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Abstract

Cretoxyrhina mantelli was a large pelagic lamniform shark geographicailyespread during the
Late Cretaceous, and well known because of sewealy complete skeletons from the Western
Interior Seaway of North America. Here we report ddstial skeletons belonging to lamniform
sharks from the ‘lastame’ lithozone of the Uppeet@ceous Scaglia Rossa Formation of the Lessini
Mountains (northeastern lItaly). Seven partial bticalated skeletons include tooth sets that alow
confident attribution toCretoxyrhina mantelli based on dental morphologies. We review the
taxonomic history ofC. mantelli, evidencing that the taxon was erected by Agags835) and

tracing back four of the original syntypes. Basadcalcareous plankton biostratigraphy, the rock in
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which the Italian skeletal remains are embeddemstrained to the middle-upper Turonian. Total
length estimates of the specimens suggest thatsaéimeple includes the largest specimen of
Cretoxyrhina mantelli (615-650 cm estimated total lenght) known to ddtke placoid scale
morphology indicates th&. mantelli most likely was a fast swimmer with a similar expl as the
extant white sharkCarcharodon carcharias. The associated skeletal elements of the specimens
represent large chondrichthyan deadfalls and thiaveas decayed on the seafloor where they
remained exposed for several months, as indicajetiderosional traces, some of which are
interpreted as a product of bone-eating worm datviand other bioerosional traces with
Gastrochaenolites-like structure. TheCretoxyrhina mantelli remains described herein provide new
information about th&astamé vertebrate assemblage, which seemingly was straaghinated by

chondrichthyans, especially lamniform sharks.

I ntroduction

The ‘ginsu shark,Cretoxyrhina mantelli (Agassiz), is probably one of the best known and
ecologically relevant top predators of the Latet@reous seas. Isolated teeth of this shark have
been reported from many localities all around treelav (Africa, Asia, Europe, North and South
America; Cappetta, 2012). Some nearly completeeties were discovered in the Smoky Hill
Chalk Member of the Niobrara Chalk in the Westertedior Seaway of North America (Bourdon,
Everhart, 2011; Shimada, 1993a,b, 1994a-c, 1992848; Shimada et al., 2006). These skeletons
indicate thatCretoxyrhina mantelli had a general morphology close to that of the evlitark
(Carcharodon carcharias Linnaeus, 1758) (Shimada, 1997b; Shimada et @6, being similar or
even larger in size.

Isolated teeth are so far the most common remdits mantelli reported from lItaly (e.qg.,
Bassani, 1876; D’Erasmo, 1922), although some glaskieletons were found in the Scaglia Rossa

Formation of Lessini Mountains (Verona Provincen¥® Region) during the 1970s (Amalfitano
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et al., 2017Db,c; Cigala Fulgosi et al., 1980; Dalkcchia et al., 2005; Ginevra et al., 2000). The
majority of these skeletal remains consist of testhociated with calcified vertebral centra and
fragments of calcified cranial cartilage; in sonases, they include also placoid scales.

The goal of this paper is to provide an overviewabbfthe skeletal remains @&. mantelli
discovered in northeastern Italy, and to discuss fialeobiological, stratigraphic and taphonomical
implications. The historical record of the gertretoxyrhina in northeastern lItaly is also discussed
and we propose a solution to the nomenclatural mdmum of the exact date of the original erection

of Cretoxyrhina mantelli.

Geological background

All of the articulated skeletons @retoxyrhina mantelli discovered in northeastern Italy
come from the Scaglia Rossa Formation, which caytsand is extensively quarried in several
localities of the western Lessini Mountains (VeroRaovince; Massari and Savazzi, 1981,
Amalfitano et al., 2017a; Ginevra et al., 2000) #mel Piave Valley (Belluno Province; Colombara,
2013). Quarries are opened into two peculiar |glegds (one in the Lessini Mountains and the other
in the Piave Valley) that yielded the totality betskeletons. They are namiastamé (or ‘Pietra
di Prun) and‘Pietra di Castellavazzo

The ‘lastamé (‘lithozoné 2 of the Scaglia Rossa Formation of Lozar and €r04997)
crops out in the surroundings of S. Anna d'Alfasdiage (Verona Province) (Fig. 1), on Loffa
Mount (western Lessini Mountains). It consists o7& m-thick package of limestone that is
subdivided into 72 flaser-nodular whitish to reddiayers, rich in planktonic foraminifera and
calcareous nannofossils (Amalfitano et al., 2018ych layers are laterally continuous with a
thickness ranging from 4 to 35 cm and are sepatayetiin, dark red and shaly layers (marls and
clays; Amalfitano et al., 2017b). According to Loz&rosso (1997), thdastamé spans from the

lower Turonian to the lower Santonian, while otaethors assigned a Turonian-Coniacian age to it
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(e.g., Cigala Fulgosi et al., 1980). A stratigraphevision of the whole lithozone, however, is
currently in progress. The macrofossils of thestamé include several remains of large marine
vertebrates (chondrichthyans, bony fishes, manmtdes, and mosasaurs; Amadori et al., 2019;
Amalfitano et al., 2017a-c; Capellini, 1884; Ch&s|fino, 2007; Dalla Vecchia et al., 2005; Cigala
Fulgosi et al, 1980; Palci et al., 2013).

The ‘Pietra di Castellavazzarops out in the surroundings of Castellavazztagd (near
Longarone, Belluno Province) in the Piave Valleyg(Fl). The facies resembles tHastamé,
being a 6-7 m thick section of micritic nodular éestones, with laterally continuous layers ranging
in thickness from a few cm to 40 cm, separateddy ded clay interlayers (Trevisani, 2009, 2011).
Moreover, the'Pietra di Castellavazzaes subdivided into two sub-units, the lower retdmortion
and the upper grey-greenish portion (Trevisani,92@D11). Some authors referred tReetra di
Castellavazzoto the early-middle Coniacian based on correlawath the ‘lastamé (Coleselli et
al., 1997; Trevisani, 2011), pending revisions,alihare currently being carried out (Federico Fanti,
pers. comm.). The fossil content of the ‘Pietr&dstellavazzo’, is similar to that of thiastame,
including chondrichthyans and bony fishes, mostigresented by isolated teeth, and occasionally

by more complete remains (e.g., Bassani, 1876, ;IB&isani, 2009, 2011).

Historical background

The first report of isolated teeth Gfetoxyrhina mantelli from the Upper Cretaceous Scaglia
Rossa Formation of the Lessini Mountains was thyaBhssani (1876). However, teeth of this
species have been found in northern Italy fromeast the first half of the 19th century, as tesdlifi
by the presence of four specimens in the collecatbTommaso Antonio Catullo (1782-1869)
housed in the Museum di Geology and PaleontologthefUniversity of Padova (pers. obs.; see
Tab. 1 for details and D'Erasmo, 1922; Fig. 2 amgpementary material Fig. A4.). Other teeth

from the ‘Pietra di Castellavazzo’ were initiallyisidentified asLamna (= Sphenodus) longidens
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(Bassani, 1876; D'Erasmo, 1922). De Zigno (1883®)peported several localities of the Scaglia
Rossa Formation yielding isolated teeth@fmantelli, including the Valpolicella, Agno Valley,
Follina Hills, and the surroundings of the townd=eftre and Belluno.

The first Italian specimen of. mantelli with articulated vertebral centra and associated
teeth was recovered in 1878 from the ‘Pietra dit€lavazzo’ at the Olantreghe quarry near
Longarone (Bassani, 1888). The fossil, consistin§j22 vertebral centra and 55 teeth, is housed in
the collection of the Museum of Natural History,itBrsity of Pavia and is currently under review
(Paolo Guaschi and Federico Fanti, pers. comm.).

D’Erasmo (1922) published the last synopsis onGhenantelli record from the Veneto
Region as part of a review about fossil fishes ofthreastern Italy. Since then, studies on this
lamniform shark in Italy have been neglected, desthe recovery of new relevant specimens
during the second half of the 20th century. Inipatar, well-preserved vertebral column segments,
often associated with teeth, were discovered duguarrying into the‘lastamé in the Lessini
Mountains. These important findings were only byieihentioned in short notes (e.g., Cigala
Fulgosi et al.,, 1980), remaining virtually unknowa the scientific community. The oldest
stratigraphic record dEretoxyrhina mantelli from the study area reported in the literaturenseto
isolated teeth coming from the upper CenomanianaBah Level (Dalla Vecchia et al., 2005;

Sorbini, 1976).

Material and methods

Institutional abbreviations

CE.A.S.C.: Centro di Analisi e Servizi Per la Certificaziongniversity of Padova, Padova, ltaly;
FHSM: Sternberg Museum of Natural History, Hays, Kans#SA; NHM: The Natural History
Museum, London, UKMCSNV: Museo Civico di Storia Naturale di Verona (Civicus&um of

Natural History), Verona, Iltaly; MGC: Museo Geopaleontologico di Camposilvano
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(Geopaleontological Museum), Camposilvano, ItAdyGP-PD: Museo di Geologia e Paleontologia
(Museum of Geology and Paleontology), UniversityR#dova, Padova, ItalWwlPPSA: Museo
Preistorico e Paleontologico di S. Anna d'Alfae@wefistoric and Paleontological Museum), S.

Anna d'Alfaedo, Italy.

Material

The material reported herein is part of the coitew of the Prehistoric and Paleontological
Museum of S. Anna d’Alfaedo, the Geopaleontogicalskum of Camposilvano, the Museum of
Geology and Paleontology, University of Padova, #me Civic Museum of Natural History of
Verona. Most of the specimens come from tastamé quarries of Loffa Mount. Limestone slabs
of different size contain calcified vertebral centreeth, and, in some cases, fragments of calcifie
cranial cartilage and placoid scales. The isoldesth come from several localities of Veneto
Region. In Tab. 1, a detailed list of the examimedterial is provided, reporting the specimen
number and its repository, a concise descriptiontofstate of preservation, and its locality of

provenance.

Methods

The specimens were documented with different phiafdgc techniques depending on the
size of the slabs (e.g., MPPSA IGVR 36371 and MPRS¥R 45305 were photographed with the
photogrammetric technique and then the images wiadgorated to obtain an orthophoto) using
digital cameras (a Canon PowerShot SX720 HS angi&XFE1 mounting 18-55 mm lens). Images
and interpretative drawings of the specimens wétaied using the freewares GIMP (v. 2.10.2)
and ImageJ (v. 1.47). The synonymy list and openarxlature follow the standards proposed by
Matthews (1973), Bengston (1988) and Sigovini e(2016).

