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Highlights

- Enameloid of fossil shark teeth is more resistant to alteration than dentine

- We achieve ultrastructural and compositional data on Miocene Peruvian shark teeth
- Good preservation of the enameloid allows for successful Sr isotope dating

- 87Sr/8Sr values date the Chilcatay strata to the Burdigalian in the Ica River Valley

- Chilcatay strata at Media Luna are dated for the first time to ca. 22-20 Ma

Abstract
Bioapatite of fossil bone and teeth is susceptible to alteration and ion exchange during burial and
diagenesis, varying its Sr content through the geological time. Nevertheless, fossil shark teeth are a

powerful proxy for both chronostratigraphic and paleoecological reconstructions, thanks to the
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presence of the enameloid, a hard outer layer consisting of resistant fluorapatite crystallites. Here,
we analyze fossil shark teeth from the Miocene sediments of the Chilcatay Formation in the Pisco
Basin (southwestern Peru) with the aim of dating poorly constrained strata in this region.
(Ultra)structural and compositional analyses on fossil lamniform and carcharhiniform teeth are
performed through macroscopical observations, optical microscopy and SEM-EDS for evaluating
the preservation state of the collected teeth. Shark teeth display a compact and well preserved outer
enameloid layer formed by highly ordered bundles of crystallites that is distinctly separated by a
more porous and heterogeneous inner core of dentine featuring diagenetic artefacts and
microborings. Compositional mapping highlights differences in distribution of Ca, P, F, and S in the
enameloid and dentine, and chemical results show a Sr content that is consistent with the range
reported for extant shark teeth. The best preserved teeth were selected for Strontium Isotope
Stratigraphy (S1S), measuring the 8'Sr/%Sr values in the enameloid and obtaining numerical
(absolute) age estimates. At the Ica River Valley, SIS dates the Chilcatay strata to the Burdigalian
(between 19.1 and 18.1 Ma), in agreement with previous radiometric, isotopic and biostratigraphic
ages obtained in the same region. At Media Luna, the Chilcatay strata are dated herein for the first
time, resulting in a slightly older age of 21.8-20.1 Ma (late Aquitanian—early Burdigalian). These
results strengthen the notion that the Sr-ratio of shark teeth can be successfully applied for obtaining

reliable age estimates via SIS.

Keywords
Strontium Isotope Stratigraphy (S1S), enameloid, dentine, bioapatite, Pisco Basin, Chilcatay

Formation

1. Introduction
Fossil bones and teeth can resist through geological time thanks to their mineralized calcium

phosphate composition. Vertebrate teeth are formed by hydroxyapatite with some carbonate
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substitutions in phosphate positions (Francillon-Vieillot et al., 1990; Dahm and Risnes, 1999). In
contrast to mammalian teeth, where the mineralized matrix is largely hydroxyapatite (Francillon-
Vieillot et al., 1990), shark teeth contain fluorapatite, Cas(POa4)F, as biomineral phase with partial
substitution of phosphate by carbonate or substitution of fluoride by hydroxide (Mgller et al., 1975;
Daculsi and Kerebel, 1980). This unique feature makes shark teeth remarkably resistant, as
fluorapatite is the least soluble form of apatite and more resistant to alteration than other phosphate
phases (Posner et al., 1984; Gardner et al., 1992; Brunet et al., 1999). In particular, modern shark
teeth are composed of fluorapatite only in the enameloid outer portion (Libke et al., 2015), whereas
the dentine is made of fluorohydroxyapatite, Cas(POa4)3(OH, F). Enameloid is a kind of tooth
coating exclusive of many fishes including sharks, whereas mammalian teeth are coated by enamel
(Peyer, 1968; Carlson, 1990; Cappetta, 2012; Cuny et al., 2017). Enamel and enameloid are more
coarsely crystalline and have a lower organic matter content compared to dentine, which is more
finely grained and contains higher contents of water, organic matter, and carbonate (Carlson, 1990;
Enax et al., 2012). Enameloid is also six times harder than dentine, and displays a highly ordered
structure (Enax et al., 2012, 2014); it constitutes the outer layer that covers the crown of the tooth,
whereas dentine forms the inner part of the crown and the root (Cappetta, 2012, and references
therein).

As regards tooth histology, two main histotypes are recognized: the orthodont histotype and the
osteodont hystotype (Glickman, 1967; Compagno, 1988; Cappetta, 2012) (Fig. 1). According to the
original definition, orthodont teeth retain an open pulp cavity throughout the tooth development,
whereas osteodont teeth have their pulp cavity gradually filled by osteodentine (@rvig, 1951) as
development proceeds (Thomasset, 1930; Moyer et al., 2015). Orthodont teeth feature orthodentine
(Peyer, 1968) that encapsulates the pulp cavity, whereas osteodentine forms the root; osteodont
teeth, in turn, lack orthodentine and are completely filled by osteodentine that also forms the root
(Moyer et al., 2015). More recently, a third tooth type has been identified, i.e. the pseudoosteodont

histotype, in which the pulp cavity is secondarily replaced by osteodentine (Jambura et al., 2018;
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2020). In light of this subdivision, the two galeomorph shark orders Lamniformes and
Carcharhiniformes (with the exception of Hemipristis) represent the two histotype end-members,
i.e. osteodont and orthodont, respectively (Moyer et al., 2015; Schnetz et al. 2016) (Fig. 1). Indeed,
the osteodont histotype is exclusive of lamniforms, showing a unique histological pattern that
reflects a phylogenetic signal (Jambura et al., 2020).

The outer enameloid layer is formed by highly ordered bundles of fluorapatite crystallites with a
roughly hexagonal section (Daculsi and Kerebel, 1980; Chen et al., 2014; Enax et al., 2014; Liibke
et al., 2015; Wilmers et al., 2021). It is organized in a triple layered structure (Reif, 1973; Cuny and
Risnes 2005 and references therein): the Shiny-Layered Enameloid (SLE), which is also
compositionally distinctive (Enax et al., 2014), the Parallel-Bundled Enameloid (PBE), and the
Tangled-Bundled Enameloid (TBE) (Cuny et al., 2001). The PBE and TBE correspond to the
Parallel-Fibered Enameloid (PFE) and the Tangle-Fibered Enameloid (TFE) of Reif (1973) and
Moyer et al. (2015) (Fig. 5C-F). Recently, these layers have been grouped into two distinct units: an
external one, i.e. the Single Crystallite Enameloid (SCE) or Ridge/Cutting Edge Layer + Shiny-
Layered Enameloid (RCEL+SLE), and an internal bundled one, i.e. the Bundled Crystallite
Enameloid (BCE), the latter including both the PBE and TBE (Cuny and Risnes 2005; Botella et al.,
2009; Guinot and Cappetta, 2011; Enault et al., 2015).

On the other hand, the dentine is a porous tissue with a high organic matter content and vascular
canals. Dentine is also easily recognizable from enameloid by virtue of its disordered crystals
(LUbke et al., 2015) and a different chemical composition (Enax et al., 2014). Several types of
vertebrate dentine have been described, among which are osteodentine and orthodentine.
Osteodentine has a bone-like appearance and is made up of dentinal osteons and interosteonal tissue
(Radinsky, 1961). A dentinal osteon consists of a vascular canal surrounded by concentric lamellae
of circumvascular dentine, that are penetrated by dentinal tubules, whereas the tissue among

dentinal osteons is known as the interosteonal tissue (Radinsky, 1961). Orthodentine has been
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described as a tissue comprise of circumpulpar and pallial dentine exhibiting parallel and branching
tubules (Radinsky, 1961; Smith and Sansom, 2000).

Due to the resistance to alteration of shark teeth, geochemical and isotopic studies are often
carried out on fossil shark teeth (e.g., Schmitz et al., 1997; Tutken et al., 2011; Akhtar et al., 2020)
for paleoecological and paleoenvironmental reconstructions and, less frequently, for
geochronological applications like Strontium Isotope Stratigraphy (SIS) (John et al., 2013).

First conceived by Wickman (1948), the SIS method is based on the assumption that strontium
has a roughly uniform global distribution in the global ocean due to its long residence in seawater
(ca. 10° years), which is much higher than the average mixing time of seawater in the oceans (ca.
10° years) (McArthur et al., 2020). The Sr ratio has varied through the geological time due to the
variable silicate riverine input and hydrothermal circulation at mid-ocean ridges; thus, the Sr values
can be linked to a precise geological age (Peterman et al., 1970; McArthur, 1994; Veizer et al.,
1997; Peucker-Ehrenbrink and Fiske, 2019; McArthur et al., 2020). In order to obtain the best-fit
curve from the 8'Sr/®%8Sr data (Burke et al., 1982), a LOESS fit, deriving from the LOWESS
statistical method (Cleveland, 1981), has been elaborated through calibration with the GTS2020
Timescale (McArthur et al., 2020).

