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Abstract—Preservational footprint morphotypes of small crocodylomorphs from Late Jurassic (Kimmeridgian)
coastal and deltaic units of northern Spain (Asturias) are described in this paper. The morphotypes are attributed
to the Late Jurassic-Early Cretaceous ichnospecies Crocodylopodus meijidei Fuentes Vidarte and Meijide Calvo,
2001. The morphological differences of the studied footprint sample are related to differences in the nature and
competence of the substrate, and to a lesser degree to the behavior of the trackmakers.

INTRODUCTION AND GEOLOGICAL SETTING

The Late Jurassic of Asturias is well known for the occurrence of
numerous and well-preserved dinosaur and other reptile footprints
(García-Ramos et al., 2002; 2006; Lockley et al., 2008). Several tracks
ascribed to small-sized crocodylomorph trackmakers were described by
Avanzini et al. (2007) and assigned to the ichnogenus Crocodylopodus.
These footprints were discovered in some outcrops of the Lastres For-
mation (García-Ramos et al., 2002) near Quintueles, Argüero and
Villaverde (Fig. 1).

This formation consists of more than 400 m of gray sandstones,
mudstones, marls and occasional conglomerates, belong to an ancient
fluvial-dominated deltaic system (García-Ramos et al., 1995). The depo-

sitional basin was a relatively shallow water, restricted and tideless sea,
protected along its outer margin by a tectonic barrier (García-Ramos et
al., 2006). The main deltaic facies are well represented in the exposed
sections of the coastal cliffs, including prodelta, distal bar, distributary
mouth-bar, channel, levee, crevasse-splay, interdistributary bay and
swamp facies as well as the typical delta abandonment facies. Sedimen-
tation was frequently interrupted by transgressive events recorded by
laterally extensive marls and shell beds. Coarsening-upward sequences
attributed to distributary mouth-bars and crevasse-splays (subdeltas)
are very frequent. These sequences commonly end at sharp surfaces that
record abandonment and subsequent flooding of the delta front and cre-
vasse-splay sandstones. Low amplitude wave ripples occur frequently
on bedding surfaces.

FIGURE 1. Geological sketch of the Asturias region (northern Spain). The Late Jurassic outcrops of Quintueles (1), Argüero (2), and Villaverde (3) that
yielded the described footprints are indicated by dots.
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In marshy and swampy areas of the old coastal plain, the vegeta-

tion was varied: bennettitales, bryophytes, conifers, cycads, equisetales,
ferns and ginkgophytes. In some cases we can even notice the remains of
petrified forests in which the stumps have kept their original position
(upright) preserving their roots.

The most representative macrofaunal invertebrate assemblages
are dominated by some gastropods and small echinoids together with
abundant bivalves. Rare ammonoids allow dating this formation as
Kimmeridgian (Dubar and Mouterde, 1957; Suárez Vega, 1974; Oloriz et
al., 1988). The biostratigraphic data based on marine and nonmarine
ostracod faunas furnished a Kimmeridgian-early Tithonian age (Schudack
and Schudack, 2002). The most common invertebrate trace fossils in-
clude: Arenicolites, Diplocraterion, Fuersichnus, Gyrochorte, Lockeia,
Monocraterion, Ophiomorpha, Palaeophycus, Planolites, Rhizocorallium,
Skolithos, Spongeliomorpha, Taenidium and Thalassinoides.

The described small-sized crocodylomorph footprints (part of
which are recently discovered)  were left in medium and very fine sand
with different moisture contents, in moist lime mud, and in water-unsat-
urated lime mud; this latter presumably covered by a few cm of water.
The different substrate nature, and the water content of the sediments at
the time of track formation, such as consolidation by desiccation or
lithification by early cementation, strongly influenced the morphology
of the recovered tracks.

