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The Late Ju ras sic IouaridÀne tracksite has been stud ied for de cades and is well-known for the ref er ence trackway of Breviparopus
taghbaloutensis. These siliciclastic flood-plain de pos its bear prob a bly more than 1500 tracks, and at least 21 tram pled lev els: they yield
tracks of me dium to very large sauro pods, pos si ble stego saurs and theropods. The first ac cu rate de scrip tion of the foot print as so ci a tion
made by bi ped trackmakers is pro posed herein. More than six hun dred foot prints and more than a hun dred trackways has been mapped
and ana lysed; this led to the def i ni tion of four tridactyl and two tetradactyl morphotypes, mainly pro duced by small to very large
theropods, while prob a ble small ornithopod tracks are also pres ent. The bipedal foot print as so ci a tion is dom i nated by me dium-large
theropods, which are also the most abun dant type. The tax o nom i cal at tri bu tion of the morphotypes is made dif fi cult by the poor pres er va -
tion of many spec i mens. Fur ther more, for the most abun dant theropod tracks, those with “megalosaurian” af fin ity, there is also a com -
plex ichnotaxonomical sit u a tion, that makes the at tri bu tions yet more chal leng ing; how ever, it was pos si ble to rec og nize the great
af fin ity of the tridactyl spec i mens with the Megalosauripus tracks from the Ibe rian Pen in sula and North Amer ica. Three-di men sional
mod els were gen er ated from the moulds of the best-pre served spec i mens to ren der a more de tailed de scrip tion and for eas ier ac cess to the
spec i mens.
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INTRODUCTION

The IouaridÀne site was first re ported by Pla teau et al.
(1937) in di cat ing the pres ence of tridactyl foot prints. Roch
(1939) gave the first de tailed de scrip tion of the “couches
rouges” out crop ping in the IouaridÀne area; de Lapparent
(1942, 1945), and de Lapparent and Zbyszewski (1957) de -
scribed other tridactyl foot prints, no tic ing the
“megalosaurian” af fin ity of the tracks and their sim i lar i ties
with the Por tu guese foot prints from Cabo Mondego. Termier
(1942), be sides a more de tailed de scrip tion of the for ma tion,
sup ported the pos si bil ity ex pressed by de Lapparent (1942)
that the age of the for ma tion might be Cre ta ceous (“...il n’y a
aucune rai son de se lim iter au Dogger et au Lias.”). Also
Choubert et al. (1956) pro posed an Early Cre ta ceous rather
than Ju ras sic age for the site.

Dutuit and Ouazzou (1980) were the first to de scribe very
large sauropod tracks, as sign ing them to the ichnotaxon

Breviparopus taghbaloutensis. This ichnotaxon, even if never
for mally erected, was con sid ered valid in many follo wing pa -
pers and was used by Farlow (1992) as a per fect ex am ple of a
nar row gauge trackway. 

Sedimentological and strati graphi cal data pre sented by var -
i ous au thors (Jenny et al., 1981a, b; Jenny and Jossen, 1982;
Jenny, 1985, 1988) in di cated a Mid dle Ju ras sic age for the
track-bear ing lay ers. 

The work of Ishigaki in the sec ond half of the 1980s con -
tained the first de tailed de scrip tion of the in di vid ual foot prints
(Ishigaki, 1985a, b, c, 1986, 1988). But it was the de scrip tion of 
manus-only and manus-dom i nated trackways, in ter preted as
the ev i dence of swim ming sauro pods (Ishigaki, 1989) that got
the at ten tion of many ichnologists. Later, Nouri et al. (2001),
briefly re ported some semi-plantigrade theropod tracks from
the south ern part of the site (Tirika). Meyer and Monbaron
(2002), af ter a field cam paign in the area, con cluded that the
manus-dom i nated tracks of Ishigaki (1989) were a mis in ter pre -
ta tion of shal low tridactyl foot prints. In re ply, Ishigaki and



Matsumoto (2008, 2009a) re cently ad mit ted that whereas one
trackway (trackway D in Ishigaki, 1989) was mis in ter preted,
the oth ers de scribed ac tu ally ex isted and were  not found by the
Swiss re search ers. Dalla Vecchia (2005) gave a brief de scrip -
tion of the sedimentology of the site and fig ured some of the
most ac ces si ble tracks of the site. CharriÀre et al. (2005) as -
signed at least the higher part of the IouaridÀne For ma tion,
based on palynomorphs and ostracods, to the Late Ju ras sic
(?Oxfordian–Kimmeridgian). This was later on con firmed by
Haddoumi et al. (2009).

In re cent years, a whole se ries of pa pers started the
ichnotaxonomical re nais sance of the IouaridÀne ba sin. Bel ve -
dere et al. (2007) gave a brief de scrip tion of the whole
ichnofauna; Boutakiout et al. (2008a) re ported a par tial sur vey
of the west ern part of the val ley, list ing the tracksites;
Boutakiout et al. (2008b, 2009) ana lysed some very large
theropod tracks, also re ported in Bel ve dere (2008);
Díaz-Martínez et al. (2009) stud ied some theropod tracks
found close to the Breviparopus taghbaloutensis ref er ence
trackway and Bel ve dere and Mietto (2010) de scribed the first
Af ri can re cord of the ichnogenus Deltapodus Whyte and
Romano, 1994. Bel ve dere and Mietto (2009) dis cussed the
palaeo geo graphi cal im por tance of the im por tance of the track
site. Ishigaki and Matsumoto (2009b) fig ured a trackway of a
turn ing sauropod that was mapped back in 1980 which is now
al most de stroyed (trackway CI of Bel ve dere, 2008). Marty et
al. (2010) com pared the B. taghbaloutensis prints and
trackways with co eval sauropod trackways from the Late Ju -
ras sic of Swit zer land and con sid ered Breviparopus a valid
ichnotaxon, mor pho log i cally dis tinct from Parabrontopodus,
though it needs to be for mally re-de scribed; and fi nally
Boutakiout et al. (2010) up dated knowl edge of the site by add -

ing in for ma tion on track-bear ing lo cal i ties from the east ern part 
of the IouaridÀne val ley.

