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New Dinosaur Track sites in the Albian (Early Cretaceous) of the Istrian Peninsu-
la (Croatia) - Part 1 - Stratigraphy and Sedimentology

Giorgio Tunis * and Sandro Vexruriz =%

# Dip. di Scienze Geologiche, Ambientali e Marine, Universita di Trieste, via Weiss 2, 1-34127, T, Iralia
w5 EN-AGIE-Distretto di Ravenna, via del Marchesaro 13, 1-48023, Maria nt Ravesxa, Ttalia

ABSTRACT - Some stratigraphical, sedimentological and palecenvironmental wopics on the existence and survival of
large rerrestrial vertebrates on a carbonate platform context have been developed within a research on the Istrian sites
whese the presence of dinosaurs has been found recently. This paper concerns track sites of the late Albina age found
in two localities of the western coast of 1stria, respeciively the Solaris camyp site, Cervar-Cervera - Tar-Torre di Parenzo
(NW Istria), and Puntizela-Puntisela, Fazana-Fasana (SW Istria). High [requency changes of depositional environments
and relationships between these and the presence of dinosawr footprints are deseribed herein and, besides, comparisons
and correlations at a regional scale are made bevween different track sites of the late Albian age. The examined footprine
bearing surfaces can be stratigraphically framed around the lowermost part of the upper Albian, a few meters or some
tens of metess above the important unconformity that separates the lower Aptian strata from the upper Albian strata in
the carbonate succession of Istria, The paleoenvironmental setting of single footpring bearing layers tand dinoturbared
ones. too) can be aseribed to tidal flat: desiccation structures and, sometimes, mud eracks give evidence of hardening in
subacrial conditions. As Far as the taphonomy of footprints is concerned, the basic mechanism requires episodes marked
by very high sedimentation rates interrupted by very short subacrial exposures: the substrates had to be relatively damp,
the footprints were rapidly sun-baked and covered by the sediments of the overlying laver. In conclusion, the inlluence
of freshwater shown by faunal and floral assemblages, in particular charophytes, is noteworthy.

Key words : Stratigraphy, Sedinentology, Taphonony, Pateogeography, Late Albian, Carbonate Plat-
form, Istria, Croalia.

RIASSUNTO - Nell'ambiro delio studio sui siti istriani con testimonianze di dinosauri, sono state esaminate le pro-
blematiche stratigrafiche, sedimentolegiche e palecambientali connesse alla presenza di grandi vertebrati terrestni in
un contesto di piattaforma carbonatica. 11 presente lavore riguarda essenzialmente due siti albiani, situati lungo Ja co-
st istriana, rispettivamente presso Cervar-Cervera, Tar-Torre di Parenzo {Istria nord-occidentale) e presso Puntize-
la-Puntisella, Fazana-Fasana (Istria sud-occidentale). Sono state definite le variazioni ambientali ad alta frequenza ed
i rapporti tra queste ¢ la presenza di impronte ¢ piste di dinosauri, ed inoltre sono stati effettuati conlronti ¢ correla-
sioni a scala regionale tea i vari siti improntati dell’ Albiano superiore. Le superfici improntate discusse nel testo si
collocano alla base dell’ Albiano superiore, da pochi metri a qualche decina di metri sopra I'importante inconlormira
siratigralica che separa P Aptiano inferiore dall’ Albfano superiore. Il contesto ambientale dei singoli strati impronta-
ti (e di quelli dinoturbati) risulta solitamente i zéda! flat, con struzture di disseccamento ¢ salors wmud eracks che at-
rostano un relative consolidamento in condizioni subaeree. Per quanto riguarda la tafonomia delle impronte, risulta
[ondamentale Pesistenza di episodi ad altissimo tasso di sedimentazione, interrotti da brevissime esposizioni: it sub-
strato doveva essere relativamente umido, le impronte sono state rapidamente seccate al sole e ricoperte dallo strato
sovrasiante. Sono infine da segnalare significativi apporti dulcicoli atestati in particolare da associazioni a Charophyta,

Parole chiave : Stratigrafia, Sedimentologia, Tafonomia, Paleogeografia, Albiano superiore, Piai-
taforme carbonatica, Isiria, Croazia.

FEE UPPER ALBIAN CARBONATE SUCCESSION The Albian part of the succession is represented by
O ISTRIA thin, well bedded, peritidal imestones, with ostracods
and foraminifers, among which Neofragia insolita (De-
crouez and Moullade). This species is an important bio-
marker of the late Albian: its presence even in the basal
part (Fig. 1) of the third megasequence of the Istrian suc-

e Tsteian peninsula is located in the northwestern sec-
it ol the Adriatie Platform; some Croatian workers call
this sector the Istrian Platform, This platform is charac-
puieed Dy asuceession of carbonate rocks more than 2000

i thick, the ontcropping sequence of which spans from the cession, singled out by Velic et al. (1995), proves the hia-
seiehdle Jurassic pop. to the middle Eocene p.p. (Fig. 1); tus of the Aptian p.p.-early Albian age which is assigned
Fanetiandlyseh deposits overlie the carbonates (Velid ez 2l to the important Austrian tectonic phase. The late Albian

v sdline of of., 1998 came bibliogr.). begins with an oscillating transgression and some episodes
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Fig. 1 - Schematic stratigraphical column of Tsteia showing the
main three emersion phases and the stratigraphic location of the
Yate Albian track sites quoted in the text (from Tigliar ez al., 1998,
madified).

of subaerial exposure, often marked by pedogenic
processes.

SOLARIS LOCALITY: STRATIGRAPHICAL AND
PALEOENVIRONMENTAL FRAMEWORK

Detailed stratigraphical-sedimentological analyses have
been carried out in this locality, mainly to recognize the
facies associations, high frequency environmental oscilla-
tions and the relationships between the latter and the
presence of dinosaurian footprints. The study has not
been focused only on the footprint bearing layers and the
limited stratigraphic interval encompassing the herizons
where the traces have been found, but it has been ex-
tended to the outeraps in the vicinity of the footprint
bearing surfaces (Fig. 2¢) and to other late Albian track
sites of Istria (Mirna-Quieto river mouth and Ploce-P.
Lastra), for the purpose of reconstructing a general frame-
work of the environmental evolution and of looking for
comparisons and carrelations between the different late
Albian sites where dinosaur presence has heen recorded.

About 200 hand samples representing the entire thick-
ness of the examined beds were taken in Solaris camp site
{Tar-Torre di Parenzo) from a few short sections (T'igs 2c,

3 and 4} which alrogether constitute a 15 m thick com-
posite succession. Micro- and biofacies from 3 x5 cm thin
sections have been examined, so about two thirds of the
rotal thickness of the succession have been microscopi-
cally investigated by a technique similar to microstratig-
raphy {see IY’Argenio e «f, 1992k; Buonocunto ¢t af,
1994). Logs are syathetically illustrated in figures 3 and
4; the thin sections are deposited at the Museo Paleonto-
logico Cittading di Monfalcone (Gorizia). The correlative
sections and the lateral stratigraphic-sedimentological
variations of the successions encompassing the dinotur-
bated harizons have also been traced {Fig. 5).

The litholacies in question are mainly represenced by
alternations of mudstones and peloidal fossiliferous
wackestones with suboerdinate packstones and rare pel-
lettiferous grainstones; sometimes, pellettiferous-peloidal
facies exhibir a stromatelitic structure. Two clayey-marly
levels with greenish clay (Fig. 2¢, outcrop 111 and Fig. 4,
guarry log) rich in illite/smectite mixed-layver minerals
have been observed, According to Durn er al. (19973,
smectite, present in clay mineral assemblages within the
marly horizons of the Albian succession of Istria, is prob-
ably of volcanic origin.

Subaerial exposure episodes are proved by abundant
desiceation structures, sometimes by microcavities filled
by vadose crystal sile, and by small size structures similar
to Microcodium. Mud cracks and rare wave-formed rip-
ples have been also observed. However, the photo taken
during the winter of 1978 documents the large susface
with mud cracks (Tig. 6) exhibiting noticeable widths that
represented the basal levelled surface of the quarey {Fig.
2¢, outcrop I1T) before the settlement of Solaris camp site,

The basal part of the succession of Selaris camp site is

partly dolomirtized, with fine to coarse replacement ol
dolomzre Frequent small cavities enlalgcd by dissolution
processes, in part originated by meteoric weathering and,
to a lesser degree, generated by probable recent
dedolomitization processes have been observed.

The micropaleontological assemblages of this com-
posite section are dominated by ostracods with subordi-
nate Aeolisaceus, Ataxophragmiidae, QOphtalmidiidac,
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fidiolidac, Glomospira, Rave molluses and Dasycladaceae

Fove bhoon adso observed.,

The micropaleontological content of some storm lay-
i s 5 and 7) outeropping close to the shore (Fig. 2¢,
tevop IV, about 3 mabove the footprint bearing sur-
i, b sipnilicant from a biostratigraphic point of view.
vi heds consist of normally graded grain supported
pasitn, arenitic to caleiruditic in size, with large sized
cathome clasts up te 4 em and, sometimes, with fre-

quent moiluscs, among which nerineids and rudists, and
echinoids. These storm beds are markedly dolomitized at
outcrop IV (content of dolomite is around 30%), but an
easy survey of the outcropping beds along the shore al-
lowed the ‘;amp]inﬂ of the same horizon at Rt Zub-P. del
Dente (Fig. 2b, B). The minor dolomitization herein per-
mitted us to recognize the micropaleontological associa-
tion which consists of molluscs, echinoids, Nezzazaiinel-
la picardi, Cunecolina pavonia and one fragment of
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Fig, 3 - Litho-biostratigraphic logs of euterop Tand outerop 11 (Solaris camp sire).

Neoiragia insolita. Considering the presence of this last
species, the Solaris succession can be set in the late Albian.
The same biomarker has been recognized along the shore,
1.5 kem NE of Rt. Zub-P. del Dente, inside the Lanterna
camp site (Fig. 2b, A}, close to the Mirna-Quieto river
mouth, where an outcrop with teropod footprints has
been described by Dalla Vecchia er o/ (1993).

The sedimentary environment ranges from open la-
goon to restricted Jagoon to tidal flat, to a supracidal-rer-
restrial setring in a general framework of interior cas-
bonate platform.

