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a b s t r a c t

Two new ornithopod natural casts are reported from the Praia do Areia do Mastro site, at Espichel Cape
(near Sesimbra), western central mainland Portugal (western Iberia). In this Tracksite two geological
formations occur: Areia do Mastro Formation and Papo-Seco Formation (lower Barremian). This locality
(Praia do Areia do Mastro) occurs in a sedimentary succession comprising limestones, marls, sands and
conglomerates, interpreted as marine, lagoonal and estuarine deposits. In the Papo-Seco Formation have
yielded fossil remains of dinosaurs (teeth and bones) and other vertebrates (Figueiredo et al., 2015, 2016).
The ichnological record is composed by two footprints, one of them incomplete, preserved as natural
casts in convex hiporelief. They are tridactyl, mesaxonic and wider than long. The digit impressions are
short, wide and have a blunt edge. The footprints present a round and wide posterior surface and have
one pad impression in each digit and a wide and subrounded metatarsophalangeal pad impression.
Based on the commented features, they are assigned herein to Caririchnium isp. This ichnogenus is
present in other Lower Cretaceous sites in the Iberian Peninsula and is also present in other Barremian
tracksites of Portugal. In Spain, Caririchnium tracks are typical of continental settings, while in Portugal
they were mainly found in estuarine paleoenvironments. This contribution enhances the knowledge of
the Early Cretaceous ornithopod diversity and distribution in the Iberian Peninsula.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Worldwide, large ornithopod tracks are very abundant in the
Cretaceous sedimentary record. They have been found in Europe,
Hist�oria e Pr�e-Hist�oria, Largo
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Asia, North America, South America, Africa and Australia (see Díaz-
Martínez et al., 2015, and references therein). More than 40 ich-
notaxa based on large ornithopod tracks were defined but the
validity of many of themwas questioned because they were poorly
preserved tracks and without diagnostic features, with an inade-
quate diagnosis, or on the basis of temporal and/or geographical
criteria (Sarjeant et al., 1998; Lockley et al., 2003; Romero-Molina
et al., 2003). Recently, the ichnofamily Iguanodontipodidae were
proposed to group the large iguanodontian tracks characterized
mainly by mesaxonic, tridactyl and subsymmetrical pes tracks that
are as wide as (or wider than) long and have one pad impression
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Fig. 1. Location and geology of the Espichel Cape area and the studied site. Adapted from Figueiredo et al. (2015, 2017). A - Location of Portugal; B e Location of Lisbon and Setubal
peninsulas in Portugal; C e Location of Espichel Cape, Lisbon and Setubal peninsulas; D e Location of Praia do Areia do Mastro site in the Espichel Cape area. Key: J e Jurassic; C(a) e
Cretaceous (Berriasian and Valanginian); Chb e Cretaceous (Hauterivian and Barremian); C(b) e Cretaceous (Aptian and Albian); M�P e Miocene and Pliocene; Q e Quaternary.
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in each digit and one in the heel (Lockley et al., 2014; Díaz-
Martínez et al., 2015).

In the Iberian Peninsula, several ichnofossil sites found in the
Lower Cretaceous, have provided large ornithopod tracks, most of
them in Spain (see Casanovas et al., 1993a, 1993b; Castanera et al.,
2013; Díaz-Martínez et al., 2015; P�erez-Lorente, 2015 and refer-
ences therein). In Portugal, the oldest large ornithopod tracks ever
found are from Upper Jurassic sedimentary levels (Santos et al.,
2000; Mateus and Mil�an, 2008; Castanera et al., 2020). From the
2

Lower Cretaceous successions, there are several sites with large
ornithopod tracks: Espichel Cape, in Lagosteiros and from Papo-
Seco Formation, in Praia do Guincho (Antunes, 1976, 1990;
Galopim de Carvalho and Santos, 1992; Santos, 2003; Santos, 2008;
Figueiredo et al., 2017), Algarve (Santos et al., 2000, 2013), �Obidos
(Mateus and Antunes, 2003) and Sintra (Madeira and Dias, 1983;
Santos, 2003, 2008).