To day most of the his tor i cal part of the site has been
mapped (Feb ru ary 2010) re sult ing in an es ti mated num ber of
around 1500 foot prints in the en tire val ley (Bel ve dere, 2008;
Boutakiout et al., 2008a, in press). How ever, a part of the
ichnofauna still awaited a de tailed de scrip tion The aim of this
pa per is to give a first thor ough de scrip tion of the ichnofauna
as signed to bipedal an i mals of the IouaridÀne site.

GEOGRAPHICAL AND GEOLOGICAL SETTING

The tracksite is lo cated in the Mo roc can cen tral High At las,
7 km from the Imi’n’Ifri nat u ral bridge and around 15 km east
of the town of Demnat. It is sit u ated on the west ern flank of the
IouaridÀne syncline and can be eas ily ac cessed by road from
Demnat to the Imi’n’Ifri nat u ral bridge. The site stretches
roughly in a north-south di rec tion for about 6 km (Fig. 1), from
the area north of the Ait Mimoun vil lage (north) to the vil lage
of Tirika (south), cor re spond ing to the area be tween the
“yacimientos” (= lo cal i ties) 4IGR and 31IGR of Boutakiout et
al. (2009).

The tram pled lev els are sit u ated in the lower part of the
IouaridÀne For ma tion (CharriÀre et al., 2005) which con sists of
cy clic al ter na tions of me ter-scale red mudstones and
decimetre-scale red dish car bon ate-ce mented mudstones to very
fine sand stones, with mud-cracks. The sur face of these lay ers,
characterized by cyanobacterial lam i na tion and trac tion struc -
tures (e.g., pla nar lam i na tion), are as so ci ated with sym met ri cal
rip ple marks and mud cracks. Flu vial chan nels, with fin ing-up -
ward se quences, climb ing rip ples and her ring bone cross-strat i fi -
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Fig. 1. Lo ca tion of the IouaridÀne locality

Tracks in di cate the ap prox i mate lo ca tion of the foot prints and tracks of the tracksite



ca tion, are pres ent at the top of the se quence. The wide spread oc -
cur rence of evaporitic min er als, con cer tina-like struc tures and
small-scale pseudo-anticlines with evaporitic in fill ings sug gest
an arid or semi-arid palaeoclimate (Bel ve dere, 2008).

21 tram pled lay ers were mapped within the sec tion (Fig. 2);
some of these lev els can be fol lowed through out al most the
whole site al low ing a very ac cu rate cor re la tion of the track-bear -
ing lev els be tween the north ern and south ern end of the sites.

Dif fer ent age as sig na tions have been pro posed for the
IouaridÀne For ma tion: Dutuit and Ouazzou (1980) rather
vaguely des ig nated it as Ju ras sic/Cre ta ceous; later it was more
pre cisely dated to Bajocian/Bathonian (Jenny et al., 1981a, b,;
Jenny, 1985, 1988; Nouri et al., 2001), al though re cent pub li ca -
tions in di cate an ?Oxfordian/Kimmeridgian age based on
palyno logical and micropalaeontological data (CharriÀre et al.,
2005; Haddoumi et al., 2009); this dat ing is also sup ported by
in ter pre ta tion of the ichnological re cord (Bel ve dere et al.,
2007; Nouri, 2007; Bel ve dere, 2008; Boutakiout et al., 2008a).

MATERIAL AND METHODS

Al though sev eral tracks show good mor pho log i cal de tails
(e.g., claw marks, phalangeal pad im pres sions, etc.), the gen -
eral pres er va tion is not ex cel lent and of ten only the main out -
lines are vis i ble. Most of the tracks are pre served as true tracks
(sensu Lockley, 1991), but underprints (sensu Marty et al.,
2009) or undertracks (sensu Thulborn, 1990; Lockley, 1991)
are pres ent too. All the mea sure ments were taken in the field, or 
tracks were drawn on monofilm dur ing the cam paigns em ploy -
ing stan dard ichnological pro ce dures and mea sure ments (e.g.,
Leonardi, 1987; Thulborn, 1990), i.e., Fl in di cates the foot
length; Fw, the foot width; II-III, III-IV, II-IV the interdigital
divarication an gles be tween dig its II and III, III and IV, II and
IV, re spec tively.

The la bels Deio and Detk, fol low ing Bel ve dere (2008), are
ac ro nyms for Demnat IouaridÀne and Demnat Tirika and in di -
cate the lo ca tion of the foot prints in the north ern or south ern
part of the tracksite, in re la tion to the road that com prises a
east-west transect of the site. The Ro man num bers la bel
trackways and iso lated tracks, while Arabic num bers in di cate
the in di vid ual foot print.

Bel ve dere (2008) as signed morphotype 1 to qua dru pe dal or 
sup posed qua dru pe dal di no saurs, morphotype 2 to bipedal di -
no saurs, and morphotype 3 to non-dino saur ian tracks; all the
tracks pre sented in this pa per be long to morphotype 2.

The most sig nif i cant prints, ex cept larger ones, were
moulded with sil i con rub ber, then fibre glass casts were made
for a rep lica of the ac tual print. The casts are stored in the
Museo di Geologia e Paleontologia of the Universit´ degli
Studi di Padova (in sti tu tional ab bre vi a tion: MGPD). 

