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Abstract: New findings of dinosaur

described from the Upper Jurassic Iouaridene ichnosite of

footprints  are

Morocco. On the top of two surfaces, stratigraphically close
to that bearing the famous Breviparopus taghbaloutensis
trackways, two footprints were excavated and assigned to
the ichnogenus Deltapodus. This ichnogenus is well known
from the Middle Jurassic of Yorkshire and also occurs in
Upper Jurassic deposits from Iberia and the United States.
This finding represents the first record of Deltapodus from

Africa. These footprints, probably produced by stegosaurian
dinosaurs, add new data on the distribution of this type of
dinosaur and on the connection between the northern and
southern margin of Tethys. 3D models have been generated
to allow more detailed studies and to record these unique
footprints.

Key words: Deltapodus, Morocco, Upper Jurassic, stegosau-
rian footprints, North Africa, 3D models.

EVER since the discovery of the first tracks (Plateau
et al. 1937), the Iouaridene ichnosite has yielded many
dinosaur footprints. The most famous are the large nar-
row-gauge sauropod trackway of Breviparopus taghbalout-
ensis (Dutuit and Ouazzou 1980) and the ‘swimming
sauropod’ tracks of Ishigaki (1989). More recent research
has identified a diverse ichnofauna, dominated by large
theropod and large sauropod dinosaurs, as well as other
dinosaurs (e.g. small theropods, ornithischians) and
arthropods (Belvedere et al. 2007; Belvedere and Mietto
2008; Belvedere 2008).

Importantly, there is evidence of small to medium size
footprints identified as the ichnogenus Deltapodus Whyte
and Romano, 1994. This ichnogenus has hitherto been
restricted mainly to the Middle Jurassic of Yorkshire
(Whyte et al. 2007), although similar ichnites have been
found recently in the Upper Jurassic of the United States,
Spain and Portugal. Here, we report the first occurrence
of Deltapodus footprints in Africa, that is, on the southern
margin of Tethys Ocean. For the first time, 3D digital
models of this ichnotaxon are generated.

LOCALITY AND GEOLOGICAL SETTING

The ichnosite is located at the entrance of the Iouaridene
valley, 7 km from the Imi’n’Ifri natural bridge and 15 km
east of the town of Demnat (Text-fig. 1). The trace-bear-
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ing layers are assigned to the lower member of the
Iouaridene Formation (Charriere ef al. 2005), which
consists of a cyclic alternation of metric pelites and of
decimetric carbonate-cemented mudstones to very fine
sandstones, with algal lamination, tractive structures, mud
cracks and often symmetrical ripples. This member was
probably deposited in a distal continental environment,
close to the shore line, with ephemeral ponds and lakes,
under a semi-arid/arid climate (Belvedere 2008).

Twenty-one trampled layers were found over the strati-
graphical section (Text-fig. 2), some of which can be fol-
lowed over almost the entire area of the site (Text-fig. 2),
allowing its northern and southern margins (around
6 km apart) to be correlated.

Different ages have been proposed for the site: the
formation was initially considered to be Bajocian/
Bathonian in age (Jenny et al. 198la, b; Jenny and
Jossen 1982; Ishigaki 1985, 1988; Nouri et al. 2000),
although recent work (Charriere et al. 2005), based on
new biostratigraphical data, indicates an ?Oxfordian—
Kimmeridgian age.

METHODS

Two specimens were found on the top of two different
levels and at different localities within the site (Text-
figs 1-2). The stratigraphical section illustrated in
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TEXT-FIG. 1. Locality map of the ichnosite. Arrows indicate the position of Deltapodus specimens. A, Deio XXVII. B, Detk MXC.

Text-figure 2 shows part of the lower member of the
Iouaridene Formation; the trace-bearing layers were
labelled during four field campaigns, the starting point
for the numeration was the main trampled levels on the
top of the section. For this reason, most of the labels
are negative; ‘—bis’ was used when a new trampled level
was found between two already recorded in a previous
field campaign. The abbreviation Deio and Detk used to
label the tracks are acronyms for Demnat Iouaridene
and Demnat Tirika and indicate approximately that the
tracks were found in the northern and southern part of
the ichnosite, respectively. Descriptions and measure-
ments were made directly in the field from the actual
traces, which were also drawn as outlines in plastic films
and photographed.

The two tracks were moulded with silicon rubber (Sili-
cal 110 — CTS srl), from which fibreglass casts were made,
therefore obtaining a replica of the actual print. The two
fibreglass casts have been used to produce 3D digital
models of the footprints. To digitalize of the dinosaur
footprints, a triangulation-based laser scanner ShapeGrab-
ber SG1002 was used, and all the subsequent data manip-
ulation was carried out with the Innovmetric Polyworks®,
following the method of Petti et al. (2008).