We refer to papers concernin@retoxyrhina dentition (e.g., Bourdon, Everhart, 2011;

Cappetta, 2012; Shimada, 1997a, 2002) for tootltipoddentification, general dental characters
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and technical terms. The identification of toothsiion in lamniform sharks is a debated matter
related to the tooth rows arrangement on the pgl@adrate and Meckel's cartilage, as well as to the
structure of these cranial elements (e.g., presabsence of intermediate bsnsu Shimada, 2002
and the two hollows present on each side of thesgnsu Siverson, 1999). ‘Intermediate teeth’ is
probably the most controversial term. Siverson @9@nd Shimada (2002) proposed two
alternative indications, based on homologous/nandiogous tooth positions. Later on, Cook et al.
(2011: p. 9-10) summarized the arguments discusstte debate. We refer to Cook et al. (2011)
and Kriwet et al. (2015). We follow Shimada (1997at) general skeletal anatomy and Newbrey et
al. (2015) for the vertebral morphology 6f mantelli. The terminology used for placoid scales
follows Reif (1985).

As for other fossil chondrichthyans (see Cappet887, 2012), the diagnosis of
Cretoxyrhina mantelli is essentially based on dental characters. Hevenpropose an emended
diagnosis ofC. mantelli that integrates all of the dental characters tepioby Bourdon, Everhart
(2011), Cappetta (2012) and Shimada (1997a), ierdadcomplete and better formalize it.

Significant measurements for teeth and vertebnalraevere taken using the image analysis
software ImageJ or directly on the specimens; iiqdar, the maximum diameter of the largest
vertebral centra (posterior precaudal centra, esibeenid-trunk, when available), the maximum
and minimum height of the teeth and the maximunghitedf the crown measured on the labial side
(see supplementary material for further measuresndiatbs. A.1.-A.2). Maximum tooth height was
measured in the anterior teeth when possible. Viéd tlse equations proposed by Shimada (2008)
to estimate the maximum body size of the specim&ns.count of incremental bands on vertebral
centra for individual age estimation was perforno@dthe more complete preserved centra of the
two better preserved specimens (MPPSA-IGVR 363 dL45%3805). It was not possible to perform
any vertebral section because all the vertebrataeme embedded in the limestone slabs and could
not be removed. Only a single vertebra from thecispen MGP-PD 31960 was removed and

sectioned, although it did not provide any sigafit result because of diagenetic alteration. Small
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limestone nodules detached from selected specirMdP$SA-IGVR 36371, 45305 and MGC-
IGVR 81375-81376) were processed for micropaleagiobl analyses. Some nodules were
processed following the cold acetolysis methodicérl(2000) for isolating planktonic foraminifera
and placoid scales of the >g3n fraction, whereas some other nodules were udilitog thin
sections and for preparation of smear slides flmacaous nannofossil analysis. Placoid scales were
picked and counted from the residues né3from selected specimens (MPPSA-IGVR 36371 and
MGC-IGVR 81375-81376). Representative specimenth@®fmain morphologies of placoid scales
were selected and imaged using a SEM (JSM Jeol)@t9he CE.A.S.C. structure of Universita
degli Studi di Padova. Additionally, we describetbdoosional structures that occur on two
specimens, MPPSA IGVR 36371 and MGP-PD 31960, ielig the ichnotaxonomy of Pirrone et

al. (2014).

Systematic paleontology

Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Cohort Euselachii Hay, 1902

Subcohort Neoselachii Compagno, 1977
Superorder Galeomorphii Compagno, 1973
Order Lamniformes Berg, 1937

Family Cretoxyrhinidae Glikman, 1958

GenusCretoxyrhina Glikman, 1958

Type species. Oxyrhina mantelli (Agassiz, 1835) from the Chalk of the Lewes areastESussex,

England (UK).
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Remarks. The taxonomic status of the gerftisetoxyrhina was discussed by Siverson et al. (2013).
The authors rejected Zhelzko's (2000) synonymyCrdtoxyrhina with Pseudoisurus. Glikman
(1958) erected the new gen@setoxyrhina with Oxyrhina mantelli (Agassiz) as type species
(Siverson, 1996; Siverson et al., 2013). Laterki@an (1964) replace®xyrhina mantelli with
Isurus denticulatus (Glickman, 1957) as type species of the gerirgtoxyrhina without
explanation. As implied by Siverson (1996) and &uwe et al (2013), this represents an invalid
taxonomic amendment (see Ride et al., 2000, ArR2)6&he genu€retoxyrhina currently includes

four speciesC. mantelli, C. denticulata, C. vraconensis andC. agassizensis.

Cretoxyrhina mantelli (Agassiz, 1835)

Figs. 2-12, 15, supplementary material Figs.ocA316-A

(selected synonyms)

v1822 Squalusustelus - Mantell, p. 226, pl. 32, fig. 11.
v1822 Squalugygaena? - Mantell, p. 227, pl. 32, figs. 4, 7, 8, 10, 28,
t1835Lamna Mantellii Ag. - Agassiz, p. 54.
p.18380xyrhina Mantellii Agass. - Agassiz, pl. 33, figs. 1-5,7+®i( 6).
18430xyrhina Mantellii Agass. - Agassiz, p. 280.
1876L. (Sphenodus) longidens Agass. - Bassani, p. 296.
18760x. Mantellii Agass. - Bassani, p. 298.
18760x. subinflata Agass. - Bassani, p. 299.
18860xyrhina Mantellii Agassiz - Bassani, p. 144, figs. 1-5.
v1886Oxyrhina subinflata Agassiz - Bassani, p. 145.
18880xyrhina Mantellii Agassiz - Bassani, p. 1, pl. 1-3.

18890xyrhina mantelli Agassiz - Woodward, p. 376, pl. 17, figs. 9-21.
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1894 0xyrhina mantelli - Eastman, p. 151, pl. 16-18.

1911 Oxyrhina mantelli Agassiz - Woodward, p. 202, text-fig. 60, 61, 48, figs. 10-15 ¢um
syn.).

v19220xyrhina Mantelli Ag. - D'Erasmo, p. 36, pl. 3, figs. 1-&Mm syn.).
v19220xyrhina cfr. Mantelli Ag. - D'Erasmo, p. 37, pl. 3, figs. 4-6.

1957 Cretoxyrhina mantelli - Glickman, p. 569.

v1976Isurus mantelli (Agassiz) 1843 - Sorbini, p. 481, pl. 1.

1977 Cretoxyrhina mantelli (Agassiz L.) 1843 - Herman, p. 219, pl. 9, figcém syn.).
v1978lsurus mantelli - Sorbini, p. 69, fig. 9.

v1980Cretoxyrhina mantelli - Cigala Fulgosi et al., p. 126, text-fig. p. 12&msyn.).
v1984Isurus mantelli - Aspes, Zorzin, p. 14, text-figure p. 15.

1987 Cretoxyrhina mantelli (Agassiz, 1843) - Cappetta, p. 99, figs. 87e-i.

1992 Cretoxyrhina mantelli (Agassiz, 1843) - Siverson, p. 526, pl. 1, fig&1D Ccumsyn.).
1993Cretoxyrhina mantelli (Agassiz, 1843) - Welton, Farish, p. 101, texsfifj-12 p. 101, 1-2 p.
102.

1996Cretoxyrhina mantelli (Agassiz, 1843) - Siversson, p. 819, pl. 1, fip4d8.
1997aCretoxyrhina mantelli (Agassiz, 1843) - Shimada, p. 269, figs. 1-10.
1997bCretoxyrhina mantelli (Agassiz, 1843) - Shimada, p. 926, figs. 1-2, 5-6.
1997cCretoxyrhina mantelli - Shimada, p. 233, fig. 1.

1997dCretoxyrhina mantelli (Agassiz, 1843) - Shimada, p. 642, figs. 1-11.
1997eCretoxyrhina mantelli (Agassiz, 1843) - Shimada, p. 139, fig. 1.
v2000Cretoxirina mantelli (sic) - Ginevra et al., p. 31, fig. 6.1.

v2000 Denti di squalo - Ginevra et al., p. 33, 6.

v2001Cretoxyrhina mantelli - Zorzin, p. 98 (including text-fig.).

v2003Isurus mantelli (Agassiz) - Astolfi, Colombara, p. 144, fig. 205.

2005Cretoxyrhina mantelli (Agassiz, 1843) - Siverson, Lindgren, p. 303, &g.
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v2005Cretoxyrhina mantelli - Dalla Vecchia et al., p. 108, fig. 81.
2006Cretoxyrhina mantelli (Agassiz, 1843) - Shimada et al., p. 185, figs.1-6
2008Cretoxyrhina mantelli (Agassiz) - Shimada, p. 21, figs. 1-2, 6-7.

2011 Cretoxyrhina mantelli Agassiz - Bourdon, Everhart, p. 15, figs. 2, 4-7.
2012Cretoxyrhina mantelli (Agassiz, 1838) - Cappetta, p. 236, figs. 216E-I.
2013Cretoxyrhina mantelli (Agassiz, 1843) - Cook et al., p. 568, fig. 10.
2013Cretoxyrhina mantelli (Agassiz, 1843) - Siverson et al., p. 3, fig. 10.
vp.2013 Vertebre di selaceo squaloidgo)(- Colombara, p. 40 (text-fig.).
2014lsurus denticulatus Glickman, 1957 - Diedrich, p. 8, figs. 4, 5A-D, FAN-V.
2015Cretoxyrhina mantelli (Agassiz, 1843) - Newbrey et al., p. 878, figs-CAS8.

2017Cretoxyrhina mantelli - Everhart, fig. 13.3.

