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ABSTRACT — Four fate Cenpmanian rites with dinosaur fostpring are bere reported from the Soerian coact (VW Croasia). Foogprine are

preserved in marine limeseones of the Cretaceons Adriatic-Dinaric

¢ arear on the carbonate platform despite the fice that the late Cenomantan is considered an interval of sea lev

riasate Pn':tlfﬁlrm, The ﬂfmerfrr o_,l":;!'."nnmum .:::r%rsn the existence d'_llr ErEr-
7]

phieand and the gealogic

evidence of emersion of the plaiform is very scarce in faria. The most common dinosaurs are medium-nzed bipeds. most probably theropodl.

Unsesseally omald sanvapods are alo present in at lease two sites. Absence of lavge predators and of lavge plant-eating dingsaurs condd dtie io an

imsular habiat ? .samio;‘g;' with the presence of a stmilior association in the wpper Albtan of leria and in agreement with the paleogengraphic
L e

recomstriccizons of cenl

i,

RIASSUNTE — [Siri con impronte di dinosauri nel Cenomaniano superiore {Cretaceo superiore) della Penisola Istriana (Croazia)] —
Chuatere siei del Centianiano superiove can ormie o3 dinosawre vengona segnalat! nella costa Stviana {Croagia nord sccidentale), Le orme conp
conservate in caleart maring della pragaforma carbonaviza Adriatica-Dinarica del Cretaceo. La presenza di dinowaurs suggevice levintenza nella
piattaforma di avee emerse nonestante che i Cenomaniane superiore sia considerate un intervallo di alte stagionaments maring 2 livelle glabale.
1 dingsauri pite comunt erang bipeds di medie dimensions, molto probabilmente tevopods. Anche saurapodi di dimensioni particolarmente ridotte
sona gresenss in atmeno due s, Daseraa di jf:ﬂml! precatori e di grandi vegetariani potrebbe esiere dovuta all habisas instlare, in analogia con

L presenza dF wna simale deociazions nelf'A
b

INTRODUCTION

Before the beginning of our field research in 1993,
the only Cenomanian track site in the Istrian region
(NW Croartia) reported in the literature was rthar of
Fenoliga (known also as Fenolega), a small islet near
the southern poine of the Istrian peninsula, This site
was mentioned for the first time in the literature by
Gn%ala (1975) and was described by Gogala &
Pavlovec (1978}, Tisljar er al (1983), Leghissa &
Leonardi (1990), and Pavlovec & Gogala (1993}
However, none of these papers described the whole
outcrop and all the dinasaur tracks actually preserved.

Here we describe in detail the Fenoliga site and
other three sites, one new and two othets which pre-
viously have been only briefly reported in the litera-
ture (Dalla Vecchia, 1998; Dalla Vecchia & Tarlao,
1995; Dalla Vecchia & Venturini, 1996).

Dinosaur tracks have also been noted by occasion-
al visitors on Unije island of Quarnare (W Croaria),
just south to the region here considered. This record
was noted by Dalla Vecchia & Tarlao (1995). EM.
Dalla Vecchia and A. Tarlao visited Unije on
September 1995. They surveyed the sourheastern
coast of the island withour finding any dinosaur evi-
dence. The northeastern coast of the island, which
can be reached only by boar, was later surveyed by

tano rupertare dell Tstria ¢ in accards con [¢ ricostrusioni paleogengrafiche della Tiuide contrale.

Mrs M, Nikolié, inhabitant of the island, who sent us
the phorographs of every structure which was remi-
niscent of a widactyl dinosaur footprint. Only one of
the photographed structures could actually be a
dinosaur footprint, possibly belonging to a medium-
sized bipedal individual, Cross-sections of rudist
shells can be recognized on the foorprint-bearing sur-
face and the surrounding layers contain the oyster-
like bivalve Chondrodonta, which is particularly fre-
quent in the middle-late Cenomanian.

