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Besides bones, fossil tracks and trackways are important sources
of knowledge about dinosaur palaeobiology. Here, we report
three new tracksites from two different synclines in the Imilchil
area, Central High Atlas, Morocco. The tracks and trackways
are preserved in fluvial deposits in different levels of the
Isli Formation (Early Bathonian—?Upper Jurassic), and contain
impressions made by sauropods, theropods and ornithopods, as
well as tracks that might represent bird-like non-avian theropod
dinosaurs. In addition to traditional field measurements, three-
dimensional digital models of the track sites were created using
photogrammetry. These new tracksites add to the rich faunal
ichnoassemblage already recorded from the High Atlas
Mountains and North Africa, which is considerably richer than
the contemporaneous body fossil record, and also provide new
data on dinosaurs-substrate interactions.

1. Introduction

The Imilchil area is located in the heart of the Central High Atlas,
and is the richest region for dinosaur and other vertebrate traces
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in Morocco. These traces are preserved on the surfaces of beds in the Imilchil (Upper Bajocian-Lower [ 2 |
Bathonian) and Isli (Lower Bathonian-?Upper Jurassic) formations in the various synclines of the region.
The tracksites described here are preserved in the Isli Formation. This formation consists of a thick
succession of fluviolacustrine red bed deposits. The documentation of the tracks of the Imilchil region is
relatively recent, beginning with Gierlinski et al. [1] who studied three tracksites on the northern limb of
the Ait Ali Ou Ikkou (AAK) syncline. Those authors described theropod footprints of small (Wildeichnus
sp.), medium (fialingpus sp. and Carmelopodus) and larger size (Changpeipus sp., Therangospodus sp. and
Dinehichnus sp.), as well as those of sauropods (Parabrontopodus sp.) and an ornithiscian track
(Stegopodus sp.). Subsequently, Gierlinski et al. [2] described bird-like traces (Trisauropodiscus isp.) in the
upper part of the Imilchil Formation on the northern limbs of the AAK syncline and the Plateau des
Lacs syncline. Klein et al. [3] and Masrour et al. [4] studied crocodilian (Crocodylopodus meijidei and
Batrachopus isp.) footprints in the Isli Formation of the northern limb of the AAK syncline. Klein et al.
[3] also reported the coexistence of pterosaur (Pteraichnus) and crocodilian (Crocodylopodus meijidei)
footprints. Oukassou et al. [5] studied tracksites including large sauropod tracks referred to as the
ichnospecies Polyonyx isp. Masrour et al. [6] documented the tail tracks of swimming crocodiles.
Ceniceros et al. [7] described two very large isolated colossal theropod footprints with lengths exceeding
70 cm. Finally, Klein et al. [8] reviewed previously described footprints and documented new tracksites
in beds of the Imilchil and Isli formations; those authors described new footprints that they attributed to
multiple theropod ichnogenera (Carmelopodus, Wildeichnus, Changpeipus, Kayentapus, Megalosauripus,
Trisauropodiscus and Grallatoridae), an ornithopod ichnogenus (small Dinehichnus?) and large
ornithischian tracks (Sinoichnites).

Studies of wider dinosaur ichnology in Morocco began with the work of Plateau [9], and research has
increased during the last two decades with several papers devoted to Jurassic tracksites, especially in
areas geographically close to Imilchil (e.g. [10-20]).

Taken together, these works demonstrate a diverse vertebrate assemblage in the Middle to Late Jurassic
of Morocco which is not replicated in the body fossil record of the area. The main objective of this work is to
document three new tracksites in two synclines (AAK and Outerbat) of the Imilchil region. These tracksites
shed further light on Jurassic dinosaur communities and the palaeoenvironmental reconstruction of this
period in the study area.

*sosi/Jeunof/610Guiysgnd/aposjedos

L60LET 0L DS uadp 0S5 Y

2. Geological setting

The Imilchil-Outerbat region is located in the heart of the Central High Atlas and belongs to the Atlas
system, which is an intracontinental alpine belt (figure 1a; [22,23]). The chain extends from the central
Atlantic to Tunisia and was formed as a result of the inversion of Triassic-Early Jurassic rifting, in
response to the convergence of the African, Iberian and Eurasian plates since the end of the
Cretaceous (e.g. [23-25]).