For the investigated footprint area, we performed five
scans at 0.3-mm resolution, which were then combined,
achieving a final standard deviation of 0.11 mm, that is,
the matching of the scans is fitted with an error lower
than the maximum resolution of the tool.

MATERIAL

Institutional abbreviation. MGPD, Museo di Geologia e Paleon-
tologia, Universita degli Studi di Padova, Padova, Italy.

Deio  XXVII. This specimen (Text-fig. 3A; MGPD
30785a/b; N 31°43.673, W 6°54.480) lies on the trampled
level 2 of our survey, associated with at least five parallel
sauropod trackways (Text-fig. 4). It is probable that this
track was impressed before the passage of the sauropods;
if emplaced after the sauropod trackways, more than a
single isolated imprint would have been preserved. It is
preserved as a true track, with sloping walls that make
the external outline larger than the inner one. The exter-
nal length is 209 mm, the external width 156 mm, and
the length and width of the actual track are 166 and
105 mm, respectively.

It is a triangular mesaxonic almost symmetrical foot-
print, wider across the lateral digit impression, with one
lateral side slightly convex, and the other slightly concave.
The wall is very steep, almost vertical, on the concave
side, less steeply sloping on the other side. The displace-
ment rims contour the tracks and are generally shallow,
with the exception of the external one, which is about
3 cm thick.

Three digit imprints are present as short, blunt, projec-
tions, with the middle digit the longest. On the concave
side, a hollow, around 2 cm long and wide, might repre-
sent a fourth digit impression. The 3D preservation of the
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35 TEXT-FIG. 3. A-B, Tracings of the outline of the two
specimens carried out in the field. Arrows indicate sloping
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— surfaces; the length of the arrows is inversely proportional to the
steepness of the slope. A, Deio XXVIIL. B, Detk MXC. Scale bar
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TEXT-FIG. 4. Photograph of the trampled area of level 2
bearing Deio XXVII track (in the circle) and the five parallel
sauropod trackways of the probable herd. Note that Deio XXVII
is preserved as isolated footprints between the sauropod tracks.
Scale bar represents 1 m.
15 -6
( digit impressions suggest that this footprint is preserved
) @-7 as a true track (sensu Thulborn 1990); a transmitted track
{ -8 would not have preserved the shape of the short digits
( : at such a depth in the sediment. The presence of an
— -8bis external outline, especially in the anterior part of the foot,
10 [
1
1
@ TEXT-FIG. 2. Schematic stratigraphical log of part of the
- lower member of the Iouaridéene Formation. This section does
Pelites Cemented levels Trampled layer

not include the uppermost and lowermost trampled layers.
Explanation of the track-bearing strata in the text. Arrows
indicate the position of Deltapodus specimens. A, Deio XXVIL
B, Detk MXC.
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TEXT-FIG. 5. 3D model of Deio XXVII. The model is
composed of colour-coded surface produced through dense
point cloud data acquired from fibreglass casts with a
ShapeGrabber SG1002 laser scanner and with a resolution of
0.3 mm.

could be due to the dragging of the foot on soft/firm
sediment.

Detk MXC. This specimen (Text-fig. 3B; MGPD 30786a/b;
N 31°42.506, W 6°54.495) outcrops on a small surface
of level 8, very close to the road to Tirika (Text-figs 1-2).
It is a shallow mesaxonic sub-triangular almost symmetri-
cal footprint, 257 mm long and 174 mm wide, widest
anteriorly, with three short, rounded, digit impressions.
The outline is less concave than Deio XXVII, and the
‘heel’ more rounded and deeply impressed. No manus
print was found associated with this footprint.
Displacement rims are extremely flat and together with the
shallow depth of the track suggest that the footprint is
preserved as underprint if not an undertrack (sensu
Thulborn 1990).

3D modelling. Digital models allowed very small depth
variation of the tracks to be studied, especially with the
creation of contour-line images (spaced of 2-mm inter-
vals). These are coloured (Text-figs 5-6) and analysed in
cross section (Text-fig. 7). In Text-figure 5, it is possible
to recognize the impression of the actual track (in

TEXT-FIG. 6. 3D model Detk MXC. The model is composed
of colour-coded surface produced through dense point cloud
data acquired from fibreglass casts with a ShapeGrabber SG1002
laser scanner and with a resolution of 0.3 mm.

red/orange) and the external margin of the footprints
(light green); the blue tones define the displacement
Text-figure 6 highlights especially the shallow
thickness of the rims (green tones) that never exceed 4—
5mm in thickness. The contour-line images allowed
cross-sections of the footprints to be produced (Text-
fig. 7), featuring the different depth profiles of the two
footprints. Whereas Detk MXC has a flattened profile,
with a slight deepening (19 mm) through the anterior
part, Deio XXVII shows a more marked increasing in
depth trough the anterior, with a maximum total differ-

rims.

ence of 56 mm.

