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b Faculty of Environmental Science and Engineering, Babeş-Bolyai University, 30 Fântânele Street, 400294 Cluj-Napoca, Romania
cDepartment of Geology, Faculty of Geology and Geophysics, University of Bucharest, 1 N. B�alcescu Blvd., 010041 Bucharest, Romania
d School of GeoSciences, University of Edinburgh, Grant Institute, The King’s Buildings, West Mains Road, Edinburgh EH9 3JW, UK
eOcean and Earth Sciences, National Oceanography Centre, University of Southampton, European Way, Southampton SO13 3ZH, UK
fDivision of Paleontology, American Museum of Natural History, Central Park West at 79th Street, New York, NY 10024, USA
a r t i c l e i n f o

Article history:
Received 15 December 2013
Accepted in revised form 3 February 2014
Available online

Keywords:
Campanian
Maastrichtian
Dinosaurs
Mammals
Calcareous nannofossils
Romania
* Corresponding author. Tel.: þ40 722 844810.
E-mail addresses: vremirmatyi@gmail.com (M. Vre

(R. B�alc), zoltan.csiki@g.unibuc.ro (Z. Csiki-Sava)
(S.L. Brusatte), gareth.dyke@soton.ac.uk (G. Dy

(D. Naish), norell@amnh.org (M.A. Norell).

http://dx.doi.org/10.1016/j.cretres.2014.02.002
0195-6671/� 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t

The Transylvanian region of Romania preserves some of the most unusual and iconic dinosaurs in the
global fossil record, including dwarfed herbivores and aberrant carnivores that lived during the very
latest Cretaceous (Maastrichtian) in an ancient island ecosystem (the Haţeg Island). A series of artificial
outcrops recently exposed during a hydroelectric project, the Petreşti-Arini section near Sebeş in the
Transylvanian Basin, records a 400þ meter sequence documenting the transition from fully marine to
terrestrial environments during the CampanianeMaastrichtian. Calcareous nannofossil biostratigraphy
indicates that the lower marine beds in this section, part of the uppermost Bozeş Formation, can be
assigned to the CC22 biozone, corresponding to the loweremid upper Campanian. These beds smoothly
transition, via a brackish-water unit, into the fully continental Maastrichtian Sebeş Formation. Dinosaur
and pterosaur fossils from the uppermost Bozeş Formation can be assigned a late Campanian age making
them the oldest well-dated terrestrial fossils from the Haţeg Island, and indicating that the classic Haţeg
dinosaur fauna was becoming established by this time, coincident with the first emergence of wide-
spread land areas. Vertebrate fossils occur throughout the overlying Sebeş Formation at the site and are
dominated by the small-bodied herbivorous dinosaur Zalmoxes. The dominance of Zalmoxes, and the
absence of many taxa commonly seen elsewhere in Maastrichtian sites in Romania, suggests the pos-
sibility that either the Petreşti-Arini section preserves a somewhat unusual near-shore environment, or
the earliest Haţeg Island dinosaur communities were structured differently from the more diverse
communities later in the Maastrichtian. Alternatively, due to the limited sample size available from the
studied succession, it is also conceivable that sampling biases give an incomplete portrayal of the Pet-
reşti-Arini local fauna. Support for any one of these alternative hypotheses requires further data from
Petreşti-Arini as well as from the larger Transylvania area.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Some of the world’s most unusual dinosaurs are from the up-
permost Cretaceous (Maastrichtian) of the Transylvanian region of
mir), ramona.balc@ubbcluj.ro
, Stephen.Brusatte@ed.ac.uk
ke), eotyrannus@gmail.com
Romania. These include peculiar dwarfed herbivores and small,
stocky carnivores that lived alongside colossal pterosaurs, relictual
turtles, and tiny multituberculate mammals in an ancient island
ecosystem. Beginning with the pioneering studies of Baron Ferenc
Nopcsa in the early 1900s, the Transylvanian dinosaur faunas have
long been touted as a prehistoric example of the “island effect”, the
evolutionary phenomenon in which island-living species are often
smaller and morphologically aberrant compared to close relatives
on the mainland (Nopcsa, 1914; Weishampel et al., 1991; Benton
et al., 2010; Weishampel and Jianu, 2011).
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So far, the vast majority of Romania’s latest Cretaceous island-
dwelling dinosaurs come from the famous continental deposits
of the Haţeg Basin, which have been explored for over a century
and have yielded thousands of fossil specimens (Grigorescu,
2010). More recently, another set of latest Cretaceous conti-
nental vertebrate sites has been discovered in the Sebeş region
of the southwestern Transylvanian Basin of Romania (Codrea
et al., 2010; Vremir, 2010; Csiki et al., 2010a; Dyke et al., 2012;
Vremir et al., 2013; Fig. 1). Important fossils from the Sebeş
area include the robust and double-sickle-clawed dromaeosaurid
theropod Balaur bondoc (Csiki et al., 2010a; Brusatte et al.,
2013a), the mid-sized pterosaur Eurazhdarcho langendorfensis
(Vremir et al., 2013), and an eggshell and bone accumulation
interpreted as an enantiornithine bird nesting site (Dyke et al.,
2012). However, despite the importance of these fossils, there
is still fundamental debate about the ages and spatial relation-
ships of the various MaastrichtianePaleogene sedimentary units
of the Sebeş region (Codrea and Dica, 2005; Dalla Vecchia et al.,
2013). This makes it difficult to conclusively correlate units be-
tween Sebeş and the better-studied Haţeg Basin, and to under-
stand how faunas and environments changed during the time
represented by the many stacked fossil-bearing beds in the
Sebeş area, which range from purely marine to undoubtedly
terrestrial.

One of the most important series of fossil-bearing outcrops
discovered to date within the Sebeş area of the Transylvanian Basin
is at Petreşti-Arini, near Sebeş town (Codrea et al., 2010; Vremir,
2010). This series of localities comprises artificial outcrops
exposed as part of a construction project related to a nearby hy-
droelectric dam (Fig. 2). Here, the lowermost section of the conti-
nental Sebeş Formation is visible, conformably overlying the
marine Bozeş Formation (Figs. 2, 3). The Petreşti-Arini section is
intriguing for a number of reasons. First, it is more than 400 m
Fig. 1. Location of the study area in western Romania (inset map e A), in the southwestern c
the position of the Petreşti-Arini fossil locality.
thick, meaning that a large amount of long-term faunal and envi-
ronmental change may be documented at the site. Second, it re-
cords the transition from a marine to a terrestrial environment,
which may provide additional insights into how the unusual
dinosaur-dominated island faunas of this region were assembled.
Third, because a portion of the section is marine, it may preserve
microfossils that are useful in biostratigraphically dating the rocks,
which would help calibrate the timing of the formation of the
dinosaur-rich island fauna.

Our international team, led by M. Vremir, has conducted a
stratigraphic and paleontological investigation of the Petreşti-
Arini locality over the past three years. We have documented
the presence of at least six fossil vertebrate-bearing horizons,
located very close to the top of the marine Bozeş Formation and
within the paludo-fluvial sequence that forms the basal part of
the Sebeş Formation. We have also collected calcareous nanno-
fossil assemblages that are useful in biostratigraphy and dating,
thereby making Petreşti-Arini one of the best dated Late
Cretaceous vertebrate sites in Romania at present. Unfortunately,
however, the artificial outcrops of this site were short-lived,
because they are now mostly covered by concrete laid down
when the hydroelectric company built a new channel to alter
the course of the Sebeş River. Therefore, with future collecting at
the site likely impossible, we present results of field work to
date.

Institutional abbreviations: EME e Transylvanian Museum
Society, Cluj-Napoca, Romania; LPB (FGGUB) e Laboratory of
Paleontology, Faculty of Geology and Geophysics, University of
Bucharest, Bucharest, Romania;MFGIeGeological and Geophysical
Institute of Hungary, Budapest, Hungary; MMIRS e Ioan Raica
Municipal Museum Sebeş, Sebeş-Alba, Romania; NHM e Natural
History Museum, London, UK; UBB e Universitatea Babeş-Bolyai,
Cluj-Napoca, Romania.
orner of the Transylvanian Basin (B). Box in B marks the area detailed in Fig. 2. F marks



Fig. 2. Birds-eye view schematic map of the Petreşti-Arini artifical outcrops along the Sebeş River, downstream (north) of Petreşti locality. Legend: 1 e plant remains; 2 e am-
monites; 3 e vertebrate remains; 4 e slope; 5 e nannofossil sampling locations; 6 e interval sampled for nannofossils; 7 e vertebrate-bearing levels.
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2. Geological setting

The Sebeş area (Alba County, Romania) is located in the south-
western part of the Transylvanian Basin, between the Metaliferi and
Şureanu Mountains (Krézsek and Bally, 2006; Fig. 1). During the
latest Cretaceous the Sebeş area was part of the Haţeg Island, one of
many islands in the European archipelago during a time of global sea
level highs (Csontos and Vörös, 2004; Benton et al., 2010). The island
was a tectonically active region during this time, as it experienced a
series of collisional and thrusting events during the first orogenic
phases of Carpathian mountain building. Extensional basins formed
during the orogeny were filled by a series of sedimentary deposits,
which comprise large-scale transgressive and regressive cycles that
include deep-to-shallow marine units and continental red beds
(Willingshofer et al., 2001; Krézsek and Bally, 2006).

The complexities of the geology of the Sebeş area (Fig. 3) were
reviewed in detail by Codrea et al. (2010), Vremir (2010), Brusatte
et al. (2013a), and Vremir et al. (2013), so just salient details are
summarized here. The sedimentary units of the Sebeş area belong
to two uppermost CretaceousePaleogene stratigraphic mega-
sequences. First, the Santonian to Maastrichtian synrift mega-
sequence is comprised of locally developed continental, coastal-
plain, and fan-delta deposits (Santonian), overlaid by shallow and
deep marine sediments (upper Santonianeupper Campanian Bozeş
Formation). The Bozeş Formation is built up mainly by claystone/
siltstone and fine sandstone interbeddings of rhythmic binary and
ternary sequences, referred to median/distal deep-water turbiditic
fan lobes (Chira et al., 2004; Silye and B�alc, 2011; B�alc et al., 2012).

The second, more extensive, continental megasequence com-
prises coastaleestuarine, paludal, and terrestrial facies deposits,
characterized by a variety of medium-to-coarse channel associa-
tions, occasional lacustrine muds, and extensive floodplain and
overbank deposits. This sequence appears to extend from the up-
permost Campanian to the upper Maastrichtian, and perhaps
continues into the Paleocene. The uppermost Cretaceous conti-
nental deposits are referred to as the Sebeş Formation where they
are exposed on the left flank of the Mureş Valley, and to the Vurp�ar
and Şard formations where they are exposed on the right flank of
theMureş Valley (Codrea and Dica, 2005; Codrea et al., 2008, 2010).

The best exposed transition from the flyschoid Bozeş Formation
to the overlying continental deposits of the Sebeş Formation is seen
in the Petreşti-Arini section, which is located along the Sebeş River
north of Petreşti village (Figs. 2, 3). At this site, a Campanian deep
marine to neritic sequence is followed by a thin brackish-estuarine
sequence corresponding to the top of the Bozeş Formation. This, in
turn, is capped by a transitional wetland-lacustrine succession,
followed by the characteristic fluvial mudstones and channel fills of
the Sebeş Formation (Fig. 4). Overall, the Petreşti-Arini section is a
regressive shallowing upward sequence that is approximately
400 m thick. Various fossils are found throughout this succession
(Figs. 2, 4), including microfossils that help to date portions of the
sequence, and vertebrate fossils (dinosaurs, mammals, turtles, and
pterosaurs) that give a glimpse of the terrestrial fauna of the area
during the interval of marine-to-continental transition that
occurred around the CampanianeMaastrichtian boundary.

3. Materials and methods

The marine deposits at the base of the Petreşti-Arini section
(below the brackish-estuarine sequence representing the top of the
Bozeş Formation) were sampled for calcareous nannofossils in or-
der to establish a maximum age based on microfossil biostratig-
raphy. A total of 37 samples were collected, roughly at 1 meter
intervals (see Figs. 2, 4), of which 31 were analyzed for this study.
The preparationmethods followed the standard technique of Bown
and Young (1998). The samples were investigated with an Axiolab
microscope at 1000�magnification. Calcareous nannofossil images
were captured with an AxioCamERc5s digital camera. At least 300
specimens were counted for each sample; in addition, two further
traverses were browsed in order to find the rare species. The age of
the marine deposits was established using the biozonation
schemes of Sissingh (1977) and Perch-Nielsen (1985), correlated
with the UC Zones of Burnett (1998).

4. The Petreşti-Arini section: lithostratigraphy and
paleontology

The entire Petreşti-Arini section, as exposed and investigated, is
more than 400 m thick (corrected for dip and strike), comprising the
shallowing-upwardmarine upper Bozeş Formation (over 150m), the
transitional estuarine and lacustrine units at the BozeşeSebeş for-
mational contact (a total of 15 m, including deposits of the topmost
Bozeş, as well as of the basal-most Sebeş Formation), and the conti-
nental red beds of the lower Sebeş Formation (about 250 m). For the
present study,we logged and sampled (Fig. 4) the uppermost interval
of the Bozeş Formation, which includes the transition from neritic to
coastalmarine facies (0e44m in the log in Fig. 4) hosting the highest-
lying marine invertebrate fauna at 44 m, and the first appearance of



Fig. 3. Geological map of the Sebeş area (re-drawn from Vremir et al., 2013, updated and modified). F marks the position of the Petreşti-Arini vertebrate site, PT the position of
Petreşti locality. 1 e metamorphic basement (Getic-Supragetic nappe system); 2 e Upper Cretaceous (upper Santonianeupper Campanian) marine deposits (Bozeş Formation e a),
with basal, locally developed coal-bearing fluvial-deltaic facies (Santonian “Sebeşel strata” e b); 3 e transitional deltaic (a) or estuarian-brackish (b) facies (top Bozeş Formation);
4 e Upper Cretaceous (uppermost CampanianeMaastrichtianePaleocene?) continental units (Sebeş or Şard (in part) formations e a, and upper Eocene Şard Formation e b); 5 e

undifferentiated Paleogene (upper EoceneeOligocene) units (Ighiu and B�ar�abanţ formations); 6 e undifferentiated Miocene and Pliocene marine units (Sîntimbru e a, respectively
T�almaciu?, Dej, Mireş and Lopadea formations e b); 7 e Quaternary cover and terraces (Q); 8 e settlements; 9 e faults; 10 e anticlines; 11 e synclines; 12 e dip and strike; 13 e

nappe front.
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inwashed terrestrial vertebrates (level L0) between 37 and 39m; the
transitional estuarineefluvialelacustrine unit (44e60m) comprising
the BozeşeSebeş Formation boundary as indicated by the last
brackish faunal influence of the “Cerithium-Pyrgulifera horizon” (at
51 m); and the continental beds of the lower Sebeş Formation (60e
157 m) containing five vertebrate-bearing horizons (levels L1 to L5,
ranging from 73 to 147 m).
4.1. Upper Bozeş Formation

4.1.1. Lithology
The studied Bozeş deposits consist of alternating sandstones

and marls/clays deposited in turbiditic facies (Fig. 5). In the up-
permost part of the marine succession, immediately below the
transition to the Cerithium-bearing dark gray marly siltstones and



Fig. 4. Composite lithostratigraphic log of the mideupper section (155 m) of the Petreşti-Arini local succession. Legend: 1 e vertebrate-bearing levels; 2 e plant remains; 3 e

brackish mollusks; 4 e corals; 5 e ammonites; 6 e limits of stratigraphic interval with nannofossil sampling; 7 e nannofossil samples; 8 e coarse-grained siliciclastics; 9 e

sandstones, sands; 10 e shales; 11 e root traces; 12 e covered interval; CH e channel deposits. Granulometric abbreviations: cl e clay, si e silt, sa e sand, sst e sandstone, gr e
gravel, f e fine, mec e medium to coarse grained, crs e coarse, vcrs e very coarse. St1 (at 35 m log-depth) represents a local topographic marker.
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mudstones, vegetal detritus begins to appear in certain sandstone
beds, suggesting terrestrial influx. Together with the decreasing
abundance of calcareous nannofossils, this build up of vegetation
suggests a gradual up-section shallowing of the depositional
environment.