The Imilchil-Outerbat region is a mountainous area characterized by a succession of narrow anticlinal
ridges and synclinal gutters which are generally trending 60° N (figure 1b). The core of the ridges is
occupied by Central Atlantic Magmatic Province (CAMP) green basalts and latest Triassic red pelites
[26-29], as well as a transitional series of Upper Jurassic-Lower Cretaceous magmatic intrusions (e.g.
[30-34]. Some of the ridges are unconformably overlain by red pelites and basaltic flows of the
Palaeogene Tasraft Formation [35,36]. The synclines are filled by deposits of Middle Jurassic age,
organized in a mega-sequence of marine formations, surmounted by a thick continental series.

Stratigraphically, the terraines of the Central High Atlas are more than 6000 m thick and were
originally subdivided into a marine formation (the Agoudim Formation) overlain by a continental
formation (the Anmzi Formation) [37].

However, Charrieére et al. [38] established a new and more detailed subdivision for the terraines of the
Imilchil area (figure 2a). From the base to the top, these are: (i) the Tassent Formation (Toarcian—
Aalenian) formed by 600 m of carbonates, siltstones and marls; (ii) the Bab n’Ouyad Formation
(Lower Bajocian) formed by 200 m of reef limestones; (iii) the Tislit Formation (Upper Bajocian)
formed by 500 m of marls and limestones and shallow water limestones; (iv) the Imilchil Formation
(Upper Bajocian-Lower Bathonian), formed by 200 m of marine sandstone marls and calcarenites with
intercalations of continental siltstones and sandstones; and (v) the Isli Formation (Lower Bathonian—?
Upper Jurassic) consisting of 1500 m of fluvio-lacustrine deposits. These continental deposits are quite
rich in dinosaur and other vertebrate footprints ([8] and references therein).
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Figure 1. Geological setting of the study area. (a) Imilchil area in its regional geological context (from the geological map of
Morocco at 1000000 and Teixell et al. [21]). (b) Detailed geological map of the Imilchil area (from the geological maps at
100000 of Imilchil, Tinghir, Tinjdad and Tounfit, modified). For the stratigraphic terms of (b): 1, CAMP basalts and argillites
Triassic; 2, Lower Lias limestones; 3, Tassent Formation; 4, Bab n’Ouayad Formation; 5, Tislit Formation; 6, Imilchil Formation;
7, Isli Formation; 8, Tasraft Formation; 9, Quaternary deposits; 10, Jurassic-Cretaceous magmatic intrusions; 11, doleritic dykes;
12, lakes; 13, faults; 14, anticlinal axis; 15, synclinal axis; 16, roads; 17, studied tracksites.

The three dinosaur tracksites studied in this work are located in the Isli Formation of the Outerbat
and Ait Ali Ou Ikkou synclines. The Outerbat syncline is bordered by Amagmag ridge on the west
side and Aberdouz ridge on the east. Ait Ali Ou Ikkou syncline is bordered by Msadrid and Ait Ali
Ou Ikkou ridge on the northwestern side and the Amagmag ridge to the southeast (figure 1b).

The age of the Isli Formation remains poorly defined. The formation has been attributed to the
Bathonian—Callovian [38,40] on the basis of brachiopods from the upper marine beds of Imilchil
Formation (underlying the Isli Formation) in the Plateau des Lacs syncline. The age of the Isli
Formation has been suggested to be as young as Late Jurassic based on ichnotaxa [8].
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Figure 2. The situation of tracksites levels in the Jurassic series of the Imilchil region. (a) Synthetic log of the geological formations
of the Imilchil region [38,39]. (b) Sedimentological log of the Outerbat syncline. (¢) Sedimentological log of the AAK syncline.