Nomenclatural notes

Cretoxyrhina mantelli was originally erected by Louis Agassiz in hisguaththyological treatise
‘Recherches sur les poissons fossi(asreinafter Recherche$. The ‘Rechercheswere published

in a series of installmentsL{vraisons) over a span of eleven years (1833-1844; Brigi2@i5;
Woodward, Sherborn, 1890) and it caused consideabifusion and ambiguity in establishing the
correct years of erection of several taxa &@ndtoxyrhina mantelli is no exception. The date of
erection of this species was considered to bereit®88 or 1843 according to various authors (e.g,
Cappetta, 1987, 2012; Herman, 1977; Shimada, 1897k fact, the plate 33 was published in
Agassiz (1838, Volume lll), whereas the descriptdrihe taxon was published in Agassiz (1843,
Volume |lI, text: p. 280), both reporting the nam@®xyrhina Mantellii" and, thus, creating
confusion for nowadays nomenclatural rules. Furttuge, Agassiz published 72 supplementary
sheets ‘Feuilletons additionné&l in addition to severédLivraisons, which were later removed from
the five volumes on the advice of the author, beeahey contained redundant information in his

opinion (see Brignon, 2015). A few copies of theetRerches” still containing theSeeuilletons,
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nevertheless survived, which are pivotal for nontencal purposes because they contain the first
mentions of numerous new valid taxon names creéyedAgassiz (Brignon, 2015). In the
‘Feuilleton additionnélpublished with the 4 “Livraison’ in January 1835, Agassiz (1835: p. 54)
listed several new taxa identified from the Mangeltollection (NHM) and that were previously
described and figured by Mantell (1822). Namelyasgjz (1835: p. 54) unambiguously referred
isolated shark teeth from this collection (MantéB22: plate 32, figs. 4, 7, 8, 10, 11, 26, 28j®
new taxonLamna Mantellii (Fig. 3A). According to Article 12.1 of the ICZNode (Ride et al.,
2000), the nameamna Mantellii, associated by Agassiz (1835) with previously ingd figures,

is available by indication (and Article 12.2.7),dathe nominal species therefore takes authorship
and date from Agassiz (1835). Furthermore, the rsdeeth figured by Mantell (1822) are the
original figured syntypes of. mantelli (non the ‘type specimerisof Woodward, 1889: p. 377).
Woodward (1889) listed specimens NHM PV OR 4528741539, 4540 (Figs. 3B-E) as those
specimens figured by Mantell (1822: figs. 8, 11, 28); furthermore, there is a reference of
Mantell’s corresponding plate and figure on theelabtuck on the specimens (Amalfitano J.,
Giusberti L., pers. obs.). For these reasons, tepseimens are surely four of the seven figured
syntypes originally designated by Agassiz (183%)ilevthe remaining figured syntypes (Mantell,
1822: figs. 4, 7, 10) are possibly lost or not kadetectable among the teeth of the Mantell’s

collection.

Referred material

MPPSA-IGVR 36371* 45305*, 45324* 45326*, 4533445344-45345*, MGC-IGVR
81375-81376*; MGP-PD 3805, 5404, 6721, 6736, 7383, 7372, 8498, 8889, 14020, 14029,
14034-14039, 14042, 22401-22470, 23527-23529; MCSN\094, 1095, 11798, 12518, 12519

(starred specimens indicate those including otkeletal elements associated with teeth).

Emended diagnosis
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Lamniform shark unique in having the following apmphic combination of dental
characters: dental formula: 4S-2A-41-11(+x)L / I&24i-15(+x)l; monognatic heterodonty,
strongly disjunct in upper teeth, slightly gradaabin lower teeth; teeth with usually narrow, ldad
like, asymmetrical and distally curved or slopedvan, extending above the mesial branch of root
(especially in anterior teeth); cusp sharply painteymphyseal teeth strongly asymmetrical, with
crown higher than wide, and distal root lobe gelheraore developed than the mesial one; first
symphyseal teeth distally inclined, other symphiseath mesially curved; anterior teeth nearly
symmetrical; lower anterior teeth with very highspu higher than wide, particularly the second
lower anterior tooth; first anterior teeth (uppaddower) usually the most symmetrical, with the
second anterior tooth characterized by a sligltabisclination; crown tending to be labiolingually
thicker and more sigmoidal (labially directed) owkr than in upper teeth, which are flatter and
thinner, with the point of the cusp labially curyéolver teeth with more massive roots than uppers;
intermediate teeth with crown height greater orilsinto crown width, cusp inclined distally, with
the sole first upper intermediate tooth distallyved; lateral teeth generally with crown wider than
high, slightly to strongly distally inclined, dea®ng in size distally, their inclination increases
distally; enameloid smooth and cutting edges cootiis; enameloid may form weak basoapical
ripples, mainly on the labial side; lingual facengex, labial face nearly flat or only weakly conyex
basal part of crown characterized by small obligeels (shoulders), with continuous cutting edges
on the sides of the cusp; both heels may occa$jobehr a lateral cusplet in distolateral and
commissural teeth; tooth neck marked; root strormlgbated, becoming more splayed distally;
concavity of the basal margin of the root low (tateeeth) to high (anterior-intermediate teeth);
mesial branch of the root usually pointed, the allisbne rounded and expanded; lingual

protuberance developed, lacking a nutrient groomeusually bearing one nutrient foramen.

Locality and horizon
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All the specimens described here come from‘tastamé lithofacies of the Scaglia Rossa
Formation of Mt. Loffa and other surrounding sifeessini Mountains of Verona Province, Italy).
Based on calcareous nannofossils and planktic fioréera biostratigraphy, the specimens are dated
to the middle-late Turonian (for more details ses.T2) according to the correlation between
calcareous plankton zones and stages by Ogg, Hi(gtd2) (UC7-UC9 Zones, Burnet, 1998 and

Dicarinedla primitiva/Marginotruncana sigali Zone, Coccioni, Premoli Silva, 2015).

Description

We provide below a brief description of the skdle&gmains ofC. mantelli found in the
‘lastamé quarries. The most complete and best-preservednspes are MPPSA-IGVR 36371 and
45305 (Fig. 4).

Specimen MPPSA-IGVR 36371 (Fig. 4A) is preservedore limestone slabs of different
size, which were originally part of a single biggtab. The specimen exhibits 37 teeth (23 totally o
partially preserved and 14 preserved as impressity), 157 vertebral centra and some fragments
of tessellated cartilage, whose original skeletaifon is impossible to identify due to the pdrtia
preservation. Teeth are scattered on differensslahd therefore do not provide any evidence of the
original tooth arrangement. Most of the teeth amalized in what appears to be the cranial region,
although some of them are scattered along the braiteolumn. The teeth (Fig. 5) display the
characteristic features . mantelli. There are no lateral cusplets in any preservethtdvost of
teeth are embedded in the rock, exposing onlyahell or lingual side, thereby rendering difficult
to establish their original position. At least &&th have complete crowns and roots (e.g., Figs. 5A
B, F). Other teeth are fragmentary. The highesthtoeeasures 67 mm in total height (52 mm in
crown height on the labial side), while the lowtesith is ca. 28 mm high.

The vertebral centra show the typical lamnoid $tmec(see Applegate, 1967: p. 67), with
well-calcified asterospondylic, amphicoelous, amdperforated centra. All centra suffered a

taphonomic anteroposterior compression; some shasligat taphonomic distortion and some
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others are incomplete or broken. Most of the vedelcentra are disarticulated, moderately
scattered near the longitudinal axis of the skeletiod laying on the anterior or posterior articular
face. Part of the vertebral column, including moréess 40 posterior caudal centra, is accumulated
in a pile along the vertebral column axis. At leasenty-five vertebral centra are extremely
fragmentary or preserved as impressions only. Hngebt vertebral centrum has a maximum
diameter of 107 mm, while the smallest one has siiman diameter of ca. 40 mm. The antero-
posterior length ranges from 14 mm to ca. 40 mm.

Remains of tessellated calcified cartilage are Yeagmentary (Fig. 6) and show a mosaic
texture and rough surfaces. Specimen MPPSA-IGVR Bé&s sampled near the cranial region for
investigating placoid scales and a total of 52&qi& scales were found. The placoid scales (Figs.
7A-R) consist of a rhomboidal root and a crown @ed with enameloid) with different shapes
depending on the position along the body of thekshigheir size does not exceed 506 in height
and width. The root may preserve a nutrient foramtethe base (Fig. 7F) and one or two foramina
along the posterior side. The crown is constrictedr the base, forming a neck. The shape of the
crown can be stubby (e.g., Figs. 7A-F, 7J-L) ongér (e.qg., Figs. 7G-l), with a rounded (e.qg., Figs
7A-C, TE-F, 7J-L) or pointed cusp (e.g., Figs. 78;1, 7M-R). No scales with multiple cusps were
found. The anterior face of the crown can be charaed by a more or less expanded, flattened or
weakly inclined and swollen superior shelf (Figd, 7M-0), forming a hooked profile in lateral
view (Figs. 7B, 7P-Q). The anterior face can be amd@Figs. 7D, 7G-H, 7J-K) or crossed by thin
parallel ridges (or riblets) that are divided bpaves running antero-posteriorly towards the cusp,
which can reach the posterior margin of the cusgs(FA, 7M-R). Ridges, in some cases, may be
restricted to the anterior part of the scale, editag apically from the neck up to midway the cusp,
while the remaining apical part of the cusp is sthq&ig. 7A). The posterior face of the crown is
convex and smooth, crossed by a central verticakweel (Figs. 7C, 7E, 71, 7L).

Specimen MPPSA-IGVR 45305 (Fig. 5B) is preservedfaur slabs and comprises 131

vertebral centra, 55 teeth, and is associated fnattpnents of tessellated calcified cartilage. All
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teeth are scattered around the cranial region arallyt displaced, without any evidence of their
original arrangement, but are morphologically samtb those of MPPSA-IGVR 36371 (Figs. 8-9).
In two cases (e.g., Fig. 9A), the teeth are stiicalated to tessellated calcified cartilage, étogr
confirming that these fragments were part of thesjdt was not possible to identify whether these
fragments were part of the palatoquadrate or of Ntezkel's cartilage, because one of them
represents a lateral tooth and the other a comnaissoe, both not readily identifiable as upper or
lower. The crown height of the highest tooth meas42 mm on the labial side, while the smallest
one measures only 5 mm. The maximum diameter datigest centrum is 98 mm, while that of the
smallest one is ca. 42 mm. The antero-posterigtheranges from 20 to ca. 35 mm. In all teeth, the
root is poorly preserved or completely lacking (efjgs. 9B-D). Most vertebral centra are still
connected to each other lying on their lateral sidag the axis of the vertebral column, forming an
arch. The posterior-most centra show a moderateedegf disarticulation. The centra are of the
lamnoid type and show the same taphonomic alterat&s observed in MPPSA-IGVR 36371. No
placoid scales were found in the samples extreobea this specimen.

Other skeletal remains include segments of partaticulated vertebral columns associated
with teeth and cranial cartilage fragments (MPP&AAR 45324, MPPSA-IGVR 45326, MPPSA-
IGVR 45334, MPPSA-IGVR 45344-45345, MGC-IGVR 81335736). All of these specimens
have dental and vertebral features that are idaniicthose of MPPSA-IGVR 36371 and 45305,
and the teeth are still embedded in the limestpaetially or totally exposed only in labial or
lingual views. The vertebral column segments shawious degrees of disarticulation, from totally
displaced centra (MPPSA-IGVR 45344-45345) to alnaostulated sets (e.g., MGC-IGVR 81375-
81376). The majority of the vertebral centra lieifig up exposing the articular surfaces, while few
others expose the lateral side, as in MPPSA-IGVE/3énd 45305.

