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Abstract: The transitional-continental facies of the TremprrRation within the South-Pyrenean Central Unit
(Spain) contain one of the best continental ved&brecords of the Upper Cretaceous in Europe. Hyieenean
area is therefore an exceptional place to study tbetinction of continental vertebrates across the
Cretaceous/Paleogene (K/Pg) boundary, being ontheffew places in Europe that has a relatively tardus
record ranging from the upper Campanian to lowecé&uwe. The Serraduy area, located on the northvessk fof
the Tremp syncline, has seen the discovery of amineertebrate remains in recent years, highligb&sng the
presence of hadrosaurid dinosaurs and eusuchiamramplomorphs. Nevertheless, although these depbaite
been provisionally assigned a Maastrichtian agesytihave not previously been dated with absoluteetative
methods. This paper presents a detailed stratigigphagnetostratigraphic and biostratigraphic stufdy the first
time in this area, making it possible to assign nvestebrate sites from the Serraduy area a lat@dachtian age,
specifically within polarity chron C29r. These résiwconfirm that the vertebrate sites from Serraduy among the

most modern of the Upper Cretaceous in Europe,goeémy close to the K/Pg boundary.
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Introduction

Recognizing the K/Pg (Cretaceous/Paleogene) boyndacontinental deposits is a
complicated task due to several biases that affextcontinental record (Barret al, 2009;
Butler et al, 2011; Smithet al, 2001; Mannionet al, 2011; Smith and McGowan, 2011;
Upchurchet al, 2011). Even so, great efforts have been madedant years to detect the
continental K/Pg boundary and ascertain its ratatwith faunal and floral extinctions, especially
in North America (e.g., Fastovsky and Sheehan, 2@0&hibald et al, 2010; Brusattet al,
2015; and references therein), but also in Eur@andoet al, 2016; and references therein)

and Asia (Jiangt al, 2011; and references therein).

In the European scenario, the greatest difficuttkmowing how the vertebrate faunas
were affected by the K/Pg extinction event is asesult of the fragmentary nature of the
continental geological record during the Late Gretais and early Paleogene. Nonetheless,
major advances have been made in the last few,yaadsnew outcrops, mainly in Romania,
France and Spain, are being discovered and dateng®d out (Puértolas-Pascualal, 2016;
and references therein).

In Eastern Europe (Romania), the Maastrichtian inental vertebrate assemblages
have been examined and dated by biostratigraphygnetastratigraphy and radioisotopic
techniques (Antonescat al, 1983; Van ltterbeeckt al, 2005; Codreat al, 2010, 2012;

Panaiotu and Panaiotu, 2010; Bagarl, 2011; Panaiotat al, 2011; Vremiret al, 2014; Csiki-



Savaet al, 2015). However, the vertebrate sites are locatexkcessively broad age ranges, the
correlation between the different sites remainsbi@matic and more accurate datings are
required (Buffetaut and Le Loeuff, 1991; Gheerbeetrdil, 1999; Codreat al, 2012; Vremiret

al., 2014).

Similar concerns occur with respect to the Uppezt&reous and lower Paleogene of
France. Apart from the Provence area, where se\ostratigraphic, magnetostratigraphic,
chemostratigraphic and sedimentological studie$ witgood chronostratigraphic control have
been carried out (Cojaet al, 2003; Cojan and Moreau, 2006), most of the morttPyrenees
still lack accurate datings or correlations (Budfgtand Le Loeuff, 1991; Laureat al, 2002).
Therefore, despite the abundant Maastrichtian lbeate fossil record recovered from southern
France, only limited biostratigraphic data (Bessitral, 1980, 1989; Bilotte, 1985; Garcia and
Vianey-Liaud, 2001; Marty, 2001) and one new magsteatigraphic study (Fondevillet al,
2016b) are available, and further studies and taimoas are still necessary (Dinares-Turl
al., 2014).

The continental vertebrate record of the uppern@staceous of Spain is one of the
most complete and most studied in Europe (e.g., g2om and Szentesi, 2012; Ortegfaal,
2015; Pereda-Suberbiokt al, 2015; Canudet al, 2016). Most of these vertebrate sites are
located within the Tremp Basin, in the PyreneeAraigon and Catalonia (Spain), specifically in
the Maastrichtian transitional and continental éaciof the Tremp Formation. The Tremp
Formation has been exhaustively prospected andestugdroviding abundant new vertebrate
fossil remains including dinosaurs, crocodylomorpiestudines, mammals, fishes, amphibians
and squamates (e.g., Lopez-Martie¢al, 1999, 2001; Peldez-Campomaeesl, 2000; Riera

et al, 2009; Pereda-Suberbiath al, 2009; Blainet al., 2010; Cruzado-Caballeet al, 2010,



2013, 2015; Puértolast al, 2011; Marmiet al, 2012, 2016; Vileet al, 2012, 2013, 2015;
Moreno-Azanzeet al, 2014; Puértolas-Pascust al, 2014, 2016; Sellést al, 2014a, 2014b,
2016; Blanceet al, 2014, 2015a, 2015b, 2016, 2017; Competngl, 2015; Torice®t al, 2015;
Canudcet al, 2016).

In addition to the record of the vertebrates thdwese there is a relatively continuous
geological record ranging from the Maastrichtianhie end of the Thanetian (LOpez-Martirz
al., 2006), which is probably the best dated andetated in Europe for this time interval and
which may contain the Cretaceous/Paleogene boundiary makes the southern Pyrenees and
the Tremp Basin one of the best areas in the wWorldtudying vertebrate associations across the
K/Pg boundary, allowing comparisons with the eximt patterns reported from other parts of
the world (Brusatteet al, 2015; Csiki-Savat al, 2015; Canudet al, 2016; Puértolas-Pascual
et al, 2016).

Ever since the 1980s, therefore, a great effort been put into dating the fossil
vertebrate sites and searching for the K/Pg boyndathin the transitional and continental
deposits of this sector of the Pyrenees. Outstgndim this context are works on the
biostratigraphy of rudists (Vicenst al, 2004), charophytes and palynomorphs (Feist and
Colombo, 1983; Médust al, 1988; Galbruret al, 1993; Lopez-Martineet al, 2001; Villalba-
Breva and Martin-Closas, 2011, 2013; Villalba-Brestaal, 2012; Vicenteet al, 2015),
foraminifers (LOpez-Martineet al, 2001; Diez-Cansecst al, 2014), on eggshells (Vilet al,
2011; Sellest al, 2013; Sellés and Vila, 2015), magnetostratigygi@albrunet al, 1993; Oms
et al, 2007; Pereda-Suberbiokt al, 2009; Vilaet al, 2011, 2012; Canudet al, 2016;

Fondevillaet al, 2016a) and dinosaur occurrences (Retral, 2009; Vilaet al, 2016).



The Serraduy area, located in the Aragonese nostiewebranch of the Tremp Basin,
has been prospected by the Aragosaurus-IUCA rdseaocip of the University of Zaragoza for
over 10 years. This has resulted in the discovérground 40 new paleontological sites with
hundreds of vertebrate remains. These findingsidecimportant specimens such as the holotype
of the eusuchian crocodylomorpkgaresuchus subjuniperu®uértolas-Pascual, Canudo and
Moreno-Azanza, 2014) and the smallest hadrosaumidvk in Europe to date (Compaayal,
2015), probably a new dwarf taxon.

Despite the importance and potential of these kexte sites, a chronostratigraphic
framework for the Serraduy sector has not yet exided. Serraduy is located between other
areas with vertebrate sites such as Campo to teeamel Arén to the east, corresponding to the
northwestern-most branch of the Tremp Formatiorhiwithe Tremp Basin. In these nearby
sectors (Campo and Arén, Huesca), previous magretigsaphic studies have stated that the
vertebrate sites of the Tremp Formation in thesasalie within magnetic polarity chrons C30n
and C29r, being late Maastrichtian in age (Peradzefiolaet al, 2009; Canudet al, 2016).

On the basis of works of magnetostratigraphy (Fuillde et al, 2016a) and
biostratigraphy (Diez-Canseast al, 2014) on the more eastward-lying Isona sectothef
Tremp syncline, however, some authors have detetttedpossible presence of important
hiatuses in some areas of the Tremp Basin. Thegse rgaeal that most of the succession and
vertebrate content in that area correlates to tdy eMaastrichtian (mostly chron C31r),
suggesting an older age (Fondevida al, 2016a) for many vertebrate sites than previously
thought (Vilaet al, 2012). In accordance with these new datingse@e6uberbiolat al, 2009;
Diez-Cansecet al, 2014; Canudet al, 2016; Fondevillat al, 2016a), the chronostratigraphic

study of the areas of Campo-Serraduy-Arén may #ugglire greater relevance, given that the



lower part of the Tremp Formation exposed in Carapd Arén contains the only continental
record of chron C30n in the whole Tremp synclinen@fevillaet al, 2016a).

To test all these hypotheses, we here describiddiirst time the magnetostratigraphy,
biostratigraphy and a preliminary study of the fiogsrtebrate assemblage of the Serraduy area.
According to our biostratigraphic and magnetosgraghic results, most of the “lower red unit”
of the Tremp Formation up to the top would be ideld within magnetic polarity chron C29r,
and most of the vertebrate sites would therefowe lzalate Maastrichtian age, being located very
close to the K/Pg boundary. Unfortunately, the padagnetic and biostratigraphic data from the
lower half of the studied sections are not congkignough to give a specific age or reveal the

presence of hiatuses in this area.

Geographical and geological context

The studied area is located in the Aragonese pathe® Tremp Basin within the
Pyrenean range (Serraduy area, Huesca, Spain) (&ig8). The Pyrenees are a 430-km-long
east-west-oriented continental collisional fold-ahdist belt, located in the northeastern Iberian
Peninsula between France and Spain (Fig. 1A); thewed as the result of the oblique collision
and compressive episodes between the Iberian nié¢eopnd the European plate. This process
took place during the Alpine orogeny, from Late t@ceous until early Miocene times (Garrido-
Megias and Rios, 1972; Puigdefabregas and Soutf&s; Mufioz, 1992; Ardeévdt al, 2000;
Sibuetet al, 2004; Teixell, 2004). The Tremp Basin is locateithin the South-Pyrenean
Central Unit or SPCU (Seguret, 1972), which coroes|s with the central sector of the Southern
Pyrenees (between the Nogueras thrust fault inonth and the Sierras Marginales frontal thrust

in the south) (Fig. 1A). Several syn-sedimentargctijes (Ager, Tremp, Coll de Nargo and



Vallcebre) associated with the emplacement of swathing thrust-sheets developed during the
Late Cretaceous, acting as different sub-basinsd@allaet al, 2016a; Omet al, 2016). The
fossil remains studied here are from the Arén areimp Formations (Megt al, 1968) within
the Tremp Basin and the northern flank of the egestt-oriented Tremp syncline.

The Tremp Formation, which forms part of what idormally known as the
“Garumnian” facies (Leymerie, 1862), was depositeding the Upper Cretaceous—Paleocene,
when the Pyrenees Basin was completely filled bgstad and continental deposits due to the
end-Cretaceous marine regression (Rastedll, 2001), representing the last infilling episode o
the South-Pyrenean Basin (Melyal, 1968; Lopez-Martineet al, 1999; Omst al, 2016). The
SPCU has an extension of 5000%mf which the Tremp Formation is estimated to empass
about 1000 ki (Lépez-Martinezet al, 2006). This formation crops out in the centratia
western part of the SPCU, reaching a thicknes®ofitt900 m in the depocenter near the locality
of Tremp (LOpez-Martineet al, 1999). In the northern areas, such as the Tigmpline, the
bottom of the Tremp Formation is underlain by araderally interdigitated with upper
Campanian—Maastrichtian mixed-platform marine dapdbkat correspond to the beach, barrier-
island and deltaic sandstones of the Arén Formatiog. 1C) (Ardévolet al, 2000). In the
southern outcrops, such as the Ager syncline, téa Aormation is replaced by more calcareous
deposits corresponding with the limestones LeseSefformation (Souquet, 1967; Lopez-
Martinez et al, 2006). Above, the Tremp Formation is overlain Irdian (lower Eocene)
marine sediments of the alveoline limestones Cautimgtion, or marly deposits laterally
equivalent to the Figols Group (Fonnesu, 1984; é&nskeer and Luterbacher, 1992; Lopez-

Martinezet al, 1999, 2006).



The sedimentary succession of the Tremp Formatarbe linked with two main stages
of compressive tectonics (Puigdefabregas and Sout@®&6). The first stage occurred during the
late Santonian—late Maastrichtian and was chailaeteby active tectonics, particularly intense
during the late Santonian and Campanian, whichezhtlse inversion of the previous Mesozoic
rift structures and the development of a forelaasiiin During this period, the basin was filled by
mainly siliciclastic deposits which progressivesped to marine facies towards the west, where
the open sea was located. The second stage occluried the late Maastrichtian—early Eocene,
this being a period of smooth tectonics and almasiform subsidence represented
predominantly by carbonate-marl deposits.

The Tremp Formation has been divided into diffedeical units by several authors.
Cuevas (1992), and later Pujalte and Schmitz (200%)ded the series into five formations and
four members, elevating the Tremp Formation to dategory of group. However, the
classification of the Tremp Formation as a groupaswidespread within the literature and some
authors indicate that the boundaries between ttmedfitons of this group can be confusing (Riera
et al, 2009). For this reason, Galbrahal (1993) and Rosekt al (2001) divided the Tremp
Formation into informal units with a wider regionank. The correspondence between the
different units of each author is as follows (. “grey unit” or “Grey Garumnian” of Rosetit
al. (2001) (Posa Formation according to Cuevas, 198#;1 according to Galbruet al, 1993);
“lower red unit” or “Lower Red Garumnian” of Rosat al (2001) (Conques Formation and
Talarn Formation according to Cuevas, 1992; UniacZording to Galbruret al, 1993);
“Vallcebre limestones” and lateral equivalents @Bl et al. (2001) (Suterranya Formation and
St. Salvador de Tolé Formation according to Cue®892; Unit 3 according to Galbrwet al,

1993); “upper red unit” or “Upper Red Garumnian” Bbsell et al. (2001) (Esplugafreda



Formation and Claret Formation according to Cue®882; Unit 4 according to Galbrwet al,
1993). In this study we have used the division psagl by Rosekt al (2001) since this is the
most widespread in the literature. Thus, the foutsunto which the Tremp Formation is divided
are the following (Galbruet al, 1993; Roselét al, 2001, Lopez-Martineet al, 1999, 2006):

“Grey unit” (Posa Formation, Cuevas, 1992): Peaitideposits composed of grey marls,
calcarenites and limestones. The fossil assemlidaigemed by marine to freshwater taxa, such
as charophytes, foraminifers, molluscs, ostracngfists, corals, plants and vertebrates (Liebau,
1973; Alvarez-Sierra@t al, 1994; Arribaset al, 1996; Lopez-Martineet al, 2001, 2006; Diez-
Canseceet al, 2014; Vicenteet al, 2015; Canudet al, 2016). In some sectors of the Tremp
Basin, swampy deposits with an abundant accumulatio vegetal remains and lignite are
observed (Omet al, 2014). This unit was deposited in wide and shalprotected areas of
variable salinity that are interpreted as tidalipldagoonal and estuarine environments, located
laterally and proximally to the barrier-island oeltdic deposits of the Arén Formation
(Nagtegaakt al, 1983, Diaz-Molina, 1987; Ardévet al, 2000; L6épez-Martineet al, 2006;
Rieraet al, 2009; Diez-Cansea al, 2014).

“Lower red unit” (Conques Formation—Talarn FormaficCuevas, 1992):. Detrital
deposits composed of violet, brown, ochre, greeoisheddish lutites with a high degree of
bioturbation and alternated with brown and ochrbritysandstones organized in channeled or
tabular strata. This unit may also contain greylsnand microconglomerates and, more rarely,
limestones and gypsum. In several areas, sucheasgér and Vallcebre synclines, the top of the
"lower red unit" is characterized by the presenicéhe so-called “Reptile Sandstone”, where the
last vertebrate remains before the K/Pg boundany b found just a few meters below the

overlying “Vallcebre limestones” (Llompart, 1979;a8tiera and Ullastre, 1983; Lopez-Martinez



et al, 1998; Gomez-Grast al, 2016; Vicenteet al, 2015; Canudet al, 2016). Between the
last levels with evidence of dinosaurs and the &aniVallcebre limestones” and lateral
equivalents, there is a transitional section coregosf lutitic—marly deposits and local
intercalations of gypsum, where the presence osilfoss practically non-existent. This
transitional section, which may contain the K/Pgitdary, is associated with a change in the
sedimentary conditions from detrital to chemicgbaigts (LOpez-Martineet al, 2006). Among
the fossil content of this unit, red algae, foraifieirs, charophytes, ostracods, crustaceans,
molluscs, plants and vertebrate remains have bemvered (Liebau, 1973; Lopez Martiretz
al., 1998, 2001, 2006; Diez-Cansextal, 2014; Vicenteet al, 2015; Canudet al, 2016). This
unit has been interpreted as overbank facies deplosi tidal floodplains laterally associated
with point bars of tide-influenced meandering fivchannels (Diaz-Molina, 1987; Eichenseer,
1987; Cuevas, 1992; Rosel al, 2001; Lopez-Martineet al, 2006; Omset al, 2007; Rieraet

al., 2009; Diez-Canseat al, 2014).