Besides the recurrent but temporary subaerial expo-
sures marked by desiceation structures, probable brack-
ish-freshwater facies are noteworthy. These are recorded
by laterally discontinuous layers of clayey marls with high
carbonate content, more or less rich in grevish to green-
ish clays, that contain micromolluscs, thin shelled ostra-
cods, rare charophyte gyrogonites and phosphatic re-
mains. Marly horizons hold small relic carbonate clasts
from older carbonates which show severe alteration, per-
vasive karstic dissolution and sometimes root formed
structures. On the whole, these elements suggest a pro-
longed exposure phase of the platform carbonates, fore-

going and co-eval to the deposition of the clayey marly
horizon,

The common lithofacies, made by fossiliferous wacke-
stones rich in ostracods but lacking in foraminifers, may
be a sign of the decrease of water salinity, and this may
represent a markedly schyzoaline environment. The spo-
radic presence of small Conchostraca would indicate a set-
ting with perceptible freshwarer influx. Conversely, facies
with Glomospira and Aeolisaccus would prove a hyper-
saline zone environment.

The previously quoted storm layers represent the only
high energy episodes recorded within the Solaris succes-
sion.

STRATIGRAPHY, SEDIMENTOLOGY aND TABHONOMY OF THE
Foorprnt BrarinG LAvERS

Comparisons made between the three short logs (Figs
3 and 4) allow, with good approximation, the correla-
tions between outcrops I, 3T and 111 (Figs 2¢ and 3). The
correlations allow us to recognize the footprint bearing
fayer of the outcrop IT within the succession of the quar-
ry front, too. The footprint bearing layer (outerop 1) con

sists of 30-35 cm thick whitish limestone (Fig. 8), with
faint internal joints clearly seen where recent meteoric
weathering is partcularly strong. The upper part of the
bed consists of pellettiferous-fossiliferous wackestones
alrernating with millimetric fevels of mudstones. The mi-
cropaleontological content is characterized by ostracods,
Aeolisaecus, rare Ophtalmidiidae, small Glomospira, rare
Mrerocodium. The uppermost part of the bed is charac-
terized by pervasive desiccation structures such as fenes-
tral cavities and rare mud cracks.

A dense network of microfractures, abways filled by
vadose cements, has been locally recognized on the top-
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most surface and, mainly on the displacement rims of the
footprints. It is common to observe probable bioturbar-
ed structures, A thin millimetric clavey drape, greenish
coloured if it is not weathered, and, conversely, ochreous
coloured is locally observable. This clayey drape has cre-
ated a clear discontinuity between the substrate and the
filling sediments; this effect is particularly visible inside
the footprints, but alse upon the vertical outcrop of the
guarry front (Fig. 9) where one made use of this bedding
surface as a main plain for limestone block excavation.
The footcast infill is made of beige coloured peloidal
fossiliferous wackestones-packstones with clasts up to 5
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Fig. 5 - Stratigraphic sketch of the zone characterized by the presence of footprint bearing surfaces and dinoturbated beds (Solaris

camyp site),

em in size, in a few cases the filling sediments show brec-
cia Fabric. Wackestones contain, besides abundant ostra-
cods, small bivalved organisms with very thin shells char-
acterized by dense small ribs with sinusoidal tren ds, which
ave similar to Estheria, small conchostracans typical of
brackish/freshwater settings, Small phosphatic remains
were observed within the filling material of a lew shallow
footprints. o

Some footprints (Fig. 10) at outcrop I show a first fill-
ing stage represented by wackestones with small loose
carbonate clasts and, successively a thin breccia lense (Fig.
11}; in this case, the displacement tim is clearly more
prominent than that of other footprints where infilling
material is characterized by frequent clasts up to 4 em in
size from the absolute base.

Two lithofacies can be distinguished among the clasts
found amidst the infilling sediments: () mudstone/fossil-
iferous wackestones/peliettiferous wackestones with os-
tracods and rare foraminifers, greyish, whitish and hazel
coloured, characterize by angular edges, sometimes with
desiccation structures (“hard clasts™); (7)) mud-
stones/wackestones with ostracods and Ophtalmidiidae,

hazel-yellowish coloured, characterize by frayed edges
{(“soft clasts”}).

Frequently, an ochreous, weathered, clayey spreading of
mitlimetric thickness has been observed on the surface of
the clasts. Clasts in the most shallow footprints are flastencd
(“flat pebbles”). The matrix shows bioturbation which may
be the cause of the amalgamation of the sediments.

A few structures similar to Microcodium have been ob-
served in some fills. They suggest the presence of small
root systems and, implicitly, the short periods of emersion
of this area of the platform. Lastly, recurrent microvugs
characterized by replacement/infilling of microsparite
have been noticed.

The laver overlving the footprints which may be up to

10 ¢m thick is in its tuen overlain by a 2 em thick layer of

mudstone which is characterized by the traces left by bur-
rowing organisms. These structures occur very frequent.
Iy ar outcrop 1l ‘
Small current-formed ripples on the topmost sustace
of alayer and recurrent alternations of mudstones/wacke:
stones-greyish pelietiferous, sometimes fossiliferous pack
stones containing ostracods, rare Ataxophragmiidac and

e, 6 - Wide muderacked surface representing the basal levelled surface of the quarry (ourerop HI, Solaris camp site). The photo

was taken by AL Tarlao during the winter of 1978,

Ophualmidiidae, very vare Nezzazatinello pieardi have
beon observed ar cutcrop 1, immediately above the thin
Liver of mudstone. The ripples show a northwestward di-
rection. The orientation of the crests of other ripples on
another bed, stratigraphically some tens of centimetres
helow the footprint bearing layer at outcrop I, shows an
apparent NW-SE direction, roughly perpendicular to the
Jevignner,

Ovpvwk Prosasey Traveren Lavirs

A RO em thick bed, with faint internai bedding planes
tomits} and with a breceia fabric face in the upper part, can
e abserved 3 m above the footpring bearing laver (Fig. 2¢,
antorop V). This breecia is made of soft pebbles charac-
icvezed by the same lithofacies as the matrix (Fig. 12); its
thicloness varies from 9 to a maximum of 30 cm with an
shupt lteral and vertical passage to limestone facking in
v apparent struceares. Well preserved mud eracks (Fig,
Fryare o be locally seen on the topmost susface of this
fodwometimes farge clast with mud cracks arc inserted
within the breeeia (Fig, 14), This brecciated horizon can
el ahserved along the coast as far as ouserop V (Fig.
for il inland, along the quarry front (outerop 111), The
sediniemtological characteristics of this laver suggest a me-
shianical racher than a diagenetic origin of the breccia,
which nay be interpreted as having been caused by ex-
sasive snd prolonged trampling by large vertebrates,
Ailepression, 20 em long and 3 em deep has been ob-
codhin eross seetion on the quarry [ront (Fig. 13), about
S dnn above the top of the main footprint bearing layer,
s vnderlyving laminated bed is strongly deformed and

fracrured and the filling material is made of recryseailized
mudstone with scartered clasrs. This depression could be
a cross sectioned dinosaurian print.

SEBBIENTOLOGICAL OBSERVATIONS AND INTURPRETATION OF 7148
Soraris OQurerops

Analysis of the precise setting where the trampling of
dinosaurs did occur has been initially focused on a care-
ful distinction between true footprints and possible un-
derprints. True footprints are proved by the presence of
both well recognizable filling material unconformably
resting on the depression profiles of the hollows and of
the displacement rims.

The surfacial Jayer shows desiccation structures like

fenesirae but sediment was moist a few centimeters below

this erust as demostrated both by the displacement rims,
sometimes quite thick, and by the flow of semifluid mud
into the deepest footprints (see Dalla Vecchia and Tarlao,
this volume). The degree of desiccation is indamental for
the formation of impressions: too soft or too hard sedi-
ments may inhibit the formation of individual well rec-
ognizable footprins,

Water saturation in the near-surface layer excludes the
occurrence of significant processes of cementation, but we
cannot exclude the formation of a sale crust. In fact, a rel-
atively high content of salt seems to affect the sea-water
foregoing the exposure; this is shown by the micropale-
ontological assemblage with Acolisaccus and Glomospiva,
typical of the desiccared horizon.

Fron: a general point of view, orampling probably oc-
curred within a tidal flat setting.
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Fig. 7 - Storm bed cutcropping alang the shoreline louterop IV, Solaris camp site). Nerineld and echinoid fragments are also visible,

Pen for seale.

Presumably there was a very short lapse of time between

trampling, filling and burial of the footprints. A few weeks
smvwxi without major deterioration of the footprints of
modern large mammalians in East Africa before burial is
considered an unusual occurrence {Cohen ez af,, 1991).

Considering the large number and good preservation
of the dinosaur footprints, it is very piobdblc that these

were quickly filled, and then preserved from weathering.
The first rransgressive phase following the short qubacu—
al exposure caused the transport of intr: raclasts into the Jess
prominent [ootprints characterized by low displacement
rims. Partof the clasts may Lave originated by [1‘1(, erosion
of the displacement rim itself. Suut.smvelv. all footprints
were filled with breccias and fine-grained breceias, while
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- Representation of the footprint bearing layer and of the forecast infill.

i, 9 - Quieerop 11, Solaris quarry [ront: the arrow indicates the
footprint bearing layer,

clasts arve less frequent around their sides. The depressions
zeein 1 have acted like traps for the coarsest sediments,
l'outprints with a prominent displacement rim are filled
only at the top by a coarser microbreccia; the microbrec-
Vi may go over and extend beyond the rim itsell. Con-
versely, only small clasts are present at the base of the fill-
myps; they have been observed partly within fossiliferous-
peloidal wackestones-packstones, partly packed within a
millimetric thick level made of ochreous clayey marls
which represents the initial draping of the printed surface.
kv may be washed away from the neighbouring emerged
HN,
Ihe transgressive phase (7} largely reworked the clay
hiipe, which stains several clasts and the matrix of the
lf”llls' matertals; (7)) remobilized clasts formed by des-
iveation of the printed surface (several flar pebbles have
Boeen observed in the shallowest footprints); (i) in-
“vveasied water saturation in the topmost laver, facilitat-
i the erosion of the printed surface, mmO\?al of dis-
phacoment rims and folmanon of soft clasts. The soft
shaus contain micropaleontological assemblages typical
i hepoon/tidal flat settings, identical to those of the sub-
aivate, Conversely, abundant ostracods, besides proba-
Ul Conchostraca, indicating a lower salinity environ-
anrn than that of tidal flat, were recognized within the
siatris of the infillings,
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The burial of the footprints might not be necessarily
connected to a marine transgression, but rather be due to
the influx of meteoric waters, which washed in clayey
marls from neighbouring emerged areas. Run-off from
the hinterland may have rapidly covered the coasral low-
Jand, including imprinted surfaces, with sediments.