Vertebrate fossils from the Espichel Cape are known since the
19th century. Dinosaur, crocodyliforms, turtles and pterosaurs have



Fig. 2. Synthetic lithostratigraphic chart of the Lower Cretaceous of the western Portuguese margin (modified from Dinis et al., 2008). Triangles: blue - transgressive phase; green
regressive phase. UBS: unconformity bounded sequences after Cunha and Pena dos Reis (1995). The studied site is in the Arr�abida sector. The red arrow points out the Areia do
Mastro Formation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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been reported in the Papo-Seco Formation (Sauvage,1897; Lapparent
and Zbyszewski, 1957; Galton, 1994; Crespo, 2001; Mateus and
Antunes, 2003; Buffetaut, 2007; Figueiredo, 2010, 2014; Mateus
et al., 2011; Figueiredo et al., 2015, 2016, 2017). In the scope of the
palaeontological investigations carried out by the Centro Português
de Geo-Hist�oria e Pr�e-Hist�oria (CPGP), vertebrate fossils have been
described at the Espichel Cape, from the Papo-Seco Formation: in the
Boca do Chapim site, a preliminary analysis of the material discov-
ered showed several bones of an ornithopod dinosaur (Figueiredo,
2010, 2014); in the Praia do Areia do Mastro site, vertebrate bone
fragments and teeth belonging to a diverse fauna, including di-
nosaurs (Baryonyx sp.,Mantellisaurus sp. Iguanodontoidea indet. and
Sauropoda indet.), have been reported (Figueiredo et al., 2015, 2016).

At Espichel Cape, dinosaur tracks are known in the Praia do
Cavalo and Pedra da Mua sites, which are located in the cliffs
beneath the Espichel Cape Sanctuary (Tithonian, Espichel Forma-
tion) and in the Lagosteiros site, which is situated on top of a cliff
to the north of Lagosteiros Bay (Berriasian; Porto da Calada For-
mation) (Antunes, 1976; Rey, 1992; Manupella et al., 1999; Santos,
2008). In Praia do Cavalo, a trackway of a large theropod was
recognized by Dantas et al. (1994). The Pedra da Mua tracksite
reveals at least eight levels with 38 sauropod trackways and 2
theropod trackways (Lockley et al., 1994). At Lagosteiros, two track
levels with dinosaur footprints are known (Antunes, 1976; Santos,
2003, 2008). In a Berriasian clastic sequence that overlies the
Upper Jurassic (Tithonian) limestones at Lagosteiros Bay, north of
Espichel Cape (Sesimbra), two levels with dinosaurs footprints
were found: Lagosteiros A - a track level with bipedal dinosaur
tracks of a probable theropod (Santos, 2003); and Lagosteiros B -
with several tridactyl impressions, a short track related to thero-
pods, and a long sequence of poorly preserved subcircular
footprints, with similar size and depth, attributed to a bipedal
animal, probably an ornithopod (Antunes, 1976; Galopim de
Carvalho and Santos, 1992; Santos et al., 1992). There is also a
curious long impression that was interpreted as the tail mark of a
dinosaur by Antunes (1976). At Praia do Guincho site (north of
Areia do Mastro site), a natural cast of a footprint of an ornithopod
dinosaur from Papo-Seco Formation (Barremian) was reported by
Figueiredo et al. (2017). In the Boca do Chapim and Praia da Areia
do Mastro sites, on the Areia do Mastro Formation, a new set of
dinosaur footprints was described, including ornithopod dinosaurs
(Figueiredo et al., 2021).
3

In the Barremian formations of Portugal, dinosaur remains
(bones and teeth) have only been found in the Papo-Seco For-
mation (Lapparent and Zbyszewski, 1957; Mateus et al., 2011;
Figueiredo et al., 2015). But dinosaur tracks are not as rare in these
areas: four ichnofossil sites contain Barremian ornithopod foot-
prints, which have been described as belonging to the ichnogenus
Iguanodontipus (Madeira and Dias, 1983; Santos et al., 2000;
Mateus and Antunes, 2003; Santos, 2003, 2008, Santos et al., 2013;
Figueiredo et al., 2017).

The purpose of this study is to describe two new ornithopod
natural casts from Areia do Mastro Formation at the Espichel Cape,
which were found by the CPGP team at the Areia do Mastro site
(Fig. 1). And discuss their ichnotaxonomical and paleobiological
implications within the large ornithopod tracks record from the
Iberian Península.

2. Geographical and geological context

The study area is located in the central-western mainland
Portugal. The Prai do Areia do Mastro ichnofossil site is in the
Espichel Cape area, about 40 km south of Lisbon, in the SW of the
Setúbal Peninsula, nearside Sesimbra, with the latitude:
38�1601300N; and longitude: 9�1203400W (Fig. 1).

