcarenite Formation is mainly char-
acterized by two lithotypes: limestone (calcisiltite—biocal-
cisiltite, calcarenite—biocalcarenite, and calcirudite—biocal-
cirudite) and marl, as observed in the outcrop (Fig. 2a, b;
Table 1 and Supplementary Table S1). Throughout the first
half of the succession (42—-195.75 m), a general gradation
in grain size from calcisiltite to calcirudite is recorded. The
upper part (195.75-215.5 m) is made of a marly succession
with intercalated calcisiltite and calcarenite beds.

The macrofacies cluster analysis separates two major
clusters: macrofacies A (MA) and macrofacies B (MB)
(Figs. 2a, b, 4a; Table 1 and Supplementary Table S1).

Macrofacies A is characterized by intervals without
visible nummulitids, and it is subdivided into three sub-
facies: (1) MA1 represents intervals where fossils are not
recorded (barren); (2) MA2 is marked by a slight increase
in abundance of corals, gastropods, and bivalves; (3) MA3 is
characterized by higher diversity where gastropods, corals,
bivalves, and oysters are common.
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Table 1 Lithological description of the Olivetta San Michele section with the fossil content recorded in outcrop and thin sections

Olivetta section

Interval Total Layer Lithology Fossil content
Thickness Thickness - -
(m) (m) Outcrop Thin Section
T7 40.00 7.25 Biocalcarenite Not recorded Nummulites, many orthophragmines, Assilina,
SBF, PF, worms tubes
2.00 Biocalcarenite  Nummulitids N.a
2.75 Biocalcarenite Nummulitids Nummulites, many orthophragmines, Assilina,
SBF, PF, corals, worms tubes
2.50 Biocalcarenite Nummulitids Many Nummulites, orthophragmines, Assilina,
SBF, PF
1.00 Biocalcisiltite Nummulitids Assilina, SBF, PF
4.75 Marl Not recorded Nummulites, Assilina, SBF, PF
1.00 Calcarenite Not recorded Nummulites, many orthophragmines, Assilina,
SBF, PF, mollusks
3.00 Marl Not recorded Nummulites, orthophragmines, Assilina, SBF,
PF, mollusks
2.25 Biocalcisiltite  Gastropods, bivalves, corals Nummulites, orthophragmines, Assilina, SBF,
PF, mollusks
5.75 Marl Not recorded Assilina, SBF, PF
0.75 Biocalcisiltite  Gastropods, bivalves, corals Assilina, SBF, PF, mollusks, worms tubes
0.75 Biocalcarenite Gastropods, bivalves, corals Nummulites, orthophragmines, PF, mollusks
0.50 Marl Not recorded N.a
3.50 Biocalcisiltite  Gastropods, bivalves, corals Nummulites, SBF, PF
2.25 Calcisiltite Not recorded Nummulites, Assilina, SBF, PF, worms tubes
T6 37.00 1.50 Biocalcarenite Nummulitids Nummulites, many Assilina, SBF, PF, mol-
lusks, echinoids, worms tubes
21.00 Biocalcarenite Nummulitids, gastropods, bivalves, corals Nummulites, orthophragmines, SBF, PF, mol-
lusks, echinoids, worms tubes
14.50 Biocalcarenite Gastropods, bivalves Nummulites, orthophragmines, Assilina, SBF,
mollusks, worms tubes
TS5 23.50 3.50 Calcarenite Not recorded Nummulites, orthophragmines, SBF, PF, mol-
lusks, echinoids, worms tubes
20.00 Calcarenite Not recorded Nummulites, PF, mollusks
T4 18.50 5.00 Biocalcarenite Many gastropods, many oysters, bivalves, Nummulites, orthophragmines, Assilina, SBF,
corals PF, mollusks
1.00 Biocalcisiltite Many gastropods, bivalves, corals PF
6.00 Biocalcarenite Many gastropods, many oysters, bivalves, Nummulites, orthophragmines, Assilina, SBF,
corals PF, mollusks
6.00 Biocalcisiltite Many gastropods, progressive increase in Nummulites, orthophragmines, Assilina, SBF,
oysters abundance, many bivalves, corals mollusks, echinoids
0.50 Marl Not recorded N.a
T3 8.00 8.00 Biocalcisiltite Very rare nummulitids, many gastropods, Nummulites, Assilina, SBF, PF, mollusks,

bivalves, corals

corals
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Table 1 (continued)

Olivetta section

Interval Total Layer Lithology Fossil content
Thickness Thickness o Thin Sectl
(m) (m) utcrop in Section
T2 31.50 1.25 Biocalcisiltite Progressive reduction of nummulitids abun-  Assilina, PF
dance
1.25 Biocalcisiltite Progressive reduction of nummulitids abun- ~ Nummulites, orthophragmines, Assilina, SBF,
dance mollusks, worms tubes
15.50 Biocalcirudite Many nummulitids, corals Many Nummulites, orthophragmines, Assilina,
SBF, corals, echinoids
2.50 Biocalcarenite Many nummulitids Nummulites, echinoids
0.50 Biocalcisiltite Many nummulitids Nummulites, mollusks
0.50 Marl Not recorded N.a
0.50 Biocalcisiltite Many nummulitids N.a
0.50 Marl Not recorded N.a
0.50 Biocalcisiltite Many nummulitids N.a
6.50 Biocalcisiltite Many nummulitids N.a
2.00 Biocalcisiltite Reduction of nummulitids abundance Many Nummulites, orthophragmines, Assilina
T1 29.50 5.00 Biocalcirudite Many nummulitids, progressive reduction of ~ Many Nummulites, orthophragmines, SBF, PF,
gastropods and bivalves abundance, corals mollusks, echinoids
0.25 Marl Not recorded N.a
3.50 Biocalcisiltite Many nummulitids, gastropods, bivalves, Many Nummulites, orthophragmines, Assilina,
corals SBF, PF, mollusks, echinoids
6.25 Biocalcarenite Nummulitids, gastropods, bivalves, corals Many Nummulites, orthophragmines, Assilina,
worms tubes
1.50 Calcisiltite Not recorded Not recorded
4.50 Biocalcisiltite Progressive reduction of nummulitids abun- ~ Many Nummulites, orthophragmines, Assilina,
dance, gastropods, bivalves, corals mollusks, worms tubes, SBF
7.50 Biocalcarenite Variations of nummulitids abundance, gastro- Many Nummulites, orthophragmines, mollusks
pods, bivalves, corals
1.00 Calcisiltite Not recorded Not recorded

Microfacies analysis (thin sections)

Two main clusters are recognized (interpreted as microfacies
mA and mB), subdivided into eight subfacies (Figs. 2a, b,
4b, 5; Table 1; Supplementary Table S1).

Microfacies mA1 (Fig. 5a): mudstone with scarce bio-
genic content (< 10%) composed of Nummulites, Assilina,
smaller benthic foraminifera (SBF), and planktonic
foraminifera. Most of the samples referred to this microfa-
cies are recorded at the top of the section. The siliciclastic
content consists of well-sorted but rare quartz grains.

Microfacies mA2 (Fig. 5b): mudstone with scarce bio-
genic content, such as Nummulites and mollusks, with no
additional taxa. The siliciclastic content is marked by very
fine-to-fine, well-sorted quartz grains.

Microfacies mA3 (Fig. 5c): bioclastic wackestone con-
taining Nummulites and mollusks, and very rare Assilina,
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orthophragmines, planktonic foraminifera, and echinoids.
It contains siliciclastic components as well-sorted quartz
grains, except in sample Ol-38].

Microfacies mB1 (Fig. 5d): bioclastic wackestone charac-
terized by a high diversity of fauna, especially larger (Num-
mulites and Assilina) and smaller foraminifera. A silici-
clastic component of moderately to well-sorted quartzose
fraction is observed.

Microfacies mB2 (Fig. 5e): bioclastic wackestone with
unsorted bioclasts. A siliciclastic fraction, such as unsorted
quartz grains, is also present. This microfacies is character-
ized by the occurrence of orthophragmines and the absence
of Assilina, in contrast with microfacies mB1.

Microfacies mB3 (Fig. 5f): bioclastic wackestone charac-
terized by unsorted grains and diverse fauna such as Num-
mulites and Assilina. Fine to medium, well-sorted quartz
grains constitute the siliciclastic fraction.
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Fig.5 Photos of the Bartonian microfacies recorded in the Olivetta
San Michele section. a microfacies mA1 (sample OL-66); mudstone
with Nummulites. b microfacies mA2 (sample OL-47); mudstone
with bioturbation. ¢ microfacies mA3 (sample OL-46); wackestone
with Nummulites. d microfacies mB1 (sample OL-58); wackestone
with Nummulites and Assilina. e microfacies mB2 (sample OL-48);

wackestone with Nummulites, mollusks and serpulids. f microfacies
mB3 (sample OL-57); wackestone with planktonic foraminifera (PF).
g microfacies mB4 (sample OL-30); packstone with Nummulites and
orthophragmines. h microfacies mB5 (sample OL-73); packstone
with mollusks, orthophragmines, and small benthic foraminifera
(SBF)
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Microfacies mB4 (Fig. 5g): moderately sorted bio-
clastic packstone rich in biogenic components (mainly
orthophragmines and Nummulites). Within the siliciclas-
tic component, there are well-sorted quartz grains.

Microfacies mB5 (Fig. 5h): bioclastic packstone char-
acterized by Nummulites, Assilina, orthophragmines,
and small benthic and planktonic foraminifera, except in
sample OL-52. This packstone also contains unsorted,
rounded to sub-angular bioclasts and fine to medium
quartz grains.

Fig. 6 Ichnofabrics of the Olivetta San Michele section. a ‘Coarse-fill
burrows’ IF displaying erosive surface (Er) and passively filled bur-
rows (Bu). b ‘Coarse-fill burrows’ IF showing numerous passively
filled burrows (Bu) and a gastropod (Ga) in a hydrodynamically sta-
ble position. ¢ ‘Nummipera’ IF with a large, armored burrow (Ar).
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Ichnofossil analysis

The samples of the Olivetta SM section have been attributed
to 5 ichnofabric (IF) classes, which were named according
to the dominant feature and traces. This section describes
the major characteristics of each IF class, placing particular
emphasis on the degree of bioturbation, the components of
the ichnofabric, and the representative intervals of occur-
rence that are attributable to a specific IF class. When pos-
sible, ichnotaxa have been identified at the ichnogenus or
ichnospecies level, while open nomenclature is used when
precise identification is not possible (Fig. 6).

d ‘Planolites’ IF consisting of a Planolites-rich horizon (Pl) sand-
wiched between more homogeneous horizons. e Detail of the ‘Plano-
lites’ IF showing large specimens of Planolites. The interval with the
Planolites TF (P1) overlies an interval with the structureless A IF
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‘Coarse-fill burrows’ IF

This ichnofabric occurs in two lithologies, biocalcirudite (from
85 to 95 m) and biocalcisiltite (from 111.50 to 115 m), respec-
tively. It is visually dominated by vertical and oblique burrows
that are unlined and filled with sediment. The ichnofabric-
forming burrows project from the erosive base of the calcar-
enite layers into the underlying marl layers (Fig. 6a), where
they crosscut the actively filled layers of the Planolites IF. The
ichnofabric is often associated with gastropods in a hydrody-
namically stable position (Fig. 6b). The bioturbation intensity
ranges from low (percent bioturbated area: 5-10%) to high (up
to 80%) (Supplementary Table S1). The burrows are I, J, and
U shaped, but the predominantly vertical exposures prevent a
more detailed ichnotaxonomic attribution. These ‘coarse-fill
burrows’ are usually preserved as hyporeliefs at the base of
biocalcirudite and biocalcisiltite layers.

Nummipera IF

The ichnofabric is characterized by sparse specimens of Num-
mipera eocenica superimposed on a thoroughly bioturbated
background (percent bioturbated area > 80%). The Nummipera
IF is associated with biocalcarenites and biocalcisiltites with
abundant Nummulites, which compose the wall of Nummipera
and associated oblique burrows (Fig. 6¢). Bioturbation inten-
sity is homogeneously distributed at the sample scale.

Planolites IF

The ichnofabric consists of horizontal unlined burrows pre-
senting an infill that is darker than the surrounding matrix
(Planolites beverleyensis; Fig. 6d). The intensity of bioturba-
tion ranges from low (percent bioturbated area < 20%) to high
(percent bioturbated area>80%) (Supplementary Table S1).
At the sample scale, bioturbation intensity is homogeneously
distributed, but at finer scales of observation, it is frequently
(but not exclusively) heterogeneous. Specifically, centimetric
horizons with numerous Planolites alternate with horizons
with few distinct traces (Fig. 6e), showing a regularly hetero-
geneous distribution of bioturbation. More rarely (e.g., inter-
val 60—65 m), Planolites-rich layers alternate with laminated
horizons.

Structureless A IF

Structureless A IF is recorded in diverse lithologies (bioc-
alcarenite, biocalcisiltite, and marl) without distinct physi-
cal or biogenic structures. Isolated Planolites and rare
backfilled burrows (Taenidium) are documented (e.g., in
the interval between 175 and 180 m). Upward transitions

from the structureless A IF to the Planolites IF are com-
monly observed in the stratigraphic intervals 175-185 m and
210-215 m. The transition is gradual and does not involve
abrupt lithofacies changes (Fig. 6e).

Structureless B IF

Massive biocalcisiltite, biocalcarenite, and biocalcirudite
are rich in gastropods (Fig. 3d) and fragmented bivalves
(Fig. 3e). Faint traction laminae and erosive surfaces are
occasionally documented. Distinct trace fossils are very
rarely observed and consist of vertical J-shaped burrows and
Planolites-like traces. The outcrop conditions preclude more
precise ichnotaxonomic analysis.

Discussion
Paleoecological implications

The Olivetta SM fossil assemblages add an important paleo-
ecological and paleoenvironmental component to our knowl-
edge of this succession. As suggested by the distribution of
the fossils and the sedimentology in the sampled section,
the assemblages contain typical elements of shallow-water
depositional systems (Figs. 2a, b; 6). The biota recorded in
the Olivetta SM section, both micro- and macrofauna (larger
and smaller foraminifera, mollusks, corals, echinoids, and
calcareous worm tubes), are characterized by different life
strategies and trophic regimes that are indicative of specific
habitats.

The symbiont-bearing larger benthic foraminifera (LBF)
play an important role in interpreting the depositional envi-
ronments as they are, in several horizons of the investigated
successions, extremely abundant at both the outcrop and thin
section scales, dominating the foraminiferal assemblages.
Large, flat, thin-shelled LBF are best adapted in an oligo-
trophic, low-energy environment and can thrive with very
low irradiation (Hottinger 1983; Hallock and Glenn 1986;
Eder et al. 2016, 2017, 2018); inflated and giant LBF tests
are instead interpreted as adapted to shallower habitats with
higher hydrodynamic energy, much closer to the coastline,
and with irradiation possibly oscillating due to unstable
trophic conditions (Hallock and Glenn 1986; Seddighi et al.
2015; Briguglio et al. 2017; Goeting et al. 2018).

Among the entire LBF community observed, the most
abundant are the species belonging to the genus Nummu-
lites, which seem to be relatively diverse and extremely
abundant in some levels of the succession. The most com-
mon species is N. perforatus, followed by N. striatus, N.
puschi, and N. beaumonti. These taxa are either very large
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and inflated (the N. perforatus group) or thin and flat (V.
puschi). Their presence is therefore a clear indication of
the shallow-water character of the depositional environ-
ment, with oscillating trophic conditions at the seafloor
that did not always permit the establishment of a strictly
oligotrophic fauna.

Mollusks are recorded both on outcrop surfaces and in
thin sections with two taxa: gastropods (Turritellidae) and
bivalves (Cardiidae, Ostreidae). Turritellidae thrive both in
shallow and deep waters (0—1500 m) under normal marine
salinity; nevertheless, some species are able to inhabit brack-
ish and estuarine environments (Allmon 1988; Martinius
1995). They are infaunal, semi-infaunal, or epifaunal sus-
pension feeders and herbivores (Allmon 1988). Turritellids
are common throughout the section and occur in different
sizes; sporadically, they seem to be deposited with imbri-
cated geometries indicating entrainment on the seafloor.
Specimens of the family Cardiidae are also common in the
Olivetta SM section: they inhabit preferably muddy and
sandy bottoms and burrow just below the surface (shallow
infaunal conditions), thriving in shallow to deep waters
(Cossignani and Ardovini 2011; Moussavou 2015). The
occurrence of Cardiidae in deeper water is dependent on
light penetration because they are substrate sensitive and
photosensitive and can only inhabit clear water (Martinius
1995). The trophic strategy is associated with suspension-
feeding organisms for which organic matter in suspension is
available (Moussavou 2015).

Ostreids only occur at specific horizons
(111.50-129.50 m; Fig. 2a) and appear suddenly and abun-
dantly; their size ranges between 10 and 20 cm. They are
all laying horizontally on the bed surface, none seems to be
vertically stacked among others, and they do not show signs
of transport (Fig. 3g, h). Oysters inhabit coastal, shallow-,
and deep-shelf marine environments in salty or brackish
coastal waters. They have the capacity to adapt both to hard
and soft substrates and are filter feeders (Machalski 1998;
Toscano et al. 2018).

Scleractinian corals are recorded in low abundance in
almost the entire section. They thrive mainly in shallow
waters, and solitary scleractinian corals can partially with-
stand turbidity and enhanced sedimentation under constant
terrigenous input (Sanders and Baron-Szabo 2005).

Serpulids and echinoids are rare in the studied section,
the former being only recorded in thin sections. Calcare-
ous worm tubes belong to serpulids (Ditrupa) inhabiting
soft sediments on the continental shelf, and their mode of
feeding may vary from filter to deposit feeders (Sanfilippo
1999; Hartley 2014). Serpulids are rare in the first meters
of the Olivetta SM section, but they become more common
in the upper part of the succession. Echinoids inhabit shal-
low water as epibenthic grazers (herbivores), preferably on
sandy or limy bottoms (Mancosu and Nebelsick 2020). The
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presence of echinoids is sporadic and scarce in the Olivetta
SM section. The spines recorded in thin sections might indi-
cate that they belong to regular echinoids.

Paleoenvironmental reconstruction
of the Olivetta SM section

Based on the data retrieved from macrofacies, microfacies,
the paleoecological constraints of all retrieved taxa, and all
ichnofabrics identified, a subdivision of the stratigraphic
section into seven paleoenvironmental intervals is proposed
(T1-T7; Figs. 2a, b; 7, 8).

The abundance of nummulitids increases from T1 to T2,
and it is here interpreted as the emerging dominance of a
very well-suited taxon in a depositional environment that
fits its physiological needs: i.e., within the photic zone and
with gently agitated waters. Nummulitids are photosymbi-
ont-bearing protists that need to live on an irradiated seafloor
to permit photosynthetic activity in their symbionts (e.g.,
Hottinger 1983; Hohenegger et al. 2019). They may domi-
nate relatively quickly over the other autotrophic taxa, and
this is evident between intervals T1 and T2. The demise of
suspension-feeder mollusks (turritellids and cardiids) is here
interpreted as the consequence of the ecological dominance
of nummulitids that tend to saturate substrate availability,
rather than invoking a possible reduction of suspended mate-
rial supply. Ecological conditions seem to point to normal
marine salinity conditions and a possible water depth limited
to the first 30 m in the absence of high hydrodynamic energy.
The presence of Nummipera eocenica in the intervals T1
and T2 plausibly corresponds to the onset of a deepening
trend because this ichnotaxon is frequently associated with
early transgressive conditions (Jach et al. 2012; Mendoza-
Rodriguez et al. 2020).

During interval T3, nummulitic tests become rarer and
display a strong size reduction; in contrast, corals and mol-
lusks, which are very rare to absent in T2, appear again and
occur in relatively high numbers. This variation is due to an
increase in sedimentation and water turbidity that might have
favored suspension feeders and grazers (gastropods) against
autotrophic organisms. The estimated water depth is about
30-40 m, a depth that, in case of enhanced turbidity, easily
wipes out most of the LBF communities (Beavington-Pen-
ney et al. 2006; Tomassetti et al. 2016; Coletti et al. 2021).

During the interval T4, mollusks become dominant,
and an increasing dominance of oysters is seen at out-
crop scale. A possible explanation for such a sudden
abundance could be associated with increased nutrient
input and reduced salinity due to enhanced continental
runoff. This is corroborated by the shift in the granulom-
etry from fine to medium (wackestone). Similar events of
oyster mass occurrences are described for the Cretaceous
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«Fig. 8 Paleoenvironmental evolution of the carbonate ramp at the
Olivetta San Michele section, showing the benthic and planktonic
communities in the different intervals of time (from T1 to T7) during
the Bartonian

of west-central Argentina (Toscano et al. 2018). The ich-
nofabrics in this interval represent a pre-depositional suite
of trace fossils, i.e., the burrows formed prior to event
deposition (Uchman and Wetzel 2012). The top of this
interval is characterized by Planolites IF, which reflects
increasing sedimentation rates and commonly indicates
fluctuations in oxygen and nutrient contents. The inferred
water depth of T4 might still fit at a similar level as previ-
ously proposed (interval T4; Figs. 7, 8).

The interval T5 is characterized by the sudden disap-
pearance of all body and trace fossils; the only occurrences
seen in the thin sections consist of rare small LBF tests and
mollusk fragments. This nearly barren condition is difficult
to explain, as organisms should be thriving both on and
beneath the seafloor in shallow-water settings. Enhanced
sedimentation as well as hypoxic conditions in bottom
waters should not be considered because such intervals
enhance the preservation of pelagic and planktonic fauna
that settles to the seafloor in the absence of scavengers and
bioturbators (e.g., Savrda and Bottjer 1991; Wilby et al.
2004; Smith and McGowan 2008). Thus, a possible expla-
nation could be linked to intense hydrodynamic conditions
at the seafloor with still enhanced turbidity in the top layers
of the water column; this might strongly affect the benthic
community, removing all eventually available taxa from that
portion of the seafloor. We assume that the river's frontal
position favored an increased supply of terrigenous mate-
rial, displacing all taxa out of the area and causing a bar-
ren scenario (interval T5; Figs. 7, 8). Possible variation in
salinity produced by riverine supply may be considered a
stressful factor for the biota, as recorded in this interval (e.g.,
Tomanek 2014).

This scenario changes completely in interval T6, where
both micro- and macrofauna (diverse LBF taxa, gastro-
pods, corals, SBF, and PF) are recorded again in the sedi-
mentary succession. LBF tests are commonly dispersed
in the matrix, but sporadically they are accumulated in
irregular patterns, as is typical for the effects of sediment
bioturbation. In a few cases, iso-oriented tests may indi-
cate a mild seafloor current and the traction carpet effect
(Racey 2001; Gingras et al. 2011, 2015; Kovecsi et al.
2022). Such evidence fits with an active deltaic system
where hyperpycnal flows may have similar impacts on sea-
floors rich in nummulitic tests or may be the consequence
of subtidal currents that have similar effects (interval T6;
Figs. 7, 8). The sea floor must have been again favorable
for a new development of the fauna, but the water depth
must have become much deeper within the photic zone,

which in this scenario could have been placed at 50 to 60
m of water depth, as evidenced by the presence of thin and
flat Assilina without other LBF (Hottinger 1983; Coletti
et al. 2021).

The interval T7 is characterized by an alternation of
calcisiltite, biocalcisiltite, calcarenite, and biocalcarenite
beds with several marly horizons. Biocalcisiltite and bio-
calcarenite beds have erosive basal contacts and are rich
in LBF tests, mostly broken or abraded, thus making them
almost nummulithoclastic deposits, here interpreted as
high-energy transportation events. These events displaced
LBF tests, coming from the more proximal portion of the
ramp, into a much deeper setting (interval T7; Figs. 7, 8).
The marly sediments are rich in pelagic and planktonic
organisms and are therefore interpreted as background
sedimentation in deeper and calmer depositional settings.

