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Abstract

We report the discovery in Mesozoic continental “red beds” of Anoual Syncline, Morocco, of
the new Guelb el Ahmar (GEA) fossiliferous sites in the Bathonian Anoual Formation. They
produced one of the richest continental biotic assemblages from the Jurassic of Gondwana,
including plants, invertebrates and vertebrates. Both the sedimentological facies and the biotic
assemblage indicate a lacustrine depositional environment. The florais represented by tree
trunks (three families), pollen (13 species, five major clades) and charophytes. It suggests local
forests and humid (non-arid) conditions. The vertebrate fauna is dominated by microvertebrates
recovered by screening-washing. It is rich and diverse, with at least 29 species of all major groups
(osteichthyans, lissamphibians, chelonians, diapsids, mammals), except chondrichthyans. It
includes the first mammals discovered in the Middle Jurassic of Arabo-Africa. The GEA sites
yielded some of the earliest known representatives of osteoglossiform fishes, albanerpetontid
and caudate amphibians, squamates (scincomorphans, anguimorphan), cladotherian mammals,
and likely choristoderes. The choristoderes, if confirmed, are the first found in Gondwana, the
albanerpetontid and caudatan amphibians are among the very few known in Gondwana, and the
anguimorph lizard is the first known from the Mesozoic of Gondwana. Mammals (Amphitheriida,
cf. Dryolestida) remain poorly known, but are the earliest cladotherians known in Gondwana.The
GEA biotic assemblage is characterized by the presence of Pangean and Laurasian (especially
European) taxa, and quasi absence of Gondwanan taxa. The paleobiogeographical analysis
suggests either a major fossil bias in Gondwana during the Middle Jurassic, and an overall
vicariant Pangean context for the GEA assemblage, or alternatively, noticeable Laurasian
(European) affinities and North-South dispersals. The close resemblance between the Bathonian
faunas of GEA and Britain is remarkable, even in a Pangean context. The similarity between the
local Anoual Syncline Guelb el Ahmar and Ksar Metlili faunas raises questions on the ?Berriasian
age of the latter.

Research Highlights
e First discovered Middle Jurassic flora and fauna with microvertebrates from Africa.
e Ityields the first Middle Jurassic mammals from Africa (stem Cladotheria).

e The fauna has either Laurasian or Pangean affinities.
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1. Introduction

On the main part of the Moroccan Atlasic domain, continental red beds were deposited since the
Middle Jurassic to the Upper Cretaceous (du Dresnay, 1956; Choubert and Faure-Muret, 1960-62;
Jenny et al., 1981; Michard et al., 2008). Their age has been highly debated because of the lack of
undisputable chronostratigraphic markers. The historical controversy is synthesized in Monbaron



(1988). Since the 1980s, new paleontological discoveries with significant stratigraphical implications
were made, especially for vertebrates (Monbaron and Taquet, 1981; Sigogneau-Russell et al., 1988,
1990; Monbaron et al., 1999; Allain et al., 2004; Haddoumi et al., 2008, 2010) and microfossils
(Charriere, 1992; Charriere et al., 1994, 2005). Together with sedimentology study, they also provide
new paleoenvironmental and paleogeographical data.

During the geological study of the Anoual Area, eastern part of High Atlas Mountains, Morocco,
Haddoumi (1998) and Haddoumi et al. (2008) reported in the Guelb el Ahmar site the discovery of
fossil remains of the semionotid fish Lepidotes from a lacustrine limestone bed of the Jurassic Anoual
Formation. The fossiliferous bed is located stratigraphically high in the Anoual Formation, about 100
m below the contact with the Ksar Metlili Formation (Discordance D1 in Haddoumi et al., 2008).

In 2010 we developed new prospects and field researches for vertebrates in the Jurassic and
Cretaceous of the Anoual area (Anoual and Qsar Jilali synclines), with the sponsorship of the National
Geographic Society. This resulted in the discovery and study of the new Guelb el Ahmar
microvertebrate fauna (acronym GEA) from the Anoual Formation that includes in particular the first
known Middle Jurassic mammals from Arabo-Africa.

2. Material and methods

Most of the recovered fossils are microremains of vertebrates that were collected by water
screening- washing (diameter of mesh = 0.8 mm), except for larger fossils found by surface collecting.
The fossil specimens that were found are deposited in the collections of the University Hassan Il —
Casablanca.

SEM images were made at the UMR 7207 and at the MNHN “Plate-forme de microscopie
électronique”. Two specimens (GEA 2-1, GEA 2-20) were studied by computed scanning
microtomography. CT scanning was conducted at the X-ray Tomography Imagery Platform AST-RX of
the MNHN, using a GE Sensing and Inspection Technologies phoenix|x-ray v|tome|x L240-180 CT
scanner with the nanofocus RX source (180 kV/15W). The GEA2-1 scan was made with an isotropic
voxel size of 1.35987 um under a voltage of 55 kV and a current of 260 pHA. The GEA2-2 scan was
made with an isotropic voxel size of 2.24292 um under a voltage of 90 kV and a current of 170 pA.
Data were reconstructed using phoenix datos|x 2.0 reconstruction. 3D processing and modelling of
the CT scans were made with the help of the program Materialise Mimics Innovation Suite 16 at the
3D imaging platform of the UMR 7207 (CR2P).

Paleobotanic studies. Palynological samples were processed using the standard treatment used
in palynology (Erdtman, 1943; Batten, 1999). The slides were analysed under a Nikon Eclipse 80i light
microscope using a differential interference contrast objective (after Nomarski) and equipped with a
Nikon D 300 digital camera. Several separate optical section pictures were taken for each sample and
photographic depth of field was reconstructed using the program Helicon Focus.

Abbreviations

GEA: Guelb El Ahmar locality (3 loci, GEA |, 2, 3; Anoual Syncline), belonging to the Anoual
Formation, Bathonian.



KM: Ksar Metlili locality (Anoual Syncline), belonging to the Ksar Metlili Formation, ?Berriasian.

3. Location and geological context
3.1. Geological and stratigraphical context

The Guelb el Ahmar sites (acronym GEA) yielding vertebrate remains are located on the
northern rim of the eastern High Atlas Mountains, about 7 km NNE of Anoual city (Fig. 1). The mostly
continental Jurassic red beds [“couches rouges” also termed Continental Intercalaire by pioneering
French geologists (e.g., Kilian, 1931)] are widely distributed in the Middle and High Atlas Mountains
(Allain and Aquesbi, 2008). Their age has been highly debated because of the lack of undisputable
chronostratigraphic markers (du Dresnay, 1969; Monbaron, 1988). In the Atlasic domain, this clastic
sequence of red beds corresponds to the filling of Middle Jurassic basins, and it precedes the Aptian
or the Cenomanian marine transgression (Choubert and Faure-Muret, 1960-1962; du Dresnay, 1979,
Charriére, 1992, 1996). In the Anoual area, this sequence of red beds is stratigraphically sandwiched
between the marine upper Bajocian-?lower Bathonian marly calcareous unit (Pholadomya marls and
limestones Formation) and the marine Cenomanian-Turonian limestone bank (Fig. 2).

<<Fig. 1 here>>

In the Anoual area, these red beds are moderately affected by tectonics and are about 500
meters thick (Haddoumi et al. 2008, fig. 1). They are usually divided in two or three lithological units
separated by disputed unconformities. The considerable time interval of deposition (from the Middle
Jurassic to the Early Cretaceous) for these red beds suggests numerous hiatuses (du Dresnay, 1969;
Monbaron, 1988). In the Anoual Syncline, Haddoumi et al. (2008) differentiated three
lithostratigraphic units of red clastics (Fig. 2), from base to top: the Anoual Formation (lower
Bathonian), the Ksar Metlili Formation (?Berriasian or late Tithonian-early Berriasian transition), and
the Dekkar Group (?Barremian to Cenomanian). The Ksar Metlili Formation (~80 m thick) is delimited
by two unconformities (Haddoumi et al., 2008, fig. 2). It has yielded the Ksar Metlili microvertebrate
fauna (Sigogneau-Russell et al. 1988, 1990; also called “Anoual fauna” in Sigogneau-Russell et al.,
1998), that includes the most diversified African and Gondwanan Mesozoic mammal assemblage.
The Ksar Metlili Formation is dated as Berriasian on the basis of calcareous nannofossils
(coccolithophores) found in a marly bed located below the microvertebrate lens (Sigogneau-Russell
et al., 1990), or late Tithonian-early Berriasian based on charophytes found in a bed located 5-7
meters above the microvertebrate lens (Haddoumi et al., 2008; Mojon et al., 2009; see fig. 2). The
Berriasian age of the nannofossils found in the Ksar Metlili Fm needs to be further tested with
additional biostratigraphic data.

<<Fig. 2 here>>

The Guelb el Ahmar fauna is stratigraphically located in the upper part of the Anoual
Formation, which is about 500 meters thick. The Anoual Formation is subdivided into a thick
continental lower member, and a shallow marine carbonaceous upper member delimited at the top
by the erosional unconformity D1 that marks the contact between the Anoual and Ksar Metlili
formations (Haddoumi et al. 2008). The Bathonian age of this upper marine member (Fig. 3) is
constrained by the brachiopod fauna (Haddoumi et al. 1998).



<<Fig. 3 here>>

The lithology and sedimentary structures of the lower member suggest a flooding plain
and/or deltaic depositional environment. This is consistent with the large fossil trunks that are
common in that unit. The fossiliferous levels yielding the Guelb el Ahmar (GEA) vertebrate fauna
belong to the upper part of the lower member of the Anoual Fm (Fig. 2). Two contiguous fossiliferous
beds yielding microvertebrates have been sampled at Guelb el Ahmar (Fig. 4). The lower fossiliferous
level is a lacustrine limestone yielding small and medium-sized fossil remains, including fishes and
turtles (see Table 1). The top of this lacustrine bed is capped by a duricrust yielding abundant
remains of fishes such as Lepidotes; it was sampled especially at GEA 1 and GEA 3 sites. This crust of a
few centimeters (its thickness varies laterally) is overlaid by a thin bed of dark-brown, slightly lignitic
marls that were intensively sampled (GEA 2) for screen-washing (see below). They are covered by 2-3
meters of green-greyish marls which pass upward into reddish mudstone and cross-bedding
sandstone with bioturbation, and other sedimentary structures suggesting a fluviatile-deltaic
depositional environment.

<<Fig. 4 here>>

<<Fig. 5 here>>

3.2 The Guelb el Ahmar microvertebrate faunas and sites (Anoual Fm, Bathonian)

Three Bathonian sites in the Guelb el Ahmar area, from the Anoual Fm (lower member), were
sampled for research and study of its (micro) vertebrate fauna during our field work in 2010.

GEA 1: North 32° 44’ 00”; West 03° 08’ 40”. This site corresponds to lacustrine limestones
rich in semionotiform fishes remains, mostly represented by “Lepidotes” scales. 650 kg of lacustrine
limestone were sampled in GEA 1 site and are still being chemically processed by acid-attack to
extract additional vertebrate remains (they are not included, nor discussed in the present paper).

GEA 2: North 32°43'43.00"; West 03° 09' 06.00". This is a new site that was sampled during
our 2010 fieldwork in a level of brownish (to variegated) and gypsiferous marls overlying the
lacustrine limestones rich in fishes. It is located 1 km SSW from GEA 1. The microfauna reported here
from this site was recovered following sampling and screening-washing of 1200 kg of sediment (Fig.
5). The screening residue that was sorted for recovery of fossil vertebrate microremains represented
about 50 kg, i.e., 4% of the sampled sediment.

GEA 3: North 32°43'42.00"; West 03° 09'07.00". This is a new site close to GEA 2 that was
sampled at the top of the lacustrine limestones rich in fishes for recovery of vertebrate mesoremains,
mostly of crocodilians, by surface collecting. Additionally to crocodilians, it yielded lungfishes and
chelonians.

GEA 3 and GEA 1 correspond to the same level of calcareous lacustrine limestones, which
underlies GEA 2.

<<Fig. 6 here>>



4. Paleobotanical analysis of Anoual Formation samples (Fig. 6, 8A)

A research for spores and pollen was developed in several levels from Anoual and Ksar Metlili
Fms. In this aim, we sampled and studied nine localities of the Anoual Formation including the GEA 1
lacustrine limestones, the GEA 2 brownish marls, and a level of lignite from the base of the
formation. Only two of them yielded results.

Wood remains were also identified from one level called Oued Metlili lignites of the Anoual Fm
They are also represented by abundant large fragments of trunks in the Anoual Formation.

Brown marls GEA 2 (Fig. 6 A-H)

The organic matter is present, but very altered and translucid. Besides some Quaternary
polluting, only pollen and spore grains were recognized:

e Green algae: Botryococcus sp., Schizosporis sp.;

e Ferns: Cyathidites sp., Ischyosporites variegatus (Couper) Schulz 1961, Leptolepidites
sp.;

e Pteridospermales: Alisporites sp.;

e (Cycadales/Bennettitales: Cycadopites sp.;

e Conifers: Araucariacites australis Cookson 1947 ex Couper 1953, Callialasporites sp.,

Classopollis sp., Inaperturopollenites sp., Pityosporites sp., Bisaccates spp.

The presence of pollen of Cheirolepidiaceae (Classopollis) and Araucariaceae (Araucariacites
australis) agrees with the occurrence in the Anoual Fm of abundant fossil wood trunks of conifers
(Fig. 7). Dinoflagellate cysts and marine microfossils are absent in GEA 2. Unfortunately, the
palynoflora identified in GEA 2 does not include any accurate stratigraphical diagnostic taxon.
Araucariacites australis and Classopollis are known from the Upper Triassic (Rhaetian) to the
Cretaceous. Ischyosporites variegatus (Schizaeaceae hygrophile) appears in the Hettangian and the
first Callaliasporites in the Toarcian. The palynoflora recovered in GEA 2 indicates an age no older
than Toarcian and suggests deposition within lacustrine in a freshwater environment (Van Erve,
1977; Fenton, 1984; Hoelstad, 1985; Thusu and Vigran, 1985; Guy-Ohlson, 1986; Schweitzer et al.,
1987; Thusu et al., 1988; Bucefalo Palliani, 1997; Barron et al., 2010; Dehbozorgi et al., 2013).

Besides pollen and spore grains, the brown marls of GEA 2 site also yielded a microflora of poorly
preserved and undetermined oogones of Charophyta during the sorting of the fossil remains (Fig.
8A). The charophytes from the lacustrine limestones of Guelb el Ahmar were previously studied by
Mojon in Haddoumi et al. (2008) and Mojon et al. (2009), who identified the species Aclistochara
africana (Characeae) of Pangean affinities.

Oued Mettlili lignites (Fig. 6 1-N)

Our sample in this lignitic level located at the base of the Anoual Fm has yielded pycnoxylic
homoxyleous wood remains, characterized by uniseriate rays with thin and smooth walls, and
numerous radial pits of different types: uniseriate flattened, contiguous or rarely spaced pits. Some
sectors have araucarian and biseriate pits or biseriate rounded to squared opposite pits. In radial
section, cross-fields appear to contain 4-6 (8) alternately arranged inclined pits per field.



This wood is close to Protopodocarpoxylon subrochii Attims 1965, a conifer with mixed structural
tendency. This species was discovered close to the Boulemane to Missour road, south of the “col des
guatre vents” (see du Dresnay, 1969, fig. 4), in the Ait-Kermousse syncline. According to du Dresnay
(1969), both the age and locality of the holotype of P. subrochii are uncertain.