This paper is the second contribution dedicated to
a derailed description of the dinosaur ichnological
record of lseria; the first was dedicated to two new
Albian sites (Dalla Vecchia, Tarlas, Tunis &
Venturini, 2000),

EM. Dalla Vecchia is responsible for the paleon-
rological and paleogeographical parc of this paper, 5.
Venturini and G. Tunis prepared the sedimentologi-
cal-stracigraphical section, and A. Tarlao discovered
the sites and helped in the field work.

Sometimes we report two names for each locality
because the part of the [strian region where footprines
are found is bilingual (Italian and Croatian).

Abbreviations: A = pace angulation, A® = inter-
digital angle, AWS = average walking speed, d =
length of lﬁw art of digit 111 projecting beyond ends
of Il and IV, h = heighr at hip, L = footprint length,
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Lm = length of manual print of quadrupedal track-
makers, Lp = length of pedal print of quadrupedal
trackmakers, M = average value, R = len CL of the rear
of the pedal print, SL = stride length, V= velociey, W
= footprint width of cridaceyl footprints, Wm = width
of manual print of quadrupedal trackmakers, Wp =
width of pedal print of quadrupedal trackmakers.

METHODOLOGY

The English terms concerning vertebrace pale-
oichnology mainly follow Fatlow and Chapman
(1997). According to W.A.S. Sarjeant (pers. comm.,
May 1998) "El‘:].(:E” is a sequence of footprints and
“trackway” is the area occupied by the wracks. We fol-
low here this orthodox use, despite the face thar the
term “track” is often used in the literature as a syn-
onym of "footprint”, and “trackway” is considered as
a sequence of tootprints. We use the terms “gait” and
“trotting gait” in the sense of Thulborn (1990).

We do not use the words “continent” and “conti-
nental” in the geological sense of “continental crust”
as opposed to “oceanic crust”. “Continent” is intend-
ed in the gﬂugm{fhical meaning of “wide emergent
arca’ opposed to “island”, a small emergent area.

All the surfaces with foorprints were mapped. We
outlined with chalk the margins of the footprint and
all the other visible fearures, including the displace-
ment rims, when the light was the best possible to
identify them; then we made a copy on wide, trans-

arent sheets of polyethylene stretched out on the
ootprint-bearing surface, using an indelible felt pen.
In this way we n%::aim:d an exact reproduction of the
structures we have recognized in cthe field and we
were able to work on them and reproduce the foot-
print-bearing surface in the laboratory, when neces-
sary. Then the map was reduced photographically and
by computer to the final size for printing. The better
preserved and the most interesting  footprints were
cast with silicon rubber or plastiline. Measurements
were taken mainly on the tracings and on casts
because of the always difficule logistic situation of the
sites (bad illumination, weather problems, access
problems, war hazards etc.). Dirawings of the foot-
prints were prepared by tracing photographs with the
casts of the specimens at handg,

Here we will consider as “small hipedal dinosaur
foorprints” those with L<15 em and “mid-sized” those
with 15<L<25 cm. Thulbern {1990) used the carego-
ry “small bipedal dinosaur” for those midactyl prints
with L<25 cm, bur we think it is useful to make a fur-
ther distinction. The foorprine belongin o a track
often have different ltngr 5. Therefore the height ac
hip (h) was calculated using the mean of L if footprints
were not very deformed or not poorly preserved; the
length of the less deformed or best preserved footprine
was used if lengths of other footprings were not reli-
able. Htight at hip is the size parameter for trackmak-
ers and is used in speed estimares (see below).

A

T1-1m m-1v

Text-fig. 1 - A-C) Parameters of cridacty] footprints, D) parame-
ters of sauropod pcda!]&jnu. Legend: II, 101, IV =
length of digir 1T, TIT, TV TI-111 = incerdigital angle
[L-T11%; TH-1W = incerdipiral anglﬁl"-l‘f“;%: length
of the projecting parr of digic IIl; L = foorprint
length FDF tridaceyl foorprings); Lp « outer pedal

rint length; ip = hottom pn:d:tl pri.n: Iqmg_{h; R =
ength of the rear of the pedal prine (of tridacoyl
Fmrprin[s}; W= E_Cn:ltpn'nt width {of midacryl foar-
printsl: Wp = outer pedal print width; wp = borrom
pedal prine width,

The interdigital angle is calculated as shown in
Text-fig. 1A,

The relative projection of digic I (R/d) was
obtained from measurements taken on foorprints by
the method shown in Text-fig. 1C. Because of the
non-optimal preservation of the footprints, mainly
the frequent absence of one or more of claw marks
orfand the elongation of “heel” because the foor had
slipped, the R/d ratio is just indicarive,

%hc stride SL in the tracks of bipedal trackmakers
is measured taking as reference point the proximal
termination of digic IIT prine, which is nearly always
preserved and is usually the less ambiguously defined
digital mark.