Correlations illustrated in figure 8§ suggest a gentle
morphology of the rrampled surface with the overlying
faver being thickest at outerop I Gentle depressions of the
ground separated by small scale hillocks may have un-
dergone higher sediment accumulation rate, favouring
the rapidity of fossilization of the footprints at outcrops
I and I1. The same bedding plane surface shows remark-
able alteration processes at outcrops 1T and V1,

Wave-formed ripple bedforms characterize the upper
surface of the layers overlying the footprints; these layers
contain rare marine [aunas.

The succession [ollows upwards with facies character-
istic of tidal flat and fagoon envirenments. At outcrop VI
(Fig. 2¢), Jcpmtcd]msmdal beds might indicate localized
bars of pellettiferaus muds (see Fig. 5).

This part of the succession is punctuated by a few,
more or fess prolonged, supratidal events, the most spec-
tacular of which is represented by the brecciated bedding
surface with soft clasts (Figs 3, 3 and 12}, The same sed-
imentological features were identified on some Barremi-
an strata in southwestern Istria (Fig.19b) (Dini ¢/ af.,
1998) and were interpreted as the result of intense tram-
pling by dinosaurs (“dinoturbation™). In the case of the
Solaris horizon, only the last [ew centimeters, near the up-
per surface of the layer, were hardened by desiccation, as
suggested by the large fragments of the early lithified
crust. These co-exist with partially lithified intraclasts
with undefined edges, included in a matrix of the same
composition. This breccia is due to the wampling that
probably occurred at times when most of the sediment
was soft, probably semifluid. Sedimentological differ-
ences, observable at outcrop scale between the trampled
bed and the underlving imprinted surface may be ascribed
to a higher/lesser passage of dinosaurs or to relatively
more or less prolonged subaerial exposure duration.

An extensive irregularly thick Umaximum thickness =
40 cm) horizon of clayey marls with carbonate clasts is de-
veloped above the dinorurbated horizon (Figs 5 and 16).

These marls wedge out laterally and disappear both on
the eastern (andward) and western (seaward) sides of the
quarry. In the central sector of the quarry, at the lower
boundary of the marls, a several centimeters-thick laver
of breceia is present (Fig. 17), with scarce terrigenous
matrix. Black pebbles are present amidst the clasts. Litho-
facies and fdumsuc floral content of the sediment indicate
a clear change of paleoenvironment, from tidal flat o
continental, quite isolared from the sea. These sediments
contain the diagnostc biota of low-salinity environment
and percepnbie terrigenous influx. The alteration which
affected most of the extraclasts suggests strong pedogenic
processes in the hinterland. The broad depression where
clayey marls have deposived is caused by a gentle undu-
lation of the substrate {IFig. 5) which may have been orig-
inated by mild synsedimentary tectonics.

The upper boundary of the marls is affecred by small
amplitude undulations sutured by grey laminated lime-
stones. The faminated limestones extend as far west as the
coast (Fig. 18) where they contain two storm layers, ap-
proximately 10 cm-thick. Both the laminated limestones
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Fia. 10 - Footprint on the shoreline (outerep 1, Solaris). The photo was raken during the excavation ro show the footprint. Note the

infilling and the displacement rim. Chisel for seale.

and the storm layers here overlie the dinoturbated hosi-
wonand suture, by a clear wedging out, a shallow de-
pression at the top of the breceia bed. Laminites show
dumping with local debris flow, Small, badly preserved,
{ish remains were found within the faminated facies close
to Cervar-Porat-Cervera grande (Fig. 2b).

The stratigraphic and paleoenvironmental setting is
auite complex in detail and is probably controlled by gen-
the tectonies. Storm layers partly eroded the substrate,
producing local bioclastic rudstones; laminites too were
subject to rectonics as proved both by their geometry and
sedimentary structures,

The upper clayey-marly horizon documents a further
terrigenons input associated with the restoration of a
binckish-Freshwater setting. However, this second hori-
son shows a wider lateral continuity in comparison with
the Tormer,

PUNTTALELA-PUNTISELLA LOCALITY:
ETHATIGRAPHICAL AND PALEQENVIRONMENTAL
VM EWORK

A dutstted stratigraphical-sedimentological analysis has
s carvied out also at Puntizela-Puntisella (Fig, 19,
cwonterops 1, 11 111 3V The two stratigraphic sections
fis the foorprint bearing layers can be observed have
=i entirely sampled. The older section (outcrop [) is
issiented by a few metres of imestones (Fig. 20), while
Sesimper one (outerop 11 and 131} is thicker and can be

sincd on the shoreline (outerop 1T} and in a small

Fig. 11 - Breeeia fill of a footprint (upper part of the fill of Fig. 10). Scale in om.
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abandoned quarry {outerop II) very close to the sea. As
[ar as the southern outcrops (IT and 11T} are concerned,
about 14 meters of succession are synthetically skerched
in figure 21 in order ro document the environmental
changes recorded in an organic fashion, Qurcrops 1, 11
and T31, and IV are separated by some extensional faults
(also covered by pebbles in the Cui inlet, Fig. 19¢) of
smali stratigraphic throw which lower the succession on
the southern side. Anvhow, the upper part of the log at
cutcrop [ and the lower part of the log at outcrop 1F are
not seemingly correlable,

As far as outcrop I is concerned, differences between
the part of the section underlying the footprint bearing
surface and the overlying one are easily noticeable at the
outcrop scale (IFig, 20}, The lower part is characterized by
pelletiferous, lime mud with ostracods which, in general,
may be referred to a tidal flat setting. The upper part is
characterized by lithofacies suggesting a relatively more
energetic environment, such as intraclastic-fossiliferous
grainstones-packstones. A probable storm layer showing
normal grading, with abundant fragments of bioclasts and
desiccation structures at the top, is intercalated. The litho-
biofacies present in the upper part of this short section
suggest deposition in an epen lagoon. Several specimens
of Neairagia insolita ascribable to the late Albian have
been recognized in thin section only from samples of the
storm laver and of a thin level, rich in gastropods, too
(among them nerineids), characterized by crossed lami-
nation. The microfaunistic assemblage of these two lay-
ers consists also of Nezzagatinella picardi, Cuneolina sp.,




Fig. 13 - Possible footprint seen in bed cross section (sce arrow),
about 20 em shove the footprint bearing laver. Front of the guar-

ion is about 20 cm,

vy, outcrop 111 Solaris, Widih of the depr

Preudotestularieotla sp. The succession is topped by a sub-
acrial exposure episode marked by microkarstic struc-
tures. The rhythm of bedding also documents the envi-
ronmental variations: tidal flat lithofacies show thin bed-
ding whereas those typical of apen lagoon do not show,

3
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ar a first glance, well visible bedding and only calour
tonalities duc to different grain sizes of limestones can be
observed,

The upper section {(outcrops 1 and 111, Fig, 21) is char-
acterized by a wide range of lithofacies, among which
breceias and marls, Prevalent lithofacies are represented
by lossiliferous wackestones and peloidal, peliettiferous
and fossiliferous packstones with intercalared inrraclastic-
fossiliferous grainstones and mudstones. Mudstones with
ostracods, sometimes with mud cracks of noticeable
width, prevail in the basal part of the section, below the
footprint bearing layer; palecenvironment herein is in-
terpreted as tidal flat, except for some thin horizons of
packstones with Cuneolina sp. and Pracchrysalidina sp. as-
cribable to a relatively open lagoon setting.

Three beds with breccia fabric, separated by interlay-
ers of ochreous or reddish clayey wackestones, overlie the
footprint bearing surface. The lower bed exhibits & high-
ly variable thickness ranging from 0 to 20 em (Fig. 22); at
intervals, a slightly clavey matrin is present. The bed
malkes a transition laterally to limestone lacking any evi-
dent breccia fabric. The intermediate bed shows breccia
fabric only in the upper part (TFig. 23) and conrains rare
black pebbles. Tt underlies 2 laminated horizon a few cen-
timeters thick of reddish clayey wackestone. The upper
bed is characrerized by centimetric parallel lamination
and, locally, exhibirs breccia fabric throughout its whole
thickness {Fig. 24}, Sudden, breccia horizons show a
lensoidal shape at decimetric scale and were probably in-
volved with synsedimentary deformations. As [ar as the
paleoenvirenmental interpretation is concerned, the base
of the upper bed, and the base of the bed immediately
overlving the footprints, may be ascribed o an open la-

B Uhiarey ront during the winrer of 1978 tourerop 111 Solarts, photo by A. Tarlao). The two arrows show two greenish clayey-

14 - Fragments of mud crack fills (see arrows) involved in the dinoturbated bed. Same outcrop as Figs 12 and 13, Key bolde ¢ hendzans: the lower level rapidly thins out o the SE (right side of the photo).

Fig.

or scale,




Fig. 17 - Lower marl horizon (central part of quarry front, out-
crop IHT Solaris). The basal-lower part, about 50 em thick, of the
Jevel is very rich in carbonate clasts resembling a breccia fabric.
This breccia also contains black pebbles (see arrows). A partly
altered horizon characterized by an irregular-subplanar mi-
crofracture network passing laterally ro the dinorurbared layer
{towards the shoreline) can be observed ar the wp of the un-
derlying layer.

goon setting, as documented by the occurrence of
Neoiragia insolita and Dasycladaceac. The upper past of
the same bed indicates an intertidal/supratidal setting,
particularly, the reddish, strongly altered, marly interlay-
crs barren of fossils may represent a terrestrial episode.
The succession continues with a new transgressive
phase recorded by fossiliferous packstones with bivalves
at the base and by a level characrerized by cu rrent-formed
ripples with an apparent transport direction rowa rds ENI
(Fig. 25) at the topmost surface. Typical lithofacies of re-
stricted lagoon setting and a few lichofacies rich in Dasy-
cladaceae, representing open lagoon areas, follow up-
wards at outerop 111 This part of the succession termi-

nates with a breceia layer displaying variable thickness
{Fig. 26). This layer is capped by areenish-grey clays (Mg
27) containing thin lenses of clayey wackestone and car-
Lonate clasts. The abundant Faunal-fforal content of this
clayey horizon points to an cpisode of continental sedi-
mentation (see below). Lithofacies consisting of pellertif-
evous-peloidal-fossiliferous mudstones, wackestones-
packstones with ostracods, Aeolisaccas, rare Ophralmidi-
idae and Ataxophragmiidae, which may be ascribed in
general to a tidal flar setting, can be observed above this
clay horizon (Fig. 21). Mud cracks can be frequently ob-
served at the topmost surfaces of these layers.