The structure of the Anoual wood also closely resembles that of a fossil wood trunk with
branches studied by Boureau (1951, 1957) from the Anoual Syncline, and dated as Middle Jurassic by
du Dresnay (1969). It was identified as related to the species Protopodocarpoxylon teixeirae Boureau
1949 from the Early Cretaceous of Portugal. However, the Morrocan fossils represent a distinct
species. Both Moroccan and Portuguese species should probably be transferred to the genus
Brachyoxylon (Cheirolepidiaceae).

The wood structure of material from Oued Metlili lignites also closely resembles that of
Protopodocarpoxylon teixeirae and Protocupressinoxylon chouberti, studied by Attims (1965), from
the Middle Jurassic (du Dresnay, 1956) of the Skoura Syncline. These two specimens should be
revised and referred to the Cheirolepidiaceae family.



Conclusion on the flora from the Anoual Fm

The occurrence of large fossil tree trunks (diameter > 50 cm, up to 80 cm) in the Middle
Jurassic of the Atlas continental deposits (Choubert and Diouri, 1969; du Dresnay, 1969; Haddoumi,
1998; and our field observations), such as the Anoual Formation (various sites, e.g. Fig. 7), indicates
the presence of local forests. However, the taxonomic diversity of local woods was low and restricted
to three families: Araucariaceae [Dadoxylon (Araucarioxylon) aff. sahariense Veillet-Bartoszewska in
Gazeau 1969], Cheirolepidiaceae (Protopodocarpoxylon teixeirae Boureau 1949,
Protocupressinoxylon chouberti Attims 1965), and Podocarpaceae (Protopodocarpoxylon pro parte,
Phyllocladoxylon atlasicum Crémier 1969 and Metapodocarpoxylon libanoticum (Edward 1929)
Dupéron-Laudoueneix and Pons, 1985). A low wood diversity in northern Gondwana was already
mentioned by Pons (1988) and Philippe et al. (2004). The absence or very weak growth rings in these
woods from the Jurassic of Anoual indicates a continuous cambium activity under stable climatic
conditions. The wood association from the Jurassic of Anoual also supports an even although low
level of moisture.

5. Systematic Palaeontology of the Guelb el Ahmar fauna

Most of the fossil material from Guelb el Ahmar consists of fish scales and isolated crocodilian
teeth. The brown marl level sampled in locality GEA 2 yielded only fragmentary remains and most of
the microvertebrate assemblage described here; fragments of turtle plates are the largest fossils
found in this level. The underlying lacustrine limestone yielded medium-size specimens, including
scattered elements of the same crocodilian individual at GEA 3 site.

One remarkable feature of the microfauna from Guelb el Ahmar is the absence of any tooth of
selachians, in contrast to the ?Berriasian microfauna of Ksar Metlili (e.g., Duffin and Sigogneau
Russell 1993) in the same Anoual syncline and to other Jurassic localities from Africa (for a review,
see Lopez-Arbarello et al., 2008).

<<Fig. 8 here>>
Arthropoda von Siebold, 1848

Some poorly preserved shells of ostracods were recovered from the GEA 2 site (Fig. 8B).
According to Haddoumi et al. (2008) and Mojon et al. (2009), the ostracods from the Anoual Fm
belong to marine (two species) and laguno-lacustrine (nine species) forms.

Mollusca Linnaeus 1758

Numerous small shells of gastropods were found at GEA 2. Planorbids (Fig. 8C) show a planispiral
shell, while lymnaeids (Fig. 8D) and valvatids (Fig. 8E) have a high and low helicoidal shell,
respectively. This association is typical of freshwater environments and commonly occurs in Jurassic
continental assemblages (e.g., Yen and Reeside, 1952).

Vertebrata Lamarck 1801

Pisces Linnaeus, 1758



Osteichthyes Huxley, 1880

Actinopterygii Klein, 1885

Lepisosteiformes Hay, 1929

Lepidotes sp. or Scheenstia sp. (Fig. 9A, 10A)
Material: isolated teeth and scales

Small subconical teeth, devoid of carinae and ornamentation, have been found at GEA 2 (Fig.
9A). Rather large ganoid scales are common in the limestone of GEA 1 and GEA 3 (Fig. 10A). These
scales are rhomboid and thick, and the enamelled outer surface is smooth. Similar scales from the
Middle Jurassic of the Democratic Republic of the Congo (Leriche, 1911, 1920; Hussakof, 1917) have
been described as Lepidotus (= Lepidotes) congolensis (nomen dubium). In Morocco, Lapparent
(1955) described some scales of a large form referred to Lepidotes sp. from the Bathonian of EI-Mers.
The material here described can be referred either to the genus Lepidotes s.s. or to the genus
Scheenstia, the valid species of which being Early and Late Jurassic-Early Cretaceous in age,
respectively (Lépez-Arbarello, 2012).

cf. lonoscopiformes Grande and Bemis, 1998
cf. lonoscopiformes indet. (Fig. 9B)

Small ganoid scales are one of the most abundant elements in the marls of GEA 2. Most of these
scales are thin and show a rhombic shape. The outer enamelled surface is smooth and the posterior
margin bears fine indentations. Such scales are present in ionoscopiform fishes and can be
tentatively assigned to ophiopsids, a widespread family already known in the Middle Jurassic of
Africa (Democratic Republic of the Congo) (Saint-Seine and Casier, 1962; Lépez-Arbarello et al.,
2008).

<<Fig. 9 here>>
Osteoglossiformes Berg, 1940 (Fig. 9C-D)

Abundant small squamules, rectangular or polygonal in shape, have an ornamentation
consisting of small granules bent in the same direction (Fig. 9E). They cannot be distinguished from
osteoglossiform squamules described from various Cretaceous and Paleogene non-marine deposits
(Gayet and Meunier, 1983; Prasad, 1987; Gayet and Brito, 1989; Werner, 1994; Taverne et al., 2007)
and are therefore referred to this group. Interestingly, similar squamules were also described from a
microvertebrate site (Mile 175 locality) in the Late Jurassic Morrison Formation of Wyoming (Foster
and Heckert, 2011: fig. 4), but these specimens were identified as scales of Actinopterygii indet. As
previously noted by Sigogneau-Russell et al. (1990: 470), squamules of osteoglossiforms are also
present in the Ksar Metlili locality (Ksar Metlili Fm), but they have never been described or figured.
This material includes granulated squamules (Fig. 9F) which are very similar to those from the GEA
locality. The osteoglossiform remains of the Middle Jurassic of Anoual Syncline represent the earliest
known occurrence of this teleostean order. It is worth noting that a molecular phylogenetic analysis
performed by Kumazawa and Nishida (2000) suggested a late Paleozoic origin of the order
Osteoglossiformes. The GEA Bathonian fauna thus reduces the time gap between molecular and



fossil evidences. This early occurrence of osteoglossiforms is also consistent with the recent mean
posterior age estimate (Permian, 279.8 Ma) from the relaxed morphological analyses for the crown
teleost lineage, thus implying a strong sampling bias (Friedman et al., 2014).

<<Fig. 10 here>>

Sarcopterygii Romer, 1955

Actinistia Cope, 1870
Mawsoniidae Schultze, 1993

Mawsoniidae indet. (Fig. 10C-E)
Material: skull bones including a parasphenoid (Fig. 10C) from GEA 3.
Description

A few cranial bones show an ornamentation consisting of well-marked, subparallel and
sometimes bifid ridges (Fig. 10D-E). This is found for instance in parietals, angulars or operculum of
mawsoniid coelacanths (Carvalho and Maisey, 2008). In addition, a triangular parasphenoid tooth
plate displaying a rugose surface was collected (Fig. 10C). It is similar to that described in Cavin and
Forey (2004: fig. 5b). In Africa, mawsoniids are known from the Middle Jurassic of Lualaba
(Democratic Republic of the Congo) with the genus Lualabaea (Lopez-Arbarello et al., 2008).

Dipnoi Miiller, 1884
Arganodontidae Martin, 1982

Arganodus Martin, 1979
Arganodus sp. (Fig. 10F-G)
Material: isolated teeth (Fig. 10F-G) from GEA 1-3

Several tooth plates were found in both GEA 2 and 3 stratigraphic levels. They are conspecific but
show a wide size range, indicating that several age-classes (i.e., from neonates to adults) are
represented here. They show a right triangle outline in occlusal view and bear seven salient, sharp
crests radiating from the inner angle. The unworn lingual extremities of the crests can show some
small cusps. The mesial (first) crest is slightly curved while other ones are straighter. The lingual
(seventh) crest is less developed and partly fused to the sixth one. Due to these morphological
features, these tooth plates can be unambiguously assigned to the genus Arganodus [considered by
Kemp (1998) as junior synonym of Asiatoceratodus, an opinion not followed by Cavin et al. (2007)]
(Martin, 1984). Arganodus is well represented in the Mesozoic rocks of northern Africa, where two
species are known: A. atlantis from the Triassic of Morocco and Algeria, and A. tiguidiensis from the
Late Jurassic-Early Cretaceous of Algeria, Ethiopia and Niger (Martin, 1979, 1984; Goodwin et al.,
1999; Soto and Perea, 2010). The latter species mainly differs from the former by its smaller and
more elongated tooth plates (Martin, 1984).
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Osteichthyes indet. (Fig. 9C-D)

Numerous small, indeterminate osteichthyan ichthyoliths are present in the GEA 2 assemblage.
Some ornamented specimens are characterized by an outer surface showing fine, blunt, wavy ridges
(Fig. 9E) or by bent, irregularly arranged, spiny tubercles (Fig. 9F).

Pisces indet. (Fig. 10B)

An isolated, incomplete spine displaying a single row of well-developed, bent (upturned?)
denticles was collected at GEA 3. This spine seems to be partly hollow and its external surface is
smooth. It is morphologically reminiscent of cypriniform or siluriform spines commonly found in
Cretaceous and younger non-marine deposits (e.g., Gayet and Brito, 1989: pl. 1, fig. 10). In addition,
the presence of possible cypriniform remains was mentioned in the Ksar Metlili Fm (Sigogneau-
Russell et al., 1998). However, this specimen cannot be confidently assigned to an ostariophysan fish
due to both its fragmentary nature and Bathonian age (although a recent molecular phylogenetic
analysis has revealed that the major ostariophysan lineages diversified in the Middle Jurassic; Wang
et al., 2011). Alternatively, this specimen could represent a myriacanthid holocephalan spine
fragment, as suggested by its median row of large denticles (Duffin, 1981, 1983). Moreoever, a row
of upturned denticles can be present in Myriacanthus spines (E. Popov, pers. comm., 2014).
However, the lack of tuberculation on the lateral walls and the non-marine origin of this specimen do
not allow its definitive assignment to the Myriacanthidae. Therefore, this specimen is referred to an
indeterminate fish pending further analysis and discoveries.

Amphibia Linnaeus, 1758

Lissamphibia Haeckel, 1866
Allocaudata Fox and Naylor, 1982

Albanerpetontidae Fox and Naylor, 1982

Albanerpetontidae indet.

Material: GEA 2-22, an incomplete premaxilla (Fig. 11A); GEA 2-21, an incomplete frontal (Fig. 11B).
Description

An incomplete azygous premaxilla belongs to albanerpetontids. It preserves the ventral part of
the pars dorsalis and the median portion of the pars dentalis. Although incompletely preserved, it
may be stated that it likely belongs to the ‘gracile type’ (Gardner, 2002). There is no trace of a sagittal
suture. The labial face does not bear ornamentation, i.e. ornamentation did not reach the ventral
part of the pars dorsalis. Some circular pits are perhaps nutritive foramina. On the lingual face, the
pars palatinum markedly projects posteriorly but its margin is broken away. A sagittal, blunt ridge
extends on the lingual face of the pars dorsalis; it separates two depressions. The left depression is
filled with matrix, but an elliptical, comparatively large suprapalatal pit opens in the right one. The pit
is located against the sagittal ridge and against the pars palatinum; it faces posterolaterally. Only
bases of teeth are preserved; teeth were deeply pleurodont, narrow and closely spaced.
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The posterior part of a frontal is available. The bone is azygous as in all albanerpetontids. Its
posterior and left borders are damaged. The bone narrows anteriorly. Its dorsal face is flat and it
bears an ornamentation that poses a problem. The ornamentation varies with the intensity and angle
of the light. Observed under low and low-incident light, the ornamentation consists of some
approximately polygonal, irregular cells enclosed by low but rather well-defined ridges; the bottoms
of the cells are flat and small, round pits are located there. The cells are larger than those of other
albanerpetontid species. However, if observed under strong light or in SEM images, parts of the
ridges are no longer visible and cells no longer appear as such (Fig. 11B). On the ventral face, a
sagittal low ridge extends through the entire length of the remains. The ventrolateral crests are
comparatively broad.

Comments

This albanerpetontid appears to be distinct from all known species. The ornamentation of its
frontal is peculiar; in other albanerpetontids, it consists of moderately large and shallow, polygonal
to ovaloid depressions or cells. In addition, the combination of the azygous nature of the premaxilla
and of the position of the suprapalatal pit close to the pars palatinum is shared only with the North
American Albanerpeton nexuosum (Late Cretaceous and ?Albian) and the ‘Paskapoo species’
(Paleocene) and with the European A. inexpectatum (Miocene) and A. pannonicus (Pliocene).
However, it differs from the latter four species by the posterolateral orientation of its suprapalatal
pits, the orientation being posterior in these four species (Gardner, 2002; Gardner and B6hme,
2008). It differs also from Wesserpeton (from the Barremian of Britain; Sweetman and Gardner,
2013) in having an azygous premaxilla and a sagittal ridge on at least a part of the ventral face of the
frontal.

Comparisons with Anoualerpeton are of particular interest. This genus includes two species;
An. unicus, from the earliest Cretaceous of Morocco, was recovered from the close locality Ksar
Metlili, while An. priscus, found in Britain, is of Bathonian age, as is the form described here. The
form from GEA 2 differs from the two species of Anoualerpeton by the pattern of ornamentation of
the frontal (see above), but also in having an unpaired premaxilla wich lacks any trace of suture
(paired in Anoualerpeton) and suprapalatal pits close to the pars palatinum (dorsally distant in
Anoualerpeton) (Gardner, 2002; Venczel and Gardner, 2005). In addition, the frontal is broader than
that of An. unicus, the difference in width being weaker in An. priscus.

Finally, it is possible to state that the albanerpetontid from GEA 2 represents a new taxon.
Unfortunately, the available material does not permit to name this taxon and no attempt to a
phylogenetic analysis can be made. This albanerpetontid is the earliest one along with Anoualerpeton
priscus from Britain and an indeterminate form from France (Gardner and Béhme, 2008) and it is one
of the only two species (along with An. unicus) of the clade recovered from a Gondwanan area.

<<Fig. 11 here>>
? Caudata Scopoli, 1777
Family indeterminate

Material: GEA 2-29, a fragment of a dentary (Fig.11C).
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Description

The fragment is a short portion of the anterior part of a dentary, from the area that is
between the symphysis and the anterior extremity of the Meckelian groove. This preserved portion is
thick and robust. The lateral face is convex and, except the pars dentalis, it is ornamented with
round, shallow depressions. On the lingual face, the pars dentalis represents approximately one-third
of the height of the bone. The bases of three teeth are preserved; they are pleurodont and
cylindrical. A broad and dorsally concave subdental shelf is present. Ventral to the subdental shelf,
the medial surface of the dentary is flat, without any trace of a groove, and it slopes ventrolaterally.

Comments

The stout transverse section, shallow pars dentalis (with regard to the height of the bone)
and the broad subdental shelf are characteristics occurring in the post-symphyseal region of the
dentary of basal salamanders such as Urupia (Bathonian of Western Siberia; Skutchas et al., 2005;
Skutchas and Krasnolutskii, 2011) and in cryptobranchoids (?Bathonian to Present; Vasilyan et al.,
2013). The compactness of the bone is very high, as isin Urupia, since no cavity appears in the
transverse section. In cryptobranchoids, the compactness is high but cancellous bone and cavities
lighten the bone. However, the absence of cavities in GEA 2-29 and Urupia may result from
fossilization.

