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Introduction

Tracks are the result of an interaction between a foot and a substrate. 
Traditionally, their study has been conceived in two-dimensions (2D). 

The problem in considering traces only from a 2D perspective is they are 
inherently 3D surfaces with both depth and structure. A 2D approach also 
does not account for sediment rheology before, during, and after a track is 
formed and the subsequent processes that might further modify, enhance, 
or disguise a track (Manning, 2004). That is the reason why sediment 
and tracks should be considered as a dynamic and interactive three-
dimensional ensemble. For the last decade, it has been widely accepted 
that the substrate is a major factor in determining track morphology 
(Gatesy, 2003; Manning, 2004; Manning, 2008; Milán and Bromley 
2006; Díaz Martínez et al., 2009; Falkingham et al., 2009; 2010).

The aim of this study is describing morphologically and 
quantitatively dinosaur tracks, that were not fully described yet, from 
the El Frontal tracksite. The analysis of morphological variability allows 
the authors to explore substrate influence on track morphology.

El Frontal tracksite

The El Frontal locality is located in the Eastern part of the Cameros 
basin (Iberian Range), in the village of Bretún (Soria province, Spain). 
The tracksite belongs to the Huérteles Formation (Oncala Group) 
which represent an essentially lacustrine unit (Moratalla and Hernán, 
2010). The tracksite is 150 meters apart from the outcrops of the Fuente 
Lacorte tracksite reported by Aguirrezabala and Viera (1980). The 
latter is stratigraphically close but lower with respect to the studied 
locality. The lithology of the El Frontal tracksite is characterized by 
gray siltstones and sandy-siltstones.

The tracksite displays a SW-NE orientation and contains more 
than 200 tridactyl tracks (preliminary data: Barco and Ruiz-Omeñaca, 
2005) distributed along a 185 m2 surface area. This translates to a track 
density of more than one track/m2. Within the tracksite, 4 areas have 
been recognized: Area 1, (most SW area), strongly trampled by deep 
and apparently random, overlapping tracks; Area 2, (southerly central 
area), composed of few and short trackways; Area 3, (middle NE 
zone), characterized by a high number of long trackways; and Area 4, 
(most NE area), where trackways are scant. The tracksite has a limited 
surface exposed, with tracks and trackways not uniformly distributed.
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Methods

A full scan of the track-bearing outcrop was undertaken using 
LiDAR (Light Detection And Range) (Bates et al., 2008). 3D scanning 
technologies complement the classic ichnological measurements 
by providing quantitative data of depth and also enabling vertical 
sections through each ‘virtual’ track (Bates et al., 2008). After the 
field LiDAR survey, high-resolution Digital Outcrop Models of the 
tracksites were constructed. Scan data of four trackways (#2, #17, #25 
and #44) comprising seventeen individual tracks were imported into 
Geomagic® Studio 10 and Petrel (Schlumberger) to transform the 
scanned point cloud into polygonal meshes. Trackway #44 (area 1) is 
composed of 4 tracks; trackway #25 (area 2) is composed of 4 tracks; 
trackway #17 (area 3) is composed of 5 tracks; trackway #2 (area 4) is 
composed of 4 tracks (Fig. 1).

The ichnological study was divided into qualitative and 
quantitative analyses. The former consisted of descriptions of all the 
chosen tracks. The latter consisted of morphometric measurements 
of tracks and trackways taken using the following parameters: TL 
(track length), TW (track width), Pla (left pace length), Plb (right pace 
length), SL (stride length); and ANG (pace angulation) after Thulborn 
(1990). Hip height (h= 8.60*TL0.85, TL>25 cm; h=3.06*TL1.14, TL<25 
cm) and trackmaker speed (v= 2.81736SL1.67h-0.17) were calculated 
respectively according to Thulborn (1990) and Alexander (1976). 
Depth measurements were taken on each track by using Petrel.

Ichnology

All 17 tracks display the same general morphology that suggests 
that tracks were made by Theropod dinosauria. Tracks are highly 
mesaxonic and tridactyl, longer than wide with narrow edges to each 
digit and digit III is longer than II and IV. Two main track morphotypes 
are recognized: Morphotype A (TL=22-41 cm; TW=16-29 cm; Depth= 
5.3 cm to 8.5 cm) is found in trackways #44, #17 and #2. Tracks are 
deep and poorly-preserved, characterized by thin digital impressions 
and associated sediment rims (with a maximum height of 4 cm) within 
the digits II-III and III-IV, a deep central area with very well impressed 
and elongated metatarsal and occasional impression of digit I (hallux; 
in tracks 2.3, 17.1, 17.3, 17.4 and 17.5). Morphotype B (TL=40 cm; 
TW= 18.4 cm; Depth= 2.5 cm) is that of trackway #25.