Recently, we collected brachiopods in the uppermost beds of the marine limestones of the Imilchil
Formation in the Outerbat and AAK synclines. These brachiopods are represented by two species:
Burmirhynchia athiensis (Rousselle, 1965) and Cymatothynchia reynesi (Oppel, 1865), which suggests a
basal Bathonian age, zigzag zone, Parvum sub-zone (Y. Alméras (deceased) from the University
Claude-Bernard-Lyon 1 and P. Fauré from the Museum of Natural History of Toulouse 2022, personal
communication). This would support a Bathonian to Late Jurassic age for the overlying Isli Formation,
in which the tracks described here are preserved.

3. Methods

3.1. Track documentation

The sites described herein were documented via photogrammetry according to accepted standard
ichnological protocols [41]. Photographs were taken in the field using a Nikon D750, and processed
into textured meshes using Reality Capture v. 1.2. Digital models were produced of track surfaces,
and of individual tracks separately. Height maps were generated using Blender. All data
(photographs and models) are available from https://doi.org/10.6084/m9.figshare.23374418.

3.2. Track measurement

In order to study the different tracks in detail, make interpretations about the trackmaker and to make
comparison with previous discoveries, field measurements of footprints remain a fundamental tool.
Measurements taken of sauropod, ornithopod and theropod footprints in the field were the length (L)
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Figure 3. The detailed sedimentological logs of the different studied tracksites. N.B. the symbols of the sedimentary structures and
tracks are the same as those used in figure 2.

of each track, its width (W), the distances between successive tracks (PL) and the angles between the
digits of tridactyl prints II"II, IV and IIMV.

3.3. Palaeoenvironmental interpretation

Stratigraphic sections of the entire Isli Formation within the two synclines (figure 2), and detailed sections
at the tracksites (figure 3), were studied. Unconsolidated sediments were washed for microfossils, and
thin-sections were made of indurated rocks and examined under a petrographic microscope.

4. Results

4.1. Tracksite one

4.1.1. Sedimentology and palaeoenvironmental interpretation

Tracksite one is located on the southern limb of the Outerbat syncline. It is the first discovery of tracks in
the Outerbat syncline. The tracks, particularly larger impressions, are generally moderately well
preserved (see [42] and [43]) on the surface of a reddish fine sandstone bed (figure 3). Most tracks
score 1-2 on Belvedere and Farlow’s [44] quality scale. This centimetric bed is intercalated with a
series of clayey and silty deposits. It corresponds to the top of an alternation of almost 5 m of silty
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Figure 4. Both surfaces of tracksite 1, presented as photogrammetric models in true-colour and height-map. The two surfaces are
located some distance apart, separated by a valley, but belong to the same bedding surface. Red—blue scale in both b and d is
50 cm. Boxes * and ** are shown in detail in figure 5a—c.

deposits and fine red sandstone forming a horizontal heterolithic level. It is also overlain by siliciclastic
facies comprising grey mudstones and siltstones intercalated with sandstone layers over a thickness of
6 m, and the sequence is capped by silty limestones.

These siltstones and mudstones correspond to alluvial and lacustrine floodplain deposits that extend
across the syncline. The sandstone beds are unchannelled and unconfined fluvial sheetflood deposits.
The whole package corresponds to the fluvio-lacustrine sequence of the Isli Formation in the Outerbat
syncline. This sequence is capped by lacustrine limestones with charophytes and lacustrine ostracods.

4.1.2. Description of the track horizon

This track horizon is the first to be described in the Outerbat syncline and is located 1.5 km northwest of
Outerbat village (coordinates: 32°8'59.06” N; 5°22/40.73” W). The trampled surface is a single bedding
plane that is divided into two halves by a small valley (figure 4). The beds are inclined at an angle of 40°
to the northwest. The two halves of the track horizon are more than 60 m long and each up to 4.5 m wide.
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Figure 5. (a) Close-up of box ** in figure 4, in isometric view, displaying several sauropod tracks with displacement rims occurring
in the same direction for each. (b), (c): close ups of track * in figure 4 in true colour and height map, respectively (red—blue =
30 cm), showing how the raised area of sediment in front of the track remains coherent, slipping at the sides.