Marine authigenic minerals can preserve the 8’Sr/%Sr ratio of the seawater in which they
precipitate (Veizer, 1989). Strontium is incorporated in calcium carbonate and calcium phosphate
crystals by substituting calcium; this is made possible by the similar ionic radius and oxidation state
of Sr and Ca (Faure and Mensing, 2005). For this reason, marine authigenic minerals such as
carbonates comprise excellent tools for dating and correlating sedimentary successions, provided
that they have not undergone diagenetic alteration (e.g., DePaolo and Ingram, 1985). As other
marine authigenic minerals, phosphates - and in particular bioapatite — can be used for 8Sr/2éSr
stratigraphic dating (Staudigel et al., 1985). Thus, the SIS has been successfully applied to fossil
bones and teeth from marine deposits, despite the porous structure of the bony tissues (which makes

them susceptible to diagenetic alteration) and the sparse fossil record of marine vertebrates (John et

5
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al., 2013). Fossil bones and teeth can incorporate diagenetic Sr in different ways: i) via pore-filling
by secondary minerals; ii) by recrystallization of hydroxyapatite; iii) through direct exchange in the
original hydroxyapatite crystals; and iv) by absorption in microcracks or on the surfaces of
hydroxyapatite crystals (Hoppe et al., 2003). For this reason, a diagenetic screening is always
needed before proceeding with Sr ratio analyses. Shark teeth are particularly suitable for SIS. They
are resistant to diagenesis due to their fluorapatite composition (LeGeros, 1990; Gardner et al.,
1992; Brunet et al., 1999) and are relatively abundant in the fossil record due to their cyclical
replacement during lifetime (Kemp, 1999; Tucker and Fraser, 2014). In addition, Vennemann et al.
(2001) demonstrated that the 87Sr/®Sr ratios of modern shark teeth reflect uniform present-day
seawater values. However, Grandjean and Alberéde (1989) and Kohn et al. (1999) described three
modes of alteration of the fossil tooth composition: i) by diagenetic formation of Fe and Mn
oxyhydroxides (resulting in higher Fe, Mn, Ba and Cu contents); ii) trapping of silicate particles of
terrigenous origin (resulting in higher Al and Si contents); and iii) chemical change of bioapatite
due to recrystallization (resulting in higher U and Sr content) (John et al., 2013). In order to exclude
any compositional alteration, a comparison with the chemical composition of modern shark teeth
should be carried out before analyzing fossil specimens for SIS (John et al., 2013; Hattig et al.,
2019).

Although Barrat et al. (2000) and Martin and Scher (2004) assessed that the Sr isotopic values of
fish teeth may be altered during and after burial through exchange with pore fluid Sr?*, 8Sr/%Sr
dating on shark teeth has provided reliable age estimates in several cases (Vennemann and Hegner,
1998; Becker et al., 2008; Harrel et al., 2016; Tutken et al., 2020). In particular, Sr isotope
measurements of the enameloid layer give Sr ages that are more reliable than observed for dentine
(Becker et al., 2008; Tiitken et al., 2020). This is due to the resistance of enameloid to diagenetic
processes and weathering (Roelofs et al., 2017), similar to the enamel of mammalian teeth (Ayliffe
etal., 1994; Kohn et al., 1999; Zazzo et al., 2004; Tutken et al., 2008). Dentine is therefore more

prone to recrystallize during diagenesis than enameloid and other hypermineralized tissues that are
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more resistant to diagenetic alteration (Roelofs et al., 2017). However, it must be pointed out that
the application of SIS on shark teeth from the Cenozoic successions comports some limitations as
concerns the Paleogene, due to the oscillation and flattening of the calibration curve in
correspondence of this system/period (McArthur et al., 2020).

In order to test the feasibility of SIS in the shark tooth-rich sediments of the Pisco Basin (Peru),
and aiming to date some poorly-constrained strata exposed at various Ica River Valley localities, we
analyzed the ultrastructure, composition and 8'Sr/®Sr ratios of fossil shark teeth from the Chilcatay
Formation. The Miocene marine sediments of this sedimentary unit host an abundant fossil content
of marine vertebrates (Bianucci et al., 2015, 2018a, b, 2020; Lambert et al., 2015, 2018, 2020, 2021,
Di Celma et al., 2018, 2019; Collareta, 2021b; Bianucci and Collareta, 2022), among which
elasmobranch remains are present and locally common (Bianucci et al., 2018b; Di Celma et al.,
2019; Landini et al., 2019). Here, we present the first attempt to date the shark teeth from the
Chilcatay Formation by means of SIS. Teeth of Cosmopolitodus hastalis, Isurus oxyrinchus, Isurus
sp., Megalolamna paradoxodon and Physogaleus contortus were analyzed from the Chilcatay strata
at the localities of Zamaca, Media Luna and near Cerro Colorado, deciphering also their diagenetic

imprints.

2. Geological and paleontological framework
2.1. Tectonic and stratigraphic setting

The Peruvian forearc system formed in response to the mid-Eocene-to-Recent westward
subduction of the Farallon-Nazca Plate beneath the South America Plate and consists of elongated
trench-parallel sedimentary basins separated by tectonically active structural ridges, i.e. the Outer
Shelf High and the Upper Slope Ridge (Travis et al., 1976; Thornburg and Kulm, 1981; Klein et al.,
2011, and references therein). One of these basins is the Pisco Basin, which is divided into the West
Pisco Basin and the East Pisco Basin by the Coastal Cordillera, the onshore prolongation of the

Outer Shelf High (Romero et al., 2013). The East Pisco Basin, a 180-km-long depression extending
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between the towns of Pisco and Nazca, has been active between the Eocene and the Pliocene with
the deposition of marine sedimentary units (Dunbar et al., 1990; DeVries, 1998) (Fig. 2A, B). The
latter are, from oldest to youngest, the Caballas Formation, the Paracas Formation, the Otuma
Formation, the Chilcatay Formation and the Pisco Formation (DeVries, 2017; DeVries et al., 2017,
DeVries and Jud, 2018; Di Celma et al., 2017, 20184, 2019, in press). Since the latest Pliocene,
regional uplift occurred, being caused by the subduction of the Nazca Ridge, which impinged the
overlying South American plate at 11°S latitude approximately 11.2 Ma and generated the volcanic
gap that is currently observed in most of the Peruvian Andes (Hsu, 1992; Macharé and Ortlieb
,1992; von Huene et al., 1996; Hampel, 2002; Klein et al., 2011). Due to this uplift, nowadays most
of the basin is exhumed and its sedimentary succession is exposed in the Ica Desert.

Sediments of the Chilcatay Formation deposited during the latest Oligocene and early Miocene
in a semi-enclosed , shallow-marine embayment studded with several basement islands (Marocco
and Muizon, 1988b; DeVries and Jud, 2018; Bianucci et al., 2018b). In the Ica River Valley, two
different depositional sequences can be recognized in the Chilcatay Formation, namely, Ct1 and
Ct2, separated by the CEO.2 intraformational unconformity (Di Celma et al., 2018b, 2019) (Fig.
2B). Both sequences are marked at the base by a basal lag with boulders, pebbles marked by
Gastrochaenolites borings, phosphatic nodules, shark teeth, oysters, and bone fragments, as well as
by large, passively infilled Thalassinoides and Gyrolithes burrows. The Ct1 sequence includes three
facies associations, recording shoreface, offshore and submarine delta deposition: massive
sandstones with boulder-sized clasts and conglomerates (Ctlc), sandstones and siltstones
intercalated by beds of coarse-grained sandstones and conglomerate beds (Ctla), and coarse-
grained mixed siliciclastic-carbonate clinobedded deposits (Ctlb). The Ct2 sequence consists of two
facies associations, recording shoreface and offshore deposition: highly fossiliferous, massive and
intensely bioturbated sandstones (Ct2a), and silty mudstone intercalated with minor, laterally
persistent, very fine-grained sandstone interbeds as well as submarine slump-related contorted strata

(Ct2Db). In the southern part of the Ica River Valley, at the locality of Laberinto, an older
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unconformity-bounded unit has been recognized by DeVries et al. (2021) and designated therein as
Chilcatay-0 or CtO.

The Chilcatay Formation has been assigned to the upper Oligocene—lower Miocene in the East
Pisco Basin and surroundings (Dunbar et al., 1990; DeVries, 1998; DeVries and Jud, 2018). At the
Ica River Valley localities of Ullujaya and Roca Negra, the Chilcatay Formation has been lately
dated to the Burdigalian via the integration of micropaleontological biostratigraphy and isotope
geochronology (Di Celma et al., 2018b; Lambert et al., 2018; Bosio et al., 2020a, b). At Laberinto,
in turn, the Chilcatay-0 (Ct0) strata span chronostratigraphically between ca. 21 Ma and 20 Ma
(DeVries et al., 2021). Biostratigraphic data based on silicoflagellates, diatoms and nannoplankton
constrain the deposition of the Ct1 and Ct2 strata between ca. 19 Ma and 18 Ma. This age range is
confirmed by “°Ar/*Ar ages obtained from two volcanic ash layers from the Ct1 sequence, dated at
19.25 + 0.05 Ma (at the base of the Chilcatay succession at Roca Negra) and 19.00 £ 0.28 Ma (at
Ullujaya), as well as one volcanic ash layer found near the top of Ct2, dated at 18.02 £ 0.07 Ma (at
Los Dos Cerritos) (Fig. 2B). In addition, the “°Ar/*°Ar dating of an ash layer from undifferentiated
Chilcatay near the type locality of Macrosqualodelphis ukupachai (an unnamed site south of Cerro
Colorado) gives an age 18.78 £ 0.08 Ma (Bianucci et al., 2018a). At the aforementioned sites of
Roca Negra and Ullujaya, 8Sr/%Sr datings on well preserved carbonates (oysters, pectinids and
barnacles) from the Ct1 sequence give concordant ages of 18.85-18.00 Ma, obtained with the

LOWESS 5 Table calibrated to the GTS2012 Timescale (Bosio et al., 2020a).