Dentaries of two other caudatans from the Bathonian are known. GEA 2-29 differs from
Marmorerpeton from the Bathonian of Britain (Evans et al., 1988) in having a clearly shallower pars
dentalis and in lacking a horizontal groove on the lateral face of the dentary. In Kokartus from
Kyrgyzstan, the Meckelian groove reaches the symphysis (i.e., there is no portion without Meckelian
groove) and the lateral face bears an ornamentation comprised of parallel ridges.

It should be noted that peculiar caudatans were reported from the Gondwanan Mesozoic,
more specifically from the Cretaceous of Africa and South America. They were regarded either as
endemic to Western Gondwana (as Noterpetontidae; Rage et al., 1993) or as members of the sirenids
that are primarily known from North America (Evans et al., 1996). In Africa, they are represented by
species of the Cenomanian genus Kababisha. The dentary of the latter bears a marked horizontal
groove on its lateral face; GEA 2-29 lacks this groove.

The similarity between GEA 2-29, Urupia and cryptobranchoids clearly suggests referral to
Caudata, especially as such dentaries appear to be unknown in other vertebrates. However, in view
of the very limited nature of the specimen, the referral cannot be made without reservation.

If really a salamander, then GEA 2-29 is one of the earliest representatives of the group,
along with a few other Bathonian fossils: Marmorerpeton and two indeterminate salamanders from
Britain (Evans et al., 1988; Evans et al., 2006), Urupia and two indeterminate forms from Western
Siberia (Skutchas and Krasnolutskii, 2011; Skutchas, 2013) and Kokartus from Kyrgyzstan (Skutchas
and Martin, 2011). Moreover, Gao et al. (2013) regarded Chunerpeton, Jeholotriton and Liaoxitriton
from China as taxa of Bathonian age; however, the Daohugou beds that produced these fossils are
likely post-Bathonian (Sullivan et al., 2014). GEA 2-29 is therefore the earliest salamander from
Africa, a continent from which extinct and extant salamanders are extremely rare.
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?Lissamphibia incertae sedis

Material: GEA 2-2, an incomplete maxilla (Fig. 11D and Suppl. Fig. S1).

A puzzling maxilla was recovered from GEA 2. Although referral to fishes (? Amiiformes)
cannot be definitely rejected, it is tentatively assigned to lissamphibians on the basis of the
morphology of its teeth.

Description

The specimen (GEA 2-2) is a right maxilla; it is well ossified, strongly built and thick. In lateral or
medial view, a curved emargination is interpreted as the posteroventral margin of the orbit. It cannot
be the limit of the external naris because it is located at the level of the posterior portion of the tooth
row. The bone being very thick, the ventral margin of the orbit forms a rather broad floor. A foramen
opens in the posterior part of the orbital margin; the foramen is prolonged anterolaterally by a short
groove. The border of the orbit slightly protrudes laterally, thus forming a low rim. The bone
markedly extends posterior to the orbit. There is no true ornamentation; however, the lateral surface
is pitted in a way that is clearly reminiscent of Gymnophiona (Wilkinson et al., 2011). A semi-circular
depression is located posteroventrally to the rim of the orbit on the lateral side. Just dorsal to the
tooth row, the ventral part of the lateral wall is separated from the more dorsal area by a break and
it rotated medioventrally. Consequently, its ventral border is close to the tooth row. However, before
breakage and displacement, a rather broad space separated the tooth row from the lateral wall.
Medially, only the posterior part of the tooth row is preserved. The bases of five teeth are preserved.
Teeth are clearly pleurodont and cylindrical. They are all broken at the level of the edge of the crista
dentalis and the breaks are clear and horizontal. This suggests that teeth were pedicellate, the
surfaces of the tooth sections being likely significant (Greven and Clemen, 1980). It is presumed that
teeth were broken through their ‘dividing zones’ and that the preserved portions are the pedicels.
The tooth row ends abruptly, slightly posterior to the orbit. There is no pars palatinum (= lamina
horizontalis). Posterior to the orbital emargination is the base of a strong medial process directed
posteromedially and slightly ventrally. The process is broken and its section is subcircular. The
process is prolonged ventrally and slightly posteriorly by a thick, slightly curved blade whose medial
part is broken away. The ventralmost part of the blade covers the posterior end of the tooth row.
The medial extents of the process and of the blade cannot be estimated. The process, and perhaps
part of the blade, likely contacted the braincase posterior to the foramen for the optic nerve. The
ventral part of the blade perhaps articulated with the pterygoid. Anteriorly, the process is prolonged
by a horizontal shelf that grades into the ventral margin of the orbit. This shelf cannot be a pars
palatinum because it lies distant, dorsal to the teeth. A large chamber is located posteroventrally to
the orbit, between the base of the medial process and the lateral wall. The chamber is dorsal to the
tooth row and it is clearly separated from the space that is between the tooth row and lateral wall.
The chamber opens, on the medial face of the bone, as a large foramen facing posteromedially and
that is located posterodorsal to the base of the process. The chamber prolongs, as a broad canal,
within the anterior part of the maxilla, ventral to the orbital emargination. Canals originate in the
chamber and lead to several foramina. It is not possible to describe all canals. However, one of these
foramina opens in the posterior part of the orbital margin (see above). Three foramina open at the
base of the process, one posteriorly and two ventrally. One foramen sits in the medioventral border
of the horizontal shelf. A foramen likely opens in the space between the tooth row and the lateral
wall. On the medial face of the specimen, a short curved line posterior to the process and to the large
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opening of the chamber may represent a suture between the maxilla and another bone. If that is the
case, the entire outline of the suture is unknown and it does not appear on the lateral face of the
bone.

Comments

This singular maxilla is tentatively assigned to Lissamphibia on the basis of the inferred
pedicellate nature of its teeth. Aside from thickness and strong ossification, one of the most striking
features of this bone is the extent of the lateral wall posterior to the orbit. In this respect, it may be
entertained whether the emargination really corresponds to the orbit and not to the external naris.
In the latter case, the posterior extension would be the dorsal (also termed prefrontal) process of the
maxilla itself that forms the posterior margin of the naris and is anterior to the orbit in amphibians.
However, the position of the emargination, only slightly anterior to the posterior end of the tooth
row, leads to discard this possibility.

Assuming that the emargination corresponds to the orbit, the posterior extent of the bone
may be formed by the maxilla itself or by fused postorbital bones. The fact that the tooth row
terminates markedly anterior to the posterior part of the bone clearly suggests that at least one
element is fused to the maxilla. On the medial face, a line may be regarded as the trace of a suture
(see above). In Gymnophiona, the orbit (where present) is limited posteriorly by bone(s) whose
homology may be discussed (Carroll and Currie, 1975; Trueb, 1993; Wilkinson et al., 2011). Generally,
in Caudata and Anura, the orbit is not limited by bone posteriorly. However, in some strongly ossified
taxa, the squamosal can form a more or less complete posterior border and may fuse to the maxilla.
Only Allocaudata always lack a posterior bony margin. However, whatever the nature of the bone
posterior to the orbit, GEA 2-2 markedly differs from these taxa (Gymnophiona, Caudata, Anura,
Allocauduta) by the thickness of the bone which forms a very broad ventral margin of the orbit, the
absence of a pars palatinum, the presence of a chamber posteroventral to the orbit, and in having a
marked space between the tooth row and lateral wall. GEA 2-2 further differs from Gymnophiona in
lacking either an extensive contact or fusion with the palatine; in gymnophionans, the palatine bears
a row of teeth that is medial to that of the maxilla, a condition that is already present in the earliest
gymnophionan, Eocaecilia from the Early Jurassic (Jenkins et al., 2007).

Two features deserve special attention: the chamber that is located posteroventrally to the
orbit and the space that lies between the tooth row and the external wall. The chamber is enigmatic.
If the emargination were part of the external naris, then the chamber might be interpreted as the
accommodation for the tentacular apparatus, as is known in gymnophionans. However, there is
apparently no canal exiting outwards. Anyway, since the emargination quite likely corresponds to the
orbit, the chamber cannot be identified. The function of this chamber and what was housed in it
remain unknown. The space that is lateral to the tooth row is also a very peculiar feature. It is
unmatched in amphibians and its role, if any, cannot be explained.

Finally, GEA 2-2 is characterized by a unique combination of characters: teeth pleurodont and
likely pedicellate, bone very thick, teeth and lateral wall separated by a space and presence of a
chamber located in the bone posterior to the orbit. It is tentatively referred to as Lissamphibia
incertae sedis. However, the strong build and posterior extent of the lateral face more or less
suggests that it might belong to the stem of lissamphibians, if really related to this group.

15



Testudinata Klein, 1760

At least four different morphotypes based on shell ornamentation and plate size, most likely
representing four different taxa, have been recognized at GEA 2 and GEA 3 sites. However, all turtle
specimens are identified here as Testudinata indet. due to the fragmentary nature of the material. In
Morocco, turtle remains were reported from the Bathonian of El Mers (Termier et al., 1940), but this
material has never been described in detail nor figured and thus cannot be compared to the
specimens found at GEA.

<<Fig. 12 here>>
Testudinata indet. 1 (Fig. 12A)

This morphotype is represented by about fifty plate fragments. The external surface of all these
elements is ornamented with blunt, irregular and clearly defined vermiculations. One of the
specimens is a fragment of costal plate (Fig. 12A). This type of ornamentation is similar to that
observed in Late Jurassic-Early Cretaceous solemydid and pleurosternid cryptodiran turtles (Milner,
2004; Pérez-Garcia et al., 2013). The only other Middle Jurassic turtles to have a vermiculate
ornamentation are Heckerochelys from western Russia (Sukhanov, 2006) and Siamochelys from
Thailand (Tong et al., 2002). However, this ornamentation seems to be less pronounced in those taxa
than in the Moroccan specimen.

Testudinata indet. 2 (Fig. 12B)

The second morphotype is represented at least by a neural plate slightly longer than wide. It is
devoid of any ornamentation and characterized by its small size and a median longitudinal carina
displaying a well-defined anteroposteriorly elongated groove (Fig. 12B).

Testudinata indet. 3 (Fig. 12C-D)

The third morphotype is also represented by smooth plates (Fig. 12C) and is by far the most
abundant. The peripheral plates are nevertheless ventrally ornamented by longitudinal costulations
(Fig. 12D). It may correspond to a larger form.

Testudinata indet. 4 (Fig. 12E)

The last morphotype is known by two small incomplete costal plates (Fig. 12E), the ribs of which
are clearly visible on their ventral surface. The crocodile osteoderm-like ornamentation of the plates
consists of clearly defined and closely spaced, deep alveoli. It is similar to the pitted ornamentation
observed in the Early Cretaceous genus Araripemys and some mid-Cretaceous trionychids (Vitek and
Danilov, 2014: fig. 3f). In the Mesozoic of Africa, such pit-decorated plates have been reported in
araripemydids from various Early Cretaceous localities (Fuente and Lapparent de Broin, 1997).

The four morphotypes described here represent at least four different turtle species and suggest
that the GEA turtle fauna is more diversified than any other fauna known from the Late Triassic to
the Middle Jurassic in the world.

Diapsida Osborn, 1903
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Lepidosauromorpha Benton, 1983
Lepidosauria Haeckel, 1866

Rhynchocephalia Giinther, 1867
Rhynchocephalia indet. (Fig. 13A-B)

Material: GEA 2-20 (Fig. 13A), one fragment of dentary bearing two incomplete teeth; GEA 2-18 (Fig.
13B), one fragment of maxilla bearing the bases of two teeth.

Description

GEA 2-20 (Fig. 13A) bears two fully acrodont teeth. Their occlusal areas are damaged. Each tooth
comprises a posterior conical part that is prolonged anteriorly by a flange. The most complete flange
is slightly bent lingually and it overlaps the posteromedial border of the preceding tooth. Although its
occlusal edge is damaged, it may be inferred that the height of the flange decreased anteriorly. The
anterior part of the flange is thickened. There is no posterior flange, therefore the fragment belongs
to a dentary. Vertical shallow grooves separated by rounded ridges occur on the labial face of the
teeth, but the lingual surface is smooth. Wear facets are lacking, it being understood that the
occlusal parts are broken off; similarly, the bone lacks trace of wear.

GEA 2-18 (Fig. 13B) is a fragment of maxilla on which remain only the bases of two fully acrodont
teeth. The section of the anterior tooth is circular, whereas the posterior tooth bears an incipient,
sharp flange posteriorly. No grooves and ridges are visible on these very incomplete teeth. It is not
possible to state confidently whether GEA 2-18 belongs to the same taxon as GEA 2-20, but no
character is inconsistent with such a referral.

Comments

The clearly acrodont implantation of the teeth shows that these specimens belong to
Rhynchocephalia. The overall morphology of the teeth, observable in GEA 2-20, is similar to that of
Tingitana from the ?Berriasian of Anoual, a site that is geographically very close to Guelb al Ahmar.
The anterior thickened part of the damaged flange may correspond to the anterior small cone that is
present in Tingitana (Evans and Sigogneau-Russell, 1997). The vertical grooves and ridges that occur
on GEA 2-20 are also present in Tingitana. However, in the latter, they are located on the lingual face
whereas on GEA 2-20 they are on the labial surface. Based on the available material, the location of
these grooves and ridges appears to be the only difference between GEA 2-20 and Tingitana, but
such ridges occur in various rhynchocephalians and they appear to be functional, perhaps without
taxonomic significance. In addition, the teeth of GEA 2-20 do not significantly differ from those of
Clevosaurus, a rhynchocephalian rather widely distributed in the Triassic and Jurassic and that was
reported from the Early Jurassic of Africa (Sues and Reisz, 1995).

<<Fig. 13 here>>

Squamata Oppel, 1811

Some incomplete bones bearing teeth and incomplete vertebrae represent non-ophidian
squamates, i.e. lizards.
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Scincomorpha Camp, 1923

Scincomorpha indet. (Fig. 13C)
Material: GEA 2-26 (Fig. 13C), a fragment of bone bearing teeth.

Description

A fragment of bone bears two complete and two broken teeth. The teeth are clearly pleurodont,
elongate and their shaft is approximately cylindrical. The lingual face of the crowns is slightly concave
and clearly limited anteriorly and posteriorly by two sharp ridges, the crista mesialis and crista distalis
(Richter, 1994; Kosma, 2004). Within this concave area, on one of the teeth only, two striae
dominantes bound a narrower area that is salient lingually. On the other tooth, despite its close
position, the striae dominantes are less marked and the surface they limit is less salient. A peculiarity
of these two teeth is that there is no distinct cuspis labialis and cuspis lingualis; the apex is
apparently formed by a single cusp. There are no resorption pits. The sub- or supradental shelf is
broken away and the presence or absence of a sulcus dentalis cannot be determined.

Comments

The pattern of the lingual face of the crowns characterizes scincomorphans (Evans and Searle,
2002; Kosma, 2004). However, the presence of a single apical cusp, if confirmed, would be a peculiar
feature. The monophyly of scincomorphans has been debated; however, the most integrative
phylogenetic analysis (Gauthier et al., 2012) recovered a monophyletic Scincomorpha. Whatever may
be the case (para- or monophyly), it must be stated that the earliest fossils assigned to this
assemblage were formerly reported from the Bathonian of Britain (Evans, 2003); in other words, GEA
2-26 is one of the earliest representatives of the group. Scincomorphans were dominant among
squamates during the Mesozoic.