SL/h is indicative of the gait of the trackmaker.
According to Thulborn (1990, p. 260) SL/h less than



CENOMANIAN DINOSAUR TRACK SITES OF I5TRIA 27

2 indicares a walking gair, berween 2 and 2.9 a trot-
nn it and greater than 2.9 a running gait,

g‘:?pgtr:d W%rcis caleulared by rhegr:gqua:lnn af
Alexander (1976) V = 0L25 x g 0.5 x SL'" x h''"", The
critical parameter in this equation is the height ac hip
{h), because there are many different ways to estimate
it. For the reasons explained in Dalla Vecchia &
Tarlao (2000, p. 230), we choose the morphometric
ratios method (h = 4.6, for small bipedal dinosaurs
with L<25 cm) for h estimates. This permits a berter
comparison with the AWS (see below), because the
formula to calculare AWS is based on dara from
bipedal dinosaurs in general {Thulborn, 1990). For

uadrupedal tracks h = 4Lp according to Alexander
1976).

The mean of SL is used wo caleulate SL/h and Vin
short and long tracks. SL is highly variable in the lat-
ter: for this reason in two cases we plotted the varia-
tion in this parameter along the rrack.

The Average Walking Spf_td {ANWS) is the speed
that we would expect from a dinosaur with a heigﬁt at
hip h had it walked with the average gair expected for
individuals of Eﬂmparahlc size IJEEJH iug o its taxo-
nomic group (SL/h-1.29 for bipad-.ﬁg'rt‘ldacr}rl track-
makers, calculated on a sample of 400 tracks; see
Thulborn, 1990, p. 293). AWS is useful to understand
whether the trackmaker was going faster or not with
respect to the expected walking speed on the basis of
'rmEviduals of similar size in TEu orn’s sample. AWS
is calculared here h:.r the equanon 10.6 of Thulborn
(1990) for bipedal tridactyl tackmakers and by his
equation 10.8 for quadrupedal rrackmakers.

The direction (D) of the tracks, of the footprint
pair and of cach single isolated footprine is measured
as azimuthal angle and plotred to check whether there
are prcfcrcn[i:l] directions. OF course, what we mea-
sured are the directions with respect to the present
day position of the north: they are not the original
directions of the trackmakers, since Istria rotated
counterclockwise abour 507, mainl}r after middle
Eocene dmes (Marton et af, 1995).

When the longitudinal axis of the footprine is
direcred inward or ourward with respect to the mid-
line of the trackway, we use respectively the term
“inward rotation” and “ourward rotation”.

All the footprints are negative (concave) epireliefs,

We created acronyms for the tracks and single
footprints with lerters corresponding to the locality
(for example, FEN = Fetmtiga isler site, SLD = 5,
Lorenzo di Daila/Lovredica site). This abbreviation,
followed a number, identifies a single tidactyl
footprint {for example, SLD16). The leter T identi-
fies a track (for example, SLD-TT}, the letter S a
sauropod foorprine or track (for example, FEN-ST').
Letters p and m distinguish sauropod manual and
pedal prints. For each foorprine of a track there are a
couple of numbers, the Arst Endi(‘ating the rack, the
second the foorprint (for example, FEN-T1-1)
according ro the cﬁrccri:on of movement.

All  the daea are available ar the Museo
Paleontologico Citradino of Monfalcone or from E
M. Dalla Veechia {e-mail: fabdalla@in.it).

