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a b s t r a c t

A group of free climbers by chance discovered a large number of footprint traces deeply impressed on a 
vast pelagic limestone slab on the steep northeastern limb of the Monte C� onero anticline, near the city
of Ancona (Marche region of central-eastern Italy). The footprints probably represent a stampede of 
panicking sea turtles that were mobilized en masse by an earthquake. These tracks were subsequently 
covered by a fluxoturbidite triggered by the same earthquake. The same layer is exposed in a 40-m-thick 
section along the littoral zone below. This new section provides the ability, through combined bio- and 
magneto-stratigraphic analysis, to place the footprint layer in the lower Campanian foraminiferal bio-
zone Globotruncanita elevata and the lowermost part of magnetochron C33n. Most of this section 
comprises calcarenitic and calcilutitic turbidites interbedded with pelagic biomicrites, which witnessed 
a period of enhanced seismic activity exacerbated by a climate change-driven eustatic sea level fluc-
tuation. Following a review of the sedimentological and tectono-seismic history of the Cretaceous
Umbria-Marche paleobasin with particular attention to the Monte C �onero area, we describe and
document our integrated stratigraphic analysis of the new section exposed along the northeastern 
littoral known as La Vela Beach.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. The discovery

In the spring of 2019, a group of free climbers went on an 
explorative excursion around the steep northeast-facing slopes of
Monte C� onero, the easternmost and most external anticline of the
northern Apennine foreland thrust-and-fold belt (Fig. 1), which is

located some 8 km south of the port city of Ancona (Marche region 
of Italy). This area is located along a littoral stretch of the C�onero 
Regional Park just south of the sea stack named “La Vela” (The Sail 
in English) (Fig. 1), the public access to which (including standing, 
transit, and docking) is today forbidden by the municipal authority 
due to frequent rock falls (Comune di Ancona, 2019). The intended 
plan of the climbers was to explore large flat rock surfaces 
discernible from offshore but not quite visible from the beach, 
which they referred to as “Le Placche della Vela” (The Sail Slabs in 
English) (Fig. 2A-B). The rock climbers immediately noticed a most 
unusual, dense series of traces on the surface of one of these rock 
slabs that recalled some marine tetrapod paddle prints discovered 
by Natali et al. (2019), and recently ascribed to the new ichnogenus 
and species Coneroichnus marinus by Natali and Leonardi (2023) in
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an outcrop of the Maiolica Formation in another prohibited area of
the C � onero Park, the so-called “Le Placche dei Gabbiani” (The
Seagull Slabs). Like the La Vela Slabs that overhang the eponymous 
beach, the Seagull Slabs overhang the picturesque Due Sorelle
Beach on the easternmost point of the C�onero promontory (see
Fig. 1A for location), which is yet not prohibited despite it too 
presenting a degree of geomorphologic precariousness (Angeli, 
1999; see also Fig. 6 in Aringoli et al., 2014). The free climbers

took digital pictures of these footprint-like traces and showed 
them to one of us (P.S.), who is also a free climber with a degree in 
Geology. P.S. later returned to the La Vela site in company with co-
author M.M. to check the traces and to acquire digital photographs 
of the footprint-like features and fossil traces such as Zoophycos on 
different parts of the slab (Fig. 3A, B. C, and D). Using a small drone, 
they took pictures of bottom current marks on the surface of 
similar slabs exposed on sites 10 and 12 (Fig. 3E and F, respectively;

Fig. 1. A) Geologic map of Monte C� onero, with red line indicating the trace of the basal Danian Marchesini calcarenite marker bed (i.e., the Mega T; Montanari, 1979; Montanari &
Koeberl, 2000), which is located at about 80 cm above the K/Pg boundary, and the studied area framed by a red square; B) Geologic cross section across the C � onero anticline B–B 1. 
Geologic base map and cross section are from Coccioni (2022).
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see Fig. 2A for location). On that occasion, P.S. and M.M. collected a 
few rock samples from a short section of limestone beds directly 
overlying the layer with the presumed footprints, which is 
exposed high up on Site 9 (see location in Fig. 2A).

1.2. Preliminary sedimentologic and stratigraphic assessments

After having inspected the photographs and analyzed the few 

samples collected from the logged section of Site 9 (Fig. 4A and B), 
thin-section and image analysis of polished slabs revealed that the 
layer with the footprints is a pelagic limestone containing tests of 
planktonic foraminifera suspended in a micritic matrix (Fig. 4C–E). 
Among others, the lowermost Campanian zonal biomarker Glo-
botruncanita elevata was recognized in the same pelagic limestone 
sample CON-VEL 9.2 (Fig. 4C) at 1.05 m level in the lithostrati-
graphic log of Fig. 4A. Thin sections also revealed bioturbation 
traces, probably representing Planolites or Zoophycos burrows. By 
contrast, the polished surface of limestone sample CON-VEL 9.1 
from meter level 1.10 in the log of Fig. 4A, which immediately 
overlies this footprint-studded pelagic limestone, exhibited in-
ternal structures such as cross-laminations and grading (Fig. 4D). 
Texturally, this limestone is essentially a grain-supported bio-
micrite mostly made of small planktonic foraminiferal tests and 
other rare biogenic carbonate clasts such as inoceramid prisms 
and calcispheres (Fig. 4G). However, fine textural and structural 
features such as grading, laminations, microfossils, bioturbation 
traces were not visible on a wetted surface of a hand sample 
looking through a canonical 10-x-magnification loupe lens. Hand 
samples appeared in the field as absolutely homogeneous, super-
fine limestones with a milky-white color (see insets in Fig. 4C and 
D). In short, we hypothesized that the footprints, which were 
probably made by a group of medium-sized marine vertebrates 
paddling towards southwest on a soft pelagic seafloor (Fig. 2B), 
were preserved on that oozy sediment because they were imme-
diately buried and sealed under a calcilutitic turbidite (Fig. 4A).

1.3. Preliminary ichnopaleontologic assessments

A question that inevitably comes to mind is: what kind of an-
imal(s) may have left those footprints? One first step in answering 
this legitimate question is to consider that in the Late Cretaceous 
the only vertebrates roaming the deep sea were fish and reptiles. 
Well-preserved skeletal fossils of these aquatic animals are occa-
sionally found in pelagic limestones but they are never associated 
with their fin-, paddle-, or footprint traces. After all, fossil traces on 
the surface of an oozy seafloor cannot last long before they are 
obliterated by bottom currents and/or bioturbation. Moreso if one 
considers that the biomicritic pelagic sediment that yielded the 
Umbria-Marche (U-M) Scaglia Rossa limestone, which was 
continuously homogenized by synsedimentary bioturbation, was 
deposited at a mean accumulation rate in the order of ~10 m m.y. − 1 

(i.e., 10 mm per thousand years; e.g., Arthur and Fischer, 1977; 
Lowrie et al., 1990; Mukhopadhyay et al., 2001; Bice et al., 2007; 
Gardin et al., 2012; Wendler, 2013; Husson et al., 2014; Sinnesael 
et al., 2016). For this reason, reports of fossil footprints on a sea-
floor of any geological age are rare in scientific literature (e.g., 
Zhang et al., 2014; Lockley et al., 2018; Natali et al., 2019; Baucon 
et al., 2023).