2.2. Paleontological setting

The Pisco Basin is renowned for hosting a very outstanding marine vertebrate Fossil-
Lagerstatten (e.g., Colbert, 1944; Marocco and Muizon, 1988a; Muizon, 1988; Brand et al., 2004,
2011; Esperante et al., 2008, 2015; Uhen et al., 2010; Bianucci et al., 2015, 2018a, b, 2020;
Lambert et al., 2015, 2018, 2020, 2021; Stucchi et al., 2016; Di Celma et al., 2018, 2019; Boskovic

etal., 2021; Bosio et al., 2021b; Collareta, 2021b; Bianucci and Collareta, 2022), but also for
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remarkable finds of fossil invertebrates (e.g., Alleman, 1978; DeVries, 1988; DeVries and
Frassinetti, 2003; Bosio et al., 2021a; Ko¢i et al., 2021; Sanfilippo et al., 2021) as well as for
microfossil studies (e.g., Mertz, 1966; Macharé and Fourtanier, 1987; Schrader and Ronning, 1988;
Marty, 1989; Tsuchi et al., 1988; Koizumi, 1992; Ibaraki, 1993; Gariboldi, 2016; Coletti et al.,
2019a; Malinverno et al., 2021). As regards the fossil invertebrates, the Chilcatay Formation
features an abundant and rather diverse fauna comprised of mollusks, acorn barnacles, cirratulids,
echinids, brachyuran decapods, and rare bryozoans and benthic foraminifera (Coletti et al., 2018; Di
Celma et al., 2018b). Mollusks dominate the assemblage, with abundant oysters, pectinids and
gastropods; among them, DeVries and Jud (2018) recognized Ficus distans, Turritella cruzadoi,
Olivancellaria tumorifera, Tilicrassatella ponderosa and Glycymeris ibari as index molluscan
species for the Chilcatay Formation. Specimens of Acanthina katzi, Testallium cepa, Misifulgur
cruziana, and Turritella woodsi are also found in the Chilcatay strata, together with Chlamys and
less common representatives of Miltha, Conus, Crepidula, Panopea, Olivella, Sinum and Calyptrea
(Trochita). Among gastropods, the vermetid Thylacodes devriesi is common in the assemblage as a
reef-forming species (Sanfilippo et al., 2021). The brachiopod genus Discinisca is also present
(DeVries and Jud, 2018). Barnacles are also abundant and dominate the assemblage in two different
facies (Coletti et al., 2018). At least three different species of balanid barnacles are present in the
Chilcatay Formation, including Austromegabalanus carrioli and Perumegabalanus calziai
(Collareta et al., 2019; Coletti et al., 2019b). Finally, cirratulid reefs of the species Diplochaetetes
mexicanus are present in the Chilcatay strata (Koci et al., 2021).

Fossil vertebrates from the Chilcatay Formation are mostly known from the localities of Cerro
Colorado, Santa Rosa, Ullujaya and Zamaca, and include cetaceans, seabirds, marine reptiles and
fishes (teleosts as well as sharks and rays). Cetaceans are mostly represented by odontocetes
(echolocating toothed whales) belonging to the enigmatic heterodont inticetids (Inticetus vertizi),
the so-called "Chilcacetus-clade” of archaic homodont odontocetes (Chilcacetus cavirhinus), the

platanistoids (relatives of the South Asian river dolphins, namely, the squalodelphinids Furcacetus

10
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flexirostrum, Huaridelphis raimondii, Macrosqualodelphis ukupachai and Notocetus vanbenedeni,
the platanistid aff. Araeodelphis sp., the basal platanistoid Ensidelphis riveroi, and other
indeterminate forms), the eurhinodelphinids (long-snouted relatives of the present-day beaked
whales, represented by indeterminate specimens only), the physeteroids (sperm whales, including
cf. Diaphorocetus sp. and Rhaphicetus valenciae), and the early branching delphinidan genus
Kentriodon (Lambert et al., 2014, 2015, 2020, 2021; Bianucci et al., 2015, 20184, b, 2020; Di
Celma et al., 2018, 2019; Bosio et al., 2021b; Bianucci and Collareta, 2022). Mysticetes (baleen-
bearing whales) are also present but rare and poorly known (Di Celma et al., 2019). Seabirds are
represented by the extinct slender-footed penguin Palaeospheniscus (Acosta-Hospitalache and
Stucchi, 2005). Marine reptiles consist of at least one dermochelyid (leatherback turtle) taxon
possibly corresponding to Natemys peruvianus (Wood et al., 1996; Bianucci et al., 2018b; Di Celma
et al., 2019). Bony fishes include indeterminate tuna-like forms besides billfish (aff. Makaira sp.)
and abundant cycloid scales that recall the extant pilchard genus Sardinops (Bianucci et al., 2018b;
Di Celmaet al., 2018b, 2019).

Elasmobranch remains are abundant in the Chilcatay strata and concentrate in a few discrete
stratigraphic intervals (Di Celma et al., 2018; Bianucci et al., 2018b; Landini et al., 2019), though
sometimes shark teeth are found associated with cetacean skeletons, possibly suggesting scavenging
action (Bianucci et al., 2018a; Lambert et al., 2018). Some information on the lower Miocene
elasmobranch remains collected along the western bank of the Ica River was reported by Alvan De
la Cruz (2008), Renz (2009) and Shimada et al. (2019), but a more comprehensive overview of the
shark and ray assemblage from the Chilcatay strata was only presented by Bianucci et al. (2018b)
and Landini et al. (2019). From the nearby localities of Ullujaya and Zamaca, these authors listed
teeth and dermal elements belonging to Squatiniformes (angel sharks, Squatina sp.), Lamniformes
(mackerel sharks, including Alopias superciliosus, Alopias cf. vulpinus, Anotodus agassizi,
Cosmopolitodus hastalis, Cosmopolitodus plicatilis, Isurus oxyrinchus, Megachasma cf. applegatei,

Carcharias sp., Carcharocles chubutensis, Megalolamna paradoxodon and Parotodus benedeni),
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Carcharhiniformes (ground sharks, including Carcharhinus brachyurus, Carcharhinus cf. leucas,
Galeocerdo aduncus, Negaprion brevirostris, Physogaleus contortus, Hemipristis serra and
Sphyrna zygaena), Myliobatiformes (stingrays and relatives, including Dasyatidae gen. et sp. indet.
and Myliobatoidea gen. et sp. indet.) and Rhinopristiformes (sawfishes and relatives, only
represented by Anoxypristis sp.). The structure of the Ullujaya and Zamaca assemblages is mainly
described by three key features: 1) a taxonomic composition dominated by two shark lineages,
Lamniformes and Carcharhiniformes, the former being dominant in terms of alpha-diversity; 2) the
leading role played by two species, C. brachyurus and C. hastalis, accounting for more than three
fifths of the studied specimens; 3) the distinctly juvenile imprint of the entire assemblage. Striking
similarities were noted by Landini et al. (2019) between the elasmobranch assemblage from Zamaca
and that from the upper Miocene Pisco strata exposed at Cerro Colorado (Landini et al., 20173, b),
thus suggesting the persistence of a peculiar “biological enclave” driven by the concurrence of the
ecological, environmental, and oceanographic factors that characterized the coast of present-day

Peru throughout the Miocene (Collareta et al., 2021b).

3. Material and Methods
3.1. Study area and sample collection

Fossil tooth samples were collected in the Ica Desert near the village of Ocucaje, along the
western side of the Ica River Valley, at four localities where the Chilcatay Formation crops out (Fig.
2A). The first two localities take their place ca. 3-4 km south of Cerro Colorado, where shark teeth
occur in association with two important cetacean specimens from undifferentiated Chilcatay strata:
an undescribed new genus and species of eurhinodelphinid-like odontocete (14°23°46.8”’ S,
75°53°15.8>> W) (Fig. 3E) and the holotype of Macrosqualodelphis ukupachai (14°23°01.9”" S,
75°53°58.8°> W) (MUSM 2545, Bianucci et al., 2018a). Since the Chilcatay Formation is not
mapped in detail nor chronostratigraphically constrained in this area, shark teeth were collected

from close to both cetacean skeletons for chronostratigraphic purposes. In addition, oyster
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specimens were collected from the same stratigraphic layer as MUSM 2545. Another studied
locality is placed in the Zamaca area (Fig. 2), where the Chilcatay Formation is widely exposed (Di
Celma et al., 2019). Here, shark teeth were sampled from the shark tooth-bearing bed ShB-4
occurring at the base of the Ct2 sequence (Landini et al., 2019) (Fig. 3A-D). The fourth
investigated locality is Media Luna, a coastal site 25 km west of the Ica River (Fig. 2). In this
locality, the Chilcatay Formation is still undated, and two different shark tooth-bearing horizons
have recently been identified and are still under study. Shark teeth were sampled from the lower

horizon, “Terrace 1” for chronostratigraphic and paleoecological purposes (Fig. 3F).

3.2. Laboratory analyses

The collected shark teeth were first analyzed macroscopically for evaluating the preservation
state and screened for diagenetic alteration. The completeness of the root, color, crown preservation
and presence/absence of weathering wear were taken into account for selecting the sixteen best
preserved specimens suitable for further analyses. Fossil shark teeth belonging to the families
Lamnidae, Otodontidae and Charcharinidae (Fig. 4) were analyzed in depth macroscopically,
petrographically and compositionally. Five polished thin sections covering all the aforementioned
localities and families were prepared at the laboratories of TS Lab & Geoservices in Pisa,
embedding the teeth in epoxy resin and cutting them along the coronal plane. Two additional thin
sections from oyster samples were also realized. Petrographic analyses were carried out through a
Leica optical microscope at the Universita degli Studi di Milano-Bicocca for investigations on
dental internal structure and searching evidence of alteration and/or diagenesis.

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) were
performed through a Zeiss FEG Gemini 500 at the Universita degli Studi di Milano-Bicocca.
Secondary Electron (SE) images were achieved for describing the ultrastructure of the enameloid,

dentine and dentine-enameloid junction. Backscattered electron (BSE) images and compositional
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maps of major elements were realized in order to determine the chemical composition of enameloid
and dentine and their dissimilarities.