?Scincomorpha indet. (Fig. 13D)
Material: GEA 2-28 (Fig. 13D), a fragment of bone bearing one complete tooth.

Description

In this specimen, the sub- or supradental shelf is damaged but it may be inferred that a sulcus
dentalis was likely present. The teeth are pleurodont, slightly compressed antero-posteriorly and
more robust, less elongate than those of GEA 2-26. The lingual face of the only preserved crown is of
the scincomorphan type, but this cannot be definitely confirmed. An area limited by what may be
striae dominans is very narrow and it markedly protrudes medially.

Comments

The assignment of this poorly preserved specimen to scincomorphans is uncertain. If it really
belongs to this group, then its referral to the same taxon as GEA 2-26 should be considered. The
lingual pattern of the crown is somewhat peculiar because the area between the striae dominans, if
homology of these striae is right, is very salient. In addition, the significance of the tooth proportions
is unknown. Although this is not very likely, it cannot be discarded that GEA 2-26 and GEA 2-28 fall
within the variation range of the same tooth row.
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Anguimorpha Flrbringer, 1900

cf. Parviraptor Evans, 1994

cf. Parviraptor sp. (Fig. 13E)
Material: GEA 2-30 (Fig. 13E) and GEA 2-34, 35, 36, four vertebral centra.
Description

Four vertebral centra represent this taxon. On one of them (GEA 2-30), the left paradiapophysis
is preserved. The centra are procoelous and their ventral faces are approximately rectangular and
almost flat, without any trace of a keel. The lateral borders are subparallel and scarcely concave. The
cotyles and condyles are oval and they are not pierced by a notochordal canal. In ventral view, the
condyle is clearly narrower than the centrum; the narrowing of the posterior limit of the centrum is
abrupt. A marked ridge runs on the dorsal face of the centrum, in the neural canal. The
paradiapophysis is narrow anteroposteriorly and elongated dorsoventrally.

Comments

The subparallel lateral borders of the centrum, the almost flat ventral surface, the marked and
abrupt narrowing anterior to the condyle, and the presence of a well marked-off ridge on the dorsal
face of the centrum make up a combination of characters that is clearly reminiscent of Parviraptor
(Evans, 1994, 1996). The specimens from GEA 2 differ from those of the Bathonian of Britain in
lacking remains of a notochordal canal; however, the retention of this canal is only a feature of
ontogenetic nature that is lacking in specimens of Parviraptor from the Late Jurassic of North
America (Evans, 1996). The specimens from GEA 2 are therefore very similar to vertebrae assigned to
Parviraptor; however, in view of their incomplete nature, they are only assigned tentatively to this
genus.

Parviraptor is known from the Bathonian of Britain (Evans and Waldman, 1996), the Late Jurassic
of Portugal and of the USA (Evans, 1996) and the Berriasian (Purbeck beds) of England. Cf.
Parviraptor was reported from the Aptian/Albian of Western Siberia (Skutchas, 2006).

Indeterminate non-ophidian Squamata (Fig. 13)

Material: GEA 2-24, one incomplete maxilla (Fig. 13F); GEA 2-25, one incomplete dorsal vertebra (Fig.
13G); GEA 2-27, one proximal part of femur.

Maxilla

GEA 2-24 is the posterior portion of a left maxilla; it includes the posterior part of the prefrontal
process (= facial process) and misses the posterior tip of the bone. It bears eight preserved teeth and
five empty loci. Teeth are clearly, but not deeply, pleurodont. The longest tooth projects
approximately one-half beyond the parapet. The bases of the more anterior teeth are slightly
compressed anteroposteriorly and all teeth lack resorption pits. Tooth apexes differ from those of
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GEA 2-26 and GEA 2-28 in being rounded and in lacking any crest or stria. A shallow supradental shelf
is present, but is largely broken away. It cannot be stated whether a sulcus dentalis is present.

The overall morphology of this maxilla is consistent with that of ‘lizards’ but also with that of
albanerpetontid amphibians. However, the teeth are well preserved and their rounded tips permit to
discard assignment to albanerpetontids.

Vertebra GEA 2-25

The specimen preserves the centrum, part of the left neural pedicel and the left prezygapophysis.
It is slightly crushed laterally. The centrum is procoelous, narrow, hourglass-shaped and it bears a
strong haemal keel. The condyle is circular. A well-marked, narrow and comparatively deep hemal
keel runs on the ventral face. The paradiapophysis is broken away. The prezygapophysis lacks a
prezygapophyseal process; the major axis of its articular facet is oriented anteroposteriorly, which is
not frequent.

The morphology of this vertebra does not provide information about relationships among lizards.
Only the anteroposterior orientation of the prezygapophyseal facet would represent a significant
feature, but it may result from crushing.

Femur GEA 2-27

This fragment of femur is assigned to squamates rather than to choristoderes because its
trochanter is more salient and more perpendicular to the main articulatory surface than in the latter.

Conclusion on the non-ophidian squamates from Guelb el Ahmar

The teeth recovered from the locality GEA 2 correspond to two, perhaps three, lizard taxa.
Moreover, cf. Parviraptor should be added to these taxa; it is represented only by vertebrae, but
teeth of this lizard known from other localities are quite different from those found at GEA 2.
Therefore, three or four species of squamates are present at GEA 2. These lizards belong to at least
two squamate groups: Scincomorpha and Anguimorpha.

Prior to our report, the earliest occurrences of squamates whose geological age is confirmed
were from the Bathonian of Britain (Evans, 1998; Evans et al. 2006) and from the Bathonian of
Western Siberia (Skutchas, 2006). Unfortunately, the Siberian fossil remains undescribed. Older
fossils from North America (Early Jurassic) and India (Triassic and Early Jurassic) were referred to
squamates, but either their assignment to squamates or their geological age are questionable (Evans,
2003; Hutchinson et al., 2012; Prasad and Manhas, 2007; Rage, 2013). Therefore, the earliest
confirmed occurrences of squamates are in the Bathonian of Morocco (GEA 2), Britain and Western
Siberia.

<<Fig. 14 here>>

Archosauromorpha von Huene, 1946

cf. Choristodera Cope, 1876
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cf. Choristodera indet. (Fig. 14A-B)

Material: GEA 2-31, one fragmentary dentary (Fig. 14A); GEA 2-23 and GEA 2-37, two centra of dorsal
vertebrae (Fig. 14B); GEA 2-38, one centrum of an anterior caudal vertebra; perhaps GEA 2-39,
centrum of a dorsal vertebra.

Description

Two centra of dorsal vertebrae are amphicoelous and the rims of their cotyles are relatively
thick. Centra are longer than wide. As is typical in several choristoderes, the neurocentral suture is
open, which accounts for the absence of the neural arches. The suture passes across the
synapophyses. A sagittal ridge runs along the floor of the neural canal. A more-or-less rounded
sagittal keel is present on the ventral face. In GEA 2-37, a notch for the neural arch pedicle is visible
at the posterior extremity of each neurocentral suture. GEA 2-38 bears a sagittal groove on its ventral
face, which is a characteristic of caudal vertebrae.

A fragment of dentary is consistent in size with the vertebral centra. Its ventral border is straight.
It bears subthecodont or thecodont teeth. The basal part of one tooth shows that the teeth were
comparatively high and conical. On the lingual face, the subdental shelf (sensu Rage and Augé, 2010)
is thick. Its medial face is flat, i.e. the preserved area likely corresponds to a part of the facet for the
splenial. The labial face is damaged. However, on a preserved area of the dorsal half, two narrow and
elongate depressions are aligned horizontally. In addition, two rounded pits are present.

Comments

The combination of an open neurocentral suture, synapophyses divided by the suture, presence
of a notch for the neural arch pedicel, and amphicoely (Evans, 1991) is clearly reminiscent of the
small choristodere from the Bathonian of Britain, which was referred to Cteniogenys (Evans, 1991;
Evans and Milner, 1994). On the dentary, the thick subdental shelf and the elongate depressions that
look like short grooves on the labial face also recall the choristodere from the Bathonian of Britain
(Evans, 1990). The association, in the locality, of vertebral elements and of a fragmentary dentary
that recall those assigned to choristoderes in the Bathonian of Britain suggests that the group is
present at GEA. However, in view of the fragmentary nature of the specimens, the identification
needs confirmation based on more complete material.

Choristoderes were diapsids that lived in freshwater or were amphibious. They are known from
the Middle Jurassic to the early Miocene (Matsumoto and Evans, 2010). The earliest representative
of the choristoderes is Cteniogenys from the Bathonian of England and Scotland (Evans, 1990; Evans
et al., 2006) and the fossil from GEA 2 if its allocation is confirmed. In addition, the fossil from GEA 2
would be the first choristodere recovered from a Gondwanan continent (Matsumoto et al., 2013).
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Archosauria Cope, 1870
Dinosauria Owen, 1842
Saurischia Seeley, 1888
Theropoda Marsh, 1881
Theropoda indet. (Fig. 14C)

A few nearly complete teeth showing a labiolingually compressed crown and serrated mesial
and distal carinae can be assigned to a small, indeterminate theropod. No more precise identification
is possible, but their morphology is reminiscent of some teeth described from the Bathonian of
England (Evans and Milner, 1994). Similar teeth also occur in the Ksar Metlili locality (Knoll and Ruiz-
Omenaca, 2009).

Ornithischia Seeley, 1888
Thyreophora Nopcsa, 1915

cf. Stegosauria Marsh, 1877

cf. Stegosauria indet. (Fig. 14D)

A single, poorly preserved tooth can be referred to a thyreophoran dinosaur, probably a
stegosaur, because of the presence of a basal cingulum and a few well-developed denticles. A similar
tooth referred to a stegosaurian has been described from the Bathonian of England (Metcalf et al.,
1992; Metcalf and Walker, 1994).

Ornithischia indet. (Fig. 14E)

A complete tooth with a recurved crown bearing four small denticles at the base of its distal
carina may belong to an indeterminate ornithischian dinosaur (Ornithopoda?). The enamel surface
displays some slight longitudinal folds. Similar teeth were described from the late Middle Jurassic of
Portugal as a new hypsilophodontid ornithopod, Alocodon kuehnei (Thulborn, 1973: fig. 2, 5a), now
regarded as a nomen dubium, and from the Bathonian of southern France (Kriwet et al., 1997: fig.
7m).

Pterosauria Kaup, 1834 (Fig. 14F-I)
Rhamphorhynchidae Seeley, 1870
Rhamphorhynchidae indet. (Fig. 14 F)

A first pterosaurian morphotype corresponds to teeth with a slender, labiolingually
compressed, slightly recurved crown (Fig. 14F). Sharp anterior and posterior carinae are present, and
most of the crown (except near the base) is covered by a thin enamel layer. Similar teeth have been
described in various Middle—Late Jurassic assemblages of vertebrate microremains and assigned to
the Rhamphorhynchidae (Wiechmann and Gloy, 2000; Flynn et al., 2006; Vullo et al., 2014).

Pterosauria indet. (Fig. 14G-I)
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A second pterosaurian morphotype corresponds to shorter and more robust teeth (Fig. 14G-
1). The enamel layer covers only the apical half of the crown and is also present more basally along
anterior and posterior carinae. Some short vertical folds can develop lingually at the base of the
enamelled portion. Such teeth are present in wukongopterids (e.g., Darwinopterus robustodens; Ll
et al., 2011), a group of basal monofenetratans known exclusively from the Middle Jurassic of China
(Wang et al., 2010). However, similar teeth can also be observed in some Middle Jurassic
rhamphorhynchids (e.g., Jianchangopterus; Li and Bo, 2011) and Late Jurassic pterodactyloids (e.g.,
Pterodactylus, Germanodactylus; see Wang et al., 2008). Therefore, a definitive assignment of this
second morphotype is not possible.

<<Fig. 15 here>>
Crocodyliformes Hay, 1930
Atoposauridae Gervais, 1871
Theriosuchus Owen, 1879
cf. Theriosuchus sp. (Fig. 15 A-D)

Numerous small teeth can be assigned to this family of dwarf crocodyliformes. Anterior teeth
(Fig. 15 A-B) show a relatively high, lanceolate and slightly recurved crown, while more posterior
teeth (Fig. 15 C) have a labiolingually compressed, leaf-shaped crown displaying jagged carinae. The
ornamentation, more marked in anterior teeth, consists of longitudinal ridges present on both labial
and lingual faces. In posteriormost teeth (Fig. 15D), the crown is very low and labiolingually
compressed, the ornamentation is reduced to a few apical ridges on the lingual face, and the carinae
bear more distinct denticles. However, this denticulation corresponds in fact to “false ziphodonty”
sensu Prasad and Lapparent de Broin (2002). Similar variation in tooth morphology (i.e., gradient
heterodonty) is known in the Late Jurassic to Late Cretaceous atoposaurid genus Theriosuchus, in
which posteriormost teeth show a more or less developed pseudoziphodont condition (Owen, 1879;
Thies et al. 1997; Schwarz and Salisbury, 2005; Schwarz-Wings et al., 2009; Martin et al., 2010, 2014;
Lauprasert et al., 2011; Vullo et al., 2014). Therefore, the GEA atoposaurid is tentatively referred to
cf. Theriosuchus sp. This new occurrence adds to the earliest occurrences of atoposaurids,
corresponding to isolated teeth (including Theriosuchus-like teeth) from the Bathonian of UK and
France (Evans and Milner, 1994; Kriwet et al., 1997; Evans et al., 2006).

Atoposauridae indet. (Fig. 16 A-B)

Some teeth are reminiscent of those described here as cf. Theriosuchus sp., but they are
slightly larger and show a less pronounced ornamentation.

Thalattosuchia Fraas, 1901
Teleosauridae Geoffroy Saint-Hilaire, 1831
Teleosauridae indet. (Fig. 16 C)

At GEA 2, the microremains assemblage includes abundant small slender teeth ornamented
with fine longitudinal rigdes that tend to converge apically (Fig. 16C). The crown is slightly sigmoid in
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shape and carinae are weak to absent. They closely resemble those observed in some longirostrine
forms of thalattosuchians such as Pelagosaurus, Teleosaurus and Steneosaurus (Vignaud, 1997;
Pierce and Benton, 2006), corresponding to the morphotype A3 defined by Vignaud (1997). Their
small size (generally between 5 and 8 mm) would suggest that they belonged to neonate or juvenile
individuals. Similar teeth are also very common in the Ksar Metlili assemblage; Knoll (2000) noted a
“morphological resemblance to teeth of teleosaurid crocodiles” but finally tentatively assigned these
teeth to a gnathosaurine pterosaur. In Morocco, teleosaurids remains were reported from the
Bathonian of El Mers (Termier et al., 1940; Lapparent, 1955), but a direct comparison with the
material from Ksar Metlili is not easy.

Thalattosuchia indet. (Fig. 16 D-G)

Some large, robust crocodilian teeth also occur (Fig. 16D) at GEA 3. They are ornamented
with an irregular pattern of ridges that is clearly more developed lingually than labially. In the same
level, several poorly preserved skeletal elements belonging probably to a single individual have been
collected. Best-preserved elements consist of amphicoelous vertebrae, a distal end of a femur and
osteoderms (Fig. 16E-G). All these remains may belong to a thalattosuchian crocodyliform
(?metriorhynchid).

<<Fig. 16 here>>

Diapsida indeterminate
Material: GEA 2-40 to GEA 2-45, six vertebral centra.
Comments

The centra are similar to those of the presumed choristodere from the locality, although most
are clearly larger; the centrum length of the largest specimen is over 8 mm, while the longest
choristodere centrum does not reach 5 mm. However, in these specimens the neural arch was fused
to the centrum (although it is broken away in all). These vertebrae perhaps belong to choristoderes,
in which the neural arch may fuse to the centrum in old individuals, but they lack unquestionable
character that would demonstrate such a referral. As they are, with a fused neural arch, the
vertebrae do not clearly differ from stem squamates or stem lepidosaurians (Waldman and Evans,
1994).

