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Abstract—Body imprints and tracks attributed to large crocodylians from the Lower Cretaceous Sousa Formation
of Brazil are described and interpreted as having been produced in a subaqueous environment. In addition to the
crocodylian tracks, the assemblage also comprises isolated tracks from medium-sized theropods. The studied
crocodylian traces are interpreted as subaqueous traces possibly produced by Mesoeucrocodylia crocodyles,
during half-swimming and resting next to the margin of a lake. This is the first record of crocodylian traces in Brazil
and confirms the potential for finds of new ichnosites in the Rio do Peixe basins of northeastern Brazil.

INTRODUCTION

The Lower Cretaceous Rio do Peixe basins of northeastern Brazil
have the most representative Brazilian dinosaur ichnological assemblage
with more than 30 dinosaur tracksites identified in the Antenor Navarro,
Piranhas and Sousa formations of the Sousa sub-basin and Uiraúna-Brejo
das Freiras sub-basin (Leonardi and Carvalho, 2007). The Sousa Forma-
tion is very rich in vertebrate ichnofossils, with a predominance of theropod
footprints (Leonardi, 1980, 1994). However, sauropod and ornitischian
dinosaur tracks also occur (Leonardi and Carvalho, 2007), including the
ichnospecies Sousaichnium pricei Leonardi, 1979 (Iguanodontidae),
Moraesichnium barberenae Leonardi 1979 (Ornithopoda) and
Staurichnium diogenis Leonardi, 1979 (Ornithopoda). Tracks from sau-
ropods, theropods and ornithopods are also known from the Antenor
Navarro Formation (e.g., Carvalho, 2000b; Calvo et al., 2002), which is
older than the Sousa Formation, although tracks are not as abundant as in
the Sousa Formation. The ichnofauna of the Piranhas Formation has
been attributed to theropod and ornithopod dinosaurs (Leonardi and
Carvalho, 2007). Dinosaur footprints were also reported for the Uiraúna-
Brejo das Freiras basin (Carvalho, 1996), a northern sub-basin of the Rio
do Peixe basin complex.

GEOLOGICAL SETTING

The area studied is located in the Sousa Formation of the Rio do
Peixe basin at the Municipality of Sousa, Paraíba State, northeastern
Brazil. The Tapera locality occurs between the coordinates UTM - 24M
and 0598220, N 9251674 and 24M and 0598222, N 9251744 (Fig. 1).
The outcrop is exposed for about 200 m in a north-south direction and is
composed of horizontal layers of laminated siltstone and fine sandstone
(Fig. 2). The ichnofossils studied (Fig. 3) are found in the laminated beds,
interpreted as the top of the Lower Sousa Formation. Below this layer
occurs a deposit of brown to green siltstone and mudstone. Mud cracks,
wave ripples and horizontal stratification are present in the laminated
beds.

The Lower Cretaceous Sousa Formation is interpreted as
Neocomian age, Berriasian to lower Barremian (Carvalho, 2000a). The
Upper Sousa Formation is characterized by successions of siltstone and
sandstone with horizontal stratification (Rocha and Amaral, 2006). On
the outcrop, the siltstone layer is approximately 2.5 m thick and the fine
sandstone about 0.5 m. The lithology of the Sousa Formation suggests
deposition by a low energy lacustrine environment with occasional flu-
vial influence (Srivastava and Carvalho, 2002), and the preservation of
the trace fossils is interpreted as a result of subsidence of the basin and
deposition of the layered siltstone.

DESCRIPTION OF THE TRACKS

The tracksite studied is named TASO-1/9 (TA = Tapera locality;
SO = Sousa Municipality; 1/9 = imprints 1 to 9) and is composed of
seven footprints and two body imprints (Figs. 3-4). The footprint TASO-
3 (Fig. 4) is the best preserved and is tetradactyl, ectaxonic and planti-
grade to semiplantigrade, with preserved impressions of three phalangeal
pads in digit II, and four in digit III, which is the largest; the hypices are
acute, and the digits exhibit pointed tips; the imprint of the fourth digit is
smaller than the third and is separated by a larger interdigital angle; the
sole is longer than wider and shows an irregular posterior margin. The
footprint TASO-8 (Fig. 4) also has a large sole in relation to the digital
portion of the track and comprises three digit imprints with rounded
extremities and hypicies, possibly due to poor preservation. Footprint
TASO-6 (Fig. 4) is pentadactyl, ectaxonic, semiplantigrade, and the digit
imprints progressively increase in length from digit I through IV, with
digit V being smaller and separated by a higher interdigital angle. The
hypices are rounded, and the extremities of the digits are pointed, except
for the fifth digit, which shows a rounded tip; the digits show a wider
interdigital angle than the other footprints, with total divarication angle