The rub ber moulds were digit ised with a tri an gu la -
tion-based la ser scan ner (NextEngine™ 3D Scan ner HD) with
a res o lu tion of 0.3 mm for the smaller tracks and with a 0.5 mm
res o lu tion for the larger ones; the raw data were ac quired us ing
the NextEngine™ ScanStudio HD soft ware, while the sub se -
quent data ma nip u la tion, con tour lines and colour ing were car -
ried out with Innovmetric Polyworks™.
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Fig. 2. Sche matic strati graphi cal log

The com pos ite strati graphi cal log il lus trates part of the lower mem ber 
of the IouaridÀne For ma tion, i.e. 18 of the 21 tram pled lay ers rec og nized 

(Bel ve dere, 2008)



DESCRIPTION

MORPHOTYPE 2A

This group (Fig. 3, sup ple men tary files 1 and 2*) is char ac -
ter ized by tridactyl tracks with a foot length shorter than 20 cm,
mesaxonic, lon ger than wide (av er age Fw/Fl: 0.74) and slightly 
asym met ri cal. Digit IV is al ways the lon gest, fol lowed by digit
III and II; the width of dig its II and IV is com pa ra ble with digit
III, which is al ways slightly wider. Claw marks, or at least a
clear ta per ing end of the dig its, al ways pres ent. The
divarication an gle II-IV is 47.3°, with II-III (20.3°) nar rower
than III-IV (27°). Phalangeal pads, even in the best-pre served
foot prints, are not well enough pre served to al low the de ter mi -
na tion of the phalangeal for mula. Great vari abil ity oc curs in the 
shape of the “heel”: it is of ten pres ent with a rounded or ta pered 
shape, but, in a few cases, it is miss ing. These vari a tions have
also been no ticed oc cur ring in the same trackway, thus they are
con sid ered as ex tra-mor pho log i cal fea tures. 

Long trackways of this morphotype are un com mon; gen er -
ally the foot prints are found iso lated or ar ranged in short
(<5 prints) seg ments. The only long trackway is Deio VII
(N 31°43.200’, W 006°54.533’) that con sists of 21 prints with
only few tracks miss ing. The trackways are al ways nar -
row-gauged, with a slight out ward ro ta tion of the pes (<10°).

MORPHOTYPE 2B

This morphotype groups small to me dium (av er age
Fl <25 cm) tridactyl foot prints, mesaxonic, slightly lon ger than
wide (Fw/Fl: 0.84), with a marked sym me try in re la tion to the
long axis of digit III and a gen er ally rounded “heel” (Fig. 4, sup -
ple men tary file 3*). All the dig its have com pa ra ble widths and
lengths, with digit III be ing by a slight amount the lon gest. No
clear claw im pres sions are pres ent, but most of the spec i mens
pres ent a ta per ing ter mi na tion of the dig its. Interdigital an gle
II-IV av er ages 58.3° with a sim i lar divarication be tween II-III
(28.2°), and III-IV (30.1°). Though pad im pres sions are ex -
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Fig. 3. Ex am ples of morphotype 2A – Carmelopodus sp.

A – photo of the Deio XLI/1 (N 31°44.067’, W 006°54.600’), scale bar 10 cm; B – sche matic out line draw ings of Deio XLI/1, scale bar 10 cm; C – con tour
lines of Deio XLI/1 gen er ated from the 3D model data (sup ple men tary file 1) with 0.5 mm equi dis tance be tween the lines, scale bar 10 cm; D – photo of the
Detk MLX (N 31°42.368’, W 006°54.340’), scale bar 10 cm; E – sche matic out line draw ings of Deio MLX, scale bar 10 cm; F – con tour lines of Detk
MLX gen er ated from the 3D model data (sup ple men tary file 2) with 0.5 mm equi dis tance be tween the lines, scale bar 10 cm; the con tin u ous line draw the
in ter nal mar gin of the foot print, the dashed line the ex te rior mar gin, the grey lines the in ter nal morphologies

*
 Supplementary files are available on website: www.gq.pgi.gov.pl



tremely rare even in the best pre served spec i mens, in some tracks 
it is pos si ble to ob serve the pres ence of the prox i mal pad of digit
III (Fig. 4A–B). The anal y sis of the con tour lines of the spec i -
men Deio CXXIII/1 (Fig. 4C; N 31°44.006’, W 006°54.154’)
high lighted the oc cur rence of other very shal low phalangeal
pads in dig its II, III and IV, oth er wise not de tect able.

Since there are no well-pre served or con tin u ous trackways,
stride length has been de rived from pace mea sure ments made
on two aligned foot prints, pos si bly be long ing to the same
trackway.

Un for tu nately, the gen erally poor pres er va tion of this spec -
i mens and the rar ity of the morphotype do not al low fur ther de -
scrip tions.

MORPHOTYPE 2C

This morphotype in cludes large (av er age Fl >30 cm),
tridactyl, mesaxonic, asym met ric, lon ger than wide
(Fw/Fl: 0.75) foot prints (Fig 5, sup ple men tary file 4). Dig its are 
well sep a rated with digit IV slightly the lon gest, whose prox i -
mal pad, aligned to digit III axis usu ally con sti tutes the “heel”
of the foot print; digit III has a typ i cal in ward bend ing. The
width of the dig its, mea sured on their free por tion, is sim i lar.
Claw im pres sions are very com mon on all the dig its, even in the 
most poorly pre served tracks, and phalangeal pads oc cur quite
com monly, al low ing the re con struc tion of a 2-3-4 phalangeal
for mula, for digit II, III and IV, re spec tively. The to tal
divarication an gle av er ages 43.4°, with a marked asym me try
be tween II-III (17.2°), and III-IV (26.2°). How ever, de spite the
lower av er age value of II-III, this an gle also pres ents the high -
est vari abil ity, rang ing from 5.5 to 36.2°: this higher mo bil ity
can not be ex plained only as re sult ing from ex tra-mor pho log i -
cal fea tures, and has to re flect some an a tom i cal char ac ter is tic of 
the trackmaker feet. 