Excluding fish, which do not use their fins to paddle on the
seafloor, for our lowermost Campanian case of Monte C � onero, we
have to consider marine reptiles of three kinds: plesiosaurs (giant 
reptiles typically with a long neck and a small head), mosasaurs (i. 
e., large marine reptiles first found near the Meuse River [Mosa in 
Latin]; e.g., Lindgren et al., 2010), and sea turtles, specifically 
Protostegidae (e.g., Danilov et al., 2022; Serafini et al., 2024). While

numerous remains of these Cretaceous marine reptiles were found 
in the Scaglia Rossa of the pre-Alpine Venetian region of northern 
Italy (Zorzin, 2016, 2017, 2022), no fossils of plesiosaurs or sea 
turtles were ever found in the U-M Scaglia Rossa pelagic lime-
stone. Nevertheless, one well-preserved mosasaur tooth was re-
ported by Montanari (1979) from the Via Flaminia section at Furlo 
in the Marche Apennine, which was extracted by quarry worker 
Mr. Elio Santi from a pink pelagic limestone bed some 19 m below 

the K/Pg boundary (Fig. S1), thus approximately corresponding to 
the base of mid-Maastrichtian magnetochron C30n (Alvarez and 
Lowrie, 1984; see also Fig. 5.7.6.12 on p. 238 in Montanari and 
Koeberl, 2000). Moreover, in 1982 Walter Alvarez found a 
rounded pebble of tholeiitic basalt embedded in a pink pelagic 
limestone layer of Maastrichtian Scaglia Rossa in the Furlo Upper 
Road section (Alvarez and Lowrie, 1984), which at first sight 
resembled a meteorite but was later interpreted as a gastrolith 
(Walter Alvarez, personal communication, November 2024), 
similar to those found among marine reptile remains in the 
Venetian Scaglia Rossa Fm (Gonzato and Ferrari, 2020; Serafini 
et al., 2024). In any case, all these marine reptiles used their 
paddle-like forelimbs as “freestyle” swimming propulsion. By 
contrast, extant sea turtles use both their fore and hind flippers, 
and sometimes their tail, to clumsily drag themselves onto dry 
sandy beaches to lay their eggs, leaving complex yet ephemeral 
traces similar to caterpillar tracks but with varying patterns and 
shapes according to the species. Lockley et al. (2019) reports on a 
case of such an on-land sea turtle tracks in a South African Pleis-
tocene beach deposit.

However, one can only rely on imagination of how an extinct 
finned reptile may leave paddling tracks on a soft sediment sea-
floor. A rare if not unique case is given by a series of regular and 
symmetric paddle tracks left on a shallow seafloor by a Triassic 
nothosaur, which were studied and documented in detail by Zhang 
et al. (2014) (see synoptic Fig. 5A). As for sea turtles, the first report 
of swim tracks on a Campanian shallow water environment is by 
Lockley et al. (2018). Lockley and co-workers attributed regularly 
spaced traces, shown in Fig. 4 in their paper, to small turtles 
swimming near the seafloor all in the same direction, and not 
dragging their body onto it, as a female sea turtle would do on a 
dry sandy beach. Our synoptic Fig. 5B illustrates how a modern sea 
turtle swimming close to the seafloor might brush or even dip the 
tip of its fore flippers (and maybe also the tip of its tail) into the 
soft sediment, leaving regularly spaced parallel arcuate marks or 
irregular roundish pockmarks like those present on the surface of 
the La Vela Slabs (Fig. 3B-C).

To address the original question of what animal(s) may have 
left footprints on the oozy pelagic seafloor of the Campanian
Scaglia Rossa at Monte C � onero, we consider that while plesiosaurs
and mosasaurs were probably solitary predators and Late Creta-
ceous sea turtles were probably solitary prey like their modern 
relatives, female turtles of most of the seven extant species peri-
odically gather in large herds to migrate towards tropical or 
temperate sandy beaches to lay their eggs. However, only the olive 
ridley (Lepidochelys olivacea) and Kemp's ridley (Lepidochelys 
kempii) sea turtles simultaneously land by the thousands on 
tropical sandy beaches to lay their eggs (e.g., Wibbels and Bevan, 
2016, and references therein). Other species, such as the green 
sea turtle (Chelonia mydas), the loggerhead (Caretta caretta), and 
the giant leatherback (Dermochelys coriacea), undertake long-
distance mass migrations, but they typically nest separately or in 
smaller groups on tropical or temperate sandy littorals. By 
contrast, large populations of herbivore species such as Chelonia 
mydas, constantly roam around shallow water coral reefs, where 
they find an abundant source of energy in seagrass and algae. 
Similarly, large numbers of principally predator species, such as
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Fig. 2. A) Aerial image of the studied La Vela area on the steep northeastern limb of the Monte C� onero anticline (sea stack at top of image is located at 43 ◦ 33′33.71″ N, 13 ◦ 36′33.08″
E). Dashed red lines along the coast indicate measured and sampled stratigraphic sections, which are named Beach Lower Section (BLS), and Beach Upper Section (BUS). The 
yellow numbers indicate sites where the bedrock formations were inspected and measured along the beach (i.e., Sites 1 to 2 = Maiolica Fm.; Sites 3, 4, 5, 7, 11, and 12 = Scaglia 
Rossa Fm.). Sites 6, 8, 9, and 10 were surveyed and studied using high-resolution aerial (drone) digital photographs and ground truthing on foot using appropriate climbing gear
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and expertise. Areas contoured with a red line represent the exposed top surface of a pelagic limestone layer of the Campanian Scaglia Rossa Fm., studded with a myriad of 
footprints. The red rectangle on the slab of Site 6 (strike 315 ◦ NW; dip 45 ◦ NE), refers to the red rectangular frame area in Fig. 2B. The vast slab countered with a blue line represents 
the trace-free top surface of a pelagic limestone, which is found a few stratigraphic meters below the footprint layer. The slabs contoured with a green line represent the top 
surface of pelagic limestones found a few stratigraphic meters above the footprint layer exhibiting flute marks on Site 12, and probable ripple structures on Site 10 (see Fig. 3 E and 
F, respectively). B) Aerial orthogonal drone photograph of the slab of Site 6 (see red rectangle in Fig. 2A). The whole surface is studded with interpreted footprint traces, which 
have been marked with red lines and circles in the red rectangular, ~10 × 20-m area. Note in the inset diagram that arched traces suggest a general southwest progression (red 
arrow) when compared with fossil sea turtle paddle prints shown in figures 3A, 5 A-D, 7, and 9A in Lockley et al. (2019). See some details of these footprints in Fig. 3A, B, and C.