Specimen MPPSA-IGVR 45324 (see supplementary naqteig. A.13) includes five teeth,

a single vertebral centrum, and small fragmentessellated cartilage. The highest complete tooth

has a total height of ca. 52 mm, and a crown hetgkdsured on the labial side of 37 mm.
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Specimen MPPSA-IGVR 45326 (see supplementary Fidy)Acomprises 16 teeth, two
vertebral centra and some fragments of tesselleaetilage. Most of the teeth are almost totally
embedded in the rock. The crown height of the ragheoth (preserved as impression only),
measured on the labial side, is ca. 53 mm. The maxi diameter of the largest vertebral centrum
is ca. 97 mm.

Specimen MPPSA-IGVR 45334 (see supplementary Fith)Aonsists of a slab containing
two teeth, 14 vertebral centra, and a fragmenesddllated cartilage. The total height of the rsghe
tooth measures ca. 37 mm, and the crown heightureshen the labial face 28 mm. The maximum
diameter of the largest vertebral centrum is 97 mm.

Specimen MPPSA-IGVR 45344-45345 (Fig. 10) inclusked and counterslab that contain
16 teeth, 15 vertebral centra, and a fragmentssfelated cartilage. The teeth solely preserved the
crown (e.g., Figs. 10B-D). The crown height of thighest tooth measured on the labial side
reaches 46 mm, while that of the smallest one nmeasta. 20 mm. The maximum diameter of the
largest vertebral centrum is 76 mm, while thathaf smallest vertebral centrum measures ca. 60
mm .

Specimen MGC-IGVR 81375-81376 (Fig. 11) is preséme a slab and its counterpart with
80 teeth, 33 vertebral centra, and many fragmdrisseellated cranial cartilage. The total height o
the highest tooth is 67 mm, whereas the smallest mepasures 12 mm. In this tooth set, the
maximum crown height on the labial side is 47 mime Taximum diameter of the largest vertebral
centrum is 86 mm, while that of the smallest oné5snm. A total of 142 placoid scales was found
in a sample extracted from specimen MGC-IGVR 8133&iibiting morphologies very similar to

those observed in MPPSA-IGVR 36371 (Fig. 12).

Discussion
The shark specimens from tHastamé lithozone of the Scaglia Rossa Formation can be

unquestionably referred to the gerhisetoxyrhina, because of the presence of narrow and blade-
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like crowns. The oblique heels on the side of thep¢ the absence of the lateral cusplets, and the
asymmetric, sharp pointed and rather robust croMvitcadmpared to other congeneric species)
support the assignment of the specimengitetoxyrhina mantelli. Cretoxyrhina mantelli had a
cosmopolitan distribution, since it has been reggbrh Europe, Russia, Africa, North America and
Brazil (Cappetta, 2012). The genu&etoxyrhina includes also the specieS. denticulata
(Glickman, 1957) andC. agassizensis (Underwood, Cumbaa, 2010), both of which are diagd

by the presence of lateral cusplets (with sharpespinC. agassizensis, and rounded apices @
denticulata) in many of the lateroposterior teeth (see Newbeeyal., 2015 and Underwood,
Cumbaa, 2010)C. agassizensis teeth also exhibit a slender and generally sttaogisp (also in
lateroposterior teeth) tha@. mantelli and C. denticulata (see Underwood, Cumbaa, 2010), and
incomplete cutting edges on small juvenile antetieeth (Newbrey et al., 2015). The latter
character, however, cannot be taken into accouonbmapare and differentiate adult teeth from the
other species. Some associated dentitionsCofmantelli exhibit almost upright crown on
lateroposterior teeth (e.g., Eastman, 1894), big tdondition may be related to gynandric
heterodonty (Siverson M., pers. comm.). Two of theee species have partially overlapping
stratigraphic distributions, becau€e denticulata ranges from the lower Cenomanian to the lower
middle CenomanianG. agassizensis ranges from the upper middle Cenomanian to loweidia
Turonian (Newbrey et al., 2015), wheré&zrgtoxyrhina mantelli is reported globally from the upper
Cenomanian to the Campanian (Bourdon, Everhartl2@appetta, 2012; Shimada, 1997e).
Another species ofretoxyrhina, the upper Albian-lower Cenomani&h vraconensis (Zhelezko,
2000), was revised by Siverson et al. (2013) aedrb} differs fromC. mantelli in having cusplets
and different tooth morphologies in correspondiegtdl positions (for details see Siverson et al.,
2013: p. 14). The species of the gedirstoxyrhina might possibly represent chronospecies of a
single evolutionary lineage (see Newbrey et all53}0This evolutionary lineage was characterized
by the progressive reduction of lateral cuspletsthe progressive increasing size and robustness of

teeth throughout its temporal range (see Cook.eR@lL3; Siverson, Lindgren, 2005; Underwood,
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Cumbaa, 2010). An increase in tooth size (probabtyesponding to an increase in body size; see
“Paleobiological remarks” for individual length esates), a significant decrease of crown height-
crown width ratio and a loss of lateral cusplets @corded in the upper Cenomanian-Coniacian
interval (see Shimada, 1997e; Siverson, Lindgré&®5® and the size of the teeth of the Italian
specimens indicates that the teeth from the midg@er Turonian had already reached a size
similar to those of the Coniacian specimens.

Specimens MPPSA-IGVR 36371 and 45305 are amongmibst complete remains of
Cretoxyrhina mantelli in the world. Most of theCretoxyrhina mantelli skeletons were recovered
from the Coniacian-lower Campanian Niobrara Chalkkiansas (USA) and include very well-
preserved articulated remains (e.g., FHSM VP-328SM VP-2187; Newbrey et al., 2015;
Shimada, 1997d). Eastman (1894) reported therfeatly complete skeleton from Kansas, which
belonged to the collections of the Bayerische Ssmamlung fur Paldontologie und Geologie of
Munich, Germany, but was unfortunately destroyedhduWorld War Il (Diedrich, 2014).

Additional incomplete skeletons were found in Ewophese include a set of about 57 teeth
associated with vertebral centra of a single irdliali from the Upper Chalk (Coniacian-lower
Campanian) of Grays, southeastern England (NHM R/3@346-32347, 39434; Woodward, 1889,
1911: fig. 60). Diedrich (2014: fig. 5) describedrial skeletal remains ofsurus denticulatus' (=
Cretoxyrhina mantelli) consisting of 149 vertebral centra that are nyoslisarticulated and
associated with five teeth, coming from the upparofian of Halle/Westphalia in Germany.

In northeastern ItalyCretoxyrhina mantelli was reported from the upper Cenomanian
Bonarelli Level (Sorbini, 1976) up to the uppermostdle and upper Turonian ‘lastame’ of the
Scaglia Rossa Formation as documented herein @ee2]. The teeth from the Bonarelli Level are
currently under revision, but at least two teettoagithose reported by Sorbini (1976) exhibit a
series of characters that allow to refer thenCtanantelli (Amalfitano J., pers. obs.). The Italian

specimens reported herein represent some of tlestaddsociated skeletal remain€ofmantelli.
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Specimens MPPSA-IGVR 36371 (with 157 preservedraeo¥er an estimated total count
of 216 vertebrae given by Shimada et al., 2006) MR&®SA-IGVR 45305 (with 131 vertebrae) are
considered two partial vertebral columns associatétl disarticulated teeth and fragments of
tessellated calcified cartilage. The specimen MGOR 81375-81376 is interpreted as the anterior
portion of the vertebral column with associatedhesnd fragments of tessellated cartilage. The
remaining specimens (MPPSA-IGVR 45324, 45326, 45833U5) are short anterior portions of
the vertebral column associated with disarticulagedh. MPPSA-IGVR 45334 is distinct because it
probably includes posterior precaudal vertebratreeMid-trunk vertebral centra are usually the
largest in the vertebral column (see Newbrey et28l15). The maximum vertebral diameter is 97
mm in MPPSA-IGVR 45334, which is similar to the nmaym vertebral diameter in MPPSA-
IGVR 36371 (107 mm) and therefore are most likelyggé posterior precaudal centra. Further

taphonomic inferences are provided in the paragf@ghhonomic remarks”.

?Cretoxyrhina sp.

Figs. 13-14, supplementary material Figs.sAql

vp.2013 Vertebre di selaceo squaloidgo)(- Colombara, p. 40 (text-fig.).

Referred material
MPPSA-IGVR 45308, MPPSA-IGVR 45319-45320, MPPSA-IE¥5321-45322, MPPSA-

IGVR 45323, MPPSA-IGVR 45337, MGC-IGVR 47789, MGB-B1960.

Locality and horizon
All these specimens come from tHastamé of Scaglia Rossa Formation of Loffa Mount

and other surrounding sites (Lessini MountainsoviarProvince, Italy).
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Description

The material described here consists of portiongeofebral columns of lamniform sharks
with different degrees of disarticulation. The ebral centra are of lamnoid tygensu Applegate
(1967).

Specimen MPPSA-IGVR 45308 (Fig. 13A) consists ofssattered vertebral centra with
diameters ranging from 38 to 81 mm.

Specimens MPPSA-IGVR 45319 and 45320 (Fig. 13B)paeserved on two slabs with
portions of vertebral columns that included a tai&l25 vertebral centra (12 and 13 centra,
respectively). Centra are partially embedded inrtio and are moderately articulated, arranged in
a nearly linear row mostly showing the lateral sid@ese elements likely belong to a single
individual as the vertebral diameter gradually dases along the vertebral rows.

Specimens MPPSA-IGVR 45321 and MPPSA-IGVR 45322 (sepplementary material
Figs. A.k-() represent two portions of the vertebral colummtaming 17 and 12 centra,
respectively. Centrum diameters range from 92 tav®8. The portions probably belong to two
distinct individuals, because all centra have simdliameters and there is no decrease in diameter

along the vertebral rows.

Specimen MPPSA-IGVR 45323 (Fig. 13C) is a slab véth articulated vertebral centra
arranged in a linear row except for eight centiat tre slightly displaced from the row. The row
shows a slight bend toward one extremity. The dtema the centra ranges from 40 to 85 mm.

Specimen MPPSA-IGVR 45337 (see supplementary nahteig. A.In) is preserved on a
small slab with seven vertebral centra arrangetiim clusters of three articulated centra plus a
single centrum separated from the clusters. Caartaembedded in the rock and measurements

cannot be taken.
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Specimen MGC-IGVR 47789 (Fig. 14) consists of @iphvertebral column comprising ca.
122 vertebral centra that are arranged in an arobvd The maximum diameter of the vertebral
centra is 84 mm.

Specimen MGP-PD 31960 (Fig. 13D) is a slab contgirs segment of a vertebral column
with 52 centra. The centra lie on the articulaetand are slightly scattered along the origina ax
of the vertebral column, with only a few centratthee articulated to each other. The diameter of

the centra is nearly consistent throughout the segmvith a maximum value of 67 mm.