Trackways are very abun dant in the re cord, and pres ent an
ir reg u lar gauge, which ranges from very nar row to quite wide,
in de pend ently of stride length or gait: trackways with the same
foot print sizes, sim i lar paces and strides, left on the same level,
may have dif fer ent gauges. 

De spite this vari abil ity, trackways are gen er ally nar row,
with digit II cross ing the midline; the pes ro ta tion is less vari -
able but can change from slightly out wards (<10°) to ab sent,
es pe cially in the nar rower trackways.

Nouri (2007, trackway 3Am5) il lus trated a large (Fl: 35 cm) 
ornithopod foot prints (Fig. 6); the same tracks were re corded as 
Deio CXXX (N 31°44.000’, W 006°54.078’) by Bel ve dere
(2008) but were in ter preted as prob a ble underprints of
morphotype 2C.

MORPHOTYPE 2D

The foot prints be long ing to this morphotype (Fig. 7) are
mesaxonic, asym met ri cal, elon gated, lon ger than wide
(Fw/Fl: 0.79) and with 4 ta pered dig its. Digit IV is the lon gest,
fol lowed by III, II and I, how ever, this in ter pre ta tion is ob -
scured by the gen eral poor pres er va tion of the spec i mens; the
other pa ram e ters can not be re li ably mea sured ei ther be cause of
the deg ra da tion of the prints. Nev er the less, some con sid er -
ations can be made: the divarication an gle II-III (18.2°) is al -
ways nar rower than III-IV (28.2°), digit I is di rected an te ri orly,
to wards the dis tal part of the pes, and meta tar sal im pres sions,
where pres ent, are broad and not very elon gated pos te ri orly. 

Morphotype 2D trackways are miss ing, but these foot prints
oc cur within trackways dom i nated by the morphotype 2B.
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Fig. 4. Ex am ples of morphotype 2B – Dinehichnus sp.

A – photo of the Deio CXXIII/1 (N 31°44.006’, W 006°54.154’), scale bar
10 cm; B – sche matic out line draw ings of CXXIII/1, scale bar 10 cm; C –
con tour lines of CXXIII/1 gen er ated from the 3D model data (sup ple men -
tary file 3) with 0.5 mm equi dis tance be tween the lines, scale bar 10 cm; D
– sche matic out line draw ing of Deio CXXIII, the best-pre served trackway
for morphotype 2B; note the in ward ro ta tion of the pes prints, scale bar
50 cm; the con tin u ous line draw the in ter nal mar gin of the foot print, the
long-dashed line the ex te rior mar gin, the dashed line the ex te rior mar gin,
the grey lines the in ter nal morphologies



MORPHOTYPE 2E

Al though this morphotype has al ready been de scribed in a
re cent pa per by Boutakiout et al. (2009), we pro pose herein a
new de tailed char ac teri za tion of the tracks, emend ing and re -
vis ing the pa per cited above.

Morphotype 2E in cludes the larg est foot prints pres ent on
the site (Fl from 41.6 to 78.3 cm; Fw from 33.6 to 63.8 cm). It is 
tridactyl, mesaxonic, usu ally slightly lon ger than wide (av er age 
Fw/Fl: 0.86), slightly asym met ri cal, with well-sep a rated and
long dig its (Fig. 8). Digit II is usu ally slightly shorter than digit

IV, while digit III is long and straight. Clear phalangeal pads
oc cur only in the best-pre served tracks and sug gest a
phalangeal for mula of 2-3-4, for digit II, III and IV, re spec -
tively. Claw im pres sions are also com mon in the better pre -
served tracks; even if these im pres sions are miss ing, it is of ten
pos si ble to rec og nize a ta per ing ter mi na tion of the dig its.

The to tal divarication an gle II-IV is usu ally wider than 50°
and slightly asym met rical, but it changes from track to track:
II-III is al ways nar rower than III-IV, even if the val ues are very
sim i lar. The heel can vary from rounded to quite ta pered, but its 
shape is prob a bly more re lated to pres er va tion than to the ac tual 
mor phol ogy of the di no saur foot.

The unique long trackway, con sist ing of seven con sec u tive
prints (Fig. 8E), Detk MLXXIX (N 31°42.479’,
W 006°54.371’) in Bel ve dere (2008), cor re sponds to the
sauropod trackway D in Ishigaki (1989, fig. 9.4). It was re in ter -
preted by Ishigaki and Matsumoto (2008, 2009a), and cor re -
sponds also to the “yacimiento” 25IGR1 in Boutakiout et al.
(2009). It con sists of short ir reg u lar paces (from 1.44 to
1.69 m), but with out ev i dence of limp ing, be cause the ir reg u lar
paces ap ply to both left and right foot prints. The foot prints are
very shal low, and it is worth no tic ing that these tracks are prob -
a bly pre served as underprints, if not as trans mit ted undertracks
(sensu Lockley, 1991) pro duc ing the oc cur rence of two out -
lines: one in ter nal, cor re spond ing more or less to the ac tual
foot print size, and one, larger, ex ter nal. In spring 2008, two of
the au thors (MB and PM) map ping Detk MLXXIX no ticed that 
the out lines of the foot prints were still high lighted with chalk.
These out lines cor re spond to the fig ures pub lished in
Boutakiout et al. (2009, trackway 25IGR1). In our opin ion this
in ter pre ta tion over es ti mates the size of the foot prints (by about
20 cm), mea sur ing the ex ter nal mar gin of the foot prints
(Fig. 9). The trackway has very ir reg u lar and short paces when
com pared with the very large size of the foot prints. Both the pace 
lengths and the ro ta tion of the foot prints are ir reg u lar: al though it
is pos si ble to see a gen er ally faint out ward ro ta tion, each foot -
print axis re veals a dif fer ent an gle. Pace and stride lengths are al -
ways short com pared to the size of the foot prints, vary ing from
1.19 to 1.74 m for pace, and from 2.35 to 3.38 m for stride.
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Fig. 5. Ex am ple of morphotype 2C – Megalosauripus sp.