The study area is in the westernmost sector of Iberian Peninsula,
focusing the Cretaceous sedimentary record of the Lusitanian Basin
(e.g., Wilson et al., 1989). The ichnofossil site is located at the lower
portion of theNWcoastal cliffs on the Espichel Cape anticline,which
mainly comprise Mesozoic (Jurassic and Cretaceous) sedimentary
rocks (Fig.1). At the palaeontological site of Areia doMastro, only the
two upper layers of the Areia do Mastro Formation and the lower
part of the Papo-Seco Formation are exposed (Figs. 2, 3).

The Areia do Mastro Formation is mainly assigned to the upper
Hauterivian, but the uppermost part of this formation is lower
Barremian (Manupella et al., 1999; Aillud, 2001; Figueiredo et al.,
2020). The analysed dinosaur tracks were found in a set of fallen
blocks from the uppermost layers of the Areia do Mastro Forma-
tion (Fig. 3), where was described others dinosaur footprints
(Figueiredo et al., 2021). Therefore, they are attributed to the lower
Barremian. The upper part of this formation is composed of bio-
turbated calcareous silty layers with ostreidae remains (Manupella
et al., 1999) and also a fauna consisting of marine invertebrates
(echinoids, gastropods, bivalves) and foraminifera (Manupella



Fig. 3. The stratigraphic column of the Areia do Mastro site: 1 e sandstones;2 emarls;
3 e limestones; 4 e lamination; 5 and 6 e vertebrate fossils (5 e footprints; 6 e bones
and teeth); 7 e bivalves; 8 e gastropods. Codes: U e lithostratigraphic unit; T e

thickness; B e bed reference; L e Lithology; F e fines; S e sand; G e gravel.
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et al., 1999; Aillud, 2001; Rey et al., 2003; Dinis et al., 2016).
Sedimentological and palaeontological features of the Areia do
Mastro deposits are interpreted as indicating a depositional
environment of a marine internal platform. At the cliffs of the
Praia do Areia do Mastro beach, the uppermost part of this lith-
ostratigraphic unit comprises a sedimentary succession of marls,
lignites and sands, in which dinosaur footprints e but also the
fossils of Naticidae gastropods, bivalves and turtles e were found;
these characteristics point to a lagoon/estuary type environment
(Figueiredo et al., 2020). From a palaeoecological point of view, the
composition of the facies suggests that the ornithopod tracks in
Areias do Mastro were produced in a marginal-marine environ-
ment. The studied tracks are fallen casts and were found in the
sector of the beach where the Areia do Mastro Formation crops
out. From the lower to uppermost portion of the exposed suc-
cession of the Papo-Seco Formation, the layers consist of grey
marls, grey carbonate silts and lenses of fine sands, with fossils of
gastropods and bivalves and dinosaurs footprints (Figueiredo
4

et al., 2021) (Fig. 3). The tracks, that are also made of silty lime-
stone, are from the layer AM 5 (Fig. 3).

3. Materials and methods

This study is based on two natural casts preserved as convex
hyporeliefs (CPGP.01.19.6 and CPGP.01.19.14) housed at the palae-
ontological collection of the CPGP. These footprint casts resulted
from a prospection carried out along the cliffs at the Areia do
Mastro site, in 2019. Lithologically, the casts are composed of sili-
ciclastic limestone, with fine-grained, quartz-rich sediments. These
two natural casts were found near the sea, on the coast, and are the
result of sea erosion of layers located at the cliff base, which drop
the casts from their place on the layer. CPGP.1.19.6 is incomplete:
digit IV has been lost due to the action of the sea. CPGP.1.19.14
is complete.

In the Laborat�orio de Arqueozoologia e Paleontologia (LAP) of
the CPGP, the casts were visually analysed at different angles of
light and on a 3D model, enabling a more detailed analysis. The 3D
model used in this study (Fig. 4) was generated and modelled with
the 3D Scanner Pro application. The footprints were measured and
studied through a comparison, analysis of the main characteristics,
and biometric analysis. Various morphometric parameters of these
footprint casts were therefore calculated for comparison following
the method of Moratalla et al. (1988) and Mateus andMil�an (2008).
The measurements used herein are based on the length of the
vertices that are identified by acronyms (Fig. 4) adapted from
Moratalla et al. (1988) and Romilio and Salisbury (2011, 2014), and
subsequent calculation of ratios between the different parameters.
Resulting data for the studied footprints is shown in Fig. 5. The
construction of the stratigraphic column followed the usual con-
ventions (e.g., Nichols, 1999; Miall, 2016).