Synapsida Osborn, 1903
Mammalia Linnaeus, 1758

Two or probably three specimens of mammals were found in the Bathonian brown marls of the
site GEA 2.

Cladotheria McKenna, 1975

Zatheria McKenna, 1975
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Amphitheriida Owen, 1846

Amphitheriidae Owen, 1846
Amphitheriidae indet. (Fig. 17 A-C, H-O; Fig. 18 C)

Material: GEA 2-1, fragment of right dentary of a juvenile individual with an anterior lower premolar
(P, or P3;) and a replacing posterior premolar (P3 or P,) still in crypt. GEA 2-32: fragment of an
edentulous right dentary, probably middle-posterior part. It is referred to the same species
represented by specimen GEA 2-1.

Description

The specimen GEA 2-1 is the most informative mammal remains found in Guelb el Ahmar. It
is the basis for our description and identification of an amphitheriid in the Middle Jurassic beds of the
Anoual Syncline. It is a fragment of a tiny right lower jaw (max length = 2.1 mm) of a juvenile
individual bearing two adjacent premolars, one fully erupted, and the following still in crypt in the
dentary bone.

The CT scan shows the absence of a replacement tooth in the mandibular corpus below the
erupted premolar, indicating it is a definitive tooth. This unworn premolar was probably recently
erupted before the death of the individual. A replacing premolar (unerupted tooth) occurs at the
locus posterior to this premolar. The erupted tooth and the posterior tooth in crypt are indeed
definitive premolars. GEA 2-1 provides evidence that among these two adjacent premolars, the
ontogenic development and functional role of the posteriormost preserved premolar was noticeably
delayed with respect to the anterior one.

One striking feature of the specimen GEA 2-1 is that its teeth are located markedly labially on
the lower jaw, far from the lingual flank that is noticeably inflated. The CT scan (Fig. 17, | and L)
shows that that the roots apices of the erupted premolar are curved lingually for connection with the
mandibular canal that is located markedly lingually.

<<Fig. 17 here>>
e Anterior erupted premolar: P, or Ps;

The erupted premolar has two roots that are well separated but not divergent (Fig. 17 M, O).
The two roots have similar size. The occlusal outline of the crown is narrow and elongated (Fig. 17 N).
The overall crown morphology is simple, which suggests an anterior premolar, either a P, or a Ps,.
The crown is still unworn, indicating it was recently erupted. The dentary preserves an alveolus
anterior to this premolar. It is of similar small size indicating that the more anterior tooth was not a
canine; this supports the interpretation that the erupted premolar on the dentary GEA 2-1 is
posterior to P4, corresponding most probably to a P, or a Ps;.

The crown morphology of the preserved P, or Ps; is sharp with acute cusps and long crests.
The main cusp (protoconid) is broken. Its preserved proportions indicate a large and high cusp that
was mesially located on the crown. The protoconid is flanked by a clearly distinct anterior cusp, the
paraconid, and a well developed and crestiform talonid. All cusps and crests are aligned mesio-
distally, and located more or less central transversally on the crown. The paraconid was large and
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prominent mesially. The talonid is elongated. It bears in a small posterior cusp (hypoconid?) from
which a small but sharp and high anterior crest extends toward the main cusp, although it does not
arise on it. No distinct cingulids are seen on the tooth, but the corresponding area of the crown is
badly preserved, especially on the lingual side.

e Replacing tooth — anterior lower premolar: P; or P4,

Although still in crypt, the crown morphology of the unerupted tooth has been reconstructed
with the help of 3D modeling from the CT scans (Fig. 17 M-0).

The tooth is close in size to the erupted premolar, but it seems less elongated mesio-distally. The
roots are absent, and at least in part broken. The crown is simple, mostly dominated by a large, high
and sharp cusp (protoconid) that is compressed labio-lingually. It is proportionally slightly larger than
in the erupted premolar, although the overall sizes of the two teeth are similar. Its apex is sharp and
slightly tilted lingually. It only begins to erupt from the alveoli behind the erupted premolar. The
profile of the main cusp (protoconid) is asymmetric: 1) labio-lingually with a well convex labial flank,
in contrast to the subplanar lingual flank; 2) mesio-distally with a high and subvertical posterior flank,
in contrast to a more inclined convex mesial flank. The protoconid bears a long and high posterior
crest. There is no distinct metaconid. The talonid is broken. As a whole, the anterior premolar in this
species is a simple and asymmetrical triangular blade. No cingulum is distinct in this tooth, but again
the corresponding area is poorly preserved in this tooth.

e Dentary

GEA 2-1 corresponds to an anterior fragment of dentary. It bears a mental foramen that opens
under the anterior root of the erupted premolar. A CT scan examination shows that it is linked to the
mandibular canal by a transverse canal that is poorly oriented distally; it is linked to the anterior root
of the erupted premolar and follows downward the labial side of this root toward the mandibular
canal. The mandibular canal is located markedly lingually and it is large in transverse section (Fig. 17
L). The dentary is typically inflated lingually, which probably correlates with the large mandibular
canal (Fig. 17 L). Correlatively, 1) the teeth and the alveolar row are strikingly located asymmetrically
on the labial side of the jaw, 2) the root apex is curved lingually for connection with the mandibular
canal (Fig. 17 L). The latter character is striking. There is no distinct Meckel’s groove in GEA 2-1.

Table 1. Mammalia, Amphitheriidae g., sp. indet.: measurements of GEA 2-1 and GEA 2-32 (mm).
Measurements were made under binocular Measuroscope (Nikon, MMA400 SL), except for length and
width of the replacing tooth P, or P; of GEA 2-1 that was measured on the 3 D model of the tooth
with the help of the program MIMICS. L= Length: W= width. *maximal preserved length.

Specimen L W
P, or P; (erupted) GEA2-1 0.75 0.2
P;or Ps, (incrypt) GEA2-1 >0.49 0.2
Dentary GEA 2-1 2.1* 0.8
Dentary GEA 2-32 2.65* 0.85
(max.
width)
Post. + middle GEA 2-32 1.1 0.45

alveoli
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Middle + ant. GEA 2-32 1.1 0.45
alveoli

GEA 2-32 (Fig 17 D-G; Fig. 18 D-F ) is a fragment of right lower jaw that has lost the teeth, and
bears three empty alveoli that are filled by sediment (i.e., teeth were not broken during screening-
washing but during taphonomical processes). It is closely reminiscent of GEA 2-1, and corresponds to
the more posterior part of the lower jaw. Several features suggest it could belong to same individual
as GEA 2-1: similar size and proportions (see Fig. 17), similar preservation state of the bone (including
color), and general morphology. The morphological affinity of GEA 2-32 and GEA 2-1 lays especially in
the tooth row that is shifted on the labial side of the dentary.

The three alveoli seen in GEA 2-32 slightly increase in size posteriorly. Given the larger size with
respect to GEA 2-1, they might correspond to posterior premolars and/or anteriormost molars. A
radiograph (Fig. 16 F-G) shows that broken roots are present at least in the anteriormost alveolus,
and that there is no evidence of replacing teeth. This supports the view that the teeth lost in GEA 2-
32 were definitive teeth and probably molars. According to Lopatin and Averianov (2007), the
absence of any trace of the mental foramen would suggest that preserved alveoli of GEA 2-32 are
those of posterior teeth to M,, because the posterior mental foramen is located below M, in
amphitheriids. However, we do not know the variability of this feature in amphitheriids. The
presence in GEA 2-32 of permanent molars, as supported by the radiograph, does not exclude it
belonging to the juvenile individual represented by GEA 2-1. As in GEA 2-1, there is no distinct
Meckel’s groove in GEA 2-32.

<<Fig. 18 here>>
Comparison

Among Mesozoic mammals, the general morphology of GEA 2-1 most closely resembles the stem
zatherian Amphitheriidae (Cladotheria), known from the Middle Jurassic.

The amphitheriids are pretribosphenic primitive therian mammals (e.g., Martin, 2002). They are
the basalmost stem mammals belonging to the lineage that includes modern therian mammals.
Three to four Amphitheriidae genera are known: Amphitherium de Blainville, 1838, Amphibetulimus
Lopatin and Averianov, 2007, Nanolestes Martin 2002 and Palaeoxonodon Freeman, 1979. The
familial position of Palaeoxonodon, initially referred to Peramuridae, remains debated (e.g.,
Sigogneau-Russell, 2003; Davis, 2011).

GEA 2-1 displays diphyodont premolars. This is the earliest evidence of the diphyodonty in
Cladotheria, that was previously documented by Nanolestes and the Dryolestida (Martin 1997, 2002).
However, Butler and Clemens (2001) already sugested that amphitheriids were therian-like in the
dental replacement with diphyodont premolars, based on examination of wear pattern of permanent
teeth.

Several features of GEA 2-1 (lower jaw, and anterior premolars) recall the amphitheriids:

- The position of the anterior mental foramen, under the third or second postcanine locus;
- The elongated occlusal outline of the premolar crown ;

- The sharp tooth morphology;
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- The large and elongated talonid, that bears a long mesio-distal crest (e.g., Butler and
Clemens 2001; Davis, 2011).

The large and elongated talonid bearing a long crest is especially distinct from other stem
zatherians such as dryolestidans (e.g., Davis, 2011; Lopatin and Averianov, 2007; Kielan-Jaworoswska
et al., 2004). It is a feature of the type-genus Amphitherium (Bathonian of England), which is only
known by the lower jaw and lower dentition. The labial position of the talonid cusp of the erupted
teeth is also a feature seen in permanent premolars of amphitheriids. Moreover, the posterior root
of this tooth is not much smaller than its anterior root in contrast to dryolestidans (Kielan-
Jaworoswska et al., 2004). The small size of the teeth preserved in GEA 2-1 is comparable to the
anterior premolars of Amphitherium.

As far as the specimen GEA 2-1 can be compared, the closest genus to the Moroccan species is
Amphitherium known from the same Bathonian age. The definitive lower premolar preserved in crypt
in GEA 2-1 closely resembles the two-rooted P, and P; of Amphitherium (Simpson, 1928; Butler and
Clemens, 2001) and also of Nanolestes, especially in the crown dominated by a similar asymmetrical
triangular and blade-like main cusp.

The Moroccan material, however, show several singular features with respect to known
amphitheriids. The apparent absence of a lingual cingulid in the teeth is distinctive from the
premolars of Amphitherium. However, this trait is poorly preserved in teeth seen in GEA 2-1 (e.g.,
lingual flank of the unerupted premolar), and it needs to be checked on more complete material. The
roots are not swollen at the upper alveoli level in GEA 2-1, in contrast to the molars and premolars of
Amphitherium. The absence of a Meckel’s groove in GEA 2-1 and GEA 2-32 is another distinct feature
with respect to known morphology of Amphitherium.

The most distinctive and remarkable morphological feature of GEA 2-1 is actually exemplified by
a suite of likely related traits: the labial position of the teeth on the dentary, the root apex curved
lingually, the lingual position of the mandibular canal, and the inflated ventro-lingual side of the
dentary (Fig. 17 L). This peculiar morphology was evidenced thanks to the computed micro-
tomography of the material. Its distribution is unknown among primitive zatherians and in early
mammals in general. It has so far never been mentioned, especially in Jurassic mammals.

Comment

GEA 2-1, and the probably conspecific specimen GEA 2-32, probably represent a new
amphitheriid cladotherian close to Amphitherium. This is actually the first amphitheriid ever found in
South Tethyan provinces (Gondwana). Together with the amphitheriids from the Middle Jurassic of
England, the material from Guelb el Ahmar is one of the earliest known stem zatherians; it shows
indeed that the earliest representatives of the lineage of therian mammals and their pretribosphenic
stem groups were present in Gondwanan provinces such as Africa, as they were in Laurasia. It is
noteworthy that Africa also yielded some of the earliest known tribosphenic mammals (Tribotherium,
Hypomylos), actually from the same syncline of Anoual (Ksar Metlili site; Sigogneau-Russell, 1991a,
1995).

cf. Mammalia
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cf. Dryolestida Prothero, 1981
cf. Dryolestida indet. (Fig. 17 P-Q)

This species is documented by specimen GEA 2-33 which is a fragment of a tooth bearing one
cusp and one root. This is a relatively large tooth (maximal preserved length: 3 mm) by Mesozoic
mammal standards. The preserved cusp has a more or less circular occlusal outline and bears two
low crests. It is low and wide, resulting in a stout construction. The cusp and the root are not strictly
symmetric. The root is large and high (at least 3 times higher than wide). It is more expanded on one
side than on the other, opposite side. The crown is slightly prominent above the root.

This species belongs to a taxon different from that of GEA 2-1 and 2-32, as evidenced by the
larger size (height of cusp + root: 3 mm; L and W of the cusp: 0.8 mm and 1 mm), and the robust
morphology. Comparison of specimen GEA 2-33 recalls more closely dryolestidans such as Donodon
perscriptoris Sigogneau-Russell, 1991, a large species that is known in the Anoual Syncline ?Berriasian
site of Ksar Metlili. The large size, the robust construction (cusp low and large), general morphology,
and large root, all closely resemble dryolestidan molars. The asymmetric morphology of the root is
reminiscent in particular of the paracone of a left upper molar of dryolestidans: on the distal side it is
extended from the paracone to the labial side (metastyle), and on the mesial side it is well distinct
(rounded) and separated from another (but broken) more labial root (parastyle root). As in
dryolestidan upper molars, the paracone preserves two crests of different morphology: the mesial
crest (paracrista) is the most vertical, and the posterior crest is less steep and bears a trace of a
cuspule (metacone?) that is prominent posteriorly.

The identification of GEA 2-33 as a broken upper molar of a large dryolestidan, although
supported by some morphological details, remains tentative, pending for additional and less
fragmentary material.
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6. Discussion

The Guelb el Ahmar sites yielded one of the very few vertebrate faunas known from the
Jurassic in all Gondwanan continents and from the Middle Jurassic in the world. This is especially true
for microvertebrate assemblages with mammals (Tables 3 and 4).

6.1 Faunal diversity and main characters of the Guelb el Ahmar vertebrate fauna

Table 2. Faunal list of the vertebrate taxa from the Guelb el Ahmar locality, Anoual Formation,
Bathonian, eastern Morocco.

Taxa Locus

OSTEICHTHYES
- Lepisosteiformes, Lepidotes sp. or Scheenstiasp. GEA1, 3

- Lepisosteiformes, cf. lonoscopiformes indet. GEA1,2,3
- Osteoglossiformes indet. GEA 2

- Actinistia, Mawsoniidae indet. GEA1,2,3
- Dipnoi, Arganodus sp. GEA?2

- Pisces indet. GEA3
AMPHIBIA

- Albanerpetontidae indet. GEA 2

- ?Caudata indet. GEA 2

- “?Lissamphibia incert. sed. GEA 2
TESTUDINATA

- Testudinata indet., 4 spp. GEA 2,3
LEPIDOSAUROMORPHA

- Rhynchocephalia indet. GEA 2

- Scincomorpha indet., 2 or 3 spp. GEA 2

- Anguimorpha, cf. Parviraptor sp. GEA 2

- Squamata indet. GEA 2
ARCHOSAUROMORPHA

- cf. Choristodera indet. GEA 2

- Theropoda indet. GEA 2

- Thyreophora, cf. Stegosauria indet. GEA 2

- Ornithischia indet. GEA 2

- Rhamphorhynchidae indet. GEA 2

- Pterosauria indet. GEA 2

- Atoposauridae, cf. Theriosuchus sp. GEA 2

- Teleosauridae indet. GEA 2

- Thalattosuchia, ?Metriorhynchidae indet. GEA 3
MAMMALIA

- Cladotheria, stem Zatheria, Amphitheriidae indet. = GEA 2

- cf. Cladotheria, cf. Dryolestida indet. GEA 2
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Faunal composition of the vertebrate assemblage

The Guelb el Ahmar fauna has yielded a well diversified microvertebrate fauna including at least
29 species, most coming from the GEA 2 locus. This is currently one of the most diversified
vertebrate fauna described from the Jurassic of Africa, along with those of the Early Jurassic of
southern Africa (Milner et al., 1994; Kielan-Jaworowska et al., 2004; Knoll, 2005). Several taxa show a
noticeable diversity. This is especially true for the archosauromorphs and the lepidosaurians. The
diversity of the chelonians (4 species), even if they remain not formally identified, is noteworthy for
such an old age. Chelonians and crocodilians are moreover the most frequent and the dominant
vertebrates in the macrofauna.