AGE AND PALEOQOENVIRONMENT

The four sites here described are, from north o
south, 5. Lorenze di Daila/Lovredica, Carlga-
dor/Karigador, Grakalovac (reported in literature aﬁm
as Promontore/Premantura site), and Fenoliga or
Fenolega (Text-fig. 2). They oceur in a thick sequence
of Cretaceous marine carbonates outcropping along
the Istrian coast (see for example, Tisljar er al, 1983;
Viahovié er al, 1994; Velic er al, 1995).

Their dating to the late Cenomanian is based on
foraminiferal associations found in the sites. The
foraminifers with biostratigraphic imporrance found
in the samples from 5. Lorenzo di Daila/Lovreéica site
are Vidalina cf. hispanica Schlumberger, V. cf. nadofci-
cae Cherchi & Scﬁmeder, Broeckina (Pastrikella) bal-
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Text-fig. 2 - Late Cenomanian sices with dinosaur footpring in
Istria. 1) 5. Lorenzo di [ila/Lovredica (Uma-
Umag), 2} Carigador/Karigador, 3) Grakalovac

Promonrore Premanruara), 4]§'|:nuli.g:| islet.
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canica Cherchi, Radoiéié & Schroeder, Chrysalidina
gudmz d'Orbigny and Biconcava bentori Hamaoui 8

aint-Marc. Among the foraminifers found in the
samples from Carigador/Karigador there are Broeckina
balcanica, Vidalina of. hispanica, V. radvicicae,
Chrysaliding gradata and Biconcava bentori. In the
samples from Grakalovac site we found Merlinging
cretacea Hamaoui & Saint-Mare, Broecking balcanica,
Vidalina sp., Preudovhipidionina cf. casertana De
Castro, Prendorbapydionina cf. dubia (De Casro),
Chrysalidina gradasa and Prewdolituonella sp. The foot-
print-bearing level of Grakalovac can be correlated as
approximately in the same swratigraphic position of
that of Fenoliga, few kilometres away, also on the basis
of a marker bed made of large bivalves (inoceramids?),
found in the both outcrops. Finally, in the samples
from Fenoliga site Biplanata peneropliformes Hamaoui
& Saint-Mare, Broeckina balcanica, Vidalina cf, bis-
panica, ﬁmd{lr&{ﬁzﬁﬁﬂﬂfﬂﬁ dubia, Chrysaliding grada-
te and Biconcava bentort are present.

In the biozonadon of the Cenomanian of NW
Istria by Vlahovié¢ & Velié (1994) Vidalina cf. hispan-
ica is found only at the very beginning of the assem-
blage zone CEN-5, i.e. at the base of the upper
Cenomanian. The only other species of Vidalina (V.
radoicicae) occurs only in CEN-5. Broeckina balcani-
ca is found in the zones CEN-4 (upper part of the
middle Cenomanian) and CEN-3, with an acme in
the lawer. Biconcave bentori, Pieudovbapydionina
dubia and Biplanata peneropliformes occur from rhe
middle of the CEN-4 1o the end of CEN-5,
Chrysalidina gradara is present in CEN-3 ro CEN-5,
i.e. in the whole middle-upper Cenomanian.

Therefore, the footprint-bearing sites are situated
in the upper Cenomanian, probably at the base of the
upper Cenomanian. The Fenoliga outcrop was dated
as late Cenomanian on the basis of the foraminiferal
content of the samples also by Leghissa and Leonardi
(1990, p. 12) and as middle-late Cenomanian by
Mezga & Bajraktarevic (1999) on the basis of the
presence of Broecking cf. balcanica.

Cenomanian limestones outcrop like an elongared
and nearly continuous band from the northwesrern
to the southwestern extremities of the peninsula (e.g.
Tisljar et al, 1983; Vlahovié et al, 1994). Footprine
sites are found where this band reaches the present-
day coastline, i.e. ar the extremities of the band.