The track horizon is a trampled surface comprising numerous trackways that cross each other. Eleven
distinct theropod trackways (with 34 tracks in total), six sauropod trackways, one ornithopod trackway
and three trackways that may correspond to thyreophoran dinosaurs are present on the bedding plane,
along with a number of isolated tracks. The ornithopod track trends 226° and comprises 19 tridactyl
tracks with digit impressions that are sub-equal in length. Each footprint is approximately 30 cm long
from heel to the end of the central digit, and the heel-heel stride length is approximately 85 cm. The
stride length does not appear to vary significantly along the trackway. We studied an area of the
bedding plane where three sets of theropod trackways cross-cut each other. All of the trackways
consisted of tridactyl footprints with narrow digit traces and pointed ends, and the central digit was
the longest. The largest trackway trended 266°. It comprised three tracks with a footprint length of
approximately 35cm, and a heel-heel stride length of approximately 112 cm. A second trackway,
comprising smaller footprints, cross-cut the larger one and trended 121°. It is composed of four tracks,
each about 30 cm in length and with a stride length of approximately 100 cm. The smallest track
comprised three tracks trending at 166°. The tracks were approximately 26 cm long and the heel-heel
stride length was 106 cm. The longest theropod trackway observed comprises 10 distinct tracks, and
trends 094°. Each footprint is approximately 26 cm in length, and the heel-heel stride length is
approximately 85 cm. The largest theropod trackway preserved comprises five tracks with a footprint
length of approximately 39 cm and a heel-heel stride length of approximately 100 cm.

Sauropod tracks on the surfaces range from approximately 50 to 80 cm in length, with similar width
measurements, and appear as rounded or elliptical impressions surrounded by displacement rims
(maximum zone of deformation; [45]). Size including displacement rims is of the order of 1.3-1.4 m.
Tracks appear as larger and smaller impressions, which may indicate manus and pes; however, they
do not appear to be clearly arranged in consistent trackway patterns, primarily because of the narrow
exposure of each surface, though linear relations between groups of sauropod tracks are observed
(figure 4c,d). Similar sauropod tracks have already been documented in the AAK syncline [5,7,8,46],
but this is the richest track horizon in terms of the number of sauropod footprints in the entire region.

Of particular note are the raised displacement rims around the sauropod tracks. Several tracks
indicate large-scale movement of substrate under the moving foot, in such a way that the original
surface sheared as it was pushed upwards, remaining relatively intact (figure 5). The sediment surface
at the time of track formation was therefore relatively competent and probably overlaid a softer
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material below, as would be found when the surface of a muddy area has dried in the sun, but the n
subsurface remains soft. Many of these displacement rims have been weathered or eroded and now
have a blocky appearance. The smaller theropod tracks on the surface do not have observable
displacement rims, and the interiors are blocky and do not retain anatomical features such as skin or
pad impressions, further consistent with a drier, more competent sediment surface.

4.2. Tracksite two

4.2.1. Sedimentology and palaeoenvironmental interpretation

The tracksite is located on the southern limb of the AAK syncline, in the middle part of the Isli Formation.
The latter is formed in this syncline by more than 1500 m of fluvio-lacustrine deposits (figure 2c). Like the
tens of other dinosaur footprint sites in the AAK syncline, the footprints of this tracksite are well
preserved on the surface of a massive greyish fine sandstone bed. It is a centimetric sandstone bed of
decametric extension, intercalated between grey and reddish mudstones and siltstones with an
intercalation of fine sandstone with horizontal heterolithic stratifications. The grey silty mudstones
have yielded charophyte oogonia and limnic ostracods. The sandstone bars are also rich in fossilized
wood, ripples and invertebrate bioturbation. The palaeoflora and palaeofauna of these deposits
indicate a continental depositional environment that corresponds to the alternation of large ephemeral
lakes and distal sandstone channels of kilometre-wide extension.
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4.2.2. Description of the track horizon