“Vallcebre limestones” and lateral equivalents (Egpfreda Formation, Cuevas, 1992):
Carbonatic unit composed of highly recrystallizeshdular and brecciated whitish massive
limestones. It is highly variable in thickness, gang from being absent (Isclés, Tremp and
Barcedana—Tolo sections) or just 4 m thick (Seryaskction) up to 100 m thick (Sta. M2 de
Meya and Campo sections) (Lopez-Martiee¢al, 2006). The fossil content is very scarce, but
Microcodium charophytes, benthic and planktonic foraminifergracods, molluscs, dasycladal
algae and calcispheres may appear (Lopez-Maréhe#t, 2006; Diez-Cansecet al, 2014).
This unit has been associated with lacustrine enwments of variable salinity near the coast
(Rosellet al, 2001; Lopez-Martineet al, 2006). The 87Sr/86Sr isotopic ratio and the gmes

of euhaline seawater dasycladal algae and planktéoriaminifera may indicate sporadic



connections of these lakes with the open sea (l-&metinezet al, 2006; Diez-Cansecet al.,
2014). Unlike the Arén Formation and the lower sinif the Tremp Formation, the K/Pg
transitional strata and the Danian “Vallcebre litoegs” and lateral equivalents are isochronous
throughout the Tremp Basin (LOpez-Matrtiregal, 2006; Vilaet al, 2013).

“Upper red unit” (Esplugafreda Formation—Claret mation, Cuevas, 1992): This
Paleocene unit is the most heterolithic, and isntm by a succession of lutites, sandstones,
carbonates and gypsums. The bottom is charactebigede presence of lutites with an intense
red color. Towards the top, the succession may agontonglomerates, paleosols and
occasionally evaporite deposits, indicating a palewtic shift towards more arid conditions.
The presence of oncolites, stromatolites Ehcrocodiumis also common (Rossi, 1993; Arribas
et al, 1996; Lopez-Martineet al, 2006). This unit shows a new phase of detrigdiraentation
in the basin with thick textured deposits includoanglomerates, especially in the eastern sector
of the Tremp syncline. In contrast, in the Agerdyre and the northwest sector of the Tremp
syncline, the presence of carbonated deposits geptieg internal platform environments is

more common (Lopez-Martinez al,, 2006).

Stratigraphy
Stratigraphic succession of the Serraduy area

The characterization of the sedimentary successidhe Tremp Basin in the Serraduy
area is mainly derived from two detailed stratidriapsections studied in the field, the Larra (La)
and Barranco Serraduy (BS) profiles (Fig. 3A), &haeistive analysis of several outcrops in the
whole area, as well as a new detailed mapping @8). The Larra profile is located in the

western sector and comprises a 67-m-thick outcrgp@uccession, whereas the Barranco



Serraduy profile, which is 175 m thick, is situaiadthe eastern area (Fig. 3). On the basis of
these profiles, the studied infill consists of sstndes that progressively pass into heterolithic
deposits comprising marls, calcarenites, mudstosasdstones and limestones. According to
regional data, these deposits correspond to the Roégmation and the lower part of the Tremp
Formation, with an age range from MaastrichtiaD#mian.

The lower part of the succession corresponds té\the Formation and presents a well-
exposure of outcrops, about 67 m thick, in the &ao Serraduy area (Fig. 3A). This unit
consists of brownish fine to coarse-grained sam#gstavith a massive texture, with medium to
large-scale trough cross-bedding or parallel amdgsstamination contained in m-thick tabular
beds. The presence of fragmentary dinosaur, tarttecrocodylomorph bones at the top of this
formation is common. The unit exhibits a coarsenipwards trend, except for the last seven
meters, which change to a fining-upwards trend, thedsandstones grade up into an alternation
of greyish massive marls and brownish calcarenhas represents the transition to the Tremp
Formation (Fig. 3A). This transition is easily rgoized in the area as a whole and is
characterized by intensive bioturbation, oxide balmbundant bioclasts of bivalves and isolated
bone remains.

The Tremp Formation is a very heterogeneous lithiokd unit that has been divided
into four subunits (the “grey unit”, “lower red whi“Vallcebre limestones” and “upper red
unit”). In this work, we focus only on the threewler subunits, which represent mixed
carbonate—terrigenous deposits at the base, a engigition composed mainly of terrigenous
deposits and an upper carbonated part.

The basal deposits, the “grey unit” (~15 m thidgrrespond to a succession of greyish

massive marls and calcarenites in dm- to m-thiddular strata (Fig. 3A), with bioturbation,



carbonate nodules, soft intraclasts and oxide Balogertebrates such as bivalves, ostracods and
gastropods, and vertebrate remains such as din@salrturtle bones, are common in the
calcarenite levels.

The “lower red unit” consists of m-thick tabular dstone bodies with tabular or
channeled dm- to m-thick intercalations of fine-ctwarse-grained sandstones, and rare cm- to
dm-thick calcretes and marls; isolated channelspeiming very coarse-grained sandstones are
also present. The thickness of the unit changes &6 to 77 m between the Larra and Barranco
Serraduy profiles respectively (Fig. 3A). The moasts (of varied colors) are massive, with
common bioturbation and carbonate nodule mottliige presence of coal, amber and
microvertebrate remains is also common in the darkeds. The root traces are filled with sand,
carbonates or oxidations. Occasionally, they irtlate with cm- to dm-thick lenticular strata of
brownish fine-grained sandstones with irregularesaand vertically bioturbated towards the top.
The brownish sandstones appear in tabular or exdgivels: the former are massive beds
although they sometimes present parallel laminatgwattered floating pebbles and vertical
burrows; the latter exhibit a pervasive developmeinsedimentary structures dominated by
trough cross-bedding, parallel and cross laminatow asymmetric ripples. Rare calcrete levels
with spherical carbonate nodules or crusts andugetjoxidizations have also been recognized.
These deposits, especially the coarse- and vemgeagpained, include most of the vertebrate
paleontological sites in the Serraduy area, witlgr@at variety of fossil remains including
hadrosaurid, testudine and crocodylomorph bonesyedisas hadrosaurid and crocodylomorph
ichnites.

The upper part of the profiles comprises a 5-mkttébular body of whitish limestones

(mudstone to wackestone), with scarce fossil cdnteainly restricted to foraminifers and



charophytes. This has been ascribed to the “Vakcéimestones” subunit (Fig. 3). Above it is
the upper part of the Tremp Formation called thgp&r red unit”. This unit is more terrigenous
and has similar lithological characteristics to tlosver red unit”. Nevertheless, its fossil content

is scarce, and no vertebrate remains have beenearsch

Stratigraphic correlation

The stratigraphic correlation of the area has Hessed mainly on photogeology, the
accurate physical correlation of beds in the figldd the lithological features of sedimentary
bodies. The “grey unit” and the “Vallcebre limestsh represent two distinctive rock bodies,
and this has also allowed the physical correlatietween profiles (Figs. 3B and 4). Since most
of the studied sediments of the “lower red umt not clearly crop out (Fig. 4), the detailed
physical correlation of deposits has only been ipés$or thick sandstone beds located along the
subunit (Figs. 3 and 4). These sandstones form ick-ttabular packages that have been
physically correlated from visual inspection duriirgdwork, as well as from analysis of aerial
photographs (1:18000-scale) and 1:5000-scale isatetthoimages.

In the area as a whole, the lower and upper boiwewdaf the “grey unit” and the lower
boundary of the “Vallcebre limestones” are congdegood correlation levels since: i) the
thickness of these subunits is relatively homogaadbig. 3A); ii) the contacts between subunits
are not related with erosive surfaces; iii) the rtaries present the same lithofacies and
sedimentary characteristics in different zones; ighthteral facies changes to other units are not
recognized. Thus, these boundaries can be condiderginuous and isochronous limits, at least

in the study area, allowing their use as a regidaadm.



On the other hand, the correlation of the “lowet vait” is based on five characteristic
packages of sandstones, two of which can be rerednn the whole area and permit the
correlation between the Larra and Barranco Serrgmojiles (Fig. 3A, B). Throughout the
whole area, the first correlation level (L1 in Fi§sand 4) presents numerous dinosaur ichnites at
the base and is always associated with a purpl@sirenudstone (Fig. 3A). In the western area,
L1 comprises a tabular body of brownish fine- todine-grained sandstones with parallel
lamination that grade upwards to massive sandstevids bioturbation on the top. The
underlying tabular body of grey-purple mudstonehila@ks root bioturbation, vegetal remains
and fossil vertebrates. Towards the southeast, dskgs laterally into a thick body of greyish
medium- to coarse-grained sandstones, which is osatpof tabular and channeled strata. These
beds are interfingered with purple bioturbated ntoriss and show hadrosaurid dinosaur tracks
at the base (Fig. 3A).

The second level (L2 in Figs. 3 and 4) compriseg-fito medium-grained massive
sandstones with intense pedogenization and bidtarban the western zone; L2 shows a
negative-upwards trend. L2 corresponds to greyaidstones that are fine- to very coarse-
grained with trough cross-bedding, cross-laminateord ripples. This level displays sharp
variations in thickness between the Larra and IsabRiver outcrops. Towards the east, in the
Barranco Serraduy outcrop, the variation in thigsneontinues to increase, and L2 forms a
group of strata (~7 m thick) with a coarsening-umigatrend located 5 m above L1. The
presence of hadrosaurid ichnites is also commdimeabase.

Level 3 is a cm-thick bed of brown fine-grained sias sandstones with scarce lateral
continuity. L3 is located near to the Isdbena Rgicrop (Fig. 3B) and is not observed in other

areas.



The fourth correlation level, which is up to onetenethick, is constituted by brown
medium-grained sandstones with parallel laminati@t passes vertically into cross-lamination.
L4 presents a characteristic small slump (~20 citk}hat the base and massive bioturbated
sandstones (~15 cm thick) in the upper part. Tdsllis easily recognizable in both western and
eastern areas, from the Isabena River outcropaoBarranco Serraduy (Fig. 3B).

The fifth level (L5 in Figs. 3 and 4A) is a fininggward bed composed of 20 cm of
greyish microconglomerates with slight channel getwynat the base and 60 cm of fine-grained
massive sandstones with bioturbation. In the westgea, from the Larra to Isabena River
outcrops (Figs. 4A, B), this level presents gootkrk continuity (Fig. 3B) and shows
spectacular hadrosaurid dinosaur ichnites at gg.ba

On the basis of the vertical arrangement of thedeuevels, chronostratigraphic
refinement is possible for the studied sedimentngarison of the thickness of the “lower red
unit” between the Larra and Barranco Serraduy l@®fshows clear variations, the succession
being thicker in the latter (Fig. 3A). Accordinglyhe average sedimentation rate for the
Barranco Serraduy succession was slightly highan for the Larra section. Consequently, the
correlation results also allow us to constrain theical position of paleontological sites. This
new correlation reveals that the most recent Ceetas vertebrate remains correspond to
dinosaur tracks and bones in L5 (the Camino de ZRsite) near the Larra section, which is

located ca. 15 m lower than the Danian “Vallcebreektones” (Fig. 3A).

Sedimentological interpretation
Characterization of the sedimentary environmengsires exhaustive sedimentological

analysis in order to establish and interpret ctlydbe different facies associations not studied



in this work. Even so, the Serraduy area deposig correspond with the evolution from coastal
to continental environments, an interpretation pmasty proposed by several authors for the
Tremp Basin (e.g., Eichenseer, 1987; Diaz-Molir@87]1 Cuevas, 1992; Rosadt al, 2001;
Lépez Martinezt al, 2006; Diaz-Molinat al, 2007; Omst al, 2007, 2016; Rierat al, 2009;
Villalba-Brevaet al, 2012; Diez-Cansecet al, 2014; Canudet al, 2016; Fondevilleet al,
2016a).

The sedimentary features, especially the sedimgntdructures and grain-size
distribution, indicate that the Arén Formation histarea corresponds with a barrier-island or
deltaic environment. The presence of m-scale coargaipwards sequences, facies associations
and stacking patterns in the studied interval amelar to those described by Navarreteal.
(2013) for barrier-island and washover fan depositerbedded within mudflat lagoonal
deposits. The Tremp Formation mainly representgeseial environments, but the presence of
planktonic foraminifers (see below) indicates coatius entrances of marine water into the more
protected areas. Thus, the lowermost subunit (“gi@y’) has been interpreted as a transitional
marine-to-continental environment connecting tisigdtems with the barrier island. The “lower
red unit” is predominantly composed of reddish-bmsh and greyish-darkish mudstones
representative of back-barrier mudflats, wherea&s itownish tabular and erosive sandstones
represent fluvial channels and their overbank dépas the floodplains. Thus, frequent water-
level oscillations and cyclic flooding of the mualflarea can be inferred from the sedimentary
features. Several characteristics, such as mattbmgle haloes and crusts, resulted from the
migration and differential accumulation of ironsa@lindicating common water-table oscillations.
In this context, the reddish colors of the mudssoseiggest frequent subaerial exposure,

probably in low water-level events. The verticabthrbation and carbonate precipitation in the



traces indicate the existence of vegetation witht fgenetration in search of the water level
during dry periods. Darkish and greyish mudstonegevdeposited under anoxic conditions that
favored the preservation of organic matter. Thigefs indicates the occurrence of high water-
level periods, in which the mudflat areas were died. Isolated and anastomosed channeled
sandstone bodies with freshwater charophytes (slesvpindicate the existence of low-energy,
meandering fluvial channels. Tabular, poorly sorsathdstone bodies and bioturbation traces
filled with sands in mudstones reveal sharp flogdevents related to high-energy water
discharges. These floods occurred as a conseqoérice overflow in the fluvial channels and
the floodplain. The *“Vallcebre limestones” represdhe establishment of an extensive

freshwater lake.

Material and methods

In order to ensure the replicability of this resdarall the paleontological material
figured in this study, including the vertebrate eéms and foraminifers, is properly labeled with
MPZ abbreviations (Museo Paleontolégico de la Ursilad de Zaragoza) and housed in the
Museo de Ciencias Naturales de la Universidad dagoaa (Zaragoza, Spain).

The methodology applied in this study (magnetosirapphy and biostratigraphy) is

detailed and explained in the corresponding section

Magnetostratigraphy

Paleomagnetic sampling and laboratory procedures
115 levels were sampled as part of the Serraduyetagtratigraphic study, 21 from the

Arén Formation (SB) and 94 from the Tremp Formati@R). Both magnetostratigraphic



profiles were generated in the vicinity of the Bawco Serraduy (BS) stratigraphic section. SB

consists of 6 levels of blue-grey marls from thempa Member, and 14 levels of sandstones
with one level of grey marls from the Arén Formatién the SR profile, 17 levels correspond to

the “grey unit” of marls and calcarenites of themp Formation. Another 73 levels are defined

as an alternation of red, grey and versicolor matss, with some levels of sandstones in the so-
called “lower red unit”. Finally, 4 levels of thealRocene “Vallcebre limestones” were sampled

at the top of the SR section (Fig. 5).

The complete SB profile was sampled with a portgjas-powered and water-cooled
drill and directly oriented in the field with a nmagtic compass and an inclinometer, providing
from 1 to 3 samples per level, each divisible iitto 3 standard-sized specimens. In the SR
profile, 62 levels were drilled with a portable alecal water-cooled drill, hand samples (blocks)
were taken from 29 levels and in 3 levels bothlettiland hand samples were collected. These
were oriented in situ with a magnetic compass. Hsentiples were collected because of how
easily broken up (being disaggregatid) finest materials corresponding to the “lowet vait”
were. They were consolidated with sodium silicagsalved in distilled water to try to make the
consolidator percolate to the interior of each pig@nce hardened, about 3 cubes per block were
sectioned with a disc cutter, maintaining the fpegoendicular to the strike line and parallel to
the dip line, both oriented in the field, as thekea for the paleomagnetic analysis.