Purther upwards, a thick bed of intraclastic-fossilifer-
ous grainstones-rudstones with mud chips, bivalves, ner-
ineids, miliolids, Cuneoling pavonia, is noteworthy. These
features suggest an open lagoon domain characterized by
relatively high hydrodynamic energy.

The section ends with a second green clay horizon sim-
ilar to the previous one, but thinner and discontinuous;
the amount of carbonate clasts herein is noticeable.

SrrATIGRAPHY, SEDRENTOLOGY AND TapHONOMY OF THE
Foorerinr Braming Lavers

The lower laver bearing dinosaur footprints {ourerop
Iy consists of pelletiferous mudstones-wackestones with
rare ostracods and Aeolisaceus. This level occurs at the top
of ap interval consisting of thin bedded limestones as-
cribable to a tidal flat setting. A thin centimetric evel of
the same Hthofacies can be observed above the footprint
bearing surface but it is immediately overlain by sedi-
ments typical of a markedly open lagoon setring.

The upper track bearing bed (outerop 1) oceurs at the
top of an interval of sediments ascribable to a tidal flar set-
ting, This interval consists of mudstones-wackestones
with rare Ophtalmidiidae and ostracods and frequent des-
iccation structures. The layer with footprints is capped by
a thin laver of intraclastic pellettiferous-fossiliferous pack-
stones with Dasycladaceae, miliolids and Nezzazatinetla
suggesting an open lagoon setting. Locally, small scale
mud cracks can be observed on the trampled layer, near
the track, One of the footprints of the track is not well pre-
served but in its place 2 shallow depression filled with flat
pebble fine grained breccia occurs. The breccia consists
of clasts a few mm in diameter (see Dalla Veechia and Tar-
lac, this volume). Both the presence of the narrow mud-
eracked surface a few meters away from the rrack and
birdseyes observed in thin sections of the same sediments
indicare that the presesvation of footprints was favoured
by the desiccation of the exposed surface. Desiccation
probably oceurred in a very short time span judging from
the modest areal extent, width and Jow penetration of the
cracks, During the following microtransgressive phasc,
the deepest depressions were filled with peritidal micro
breccias. We postulate that the depressions had moisicr
cediments than those where footprints had been pre
served.

O7iser Prosapie Trarprnen Lavers

Lithofacies characterized by an evident breccia fabri
can be observed at outcrop 11 (Fig. 21a), in the interval
overlying the footprint bearing layer. The sedimentolop
cal characteristics, like the presence of soft pebbles, and the
lateral-vertical transition from breccia fabric to undistrie |
fimestone, recall the supposed dinoturbated structures o

outcrap Vof Solaris, Besides angular clasts, several plasti-
villy deformed clasts characterized by edges penetrating
aned Fraying into the matrix, can be observed. According to
Dind of al., (1998), this characteristic feature dcpencls;hon
foading and incomplete amalgamation of the sediments.
Another fayer, at the base of the lower thick cJayey-marly
frorizon (Figs 21a and 26), appears heavily disturbed and
e shows breceia fabric at outcrop scale, but correlative
festure is difficult to recognize in thin section. Several ir-
tepnlar holes can be observed on the rugged surface at the
iosp of this bed; speculatively they could be artributed to se-
veve trampling by heavy animals. An intense brecciation all
arovnd the unspecified depressions at outcrop IV {Fig, 26)
i+ worth mentioning, whereas limestones farther away do
iiof seem much disturbed. Infillings of fine terrigenous ma-
ceind within the millimeter size interstices of these “brec-
sisted” limestones were observed in thin sections. The pres-
sace ol line terrigenous sediments enhanced the modern
sictooric weathering, thus displaying the strong deforma-
ticas of the substrate (Fig, 28}

faoavey AManrey Levers

A1 feast Tour 20 1o 90 em thick clayey-marly levels were
il in the upper part of the Puntizela-Puntisella suc-
o tourcerop 1T and south of outerop 11 towards Cape
cettina 10, Cristo, Fig, 19b): the first two outcrops are rep-
it in the logs in figure 21, Thin, laterally discontin-
Hiotivons, consisting of fossiliferous wackestones, with
ation strucrures and crystal vadose silt, are interca-
i within the predominant clay marls in the oldest
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i, 18 - Thin bedded dol?mn.?c {iy]csto:]@ﬁ with local small slumps and microdebrites, not illustrared in the photo, oveslying the
storm beds at outcrop 1V Solaris. The uppermost storm bed is 7-10 em thick. S

level, which locally shows a thickness in excess of 90 cm,
The clavs contain abundant carbonate clasts near the base;
locally, the amount of clasts (outerop 1V) gives rise to a true
breccia fabric which passes to the clayey marls laterally
(Tlig. 29). It is common to observe strongly altered small
clasts within the marls: both marls and Limestone lenses
contain small bivalves and gastropods, smooth shelled os-
tracods, recurrent charophyte gyrogonites and stems (Fig.
30). Frequent gyrogonites of Atopochara trivolvis Peck were
found among the charophytes; more important is the sys-
rematic presence of fragments of stems which shows thar
this floral assemblage fossilized i yifar, in a tranquil setting.
As far as the small mollusces are concerned, the fragility of
their thin shells made extraction and preparation of entire
specimens very difficult {despite the excelient fossilization
that preserved colour marks). Specimens with morpholo-
gies and ormamentations similar to those of Clausiliidae, Vi-
viparidae and Limneidae and Valvata and Melanopsis were
found, Moreover, rare specimens may be referred to Heli-
cidae and Planorbidae. The taxonomy of these fossils is ap-
proximative, mainly because of the difficulry in {inding
similar Cretaceous assemblages in the Southern Tethys
Realm and of the the scant literature available on Albian
continental malacofaunas. Tt is probable that these moltuscs
arc new species and/or genera thus requiring a betrer
preparation and careful taxonomic studies.

Anvhow, the “continental”, possibly lacustrine, char-
acter of the malacofauna is supported also by the recur-
rent presence of charophyte gyrogonites and stems,
smooth shelled ostracods and by the absolute lack of
foraminifers. '
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SN tOnLOGICAL OBSERVATIONS AND INTERPRETATION OF THE
Pusyrzena QUicrops

The two successions of Puntizela-Puntiselia (Figs 19, 20
and 21) exhibit, in general, a different environmental and fa-
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Ifig, 20 - Litho-biostratigraphic log of outerop I Puntizela-Puntiseila.

iferous horizons characterized by an energetic hydrody-
namics (as noticed by the presence of probable storm layers
and crossed laminations) typical of an open lagoon setring
are found above the Iootpnm bearing surface at outcrop 5 1.
Some relatively high energy Lplsodcs have also been
recorded within the younger succession (Fig. 21), but, in
aeneral, a litholacies association suggesting a resty icted la-
a00n setting prevails; moreover, facies typical of tidal flat
[r cdominate above the first mmly horizon.
The succession, on the whoele, hesides some significant
environmental oscillations, shows a regressive trend.
Dinosaur foorprins at both of the Puntizela-Puntisel-
L1 sites (ourcrop Tand outcrop 11 plus 1) were impressed
in sediments at the top of two intervals marked by beds
which are generally thin and characterized by facies as-
cribable to tidal flat setting. The two footprint bearing
lavers show rather similar characteristics. They consist of
mud supported facies with ostracods typical of a restrict-
cd setting and only differentiate owing to the presence or
Lack of ()phtalmu iidac and Aeolisaccus. The average
thickness of the beds clearly increases above the foolpum
bearing surfaces. Moreover, the first capping layer is as-
cribed 1o an open lagoon setting. In both cases, footprint
Bearing Lwcxs occur in the proximity of a marked envi-
sonmental ch hange that mar l<<; a transgressive phase.
Same lool]nmts forming part of 1hc track at outcrop
11 have not been preserved due to a combination of fac-
i including: (2} the rapid consolidation of the bedding
sarlace prior to printing because of desiccation; (77} the
High degree of fluidity of the water clogged muds at the
tioe ol trampling; (27) the high moisture content of the
sipmost surface during the following rising of the sea.
The microtopographic features of the surface, with low
waectors lacking in footprints and relatively high zones
dluircterived by small mud eracks, suggest different de-
ol moisture of the subsirate which would be deter-
pisan both for footpring impression and subsequent

preservation. In such a way, the tme required for expo-
sure and burial of the footprints was very short, probably
shorter than ar outerop 11 of Selaris, judging [rom the lo-
calized incomplete desiccation phenomena recognizable
in different secrors of the topmost surface ar Puntizela-
Puntisella. Moreover, according to Cohen ef af, (1991),
shallow footprints are recognizable and may be referred
10 c;pecific large animals for a few days only alter fm-
printing; some w recks later the probability of footprints
surviving has come to nought.

It is probable that a more prolonged subaerial expo-
sure has involved the overlying layers (outcrop 11, whmh
were probably dinoturbated. Anvhow, trampling has oc-
curred when sediments were not hardened, as one can
evince [rom boudinage processes that have yielded soft
clasts and from peculiar structures of deformation ob-
servablie within the marrix, Amalgamation of sediments
has also involved thin levels rich in organic material, thus
giving origin o rare black pebbles, and equally thin in-
rerlavers of ¢layey marls. Both the very fine terrigenous
material and the black pebbles suggest temporary isola-
tion from the sea and probable terreserial inpur,

The clay input is predominant in the marly horizons
that record brackish-freshwarter settings. The relarively
sharp environmental change at the base of the clayey-mar Jy
levels is noteworthy, passing from limestones of an open la-
goon setting (top of the underlying bed) to marls and con-
glomerates of a probable lacustrine serting. Faking into ac-
count the lower clavey-marly level, this passage seems to co-
incide with an emersion phase. At this time the probable
dinoturbation and the crystal silt penetration in the un-
derlying bed occurred. This regressive phase was un-
favourable to the preservation of recognizable [ootprints,
The noticeable thickness of the marls, small karstic fearures
abserved in the limestone lenses within the clavey marls,
and lateral continuity in the stratal geometry of this hori-
zon testify to a relatively wide and lono asting lacustrine
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episode. The latter is associated with an emersion phase of

bation or the presence of tidal channels, The general face
the platform documented by related karstic features; in

suggests that the genesis of this bed is to be atributed o

PUNTIZELA-PUNTISELLA Quicrops IL+1L

5 o E z 21 fact severe alteration of the relic clasts within the marl hori- peculiar deformation processes with probable dish struc-
- . Z b o i 2019 S zom would also indicate long lasting subaerial exposure of tures, local breakage of laminated limestones and, some-
& = LI ED 2 Q 3 % < limestones ir the neighbouring areas. times, abrupt lateral passage to undisturbed limestones. A
= 2 E w1 3 o] &S o it e 5 Lastly, a significant phenomenon affecting the carbon- lagoon environment, due to very gentle morphology and a

| = 8 = % % b = & s = T = ate sedimentation of the Puntizela-Puntisella succession is tranquil setting, does not seem proper for the aforemen-

: = g S x W< o RIS a5 represented by the third breccia layer at outerop 11, above tioned sedimentary features. Fluidization processes in par-

=L : . the footprint bearing layer. The breccia does not seem to tially hardened sediments may be perhaps due 1o earth-
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stratigraphic juxtaposition.