4.1.2. Invertebrate and calcareous nannofossil assemblages
Macroinvertebrates are rather common in the marine deposits

of the Bozeş Formation. Among the most commonly occurring are
solitary corals (Phyllosmylia, Cyclolites, Connulites), various inocer-
ams (Cataceramus), and oysters. Specimens of connulitid corals are
rather abundant in the topmost part of the section (between 40 and
44m), and indicate a high energy environment (Gameil, 2005) with
increased sediment input.

A few fragmentary ammonite remains were also discovered
from this basal, marine part of the succession. One of these speci-
mens, an incomplete shell impression, comes from below the
lowest nanno-paleontologically sampled level (P33; see below); its
poor state of preservation prevents a precise taxonomic identifi-
cation (although it might represent a possible scaphitid). Other
specimens, represented by inner molds of large-sized (estimated to
over 40 cm in diameter) pachydiscid ammonites (Fig. 5C, D), belong
most probably to Pachydiscus ex gr. P. colligatus (I. F}ozy, personal
communication to MV). These were found in the upper part of the
marine succession, in the proximity of the highest calcareous
nannofossils-sampled levels (P1eP2) and of the lowest vertebrate-
bearing level (see below).

The marine succession of the Bozeş Formationwas also sampled
for calcareous nannofossils, to help determine the age of these
deposits. The calcareous nannofossil assemblage recovered com-
prises 87 taxa (Fig. 6; currently under study by B�alc), although some
of these were likely reworked from older deposits (e.g., Corollithion
kennedyi e a typical Cenomanian species). Overall, the diversity
does not significantly change throughout the profile, but the rela-
tive abundance counts we recorded show a decrease through the
upper part of the studied section. Such a pattern likely results from
a change in sedimentary deposition (the transition from open
marine to more coastal sedimentary environments).

The most abundant species, dominating the assemblage, is
Watznaueria barnesiae (with a relative abundance ranging between



Fig. 5. Outcrops of the Bozeş Formation at Petreşti-Arini (A), dominated by dark gray
shaly marls and clays with sandstone interbeds (B). CeD. Ammonite (? Pachydiscus ex
gr. P. colligatus) steinkerns from the upper part of the Bozeş succession (ca. 36 m
stratigraphic log depth), in C e lateral and D e dorsal views.
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34.28% and 56.39%, exceeding 40% in 17 of our 31 analyzed sam-
ples). According to Roth and Krumbach (1986), when the relative
abundance of this species exceeds 40%, it indicates an oligotrophic/
low fertility environment (see also Roth and Bowdler, 1981; Erba,
1992; Herrle, 2003). The next most abundant species are Predis-
cosphaera cretacea (3.86%e12.25%), Eiffelithus eximius (3% e11.85%),
Retecapsa crenulata (3.97%e9.40%), Tranolithus orionatus (1.29%e
6.75%), and Cribrosphaerella ehrenbergii (0.75%e6.87%). The
moderate abundances of taxa such as Prediscosphaera cretacea and
Cribrosphaerella ehrenbergii are consistent with the ‘low fertility
environment’ hypothesis, because these species were described as
being abundant in such environments even if their affinities are not
clearly defined (Roth and Bowdler, 1981; Erba, 1992).

The calcareous nannofossils taxa from the recorded assemblage
that are most useful for age determination (Eiffelithus eximius,
Reinhardtites anthophorus, and Broinsonia parca constricta) are
present consistently throughout the 35 m thick studied section.
Thus, the co-occurrence of these three species indicates that the
entire sampled marine section of the Petreşti-Arini succession falls
within the CC22 biozone (Sissingh, 1977; Perch-Nielsen, 1985),
which is approximately equivalent with UC15dTPeUC15eTP Subzones
(Burnett, 1998). The CC22 biozone is defined from the first
appearance of Uniplanarius trifidus to the last appearance of Rein-
hardtites anthophorus, within the late Campanian.

The absence of Tethyan taxa and the rare presence of several
cold-water taxa (such as Gartnerago segmentatum, Prediscosphaera
stoveri, Kamptnerius magnificus, and Ahmuellerella octoradiata) is
also noticeable, indicating an assemblage specific for the high-
latitude Boreal Realm (Wind, 1979; Watkins et al., 1996; Burnett,
1998; �Svábenická, 2001).
4.1.3. Vertebrate paleontology
Besides macroinvertebrates, rare scattered vertebrate remains,

including those of both pterosaurs and dinosaurs, have also been
recorded from within the very top of the marine Bozeş Formation,
recovered from fossiliferous level 0 (L0; Fig. 4, Table 1). One of the
specimens comes from a light gray calcareous mudstone (level L0/
a), less than 2 m upsection from the stratigraphically highest level
sampled for calcareous nannofossils (P1, near a landmark marked
St1; about 37 m log-depth in Fig. 4). The second specimen is from a
block of indurated light gray, medium-to-fine quartz sandstone
(level L0/b; Fig. 7B), about 3 m above St1 (below 38 m log-depth).
Although these specimens still originate from the marine, fly-
schoid succession of the Bozeş Formation, the presence of plant
debris dispersed in the fossiliferous sandstone matrix yielding the
dinosaur bone (Fig. 7BeC), as well as in other coarser-grained beds
from this part of the succession, suggests shallowing of the depo-
sitional area and close proximity of the coastline.

The only certain pterosaur specimen found to date in the Pet-
reşti-Arini succession was recovered from level L0/a (UBB; field
number PT2). This is an isolated pneumatic bone shaft fragment
(38 mm in length) with a hollow center (the cortex being partially
lost), giving it the appearance of a thin-walled tube (Vremir, 2010:
Figs. 17, 18). Based on its rather unusual cross sectional shape
(slightly deformed “T” shape), it probably is a mid-proximal shaft
segment of the second wing phalanx, because these elements
typically exhibit this shape in cross-section (Martill and Frey, 1999).
Based on its large size, the specimen most likely belongs to a very
large, or giant, pterosaurdperhaps an azhdarchoiddof the same
size-class as Hatzegopteryx (Buffetaut et al., 2002), known from
various Maastrichtian sites in the Haţeg Basin, and possibly in the
Sebeş area as well (Vremir et al., 2013). The ratio of shaft width to
wall thickness also supports this identification. Because the bone
shaft is slightly dorsoventrally compressed, the maximum
measurable shaft width is 40 mm, while the wall thickness varies
between 1.8 and 3.4 mm, with an average shaft width/wall thick-
ness ratio of 15.3. This indicates a rather robust bone structure, as is
also seen in the skeletal elements of Hatzegopteryx (average ratio
about 14.3, based on measurements taken at the distal-most pre-
served shaft cross-section e proximal to shaft mid-length e of the
holotype humerus of Hatzegopteryx, LPB (FGGUB) R.1083).
Although the Bozeş Formation specimen is fragmentary, it suggests



Fig. 6. Selected calcareous nannofossils from the Bozeş Formation, Petreşti-Arini succession (photographs taken under cross-polarized light). A. Arkhangelskiella cymbiformis
(sample P7). B. Broinsonia parca constricta (sample P32). C. Broinsonia parca parca (sample P14). D. Cribrosphaerella ehrenbergii (sample P2). E. Eiffelithus eximius (sample P31).
F. Prediscosphaera cretacea (sample P14). G. Reinhardtites anthophorus (sample P29). H. Retecapsa crenulata (sample P7). I. Tranolithus orionatus (sample P18). J.Watzanueria barnesiae
(sample P7).
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that very large or giant pterosaurs already inhabited the Haţeg Is-
land in the late Campanian.

Perhaps the most important and diagnostic vertebrate fossil
from level L0 is a fragmentary right femur (MMIRS 656) (Figs. 7B, 8)
that was found in the gray quartz sandstone layer L0/b, lying par-
allel to the bedding plan as marked by the distribution of plant
debris (Fig. 8A). Unfortunately, although the bonewas collected still
encased in rock, the fossil-bearing block itself was found loose,
removed from the channel wall during industrial excavation
(Fig. 7B). Tracing the block to its bed of origin proved impossible.
However, the block itself was lying in the channel bed at the level of
the topmost part of the marine Bozeş beds, the lithofacial features
of the host sandstone are reminiscent of the marine sandstones
from the topmost Bozeş Formation, and the presence of vegetal
debris (seen dispersed in the matrix of L0/b) was only noted in the
part of the local succession near where the block was found. These
observations suggest that the fossiliferous block did not move far
from its original position, placing thus the femurMMIRS 656within
the topmost part of the Bozeş Formation (39 m), about 4 m above
the highest micropaleontologically sampled level (P1), and 8e11 m
below the transitional “Cerithium-Pyrgulifera” horizon.

The grain size of the femur-bearing host rock varies, with small
pockets of finer-grained silty material also present. The massive,
structureless-to-faintly graded sandstone preserves abundant plant
remains, sometimes finely dispersed in the matrix, but more often
locally concentrated and parallel with the bedding surfaces. The
vegetation consists mainly of small charred plant debris (largely
mm-sized fragments, but up to 28 mm in maximum dimensions),
although occasionally more complete leaf impressions are also
preserved (Fig. 7C, 8A, C). Their morphology (moderately wide and
terminally pointed, lanceolate leaves with a primary median vein)
suggests angiosperm affinities (M. Popa, personal communication
to ZCs-S, 2013), although more precise identification is impossible
due to their poor state of preservation.

The MMIRS 656 femur is incomplete, with only part of the
proximal end and the mid-shaft region preserved (Fig. 8AeD). The
articular head and most of the greater trochanter are missing,
presumably destroyed before burial, with fine-grained sandstone
mixed with plant debris, similar to the surrounding sediments,
filling in the spongy-to-hollow inner parts of the damaged prox-
imal end. The distal end of the bone is also missing, broken at a
short distance distal to the tip of the fourth trochanter. The flaring
of the medial shaft margin suggests that the break occurred
somewhat proximal to the proximal end of the ascending ridges
originating from the distal articular condyles and running along the
posterior surface of the bone. The break itself is clean, transverse to
the shaft. The distal-most part of the medial margin is preserved as
a mold, suggesting the distal part of the femur was probably more
complete andwas destroyed after diagenesis, most probably during
recent erosion. The medial face of the bone is still covered by ma-
trix, and no attempt was taken to remove it, due to the specimen’s
poor state of preservation.

The bone surface of MMIRS 656 is seriously damaged, heavily
cracked and with the outermost compacta layer removed. Together
with the destroyed proximal end, these factors suggest that the
specimen underwent a protracted taphonomic history before
burial. However, as abrasion of the specimen is minor (as testified
by the presence of the almost complete, prominent fourth
trochanter; Fig. 8D), and the bone itself was not fragmented before
burial, except for its damaged proximal end, neither significant
fluvial transport, nor intraformational reworking was likely sig-
nificant. We therefore suggest that these taphonomicmodifications
are mainly the result of subaerial weathering.

The specimen is 206.55 mm long as preserved, but when com-
plete must have been around 295e300 mm in length. The
moderately robust bone is straight in lateral view (Fig. 8B), but was
most probably faintly laterally bowed in anterior view (Fig. 8C). The
proximal end preserves only the base of the anterior trochanter, as
well as the neck supporting the femoral head. The anterior
trochanter appears to be rather massive and finger-like, with its
base protruding laterally beyond the lateral side of the greater
trochanter. The neck of the femoral head projects markedly prox-
imomedially, and also slightly anteriorly, and appears to have been
somewhat elongated (Fig. 8C). The anterior face of the proximal
end, between the anterior trochanter and the neck, is concave. The
posterior margin of the proximal end is strongly convex in lateral
view, as a marked bulge descends from the (missing) posterolateral
corner of the greater trochanter (Fig. 8A, B) to merge with the shaft
level with the proximal end of the fourth trochanter. Accordingly,
the cross-section of the shaft is largely triangular just below the
proximal end.

Distally, the shaft of the femur becomes an anteroposteriorly
flattened oval in cross-section. The anterior face varies from flat
(proximally) to mildly transversely convex (distally). The well-
developed, long, salient, and distally pendent fourth trochanter
inserts along the posteromedial edge of the shaft. Although the



Table 1
Distribution of the continental vertebrate remains in the Petreşti-Arini section.

Fossiliferous level Lithostratigraphic setting (including
position in stratigraphic log)

Taxa represented Skeletal elements

L0/a Upper Bozeş Formation (36e37 m) Pterosauria (?Azhdarchoidea) - ?Second wing phalanx

L0/b Upper Bozeş Formation (37e38 m) Dinosauria, Ornithopoda, Rhabdodontidae: Zalmoxes sp. - Right femur

L1a Lower Sebeş Formation (73 m) Mammalia, Multituberculata, Kogaionidae: Kogaionidae indet. - Partial skeleton, with skull and postcrania
Dinosauria, Ornithopoda, Rhabdodontidae: Zalmoxes sp. - Maxillary tooth

L1b Lower Sebeş Formation (76 m) Chelonia, Pleurodira, Dortokidae: Dortokidae indet. - Left xiphiplastron
Dinosauria, Ornithopoda, Rhabdodontidae:
Zalmoxes shqiperorum

- Left tibia (juvenile), left femur

Dinosauria, Ornithopoda, Rhabdodontidae: Zalmoxes sp. - Axis
Pterosauria (?Azhdarchoidea) - ?Fragment of posterior mandibular ramus
Vertebrata indet. - Bone fragments

L2 Lower Sebeş Formation (81e82 m) Indeterminate vertebrate - Diapophyseal fragment of indeterminate
long bone

L3 Lower Sebeş Formation (83e84 m) Dinosauria, Ornithopoda, Rhabdodontidae: Zalmoxes sp.
(possibly Zalmoxes robustus)

- Left frontal, parietal (possibly associated)

L4 Lower Sebeş Formation (109 m) Chelonia, Pleurodira, Dortokidae: Dortokidae indet. - Left hyoplastron, right hypoplastron
(associated)

Dinosauria, Ornithopoda, Rhabdodontidae:
Zalmoxes shqiperorum

- Left tibia

Dinosauria, Ornithopoda, Rhabdodontidae:
?Zalmoxes sp.