Tracks are shallow and clearly discernible, with digits II and IV 
well impressed, and digit III marked only in its distal part. Tracks from 
trackway 25 stand out because of the lack of any sediment deformation 
associated around or inside the tracks.

On the basis of trackway parameters and estimates, 2 trackway 
typologies are recognized: a) short trackway (#44) of small individual 
(TL=22 cm; h=104 cm) moving slowly (v=0.97m/s) and b) long 
trackway (#2) produced by a larger dinosaur (TL=42 cm; h=206 cm) 
moving quite fast (v=2.6 m/s). These two typologies are taken from 
the minimum (#44) and maximum (#2) parameters recorded in the 
trackways. Trackways #25 and #17 fall in between these values.

Figure 1. Ortophotos of trackways #2, #17, #44 and #25. From Left to 
right tracks of these trackways.
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Discussion

We usually attempted to explain the morphological and 
morphometric variation as being a function of ichnotaxonomic 
variability (see Díaz-Martínez et al., 2009). A comparative approach 
indicates that tracks from trackways #2, #44, #17, #25 resemble 
some of those morphotypes described in the Huérteles Formation 
(Hernández-Medrano et al., 2008).

We also recognized a remarkable variation of track features along 
single trackways in the tracksite. It might be expected that tracks from 
the same trackway should be morphologically similar since they are 
produced by the same animal. However, the analysed sample indicates 
that different track morphologies are found in the same trackway (e.g. 
#44 and #17) and these differ in length, width and depths along a 
single trackway. Therefore, it is proposed that track morphology is 
heavily biased by the substrate rheology.

Thus, 3-D analysis provides important information when 
diagnosing sediment dynamics and interpreting track morphotypes. 
The depth and geometry of a track is a function of the interaction of 
foot and sediment. This can potentially provide information on the 
weight, duty factor, and limb kinematics of the animal as well as of 
the substrate consistency (Manning, 2004, 2008; Falkingham et al., 
2010, 2011). The depth of tracks can also provide potential evidence 
for water content in a substrate at the time of track formation (Manning 
2004). The trackways in this study can be divided into morphotype 
A, whose characters include displacement rims, high values for track 
depths, thinning of digits and hallux impressions, which suggests that 
the original substrate conditions were different with respect to those of 
tracks belonging to morphotype B. Depth analyses reveal that tracks 
from trackways #2, #17 and #44 are deeper (5.3-8.5 cm deep) and 
their morphology is highly influenced by the formation of interdigital 
sediment shear failure (Manning, 2004) and mud collapsing within the 
tracks. This would cause a thinning, narrowing and curving pattern in 
the digit shapes and a fall of the muddy walls around and inside the track 
(Milàn and Bromley, 2006). Such track features should therefore not be 
used for ichnotaxonomic assignation (Díaz-Martínez et al., 2009), but 

instead be considered sedimentary extramorphological features yielding 
important data on rheology. On the other hand, characters presented in 
morphotype B, such as very shallow tracks (2 cm deep), well preserved 
and discernible morphology, and the lack of large displacement rims or 
collapsing mud within the tracks, strongly suggest a different condition 
of track formation with respect to those of trackways #2, #44 and #17. 
Sediment water content at the time of track formation determines track 
depth and also controls morphology. This often causes a wide variety of 
track morphologies for any single trackmaker (Gatesy, 2003; Manning, 
2004; Manning, 2008). In the El Frontal locality the substrate conditions 
appear to be variable, and are reflected in the two morphotypes (A and 
B) and in the trackway parameters. Hence, it is more likely that the 
track-maker(s) producing trackways #2, #17, #44 traversed a saturated 
substrate producing a distinct interaction between the sediment and 
the foot, while that of trackway #25 walked through an area of lower 
moisture content, yielding a firmer substrate and producing accurate 
moulds of plantar anatomy.

Conclusion

This study represents the first 3-D digitisation approach to the El 
Frontal tracksite. It provides evidence that can be used to quantitatively 
analyse and interpret the formation of dinosaur tracks and to help 
explain the morphological variability in the tracks of this locality. 
On the basis of our first analysis three conclusions can be tentatively 
suggested:

• The El Frontal locality becomes a key-site to understand how 
track morphologies are strongly controlled by the substrate 
conditions.

• Within the same trackway, tracks are very different from one 
footfall to the next, potentially exposing lateral facies variation, 
a function of variation in water content in the sediment that 
translates into two main areas of the tracksite.

• All the environmental factors that might have affected the 
original track morphology must be taken into consideration 
when interpreting track morphology. We suggest that many 
ichnotaxonomic assessments are invalid, if environmental controls 
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on track morphology are not considered. This work opens the 
possibility that many track morphotypes from nearby localities 
require reevaluation in the light of our conclusions. Future work 
may help confirm that a morphological continuum exists between 
similar tracks from different substrate conditions.
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