A study was done to calculate the size of the producers of these
footprint casts. This study was based on others that estimated the
size of producers of footprints attributed to ornithopods. Alexander
(1976) calculated the approximate hip height (sum of the femur,
tarsus and metatarsus III) by multiplying foot length by 4. Another
method was suggested by Sanz et al. (1984) based on a statistical
analysis of the skeletal remains of ornithopods using the formula
h ¼ 3.91FL þ 10.94 (h ¼ hip height; FL ¼ foot length). Moreover,
Thulborn and Wade (1984) and Thulborn (1990) proposed
morphometric and allometric equations for different kind of di-
nosaurs: small theropods (FL < 25 cm): h ¼ 4.5FL; large theropods
(FL > 25 cm): h ¼ 4.9FL; small ornithopods (FL < 25 cm): h ¼ 4.8FL;
large ornithopods (FL > 25 cm): h ¼ 5.9FL; small dinosaurs in
general (FL < 25 cm): h ¼ 4.6FL; large dinosaurs in general
(FL > 25 cm): h ¼ 5.7FL (Fig. 5).

4. Description

The two natural casts are tridactyl, sub-symmetric and mesax-
onic. They are wider than long, present a rounded and wide pos-
terior surface, and short and wide digit impressions (Fig. 6AeD).
CPGP.1.19.6 track corresponds to a right pes and preserves only the
digit II and III impressions. It is 38.4 cm long, and awidth of 42.1 cm
is estimated. The digit impressions have a blunt distal edge and
semicircular pad impressions. The divarication angle between II
and III is 41�. The posterior area shows a broad and semicircular
metatarsophalangeal pad impression, which has a width greater
than thewidth of the digit III pad impression. CPGP.1.19.14. is a right
pes track and is almost as long as it is wide (36.3 cm and 37.2 cm,
respectively). The digit impressions are formed by ovoid pad im-
pressions and have blunt distal edges (the digit III end is narrower
than that of CPGP.1.19.6). The metatarsophalangeal pad impression
is ovoid in shape, large, and is wider than the width of the digit III



Fig. 4. False color depth map of the photogrammetric digital model (Left: CPGP.1.19.6; right: CPGP.1.19.14). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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pad impression (Fig. 6EeF). Other measures following the proposal
of Moratalla et al. (1988) are included in Fig. 5. The divarication
angle between digit II and III (35�) is smaller than between digit III
and IV (30�) (Fig. 6GeH).
5. Discussion

5.1. Ichnotaxonomy

Although the Praia do Areia do Mastro footprints are not well
preserved (sensu Marchetti et al., 2019) the general morphology is
consistent with those included within the large ornithopod tracks:
generally, they are wider than long or have equal width and length,
with short and broad digits, high angle of divarication between
digits IIeIII and IIIeIV, and the posterior end is rounded and sym-
metrical (Thulborn and Wade, 1984; Moratalla et al., 1988; Mateus
and Mil�an, 2008; Figueiredo et al., 2017). These biomorphic de-
scriptions match the morphometric data obtained by Thulborn and
Wade (1984) and Moratalla et al. (1988), supporting the idea that
the Areia do Mastro site tracks correspond to a large ornithopod
trackmaker (see below).

These tracks present diagnostic features of the ichnofamily
Iguanodontipodidae Vialov, 1988 as described by Lockley et al.
(2014) and Díaz-Martínez et al. (2015): they are mesaxonic, wide
or wider than long (Fig. 4); a sub-symmetrical tridactyl shape; one
pad impression in each digit and one in the “heel” (visible only in
digits II and III, the IV digit is not well-preserved in CPGP.1.19.14 and
not preserved at all in CPGP.1.19.6; Fig. 5); and wide posterior sur-
face. The ichnogenera Iguanodontipus, Amblydactylus, Caririchnium
and Hadrosauropodus were included generally in this ichnofamily.
Díaz-Martínez et al. (2015) suggested that the size and shape of the
metatarsophalangeal pad and the digit impressions are valuable
ichnotaxobases to differ among these ichnotaxa. Thereby, Iguano-
dontipus that is characterized by a small, rounded heel and elongate
and narrow digit impressions, Caririchnium presents large and
rounded heel with short and wide digit impressions, and Hadro-
sauropodus has large and bilobed “heel” and short and wide digit
impressions. These authors considered that Amblydactylus gethingi
is a nomen dubium and included the ichnospecies Amblydactylus
kortmeyeri within Caririchnium.