This site presents a trampled surface, and was uncovered by the work of villagers collecting stones for
house construction, which unfortunately destroyed several other surfaces in this syncline. The track
horizon is located 1 km south of Taghighacht village (coordinates: 32°9'35.76” N; 5°30'35.71” W). The
sandstone slab bearing the footprints is almost 10 m long and up to 2.5 m wide, and dips about 70° to
the north. The surface is marked by numerous small, tridactyl theropod trackways, one putative
pterosaur track, and one ornithopod trackway (figure 6). The tridactyl tracks have pointed digit traces
with an elongate central toe, and are 3.8-5.5 cm long and 2-2.5 cm wide. The angles between the
digits of these prints are approximately: II"[II=19.5°, III"IV =28.68° and IV =48.18°. All of the
trackways trend in the same direction, at approximately 270°. Stride lengths vary along each trackway,
and from time to time, the tracks appear next to each other, as though the animals were stopping,
standing and then starting to move again.

The tracks on this surface are the smallest tridactyl footprints found in the region, and even in the
whole country. In this area, Klein ef al. [8] documented two small isolated mesaxonic pes tracks
assigned to Wildeichnus ichnogenus. These tracks are larger (3.5-5.3 cm) than those described here.
Klein et al. [3,8] have also reported the presence of pterosaur footprints in the Isli Formation.

The putative pterosaur track is presented in figure 6. The impression appears to display four digits
asymmetrically. No other tracks like it are present on the surface. An alternative interpretation is that
the impression is the result of two or more overprinting theropod tracks, though if this is the case,
these tracks are also not part of clear trackways. Unfortunately, the photogrammetric documentation
was taken before the track was identified, and as such this track, being particularly small, is not
present in the model in sufficient detail to be presented as a height map.

The track surface appears to have been subjected to some level of erosion/weathering, and track
boundaries are not well defined in most cases for both the small and larger tracks. The relatively
uniform direction of travel on the surface is reminiscent of the numerous small tracks from Lark
Quarry, Australia [47,48], though here the larger trackway indicates movement in the same direction
as the smaller tracks, rather than counter to it.

4.3. Tracksite three

4.3.1. Sedimentology and palaeoenvironmental interpretation

The tracksite is located on the northern limb of the AAK syncline, not far from its southwestern
perisynclinal termination. The footprints of this tracksite are well preserved on the surface of a
horizontally laminated fine sandstone bed. The surface of the bed shows, in addition to footprints,
small sedimentary structures resembling microbially induced sedimentary structures (sensu Noffke
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Figure 6. Tracksite two, displaying numerous small tridactyl tracks, and one larger tridactyl track, all heading in the same direction
(top—bottom in this image). Presented as true-colour (a) and height-map (b). Red-blue scale =5 cm. Close up views of a theropod
track () and ornithopod track (d) are presented as height-mapped renders (colour scale arbitrarily changed from b for clarity).
Panels (e—g) show wide (e), close (f) and interpretive (g) images of the putative pterosaur track.

et al. [49]) and desiccation cracks, as well as burrows (figure 3). This centimetric bed is intercalated
between grey silty argillites. These mudstones were deposited in the same palaeoenvironment as that
described for tracksite two.

The sandstone beds indicate channel and sheetflood deposits, the fine sediments are floodplain and
open lake deposits.

These sedimentological observations lead us to conclude that the depositional environment of these
facies corresponds to a continental fluvio-lacustrine environment, like the palaeoenvironment of the
other tracksites.

4.3.2. Description of the track horizon

The track-bearing horizon is located about 3 km to the south of the Ait Ali Ou Ikkou village, at
coordinates 32°7'19.06"” N; 5°35'24.48” W. It is a centimetric bed of fine sandstone inclined at 40° to
the south. The surface is a narrow bedding plane exposed for more than 5 m and is 30-60 cm wide. It
contains a single 4 m long trackway, trending 210°, with nine deep and well-preserved bird-like
footprints (figure 7). The tracks are tridactyl with extremely narrow digit impressions and a high
interdigital angle, highly reminiscent of modern bird tracks. Each track is approximately 17 cm long,
with a short stride length of approximately 42 cm. Some tracks preserve a posterior hallux impression,
and all have a posterior elongation caused by indentation of the metatarsals [50].
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Figure 7. Tracks from tracksite 3, displaying penetrative nature and avian-like morphology. (a) True colour and height map of the
complete trackway (red—blue scale = 10 cm). (b) Interpretation of one track, displaying both entry and exit traces, and raised area at
the anterior of the track.