Based on these preliminary analyses, eleven shark teeth and two oyster samples were chosen for
applying the SIS (Table 1). The selected specimens were immersed in distilled water and cleaned in
an ultrasonic bath for removing any remaining sediment particle. After drying, pristine oyster layers
were drilled with a Dremel micro-drill to obtain shell powder from the unaltered portions. Shark
teeth were simply scraped at the surface with a Dremel micro-drill for removing a small amount of
enameloid from the tooth crown, avoiding dentine. An amount of ca. 8-30 mg of powder was
collected from each sample avoiding contaminations, and sent at the Ruhr-Universitat Bochum,
where Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and &' Sr/8Sr
analyses were carried out.

ICP-OES analyses were performed through a Thermo Fisher Scientific iCAP 6500 DUO
spectrometer for measuring Sr, Ca, Mg, Fe and Mn concentrations. A TI-Box (Spectromat) Thermal
lonisation Mass Spectrometer (TIMS) with seven collectors was employed for determining 8/Sr/2éSr
ratios, using a dynamic (peak-hopping) mode of measurement. The cut-off limit for a strontium run
was an error of + 26 < 5 x 107 for the 87Sr/8Sr ratio, with 100-200 ratios per run (typical duration:
110 ratios, lasting 2 h and 15 min, plus the filament heating time). The standards NIST NBS 987
and USGS EN-1 were employed in the analyses, with a long-term mean measured at Bochum of
0.710246 £ 0.000027 (26) and 0.709163 £ 0.000037 (20), respectively. No Rb (rubidium)
correction was applied, but Rb abundances were nonetheless monitored during the entire run. When
Rb levels exceeded the detection limit, the result was discarded and the measurement repeated.

87Sr/85Sr results were corrected for the difference between the USGS EN-1 value used for the
compilation of McArthur’s reference curve and the USGS EN-1 Bochum mean value. 8’Sr/8®Sr
corrected values were converted into ages using the LOESS Table 6 calibrated to the GTS2020
Timescale (McArthur et al., 2020). For estimating the age of a single stratigraphic layer from

several analyzed samples, a mean 8'Sr/%Sr value was calculated and then converted to age (Frijia et
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al., 2015). The uncertainty for each stratigraphic level was calculated as 2 standard errors (2 s.e.)
from the standard deviation of the mean. For both single samples and stratigraphic layers, a

maximum age, a preferred age and a minimum age were obtained.

4. Results
4.1. Shark tooth preservation

The collected shark teeth belong to the families Lamnidae, Otodontidae (Lamniformes), and
Carcharinidae (Carchariniformes) (Fig. 4). All the fossil teeth are moderately well to well
preserved, and no evident wear, bioerosion or encrusters were detected. Specimens from both the

localities south of Cerro Colorado display almost intact tooth roots and crowns. The latter are

homogeneously capped by enameloid, which in few cases exhibits very thin fracture lines (Fig. 4).

The selected teeth collected near the eurhinodelphinid-like odontocete skeleton mostly belong to
Lamnidae, including two teeth of Cosmopolitodus hastalis and one of Isurus oxyrinchus; one

further tooth belongs to Physogaleus contortus, the only carcharhinid analyzed in this study. The

two selected teeth collected in association with the Macrosqualodelphis ukupachai holotype belong

to the lamnid species C. hastalis. In addition, two oysters were also selected from the same site for

conducting further analyses thanks to their well preserved visible layers of unaltered nacre.

At Zamaca, the shark tooth-bearing basal interval of the Ct2 sequence (Landini et al., 2019)

is

composed of sandstones showing sub-rounded to sub-angular pebbles derived from the immediately

underlying siltstones, basement clasts, rare coal fragments, dispersed crustaceans (crabs and

barnacles), and shark teeth and vertebrae (Fig. 3). Teeth from the ShB-4 bed range from moderately

to well preserved, displaying an almost intact root and a crown coated by an intact layer of

enameloid. Many teeth also feature a brownish color (Fig. 3D) that is probably due to

phosphatization, and were thus discarded from further analyses. Three well preserved lamnid teeth,

belonging to C. hastalis and I. oxyrinchus were selected for further analyses.
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At the Media Luna locality, the stratigraphic lowest shark tooth-bearing horizon is
characterized by coarse-grained sediment enriched in shark teeth. Shark fossils are still under study
and include some deep-water elements (e.g., Pristiophorus) that contrast with the shallow-water,
marginal-marine assemblage retrieved at Zamaca (Landini et al., 2019). Further contrasting with the
condition observed at Zamaca and south of Cerro Colorado, in the Media Luna beds, shark teeth
almost invariably lack their roots and often exhibit a loss of the internal dentine filling. Only very
few teeth have a moderately well preserved root and an intact crown. Among the latter, four teeth of

Isurus sp. were selected for the subsequent analyses, even if two of them lack part of the root.

4.2. Shark tooth micro- and ultra-structure

Most of the analyzed specimens, belonging to Lamniformes, exhibit a well preserved osteodont
histotype, whereas the carcharhiniform Physogaleus contortus displays an orthodont histotype (Fig.
1). No differences in microscopic preservation were noticed across the localities, and all the best
preserved teeth (including the Media Luna specimens with partial roots) exhibit a well preserved
histological microstructure (Fig. 5A).

Lamniform fossil teeth are comprised of a hypermineralized outer tissue layer, the enameloid,
and a core of dentine with a bone-like appearance, the osteodentine (Jambura et al., 2020) (Fig. 5).
All the analyzed teeth preserve their original histological features, such as a triple layered
enameloid in the outer part of the crown, and dentinal tubules forming osteons with clear lamellae
in the inner part of the crown and in the root. In addition, one tooth of Cosmopolitodus hastalis
from the eurhinodelphinid-like odontocete locality south of Cerro Colorado preserves a peculiar
osteodentine provided with well preserved vascular canals that is known also as vasodentine (Jollie,
1962). This osteodentine modification lacks dentinal tubules but displays radiating capillary
channels (Fig. 5B). Coating the crown, the enameloid is few hundred pm thick. From outer to inner,
the three well recognizable enameloid layers are the Shiny-Layered Enameloid (SLE), the Parallel-

Bundled Enameloid (PBE) and the Tangled-Bundled Enameloid (TBE) (Cuny et al., 2001) (Fig.
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5C-F). This compact, orderly, and homogeneous enameloid wrapping is distinctly separated from
the porous, disorderly, and heterogeneous inner core of osteodentine by the dentine-enameloid
junction, a transitional zone that is clearly visible in BSE images (Fig. 5D). The inner core of the
crown and root is characterized by an osteodentine tissue crossed by several dentinal tubules
forming osteons (Fig. 5G). The osteodentine is usually affected by fractures and cavities (Fig. 5C,
E). In some cases, the dentinal tubules are filled by sediment particles (Fig. 5H). Only the tooth of
the carchariniform species P. contortus from south of Cerro Colorado exhibits crown portion
constituted by orthodentine (Fig. 5F), which appears as more compact and less porous than the
osteodentine, which in turn forms the root.

Observing the tooth ultrastructure in SE images, the enameloid appears as formed by highly-
ordered bundles of fluorapatite crystallites (Daculsi et al., 1980; Chen et al., 2014; Enax et al., 2014;
Libke et al., 2015; Wilmers et al., 2021), which are often well preserved, whereas the dentine is
characterized by crystalline artefacts likely diagenetic in origin (Libke et al., 2015). In particular,
the enameloid shows well preserved, elongated micrometric crystallites that are arranged parallel to
each other to form bundles (Fig. 6A, B), typical of TBE (Cuny et al., 2001; Wilmers et al., 2021).
On the other side, by analyzing the osteodentine portion, it is possible to encounter randomly
oriented, disordered, sheet-shaped crystals, around one micron in size (Fig. 6C, D). These crystals
probably represent the dentinal tubule infill of crystalline artefacts formed during diagenesis (Liibke
et al., 2015).

In one case, in the Media Luna M. paradoxodon tooth, the osteodentine forming the root is
pervasively affected by microborings that excavate the outermost portion of the root (Fig. 6E).
These microborings have a diameter of 3—10 um and a variable length, up to few tens of microns;
furthermore, they display a distinctive brighter rim in BSE images (Fig. 6E, G). They are filled with
apatite spherules and Fe-oxide framboids, which are visible in the SE and BSE images, as well as in

Fe compositional map (Fig. 6E-H). Teeth with microborings must be discarded from the sampling
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for SIS analyses, because their Sr ratio could be modified by secondary minerals filling the pores

(Hoppe et al., 2003).

4.3. Shark tooth composition

Differences between enameloid and osteodentine are also clearly discernable by virtue of their
chemical (major and trace element) composition.

EDS compositional maps across the dentine-enameloid junction reveal differences in the
distribution of Ca, P, F, Na, Cl and S (Fig. 7, Table 2). In particular, the enameloid is generally
enriched in F, Caand P (Fig. 7C, D, Table 2), whereas the osteodentine is usually enriched in
extraneous elements such as S, Na, and CI (Fig. 7A-F, Table 2). In one case, we observed that the
transition zone between the TBE and the osteodentine features a meshwork of fibers (Moyer et al.,
2015) surrounding the osteodentine tissue and dentinal tubules that is similar in composition to the
enameloid crystallites, whereas the composition of the dentinal tubules is close to that of the
osteodentine, i.e. enriched in S (Fig. 7G, H).