A – photo of the well-pad ded Deio CXXVIII/16 (N 31°43.988’, W 006°54.089’), scale bar 20 cm; B – sche matic out line draw ings of CXXVIII/16, scale
bar 20 cm; C – con tour lines of CXXVIII/16 gen er ated from the 3D model data (sup ple men tary file 4) with 1 mm equi dis tance be tween the lines, scale bar
20 cm; the con tin u ous line draw the in ter nal mar gin of the foot print, the grey lines the in ter nal morphologies

Fig. 6. Spec i men Deio CXXX/2

Photo of the foot print Deio CXXX/2 (N 31°44.000’, W 006°54.078’),
scale bar 40 cm. This track has been in ter preted as an ornithopod foot print
by Nouri (2007) but in our opin ion it is more likely an undertrack of type
2C theropod
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Fig. 7. Ex am ples of morphotype 2D

A – photo of the tetradactyl Deio DXIII/6 (N 31°44.092’, W 006°53.921’), scale 20 cm; B – sche matic out line draw ings of DXIII/6, the grey lines the in ter -
nal morphologies, scale bar 20 cm; C – photo of Deio DVI/5, scale 20 cm, this foot print, 1Am2.5, has been pro posed by Nouri (2007) as a holotype for the
new tetradactyl ichnospecies Eutynichnium atlasichnus

Fig. 8. Ex am ples of morphotype 2E

A – photo of the Deio XLII (N 31°43.033’, W 006°54.101’), scale bar 20 cm, note the marked sym met ri cal rip ple-marks; B – sche matic out line draw ings of Deio
XLII, scale bar 50 cm; C – photo of a very de tailed true track out crop ping close to Oukta, mapped by SI in 1984, prob a bly cor re spond ing to track 23IGR1.7 of
Boutakiout et al. (2009), scale 10 cm; D – sche matic out line draw ing of the pre vi ous foot print, scale 50 cm. The con tin u ous line marks the in ter nal mar gin of the
foot print, the dashed line the ex te rior mar gin, the grey lines the in ter nal morphologies; E – sche matic out line draw ing of Detk MLXXIX (N 31°42.479’,
W 006°54.371’), the lon gest trackway for morphotype 2E, the lon ger dashed lines in di cates the ex ter nal mar gin of the dis place ment rims

Fig. 9. Spec i men Detk MLXXIX/5

A – photo of a very shal low and faint track Detk MLXXIX/5, prob a bly pre -
served as underprint, no de tails can be ob served, the white chalk lines were
drawn by the Boutakiout et al. (2009) team and high light the foot print’s ex -
ter nal mar gin, scale 30 cm; B – out line draw ing of the same foot print, the
in ner and outer mar gins are clearly sep a rated due to the pres er va tion fea -
tures, scale bar 50 cm



vary ing from 1.19 to 1.74 m for pace, and from 2.35 to 3.38 m
for stride.

MORPHOTYPE 2F

The pe cu liar char ac ter is tics of this mesaxonic and
tetradactyl type are a marked hallux and metapodium im pres -
sions (Fig. 10, sup ple men tary file 5); the pro por tions sug gest
that the lat ter are given from the large part of the meta tar sal.
The shape of the tracks is asym met ri cal, lon ger than wide even
with out con sid er ing the meta tar sal por tion (es ti mated av er age
Fw/Fw: 0.83), with four elon gated and ta pered dig its. Digit IV
seems to be the lon gest, fol lowed by digit III, II and I, though
digit III is of ten sep a rated from the rest of the foot print by sed i -
ment in fill ings. The to tal divarication an gle II-IV av er ages
around 60 °, with II-III (25.4°) al ways nar rower than II-IV
(36.3°). Digit I is al ways lat er ally di rected to wards the
trackway midline, with an av er age an gle I-II of 73°. The meta -
tar sal im pres sion is slightly in te ri orly ro tated.

The sin gle long trackway, Detk MXXIV (N 31°42.233’,
W 006°54.253’), shows rel a tively short paces with a con tin u ous
pro gres sion. The foot prints are gen er ally par al lel to the trackway 
midline and the gauge ap pears quite nar row. No paired foot -
prints or rest ing traces oc cur, thus a sim ple slow-walk ing cause,
as sug gested by Day et al. (2002, 2004) is not suf fi cient to ex -
plain the tracks, but the sub strate has also to be con sid ered: a

soft, wa ter-sat u rated ground might not only have al lowed the
sink ing of the pes to sink in the sed i ment, but could also have in -
flu enced the be hav iour and the gait of the di no saur. 

ICHNOLOGICAL ANALYSIS 

DISTRIBUTION, SPEEDS AND DIRECTIONS

Foot print sizes and the in dex of track size (IS, in Thulborn,
1990) were cal cu lated to eval u ate the com po si tion of the
ichnocoenosis of the IouaridÀne site. All the pa ram e ters were
mea sured for each foot print and trackway, even if the poor
pres er va tion of some foot prints and the dis con ti nu ity of some
trackways pre vent re li able mea sure ment. How ever, the amount 
of tracks (624) and trackways (105) mea sured is gen er ally suf -
fi cient to ob tain sta tis ti cally sig nif i cant data.

The anal y ses of track sizes and IS (Fig. 11A–C) il lus trate a
clear pre dom i nance of large (Fl: 30–40 cm) theropod di no saurs;
in Fig ure 11A the peaks around 17 cm roughly cor re spond to the
av er age foot length of the morphotypes 2A and 2B, while the
peak at 30 cm is not rep re sen ta tive of a morphotype, but rep re -
sents smaller spec i mens of the main type 2C.