- Right coracoid

Dinosauria, ?Ornithopoda indet. - Dorsal rib

L5 Lower Sebeş Formation (147e148 m) Dinosauria, Ornithopoda, Rhabdodontidae: Zalmoxes sp. - Maxillary tooth
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trochanter is somewhat poorly preserved, it appears to be slightly
sinusoidal, posteriorly twisted towards its tip (Fig. 8D). Lateral to
the fourth trochanter, the posterior face of the shaft is largely
concave, and is bordered laterally by the slightly raised, ridge-like
posterolateral edge. Distal to the fourth trochanter, the shaft be-
comes even more anteroposteriorly flattened, with a convex ante-
rior face (the posterior face is damaged in this region).

The general shape and size of the bone, as well as the
morphology and development of the fourth trochanter, suggest
ornithopod affinities for MMIRS 656. Titanosaurian sauropod
femora are generally more massive, with robust shafts, less well-
projected femoral heads not supported by a distinct neck, indis-
tinct and low ridge-like fourth trochanters, and lack an anterior
trochanter altogether (e.g., Upchurch et al., 2004). Although
different in details, ankylosaurian femora can generally be distin-
guished by the same features from MMIRS 656 (e.g., Vickaryous
et al., 2004). Finally, only a few fragmentary theropod femora
have so far been reported from the Haţeg area, referred to generally
as Elopteryx (Andrews, 1913). These bones are all significantly
smaller, more gracile, and have a more prominent anterior
trochanter that is fused to the greater trochanter, and a low,
rounded, crest-like fourth trochanter. This is also true of the femora
of other derived Cretaceous theropods, including dromaeosaurids
(e.g., Norell and Makovicky, 1999), the fossils of which are known
from the Transylvanian area (Csiki et al., 2010a).

Two genera of ornithopod dinosaurs are currently known from
the uppermost Cretaceous of the greater Transylvanian area: the
basal hadrosaurid Telmatosaurus (Nopcsa, 1900; Weishampel et al.,
1993) and the more basal euornithopod Zalmoxes (Nopcsa, 1902a;
Weishampel et al., 2003; Godefroit et al., 2009). Although both
taxa were first reported from the Haţeg Basin, they are also known
to occur in the southwestern Transylvanian Basin (Nopcsa, 1905;
Codrea et al., 2010; Vremir, 2010). The femur of Telmatosaurus is
rather columnar, robust but straight, with a relatively shorter
femoral head neck than is the case in MMIRS 656. The fourth
trochanter is crest-like, straight, and does not form a pendant-like
shape. In contrast, femora of Zalmoxes are characterized by the
presence of a head set off on a relatively longer neck, a finger-like
anterior trochanter, and a trenchant and pendant fourth
trochanter (Fig. 8E, F). They also exhibit a prominent posterolateral
bulge on the proximal part of the bone (see Weishampel et al.,
2003). These features are seen in MMIRS 656, indicating that this
specimen can be referred to Zalmoxes.

Two sympatric species of Zalmoxes are known fromTransylvania
(Weishampel et al., 2003; see also Godefroit et al., 2009). According
to published descriptions, the femora of Zalmoxes robustus differ
only marginally from those of Z. shqiperorum, mainly in a relatively
shorter neck of the femoral head, a weaker anterior trochanter, and
a slightly less laterally bowed shaft. As these features cannot be
confidently assessed in MMIRS 656 due to its poor preservational
state, we thus conservatively refer it to Zalmoxes sp.
4.1.4. Lithostratigraphy and paleoenvironments
The most reliably dated portion of the Petreşti-Arini sequence is

the upper, outcropping part of the Bozeş Formation, up to and
including the portion of the sedimentary transition where the
marine beds are conformably overlain by the brackish and palus-
trineelacustrine transitional units. These are followed by the
vertebrate-bearing continental deposits of the Sebeş Formation.

In a preliminary report, we proposed an earliestMaastrichtian age
for the entire marineeestuarineepaludal sequence at the very top of
the Bozeş Formation (Csiki-Sava et al., 2012). This conclusion was
based on our provisional assessment of the marine fossils that were
known at the time, particularly the purported occurrence of Pachy-
discus neubergicus, an index ammonite taxon for the lowermost
Maastrichtian (between the base of the Maastrichtian and the upper
part of the lower Maastrichtian), corresponding to the Belemnella
sumensis belemnite zone (e.g., Kennedy, 1984; Jagt, 2002; Jagt and
Felder, 2003). Moreover, calcareous nannofossil analyses from the
same succession also seemed to point to an upper Campanianelower



Fig. 7. Deposits of the upper, terrestrially influenced Bozeş Formation. A. Detail showing the dominant silty mudstones, with thin sandstone intercalations. B. Fossil-bearing level
L0/b, fine-grained, indurated light gray sandstone with Zalmoxes femur (arrows) in situ. C. Leaf impressions and vegetal detritus from level L0/b. D, E. Deposits of the uppermost,
transitional brackish Bozeş Formation: dark gray marls and clays with brackish-water gastropods: D e indeterminate melanopsid, and E e indeterminate cerithids.
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Maastrichtian age, basedon comparisonswith calcareousnannofossil
assemblages reported previously from the better known type area of
the Bozeş Formation in the southern Apuseni Mountains (e.g., Chira
et al., 2004). In this area, a general Santonianeearly Maastrichtian
age for the Bozeş Formation is widely accepted, supported by mac-
roinvertebrate (e.g., Tomescu et al., 1969) and foraminiferal (Codrea
et al., 2001) assemblages (see below).

New data collected subsequent to our preliminary report has
necessitated a reassessment of our original conclusions. For one, the
occurrence of P. neubergicus in the Petreşti-Arini sectionwasbased on
a rather indistinct external mold, and hence we can no longer confi-
dently identify this specimen as belonging to P. neubergicus. Other
fragmentaryammonite phragmocones discovered in themarine beds
are similar to P. colligatus, a typically Campanian pachydiscid (e.g.,
F}ozy, 2001; Jagt, 2002). More importantly, detailed study of the Pet-
reşti-Arini calcareous nannofossil assemblages now provides strong
support for a late Campanian age for the marine beds from the local
section. This corresponds well with newly published data suggesting
a Campanian age for the Bozeş Formation deposits from the well-
known St�auini Valley section, near Vinţu de Jos (B�alc and Zaharia,
2013). This locality is to the northwest of the Petreşti-Arini site,
where a significantly better developed, continuous transition be-
tween the Bozeş marine beds and the overlying continental deposits
were reported a century ago by Pálfy (1902) and Nopcsa (1905; see
also Codrea et al., 2010; Vremir, 2010).

It is thus well established that fully marine sedimentation,
represented by the flyschoid beds of the marin Bozeş Formation,
ceased in the Petreşti-Arini area by the midelate Campanian and
was replaced by an accumulation of transitional, brackish deposits
that correspond to the uppermost part of the Bozeş Formation
(Cerithium- and Pyrgulifera-bearing dark gray marly siltsones-
mudstones: Fig. 7D, E). This transition appears to occur substan-
tially earlier in the southern parts of the Transylvanian Basin, as
demonstrated by the Petreşti-Arini section, than in the more
westerly areas lying at the foothills of the southern Apuseni
Mountains.

The two vertebrate-bearing layers of the upper Bozeş Formation
(L0/a and L0/b) occur within the upper part of the marine succes-
sion, below the transition towards the brackish Cerithium and Pyr-
gulifera-bearing deposits of the uppermost Bozeş Formation and
only slightly (2e4m) above the highest level sampled for calcareous
nannofossils (P1). Since the micropaleontologically-dated marine
section is older than latest Campanian, and there is no indication of a
major sedimentary hiatus in the succession, we consider that
vertebrate-bearing levels L0/a and L0/b occur also within the upper
Campanian.

Deposited in a near-shore, shallow-water environment, close to
the coastline, fossiliferous levels L0/a and L0/b appear to contain
parautochthonous vertebrate remains accumulated in a sandy-
muddy river-mouth close to the shoreline. The scattered dinosaur
and pterosaur bones, together with plant debris, were most prob-
ably washed into the coastal waters from the neighboring emergent
terrestrial areas. The relatively good preservational state of the
Zalmoxes femur from level L0/b, and especially its low abrasion
stage (as demonstrated by the well-preserved, still clearly distin-
guishable fourth trochanter), suggests a relatively short period of
transport in a low-energy environment. The unsorted nature of the
charred plant fragments associated with the femur, probably



Fig. 8. Zalmoxes sp., right femur (MMIRS 656) from fossiliferous level L0/b (upper Bozeş Formation) in posterior (A, arrow point to posterolateral bulge), lateral (B, arrow e

posterolateral bulge) and anterior (C, arrow e femoral head neck) views, with D e close-up of the fourth trochanter in posteromedial view (outlined in white and marked with
arrow). For comparison, left femur of Zalmoxes shqiperorum (LPB (FGGUB) R.1908) from Tuştea, Haţeg Basin, in posterior (E, black arrow e posterolateral bulge, white arrow e

sigmoid fourth trochanter) and anterior (F, arrow e femoral head neck) views.

M. Vremir et al. / Cretaceous Research 49 (2014) 13e3822
derived fromwildfires, and mixed with uncharred plant remains, is
consistent with a relatively short-distance seaward transport of the
vegetation (e.g., Scott, 2010). The plant debris is accumulated
preferentially in the concavity along the medial edge of the bone,
suggesting that the femur might have acted as a small jam trapping
the floating plant remains and charcoal fragments.
4.2. Uppermost Bozeş Formation (transitional estuarine-brackish
unit)

The uppermost part of the Bozeş Formation, following
conformably over the marine deposits formed by alternating
sandstones and silty marls, is represented by a moderately thin
(about 10 m in stratigraphic thickness) sequence of dark brownish-
gray to dark gray-blackish massive silty marls and mudstones, with
several levels rich in brackish-water gastropods (Fig. 7D, E). The
latest appearance of this brackish fauna with Cerithium and
Pyrgulifera is recorded in the top of this sequence (at 50 m log-
depth), immediately under a dark gray sandstone bed.

Based on the available sedimentological, facies and paleonto-
logical data, the local BozeşeSebeş Formation boundary can be
traced along the top of the dark gray marly siltstoneemudstone
unit (at ca. 51 m log-depth and 16 m above P1). Due to its strati-
graphic proximity to the well-dated underlying P1 layer and the
increased sedimentation rate recorded in the topmost interval of
the Bozeş Formation (35e51 m), the depositional time interval for
the transitional unit was relatively short, and thus we consider this
part of the succession, and possibly also the basal-most part of the
Sebeş Formation (altogether ranging from 40 to 60 m log depth), to
most likely fall within the upper or uppermost Campanian just like
the upper Bozeş Formation. The macroinvertebrate assemblage
recorded within this unit is rich and taxonomically diverse, and is
very similar in composition to that described from near Alvincz
(Vinţu de Jos) by Pálfy (1902), with Melanopsis galloprovincialis,
Pyrgulifera bockhi, Pyrgulifera decussata, Transylvanites semseyi,



Fig. 9. The continental Sebeş Formation at Petreşti-Arini. A. View of the Sebeş Formation succession, dominated by red and gray fine-grained overbank deposits, covered along an
angular unconformity by Quaternary (Q) deposits; B. Close-up of vertebrate remains (MMIRS 654, tibia referred to a juvenile Zalmoxes shqiperorum) preserved in red-colored silty
mudstone floodplain deposits (fossiliferous level L1b); C. Stacked red-colored sandy floodplain mudstones (around fossiliferous level L4), covered along an angular unconformity by
Quaternary terrace deposits (Q). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Cyrena dacica, and a variety of Glauconia and Cerithium species. The
mollusk fauna of the transitional brackish sequence representing
the top Bozeş Formation is currently under study.

4.3. Lower Sebeş Formation

4.3.1. Lithology
The basal-most part of the Sebeş Formation is marked by a

gradual transition to a fluvial depositional setting (Fig. 4), and is
represented by a 4 m thick massive dark-gray sandstone unit,
resting on the brackish mudstoneesiltstone unit (51e55 m log
depth), interpreted as a sand-bar deposited in a river-mouth
environment. Between log-depths of 55e58 m, a massive and
moderately-well sorted dark-gray sandy-conglomerate channel fill
complex is locally developed. The lateral extent of this particular
channel is limited to the right flank of the exposure (dip 64�/strike
330N), and is not encountered on the left flank of the outcrop. The
sandy-conglomerate unit is gradually covered by thin laminated
sandstone sheets, followed by a 2m thick (58e60m log depth) dark
bluish-gray to greenish-gray lacustrine mudstone, grading into a
thick, reddish spotted olive-gray/green massive claystonee
mudstone unit containing sparse pinkish calcareous nodules (be-
tween 60 and 70 m log depth). This part of the local section is
interpreted as deposited in a low-lying, poorly-drained marshy
wetland and/or ocasionally water-logged proximal floodplain
environment.

The following, uppermost part of the local succession (from 70
to 157 m log-depth) is characterized by the dominance of reddish-
brown, dark red, or purple-red, mostly calcareous silty claystones
(corresponding to moderately to well-drained overbank environ-
ments; Fig. 9), with occasional sandstone/conglomerate interbeds
(representing channels and crevasses). This succession shows a
general coarsening-upward tendency, with an increasing number
of channel interbeds toward the top of the studied section.



Fig. 10. Vertebrate remains from the basal Sebeş Formation, Petreşti-Arini section. A. MMIRS 655, Kogaionidae indet., associated postcranial elements, including humerus
(fossiliferous level L1a). B, C. MMIRS 685. Dortokidae indet., left xiphiplastron in B e ventral (external), respectively C e dorsal (internal) views (fossiliferous level L1b). DeF. MMIRS
680, Zalmoxes sp. (Z. ?robustus), left frontal in D e dorsal, E emedial and F e ventral views (fossiliferous level L3). GeI. MMIRS 663, Zalmoxes sp. (Z. ?robustus), fused parietals in G e

dorsal, H e ventral and I e oblique anterodorsal views (fossiliferous level L3). JeK. MMIRS 673, Zalmoxes sp., maxillary tooth in J e labial and K e occlusal views (fossiliferous level
L5). Abbreviations: f a e articulation facet for frontal, f cr e frontal crest; n a e articulation facet for nasal; ORB e orbital margin; pr r e primary ridge.
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4.3.2. Vertebrate paleontology
Several fossiliferous layers are present in the basal-most portion

of the continental Sebeş Formation exposed in the Petreşti-Arini
section, within dominantly red siltstoneemudstone layers (Fig. 4;
Table 1). The largest part of the fossils was found in four particular
horizons (levels L1a, L1b, L3 and L4; Fig. 2b), which contain a high
concentration of microvertebrate remains (L1a), diverse macro-
vertebrates (L1b), dinosaur skull remains (L3), and associated
skeletal elements of dinosaurs and turtles (L4). Other fossiliferous
layers (L2 and L5) have yielded only a few fragmentary and scat-
tered remains, suggesting occasionally long-term subaerial expo-
sure and weathering. From a taphonomic point of view,
fossiliferous levels 1 to 5 yielded autochthonous andwell preserved
elements (Fig. 9B), accumulated in a riverbank, well-drained
floodplain environment.