The whole sample consists of poorly-preserved true tracks, true
tracks with extra morphological features and modified true tracks (termi-
nology sensu Marty et al., 2009). Only a very small proportion of the
tracks are well defined and capable of yielding reliable taxonomic infor-
mation. When dealing with different morphotypes that were left in dif-
ferent substrate conditions, a careful approach has to be followed in
order that different preservational morphotypes do not lead to the erec-
tion of different ichnotaxa. This avoids unnecessarily creating “new
ichnospecies” that are synonymous in many cases with “track preserva-
tion variations” (Diedrich, 2002, 2005).

Institutional abbreviations. The described specimens are stored
at the Museo del Juràsico de Asturias (MUJA) near Colunga, Oviedo,
Asturias.

Other abbreviations. The terms concerning vertebrate
palaeoichnology mainly follow Leonardi (1987). L: footprint length, W:
footprint width, m: manual print, p: pedal print.

THE TRACK RECORD

Material: MUJA 0101, MUJA 0102, MUJA-0273 [described as
morphotype B in Avanzini et al. (2007)]; MUJA 0031, MUJA 3597,
MUJA 0753 (new discovered material) (Table 1).

Description: Small archosaurian ichnite of a quadrupedal
trackmaker with a narrow trackway. Manual and pedal prints show
slender and pointed digits and a slight inward rotation with respect to the
trackway’s midline (Fig. 2A).

Manus: Generally tridactyl (MUJA0102) but sometimes
tetradactyl (MUJA 0273) or pentadactyl (MUJA 0273), apparently
digitigrade (L = 0.8 cm, W = 1.0 cm). The digits are slender, pointed and
sinuous, separated from the proximal base. When preserved, digits I and
V appear opposed, digit II is almost parallel to the trackway axis, and
digits III and IV are oriented laterally. All the digits show slender and
elongate claw impressions. The divergence between digits I-IV is about
125°.

Pes: Tetradactyl, digitigrade (MUJA 0753) to plantigrade (MUJA
0031) with a length/width (L/W) ratio of about 1/3. The footprint length
varies between 2 and 3 cm. The mean divergence between digits I-IV is
45°. Digit I is short, and inwardly directed with a small pointed claw on
the tip. Digit II is slender and slightly inwardly rotated in its distal part.
Digit III is generally equal to digit II in length, but sometimes is longer. In
some specimens three phalangeal pads are recognizable. The cross axis is
about 50°-55°.

Trackway: Narrow, quadrupedal, “lacertoid,” with a pes pace
angulation that varies from 117° to 140° and a manus pace angulation of
about 160°. The manus is impressed anteriorly on the prolongation of
pes digit III. The divarication angle from the midline is relatively con-
stant and sometimes a slightly outward rotation for the manus and a
slightly inward rotation for the pes are recognizable (although the angle is
generally close to 0°). In the two trackways related to this morphotype,
the width varies between 3.8 and 4.8 cm (in the first one, the trackmaker
walked with a faster gait). The gleno-acetabular distance of the trackmaker
estimated from the trackway parameters (Leonardi, 1987) varies from
8.4 to 10.5 cm. No tail traces are recognizable.

Substrate–Related Preservational Morphotypes

Tracks Left in Water-Saturated Sediments

Description: These traces consist of parallel “scratch marks,”
and some specimens show up to four parallel grooves (Fig. 3). The digit
impressions have pointed ends, with indications of small claws. Indi-
vidual digit impressions, probably representing the width of the
trackmakers’ autopodia, range from 1 to 3 cm in width. Some traces are
narrow sinuous “scratch marks,” from less than 1 to 3 mm in width and
up to 10 cm in length.

Interpretation: Such impressions have been observed in Europe
(Lockley and Meyer, 2000; Romano and Whyte, 2003) and the USA
(Lockley and Hunt, 1995) and are usually interpreted as swimming traces
(Boyd and Loope, 1984; McAllister, 1989). The digit drag marks in
these samples can be interpreted as traces produced by an animal swim-
ming in shallow water in such a way that the autopodia touch the sedi-
ment surface while the body and the tail float (da Silva et al., 2008;
Swanson and Carlson, 2002).