“The section containing the foorprint-bearing layer
of the S, Lorenzo di Daila/Lovredica site is shown in
Text-fig. 3A. The footprint-bearing layer is a rudstone
with al%undunl muddy martrix, with rounded micrit-
ic-microsparitic clasts and a graded structure. The
clasts somerimes include miliolids; desiccation struc-
tures and vadose silt are also observed. This suggests
sedimentation caused by storms in an inter-supratidal
environment, Storms croded and transported mud
clasts from the lagoon and clasts of partially altered
sediments from supratidal settings. This situation
resemibles that of Grakalovac site ﬁee below) where,

however, the sedimentation probably occurred in an
intertidal-subridal setting. There are mounds with
radiolitid rudists and the oyster Chondrodonta just
above the foorprint-bearing layer of the §, Lorenzo di
Daila/Lovreéica site. In the same section, stratigraph-
ically few metres above the footprint-bearing layer,
kno E—shaped stromatclites can be observed.

The upper part of the footprint-bearing layer of
the Carigador/ Earlga{ior site differs from that of §.
Lorenzo di Daila/Lovredica. It is a fossiliferous wacke-
stone with widespread evidence of desiccation,
deposited in an open lagoonal environment some-
times subject to emersion. It is covered by a thin layer
(1.5 em) of irregular bands of wackestone-packsrone-

rainstone containing pellets, peloids and the alga:
%‘.&aumszmpamﬁd sp..%‘ge environment of deposition
of this laver was probably a tdal-flat. Alternations
between these two facies and, less common, floar-
stones with radiolitid rudists and Chendradonta 5Ps
characterize the whole investigated section (Text-hg.
3B). Just above the footprint-bearing layer there is a
thinly bedded interval 20 cm chick; mud-cracks are
observed about one metre above the later,

The section containing the footprint-bearing layer
of the Grakalovac site is shown in Text-fig. 3C. In r.gin
section the footprint-bearing layer appears as a pack-
stone-rudstone with micritic clasts and foraminifers
(Miliolidae, Ophtalmidiidae, fragments of Broecking
balcanica and Biconcava bentori). There are mounds
with radiolitid rudists and a thick bed of large bivalves
{inoceramids?} a few metres below the layer.

The section containing the footprint-bearing layer
of the F::nuliga site is shown in Text-fig. 3D. The
footprint-bearing layer is a bioclastic wackestone with
fragments of rudist bivalves and foraminifers
{Miliolidae, Broeckina balcanica, Cuneolina sp., etc.).
Deesiccarion structures {microvacuities with sparr
calcite, mud-cracks) and vadose sile are also observed.
The footprint-bearing la}'cr is covered |:|:.-' a s]ighd}r
dolomitized mudstone with ostracods.

Summarizing, the segment of the sequence where
the footprints are preserved is characterized by
mounds with radiolitid rudists and Chondrodonta,
and is dominated by floatstones with rudist bivalves,
and bioclastic and fossiliferous wackestones and
packestones. The environments are usually those of
an open lagoon (subridal} with generally rapid and
short-lasting episodes of tidal lar deposition.

The idenrification of long-lasting emersions in
Istria and in the Karst region during the middle-late
Cenomanian is one of the objectives of our furure
research. No geological evidences of prolonged emer-
sion of the carbonate platform (bauxites, fresh-warter
marl levels, pudﬂgcnf:li:: breccias erc.) or long-lastin
hiatus are found in the middle-upper Cenomanian o
Istria {e.g. Velié er al, 1995; Vﬁﬁtl}vié et al., 1994;
Viahovié & Velié, 1994). In contrast, they are rela-
tively common in other segments of the carbonate
platform sequence of the region (e.g. Dini et al,
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1998; Dalla Vecchia et 2l, 2000; Maridec et al, 1996;
Tunis & Venturini, 2000}, Diesiccation structures and
vadose silt are uwsually found in the sections of the
Cenomanian sites urj}r in association with the foot-
print-bearing levels, The Cenomanian facies are
decidedly more “open” (L., subtidal with rich and
diversified foraminiferal associarions) than those with
footptings of the Hauterivian, upper Barremian and
upper Albian.