Compositional maps also highlight the presence of a thin SLE, as reported by Enax et al. (2014).
This external, shiny layer is enriched in Mg and Fe, and reveals an outermost depletion in F that is
immediately followed inwards by a distinct increase in fluorine abundances (Fig. 8A-D). The
compositional maps demonstrate that the shiny layer, though only few micron thick, is still well
preserved, highlighting the good preservation of the analyzed fossil teeth.

Fe, Mn, Mg and Sr concentrations were measured through ICP-OES for checking alterations in
both biogenic carbonates and phosphates (e.g., John et al., 2013; Ullmann and Korte, 2015). In the
two oyster samples, the Fe content is low, being comprised between 68 and 215 ppm; the Mn
content varies from 314 to 478 ppm; the Mg content is in the 20643260 ppm range; and the Sr
content reflects that of unaltered oysters, ranging between 530 and 594 ppm (Table 3). In the shark

teeth, the Fe content ranges from 713 to 2303 ppm; the Mn content spans from 54 and 225 ppm;
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and the Mg content is within the 789-1717 ppm range (Table 3); and the Sr content, spanning

between 1669-2332 ppm, is in the range of recent and fossil teeth reported in literature (Fig. 9).

4.4. Strontium Isotope Stratigraphy of the Chilcatay strata

87Sr/88Sr ages obtained for all the analyzed teeth with the LOESS 6 curve calibrated on GTS2020
(McArthur et al., 2020) constrain the Chilcatay strata to the lower Miocene, between ca. 22 Ma and
18 Ma (Table 1). Shark teeth from the same stratigraphic horizons and localities display consistent
87Sr/88Sr ratios, which support the conclusion that the samples retained the original seawater Sr
isotope ratio (McArthur et al., 1990, 1994). South of Cerro Colorado, the shark teeth collected at the
eurhinodelphinid-like odontocete locality from undifferentiated Chilcatay strata show very similar
87Sr/88Sr values in spite of belonging to three different taxa. In particular, the Cosmopolitodus
hastalis and Isurus oxyrinchus samples give a corrected 8’Sr/%®Sr value of 0.708526, whereas the
Physogaleus contortus tooth gives a ratio of 0.708530, resulting in preferred ages of 18.90 and
18.85 Ma, respectively (Table 1). The 8Sr/®Sr value calculated from these samples, 0.708528, and
the referred 2s.e. correspond to a preferred age of 18.85 Ma, with a very narrow range of
uncertainty between 18.9 Ma and 18.8 Ma (Table 4). Therefore, the stratigraphic horizon that
entombs the eurhinodelphinid-like specimen south of Cerro Colorado is Burdigalian and may be
assigned to the Ctl sequence in light of its absolute age (see below) (Fig. 10). The two teeth of C.
hastalis associated with the holotype of Macrosqualodelphis ukupachai display very similar
87Sr/88Sr ratios, with corrected values of 0.708527 and 0.708532, corresponding respectively to
preferred ages of 18.80 Ma and 18.85 Ma (Table 1). Similar results were obtained from one of the
two oyster samples collected in the same stratigraphic layer, which displays a 8Sr/Sr corrected
value of 0.708523 and a preferred age of 18.90 Ma (Table 1). In turn, another oyster sample gives a
higher & Sr/®Sr ratio of 0.708573 and a preferred age of 18.25 Ma (Table 1), which is slightly
younger than those obtained from the other samples from the same stratigraphic layer. Since both

the oyster samples exhibit very well preserved prismatic layers without diagenetic imprints, there is
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no valid reason to decide to choose one of the age values and discard the other. That said, the
87Sr/%8Sr mean value calculated from the four samples (0.708539) and its 2s.e. result in an age range
spanning from 19.1 Ma to 18.3 Ma, with a preferred age of 18.70 Ma (Table 4). This age estimate
perfectly overlaps the previous radiometric dating of a volcanic ash layer (CHILC-AT1) sampled in
the vicinities of the M. ukupachai specimen, which provided a “°Ar/*°Ar age of 18.78 + 0.08 Ma
(Bianucci et al., 2018a); hence, it confirms a Burdigalian age for this cetacean species as well as for
the Chilcatay deposits exposed in the surrounding area.

At Zamaca, at the base of the Ct2 sequence (ShB-4 tooth bed), two shark teeth display
concordant & Sr/%Sr corrected ratios of 0.708569 and 0.708576, thus resulting into preferred ages of
18.30 Ma and 18.20 Ma (Table 1). The preferred age obtained from the calculated ’Sr/2®Sr mean
value (0.708573) for the stratigraphic layer is 18.25 Ma, with a maximum age of 18.4 Ma and a
minimum age of 18.1 Ma (Table 4). These results confirm the Burdigalian age of the Ct2 sequence
and are perfectly concordant with a “°Ar/*°Ar age of 18.02 + 0.07 Ma obtained from a volcanic ash
layer (SOT-T3) from the very top of the Ct2 sequence in the neighboring locality of Ullujaya (Di
Celma et al., 2018b).

Twenty-five km west of the Ica River, at Media Luna, four teeth of Isurus sp. from the same
stratigraphic horizon give slightly different corrected 8Sr/®Sr values, ranging from 0.708415 to
0.708364, resulting in preferred ages of 21.95 Ma, 21.20 Ma, 20.45 Ma and 20.20 Ma, respectively
(Table 1). Although the preservation of the Isurus teeth is not optimal, there are no reasons to prefer
one tooth to another, and all these samples were included in the final age calculation. A 8'Sr/8Sr
mean value of 0.708383 was calculated, resulting in a time span of 21.8-20.1 Ma, with a preferred
age of 20.90 Ma (Table 4), corresponding to an Aquitanian to very early Burdigalian age for the

Chilcatay strata exposed at Media Luna.

5. Discussion

5.1. Evaluating the shark tooth diagenesis
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Fossil shark teeth can survive geological time because of their resistance to alteration. In
addition, shark cyclically replace their teeth during lifetime. As a likely consequence of both
taphonomic conditions favoring preservation and an original abundance of shark life, the fossil
record of the Pisco Basin is characterized by rich tooth-bearing intervals (Renz, 2009; Ehret et al.,
2012; Bianucci et al., 2018b; Di Celma et al., 2019; Landini et al., 2019; Collareta et al., 2021b). In
particular, fossil shark teeth from the Chilcatay Formation can be found accumulated in specific
layers (e.g., the Zamaca tooth-bearing ShB-4 horizon, at the base of Ct2 Chilcatay sequence; and
the shark tooth-bearing Terrace 1 horizon at Media Luna, in Chilcatay undifferentiated strata) and
associated to other marine vertebrates (e.g., south of Cerro Colorado, at the eurhinodelphinid-like
odontocete and Macrosqualodelphis ukupachai localities, in Chilcatay undifferentiated strata).

All the analyzed fossil teeth from these localities and stratigraphic intervals are from moderately
to well preserved, showing no macroscopical evidence of wear, bioerosion or encrustation. Only the
teeth collected at Media Luna lack root portions or show, in one case, microborings affecting the
outermost portion of the root. Specifically, the boring outline and dimensions are consistent with
the Type B microborings of Gariboldi et al. (2015) and the linear longitudinal tunnels of Jans
(2008). The rim that appears brighter in BSE images and the stippled apatite infill suggest an origin
from bacterial activity (Jans, 2008), as well as the presence of Fe-oxide framboidal ghosts of pyrite
(Pfretzschner, 2001a, b; Gariboldi et al., 2015; Bosio et al., 2021b). Since strong evidence of
erosion, transport and encrustation is absent, the lack of root portions could be due to erosion in a
recent desert and coastal environment; on the other hand, the presence of microborings of bacterial
origin could be indicative of a short period of starvation at the seafloor, suggesting a condensed lag
origin for the Terrace 1 tooth-bearing horizon at Media Luna, thus also explaining the slight
differences observed in the obtained Sr ages (see below). That said, all the analyzed teeth, including
the Media Luna samples, exhibit micro- and ultra-structural histological features that recall those of
modern and unaltered teeth and hint at the lack of diagenetic alteration. In detail, both the osteodont

(Lamniformes) and orthodont (Carcharhiniformes) teeth display a well preserved hypermineralized
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outer layer comprised of enameloid. Under the optical and electronic microscopes, the three
constituting layers of the enameloid wrapping (SLE, PBE and TBE) are easily recognizable. The
enameloid is compact and formed by highly ordered, elongated bundles of fluorapatite crystallites
(Daculsi et al., 1980; Chen et al., 2014; Enax et al., 2014; Lubke et al., 2015; Wilmers et al., 2021).
On the other hand, the osteodont histotype exhibits a tooth core of osteodentine, a tissue that is very
similar to the compact bone (Jambura et al., 2020), having a porous, disorderly and heterogeneous
appearance, and sometimes fractures. The dentinal tubules permeating the osteodentine are in some
cases filled by sediment particles or by randomly oriented, disordered, sheet-shaped, micrometric
crystals, which are here interpreted as crystalline artefacts that formed during diagenesis (Lbke et
al., 2015). The analyzed orthodont histotype exhibits a core of a more compact tissue permeated by
small parallel tubules surrounding a large inner cavity, i.e. the pulp cavity (Moyer et al., 2015). The
root of the orthodont histoytpe is however comprised of osteodentine, with large dentinal tubules
that form osteons. Our results contribute to further highlight the intrinsic differences between the
enameloid and dentine tissues. The high porosity and low resistance make the latter a bad source
material for isotope analyses (Becker et al., 2008; Enax et al., 2012, 2014; Tutken et al., 2020).
The teeth selected for SIS display major and trace elemental abundances that are consistent with
those of teeth from recent lamniform sharks. Ca, P, F, Na, Cl and S concentrations match well the
data by Enax et al. (2012, 2014), Libke et al. (2015), and Kocsis et al. (2015) for recent and fossil
shark species. In addition, the high degree of preservation of the SLE is demonstrated also by its
distinctive chemical composition as exemplified by differences in Mg, Fe and F content compared
to the underlying PBE and TBE layers. The higher Na, Cl and S contents of osteodentine could be
related to the presence of secondary minerals such as halite and gypsum/anhydrite in the cavities of
the tooth tissue: in fact, the high porosity of the osteodentine could allow for fluid penetration and
precipitation of secondary minerals during late diagenesis, as has been reported elsewhere for fossil
bones from the Chilcatay and Pisco formations (Gioncada et al., 2018a, b; Bosio et al., 2021c).