The main features of the Areia do Mastro footprints (i.e., large
and rounded posterior surface, large metatarsophalangeal pad
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impression, approximately as wide as it is long, Fig. 5) allow us to
classify them within Caririchnium (sensu Leonardi, 1984, 1979 and
Díaz-Martínez et al., 2015) In CPGP.1.19.14, the distal part of the heel
pad impression is clearly subtriangular (Fig. 5EeF), as occurs in
ichnospecies C. magnificum, C. kortmeyeri, C. lotus, C. yeondongensis
and C. liucixini (Leonardi, 1984; Currie and Sarjeant, 1979; Xing et
al., 2007; Kim et al., 2016); in CPGP.1.19.6, the heel pad impres-
sion is not very evident. The preservation of the Areia do Mastro
footprints allow us to assign them within the Caririchnium ichno-
genus, but not to discriminate among their ichnospecies.
5.2. Distribution of Caririchnium in the Iberian Peninsula

The ichnofamily Iguanodontipodidae is mainly related to large
ornithopod tracks found in Cretaceous formations of Europe, Asia,
and North and South America (Díaz-Martínez et al., 2015, 2016).
These authors recognized three ichnogenera belonging to the Early
Cretaceous Iguanodontipodidae: Caririchnium (BerriasianeAlbian),
Iguanodontipus (BerriasianeValanginian) and Hadrosauropodus
(AptianeAlbian to uppermost Cretaceous). In Europe, Caririchnium
has been identified in the Valanginianemiddle Albian, with a good
record in the BarremianeAptian, so there is hardly any overlapwith
the BerriasianeValanginian record of Iguanodontipus; meanwhile,
Hadrosauropodus is only known in the Maastrichtian (Díaz-
Martínez et al., 2015).

Caririchniumwas first defined in South America (Leonardi, 1984)
and has been later identified in Europe (Díaz-Martínez 2013;
Lockwood et al., 2014), North America (Currie, 1995) and Asia (Xing
et al., 2013). According to Díaz-Martínez et al. (2015), Caririchnium
tracks are known in Europe in several sites from the Iberian Penin-
sula (Spain and Portugal), England and Switzerland. More precisely,
Caririchnium tracks are present in the HauterivianeBarremian
Salema Formation of Portugal (Santos et al., 2013; Díaz-Martínez
et al., 2015); the basal Valanginianelower Aptian Urbion Group,
and the basal Barremianemiddle Albian Enciso Group of La Rioja
(Díaz-Martínez, 2013); the Barremian Camarillas and Mirambel for-
mations of Teruel (Cobos and Gasc�o, 2012; Castanera et al., 2016); the
BarremianeAptian Abejar Formation of Burgos (Torcida et al., 2003;
Torcida, 2006), all in Spain; also in the BarremianWessex Formation
of England (Lockwood et al., 2014); and in the Aptian Schrattenkalk
Formation of Switzerland (Meyer and Thüring, 2003). Some of the
Iberian tracks were previously described as “ornithopod footprints”



Fig. 5. Left: Measurements of the morphometric parameters. Right: A - outline and morphometric analysis (adapted from Moratalla et al., 1988 and Figueiredo et al., 2017); B -
morphometric analysis of the heel of footprints CPGP.1.19.6 and CPGP.1.19.14. Dimensions and angles. Keys: BL2 to BL4 - digit lengths; HL - heel length; HW - heel width; K and M:
interdigital (hypex) lengths; L - length; L2 to L4 - length of digits 2 to 4; W - width; Wb2 to Wb4 - proximal basal digit lengths; Wm2 to WM4 - middle digit widths; *estimate
measurements.
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or referred to ichnotaxa such as Iguanodonipus or Brachyguanodo-
nipus (see Díaz-Martínez et al., 2015).