4.3.2.1. Fossiliferous level L1a. The first fossiliferous level (L1a)
within the basal Sebeş Formationwas identified in a pale brownish
red silty-claystone unit, containing numerous calcareous nodules
and bioturbations (73 m log depth), interpreted as a well-drained
overbank unit; it occurs about 3 m above the contact between
the dominantly red-colored overbank sediments and the underly-
ing, unfossiliferous dark olive-greenish gray deposits that represent
the basal-most part of the Sebeş Formation. The vertebrate remains
from this level include mostly microvertebrates found dispersed
within the bed, the most diagnostic specimens being an isolated
Zalmoxes tooth and a partial skeleton of a multituberculate
mammal.

The isolated Zalmoxes tooth (MMIRS 658; Csiki-Sava et al., 2012:
fig. 2C) is heavily worn, preserving only the basal-most part of the
crown and a small fragment of the root. It is relatively small, with
the preserved portion of the crown measuring 10.9 mm in length.
Its overall morphology, with a large number of subparallel and
subequal ridges covering the lateral surface of the crown, is remi-
niscent of the maxillary teeth of rhabdodontid ornithopods, which
are common in the uppermost Cretaceous continental deposits of
Europe (e.g., Pereda Suberbiola and Sanz, 1999; }Osi et al., 2012a),
including the wider Transylvanian area (e.g., Weishampel et al.,
2003, Codrea et al., 2010, 2012, Vremir, 2010; Weishampel and
Jianu, 2011). Therefore, the specimen is referred here to Zalmoxes
sp., the endemic Transylvanian member of this clade (Weishampel
et al., 2003).

The most significant discovery from level L1a is a partial asso-
ciated skeleton of a small-bodied multituberculate (MMIRS 655;
Fig. 10A). This material was mentioned preliminarily by Csiki-Sava
et al. (2012) and is still under preparation. It includes the lower
jaw with partial in situ dentition (fragmentary i1 and p4em2;
Csiki-Sava et al., 2012: fig. 2A, B), a fragmentary skull with partial
upper dentition, and several postcranial elements such as various
limb bones and vertebrae. Based on the features of the lower
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dentition, the specimen was referred by Csiki-Sava et al. (2012) to
the Kogaionidae, an endemic European multituberculate clade
known from the uppermost Cretaceous of Romania and the
Paleogene of eastern (Romania) and western (Spain, France,
Belgium) regions of Europe (e.g., Csiki and Grigorescu, 2002, 2006).
Detailed description of this specimen will be published elsewhere,
once its preparation is fully completed.

4.3.2.2. Fossiliferous level L1b. Level L1b has yielded a larger num-
ber of macrovertebrate remains than level L1a, including relatively
well-preserved axial and appendicular elements of dinosaurs, a
turtle plastral element, and numerous indeterminate bone frag-
ments. The most diagnostic elements from this level include an
almost complete left xiphiplastron of a pleurodiran turtle (MMIRS
685), and a well-preserved cervical vertebra (MMIRS 657), a small-
sized incomplete tibia (MMIRS 654), and a nearly complete femur
(MMIRS 672) of dinosaurs. Another fragmentary specimen (MMIRS
686) is a flat piece of thin walled pneumatized bone, with a char-
acteristic widely spaced internal trabecular structure, resembling
those seen in pterosaurs. It possibly represents a posterior fragment
of a pterosaurian right mandibular ramus; however, due to its very
fragmentary nature, MMIRS 686 is not described here. The L1b
assemblage originates from a dark red-colored, bioturbated silty
mudstone overlain by a bed of bluish-gray coarse channel sand-
stone, 3e4 m above fossiliferous level L1/a (about 76 m log depth).

MMIRS 685 is a well preserved left xiphiplastral plate of a
pleurodiran turtle (Fig. 10B, C). It is largely complete and has a
quadrilateral shape narrowing posteriorly, with only the postero-
lateral section of the anal notch missing, broken off before burial
(preserved length ¼ 43 mm, reconstructed length ¼ 57 mm). The
most conspicuous features of the specimen are the anteriorly rather
convex hypo-xiphyplastral suture (anterior width¼ 32.3 mm) with
a small triangular hypoplastral indentation in the lateral third; the
relatively blunt lateral edge of the plate (length ¼ 37.7 mm), which
becomes thicker posteriorly (posterolateral thickness¼ 8mm); and
the thin (posteromedial thickness ¼ 3.5 mm), widely opened in-
ternal side. These features suggest a posteriorly pointed, parallel-
sided, laterally edged and widely opened (80�) anal notch, which
is characteristic of female morphs. The dorsal (internal) surface is
smooth, preserving both the pubic and the ischiatic sutures. The
pubic suture is positioned in the anterior third of the plate, well
behind the hypo-xiphiplastral suture, and has a narrow (width
varies between 4 and 6.3 mm) and elongated-oval shape
(length ¼ 16.2 mm) that slightly widens posteriorly, being oriented
45� in the posterolateral direction. The ischiatic suture is positioned
4.6 mm behind the pubic scar, is very elongated (preserved
length ¼ 23 mm, estimated length ¼ 26 mm) with a flat triangular
shape (medial width ¼ 7.4 mm), and is slightly angled posteriorly.
The ventral (external) surface of the plate is profusely decorated
with slightly backward oriented ridges and elongated pits, which
became smoother laterally. The femoro-anal sulcus is very narrow
and deep, and is positioned in the anterior third of the plate,
slightly oriented posterolaterally. A few randomly positioned small
circular pits can be seen on the ventral (external) side of the plate,
which are interpreted as scars from fungal infections, a rather
common pathologic phenomenon recorded in extant and fossil
freshwater turtles (e.g., Pereda-Suberbiola et al., 2000).

This specimen can be assigned to pleurodirans based on the
presence and morphology of the pubo-ischiatic sutures, whereas
the narrow xiphiplastron, morphology of the anal notch, and the
sharp and linear external ornamentation (a derived character)
clearly indicate it as a dortokid.

The plate is relatively robust and thick compared with its overall
size, a feature recorded only in several specimens found in the
basal-most section of the Şard (¼ ? Sebeş) Formation at Vurp�ar and
Dealul Cuptorului sites. Regarding its absolute size, the recon-
structed length of the plastron was close to 19 cm (a moderate size
among Transylvanian turtles). Similar position, orientation, and
morphology of the pubic and ischiatic sutures can be seen in several
dortokid specimens from the Santonian of Iharkút (Hungary), and
the Maastrichtian of the Sebeş and Haţeg areas (Romania), all of
which are distinct from specimens of the CampanianeMaas-
trichtian genus Dortoka from northern Spain and southern France
(Lapparent de Broin and Murelaga, 1999). In the latter, the pubic
scar is mostly shifted in the anterior direction and partially overlaps
the posterior border of the hypoplastron. Additionally, in Dortoka
and the Hungarian specimens, the femoro-anal sulcus medially
overlaps the hypoplastron, unlike in the Paleocene Ronella
(Lapparent de Broin et al., 2004) and the Maastrichtian specimens
from Transylvania and the Haţeg Basin.

Most of the fossil material collected from level L1b belongs to
dinosaurs. Of these specimens, MMIRS 654 (Figs. 9B, 11F, G) was
reported recently by Brusatte et al. (2013b), and referred to a very
young juvenile individual of the rhabdodontid Zalmoxes shqipero-
rum that was perhaps less than one year old when it died. As this
specimen was described and discussed in detail by Brusatte et al.
(2013b) it will not be discussed further here.

The almost complete axis (MMIRS 657; Fig. 11AeE) lacks most of
the prezygapophyseal region, the left postzygapophysis, and the
neural spine. Its opisthocoelous centrum is very wide anteriorly
(Fig. 11E), where the oval articular surface is significantly wider
mediolaterally than high dorsoventrally, and narrows considerably
at the posterior articular end, which is roughly circular. The anterior
surface is marked by an anteriorly projecting small lip at its ventral
edge (Fig. 11B, D), and a slightly raised and rugose area for the
odontoid process at its dorsal edge. The lateral sides of the centrum
are concave longitudinally, but convex dorsoventrally, converging
towards the ventral side. Accordingly, the ventral surface is reduced
to a narrow and rounded keel.

The parapophyses are located at the anterodorsal corner of the
lateral sides. They are large, laterally projecting, and dorsoventrally
elongated. The diapophyses are very small, tubercle-like structures
located slightly posterodorsally from the parapophyses, on the
sides of the neural arches.

The neural arch is dorsoventrally tall and encloses a highly oval
neural canal (best seen in posterior view). Neither of the pre-
zygapophyses is preserved. The right postzygapophysis is a relatively
massive process that extends posterolaterally, with an almost hori-
zontal, ventrolaterally facing oval articular facet (Fig.11A, B). The pre-
and postzygapophyses appear to be linked by a low crest running
along the lateral side of the neural arch. The anterior part of thedorsal
margin of the neural arch is horizontal and ridge-like, with a rounded
triangular anterior tip (Fig.11B). Theposteriorpart, bearing theneural
spine, is broken. Near the base of the neural spine, and above the base
of the postzygapophysis, each lateral side of the neural arch bears an
obliquelyascendingangular ridge.Due to these ridges, theneural arch
is rather wide in posterior view. Its posterior face exhibits a midline
vertical ridge that continues ventrally to merge with a horizontal
platform uniting the bases of the postzygapophyseal processes.

Specimen MMIRS 657 is virtually identical in size and overall
morphology to NHM R.3813, a specimen referred by Nopcsa (1928)
to Zalmoxes robustus (as Rhabdodon), an assignment followed by
Weishampel et al. (2003). However, the morphology of the anterior
part of the dorsal neural arch region in MMIRS 657 (not preserved
in NHMR.3813) is reminiscent of that seen in NHMR.3809, referred
to ‘Orthomerus’ (Telmatosaurus) by Nopcsa (1928). Weishampel
et al. (2003) noted the overall similarity and matching sizes of
the two specimens (NHM R.3809 and R.3813, respectively), sug-
gesting that the former axis also belongs to Zalmoxes robustus and
not to Telmatosaurus.



Fig. 11. Vertebrate remains from the basal Sebeş Formation, Petreşti-Arini section. AeE. MMIRS 657, Zalmoxes sp., axis in A e posterior, B e right lateral, C e anterior, D e left lateral
and E e ventral views, anterior side to the right (fossiliferous level L1b). FeG. MMIRS 654, Zalmoxes shqiperorum, juvenile tibia in F e anterior and G e distal views (fossiliferous level
L1b; see also Brusatte et al., 2013b). HeM. MMIRS 672, Zalmoxes shqiperorum, left femur in H e posterior, I e proximal, J e distal, K e medial, L e anterior and M e lateral views
(fossiliferous level L1b).
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It is worth mentioning that the axis NHM R.3809 has the same
registration number as a series of other specimens, including arti-
culated cervical vertebrae, dorsal vertebrae, a sacrum, ribs, an
ischium, a humerus, a femur, and a tibia. Among these bones are
clearly diagnostic elements of Zalmoxes. This series was identified
as belonging to one single individual of Zalmoxes (as Rhabdodon) by
Nopcsa (1928), and this taxonomic identification was accepted by
Weishampel et al. (2003), who referred the material to Z. robustus.
The axis NHM R.3809 is similar in size and preservation with the
cervical vertebrae bearing the same specimen number, suggesting
that the axis as well belong to the same individual, as proposed by
Weishampel et al. (2003). The NHM R.3809 series (‘specimen M’ of
Nopcsa [1928]) was excavated from an unnamed site at Sânpetru, in
the Haţeg Basin, while according to Nopcsa (1904, 1928) specimen
NHM R.3813 was found at Vinţu de Jos (‘Alvincz’), in the south-
western corner of the Transylvanian Basin, the same general area as
the Petreşti-Arini section. Despite the general resemblance of the
two axes, there appear to be minor differences between them,
including the shape of the anterodorsal part of the neural arch. The
significance of these differences is unclear at the present; they
might represent individual variation, interspecific differences
between Z. robustus and Z. shqiperorum, or may be a consequence of
differential preservation. These possibilities are difficult to untangle
because an unequivocally identified axis of Z. shqiperorum has yet to
be described. Therefore, MMIRS 657 can be confidently referred to
Zalmoxes, but its specific affinities remain as yet unclear. In general,
the overall morphology of MMIRS 657 is more reminiscent of
R.3809 than R.3813.

Although preserved in a deformed and fragmented state, the left
femur MMIRS 762 can be reconstructed almost in its entirety
(Fig. 11HeM). It is 285 cm long as preserved. The proximal and
distal ends are abraded and incomplete, exposing the cancellous
internal texture. The femur is moderately robust in build, slightly
convex laterally in anterior view (Fig. 11H), and bowed anteriorly in
lateral or medial view (Fig. 11K, M). Although mostly broken, the
head appears to be set on a relatively long neck, directed prox-
imomedially and oriented at an angle of about 125� relative to the
long axis of the shaft. The fourth trochanter is located at approxi-
mately mid-length of the bone. It is slightly sinusoidal, and appears
to be borderedmedially by shallowmuscle insertion pits. Parallel to
the fourth trochanter, an angular crest is present on the lateral
portion of the posterior surface. At the transversely expanded distal
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end, the medial condyle extends more posteriorly, while the lateral
condyle is slightly more distally protruding. The better preserved
and apparently larger medial condyle is set slightly obliquely
posteromedially relative to the parasagittal plain. The anterior
intercondylar groove is shallow and the posterior intercondylar
groove is deep.

The general shape, size, and morphology of the femur point to
ornithopod affinities. The curved shaft and sigmoidal fourth
trochanter are suggestive of the basal euornithopod Zalmoxes
(Weishampel et al., 2003; see above). Finally, the relatively long
femoral head neck and the weakly curved shaft are reminiscent of
the conditions reported in Z. shqiperorum (Godefroit et al., 2009).

4.3.2.3. Fossiliferous level L2. Only an indeterminate diaphyseal
bone fragment (MMIRS 661) has been discovered in fossiliferous
level L2 (about 82 m log-depth), in a brownish-red calcareous silty
claystone layer. Because it does not exhibit any diagnostic charac-
teristics, it will not be discussed further.

4.3.2.4. Fossiliferous level L3. Fossiliferous level L3 is a dark red to
brownish-red silty claystone sequence, positioned a few meters
above level L2 (84 m log-depth), separated from it by a bluish-gray
crevasse-splay sandstone body. Only three vertebrate remains were
recovered from this level, including dinosaur skull bones. These
were found isolated within the level, although there is a possibility
that at least some of them were originally associated. One of the
remains (UBB PT1) is rather fragmentary and not accessible for
study, and will not be described here.

A left frontal (MMIRS 680; Fig. 10DeF) is the most complete and
best preserved of the three specimens from this level. It is slightly
abraded and broken both anteriorly and posteriorly. The bone is
roughly triangular, somewhat longer anteroposteriorly (76.4 mm)
thanwide mediolaterally (maximumwidth 50.7 mm). It reaches its
maximum transverse dimension near its anterior margin, but
strongly narrows posteriorly to terminate at a width of 16.7 mm.
The dorsal surface of the frontal is smooth; it is flat in its posterior
third but slightly concave anteriorly. This concave area is bordered
anteriorly by a weak transverse crest (raised about 5.5 mm above
the deepest-lying part of the dorsal surface), separating it from a
rugose, anteroposteriorly furrowed area that represents the artic-
ular facet for the overlapping nasal (Fig. 10D). This suture is located
on the medial portion of the anterior region of the bone. Laterally,
the anterior-most edge of the bone would have contacted the
prefrontal, but because this region is broken the exact extent and
shape of this sutural region is unknown.