Fig. 3. A) Panoramic view of the limestone slab exposed on Site 6, showing the extension and density of footprint marks. Outline of a covert free climber for scale on the lower left 
foreground of the picture; B) Detail of the slab surface of Site 6 showing a random distribution of arched paddle print marks (red arrows), and round, cup-shaped print marks 
(black arrows); C) Close up photograph of regularly spaced double curved paddle print marks on the same slab surface of Site 6; D) A Zoophycos fossil trace on the surface of the 
same footprint bed exposed on Site 9; E) Panoramic view of the slab on Site 12. The top surface of this pelagic limestone bed is studded with flute marks filled with the beige 
sediment from the bottom of a now-removed overlying calcarenitic turbidite (see enlargement of the red rectangle area shown in the inset); F) Aerial (drone) photograph of the 
subvertical slab of Site 10. The surface of this limestone bed exhibits a dense series of elongated positive structures, which may represent current ripple marks (see them enlarged 
in the inset). In the center of this image, notice a long sinusoidal trace crossing the ripple set, which may represent a groove of an object dragged on the oozy seafloor by a bottom 

current.
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Fig. 4. A) Composite lithostratigraphy of the section exposed on Site 5 and Site 9; B) Panoramic photograph of the footprints slab exposed on Site 9; C) Polished slab of the 
footprint layer from meter level 1.05 in the section at Site 9. This image was obtained with a photo scanner at a resolution of 1600 dpi. Internal texture and sedimentary structures 
are not visible with the naked eye on a polished surface, which would appear white and completely homogeneous (see inset), but they become visible once the image is 
manipulated in Photoshop for luminosity (i.e., darkened) and enhanced contrast. In this case, the manipulated image does not show any internal sedimentary structure. Thin 
sections revealed that this calcilutitic limestone is a pelagite made up primarily of sparse planktonic foraminiferal tests suspended in a micritic matrix (see in E a thin section 
microphotograph of sample CON-VEL 9.2 at 1.05 m in the logged section of Site 9). Among them, the zonal marker Globotruncanita elevata is shown in F; D) Image of a polished 
slab of the limestone sample CON-VEL 9.1, collected from meter level 1.10 in the section at Site 9 (see microfacies in G). This calcilutitic detrital limestone rests on top of the 
footprints layer and in an enhanced digital image exhibits internal structures such as grading and microlaminations, suggesting that it represents a fluxoturbidite that interrupted 
the normal pelagic sedimentation in this part of the paleobasin.
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Hawksbill turtles (Eretmochelys imbricata) that feed on sponges 
and other sessile invertebrates, permanently inhabit the same 
shallow water environment (e.g., Goatley et al., 2012, and refer-
ences therein), which, in addition to supplying abundant food, 
provides shelter against open sea predators. The prevalence of sea 
turtle species in these environments leads us to hypothesize that 
the myriad trace fossils of the La Vela Slabs represent a mass 
displacement of a very large number of these animals (see dy-
namic box model in Fig. 6) that were lingering near the shallow
water carbonate platform of Monte C� onero (see Fig. 7 for location),
an ideal place for laying eggs but also a fertile ground for foraging. 
A sudden earthquake provoked a stampede toward the open sea in 
the opposite direction to the epicenter, or preceding a turbidity 
current that was triggered by the earthquake itself. Some of these 
panicking sea turtles swam close to the bathyal seafloor leaving 
footprints on the soft carbonate sediment, which were immedi-
ately covered and preserved under a calcilutitic fluxoturbidite 
triggered by the same earthquake (Fig. 6). Over the 200 m 2 area of 
the La Vela slab at Site 6, which we remotely mapped on a drone

aerial orthophotograph (Fig. 2B), there may be as many as 
1000 ± 300 of such footprints (i.e., a density of 5 ± 3 traces per 
square meter), and traces have been observed also on the slabs 
exposed on sites 5, 7, 8, 9, and 11, which represent the same pelagic 
layer.

These observations and assessments regarding the nature of 
the La Vela footprints need to be considered as an invitation to 
further specialistic studies on this amazing, perhaps unprece-
dented deep-water vertebrate ichnopaleontologic record. This 
field is foreign to the team of researchers co-authoring this 
contribution, which includes regional and environmental geolo-
gists, carbonate sedimentologists, stratigraphers, geophysicists, 
and micropaleontologists. On the other hand, we are taking 
advantage of this extraordinary discovery to frame such a dramatic 
event, i.e., a presumed en masse rush of marine reptiles (probably 
sea turtles), in the tectono-seismic, sedimentologic, and paleo-
environmental scenario of the Cretaceous C �onero Basin, in
particular during the deposition of the Campanian Scaglia Rossa 
pelagic limestone. Following a review of the sedimentological and

Fig. 5. A) Skeletal model of Triassic nothosaur Lariosaurus, viewed from above, paddling along and producing the tracks with its front paddles (highlighted in red), modified from 

Fig. 7a in Zhang et al. (2014). The artist scene picture on the right is borrowed from the original work of Brian Choo (modified from Fig. 8 in Zhang et al., 2014), which illustrates 
how a nothosaur makes progression tracks with its fore fins on a soft seafloor while stalking for a prey; B) Anatomic ventral view of a generic sea turtle with highlighted in color 
the body parts (i.e., the fore flippers and the tail) that would leave track marks on soft sediment while swimming or grazing underwater close to the seafloor. The scene picture on 
the right is a modified still frame from 0’:55″ of a YouTube video showing a Hawaiian green sea turtle (Chelonia mydas) swimming close to the seafloor and brushing the soft 
sediment with the tip of its fore flipper (marked with a red contour line).
From https://www.youtube.com/watch?app=desktop&v=jsxvAzWmF9I.
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tectono-seismic history of the U-M Apennines, we will proceed 
with the description and documentation of our integrated strati-
graphic analysis of the Campanian exposure along the La Vela 
Beach Upper Section (BUS), the location of which is indicated in 
Fig. 2A.