Moreover, looking at the values of the EDS totals, the sum for the enameloid layer is regularly close
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to 100%, whereas the sum for the dentine is <100 wt% (Table 2). This is probably due to the
presence of carbonate and hydroxyl groups which are not measured by EDS (Mgller et al., 1975;
Bosio et al., 2021c) as well as to the low compactness of dentine to enameloid.

Fe, Mn, Mg, and Sr concentrations measured by means of ICP-OES can be informative in terms
of diagenetic imprint on carbonates (e.g., Ullmann and Korte, 2015): usually, the Fe and Mn
contents increase during diagenesis, whereas the Mg and Sr abundances generally decrease during
diagenesis. For the two oysters analyzed in this study, the trace element concentrations are in line
with those of unaltered fossil oysters in the Chilcatay Formation (Bosio et al., 2020a) and within the
limits reported by Ullmann and Korte (2015) for regarding them as not affected by a strong
diagenetic imprint. Mn and Sr contents have been reported to be useful for establishing the
diagenetic impact for biogenic phosphates like those that comprise bones and teeth (Nelson et al.,
1986; Elorza et al., 1999; Kohn et al., 1999; Martin and Scher, 2004; Piga et al., 2011,
Dericquebourg et al., 2019; Golding and McMillan, 2020; Bosio et al., 2021c¢); that said, in modern
shark teeth, these element concentrations could also be very variable, both within and across
different species (Vennemann et al., 2001; Nemliher et al., 2004; Becker et al., 2008; John et al.,
2013; Kocsis et al., 2015; Malferrari et al., 2019). As regards our samples, trace element
compositions are quite in line with those of both modern and fossil shark teeth, hence confirming a
low diagenetic imprint. In detail, the Fe content is higher than those reported for recent
carcharhinids (John et al., 2013; Kocsis et al., 2015), but lower than that of Galeocerdo cuvier (John
et al., 2013). On the other hand, Fe values are in agreement with those of the Paleogene lamniform
Otodus sp. and living lamniform species (John et al., 2013; Malferrari et al., 2019). In general, the
Mn content is higher than those of all the recent carcharhiniforms and lamniforms reported by John
et al. (2013) and Kocsis et al. (2015), with small differences relative to Carcharhinus limbatus and
Carcharhinus obscurus. Such differences could be related to the ubiquitous presence of Mn oxides
in the Ica Desert (Gioncada et al., 2018a, b). The Mg content is also in good agreement with those

reported for modern carcharhinids (John et al., 2013; Kocsis et al., 2015), as well as for Paleogene
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Otodus specimens and living lamniform species (Malferrari et al., 2019), but are respectively higher
and lower than those of C. limbatus and Prionace glauca (John et al., 2013). Finally, the Sr content
is still in the range of both recent (Vennemann et al., 2001; Becker et al., 2008; John et al., 2013;
Kocsis et al., 2015) and fossil (Grandjean et al., 1987; Schmitz et al., 1991; Vennemann and
Hegner, 1998; Martin and Scher, 2004; Becker et al., 2008) lamniform and carcharhiniform shark
teeth, with the majority of the values falling in the 1000-3000 ppm range (Figure 9), and far from
the Sr concentrations (ca. 5000 ppm) of the diagenetically altered fish teeth studied by Martin and
Scher (2004). All things considered, the shark teeth that were selected for SIS might be regarded as

retaining the pristine Sr isotope ratio of the paleo-seawater.

5.2. Chilcatay chronostratigraphy

When compared to the LOESS 6 calibrated on GTS2020 (McArthur et al., 2020), our 8/Sr/%éSr
results give Burdigalian ages between 19.1 Ma and 18.1 Ma for the Chilcatay strata at the Ica River
Valley localities of Zamaca and south of Cerro Colorado (Table 4), thus confirming previous
radiometric, isotopic and biostratigraphic ages (Di Celma et al., 2018b; Lambert et al., 2018; Bosio
et al., 2020a, b). For a deeper comparison between the previous SIS results provided by Bosio et al.
(2020a) and those obtained in the present work, the former have been recalculated herein using the
LOESS 6 calibrated on GTS2020 (McArthur et al., 2020) (Table 5). Thus, the basal Pisco (P0O)
strata exposed at Cerro Submarino and nearby localities (Bosio et al., 2020a; Collareta et al., 2021a)
are here referred to the 14.7-12.6 Ma time span, whereas the Ctlc facies association found at the
base of the Ctl sequence at Roca Negra is dated at 18.80 Ma, with a range between 19.1 Ma and
18.7 Ma (Table 5, Fig. 10). The overlying Ctla facies association at Ullujaya is dated between 18.9
Ma and 18.3 Ma, with the three layers giving preferred ages of 18.82 Ma, 18.58 Ma and 18.57 Ma,
respectively (Table 5, Fig. 10).
Therefore, the undifferentiated strata of the Chilcatay Formation exposed at the two localities south

of Cerro Colorado (i.e. at the eurhinodelphinid-like and Macrosqualodelphis ukupachai finding
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sites) should be attributed to the base of the Ctl sequence, dated to ca. 19-18 Ma by means of both
radiometric and biostratigraphic methods at the Ullujaya and Roca Negra localities (Di Celma et al.,
2018b; Lambert et al., 2018; Bosio et al., 2020a, b). Indeed, the teeth associated with the
eurhinodelphinid-like specimen give a preferred age of 18.85 Ma, with a very small range between
18.9 Ma and 18.8 Ma, whereas teeth and oysters collected in association with M. ukupachai reveal a
preferred age of 18.7 Ma, with an error spanning from 19.1 Ma to 18.3 Ma (Fig. 10). These results
are in excellent agreement with the age of 18.78 + 0.08 Ma attributed by means of “°Ar/*Ar dating
to a volcanic ash layer sampled at 1.7 km SE of the M. ukupachai holotype and near an uncollected
squalodelphinid skeleton most likely belonging to the same taxon (Bianucci et al. 2018a). At
Zamaca, the base of the Ct2 sequence is dated herein for the first time. Our results attribute a
preferred age of 18.25 Ma to the tooth-bearing ShB-4 horizon, with a range extending from 18.4 Ma
to 18.1 Ma (Fig. 10), in excellent agreement with the underlying Ct1 ages as well as with the
radiometric age of 18.02 + 0.07 Ma from a volcanic ash layer sampled near the top of Ct2 at
Ullujaya (Di Celma et al., 2018b). On the whole, these new age estimates allow for increasing the
age resolution for the marine vertebrate-bearing localities of Ullujaya and Zamaca, thus
highlighting differences in the taxonomic composition of the odontocete assemblages at different
localities where roughly coeval strata are exposed. Indeed, M. ukupachai and the eurhinodelphinid-
like odontocete found south of Cerro Colorado are dated at ca. 18.85-18.7 Ma, whereas
Huaridelphis, Chilcacetus, Notocetus, Raphicetus, cf. Eurhinodelphis sp., Ensidelphis riveroi and
Inticetus vertizi from Ullujaya and Zamaca belong to the ca. 18.8-18.6 Ma time span (Bianucci et
al., 2015, 2018a, b, 2020; Lambert et al., 2014, 2015, 2017, 2020, 2021; Bianucci and Collareta,
2022). Since the aforementioned age intervals appear as substantially indistinguishable, a
paleogeographical and/or paleoecological explanation may be hypothesized for explaining the
observed taxonomic differences.

Finally, the Chilcatay strata cropping out at Media Luna are dated herein for the first time,

obtaining a preferred age of 20.9 Ma for the tooth-bearing Terrace 1 horizon, with a rather wide
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646 time range between 21.8 and 20.1 Ma (late Aquitanian-early Burdigalian) (Fig. 10). Differences in
647 the individual age estimates obtained for the four teeth analyzed from this horizon could be related
648 to the intrinsic sedimentological origin of this shark tooth accumulation, whose preservation state
649 suggests a prolonged exposition at the seafloor (with the teeth having the time to loose their roots
650 and being affected by bacterial bioerosion). However, these data are nonetheless important as they
651 allow for attributing the as yet undifferentiated Chilcatay strata exposed at Media Luna to an older
652 sequence compared to Ctl and Ct2; this stratal package may coincide with the Chilcatay-0 (Ct0)
653 strata reported from the Laberinto locality by DeVries et al. (2021). The ongoing investigation of
654 the lower Chilcatay strata of Media Luna can thus be anticipated to disclose important and novel
655 information on the basal Miocene marine vertebrate assemblages of the Pisco Basin.

656 All things considered, the overall consistency of the strontium ages obtained at different

657 localities where the Chilcatay Formation is exposed confirms the suitability of the SIS methods for
658 dating both carbonates and phosphates in this basin. Furthermore, and perhaps more importantly,
659 these results strengthen the notion that the Sr-ratio of shark teeth can be successfully used for

660 getting reliable age estimates by means of SIS. Even if macroscopical observations could be far
661 from promising, shark teeth have the capability of retaining their microscopical histology and

662 composition through geological time, thus allowing for reliable isotope results if only the enameloid
663 is sampled.