The Guelb el Ahmar fauna is characterized by the absence of selachians. Even if we cannot
exclude biases of sample and/or of taphonomic origin, the absence (or at least scarcity) of the
selachians in Guelb el Ahmar is significant and is probably related to the lacustrine depositional
environment. The fauna also noticeably lacks anuran amphibians despite the lacustrine environment
of GEA.

The fauna includes among the earliest known representatives of several important taxa:
osteoglossiform fishes, albanerpetontid and caudate amphibians, squamates (scincomorphans,
anguimorphans), cladotherian mammals, and likely choristoderes. Beside the Guelb el Ahmar fauna,
the earliest occurrence of these taxa is generally from the Bathonian of Britain.

The albanerpetontid and the salamander (Caudata) from Guelb el Ahmar are among the very few
known in Gondwana, and the choristoderes, if confirmed at GEA, were previously unknown in Africa
and Gondwana.

The Guelb el Ahmar fauna yielded the only known mammals from the Middle Jurassic of Africa.
As a whole, the Middle Jurassic is the most poorly known period of the evolution of the mammals
(Kielan-Jaworowska et al., 2004). The taxa identified in GEA are the earliest known cladotherians (the
clade of the modern therian mammals) in Africa. They include a stem zatherian and a possible
dryolestidan, taxa that are both known also in the Ksar Metlili fauna from Anoual Syncline upper
levels. To be noted, the mammals although rare in the site are not only represented by isolated
teeth, but also by fragments of jaws.

Paleoecology and paleoenvironments

The lacustrine freshwater environment of Guelb el Ahmar deposits (Haddoumi, 1998) is
supported by the presence of several aquatic (freshwater) taxa: palynoflora, charophytes,
gastropods, dipnoan and mawsonid fishes, lissamphibians, and choristoderes if their presence is
confirmed. The marked predominance of non-lepisosteid lepisosteiform fishes (Lepidotes or
Scheenstia) should be also underlined, but these taxa occur in both marine and freshwater
environments. Thalattosuchian remains are among the rare components of the GEA fauna with
marine affinities. This suggests that either there are marine influences in GEA, or the local Middle
Jurassic thalattosuchians are euryhaline. Turtles are diversified and their remains are abundant at the
GEA locality. Their association with other aquatic taxa suggests that they were very likely denizens of
the local freshwater environment. They confirm that the first aquatic turtles were already diversified
during the Middle Jurassic (Anquetin et al., 2009).
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Terrestrial vertebrates (lizards, pterosaurs, dinosaurs, mammals) are less abundant than aquatic
taxa, but are not rare. They are known by both teeth and osseous remains, which are often broken
but not eroded. They have been transported from the adjacent inland.

The abundance and large size of the trunks in the Anoual Formation argue for the presence of
local forests (Haddoumi, 1998) and for rather humid (non-arid) conditions. The wood association
found in the Jurassic deposits indicates stable climatic conditions and an even although low level of
moisture. Philippe et al. (2003), based on the wood of Metapodocarpoxylon from the Jurassic of
Morroco, suggested the occurrence of tropophile forests under a summer-wet climate.

6.2. Faunal affinities, paleobiogeographical relationships

Table 3. Main Jurassic microvertebrate localities known in Africa and other Gondwanan

continents.

Localities

Age

References

Tendaguru, Tanzania
Mugher Mudstone Jema River,

Ethiopia

Guelb El Ahmar, Morocco

Ambondromamy, Mahajanga
basin, Madagascar
Queso Rallado, Argentina

Kota Fm, India

Late Jurassic
Late Jurassic

Middle Jurassic
(Bathonian)
Middle Jurassic
(Bathonian)
Early Jurassic

Early to Middle
Jurassic

Heinrich (1998, 1999, 2001)
Goodwin et al. (1999); Clemens et al. (2007)

Haddoumi et al. (2008); this work
Flynn et al. ( 1999, 2006)
Rauhut et al. (2002); Martin and Rauhut (2005);

Rougier et al. (2007); Cuneo et al. (2013)
Prasad and Manhas (2002); Parmar et al. (2013)

Lesotho, South Africa (div. loc.)

Early Jurassic

Milner et al. 1994; Kielan-Jaworowska et al. 2004;
Knoll, 2005
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Table 4. Taxa from GEA recorded in other Middle Jurassic vertebrates sites from Gondwana. The
comparison does not include the poorly known Early Jurassic faunal assemblage of Queso Rallado,
Argentina. Taxa in parentheses are different from those of GEA. ™ Caudata and Rhynchocephalia are
reported in Ambondromamy, but the determination is wrong (see text); @ different taxon from that
of GEA.

Anoual GEA Ambondromamy, Kota Fm, India

(Anoual Fm, Bathonian) Madagascar (Early-Middle
(Isalo lllb Fm, Jurassic)
Bathonian)

OSTEICHTHYES

- Lepisosteiformes, Lepidotes sp. or +
Scheenstia sp.
- cf. lonoscopiformes

- Osteoglossiformes

- Actinistia, Mawsoniidae.

- Dipnoi +
AMPHIBIA

- Albanerpetontidae

- ?Caudata (1)

- ?Lissamphibia incert. sed.
TESTUDINATA

- Testudinata + +
LEPIDOSAUROMORPHA

- Rhynchocephalia 1) +©@
- Sqguamata, Scincomorpha +

(Squamata, lguania)
- Squamata, Anguimorpha, cf.
Parviraptor

ARCHOSAUROMORPHA

- cf. Choristodera

- Theropoda + +

- Thyreophora +

(Ankylosauria)

- Ornithischia +

- Rhamphorhynchidae. + +

- Pterosauria +

- Teleosauridae +

- ?Metriorhynchidae

- Atoposauridae

+
- Crocodyliformes + +
MAMMALIA
Cladotheria

- cf. Dryolestida
- Stem Zatheria, Amphitheriidae
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Table 5. Taxa from GEA recorded in Middle Jurassic sites from Laurasia. Taxa in parentheses are
different from those of GEA.

Anoual GEA British Bathonian Berezovsk Balabansai Fm,
(Anoual Fm) formations Quarry, Fergana,
Siberia, Russia Kyrgyzstan

OSTEICHTHYES

- . . + +

Lepisosteiformes,Lepidotes

sp. or Scheenstia sp.

- cf. lonoscopiformes

- Osteoglossiformes

- Actinistia, Mawsoniidae

- Sarcopterygii, Dipnoi + +

(Dipnoi indet.) (Ferganoceratodus
jurassicus)

AMPHIBIA

- Albanerpetontidae +
(Anoualerpeton priscus)

- ?Caudata + + +
(Marmorerpeton, plus 2 (Urupia, plus (Kokartus)
indetermined forms) indetermined forms)

- ?Lissamphibia incert. sed.

TESTUDINATA + + +

- Testudinata + + +

LEPIDOSAUROMORPHA

- Rhynchocephalia +

- Squamata, Scincomorpha + +
(Scincomorpha, several  (cf.Paramacellodidae,

species) Scincomorpha indet.)
- Squamata, Anguimorpha, +
cf. Parviraptor (Parviraptor cf. estesi)
ARCHOSAUROMORPHA
- cf. Choristodera + + +
(Cteniogenys sp.) (Choristodera indet.) (Choristodera indet.)
- Theropoda + + +
(Tyrannosauroidea) (Tetanurae)

- Stegosauria +

- Ornithischia +

- Rhamphorhynchidae + +

(Rhamphorhynchinae)

- Pterosauria + +

- Atoposauridae +

- Teleosauridae +

- ?Metriorhynchidae

- Crocodyliformes

MAMMALIA

Cladotheria + + +

-cf. Dryolestida + + +

- Stem Zatheria, + + +

Amphitheriidae (Amphitherium, (Amphibetulimus) (Amphitheriidae
Palaeoxonodon) indet.)

Comparisons of the GEA fauna with contemporaneous faunas from Gondwana (Table 3) and
Laurasia are summarized in Tables 4 and 5.



e Taxa with Pangean or cosmopolitan distribution

Taxa from GEA with cosmopolitan distribution are represented by non-lepisosteid lepisosteiform
fishes (Lepidotes or Scheenstia). The ionoscopiform fishes are also widely distributed in Europe,
Africa, and North and South America from the Middle Triassic to the Late Cretaceous (e.g., Vullo and
Courville, 2014; Xu et al., 2014). The Mawsoniidae had a Triassic Pangean distribution (Miguel et al.,
2014). They diversified with vicariant evolution during breakup of Pangea and Gondwana. The
mawsoniid from GEA remains too poorly known to assess its exact affinities.

The general composition of the terrestrial archosaurian assemblage seems to be basically
Pangean, but because of the fragmentary nature of the material most taxa (e.g., pterosaurs, turtles,
and dinosaurs) are identified only at a high taxonomic rank, with poor paleobiogeographical
significance.

Rhynchocephalians were present as early as the Triassic in Europe, North America, Madagascar
and South America (Evans et al., 2001; Martinez et al., 2013). They achieved a more cosmopolitan
distribution during the Early Jurassic, adding Asia, Africa and India (Kota Fm) to their range. The
maxilla of rhynchocephalian identified by Flynn et al. (2006) from the Bathonian of Madagascar is
actually a fragment of theropod tooth as already noted by Evans and Jones (2010).

The earliest scincomorphan lizards are present in the Bathonian of only Britain, Western Siberia
and GEA 2. However, during the Late Jurassic their range was markedly broader; scincomorphans
were recovered from North America, Europe, Asia and Africa (Evans, 2003). Such a range suggests a
relatively cosmopolitan distribution in the Middle Jurassic.

Teleosaurid crocodyliforms were widespread marine animals and already achieved a wide
Pangean distribution during the Middle Jurassic. They are mainly known in Europe (e.g., Evans and
Milner, 1994; Jouve, 2009) but also in North America (Buffetaut, 1979), South America (Gasparini et
al., 2000), China (Liu, 1961) and North Africa (Lapparent, 1955; Fara et al., 2002).

The first dental morphotype (i.e., slender teeth) of pterosaurs identified at GEA indicates the
presence of a rhamphorhynchid taxon. This group of pterosaurs is known from various Middle
Jurassic localities, both in Gondwanan and Laurasian landmasses (Barrett et al., 2008).

The terrestrial flora from the Anoual Fm, represented by wood trunks of the families
Araucariaceae, Cheirolepidiaceae, Podocarpaceae, has a broad Pangean distribution (McLoughlin,
2001). According to Mojon in Haddoumi et al. (2008) and Mojon et al. (2009), the charophyte
Aclistochara africana found in the lacustrine limestones of Guelb el Ahmar is also of Pangean
affinities.

The wide Pangean distribution of several taxa of the fauna and flora of GEA and other sites of the
Anoual Formation fits well with the general Jurassic cosmopolitanism (e.g., Ezcurra and Agnolin,
2012) and with the paleogeographical context of that time (Fig. 19).

e Taxa shared with Gondwanan sites (Table 4)
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The GEA assemblage does not include taxa restricted to the Gondwana, with the only possible
exception of a dipnoan.

Although the generic assignment of many Mesozoic lungfish species based on isolated toothplates
remains unclear, the dipnoan genus Arganodus seems to be present in the Gondwana from the
Triassic to the Cretaceous (Soto and Perea, 2010). This genus - if not synonymous of Asiaceratodus -
has not been reported from post-Triassic Laurasian localities so far. Soto and Perea (2010) noted that
the Jurassic lungfishes remain very poorly known in the Gondwana, with only a few occurrences of
two distinct forms, i.e., Arganodus tiguidiensis and Ceratodus (or Neoceratodus) africanus. Dipnoan
assemblages from the Jurassic of Laurasia are characterized by the presence of other genera such as
Ferganoceratodus and Potamoceratodus (Cavin et al., 2007; Pardo et al., 2010). This clearly indicates
that this peculiar Jurassic situation resulted from a vicariant event between the Gondwanan and
Laurasian lungfishes during the Triassic (Cavin et al., 2007).

e Taxa shared with Laurasian sites (Table 5)

The GEA fauna displays noticeable affinities with Laurasian faunas, especially the amphibians,
reptiles and mammals, i.e. the tetrapods.

The most significant taxa shared with Laurasian assemblages include the albanerpetontid and
likely caudatan amphibians, anguimorph squamates, choristoderes (if confirmed), and the
amphitheriid and possible dryolestidan cladotherian mammals. Several of these taxa are known in
particular in the British Bathonian faunas (Table 5), which in fact are currently the best known Middle
Jurassic vertebrate faunas across the world. However, it should be noted that their distribution is not
restricted to Europe within Laurasia. The GEA assemblage also shows some taxonomic affinities with
the Late Jurassic fauna from the Morrison Formation, USA (Chure et al., 2006; Foster and Heckert,
2011).

Nearly all albanerpetontids were recorded from Laurasia: North America (Cretaceous-Paleocene),
Europe (Bathonian-Pliocene) and Asia (Late Cretaceous) (Gardner and Bohme, 2008). Outside of
Laurasia, albanerpetontids were found only from the Anoual Syncline Mesozoic sites of GEA 2 and
Ksar Metlili that are both located in northernmost Gondwana, close to Europe (Fig. 19).

The fossil record of the Caudata is mainly Laurasian, as early as their earliest occurrences (Middle
Jurassic) (Skutchas, 2013). With the exception of GEA 2, Jurassic caudatans are known only from the
Laurasian continents. The identification of a caudatan from the Bathonian of Madagascar by Flynn et
al. (2006) cannot be confirmed. The remains are reported as Urodela in the text, but the single
illustrated bone is labelled ‘Amphibian’, not ‘Urodela’. This illustrated bone is supposed to be a
vertebra, but if really a vertebra (which is questionable), it does not show any caudatan or even
amphibian feature.

Anguimorphans make up a typically Laurasian taxon. In the Jurassic, they were present in the
three Laurasian continents (Evans, 2003). The anguimorph Parviraptor from GEA 2 is known
elsewhere only from the Middle and Late Jurassic and Early Cretaceous of Laurasian continents.

If confirmed, the identification of a choristodere at GEA 2 is of special interest because, up to this
recovery, the group was only reported from Laurasia: Europe (Bathonian-Miocene), Asia (Bathonian-
Eocene) and North America (Late Jurassic-Paleocene) (Matsumoto and Evans, 2010).
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Atoposaurid crocodyliforms are typical components of the Late Jurassic and Cretaceous faunas of
Laurasia, especially in Europe (Martin et al., 2010). The occurrence of cf. Theriosuchus at GEA may be
related (vicariance or dispersal?) to the presence of Theriosuchus-like teeth in the Middle Jurassic of
Western Europe (Evans and Milner, 1994; Kriwet et al., 1997; Evans et al., 2006). Together with an
inderterminate form from the Early—Middle Jurassic Kota Fm (Prasad et al., 2014) and the putative
atoposaurid genus Brillanceausuchus from the Early Cretaceous of Cameroon (Michard et al., 1990;
Martin et al., 2010), the isolated teeth found at GEA represent the only known occurrence of
atoposaurids in Gondwana.