Tracks Left in Water-Unsaturated Sediments
Description: Footprints originally left in soft mud (Allen, 1997)

TABLE 1. The footprints studied and their localities.
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FIGURE 2. Specimens of Crocodylopodus meijidei Fuentes Vidarte and Meijide Calvo, 2001 from the Late Jurassic of Asturias. A, Sketch of slab
MUJA0102 with two parallel trackways heading in opposite directions (m: manual print, p: pedal print). B, Close up of the manus – pes couple 4 of
trackway I on the slab MUJA 0102. C, MUJA 3597 pedal and manual prints. D, MUJA 0101 pedal and manual prints. E, MUJA 0031 (1) pedal print. F-
H,  MUJA 0273 manual prints. I, MUJA 0031 (2) pedal print. Scale bar = 1 cm.
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are poorly formed and sometimes covered with “adhesion spikes,” cre-
ated during withdrawal of the foot. The footprints are likely to show
only the main anatomical features and they occasionally show a few
blurred striae made by the foot during the step cycle. Tracks left in
medium-grained sand are better preserved than those left in silty mud.
The footprints are markedly plantigrade (e.g., MUJA 0031) with wide
digits and rounded claw traces; poorly-preserved phalangeal pads are
sometimes recognizable (MUJA 0031). The presence of drag marks as-

sociated with displacement rims (MUJA 3597) indicates the high degree
of plasticity and water content of the sediment at the time of track
production.

Interpretation: These kinds of traces strongly resemble
Batrachopus Hitchcock, 1845 (Olsen and Padian, 1986). As in
Batrachopus, the manus print is much smaller than the pedal one, it has
five toes and is usually rotated with digit V pointing backwards. The pes
is functionally tetradactyl and digitigrade, and outwardly rotated (25-
33°). Digits I-IV are nearly parallel or slightly divaricated (III and IV).
Digit III is the longest and digit I the shortest.

Tracks Left in Moist Sediments
Description: Terrestrial tracks in stiff mud or sand are well de-

fined (i.e., MUJA 3597). Marginal rims are weakly developed and in
some cases limited to only one side of the print. Finely-grooved drag
marks are sometimes recognizable. The footprints vary from plantigrade
to semiplantigrade. The digits are relatively wide, and no traces of pha-
langeal pads are recognizable.

Interpretation: These traces strongly resemble Antipus Hitchcock,
1858 (Lockley and Meyer, 2004). As in Antipus, they show very slender
and widely divaricating pes digits that terminate in narrow claw impres-
sions. In addition, manus digit impressions seem to be much longer than
in Batrachopus.

Tracks Left in Dry Sediments
Description: Terrestrial walking tracks in dry sand consist of

shallow and more sharply-defined footprints with preservation of the
finest anatomical details (Milàn and Bromley, 2006), such as phalangeal
pads and skin traces (i.e. MUJA 0102). They further show a superficial
penetration of the claws into the substrate and a shallow impression,
both of the manual and the pedal prints. Digits are slender, preserving
phalangeal pads traces and the tip of pointed claws. The “plantar” por-
tion is rarely impressed, and the footprint generally appears as markedly
digitigrade.

Interpretation: These prints compare well with Crocodylopodus
(Fuentes Vidarte and Meijide Calvo, 2001) emended by Lockley and
Meyer (2004). As in typical Crocodylopodus footprints, these tracks
show a narrow trackway with a pace angulation that varies between 105°
and 140°, a tetradactyl pedal print (but not showing a triangular heel),
digit I base lined up with the others and slender digits with high interdigital
angles (30°  to 60°).

Possible Trackmakers

The trackmakers are small tetrapods with a gleno-acetabular length
of less than 15 cm. The absence of pedal overlap in the trackways could
be related to the similar length of hind limbs and forelimbs or also to a
relatively long trunk. The generalized lack of well-developed heel marks
in the recovered footprints suggests a preferential semidigitigrade pos-
ture for both pes and manus. The absence of tail traces in all the recov-
ered trackways suggests complete support of the whole body during
walking, according to other small crocodylomorph tracks (Farlow and
Elsey, 2010). The hypothesis that the surface was not soft enough for
the tail to leave a mark seems improbable.