Discussion

The segments of vertebral columns described abavebe unambiguously assigned to
lamniform sharks because of the vertebral centtarohoid type (Applegate, 1967; Shimada, 2007,
see also MPPSA-IGVR 36371 above for a brief desonpof the vertebral type). At least seven
shark specimens of the ‘lastame’ sample with aasediteeth and vertebral centra allow a reliable
specific attribution taCretoxyrhina mantelli. The only other lamniform shark from the ‘lastanee’
Cretodus (Amalfitano et al., 2017b), which is representedherein by a single
specimen.Furthermore, most of the isolated teetim fthe ‘lastame’ belong t&retoxyrhina
mantelli. Therefore,Cretoxyrhina mantelli is so far the most common lamniform shark from the
‘lastame’ and the additional vertebral column pors described here are tentatively referred to as
?2Cretoxyrhina sp.

The arrangement of the vertebral centra on thesslales not allow determining the original
position of the preserved portions within the araivertebral column, with the exception of MGC-
IGVR 47789, which is the most complete segment {3ge 14). However, the variability of the
diameter of the centra along the vertebral colunavides some information. MPPSA-IGVR 45308
seems to include both caudal and precaudal cérdcause of the high range of vertebral diameters
from 38 to 81 mm. A similar range in vertebral detar occurs in MPPSA-IGVR 43323; here the

original arrangement of the vertebral column istlparetained, so that the caudal flexion of the
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vertebral column, in correspondence of the upplee lof the caudal fin, is still evident (Fig. 13C).
The remaining specimens (MPPSA-IGVR 45319, 453XR24, 45322, MGP-PD 31960) show
more constant values in vertebral diameter, anthgily represent transitional segments between
the anterior abdominal and the precaudal portianisetween the precaudal sector and the caudal

extremity.

Paleobiological remarks

Length and longevity estimates

Qualitative and quantitative data provided by fosmmains of extinct sharks can be useful
to infer various parameters related to aspectsheir tpaleobiology. Such inferences are often
hampered by the fact that complete shark skeletwesrare in the fossil record due to low
fossilization potential of cartilaginous skeletdleraents (Shimada, 2008). Shimada (1997c)
provided a general analysis on the periodic mabkeds ofCretoxyrhina mantelli vertebral centra
and, later, Shimada (2008) expanded his study tfir@uquantitative exploration of the ontogenetic
parameters of. mantelli (e.g., length at birth, growth rate, and longevi@ther authors addressed
this issue, comparing the data fradn mantelli skeletons with those of other sharks in order to
hypothesize the length at birth, total length, Borgjevity in various extinct lamniform sharks (e.qg.
Cretalamna hattini in Shimada, 2007Archaeolamna kopingensis in Cook et al., 2011; and
Cardabiodon ricki in Newbrey et al., 2015). The specimens descrliméin, especially MPPSA-
IGVR 36371 and MPPSA-IGVR 45305 provide some sigaift data for the estimation of their
total length (TL) and longevity. Using the equatiasf Shimada (2008) on the specimen MPPSA-
IGVR 36371, that has a maximum crown height meakarethe labial side (EH in Shimada, 2008)
of 52 mm and a maximum vertebral diameter (CD innfalda, 2008) of 107 mm, results in
estimated TLs of 650 cm and of 615 cm, respectivEhese estimated TLs suggest that MPPSA-
IGVR 36371 represents one of the largest indivislodCretoxyrhina mantelli ever found. The size

is comparable to the asymptotic (= maximum) lerfgthCretoxyrhina mantelli (691 cm) proposed
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by Shimada (2008), and to the estimated range 7®80em) for the largest individual described to
date (represented by a well-preserved caudal fim&da et al., 2006). MPPSA-IGVR 45305 (42
mm of maximum EH and 98 mm of maximum CD) has ameded total length of 525 cm based
on EH, and 563 cm based on CD. Other relevant s are MPPSA-IGVR 45344-45345 and
MGC-IGVR 81375-81376, with the maximum EH of 46 afid mm corresponding to TLs of 575
cm and 587.5 cm, respectively. The other specinesthsbit a comparatively smaller size or are
more fragmentary and do not include the largestauréal vertebra or the highest tooth, and for this
reason these are not used for size estimates.

The incremental bands of the vertebral centra (etsipf translucent and opaque bands that
correspond to annual growth) allow the estimatibthe individual longevity in extant and extinct
elasmobranchs (e.g., Amalfitano et al., 2017c; l@gilGoldman, 2004; Goldman et al., 2012;
Newbrey et al., 2015; Shimada, 2007; Shimada, 200Bgse bands can be observed in the
vertebral centra of specimens IGVR 36371 and 458@ber than the birth band, it is possible to
observe 26 incremental bands in MPPSA-IGVR 36374. (F5A) and 21 in MPPSA-IGVR 45305
(Fig. 15B), thereby suggesting an estimated agatdéast 26 and 21 years, respectively. The
incremental band counting is consistent with theults obtained from the equation by Shimada
(2008) that uses the number of bands to estimageirttividual total length. The equation,
TL=119(BN+1f-°?2 in which BN refers to the band number (with Cerefg to the birth band and
the outermost band assumed to represent the maxiBNinprovides total length estimates (ca.
665 cm for MPPSA-IGVR 36371, 597 cm for MPPSA-IGMB305) that are only slightly larger
than those obtained using the vertebral and deméalsurements (615-650 cm for MPPSA-IGVR

36371 and 525-565 cm for MPPSA-IGVR 45305).

Swimming behavior and paleoecol ogy
Newbrey et al. (2015) observed that the vertebeaitra of Cretoxyrhina mantelli are

relatively antero-posteriorly compressed when caegbato those of other fossil and extant
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lamniform sharks. The short vertebral centra amdhilgh vertebral count led Newbrey et al. (2015)
to hypothesize a carangiform swimming mode @etoxyrhina mantelli, implying that it was a
moderately fast swimmer with high maneuverability.

The swimming capabilities of sharks can be estithatkso through the morphological
analysis of the placoid scales (e.g., Reif, 19&xale morphology suggests thatetoxyrhina
mantelli was a fast swimming shark (Shimada, 1997d). Adogrtb Reif and Dinkelacker (1982),
keels (= ridges or riblets) and grooves on theesctilat run approximately parallel to the body axis
as observed i&retoxyrhina mantelli, are characteristic of fast swimming sharks (d¢ee Shimada,
1997d). Reif (1985) recognized six ecological gopsharks based on their locomotory habits, in
which placoid scales have different functions tbatrelate to the ecology of the various shark
species. Only in two groups, the fast swimming @elasharks and the large near-shore
predators/moderate speed pelagic predators, thehmlogy of the placoid scales shows an evident
hydrodynamic function. Fast swimming pelagic shdr&se flat, usually overlapping scale crowns
that form a dense pavement (Reif, 1985). Crownsbéxa rounded posterior end or short cusps.
The surface of the crown in this group of sharkerisamented with fine parallel ridges that have
average distances between 40 angu®0with U-shaped grooves separating the ridges.pléenid
scales ofCretoxyrhina mantelli show all of these features. When found articulagseath as those
figured in Shimada (1997d: fig. 8), they have agmagnt-like arrangement to reduce hydrodynamic
drag. As far as the scale ornamentation is condeplacoid scales from MPPSA-IGVR 36371 and
MGC-IGVR 81375 exhibit a pattern of ridges and ge® nearly identical to that observed by
Shimada (1997d), Shimada et al. (2006) and Died@€i14) inCretoxyrhina mantelli from other
localities. The distance between the ridges irsgiecimens described herein ranges betweemB3
and 60um, with the mean value falling within the rangefa$t swimming sharks (Reif, 1985).
Moreover, we employed a method utilized by Reif§8Pthat was recently used for other fossil
sharks (e.g., Marrama et al., 2018), which takés account the ridge spacing and the scale width.

We plotted the average ridge spacing and averagencwidth from a few individuals (FHSM VP-
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2187, MPPSA-IGVR 36371, MGC-IGVR 81375; see Tal8)Aand compared the results with those
of fast pelagic hunting sharks and large near-shargers/pelagic predators of moderate speed (see
Reif, 1985). The results are shown in Fig. 16, mol Cretoxyrhina mantelli clearly falls within

the fast pelagic hunting shark group, in partictife ridge spacing is very similar to thatlsdirus
oxyrhinchus and Sphyrna tudes. The average crown width, however, differs frorasi observed in
these two taxa, but it is more similar to thatL@imna nasus. Comparing the morphology and
arrangement of placoid scales @fetoxyrhina mantelli and those of extant lamniform sharks, the
scales ofCretoxyrhina mantelli (see Shimada, 1997d: fig. 8) nevertheless diffemfthose of
Isurus oxyrhinchus (see Reif, 1985: pl. 20, 21), which is a very faghter adapted to chasing fast
moving fishes, such as swordfishes and tunas,anthie placoid scales have a looser arrangement.
Actually, the placoid scales arrangementGnmantelli is more similar to that irCarcharodon
carcharias (see Reif, 1985: pl. 23). However, the number dfes in the scales @. mantelli (up

to nine; Shimada, 1997d) is greater than that e@ksein |. oxyrhinchus (up to five ridges; Reif,
1985) andCarcharodon carcharias (up to three ridges). Reif (1985) hypothesized tieaw ridges
were added with the expansion of the crown widtlmeantain constant the distance between the
ridges.

Considering all the aspects discussed herein,dhelgsions drawn by other authors about caudal
fin morphology and metabolic rate estimates (d=grron, 2017; Kim et al., 2013), and the fossil
record of predation attributed ©. mantelli (see Hone et al., 2018; Shimada 1997b; Shimada,
Hooks IllI, 2004), this Cretaceous lamniform sharkswikely a fast swimmer with an ecology in

some ways similar to that of the livitigarcharodon carcharias (see Shimada, 1997d).

Taphonomic remarks
General features of the C. mantellideadfall from ‘astame’
All of the specimen from thélastamé documented herein are preserved within the

limestone beds or on their bedding surfaces, somestidraped with calcareous marly sediments.
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Lamniform sharks represent the most representeahta®ic group within associated or at least
partly articulated vertebrate skeletal remains tbumthe ‘lastame’, with 15 specimens out of altota
of at least 39 determined specimens, including fotlrer chondrichthyans (Ptychodontidae,
Cretodus, and Onchosaurus), 13 marine turtles, six mosasaurs and a bony. fGther skeletal
remains of lamniform sharks consisting of segmehtgertebral columns (at least three) are housed
in the collections of the MCSNV and probably comanf the ‘lastame’ lithozone (Zorzin R., pers.
com.), thereby confirming the great abundancemhiéorm shark remains.