The second dental morphotype (i.e., short robust teeth) of pterosaurs present at GEA can be
found in several Laurasian taxa and occurs in some Middle—Late Jurassic microvertebrate
assemblages of Western Europe (e.g., Vullo et al., 2014), whereas it is unknown in the Middle
Jurassic fossil record of Gondwana.

Early cladotherian mammals, including amphitheriids and dryolestidans, are known in the Middle
and Late Jurassic of Europe and Asia. Dryolestidans and dryolestids are supposed respectively of
Laurasian origin and of Asian origin (Averianov et al., 2013, 2014). However, it should be noted that
the possible occurrence of dryolestidans in GEA would be also among the earliest known. In Africa,
dryolestidans such as Donodon are also reported only in the younger Ksar Metlili site from Anoual
syncline (Sigogneau-Russell 1991b), in which they are the most frequent mammals and are
represented by endemic forms. A peculiar feature of the Ksar Metlili fauna is that dryolestidans are
associated with tribosphenic mammals, in contrast to Laurasian mammal assemblages. Stem
zatherians such as amphitheriids are still unknown in North America. In Africa, stem zatherians were
previously reported 1) in the Late Jurassic of Tanzania with Brancatherulum and Tendagurutherium
(Branca, 1916; Dietrich, 1927; Heinrich 1991, 1998), and of Ethiopia (indeterminate “peramurans”;
Clemens et al., 2007), and 2) in the Early Cretaceous of Cameroon (Abelodon abeli; Brunet et al.,
1990) and of Morocco (Ksar Metlili) with several taxa (Table 6).

Haddoumi et al. (2008) and Mojon et al. (2009) also identified ostracods from the Middle Jurassic
of Anoual Syncline with European affinities.

Previous studies also suggested Laurasian relationships of the younger Ksar Metlili local fauna
(Anoual Syncline), with the occurrence of albanerpetontid and discoglossid amphibians and several
mammal taxa such as triconodonts, multituberculates, “symmetrodontans”, and therians (Kielan-
Jaworowska et al., 2004). The GEA assemblage supports an earlier African origin, back to at least the
Middle Jurassic for some of these taxa from Ksar Metlili such as the rhynchocephalians, and possibly
the dryolestidans.

e Endemic taxa and remarkable absences

No significant endemism can be detected among the vertebrates from GEA. However, this is not a
definite statement because many taxa from GEA remain poorly known, as a result of the fragmentary
nature of recovered microremains. Some African endemism of Ksar Metlili vertebrate fauna was
previously noticed, especially within the mammal assemblage (Sigogneau-Russell et al., 1998); it is at
least illustrated at generic level.
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It is worth noting that freshwater hybodont sharks, and chondrichthyans in general, are absent at
GEA, whereas they are present in most of the Mesozoic continental vertebrate assemblages of Africa.
In the ‘Red beds’ of the Anoual Syncline, sharks represented by two small hybodont taxa (Lissodus
and Egertonodus) locally appear in the younger beds of the KM locality that is however better
sampled.

The most remarkable taxonomic absence from the GEA fauna are the anurans that are known
elsewhere in the Early to Late Jurassic of Laurasia and in the Early and Middle or Late Jurassic of
South America (Rocek, 2013), and the australosphenidan mammals that are known and restricted to
the Gondwanan provinces since their earliest known occurrence in the Early-Middle Jurassic (e.g
Madagascar and South America; see Kielan—Jaworowska et al., 2004; Flynn et al., 1999; Rougier et al.,
2007). Absence of australosphenidans in GEA sites might not be significant, because of incomplete
sampling and taphonomic biases, but this is less true for the younger Ksar Metlili fauna from the
same Anoual Syncline, where they are also lacking. How far this reflects some (precocious) African or
intra-African provincialism within Gondwana remains an open question.

e Conclusion on the paleobiographical relationships of the GEA fauna

As presently known, the GEA floral and faunal assemblage is characterized by Pangean affinities,
by a significant Laurasian, and more specifically a European component, and by the possible absence
of any Gondwanan taxa, including for mammals. The only possible Gondwanan taxon identified in
GEA is the dipnoan genus Arganodus, assuming it is not synonymous with the Asian Asiaceratodus.
However, it should be noted that the Jurassic Moroccan flora in southern Atlas includes the endemic
wood Metapodocarpoxylon that is restricted to the north Gondwanan floristic province (Dupéron-
Laudoueneix et Pons, 1985; Pons, 1988; Philippe et al., 2003). This floristic province is only at the
beginning of its differentiation during the Jurassic, but it is well characterized during the early
Cretaceous. It was characterized by summer-wet climatic conditions by contrast to Laurasian areas
such as North America and the Iberian Peninsula showing winter-wet climatic conditions (Philippe et
al., 2003).

Biogeographic relationships of the taxa recovered from GEA are obviously inferred from the
known fossil record and present biotic distribution where possible. The presumed Laurasian taxa
from GEA are known and well documented from various fossiliferous beds located in Laurasia, but
were not recovered from Gondwanan areas (except, for some of them, in the ?Berriasian of the close
Ksar Metlili locality). However, as is well known, absences of taxa may be misleading. They may be
true absences (taxa never entered the considered area) or false absences (taxa were present there
but have not been recovered yet), i.e. in the latter case they represent a bias of the fossil record
(fossil gaps). If the absences in Gondwana result from a fossil bias, then taxa (all or part of them)
from GEA that are related to taxa that were previously known only in Laurasia are actually Pangean.
Therefore, we face two possibilities: 1) Middle Jurassic faunas are biased by significant fossil gaps in
Gondwana, or 2) the known ranges of Middle Jurassic taxa are significant, including in Gondwana. As
this issue cannot be tested in regard to available data, below we discuss palaeobiogeographic aspects
in the frame of these two hypotheses.

1) The hypothesis of a major fossil bias
If the taxa supposedly of Laurasian affinities were actually Pangean, the similarities between
Laurasian faunas and floras and those from the Anoual Syncline such as GEA and Ksar Metlili result
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from an inherited vicariant Pangean distribution. In that case, Middle Jurassic Pangean faunas are
poorly documented in southern continents and several major taxa previously supposed Laurasian are
actually primitively Pangean (caudatan and albanerpetontid amphibians, choristoderes (if
confirmed), anguimorphan squamates, amphitheriid and possibly dryolestidan mammals). This
hypothesis of a Middle Jurassic Pangean cosmopolitanism might be supported by the absence of
well-characterized Gondwanan taxa at that time, except for some mammals such as
australosphenidans; it does not conflict with the occurrence of an emerging north Gondwanan
floristic province. The GEA assemblage, typified by the absence of Gondwanan taxa and the presence
of “Laurasian” taxa, would be the first evidence of such a major fossil gap in southern continents.

2) The hypothesis of the absence of a significant fossil bias

If absences, or at least part of them, in Gondwana are real absences, then taxa (or part of them)
regarded above as related to Laurasian forms really indicate Laurasian affinities. Therefore, their
occurrence at GEA requests a dispersal between Laurasia and Gondwana. During the Middle Jurassic,
two terrestrial routes were possible. At that time, the Tethys was still opening westward, and
Laurasia and Gondwana remained linked west of northern Africa through the Americas (Fig. 19).
Dispersal around the western Tethys Gulf was possible in this paleogeographic context, but the fossil
record from Middle Jurassic of North and South America is lacking to test this dispersal route. The
other possible dispersal way is a trans-Tethyan route accross the Mediterranean Tethyan Sill that was
present between Europe and North Africa (Gheerbrant and Rage, 2006) (Fig. 19). In this hypothesis,
the absence of Gondwanan taxa combined with the presence of Laurasian taxa in the North African
sites of GEA and Ksar Meltili is remarkable.

Whatever the retained hypothesis, it should be noted that, even in a Pangean context, the close
resemblance between the Bathonian faunas of GEA and Britain is striking and intriguing.

<<Fig. 19 here>>

6.3 — Stratigraphical significance, relative age of Ksar Metlil fauna
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Table 6. Comparison of GEA and Ksar Metlili faunas, respectively Bathonian and ?Berriasian of Anoual

Syncline, eastern Morocco.

Anoual GEA
(Anoual Fm)

Anoual Ksar Metlili
(Ksar Metlili Fm)

OSTEICHTHYES

- Lepisosteiformes,
Lepidotes sp. or Scheenstia sp.
- cf. lonoscopiformes indet.

- Osteoglossiformes indet.

- Pisces indet.

- Actinistia, Mawsoniidae indet.
- Dipnoi, Arganodus sp.
AMPHIBIA

- Albanerpetontidae indet.

- ?Caudata indet.

- ?Lissamphibia incert. sed.
TESTUDINATA

- Testudinata indet.

LEPIDOSAUROMORPHA

- Rhynchocephalia indet.

- Squamata, Anguimorpha, cf. Parviraptor
- Scincomorpha indet.

- Squamata indet.
ARCHOSAUROMORPHA

- cf. Choristodera indet.

- Theropoda indet.

- Cf. Stegosauria indet.

- Ornithischia indet.

- Pterosauria, Rhamphorhynchidae indet.
- Pterosauriaindet.

- Atoposauridae indet. (cf. Theriosuchus sp.)
- Teleosauridae indet.

- ?Metriorhynchidae indet.

- Crocodyliformes indet.

MAMMALIA

Cladotheria

- cf. Dryolestida indet.

- Stem Zatheria, Amphitheriidae indet.

CHONDRICHTYES

- Lonchidion marocensis

- Egertonodus basanus
OSTEICHTHYES

- Lepisosteiformes indet., cf. Lepidotes or
Scheenstia

- Pycnodontiformes indet.

- Osteoglossiformes indet.

- ?O0stariophysi, ?Cypriniformes indet.
- Actinistia indet.

- Dipnoi indet.

AMPHIBIA

- Albanerpetontidae, Anoualerpeton unicus
- Anura, aff. Enneabatrachus sp.

- Anura, Aygroua anoualensis
TESTUDINATA

- ?Araripemydidae indet.

- Pleurodira indet.

- Cryptodira indet.
LEPIDOSAUROMORPHA

- Rhynchocephalia,Tingitana anoualae
- Paramacellodus marocensis

- Tarratosaurus anoualensis

ARCHOSAUROMORPHA

- Theropoda indet.

- Dromaeosauridae indet.

- Ornithischia indet.

- Pterosauria indet.

- ?Ctenochasmatidae indet. *

- Crocodyliformes indet.

MAMMALIA

Eutriconodonta

-Dyskritodon amazighi
-Gobiconodon palaios
-Kryptotherium polysphenos
Multituberculata or Haramyida
-Hahnodon taqueti
-Denisodon moroccensis
Cladotheria?, “Symmetrodonta”
- Atlasodon monbaroni
-Microderson laaroussii
-Thereuodon dahmanii

- Afriquiamus nessovi
-Minimus richardfoxi
Cladotheria, Drylolestoidea
-Donodon perscriptoris
Cladotheria, Zatheria, Permuridae
-Peramus sp.

Theria (Boreosphenida)
-Hypomylos spp.
-Tribotherium africanum

* Knoll, 2000; based on isolated teeth that might correspond in fact to juvenile teleosaurid

thalattosuchians
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The Bathonian age of the fauna of GEA is fairly well constrained by several biostratigraphic data,
including pollen, charophytes, brachiopods (Anoual Fm, upper member), ostracods, and vertebrates
(see §5). The palynoflora recovered in GEA 2 indicates an age not older than the Toarcian. The
vertebrate assemblage best fits that of the Bathonian of Britain. The shared presence of
albanerpetontids, of the anguimorph squamate cf. Parviraptor, and of amphitheriid mammal, is
strongly consistent with the Middle Jurassic (Bathonian) age.

The dating of the Ksar Metlili fauna, recovered from the red beds stratigraphically above the GEA
sites (Fig. 2) in the Anoual Syncline, is comparatively much less constrained. Its Berriasian age, based
mostly on the charophytes and the nannofossils, remains uncertain. Furthermore, Duffin and
Sigogneau-Russell (1993) argued that the occurrence of the hybodont shark Egertonodus basanus in
the KM fauna is consistent with a Berriasian age, but this specific assighnment must be taken with
caution and revised because of the fragmentary nature of the material and the recent description of
a species very close to Egertonodus (i.e., E. duffini) in the Bathonian of England (Rees and
Underwood, 2008).

The GEA microvertebrate assemblage of the Anoual Formation described in this work adds new
faunal data for the discussion of the relative age of the Ksar Metlili Formation. Comparison of the
GEA and KM vertebrate assemblages (Table 6) demonstrates primarily an overall faunal continuity
between both faunas: most supra-specific taxa of GEA are found in KM fauna (which is much better
documented). The most significant shared taxa of GEA and KM are the osteoglossiforms, the
albanerpetodontids, the rhynchocephalians, the scincomorphans, and possibly dryolestidans.
However, in the absence of more precise systematic determinations, these taxa do not help to
constrain the relative age of GEA and KM faunas because of their wide stratigraphic range. The only
possible significant taxon to compare stratigraphically between GEA and KM may be the
rhynchocephalian. The overall morphologies of the teeth of the rhynchocephalians from GEA and KM
are very close. However, as noted above, the ridges and grooves ornamentation occurs on the labial
face in the GEA taxon, whereas it is on the lingual face in the rhynchocephalian from KM, i.e.
Tingitana. This difference is perhaps not significant; the two taxa were perhaps closely related which
would argue against a major stratigraphic gap between GEA and KM faunas.

In any case, some differences are noticed between the GEA and KM vertebrate faunas. Athough
still poorly known, the presence of an amphitheriid mammal in GEA supports its older age (e.g.,
Middle Jurassic) with respect to KM that includes more advanced cladotherians. KM also differs
noticeably from GEA by the presence of anurans, but this might be a bias of fossil documentation.

The age of the KM fauna, e.g. (Late) Jurassic vs (Early) Cretaceous, should be further tested,
especially with the new faunal data issued from our 2010 new field work (work and study in
progress).
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Conclusions

Three Guelb el Ahmar loci (namely GEA 1, 2, 3) from the Anoual Formation (exposed in the
Anoual Syncline, Morocco) have produced one of the richest continental biotic assemblage from
the Jurassic of Gondwana. With at least 29 species, the vertebrate fauna appears to be
taxonomically rich and diverse. All major groups are represented, except selachians, the absence
of which might be related to the lacustrine environment. Invertebrates are present, some being
well represented such as ostracods. The flora is represented by trunks of trees (three families),
pollen (13 species belonging to five major clades) and charophytes (Aclistochara africana).

The vertebrates are mostly documented by the microvertebrate assemblage of the locality
GEA 2, that includes the first discovered mammals from the Middle Jurassic of Arabo-Africa, and
among the very few mammals known from the Middle Jurassic interval worldwide.

The Guelb el Ahmar sites most noticeably yielded 1) several fossils that are among the
earliest known representatives of various groups, along with some fossils from a few Laurasian
localities: albanerpetontid and caudate amphibians, squamates (scincomorphans,
anguimorphans), stem cladotherian mammals, and likely choristoderes, 2) the only known
Gondwanan occurrence of choristoderes (if their presence is confirmed in GEA), the only known
Mesozoic Gondwanan anguimorph and one of the very few known Gondwanan occurrences of
albanerpetontid and salamanders (Caudata). The mammals from GEA are the earliest known
cladotherians known in Gondwanan continents. The Guelb el Ahmar biotic assemblage supports
a lacustrine freshwater depositional environment (palynoflora, charophytes, gastropods, fishes,
lissamphibians, cf. choristoderes). The paleoenvironment is additionally characterized by local
forests, and moderaly humid and stable climatic conditions.