Of the four recognized ichnospecies of Caririchnium by Díaz-
Martínez et al. (2015), C. magnificum, C. billsarjeanti and C. lotus
would be present in the European record, and two of them - the
ichnospecies types C. magnificum and C. lotus - would be in the
Iberian record (i.e., in the Enciso Group of La Rioja; see Díaz-
Martínez, 2013; see also Casanovas et al., 1989, 1993a, b, 1995a, b;
Moratalla, 1993; Moratalla et al., 2003; P�erez-Lorente, 2003;
Jim�enez-Vela and P�erez-Lorente, 2005e2006; Razzolini et al.,
2016). Other recently published ichnospecies of Caririchnium (C.
yeondongensis and C. liucixini) were recorded in Asia (Xing et al.,
2016; Kim et al., 2016).

The Barremian age of the Areia do Mastro Formation is consis-
tent with the temporal distribution of Caririchnium in Europe, i.e.,
Barremianemiddle Albian (see Díaz-Martínez et al., 2015: fig. 10B).
This finding increases the distribution of Caririchnium tracks in a
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formationwhere they were not known so far. Moreover, it confirms
the presence of this ichnogenus in Portugal at that age.

5.2.1. Caririchnium record in Portugal
In addition to the footprints described in this work, six Lower

Cretaceous track sites with large ornithopod footprints have been
described in Portugal, including formations from the Algarve and
Lusitanian basins (Table 1). In Praia Santa, Praia de Salema, Praia do
Guincho and Praia Grande, the footprints were originally attributed
to the ichnogenus Iguanodontipus (Santos, 2003; Santos et al., 2013;
Figueiredo et al., 2017), they could be assigned to Caririchnium as
the tracks exhibit typical features of this ichnotaxon, as the pes
tracks are large, tridactyl, with short, wide digits (Díaz-Martínez
et al., 2015). In the case of Olhos de �Agua, Mateus and Antunes
(2003) considered that the morphotype 1 was produced by an
“iguanodontid trackmaker” that could be Iguanodontipus or Carir-
ichnium. Based on figures 4 and 5B of Mateus and Antunes (2003),



Fig. 6. AeD: Photographs of natural casts CPGP.1.19.6 (A and B) and CPGP.1.19.14 (C and D): A and C, top view; B and D, base view; EeF: drawing (top view) of CPGP.1.19.6 (E) and
CPGP.1.19.14 (F), showing the estimate form of the IV digit and its digit pad of CPGP.1.19.6, in E, and the pad impressions identified in the natural casts; GeH: Angle of divarication
between digits IIeIII and IIIeIV of natural casts CPGP.1.19.6 (A) and CPGP.1.19.14 (B). Scale: 20 cm.
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the tracks are similar to those of Caririchnium in having both wide
heel and digit impressions. It should be noted that there are five
trackways assigned to morphotype 1 and manus prints are visible
in one of them (Mateus and Antunes 2003).

In Lagosteiros, the footprints are almost subcircular in shape and
do not reveal any morphological feature, therefore, they cannot be
assigned to a precise ichnotaxon. In the other track sites, several
footprints exhibit morphological features: in Praia de Salema, the
footprints are tridactyl and mesaxonic, are as long as they are wide,
and present short toes with rounded distal ends and symmetrical
heel impressions (Santos et al., 2013). In Praia Santa, there is an
Table 1
Portuguese Lower Cretaceous track sites with large ornithopod footprints.

Tracksite Localization Geologic
Unit

Stage St
U

Olhos de �Agua �Obidos Lusitanian Basin AptianeAlbian Co
de
e

Praia Grande Sintra Lusitanian Basin lower Aptian Ca
A

Praia Santa Vila do Bispo Algarve Basin lower Barremian Sa

Praia de Salema Vila do Bispo Algarve Basin lower Barremian Sa

Praia do Guincho Sesimbra/Cabo
Espichel

Lusitanian Basin lower Barremian Pa
Fo

Areia do Mastro Sesimbra/Cabo
Espichel

Lusitanian Basin lower Barremian A
Fo

Lagosteiros Sesimbra/Cabo
Espichel

Lusitanian Basin Hauterivian La
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isolated tridactyl and mesaxonic footprint, with rounded distal
ends. Its length is equal to its width, and it has a symmetrical and U-
shaped heel impression. There are also four tridactyl and mesax-
onic footprints with rounded digits. These footprints are longer
than they are wide, rotated inward, and they have a symmetrical
impression mark with two indentations (Santos et al., 2013). In
Praia do Guincho, there is an isolated cast of a tridactyl footprint
with length similar to its width. It has a digitigrade and rounded
morphology. It has short and round digits, with blunt tips. The heel
area has a wide and rounded form (Figueiredo et al., 2017). The
ornithopod footprints of Praia Grande are wide with short and
ratigraphic
nit