The presence of robust and small triangular claw impressions and
the absence of interdigital webbing traces suggest that an exclusively
aquatic life style of the trackmakers may be excluded. Instead, these
features suggest animals well adapted to walking in marginal environ-
ments and with the ability to swim in shallow water. This is also sup-
ported by the swim traces preserved on rippled surfaces.

Based on Late Jurassic European skeletal remains, the most prob-
able trackmakers are small Atoposauridae crocodiles such as Theriosuchus
(Schwarz and Salisbury, 2005), or Bernissartiidae such as Bernissartia,
which are well known in the Iberian Peninsula (Schwarz and Fechner,
2004).

FIGURE 3.  “Scratch marks” on a surface with ripple marks. The drag marks
are interpreted as digit impressions produced by an animal swimming in
shallow water. Scale bar = 5 cm.
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DISCUSSION

The studied traces are attributed to small-sized archosauromorph
tetrapods, and more precisely can be referred to the Late Jurassic-Early
Cretaceous ichnogenus Crocodylopodus Fuentes Vidarte and Meijide
Calvo, 2001 and possibly to the ichnospecies Crocodylopodus meijidei
Fuentes Vidarte and Meijide Calvo, 2001.

Several features associated with the tracks allow us to deduce the
plasticity of the sediment and the water depth in which they were pro-
duced, together with the factors that permitted their preservation. Some
of these features, such as digitigrady and a reduction in the number of
preserved digit imprints are typical of shallow tracks left in firm sub-
strates. On the contrary, fully plantigrade footprints with well-devel-
oped displacement rims are typical of moist substrates (Swanson and
Carlson, 2002; Milàn and Bromley, 2006; Marty et al., 2009).

When the preservation is good, the footprint morphology varies
significantly from plantigrade to digitigrade and from slender to stout. In
the best preserved trackways, (on firm substrates) (i.e., Fig. 2A), some
differences in the pace angle and in the relative position of manual and
pedal prints are recognizable. Such differences were related to different
walks: with increasing speed the pace angle becomes higher and the
trackway appears narrower. But, while the limbs of the trackmaker be-
come more erect and the posture less sprawling (Avanzini et al., 2007),
the footprint’s morphology does not vary. So, the observed variation
seems to be essentially related to substrate nature and its consistency,
rather than to different behavior of the trackmaker. If observed sepa-
rately, the morphological characteristics of the footprints could be re-
lated to different taxa (Batrachopus-like, Antipus-like and
Crocodylopodus-like).

Nevertheless, the consistency of the recovered sample, in which
tracks with intermediate characteristics between one form and the other
are preserved, underlines the fact that such differences are strictly related

to substrate nature and not to different foot anatomies of different
trackmakers (Farlow and Pianka, 2000). If overlapped, all the footprints
show similar characteristics, which are consistent with a substrate-re-
lated morphological variation within the Crocodylopodus meijidei
ichnospecies (Fig. 4). This underlines the fact that a careful ichnotaxonomic
approach has to be followed when dealing with different morphotypes
that were apparently left under different substrate conditions.
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FIGURE 4. Morphological differences in footprints attributed to Crocodylo-
podus meijidei from the Asturian ichnosites. The substrate for all the
represented specimens was originally composed of medium-grained sand.
The morphological differences are strictly related to differences in substrate
properties. A, MUJA 0031 (1). B, MUJA 3597. C, MUJA 0101. D, MUJA
0752. E, MUJA 0102 (4).

REFERENCES

Allen, J. R. L., 1997, Subfossil mammalian tracks (Flandrian) in the Severn
Estuary, S. W. Britain. Mechanics of formation, preservation and distri-
bution: Philosophical Transactions Royal Society London B, v. 352, p.
481–518.