Skeletal remains of lamniform sharks include maipdytions of vertebral columns, which
in many cases are associated with disarticulateth teets gensu Shimada, 2005), and sometimes
also with fragments of tessellated calcified cagd and placoid scales. Teeth in some specimens
are accumulated at the anterior end of the vertelmlamn; sometimes they are associated with
tessellated cartilage of the mandibular arch, sonest they are totally displaced and scattered
along the vertebral column. Most of the teeth shmssures on the enameloid produced by
compression, and, in many cases, have broken ausm®ts, or may be preserved as impression
only.

Mineralized cranial elements are not well-preseptause the cranial skeleton consists of
tessellated cartilage, formed by a mosaic of tegs¢composed of both prismatic and globular
calcification) overlaying a core of extracellularatmx that is not mineralized (Dean, Summers,
2006). The decay of the extracellular matrix caubes disarticulation and displacement of the
tesserae. Only multilayered elements, which aresidenably stiffer (e.g., jaws; Dean, Summers,
2006; Maisey, 2013), are characterized by a bstee of preservation and occur in some of the
specimens described herein (e.g., MPPSA-IGVR 45305)

Most vertebral centra described herein show amesterior compression; some suffered a
slight taphonomic deformation and some othersramemplete, broken or fragmented. Some centra
also show diagenetic alteration, such as oxidaf@g., manganese dendrites; see Fig. 15B). The

completeness of the skeletons is clearly biasethéyechnical difficulty of extracting larger slabs
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in the quarries, indicating that most of the slaist were probably more complete when buried
(Amalfitano et al., 2017b). The most complete Maaé column available, MPPSA-IGVR 36371,
includes 157 vertebral centra and was fully exeédctas reported by the quarrymans, and
subdivided into smaller slabs to facilitate thengj@ort and the preparation (Fig. 4A).

The vertebral column segments within the ‘lastars@mnple show different degrees of
disarticulation, ranging from totally disarticuldteand scattered vertebral centra (e.g., MPPSA-
IGVR 45308, Fig. 13A) to nearly perfectly articiddtsegments (e.g., MPPSA-IGVR 45305, Fig.
4B; MGC-IGVR 47789, Fig. 14), in some cases prasgnanatomical details like the caudal
flexion (e.g., MPPSA-IGVR 43323, Fig. 13C). Othdeeletal remains consist of segments of
articulated vertebral centra alternated with sectdrdisarticulated vertebral centra that, however,
are always scattered around the longitudinal axishe shark body. There is no evidence of
preferential orientation of the skeletal elememtshrication or accumulation caused by tractive
currents or remarkable displacement due to wateutence (Amalfitano et al., 2017b). Therefore,
these skeletal remains can be interpreted as eaypineg various degrees of disarticulation of slowly
decaying deadfall exposed for more or less longgAggime intervals on the sea bottom under low
energy conditions (see in analogy Amalfitano et2017b).

The more or less rapid decay of non-mineralizedugs, differential sinking in the
unconsolidated calcareous nannoplankton-foramatif@oze that characterized the sea floor during
the deposition of the ‘lastame’ and the differexpasure intervals on the seafloor before burial
could explain the different conditions of the skaleemains, from the better preserved and fully
articulated vertebral columns, MPPSA-IGVR 45305 avd&C-IGVR 47789, to the largely
disarticulated vertebral column of MPPSA-IGVR 453@bme articulated specimens, such as
IGVR 36371, 45305 and 47789 (Figs. 4, 14), shovarahed arrangement of the vertebral column,
which could be explained as a possible producetainy of the carcasses. The limited displacement
of adjacent vertebral centra in partially articathtskeletons was probably caused by the limited

decay of the thin fibrous intervertebral cartilagieat firmly connect consecutive centra (Cappetta,



728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

1987). Such limited disarticulation of the chondtityan axial structures was observed in cases of
experimental taphonomy of chondrichthyan mategad.( Samson et al., 2013). Fully disarticulated
skeletons were probably exposed to the biologicaVity on the seafloor for longer periods. The
partial sinking of the carcasses in the carbonatee as supported by the presence of centra and
teeth partially or totally embedded in the rock asidhtly displaced from the main plane of
arrangement of the skeletal remains on the bedslimtace (e.g., MGP-PD 31960, Fig. 17, and
supplementary material Fig. A}l The centra exposing one of the articular sudanay have had
slower sinking, floating for hydrostatic thrust,caese they exposed the largest surface to the
underlying calcareous nannoplankton-foraminiferatey and did not totally sink because of the

precocious lithification of the underlying subsgérat

Bioerosive fossi| traces

The prolonged exposure of the carcasses on thimgedfscussed above is also supported
by the occurrence of bioerosional trace fossilgshenvertebral centra. They were produced by the
activity of organisms that colonized or fed on tleadfalls after partial or total consumption ofithe
soft tissues either by scavengers and/or bacfEniese traces have different morphologies and sizes
and are detectable only in two specimens, MPPSAR@8371 and MGP-PD 31960 (Fig. 18). The
traces on MPPSA-IGVR 36371 are located on thedaticsurfaces of some vertebral centra and
consist of very short, sharp and narrow groovespr’Md-shaped in cross-section (length 1.5-26 mm
and width 0.4-0.9 mm; Figs. 18A-B), with a lined averlapping pattern, and clustered small
circular openings (diameter 0.2-1.4 mm; Figs. 18Csath a cylindrical section. The borings on
MGP-PD 31960 (Figs. 18E-F) are larger and diffefemt those in MPPSA-IGVR 36371, with a
lenticular shape (diameter 1.4-3.7 mm), showinfed#nt depths, from superficial to 0.8 mm-deep
holes; they are also evidently clustered.

The short, sharp, and narrow grooves on some vattebntra of the specimen MPPSA-

IGVR 36371 (e.g., Figs. 18A-B) could be interpretedtooth marks produced by the scavenging
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activity of other sharks or fishes on the deadfdiny chondrichthyans or bony fishes usually feed
on deadfall, being the first stage of ecologicaicassion in a deadfall community - the mobile-
scavenger stage (see Smith et al., 2015) - and #rerseveral reports of such activity also in the
fossil record (e.g., Schwimmer et al., 1997). Daeag the vertebral centra due to preparation of
the specimen can be excluded, because the marksotdexhibit fresh fractures or scratches
typically caused by a preparation tool.

Small circular borings on MPPSA-IGVR 36371 vertélbrantra are similar to the fossil
tracesof Osedax, a marine worm (Siboglinidae, Anellida) thriving gertebrate deadfalls (Rouse et
al., 2004). Among siboglinidsedax has developed a unique metazoan-bacteria symiiosts
exploits the organic material sequestered withenlibnes of dead vertebrates as an energy source
(Danise, Higgs, 2015)0sedax and Osedax-like fossil traces were found on diverse vertebrat
remains (e.g., whales, marine birds, bony fishegrima turtles, and plesiosaurs; Danise, Higgs,
2015; Muniz et al, 2010; Kiel et al., 2010; Kiel,&011; Kiel et al., 2013); the oldest one dates
back to the Albian-Cenomanian (Danise, Higgs, 20Ihere is no record dDsedax borings in
chondrichthyans, and also experimental studies x@ane vertebrate remains (e.g., Rouse et al.,
2011) did not report colonization b@sedax on chondrichthyan remains. However, the use of
juvenilelsurus oxyrhinchus vertebrae (diameter 5 mm) in the experiment cauoigt by Rouse et al.
(2011) does not provide a definitive support to lede any possible colonization of adult
chondrichthyan deadfalls, which show more calcikdletal components and, thereby, represent a
potential site forOsedax colonization. However, it is not possible to dewsioate whether these
borings were actually produced Bgedax worms or not, mostly because the vertebral cesftthe
larger slabs are still embedded in the rock, themgeventing a tomographic analysis (like that
carried out on other fossil vertebrate remains, Banise and Higgs, 2015). In any case, coalescent
Osedax borings originating from colonization of multipiledividuals may often collapse into small

irregular pits (Danise S., pers. comm.) surrountdgdsome individual borings. This feature is
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evident in two vertebral centra, supporting a teveaattribution toOsedax colonization and likely
representing the first one reported from chondngah remains.

The borings on the bioeroded vertebra of specime®GPNPD 31960 have a
Gastrochaenolites-like structure, representing only a superficiatibg stage. In fact, these borings
resemble the borings produced by pholadid bivaleperted from fossil whale bones affected by
clavate bivalve borings (see Belaustegui et all228nd references thereirGastrochaenolites
borings were also described in coprolites and behes from Cretaceous-Paleogene phosphatic
conglomerates from Northeastern Mali (TapanilalgetZz904). All the occurrences known so far
record borings on transported bone clasts. Belgustt al. (2012) provided evidence of the only
examples of putative pholadid colonization and tgsi on an autochthonous carcass after its
deposition on the sea bottom and the removal oftlfietissue cover. However, all the considered
fossil traces come from shallow marine environmewtsile the fossil specimen described herein
comes from a basinal setting. Moreover, the boroescribed here have no traces of the bioglyphs
typical of the Gastrochaenolites structures. As a consequence, we cannot ascertan t
Gastrochaenolites affinities of the borings in the bioeroded vertlrentrum of specimen MGP-PD
31960, but it is the most similar ichnotaxon amdhgse reported on vertebrate bones (see
Belaustegui et al., 2012, for a review about bisem traces on fossil vertebrate remains). It is
evident that these traces were produced by oppstitiorganisms that colonized the bones or the

organically enriched sediments surrounding theassc

Concluding remarks

Skeletal remains of lamniform sharks from the UppPestaceous of the Lessini Mountains
(Verona Province, northeastern Italy) are descrilssden of these skeletal remains can be reliably
referred to the ‘ginsu’ sharlCretoxyrhina mantelli based on the associated tooth sets. The
remaining specimens are tentatively attributedGoetbxyrhina sp. because of the morphology of

the available skeletal elements and informatiothenfossil assemblage.
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Three specimens (MPPSA-IGVR 36371, 45305, MGC-IG31RB75-81376) were dated in
detail through calcareous plankton analysis. Thecispens date back to the latest middle-upper
Turonian and represent some of the most complatains ofCretoxyrhina mantelli reported from
northeastern Italy, previously known only from eteld teeth and a single partial skeleton reported
by Bassani (1888) from the Castellavazzo locality.

