
 

 

Departament de Geologia, Facultat de Ciències, Universitat Autònoma de Barcelona 

 

 

 

 

Registre sedimentari i icnològic del fini-Carbonífer, 

Permià i Triàsic continentals dels Pirineus Catalans 

Evolució i crisis paleoambientals a l’equador de Pangea 

 

Memòria presentada per Eudald Mujal Grané per optar al títol de Doctor en Geologia 

Juny de 2017 

 

Tesi doctoral dirigida per: 

 

Dr. Oriol Oms Llobet, Departament de Geologia, Universitat Autònoma de Barcelona 

Dr. Josep Fortuny Terricabras, Institut Català de Paleontologia Miquel Crusafont 

 

 

 

 

 

Dr. Oriol Oms Llobet     Dr. Josep Fortuny Terricabras 

 

 

 

Eudald Mujal Grané



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Capítol 7. An archosauromorph dominated ichnoassemblage in 

fluvial settings from the late Early Triassic of the Catalan Pyrenees 

(NE Iberian Peninsula) 

  



 

154 

Capítol 7. An archosauromorph dominated ichnoassemblage in fluvial settings from the late 
Early Triassic of the Catalan Pyrenees (NE Iberian Peninsula) 

El capítol 7 correspon a l’article publicat online a la revista PLoS ONE el 19 d’abril de 2017: 

 

Mujal, E., Fortuny, J., Bolet, A., Oms, O., López, J.Á., 2017. An archosauromorph dominated ich-

noassemblage in fluvial settings from the late Early Triassic of the Catalan Pyrenees (NE Iberian Pe-

ninsula). PLoS ONE, 12(4): e0174693. 

 

https://doi.org/10.1371/journal.pone.0174693 
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Abstract 

Here we describe and discuss the taxonomic affinities of three isolated teeth discovered in the 

Buntsandstein facies of the Catalan Coastal ranges and central-eastern Pyrenean basins that crop out 

in Catalonia, north-eastern Spain. The tooth crowns are blade-like, labiolingually compressed, distally 

recurved and proportionally apicobasally tall, in which the most complete of them is at least 2.4 times 

taller than its mesiodistal depth at base. The distal margins possess a densely serrated carina, and the 

mesial margins lack carina and serrations. The enamel of the crowns lacks ornamentation (e.g., wrin-

kles, ridges) or macroscopic wear-facets. The three teeth are referred to indeterminate crocopodan 

archosauromorphs based on the presence of labiolingually compressed and serrated crowns. The ab-

sence of mesial denticles resembles the condition in the non-archosauriform archosauromorph Teyuja-

gua, proterosuchids, and some more crownward archosauriforms (e.g., some proterochampsids). We 

could not find evidence to determine if these teeth belong to a single or multiple closely related species. 

These remains represent the first archosauromorph direct remains from Lower−Middle Triassic beds 

of the Iberian Peninsula and add information about the geographic distribution of the group during 

the dawn of the evolutionary radiation of the group. 

 

Key words 

Diapsida; Archosauromorpha; Crocopoda; teeth; