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Abstract. High-resolution lithology, fossil content, ichnofabrics, and spectral gamma-ray emissions are studied
in the Capo Mortola section in the Liguria region (NW Italy), correlating it with other middle Eocene (Bartonian) sec-
tions in the same region. The succession unconformably ovetlies Upper Cretaceous open-marine deposits and records
a deepening trend on a carbonate ramp during the middle Eocene. Six different microfacies have been recognized,
recording the variation in fossil content, especially in the larger benthic foraminiferal assemblages, and lithology, which
indicate a deepening trend in the succession. The variation in Th/U ratios, measured by gamma ray emissions along
the section, allows for differentiation of oxidizing, normal, and reducing conditions throughout the succession. The
increase in the concentration of Th and K suggests periods of increased terrigenous material, which was supplied
by a fluvial system close to the studied section. In turn, the Th/K ratio shows an alternation between smectite and
kaolinite, which are respectively associated with warm-humid and seasonal humid/dry climates. The upper part of this
section shows the incipient drowning of the ramp, which correlates with nearby studied sections; nonetheless, biotic
components, lithology, and depositional depth differ in all localities due to the specific paleogeographic portion of
the ramp. We were able to identify sectors more prone to seafloor instabilities due to their proximity to the shoreline
and the deltaic influence, whereas others were located considerably deeper or farther out with respect to the input of
deltaic sediments.

INTRODUCTION the abundance and diversity of both meso- to eu-
trophic heterotrophic taxa (such as many smaller

In mixed carbonate-siliciclastic deposits,  benthic foraminifera, oysters, and other bivalves,

the understanding of sediment provenance and  and gastropods) and mainly oligotrophic, mixo- to

depositional rate is crucial, because they control autotrophic taxa (such as corals and larger benthic
foraminifera) that thrive usually in oligotrophic wa-
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Lokier et al. 2009; Moussavou 2015; Toscano et al.
2018).

Seasonal or episodic input of terrigenous
material exerts a control over nutrients and sus-
pended sediment that has a strong impact on the
development of specific ecological niches for a
large variety of taxa. Larger benthic foraminifera
(LBF) host photosynthetic microalgae that are sen-
sitive to seafloor irradiation instabilities, and their
sudden abundance or disappearance along a suc-
cession can be related to a decrease or an increase
in water turbidity (Hallock & Glenn 1986; Egger
et al. 2013; Goeting et al. 2018; Renema 2018). In
mixed carbonate-siliciclastic settings, turbidity can
be triggered by intermittent inputs of siliciclastic
sediments from the hinterland (Hottinger 1983;
Hallock 1985, 2000; Hallock & Schlager 1980).
The sensibility of larger benthic foraminifera to
sea floor irradiation is routinely used as a proxy to
reconstruct the bathymetry and ecological condi-
tions of shallow water successions where they are
abundant, especially during selected time intervals
of the Paleozoic, Mesozoic, and the entire Cenozo-
ic (BEgger et al. 2017; Torres-Silva et al. 2017, 2019).

The Capo Mortola succession records the de-
velopment of a carbonate ramp (Varrone & d’Atri
2007; Brandano 2019; Coletti et al. 2021; Marini et
al. 2022) that underwent drowning and therefore
has the potential to preserve shallow water benthic
taxa as well as planktonic components. Such dep-
ositional scenario can permit the observation of
how different species reacted to local and global
climatic instabilities along an ecological gradient.
Several studies in the region allow us to constrain
the evolution of the carbonate ramp to be detet-
mined in detail, as well as the recognition of specif-
ic biota developments in the drowning system (e.g,,
Coletti et al. 2021; Brandano & Tomassetti 2022;
Briguglio et al. 2024).

The Capo Mortola section was first studied
by Carbone et al. (1980) who recognized different
facies in the carbonate-terrigenous sequence of
the middle Eocene but did not report climate-driv-
en signals. Brandano (2019) described drowning
dynamics in carbonate platforms from several sec-
tions of the Western Ligurian Alps and the Cen-
tral Apennines (Italy), and concisely referred to
the characteristics of the Bartonian Capo Mortola
section to be possibly related to middle Eocene
climatic dynamic. Coletti et al. (2021) reinterpret-
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ed the data of Carbone et al. (1980), providing a
paleoenvironmental reconstructions of the Capo
Mortola and some other sections, with a focus on
terrigenous input and the contribution of coralline
algae, excluding clear evidence of climatic pertur-
bations.

The relationship between the Th/U and
Th/K ratios, derived by spectral gamma-ray anal-
yses, is used to assess depositional environments
and paleoclimate conditions. Due to the strong link
between changes in depositional environments and
sedimentatry processes, the Th/U ratio is a useful
proxy for indicating paleoredox conditions (e.g,
Adams & Weaver 1958; Wignall & Twitchett 1996;
Basu et al. 2009; Kouamelan et al. 2020), and the
Th/K ratio is linked by identifying the dominant
clay minerals, which mirror paleoclimatical vari-
ations (Myers 1987; Myers & Wignall 1987; Bes-
sa 1995; Ruffell & Worden 2000; Gao et al. 2018;
Kouamelan et al. 2020).

The middle Eocene was a transitional in-
terval in the Earth’s climatic history, when global
temperatures underwent considerable changes,
characterized by the beginning of the shift from a
greenhouse to an icehouse climate, the latter estab-
lished in the early Oligocene (Zachos et al. 2008).
This overall cooling trend was interrupted by a
short-lived episode of worldwide warming during
the middle Eocene (Middle Eocene Climatic Op-
timum, MECO). During the MECO, temperature
increased between 3 and 6 °C, as shown by the neg-
ative 8O excursion of about 1%o in marine cat-
bonate sediments. This event lasted 400 kyr, having
its maximum peak about 40 Ma, returning to the
previous conditions (Zachos et al. 2001; Bohaty &
Zachos 2003; Bohaty et al. 2009; Sluijs et al. 2014).

The aims of this study are: (1) to describe
the textural variations of the mixed carbonate-si-
liciclastic deposits, recording their respective mi-
crofacies; (2) to infer the paleoclimate according
to data from the spectral gamma-ray emissions;
(3) to determine the diversity and abundance of
the benthic and the planktonic fauna, along with
ichnofabric characteristics, allowing the identifica-
tion of possible environmental and paleoclimati-
cal changes; and (4) to attempt the correlation of
this mixed carbonate-siliciclastic succession on a
regional scale within the French-Italian Maritime
Alps to observe climatic controls during the deep-
ening trend.



Benthic ecosystem variations along the Middle Eocene Provencal drowning ramp 283

GEOLOGICAL SETTING

The Capo Mortola promontory (43°46'50.5"
N - 7°33'20.8" E) is located just east of the Ita-
ly-France border and flanks the Hanbury Botanical
Gardens (Fig. 1 A, B). Capo Mortola and the related
submarine part of the promontory are included in
the Hanbury Botanical Gardens Regional Protected
Area. The Capo Mortola sedimentary succession is
part of the south-eastern Provencal paleogeograph-
ic domain (Arc de la Roya, Southern Subalpine
Chain, European Plate).

The stratigraphic succession starts with deep
marine marls and marly limestones (Trucco Forma-
tion, Santonian—lower Maastrichtian), unconform-
ably overlain by shallow marine, siliciclastic, mixed,
and carbonate deposits (Capo Mortola Calcarenite
= Nummulitic Limestone, lower Bartonian). A lag
deposit containing extrabasinal clasts and Microcodi-
um fragments marks the basal surface of the Capo
Mortola Calcarenite. The stratigraphic succession
grades upwards to hemipelagic silty marls and marls
with interbedded sandstone beds (Olivetta San
Michele Silty-Marl = Globigerina Matls, Bartonian—
lower Priabonian). These beds are overlain by silici-
clastic turbidite deposits (Ventimiglia Flysch) dated
as late Bartonian—early Priabonian (Brandano 2019;
Coletti et al. 2021; Marini et al. 2022; Briguglio et al.
2024; Arena et al. 2024; Giraldo-Gomez et al. 2024).

The thrusting of the Ligurian Alps orogen-
ic wedge onto the European plate resulted in a pe-
ripheral foreland basin with the deposition of the
Boussac’s marine “Priabonian Trilogy”, named
“Nummulitique” by Lanteaume (1968) and revised
by Sinclair (1997; “Sinclair underfilled trinity”). This
sedimentary succession consists of shallow-water
limestones grading to deep-water marls later cov-
ered by siliciclastic turbidite sedimentation in a
ramp setting (Boussac 1912; Lanteaume 1968; Sin-
clair 1997; Varrone 2004; Giammarino et al. 2009,
2010; de Graciansky et al. 2010; Dallagiovanna et
al. 2012a, b; Marini et al. 2022; Morelli et al. 2022).

The Capo Mortola section was measured
along the western limb of the narrow, non-cylin-
drical syncline of Capo Mortola where the trans-
gressive facies of the Capo Mortola Calcarenite
resting on the weathered marly limestones of the
Trucco Formation are well exposed (Fig. 1 C-F). In
this section, the Olivetta San Michele Silty-Marl is
poorly exposed, whereas the Ventimiglia Flysch and

Microcodium Formation cannot be observed (Geze
et al. 1968; Lanteaume 1968; Carbone et al. 1980;
Dallagiovanna et al. 2012a, b; Coletti et al. 2021).

MATERIALS AND METHODS

For the study of the Capo Mortola section (CM; Fig. 1), a
49.30-m-thick sedimentary succession was measured, and 52 rock
samples (from CMW-1 to CM-48; Fig, 2) were collected. Samples
labeled CMW refer to the lowermost part of the section, which is
exposed along a small beach west of the Capo Mortola promontory,
whereas CM refers to samples collected directly on the promontory
(Fig. 1 B, C, E, E, G, and H).

Lithology was determined using the carbonate classifi-
cation systems of Grabau (1904) and Flugel (2012), identifying at
the outcrop three main granulometric terms: calcisiltite, calcarenite,
and calcirudite. One hundred and nine thin sections were prepared
and analyzed to determine the biogenic, carbonate and siliciclastic
components, as well as the matrix. Thin sections were analyzed on a
custom-made Optech GZ808 optical stereomicroscope, and photos
were taken with a Delta Pix Invenio (6EIII) digital camera.

Microfacies were described according to Dunham’s (1962)
classification, and the biotic components were identified at family
level or higher. Larger benthic foraminifera (LBF) were identified to
genus level when possible. For thin section analysis, the matrix was
estimated using charts that describe the percentage of grains in the
limestones (Baccelle & Bosellini 1965): 1) matrix percentage (0: 0%;
1: 1-10%; 2: 11-50%; 3: >50%); 2) grain roundness and grain sort-
ing (0: poor; 1: well; 2: very well); 3) grain size (see Flugel 2012: 0:
fine; 1: medium; 2: coarse); 4) presence of quartz, glauconite, and
organic matter (0: absent; 1: common; 2: abundant); 5) taxonomic
diversity including nummulitids (separating Nummulites and Assilina),
Opercnlina, orthophragmines, smaller benthic foraminifera, plankton-

ic foraminifera, mollusks, calcareous algae, corals, echinoderms, and
worm tubes (0: absent; 1: common; 2: abundant); and 6) additional
features such as diagenesis (e.g;, cements), bioturbation, deformation,
and transport evidence (0: absent; 1: common; 2: abundant) (See Sup-
plementary material Table S1 for more detail). These data were ana-
lyzed by cluster analysis using Ward’s method (Ward 1963) and the
Past software (Hammer et al. 2001).

LBF are very abundant and visible both on the field and in
thin sections. Among them, nummulitids are the most abundant; they
are mostly recorded in random oblique or axial sections and therefore
they were identified using the taxonomic concepts of Kleiber (1991).
For specimens observed along their equatorial plane, Schaub’s (1981)
monograph was followed.

All samples and thin sections are stored in the collections
of the University of Genova (Dipartimento di Scienze della Terra,
dell’Ambiente e della Vita; DISTAV).

Spectral gamma ray (SGR) was measured along the Capo
Mortola section (sample average distance was 37 cm) using a
Codevintec Gamma Ray Surveyor Vario (VN6 Nal (Ti)). The abun-
dances of uranium (ppm), thorium (ppm), potassium (%), and the
gamma-ray dose rate (DR nGy/h) were measured from 129 detec-
tions (lasting 3 minutes per detection) through the section. Radio-
activity emitted by potassium (K), uranium (U), and thorium (Th)
provides the natural gamma ray count concentration in rocks, which
can be measured non-destructively and in real time, both in an out-
crop and in a borehole (Slatt et al. 1992; Ruffell & Kiirschner 2020).
High Th/U ratios atre interpreted as indicating a higher continental
input of the sediment (Th/U >7) and are associated with oxidizing
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conditions, whereas low values (Th/U <2) ate related to low to none
continental origin of the sediment and are associated with reducing
conditions (anoxic). Transitional periods between oxidizing and re-
ducing environments, associated with normal conditions (in oxic to
dysoxic settings), ate represented in marine settings by Th/U ratios
ranging from 2 to 7 (e.g;, Cowan & Myers 1988; Wignall & Twitchett
1996; Dypvik & Harr 2001; Basu et al. 2009; Kouamelan et al. 2020;
Cao et al. 2021).

The thorium-potassium ratio (Th/K) was calculated to de-
termine the type of clay mineral content (e.g., Schlumberger 1997);
this can change along sedimentary successions especially when in-
fluenced by deltaic activities (Myers 1987; Myers & Wignall 1987;
Bessa 1995; Ruffell & Worden 2000; Gao et al. 2018; Kouamelan
et al. 2020). Analysis of the Th/K ratio was previously compared
with results from XRF (X-ray fluorescence spectrometry) and XRD
(X-ray diffraction) to assess the content of clay minerals (e.g., XRE:
Ruffell & Worden 2000; Day-Stirrat et al. 2021; and XRD: Deconinck
et al. 2003; Schayder et al. 2006; Hesselbo et al. 2009; Patedes et al.
2020; Reolid et al. 2020).

Based on the multidisciplinary workflow of Crippa et al.
(2018), we integrated the study of body fossils (i.e., mollusks, echino-
derms, and foraminifera) with the analysis of distinct trace fossils and
ichnofabrics. The Capo Mortola outcrops lack sufficiently wide bed-
ding planes, which presents challenges in fully examining trace fossils
in horizontal orientation. For this reason, bioturbation at Capo Mor-
tola was studied in cross-section on vertical rock exposures, where
ichnofabrics could be easily observed. Consequently, emphasis was
placed on textural aspects that arise from biological reworking, i.e.,
ichnofabrics (Ekdale & Bromley 1983; Taylor et al. 2003).

The description and interpretation of ichnofabrics were
based on outcrop observations. The spacing between successive ob-
servations was less than 1 m. Each of the observed areas, measuring
approximately 50x50 cm, was ascribed to an ichnofabric class distin-
guished according to: (1) the degree of bioturbation, quantified as
percent of the bioturbated area (Knaust 2021); (2) components of
the ichnofabric, including either distinct trace fossils or bio-deforma-
tional structures with indistinct outlines (Taylor et al. 2003; Wetzel &
Uchman 1998); (3) ichnodiversity, i.e., number of ichnotaxa present;
and (4) the vertical distribution of bioturbation. Following standard
ichnological practice (Bromley 1996; Taylor et al. 2003; Gingras et
al. 2011; Knaust 2017), relative abundance, burrow size, tiering, and
trace fossil frequency were also observed. Ichnotaxa were identified
at the ichnospecies level whenever possible.

REsSULTS

Description of the Capo Mortola section

The base of the Capo Mortola section belongs
to the Trucco Formation (Upper Cretaceous), char-
acterized by alternating middle- to dark-grey marls
and marly limestones beds (dipping NW 35°/75°).
The unconformity that separates the Upper Cre-
taceous beds from the Eocene calcarenite is char-
acterized by frequent borings into the Cretaceous
substrate, in which Eocene nummulitids occut.

The Capo Mortola Calcarenite (middle Eo-
cene) has a thickness of 46.46 m in this section
and consists of marly limestones (calcisiltite, cal-
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carenite, calcirudite, biocalcisiltite, biocalcarenite,
and biocalcirudite; Figs. 1 F, G, H, and 2). The suc-
cession starts with deep-water Upper Cretaceous
globotruncanid-rich limestone marked at the top
by a regional unconformity that is characterized by
black chert pebbles, conglomeratic lenses, thick aga-
monts (microspheric forms) of Nummmulites perforatus
(Montfort, 1808). Several ichnofossils (Gastrochaeno-
lites sp.) are associated with the unconformity. Fur-
ther up-section, three layers are of paleontological
relevance because they are mostly composed of
larger foraminifera accumulations, playing a litho-
genetic role. The first layer is predominantly com-
posed of large agamonts (megalospheric forms) of
N. perforatus and much smaller ones of N. striatus
(Bruguiere, 1792), partly comparable to the “num-
mulite banks” proposed by Arni (1965). At around
37 m, a similar accumulation is visible, but now with
large agamonts of Assilina exponens (Sowerby, 1840),
and lastly, from meter 40 to 44, thick beds of dom-
inant discocyclinids. The lithological description of
the succession and additional field data (i.e., ichno-
fabrics, gamma-ray emission, and the fossil content)
are summarized in Figs. 2, 3, 4, and Table 1, and the
microfacies distribution is illustrated in Fig; 5.

Ichnofabrics of the Capo Mortola section

Six ichnofabric (IF) classes were distinguished
and named based on the dominant features and
traces in the Capo Mortola section (Figs. 2, 4).

Planolites IF is only recorded in the Cretaceous
Trucco Formation (Fig. 2) and is characterized by

Fig. 1 - Location and studied area. A) Map of Italy showing the
Liguria region. B) Location map showing Capo Mortola and
the studied section. C) Detailed geological map of Capo
Mortola, showing the studied section, modified from Dal-
lagiovanna et al. (2012b). D) Lithostratigraphic column of
the Provencal Domain, modified from Decatlis et al. (2014).
E) Panoramic view of the Capo Mortola outcrop showing
the lower part of the Capo Mortola Calcarenite. F) View
of the unconformity between the Upper Cretaceous Trucco
Formation (K) and the Bartonian Capo Mortola Calcarenite
(Ba). G) Detail of the unconformity showing the litholo-
gic change between the Trucco Formation and the Capo
Morttola Calcatrenite. H) Panoramic view of the intermedia-
te part of the outcrop, corresponding to the Capo Mortola
Calcarenite.
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O
Stage |For Thick (m)|  Lithology Description and fossil content
4934] 507
5 i} Common orthophragminids and rare Assilina. Small Operculina are recorded abundantly,
4121 0.85 Biocalcarenite  |especially in the middle portion of this bed. Orthophragmines are much smaller and are rare to
4642 178 sporadic toward the top of the bed.
44.64
1.24
434 230 Biocalcirudite ~ [Abundant orthophragmines, Assilina, and Nummipera.
41.1 13
398 0.7 Biocalcisiltite  |Abundant large B forms of orthophragmines and common Assilina and Nummipera.
3 Lt il .
o1 1.45 Calcisiltite Only meniscate burrows are observed.
T 026 Biocalcirudite  |Grain size increase, and dominant Assilina with common Nummulites.
3739 0.27 Biocalcisiltite Similar lithology as below, but abundant Nummulites.
37.2[ g8
3694 019 Calcisiltite  [Fining upwards up to a fine silt. There is no recorded fossil content.
36.75 1.7
5 E - N K R
3503 0.82 Biocalcarenite | Abundant corals, bivalves (including oysters), and orthopl
HB a0 Calcisiltite  [Barren of fossils.
33.03 1.2 Biocal Abundant Vi lites and common corals, and bivalves.
31.83 1
) . L Evidence of bioturbation. The fossil content is characterized by oysters recorded at the base, and
N Biocalcirudite Lo )
3073 15 corals, echinoids, and Nummulites are observed at the top of these beds.
2B 035 Biocalcisiltite | Abundant Nummul
° 2888 044
~‘§ 28.44 1.96 The base is c} ized by small NV , corals, bivalves, and gastropods. Oysters follow
e 2648 0.5 Biocalcirudite ~ [in the middle section of the layer; toward the top, oysters, corals, and Nummulites are common.
B 2598 0.68 At the top of the layer, abundant Nummulites only are recorded.
= = 253 0.8
= Q 245
g < - 155 Abundant oysters, small bivalves, scaphopods, turritelids, and rare corals are recorded, whereas
k= ) ) . L Nummulites (A and B forms) are always present.
= < Biocalcirudite
[--] 5] 2295 124 Solitary corals and Nummulites throughout the entire bed. At 0.50 m from the base, there is an
= : oyster rich horizon.
2 2171
< . . Coarsening upward with abundant quartz. Abundant mollusks, especially oysters, corals, and
@] 1.8 Biocalcarenite o
Nummulites .
19.91
3.75 Biocalcirudite  |Nummulites A/B ratio decrease toward the top of the bed; abundant oysters.
1616 1.05 Biocalcisiltite | This layer is characterized by a fine-grained matrix with oysters and bivalves.
1511 292 Biocalcirudite  [Occurrences of large flat Nummulites and abundant bioturbation.
1219 . . Abundant Nummulites (large and flat) and evidence of bioturbation is visible. At the base of this
215 Biocalcarenite X S
layer, solitary corals and echinoids are observed.
10.04
The upper part of this layer is distinguished by an abund of small lites and common
1.86 Biocalcirudite  [regular and irregular echinoids. Mollusks such as gastropods (turritellids) and bivalves (cardiids,
pectinids, oysters), solitary corals, bryozoans, and cylindrical burrows are present.
8.18 . . A reduction in grain size is recorded (fine sand). This layer is characterized by abundant small
0.40 Biocalcarenite .
Nummulites.
778 . s At the base of this layer, a fine matrix is recorded, becoming coarser towards the top. Abundant
1.54 Biocalcirudite
Nummulites
6.24 . . - . N
057 Biocalcarenite A decrease in grain size is recorded (fine sand) with respect to the previous layers. Small
Nummulites are observed.
.67 1.08 The matrix becomes finer-graded toward the top of the layer. At the base, the Nummulites A/B
) ratio is very low.
459 078 Fining upward. Nummulites (A-forms) are observed at the base of this layer; they disappear
) Biocalcirudite ~ [toward the top.
381
041 Fining upward (fine to medium sand ). Nummulites A/B ratio decreases toward the top, where B-
: forms only are preserved (top 0.25 m). Presence of cylindrical burrows.
34
. s Incl I rate le 1 ed) char: iz flint cl h: e een 0.5
056 Biocalcirudite ncludes a congl omc!alcv ens (clast suppon«‘.d) characterized by flint clasts that range between
cm and 18 cm and coal fragments. Nummulites are recorded.
2.84
Santonian|  Trucco 2.84 Marly limestone |Dark-to-dark-grey marl and marly limestones with globotruncanids.
0

Tab. 1 - Lithological description of the
Capo Mortola section show-
ing the fossil content recorded
in the outcrop.

rare horizontal unlined burrows with an infill dark-
er than the surrounding matrix (Planolites beverleyensis
Billings, 1862). The burrows are ~8 mm in diame-
ter and are superimposed on a massive background
sediment consisting of marly limestone. At the
sample scale, bioturbation intensity is homogene-
ously distributed (bioturbation intensity > 70%).

Interpretation: The Planolites IF in the Capo
Mortola Section is interpreted to represent the work
of a deposit-feeding community that colonized a
low-hydrodynamic habitat. This interpretation is
based on the ethological significance of Planolites,
which is considered a deposit-feeding burrow (Pem-
berton & Frey 1982). The intense bioturbation in-
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dicates that the sedimentation rate was low enough
to cause significant biogenic reworking of the host
sediment.

Gastrochaenolites IF (Figs. 2, 4) consists of pas-
sively filled hemispherical borings, which are asso-
ciated with a surface separating the Cretaceous and
the Eocene deposits. The borings are preserved as
hyporeliefs at the base of a biocalcirudite layer.

Interpretation: The Gastrochaenolites IF of the
Capo Mortola section represents the work of a fil-
ter-feeding community of bivalves that colonized a
shallow (foreshore-shoreface) firmground or hard-
ground. Gastrochaenolites has been attributed to the ac-
tivity of bioeroding bivalves (Donovan 2013; Casoli
et al. 2016). Present-day producers of Gastrochaeno-
lites typically live between the intertidal zone and 25
m depth (Colletti et al. 2020) but are also reported
from deeper settings (Bassi et al. 2019). Gastrochae-
nolites is associated with hardgrounds, shellgrounds,
and firmground substrates (Donovan, 2003, 2013;
Mikul4$ & Zitt 2003; Zitt & Mikulis 2006). The stud-
ied specimens of Gastrochaenolites are characterized
by hemispherical depressions, whereas completely
preserved Gastrochaenolites appear as clavate borings
(Donovan & Hensley 2006; Donovan 2013). This in-
dicates truncation by physical and/or biological ero-
sion (Domenech et al. 2001; Bernardini et al. 2022).

Unlined burrows IF is dominated by horizontal,
unlined burrows that are filled with the same mate-
rial as the host rock (diameter: 3-15 mm). Rare spec-
imens of Nummipera eocenica Holder, 1989 are also
documented. Bioturbation intensity is high (> 90%)
and homogeneously distributed at the sample scale.
Burrowed horizons alternate with metrical horizons
with few distinct traces (massive horizons).

Interpretation: The unlined burrows IF in the
Capo Mortola section reflects the activity of a ben-
thic community colonizing an offshore habitat char-
acterized by a relatively low sedimentation rate. This
interpretation rests on the high bioturbation inten-
sity, indicating that the sedimentation rate was low
enough to allow intense biogenic reworking.

Horizontal armored burrows IF is dominated by
horizontal burrows that are lined (armored) with fo-
raminiferal tests.

Interpretation: Open nomenclature is used
to name the burrows because they are only partially

comparable to Ereipichnus pickerillensis Ali et al. 2021,
which instead is armored with bivalve shells (Ali et al.
2021). They share a foraminiferal lining with Nuz-
mipera, which is however vertical to oblique (Men-
doza-Rodriguez et al. 2020). Armored burrows are
often associated with low-energy settings, as shown
by Digpatrichnus-like burrows in modern sheltered
mudflats (Baucon 2021; Baucon et al. 2021), Eocene
Nummipera in low-energy ramp settings (Jach et al.
2012; Mendoza-Rodriguez et al. 2020), and Pliocene
Ereipichnus in moderate-energy shoreface environ-
ments (Ali et al. 2021).

Tezchichnus 1F comprises arcuate, retrusive sp-
reite burrows with stacked laminae (Tezhichnus rectus,
Seilacher, 1955; diameter: ~3 cm). Teichichnus occurs
in mono-ichnospecific assemblages, and it is supet-
imposed on a massive background sediment in the
upper part of the Capo Mortola Calcarenite (Figs.
2,4).

Interpretation: This IF is interpreted to re-
flect a community of suspension feeders colonizing
a stressed marginal-marine environment influenced
by deltaic deposition. This interpretation is based on
the typical environmental setting of Teichichnus rectus,
which occurs in mono-ichnospecific associations in
marginal-marine environments with stressed condi-
tions (bays, lagoons, estuaries, or deltas). Teichichnus
is often reported in salinity-stressed and/or deltaic
settings (Knaust 2018).

Nummipera IF is dominated by Nummipera eo-
cenica, consisting of vertical to oblique burrows with
a wall made of LBE Nuwmmipera eocenica is superim-
posed to an intensely bioturbated background (bi-
oturbated area >80%). The Nummipera IF occurs
in the upper part of the Capo Mortola Calcarenite
(Figs. 2, 4). Bioturbation intensity is 6- homogeneous
at the sample scale.

Interpretation: This ichnofabric represents the
work of a benthic community colonizing an offshore
habitat with slow sedimentation and well-oxygen-
ated conditions. These physicochemical conditions
are suggested by the intense degree of bioturbation
and its homogeneous distribution (Taylor et al. 2003;
Gingras et al. 2011; Uchman & Wetzel 2011). The
interpretation is supported by the known occurrenc-
es of Nummipera eocenica, which are mostly related to
low-energy carbonate middle to distal ramp settings
(Jach et al. 2012; Mendoza-Rodriguez et al. 2020).
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Fig. 2 - Stratigraphic column of the Capo Mortola section displaying the lithological changes, ichnofabrics, and natural gamma ray spectra
showing the curves of potassium (K), uranium (U), thorium (Th), dose rate (DR), and the calculated Th/U and Th/K ratios.
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Fig. 3 - Fossil content recorded in
the Capo Mortola section.
A) Assemblages of Nummu-
Jites and coral. B) View of a
B-form of Nummulites (IN.
striatns). C) Close-up show-
ing abundant and diverse
forms of  Nummulites. D)
Solitary coral (Scleractinia)
and oyster bed. E) Nummu-

lite bank displaying A and B
forms near base of section
(16.0 m). F) Fragment of a
solitary coral (Scleractinia).
G) Coral colonies recogni-
zed on the surface. H) Outer
surface of an oyster valve. I)
Dorsal view of a crab cara-
pace. J) Calcareous tube of
the serpulid worm Rozularia
spirnlaea (Lamarck, 1818).

Spectral gamma ray

Gamma-ray emissions are higher at the base
than at the top of the section (Fig. 2). K (%) con-
centrations record values between 0.0 and 1.77%,
with most of values below 1%. Values above 1%
are only observed in some biocalcirudites and bio-
calcarenites at the base (between 5.26 and 5.51 m;
7.56 m, 8.07 m, and 8.58 m; MF1) and in calcisiltites
(between 33.50 and 34.00 m and between 37.7 m
and 38.73 m) in the upper part of the section. The
concentration of U varies between 0.82 and 8.11
ppm. Most values of U are below 4 ppm almost

throughout the section (from MF2 to MF6), except
at the base of the succession, where U concentra-
tions are >4.0 ppm (MF1). The Th concentration
varies between 2.20 and 17.35 ppm; values below
10 ppm are recorded throughout most of the strati-
graphical succession (from MF2 to MF0), except
for some samples at the base of the Capo Mortola
Calcarenite (biocalcirudite and biocalcatenite; from
2.09 m to 10.11 m; MF1 and base of MF2) that dis-
play a significant higher increase in the concentra-
tion of Th (>10 ppm). The overall dose rate (DR)
varies from 19.48 to 103.36 nGy/h. For most of the



290

Giraldo-Gdmez V.M., Brignglio A., Bancon A., Papazzoni C_A., Pignatti |., Gandolfi A. & Piazza M.

section, DR are lower than 60 nGy/h (mean 34.04
nGy/h) except for the base of the succession (from
2.69 m to 10.11 m; MF1 and base of MF2) and the
upper part of the section (between 33.50 and 34.00
m and between 37.7 m and 38.73 m; MF5), where
DR values are higher than 60 nGy/h (a mean of
71.67 nGy/h). The Th/U ratio ranges from 0.84 to
9.60 with most values throughout the section being
comprised between 2 and 7 and with values located
at the base of the Capo Mortola Calcarenite (bioc-
alcirudite and biocalcarenite; from 2.69 m to 10.11
m; MF1 and base of MF2). Values of the Th/U
ratio <2 are also common throughout the section,
especially in the middle and upper parts (from MF3
to MF0). A value of the Th/U ratio >7 is only ob-
served in the biocalcirudite located at 17.12 m from
the base of the section (MF2). The Th/K ratio fluc-
tuates between 0 and 60.57 with most values be-
ing comprised between 12 and 25, especially at the
base and in the middle part of the succession (MF1,
MF2, and MF3), and corresponding to the various

Fig. 4 - Ichnofabrics recorded in the
Capo Mortola section. A)
Gastrochaenolites IF  exposed
at the boundary between the
Cretaceous and the Eocene
deposits with several pas-
sively filled hemispherical
borings  (Gastrochaenolites).
B) Horizontal armored bur-
rows IE. At the center of
the image is an individual
specimen of a horizontal
burrow lined with foramini-
feran tests. C) Tezchichnus IF.
A spreite burrow characte-
rized by stacked laminae
(Teichichnus  rectus) is docu-
mented. D) Nummipera IE.
E) Nummipera IF showing a
vertical burrow (Nummipera)
with a wall consisting of lar-
ger benthic foraminifera.

lithologies. Th/K ratios values comprised between
3.5 and 12 also occur the section and dominate in its
upper part (from MF3 to MFG). Th/K ratios >25
are rarely recorded at the base (3.50 m, 4.69 m, 9.09
m, 9.60 m, 13.18 m, and 14.33 m; MF1, MF2, and
MF3) and at the top (48.60 m; MF4) of the studied
section.

Fig. 5 - Cluster analysis based on Ward’s method and photomicro-
graphs of thin sections from the Capo Mortola section
with their corresponding microfacies. Photomicrographs:
A) Microfacies MF1: packstone (CM6; 8.50 m). B) Micro-
facies MIF1: packstone (CMG6; 8.50 m). C) Microfacies MF1:
packstone (CMG6; 8.50 m). D) Microfacies MF2: packstone
(CM11; 15.25 m). E) Microfacies MF2: packstone (CM11;
15.25 m). F) Microfacies MF3: packstone (CM31; 37.40
m); G) Microfacies MF3: packstone (CM24; 32.18 m). H)
Microfacies MF4: packstone (CM48; 49.20 m). I) Microfa-
cies MF5: mudstone (CM28; 36.0 m). J) Microfacies MF6:
packstone (CM36; 40.80 m). K) Microfacies MF6: packsto-
ne (CM34; 39.70 m). Di = Ditrupa; Or = Orbitolites; Orph
= ortophragmines; As = Assilina; Nu = Nummulites; Pf =
planktonic foraminifera.
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Microfacies analysis

Six different microfacies were recognized in
the Capo Mortola section; Pearson’s correlation coef-
ficient calculated for microfacies is 0.7863, indicating
significant clustering within the studied data (Fig. 5):

Microfacies MF1 corresponds to a packstone
that occurs at the base of the Capo Mortola section
(from samples CMW-3 to CM-7), which records
poorly to moderately sorted grains larger than 2
mm with rare LBE, especially nummulitids, small-
er benthic foraminifera (SBF), serpulids (Ditrupa),
and mollusks. The remaining samples of this mi-
crofacies are composed of an unsorted packstone
with carbonate components made up of different
and abundant Nwmmulites (IN. perforatus, IN. brong-
niarti (d’Archiac & Haime, 1853) and N. puigsecen-
sis Reguant & Clavell, 1967), Orbitolites complanatus
(Lamarck, 1801), planktonic foraminifera (PF), SBE,
abundant serpulids (Ditrupa), rare corals, and mol-
lusks. The siliciclastic components are medium- to
coarse-sized quartz grains. The matrix is composed
of silt and fine sand, with rare glauconite grains.

Microfacies MF2 (from sample CM-8 to CM-
11) is an unsorted packstone with an increase in the
biotic component compared to MF1, mainly con-
sisting of two dominant species of Nummulites (IN.
perforatus and IN. puigsecensis), rare Assilina exponens,
SBE, PE, mollusks, corals, and serpulids (Ditrupa).
The main non carbonate components are: medi-
um-sized quartz and glauconite grains, organic mat-
ter scattered in a matrix made of clay and silt.

Microfacies MF3 is a mix of unsorted
wackestone and packstone with varying biotic
content, such as Nummulites beaumonti d’ Archiac &
Haime, 1853 and N. biarritzensis d’Archiac in Bel-
lardi, 1852, Assilina exponens, small (< 1 cm) or-
thophragmines, Asterigerina, SBF (mostly small ro-
taliids), PF, mollusks, rare echinoderms, serpulids
(Ditrupa), calcareous red algae, and coral fragments
(colonial). The matrix is made up of clay and silt
(50-70%), in which some glauconite grains are scat-
tered and organic matter is recorded.

Microfacies MF4 is an unsorted packstone; in
contrast to the microfacies described above, the ma-
trix made up of clay and silt is less than 30%. The
biotic content is very abundant, including ortho-
phragmines, Nummulites spp., abundant small-sized
(< 1 em) Operculina sp., SBF (small rotaliids), abun-
dant PE, mollusks, rare echinoderms, and serpulids
(Ditrupa). Glauconite grains and scattered organic
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matter occur in some samples of this microfacies.

Microfacies MF5 is a mudstone with scarce
biotic content (SBE, PEF, and rare mollusks).
Well-rounded quartz grains and glauconite grains
are obsetrved.

Microfacies MF6 is a well-sorted wackestone
and packstone characterized by a matrix (between
70% and 90%) made up of clay and silt; the silici-
clastic component is composed of medium- to
coarse-sized quartz grains. Rare glauconite grains
are recorded in most samples of this microfacies,
except in samples CM44 and CM45, where a higher
abundance is documented. Scattered organic matter
is observed. The biotic content is characterized by
abundant orthophragmines (groups of Discocyclina
dispansa, D. pulchra (Checchia-Rispoli, 1909), and D.
pratti (Sowerby, 1846)) and rare Nummulites spp. (al-
most exclusively N. biarritzensis), Operculina sp., As-
terigerina, SBE, PE, mollusks, rare echinoderms, and

serpulids (Ditrupa).

DiscussioN

Spectral gamma ray and paleoclimate

The higher values of K, U, and Th found in
the calcirudite and calcarenite at the base of the Capo
Mortola section (between 2.54 m and 8.83 m; Fig
2) must be interpreted with caution due to the pos-
sibility that these concentrations are not related to
the pristine rock signal but are rather a modern dis-
equilibrium of these elements as they are constantly
washed by swells and waves that intensively corrode
the surfaces of the rocks and sporadically reach deep
inside the layers (Fig. 1G). This disequilibrium, es-
pecially in U and Th, is known to occur when the
outcrop is exposed to groundwater or seawater (e.g,,
Cassidy 1981; Bessa 1995; Bessa & Hesselbo 1997).

The Th/U ratio, in the remainder of the stud-
ied section, stays within the range related to normal
marine conditions (Th/U ratio: values from 2 to 7);
some samples are characteristic of a reducing envi-
ronment (Th/U ratio: values less than 2); and one
peak (17.12 m; calcirudite) exceeds the upper limit
of marine sediments (Th/U ratio: values >7), with
a value suggesting oxidizing terrestrial settings (e.g,,
Schnyder et al. 2006; Kouamelan et al. 2020) (Figs.
2 and 6A). This single peak seems rather unrealistic
and can probably be linked to either a local anomaly
or a measuring error; it can be discarded.
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The Th/K ratio is used to identify clay min-
erals (illite, chlorite, montmorillonite, and kaolinite),
micas, glauconite, and K-feldspars. The Th/K ra-
tio depends on the nature of the clay mineral as-
semblages, which in turn is controlled by climate
(e.g., Quirein et al. 1982; Bessa 1995; Fabricius et
al. 2003; Kouamelan et al. 2020). Lithology, depo-
sitional environment, and paleoclimate all exert sig-
nificant control over clay mineral genesis (Ruffell
& Worden 2000; Gao et al. 2018; Kouamelan et al.
2020). Clay minerals (chlorite, glauconite, illite, ka-
olinite, and smectite), which have different Th/K
ratio values, have been interpreted through Schlum-
berger’s (1997) crossplot: high Th/K ratios (from
12 to 25) are associated with abundance of kaolin-
ite, intermediate Th/K ratios (from 3.5 to 12) are
related to montmorillonite (smectite), low Th/K
ratios (from 2.0 to 3.5) are linked with illite, and
heavy thotium-bearing minerals display Th/K ra-
tios greater than 25 (e.g.,, Schlumberger 1997; Figs.
2 and 6B).

The good correlation between the Th/K ra-
tio determined from spectral gamma-ray indicates
palaeoclimatically significant variations in clay ra-
tios. These changes in the clay concentrations have
been compared with studies derived from XRD and
XRF, which yield similar results, suggesting that the
variation of Th and K is reflected in a determinate
clay mineral, showing a common control on their
variation (Ruffell & Worden 2000; Deconinck et al.
2003; Schnyder et al. 2006; Hesselbo et al. 2009).
For this reason, the Th/K and Th/U ratios are
climate sensitive indicators that, supported by the
responses of other proxies, provide a primary pale-
oclimatic interpretation.

The Th/K crossplot identified montmo-
rillonite, sourced from smectite, and kaolinite as
the dominant clay minerals, whereas heavy thori-
um-bearing minerals are recorded as traces in the
Capo Mortola section (Figs. 2 and 6B). These clay
mineral assemblages, reflected in the Th/K ratio, are
controlled by climatic variations (Bessa 1995; Koua-
melan et al. 2020). The genesis of smectite (mont-
morillonite) is attributed to the chemical weathering
of soils in warm to temperate climates with season-
al climate fluctuations associated with humid/arid
regimes (e.g., Deconinck 1992; Diester-Haass et al.
1998; Kennedy & Wagner 2011). Kaolinite is associ-
ated with tropical soils, characterized by humid cli-
mate and well-drained areas, as the result of highly

hydrolytic weathering reactions with considerable
removal of K from the soil profile (e.g.,, Robert &
Chamley 1991; Bessa 1995; Chamley 2001; Decon-
inck et al. 2003).

The Capo Mortola section displays an in-
crease in smectite toward the upper portion of the
succession, where it alternates with kaolinite, sug-
gesting a probable climatic influence. Whereas ka-
olinite mostly indicates humid conditions, it is not
ruled out that smectite might indicate dry phases
(e.g., Bessa 1995; Adatte et al. 2000; Hesselbo et al.
2009). It is reasonable to assume that both kaolinite
and smectite are controlled by climatic fluctuations
of warm-humid conditions passing to seasonal hu-
mid-dry alternations. This climate variation might
have caused an alternation between dry and humid
conditions that are typically recorded throughout
the middle Eocene in the Western Tethys, where
the increase in temperature could have altered cli-
mate conditions, heightening the hydrological cycle
with consequences on the terrigenous supply in the
basins (Held & Soden 2006; Chou et al. 2013; Mar-
vel & Bonfils 2013; Baatsen et al. 2020), as seen in
comparable geological settings (e.g., Turkey: Rego et
al. 2018; Giorgioni et al. 2019. Spain: Peris Cabré et
al. 2023. Tunisia: Messaoud et al. 2021. Italy: Spof-
forth et al. 2010; Gandolfi et al. 2023; Briguglio et
al. 2024; Arena et al. 2024; Giraldo-Gdémez et al.
2024).

Paleoenvironmental reconstruction

Two different depositional settings are re-
corded in the Capo Mortola section separated by
a regional unconformity recording a gap of at least
25 million years, dividing the Upper Cretaceous
deep-water sediments rich in globotruncanids of
the Trucco Formation from the middle Eocene
shallow-water deposits of the Capo Mortola Cal-
carenite (Figs. 1G and 2).

The transition from the Cretaceous to the
Eocene deposits is characterized by a bioerosional
ichnofabric (Gastrochaenolites IF) superimposed on a
softground ichnofabric (Planolites IF) (Fig, 2). Con-
solidation of the Planolites-bearing deposits provid-
ed suitable substrates for bioeroding bivalves that
produced the Gastrochaenolites 1F. The Gastrochaeno-
lites IF indicates a rocky shore as the substrate for
the deposition of the Capo Mortola Calcarenite
that was subsequently subject to significant erosion
or weathering.
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The data presented here can represent three
different time intervals (Fig. 7), which record the
evolution of the carbonate ramp through the mid-
dle Eocene (Bartonian). These intervals are derived
from a combination of microfacies analysis, fossil
content, ichnofabric interpretation, and gamma ray
emissions.

Interval I (2.84 — 21.76 m). This interval corre-
sponds to the lower part of the Capo Mortola Cal-
carenite, which is characterized by microfacies MF1
and MF2 (Figs. 2, 5, and 7). The concentrations of

K and Th decrease and the Th/U ratio fluctuates
between normal and reducing conditions, indicating
probably a terrigenous input within a rather inner
distal environment (Figs. 2 and 6A).

The benthic fauna in this interval consists al-
most exclusively of thick LBF, especially Nummulites
(mostly N. perforatus, tollowed by N. puigsecensis, and
rare IN. striatus), showing a relative abundance of
agamonts (i.e., B-forms sensu Hottinger 2006) that
may have thrived in relatively calm waters where
gametes have higher chances to form the diploid
generation (Beavington-Penney & Racey 2004; Bea-
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vington-Penney et al. 2006). The relative abundance
of B forms might also have permitted the rapid de-
velopment of low positive reliefs on the seafloor
(Seddighi et al. 2015; Briguglio et al. 2017), thus per-
mitting higher chances of preservation of the small
A forms as well as gametogenesis keep up agamont
production (Kovecsi et al. 2022). The presence of
O. complanatus at the base of this interval (MF1) in-
dicates a vegetated substrate, as observed in mod-
ern environments where Soritinae thrive in waters
between 20 and 40 m (Beavington-Penney & Racey
2004; Beavington-Penney et al. 2006; Tomas et al.
2016; Tomassetti et al. 2016; Roslim et al. 2019; Co-
letti et al. 2021).

Furthermore, the ’unlined burrows’ IF indi-
cates that the sedimentation rate was low enough to
allow intense biogenic reworking (Bromley 1990).
The presence of echinoids, mollusks (gastropods
and bivalves), solitary corals, bryozoans, and set-
pulids (Ditrupa) in this interval demonstrates that
environmental conditions were favorable for the
coexistence of diverse taxa under a shallow-water
hydrodynamic regime.

Interval 11 (21.76 — 39.76 m). This interval corre-
sponds to the intermediate part of the Capo Mortola
Calcarenite, which is mainly characterized by MF3,
with some intercalations of MF5 in its upper part
(Figs. 2, 5, and 7). The lower and middle parts of
interval IT are dominated by the ‘horizontal armored
burrows’ IF, which alternates in the upper part (35—
39 m) of the interval with the Teichichnus IE.

The relatively low concentrations of K, U, and
Th in MF3 (wackestone and packstone), in contrast
to the high values in MF5 (mudstone), are reflected
in the lower Th/U ratio, suggesting reducing matine
conditions (Koptikova et al. 2010; Kalvoda et al.
2011; Fig. 2). The high values of K, Th, and Th/U
ratio in MI5 suggest an increased argillaceous frac-
tion in MF5, coinciding with the lower abundance
of LBF and the dominance of SBF and PE The
sedimentary environment is therefore interpreted
as slightly deeper than before but still influenced by
deltaic contributions. Teichichnus has been frequently
reported from deltaic paleoenvironments (Buatois
et al. 2008; Loughlin & Hillier 2010; Knaust 2018),
and the low values of K and Th in MF3 support
the same hypothesis (e.g.,, Bessa 1995). The incipient
dominance of Assi/ina (best adapted to lower light ra-
diations; Hottinger 1997; Scheibner et al. 2007) over

Nummmdites (which is less abundant at lower irradia-
tion levels) seems consistent as well. Toward MF5,
the deltaic system could have been partially responsi-
ble for the increase in the argillaceous fraction as well
as for the shift toward a SBF-dominated communi-
ty. In shallow-water settings, at intermediate depths
where Assilina dominates, a minor shift in riverine ac-
tivity is immediately revealed by a sudden change in
communities of LBE, as they are sensitive to seafloor
irradiation, which is reduced with enhanced riverine
inputs.

Such microfacies alternation (e, MF3 and
MF5; Figs. 2, and 5) correlates with the Th/K ratios:
MF5 is found with low Th/K ratios, whereas MF3
occurs during intervals with higher Th/K ratios.
This can be interpreted as consequence of oscillat-
ing deltaic regimes with fluctuating sedimentary in-
put during periods (i.e., with higher Th/K values), in
arid/humid seasonal alternations, and oscillations in
runoff and water turbidity where alternation of the
benthic community is visible. Mixo- to autotrophic
organisms such as corals and LBF flourish during
warm and arid periods with reduced water turbidity,
whereas gastropods, sea urchins, and SBF thrive as
soon as conditions get more humid and runoff and
water turbidity increase.

On the other hand, under wet/humid climat-
ic conditions (low Th/K ratios), planktonic-rich silty
sediments are deposited (i.e., MF5). Deposition dur-
ing interval II took place in slightly deeper water than
that of time interval I, but still under oxygenated
conditions and moderately illuminated seafloors. The
increasing dominance of _Assiina, the continuous
presence of Nummulites, the low abundance of or-
thophragmines, and the lack of planktonic foraminif-
era could indicate a seafloor between 40 and 60 m
of water depth (Bassi 1998; Beavington-Penney &
Racey 2004).

Interval 111 (39.76 — 49.30 m). This interval cor-
responds to the upper part of the Capo Mortola Cal-
carenite, characterized by microfacies MF3, MF4, and
MF6 (Figs. 2, 5, and 7), which display a shift marked
by an abrupt upward transition to significantly more
distal microfacies according to their fossil content.
Low concentrations of K and Th, in comparison
with interval I, and variations of the Th/U ratio be-
tween a normal and reducing environment, suggest
a decreasing influence of the terrigenous input (e.g,,
Bessa 1995) and a deepening of the carbonate ramp.
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Interval 111

Interval 11

Interval 1

o Alternating periods of runoff input
e Low energy

o Increase of ortophragmines and
planktonic foraminifera

o Deeper waters (>60 m)

o Normal runoff input

o Intermediate energy

e Microfacies MF3

e Abundant Nummulites and Assilina
o Intermediate waters (40 - 60 m)

e Increase in runoff input

o Intermediate energy

e Microfacies MF5

e Small benthic and planktonic foraminifera
e Intermediate waters (40 - 60 m)

o Normal runoff input

e High energy

e Increase of Nummulites
o Occurrence of Orbitolites

e Shallow waters (20 - 40 m)

()
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Fig. 7 - Paleoenvironmental evolution of the carbonate ramp at the Capo Mortola section, showing the benthic and planktonic communities
at three intervals through the middle Eocene (Bartonian). (Storm weather wave base: swwb).
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The Capo Mortola Calcarenite Formation (Nummulitic Limestone)

5 q q q Depositional q Fossils (transported)
Section Location Drowning Facies p Gravity flows References
[ Abund [ C
Capo Mortola (1) Maritime Alps Muquo?e to packvslon‘e Middle to outer ramp No Planktonic foranflmfera‘ ()perculi@I This study
Ttaly (Calcisiltite to calcirudite) Orthophragmines benthic foraminifera Brandano 2019
Coletti et al. 2021
Sealza (2) Maritime Alps Muckls‘lm.-le to pack'smn‘e Middle to outer ramp No Planktonic fnram.mlfera, Qpercul[r{a. ) Bngug]lo‘et al. 2024
Ttaly (Calcisiltite to calcirudite) Orthophragmines benthic foraminifera Gandolfi et al. 2023
Olivetta SM (3) Maritime Alps N.lu.ds.lonc to packsl(?nc } Outer ramp Yes Planktonic foram.mlfcra, Orthophrfigmmcst b.lvalvcs, Giraldo-Gomez et al. 2024
Italy (Calcisiltite/marl to calcirudite) Orthophragmines benthic foraminifera Arena et al. 2024
Varrone and Clari 2003
T Maritime Alps Mudstone - wackestone Planktonic foraminifera, Nummulites, bivalves, gastropods, Varrone and Clari 2003
rucco (4) N Outer ramp Yes N N
Italy (marl and silstone) Orthophragmines echinoderms, corals Varrone and Decrouez 2007
Croce di Sapalea (5) Maritime Alps Mu(.is.tuf)e to pack.storfe Outer ramp Yes Planktonic fora@nltera, Nummulne.s, bivalves, gastropods, Varrone and Clari 2003
Italy (Calcisiltite to calcirudite) Orthophragmines echinoderms, corals Varrone and Decrouez 2007
Roche du Tron (6) Maritime Alps Muc'ls‘l(yfle to pack'smn‘e Outer ramp Yes Planktonic fora@mfera, Nummultte.'v‘ bivalves, gastropods, Varrone and Clari 2003
France (Calcisiltite to calcirudite) Orthophragmines echinoderms, corals Varrone and Decrouez 2007
Monte Forquin (7) Maritime Alps Muc?s.lofic to pack.slon.c Outer ramp Yes Planktonic foram.xmfcra, Nllmmltlltt’.s, bivalves, gastropods, Varrone and Clari 2003
France (Calcisiltite to calcirudite) Orthophragmines echinoderms, corals Varrone and Decroues 2007

Tab. 2 - The upper part of the Capo Mortola Calcarenite Formation in the southernmost Provencal Domain (Maritime Alps), showing the
lithology and fossil content characteristic in the drowning ramp of different sections during the Bartonian: Capo Mortola (1); Sealza
(2); Olivetta San Michele (3); Trucco (4); Croce di Sapalea (5); Roche du Tron (6); and Monte Forquin (7). (The numbers in parentheses

of the sections indicate the location on the map in Fig. 10).

The abrupt appearance of the Nuwmmipera IF
in interval 111 is interpreted as a product of progres-
sive transgressive conditions, as evidenced by sever-
al authors (e.g, Jach et al. 2012; Mendoza-Rodriguez
et al. 2020). In the FEocene deposits of the Tatra
Mountains (Poland), Nummipera is associated with
abrupt facies changes during progressive deepening
of the carbonate ramp (Jach et al. 2012).

The sudden increase and almost complete
dominance of orthophragmines follows the disap-
pearance of the large Nummmulites and Assilina, thus
confirming a continuous deepening trend charac-
terized by lower irradiation at the seafloor, which
was only colonized by extremely flat LBF with high
surface area to volume radio to provide maximum
irradiation area for their symbionts (Hohenegger &
Briguglio 2012; Molina et al. 2016; Briguglio et al.
2017; Hohenegger et al. 2019). Such flat tests are
also in equilibrium with very low hydrodynamic
energy, as is typical of deeper seafloors. The abun-
dance of LBF such as ortophragmines and Operculi-
na suggests the lowest part of the oligophotic zone,
associated with a water depth between 60 and 100
m and below storm weather wave base (Beaving-
ton-Penney & Racey 2004; Beavington-Penney et
al. 2006; Bassi et al. 2012, 2019; Molina et al. 2016;
Briguglio & Régl 2018; Kovecsi et al. 2022; Arena
et al. 2024). This water depth is also corroborated

by the increase in the abundance of planktonic fo-
raminifera, as in the Sealza section (Gandolfi et al.
2023), where they have been used to infer a water
depth comprised between 60 and 100 m. According
to lithology, fossil content, ichnofabric, and spectral
gamma ray data, interval III could be related to the
relatively rapid sea-level rise in the Bartonian asso-
ciated with the early stage of drowning of the ramp.

Climate control in the regional configuration
of drowning ramps

The Capo Mortola section, given its geo-
dynamic context within the Ligurian Alps in the
Provencal Domain, records the incipient formation
of a foreland basin initially with the deposition of
shallow-water carbonate sediments, followed by
deeper-water marly deposits (Sinclair 1997; Giam-
marino et al. 2010; Perotti et al. 2012; Brandano
2019).

Similar conditions are recognized in several
outcrops over a much larger scale, along the modern
Maritime Alps, spanning from the Ligurian coast up
to the Italy-Switzerland border. All evidence points
to a very large ramp that during the middle Eocene
underwent significant drowning (Sayer 1995; Sin-
clair et al. 1988; Allen et al. 2001). The Capo Mor-
tola succession does not record evidence of gravity
flows, which are described in almost all successions
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in the area (Varrone & Clari 2003; Varrone & De-
crouez 2007; Coletti et al. 2021), except at Sealza
(Briguglio et al. 2024), which is also the closest one
to the Capo Mortola outcrop. Gravity flows are
observed in the northernmost sections (Trucco,
Olivetta San Michele, Croce di Sapalea, Roche du
Tron, Monte Forquin) and are interpreted to have
been deposited in an outer ramp setting (Fig. 8; ta-
ble 2; see references therein), triggered by enhanced
deltaic activity and possibly by the tectonic instabili-
ty of the area. It is therefore possible to add several
details to the configuration of the drowning ramps
recorded in the Maritime Alps, especially during the
early stages of subsidence of the Alpine foreland
basins during the Eocene (Sinclair 1997; Perotti et
al. 2012).

A cyclicity in carbonate sedimentation, as a re-
sponse to climate forcing, in connection with chang-
es in sea-level and terrigenous influx might have dif-
ferentiated the depositional patterns in the different
sectors of the ramp during the middle Eocene (Bar-
tonian), especially in the southernmost Provencal
Domain (Sinclair et al. 1998; Giraldo-Gémez et
al. 2024). Previously, lithological variations among
sections and the possible presence of sediment re-
deposition and gravity flows have been related to
local tectonic instabilities, which triggered different
sedimentation rates, within the broader geodynamic
context of the evolution of the foreland basin (e.g,,
Sinclair et al. 1998; Varrone & Clari 2003).

Within this scenario, the outcrops of Capo
Mortola (this study) and Sealza (Briguglio et al.
2024) may have been located on a ramp sector that
was less prone to sediment instability and perhaps
recorded initially shallower conditions than other
sections in the northern part of the domain where
gravity flow deposits are conspicuous and bear re-
worked material from much shallower sectors (e.g.,
the Olivetta SM section; Arena et al. 2024; Giral-
do-Goémez et al. 2024). Capo Mortola and Sealza,
in this view, may represent the sediment sources
for the sediment redeposited in deeper sectors of
the ramp in the Ligurian areas. Furthermore, it has
been suggested that the provenance of the putative
source of the Gres d’Annot siliciclastic units, found
in the upper part of the underfilled Trinity (sensu
Sinclair 1997), had their origin in Corsica, from the
Eocene successions (Ravenne et al. 1987; Mueller et
al. 2018), thus providing additional clues for future
high-resolution paleogeographic reconstructions.
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The influence of shifting humid/arid condi-
tions, as recorded by the Th/K ratio in the upper
part of the Capo Mortola Calcarenite (as discussed
in this study, the Sealza section: Briguglio et al. 2024,
and the Olivetta SM section: Giraldo-Goémez et al.
2024. See Fig 8), indicates that the shallow marine
conditions were sensitive to sea level changes and
sediment input and transport favored by changing
hydrogeological cycles during the middle Eocene in
the basins of the Western Tethys (Spofforth et al.
2010; Rego et al. 2018; Giorgioni et al. 2019; Mes-
saoud et al. 2021; Peris-Cabré et al. 2023; Gandolfi
et al. 2023; Sharma et al. 2024; Briguglio et al. 2024;
Arena et al. 2024; Giraldo-Gomez et al. 2024), co-
inciding with the MECO event in the Sealza section
(Gandolfi et al. 2023), the Capo Mortola section
(Gandolfi et al. 2024) and the Olivetta SM section
(Gandolfi et al. 2025). In the foreland basin of the
Provencal Domain, the MECO starts at once with
the initial drowning of the carbonate ramp (Fig. 8).

CONCLUSIONS

Based on the lithology, fossil content, ich-
nofabric analysis, and spectral gamma ray data, the
Capo Mortola section shows the eatly-stage devel-
opment of a drowning carbonate ramp during the
middle Eocene (Bartonian), which unconformably
overlies the Upper Cretaceous open-marine depos-
its in the Liguria region (NW Italy). The main out-
comes of this study are as follows:

1. Based on microfacies and ichnofabric (IF)
analysis, three main intervals are recognized
from the base to the top of the Capo Mortola
section, showing the evolution of the middle
Eocene carbonate ramp. Interval I is inter-
preted as the shallower part of the carbonate
ramp, with an inferred depth of 20-40 m.
Interval II suggests a deepening of the car-
bonate ramp (40-60 m). Interval III suggests
a deeper environment with depths greater
than 60 m but still within the photic zone.

2. Changes in larger benthic foraminiferal as-
semblages closely follow this deepening-up-
ward trend, with higher abundance of Nu-
mulites in the shallowest interval I, followed by
dominant Assiina in interval 11 and lastly by
orthophragmines and Operculina in the deep-
est interval I1I.
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Fig. 8 - The Capo Mortola Calcarenite Formation in the southernmost Provencal Domain (Maritime Alps, France-Italy border). Stratigraphic
columns of the upper part of the Capo Mortola Calcarenite Formation of three sections in NW Italy: (1). Capo Mortola section (this
study); the position of the Middle Eocene Climatic Optimum (MECO) and biostratigraphy are after Gandolfi et al. (2024). (2). Sealza
section (Briguglio et al. 2024); the position of the Middle Eocene Climatic Optimum (MECO) and biostratigraphy are after Gandolfi
et al. (2023). (3). Olivetta San Michele section (Arena et al. 2024; Giraldo-Gémez et al. 2024). The map displays the three sections listed
above and includes some additional Italian and French sections (Varrone & Clari 2003; Varrone & Decrouez 2007): (4). Trucco section;
(5). Croce di Sapalea section; (6). Roche du Tron section; (7). Monte Forquin section. (The red gradient area indicates the increase in
abundance of planktonic foraminifera recorded in the three sections).
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3. A significant input of terrigenous material
from a geographically close fluviatile source
is inferred by an increase in the concentra-
tion of K and Th, especially in intervals I
and II. The variation between normal (oxic -
dysoxic) and reducing conditions throughout
the entire stratigraphic succession represents
a common feature of prodeltaic sediments
within deltaic settings. As such, the Capo
Mortola succession seems to be much affect-
ed by the fluviatile input than all other known
sections from the region.

4. In the upper part of the studied Capo Mor-
tola section, fluctuations between a warm-hu-
mid climate and a seasonal humid/dry climate
happened; those are in accordance with the
reconstructed northwestern Tethyan climate
during the MECO event
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