664

665 6. Conclusions

666 Teeth are the most common fossil remains of marine vertebrates, and provide a precious

667 source material for chronostratigraphic and paleoecological purposes. Shark teeth of Lamniformes
668 and Carchariniformes from the Miocene deposits of the Peruvian Pisco Basin were analyzed for
669 better defining the chronostratigraphy of the Chilcatay Formation through the application of the
670  Strontium Isotope Stratigraphy (SI1S). Fossil teeth exhibit a compact and well preserved enameloid

671 layer that is well distinct from the porous and heterogeneous dentine. Ultrastructural analyses show

26



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

highly ordered and well preserved bundles of fluorapatite crystallites forming the enameloid layer,
whereas dentine exhibits a bone-like structure (i.e. the osteodentine) showing tubules and crystalline
artefacts due to diagenesis. In a single case, the trabecular dentine constituting the tooth root is
affected by microborings filled with apatite spherules and Fe-oxide framboids. Compositional
analyses highlight differences concerning the distribution of Ca, P, F, and S in the enameloid and
dentine, and reveal the presence of the Shiny-Layered Enameloid (SLE), thus indicating a good
preservation state. In addition, the Sr contents of the analyzed teeth are comparable with those of
teeth from recent sharks. Based on these results, eleven shark teeth were selected for 8’Sr/®Sr
analyses. By comparing our Sr results with the LOESS database calibrated to GTS2020, a
Burdigalian age (19.1-18.1 Ma) is obtained for the Chilcatay Formation cropping out at Zamaca
and south of Cerro Colorado in the Ica River Valley, which matches well previous radioisotopic and
biostratigraphic ages. At Media Luna, 25 km west of the Ica River, shark teeth give ages of 21.8—
20.1 Ma, revealing a new sequence deposited between the late Aquitanian and the earliest
Burdigalian. Thus, our new results allow for better defining the chronostratigraphy of the Chilcatay
Formation in the Pisco Basin. Furthermore, they strengthen the notion that 8Sr/%Sr dating can be

successfully retrieved from fossil shark teeth to obtain reliable age estimates.
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Figure captions

Figure 1. Schematic sections of osteodont and orthodont shark teeth showing tooth histology and
microstructure. Cosmopolitodus hastalis from Zamaca is shown as an example for the osteodont
histotype; Physogaleus contortus from south of Cerro Colorado is shown as an example for the
orthodont histotype.

Figure 2. A. Satellite image of the localities south of Cerro Colorado (14°23°46.8°" S, 75°53°15.8”’
W; and 14°23°01.9” S, 75°53°58.8°” W), Zamaca (14°37°40.0”* S, 75°38°45.0”> W), and Media
Luna (14°33°50.0°” S, 75°54°00.0”” W) (yellow stars) along the western side of the Ica River (Ica
Desert). Based on Google Earth image. At the top right corner, the map indicates the major
structural highs that define the major Cenozoic sedimentary basins along the Peruvian coast. B.
Stratigraphic scheme of the East Pisco Basin fill along the Ica River with the stratigraphic position
of the volcanic ash layers dated with “°Ar/**Ar method in the Chilcatay Formation. Redrawn after
Di Celma et al. (2019).Figure 3. Field photos and stratigraphic section. A. Field photo of the shark
tooth-bearing bed ShB-4 at the base of the Ct2 sequence at the Zamaca locality. Note the abrupt
change from the light-grey siltstones of Ctla to the brownish coarse-grained sandstones found at the
base of Ct2. Note also the burrowed firmground surface (CEQ.2) at the base of Ct2, with large
Thalassinoides and Gyrolithes defining a Glossifungites ichnofacies (30-cm-long hammer for
scale). The red arrow indicates the sampled horizon. B. Stratigraphic section measured at the
Zamaca locality showing the stratigraphic position of the four shark tooth-bearing intervals,
including the “ShB-4" discussed in the present paper. After Landini et al. (2019). C. Tooth of
Carcharocles chubutensis from the tooth-bearing bed ShB-4 at Zamaca. D. Specimen of Sphyrna
zygaena from the tooth-bearing bed ShB-4 at Zamaca. E. Field photo of the sampling site south of
Cerro Colorado, where the eurhinodelphinid-like odontocete skeleton has been found. The red
arrow indicates the approximate position of the sampled horizon. F. Field photo of the sampling site
at Media Luna. The red arrow indicates the approximate position of the sampled horizon, named

“Terrace 1.
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Figure 4. Overview of the main shark taxa analyzed in the present study, with photos of some
studied tooth samples and silhouettes to suggest the body shapes.

Figure 5. Shark tooth microstructural image. A. Thin section slides of two lamniform shark teeth
(Megalolamna paradoxodon and Cosmopolitodus hastalis) from Media Luna and Zamaca, built
from composite photomicrographs obtained under transmitted plane-polarized light. B.
Photomicrograph of a tooth cusp of C. hastalis collected at the eurhinodelphinid-like odontocete
locality south of Cerro Colorado under transmitted plane-polarized light, showing enameloid and
osteodentine with well preserved vascular canals. C. Photomicrograph of a tooth cusp of C. hastalis
from Zamaca showing enameloid and osteodentine under transmitted plane-polarized light. Note the
three layers of enameloid, from outer to inner: Shiny-Layered Enameloid (SLE); Parallel-Bundled
Enameloid (PBE); and Tangle-Bundled Enameloid (TBE). D. Back-scattered electron (BSE) image
of the tooth cusp of M. paradoxodon from Media Luna showing the enameloid, the dentine-
enameloid junction, and the osteodentine. E. Photomicrograph showing the enameloid and the
osteodentine of a C. hastalis tooth from Zamaca under transmitted cross-polarized light. Note the
three layer of enameloid, from outer to inner: Shiny-Layered Enameloid (SLE); Parallel-Bundled
Enameloid (PBE); and Tangle-Bundled Enameloid (TBE). F. Photomicrograph of a tooth of
Physogaleus contortus (close-up) collected at the eurhinodelphinid-like odontocete locality south of
Cerro Colorado, showing enameloid and orthodentine under transmitted plane-polarized light. G.
Photomicrograph of a tooth root of C. hastalis collected at the eurhinodelphinid-like odontocete
locality south of Cerro Colorado under transmitted plane-polarized light, showing the osteodentine
resembling the bone tissue. H. Back-scattered electron (BSE) image of a tooth root of C. hastalis
collected at the eurhinodelphinid-like odontocete locality south of Cerro Colorado, showing the
osteodentine resembling the bone tissue, with dentinal tubules. DEJ = dentine-enameloid junction;
DT = dentinal tubules; EN = enameloid; OD = osteodentine; OR = orthodentine; PBE = Parallel-
Bundled Enameloid; SLE = Shiny-Layered Enameloid; TBE = Tangle-Bundled Enameloid; VC =

vascular canals.
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Figure 6. Shark tooth microstructures. A. Secondary electron (SE) image of crystallite bundles

forming the enameloid of a Megalolamna paradoxodon tooth from Media Luna. B. Secondary

electron (SE) image (close-up) of differently oriented crystallite bundles forming the enameloid of a

Cosmopolitodus hastalis tooth collected at the eurhinodelphinid-like odontocete locality south of
Cerro Colorado. C. Secondary electron (SE) image of the osteodentine of a C. hastalis tooth
collected at the eurhinodelphinid-like odontocete locality south of Cerro Colorado, showing
randomly disposed microscopic crystalline artefacts that probably formed during diagenesis. D.
Secondary electron (SE) image close-up of the osteodentine from the same tooth as Figure 8D,
showing randomly disposed microscopic crystalline artefacts probably from diagenesis. E. Back-
scattered electron (BSE) image of the root of a M. paradoxodon from Media Luna, showing
microborings affecting the osteodentine. F. Secondary electron (SE) image (close-up) of a
microboring in Figure 8E exhibiting a Fe-oxide framboidal spherule, i.e. the ghost of a pyrite
framboid. G. Back-scattered electron (BSE) image of a close-up of microborings in Figure 8E,
showing an infill of apatite material and Fe-oxide framboidal spherules. Note the brighter
hypermineralized rim that demonstrates the bacterial origin of the microborings (Jans, 2008). H.
Compositional EDS mapping of Figure 8G, showing the Fe distribution within the microborings,
highlighting the presence of Fe-oxides that are interpreted as relicts of framboidal pyrite.

Figure 7. Compositional images of shark teeth. A. Back-scattered electron (BSE) image of the
outer tooth layers of a Cosmopolitodus hastalis collected at the eurhinodelphinid-like odontocete
locality south of Cerro Colorado, showing the enameloid, the dentine-enameloid junction and the
osteodentine. B. Compositional EDS map, showing the S distribution in the enameloid, dentine-
enameloid junction and osteodentine. C. Back-scattered electron (BSE) image (close-up) of the
dentine-enameloid junction of a Megalolamna paradoxodon from Media Luna, showing the
enameloid, the dentine-enameloid junction and the osteodentine. D. Compositional EDS map,
showing the P, Ca and S distributions in the enameloid, dentine-enameloid junction, and

osteodentine. E. Compositional EDS map, showing the Na distribution in the enameloid, dentine-
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enameloid junction and osteodentine. F. Compositional EDS map, showing the ClI distribution in
the enameloid, dentine-enameloid junction and osteodentine. G. Back-scattered electron (BSE)
image of the osteodentine near the dentine-enameloid junction of a M. paradoxodon from Media
Luna, resembling a compact bone structure and showing dentinal tubules wrapped into a fibrous
meshwork. H. Compositional EDS map, showing P, Ca and S distributions in the fibrous meshwork
and osteodentine. DEJ = dentine-enameloid junction; DT = dentinal tubules; EN = enameloid; FM
= fibrous meshwork; OD = osteodentine.