Fig. 21 (a e b) - Litho-biostratigraphic logs of outcraps [1 and 11T at Puntizela-Puntisella, The two successions are very close an
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CORRELATIONSHIPS AND COMPARISONS
BETWEEN THE ISTRIAN ALBIAN LOCALITIES
WITH FOOTPRINT BEARING LAYERS

Solaris, Mirna-Quicto river mouth (Fig. 2b), Veli Brijun-
Brioni Maggiore (Fig. 19b) and Puntizela-Puntisella suc-
cessions are set in the same biostratigraphic interval char-
acterized by the presence of Neowragia insolita. Footprint
bearing layers at outcrops 1 and 11 of Solaris and at the track
site located in the Lanterna camp site - Mirna-Quieto
river mouth (see Dalla Vecchia ef ¢f., 1993) are very near
both from geographic and stratigraphic points of view.

Going on from the Solaris camp site southern bound-
ary 1o Cervar Porat-Cervera grande, which is situatred
about 1 km S-SE of Solaris camp site (Fig. 2b), a horizon
of the early Aptian age with Palorbitoling lenticularis is
recorded. In the absence of faults, not yet discovered, and
foliowing the strike of the beds, the difference in height
inside the stratigraphic column may be calculated at about
20 metres berween the early Aptian levels outcropping at
Cervar Porat-Cervera grande and the late Albian fevels at
Solaris camp site. Therefore, the footpring bearing layers
of Solaris may beé set in the basal part of the upper Albian
succession of the Istrian platform carbonates; incidental-
ly, the thickness of the entire upper Albian interval is
around 250 m (see Fig. 1) according to Tigliar ez al, (1998).

Fig. 22 - Two breccia levels (see small arrows} at outcrop 11 Puntizela-Puntisella (sampl
bearing susface is shown by the long arrow on the left of the photo, The older Jevel is sometimes markedly eroded due o the pres-

ence of a clavey muddy mauix, The intermediare {second) level shows breccia

es FFas 3 and Fas 5 of Fig. 21). The footprint

fabric only in the upper part.

Similar computations are not possible for the Puntizela-
Puntisella section because the late Albian succession 1s ex-
tensively covered between Puntizela-Puntisella and the har-
bour of Fazana-Fasana. The only stratigraphic reference is
represented by the Ploce-P. Lastra (Veli Brijun-Brioni Mag-
glore) section, where Veli¢and Tighiar (1987}, Dalla Vecchia
(1997) and Dalla Vecchia and Tarlao (1993) noticed two
track sites at the base of the Albian succession, which are set,
according ro the Croatian authors, respectively 8 and 20 me-
tres above the early Aptian deposits. Also the basal part of
the Albian section of Veli Brijun-Brioni Maggiore, once at-
tributed to the carly Albian, has been ascribed to the Jate Al-
bian (Velic ef al., 1995). This part of the Veli Brijun-Brioni
Maggiore succession shows strong lithological and paleo-
environmental relationships with the Puntizela-Puntisella
succession. In particular, marly and marly conglomeratic
levels intespreted as lithofacies characteristic of subaerial
exposure (Veli¢ and Tighiar, 1987) seem to be correlable
with the clayey-marly levels interbedded within the lime-
stones at Puntizela-Puntisella outerops 11, 11T and IV and
near to Proglina-P. Cristo (Fig, 19b).

Like Puntizela-Puntisella and Ploce-P. Lastra, the base
of the Allsian section at Solaris and Mirna-Quicto river
mouth localities (Figs 2b and 31} is also characterized by
clayey-marly levels. With regard 1o these outcrops, the
presence of micromolluses, ostracods and charophyics
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Fig. 25 - The second breceiz level av outerop 1 Puntizela-Pun-
tisella tsample Fas 5 of Fig. 21) with probable dinoturbated
structure, Hammer for scale

within the marly horizon, both at Puntizela-Punusella
and Solaris localities, is worth mentioning.

Lithologic, stratigraphic, floral and faunal alfinities
suggest co-eval lacustrine/brackish palecenvironments
with fine terrigencus inpurs, isolated from the sea and, at
times, perhaps interconnected. Connections between la-
custrine settings may have permitted the migration of pe-
culiar faunas and floras.

Tidal flat-restricted lagoon settings with rare episodes of
relatively higher energy both at Solaris and Mima-Quicto riv-
er mouth may be inferred by the study of marine biolacies.

Relatively more open-marine and more fossiliferous facies
were found in the lower part of the Puntizela- Puatsella sec-
tion, while a tidal flat setring may be assumed from an envi-
ronmental interpretation of the Hthofacies of the upper part.

Seme lithofacies of the Albian age (Cape Ploce-P, Las-
tra, Veli Brijun-Brioni Maggiore, Fig. 19b), bearing well
preserved foorprints, document relatively open deposi-
tonal setting. The samples collecred by Posoceo (1995)
suggest an open lagoon with episodes of subaerial expo-
sures a few levels are rich in gastropods (Fig. 32). Close
relationships may be established between this section and
the Puntizela-Punrisella section {outcrop 1} above the
footprint bearing fayer, The only marked difference is
represented by the rich [avnal assemblage with miliolids
and Nezzazatinella found in the footprint bearing beds at
Ploce-P. Lastra, but lacking at Puntizela-Pun tisella. Both

RS a

2 The lhli'ld breceia le\'_c*} at ourcrop 1T Puntizela-Punrisclia and partial view of the succession (IFas 7 - Fas 12). At the base of
CE ‘_.slmia_m, the marly hosizon {Fas 6} showing evidences of pedogenic rubefaction is overlied by limesrones affected by synsed-
sy deformation and by breccia beds. Note the abrupt lateral variation from breccia to laiminated well bedded limestones.




Fig. 27 - The marl horizon with charophytes ar outcrop 1V Puntizela-Puntisella. Some lenses of breecias appear on the right side; the
hedding plane surface at the base is probably dincturbared. Fammer lor scale.

promontory of Pliisevac-P. Cavarolla (Fig. 19b), known also sumably imprinted by an ornithopod (Dxalla Vecchia, 1997;
S5 LR Cnner ol Dergicell (s 91, Pen For seale as Kammnik, where two lbotprim l_)ea‘rinlg ]ang were found, Dalla Vecchia ﬂ!]d '}'ztl‘lﬂ'o, 1995). ‘

Fig, 25 - Ripple marks ar outcrop 1 Puntizela Puntiselia tFas bl Fen for setie The upper bed bears footprints of midsized biped sauropod, Both Footprint bearing lavers are made by bioturbated

while the lower one bears a track with circular tracks, pre- fossiliferous-pellettiferous wackestones with miliolids,

the footprint bearing layers at outerops Land 1 of this lat- footprint bearing surfaces at Solaris and Mirna-Quicto
ter locality contain scarce specimens ol ostracods,

Acolisaccus and Ophtalmidiidac.

The same taxa and rare Microcodini, associated }vith

dessiccation structures, were observed in thin sections from

river mouth localities. o

A second late Albian site on the Veli Brijun-Brioni Mag-
siore island is 2t presentunder study by Dalla V ecchiaand Vla
hovié (pers. commun.}. The site is located on the narrow

A breaking structure of the bedding plane surface ar ourcrop IV Puntizela-Puntisella (see Fig. 27) filled with a thin horizon
Hiw pramed breccia (see arrow). This structure was probably caused by deep dinosaur prints that penetrate down to the layer,
i the e horizon LAC (see Fig, 21) in the background.

breceia Fabrie ar the lower boundary of the clayey masly horizon, outcrop IV Puntizela
Il scale depressions but it is Jess evident on the sides of the holes. Bar = 10 cm.

Fig. 26 - Bedding plane surface with partial
Puntisella. Breccia fabric is clear near some sma




Fig, 29 - Lateral lithological change from breccia to clayey mards

Ophtalmidiidae and Nezzazata, without evidence of sub-
acrial exposure. The lagoon setring and the lack of desic-
cation structures are the cause of the bad preservation of
the footprints, of omnithopod in particular, which are part-
ly collapsed due to cohesiveness ora high degree of soak-
ing of the sediments.

The footprint bearing surfaces of Solaris, Mirna-
Quicto river mouth and Puntizeta-Puntisella, on the ba-
sis of the microfacies, may be ascribed to tidal flat sertings
dominated by muddy sedimentation. The tram pled bed
of Ploce-P. Lastra contains faunas typical of an open la-
goon, but localized zones with mud cracks observed on
the upper footprint bearing surface (Dalla Vecchia, pess.
comm.), provide evidence of subaerial exposure for a
very limited time.

To sum up, the stratigraphic interval in which dif-
ferent track sites occur is nearly the same, at the base
of the upper Albian. In partdcular, they were developed
at the beginning of the late Albian transgressive phase
upon the Aptian deposits, The environmental setting of
cach {ootprint bearing layer and the dinoturbated lev-
els are attributed to tidal flar except for the ones at
Ploce-P. Lastra that may be ascribed in part to a rela-
tively open lagoon. However, desiceation structures
and mud cracks prove that localized subaerial exposure
and consequent induration of sediments occurred any-
way.

SUBENVIRONMENTS AND THE EVOLUTION OF
THE ISTRIAN SECTOR OF THE ADRIATIC-
DINARIC CARBONATE PLATFORM DURING
THE LATE ALBIAN

The long lasfing late Aptian-carly Albian emersion
phase caused severe karstification of the platforn: top.
This phase lasted probably long enough ro allow di-
nosaur populations to grow. Unfortunately, the exten-

_Outerop 1V Puntizela-Puntisella. Hammer for seale,

sive pedogenic processes did not allow the preservation
of dinosaur footprints. Tnstead, slow and oscillating
transgressive phases during the late Albian rurned out
1o be the main factor leading to the preservation of di-
nosaur footprints.