1.4. Geological background

The Scaglia Rossa Fm. of the Umbria and Marche regions of 
central Italy (Fig. 7A) is a thoroughly studied and well-dated 
sequence of rhythmically bedded pelagic limestones and marls 
(e.g., Alvarez, 2019 and references therein), locally interrupted by 
biocalcarenitic turbidites and soft sediment deformations 
(Montanari et al., 1989; Fig. 7B). It was deposited at the transition 
between rift-related subsidence, which started in the Late Triassic, 
and the beginning of convergent orogenic activity that led to the 
formation of the NE-progressing Northern Apennines accretionary 
wedge (e.g., D'Argenio, 1970; Alvarez et al., 1974; Channell et al., 
1979; Castellarin et al., 1982; Treves, 1984; Marroni et al., 2001; 
Cornamusini et al., 2002; Argnani et al., 2006, and references 
therein). While major compression began in the Alps in the Early 
Cretaceous (Dewey et al., 1973), compression in the U-M basin did 
not begin until the Early Miocene.

Prior to the deposition of the Scaglia Rossa, the whole U-M 

basin was apparently flat and static, devoid of any manifestation of 
tectono-seismic activity such as synsedimentary faulting, slump-
ing, and turbiditic sedimentation, as evidenced by the underlying 
Marne a Fucoidi and Scaglia Bianca formations that exhibit 
essentially uniform thicknesses everywhere throughout this re-
gion (Montanari et al., 1989; see Fig. 9). By contrast, the U-M 

Scaglia Rossa Fm. varies in thickness from 150 to 300 m regionally, 
indicating the creation of basinal topography through synsedi-
mentary tectonic deformation (Alvarez and Lowrie, 1984; Chan

et al., 1985; Alvarez et al., 1985; Montanari et al., 1989). As noted 
by Montanari (1988), the thicker sections of the Scaglia Rossa 
coincide with older syn-rift grabens (see also Fig. 1b in Bice et al., 
2007), suggesting that the basinal topography was created by the 
reactivation of buried Jurassic normal faults. In summary, the 
Scaglia Rossa Fm. of the U-M region was a deep-water epeiric sea, 
perhaps as deep as 1500 m in the most distal areas of the paleo-
basin (Kuhnt, 1990), bordered to the south and east by shallow 

water carbonate platforms, and flanking aprons of detrital mate-
rial, as shown in Fig. 7B. The limit of the platform-derived basinal 
deposits is relatively well known and is easily established by the 
distinctive shallow water fauna that compose the clasts of these 
grain flows, turbidites, and other mass flows.

In this general paleogeographic scenario, the Monte C �onero 
area was situated at the eastern edge of the U-M Basin. The Lower 
Cretaceous Maiolica Fm. is the oldest formation herein exposed 
(Fig. 8). Extensive exposures of this formation are located along the
steep north-eastern flank of the C � onero anticline (Fig. 1 AB),
particularly on the slopes above the aforementioned Due Sorelle 
(Fig. S2) and Grotta degli Schiavi beaches.

The upper part of the Maiolica Fm. is well exposed on both sides 
of the Due Sorelle promontory showing conspicuous soft sediment 
deformation (Fig. S2C and D). Slump folds have been observed in
this upper part of the formation in other localities of Monte C �onero 
(e.g., Fig. S2E), all showing a north-eastern direction of sliding of 
unconsolidated, ductile carbonate sediment. The boundary be-
tween theMaiolica to the overlying Marne a Fucoidi Fm. is well 
exposed on the southern side of the Pirolo hill (Fig. 9A), and it is 
marked by the Selli Level, a radiolaritic black shale horizon rep-
resenting the U-M expression of the Oceanic Anoxic Event 1a 
(OAE1a; e.g., Coccioni et al., 1987, 1989; Coccioni, 2020). A detailed 
lithostratigraphic model of the Pirolo succession is shown in 
Fig. 9A (from Coccioni et al., 1994), whereas a schematic model

Fig. 6. Box model of a panicking sea turtle herd rushing toward the deep sea and away from the proximal environment of a shallow water carbonate platform from where a 
calciturbidite took off after being triggered by an earthquake. The red arched marks represent footprints left behind by a front of sea turtles swimming close to the oozy seafloor, 
which eventually were covered by the calcilutitic seismo-turbidite. This idealized scenario is related to the footprints found in the La Vela Beach Upper Section (BUS) at Monte
C � onero, which is indicated in the paleogeographic map of Fig. 7B.
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of the Campanian megaslump that led to a conspicuous strati-
graphic hiatus in the C � onero succession, is proposed in Fig. 9B to D.
In summary, most of the Marne a Fucoidi, the whole Scaglia Bianca, 
and the lower part of the Scaglia Rossa formations are missing at
Monte C� onero although pink and green-colored limestones and
cherts of the Marne a Fucoidi can be found in landslide breccia 
deposits in a few localities such the aforementioned Davanzali 
quarry, the northern end of La Vela Beach, and on the bluffs at Il 
Clandestino and Le Terrazze beaches (Montanari et al., 2016). In 
recent years, as a consequence of ever stronger sea storms and 
consequent retreat of the coastline, a continuous ~25-m-thick 
section of Maiolica limestones was exposed along the La Vela 
Beach, here designated the La Vela Beach Lower Section (i.e., BLS; 
see synoptic Fig. 10A to F, and figure caption therein).

Past a landslide scree containing pinkish limestone breccia 
derived from the overlying Marne a Fucoidi Fm (Fig. 10 B), and
overpassing a rocky notch, the stratified bedrock of the C�onero 
succession comes back to the surface, clean and well exposed 
along the supralittoral zone in a ~40-m-thick section, here named 
La Vela Beach Upper Section (BUS in Fig. 2A), where at meter level 
30.7 we have identified the pelagic limestone bed with the foot-
prints (see synoptic Fig. 11). The results of our integrated

stratigraphic analysis of this La Vela Beach Upper Section will be 
described and documented in detail in the RESULTS chapter 3 of 
this paper.

2. Materials and methods

With the permission of the C � onero Park Authority, we first
surveyed the La Vela area using a small drone (DJI Spark®), taking 
high-resolution digital photographs of Site 6 slab from a low 

elevation (~30 m) orthogonal to the exposed surface, as well as 
orthophoto aerial strips to construct a 3D point-cloud model of the 
slab. We then logged the stratigraphic sections exposed along the 
littoral of La Vela, including the Maiolica outcrop of the La Vela 
Beach Lower Section (BLS) and the Scaglia Rossa La Vela Beach 
Upper Section (BUS), using a foldable meter stick, marking the 
section with colored chalk at 1 m intervals, and finally photo-
graphing the outcrop in 2 or 3 m intervals. Hand samples of cal-
carenite and calcilutite were collected using a rock hammer 
whereas oriented, 23-mm-diameter, 40-mm-long core samples 
were collected at 2.5 m intervals from the BUS section using a 
cordless power drill with a dry concrete cup cutter for paleo-
magnetic analysis. Rock samples, washed residues, and thin

Fig. 7. A) Simplified geological map of the U-M Apennines; B) Palaeogeographic reconstruction of the U-M basin during the Late Cretaceous and early Paleocene. Latitudes and 
longitudes are relative to present day. The Adriatic coastline is indicated by a solid line. Filled and open circles and triangles represent exposed sections of the Scaglia Rossa Fm. 
The Furlo and Genga pelagic sub-basins, formed by reactivation of older normal faults, lie beyond the reach of material shed from the Adriatic and Abruzzo carbonate platforms,
unlike Monte C � onero where the Campanian to Danian pelagic limestone is interbedded with calcarenites and calcirudites made up of bioclasts derived from a proximal carbonate
platform (from Montanari et al., 2023).
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sections are deposited at the Osservatorio Geologico di Coldigioco 
(Italy), while magnetostratigraphic cores and offcuts are stored at 
the Department of Geosciences, NTNU (Norway).