Ichnotaxon Ichnotaxonomic
reinterpretation

References

mplexo gresoso
Olhos Amarelos

Pousio da Galeota

Iguanodontipus isp/
Caririchnium isp

Caririchnium isp Mateus and
Antunes, 2003

madas de
lmargem

Iguanodontipus isp Caririchnium isp Madeira and Dias,
1983; Santos, 2003,
2008

lema Formation Iguanodontipus isp Iguanodontipus isp
Caririchnium isp

Santos et al., 2000;
Santos, 2013

lema Formation Iguanodontipus isp Caririchnium isp Santos et al., 2000;
Santos, 2013

po-Seco
rmation

Iguanodontipus isp Caririchnium isp Figueiredo et al.,
2017

reia do Mastro
rmation

Caririchnium isp Caririchnium isp This study

deiras Formation Ornithopoda ind. Undetermined Antunes, 1976;
Santos el al., 1992;
Santos, 2003



Fig. 7. Footprints of Lower Cretaceous Portuguese ichnofossil sites: A: Olhos de �Agua
(redrawn from Mateus and Antunes, 2003); B e Praia Grande (redrawn from Santos,
2008); C e Praia Santa: 1 e Isolated footprint from level 1 (SAN1-1); 2 e footprint
from trackway 1 (SAN2 -T1), level 2; 3 e footprint from trackway 2 (SAN2 -T2), level 2
(redrawn from Santos et al., 2013); D e Praia de Salema (redrawn from Santos et al.,
2013); E � Praia do Guincho (redrawn from Figueiredo et al., 2017); F e Areia do
Mastro: 1 e CPGP.1.19.6; 2 e CPGP.1.19.14.
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round digits and a U-shaped heel mark (Madeira and Dias, 1983). In
Olhos de �Agua, the footprints have a large size, with wide and
round digit marks, length similar to their width, and the “heel”
print is curved (Mateus and Antunes, 2003).

Most of the morphological features of the footprints of these
Portuguese track sites suggest that they are closer to the ichnoge-
nus Caririchnium. If so, this indicates that only the ichnogenus
Caririchnium is present so far in the Lower Cretaceous ichnological
8

record of Portugal. The length/width ratio is 0.91 in CPGP.1.19.6
(estimated) and 0.97 in CPGP.1.19.14 (Fig. 5). However, the length/
width ratio of these casts is in the same pattern of Iguanodontipus;
the footprints of Areia do Mastro are larger than the most Iguano-
dontipus footprints and present some features such as large and
rounded heel, short and wide digits, and a quadripartite
morphology consisting of impressions of three digits and a heel pad
(Figs. 4, 5), which are anatomical characters consistent with the
diagnosis of ichnogenus Caririchnium, following Leonardi (1984),
Lockley et al. (2014) and Díaz-Martínez et al. (2015).

Except for some prints of Praia Santa (Fig. 7, C2 and especially
C3) that are Iguanodontipus-like, other tracks appear to be similar to
those of the ichnogenus Caririchnium. Pending a detailed review of
the tracks and trackways of these Portuguese sites, it seems that
Caririchnium is the most representative ichnogenus in the Lower
Cretaceous ichnological record of Portugal.

5.3. Possible trackmaker

Tracks belonging to Caririchnium (and other ichnogenera of
Iguanodontipodidae) can be assigned to iguanodontian ornitho-
pods. Following Díaz-Martínez et al. (2015), a basal member of
Ankylopollexia or a basal Styracosterna may have been the pro-
ducer of the tracks. Several basal styracosternan taxa are repre-
sented by skeletal remains in the Barremian fossil record of the
Iberian Peninsula, including species of Iguanodon, Mantellisaurus,
Morelladon and Delapparentia (see Sanz et al., 1984; Ruiz-Ome~naca,
2011; Gasulla et al., 2015; Verdú et al., 2015, 2019, 2020 and ref-
erences therein). The Barremian formations of Portugal have yiel-
ded osteological remains that have been referred to Iguanodon and
Mantellisaurus (Lapparent and Zbyszewski, 1957; Crespo, 2001;
Mateus and Antunes, 2003; Figueiredo et al., 2015), although part of
this material is under review.