During this phase, dinosaur populations sporadically
visited the sites in question, owing to the poor living con-
ditions for big herbivores which probably necessitated a
large freshwater and food supply. The presence of plant
sarer quadruped dinosawrs (sauropods) during the late Al-
bian in Tstria is well documented at the Solaris track site
11 (see Dalla Vecchia and Tarlao, this volume}, whereas
evidence of biped dinosaurs has been recognized in all the
other sites. The [illing sediments of the footprints of So-
faris suggest the presence ol meteoric watet and, there-
fore, more favourable living conditions for dinosaurs,
compared to the other sites, The substrate of the footprint
bearing beds, however, does not show marked evidence
of root mats that could provide unequivocal proof of veg-
ctation cover. It is possible that, in analogy ro the Pleis-
tocene mangroves, the peats oxidized and the litter was
washed out or eaten, so that peat and pollen did ot fos-
silize (see Galli, 19913, More likely, one may assert that
the quadruped plant-cater dinosaurs did not live 7z loco
and have only left evidence of their movements, ¥ ratking
through tidal flats or supratidal settings berween peren
nial vegetated lands.

Relatively long phases of subacrial exposure can Iy
recognized within the successions of Solaris, Puntizela:
Puntisella and Mirna-Quieto river mouth. Here, dino
turbated beds, sometimes with pedogenic features, and
moreover, clayey-marly levels with continental fawnas
and floras can be observed. It should be pointed out thai
some structures penetrating down into the underlying
laver are evident at the base of the lower marl level ol
Puntizela (outcrop 1V): these structures may represeni
strongly altered deep prints of large dinosaurs or casts
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Hh - aunal and Soral assemblages of the lower clayey mar : i Punti i
ral assemblages of the lower clayey marly horizon of the Puntizela-Puntisella section. Above and below:

Sy 1 e Dt olhar - .
pichara rivolviy Prck, charophyre stems, ostracods and gastropods. Scale bar = 1 mm.
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Fig. 31 - Litho-biostratigraphic log of the Lanterna-Mima-Quieto river mouth track site,

of plant roots. Both these hypothesis are in agreement
with the nature of the immediately overlying lacustrine-
brackish deposits. At the same time, when lacustrine de-
posits developed, the surrounding areas were under the
influx of meteoric water which washed away clays from
karstified areas. Continental facies document isolation
from the sea and temporary breaks of the carbonate
sedimentation, that was replaced by terrigenous sedi-
mentation. )

it may be that part of the grainy facies and also some
mud supported facies were not deposited in subtidal
settings but perhaps they represent the product pf
episodic storms which have carried sands and mudds in

PLOCE-P.LASTRA 1 ( Veli Brijun-Brioni M. )

a supra-tidal setting. Vast emerged sectors of the coast
of Florida have been recently covered by several cen-
cimeter thick sediments carried there by storms and
surges (Shinn, 1983). _ ‘

From a paleoenvironmental point of view, the exami-
ned sections resemble the Barremian succession ol Bz}r-
bariga, in southern Istria (Dini e/ af., 1998}, which exhibits
an heterogencous association of lagoons, marshes,
brackish-lakes and swamps. All these paleoenvironmen-
tal variations show strong similarities with the coastal
plain of Florida Everglades (see Platt and Wright, 1992)
where strong scasonal precipitations alternate with rela-
tively long, dry weather periods.
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Fig. 32 - Litho-biostratigraphic log of the Ploce-P. Lastra track site (Veli Brijun-Brioni Maggiore island)

ACCUMULATION RATES AND THIE CYCLICITY
OF SEDIMENTATION: RELATIONSHIPS WITH
THE TAPHONOMY OF FOOTPRINTS

A detailed analysis of the stratigraphic successions of
Solaris and Puntizela- Puntsella was carried out, with the
aim to define the nature of the sediments and the envi-
ronment in which the trampling ook place, the mode of
footprint infill and the factors conductive to footprint
preservation,

The detaited lithofacies and biostratigraphic analysis has
been extended to the intervals comprising the foorprinted
horizons with the twofold purpose of framing them into the
late Albian depositional theme, and to investigate the ef-
fect of possible sea level oscillations driven by custatic-cli-
matic cyeles (see also De Boer and Smith, 1994),

Studies carried our on modern and Quaternary track
sites {Cohen er af., 1991, Laporte and Behrensmeyer,
1980} drew attention to important aspects of the foorprint
preservation of large terrestrial vertebrates and cheir po-
rential for fossilization. These footprinzs can be commonly
observed on soils in zones [ree of vegetation, periodical-
Iy moist enough to be easily deformed under load. Grain
sizes commonly range between very fine sand and mud.
The shallowest footprints, such as those left on partly de-
watered soils, rapidly deteriorare and their characteristics
vanjsh. Only the deepest footprints are recognizable af-
ter a few weeks, mainly if in combination with trackways.
It the case of water-saturated soft sediment, especially if
itis mud carbanate, morphologic characteristics of the in-
dividual footprints are not recognizable. Besides the de-
terioration caused by meteoric waters, a prolonged ex-
posure often causes the reworking of substrate due to
both the trampling of large vertebrates and the bioturba-
tion by invertebrate infauna. Those footprints, that were
sun-baked and developed a superficial crust with high
salinity interstitial water that inhibited the bioturbation,
are the ones that had the chance of survival,

A rapid burial may be necessary to avoid a mechanical
and biological reworking of sediments.

On the basis of these arguments, one may infer that a
very narrow space-time window allowed the moulding
and the prescrvation of footprints with well recognizable
taxonomic characteristics.

As far as the Albian of lstria is concerned, this con-
straint seems (o have been important for some of the well
preserved tridactyl footprints ar Solaris, Puntizela-Pun-
tisella and Mirna-Quiete river mouth sites. The time lapse
between the rampling episede and the beginning of sed-
imentation may be estimated in some weeks, exception-
ally in a few months. The desiccation of the superficial
mprinted crust, with local mud cracks as well, partially
inhibited the meteoric alteration and subacquecus erosion
hefore the burial.

Il'we assign a rate of deposition of 1 mm/month for the
sediments which draped the depressions {we hypothesize
this as a minimum rate allowing a good preservation of the
footpringst, we obtain an average sediment accumulation
vate of 12 mm/year, that is 12 m/ka. In general, the over-
albaverage rate of sedimentation during the late Albian in
fairia may be estimated around 6-3 em/ka and this value
ilso approximately represents long term subsidence. The
above mentioned rates of sediment accumulation show a
striking difference: the former, that supported the preser-
vation of the footprings, exceeds the latter by two orders
ol nragnitude, that is the average sedimentration rate on the
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geological time-scale. Furthermore, indication of sedi-
ment fuidity observed at Solaris outcrops 1 and 11, ar a
depth of 10 em below the footprint bearing surface, points
out the fack of cementation and a higher degree of warer
saturation. I we assume the average sedimentation rate
of the Albian, an approximate age of 2-4 ka would be at-
tributed to these muds, implying several problems as far
as the carbonate diagenesis (see also Dravis 1993, Fried-
man, 1998) and bioturbation rate are concerned. 1n this
way, it is probable that the deposition of the footprint
bearing layer at Solaris also happened in a much shorter
interval of time. Differences between the rate of the sed-
imentation of individual beds and of the whole Albian de-
posits come from more or fess prolonged breaks of sedi-
mentation; these episodes accurred when forming pedo-
genic horizons and probably during tectonic phases af-
fecting the platform. As mentioned above, the tectonic
movements were accompanicd by the formation of la-
custrine settings, probably not of short duration,

On the basis of the micrastratigraphic study of carly
Cretaceous carbonate platform deposits of the southern
Apennines, the high frequency cyclic nature of the shal-
low water sedimentation has been recognized by IV Ay
genio ef al., 19924, 1992h, 1994, 1997, in press, Buona-
cunto et al., 1994, Longo ¢ al., 1994, erc. These authors
have correlated lithofacies thickness periodicities with
the orbital perturbation periodicities of the Farth (pre-
cession, axial obliguity and orbital eccentricity). For in-
stance, the time interval of 18-22 ka {i.¢. precession) cor-
responds to a stratigraphic periodicity of 40-70 em, which
represents an clementary cycle and, approximately, the
thickness of a single bed of the successions examined by
the alorementioned authors. In this way, the average rate
of sediment accumulation may be calculated berween 20-
40 mm/ka. The average rate of sediment accumulation
during the late Albian in Istria is around this range;
nevertheless it is clear that similar values are not consis-
tent with the taphonomic processes needed for the fos-
sifization of the dinosaur foorprints.

The study of the Istrian sites with dinosaur footprints
was also initally aimed at documenting high frequency
cyclicity, with the purpose of verifying a possible eusta-
tic conirol of the episodes of trampling and fossit footprint
preservation, Except for the lower part of the Puntizela-
Puntisella section {outcrop 11), where some 1-m-thick “re-
gressive” sequences were found, the data collected else-
where does not display either cyclic nature, therefore sug-
gesting the interplay of multiple factors.

Among these factors, the sedimentological ones are
noteworthy. In fact, (7) sharp lateral variations in straral
thickness and geometry at the outcrop scale, caused by
the forming of bars or by the abrupt presence of brec-
cia, (77} lateral changes of lithofacies at a single bed scale,
(74) storm layers, (i) hiorurbation and (¢} rare dolomi-
tization processes could have abscured the recognition
of cyclicity. Alse tectonics could have cut or modified
many cycles,

PROBLEMS CONNECTED WITH THE DI-

NOSAUR PGPULATION ON THE PERIADRIATIC

PLATFORMS: CLIMAX AND HYPOTHIESIS
Biogeographical and palecenvironmental problems

raised due to the discovery of dinosaur presence on the Pe-
riadriatic Platforms are very far from being understood
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and sesolved. The regional palinspastic reconstructions
alone (for instance sce Dercourt e af., 1985, 1993) and the
distribution maps of dinosaur presence based on the find-
ing of rare, [ragmentary and not casily recognizable bones
are not sulficient for the tracing of a coherent scenario, as
far as continental connections berween Africa, the Middle
Fast and Europe are concerned. Studies on the settlement
and duration of emerged areas within the Adriatic-Dinas-
ic carbonate platforms are just starting, Information from
foraminiferal and algal assemblages of the Early Cretaceous
suggests a probable palcogeographic contiguity up to the
Aptian between the Adriatic-Dinaric areas, the Middle Fast
and Africa, while a probable separation of these tand and
platform masses beginning from the Cenomanian may be
inferred owing to the presence of vast and deep myarine ar-
eas (Cherchi, 1989, Fleury ef al., 1985, Moullade ef al.,
1980, Schindier and Conrad, 1994).