2.1. Magnetostratigraphy

The alternating field (AF) demagnetization of magnetic rema-
nence was measured using an Applied Physics Systems Model 755 
cryogenic magnetometer at the Geological Survey of Norway. A 
noise floor for the magnetometer of ~5 × 10 − 10 Am 2 (~8 × 10 − 5 A/ 
m for specimens of the size used in this study) is inferred by the 
observation that intensities below this approximate value recor-
ded wildly varying magnetic directions. The characteristic paleo-
magnetic vector was calculated for those samples demonstrating a 
stable direction over consecutive steps using principal component 
analysis (Kirschvink, 1980) as implemented in PuffinPlot (Lurcock 
and Wilson, 2012). Demagnetization sequence and orthogonal 
vector diagrams for all samples and compiled principal component 
analysis results are presented in supplemental materials. Volume-
normalized magnetic susceptibility was measured on an AGICO 
MFK1-A Kappabridge at the Norwegian University of Science and 
Technology. To quantify the magnetic mineral content and infer 
the mineral phase(s), magnetic hysteresis loops using fields up to 
1.1 T and isothermal remanent magnetization sequences were 
acquired using a Princeton Measurements Corp. MicroMag 2800 
vibrating sample magnetometer at ambient temperature. Raw 

data files of the magnetic measurements used in this study are 
available at https://doi.org/10.18710/S081GT.

2.2. Biostratigraphy

Standard thin sections were prepared for each collected hand 
and drill core sample at the Geological Observatory of Coldigioco 
for microfacies analysis using a Zeiss petrographic microscope. 
About 200 g of selected hand samples originally labelled as 2W 

(~2 m in the BUS section), 4B (~18 m in the BUS section), CON-VEL 
5, 6, and 9.2 (equivalent to 30.7 m in the BUS section), and CON-
VEL 9.1 (equivalent to 30.8 m in the BUS section), as well as

samples at meter levels 32, 34, 36, 38, and 40 from the upper BUS 
section, were processed for planktonic foraminifera species clas-
sification and benthic foraminifera paleodepth assessments at the 
University of Urbino using the cold acetolysis washing technique. 
The same microfacies and micropaleontological analytical treat-
ment was applied for samples 16.1, 16.2, 16.5, and 16.7 m from the 
BLS section. They were mechanically disaggregated into small 
fragments (3–8 mm) and treated following the cold acetolysis 
technique of Lirer (2000) by sieving through a 40 μm mesh and 
drying at 50 ◦ C to avoid loss of the very small specimens that may 
be significant for paleoecological and biostratigraphic assess-
ments. Some experiments were conducted with varying acid 
concentrations (20–80 %) and reaction times (3–12 h), until the 
methodology guaranteeing the best results was identified. This 
cold acetolysis method enables the extraction of generally easily 
identifiable foraminifera even from indurated limestones. It offers 
the possibility of accurate taxonomic determination and detailed 
analyses of planktonic foraminiferal assemblages, thus providing 
the precise placement of several primary and secondary bio-
horizons and zonal boundaries and recognition of previously un-
detected bioevents (e.g., Coccioni, 2020; Coccioni et al., 2022). 

Planktonic and benthic foraminifera from the washed residues 
were studied under a stereomicroscope. Observations were con-
ducted on size fractions separately: 40–75 μm; 75–100 μm; 
100–125 μm; 125–150 μm; 150–180 μm; 180–250 μm; and 
>250 μm. The total abundance of planktonic foraminifera based on 
entire >40 μm fraction was annotated as follows: absent; very 
rare; rare; few. Preservation was assigned as follows: poor; mod-
erate; and good. Taxonomic concepts for genera and species 
identification followed the online Mikrotax database (http:// 
mikrotax.org/pforams/index.php?dir=pf_mesozoic) where the 
type material for most species is illustrated by new scanning 
electron microscopy (SEM) images (Huber et al., 2016). The 
planktonic foraminiferal standard zonation of Coccioni and 
Premoli Silva (2015) was applied. With regards to the assess-
ment of the paleodepth from the benthic foraminiferal associa-
tions, the bathymetric subdivision of van Morkhoven et al. (1986) 
and Berggren and Miller (1989), was followed (i.e., inner neritic [0

Fig. 8. Lower Cretaceous = Eocene integrated stratigraphy of the U-M sedimentary succession in the Gubbio, Furlo, and C � onero basins (see Fig. 7).
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30 m], middle neritic [30–100 m], outer neritic [100–200 m], upper 
bathyal [200–600 m], middle bathyal [600–1000 m], lower bathyal 
[1000–2000 m], upper abyssal [2000–3000 m] and lower abyssal 
[>3000 m]).

3. Results: integrated stratigraphy of the La Vela sections

The Lower Cretaceous pelagic limestones of the Maiolica Fm., 
steeply dipping toward the NE, and the overlying Campanian 
pelagic limestones interbedded with calcarenitic and calcilutitic 
turbidites of the Scaglia Rossa Fm. are exposed along a ~200-m-
stretch of the supralittoral splash zone around the La Vela sea stack 
(Fig. 2A). The lithostratigraphy of the Maiolica BLS section is syn-
optically described in Fig. 10A, whereas the integrated litho- and 
magneto-stratigraphy of the Scaglia Rossa section (BUS) is illus-
trated in Fig. 11.