The sampled levels in the SB profile were establiskach 1 m from the SB01 to SB06
marls, every 2—4 m at the beginning of the san@stoand every 6 m afterward, due to the
homogeneity of the materials. The sampled SR grddéivels were separated by 1 m whenever

possible. In total a sequence of 173 m was sampled.



Thermal (Th) and alternating field (Af) demagnetiaas were carried out in the
paleomagnetic laboratory of the University of Busgousing a 755 superconducting
magnetometer (2G) with an alternating field inductemagnetizer system (for automatic Af), a
TD48-DC (ASC) oven and a LDA3 (Agico) alternatirigli demagnetizer (for manual Af). A
total of 198 samples (1 to 3 samples per level)ewdemagnetized with different stepwise
temperatures and applied alternating fields acogrtth the sample lithology. 145 of these were
Th-demagnetized, heating up to 400-575°C for madsdstones, calcarenites and limestones,
and up to 475-675°C for mudstones (several sangblal lithologies were heated up to 675°C
in order to check their magnetic behaviors), 3%waititomatic Af, 14 with manual Af trying to
improve the accuracy of the method, and an Af matovith an initial thermal step of 130°C to
delete the part of the signal carried by goetlateAf up to 100 mT).

Principal component analysis (PCA) and great cif@€) analysis were performed
with Remasoft 3.0 software (Chadima and Hrouda6200irtual Geomagnetic Poles (VGPS)
were calculated, through the isolated paleomagrditiections considered primary. In cases
where overlapping prevents the isolation of staptdeomagnetic components, GCs were
calculated. Together with the stratigraphic colurtimle VGP latitudes obtained from PCA
paleomagnetic directions are symbolized with a poivhereas for the primary components
verified by GC a bar occupies the status corresipgn normal or inverse latitude (-90° to 0°
or 0° to 90°) (Fig. 5).

In addition, rock-magnetic measurements were chwoig at the University of Burgos
with a variable field translation balance (VFTB)wlered whole-rock specimens from 14
representative samples from all lithologies werbngitted to experiments on IRM acquisition

and backfield curves, hysteresis loops and straid magnetization versus temperature (Ms-T)



curves. Analysis of these measurements was pertbmihn RockMagAnalyzer 1.0 software

(Leonhardt, 2006).

Paleomagnetic behavior

The natural remanent magnetization (NRM) behavi@s vanalyzed separately in
accordance with the lithology because of the bigatians among lithologies. Sandstones and
green/violet mudstones in general show low NRM risites (0.1-0.5 mA/m) and a
heterogeneous paleomagnetic behavior, being patpuetiaally unstable (it is not possible to
isolate a reliable paleomagnetic component). Inlsnand red beds two paleomagnetic
components can be identified on the basis of thelogking temperature ranges and the
coherence of the directional data.

Blue-grey marls

These rocks appear below the Arén Formation (Calember), at the bottom of the
Tremp Formation (“grey unit”) and intercalated witontinental sediments of the Tremp
Formation (“lower red unit”) (Fig. 5).

Marls of the Campo Member (samples SB01-SB06 an@ilyBhow homogeneous
paleomagnetic behavior, with NRM intensities betwdel and 1.78 mA/m, and display two
different components in thermal (Th) demagnetizatid low-temperature component MB
(unblocking temperatures between 250/300-450 °@) winorthwards direction and positive
inclinations (Fig. 6A) is isolated in all sampléghis component does not go to the origin in
some samples (Fig. 6B, C), going systematicallythe southern quadrant with negative
inclination (Fig. 6B). Great circle analysis (FIGE) allows us to infer this high-temperature

component (up to 500 °C) with negative inclinatioomponent MA), but this cannot be isolated



because of spurious component formation duringitgeadlternating field (Af) demagnetization
diagrams show only one recognizable component {80/%0 mT), which corresponds with
component MB (Fig. 6A) with a slight overlappingtwviMA when this appears, as can be
observed in the equal-area demagnetization diadfigr 6B), but it is noteworthy that the
overlapped component is almost trending to theimrigreventing recognition of the presence of
two components.

The NRM intensity is lower in the marls of the TyefRormation (SR samples), around
0.4-0.5 mA/m. A low-temperature component (250-8Q) is recognizable, and with some
exceptions it goes to the origin, mainly in thedasarls (SR01-SR17); this component shows
the same behavior as the already described MB coempdor the SB samples. However, a few
samples (SR-01A, SR26-1) show an overlapping ofpmrants either (i) in the definition of
great circles (Fig. 6E), indicating the presenca bfgh component (Fig. 6C), or (ii) by a cluster-
end showing a south declination and negative iatibm (Fig. 6D).

Therefore, most samples of SB and SR marls showothwemperature MB component
(between 250/300 °C and 350/400 °C) with normabnigl (positive inclination towards the
north). This component does not go to the origicalige of the presence of a high-temperature
component (up to 350/400 °C) with reversed polasitlgich cannot be isolated because of the
formation of spurious components but is clearlydewced by analyzing the great circles.

According to the NRM behavior (low coercivity andhllocking temperatures between
150-500? °C), and the magnetic rock properties. (6k), both components are carried by
magnetite. Thermomagnetic curves show a major ¢rogit magnetic minerals (magnetite
according to the Curie temperature in the coolingye) in agreement with that observed in the

NRM.



Red mudstones

Red and orange mudstones appear throughout thepTFarmation, mainly in the
upper section. Most samples show low—medium NRMnsities ranging from 0.1 to 1.8 mA/m,
but some of them have higher intensities around A3nm Low-intensity samples (~0.2-0.8
mA/m) usually show a single component (Fig. 7A)haiinblocking temperatures from 350/550
°C up to 620 °C; however, the end of the componerdbliterated because of a spurious
component generated during heating. In some sapg@esgrally those of a higher intensity (> 1
mA/m), component A overlaps with an intermediategerature component between 350 °C and
550 °C (Fig. 7B, C); this overlapping component @8 inclination and does not go to the
origin. In these samples, component RA can be gbdeat temperatures up to 500 °C (Fig. 7B).
Finally, SR53 (Fig. 7D) shows high intensity andiagle component with positive inclination
toward the north, which can be interpreted as camapb RA according to its unblocking
temperatures (550-625 °C).

The unblocking temperatures and high coercivitg (F) point to hematite as the carrier
of component RA. This is in agreement with the ragkgnetism experiments (Fig. 7E), which
are characterized by a high-coercivity magneticsphaith Curie temperatures over 600 °C.
Differences between the cooling and the heatinghm thermomagnetic curve indicate the
growth of magnetic minerals (probably magnetitenaghemite) during heating, at temperatures

above 600 °C.

Interpretation of the paleomagnetic components
Carbonatic rocks show the presence of two compseneith different unblocking

temperatures. Component B, carried by magnetitegsharacterized by low to intermediate



unblocking temperatures (300—450 °C) and does mab ghe origin. Several works (e.g. Juarez
et al, 1994; Villalainet al, 1994; Oseteet al, 2007) evidence the presence of low to
intermediate unblocking temperatures (below 450-80Dfor diagenetic secondary magnetite,
and a high-temperature component (above 450 °CGg¢smonding with primary magnetite. The
unblocking temperatures of secondary minerals atally lower than those of primary ones.
This is because of the small size of secondary raisiewhich range from the superparamagnetic
to the stable single domain (see Jackson and Swathgsell, 2014). This suggests a secondary
origin for component B found in the marls, but dows$ ensure a primary origin for the high-
temperature component since the presence of twamdaty magnetizations is also possible.

The paleopole reference for the Late Cretaceoubesfa from the Lisbon Volcanics
(Van der Voo and Zijderveld, 1971) correspondsri@gpected direction for the section location
of D=1.08° and 1=47.39°. In spite of the low diptbé studied materials, the mean direction of
component B is in better agreement before thamr #fiee bedding correction (BBC and ABC
respectively, Fig. 8B). This fact agrees with aoselary origin for this component. We can thus
consider component B to be a chemical remanent etagtion (CRM). This was acquired
probably during the early diagenesis, but aftertthieg of the series (note that the tilting is
Maastrichian—early Paleocene [Simé et al., 198kgh#y postdating the age of the rocks).
Component B partially obliterates the high-tempaetcomponent (A), which cannot be
calculated because of the growth of magnetic misataring heating. However, this is clearly
evidenced by the demagnetization great circles.

Comparisons between the demagnetization greatesir¢Fig. 8C) calculated in

carbonates (the NW-SE GC) and in red beds (the MEGE) are coherent with the calculated



direction of component A (Fig. 8A). This agreeshntihe correspondence between component A
as calculated in red beds and the high-temperatumgponent observed in carbonates.

As regards the assessment of the primary natuo®mponent A in red beds, several
hitches appear in this work regarding the integireh of both components: (i) the thickness of
the Upper Cretaceous in this locality is limited) (he series shows significant changes in
lithology and coloration which can produce differdrehavior in recording the paleomagnetic
components; (iii) the absence of conglomerates amear uniform and low dip (around 20°
towards the east) along the section preclude teeofighe field test to establish the primary
nature of one of the components; and finally (hg presence of only one polarity prevents the
use of the reversal test. However, several magmatggaphic works performed on longer
sections of the same rocks (both in lithology agd)af the Tremp Basin (Galbrat al, 1993;
Omset al, 2007; Pereda-Suberbiotd al, 2009; Vilaet al, 2011, 2012; Canudet al, 2016;
Fondevilla et al, 2016a) show the presence of a component in mds bwith similar
paleomagnetic behavior. Reversal and tilt testseakwa better concordance between the
paleomagnetic direction and the reference in thveseks, showing a primary origin for this
component. In accordance with these works, thesefare consider that the component A
observed in red beds is probably primary and cacdmsidered a detrital remanence (DRM)

carried by hematite.

Biostratigraphy
Planktonic foraminifera have been the basis for thieropaleontological dating of
Pyrenean sections, from the deep sea to the cotdirghelf, mainly for Cretaceous materials. In

the South-Central Pyrenees, the dinosaur-rich stdbe Arén Formation located west of the



Tremp syncline have been correlated with deep masediments containing planktonic
foraminifera from the uppermost Maastrichtidbathomphalus mayaroengBolli, 1951) Zone
near Campo (Lopez-Martinezt al, 2001). Non-reworked planktonic foraminifera fraime
Maastrichtian were found in the “lower red unit’r€mp Formation), suggesting transport after
death landwards from the outer/inner shelf by ticlairents (Diez-Canseat al, 2014). This
and other biostratigraphic studies with planktofoacaminifera (Vicenteet al, 2015) have
indicated an early to late Maastrichtian age fer‘trey unit” and “lower red unit” of the Tremp

Formation and Danian for the “Vallcebre limestones”

Micropaleontological sampling and methodology

For micropaleontological studies, 94 samples waedyaed from the “grey” and “lower
red units” of the Tremp Formation and the lowertpafr the “Vallcebre limestones”. Rock
samples were disaggregated in water with dilute@.Hwashed through a 68+ sieve, and then
oven-dried at 50°C. In each sample, between 10@@0dpecimens of foraminifers were picked
from the residues and mounted on micropaleontoébgiides. Some were selected for scanning
electron microscopy using a JEOL JSM 6400 SEMeatMicroscopy Service of the Universidad

de Zaragoza (Spain), and SEM photographs are mavidFigure 9.

Foraminiferal assemblages
Foraminifers are absent from the “grey unit” of fremp Formation. In the lower part
of the “lower red unit”, all samples contain plamkic foraminifers, and benthic foraminifers are

very scarce. There are also relatively abundaginfents of echinoderms, marine bivalves and



continental microfossils such as calcified chardehfyuctifications. The preservation of the
microfossils varies from poor to moderate (Fig. 9).

In the “lower red unit” of Barranco Serraduy, plémkic foraminifers indicate mixed
assemblages with species of different ages. Soemespare exclusively Maastrichtian, such as
Pseudoguembelina hariaendiederbragt, 199andGlobotruncanita fareediEl Naggar, 1966).
Other species have their first record before thedWahtian, but their ranges span this stage
(Heterohelix globulosa(Ehrenberg, 1840)Htx. planata (Cushman, 1938)Htx. labellosa
Nederbragt, 1991Htx. glabrans(Cushman, 1938)?seudotextularia nuttall{\Voorwijk, 1937),
Globigerinelloides yaucoens{®essagno, 1967§Gdes. bolliiPessagno, 196G des. praevolutus
Petters, 1977Globotruncana arcaCushman, 1926)Gna. aegyptiacaNakkady, 1950,Gna.
bulloidesVogler, 1941 Gna. linneiana(d'Orbigny, 1839)Gna. marieiBanner and Blow, 1960,
and Contusotruncana fornicata(Plummer, 1931)). Finally, other species predate th
Maastrichtian VYentilabrella eggeri Cushman, 1928,Sigalia deflaensis(Sigal, 1952),
Hedbergella flandriniPorthault, 1970 (in Donzet al, 1970),Dicarinella primitiva (Dalbiez,
1955), Ticinella raynaudiSigal, 1966,Favusella washitensifCarsey, 1926), antVhiteinella
spp.). The small benthic foraminifera mainly cohgs calcareous trochospiral plano-convex

species (such asnomalinoidespp. andsyroidinoidesspp.) and planispirdlenticulinaspp.

Interpretation of foraminiferal faunas

Since planktonic foraminifers are almost absenmfribe “grey unit”, no unequivocal
age attributions have been obtained for this irtler&lthough the distinction oh situ and ex
situ specimens is difficult, the foraminiferal assengela identified in the “lower red unit”

suggest that they are reworked and mixed: somkeoplanktonic foraminifer species identified



are of different ages, and most of the benthicrfon#fers indicate a contradictory bathyal depth.
The studied stratigraphical interval cannot begresi to any biozone with reworked specimens,
but at least a minimum age can be assigned bast#tanost modern species identified in these
horizons. The presence Bf hariaensispecimens in samples 35 and 49 suggests thatsh@da
m of the “lower red unit” are late Maastrichtianage, since the first appearancé’ohariaensis
was calibrated at 67.3 Ma (upper part of chron G3tording to the time-scale GTS 2012
(Gradsteiret al, 2012).

In the “Vallcebre limestones”, a few specimensGiembelitria cretaceaCushman,
1933 andGuembelitria blowiArz, Arenillas and Nafiez, 2010 have been identifiesmples 80
and 94.Guembelitriais the only genus whose survival beyond the Cestas/Paleogene mass
extinction event has been clearly proven (Smit,2)98lowever, these specimens are probably
reworked, as the uppermost occurrenceGafembelitriais in the lower Danian, and these
Guembelitria specimens were found in horizons equivalent to $heerranya Limestone

Formation belonging to the upper Danian (Diez-Cemseéal, 2014).

Vertebrate assemblage

Considering the limited extent of the outcroppirgsthe Tremp Formation in the
Serraduy area compared to the rest of the outcwathen the Tremp syncline, this sector
represents one of the areas with the richest arsfl diverse vertebrate assemblages in the Tremp
Basin. In a studied area of approximately 1.5 kfnoutcrops of the Tremp Formation, nearly 40
paleontological sites with more than 600 vertebrateains distributed in about 17 stratigraphic
levels have been found (Table 1). Although mosthid material is currently under study, a

preliminary review of the fossils recovered in neicgears (mainly between 2009 and 2016) has



allowed the identification of dinosaurs (sauropodsadrosauroids and theropods),
crocodylomorphs, testudines and amphibians. Withénpaleontological site Camino de Rin 2,
located in the upper part of the “lower red un&”bone fragment has been recovered that could
correspond to a pterosaur mandible. However, tbssif remnant is still under laboratory
preparation. The presence of pterosaurs in thea@&yrarea thus remains uncertain. The most
representative material recovered in the areabasillescribed below.
Dinosaurs
Hadrosauroids

The most abundant taxa recovered in Serraduy qunes to hadrosauroids,
representing between 60% and 75% of the identdiadsaur remains. This percentage variation
is a consequence of the doubtful assignment of semains to Hadrosauridae? due to their
fragmentary nature. Around 20% of the bones weassdlied as Dinosauria indet., being unable
to perform a more precise taxonomic assignment aotv. The distribution of hadrosauroids
through the studied stratigraphic sections andopégogical sites is also very extensive (Fig. 1),
it being possible to find remains from the top loé tArén Formation through to the last levels
with vertebrates before the K/Pg boundary, withie tlower red unit" of the Tremp Formation.