Trace fossils that are produced very close to the sedi-
ment surface tend to be preserved only when they are
partly scoured and cast (Uchman and Wetzel 2012); there-
fore, the absence of the ‘coarse-fill burrows’ IF suggests
that gravity flows were weaker and therefore more distal.
Consequently, they might have had not enough energy to
preserve shallow-tier burrows, thus confirming the deepen-
ing trend suggested by body fossils and sedimentological
features (Ferrando et al. 2021) (interval T7; Figs. 7, 8).

The presence of repeated gravity flows may have been
favored by global climatic and environmental variations that
are well known through the MECO (Zachos et al. 2001): in
fact, the sudden increase in temperature could have enhanced
precipitations and the hydrological cycle with consequences
on the terrigenous flow, as seen already in different basins
of the NW Tethys (Held and Soden 2006; Chou et al. 2013;
Marvel and Bonfils 2013; Baatsen et al. 2020). This climate
variation is known to have caused an alternation between
arid and humid conditions, which seems typical of the
MECO (e.g., Turkey: Rego et al. 2018; Spain: Peris Cabré
et al. 2023; Tunisia: Messaoud et al. 2023; Italy: Gandolfi
et al. 2023; Briguglio et al. 2024). In shallow-marine set-
tings, the prolonged warming of the atmosphere and ocean
system triggered sediment production despite the underly-
ing transgressive phase, thus registering variations in ter-
rigenous supply along the Provengal Domain (Giammarino
et al. 2009; Dallagiovanna et al. 2012a, b). The MECO event
coincides with the drowning of the Eocene ramp, which is a
regional event in NW Tethys that correlates with the Franco-
Italian Maritime Alps and eastern Switzerland sections
(Sayer 1995; Sinclair et al. 1998; Allen et al. 2001; Varrone
and Clari 2003; Gandolfi et al. 2023). The rapid subsidence
of the basin is not only the most important factor that favored
the regional drowning ramp, but also the increase in nutrient
supply might reduce the productivity of the carbonate ramp
because of the renewal of terrigenous input into the distal
part of the basin (Hallock and Schlager 1986; Sayer 1995).
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Conclusions

The studied sedimentary succession of Olivetta SM is char-
acteristic of a carbonate ramp that formed during the middle
Eocene (Bartonian) in the western Tethys, representing a
transgressive phase of the basin in the Provengal Domain.

The lower part of the Olivetta SM section is dominated
by photosymbiont-bearing organisms that indicate high irra-
diation and low turbidity in the water column with minimal
disturbance by the deltaic system. Gradually, the increase in
the terrigenous input firstly favored the proliferation of the
filter feeders, then produced a barren interval. Toward the
top of the section, the MECO event is registered and can be
recognized as an alternation of gravity flows, with a higher
diversity of organisms (including LBF) and silty marls,
which are barren of macrofossils but rich in foraminifera,
especially planktonic.

The retrieved data have shown with high resolution how
environmental changes had a direct impact on the benthic
community of the NW Tethys: the constant enhancement of
riverine inputs that supplied nutrients increased water tur-
bidity and reduced the penetration of solar radiation. These
factors, coupled with the general transgressive trend, led to
the complete collapse of the benthic carbonate producers.
The MECO event in shallow-water sediments does not imply
a significant increase in temperature as it does in deeper
settings, but it still had a major impact on the benthic com-
munity as it triggered precipitations and thus increased the
sedimentation rate.

We recognize that identifying global climatic events in
shallow-water deposits seems much harder than in deeper
settings; only a combination of different field data may shed
light on the event occurrence and its effect on the biota.
Microfacies analysis, outcrop scale observation, and ichno-
fabric distribution have proven to be robust enough to accu-
rately describe the effect of MECO on the biota in a shallow-
water depositional scenario. This opens new research goals
and perspectives because shallow-water settings are those
more affected by the ongoing climatic perturbation, and
more data are needed from the fossil record during climatic
analogs, especially in the Cenozoic.
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