Figure 8. Compositional images of enameloid. A. Back-scattered electron (BSE) image of the
enameloid of a Cosmopolitodus hastalis tooth collected at the eurhinodelphinid-like odontocete
locality south of Cerro Colorado, showing the shiny-layered enameloid. B. Compositional EDS
map, showing the Mg distribution. C. Compositional EDS map, showing the F distribution. D.
Compositional EDS map, showing the Fe distribution. PBE = Parallel-Bundled Enameloid; SLE =
Shiny-Layered Enameloid.

Figure 9. Multi-component plot of &Sr/®Sr ratio vs Sr concentration. Dark orange and light orange
fields are based on the Sr content from recent and fossil shark teeth (Grandjean et al., 1987; Schmitz
etal., 1991; Vennemann and Hegner, 1998; Vennemann et al., 2001; Martin and Scher, 2004;
Becker et al., 2008; John et al., 2013; Kocsis et al., 2015). Ct2 = Zamaca; CC-EU =
eurhinodelphinid-like odontocete locality; MDL-T1 = Media Luna; MSD = Macrosqualodelphis
ukupachai locality.

Figure 10. Schematic chronostratigraphy of the Ct0, Ctl and Ct2 sequences of the Chilcatay
Formation at different localities of the western side of the Ica River Valley according to Strontium
Isotope Stratigraphy, with satellite location map. Data at the localities of Ullujaya and Roca Negra

after Bosio et al. (2020).

Table captions
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Table 1. Sample list and description, with locality and stratigraphic data, and strontium isotope
results reporting 8’Sr/%°Sr values and standard deviations, corrections based on the NIST NBS 987
and USGS EN-1 standards, and the preferred age calculated from the LOESS 6 (McArthur et al.,
2020) for each sample.

Table 2. Major element chemical composition (wt %) by means of Energy-dispersive X-ray
spectroscopy (EDS) of the enameloid and dentine in two selected fossil shark teeth.

Table 3. Inductively coupled plasma optical emission spectrometry (ICP-OES) results reporting Ca,
Mg, Sr, Fe, and Mn content with standard deviation of the analyzed shark teeth and the two
analyzed oysters.

Table 4. Sr ages for each stratigraphic level at the investigated locality, calculated from the mean
87Sr/88Sr values and using the LOESS 6 Table (McArthur et al., 2020), and showing the maximum
age, the preferred age and the minimum age.

Table 5. New evaluations of the Sr ages for the PO and Chilcatay strata by Bosio et al. (2020) re-

calculated by using the LOESS 6 Table (McArthur et al., 2020).
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Preferred

Samples Locality Unit Horizon Description ysesggsrfd +25 mean S‘S)L’g%gtfd age LOESS
6 (Ma)
Ct2-1 Zamaca Ct2a (base) ShB-4 Cosmopolitodus hastalis, moderately well preserved 0.708555 0.000005 0.708569 18.30
Ct2-3 Zamaca Ct2a (base) ShB-4 Isurus oxyrinchus, well preserved 0.708562 0.000005 0.708576 18.20
CC-EU-1  Cerro Colorado undifferentiated strata  Eurhinodelphinid-like odontocete ~ Cosmopolitodus hastalis, moderately well preserved 0.708512 0.000005 0.708526 18.90
CC-EU-2 Cerro Colorado undifferentiated strata  Eurhinodelphinid-like odontocete  Isurus oxyrinchus, well preserved 0.708512 0.000005 0.708526 18.90
CC-EU-3  Cerro Colorado undifferentiated strata  Eurhinodelphinid-like odontocete  Physogaleus contortus, well preserved 0.708516 0.000005 0.708530 18.85
MDL-T1-1 Media Luna Ct0 Terrace 1 Isurus sp., moderately well preserved 0.708419 0.000005 0.708433 20.20
MDL-T1-2 Media Luna Ct0 Terrace 1 Isurus sp., well preserved 0.708401 0.000005 0.708415 20.45
MDL-T1-3 Media Luna Ct0 Terrace 1 Isurus sp., well preserved 0.70835 0.000005 0.708364 21.20
MDL-T1-4 Media Luna Ct0 Terrace 1 Isurus sp., moderately well preserved 0.708304 0.000005 0.708318 21.95
MSD-1  South of Cerro Colorado undifferentiated strata Macrosqualodelphis ukupachai Cosmopolitodus hastalis, moderately well preserved 0.708513 0.000005 0.708527 18.85
MSD-2  South of Cerro Colorado undifferentiated strata Macrosqualodelphis ukupachai Cosmopolitodus hastalis, moderately well preserved 0.708518 0.000006 0.708532 18.80
MSD-0S1 South of Cerro Colorado undifferentiated strata Macrosqualodelphis ukupachai Oyster specimen, nacre layers 0.708559 0.000005 0.708573 18.25
MSD-0S2 South of Cerro Colorado undifferentiated strata Macrosqualodelphis ukupachai Oyster specimen, nacre layers 0.708509 0.000005 0.708523 18.90




Samples Type F Na Mg S Cl Fe Sr CaO P;0Os Sum
CC-EU-40 enameloid 2.79 - - - - - - 55.84 43.10 101.73
CC-EU-41 enameloid 2.07 - - - - - - 53.88 40.76 96.71
CC-EU-45 enameloid 2.46 - - - - - - 55.39 42.16 100.01
CC-EU-47 enameloid 2.67 0.57 - 0.25 - - - 54.25 41.63 99.37
CC-EU-49 enameloid 2.78 0.61 - 0.26 - - - 52.43 40.41 96.50
MDL-T1-53 enameloid 2.95 052 0.08 0.16 - - 0.54 56.75 44.19 105.19
MDL-T1-54 enameloid 2.83 0.52 0.08 - - - - 54.79 42.64 100.86
CC-EU-42 dentine 1.88 0.63 - 211 0.10 - - 51.69 35.36 91.76
CC-EU-43  dentine 1.94 0.56 - 2.14 0.16 - - 4798 33.16 85.93
CC-EU-44  dentine 1.70 0.85 - 2.03 0.19 - - 49.31 33.97 88.05
CC-EU-46 dentine 202 075 028 2.00 - - 042 5150 35.67 92.64
CC-EU-48 dentine 251 056 027 218 - - 0.42 49.09 33.80 88.82
CC-EU-50 dentine 155 047 028 189 0.22 - 0.47 48.26 32.84 85.99
MDL-T1-51 dentine 159 115 023 205 081 014 053 4797 3341 87.88
MDL-T1-52 dentine 151 115 012 208 079 0415 0.31 5002 3442 9055




Samples Ca(ppm) %s Mg (ppm) £s  Sr(ppm) %5 Fe (ppm) %5 Mn (ppm) +s

Ct2-1 323200 2361 1445 9 1674.0 4.9 18420 7.5 83.9 0.2
Ct2-3 370030 4438 982 2 2326.0 6.2 9016 27 95.4 0.4
CC-EU-1 364020 3960 1292 2 2299.0 5.6 7704 6.5 1540 0.9
CC-EU-2 368560 2965 1033 8 2240.0 104 1266.0 7.6 2080 1.0
CC-EU-3 372500 2092 1708 9 1901.0 9.2 7155 2.7 1280 05
MDL-T1-1 362430 1933 914 4 2278.0 9.5 997.1 45 87.8 0.3
MDL-T1-2 372440 2837 936 5 22540 135 1579.0 8.3 70.4 0.2
MDL-T1-3 368650 2510 1025 8 2310.0 9.2 1937.0 9.1 54.2 0.2
MDL-T1-4 363070 2227 793 4 1926.0 11.3 2295.0 8.3 2000 11
MSD-1 369820 2670 900 5 2323.0 6.5 1188.0 4.3 2240 08
MSD-2 364480 2843 963 12 2117.0 164 1253.0 8.6 188.0 15
MSD-OS1 392500 3979 2074 10 590.7 3.3 68.5 0.6 3150 1.3

MSD-0S2 390530 1405 3248 12 5326 25 2140 11 476.0 2.0




S7Sr/2eSr

Maximum age

Preferred age

Minimum age

Stratigraphic level minus 2 s.e. mean value plus 2 s.e. (Ma) (Ma) (Ma)
ShB-4, Zamaca, Ct2a base 0.708566 0.708573 0.708580 18.4 18.25 18.1
Eurhinodelphinid-like odontocete, S of Cerro Colorado, undifferentiated 0.708525 0.708528 0.708530 18.9 18.85 18.8
Terrace 1, Media Luna, CtO 0.708331 0.708383 0.708435 21.8 20.90 20.1
Macrosqualodelphis ukupachai, S of Cerro Colorado, undifferentiated ~ 0.708516 ~ 0.708539  0.708562 19.1 18.70 18.3




87Sr /%8Sy

Stratigraphic level minus 2 s.e. mean value plus2s.e. Maximumage (Ma) Preferred age (Ma)  Minimum age (Ma)
PO Lower PO 0.708799 0.708812 0.708825 14.7 13.58 12.6
ctl Key bed B 0.708530 0.708548 0.708566 18.9 18.58 18.3
Key bed C 0.708536 0.708549 0.708561 18.8 18.57 18.4
Mollusk- and barnacle-rich horizon 0.708528 0.708530 0.708532 18.9 18.82 18.5
PN Oyster bed 0.708510 0.708532 0.708554 19.1 18.80 18.7
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