Most of the hadrosauroid remains are disarticuladed correspond to vertebral
elements, which represent more than half of thatified bones (Fig. 10). Most vertebrae are
caudal, although there are representative elemieots most of the vertebral column. In
addition, fragments from ribs, chevrons, femorag(Fi1D), pubis, isolated teeth, dentaries,
maxilla, autopodial bones (Fig. 11B), humerus, stapisolated teeth, tibiae (Fig. 11C), ulna

and coracoid (Fig. 11A) have also been identifBecause most of the material is fragmentary



and/or poorly diagnostic, most of the remains hawen assigned to Hadrosauroidea indet. and
Hadrosauridae indet.

One of the most interesting aspects observed ira@ey is the joint presence of mature
medium to large-sized hadrosaurids and mature ssizatl hadrosaurids that may represent new
insular dwarf species (Cruzado-Caballetoal, 2014; Blancoet al, 2015b; Compangt al,
2015). The hypothesis of the presence of dwarf dsmdrrids in Serraduy is based on the
recovery of several small vertebrae with mostlyetusieural arches, several diminutive limb
bones and a histological study of several rib fragte and representative elements such as a
humerus and a femur (Compamy al, 2015). These remains represented the first ohse
dwarfism in hadrosaurids registered in the IbeRaninsula, this being the smallest hadrosaurid
known in Europe to date (Compaey al, 2015). In addition, the large amount of recodere
vertebrae with unfused neural arches also indidhepresence of a great number of immature
individuals in the area.

The presence of hadrosauroid ichnites is very vpidesl throughout the sector, their
preservation as natural casts (convex hyporells#)g common at the base of most sandstone
channel beds (Fig. 12). All these ichnites have nbestributed to the ichnogenus
HadrosauropodugVila et al, 2013).

In addition, some eggshell fragments have also Ibeeovered. Due to their external
sagenotuberculate ornamental pattern, these e¢gyjshale been tentatively assigned to
Spheroolithus europaelellés, Vila and Galobart, 2014a. However, to itonthis assignment
further exhaustive microscopic study will be neeegsSpheroolithus europaeuswas first
defined near the village of Pont d'Orrit (Lleidgpa®) within the "grey unit" of the Tremp

Formation (chron C30n, late Maastrichtian), repnésag the youngest oological record of



hadrosauroids in Eurasia (Selisal, 2014a). The recovered eggshells from Serradug haen
identified up until the lower-mid part of the "loweed unit" of the Tremp Formation (172-i/04/f
paleontological site). If their assignment &pheroolithus europaeus confirmed, these
eggshells would therefore be even more moderntti@se recovered at the Pont d'Orrit locality.
Theropods

The presence of theropods within the Serraduy isreat very abundant, representing
between 1% and 4% of the identified dinosaur remalimese theropod bones have been found
from the “grey unit” to the middle part of the “lewred unit” of the Tremp Formation, thus
constituting the youngest reliable record of noraavheropods in the Iberian Peninsula and one
of the youngest records in Europe.

The most important record corresponds to two isdiaeth that belong to two different
taxa, a medium-large form and a small-sized thetophbe first specimen (MPZ 2017/804; Fig.
11F) corresponds to a medium-large tooth with s=draarinae, which was recovered at the top
of the "grey unit" of the Tremp Formation, very s#oto the 172-i/04/e paleontological site. This
tooth is very similar to Morphotype 1 describedTuyiceset al (2015) in the Spanish sites of
Blasi (Huesca, upper Maastrichtian), Montrebei idde upper Campanian—lower Maastrichtian)
and Lafo (Burgos, upper Campanian—lower MaastaohtiDue to its limited diagnostic value,
this morphotype has been assigned to Theropoda ifidgez-Martinezt al, 2001; Toricest
al., 2004, 2015; Pereda-Suberbiataal, 2015). The second specimen corresponds to d smal
tooth with smooth carinae, which was recoverechatltarra 4 paleontological site within the
"lower red unit" of the Tremp Formation. This toaghvery similar to the teeth assigned to
Coelurosauria indet. from Blasi (Huesca, upper Ma&adgian), Montrebei (Lleida, upper

Campanian—lower Maastrichtian), Lafio (Burgos, uppampanian—-lower Maastrichtian) and



Vicari 4 (Lleida, upper Campanian) (Lopez-Martiretzal, 2001; Toricest al, 2004, 2015;
Pereda-Suberbiokt al, 2015).

The other remains, also recovered in the “grey”uand the “lower red unit” of the
Tremp Formation, correspond to a possible cerweatebra of an avian theropod (Cruzado-
Caballercet al, 2012) and fragmentary long bones and a vertétagient that may correspond
to undetermined theropods. Nevertheless, for tbpgrrtaxonomic assignation of these remains,
further detailed studies will be necessary.
Sauropods

Among the dinosaur remains, the presence of sadsoothe scarcest, amounting to
around 1% of the identified remains. The most inguoaritem is a proximal left femur fragment
(MPZ 99/143; Fig. 11E) assigned to TitanosaurigetngCanudo, 2001; Vilat al, 2012). This
femur was recovered in the "grey unit" of the Trelagpmation, representing one of the youngest

sauropods yet documented in Eurasia (Canudo, 20@ilet al, 2012; Sellégt al, 2016).

Other possible sauropod remains consist of a cauelébra from the Barranco de
Serraduy 4 site (Cruzado-Caballeal, 2012) and a proximal fragment from a big autoglod
bone from the Camino de Fornons 1 site. Howeves,tduhe fragmentary nature of these bones,
their assignment to Sauropoda still remains doubfor the proper assignation of these
specimens, further studies as well as the recovenew remains will be necessary. Both these
remains appeared in the middle part of the "loveer unit”, so if their assignment to Sauropoda
is confirmed, they would be more modern than timeuie extending the presence of sauropods to

chron C29r, as already seen in other sectors ofitiap Basin (Sellést al., 2016).

Testudines



Another common clade, comprising about 5% of thmaies found in Serraduy, is
Testudines. The presence of testudines has beegnieed from the top of the Arén Formation
to the last deposits with vertebrates of the “lovegt unit” of the Tremp Formation. This clade is
represented entirely by isolated and disarticulgtéates, in most cases preventing a more
accurate identification or classification in thelpninary study, and rendering further systematic
studies necessary. Nevertheless, when the platesdadrpreserved, it is possible to observe their
smooth and brilliant ornamentation crossed by Marg dichotomic sulci, suggesting highly
vascularized shell bones. This characteristic osrdation pattern is widely used to recognize
bothremydids (e.g., de Lapparent de Broin and Mgl 1996; Murelaga and Canudo, 2005;
Marmi et al, 2012), so most of these plates are assignedttu@nydidae indet.

In addition, better-preserved plates allowed marieate anatomical identification, and
a left xiphiplastron and a right mesoplastron bging to Bothremydidae from the Rim 2 site at

the top of the Arén Formation have been recognifdelaga and Canudo, 2005).

Crocodylomorphs

Representing about 4% of the recovered bone remainsodylomorphs are one of the
most representative taxa in Serraduy. This grougraiosaurs is mainly represented by isolated
teeth, although some ichnites, a eusuchian vertelstaoderm fragments and a complete skull
have also been found (Fig. 13E). All the recoveretiains have been assigned to Eusuchia.
These have a highly extended stratigraphic didinburemains being found from the top of the
Arén Formation up until the last levels with verties before the K/Pg boundary.

The most important taxon corresponds to the compkdtull of the eusuchian

crocodylomorph originally erected in Serraduy witle hame ofAllodaposuchus subjuniperus



(Puértolas-Pascuat al, 2014) (MPZ 2012/288; Fig. 13E). This taxon wasrassigned to the
new genugigaresuchusnd included within Allodaposuchidae (Narv&tal, 2016), a clade of
endemic European eusuchian crocodylomorphs withe@rd until the K/Pg boundary.
Agaresuchus subjuniperugas recovered in one of the last Maastrichtiams@me strata (Amor
3 site), so this taxon may represent the last anohgest record of Allodaposuchidae before the
K/Pg extinction event (Puértolas-Pascetahl, 2014).

As regards isolated teeth, at least two differentphotypes have been distinguished.
The first morphotype (Fig. 13A) corresponds to ender conical tooth ornamented with well-
marked longitudinal ridges, which was found at tbp of the Arén Formation (Barranco de
Extremadura site). These tooth have been assignefl ThoracosaurugPuértolas-Pascuait
al., 2016). This marine genus belonging to Gavial@igetypical of the Upper Cretaceous—lower
Paleocene of Europe and North America, which issbent with its presence within the shallow
marine facies of the Arén Formation. Teeth of theosid morphotype (Fig. 13B, C) have been
recovered from the “grey unit” up until the lasvéés with vertebrates within the “lower red
unit” of the Tremp Formation. This morphotype cepends to generalist conical teeth with an
ornamentation that varies from smooth to gentlygitudinally-ridged enamel. This generalist
morphology is widely distributed within Crocodylompba and has little taxonomic value (e.qg.,
Prasad and Broin, 2002; Turner, 2006; Andrade aedir3, 2008; Buscalionet al, 2008).
However, as this dental morphology is also typafahllodaposuchidae, the most common clade
in Europe during the Campanian—Maastrichtian, tosphotype has been tentatively assigned to
cf. Allodaposuchidae. Additionally, several isothtéeeth similar to those present W
subjuniperuswere recovered in the same site where the holotygeerecovered, so these teeth

have been assigned to Agaresuchus subjuniperus



Other bone remains correspond to osteoderm fragmantd a procoelous dorsal
vertebra (Fig. 13D) that have been assigned to ¢hisuindet. Further evidence of
Crocodylomorpha is the presence of about five sa@PZ 2012/832) composed of scratch
marks and one pedal impression located on a fletiahnel deposit in the uppermost part of the
“lower red unit” of the Tremp Formation (Serradupné site, chron C29r). The scratch marks
resembleCharacichnoswhereas the pes track has been assigned @atodylopodugVila et

al., 2015).

Amphibians

Due to their small size, amphibian remains have telen recovered by washing and
sieving techniques. In the area of Serraduy, onth@fpaleontological sites with the greatest
potential for the study of macrovertebrates androwiertebrates is Larra 4, located within the
"lower red unit" of the Tremp Formation. This sigelocated in a dark grey lutite layer with a
high organic content, where vegetal remains (wood amber fragments), macrovertebrates
(dinosaurs, crocodylomorphs and testudines) andowectebrates are highly abundant. Most of
the microvertebrate remains are very fragmentadyreaed a more thorough systematic study for
their proper identification.

Nevertheless, a very preliminary study of the npaleontological content allowed us
to identify several remains that may correspondhainphibians. The most outstanding remains
are several distal parts of humeri. In spite ofltve taxonomic value of the humerus (Evans and
Milner, 1993), the large and spherical humeral Iséiifted laterally and a rather long ulnar

epicondyle allow us tentatively to assign thesecspens to Discoglossidae indet., being very



similar to other humeri assigned to this cladetimeo sites within the Tremp Basin (Blagh al.,

2010; Blanccet al, 2016).

Discussion

Considering component A as primary (see “Magneatigttaphy” section), the local
magnetic stratigraphy of the Serraduy section carcdrrelated with the geomagnetic polarity
time scale (GPTS) (Gradsteet al, 2012). According to our results, the “grey uraiid the
“lower red unit” of the Tremp Formation can be gasid to a reverse polarity chron (Fig. 5).

The presence of the planktonic foraminiRerhariaensisin sample SR35 indicates that
this level has a maximum age of 67.3 Ma (maximumragge of the species), or younger if it is
reworked. The age range for this species is betvw®8 and 66.0 Ma, its lowermost and
uppermost occurrences being coincident respectiwély the upper part of C30n and the K/Pg
boundary in the middle part of C29r. According topez-Martinezet al. (2006) and Diez-
Canseceet al (2014), the “Vallcebre limestones unit” and latezquivalents are late Danian in
age. Because this biostratigraphic information datés that the K/Pg boundary is located
between the “lower red unit” and the “Vallcebre déistones unit”, all the reverse polarity section
between levels SR35 and SR90 can thus only comespith chron C29r (Fig. 5). As a result,
the K/Pg boundary can be located within the last26f the “lower red unit”, between the last
horizon with dinosaur remains and the “Vallcebmadstone unit” (Fig. 5). Correlating the
profile of Barranco Serraduy with Larra, locatedttier west, the K/Pg boundary can be located
with more precision within the last 5 m of the “leswed unit” (Figs. 3, 5).

Therefore, the upper section of the “lower red’uisitwell defined as reverse polarity,

pointing to the C29r (Fig. 5). However, some ingstecies can be observed in the middle part



of this formation. SR37, above the level marked Pyhariaensis has reversed polarity
(indicating C29r), whereas level SR53 shows norpalarity. Therefore, one part of this
paleomagnetic information must be wrong. As regasipaleomagnetic properties, level SR35
has similar behavior to samples from the upperrey&s, with a non-zero ending cluster up to
500 °C with reversed polarity. Otherwise, componat of level SR53 (Fig. 7D) has been
defined by its unblocking temperature range; howeweis possible that this component
corresponds with the CRM defined as RB. The lithglof both samples can also be analyzed:
the paleomagnetic component defined in SR35 is mmelieble than that defined in SR53
because the former is sampled in red mudstoneslasita the upper section where coherent
paleomagnetic components appear, whereas SR53 & level of shale located between
sandstones. The greater porosity of sandstonesl ¢@we favored chemical processes in level
SR53. In the light of these considerations, we ictanrghat the section between levels SR37 and
SR90 belongs to subchron C29r.

The lower section of the Tremp Formation also shaegersed polarities (see
“Magnetostratigraphy” section), so at the beginntng possible to ascribe this to subchron C29r
(Fig. 14). However, Fondevillat al (2016a) provide evidence of the presence of @ntaatus
affecting chrons C31n, C30r and C30n in the Is@dien located in the eastern sector of the
Tremp syncline (Fig. 14), probably related to arupgb migration of the basin depocenter. This
would imply the presence of consecutive deposge@ated with chrons C31r and C29r, with a
hiatus lacking most of the upper Maastrichtian. @&#wless, according to the
magnetostratigraphic works of Pereda-Suberkabka (2009) on Arén, and Canuébal (2016)
on Campo, this major hiatus seems not to havetaffethe most western sectors of the Tremp

Basin (Fig. 14). Therefore, the sections of Campo Arén acquire greater relevance because



the “lower red unit” exposed there is the only aoettal record of chron C30n in the whole
Tremp syncline (Fondevillat al, 2016a).

In summary, the magnetostratigraphic data presentékis work show that both the
marls and red beds of the Tremp Formation in theaBey area are of reverse polarity.
Biostratigraphic data ensure that the upper pattisfformation (the last 60 m of the “lower red
unit”) belong to chron C29r. However, although tbésnot be fully confirmed for the lower part
of the Tremp Formation (the “grey unit” and begmmiof the “lower red unit”), these units
probably also belong to the same chron C29r, urites® exists a hiatus such as that observed
by Fondevillaet al. (2016a) in the Isona section. It should be pdimet that this hiatus has not
been observed in Campo and Arén (Pereda-Suberbichd, 2009; Canudet al, 2016), the

sections closest to the Serraduy area.

Conclusions

In this work, a chronostratigraphic framework fboetvertebrate sites of the Arén and
Tremp Formations within the Serraduy sector of Themp Basin is proposed for the first time.
The joint study of stratigraphy, field correlatipmeagnetostratigraphy and biostratigraphy has
allowed most of the vertebrate sites in this aodaet dated to within chron C29r, making this one
of the areas with dinosaur sites closest to thegK®undary anywhere in Europe. In addition, a
complete faunal list of the taxa recovered in teer&luy area is presented. This shows a great
diversity of theropods, sauropods and hadrosaupsdimrs, eusuchian crocodylomorphs,
testudines, amphibians and probably pterosaurs.

The presence of dinosaurs (ichnites and boned)darhighest levels of the series has

pinpointed the range of the K/Pg boundary to tlst 'am of the “lower red unit” within the



Tremp Formation, below the “Vallcebre limestoneThis suggests a high abundance of
hadrosaurid dinosaurs, eusuchian crocodylomorphph#bians and testudines just before the
great extinction event of the Late Cretaceous.

Although everything points to a late Maastrichtiage for the studied deposits, the
lower half of the section unfortunately shows uaclpaleomagnetic signals and inconclusive
biostratigraphic content, so it has been assigned umdetermined polarity. The
magnetostratigraphic results also seem to indittegg@resence of a reverse polarity chron in the
lower half of the section, yet we do not have thestoatigraphic data to be able to assign it to a
specific chron (C31r, C30r or C29r). For this regdbe continuity of the lower part of the series
or the presence of possible hiatuses cannot bendetzl. Further studies in the adjacent
outcrops located between Serraduy and Campo (drg.oR Larra sections) and between
Serraduy and Arén (e.g. Iscles section) could beial to achieve more accurate knowledge of
the chronostratigraphic framework of the northwestaost branch of the Tremp Basin.