3.1. Lithostratigraphy of the Maiolica BLS section

Of the 25-m-thick BLS section not much can be said other than 
that the Maiolica exhibits here its most typical lithofacies char-
acterized by thin-to-medium thick, white to gray, micritic lime-
stone beds often containing chert nodules, sometimes interbedded 
with dark gray bituminous marls or actual black shales, and also 
gray to black continuous chert beds (see Fig. 10B to F). Acetolysis-
washed residues of limestone samples taken at 16.1, 16.2, 16.5, and 
16.7 m were dominated by radiolarian skeletons and very rare 
tests of benthic foraminifera, most of which were partially dis-
solved and not identifiable. In the absence of biostratigraphic ev-
idence for the age for this short Maiolica section, it is not possible 
to correlate it with the ~200-or-more-m-thick Maiolica exposed 
on the cliffs and crags around the Due Sorelle promontory (see 
Fig. S2A). However, the presence of soft-sediment slump folds at

Fig. 9. A) Detailed stratigraphy of the Cretaceous sedimentary succession at the Pirolo hill of Monte C� onero resulting from the mega slump triggered by a major seismo-tectonic
event in the Late Cretaceous (from Coccioni et al., 1994). The red frames with “W” indicate 3 stratigraphic gaps suggested by planktonic foraminiferal assemblages determined by 
one of us (R.C.) in samples probably collected from the same layers indicated by the letters a and b in Fig. S3F. The red line in the stratigraphic log represents a paraconformity 
coinciding with the detachment surface of the megaslump represented in the block diagrams B, C, and D. 1 = limestone with chert; 2 = Radiolarite; 3 = Pyrite nodules; 4 = Black 
shale; 5 = Marly limestone; 6 = Marl; 7 = Calcilutitic limestone; 8 = Biocalcarenitic limestone. Note that Scisti a Fucoidi is synonym of Marne a Fucoidi; B to D is a schematic
model of the Upper Cretaceous mega slump at Monte C� onero as derived from the stratigraphy of the Pirolo hill section; B) Incipient listric normal faulting during an extensional
seismo-tectonic regime; C) Slumping triggered by a major earthquake; D) Sedimentation of the neoautochthonous Scaglia Rossa R2 pelagic limestone with resulting hiatus at the 
base. The undulating lines in the upper part of the Maiolica Fm. represent a widespread horizon containing soft sediment deformations.
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Fig. 10. Synoptic lithostratigraphy of La Vela Beach Lower Section (BLS) belonging to the Maiolica Formation. A) Schematic lithostratigraphy of the BLS section with field an-
notations; B) Panoramic view of the upper part of the section; C, D, E, and F, close-up photographs of portions of the section annotated in A.
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5.5 m in the BLS section (Fig. S2E) may suggest that the upper part 
of this formation on either side of the Due Sorelle promontory is 
characterized by pervasive soft sediment deformation (see 
Fig. S2C–D).

3.2. Integrated stratigraphy of the Scaglia Rossa BUS section

3.2.1. Lithostratigraphy
The lithostratigraphy of the 40-m-thick BUS section is charac-

terized by an alternation of fine calcarenitic turbidites and white, 
homogeneous calcilutitic limestones, the ultrafine texture of 
which is not visible in hand sample even with the aid of a hand 
lens, but requires examination in thin section using a petrographic 
microscope (Fig. 11A). Figure 12 summarizes the different 
microfacies of these calcarenitic and calcilutitic limestones. One 
aspect to be noted is that some of these calcilutites are evidently 
pelagic, i.e., characterized by planktonic foraminiferal tests sus-
pended in a micritic matrix (see Fig. 12A, B, and D; see also Fig. 4E), 
while other calcilutites are clearly detrital (Fig. 12C, E, F, and G; see

also Fig. 4G). Moreover, unlike the Maastrichtian and lowermost
Danian calcarenites and calcirudites of the Monte C � onero succes-
sion including the Marchesini (or MegaT) marker bed, which are 
made up of carbonate clasts derived from a proximal shallow-
water carbonate platform, including benthic macroforaminifera 
(i.e., orbitoids), rudists, bryozoans, corals, etc (Montanari, 1979; 
Coccioni et al., 1994), the fine calcarenites and turbiditic calcilu-
tites of the Campanian succession at La Vela are composed of 
reworked pelagic material, such as planktonic foraminifera, ino-
ceramid prisms, calcispheres, etc.

3.2.2. Planktonic foraminifera assemblage and biozone assessment 
Planktonic foraminifera occur in all acetolysis-washed residues 

and all but 3 thin sections (see Table S1.). However, their preser-
vation and abundance vary widely from sample to sample, ranging 
from very poor to good and from very rare to common, respec-
tively. Species diversity parallels the observed fluctuations in 
abundance. The most abundant and diversified samples studied in 
cold acetolysis washed residues were CON-VEL 2W (~2 m level in

Fig. 11. Synoptic stratigraphic model of the La Vela Beach Upper Section (BUS) belonging to the Scaglia Rossa Fm. The recognized footprints fall at meter level 30.7. The whole 
section pertains to the lowermost Campanian Globotruncanita elevata planktonic foraminiferal zone. Volume-normalized susceptibility graph indicates position of all collected 
paleomagnetic samples. Paleomagnetic inclination and declination in bedding-corrected coordinates.
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the BUS section with 215 identified specimens), and CON-VEL 5 
(equivalent to 30.7 m in the BUS section with 300 identified 
specimens; see Table S1). Some 30 specimens were recognized and 
identified in a thin section of sample CON-VEL 9.1 (equivalent to 
30.8 m in the BUS section) and a few others in thin section of 
sample CON-VEL 4B (~18 m in the BUS section), as well as in a thin 
section of sample CON-VEL 9.2 (equivalent to 30.7 m in the BUS 
section; see Table S1).

According to the ranges of Late Cretaceous planktonic forami-
nifera species provided by Miniati et al. (2020) from the Campa-
nian GSSP in the Bottaccione Gorge near Gubbio (Gale et al., 2023), 
the occasional occurrence of M. schneegansi (Table S1) is probably 
due to reworking. On the basis of the occurrence of Globo-
truncanita elevata along with marginotruncanids, and the absence 
of Dicarinella asymetrica and Contusotruncana plummerae, the BUS 
section lies in the lower Campanian Globotruncanita elevata Zone.

3.2.3. Benthic foraminifera identification and paleodepth estimate 
Benthic foraminifera occurred in a few samples and their 

abundance is commonly very low. Similar to planktonic forami-
niferal specimens, the preservation varied from very poor to good. 
The P/B ratio in all analyzed samples is invariably >99 %, which is 
consistent with deposition at bathyal or greater depths (e.g., 
Gibson, 1989; van der. Zwaan et al., 1990). Benthic foraminiferal 
assemblages are mostly represented by calcareous genera 
including Nuttallides, Anomalinoides, Stensioeina, Osangularia, 
Gavelinella, and Oridorsalis. The most common agglutinated fora-
miniferal genus is Gaudryina. On the basis of the paleobathymetric 
distribution of these genera as documented by Sliter and Baker 
(1972) and Nyong and Olsson (1984), a bathyal deposition can be 
inferred.