The estimated total lengths of tBe mantelli specimens have revealed that MPPSA-IGVR
36371 is probably the largest individual known &bedof this taxon, attaining a maximum length of
615-650 cm. The longevity of two individuals wasireated by counting the incremental bands on
the vertebral centra resulting in values of abd&uyars for the specimen MPPSA-IGVR 36371 and
21 years for the specimen MPPSA-IGVR 45305.

The analysis of the morphology of the placoid ssaepports the ecological niche ©f
mantelli as a fast pelagic hunting sharkersu Reif, 1985) similar to the extant white shark
Carcharodon carcharias.

The specimens o. mantelli from the‘lastame lithofacies of the Scaglia Rossa Formation
show features that allow to interpret the taphomoprocesses that affected the carcasses before
their final burial. The disarticulation patternsdashegree of preservation of some components more
prone to degradation (e.g., calcified cartilagejndestrate that the deadfalls slowly decayed
exposed on the seafloor under low energy conditfonselatively long time and were visited by
different communities of scavenger and colonizedpgortunistic feeders as demonstrated by the
bioerosive fossil traces. On IGVR 36371 vertebmalta, it is possible to observe what appears to
be the first putativ®sedax borings on a chondrichthyan skeleton as well asesbite marks made
by scavengers, while MGP-PD 31960 vertebral ceatnatain some peculiar lenticular borings
reminiscent ofGastrochaenolithes structures. The evidence of at least two stagescofogical
succession of deadfall community, the mobile-scgeenstage (testified by the bite marks) and the
enrichment-opportunist stage (i.e. the putat®sdax and lenticular borings) (see Smith et al,

2015), demonstrate that tke mantelli deadfalls could have acted like modern whale delsdhnd



831 supported an heterotrophic community like othetelmate carcasses did, as testified by other cases
832 in the Mesozoic fossil record (e.g., Kaim et al0&).

833 We also reviewed the nomenclatural historyCofmantelli, establishing that Agassiz (1835)
834 originally erected the species (under the ndmmna Mantellii) when referring to previously
835 published figures by Mantell (1822, plate 32). Wsoaraced back four (PV OR 4524, 4527, 4539,
836 4540) of the original syntypes by comparing theifes of pl. 32 of Mantell (1822) with specimens
837 from the Mantefls Collection of The Natural History Museum, Londdihe Cretoxyrhina mantelli

838 skeletal remains described herein provide new asiedata to the knowledge of thkastamé
839 vertebrate assemblage, which is dominated by cldrtlyan remains (15 skeletal remains out of a
840 total of 39 associated or articulated skeletal iamknown so far), mostlgretoxyrhina specimens.
841 Recent studies (e.g., Amadori et al., 2019; Anwifit et al., 2017a-c; Palci et al, 2013) have
842 revealed the diverse composition of this still ppatudied vertebrate fauna of the marine Upper
843 Cretaceous of Italy, which is the object of a dethin progress revision.
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Figure captions

Fig. 1. Location of the sites. The sites that yielded the skeletal remain€itoxyrhina mantelli
described herein (Sant'/Anna D'Alfaedo, Verona pro®) and Castellavazzo, near Longarone
(Belluno province) are the only other site thaidael Cretoxyrhina mantelli skeletons. Scale bar =
100 km. [single-column width]

Fig. 2. Cretoxyrhina mantelli (Agassiz, 1835). I solated teeth housed in the historical collections
of the Museum of Geology and Paleontology of the University of Padova. A. MGP-PD 5404 as
figured by D'Erasm@1922: pl. 3, figs. 4-6), coming from Spilecco (V&)d erroneously attributed
to the EoceneB. photos of MGP-PD 5404 in lingual, lateral and éhiiew.C. MGP-PD 6721 as
figured by D'Erasm@1922: pl. 3, fig. 1)D. photos of MGP-PD 6721 in lingual, lateral and &hbi
view (Achille De Zigno'’s collection)E. MGP-PD 6736 as figured by D'Erasr(i®22: pl. 3, figs.
2-3).F. photos of MGP-PD 6736 in lingual, lateral and &lview (Achille De Zigno’s collection).

Scale bars = 10 mm. [2-column width]

Fig. 3. Syntypes of Cretoxyrhina mantelli (Agassiz, 1835). A. Isolated teeth figured by Mantell
(1822: pl. 32, figs. 4, 7, 8, 10, 11, 26, 28) toieshhAgassiz (1835, p. 54) referred when created
Lamna Mantellii (subsequentlOxyrhina mantelli and Cretoxyrhina mantelli). Woodward (1889)
identified the teeth illustrated by Mantell (1828)fig. 8 (NHM PV OR 4539), 11 (NHM PV OR
4540), 26 (NHM PV OR 4527) and 28 (NHM PV OR 452fplate 32. Excerpt of the plate 32 of
Mantell (1822). ETH-Bibliothek Zirich, Rar 2452, tfnt/doi.org/10.3931/e-rara-16021/Public
Domain Mark. B-E. Photos of four of the seven original syntypes Qretoxyrhina mantelli
(Agassiz, 1835)B. NHM PV OR 4524 C. NHM PV OR 4527D. NHM PV OR 4539E. NHM

PV OR 4540. Scale bar = 10 mm. Collections of tlaulkal History Museum, London (CC-BY).
Photos courtesy of Natural History Museum, LondDataset: Collection specimens. Resource:
Specimens. Natural History Museum Data Portal (data.ac.uk).

https://doi.org/10.5519/0002965. Retrieved: 10:32@l 2018 (GMT). [single-column width]
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Fig. 4. Cretoxyrhina mantelli (Agassiz, 1835). Orthophotos of the specimens MPPSA-IGVR
36371 and 45305. A. MPPSAIGVR 36371.B. MPPSA-IGVR 45305. Scale bar = 100 cm. [2-
column width]

Fig. 5. Cretoxyrhina mantelli (Agassiz, 1835). Teeth of the specimen MPPSA-IGVR 36371. A.
First upper anterior tooth (Al) (left palatoquadjatabial viewB. Second lower anterior tooth (a2)
(left Meckel's cartilage), lingual viewC. Intermediate tooth/third lower anterior? tooth/43),
labial view.D. First upper lateral tooth (L1) (right palatoquadjalingual view.E. Second upper
lateral tooth (L2) (right palatoquadrate), lingwaw. F. Lateral tooth (L/I?), labial view). Arrows
indicate the small oblique heel (or shoulders)l&bars = 10 mm. [2-column width]

Fig. 6. Cretoxyrhina mantelli (Agassiz, 1835). Tessellated calcified cartilage of MPPSA-IGVR
36371. Photo of a fragment of cranial calcified cartilaagsociated to a tooth. Scale bar = 50 mm.
[single-column width]

Fig. 7. Cretoxyrhina mantelli (Agassiz, 1835). SEM images of placoid scale from MPPSA-
IGVR 36371. A. Frontal view.B. Lateral view.C. Posterior viewD. Anterior view.E. Posterior
view. F. Inferior view. G. Anterior view.H. Anterior view.|. Posterior viewJ. Superior viewK.
Frontal view.L. Posterior viewM. Superior viewN. Superior view.O. Superior view.P. Lateral
view. Q. Lateral view.R. Anterior view. Scale bars = 1Q0n. [single-column width]

Fig. 8. Line drawing of the head region of the specimen of Cretoxyrhina mantelli (Agassiz,
1835) MPPSA-IGVR 45305. Colors map: dark gray = vertebral centra; grayethelight gray =
rocky matrix; white = fragments of tessellated it@ge. The barred area represents a glued
fragment which contains the counterpart of the iatazartilage indicated by the arrow. The dashed
line delimits the area where can be detected dugnfents (tesserae) of cranial calcified cartilage.
Scale bar = 100 cm. [2-column width]

Fig. 9. Cretoxyrhina mantelli (Agassiz, 1835). Teeth from MPPSA-IGVR 45305. A. Teeth
articulated to a fragment of tessellated mandibgktilage.B. Two lateral teeth with poorly

preserved root$-D. Partially associated tooth sets. Scale bars =m0[single column width]
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Fig. 10. Cretoxyrhina mantelli (Agassiz, 1835). MPPSA-IGVR 45344-45345. A. MPPSA-IGVR
45345 (left slab) and MPPSA-IGVR 45344 (right carslab). Scale bar = 500 miB. Detail of
the labial side of the teeth. Scale bar = 10 r@rDetail of the labial side of teeth. Scale bar = 10
mm. D. Detail of teeth on the lingual side. Scale bar 3. [2-column width]

Fig. 11. Cretoxyrhina mantelli (Agassiz 1835). MGC-IGVR 81375. A. Photo of MGC-IGVR
81375.B. Line drawing of MGC-IGVR 81375Colors map: dark gray = vertebral centra; gray =
teeth; light gray = rocky matrix; white = fragmerds tessellated cartilage. Dashed lines delimit
imprints of teeth and vertebral centra. Scale ba&560 mm. [1,5-column width]

Fig. 12. Cretoxyrhina mantelli (Agassiz, 1835). Placoid scale from MGC-IGVR 36371. SEM
imaging of selected placoid scales, from differem®ws, coming from the residual of detached
samples.A-D. Anterior views.E-H. Lateral views.I. Anterior view. J-K. Posterior viewsL.
Inferior view. [single column width]

Fig. 13. ?Cretoxyrhina sp. Incomplete vertebral columns. A. Orthophoto of MPPSA-IGVR
45308.B. Photo of MPPSA-IGVR 45319 (right) and MPPSA-IGVER320 (left). C. Photo of
MPPSA-IGVR 45323.D. Orthophoto of MGP-PD 31960. The asterisk indicates vertebral
centrum removed and showing bioerosive fossil sgsee Taphonomic remarks and Figs. 18E-F).
Scale bars = 500 mm. [1,5-column width]

Fig. 14. ?Cretoxyrhina sp. Vertebral column. Photo of MGC-IGVR 47789. Scale bar = 100 cm.
[single column width]

Fig. 15. Cretoxyrhina mantelli (Agassiz, 1835). Count of incremental bands of individuals
MPPSA-IGVR 36371 and 45305. A. Vertebral centrum from MPPSA-IGVR 36371. The blalci
indicates the vertebral fulcrum, the black stadicate the incremental bands (28). Vertebral
centrum from MPPSA-IGVR 45305. The black dot intksathe vertebral fulcrum, the black stars
indicate the incremental bands (21). Scale bar@ mih. [1,5-column width]

Fig. 16. Correlation diagram of scale crown width (x axis) and ridge distance (y axis) (in pm).