In conclusion, these results show the great pabdogital potential of the Serraduy
area, which is one of the few and most importamaicgs in the world for studying, within
continental deposits, the great extinction evenicwlaffected planet Earth at the end of the

Cretaceous.

Acknowledgements

This work was supported by the Spanish Ministrygebnomy and Competitiveness
(grant numbers CGL2014-53548-P, CGL2015-64422-PGBH2017-85038-P), cofinanced by
the European Regional Development Fund; and byp#martment of Education and Science of

the Aragonese Government (grant numbers DGA grddpé and EO5), cofinanced by the



European Social Fund (ESF). The paleomagnetic studg possible thanks to the
complementary grants (beneficiaries of FPU, gramhimer CGL2010-16447/BTE: Brief Stays
and Temporary Transfers, year 2015) supported &ySranish Ministry of Culture, Education
and Sports; and the Laboratory of paleomagnetistheotJniversity of Burgos (Spain). Eduardo
Puértolas Pascual is the recipient of a postddcgreant (SFRH/BPD/116759/2016) funded by
the Fundacéo para a Ciéncia e Tecnologia (FCT-MQT&%cial thanks to R. Silva, V. Burriel,
M. Gallego, A. Alonso, C. Nufiez, J. Galan, J. Batrd.C. Garcia and X. Pereda for their help in
the field work; and J. Larrafiaga and G. Martin tfee discovery of the Larra paleontological
sites. Many thanks to P. Cruzado for her helpfuhe®nts. Rupert Glasgow edited the text in

English.

References

Alvarez-Sierra, M.A., Arribas, M.E., Ardévol, L.,i@s, J., Daams, R., Krauss, S.,
Lopez-Martinez, N., De La Pefa, A., Soler, R., ¥hiaud, M., 1994. El limite Cretacico-
Terciario en la seccion de Fontllonga (cuenca derAgrovincia de Lérida), in: Jaca (Spain), Il

Congreso Del Grupo Espariol Del Terciario, Comunirees, 23—-26.

Andrade, M.B., Bertini, R.J., 2008. Morphology betdental carinae iNlariliasuchus
amarali (Crocodylomorpha, Notosuchia) and the pattern aftht serration among basal

Mesoeucrocodylia. Arquivos do Museu Nacional (rgoJéneiro) 63—82.

Antonescu, E., Lupu, D., Lupu, M., 1983. Correlatmalinologique du Crétacé terminal
du sud-est des Monts Metaliferi et des Depressaméigeg et de Rusca MontanAnuarul

Institutului de Geologigi Geofiziaa 59, 71-77.



Archibald, J.D., Clemens, W.A., Padian, K., Rowe, Macleod, N., Barrett, P.M.,
Gale, A., Holroyd, P., Sues, H.-D., Arens, N.C.rktr, J.R., Wilson, G.P., Goodwin, M.B.,
Brochu, C.A., Lofgren, D.L., Hurlbert, S.H., Hartmal.H., Eberth, D.A., Wignall, P.B., Currie,
P.J., Well, A., Prasad, G.V.R., Dingus, L., Colotjl V., Milner, A., Milner, A., Bajpai, S.,
Ward, D.J., Sahni, A., 2010. Cretaceous Extinctioksltiple Causes. Science 328, 973.

doi:10.1126/science.328.5981.973-a

Ardevol, L., Klimowitz, J., Malagon, J., Nagtegagl,J.C., 2000. Depositional Sequence
Response to Foreland Deformation in the Upper Ceetas of the Southern Pyrenees, Spain.

AAPG Bulletin 84, 566. doi:10.1306/C9EBCES5-1733¥18645000102C1865D

Arribas, M.E., Ardévol, L., Lépez-Martinez, N., 189 acustrine peritidal carbonates in
the Upper Cretaceous Tremp Formation (Ager Synchoeith Pyrenean Foreland Basin, Spain).

17th Regional African European Meeting of Sedimbagy. Abstracts 15.

Arz, J.A., Arenillas, I., Nafez, C., 2010. Morplaisdtical analysis of Maastrichtian
populations ofGuembelitriafrom El Kef, Tunisia. Journal of Foraminiferal Resch 40, 148—

164.

Banner, F.T., Blow, W.H., 1960. Some primary typesspecies belonging to the
superfamily Globigerinaceae. Contributions from theshman Foundation for Foraminiferal

Research 11, 1-41.

Barrett, P.M., McGowan, A.J., Page, V., 2009. Dawsdiversity and the rock record.

Proc Biol Sci 276, 2667. doi:10.1098/rspb.2009.0352



Bessiere, G., Bilotte, M., Crochet, B., Peyberi&s,Tambareau, Y., Villatte, J., 1989.
Livret explicatif de la carte géologique de la FrarfFeuille 1077: Quillan). Orléans: Editions du

Bureau des Recherches Géologiques et Minieres 98.

Bessiere, G., Tambareau, Y., Villatte, J., 1980.passage Crétacé—Tertiaire dans les

Hautes-Corbieres. Bulletin de la Société d'Histoiaturelle de Toulouse 116, 283—-303.

Bilotte, M., 1985. Le Crétacé supérieur des plareaks est-pyrénéennes. Strata 5, 1-

438.

Blain, H.A., Canudo, J.l., Cuenca-Bescos, G., Légaztinez, N., 2010. Amphibians
and squamate reptiles from the latest Maastrichtifypper Cretaceous) of Blasi 2 (Huesca,

Spain). Cretaceous Research 31, 433-446. doiMtipisorg/10.1016/j.cretres.2010.06.001

Blanco, A., Bolet, A., Blain, H.-A., [, V., MarmiJ., 2016. Late Cretaceous
(Maastrichtian) amphibians and squamates from eadfern Iberia. Cretaceous Research 57,

624—638. doi:https://doi.org/10.1016/j.cretres.207305

Blanco, A., Fortuny, J., Vicente, A., Lujan, A.Hzarcia-Marca, J.A., Sellés, A.G.,
2015a. A new species @éflodaposuchugEusuchia, Crocodylia) from the Maastrichtian @.at
Cretaceous) of Spain: phylogenetic and paleobio&giimplications. PeerJ 3, el171.

doi:10.7717/peerj.1171

Blanco, A., Prieto-Méarquez, A., Esteban-Trivigno.DS 2015b. Diversity of
hadrosauroid dinosaurs from the Late Cretaceousroddamorican Island (European
Archipelago) assessed from dentary morphology. &estus Research 56, 447-457.

doi:https://doi.org/10.1016/j.cretres.2015.04.001



Blanco, A., Puértolas-Pascual, E., Marmi, J., VilB,, Sellés, A.G., 2014.
Allodaposuchus palustrisp. nov. from the Upper Cretaceous of Fumanya t{SBastern
Pyrenees, Iberian Peninsula): Systematics, Palalggc and Palaeobiogeography of the
Enigmatic Allodaposuchian Crocodylians. PLOS ONE 9, 1-34.

doi:10.1371/journal.pone.0115837

Blanco, A., Szabd, M., Blanco-Lapaz, A., Marmi, 2017. Late Cretaceous
(Maastrichtian) Chondrichthyes and Osteichthyesnfroortheastern Iberia. Palaeogeography,
Palaeoclimatology, Palaeoecology 465, 278-294.

doi:https://doi.org/10.1016/j.palae0.2016.10.039

Bojar, A.-V., Halas, S., Bojar, H.-P., Grigores@u, Vasile, S., 2011. Upper Cretaceous
volcanoclastic deposits from the fdg basin, south Carpathians (Romania): K-Ar agek an

intrabasinal correlation. Geochronometria 38, 8#:10.2478/s13386-011-0023-8

Bolli, H.M., 1951. The genu$slobotruncanain Trinidad. Journal of Paleontology

25(2), 187-199.

Brusatte, S.L., Butler, R.J., Barrett, P.M., CaosaM.T., Evans, D.C., Lloyd, G.T.,
Mannion, P.D., Norell, M.A., Peppe, D.J., UpchurEh, Williamson, T.E., 2015. The extinction

of the dinosaurs. Biological Reviews 90, 628—64#:1d.1111/brv.12128

Buffetaut, E., Loeuff, J.L., 1991. Late Cretacealiisosaur faunas of Europe: Some
correlation problems. Cretaceous Research 12, TP-dloi:https://doi.org/10.1016/S0195-

6671(05)80022-9



Buscalioni, A.D., Fregenal, M.A., Bravo, A., Poydadza, F.J., Sanchiz, B., Béez,
A.M., Cambra Moo, O., Martin Closas, C., Evans, SMarugan Lobon, J., 2008. The vertebrate
assemblage of Buenache de la Sierra (Upper BamenfiécSerrania de Cuenca, Spain) with
insights into its taphonomy and palaeoecology. &extus Research 29, 687-710.

doi:10.1016/j.cretres.2008.02.004

Butler, R.J., Benson, R.B.J., Carrano, M.T., ManniB.D., Upchurch, P., 2011. Sea
level, dinosaur diversity and sampling biases: stigating the ‘common cause’ hypothesis in
the terrestrial realm. Proceedings of the Royali@p®f London B: Biological Sciences 278,

1165-1170. doi:10.1098/rspb.2010.1754

Canudo, J.l., 2001. Descripcién de un fragmentxipral de fémur de Titanosauridae
(Dinosauria, Sauropoda) del Maastrichtiense supeeoSerraduy (Huesca). Actas de las XVII
Jornadas de la Sociedad Espafiola de Paleontolarsdosiles y la paleogeografia (Albarracin,

2001). Albarracin 1, 255-262.

Canudo, J.I., Oms, O., Vila, B., Galobart, A., Fevitla, V., Puértolas-Pascual, E.,
Sellés, A.G., Cruzado-Caballero, P., Dinares-Tude]lVicens, E., Castanera, D., Company, J.,
Burrel, L., Estrada, R., Marmi, J., Blanco, A., BOTThe upper Maastrichtian dinosaur fossil
record from the southern Pyrenees and its contabub the topic of the Cretaceous—Palaeogene
mass extinction event. Cretaceous Research 57, 5540-

doi:https://doi.org/10.1016/j.cretres.2015.06.013

Carsey, D.O., 1926. Foraminifera of the Cretacesiusentral Texas. University of

Texas Bulletin 2612, 1-56.



Chadima, M., Hrouda, F., 2006. Remasoft 3.0 a fremrdly paleomagnetic data

browser and analyzer. Travaux Géophysiques 27,120-2

Codrea, V., Godefroit, P., Smith, T., 2012. Firsscdvery of Maastrichtian (latest
Cretaceous) terrestrial vertebrates in Rusca MarBasin (Romania). Bernissart Dinosaurs and

Early Cretaceous Terrestrial Ecosystems. Indianaddsity Press, Bloomington 570-581.

Codrea, V., Vremir, M., Jipa, C., Godefroit, P.,iKisZ., Smith, T., Rrcas, C., 2010.
More than just Nopcsa’'s Transylvanian dinosaurs: lodk outside the Hag Basin.
Palaeogeography, Palaeoclimatology, Palaeoecology 93, 2 391-405.

doi:https://doi.org/10.1016/j.palae0.2009.10.027

Cojan, I., Moreau, M.-G., 2006. Correlation of Testrial Climatic Fluctuations with
Global Signals During the Upper Cretaceous—DaniaraiCompressive Setting (Provence,

France). Journal of Sedimentary Research 76, 589.0d2110/jsr.2006.045

Cojan, I., Renard, M., Emmanuel, L., 2003. Palagwmenmental reconstruction of
dinosaur nesting sites based on a geochemical agpito eggshells and associated palaeosols
(Maastrichtian, Provence Basin, France). Palaecageby, Palaeoclimatology, Palaeoecology

191, 111-138. doi:https://doi.org/10.1016/S0031A308)00655-7

Company, J., Cruzado-Caballero, P., Canudo, J0152 Presence of diminutive
hadrosaurids (Dinosauria: Ornithopoda) from the 8fidehtian of the south-central Pyrenees

(Spain). Journal of Iberian Geology 41.



Company, J., Szentesi, Z., 2012. Amphibians frore thate Cretaceous Sierra
Perenchiza Formation of the Chera Basin, ValencaviRce, Spain. Cretaceous Research 37,

240-245. doi:https://doi.org/10.1016/j.cretres.2042003

Cruzado-Caballero, P., Canudo, J.l., Moreno-Azamza, Ruiz-Omefiaca, J.l., 2013.
New material and phylogenetic positionArenysaurus ardevgla lambeosaurine dinosaur from
the late Maastrichtian of Arén (northern Spainurdal of Vertebrate Paleontology 33, 1367—

1384. doi:10.1080/02724634.2013.772061

Cruzado-Caballero, P., Fortuny, J., Llacer, S.,/danJ., 2015. Paleoneuroanatomy of
the European Ilambeosaurine dinosaulrenysaurus ardevoli PeerJ 3, e802.

doi:10.7717/peer}.802

Cruzado-Caballero, P., Pereda-Suberbiola, X., Ruefaca, J.l., 201Blasisaurus
canudoi gen. et sp. nov., a new lambeosaurine dinosaudr@idauridae) from the Latest
Cretaceous of Arén (Huesca, Spain). Canadian Jowh&arth Sciences 47, 1507-1517.

doi:10.1139/E10-081

Cruzado-Caballero, P., Puértolas-Pascual, E., @anlut, Castanera, D., Gasca, J.M.,
Moreno-Azanza, M., 2012. New hadrosaur remains filoenLate Maastrichtian of Huesca (NE
Spain), in: Abstracts 10th Annual Meeting of therdpean Association of Vertebrate

Palaeontologists, 45-48.

Cruzado-Caballero, P., Ruiz-Omefiaca, J.l., GaeteRiera, V., Oms, O., Canudo, J.I.,
2014. A new hadrosaurid dentary from the latest$Wadntian of the Pyrenees (north Spain) and
the high diversity of the duck-billed dinosaurstieé Ibero-Armorican Realm at the very end of

the Cretaceous. Historical Biology 26, 619-630: 1hi1080/08912963.2013.822867



Csiki-Sava, Z., Buffetaut, EQsi, A., Pereda-Suberbiola, X., Brusatte, S.L., 2015
Island life in the Cretaceous-faunal compositiolmgbography, evolution, and extinction of
land-living vertebrates on the Late Cretaceous pemo archipelago. ZooKeys 1.

doi:https://doi.org/10.3897/zookeys.469.8439

Cuevas, J.L., 1992. Estratigrafia del “garumnierd®’la Conca de Tremp: Prepirineo

de Lérida. Acta geolodgica hispanica 27, 95-108.

Cushman, J.A., 1926. The foraminifera of the Vedashale of the Tampico

embayment. Bulletin of the American AssociatiorPetroleum Geologists 10(6), 581-612.

Cushman, J.A., 1928. Foraminiferes du Stampien dssid de Paris. Bulletin de la

Societe des Sciences de Seine-et-Oise 9, 47-63.

Cushman, J.A., 1933. Some new foraminiferal ger@oatributions from the Cushman

Laboratory for Foraminiferal Research 9(2), 32—-38.

Cushman, J.A., 1938. Cretaceous species Gifmbelina and related genera.

Contributions from the Cushman Laboratory for Farafaral Research 14(1), 2—-28.

Dalbiez, F., 1955. The gen@obotruncanain Tunisia. Micropaleontology 1(2), 161—

171.

de Lapparent de Broin, F., Murelaga, X., 1996. doavelle faune de chéloniens dans
le Crétacé supérieur européen. Comptes renduf\dadémie des sciences. Série 2. Sciences de

la terre et des planetes 323, 729-735.



Diaz-Molina, M., 1987. Sedimentacion sintecténisa@ada a una subida relativa del
nivel del mar durante el Cretacico superior (Fmenip, provincia de Lérida). Estudios

Geoldgicos 43, 69-93.

Diaz-Molina, M., Kalin, O., Benito-Moreno, M.l., lp&z-Martinez, N., Vicens, E.,
2007. Depositional setting and early diagenesishefdinosaur eggshell-bearing Aren Fm at

Bastus, Late Campanian, south-central Pyreneesn8etéry geology 199, 205-221.