The rel a tive dis tri bu tion, car ried out on the bulk of the tracks
iden ti fied, is shown in Fig ure 11D. The prov e nance layer was
not con sid ered in this dis tri bu tion, since the level sur faces are not 
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Fig. 10. Ex am ples of morphotype 2F

A – photo of the tetradactyl foot print Detk MXXIV/12 (N 31°42.233’, W 006°54.253’), scale bar 30 cm; B – sche matic out line draw ings of Detk
MXXIV/12, scale bar 20 cm, the con tin u ous line draw the in ter nal mar gin of the foot print, the dashed line the ex te rior mar gin, the grey lines the in ter nal
morphologies; C – con tour lines of MXXIV/12 gen er ated from the 3D model data (sup ple men tary file 5) with 1 mm equi dis tance be tween the lines, scale
bar 20 cm; D – sche matic out line draw ing of Detk MXXIV, the lon gest trackway for morphotype 2F, scale bar 2 m, the dashed lines in di cate the ex ter nal
mar gin of the dis place ment rims



equally ex posed. Morphotype 2D has been con sid ered to gether
with type 2C be cause it al ways oc curs in type 2C trackways (see
above). The size fre quency di a gram shows that the large type
2C+2D is the most abun dant at the site (76%), fol lowed by the
smaller morphotype 2A (13%); morphotypes 2B, 2E and 2F rep -
re sent to gether only 11% of the to tal dis tri bu tion.

From the trackway anal y sis it was pos si ble to es ti mate the
gait and speed of the bi ped di no saurs. The cal cu la tion of the
gait fol lowed the method of Thulborn (1990), whereas those re -
lat ing to speed fol low Al ex an der (1976) and Thulborn and
Wade (1984). 

The Sl/h ra tio (Fig. 12A) il lus trates a gen eral, and ex pected, 
walk ing gait (mean: 1.39); the peaks cor re spond to the tran si -
tion from walk to trot (around 2.0). The faster (>2.0), al most
run ning an i mals were left by the morphotypes 2A and 2B
(Fl <25 cm) and to the only fast trot ting/trackway of
morphotype 2C (Detk MXXXVIII; N 31°42.006’,
W 006°53.958’). As ex pected, the speeds are gen er ally low and 
dis trib uted around the mean value (Fig. 12B); only two faster
outlayers can be pointed out, Deio XLI (N 31°44.067’,
W 006°54.600’) and Detk MXXXVIII, both show ing a high
ve loc ity (23.1 and 27.1 km/h, re spec tively), that is even more
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Fig. 11. Morphotype dis tri bu tion and abun dance

A – foot length fre quency; B – foot width fre quency; C – in dex of track size 
(IS) fre quency, the three dis tri bu tions are clearly not nor mal and sev eral
peaks can be pointed out, roughly in di cat ing the dis tri bu tion of the main
morphotypes; D – per cent age dis tri bu tion of the bipedal morphotypes

Fig. 12. Speed and di rec tions

A – Sl/h ra tio fre quency; B – speed fre quency, the peak cor re sponds to a
slow speed (about 5 km/h), but higher val ues are pres ent as well, with
two spec i mens run ning faster than 20 km/h; C – rose di a gram of walk ing 
di rec tions



im pres sive con sid er ing the small size of Deio XLI
(Fl: 14.9 cm).

In Fig ure 12C the di rec tions of the trackways and iso lated
tridactyl foot prints (mea sured along the digit III elon ga tion
axis) are shown. A gen eral scat tered dis tri bu tion of the di rec -
tion is ev i dent, with a main mov ing di rec tion along a
SSE–NNW axis; none the less, apart from this peak, it is worth
no tic ing the oc cur rence of a roughly ENE–WSW di rec tion,
par al lel to the main route of the sauropod pres ent in the same
lev els (Bel ve dere, 2008).

ICHNOTAXONOMICAL INTERPRETATION

M o r p h o t y p e  2 A – Meyer and Monbaron (2002) and
Bel ve dere et al. (2007) as signed this morphotype to
Carmelopodus Lockley, Hunt, Paquette, Bilbey and Hamblin,
1998a. How ever, apart from the spec i men Detk MLX
(N 31°42.368’, W 006°54.340’), il lus trated in Fig ure 3D–F, all
the other foot prints pres ent the im pres sion of a gen er ally
rounded “heel”, whereas the orig i nal de scrip tion states the lack
of “...any im pres sion of a fourth prox i mal pad on digit IV in all
ontogenetic stages...” (Lockley et al., 1998a). No clear
phalangeal for mula can be de rived from the spec i mens stud ied, 
not even look ing at the con tour lines draw ings gen er ated from
the 3D mod els, mak ing un cer tain the clas si fi ca tion of this
morphotype (apart of Detk MLX) as Carmelopodus.

In deed, thee “heeled” tracks of this morphotype seem very
sim i lar to Wildeichnus Casamiquela, 1964; a com pa ra ble foot -
print was re cently de scribed by Gierliñski et al. (2009) from the
Mid dle Ju ras sic of Mo rocco, and clas si fied as Wildeichnus sp.,
but it is not of com pa ra ble size to the ana lysed ma te rial. Thus,
most of the type 2A spec i mens can be as signed to Wildeichnus
sp., while Detk MLX can be con sid ered as cf. Carmelopodus sp.

M o r p h o t y p e  2 B – be cause of the high sym me try of its
interdigital an gles this morphotype has been com pared with
Anomoepus scambus Hitch cock, 1845. This taxon was de -
scribed as “...small (pes <20 cm), mostly bipedal and
tetradactyl, but func tion ally tridactyl...” (Olsen and Rainforth,
2003). De spite some mor pho log i cal sim i lar i ties with A.
scambus, the Mo roc can spec i mens pres ent some dig i tal pad
im pres sions, and do not have the in ward ro ta tion of the pes typ -
i cal of that ichnospecies; more over, nei ther manus tracks nor
digit I im pres sions have been found, thus pre vent ing a sure
com par i son of the morphotype with this ichnotaxon.