FIGURE 1. Location of the studied outcrop at Paraíba State, Brazil.
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for digits I-V close to 180°.
This imprint occurs close to another, the footprint TASO-5, which

comprises four digit impressions without a sole; the digit impressions
have pointed tips and internal marks that resemble phalangeal pads. The
imprint TASO-7 (Fig. 4) constitutes a solitary partial digit impression
with a pointed tip and two phalangeal pads. The imprints TASO-2 and
TASO-4 (Fig. 4) comprise irregular and amorphous marks without any
morphological characters attributable to tracks. The imprint TASO-1
(Fig. 4) is a large, elliptical, elongated and slightly curved impression,
which is deeper in the central portion. The imprint TASO-9 (Fig. 4) is an
elongate, club-shaped mark. Deformation marks in the substrate, such as
elevated rims and load deformation marks, can be observed around and
inside the imprints. The tracks in the assemblage are set in an irregular
fashion, and no apparent trackway pattern can be recognized, nor is it
possible to determine stride lengths or pace angulations.

Other similar marks can be seen on outcrop. Most of them show
features that resemble imprint TASO-1, with variations in shape and
size. These marks are usually elliptical or elongate, and none occurs
associated with footprints or tracks. Beyond them, a few dinosaur foot-
prints are also present on the outcrop. They constitute isolated and
poorly preserved tridactyl imprints, with acute hypices and digit tips.

DISCUSSION

It’s not possible to determine the travel direction of tracks TASO-
1/9 or even to determine if they represent a sequence of imprints from
one or more animals. Indeed, the confusing pattern of the tracks is char-
acteristic of subaqueous produced tracks. McAllister (1989) and
McAllister and Kirby (1998) established characters to recognize sub-
aqueous footprints and many of them are found in the studied material,

such as reflecture of digits, elongation of traces, posterior overhang,
impression of distal digits and unexpected configurations. The occur-
rence of these characters allows us to interpret the tracks at TASO-1/9 to
have been produced under water. The deformation marks behind the
imprints can be attributed to kick-off scours caused by the action of
swirls, created by the fast passage of the autopodia near the substrate,
which suspend and redeposit the sediment just behind the footprint
(McAllister and Kirby, 1998; Swanson and Carlson 2002).

A subaqueous track can be produced in two ways. The first is
during half-swimming in shallow water, with the digits touching the
bottom while the body and tail float. In this kind of track, the occurrence
of traction footprints associated with drag marks is typically due to
variation in the size of the trackmakers relative to the depth of the water
sheet (e.g., Foster and Lockley, 1997; Silva et al., 2007, 2008). Tracks
with a similar origin were described by McAllister and Kirby (1998),
Sedor and Silva (2004), Avanzini et al. (2005) and Silva et al. (2008,
2010). The second way to produce subaqueous tracks is during swim-
ming close to the bottom, with the whole body submerged. The presence
of ripple marks associated with the imprints suggests that the tracks
were produced in shallow water during half-swimming and resting, which
is reinforced by the occurrence of the body impressions. The imprints
are cut by mud cracks, which demonstrates that the surface was subaeri-
ally exposed and dried after the tracks were produced. Indeed, the tracks
studied can be assigned to the semi-terrestrial tracks described by Silva et
al. (2008), which can be defined by the prevalence of traction tracks, and
also associated with swimming traces and drag marks, while mud cracks
may be present.

According to Srivastava and Carvalho (2002), the Sousa Forma-
tion was deposited by a low energy lacustrine system under fluvial

FIGURE 2. General view of the Tapera outcrop, Lower Cretaceous Sousa Formation.
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influence. Thus, the tracks studied attributed to crocodylians probably
originated from the margins of a drying-out lake, and the better-pre-
served dinosaur tracks would have been produced in the later stages of
drying out. Carvalho (2000a) has interpreted the essentially microclastic
sequence of the Sousa Formation as sediments from a lacustrine, swampy
and meandering-braided fluvial paleoenvironment. The lakes along whose
margins dinosaur footprints were produced were small, temporary, hot
and shallow, with alkaline waters (pH between 7 and 9), as suggested by
the study of conchostracans.

The tracks studied occur close to dinosaur footprints that have
been assigned to theropods (Campos, 2004). However, tracks TASO-1/
9 are clearly different from theropod dinosaur tracks, which are typically
tridactyl and digitigrade, in characters such as having a larger sole area,
shorter digits in relation to the sole, higher number of digits and the
presence of associated body impressions. The elongated, curved shape
of track TASO-1 is consistent with belly imprints from extant crocodiles
(Milàn and Hedegaard, this volume). Similarly, the tracks TASO-1/9
share no similarities with the ornithopod and sauropod tracks recorded
elsewhere in the Sousa or Antenor Navarro formations (Leonardi and
Santos, 2006). The subaqueous character of tracks TASO-1/9 is another
element that permits us to deduce the trackmaker identity. Theropod and
ornithopod dinosaurs can produce subaqueous footprints during half-
swimming, as evidenced by several records (e.g., Coombs, 1980; Gierlinski
and Potemska, 1987; McAllister, 1989). However, these tracks usually
consist of elongated drag marks from the digits. As the trackmaker ap-
proaches the margin of the water body, and shifts to normal walking
posture, the tracks begin to display the typical characters of those dino-
saur groups, such as being digitigrade and tridactyl. However, it is still
more plausible to assign the tracks to an aquatic trackmaker than to an

FIGURE 3. General view of the track assemblage TASO-1/9.

unusual occurrence of normally terrestrial animals (Lockley and Rice,
1990).