Diez-Canseco, D., Arz, J.A., Benito, M.l., Diaz-Mal, M., Arenillas, I., 2014. Tidal
influence in redbeds: A palaeoenvironmental andHronostratigraphic reconstruction of the
Lower Tremp Formation (South-Central Pyrenees, r§paround the Cretaceous/Paleogene

boundary. Sedimentary Geology 312, 31-49. doi:litths.org/10.1016/j.sedge0.2014.06.008

Dinares-Turell, J., Fondevilla, V., Oms, O., Le ufieJ., Vila, B., Estrada, R., Riera,
V., 2014. Magnetostratigraphic dating of the Maabtian terrestrial successions from the
Pyrenees: State of the art and new data from A&dan¢e). J. Marmi, O. Oms, B. Vila,A.

Galobart, R. Estrada, & J. Dinares-Turell (EdsadlePntologia i Evolucio, mem. especial 68.

Donze, P., Porthault, B., Thomel, G., Villoutre@s,de, 1970. Le Sénonien inférieur de

Puget-Théniers (Alpes-Maritimes) et sa microfadeobios 3, 81-82.

d'Orbigny, A., 1839. Foraminiferes. In: de la Sagra (Ed.), Histoire physique et

naturelle de I'lle de Cuba. A. Bertrand, ParisnEea 224.

Ehrenberg, C.G., 1839. Uber die Bildung der Krestkefn und des Kreidemergels durch
unsichtbare Organismen. physikalische abhandlungEm Koniglichen akademie der

wissenschaften zu Berlin, 59-147.



Eichenseer, H., 1987. Facies geology of late Mm&sitan to Early Eocene coastal and
shallow marine sediments, tremp-graus basin, nasteen spain. Arb. Mus. Geol. Pal. Univ.

Tibingen 237.

Eichenseer, H., Luterbacher, H., 1992. The maradeqgene of the tremp region (NE
Spain)-depositional sequences, facies history tiatbgraphy and controlling factors. Facies 27,

119-151. doi:10.1007/BF02536808

El Naggar, Z.R., 1966. Stratigraphy and PlanktoRigraminifera of the Upper
Cretaceous-Lower Tertiary: Bulletin of the Britisluseum (Natural History). Geology,

Supplement, 2, 291.

Evans, S.E., Milner, A.R., 1993. Frogs and Salaraedrom the Upper Jurassic
Morrison Formation (Quarry Nine, Como Bluff) of NbrAmerica. Journal of Vertebrate

Paleontology 13, 24-30.

Fastovsky, D.E., Sheehan, P.M., 2005. The extincttd the dinosaurs in North

America. Gsa Today 15, 4-10.

Feist, M., Colombo, F., 1983. La limite Cretacetd#re dans le nord-est de I'Espagne,

du point de vue des charophytes. Ceol. medil 18;-3P6.

Fondevilla, V., Dinarés-Turell, J., Oms, O., 201®he chronostratigraphic framework
of the South-Pyrenean Maastrichtian successiorprased: Implications for basin development
and end-Cretaceous dinosaur faunal turnover. Sedame Geology 337, 55-68.

doi:10.1016/j.sedge0.2016.03.006



Fondevilla, V., Dinarés-Turell, J., Vila, B., Le eéoff, J., Estrada, R., Oms, O.,
Galobart, A., 2016b. Magnetostratigraphy of the Maehtian continental record in the Upper
Aude Valley (northern Pyrenees, France): Placirg@mstraints on the succession of dinosaur-

bearing sites. Cretaceous Research 57, 457-4720dd16/].cretres.2015.08.009

Fonnesu, F., 1984. Estratigrafia fisica y anatisisacies de la secuencia de Figols entre
el rio Noguera Pallaresa e Iscles:(provs. de Lémdaduesca). Universidad Autonoma,

Departamento de Estratigrafia y Geologia Historica.

Galbrun, B., Feist, M., Colombo, F., Rocchia, R.ambareau, Y., 1993.
Magnetostratigraphy and biostratigraphy of Cretasebertiary continental deposits, Ager
Basin, Province of Lerida, Spain. Palaeogeograplajaeoclimatology, Palaeoecology 102, 41—

52. d0i:10.1016/0031-0182(93)90004-3

Garcia, G., Vianey-Liaud, M., 2001. Dinosaur egdjsheess biochronological markers in
Upper Cretaceous continental deposits. PalaeogaograPalaeoclimatology, Palaeoecology

169, 153-164. doi:10.1016/S0031-0182(01)00215-2

Garrido-Megias, A., Rios, L., 1972. Sintesis geigkglel Secundario y Terciario entre
los rios Cinca y Segre (Pirineo central de la gaté surpirenaica, provincias de Huesca y

Lérida). Boletin Geoldgico y Minero de Espafia 8341

Gheerbrant, E., Codrea, V., Hosu, A., 1999. Décdawte vertébrés dans les Calcaires
de Rona (Thanétien ou Sparnacien), TransylvaniejmRaie: les plus anciens mammiferes

cénozoiques d’Europe Orientale. Birkhauser.



Gobmez-Gras, D., Roigé, M., Fondevilla, V., Oms, Boya, S., Remacha, E., 2016.
Provenance constraints on the Tremp Formation gategraphy (southern Pyrenees): Ebro
Massif VS Pyrenees sources. Cretaceous Research 5414-427.

doi:10.1016/j.cretres.2015.09.010

Gradstein, F.M., Ogg, J.G., Schmitz, M., Ogg, ®12 The geologic time scale 2012.

elsevier.

Jackson, M., Swanson-Hysell, N.L., 2012. Rock m#gneof remagnetized carbonate
rocks: another look. Geological Society, London, eSal Publications 371, 229.

doi:10.1144/SP371.3

Jiang, X., Liu, Y., Ji, S., Zhang, X., Xu, L., Jig,, L0, J., Yuan, C., Li, M., 2011.
Dinosaur-bearing strata and K/T boundary in thenohaan-Tantou Basin of western Henan

Province, China. Science China Earth Sciences 549.1d0i:10.1007/s11430-011-4186-1

Juarez, M.T., Osete, M.L., Meléndez, G., Langer€is;., Zijderveld, J.D.A., 1994.
Oxfordian magnetostratigraphy of the Aguilén andsd® sections (lberian Range, Spain) and
evidence of a pre-Oligocene overprint. PhysicdhefEarth and Planetary Interiors 85, 195-211.

doi:10.1016/0031-9201(94)90017-5

Laurent, Y., Bilotte, M., Le Loeuff, J., 2002. LaWaastrichtian continental vertebrates
from southwestern France: correlation with mariaent. Palaeogeography, Palaeoclimatology,

Palaeoecology 187, 121-135. doi:10.1016/S0031-02320512-6

Leonhardt, R., 2006. Analyzing rock magnetic measwnts: The RockMagAnalyzer

1.0 software. Computers & Geosciences 32, 1420-1t8110.1016/j.cage0.2006.01.006



Leymerie, A., 1862. Apercu géognostique des Pelitggnées et particulierement de la

montagne d’Ausseing. Bull. Soc. Geol. Fr. 19, 109186.

Liebau, A., 1973. El Maastrichtiense lagunar (Garigmse) de Isona. Libro-Guia, XllI

Coloquio Europeo Micropaleontologia 87-112.

Llompart, C., 1979. Yacimiento de huellas de pisad& reptil en el Cretécico

prepirenaico. Acta geoldgica hispanica 14, 333—-336.

Lopez-Martinez, N., Ardevol, L., Arribas, M.E., @Gy J., Gonzalez-Delgado, A., 1998.
The geological record in non-marine environmentaiad the K/T boundary (Tremp Formation,

Spain). Bulletin de la Societe Geologique de FrarG® 11.

Lépez-Martinez, N., Arribas, M.E., Robador, A., ¥is, E., Ardévol, L., 2006. Los
carbonatos danienses (Unidad 3) de la FM Trempn@eis Sur-Centrales)paleogeografia y
relacién con el limite Cretacico-Terciario. Revidala Sociedad Geoldgica de Espafia 19, 233—-

255.

Lépez-Martinez, N., Fernandez-Marron, M.T., ValM,F., 1999. The succession of
vertebrates and plants across the Cretaceous+iebmaindary in the Tremp Formation, Ager

valley (south-central Pyrenees, Spain). Geobio$32-627.

Lépez-Martnez, N., Canudo, J.l., Ardévol, L., Suberbiola, X.®rue-Etxebarria, X.,
Cuenca-Bescos, G., Ruiz-Omefaca, J.l., Murelaga,F&ist, M., 2001. New dinosaur sites
correlated with Upper Maastrichtian pelagic demositthe Spanish Pyrenees: implications for
the dinosaur extinction pattern in Europe. CretaseoResearch 22, 41-61.

doi:10.1006/cres.2000.0236



Mannion, P.D., Upchurch, P., Carrano, M.T., BarretM., 2011. Testing the effect of
the rock record on diversity: a multidisciplinargproach to elucidating the generic richness of
sauropodomorph dinosaurs through time. BiologicaviBws 86, 157-181. doi:10.1111/].1469-

185X.2010.00139.x

Marmi, J., Blanco, A., Fondevilla, V., Dalla VecahiF.M., Sellés, A.G., Vicente, A.,
Martin-Closas, C., Oms, O., Galobart, A., 2016. Teli del Bar4-1 site, a diverse fossil
assemblage from the uppermost Maastrichtian ofsthghern Pyrenees (north-eastern Iberia).

Cretaceous Research 57, 519-539. doi:10.1016/gsr2015.06.016

Marmi, J., Lujan, A.H., Riera, V., Gaete, R., Or¥s, Galobart, A., 2012. The youngest
species ofPolysternon A new bothremydid turtle from the uppermost Maaktian of the

southern Pyrenees. Cretaceous Research 35, 1331ei42.1016/j.cretres.2011.12.004

Marty, D., 2001. Sedimentology, Paleoecology andtraphy of the Palustrine Facies

Rognacien at the K/T-boundary in Southern Franeal&yisch-Paldontologisches Institut.

Masriera, A., Ullastre, J., 1983. Essai de synthesatigraphique des couches
continentales de la fin du Crétacé des Pyrenéeslacas (NE de I|Espagne). Géologie

Méditerranéenne 20, 283-290.

Médus, J., Feist, M., Rocchia, R., Batten, D.Jgl8p D., Colombo, F., Tambareau, Y.,
Villatte, J., 1988. Prospects for recognition o falynological Cretaceous Tertiary boundary
and an iridium anomaly in nonmarine facies of tlastern Spanish Pyrenees: a preliminary

report. Newsletters on Stratigraphy 18, 123-13816d.127/n0os/18/1988/123



Mey, P.H.W., Nagtegaal, P.J.C., Roberti, K.J., &lett, JJ.A., 1968.
Lithostratigraphic subdivision of post-Hercynianpdsits in the south-central Pyrenees, Spain.

Leidse Geologische Mededelingen 41, 221-228.

Moreno-Azanza, M., Bauluz, B., Canudo, J.I., Puégtd?ascual, E., Sellés, A.G., 2014.
A re-evaluation of aff. Megaloolithidae eggshetidments from the uppermost Cretaceous of the
Pyrenees and implications for crocodylomorph egigsteicture. Historical Biology 26, 195—

205. doi:10.1080/08912963.2013.786067

Mufioz, J.A., 1992. Evolution of a continental cgibhn belt: ECORS-Pyrenees crustal

balanced cross-section. Thrust tectonics 235-246.

Murelaga, X., Canudo, J.l., 2005. Descripcion de Iestos de quelonios del

Maastrichtiense superior de Aren y Serraduy (Hue$gaogaceta 38, 51-54.

Nagtegaal, P.J.C., Van Vliet, A., Brouwer, J., 198¥ntectonic coastal offlap and
concurrent turbidite deposition: The Upper Cretasedren sandstone in the South-Central

Pyrenees, Spain. Sedimentary Geology 34, 185-21:8.0d1016/0037-0738(83)90086-6

Nakkady, S.E., 1950. A new foraminiferal fauna frahe Esna Shales and Upper

Cretaceous Chalk of Egypt. Journal of Paleontol6@p—692.

Narvéez, ., Brochu, C.A., Escaso, F., Pérez-GareiaOrtega, F., 2016. New Spanish
Late Cretaceous eusuchian reveals the synchronid sympatric presence of two

allodaposuchids. Cretaceous Research 65, 112—-&P50d 016/j.cretres.2016.04.018

Navarrete, R., Rodriguez-Lopez, J.P., Liesa, Cloria, A.R., Veloso, F. de M.L.,

2013. Changing physiography of rift basins as arobn the evolution of mixed siliciclastic—



carbonate back-barrier systems (Barremian IberasirB Spain). Sedimentary Geology 289, 40—

61. doi:10.1016/j.sedge0.2013.02.003

Nederbragt, A.J., 1991. Late Cretaceous Biostigpigy and Development of
Heterohelicidae (Planktic Foraminifera). Micropaleadogy 37, 329-372.

https://doi.org/10.2307/1485910

Ogg, J.G., Hinnov, L.A., Huang, C., 2012. Chaptér-Zretaceous, in: The Geologic

Time Scale. Elsevier, Boston, 793-853. https:/figi10.1016/B978-0-444-59425-9.00027-5

Oms, O., Dinarés-Turell, J., Vicens, E., EstradaMia, B., Galobart, A., Bravo, A.M.,
2007. Integrated stratigraphy from the VallcebresiBasoutheastern Pyrenees, Spain): New
insights on the continental Cretacesld®rtiary transition in southwest Europe.
Palaeogeography, Palaeoclimatology, Palaeoecology 55, 2 3547.

doi:10.1016/].palae0.2007.02.039

Oms, O., Fondevilla, V., Riera, V., Marmi, J., \isg E., Estrada, R., Anadodn, P., Vila,
B., Galobart, A., 2016. Transitional environmenfstite lower Maastrichtian South-Pyrenean
Basin (Catalonia, Spain): The Fumanya Member tildal Cretaceous Research 57, 428-442.

doi:10.1016/j.cretres.2015.09.004

Oms, O., Pérez-Cano, J., Fondevilla, V., Anaddn, IPafiez-Insa, J., Rejas, M.,
Fernandez-Turiel, J.L., Dinares-Turell, J., Parég,Estrada, R., 2014. On the search of the K-
PG boundary in the terrestrial record in Europeliprinary geochemical data from the Puig
Pedros section (Tremp basin, Catalonia, Spain)tratisbook Reconstructing the terrestrial end-
Cretaceous paleoenvironments in Europe (Tremp, )20Rdleontologia i Evolucié Special

memoir 7, 74.



Ortega, F., Bardet, N., Barroso-Barcenilla, F., |&mz, P.M., Cambra-Moo, O.,
Gomez, V.D.-, Diaz, V.D., Domingo, L., Elvira, AEscaso, F., Garcia-Oliva, M., Gémez, B.,
Houssaye, A., Knoll, F., Marcos-Fernandez, F., Mai., Mocho, P., Narvéez, |., Garcia, A.P.-
, Peyrot, D., Segura, M., Serrano, H., Torices,\Adal, D., Sanz, J.L., 2015. The biota of the

Upper Cretaceous site of “Lo Hueco” (Cuenca, Spdoyrnal of Iberian Geology 41.

Osete, M.-L., Gialanella, P.-R., Gomez, J.J., \alla, J.J., Goy, A., Heller, F., 2007.
Magnetostratigraphy of Early—-Middle Toarcian expashdsections from the Iberian Range
(central Spain). Earth and Planetary  Science letter259, 319-332.

doi:10.1016/j.epsl.2007.04.048

Panaiotu, A.G., Cialnete, D., Panaiotu, C.G., Panaiotu, C.E., Csiki,Z011. New
palaeomagnetic data from the tel@ Basin, Romania, in: Abstract Book, 8th Romanian

Symposium of Paleontology, Bucharest (Romania) A£sl.Docendi, Bucharest, 84—85.

Panaiotu, C.G., Panaiotu, C.E., 2010. Palaeomagnetif the Upper Cretaceous
Sanpetru Formation (Keg Basin, South Carpathians). Palaeogeographygedtdiaatology,

Palaeoecology 293, 343-352. doi:10.1016/j.pala€8.20.017

Pelaez-Campomanes, P., Lopez-Martinez, N., AlvSiema, M.A., Daams, R., 2000.
The Earliest Mammal of the European Paleocene: Nib#ituberculateHainina Journal of

Paleontology 74, 701-711.