A more precise inference has been derived from paleobathy-
metric models and interpretation as well as upper depth limits of 
Sliter and Baker (1972), Berggren and Aubert (1975), Tjalsma and 
Lohmann (1983), Olsson and Nyong (1984), Nyong and Olsson 
(1984), van Morkhoven et al. (1986), Widmark (1997), Widmark 
and Speijer (1997), Alegret and Thomas (2001), Cetean et al. 
(2011) and Frontalini et al. (2016). The most abundant calcareous 
foraminiferal species are Anomalinoides nobilis (Brotzen 1948), 
Stensioeina pommerana (Brotzen 1936), Osangularia cordieriana 
(d’Orbigny, 1840), Nuttallides truempyi (Nuttall, 1930), Gavelinella 
beccariiformis (White, 1928), Gyroidinoides nitidus (Reuss, 1844) 
and, among the agglutinated, Gaudryina pyramidata (Cushman, 
1926). Most of these occur at a middle bathyal depth such as 
A. nobilis (Cetean et al., 2011), S. pommerana (Widmark, 1997),
O. cordieriana (Sliter and Baker, 1972; Olsson and Nyong, 1984),
N. truempyi (van Morkhoven et al., 1986), G. beccariiformis (van 
Morkhoven et al., 1986; Widmark and Speijer, 1997), and 
G. nitidus (Sliter and Baker, 1972), whereas G. pyramidata at an 
upper bathyal (van Morkhoven et al., 1986; Widmark and Speijer, 
1997). On the basis of these observations and considering the 
upper depth limits of the identified benthic foraminiferal taxa, a 
middle-to-lower bathyal depositional environment can be infer-
red for the lower Campanian Scaglia Rossa basin of Monte C�onero. 

3.2.4. Magnetic carriers and magnetostratigraphy
The limestones of the BUS section are without exception very 

weakly magnetic: only one specimen exhibits positive magnetic 
susceptibility, and the average of the remaining samples is − 6.5× 

10 − 6 SI (Fig. 11A). The dominance of the diamagnetic signal that 
generates these negative values indicates a very low content of 
ferromagnetic (s.l.) material. Of the 12 samples from which hys-
teresis loops were measured, 9 exhibited a response that was not 
purely diamagnetic. The saturation magnetization (M s ) of these 9 
samples ranged from 1.1 to 6.7 × 10 − 5 Am 2 /kg (Table S2). Mitchell

Fig. 12. Black-and-white microphotographs of microfacies as seen in thin-section 
from the Campanian Scaglia Rossa Fm. exposed at the La Vela Beach Upper Section. 
A) Bioturbation trace filled with planktonic foraminiferal debris in an otherwise 
white, homogeneous calcilutite at Site 4 from ~18 m above the base of the BUS section 
shown in Fig. 11A. B) The matrix of the same BUS 4B sample can be described as a 
wackestone, which includes heterohelicid tests (→he), and calcispheres (→cs); C) A 
calcarenite from Site 4 at ~18 m above the base of the BUS section exhibiting a 
polygenic detrital composition including: muddy wackestone intraclasts (→ic), 
planktonic foraminifera (e.g. →pf = Marginotruncana pseudolinneiana), calcispheres 
(→cs), and mollusk shell fragments (→ms); D) Pelagic mudstone from meter level 35 
in the BUS section shown in Fig. 11A, containing well-preserved planktonic forami-
niferal tests (e.g., →1 = Globotruncanita elevata, and →2 = Globotruncana linneiana); E) 
Calcarenite at Site 4–18 m above the base of the BUS section comprising rotaliids 
foraminiferal tests (→bf) along with fragments of various carbonate shallow water 
organisms such as bryozoans, mollusk shells, benthic forams, echinoderms, corals, 
and calcareous algae; F) Calcarenitic turbidite at meter level 32 in the BUS section 
shown in Fig. 11A (way up indicated by a white arrow), mostly made up of prismatic 
fragments of mollusk shells (possibly inoceramids), and rare planktonic foraminiferal 
tests (e.g. →pf = Marginotruncana schneegansi); G) Grain-supported calcilutitic 
turbidite at meter level 34 in the BUS section shown in Fig. 11A (way up indicated by a 
white arrow), made up of fragments of small foraminiferal tests (→ft) and plane-
parallel-aligned calcite filaments (→cf).
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et al. (2021) reported that biogenic magnetite is the dominant 
magnetic carrier in the Scaglia Rossa, which would indicate that 
the magnetite content of these samples ranges from 0.000012 to 
0.000073 %. Channell et al. (1982) observed the presence of 
goethite and hematite in samples from other Scaglia Rossa local-
ities, and because their saturation magnetization is ~200 times 
weaker than that of magnetite (Dunlop & €Ozdemir, 1997), such
phases could be present in concentrations 2 orders of magnitude 
larger than those calculated for magnetite.

The presence of coexisting high-coercivity magnetic phases 
such as hematite and goethite can be tested using isothermal 
remanent magnetization (IRM) experiments, which measure the 
coercivity distribution of the sample (Fig. S3). The IRM of all 
samples is dominated by magnetite, with more than 60 % and in 
many specimens, fully 100 % of IRM controlled by carriers with

coercivities of remanence <300 mT, typical of magnetite. Speci-
mens from BUS24–22.5, BUS24–27.5, and BUS24–37.5 clearly show 

the presence of an additional phase with a coercivity >300 mT, as 
indicated by the smaller increase in magnetization acquired above 
fields of this value (Figs. S3G, S3H, S3K). BUS24–15.0 and 
BUS24–35.0 also show a steady increase in IRM up to the 
maximum field of 1.1 T, which may also indicate a high-coercivity 
phase, but there is also a high level of noise in these data, so it is 
difficult to confidently identify trends. Both goethite and hematite 
exhibit coercivities much greater than that of magnetite (Rochette 
et al., 2005) and thus are potential sources for this high-coercivity 
component and in the absence of pink coloration in these samples, 
goethite seems a likely candidate for this signal. Due to limited 
access to the cryogenic magnetometer that these samples demand, 
we were unable to carry out thermal demagnetization or the

Fig. 13. Original paleomagnetic record of the Bottaccione section (Gubbio) from Fig. 2 in Lowrie and Alvarez (1976) with an updated foraminiferal biostratigraphy and chro-
nostratigraphy (from Gradstein et al., 2020) and with proper adjustments from Coccioni and Premoli Silva (2015). The Globotruncanita elevata Zone, to which the La Vela Beach 
section (BUS) is here attributed, is highlighted with a gray band.
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Lowrie test (Lowrie, 1990) that would unambiguously identify 
these additional phases and evaluate their role in paleomagnetic 
recording.