This is the first site discovered in the Isli Formation that contains bird-like tracks. Gierlifiski et al. [2]
described bird-like footprints in the Imilchil Formation (Upper Bajocian-Lower Bathonian) and referred
to them as Trisauropodiscus isp. About 50 km southeast from this tracksite, at the locality of M’smrir,
Belvedere ef al. [51] documented similar tracks, of the same age (Lower Bathonian—?Upper Jurassic),
and described them as Anomoepus-like.

The tracks visible at tracksite three are clearly penetrative in nature [52-55], where the foot has
penetrated the original tracking surface, before being withdrawn. Several tracks show distinct entry
and exit traces from digit III (figure 7), and probably record three-dimensional motions of the foot
within the subsurface track volume [54,56]. While anatomical fidelity (foot pads, skin impressions) is
lacking, the tracks are clearly exceptionally well preserved [52], appearing very similar to modern bird
tracks made in soft mud. The short stride length is probably a result of the animal moving slowly
over a deep, deformable substrate.

5. Discussion and conclusion

In a region such as Imilchil, where the palaeoenvironment was favourable for the preservation of the
tracks and trackways of various tetrapod ichnofaunas forming an ichnoassemblage dominated by
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dinosaurs, the discovery of these three new tracksites increases our knowledge of the richness and
diversity of the dinosaurs from Morocco in particular and North Africa in general.

Dinosaur body fossils are unknown from the Middle to Late Jurassic of the Imilchil area, and are rare
across the whole of North Africa. To date, only four taxa have been described from the Middle to Late
Jurassic of Morocco, all of which are either sauropodomorphs or thyreophorans.

‘Cetiosaurus’ mogrebiensis is from the El Mers 1 Formation (Bathonian) of the Middle Atlas [57], while
Atlasaurus imelakei is from the Guettioua Formation (Bathonian-?Callovian) in the northern front of the
Central High Atlas [58]; both are sauropodomorphs. The stegosaur Adratiklit boulahfa and the ankylosaur
Spicomellus afer are both from the El Mers 3 Formation (Bathonian—Callovian) in the Middle Atlas [59,60].
In other North African countries, several additional Middle Jurassic dinosaur body fossils have been
discovered, although all are sauropods: Chebsaurus algeriensis from the Aissa Formation (Callovian) in
northwest Algeria [61,62], ‘Brachiosaurus’ nougaredi from the Middle Jurassic of Taouratine in eastern
Algeria [63], Spinophorosaurus from the Irhazer Group (Bathonian-Callovian) in the Iullemmeden
Basin of Niger [64] and Jobaria from Tiouaren Formation (Callovian) in the Iullemmeden Basin of
Niger [65,66].

The tracks described here and previously from the Central High Atlas indicate that Middle to Late
Jurassic ecosystems in Morocco were far more diverse than is indicated by the body fossil record. The
dinosaurs that left these footprints were large sauropods, small and medium-sized theropods, and
medium-sized ornithopods. To date, there is no body fossil record of ornithopods or theropods from
the Middle to Late Jurassic of Morocco, although their tracks have been documented previously in the
area [8]. The oldest bird body fossils worldwide are those of Archaeopteryx von Meyer [67] from the
Upper Jurassic Solnhofen Limestone (Germany). In Morocco, bird-like tracks have previously been
described in the uppermost levels of the Imilchil Formation and correlative deposits [2,51], though
whether these were made by avian or non-avian theropods is unknown.

Body fossils cannot reveal the whole picture of fauna diversity, especially of dinosaurs in the Jurassic
of Morocco, so ichnology is a powerful tool for reconstructing ecosystems. The discovery of these three
tracksites complements the others already discovered in the region. As well as revealing the diversity of
the dinosaurs, they also reveal information about the interaction between the behaviour of the dinosaurs
and the substrate.
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