Pereda-Suberbiola, X., Canudo, J.l., Cruzado-Catmll P., Barco, J.L., LoOpez-
Martinez, N., Oms, O., Ruiz-Omefiaca, J.l., 200® Hst hadrosaurid dinosaurs of Europe: A
new lambeosaurine from the Uppermost Cretaceouds e (Huesca, Spain). Comptes Rendus

Palevol 8, 559-572. doi:10.1016/j.crpv.2009.05.002



Pereda-Suberbiola, X., Corral, J.C., Astibia, HadBla, A., Bardet, N., Berreteaga, A.,
Buffetaut, E., Buscalioni, A.D., Cappetta, H., GgviL., Diez Diaz, V., Gheerbrant, E.,
Murelaga, X., Ortega, F., Pérez-Garcia, A., Poyaira, F., Rage, J.-C., Sanz, J.L., Torices, A.,
2015. Late cretaceous continental and marine vetieassemblages from the Lafio quarry
(Basque-Cantabrian Region, Iberian Peninsula): @aate. Journal of Iberian Geology 41(1),

101-124.

Pessagno, E.A., 1967. Upper Cretaceous planktoréerinifera from the western Gulf

Coastal Plain. Paleontolog. Research Institution.

Petters, S.W., 1977. Upper Cretaceous planktomemnimifera from the subsurface of

the Atlantic Coastal Plain of New Jersey. Jourridaraminiferal Research 7(3), 165-187.

Plummer, H.J., 1931. Some Cretaceous foraminiferdaxas. University of Texas

Bulletin 3101, 109-203.

Prasad, G.V.R., de Lapparent de Broin, F., 2002e IGretaceous crocodile remains
from Naskal (India): comparisons and biogeograpffioities. Annales de Paléontologie 88, 19—

71. doi:10.1016/S0753-3969(02)01036-4

Puértolas, E., Canudo, J.I., Cruzado-Caballero2®L1. A New Crocodylian from the
Late Maastrichtian of Spain: Implications for thetial Radiation of Crocodyloids. PLOS ONE

6, €20011. doi:10.1371/journal.pone.0020011

Puértolas-Pascual, E., Blanco, A., Brochu, C.Anueia, J.I., 2016. Review of the Late
Cretaceous-early Paleogene crocodylomorphs of EurBgtinction patterns across the K-PG

boundary. Cretaceous Research 57, 565-590. dd)1®jlcretres.2015.08.002



Puértolas-Pascual, E., Canudo, J.I., Moreno-Azarda, 2014. The eusuchian
crocodylomorphAllodaposuchus subjunipergp. nov., a new species from the latest Cretaceous
(upper Maastrichtian) of Spain. Historical Biology 26, 91-1009.

doi:10.1080/08912963.2012.763034

Puigdefabregas, C., Souquet, P., 1986. Tecto-settme cycles and depositional

sequences of the Mesozoic and Tertiary from thergs. Tectonophysics 129, 173-203.

Pujalte, V., Schmitz, B., 2005. Revision de la asgrafia del Grupo Tremp

(«Garumniense», Cuenca de Tremp-Graus, Pirineasliomles).

Riera, V., 2010. Estudio integrado (geologia y pafelogia) de la sucesién de

dinosaurios (Maastrichtiense) de la vertiente sanaica. Universitat Autonoma de Barcelona.

Riera, V., Oms, O., Gaete, R., Galobart, A., 200Be end-Cretaceous dinosaur
succession in Europe: The Tremp Basin record ($pBalaecogeography, Palaeoclimatology,

Palaeoecology 283, 160-171. doi:10.1016/j.pala€8.29.018

Rosell, J., Linares, R., Llompart, C., 2001. El f@aniense” prepirenaico. Revista de

la Sociedad Geoldgica de Espafia 14, 47-56.

Rossi, C., 1993. Sedimentologia y diagénesis debPano superior-Eoceno inferior en
la Cuenca de Ager (Sierras Marginales, PrepirineolLdrida). Unpublished PhD. Thesis

Universidad Complutense Madrid.

Séguret, M., 1972. Etude tectonique des nappeériessdecollées de la partie centrale
du versant sud des Pyrénées. Publications de l8dsiié des Sciences et Techniques du

Languedoc (USTELA), Série Géologie Structurale63.1



Sellés, A.G., Bravo, A.M., Delclos, X., Colombo,, Marti, X., Ortega-Blanco, J.,
Parellada, C., Galobart, A., 2013. Dinosaur egghénUpper Cretaceous of the Coll de Nargo
area, Lleida Province, south-central Pyrenees, nSgaodiversity, biostratigraphy and their

implications. Cretaceous Research 40, 10-20. ddi0l®/j.cretres.2012.05.004

Sellés, A.G., Marmi, J., Llacer, S., Blanco, A.180 The youngest sauropod evidence

in Europe. Historical Biology 28, 930—940. doi:1@80/08912963.2015.1059834

Sellés, A.G., Via, B., Galobart, A., 2014a. Sphétbos europaeus, oosp. nov. (late
Maastrichtian, Catalonia), the youngest oologieabrd of hadrosauroids in Eurasia. Journal of

Vertebrate Paleontology 34, 725-729. doi:10.10812@834.2013.819360

Sellés, A.G., Vila, B., 2015. Re-evaluation of #ge of some dinosaur localities from
the southern Pyrenees by means of megaloolithigemiss. Journal of Iberian Geology 41(1),

125-139.

Sellés, A.G., Vila, B., Galobart, A., 2014b. Div¢ysof theropod ootaxa and its
implications for the latest Cretaceous dinosaunduer in southwestern Europe. Cretaceous

Research 49, 45-54. doi:10.1016/j.cretres.20140d2.0

Sibuet, J.-C., Srivastava, S.P., Spakman, W., 20®#enean orogeny and plate
kinematics. Journal of Geophysical Research: Soli#arth 109, n/a-n/a.

doi:10.1029/2003JB002514

Sigal, J., 1952. Apercu stratigraphique sur la apateontologie du Cretace.

Monographies Regionales 1(26), 3—-43.



Sigal, J., 1966. Contribution & une monographie Resalines. I. Le genr€icinella

Reichel, souche des Rotalipores. Eclogae Geologilehsetiae 59, 185-217.

Simé, A., Puigdefabregas, C., Gili, E., 1985. Trams from shelf to basin on an active
slope, upper Cretaceous, Tremp area, southern €8senn: International Association of
Sedimentologists 6th European Regional Meeting Esxen Guidebook: Lleida, Spain,

International Association of Sedimentologists, 653-1

Smit, J., 1982. Extinction and evolution of planktoforaminifera after a major impact
at the Cretaceous/Tertiary boundary. Geologicaieédpof America Special Papers 190, 329—

352.

Smith, A.B., Gale, A.S., Neale E. A. Monks, 2002a8.evel Change and Rock-Record
Bias in the Cretaceous: A Problem for Extinctiord @iodiversity Studies. Paleobiology 27,

241-253.

Smith, A.B., McGowan, A.J., 2011. The ties linkimack and fossil records and why
they are important for palaeobiodiversity studi€seological Society, London, Special

Publications 358, 1. d0i:10.1144/SP358.1

Souquet, P., 1967. Le Crétacé supérieur sudpyresré€&atalogne. Aragon et Navarre:

These Doctorale Science Naturelles, Universitea@oluse, France.

Teixell, A., 2004. Estructura cortical de la Colelih Pirenaica. Geologia de Espana

320-321.



Torices, A., Currie, P.J., Canudo, J.l., Peredaeghibla, X., 2015. Theropod Dinosaurs
from the Upper Cretaceous of the South Pyreneem Ba&Spain. Acta Palaeontologica Polonica

60, 611-626. doi:10.4202/app.2012.0121

Torices, A., Ruiz-Omefaca, J.l., Canudo, J.l., zéB&rtinez, N., 2004. Nuevos datos
sobre los dinosaurios terépodos (Saurischia: Thel@pdel Cretacico superior de los Pirineos

Sur-Centrales (Huesca y Lleida). Geotemas 6, 71-74.

Turner, A.H., 2006. Osteology and phylogeny of avrgpecies ofAraripesuchus
(Crocodyliformes: Mesoeucrocodylia) from the Lateet@ceous of Madagascar. Historical

Biology 18, 255—-369. doi:10.1080/08912960500516112

Upchurch, P., Mannion, P.D., Benson, R.B.J., ButRrJ., Carrano, M.T., 2011.
Geological and anthropogenic controls on the sargpdif the terrestrial fossil record: a case
study from the Dinosauria. Geological Society, Lomd Special Publications 358, 209.

doi:10.1144/SP358.14

Van Der Voo, R., Zijderveld, J.D.A., 1971. Renevpadeomagnetic study of the Lisbon
volcanics and implications for the rotation of theerian Peninsula. Journal of Geophysical

Research 76, 3913-3921. doi:10.1029/JB076i017p03913

Van lItterbeeck, J., Markevich, V.S., Codrea, V.,020 Palynostratigraphy of the
Maastrichtian dinosaur-and mammal sites of the Réare and Barbat Valleys (&g Basin,

Romania). Geologica Carpathica 56, 137-147.



Vicens, E., Ardéevol, L., Lépez-Martinez, N., Arriba M.E., 2004. Rudist
biostratigraphy in the Campanian-Maastrichtian dfe tsouth-central Pyrenees, Spain.

COURIER-FORSCHUNGSINSTITUT SENCKENBERG. 113-128.

Vicente, A., Martin-Closas, C., Arz, J.A., Oms, @015. Maastrichtianbasal
Paleocene charophyte biozonation and its calibratothe Global Polarity Time Scale in the
southern  Pyrenees  (Catalonia, Spain). CretaceousseaRdh 52, 268-285.

doi:10.1016/j.cretres.2014.10.004

Vila, B., Castanera, D., Marmi, J., Canudo, J.laldBart, A., 2015. Crocodile swim

tracks from the latest Cretaceous of Europe. Lath8j 256—266. doi:10.1111/let.12103

Vila, B., Galobart, A., Canudo, J.I., Le Loeuff, Dinarés-Turell, J., Riera, V., Oms, O.,
Tortosa, T., Gaete, R., 2012. The diversity of spad dinosaurs and their first taxonomic
succession from the latest Cretaceous of southmeEtgrope: Clues to demise and extinction.
Palaeogeography, Palaeoclimatology, Palaeoecology 50-352, 19-38.

doi:10.1016/].palae0.2012.06.008

Vila, B., Oms, O., Fondevilla, V., Gaete, R., GaldbA., Riera, V., Canudo, J.I., 2013.
The Latest Succession of Dinosaur Tracksites imjgirHadrosaur Ichnology, Track Production

and Palaeoenvironments. PLOS ONE 8, e72579. daBXQ/journal.pone.0072579

Vila, B., Riera, V., Bravo, A.M., Oms, O., VicerE,, Estrada, R., Galobart, A., 2011.
The chronology of dinosaur oospecies in south-westéurope: Refinements from the
Maastrichtian succession of the eastern Pyreneestac®ous Research 32, 378-386.

doi:10.1016/j.cretres.2011.01.009



Vila, B., Sellés, A.G., Brusatte, S.L., 2016. Dsity and faunal changes in the latest
Cretaceous dinosaur communities of southwesterogeurCretaceous Research 57, 552-564.

doi:10.1016/j.cretres.2015.07.003

Villalain, J.J., Osete, M.L., Vegas, R., Garcia-Dag V., Heller, F., 1994. Widespread
Neogene remagnetization in Jurassic limestonesh@fSouth-lberian palaeomargin (Western
Betics, Gibraltar Arc). Physics of the Earth andrietary Interiors 85, 15-33. d0i:10.1016/0031-

9201(94)90005-1

Villalba-Breva, S., Martin-Closas, C., 2013. Up&etaceous paleogeography of the
Central Southern Pyrenean Basins (Catalonia, Sj@m) microfacies analysis and charophyte

biostratigraphy. Facies 59, 319-345. doi:10.10@347-012-0317-1

Villalba-Breva, S., Martin-Closas, C., 2011. A dmwean thallus with attached
gyrogonites and associated fossil charophytes filenMaastrichtian of the Eastern Pyrenees

(Catalonia, Spain). Journal of Phycology 47, 13B-1$i:10.1111/].1529-8817.2010.00947.x

Villalba-Breva, S., Martin-Closas, C., Marmi, Joi@ez, B., Fernandez-Marrén, M.T.,
2012. Peat-forming plants in the Maastrichtian sadlthe Eastern Pyrenees. Geologica Acta: an

international earth science journal 10. doi:httpc/oi.org/10.1344/105.000001711

Vogler, J., 1941. Ober-Jura und Kreide von Misokiteage zur Geologie von

Niederlandisch-Indian 4, 243-293.

Voorwijk, G.H., 1937. Foraminifera from the uppere@ceous of Habana, Cuba. Akad.

Wet., Amsterdam, Sect. Sci. 40, 190-198.



Vremir, M., Bélc, R., Csiki-Sava, Z., Brusatte, S.L., Dyke, Gaidh, D., Norell, M.A,,
2014. Petrgi-Arini — An important but ephemeral Upper Cretage continental vertebrate site
in the southwestern Transylvanian Basin, RomaniaetdCeous Research 49, 13-38.

doi:10.1016/j.cretres.2014.02.002

Figure captions

Figure 1. Geographical and geological situationtred Serraduy sector (Huesca, Spain). A.
location of the Pyrenees within the Iberian PerlaasB. geological map of the Serraduy sector;
the red stars indicate the areas with the highestentration of vertebrate sites; the red
rectangles indicate the magnetostratigraphic sexi{8B, SR) studied in this work; C. composite

stratigraphic section of the studied profiles amdtgyraphic vertebrate distribution.

Figure 2. Lithostratigraphic subdivision of the i@ Formation according to different authors.

Modified from Cuevas (1992) and Riera (2010).

Figure 3. A. correlation panel of the stratigrapprofiles and vertebrate sites studied in this

work; B. detailed geological map of the Serradust@eand guide level locations.

Figure 4. Landscape views of the main areas witbrops and paleontological vertebrate sites in
the Serraduy sector. A. outcrop of the Larra graphic section located on the west side of the
Isdbena River; B. succession of the Arén and TrEommation in the sector located west of the
Isdbena River; C. succession of the Arén and TrEormation in the Barranco Serraduy sector

located east of the Isabena River. Red stars poitihe main areas with vertebrate sites; the



white dotted lines mark the contact between diffetits; and the colored dotted lines point to

the location of the different guide levels.

Figure 5. Lithology, paleontological site positip@sd the proposed magnetostratigraphy from
the Barranco Serraduy section. VGP latitude loge@lthe Arén Formation (SB) and Tremp
Formation (SR) profiles are shown by circles (blawkwhite) when the polarity has been
calculated from paleomagnetic directions obtainggiincipal component analysis (PCA) or by

bars (white) when it has been obtained by greatecanalysis (GCA).

Figure 6. A to D. demagnetization diagrams, in gaphic coordinates, showing the
paleomagnetic behaviors in representative sampleagrbonatic rocks; A to B. samples from the
SB and SR sections showing an overlap between tmgponents with opposite direction; D.
sample of the SR section with a normal polarity porrent at low temperatures and a dispersed
high temperature cluster; E. equal area projeaiadhe MB component and the demagnetization
great circles calculated in these rocks, before aftel bedding correction (BBC and ABC
respectively). Note the path from normal polartyréverse polarity followed by all samples; F.
representative rock magnetic experiments of thiimlogy. From left to right, acquisition of the
isothermal remanent magnetization (IRM), non-cdeécand corrected hysteresis loop, and
thermomagnetic curve. The low coercivity may intkcthe presence of magnetite as the main
magnetic mineral, as can be observed in the IRMhgsteresis loops; the thermomagnetic curve

shows an important growth of magnetite up to 400°C.



Figure 7. A to D. demagnetization diagrams showiiy, geographic coordinates, the
paleomagnetic behaviors in representative samplesddoeds; A. components RA and RB with
the same polarity; B and C. component RB does adbghe origin and a non-zero end cluster
reveals component RA with reversed polarity; in 8RB, RA is partially demagnetized before
the growth of the magnetic mineral during heating {o 620°C); D. RA and RB with normal

polarity; E. representative rock magnetic experitaaf this lithology. From left to right, IRM,

hysteresis loop and thermomagnetic curve. The bagiicivity observed in the IRM and in the
hysteresis loop and the presence of a magneticepiéh Curie temperatures above 620°C
indicate the presence of hematite as the main niagoiease. The higher magnetization of the

cooling curve indicates the growth of magnetitaryheating.

Figure 8. Equal-area projection of component A éAjl component B (B) with their respective
Fisher means (Fisher, 1953), before and after bgdchrrection (BBC and ABC respectively);
C. calculated demagnetization great circles (GC) mean direction of both components; note
that both components overlap with the GC mean settion, component A being almost
coincident with its mean. n: number of samples. SW-GCs correspond with carbonates and

NE-SW GCs with red beds.