Avanzini, M., García-Ramos, J. C, Lires, J., Piñuela, L. and Lockley, M. G.,
2007, Crocodylomorph tracks from the Late Jurassic of Asturias (Spain):
Ichnos, v. 14, p. 143–153.

Boyd, D. W., and Loope, D. B., 1984, Probable vertebrate origin for certain
sole marks in Triassic red beds of Wyoming: Journal of Paleontology, v.
58, p. 467–476.

Diedrich, C., 2002, Vertebrate track bed stratigraphy at new mega track
sites in the Upper Wellenkalk Member and orbicularis Member
(Muschelkalk, Middle Triassic) in carbonate tidal flat environments of
the western Germanic Basin: Palaeogeography, Palaeoclimatology,
Palaeoecology, v. 183, p. 185–208.

Diedrich, C., 2005, Actuopalaeontological trackway experiments with
Iguana on intertidal flat carbonates of the Arabian Gulf: A comparison
to fossil Rhynchosauroides tracks of Triassic carbonate tidal flat
megatracksites in the European Germanic Basin: Senckenbergiana Mar-
itima,  v. 35, p. 203–220.

Dubar, G. and Mouterde, R., 1957, Extension du Kimméridgien marin dans
les Asturies depuis Ribadesella jusqu’à Gijón: Compte Rendus Académie
Science Paris D, v. 244, p. 99–191.

Farlow, J. O. and Elsey, R. M., 2010, Footprints and trackways of the
American alligator, Rockefeller Wildlife Refuge, Louisiana: New Mexico
Museum of Natural History and Science, Bulletin, this volume.

Farlow, J. O. and Pianka, E. R., 2000, Body form and trackway pattern in
Australian Desert Monitors (Squamata: Varanidae): Comparing zoologi-

cal and ichnological diversity: Palaios, v. 15, p. 235–247.
Fuentes Vidarte, C. and Meijide Calvo, M., 2001, Primeras huellas de cocodrilo

en el Weald de Cameros (Soria, España). Nueva familia: Crocodylopodidae,
nuevo icnogenero: Crocodylopodus, nueva icnoespecie: C. meijidei, in
Actas de las I Jornadas Internacionales sobre paleontología de dinosaurios
y su entorno, Salas de los Infantes (Burgos, España), Septiembre de
1999, Colectivo Arqueológico-Paleontológico de Salas, C. A. S., p. 329–
335.

García-Ramos, J. C. and Gutiérrez Claverol, M., 1995, La cobertera
Mesozoico-Terciaria; in Aramburu C. and Bastida F., eds., Geología de
Asturias: Gijón, Trea, p. 81–94.

García-Ramos, J. C., Lires, J. and Piñuela, L., 2002, Dinosaurios. Rutas por
el Jurásico de Asturias: Lugones, La Voz de Asturias, 204 p.

García-Ramos, J. C., Piñuela, L. and Lires, J., 2006, Atlas del Jurásico de
Asturias: Oviedo, Ediciones Nobel, 225 p.

Hitchcock, E. 1845, An attempt to name, classify, and describe the animals
that made the fossil footmarks of New England: Proceedings of the 6th

Meeting American Association of Geologists and Naturalists, New Ha-
ven, Connecticut, p. 23–25.

Hitchcock, E. 1858, Ichnology of New England, a report on the sandstones
of the Connecticut Valley, Especially its fossil footmarks. William White,
Boston, 220 p.

Leonardi, G., 1987, Glossary and manual of tetrapod footprint
palaeoichnology. Brasília, Departamento Nacional de Produção Min-
eral, 75 p.

Lockley, M. G. and Hunt A. P., 1995, Dinosaur tracks and other fossil
footprints of the western United States. New York,  Columbia Univer-
sity Press, 340 p.



244
Lockley, M. G. and Meyer, C. A., 2000, Dinosaur tracks and other fossil

footprints of Europe.  New York, Columbia University Press, 330 p.
Lockley, M. G. and Meyer C. A., 2004, Crocodylomorph trackways from

the Jurassic to Early Cretaceous of North America and Europe: Implica-
tions for ichnotaxonomy: Ichnos, v. 11, p. 167–178.