The lateral edge of the frontal is damaged by abrasion, so that
the nature and extent of the prefrontal and postorbital sutural
facets cannot be ascertained. The posterior quarter of the lateral
edge is dorsoventrally rounded and smooth, and probably formed
the anteromedial corner of the supratemporal fenestra. Medially,
the triangular articular facet that would have contacted the right
frontal along the skull midline is straight and slightly rugose. It
reaches 16.3 mm deep at its thickest dorsoventral expansion,
located at about one-third of the length of the bone, but narrows
both anteriorly and (more markedly) posteriorly (Fig. 10E). The
posterior, narrowed edge of the frontal is also damaged and
incomplete.

In ventral view, the morphology of the frontal is more complex
(Fig. 10F). It preserves the impression of the endocranial cavity
posteriorly along its medial surface and the dorsal roof of the
orbital cavity anteriorly along its lateral surface. The endocranial
roof is bipartite, divided into anterior and posterior partitions. The
anterior portion is large and widened anteriorly, and would have
enclosed the olfactory tracts and possibly also the olfactory bulbs.
The posterior portion is longer and wider than the olfactory bulb
depression, and would have roofed a portion of the cerebrum. The
olfactory and cerebral depressions are separated by thick, rounded
ridges radiating from a central area that corresponds to the
dorsoventrally thickest part of the frontal. The ridges mark the
contact surfaces with the presphenoideorbitosphenoid (ante-
rolaterally, between the olfactory and orbital regions), and the
laterosphenoid (posterolaterally, between the orbital and cerebral
regions, and marking the lateral extent of the cerebrum), respec-
tively. The lateral part of the laterosphenoid ridge is intersected by a
laterally oriented crest that represents the contact with the lateral
wing of the laterosphenoid, which also separates the orbit and the
supratemporal fenestra. These two ridges enclose a depressed area,
the anteromedial corner of the supratemporal fossa. Medially, a
third, lower, and much shorter saddle-like ridge, which is
perpendicular to the midline frontal suture, divides the olfactory
and cerebral regions of the endocranial cavity. The posterior part of
the cerebral surface becomes rugose, with rough parasagittal stri-
ations. This is interpreted as the overlapping suture between the
ventral surface of the frontal and dorsal surface of the anterior edge
of the parietal (see below).

The shape and detailed morphology of MMIRS 680 is strongly
reminiscent of the frontals of Zalmoxes, described from coeval de-
posits of the Haţeg Basin (Weishampel et al., 2003; Godefroit et al.,
2009). They share several features such as the triangular shape that
tapers strongly in width posteriorly, the morphology of the over-
lapping sutures with the nasaleprefrontal anteriorly and the pari-
etal posteriorly, and the topology of the ventral surface. Most
importantly, MMIRS 680 definitively exhibits one of the diagnostic
characteristics of Zalmoxes, the presence of a transverse frontal
crest, and possibly a second one as well, the overlapping suture
with the parietal (Weishampel et al., 2003). Based on these general
and specific similarities, MMIRS 680 can be referred to Zalmoxes.

Frontals of both species of Zalmoxes have been reported previ-
ously. The frontals of Z. robustus were described by Nopcsa (1904)
and Weishampel et al. (2003), while those of Z. shqiperorum were
described by Godefroit et al. (2009). Of the previously described
specimens, MMIRS 680 most closely resembles MFGI v.13528,
referred to Z. robustus byWeishampel et al. (2003), in that the crest
separating the dorsal surface from the nasal/prefrontal articular
facets is continuous and transversely oriented, and the two artic-
ular facets are largely contiguous with each other. It differs, how-
ever, from other frontals referred to Z. robustus, such as NHM
R.3400, an incomplete pair of articulated frontals (Nopcsa,1904), or
LPB (FGGUB) R.1616, an articulated frontalepostorbital
(Weishampel et al., 2003). In these specimens the impression of the
olfactory bulb on the ventral surface is subdivided into a deeper
posterior area and a bipartite, shallower anterior part, and the
prefrontal and nasal articular facets appear to be triangular-to-oval
in shape and clearly divided from each other. Moreover, the crest
separating these articular facets from the dorsal surface of the
frontal is weaker than in MMIRS 680, and is oriented somewhat
obliquely anterolaterallyeposteromedially, as the nasal suture ex-
tends farther posteriorly than the prefrontal suture. The different
development of the transverse crest in the two frontal morpho-
types was interpreted by Weishampel et al. (2003) as a potential
sign of sexual dimorphism within Zalmoxes robustus.

The frontal of themost completely known associated skeleton of
Z. shqiperorum (UBB NVZ1-38; Godefroit et al., 2009), and thus the
most reliable frontal referred to the species, also differs from
MMIRS 680 in the same set of characters as those noted above for
NHM R.3400 and LPB (FGGUB) R.1616. It should be noted here,
however, that UBB NVZ1-38 is most probably a right frontal instead
of a left one as described by Godefroit et al. (2009: fig. 6), based on
the position of the olfactory bulb impression, and that of the long,
straight sutural face bordering it and identified by them as a
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postorbital suture, but which corresponds more probably with the
interfrontal suture.

Based on the above observations, MMIRS 680 is considered to
belong to Zalmoxes, and most likely to Z. robustus, with its some-
what peculiar morphology possibly being the result of sexual
dimorphism (Weishampel et al., 2003). It is also worth noting that
the high transverse-crested frontal morphotype appears to be both
less common (only two specimens known up to date), and some-
what larger in size, than the low oblique-crested morphotype (at
least 5 specimens). Whether this size difference is also related to
sexual dimorphism is as yet unknown and difficult to test with so
few fossil specimens, but it represents a possibility worth testing in
the future as sample sizes grow. Assuming that some of the dif-
ferences among Z. robustus specimens noted by Weishampel et al.
(2003) are due to sexual dimorphism, it is conceivable that
similar sexual dimorphism was also present in Z. shqiperorum.
Accordingly, the definitive referral of MMIRS 680 to Z. robustus
remains uncertain at the present.

The frontal MMIRS 680 was found in the same level withMMIRS
663, a fragmentary parietal with a preserved length of 38.2 mm and
amaximumwidth of 30.1 mm (Fig. 10GeI). The triangular fragment
represents the anterior end of the bone, and is widest medi-
olaterally at its anterior edge and markedly narrows posteriorly.
The right anterolateral corner of the anterior edge is damaged, but
since the left side is virtually complete, the total width can be
estimated at about 35mm. The most salient features of the anterior
end are the twin articular surfaces for the frontal. These are
triangular-to-semicircular in shape, deeply excavated, and para-
sagittaly striated, and are separated along the midline of the pari-
etal by an anteriorly pointing, triangular process (Fig. 10G, I). The
presence of these articular facets clearly indicates that the frontal
overlapped the parietal, a condition regarded as diagnostic for the
genus Zalmoxes (see below). Posterior to the depressed fronto-
parietal suture, the dorsal surface of the parietal is continuous
with the dorsal surface of the midline process dividing the articular
facets. It narrows rapidly into a thin, moderately high sagittal crest
bordered laterally by steep sides. Twoweak ridges, originating from
the corners of the frontal articular facets, run along the lateral edges
of the sagittal crest, converging towards the midline. The smoothly
concave ventral surface of the parietal (Fig.10H) forms the posterior
part of the cerebral impression, bordered laterally by the rounded
ventrolateral edges of the parietal, where it contacts the
laterosphenoids.

The morphology of the anterior end of the parietal is strongly
reminiscent of that of LPB (FGGUB) R.1617, a complete parietal
referred to Z. robustus by Weishampel et al. (2003). Most impor-
tantly, the extensive overlap with the posterior part of the frontal,
confirmed by the articular facets at the anterior end of the parietal,
is regarded a diagnostic character of Zalmoxes (Weishampel et al.,
2003), although its presence cannot be currently established in
Z. shqiperorum (see Godefroit et al., 2009). An incomplete parietal of
Z. shqiperorum (UBB NVZ1-33) was described by Godefroit et al.
(2009); it appears to have a more prominent and salient sagittal
crest than MMIRS 663. The Petreşti-Arini specimen is commensu-
rate in size with the frontal MMIRS 680, excavated from the same
level (L3) that yielded no other diagnostic vertebrate remains,
which suggests that the two specimens might originate from the
same individual. Accordingly, we refer this specimen to Zalmoxes,
and suggest the possibility that it belongs to Z. robustus, pending
the discovery of more complete parietals of its congeneric
Z. shqiperorum.

4.3.2.5. Fossiliferous level L4. Fossiliferous level L4 is situated 25 m
upsection (109 m log-depth) from level L3, in the top of a suite of
thick overbank deposits, consisting mainly of dark-red occasionally
sandy/pebbly silty-claystones with thin bluish-gray or pale-gray
sandy interbeddings. Black manganese oxide nodules and coat-
ings on the fossil bones are frequent within this layer, which has
yielded a diverse bone assemblage, including both dinosaurian and
turtle remains (Fig. 12).

The turtle remains include an incomplete plastron consisting of
the associated fragmentary left hyoplastron (MMIRS 671a;
Fig. 12K), right hypoplastron (MMIRS 671b), and several other
smaller fragments. The disarticulated plates presumably belong to
the same individual because they were found together in the same
layer and bear similar preservational features. The main character
which identifies them as belonging to the pan-pleurodiran family
Dortokidae is the well-expressed reticulated-rugose and deep
linear external decoration, considered as a synapomorphy of the
group (Lapparent de Broin et al., 2004; Peréz-García et al., 2012;
Rabi et al., 2013). Both the hyo- and hypoplastral plates are un-
usually thick compared to other dortokid specimens (previously
referred to “Muelbachia nopcsai”; Vremir and Codrea, 2009) found
in the Maastrichtian of the Sebeş and Haţeg regions, a morpho-
histological feature probably linked to ecological factors (Vremir
and Rabi, 2011; Rabi et al., 2013).

The left hyoplastron fragment (MMIRS 671a; Fig. 12K) represents
approximately half of the plate, with the anterior margin partially
damaged and the posterior and posterolateral (including the axillary
process) sections missing. The estimated length of the entire plate is
approximately 60 mm, the anterior preserved mediolateral width is
34 mm, and the dorsoventral thickness ranges from 4 to 8 mm,
increasing posteriorly. The external (ventral) surface of the bone is
decorated and consists of sharp, closely packed, and variably parallel
crests and reticulated surfaces (axially). The basic ornamentation
type is much more similar to that of Dortoka (CampanianeMaas-
trichtian of Spain and France; Lapparent de Broin and Murelaga,
1999) and of “Muelbachia” (Maastrichtian of Romania) than to that
of Ronella (Paleocene of Romania; Lapparent de Broin et al., 2004).
Axially, the humeral sulcus is deep and wide, and is irregularly
positioned, criss-crossing the two hyoplastra. The humero-pectoral
sulcus is not preserved, and apparently was shifted backward,
closer to the hyo-hypoplastral suture.

The incomplete right hypoplastron (MMIRS 671b) includes the
posterior half of the bone and a large part of the inguinal process,
but the entire plate can be reconstructed based on the mold pre-
served on the matrix. As with the previous specimen, this plate is
very robust (compared to its size), bearing a strong external
decoration, comprised mostly of lineations parallel to the hypo-
xiphiplastral suture. It has a very thick and strong inguinal pro-
cess, as in Dortoka, which is expanded sub-vertically. The plate is
rather narrow and elongated (axial length: 56 mm; anterior width:
32 mm; posterior width: 31 mm) in comparison with other
Maastrichtian specimens from the Haţeg and Sebeş areas. Axially
on the posterior edge, a small section of the femoro-anal sulcus is
preserved as in Dortoka, but unlike in a specimen from Sânpetru,
Haţeg Basin (LPB (FGGUB) R.2297), inwhich the femoro-anal sulcus
is entirely positioned on the anterior third of the xiphiplastron,
similar to the condition present in the Paleocene genus Ronella.

As far as can be determined from the fragmentary specimens
from level L4 (MMIRS 671a/671b), the overall dimensions of the
plastronwere approximately the same as in the Sânpetru specimen
(Vremir and Rabi, 2011: fig. 2a), with a length of approximately
15 cm. However, inMMIRS 670/671 the anterior and posterior lobes
of the plastron appear to be slightly more elongated and narrower
than in the Sânpetru specimen (longer than in Ronella, closer in
proportions to Dortoka). A notable difference between MMIRS
671a/671b and LPB (FGGUB) R.2297 is the anteriorly shifted
humero-pectoral sulcus in the former specimen. In MMIRS 671a,
this sulcus was mostly, if not entirely, positioned on the ento- and



Fig. 12. Vertebrate remains from the basal Sebeş Formation, Petreşti-Arini section. A. MMIRS 669, ?Ornithopoda indet., dorsal rib fragment in anterior view (fossiliferous level L4).
BeD. MMIRS 670, ?Zalmoxes sp., right coracoid in B e lateral, C e posterior (glenoidal) and D emedial views (fossiliferous level L4). EeJ. MMIRS 668, Zalmoxes shqiperorum, left tibia
in E e anterior, F e lateral, G e posterior, H e medial, I e proximal and J e distal views (fossiliferous level L4). K. MMIRS 671a, Dortokidae indet., fragmentary left hyoplastron in
ventral (external) view (fossiliferous level L4). Abbreviation: gl e glenoid facet of coracoid.
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epiplastra, as in the holotype of “Muelbachia” nopcsai (EME VP 102)
from the lower Maastrichtian of Vurp�ar (in the Sebeş area), EME P8
from Pui (Haţeg), and several other specimens from Oarda de Jos
(Sebeş), as well as from the Santonian of Iharkút (Hungary).

Associated dinosaurian remains from level L4 include an iso-
lated and incomplete dorsal rib (MMIRS 669), an almost complete
left tibia (MMIRS 668), and a right coracoid fragment (MMIRS 670),
along with several fragmentary and taxonomically indeterminate
remains. The left dorsal rib MMIRS 669 (Fig. 12A) is a proximal
segment lacking the capitulumetuberculum region. It is of simple
construct, more curved proximally and straightening distally, with
a teardrop-shaped cross-section corresponding to a more rounded
anterior and a flatter posterior surface. The dorsal margin is wider
and largely rounded, whereas the ventral margin is narrow and
sharper. Although ribs are often not very diagnostic or easy to
identify, MMIRS 669 appears to be different from the usually larger,
plank-like ribs of sauropods, as well as from ankylosaurian dorsal
ribs that usually exhibit a T-shaped cross-section. On the other
hand, it is similar in shape, size, and proportions to ornithopod ribs
known from the Haţeg Basin. As such, it is here referred to as ?
Ornithopoda indet., although there is a slim possibility it may
belong to a theropod (which is difficult to test because comparative
theropod material from Romania has yet to be found).