Figure 9. Some representative planktonic and kberfdraminifer species identified in the
Barranco Serraduy section. From left to right aminftop to bottomLaeviheterohelix glabrans
(MPZ 2018/25),Heterohelix globulosgMPZ 2018/23),Guembelitria blowi(MPZ 2018/28),

Hedbergella flandriniMPZ 2018/24) Ventilabrella egger(MPZ 2018/22) Pseudoguembelina

hariaensis (MPZ 2018/21), Globigerinelloides praevolutu§MPZ 2018/27),Globotruncana



bulloides (MPZ 2018/26),Contusotruncana fornicatgMPZ 2018/20),Favusella washitensis

(MPZ 2018/18)Gyroidinoidessp. (MPZ 2018/19).

Figure 10. Vertebrae of Hadrosauridae indet. framra&liuy. A. caudal (juvenile MPZ 2017/796
from AM2 site); B. caudal (adult MPZ 2017/797 frdnAR3 site); C. caudal (juvenile MPZ
2017/798 from LAR3 site); D. cervical (adult? MPZ21Z/799 from LAR3 site). In

posterior/anterior, dorsal, lateral and ventralwdeespectively. Scale bar = 3cm.

Figure 11. Dinosaur remains from Serraduy. A. coichof Hadrosauridae indet. (MPZ 2017/800
from LAR2 site) in medial and lateral views; B. pdra of Hadrosauridae indet. (MPZ 2017/801
from LAR3 site) in dorsal, lateral and ventral viev. tibia (distal fragment) of Hadrosauridae
indet. (MPZ 2017/802 from LAR3 site) in anteriorpgperior and distal views; D. femur
(proximal fragment) of Hadrosauridae indet. (MPZ12@03 from LARS3 site) in anterior,

lateral, posterior, medial and proximal views; Embr (proximal fragment) of Titanosauria
indet. (MPZ 99/143 from femur site) in posterioewi F. teeth of Theropoda indet. (MPZ
2017/804 from 172-i/04/e site) in lingual and ldbidew (white boxes show the detailed

denticles). Scale bar without number = 3cm.

Figure 12. Dinosaur ichnites bfadrosauropodugdet. from Serraduy (Pedregal site).

Figure 13. Crocodylomorph (Eusuchia) remains froemr&luy. A. teeth of cfThoracosaurus
(MPZ 2017/806 from EXT site); B. teeth of cf. Allagosuchidae (MPZ 2017/807 from DL3

site); C. teeth of cf. Allodaposuchidae (MPZ 20DB8rom PED site); D. dorsal vertebra of



Eusuchia indet. (MPZ 2017/805 from LAR3B site); Bkull holotype of Agaresuchus

subjuniperugMPZ 2012/288) (from AM3 site).
Figure 14. Chronostratigraphic framework with iration of lithostratigraphy, paleomagnetic
data, correlation and the K/Pg transition in thamiaastrichtian South Pyrenean continental

sections with magnetostratigraphic data.

Table 1. Vertebrate faunal list for Serraduy (Ha@ge<Spain), upper Maastrichtian.



Site Abbreviation Taxa Site Abbreviation | Taxa
172-i/04/a 172-i/04/a Hadrosauridae indet. Camino Rin 2 CRIN2 Hadrosauridae? indet.
Theropoda? indet.
Pterosauria? indet.
172-i/04/b 172-i/04/b Dinosauriaindet. Dolor 1 DL1 Hadrosauridae? indet.
172-i/04/c 172-i/04/c Dinosauriaindet. Dolor 2 DL2 Dinosauriaindet.
Aviadae? indet.
Bothremydidae indet.
172-i/04/d 172-i/04/d Dinosauriaindet. Dolor 3 DL3 Hadrosauridae indet.
Aviaae?indet.
Bothremydidae indet.
cf. Allodaposuchidae
172-i/04/e 172-i/04/e Hadrosauridae indet. Barranco EXT Dinosauriaindet.
Theropodaindet. Extremadura Hadrosauridae indet.
Bothremydidae indet.
cf. Thoracosaurus
172-i/04/f 172-i/04/f Hadrosauridae indet. Fornons 1 F1 Dinosauriaindet.
Hadrosauridae indet.
Amor 1 AM1 Dinosauriaindet. Fornons 2 F2 Dinosauriaindet.
Hadrosauridae indet. Hadrosauridae? indet.
Bothremydidae indet.
Amor 2 AM2 Hadrosauridae indet. Fornons 3 F3 Dinosauriaindet.
Bothremydidae indet. Theropoda? indet.
Amor 3 AM3 Dinosauriaindet. Laral LAR1 Vertebrata indet.
Hadrosauridae? indet. Eusuchiaindet.
Bothremydidae indet.
Agaresuchus subjuniperus
Barranco Serraduy 1 BS1 Dinosauriaindet. Larra2 LAR2 Dinosauriaindet.
Hadrosauridae indet. Ornithopoda indet.
Hadrosauridae indet.
Bothremydidae indet.
cf. Allodaposuchidae
Barranco Serraduy 2 BS2 Dinosauriaindet. Larra3 LAR3 Dinosauriaindet.
Hadrosauridae indet. Hadrosauridae indet.
Eusuchiaindet.
Barranco Serraduy 3 BS3 Vertebrataindet. Lara4d LAR4 Hadrosauridae indet.
Coelurosauriaindet.
Bothremydidae indet.
cf. Allodaposuchidae
Discoglossidae indet.
Barranco Serraduy 4 B4 Dinosauriaindet. Larra5 LAR5 Hadrosauridae indet.
Hadrosauridae indet.
Sauropoda indet.
Bothremydidae indet.
Eusuchiaindet.
Barranco Serraduy 5 BS5 Hadrosauridae indet. Larra6 LAR6 Dinosauriaindet.
Bothremydidae indet. Bothremydidae indet.
Camino Fornons 1 CF1 Dinosauriaindet. Pedregal PED cf. Allodaposuchidae
Hadrosauridae indet.
Theropoda? indet.
Sauropoda? indet.
Osteichthyes indet.
Bothremydidae indet.
Camino Fornons 2 CF2 Hadrosauridae indet. Rinly?2 RIN1-2 Dinosauriaindet.
cf. Allodaposuchidae
Color CoL Dinosauriaindet. San Cristobal SCRI Dinosauriaindet.
Hadrosauridae indet. Hadrosauridae indet.
Bothremydidae indet.
CaminoRin 1 CRIN1 Theropoda? indet. Sierrade Sis1 SIS Dinosauriaindet.
Hadrosauridae indet.
Bothremydidae indet.
Sierrade Sis2 SISs2 Dinosauriaindet.

Hadrosauridae indet.



AQUITANIAN @
BASIN Toulouse

S

EBRO BASIN

Il Paleozoic
[ Mesozoic
e ic thrust-i Py
[ Cenozoic foreland basins

[ up. red unit E
[I valicebre limestones | &
[ grey & lo. red units E
[ Arén Fm.

[ campo Marls Mb.

Main areas with
vertebrate sites
Magnetostratigraphic
profiles

42019’
g NN

Units Composite section

. Age

Maastrichtian

Tremp Formation

Main fossiliferous section

i
A v '@ P IK

VERTEBRATES DISTRIBUTION

R.

YSaumpods

% Theropods
y Pterosaurs

o C
h Testudines
b Amphibians

I Presence
11111 Uncertain presence

LITHOLOGY

[E=5 Mudstones

E Limestones

Er




Eichenseer & Galbrun et al Rosell et al Pujalte &
i Cuevas (1992 : ’ ;
Rosell (1965)| Liebau (1965) | ;55 (1985) (1992) | 1g93) (2001) Schmitz (2005)
Tran_sitional_ Claret Fm.
upper Garum marine-continental Claret Fm.
Conca Unit 4 upper red
] (ss:r::?::ense Garumnian
£ p Esplugafreda Fm. || Esplugafreda Fm.
, £ Red beds S 2 : Vallcebre fimesto- B ST <Fararn Frn
middle Garum 5 EG Unit 3 fias Ke Tol6 Fm. -
© ol
o Talarn Fm. £
8 2 | d"Oba Mb.
5 . i [~ossal a'oba b L | lower red i
o Canalis Perilagoonal brown Conques Fm. Unit 2 Garumnian Conques Fm.
marls o
lower Garum B Vb
La Gubera Mb.
Xulli L [ ligniti
agoonal. lighitic Posa Fm. Unit 1 Gray Garumnian Posa Fm.
Posa marls
Orcau Arén Formation




NW Lower red unit correlation in the Serraduy area SE

Barranco Serraduy

Larra profile profile

Tremp Fm. (Vallcebre limestones)

rccemmmm= P mmm===

Jac

10RIN1

% (“2 172ilodla

LARS

& X LAR26 PED / 172704 §, O3
DL2
% DL1
coL
§ sis2
rem
P Fm, (lowe § sist
7 red upjy)
g ——————————— 1 Bs2
- N1-2/ EXT / SCRI X 172-ii04s8
s Tre
o 'Mmp Fm, T ) T > ([ 172104
LITHOLOGY VERTEBRATE REMAINS Y unig e
. In situ fossil sites A
E Limestones i
&L Tracks 3 17210410
Marls 1 Bones 1% =
F1

E Calcarenites
Correlated fossil sites

Mudstones Cg Tracks
¥ Bones

STRATIGRAPHIC PROFILES & GUIDE LEVELS
Top —L5

La: Larra Profile .
—L3

BS: Barranco Serraduy

Base

=l

UNITS & LITHOLOGY
o| 7 lower Eocene limestones

upper red unit

Valicebre limestones
[ lower red unit
o
g [ grey unit
| [0 Arén Fm.
= [ campo Marls Mb.

Cenozoi

Tremp Fm.




o

Vallcebre limestones

Tremp Fm.
lower red unit

-

Larra 4

- i
e
uppe’ redunt ceb

_yall
2

-
P

Isabena River outcrop

Bco. Serraduy outcrop -




UPPER MAASTRICHTIAN

Barranco Serraduy
profile

©

%

%

3

=

Y

Reliable VGP latitude

samples

170
89.

0
S
1

0 400 04 O

ry
I
%

o @

o

IS
BannsBaanaBan 42T 42 488 4n02Brn 40 Tann2xBennn T # 4 #2Br 4 sBr #4naBr % 445 % # #2Bh 2 43T 42T haes@ wnnn Biw#n

* Baww

w

%)

o

N

o

S

o
¥

A 140
BS3,4
F3/AM2

{ sist

26%
X pez 100
X 17204

o

172-i04/e  18% °
F2/CF1/CF2
90

12%

\ 172041
F1 06%
1 BS1 80-]

o1 |

70

0
degrees

Polarity

Interpreted
Polarity

C29r

Biochronological
markers

e 67.3

Global Polarity Scale
(Ogg & Hinnov, 2012)

coon| 2 [69
L)
©
o
c29r 66
ct
caon| & 67
1S
3
- 68
C30r | g ©
L ®©
8=

C31n
- 69

. /

—70

C31r &)

=

k%)
> @ F 71

=

@®

o=

- 72
LITHOLOGY VERTEBRATE REMAINS

E Limestones

E Calcarenites
E Mudstones
Sandstones

PALEOMAGNETISM

normal and reverse
O/. polarity from PCA

|: reverse polarity
- normal polarity

BIOCHRONOLOGICAL MARKERS

e Ocurrence of
P hariaensis

Geological species
range

In situ fossil sites

‘ Tracks

{ Bones

Correlated fossil sites

C? Tracks

% Bones

[ reverse polarity from GCA

- undetermined polarity

¥ SR paleomagnetic
<% SB samples

K/Pg boundary
} interval

. Last dinosaur
ocurrences
K/Pg boundary
Last di } interval in the
sstidinosaur correlated Larra

. ocurrences in the ‘ P
correlated Larra section




N E/Up
e SB04-2B  EMp
@ v o | \
H....‘.Z.‘....H 200°C 1.4 mA/m ) 450°C
. Down M/Mmax S
o g f
NRMl -

08 1.7mAm  \W/Down J,;/J

m Unit= 0.291 mA/m W/Down
Unit= 0.208 mA/m

200 400 600°C

00 200 400 600°C SBO1 _ZB

1 M/Mmax

-e- Horizontal
Vertical
o Vertical ElUp

'S

N i
60 mT e Brer
1 M/Mmax , MWikmax
fom7 | SB01-1C SB04-1B
1.2 mA/m 0.5 05
W/Down W/Down .
Unit= 0.206 mA/m 0 .4 Unit= 0.248 mA/m ; Sown &Lower hemisphere
%0 100mT OU 50 100mT P \\Upper hemisphere
425°C
g® SR26-1  yu
) 250000‘ 0.757 mA/m
‘ ‘ 500°C
N —
Unit= 0.078.9 mA/m
M/Mmax
0.524 mA/ Unit="0.103 mA/m
. mA/m
W/Down os W Down
SR06-1A , .
0 200 400 '600°C 0 200 400 600°C
Rock magnetism SB2-1A 0
Ms = 1.93 mAm?/kg E
<
2
£
<
1000 mT o0y 1000mT 1000 mT
——

0 200 400 600 °C

qf 1000 mT



E/Up
Unit=  0.094 mA/m

-e- Horizontal
- Vertical

350°C

1.09 mA/m

Unit= 0.188 mA/m

300°c”
N

N —Rd ‘
N 1
W/Down
'S 400°C
1 MM 1 MiMimax
W/Down 0.539 mA/m 450-500°C
° 0s 600°C
550°C
0 SR88-2 o e, RA |
0 200 400 600°C 0 200 400 600°C o |
3] srs3-18 g e E10n
- 400-550°C T
- ~
N — s SR53-1A
Unit="0.625 mA/m NRM
1 3.04 mA/m

4+ M/IMmax

E/Up

; . Horl;ontal
4 MiMmax os \\ o Verteal b ooc Unit= 0.511 mA/m
’ NRM 1
0% 0 \\J @ 3.62 mA/m 1 W/down
- 0 200 400  600°C
° 200 400  600°C NRM = 0.999 mA/m
@ Rock mag of the red beds SR78
Am?lkg
0.0001 >
g 3
= E \
T <
<
A
1000 mT
ot
1000 mT 0 200 400 600 °C




2700 11

%' ]|Z

¢

R ST |

180

Component A

ABC

P90 2700 o+ 11|90
@ ® Down E Q_ower hemisphere
[$]
g oup 'S { Upper hemisph
_é @ Fisher mean *g pperhemisphere
O & Expecteddir. (5 {

270

A Component (n=17)

BBC: D: 175.5, I: -41.1, k: 10.99, a,: 11.3

ABC: D: 186.9, I: -44.1, k: 10.45, o 11.6
B Component (n=21)

BBC: D: 004.1, I: 44.0, k: 19.11, a:

ABC: D: 021.9, I: 50.7, k: 18.81, a,:

Great Circles (GC; n=10)
BBC: 188.8, I: -19.1, MAD: 19.1
ABC: D: 189.7, |: -43.3, MAD: 23.0

Expected direction Late Cretaceous
Van der Voo and Zijderveld (1971)

D: 001.1% 1: 47.4°

=N

7.5
7.5




Guembelitria blowi \

Laeviheterohelix glabrans Heterohelix globulosa (sample 94) Hedbergella faldrini (sample 76)
(sample 79) (sample 76)
™ , _ “ ‘ 100 microns

Ventilabrella eggery (sample 58) Pseudoguembelina hariaensis Globigerinelloides praevolutus
(sample 35) (sample 80)

Globotruncana bulloides (sample 79)

|

Favusella washitensis (sample 23) Gyroidinoides sp. (sample 35)
















Tremp Syncline E Vallcebre Syncline Ager Syncline

W
Campo Serraduy Arén Isona Vallcebre Fontllonga
Age/Stage (Canudo et al., 2016) (this study) (Pereda-Suberbiola (Oms et al., 2007) (Galbrun et al., 1993)
et al., 2009) (Vila et al., 2012)

% (Fondevilla
c et al., 2016)
a 1
H AR i
- ~ ~ ' 11 | I S
' HEEN H 11 1
: H ~ B— 1 =
: : J 1 '
C ; : . \
1 \ =—ny
2 ' L 1
5 ' ‘
= 1 \
@ 1 v
© 1 \
= B s
1 ==
p L U =
’
v ?
- 7’
-
5 [Jreverse polarity [l lacustrine limestones
o I normal polarity ~ [] continental mudstones

undetermined [ continental sandstones [l K/Pg interval

polarity [ marine sandstones & ast dinosaur
= direct correlation [ marine marls 1 remains

C29r

C31r

=== inferred correlation