Lockley, M. G., Garcia-Ramos, J. C., Pinuela, L. and Avanzini M., 2008, A
review of vertebrate track assemblages from the Late Jurassic of Asturias,
Spain with comparative notes on coeval ichnofaunas from the western
USA: Implications for faunal diversity in siliciclastic facies assemblages:
Oryctos,  v. 8, p. 53–70.

Marty, D., 2009, Sedimentology, taphonomy, and ichnology of Late Juras-
sic dinosaur tracks from the Jura carbonate platform (Chevenez—Combe
Ronde tracksite, NW Switzerland): Insights into the tidal-flat
palaeoenvironment and dinosaur diversity, locomotion, and palaeoecology
[PhD thesis]: University of Fribourg: GeoFocus, v. 21, 278 p.

Marty, D., Strasser A. and Meyer, C. A., 2009, Formation and taphonomy
of human footprints in microbial mats of present-day tidal-flat environ-
ments: Implications for the study of fossil footprints: Ichnos, v. 16, p.
127–142.

Milàn, J. and Bromley, R. G., 2006, True tracks, undertracks and eroded
tracks, experimental work with tetrapod tracks in laboratory and field:
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 231, p. 253-
264.

McAllister, J. 1989 Dakota Formation tracks from Kansas: Implications
for the recognition of tetrapod subaqueous traces; in Gillette D.D. and
Lockley M.G., eds., Dinosaur tracks and traces: Cambridge, Cambridge
University Press p. 343–348.

Oloriz, F., Valenzuela, M., García-Ramos, J. C. and Suárez de Centi, C.,
1988, The first record of the genus Eurasenia (Ammonitina) from the

Upper Jurassic of Asturias (northern Spain): Geobios, v. 21, p. 741–748.
Olsen, P. E. and Padian, K., 1986, Earliest records of Batrachopus from the

southwestern United States, and a revision of some early Mesozoic
crocodylomorph ichnogenera; in Padian, K ed., The beginning of the
age of dinosaurs: Cambridge, Cambridge University Press, p. 259–272.

Romano M. and Whyte M. A., 2003, Jurassic dinosaur tracks and trackways
of the Cleveland Basin, Yorkshire: Preservation, diversity and distribu-
tion: Proceedings of the Yorkshire Geological Society, v. 54, p.185–
215.

da Silva R. C., Ferigolo J., de Souza Carvalho I., and Sequeira Fernandes A. C,
2008, Lacertoid footprints from the Upper Triassic (Santa Maria For-
mation) of southern Brazil: Palaeogeography, Palaeoclimatology,
Palaeoecology, v. 262, p.140–156

Schwarz, D. and Fechner, R., 2004, Lusitanisuchus, a new generic name for
Lisboasaurus mitracostatus (Crocodylomorpha: Mesoeucrocodylia), with
a description of new remains from the Upper Jurassic (Kimmeridgian)
and Lower Cretaceous (Berriasian) of Portugal: Canadian Journal of
Earth Sciences, v. 41, p. 1259–1271.

Schwarz, D. and Salisbury, S. W, 2005, A new species of Theriosuchus
(Atoposauridae, Crocodylomorpha) from the Late Jurassic
(Kimmeridgian) of Guimarota, Portugal: Geobios, v. 38, p. 779–802.

Schudack, U. and Schudack M. E. 2002, New biostratigraphical data for the
Upper Jurassic of Asturias (Northern Spain) based on Ostracoda: Revista
Española de Micropaleontologica, 34/1, p. 1–18.

Suárez-Vega L. C. 1974, Estratigrafía del Jurásico en Asturias: Cuadernos de
Geología Ibérica, v. 3, p. 1–368.

Swanson B. A. and Carlson K. J., 2002, Walk, wade, or swim? Vertebrate
traces on an Early Permian lakeshore: Palaios, v. 17, p. 123–133.