The incomplete right coracoid (MMIRS 670; Fig. 12BeD) pre-
serves the glenoid region as well as a small part of the laterally
convex coracoid body. The glenoid articulation is latero-medially
thickened, oval and rugose surface; it faces slightly medially, but
its margins are protruding both laterally and medially. Anterior to
it, the damaged scapular articular surface (scapulocoracoid suture)
is more elongated, triangular shaped and narrowing toward the
anterior margin (Fig. 12C). The anterior margin is the single
reasonablywell preserved edge of the bone; it has a slightly angular
convex contour and is slightly thickened and rugose, suggesting the
presence of a cartilaginous cap. The general shape of the bone is
reminiscent of Zalmoxes coracoids known from the Haţeg Basin
(e.g., LPB (FGGUB) R.1077), and markedly different from the
quadrangular, massive titanosaurian coracoids, or the elongated, L-
shaped coracoids of the dromaeosaurid Balaur (Brusatte et al.,
2013a). The coracoid of Telmatosaurus is rather poorly known
(Weishampel et al., 1993), being represented by a single largely
incomplete specimen; it appears to differ from MMIRS 670 in the
presence of a large coracoid foramen removed from the scap-
ulocoracoid suture, a feature not observed in MMIRS 670. This
specimen is thus referred here provisionally to as ?Zalmoxes sp.

The best preserved and most diagnostic dinosaurian remain
from level L4 is a left tibia (MMIRS 668; Fig. 12EeJ). It is virtually
complete, although somewhat crushed in the distal third of the
shaft, and slightly damaged at its proximal and distal ends. Because
of this damage, the cancellous internal bony structure is exposed
both proximally and distally, most noticeably on the lateral condyle
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of the proximal end and lateral malleolus of the distal end. It is a
relatively long (277 mm) and gracile bone, with moderately
expanded ends, and it is laterally bowed in anterior view (Fig. 12E).

The proximal end is massive, with a large and posteriorly pro-
truding medial condyle and a much smaller lateral condyle. The
posterior corner of the medial condyle is supported by an angular
crest that medially borders the popliteal groove. The proximal
articular surface appears to slope laterally in anterior view. The
cnemial crest is also robust in proximal view, but it is relatively
short proximodistally, extending distally less than one-quarter of
the total length of the tibia. It is separated from the lateral condyle
by a groove, which likely served for the insertion of the distal lig-
ament of M. ilio-tibialis (Godefroit et al., 2009). It continues down
the shaft as a weak angular ridge twisting onto the medial side of
the anterior face and merges with the anteromedial edge distally.
The shaft is slender, ovoid in cross-section, and has a weak, slightly
angular longitudinal ridge along its lateral surface.

The distal end is expanded, more so medially than laterally. In
other words, the medial malleolus projects further medially rela-
tive to the shaft than the lateral malleolus does laterally. The lateral
malleolus, however, extends more distally than the medial mal-
leolus. The anteromedial edge of the distal end is sharp immedi-
ately above the medial surface of the medial malleolus, as the
medial side of the bone meets a flattened, slightly rugose area
extending over the medial-most part of the anterior surface. The
anterior half of the medial malleolus faces somewhat anteriorly.
The lateral margin of the anterior side is oriented slightly ante-
rolaterally. This margin is flat and covered with weak ridges, which
mark the contact surface for the distal end of the fibula.

The morphology of MMIRS 668 is strongly reminiscent of the
tibiae of Zalmoxes, as they share the lateral bowing of the shaft and
the continuous merging of the medial margins of the shaft and
distal end (see also Brusatte et al., 2013b). Moreover, MMIRS 668 is
more similar to the tibiae of Z. shqiperorum that of those of
Z. robustus, as like the tibiae of Z. shqiperorum it is relatively more
slender, less laterally bowed, and has a shorter and less well
developed cnemial crest than in Z. robustus (Godefroit et al., 2009).
In these features, MMIRS 668 is also somewhat reminiscent of
MMIRS 654, the very young juvenile tibia from level L1b referred
previously to Z. shqiperorum (Brusatte et al., 2013b). The main dif-
ferences between the two tibiae from Petreşti-Arini concern their
size and the shape of the distal end in distal view (more triangular
in the juvenile specimen), as well as the presence of the rugose
anteromedial surface and angular anteromedial edge of the distal
end in MMIRS 668 but not in MMIRS 654. These latter two differ-
ences are probably ontogenetic in nature. Based on the available
evidence, the tibia MMIRS 668 is thus referred to Z. shqiperorum.

4.3.2.6. Fossiliferous level L5. The uppermost fossil occurrence in
the Petreşti-Arini section is an isolated tooth (MMIRS 673; Fig. 10J,
K). It can be identified as a maxillary tooth of Zalmoxes based on the
typical rhabdodontid pattern characterized by the labial face
covered by a series of subparallel, vertical ridges. Because Rhab-
dodontidae is represented in the Upper Cretaceous of Romania
exclusively by two sympatric species of the genus Zalmoxes
(Weishampel et al., 2003; }Osi et al., 2012a), MMIRS 673 can be
conservatively assigned to this genus. The tooth was found in a pale
brownish-red claystone layer positioned 27 m upsection from level
L4, and designated as fossiliferous level L5 (slightly above 147 m
log-depth). It is similar in preservation to specimen MMIRS 658
from level L1a, in that is a heavily worn shed tooth. However, it is
both larger (15.5 mm mesiodistal crown length) and somewhat
more complete than MMIRS 658. As already noted, the labial sur-
face of the crown is covered by a number of subparallel longitudinal
ridges; one of these is slightly more prominent than the other
ridges (Fig. 10J), continuing uninterrupted to the basal cingulum
that separates the crown from the root. The occlusal surface is
asymmetrical, less worn, higher and narrower (3.9 mm labiolin-
gually) at one end, but more heavily worn, lower and significantly
wider (9 mm) at the other (Fig. 10K). Based on the common wear
pattern in Zalmoxes maxillary teeth, as described by Weishampel
et al. (2003), the less worn end of the tooth can be identified as
the anterior one. Accordingly, the prominent subparallel ridge is
located slightly anteriorly, with fivemore ridges anterior, and seven
ridges posterior to it. The worn occlusal surface of the tooth is
crossed by several cracks and is somewhat abraded; no particular
wear features (such as pits or scratches) were revealed during its
preliminary macroscopic and microscopic examination. The lingual
face of the crown and root are excavated for the succeeding
replacement tooth.

5. Discussion

5.1. Age constrains on the Petreşti-Arini section and comparisons
with other uppermost Cretaceous continental deposits from the
Transylvanian area

Based on micro- and macrofauna, as well as palynoflora, the age
of the type Bozeş Formation in the southern Apuseni Mountains
area was established previously as Santonianeearly Maastrichtian
(Dimian and Popa-Dimian, 1964; Tomescu et al., 1969; Marincaş
and Mânecan, 1971; Marincaş, 1973; but see Antonescu, 1973, for a
somewhat different opinion), and a similar age was assumed for
Bozeş-correlative deposits from the foothills of the Southern Car-
pathians. Rich foraminiferal assemblages were cited to support the
Santonianeearly Maastrichtian age interval, while index ammonite
taxa have been used to argue for a lower Maastrichtian identity for
part of the section (Nopcsa, 1905; Tomescu et al., 1969). One of
these index taxa, the pachydiscid ammonite Pachydiscus neu-
bergicus is often regarded as a good marker for the basal part of the
Maastrichtian, with the Campanian/Maastrichtian boundary being
traced at/near its lowest occurrence datum (e.g., Kennedy, 1984;
Odin, 1996; Odin and Lamaurelle, 2001; Ogg and Hinnov, 2012).

The first appearance date of Pachydiscus neubergicus is below
the last appearance of Uniplanarius trifidus and Broinsonia parca,
and is correlated with the calcareous nannofossils zone CC23a
(Perch-Nielsen, 1985), equivalent to UC16 (Burnett, 1998) in the
Tercis Basin in France (Christensen et al., 2000; Odin et al., 2001)
and several other localities from northern Spain (Wagreich et al.,
1998; Küchler and Wagreich, 1999; Küchler et al., 2001). The
CC23 biozone is characterized by the presence of Broinsonia parca
constricta and Uniplanarius trifidus, as well as the absence of Rein-
hardtites anthophorus and Eiffelithus eximius. However, recent
studies based on calcareous nannofossil assemblages were able to
identify only SantonianeCampanian deposits within the type-area
Bozeş Formation, with the uppermost Campanianelower Maas-
trichtian (i.e., zone CC23) being conspicuously absent (B�alc et al.,
2007, 2012; B�alc and Zaharia, 2013; see also below). This means
that there is disagreement over the age of these deposits as implied
from the published nannofossil studies versus the supposed
occurrence of the ammonite P. neubergicus.

Our studied section from Petreşti-Arini helps to clarify this
discrepancy. The calcareous nannofossils assemblage at Petreşti-
Arini differs from the above mentioned western European localities
in that it lacks Tethyan taxa such as Uniplanarius trifidus, the nan-
nofossil assemblage being similar to those described from northern
Germany (Wagreich et al., 1999). Additionally, Reinhardtites
anthophorus and Eiffelithus eximius are continuously present in the
studied section. Thus, the sampled marine portion of the Petreşti-
Arini section cannot be assigned to the CC23 biozone (late late



Fig. 13. Correlation chart of the vertebrate-bearing Upper Cretaceous lithostratigraphic units from the Transylvanian area, western Romania. Star marks the position of the
stratigraphically lowest-lying latest Cretaceous vertebrates, identified in the Petreşti-Arini (PT) section.
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CampanianeearlyMaastrichtian). Instead, the entire local sequence
of the Bozeş Formation at the site falls within the CC22/UC15dTPe
UC15eTP Zone, which is mid late Campanian in age (Ogg and Hinnov,
2012).

The age of the Petreşti-Arini section, and the refined under-
standing of the age of the Bozeş Formation in general, has impli-
cations for understanding the timing of major faunal evolution on
the Haţeg Island. Because the Petreşti-Arini section records
essentially continuous sedimentation between the dominantly
marine Bozeş Formation and the overlying continental Sebeş For-
mation, with this continuity documented by the transitional
brackish beds of the top Bozeş Formation, it can be most parsi-
moniously concluded that deposition of the continental vertebrate-
bearing Sebeş Formation began in this area sometime during the
latest Campanianeearliest Maastrichtian (Fig. 13).

In the Haţeg Basin, fossiliferous deposits with continental
vertebrate remains have been dated as Maastrichtian based on
palynology (Antonescu et al., 1983; Van Itterbeeck et al., 2005),
magnetostratigraphy (Panaiotu and Panaiotu, 2010; Panaiotu et al.,
2011) and radioisotopic dating (Bojar et al., 2011). Such a Maas-
trichtian age is also consistent with the late late Campanian age of
the marine deposits unconformably underlying the fossiliferous
continental beds (Grigorescu and Melinte, 2002; Melinte-
Dobrinescu, 2010). Although Nopcsa (1905) briefly described a
transitional succession between the marine deposits and overlying
uppermost Cretaceous continental beds at Pui, this succession was
never subsequently identified in the field by other workers (see,
e.g., Stilla, 1985). Furthermore, this transitional succession was not
reported to have yielded vertebrate remains. Accordingly, all
available data support a Maastrichtian age of the uppermost
Cretaceous continental deposits from the Haţeg Basin, and there-
fore the vertebrate remains they contain (Fig. 13).

Less certain age constrains are available for the vertebrate-
bearing levels in the Rusca Montan�a Basin. Nonetheless, the con-
tinental beds are reported to overlie SantonianeCampanian marine
deposits (Dinc�a et al., 1972; Fig. 13) and have yielded a
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Maastrichtian palynoflora similar to that reported from the Haţeg
Basin (Antonescu et al., 1983). Moreover, the basal-most part the
coal- and plant-bearing detriticevolcanoclastic succession from the
basin (Dinc�a, 1977; Grigorescu, 1992), a succession that is largely
synchronous with the vertebrate-bearing fluvial deposits (e.g.,
Codrea et al., 2012), is represented by a “pyroclastic horizon”. This
“horizon” includes a rhyo-dacitic tuff correlated with the Cireşul
granodioritic body and its associated dacitic subvolcanic intrusions,
for which radiometric dating yielded early Maastrichtian ages
(70.8 � 2.1 Ma for the Cireşul granodiorite, respectively
69.3 � 2.1 Ma for the dacitic bodies) (Strutinski, 1986; Strutinski
et al., 1986). The vertebrate, invertebrate (gastropod), macrofloral
and mesofloral records of the continental beds show marked
resemblance to those better known from the Haţeg Basin (Vasile
and Csiki, 2011; Codrea et al., 2012; Vasile and Csiki-Sava, 2012;
Popa et al., submitted for publication), further supporting the
synchronicity of the deposits from the two neighboring basins.

Finally, in the Transylvanian Basin (Fig.13), age constrains on the
uppermost Cretaceous continental beds are somewhat better,
except in the northwestern part of the area, where a Maastrichtian
agewas inferred for the basal part of the Jibou Formation by Codrea
and Godefroit (2008) based only on the occurrence of a small
sample of vertebrate remains referred to the euornithopod dino-
saur Zalmoxes. No age constrains are available based on the strati-
graphic relationships of these beds with underlying deposits, as
they rest directly on rocks of the crystalline basement.

In the southwestern Transylvanian areas, the currently accepted
lithostratigraphic framework of the uppermost Cretaceous conti-
nental beds was established mainly by Codrea and Dica (2005; see
also Codrea et al., 2010; Vremir, 2010; Mariş, 2012). According to
this scheme, the non-marine uppermost Cretaceous includes the
purely continental Şard and Sebeş formations (separated in their
outcropping areas by the Mureş River); the main difference be-
tween these two largely isofacial units is represented by the nature
of the source areas supplying them, located in the westerly
southern Apuseni and the southerly Southern Carpathians,
respectively. Locally, the Şard Formation is underlain by a transi-
tional unit, first identified by Pálfy (1902; see also Nopcsa, 1905),
and formally named the Vurp�ar Formation by Codrea and Dica
(2005). The Vurp�ar Formation consists of yellowish silty sand-
stones with interbedded silts and conglomerates, which comprise a
richly fossiliferous succession with invertebrates and plant re-
mains, covering the flyschoid, deep-marine deposits of the Bozeş
Formation. Lithofacially and paleontologically, this succession is
reminiscent of the transitional, estuarine-brackish part of the Pet-
reşti-Arini section, which might suggest (but does not conclusively
support) their synchronicity; however, this transitional succession
is significantly thicker in the southern Apuseni Mountains foothills.
In the Petreşti area, the marineecontinental transition is inter-
preted to occur through an extremely condensed section of the
Vurp�ar Formation (Codrea et al., 2010) or directly between the
Bozeş Formation and the Sebeş Formation, through a brackish
littoral-estuarine succession like that described at Petreşti-Arini
(Vremir, 2010; this paper).

In its type area located in the southern Apuseni Mountains, the
upper part of the Bozeş Formation yielded amacrofaunawith corals
(Cyclolites), gastropods (Actaeonella, Natica), bivalves (mainly
different species of Inoceramus), echinoids (Micraster) and am-
monites, including index taxa such as Hoplitoplacenticeras vari,
Pachydiscus colligatus and P. neubergicus (Nopcsa, 1905; Dimian and
Popa-Dimian, 1964; Tomescu et al., 1969), along with a foraminif-
eral microfauna (synthesized by Dimian and Popa-Dimian, 1964;
see also Codrea et al., 2001) and palynoflora (Antonescu, 1973).
Together, these assemblages were used to suggest that the upper
part of the marine succession straddles the Campaniane
Maastrichtian boundary (Nopcsa, 1905; Tomescu et al., 1969),
especially based on the presence of Pachydiscus neubergicus, an
index taxon for the base of the Maastrichtian (Kennedy, 1984; Odin,
1996; Ogg and Hinnov, 2012).