Lockley et al. (1998b) de scribes a new ornithopod
ichnotaxon, lack ing in manus im pres sions: Dinehichnus
socialis. It is di ag nosed as a “...small- to me dium-sized bi ped
with foot prints about as wide as long. Tracks quad ri par tite,
sym met ric and tridactyl with dis tinc tive cir cu lar heel pad im -
pres sion.” Com pared with this ichnotaxon, the morphotype 2B
shows many sim i lar i ties in the ta per ing ter mi na tion of the dig -
its, in the pro por tion be tween length and width, and in the high
divarication an gle. How ever, it al ways pres ents a rounded
“heel” lack ing in the D. socialis de scrip tion. Fur ther more, the
tracks are not quad ri par tite, since they do not have sep a rated
dig its. Gierliñski et al. (2009) de scribes a cf. Dinehichnus sp.
from the Mid dle Ju ras sic of Mo rocco which pres ents a tri an gu -
lar “heel”, less rounded but not dis sim i lar from the IouaridÀne
spec i mens. Thus, this morphotype is clas si fied as cf.
Dinehichnus sp.

M o r p h o t y p e s  2 C,  2 D,  2 F – these three morphotypes
are dis cussed to gether, as their af fin ity is close to
Megalosaurus tracks, al though their ichnotaxonomical sta tus
needs fur ther clar i fi ca tion. This un cer tainty goes back to the as -
sig na tion of Eutynichnium lusitanicum von Nopsca, 1923 to
the theropod Megalosaurus pombali made by de Lapparent and 
Zbyszewski (1957), and be came increasingly con fus ing in time 
with the re vi sions of sev eral re lated new ichnotaxa:
Megalosauripus (Lessertisseur, 1955; Lockley et al., 1996),
Bueckeburgichnus maximus (Kuhn, 1958) Megalosauropus
(Colbert and Merrilees, 1967; Keaver and de Lapparent, 1974;
Antunes, 1976), Gigantosauripus (Mensink and Mertmann,
1984), Hispanosauropus (Mensink and Mertmann, 1984)
Irenesauripus (Stern berg, 1932). Lockley et al. (2000) and
Thulborn (2001) tried to solve the prob lem, but their in ter pre ta -
tions are so dif fer ent that the only ichnogenus that should be
con sid ered valid at the mo ment is Hispanosauropus hauboldi
(Lockley et al., 2007, 2008). In this pa per, we con sider valid
the Megalosauripus sensu Lockley et al. (2000), since it is
com pletely dif fer ent from Bueckeburgichnus maximus.

Fig ure 13 clearly il lus trates the sim i lar i ties of the Mo roc can
tracks with the spec i mens from the Late Ju ras sic of Ar i zona,
Utah, and Por tu gal de scribed by Lockley et al. (2000, fig. 8) and
as signed to Megalosauripus (sensu Lockley et al., 2000). Nev er -
the less, the mor pho log i cal sim i lar i ties with Megalosauripus
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Fig. 13. Com par i son of tracks with “megalosaurian” af fin ity

A – sche matic draw ing of Deio CXXVIII/16, re flected ver ti cally to be a
right foot print; B – Megalosauripus track from Por tu gal, re drawn from
Lockley et al. (2000); C – Megalosauripus track from Ar i zona, re drawn
from Lockley et al. (2000); D – Megalosauripus track from Utah, re draw
from Lockley et al. (2000); scale bar 20 cm



(sensu Thulborn, 2001) are fewer, since the ichnogenus con sid -
ered by the au thor as a new ichnotaxon is based on the re vi sion
of the tetradactyl Bueckebeurgichnus maximus. Those foot prints 
that do not pres ent phalangeal pad im pres sions greatly re sem ble
the H. hauboldi from Asturias. Be ing aware that the
megalosaurian or i gin of these tracks is only con jec tural, the
“megalosaurian” af fin ity of morphotype 2C is cer tain, as are the
sim i lar i ties with Megalosauripus (sensu Lockley et al., 2000)
and Hispanosauropus (Lockley et al., 2007).

The same holds true for the tetradactyl tracks of
morphotype 2D: the gen eral mor phol ogy, es pe cially the po si -
tion and ori en ta tion of digit I, sug gest great sim i lar i ties with
Eutynichnium lusitanicum von Nopsca, 1923, for mally
emended by Lockley et al. (2000). Nouri (2007) pro posed a
new ichnospecies, Eutynichnium atlasichnus, for this
morphotype, but the pro posed holotype (foot print 1Am2.5,
Nouri, 2007) is too poorly pre served and de te ri o rated to be
con sid ered as the type ma te rial for this ichnotaxon. That track,
mapped by Bel ve dere (2008) as Deio DVI/5 (N 31°43.988’, W
006°53.921’), lies within a trackway se quence which shows
some pos si ble tetradactyl tracks, and does not pre serve any un -
doubt edly digit I im pres sions (Fig. 7C). Type 2D tracks gen er -
ally show very poor pres er va tion and are al ways linked with
tridactyl tracks. The im pres sions of digit I are in ter preted here

as hav ing been con trolled by the sed i ment rhe ol ogy rather than
by the anat omy or be hav iour of the trackmaker. 

These con sid er ations, and the poor ichnotaxonomical sta -
tus, does not jus tify the def i ni tion of a new ichnotaxon.