In view of this, possible migrations of large vertebrates
from southern land masses and the colonization of the
Adriatic-Dinaric Platform following the most important
cransgressive phases (or istance the Palorbitofina event)
may be assumed, at least from the beginning of the Cre-
raceous up to the Aptian,

After the Aptian, the survival of dinosaurs is not
readily acceprable, if we do not suppose the existence of
wide perennially emerged areas within the Adriatic-Di-
naric platform. We may speculate that those wide conti-
nental lands were located in the inner Dinarids which
were successively involved in the compressive Alpine
phases, However, it is difficult to aceepr that so many
iraces of dinosaurs were left during hundreds of kilome-
ters of transit across uninhabizable lands. A more logical
conclusion is that dinosaurs frequented and dwelt more
or less regularly in the Tstrian area.

According to Matidee ef al. {1996) some areas of West-
ern [stria were emerged for most of the Cretaceous, since
Paleogenic deposits locally transgress over Neocomian
carbonates. Nevertheless, the extent of these supposed in-
sular areas is very modest and probably inadequate to
sustain large populations of dinosaurs, even if endemic
and of small size (Dalla Vecchia and Tatlao, 1995; this vol-
ume). Moreover, the existence of Cretaceous horsts in
the middle of the Istria platform, postulated by Maticec
et al (1996, is in conflict with the general subsidence of
the area and, in general, of the Periadriatic Platforms, too
(Cati ef af., 1987).

TFor these reasons we postulate that emerged lands were
not perennial, but we argue that continental settings
formed continually, although within a marked space and
time varfability,

From several hundred thousands to a few million-year
Jong-lasting exposures in shallow water carbonate sequences
of the Cretaccous age have been documented at several
stratigraphic intervals in Eastern Friuli (Fig. 2a), (Sartorio
et al., 1997), in the Karst region (Tentor ef al., 1994) and in
Tstria (Velic ef af., 1987h, Matiec e al., 1996, Dint et al.,
1998), although not co-eval. They were ateributed to a more
or less important tectonic control at regional scate.

Location of the footprint bearing layers above the impor-
vant pigtas of the Aptian p.p.-Albian p.p. age and at the base
of the late Albian ransgressive phase is in accordance with
our hypothesis oftemporary emerged isiands, since the con-
rinental agea had to be relatively near. Carbonate sedimen-
ration in the marginal zones of the Friuli Platform (Eastern
Friuli) showed a condensed character during the late Albian

and is marked by hiatuses as shown by an intesval of limited
thickness made by a breccia bed (Sartorio ef al., 1997},

The Albian-Cenomanian boundary in the Karst area
(Fig. 2a) is marked by important paleokarstic processes
which prove to be an emersion phase; reddened breccias
with intercalated limestones are typical of the fower-mid-
dle Cenomanian strata in the area in question. Normal ma-
rine sedimentation, intersupted by several breaks which
document further subaerial exposure episodes, began
again in the late Cenomanian.

On the basis of the arguments exposed above, the ex-
istence of vast emerged areas benween Tstria and Friuli, at
Jeast during the Aptian p.p., Albian and lower-middle
Cenomanian may be inferred.

Moreover, the emersion connected to a tectonic phase
that occurred at the Hauterivian-Barremian boundary is
notewarthy. This phase is well documented at Kolone-
P o Colonne, Soutlnwestern Istria (Fig. 19b), where a rich
deposit of dinosaur bones has been discovered recently
(Boscarolli e al., 1993). The levels containing bones be-
longing to large plant eating quadrupedal dinosaurs (Dal-
Ja Vecchia and Tarlao, 1995; Dalla Vecchia, 1998, 1999h)
are preserved in a large erosional depression. The de-
pression, carved in marine shallow warer limestones of the
fate Hauterivian age, was caused by learstification, as &
consequence of a tectonic phase, and is filled with lami-
nated limestones, algal boundstones and oncolitic rud-
stones representing a few typical lacustrine facies (Tunis
et al., 1994). The great amount of the fossil bones of
sauropods recovered so far shows that these dinosaurs
came regularly to the margins of the lake that evidenty
supplied them with freshwater and supported vegetation
cover: there are in fact probable remains of Equisetales
within the lacustrine laminated limestones. Practically ar
the same time, large theropods and sauropods roved not
far from the western margin of the Friuli Platform (Dal-
Ja Vecchia and Venturini, 1995; Dalla Vecchia, 1999a},
Some probable dinosaur footprints of Barremian age have
been found recently near the eastern edge (ludrio valley,

castern Friuli) of this platform (rescarch in progress).

So, there is evidence that wide emergent sectors of the
platform by no means represented uninhabitable areas for
dinosaurs.

Brackish and probably freshwater facies are also known
from the upper part of the early Aptian succession on the
northwestern margin of the Friuli Plaiform: some possi-
ble footprints impressed in marls with charophytes are
found in the Bernadia Mountains (Fig. 2a, point 2} (Ven-
turini 1995, Dalla Vecchia and Venturini 1996). Also in
this case the footprints are co-eval to along lasting phase
of emersion documented by an Aptian p.p.-Albian p.p.
hiatus as previously discussed.

Some studies on Istrian deposits of the late Cenoman-
ian age, where the presence of footprint bearing layers has
heen documented (Lovrecica-S. Lorenzo di Daila, Kari-
gador-Carigador, Grakalovac/Premantura-Promentore,
Fenoliga-Sc. Felonega, see Iigs 2b, 19a), are being in
progress; other investigations on the Cenomanian emer-
sion phases are being carried out at Mt Sabotino, near
Gorizia (NE Iraly). The most puzzling problem to solve
at the moment is represented by dinosaus survivors on the
Adriatic-Dinaric Platform subsequently ro the important
transgressive phase at the Cenomanian-Turonian bound-
ary {Gusic and Jelaska, 1993 see also Tentor et al., 19941}
Remains of Hadrosaurus (Tarlao, personal observation,

and Dzl”ﬂ Vecchia, 1997) have been found close to the Vil-
hggit) del Pescatore (Fig. 2u, point 1) in a very localized
intraplatform basin of the Santonian age (Tarlao ef of
1994}, and the finding of large dinosawr bores (Rimoli and
Jz}l'lziO, personal communication; Debeljak e af, 1999)
'\\'H'h‘ill‘) liburnian beds of the Maastrichtian age near Koz-
ina (IFig. 2a, peint 4), a few km east of Trieste, have been
reported. A viable hypothesis is thar land arcas persiseed
at a noticeable distance from the Karst region and di-
nosaurs progressively recolonized this region during the
8 Ma rime span between the early Turonian and 1‘]1(?@‘11‘-
ly Santonian. ' (

~ Repeated subaerial exposures of the platform, some-
rimes marked by caliches and rhizoliths, have been 1‘ec‘-
ognized in the lower Senonian succession of the Karst
area, An example of continentalization, which allowed
the preservation of bones within brackish/freshwater de-
posits at the Villagaio del Pescatore site, is represented by
a breceia bed on the exposed sides of the resericred basin:
this breccia wedges out in a few tens of meters pzm‘im;
laterally to a stvlolitic surface. This stvlolire suggests that
locally it is very difficult to identify even \:er\f?;}pormm
continental phases. ' _

' ] cctonic phases which gave rise to important hiatuses
within the upper Cretaceous shallow water deposits and
prevented the sedimentation of rransgressive Turonian
deposits, are well known in the Pertadriatic platforms.

' Bauxites encompass the whole Turonian time interval
in 1"]1:3 Murge region (Southern Italy) {Luperto Sinni and
Reina, 1996). The Calcare di Altasrura unit, where re-
cently hundreds of dinesaur footprints were found (Sar-
ti and Claps, personal communication), disconformably
rests on the bauxites. As far as the Apulian Pladorm is
concerned, the majority of authors agree that it has been
separated [rom Alrica since the middle Jurassic. Indeed
the more limited dimension of Apulia in comparison with
lh_cf Adriatic-Dinaric platform generared true conditions
of insularity, a paleogeographic fearure confirmed by the
mn’a‘]i size ol sauropod and theropod footprints. S

['he discovery of dinosaurs during the late Cretaceous
on the Apulian Platform allows an interesting comparison
with the Adriatic-Dinarie Platform and posgs fundamen-
tal questions concerning paleogeography and dinosaur
ceology, S ’

‘_'I’hc Hauterivian footprints of Sarone, Western Friul:
(Fig. 2a, point 3}, and those with large sauropod and
theropod traces of the same age from the Istrian coast
south of Rovin (Fig. 19b, Cape Gustinja-Gustigna Dal-
i \-’{:S‘Chi.a el al., 2000}, the ]"I'dllt?(il‘i\?iﬂn~8211‘1‘(;]]i;lh la-
custrine deposits of Kolone, with bones of large
u;mrn}_)ods and the dinesaur footprints of the leri'emi:n
age ol Veli Brijun-Brioni Maggiore island (Pogledalo-
Capo Salsa, Fig. 19h) 1‘epresente’d by large eridactyl foot-
prints would not indicate an insular domain for the dif-
fevent pre-Aptian settings, but rather a true continental
BIESN
: Under such circumstances, the search for footprint
bearing bavers of the early Cretaceous age would be
piemising on the Apulian Platform: integrared studies on
fannal and floral continental assemb]aqés would strongly
sprove our knowledge of ])ﬂlﬁ()geogra‘phv of the Tethyan
realin during the Mesozoice. o ) i
- We posrulate that tectonics exerted a control on plat-
forin evolution and, consequently, on the time-space dis-

sribtion of the dinesaurs, Relative movements of tec-
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tonic blocks and long lasting phases of emersion at a lo-
cal or regional scale could be a controlling factor on ver-
l'cl?rzu'(: paleobiogeography; however we suggest the co-
existence of eustatic cveles of Milankovich Frequency to
enhance or contrast the treads. Both these tvpes of fac-
fors C(ml_d be important for dinosaur distribution, in par-
{'1cu}a‘r alter the Aptian, when vertebrate faunas sh’o\\f ;‘inv
Snlm"'_Charzlcwrs {(Dalla Veechia and Tarlao, this valume),
I an insular scenario, zones with differential subsidence
could have generated islands distributed variously in time
and space, thus permitting both the development of di-
nosaur populations and the deposition of a noticeable
thickness of platform carbonates.