It should be pointed out, however, that reports of P. neubergicus
from the Bozeş Formation in the southern Apuseni Mountains are
largely unsubstantiated, as no referred specimens were ever
figured. Moreover, purported P. neubergicus specimens were
described to come from assemblages containing definitively Cam-
panian taxa such as Cataceramus (I.) balticus, Hoplitoplacenticeras
‘vari’ (H. marroti) or Pachydiscus colligatus (e.g., Kennedy, 1984,
1987; Jagt, 2002), and different Campanian pachydiscids are often
mistaken for P. neubergicus (see, e.g., F}ozy, 2001), which further
casts doubts on the presence of this taxon in the Bozeş Formation.
In the absence of P. neubergicus, the Bozeş Formation would extend
at most into the upper Campanian (as was also suggested by
Dimian and Popa-Dimian, 1964), a conclusion that is consistent
with the most recent calcareous nannofossils studies (this paper;
B�alc and Zaharia, 2013).

In our initial short report on the Petreşti-Arini section, we
mentioned the potential presence of P. neubergicus below the
lowest level sampled for calcareous nannofossils (P33) (Csiki-Sava
et al., 2012). Again, however, it was reported from a strati-
graphically lower position than other pachydiscids from the same
succession, pachydiscids that are probably referable to Pachydiscus
ex gr. P. colligatus (I. F}ozy, pers. comm. to MV), a Campanian taxon
(e.g., Jagt, 2002). The poor state of preservation of the Petreşti-Arini
ammonite specimen, together with the calcareous nannofossil re-
sults reported here, casts doubt on our original identification of
P. neubergicus, and therefore any age determination that can be
derived from it. Instead, similarly to case of the Bozeş Formation in
its type area, this unit also seems to end with the upper Campanian
in the Petreşti-Arini section as well.

In the southern Apuseni Mountains, the deposits of the transi-
tional Vurp�ar Formation overlying the Bozeş Formation have yiel-
ded a mainly brackish-water fossil assemblage dominated by the
gastropods Actaeonella (the “actaeonellid beds” of Pálfy, 1902) in
the basal part, and Cerithium (the “cerithid-bearing beds” of Pálfy,
1902) towards the top of the succession. Codrea and Dica (2005)
considered this unit to represent the lowermost Maastrichtian
based on available biostratigraphic data, although no reliable
marker fossils were reported from these deposits. Antonescu (1973)
cited a palynological assemblage with Pseudopapillopollis prae-
subhercynicus, Suemeghipollis, Hungaropollis, and Semioculopollis
from these deposits, an assemblage considered to characterize the
Santonianelower Maastrichtian. However, the position of the unit,
on top of the Bozeş “beds” (Codrea and Dica, 2005) would con-
sequenty restrict the Vurp�ar Formation to the uppermost Campa-
nianelower Maastrichtian. Only a few undeterminate and
fragmentary vertebrate remains, including a ?dinosaurian rib
fragment and a crocodilian tooth (Codrea et al., 2010; Vremir, 2010)
were reported from this unit; these were found close to its contact
with the overlying continental beds and would accordingly be of
early Maastrichtian age (Fig. 13).

The ages of the more fossiliferous, purely continental Şard For-
mation and its correlative Sebeş Formation are currently accepted
to beMaastrichtian (e.g., Codrea et al., 2010; Vremir, 2010) based on
their stratigraphic position atop of the Bozeş (and Vurp�ar) Forma-
tion, although more precise age constrains are as yet unavailable.

To conclude, all continental vertebrate remains reported until
now from the Romanian uppermost Cretaceous appear to be
restricted to the Maastrichtian (Fig. 13). The lowermost continental
vertebrate-bearing levels L0/a and L0/b from the Petreşti-Arini
succession, as documented here, occur within the marine deposits
of the upper Bozeş Formation, slightly above the part of the section
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sampled for calcareous nannofossils. Based on our calcareous
nannofossils data, the deposition of the Bozeş Formation ended
during the middle late Campanian, thus firmly placing levels L0/a
and L0/b into the upper Campanian. This makes the vertebrate
specimens from the Bozeş Formation described in this paper
currently the oldest terrestrial vertebrate specimens from the
famous CampanianeMaastrichtian assemblage of the Haţeg Island.

According to the most recent biostratigrahic zonation schemes
of the Cretaceous (Ogg and Hinnov, 2012), the end of calcareous
nannofossils zone CC22, identified in the Bozeş Formation deposits
from the Petreşti-Arini section, can be placed at about 76 Mya, in
the loweremiddle part of the upper Campanian, thus preceding by
about 4 million years the CampanianeMaastrichtian boundary.
Since L0/a and L0/b occur only 3e4 m above the uppermost
micropaleontologically sampled level P1, the age of the vertebrate
remains they yielded (?Azhdarchoidea, Zalmoxes) should also be
mid late Campanian, which thus makes them the oldest well-dated
terrestrial vertebrate specimens from the famous latest Cretaceous
assemblage of the Haţeg Island of Romania.

5.2. Changing paleogeography and the emergence of late Late
Cretaceous continental vertebrate assemblages of the “Haţeg Island”

Despite their wide international recognition, the latest Creta-
ceous vertebrate assemblages of the Haţeg Basin (Grigorescu, 2005,
2010) are not the only Late Cretaceous faunas known from Tran-
sylvania, nor are they the oldest ones.

In 1902b, Nopcsa reported the discovery of dinosaur teeth in the
northwestern parts of the larger Transylvanian area (Borod Basin, in
the northern Apuseni Mountains; Nopcsa 1902b; Fig. 13). He
identified these isolated remains as belonging to a theropod
dinosaur, which he described as a new taxon under the binomial
‘Megalosaurus’ hungaricus. The taxonomic affinities of the Borod
teeth have remained controversial since their description, espe-
cially because the specimens now appear to be lost (see Csiki and
Grigorescu, 1998). Most recently, Carrano et al. (2012) considered
them to belong to an indeterminate theropod, although noting that
they are potentially diagnostic, and could belong either to a dro-
maeosaurid or a tyrannosaurid.

Regardless of its exact taxonomic affinities, ‘M.’ hungaricus was
often discussed as a member of the Haţeg vertebrate fauna (e.g.,
Weishampel, 1990), probably based on the report of Megalosaurus
sp. from Haţeg by Nopcsa (1915). Nopcsa himself never made such
an assertion, although he did consider the distant possibility that
his Megalosaurus sp. from the Haţeg Basin might be conspecific
with M. hungaricus. Nevertheless, it is clear from the available data
concerning the origin of the ‘M.’ hungaricus specimens that this
taxon is significantly older than the classical Transylvanian verte-
brate assemblages. The occurrence data reviewed by Csiki and
Grigorescu (1998), suggests a late Coniacianeearliest Santonian
age for ‘M.’ hungaricus, which thus in the most conservative esti-
mates predates the classic Haţeg vertebrate faunas bymore than 13
million years (Fig. 13). Moreover, the autapomophic tooth
morphology shown by ‘M.’ hungaricus is currently undocumented
in the latest Cretaceous theropod assemblages from Romania,
despite the large number of theropod dental morphotypes
currently recorded (e.g., Csiki and Grigorescu, 1998; Codrea et al.,
2002; Smith et al., 2002; Vasile and Csiki, 2011). Taken together,
this evidence strongly indicates that ‘M.’ hungaricus was a member
of a different faunal assemblage than the latest Cretaceous Tran-
sylvanian faunas, albeit one which is very poorly known.

Because ‘M.’ hungaricus comes from the basal portion of post-
tectonic deposits accumulated in collapsed orogenic areas
(Willingshofer et al., 1999), it most likely inhabited a landmass that
became emergent following the intra-Turonian (pre-Gosau or
Mediterranean) tectogenetic phase responsible for the structuring
and uplift of the northern Apuseni Mountains (S�andulescu, 1984;
Willingshofer et al., 1999). The presence of such emergent areas
in the Apuseni Mountains during this time is also documented by
Coniacian fossil plant remains in the Vl�adeasa area (Dragoş, 1971),
as well as by the occurrence of ConiacianeSantonianelower Cam-
panian shallow-water to littoral, or even continental, lithofacies in
several post-tectonic basins spread across the Apuseni Mountains
(e.g., Ianovici et al., 1976; Schuller, 2004; Schuller et al., 2009;
Fig. 13).

Stratigraphic gaps within the Turonian, correlated with the
same pre-Gosau tectogenetic event and uplift of the Apuseni
Mountains, are also widely documented in the Southern Carpa-
thians, recorded in the Şopot (Pop, 1968), Rusca Montan�a
(Strutinski, 1986), Haţeg (Pop et al., 1972), and Brezoi (Hann and
Szász, 1985) Basins. Post-Turonian shallowing of marine deposi-
tional environments, followed by subsequent deepening from the
Santonian onward, is also documented in the Haţeg Basin (e.g.,
Stilla, 1985; Melinte-Dobrinescu, 2010; Fig. 13). Santonian to Cam-
panian aged, as yet poorly investigated deposits with fossil plant
remains are reported from the northern foothills of the Southern
Carpathians near S�asciorieSebeş (Petrescu and Huic�a, 1972), sug-
gesting the proximity of emergent land. Here, red clays and con-
glomerates with fossil wood remains, as well as bluish-gray coal-
bearing sandstones (informally described as the “S�asciori strata”, a
Santonian aged unit) rest on top of the metamorphic bedrock in the
Cacova, S�asciori, Sebeşel and Pianu de Sus areas (Halaváts and
Telegdi-Roth, 1910). This restricted continental unit (ca. 80 m in
thickness in the Sebeşel area) is overlain by late Santonian to
Campanian brackish and shallow marine deposits (lower Bozeş
Formation) in a Gosau-type facies, deposits which were deposited
in a shallow gulf along the present-day Sebeş River, upstream from
Petreşti (Marincaş, 1966; Fig. 13). Altogether, in summary, the
available data point to a relatively short-lived emergence of
extensive land areas covering parts of the northern Apuseni
Mountains and of the Southern Carpathians during and/or after the
Turonian. These post-Turonian emergent areas were the home of
the extremely poorly known Coniacianeearliest Santonian ‘M.’
hungaricus fauna.

The Coniacianeearliest Santonian uplifting events were fol-
lowed by partial retreat of the land and advancement of marine
environments in marginal areas and locally collapsed internal parts
of the newly formed orogen. The late SantonianeCampanian
expansion of marine waters in the larger Transylvanian area is
documented by strong subsidence and renewal of deep-marine
deposition in the Haţeg (Pop et al., 1972; Stilla, 1985;
Willingshofer et al., 1999; Melinte-Dobrinescu, 2010) and Rusca
Montan�a (Dinc�a, 1977) Basins, as well as within several intermon-
tane basins in the Apuseni Mountains (Schuller, 2004; Schuller
et al., 2009) (Fig. 13). Deep marine flyschoid sedimentation (the
Bozeş Formation) also resumed along the rims of the Southern
Carpathians and the southern Apuseni Mountains, at their contact
with the Transylvanian Basin, in a remnant trench basin (e.g.,
Schuller, 2004; Krézsek and Bally, 2006). Expansion of the marine
areas probably significantly reduced (and fragmented) the amount
of emergent land during this time period, although its presence is
still documented by wood remains in the Bozeş Formation of the
southern Apuseni Mountains (Iamandei and Iamandei, 2004) and
northern ŞureanuMountains (Halaváts and Telegdi-Roth,1910) and
now by the occurrence of plant debris in the upper part of the Bozeş
Formation succesion in the Petreşti-Arini section.

Withdrawal of the sea from the Transylvanian area commenced
again towards the latest Cretaceous, with the final stages of conti-
nental collision and nappe stacking in the Southern Carpathians
and the Southern Carpathians-Apuseni Mountains contact area,



M. Vremir et al. / Cretaceous Research 49 (2014) 13e3834
followed by infilling of the remnant trench basin in the neighbor-
hood of the Mureş Valley. Based on previously available data, the
beginning of this regression was considered to have occurred dur-
ing the early (but not necessarily earliest) Maastrichtian (e.g.,
Codrea and Dica, 2005; Melinte-Dobrinescu, 2010), although deep-
marine sedimentation continued well into the Maastrichtian in the
northern part of the Apuseni Mountains (Schuller, 2004; Schuller
et al., 2009), in the external parts of the Southern Carpathians
(Hann and Szász, 1985), and until the Paleocene in the central
Transylvanian Basin in the Al�amor and Puini areas (Filipescu and
Kaminski, 2008). Sediments shed from the uplifting mountains
were deposited in depressions formed through local gravitational
collapses (e.g., the Haţeg Basin) or inherited from previous struc-
tures (such as the Mureş trough), generating the fossiliferous
continental deposits of the uppermost Cretaceous.

Despite the significant expansion of available emergent land in
present-day northwestern Romania towards the end of the Creta-
ceous, it appears that this land remained largely isolated from other
continental areas of Europe, surrounded by moderate to deep
oceans, and is thus usually referred to as the “Haţeg Island” or the
Transylvanian landmass (see, e.g., Benton et al., 2010). This island,
extending from the Southern Carpathians to the northern part of
the Transylvanian Basin (Codrea et al., 2010), became home to the
classic “Haţeg” vertebrate assemblages of Nopcsa, full of dwarfed
dinosaurs and other odd endemic taxa. This fauna is known from
occurrences in the Rusca Montan�a, Haţeg and Transylvanian Basins,
which are usually considered to date to the Maastrichtian (e.g.,
Buffetaut and Le Loeuff, 1991; Le Loeuff and Buffetaut, 1995;
Weishampel et al., 2004), being most recently reviewed by
Benton et al. (2010), Grigorescu (2010) and Weishampel et al.
(2010).

It is worth mentioning that there are no indications of faunal or
taxonomic continuity between the (admittedly very poorly known)
‘M’. hungaricus faunas of the late Coniacianeearliest Santonian and
the classic Maastrichtian “Haţeg” faunas, because, as noted above,
the autapomorphic morphology of the Borod teeth is not docu-
mented from the well-sampled Haţeg sites. Accordingly, the
emergence of the “Haţeg” faunal assemblage appears to be linked
to the end-Cretaceous emergence of the Transylvanian area,
although its originmust be sought inmuch earlier, Early Cretaceous
times (Weishampel et al., 2010).

The studied Petreşti-Arini section preserves a unique record of
the seemingly continuous transition from pre-emergence, deep-
marine to post-emergence, continental deposits in the south-
eastern parts of the “Haţeg Island”. Within this section, terrestrial
vertebrate remains appear in upper Campanian marine deposits
whose age is well constrained by calcareous nannofossil biostra-
tigraphy. Such occurrences demonstrate that typical elements of
the “Haţeg” fauna (Zalmoxes, azhdarchoids) already inhabited the
Transylvanian area by that time. These new occurrences, therefore,
place the emergence of the “Haţeg” faunas in the late Campanian, a
fewmillion years earlier than previously considered, and during the
time that the Transylvanian area was transitioning from marine to
terrestrial.