The tetradactyl morphotype 2F also shows some
“megalosaurian” af fin ity, es pe cially with B. maximus (sensu
Lockley et al., 2000), in re la tion to the po si tion and ori en ta tion
of digit I, and the im pres sion of the metapodium; how ever, the
Mo roc can tracks have a more slen der and nar rower meta tar sal
im print. In or der to ver ify the theropod or i gin of this gen er ally
poorly pre served ichnotaxon and also for test ing its
“megalosaurian” af fin ity we car ried out a Prin ci pal Com po nent 
Anal y sis with all the tracks of morphotypes 2C, 2D and 2F us -
ing Past 1.86© (Ham mer et al., 2001). The eight pa ram e ters
con sid ered are the foot length and width, the free length of dig -
its II, III and IV, the interdigital an gle II-III and III-IV, and the
toe ex ten sion (Weems, 1992). The score plot (Fig. 14) clearly
il lus trates that the types are per fectly cor re lated, with only a
few foot prints fall ing out of the type 2C group. In deed, the type
2F has been con sid ered to gether with 2C and 2D.

Thus, the “megalosaurian” af fin ity of all the three
morphotypes can be af firmed, but it is pos si ble to make an tax o -
nom i cal clas si fi ca tion only for morphotype 2C, that can be
clas si fied as Megalosauripus sp. (sensu Lockley et al., 2000). 
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Fig. 14. PC1 vs. PC2 score plot of the com par i son be tween morphotypes 2C and 2F 
(8 vari ables)

Gray tri an gles – morphotype 2C; black stars – morphotype 2F; PC1 = 47.6%; PC2 = 17.0%; PC3 = 13.7%; PC4 = 8.8%; PC5 = 5.1%; PC6
= 4.5%; PC7 = 2.2%; PC8 = 1.0%; Fl – the foot length; Fw – the foot width; II, III, IV – the free digit length of digit II, III and IV, re spec -
tively; te – the toe ex ten sion; II^III and III^IV – the divarication an gle II-III and III-IV, re spec tively



M o r p h o t y p e  2 E – this morphotype has re cently been
tax o nom i cally in ter preted also by Boutakiout et al. (2009).
How ever, we re port here our in ter pre ta tion which is broadly
sim i lar to that al ready cited. De spite a su per fi cial re sem blance
to some known ornithopod tracks, the oc cur rence of clear claw
marks in the best-pre served spec i mens ques tions this in ter pre -
ta tion; be cause of their very large size, they have been com -
pared to the larg est theropod foot prints known. The size of the
spec i men stud ied is sim i lar to the one of Tyrannosauripus
Lockley and Hunt, 1994. How ever, the Mo roc can spec i mens
are al ways tridactyl, whereas Tyrannosauripus is nearly
tetradactyl, more ro bust in its mor phol ogy and was left by
nearly semi-plantigrade an i mals.

Other large theropod foot prints have been re corded from
the Mid dle Ju ras sic of Oxfordshire (Lockley and Meyer, 2000;
Day et al., 2002, 2004) and York shire (Whyte et al., 2006)
which show over all mor pho log i cal and di men sional sim i lar i -
ties of the pes.

Like the Eng lish spec i mens, the Mo roc can foot prints also
show dis play gen eral mor pho log i cal sim i lar i ties with the
“megalosaurian” tracks from the same site, but no cer tain as sig -
na tion can be made be cause of the pe cu liar straight ness of digit
III, and also due to the ab sence of the vari able gait de scribed for 
Megalosauripus (Lockley et al., 2000).

The o ret i cally a new ichnotaxon should be only es tab lished
when enough well-pre served spec i mens are avail able. This is
man da tory to un der stand the vari abil ity of the tracks, and to
avoid er ror in iden ti fi ca tion. Even if these foot prints prob a bly
be long to a new ichnotaxon, at least at the spe cies level, the gen -
eral poor pres er va tion does not al low us to es tab lish a new taxon.

SUMMARY AND CONCLUSION

1. The siliciclastic IouaridÀne tracksite bears an ex tremely
di verse track as sem blage, dom i nated by di verse bipedal tracks
con sist ing of large, mid dle and small theropods and prob a bly
also by small or ni tho pods. The lack of un equiv o cal large
ornithopod tracks is noteworthly. Cur rently this is the most di -
verse ichnocoenosis from the Late Ju ras sic strata of Gond wana.

It is quite sim i lar to those of Spain (Asturias), Por tu gal and the
Four Cor ners area of the USA (Bel ve dere and Mietto, 2009).

2. The prev a lence of large theropods could re flect a real
fau nal dis tri bu tion, or it may have been due to the rhe o log i cal
prop erty of the sub strate. Small tracks, in deed, are quite rare in
the en tire site and al ways shal low; this fact, to gether with the
rel a tively shal low (<20 cm) tracks of huge sauro pods (Bel ve -
dere, 2008; Marty et al., 2010), points to the tracks be ing made
on firm ground.

3. The size of at least one trackway (25IGR1) mea sured by
Boutakiout et al. (2009) was over es ti mated. More over, dif fer -
ent trackways can rarely be linked as seg ments of lon ger
trackways, based on the di rec tion of movemen. Short and scat -
tered seg ments can not be con sid ered part of a lon ger dis con tin -
u ous trackway based only on mov ing di rec tion, as the di no saur
would have had to walk only on a straight line, with out any
turns or changes in di rec tion. There fore, tracks 13IGR1 (Deio
XLII in Bel ve dere’s sur vey) and trackway 16IGR1 (not
mapped by Bel ve dere) can not be cor re lated be cause they are at
least 2 km away from one an other.

4. The avail abil ity of high-res o lu tion 3D mod els of the foot -
prints stud ied (see sup ple men tary data) al lowed a more de tailed 
study. There fore, the shar ing of these data should be come a
com mon pro ce dure in ver te brate ichnology, mak ing the pub -
lished data more ob jec tive and al low ing better com par i sons
and/or re vi sions. There fore ichnotaxonomical com par i sons
would be come eas ier, help ing to solve some of the sys tem atic
prob lems re main outstanding.
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