The black dashed line indicates the slope of 1l fied labeled taxa are from the group of fast
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1234
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pelagic hunting sharks, while the blue labeled taxea from the group of large nearshore
predators/moderate speed pelagic predators. Natetlie Cretoxyrhina mantelli average (green
star) falls in the clouds of correlation of fastlggec hunting sharks, in the lower part of the
diagram. The diagram is modified after Reif (1985ngle column width]

Fig. 17. ?Cretoxyrhina sp. MGP-PD 31960. Photo of a section of a vertebral centrum fully
embedded in the rocky matrix. Scale bar = 50 mmgle column width]

Fig. 18. Cretoxyrhina mantelli (Agassiz, 1835) and ?Cretoxyrhina sp. bioer osive fossil traces on
vertebral centra. A. Photo of avertebra with short grooves from MPPSA-IGVR 363B1.Same
as in A, with the grooves highlighted by dashecedirC. Photo of small circular openings and
collapsed areas on a vertebra from IGVR 36371 catdd by the black arrows, here interpreted as
putativeOsedax borings.D. Another photo of a vertebral centrum from MPPSA/R536371 with
putativeOsedax borings.E. Photo of a vertebra from MGP-PD 31960, with lemtc borings with

a Gastrochaenaolites-like structureF. Detail of the lenticular borings from the vertelmfaviGP-PD

31960. Scale bars = 10 mm. [2-column width]

I n-text table captions

Tab. 1. List of the specimens examined during the study. Institutional abbreviationdlCSNV:
Civic Museum of Natural History of Verona, ItalWGC: Geopaleontological Museum of
Camposilvano, ltalyMGP-PD: Museum of Geology and Paleontology, UniversityR&dova,
Italy, C: Catullo’s Collection, Z: De Zigno’s Cotteon; MPPSA: Prehistoric and Paleontological
Museum of S. Anna d'Alfaedo, Italy. The provenatmmality reported in the historical labels of
MGP-PD 14029 and 14034-14039 ‘isorni di Zoldd (Belluno) but the lithology of the matrix
embedding the specimens indicates that they coome tine surroundings of CastellavazZzBiétra

di CastellazazZ9.
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Tab. 2. Biostratigraphic data from Cretoxyrhina mantelli specimens. Main calcareous plankton
taxa and biostratigraphic classification of sampletined from three partially articulated

specimens o€retoxyrhina mantelli (Agassiz, 1835).
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Inventory number

Preservation

Provenance locality

MPPSA-IGVR 36371

partial skeleton (teeth, articulated vertebraeniataartilage fragments,
placoid scales)

Loffa Mount (S.

Anna d'Alfaedo)

MPPSA-IGVR 45305

partial skeleton (teeth, articulated vertebraenietaartilage fragments,
placoid scales)

Loffa Mount (S.

Anna d'Alfaedo)

MPPSA-IGVR 45308

disarticulated vertebrae

Loffa Mb(5. Anna d'Alfaedo)

MPPSA-IGVR 45319-45320 portion of vertebral column Loffa Mount (S. Anna d'Alfaedo)

MPPSA-IGVR 45321-45322 portion of vertebral column Loffa Mount (S. Anna d'Alfaedo)

MPPSA-IGVR 45323 portion of vertebral column Lofount (S. Anna d'Alfaedo)

MPPSA-IGVR 45324 teeth associated with a portlor_] of thg vertebralroo and fragments of Loffa Mount (S. Anna d'Alfaedo)
cranial cartilage

MPPSA-IGVR 45326 teeth associated with a portion of the vertebralroa and fragments of | | o\ 00 (S. Anna d'Alfaedo)

cranial cartilage

MPPSA-IGVR 45334

teeth associated with a portion of the vertebralroo and fragments of
cranial cartilage

Loffa Mount (S.

Anna d'Alfaedo)

MPPSA-IGVR 45337 portion of vertebral column Lofount (S. Anna d'Alfaedo)

MPPSA-IGVR 45344-45345 | (€eth associated with a portion of the vertebralroa and fragments of | | e 0 o (S. Anna d'Alfaedo)
cranial cartilage

MGC-IGVR 47789 articulated vertebral column Loffaotvht (S. Anna d'Alfaedo)

MGC-IGVR 81375-81376

partial anterior portion of skeleton (teeth, arted vertebral centra,
cranial cartilage fragments, placoid scales)

Loffa Mount (S.

Anna d'Alfaedo)

MGP-PD 3805

isolated tooth

Castellavazzo?

MGP-PD 5404

isolated tooth

Spilecco (Verona)

MGP-PD 6721 Z

isolated tooth

Mazzurega (Verona)

MGP-PD 6736 Z

isolated tooth

Mazzurega (Verona)

MGP-PD 7342 C

isolated tooth

Castellavazzo (Belluno)

MGP-PD 7343 C

isolated tooth

Castellavazzo (Belluno)

MGP-PD 7372 C

isolated tooth

Mt. Belvedere (Belluno)

MGP-PD 8498 C

isolated tooth

Castellavazzo (Belluno)

MGP-PD 8889

isolated tooth

Cere Alto-Valdagno (Vicenza)

MGP-PD 14020

isolated tooth

Valle del Cismon (Belluno)

MGP-PD 14029

isolated tooth

Castellavazzo (Belluno)

MGP-PD 14034-14039

isolated teeth

Castellavazziyize)

MGP-PD 14042

isolated tooth

Castellavazzo (Belluno)

MGP-PD 22401-22470

isolated teeth

Castellavazziyizs)

MGP-PD 23527-23529

isolated teeth

Belluno province

MGP-PD 31960

portion of vertebral column

Loffa Mo@8. Anna d'Alfaedo)

MCSNV V. 1094

isolated tooth

Spilecco (Verona)

MCSNV V. 1095

isolated tooth

Spilecco (Verona)

MCSNV V. 11798

isolated tooth

Spilecco (Verona)

MCSNV V. 12518

isolated tooth

Caprino Valley (LutsigVerona)

MCSNV V. 12519

isolated tooth

Prun (Verona)




PLANKTON BIOSTRATIGRAPHY

5

5

SAMPLE DESCRIPTION LOCALITY LITHOFACIES | Calcareous nannofossil assemblage (BuTnAe':fN%zS) Planktic foraminiferal assemblage (Coccioni &Fljor':tﬁ(’;lllissilva, 2015)
Marginotruncana sigali (RR); Dicarinella primitiva/
. - UC7-UC9 Zone. M. schneegansi (RR); M. renz (F); Marginotruncanasigali Zone:
\éVatz?s;?rllaspp.(C), Chiastozygus Concomitant presence Qf M. pseudolinneiana (RR); occurrence of
Monte L offa E?frf)éllithué spp.(RR); gartneri and absence dflicula | M coronata (RR); marginotruncanids and
} ! ) (S. Anna Lastame (Scaglia - ’ y . staurophora. M. marianosi (RR); dicarinellids in absence of
MPPSA-IGVR 36371 | Partially articulated skeletop d'Alfaedo, Rossa Fm.) %)L:(:(;ET:E oztsgztr?léjs)(RR), The scarcity in calcareous | Dicarinella limbricata (RR); Helvetoglobotruncana helvetica
Verona) Quadrum ir?termedium (RR): nannfossil content makes it hardHeterohelix spp. (C); andDicarinella concavata,
Prediscosphaera spp.(RR) ! to constrain even more the | Muricohedbergella spp. (R); markers of the total range zone
P pp- biostratigraphic interval Macroglobigerinelloides spp (R); underlying and overlying
Calcisphaerulids (A)
Marginotruncana sigali (R);
Watznaueria spp_.(C/A); ) UC8b-UCY Zone M. schneegansi (R); M. renzi (F); Dicarinella primitiva/
Zeugrhabdotus bicrescenticus (R); Concoriant resenée of M coronata (RR); Marginotruncanasigali Zone:
Eprolithus octopetalus (RR); adrifidus an[zi absence of Dicarinellaimbricata (RR); occurrence of
Monte L offa Chiastozygus spp.(RR); Retecapsa spp. quaor D. canaliculata (F); marginotruncanids and
Micula staurophora.
. . (S. Anna Lastame (Scaglia | (R); b . Whiteinella sp.(RR) dicarinellids in absence of
MPPSA-IGVR 45305 | Partially articulated skeleton ) . . . The vacancy okithastrinus X L R
d'Alfaedo, Rossa Fm.) Rhagodiscus achlyostaurion (RR); tenarius could be an Heterohelix reussi(C); Helvetoglobotruncana helvetica
Verona) Lucianorhabdus quadrifidus (RR); Szr::olo ical exclusion H. moremani (RR); andDicarinella concavata,
Quadrum gartneri (RR); ological e Muricohedbergella planispira (R); markers of the total range zone:
" Hence, its stratigraphicabsence ) ; . : A
Prediscosphaera spp.(F) ) M. delrioensis (F); underlying and overlying
cannot be confirmed S ;
’ Macroglobigerinelloides spp (C)
Calcisphaerulids (AA)
Marginotruncana sigali (R);
M. schneegansi (R); M. renz (F);
M. marianosi (C) — Lo
NS Dicarinella primitiva/
M. pseudolinneiana (RR); p L !
Watznaueria spp.(C); UC?—UCQ Zone. M. coronata (RR): Marglnotruncanasgalfl Zone:
Chiastozygus spp.(RR); Retecapsa spp Concomitant presence Qf M. undulata (R): occurrence 0
Monte L offa . ’ ' "| gartneri and absence dflicula P PR . marginotruncanids and
. . . | (R); Dicarinellaimbricata (C); A
MGC-IGVR 81375 Cephalic portion of partiall (S. Anna Lastame (Scaglia Quadrum gartneri (RR): staurophora. D. canaliculata (R); dicarinellids in absence of
articulated skeleton d'Alfaedo, Rossa Fm.) Predisco %aeras (Fj The scarcity in calcareous Héteroh dlix reussi kR)' Helvetoglobotruncana helvetica
Verona) P Pp. nannfossil content makes it hard ' andDicarinella concavata,

Eiffellithus spp.(RR);

to constrain even more the
biostratigraphic interval

H. moremani (RR);
Muricohedbergella planispira (RR);
M. delrioensis (C)

M. delrioensis (C);
Macroglobigerinelloides spp (RR)

Calcisphaerulids (C)

markers of the total range zone
underlying and overlying

A= abundant; C= common; F= few; R= rare; RR= vamger
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Large deadfalls of the ‘ginsu’ shark Cretoxyrhina mantelli (Agassiz, 1835)

(Neoselachii, Lamnifor mes) from the Upper Cretaceous of northeastern Italy

» Description of partial skeletal remains of the ‘ginsu’ shark Cretoxyrhina mantelli
* Nomenclatura remarks about the species C. mantelli

» Emendation of the diagnosis of the species C. mantelli

» Paeobiologica and taphonomic remarks about the deadfalls of C. mantelli

* Micropaleontological analyses on the C. mantelli specimen matrix
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