Among the Lower Cretaceous aquatic animals capable of produc-
ing traces in continental water bodies are turtles and crocodylians. How-
ever, turtle footprints are symmetrical, with short digits of similar di-
mensions, and usually only the anterior portion is preserved, and the
tracks are set in a broadly paced, alternating pattern (e.g., Avanzini et al.,
2005). In addition, footprints of the manus and pes of turtles are virtu-
ally indistinguishable, whereas crocodylians have strong heteropody.
The body impressions recorded within the studied material are also very
different from what would be expected from a turtle. The chaotic pattern
of the tracks TASO-1/9 is interpreted as evidence that the tracks were
made during swimming and/or resting on the bottom, and that the manus
and pes were not the main propellants, but were only used as auxiliary
propellants and in changes of direction.

This pattern of alternating body and tail impressions associated
with more or less randomly associated manus and pes prints are consis-
tent with what is observed in subaqueous traces from extant crocodiles,
where the main propellant is the long, laterally compressed tail, and the
manus and pes only occasionally touch the bottom (Milàn and Hedegaard,
this volume). Thus, Mesoeucrocodylia crocodylians seem to be the most
plausible candidates for the makers of tracks TASO-1/9, when the pat-
tern and morphology of the tracks and the paleoenvironmental context
are taken into consideration.

Fossil crocodylian tracks are relatively rare, and there are only a
few reports in the literature. An important record is the ichnogenus
Hatcherichnus sanjuanensis from the Upper Jurassic of Utah, USA
(Foster and Lockley, 1997). This ichnogenus is characterized by the
presence of imprints of the manus and pes associated with drag marks
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FIGURE 4. Interpretive drawings and details of the track assemblage TASO-1/9, attributed to a crocodylian trackmaker.

from digits and possibly the body and tail, very similar to what is ob-
served in terrestrial tracks from extant crocodylians (Farlow and Elsey,
this volume; Milàn and Hedegaard, this volume). Subaqueous tracks
attributed to theropods by McAllister (1989) were restudied and as-
signed to crocodylians by Lockley (1991). This material consists mainly
of drag marks of digits and cannot be directly related to the track TASO-
1/9.

Foster and Lockley (1997) compared Hatcherichnus sanjuanensis
directly with modern crocodylians assuming, based on Steel (1973), that
there’s no significant differences between the hand and foot among
Mesoeucrocodylia taxa. The same assumption will be used here. The

crocodylian manus is pentadactyl, with the inner three digits complete
and well formed, increasing in length from I to III, with digits IV and V
being shortened and more slender (Romer, 1956). Although quite large,
TASO-6 displays affinities with a crocodylian manus imprint in being
pentadactyl with five widely diverging short digits, with a total divarica-
tion angle of around 180° (Richardson et al., 2002; Erikson, 2005; Avanzini
et al., 2007, Farlow and Elsey, this volume; Milàn and Hedegaard, this
volume). The crocodylian pes is tetradactyl, with digit V absent. Digits
I-III increase in length, and digit IV is shortened and more slender. As
noted by Brinkman (1980), crocodylians can use a digitigrade position at
the start of the sprawling step, but also can locomote under a more
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plantigrade position, producing sole impressions. Thus, tracks TASO-3
and TASO-8 can be interpreted as pes impressions of crocodylians.

It is difficult to estimate the size of the trackmakers, especially
because there may be allometric growth, with the manus and pes becom-
ing shorter in relation to the body during development on the animal
(Farlow and Britton, 2000). Based on Foster and Lockley (1997) and
Farlow and Britton (2000), we tentatively estimate the length of the
trackmakers as being five or six meters.

There are no skeletal records of crocodylians in the Sousa Forma-
tion, so a direct comparison with osteological material cannot be made.
This is the first ichnological record of crocodylians from Brazil, so the
present work constitutes an important contribution to the knowledge of
Cretaceous vertebrate faunas of South America.

CONCLUSION

The track assemblage consists of isolated tracks from medium-
sized theropods and various traces from large crocodylian trackmakers.
The studied crocodylian traces are interpreted as a subaqueous track
produced possibly by Mesoeucrocodylia crocodylians, during half-swim-
ming and resting next to the margin of a lake. This is the first record of
crocodylian tracks in Brazil.
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