THE SITES: §. LORENZO DI DAILAY LOVRECICA (SLD}

A single footprint-bearing surface occurs in the
site. The main exposure ourcrops as a narrow band
{see PL. 1A and Text-fig. 4) along the coast just south
of 8 Lorenzo di Daila/Lovrecica (Umago/Umag:
NW Istria). Another outcrop of the same surface is
exposed a dozen of metres more to the south. This
latter ourcrop was not studied in detail since it bears
only a few, badly preserved tridactyl footprints simi-
lar to those of the main ourcrop.

PALECICHNOLOGICAL DESCRIPTION

Casts were taken of prines SLID-T1-1, 3, 5, 6, 9;
SLD-12-2, 3. 4, 5; SLI-T3-1; SLD-T4-1, 2; SLD-
T5-1, 2: SLD-T6-1: SLD-T7-1; SLID-19-1, 2; SLIX-
T10-1; SLD-T11-1; SLD-T12-1; SLID-T14-10; SLD-
T15-1,7; SLD16. SLD18, SL.D19. They are stored ac
the Museo Paleontologico Cittadine of Monfalcone.

Texe-fip. & - The S, Lorenzo di DailaLovretica siee, A, Tarlao
stands on the f-.-:u;:nprinr-hrnring surface (see L 1A

Because the footprint-bearing surface is exposed
along the shore, it suffered marine corrosion (i.e. car-
honate dissolution) and is usually Hooded by the sea
during storms. As a consequence, the state of preser-
vation of the footprints is not good.

Five short tacks, seven miabh but very incom-

lete tracks, three pairs of footprints, and four single
Emt rints, for a total of 58 footprings, were identiﬁi&
on the main outcropping surface. All the footprints
were impressed by functionally tidactyl mesaxonic feer
of bipudl;.l, small to medium-sized dinosaurs; only one
reaches 25 cm in length. The ﬁmrprints are rather shal-
low, some hecause they are still partly filled in by the
original sediment, L ranges from 14.5 cm w0 25 cm.
Most of the L values arc grouped in the interval 17.5-
225 cm without a markeﬁ mode; only two smaller and
vwo larger trackmaker are out of dhis group.

We bricfly describe the five most complete track
segments (Tab. 1).

SLI>-T1 (PL LA; Texe-figs 5, 6, TA1-5) is a segment
with nine consecutive footprints; T1-8 cannot be iden-
tified. L ranges from 21.5-18.5 em (M = 20.4 cm),
W/L is rather constant (0.62-0.70; M = (.63} and indi-
cates rather slim, clongated tootprints. A® ranges from
222500 (M = 39.6% N = 5), R/d ranges from 1.05-1.50
(M = 1.35; N = 4). T1-5 is the most distinctive foor-

rint, with a rised displacement rim, but it is still part-
y filled in (Text-fig. 6). The digic [ print is much
longer than the ather two, as can be observed in T1-1
(Text-fig. 7AL), T1-5 (Texe-fig. 7A3) and T1-9 (Text-
fig. 7A5) (Rid is 1.40 in T1-5), Digit I11 is sigmoid and
shightly wider midway along its length than proximally.
TE:: end of the digital print is triangular and pointe
bur withour a separated claw mark. Digit [V is slichdy
sigmoid in T1-1 and 3, and digit Il is curved medially.
Both are narrow distally, but no clear claw marks can be
seen. In T1-5 the print of digit IV seems o be proxi-
mally fused to thar of digit 11, bue chis is not actually
the case as can be seen in T1-1, 6 and 9. The track 15
directed str:light to MW, and F{:orprinrﬁ show a clear
outward rotation ( Text-fig. 5). SL ranges from 162-170
cm (M = 165.9 cm), A 173°-178° (M = 175.27). SL/h
using M values is 1,77, indicative of a fast walking gair.

SLD-T2 (PL 1A; Texe-figs 7J1-3) is a sequence of
five consecutive footprints. %srangr:a from 14.5 1o 16
cm (M = 15.7 cm), W/L from 0.58 o 0.65 (M =
0.61), A" ranges from 28°-40° (M = 34.7%), R/d is 1.24
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Texe-fig, 5 - Track SLD-T'1, 8. Lorenzo di Daila/Lovregica site. Mote the outward rotation. Scale bar = 50 em.











































