5.3. Comments on the composition of the earliest “Haţeg Island”
vertebrate faunas

The faunal composition of the “Haţeg” vertebrate assemblage is
rather well established after more than a century of paleontological
research (see Benton et al., 2010; Grigorescu, 2010; Weishampel
et al., 2010). Furthermore, discoveries from different parts of the
Maastrichtian Transylvanian landmass (Codrea and Godefroit,
2008; Codrea et al., 2010, 2012; Vremir, 2010; Vasile and Csiki,
2011) document a rather homogenous faunal composition across
the “Haţeg Island”, although local differences in abundance and
diversity can be identified. Based on the available data
(Weishampel et al., 2010 and references therein), these faunas
included rare fishes (dominantly lepisosteids), discoglossid an-
urans, albanerpetontids, meiolaniiform and dortokid chelonians,
diverse (although poorly known) lizards, madtsoiid snakes,
ziphosuchian, atoposaurid and hylaeochampsid-like meso-
eucrocodylians, azhdarchid pterosaurs, titanosaurian sauropods,
diverse non-avian theropods (dominated by dromaeosaurids, with
a range of less well known, tooth-based taxa), enantiornithine and
ornithurine birds, rhabdodontid and basal hadrosaurian ornitho-
pods, basal nodosaurid ankylosaurs, and endemic kogaionid mul-
tituberculates (see also Csiki et al., 2010a; Martin et al., 2010; Wang
et al., 2011a, 2011b; Dyke et al., 2012; Rabi et al., 2013; Vasile et al.,
2013; Vremir et al., 2013). Although some members of this
assemblage are rare, others (such as meiolaniiform turtles, basal
eusuchians, titanosaurs, hadrosaurs, and theropods) are very
common, occurring in most or even all of the major fossil accu-
mulations reported (e.g., Csiki et al., 2010b). Others, such as
nodosaurids, are generally rare in the Maastrichtian deposits, but
are abundant in the basal part of the Şard Formation, at Vurp�ar
(Codrea et al., 2010; Vremir, 2010).

Unlike the common pattern noted above, the newly recovered
local vertebrate assemblage from Petreşti-Arini (Table 1) is domi-
nated by the basal euornithopod Zalmoxes , its presence confirmed
by well-preserved and diagnostic cranial, dental, and postcranial
skeletal elements, spread across the entire thickness of the
vertebrate-bearing section (levels L0/b, L1a, L1b, L3, L4, L5). The
Petreşti-Arini assemblage also includes freshwater pleurodiran
turtles (Dortokidae e L1b, L4), giant pterosaurs (Azhdarchoidea? e

L0/a), and kogaionid multituberculates (L1a), all these being mem-
bers of the Haţeg fauna. However, despite years of collecting at the
site, we have yet to identify fossils of the meiolaniiform Kallokibo-
tion, the hylaeochampsid-like Allodaposuchus, titanosaurians, the-
ropods, or hadrosaurians, all of which are equally (if not more)
common and widespread in the Haţeg fauna than those taxa
recorded in the Petreşti-Arini section; meanwhile, the pterosaurs
(Vremir et al., 2013) and the recently identified dortokids (Vremir
and Codrea, 2009; Rabi et al., 2013) are especially rare occurrences
overall in the classic “Haţeg” faunas (Csiki et al., 2010b). Failure to
identify otherwise widespread and common taxa in the Petreşti-
Arini succession is especially surprising because fossils of these taxa
are easily preserved (due to their large size, particularly in the case of
the titanosaurian bones, or to their resilient nature, in the case of
turtle shell fragments or crocodylian teeth), and easily recognized.
Although small sample size was shown to impede reliable paleo-
community analyses (e.g., Moore et al., 2007; Forcino, 2012, and
references cited therein), this combination between presence of
otherwise rare taxa and absence of otherwise common and easily
identifiable taxa is noteworthy, and is considered unlikely to repe-
sent a randomby-product of a simple small sample size bias. Finally,
the lithology of the fossil-bearing deposits in the Sebeş Formation at
Petreşti-Arini is also similar to that of deposits yielding vertebrate
fossils in other areas of the Transylvanian landmass, suggesting that
preservational or taphonomic biases cannot fully account for the
observed compositional differences between earlier (Petreşti-Arini)
and later (classic “Haţeg”) assemblages.

Thus, we consider that the observed compositional bias is not
likely to be a product of taphonomy, preservation or under-
collecting, although we cannot completely rule out such a possi-
bility. Instead, it may very well represent a genuine biotic signal
suggesting that this Zalmoxes-dortokid-azhdarchid-kogaionid as-
sociation was the major faunal composition of the very oldest
stages of the classic “Haţeg” faunas. It is currently unknown
whether the unusual composition of these oldest, late Campaniane
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earliest Maastrichtian Transylvanian assemblages, and the absence
of taxa common in the younger ones, is due to subsequent immi-
gration that added new components to the biota of the “Haţeg Is-
land” later in the Maastrichtian, or to ecological segregation, with
particular habitat preferences excluding certain taxa from the near-
shore, coastal environments represented by the Petreşti-Arini
section. Unfortunately, habitat preferences of the Transylvanian
(and, indeed, European) Late Cretaceous continental vertebrates
are rather poorly known. Nevertheless, a few comments can be
made on this topic.

Rhabdodontids are also present, to the exclusion of titano-
saurians or hadrosaurians, in slightly older European faunas
inhabiting low-lying alluvial plains and marshes of Hungary
(Iharkút; }Osi et al., 2012b), Austria (Muthmannsdorf; Bunzel, 1871;
}Osi et al., 2012a), and southern France (Villeveyrac; Buffetaut et al.,
1996; Garcia and Pereda Suberbiola, 2003). However, at these sites
rhabdodontids are always associated with, and even outnumbered
by, basal nodosaurids, which is also true in the basal part of the Şard
Formation, at Vurp�ar (Codrea et al., 2010; Vremir, 2010; Brusatte
et al., 2013b). Nodosaurid remains are as yet unrecorded in the
Petreşti-Arini section, whereas Zalmoxes remains are already pre-
sent in the uppermost, marine deposits of the Bozeş Formation,
which would suggest a wider habitat preference and/or higher
abundance of this taxon in the southern Transylvanian region
compared to other taxa.

Habitat preferences of Late Cretaceous European testudines
have recently been studied (e.g., Rabi et al., 2013), with dortokids
hypothesized to have been more aquatic than meiolaniiforms. This
pattern is congruent with the observed presence of dortokids and
absence of meiolaniiforms in the Petreşti-Arini section. The pres-
ence of giant azhdarchids in the samemarine bedsmight show that
these giant pterosaurs were not confined exclusively to interior,
more dryer areas of the “Haţeg Island” (see review in Vremir et al.,
2013), but also inhabited coastal areas; however, the possibility that
the single bone fragment concerned was transported from else-
where cannot be excluded. Finally, kogaionid multituberculates are
recognized as a relatively common and abundant faunal element of
the Transylvanian local assemblages, usually found in well-drained
(Csiki et al., 2005) or more poorly drained (Codrea et al., 2002,
2010) floodplain environments of the island interior. Here, we
report their occurrence in similarly well-drained, pedogenetically
modified floodplain environments of the coastal plain.

6. Conclusions

The Petreşti-Arini site preserves a succession of sedimentary
units formed during the transition from marine to terrestrial en-
vironments in the Transylvanian region during the latest Creta-
ceous (CampanianeMaastrichtian). The marine sequence near the
base of the section, belonging to the Bozeş Formation, is dated as
earlyemid late Campanian, based on calcareous nannofossils
biostratigraphy. Fossils of dinosaurs and pterosaurs occur in the
marginal marine uppermost Bozeş Formation, immediately above
the biostratigraphically-dated marine horizons, which is especially
noteworthy because they document the existence of nearby
emergent land areas already supporting a land-dwelling conti-
nental fauna concomitantly with the final stages of withdrawal of
the marine waters from the Transylvanian area. These fossils,
regarded as late Campanian in age, are currently the oldest well-
dated members of the classic Haţeg Island ecosystem, with its
characteristic dwarfed and aberrant dinosaurs. These discoveries
indicate that the classic Haţeg fauna was establishing itself by this
time. The dominance of Zalmoxes and a handful of other taxa in the
entire Petreşti-Arini section, from the top Bozeş Formation up
through the overlying Maastrichtian Sebeş Formation,
distinguishes this record from other fossil-bearing sites in Tran-
sylvania, and, if not a bias of poor sampling, may suggest that these
earliest Haţeg Island faunas were not as diverse as later faunas, or
occupied a slightly different paleoenvironment. These possibilities
remain to be tested by further collecting across the latest Creta-
ceous of Transylvania.
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versitatis Babeş-Bolyai, Seria Geologia 58 (2), 29e40.

B�alc, R., Suciu-Krausz, E., Borbei, F., 2007. Biostratigraphy of the Cretaceous deposits
in the Western Transylvanides from Ampoi Valley (Southern Apuseni Moun-
tains, Romania). Studia Universitatis Babeş-Bolyai, Seria Geologia 52 (2), 37e43.

B�alc, R., Silye, L., Zaharia, L., 2012. Calcareous nannofossils and sedimentary facies in
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Aspecte ale sedimentaţiei Cretacic superioare din aria Alba Iulia-Sebeş (Jud.
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than just Nopcsa’s Transylvanian dinosaurs: A look outside the Haţeg Basin.
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Ph.D. Thesis. Bucharest University, Bucharest.

Dyke, G., Vremir, M., Kaiser, G., Naish, D., 2012. A drowned Mesozoic bird
breeding colony from the Late Cretaceous of Transylvania. Naturwissenschaften
99, 435e442.

Erba, E., 1992. Calcareous nannofossil distribution in pelagic rhythmic sediments
(AptianeAlbian Piobbico core, central Italy). Rivista Italiana di Paleontologia e
Stratigrafia 97, 455e488.

Filipescu, S., Kaminski, M.A., 2008. Paleocene deep-water agglutinated
Foraminifera in the Transylvanian Basin. Grzybowski Foundation Special Pub-
lication 13, 25e30.

Forcino, F.L., 2012. Multivariate assessment of the required sample size for com-
munity paleoecological research. Palaeogeography, Palaeoclimatology, Palae-
oecology 315e316, 134e141.

F}ozy, I., 2001. Campanian (Late Cretaceous) cephalopods from Sümeg (Transdanubian
Central Range, Hungary). Fragmenta Palaeontologica Hungarica 19, 25e37.

Gameil, M., 2005. Palaeoecological implications of upper Cretaceous solitary corals,
United Arab Emirates/Oman borders. Revue de Paléobiologie 24, 515e532.

Garcia, G., Pereda Suberbiola, X., 2003. A new species of Struthiosaurus (Dinosauria:
Ankylosauria) from the Upper Cretaceous of Villeveyrac (Southern France).
Journal of Vertebrate Paleontology 23, 156e165.
Godefroit, P., Codrea, V., Weishampel, D.B., 2009. Osteology of Zalmoxes shqiperorum
(Dinosauria, Ornithopoda), based on new specimens from the Upper Cretaceous
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1976. Geologia Munţilor Apuseni. Ed. Academiei Române, Bucharest, 631 pp.

Jagt, J.W.M., 2002. Late Cretaceous ammonite faunas of the Maastrichtian type area.
In: Summesberger, H., Histon, K., Daurer, A. (Eds.), CephalopodsdPresent and
Past, Abhandlungen der Geologischen Bundesanstalt Wien 57, pp. 509e522.

Jagt, J.W.M., Felder, W.M., 2003. The stratigraphic range of the index ammonite
Pachydiscus neubergicus (von Hauer, 1858) in the type area of the Maastrichtian
stage. Geologie en Mijbouwn 82, 261e268.

Kennedy, W.J., 1984. Ammonite faunas and the ‘standard zones’ of the Cenomanian
to Maastrichtian Stages in their type areas, with some proposals for the defi-
nition of the stage boundaries by ammonites. Bulletin of the geological Society
of Denmark 33, 147e161.

Kennedy, W.J., 1987. The ammonite fauna of the type Maastrichtian with a revision
of Ammonites colligatus BINKHORST 1861. Bulletin de l’Institut royal des Sci-
ences naturelles de Belgique, Sciences de la Terre 56, 151e267.

Krézsek, C., Bally, A.W., 2006. The Transylvanian Basin (Romania) and its relation to
the Carpathian Fold and Thrust Belt: insights in gravitational salt tectonics.
Marine and Petroleum Geology 23, 405e446.

Küchler, T., Wagreich, M., 1999. Macro- and nannofossil distribution across the
Campanian e Maastrichtian boundary interval in Navarra, northern Spain. In:
Schulp, A., Jagt, J.W.M., de Graaf, D.T. (Eds.), The 150th anniversary of the
Maastrichtian Stage: a celebratory conference (abstracts). Natuurhistorisch
Museum Maastricht (Maastricht), p. 41.

Küchler, T., Kutz, A., Wagreich, M., 2001. The Campanian-Maastrichtian boundary in
northern Spain (Navarra province): the Imiscoz and Erro sections. In: Odin, G.S.
(Ed.), Characterisation at Tercis les Bains (France) and Correlation with other
Continents, Developments in Palaeontology and Stratigraphy, 19. Elsevier,
Amsterdam, pp. 723e744.

Lapparent de Broin, F. de, Murelaga, X., 1999. Turtles from the Upper Cretaceous of
Laño (Iberian Peninsula). Estudios del Museo de Ciencias Naturales de Alava 14
(special 1), 135e211.

Lapparent de Broin, F. de, Murelaga, X., Codrea, V.A., 2004. Presence of Dortokidae
(Chelonii, Pleurodira) in the earliest Tertiary of the Jibou Formation, Romania:
Paleobiogeographical implications. Acta Palaeontologica Romaniae 4, 203e215.

Le Loeuff, J., Buffetaut, E., 1995. The evolution of Late Cretaceous non-marine
vertebrate fauna of Europe. In: Sun, A.-L., Wang, Y.-Q. (Eds.), Short Papers,
Sixth Symposium on Mesozoic Terrestrial Ecosystems and Biota. China Ocean
Press, Beijing, pp. 181e184.
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omagnetic data from the Haţeg Basin, Romania. In: Csiki, Z. (Ed.), Abstract Book,
8th Romanian Symposium of Paleontology, Bucharest. Ed. Ars Docendi,
Bucharest, pp. 84e85.

Perch-Nielsen, K., 1985. Mesozoic calacareous nannofossils. In: Bolli, H.M.,
Saunders, J.B., Perch-Nielsen, K. (Eds.), Plankton stratigraphy. Cambridge Uni-
versity Press, Cambridge, pp. 329e426.

Pereda Suberbiola, X., Sanz, J.L., 1999. The ornithopod dinosaur Rhabdodon from the
Upper Cretaceous of Laño (Iberian Peninsula). Estudios del Museo de Ciencias
Naturales de Alava 14 (Núm. Espec. 1), 257e272.

Pereda-Suberbiola, X., Astibia, H., Murelaga, X., Elorza, J.J., Gomez, B., 2000.
Taphonomy of the Late Cretaceous dinosaur-bearing beds of the Lano Quarry
(Iberian Peninsula). Palaeogeography, Palaeoclimatology, Palaeoecology 157,
247e275.

Peréz-García, A., Scheyer, T.M., Murelega, X., 2012. New interpretation of Dortoka
vasconica Lapparent de Broin and Murelega, a freshwater turtle with an unusual
carapace. Cretaceous Research 36, 151e161.
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