After we applied Alexander (1976) formula to the footprints
under study, we concluded that the producer had a hindlimbwith a
hip height of 1.54 m, for the producer of CPGP.1.19.6, and 1.46 m for
the producer of CPGP.1.19.14. The application of the formula sug-
gested by Sanz et al. (1984) to footprints CPGP.1.19.6 and
CPGP.1.19.14 resulted in slightly higher values: 1.61 m and 1.53,
respectively. Applying the values of Thulborn andWade (1984) and
Thulborn (1990) for large ornithopods to the footprint casts, we
estimate the total height of the limb (up to the acetabulum) at
2.27 m for CPGP.1.19.6 and 2.14 m for CPGP.1.19.14.

Among all the methods used above to estimate the hip height of
the producers, resulting values vary between aminimum of 1.54m/
1.45 m and a maximum of 2.27 m/2.14 m. In contrast to the
methods suggested by Thulborn and Wade (1984) and Thulborn
(1990), those proposed by Alexander (1976) and Sanz et al. (1984)
appear inaccurate, as they are too general and not attuned to the
different groups of dinosaurs. Unfortunately, the finding with an
isolated footprint prevents further considerations.

5.4. Palaeoenvironment

The palaeoenvironment where the natural casts were found
constitutes a transgressive unit deposited in a valley previously
excavated during a sea level drop. In other Portuguese ichnofossil
sites with occurrence of Caririchnium, the footprints are in sedi-
ments deposited in marine/estuarine environments. On the other
hand, Caririchnium tracks found in the Lower Cretaceous of Spain
seem to represent continental environments (see Díaz-Martínez,
2013; Castanera et al., 2016). For instance, the Urbi�on Group con-
sists of fluvial deposits interbedded with channels while the Enciso
Group is a siliciclastic to carbonate mixed lacustrine system with
occasional marine incursions (Clemente, 2010). On the other hand,
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the Camarillas Formation is related to fluvial systems with of
channels low sinuosity (Molina and Y�ebenes, 1987) and the Mir-
ambel Formation to alluvial and shallow lacustrine deposits with a
certain marine influence (lagoon deposits) (Castanera et al., 2016).
Finally, the Abejar Formation is interpreted as a braided fluvial
system (Clemente and Alonso, 1990).

Therefore, Caririchnium tracks would span a wide range of
palaeoenvironments, mainly occurring in lowland, marshy and
estuarine environments in the Iberian Peninsula.

6. Conclusions

The Areia do Mastro palaeontological site at Espichel Cape
(near Sesimbra, Portugal) has yielded an important set of fossil
remains, including vertebrate bones and footprints. These include
fossils of actinopterygian fish, crocodyliforms, pterosaurs and di-
nosaurs. Most of the remains were collected in the basal layers of
the Areia do Mastro Formation (lower Barremian). This work
presents the first ichnological evidence from this site and from
this lithostratigraphic unit. Two footprint casts were found near
the seashore: they are the result of marine erosion of the cliff basal
layers, which dropped the casts from its position on the layer.
The sedimentology of the deposits indicates an infralittoral inter-
nal platform environment. The fossil association, consisting of
marine invertebrates (echinoids, gastropods and bivalves), marine
turtles and foraminifera, is consistent with the paleoenvir-
onmental interpretation.

Dinosaur ichnofossils from the Areia do Mastro Formation are
two large-sized, subsymmetric tridactyl pes natural casts, with a
length similar to their width, but slightly wider. Based on the
general shape (short and rounded digit impressions, rounded
overall outline, high angle of divarication between digits) and size
(maximum width around 40 cm), the tracks are considered to
belong to large ornithopods. They share features with the ichno-
family Iguanodontipodidae: mesaxonic, tridactyl and sub-
symmetric pes tracks that are as wide as (or wider than) they are
long and had one pad impression in each digit and one in the heel.
The Areia do Mastro footprint casts are referred to the ichnogenus
Caririchnium based on the following characters: large and rounded
metatarsophalangeal pad impression that is wider than the
maximumwidth of the proximal part of digit III impression; short,
wide digit impressions. A review of large ornithopod tracks from
the Lower Cretaceous (mainly Barremian) formations of the Algarve
and Lusitanian basins suggests that Caririchnium is a representative
ichnotaxon of the Iberian record and it is present in both conti-
nental and estuarine palaeoenvironments.
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