The faunal assemblage of Guelb el Ahmar is characterized by the presence of Pangean and
Laurasian taxa, and the quasi absence of Gondwanan taxa. Caudatan ampbhibians, choristoderes,
anguimorphan squamates, and amphitheriid mammals were previously known only from
Laurasia and, formerly, albanerpetontids were known in Gondwana only in the Ksar Metlili local
fauna, from the same Anoual Syncline. The paleobiogeographical analysis of Jurassic continental
biotas may be biased because of a heterogeneous fossil record with major gaps, especially in
Gondwana. The presence of Laurasian taxa in the GEA assemblage may be the result of either
dispersal and/or vicariance, in agreement with the Middle Jurassic paleogeographic context (Fig.
19). The absence of Gondwanan taxa in GEA, if not a bias of sampling, is difficult to explain. One
proposed hypothesis is a possible intra-Gondwanan or intra-African provincialism (e.g., Philippe
et al., 2003; Rauhut and Lopez-Arbarello 2008). This is supported by the Laurasian affinities of
GEA fauna, especially with Eurasian Jurassic biotic assemblages, which remains original within
Gondwana. Alternatively, the new GEA sites might emphasize the incompleteness of the fossil
record of Gondwana such as Africa, and might support a persisting Pangean paleobiogeographic
context in the Middle Jurassic. This implies that caudate and albanerpetontid amphibians,
anguimorphan squamates, amphitheriid, likely choristoderes and possibly dryolestidan mammals
had a Middle Jurassic Pangean distribution.
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The GEA vertebrate assemblage, that is well dated Bathonian, shows a noticeable faunal
continuity with that of the younger local fauna Ksar Metlili, as illustrated for instance by the
osteoglossiforms and the rhynchocephalians. This argues against a major stratigraphical gap
between the two sites, and raises questions on the putative Berriasian age of Ksar Metlili fauna
that needs further testing with new studies of the latter.

The GEA loci suggest that some of the Laurasian taxa of Ksar Metlili, such as the
rhynchocephalians may have been inherited locally from older Bathonian African faunas. Some
other taxa of the Ksar Metlili fauna such as albanerpetontids, however likely resulted from a
post-Bathonian dispersal of Laurasian origin.
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Caption of figures and tables

Figures

Fig. 1. Geographic and geological settings of the investigated outcrop areas. A: location of the
study area in Eastern High Atlas. B: simplified geological map of the Anoual Syncline (from du
Dresnay, 1976; Caia, 1972; Haddoumi et al., 2008) showing the vertebrate localities of Guelb el
Ahmar (GEA, Anoual Fm, Bathonian) and Ksar Metlili (KM, Ksar Metlili Fm, ?Berriasian).

<<2 columns>>

Fig. 2. Synthetic stratigraphical log and sequential evolution of the “Red Beds” exposed in the
Anoual Syncline, with stratigraphic location of the Guelb el Ahmar (GEA) and Ksar Metlili (KM)
vertebrate bearing levels in the Anoual and Ksar Metlili formations, respectively (from Haddoumi et
al. 2008, fig. 2)

<<1.5 columns>>

Fig. 3. Outcrops of the Anoual Formation at Guelb el Ahmar showing the Bathonian lacustrine
fossiliferous limestone (green to grey level) by the GEA 1 site, Anoual Syncline, Morocco. The
uprighted marine middle Jurassic limestone forming the northern flank of the Anoual Syncline are
visible in the distance.

<<1.5 columns>>

Fig. 4. Guelb el Ahmar microvertebrate sites GEA 3 and GEA 2 from the Bathonian Anoual Fm
(Anoual Syncline, Morocco). Detailed section showing relative position of the two local fossiliferous
levels that were sampled for microvertebrates research. GEA 3 is found in a lower lacustrine
limestone level, and GEA 2 belongs to the overlying upper brown marl level.

<<2 columns>>

Fig. 5. Screening-washing operations of the fossiliferous sediment from the Bathonian Guelb el
Ahmar GEA 2 locality. Successive steps in the washing-screening process on the field included 1)
drying sediment under sunlight, 2) soaking the sediment in water with the addition of hydrogen
peroxide (help to deflocculate the clay matrix), 3) screening-washing on 3 superposed large sieves
(meshes 0.8 mm, 2 mm, 4 mm) with the help of a water-pump, 4) drying the screened residue and
sorting the size grain fraction larger than 4 mm (mostly including turtle and crocodilian remains, and
some dipnoan teeth). 1.2 ton of sediment of GEA 2 locality was screen-washed for recovery of the
microvertebrate fauna that is described in this work.

<<1 column>>

Fig. 6. Flora from Guelb el Ahmar and Oued Metlili Lignites, Anoual Fm, Bathonian: Palynomorpha
and wood fragments. Each illustrated palynomorph and wood fragment is followed by sample
number, slide number and coordinates of the England Finder Graticule (brackets).

A-H. Samples from Guelb el Ahmar loc. 2 (GEA 2). A. Pityosporites sp., GEA 2 C (S55/3). B.
Araucariacites australis Couper, GEA 2 A (F36). C. Alisporites sp., GEA 2 A (K52/4). D. Classopollis sp.,
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GEA 2 A (W53/4). E. Bisaccates sp., GEA 2 A (P41/4). F. Inaperturopollenites sp., GEA 2 A (H43/4). G.
Cycadopites sp., GEA 2 B (T40/3). H. Tangential longitudinal wood section showing the uniseriate
rays, GEA 2 C (J70). A-G: Scale bar = 20 um. H: Scale bar: 25 um.

I-N. Oued Metlili Lignites sample (OML). I-M Wood fragments showing the uniseriate or biseriate
bordered pits on the wall of tracheids. N. Cross-field with araucarioid pits. I. OML A (N54/4); J. OML A
observed in water; K. OML A (069/3); L. OML A (P44/1); M. OML B (X67/4); N. OML A observed in
water. |-N: Scale bar: 25 um.

<<2 columns>>

Fig. 7. Flora from the Anoual Formation (Bathonian). Locality from Anoual Syncline rich in fossil
trunks of conifer gymnosperms (arrows); corresponding pollen of Cheirolepidiaceae (Classopollis)
have been identified in the fossiliferous marls of Guelb el Ahmar (GEA 2 loc.).

<<1.5 columns>>

Fig. 8. Non-vertebrate taxa (Charophyta, Ostracoda, Gastropoda) of Guelb EIl Ahmar (Bathonian).
A. gyrogonite (GEA 2-unnumbered) of Charophyta indet. B. carapace (GEA 2-unnumbered) of
Ostracoda indet. C. shell (GEA 2-unnumbered) of Planorbidae indet. D. shell (GEA 2- unnumbered)
of Lymnaeidae indet. E. shell (GEA 2- unnumbered) of Valvatidae indet. Scale bars: 100 um (A, B)
and 1 mm (C-E).

<<1.5 columns>>

Fig. 9. Guelb El Ahmar fauna. Osteichthyes. A. GEA 2-14, tooth of Lepidotes sp. or Scheenstia sp. B.
GEA 2-17, scale of cf. lonoscopiformes indet. C. GEA 2-16, squamule of Osteoglossiformes indet. D.
squamule (unnumbered specimen) of Osteoglossiformes indet. from Ksar Metlili (?Berriasian) for
comparison. E, F. GEA 2-13, GEA 2-12, ichthyoliths of Osteichthyes indet. Scale bars: 1 mm.

<<1.5 columns>>

Fig. 10. Guelb El Ahmar fauna. Osteichthyes. A. GEA 3-1, scale of Lepidotes sp. or Scheenstia sp. B.
GEA 3-2, spine of Pisces indet. C-E. parasphenoid tooth plate (C: GEA 3-3) and indeterminate skull
elements (D, E: GEA 3-4, GEA 3-5) of Mawsoniidae indet. F, G. GEA 3-6, GEA 3-7, teeth of Arganodus
sp. Scale bars: 10 mm.

<<1.5 columns>>

Fig. 11. Guelb El Ahmar fauna. Lissamphibia. A, B. Incomplete premaxilla (A: GEA 2-22) and frontal
(B: GEA 2-21) of Albanerpetontidae indet. C. GEA 2-29, fragment of dentary of ?Caudata indet. D.
GEA 2-2, incomplete right maxilla of ?Lissamphibia incertae sedis (see also Supplementary S1 Figure
1). Al: lingual view; A2: labial view. B1: ventral view; B2: dorsal view. C1: labial view; C2: lingual view;
C3: outlined section. D1: dorsal view; D2: ventral view; D3: labial view; D4: lingual view. Scale bars: 1
mm.

<<1.5 columns>>

Fig. 12. Guelb El Ahmar fauna. Testudinata. A. GEA 2-47, costal plate of Testudinata indet. 1. B. GEA
2-48, neural plate of Testudinata indet. 2. C, D. costal (C: GEA 3-8) and peripheral (D: GEA 3-9) plates
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of Testudinata indet. 3. E. GEA 2-49, costal plate of Testudinata indet. 4. Scale bars: 5 mm (E) and 10
mm (A-D).

<<1.5 columns>>

Fig. 13. Guelb El Ahmar fauna. Lepidosauria. A, B. Fragment of left dentary (A: GEA 2-20) and
fragment of maxilla (B: GEA 2-18) of Rhynchocephalia indet. C. GEA 2-26, fragment of jaw of
Scincomorpha indet. D. GEA 2-28, fragment of jaw of ?Scincomorpha indet. in lingual view. E. GEA 2-
30, vertebra of cf. Parviraptor sp. F, G. Left maxilla (F: GEA 2-24) and vertebra (G: GEA 2-25) of non-
ophidian squamates. A: labial view; B1: labial view; B2: occlusal view. C1: lingual view; C2: close up of
teeth. F: lingual view. G: ventro-lateral view. Scale bars: 100 um (C2), 500 um (A, C1, D-F) and 1 mm
(B, G).

<<2 columns>>

Fig. 14. Guelb El Ahmar fauna. Archosauromorpha (Choristodera, Dinosauria, Pterosauria). A, B.
dentary (A: GEA 2-31) and vertebral centrum (B: GEA 2-23) of cf. Choristodera. C. GEA 2-5, tooth of
Theropoda indet. D. GEA 2-4, tooth of Stegosauria indet. E. GEA 2-3, tooth of Ornithischia indet. F.
GEA 2-7, tooth of Rhamphorhynchidae indet. G-I. teeth (GEA 2-6, GEA 2-50, GEA 2-51) of Pterosauria
indet. A: lingual view. B: anterior or posterior view. Scale bars: 100 um (C2) and 1 mm (A-C1, D-l).

<<1.5 columns>>

Fig. 15. Guelb El Ahmar fauna. Archosauromorpha (Crocodyliformes). A-D. Anterior to posterior
teeth (GEA 2-8, GEA 2-9, GEA 2-10, GEA 2-11) of cf. Theriosuchus sp. Scale bars: 100 um (D4, D5) and
1 mm (A-D3).

<<2 columns>>

Fig. 16. Guelb El Ahmar fauna. Archosauromorpha (Crocodyliformes). A, B. GEA 2-52, GEA 2-53,
teeth of Atoposauridae indet. C. GEA 2-54, tooth of Teleosauridae indet. D-G. tooth (D: GEA 3-10),
vertebra (E: GEA 3-11), femur (F: GEA 3-12) and osteoderm (G: GEA 3-13) of Thalattosuchia indet.
(?Metriorhynchidae). Scale bars: 1 mm (A-C) and 10 mm (D-G).

<<1.5 columns>>
Fig. 17. Guelb el Ahmar fauna. Mammalia from locality GEA 2.

A-C. Amphitheriidae (stem zatherian, Cladotheria) g., sp. indet. GEA 2-1, fragment of right
dentary of a juvenile individual with one fully erupted premolar (P, or P3;) and one more
posterior premolar (P; or P,;) still in crypt; occlusal stereophotographic (A), labial (B) and
lingual (C) s.e.m. views.

D-F. Amphitheriidae g., sp. indet. GEA 2-32, fragment of right dentary with 3 alveoli (teeth
broken, but remain of at least one root); occlusal (D) and labial (E) s.e.m. views; X-ray
radiographs in labial (F) and lingual (G) views.

H-O. Amphitheriidae g., sp. indet. GEA 2-1. CT scan 3 D modellings. H-L, the right dentary in
occlusal (stereographic), distal, labial, lingual and mesial, views; M-0. Permanent anterior
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premolars P, or P3; and P; or P4; in crypt in lingual, occlusal and labial views. See also
Supplementary S1 Figure 2.

P-Q. cf. Mammalia, cf. Dryolestida indet. GEA 2-33, tooth fragment (cusp and root) in occlusal
and lateral s.e.m. view. Fragment of left upper molar, probably the paracone with its root.

mf: mental foramen; md: mandibular canal; Is: inflated lingual side
Scale bar: 1 mm
<<2 columns>>

Fig. 18. Guelb el Ahmar fauna. Mammalia from locality GEA 2. Amphitheriidae (stem zatherian,
Cladotheria) indet. Posterior and anterior fragments of right lower jaws.
A,B,C. Amphitheriidae g., sp. indet. Specimen GEA 2-1, fragment of right dentary of a juvenile

individual with one fully erupted premolar (P, or P3;) and one more posterior premolar (P; or
Ps>) still in crypt; occlusal, labial and lingual views.

D, E, F. Amphitheriidae g., sp. indet. Specimen GEA 2-32, fragment of right dentary with 3
alveoli; occlusal, lingual and labial views.

Scale bar: 1 mm

<<1 column>>
Fig. 19. Paleogeographic reconstruction showing location of the site of Guelb el Ahmar (Anoual
Syncline, Morocco), close to the crossing area of the incipient Central Atlantic and Tethyan seas.
Paleogeographic peri-Tethyan context for the Middle Jurassic (Callovian) from Barrier and Vrielynck

(2008), map 3.
<<1.5 columns>>

Tables

Table 1. Mammalia, Amphitheriidae g., sp. indet.: measurements of GEA 2-1 and GEA 2-32
(mm). Measurements were made under binocular Measuroscope (Nikon, MM400 SL), except for
length and width of the replacing tooth P, or P; of GEA 2-1 that was measured on the 3 D model of
the tooth with the help of the program MIMICS. L= Length: W= width. *maximal preserved length.

<<1 column>>

Table 2. Faunal list of the vertebrate taxa from the Guelb el Ahmar locality, Anoual
Formation, Bathonian, eastern Morocco.

<<1.5 columns>>

Table 3. Main Jurassic microvertebrate localities known in Africa and other Gondwanan
continents.

<<2 columns>>
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Table 4. Taxa from GEA recorded in other Middle Jurassic vertebrates sites from Gondwana.
The comparison does not include the poorly known Early Jurassic faunal assemblage of Queso
Rallado, Argentina. Taxa in parentheses are different from those of GEA. (1) Caudata and
Rhynchocephalia are reported in Ambondromamy, but the determination is wrong (see text); (2)
different taxon from that of GEA.

<<1.5 columns>>

Table 5. Taxa from GEA shared with Middle Jurassic fauna from Laurasia. Taxa in parentheses
are different from those of GEA.

<<2 columns>>

Table 6. Comparison of GEA and Ksar Metlili faunas, respectively Bathonian and ?Berriasian
of Anoual Syncline, eastern Morocco.

<<2 columns>>
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