ICHNOTAXONOMY AND
DISTRIBUTION

The pedal prints described here from the Iouaridéne val-
ley differ from sauropod footprints by having three digits,
and being mesaxonic, in contrast with the four-toed, en-
taxonic sauropod pes tracks. These footprints, however,
closely resemble the stegosaurian-produced ichnogenera
Deltapodus brodricki (Whyte and Romano 1994) from the
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TEXT-FIG. 7. A-B, Contour lines of A anterior mm 10 30 50 10 30 50 10 30 50
the specimens produced from the dense

point cloud data with 2 mm of
equidistance between the lines. A, Deio
XXVII and cross-sections parallel to the
footprints axis. B, Detk MXC and cross-
sections parallel to the footprints axis.
Scale bar represents 5 cm.
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Middle Jurassic of Yorkshire (UK) and Stegopodus czerkasi Stegopodus czerkasi has been recently emended by Gier-
(Lockley and Hunt 1998) from the Upper Jurassic Morri- linski and Sabath (2008, p. 32), and its pes is diagnosed
son Formation of Utah (USA). as tridactyl and blunt-toed, left by a digitigrades track-
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maker. Notably, the pes is described as being ‘wider than
long, always asymmetrical, with large proximal pad
located posterolaterally’; moreover, a single phalangeal
pad is described as occurring on each digit.

Deltapodus brodricki pes tracks are diagnosed in Whyte
and Romano (1994, p. 24) as ‘generally triangular in out-
line, widest across lateral digit impressions and slightly
longer than wide; internal side slightly concave; footprints
mesaxonic, with three digit impression as short projec-
tions or bluntly rounded points.’

Both Moroccan specimens are longer than wide, almost
symmetrical and do not show any phalangeal pad. They
present one concave side, three rounded, short and blunt
digit impressions and a sub-triangular outline shape.
These characteristics are closer to those of Deltapodus,
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TEXT-FIG. 8. Scatter diagram showing plots of pes length (L)
against pes width (W) for the 46 English specimens of
Deltapodus brodricki (stars) and the Iouaridene specimens (dots).
For Deio, XXVII has been plotted the size of the inner footprint.
Redrawn from Whyte et al. (2007, fig. 13) and modified with
new data.
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and the Moroccan specimens are identified as Deltapodus
ichnosp. indet. The generally poor preservation and the
occurrence of only two footprints do not either allow any
further ichnospecific attribution, or permit the creation of
a new ichnospecies.

Whyte and Romano (2001) occasionally noticed a
bulge in the outer, convex, side of the footprint, opposite
to the depression noticed in the concave side of Deio
XXVII. However, the position of this impression seems
very similar to Deltapodus-like footprints from the Upper
Jurassic of Asturias (Garcia-Ramos et al. 2006; Lockley
et al. 2008).

Moreover, compared with the material in the width/
length ratio diagram published in Whyte et al. (2007),
both Deio XXVII and Detk MXC plot very close to the
trend of the English Deltapodus brodricki (Text-fig. 8).

Until recent years, this ichnotaxon had been known
only from the Middle Jurassic of Yorkshire, but Milan
and Chiappe (2008; 2009) have described it from the
Upper Jurassic Morrison Fm of Utah. Other Deltapodus-
like tracks have been described from the Late Jurassic of
Spain (Garcia-Ramos et al. 2006, 2008; Cobos et al. 2008;
Lockley et al. 2008) and also Portugal (Mateus and Milan
2008).

The Deltapodus trackmaker, initially thought to be a
sauropod (Whyte and Romano 1994), has subsequently
been reinterpreted on skeletal, ichnological and strati-
graphical approaches to have been stegosaurian (Whyte
and Romano 2001). Although other probable thyreopho-
ran footprints have been mentioned as occurring in the
lower Jurassic Arhbalou Formation of the Moroccan
High-Atlas (Hadri ef al. 2007), this is the first definite
evidence of Deltapodus in Africa.

This new record widens the geographical distribution
of the ichnotaxon (Text-Fig. 9) to include, at least, North
Africa and emphasizes the similarities among the dinosaur
ichnofauna of Iouaridene, western Europe and North
America. As a result, a physical connection between the
southern and northern margin of the Tethys during the

TEXT-FIG. 9. Late Jurassic
palaeographical map with global
Deltapodus distribution. Redrawn and
modified from Scotese (2001).
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Middle/Late Jurassic can be inferred. This connection also
seems to be supported by osteological data from the Late
Jurassic of United States, Portugal and Tanzania (Mateus
2006).
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