The low magnetic mineral content of samples from this locality 
resulted in remanence intensities (average of untreated samples: 
2.0× 10 − 4 A/m, Table S3) that commonly fell below the estimated 
noise floor of the cryogenic magnetometer. Furthermore, due to an 
instrument fault the demagnetization sequences for samples from 

the lowest 15 m were incomplete and are insufficient data points 
to calculate a characteristic paleomagnetic vector. The demagne-
tization sequence for most samples was noisy and did not decay 
linearly to the origin (Fig. S4), except for those from meter levels 
35, 40, and to a lesser extent, 27.5 (BUS24–35.0, BUS24–40.0, and 
BUS24–27.5). The mean destructive field of these well-behaved 
samples is 14–27 mT and their remanence intensity is reduced 
by 90 % by fields up to 80 mT, values which are consistent with 
magnetite as the magnetic carrier. The demagnetization sequence 
from BUS24–35.0 and BUS24–40.0 showed a possible second 
component in the first steps (up to 10 and 5 mT, respectively), 
which may represent a viscous overprint and was therefore 
excluded from the characteristic remanence vector calculation.

In addition to these magnetite-bearing samples, those from 

meter levels 17.5, 22.5, and 37.5 (BUS24–17.5, BUS24–22.5, 
BUS24–37.5) also yielded magnetic vectors that were stable under 
AF demagnetization, although they were not properly cleaned by 
the technique. The orthogonal vector diagrams of these samples 
(Fig. S4) show that the vector does not decay to the origin, largely 
reflecting that the remanence intensity does not decrease mono-
tonically with increasing AF steps. The stereonet plots of the 
demagnetization sequence, however, indicate that the direction is 
stable. IRM analyses (Fig. S3) of BUS24–22.5 and BUS24–37.5 
clearly show the presence of a high-coercivity phase; it is likely 
that the magnetic carrier in these samples does not respond to 
moderate alternating fields and would require thermal demag-
netization to correctly measure the paleomagnetic vector. We note 
that the polarity of these three samples is normal, although 
because they have not been demagnetized, this interpretation 
cannot be considered a tenable paleomagnetic vector and is not 
included in the magnetostratigraphy of this section.

The characteristic vectors that could be measured from the 
three magnetite-dominated specimens from the section are all of 
normal polarity (Fig. 11A). There is a high degree of scatter 
⍺95 = 51 ◦ (Fisher, 1953), and an average declination of 31.3 ◦ and 
inclination of 41.2 ◦ . The inclination values are not dissimilar to 
those reported from normally-magnetized Scaglia Rossa samples 
(e.g., 44 ◦ : Lowrie and Alvarez, 1976, 1977; see Fig. 13), but the 
declination strongly deviate from the literature value of 312 ◦ . The 
scatter in this data set potentially reflects both the weak rema-
nence and limited number of samples; additional paleo- and rock 
magnetic studies would be needed to test if the deviations 
observed here are consistent and to identify their cause. Never-
theless, the combination of the biostratigraphy with the normal 
polarity inferred from the paleomagnetic inclination indicates that 
the upper part of the BUS section records magnetochron C33n. 
This interpretation is consistent with reported identification of 
magnetochron C33r in a Scaglia Rossa section lower in the Monte
C� onero stratigraphy. Chan et al. (1985), while collecting samples
for paleomagnetic analysis in sections of the Scaglia Rossa Fm. 
throughout the U-M Apennines, obtained a few specimens from 

the base of the formation at the Due Sorelle Beach, i.e. the same 
outcrop described by Montanari (1979) shown herein as Fig. S2G. 
Those samples yielded a reverse magnetic polarity and Campanian 
planktonic foraminifera identified in thin section, which suggested 
a lowermost Campanian C33r chron. The paleomagnetic data from 

this section were judged unimportant for the scope of the final

paper and hence were not published (Lung Chan, personal 
communication, November 2024), but the identification of an 
early Campanian age was confirmed by Coccioni et al. (1994).

4. Summary and conclusions

The Lower Cretaceous-to-Pliocene stratigraphic succession of
Monte C � onero, on the easternmost margin of the Umbria-Marche
paleo-basin (northeastern Apennine fold-and-thrust belt of cen-
tral Italy), contains a ~30-Myr-long hiatus derived from a 
seismically-induced mega slump that occurred in the Campanian. 
Extensional seismo-tectonic activity in the U-M basin actually 
started in the Turonian after a ~25-Myr-long period (i.e., mid 
Aptian to mid Turonian) of tectonic quiescence, and continued up 
to the Eocene with evident manifestations of seafloor instability, 
such as soft-sediment slumping and frequent turbiditic events, in
many parts of the paleo-basin, including Monte C � onero. In short,
calcilutitic and calcarenitic turbidites interbedded with planktonic 
foraminifera-bearing pelagites of the Campanian Scaglia Rossa Fm. 
represent the neo-autochthon sediment capping the detachment
scar plane of the Monte C � onero mega slump.

On a secluded northeastern limb of the Monte C� onero anticline,
which steeply dips to the Adriatic Sea, a group of free climbers by 
chance discovered myriad footprint traces deeply impressed on a 
vast exposed top surface of one of the Scaglia Rossa pelagic lime-
stones. The footprints probably represent a stampede of panicking 
sea turtles that were mobilized en masse by an earthquake. These 
tracks were covered by a fluxoturbidite triggered by the same 
earthquake. The same layer is exposed in a 40-m-thick section 
along the littoral zone below, here designated La Vela Beach Upper 
Section (BUS in Figs. 2A and 11A). This section provides the ability, 
through biostratigraphic analysis, to place the footprint layer in 
the lower Campanian Globotruncanita elevata Zone during a period 
of normal magnetic polarity, likely the lowermost part of mag-
netochron C33n (see Fig. 13).

This calamitous earthquake coincides temporally with the so-
called Early Campanian event (ECE; Sabatino et al., 2018), which 
represents a sudden climate change that, as documented by 
Montanari et al. (2023, and references therein), was caused by 
an extraterrestrial event such as an asteroidal breakup. This was 
followed by a cascade on Earth of comminuted asteroidal material 
including 3 He-rich interplanetary dust particles, which altered the 
transparency of the atmosphere and led to global climatic cooling. 
As described by Bice et al. (2007), the small eustatic sea level 
fluctuation caused by this climate change modified the rheology of 
the U-M paleobasin's crust, which was under tension during a 
phase of re-exhumed extensional tectonism, causing an increase of 
seismic activity that triggered soft sediment slumping and seismo-
turbidites. Our litho-, bio-, and magneto-stratigraphic study of a 
new, 40-m-thick section of Campanian Scaglia Rossa at Monte
C� onero, which includes a layer with reptile footprints at meter
level 30.7, records this unstable seismo-tectonic period.
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