As far as eustasy is concerned, if we consider an aver-
age rate of platform subsidence around 3-6 em/ka, the pe-
riodic oscillations of smail amplitude (a few mc[cr;s) of the
sea level corresponding to the precession periodicity of
the Earth {about 20 ka) may have caused the expostre of
the platform at least through half of the time interval of
l’!]C period: 7.e. abourt 10 ka. Besides, the high accunmla;
tion rate of carbonates, especially if they are storm layers
rapicly ‘l'ook up most of the accomodation space, h
~ Inthis way, it is possible that the Adriatic-Dinaric Plat-
form was a tervestrial area for a large part of its evolution
thus creating the indispensable physiographic conditions
f'pr the survival of dinosaurs. However, climatic condi:
tions were equally important, as large verrehrares could
not live in arid and barren lands: a favourable humid cli-
mate was necessary 1o supply abundant freshwater and
plants as food for the dinosaurs, I we take into account
that the dinosaurs, the sauropods at least, were cold
bll('mdcd animals and consequently of low t]'(;phic neces-
sities, the constant and abundant supply of water was

more important than food for them to survive,

Footprint bearing layers observed at the different lare

Albian sites imply that well vegetated, freshwater rich en-
viropments like those existing on modern oasis were not
far away. Marls with charophytes both ar Solaris and Pun-
tizela-Puntisella document such sectings, along \\?ithrrhi-
zolith layers associated with altered clasts at the same lo-
calities. This picturesque landscape of barren lands dot-
ted with oasis is a bit immaginative because the common
recognition of lacustrine-palustrine and brackish water fa-
cies, {'hle scarcity of early diagenetic dolomites, the lack of
evaporites and also the presence of hauxitic deposits of
the Albian age in the southern Apennines would rather
point to a relatively warm and humid elimate (D’ Argenio
et al., 1997), Humid-subhumid climate, even if seazonal
ormonsonic, may be also indicated by the presence of M-
crocodizm, which is probably associated with rhizogenic
structures of smatl-medium size. Some of the desiceation
I’cat:m'es, bioturbations and the reddened laminar micrites
of Puntizela-Puntisella (outcrop 11) are probably <¥c;léz‘:
ated by root mats and therefore interpreted as ];albéos’ols
(see a]s_{) Galli, 1991), Unfortunately, information abAoult
vegetation on the Adriatic Dinaric Platform during the
Cretaceous is reaily scanty {see Jungwirth, 1997). (');c of
F‘hc most important and best preserved floyal assemblages
in the periadriatic Cretaceous phatforms was discovered
in l'h?j ulian Prealps, near Vernasso (Bozzi, 1891); in this
site Sr:_nox?izm limestone contains conifers (zzlll()x}g which
Al equojd, Freselopsis, Arancaria) and angiosperms (among
which Arundo, Rbus, Myrica), This flora restifies that this
platform, at least during the Senonian, had a local but
surprisingly rich, vegeration. ’
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Periodic or episodic phases of refagive sea level rise could
have limited the living space for the terrestrial vertebrates
allowing, at the same time, the best conditions for the fos-
silization of footprints. In these periods, dinosaurs watked
cither at the edge of vegetated areas or through the neigh-
bouring wide tidal flats, A relatively farge number of di-
nosaurs in humid palustrine environments gave rise to
dinorurbated layers, whereas these large vertebrates
(notwithstanding their durable and substantial presence)
did not leave tracks during the long lasting exposures of the
platform. Paradoxically, the probabilities of footprint fos-
silization were minima during the true long lasting expo-
sures (those which had a duration from several hundred
thousands to some millions of years); oniy eventual fresh-
water/brackish environments aided the preservation of di-
aosaur bones as the Hauterivian deposits at Kelone-P.to
Colonne and the Santonian deposits at the Villaggio det
Pescatore demonstrate. rom a sedimentological point of
view, one may expect the maximum probability of finding
footprint bearing layers at the base of the transgressive
phases (see also Dalla Vecchia and Venturini, 1996; Avanzi-
i et al., 1997}, both of local or regional extent, driven by
Lectonics ar by eustatic oscillations.

These assumptions scem to be confirmed by the study
of the Puntizela-Puntisella and the Mirna-Quieto river
mouth sections with the exception of the Selaris section.

Lastly, we propose a general model of [ossil print
preservation for all the track sites of Istria, including those
of the Cenomanian age, that is based on the whole data
set and on the knowledge of recent taphonomic process-
es. This model envisions a series of palecenvironments
from tidal to supratidal, with episodes of avery high sed-
imentation rate, interrupted by rapid subaerial exposures
that occurred only for a limited time span. Ap ancient
monsoon-like climate has been the best modern analogue
thar fulfils the requirements of sedimentelogical con-
straints and paleoecology. The hypothesis of a monsoon
climate should be confirmed by the common finding of
continental (lacustrine, brackish/palustrine) carbonate
[acics within the upper Jurassic-Cretaceous sequences of
Istria and Friuli,

1[ our conclusions are correct, then the discovery of
large vertebrate traces within the Tithonian succession of
Tsiria, above the Kimmeridgian clayey bauxite horizon,
should be possible, owing to the recurrent presence of
tidal-flat facies and of freshwater floral assemblages. Al-
so the Campanian-Maastrichtian succession of the Karst
area is characterized by lacustrine, palustrine and brack-
ish deposits, but, due to [requent long-lasting exposures,
this stratigraphic interval seems more favourable for the
finding of bones in paleckarst depressions than for the
preservation of recognizable footprints.

CONCLUSIONS

Research on trampling episodes and on the taphono-
my of dinosaur footprints is of great importance for the
anderstanding of the evolution of the Periadriatic Car-
bonate Platforms and can provide useful links for pale-
cenvironmental, sedimentological and cvclostratigraphic
analysis.

Frequentlyitidal flats represent the ancient seriing in
which the dinesaur footprints were impressed. This en-
vironment, at first glance adverse to the survival of jarge
vertebrates, turned out to be probably the most

favourable one for the fossilization of footprints. Di-
qosaurs did not dwell permanently in such setiings but on-
Iy walked through the Gdal Flas along lincar pathhways (see
Dalla Vecchia and Tartao, this volume). During short,
even local, subaesial exposures of the tdal Hat, suirable
moisture and the fine grain-size of sediments allowed the
forming of footprints. Lack of footprings in a lagoon set-
ting mav be due both to the high degree of water satura-
qion of the sediment and to severe bioturbation ypical of
a normal marine environment, Conversely, the dessication
and cementation of sediments in sectors of the platform
characterized by prolonged subaerfal exposure prevent-
ed the recording ol the presence of dinosauss. The most
favourable conditions for dinorurbation did eccur in in-
rermediare zones between terrestrial arcas and tidal flats.

The formation of tracks at Puntizela-Puntisella and
Lanterna came shostly before a transgressive phase marked
by the transition from tidal flat ro open lagoon. The sedi-
ments immediately overlying the footprint bearing layer at
the Solaris site are ascribable to a schyzohaline lagoon.
FHowever, a precise correlation berween printing episodes
and transgressive phases does not appear; only in the
Lanterna track site is the environmental change ¢ brupt and
can be traced immediately above the fram pled surface,

By comparison with recent taphonomic processes, the
rapid desiccation of the surface, very short subaerial ex-
posure and very high accumulation rate of the capping
sediments seem to be the most important factors [or the
quality of footprint preservation.

The morphological and sedimentological characters of
the footprints indicate that these escaped erosion or fur-
ther trampling by rapid burial, soon after their forma-
vion. This [act also canfirms the postulated very high sed-
‘mentation rate of the carbonates ar the scale of the sin-
ale bed. A rclatively profonged subaerial exposure can

“ause the destruction of the footprints by physical re-
working and by further dinosaur rrampling, if the suitable
moisture of substrate lasts.

The very high instantancous sedimentation rate at the
surface, if compared 1o the average rate of sediment ac-
cumulation during the late Albian in Istria, suggests that
the time of actual carbonate deposition was much fower
than the duration of the hiatuses.

Last but not least, the presence of dinosaurs them-
selves is an unequivocal proof of the significant subaeri-
al exposures of vast aveas of the platform, otherwise not
recognizable by sedimentologics Ustudies alone. The pres-
ence of more o less significant hiatuses within the exam-
ined successions suggests the existence of tectonic move:-
ments, coexisting with short term sea level oscillations.

Tectonic phases favoured the formation ol small in-
traplatform basins filled with fine terrigenous sediments
and characterized by brackish freshwarer faunal and floral
assemblages. These assemblages consist, in particular, of
stems and gyrogonites of Charophyta, micromolluses and
ostracods which are noticed for the first time in the Albian
succession of Istria, Furthermore, these fossils prove the ex-
istence of freshhwater sources, which was very important for
dinosaur survival, on the Adriatic-Dinaric Platform.

Both the narrow suitable environmental zones and the
delicate balance of factors needed for footprint fossiliza-
dion make the finding of several sites with well preserved
footprint beasing surfaces cather extraordinary. In terms
of purely statistical speculation, this means that dinosaur
populagions were really substantial,

The insular character of the late Albian dinosaur pop-
ulation (sce Dalla Veechia and Tarlae, this volume) and
the persistence of dinosaurs during the late Cretaceous
both i Istria and Karst suggest that the examined tidai
flats represented, lor long time spans, the borders of
cast l'zmds inside the platform area. These “islands” were
pro‘\:ided with enough fresh water and vegetation to sub-
stain a population of medium-size plant eaters, Con-
versely, evidences of large-sized sauropods and
1‘]1(’.1:0])0(]5 in the Hauterivian, Barremian and Aptian of
Istria and Friuli suggest that the Dinaric-Adriatic Plar-
form and Africa were probably connecred by a fand
bl"id}.‘,t‘ during the Early Cretaceous up to the Aprian
\\’H.'h 1'1'10. possibility therefore of repeated dinosaur cal-
onizations.

In the case of both insular dinosaur populations and
continental connections between the Adriatic-Dinaric

P}atf'orm and Africa {or Europe) and the Middie East, it
is necessary to reconsider, in the light of recent Findinzfs
current paleogeographic and palinspastic maps (see for
example Dercourt ef al, 1993) that show the separation
of the Apulian Platform [rom Africa occurred in the mid-
d'ie‘] urassic. These maps show deep basing around the Pe-
1'121d1"ial'ic Pladforms, and a wide marine domain en the
platforms themselves; both these assumptions are incon-
sistent with recent vertebrate discoveries.
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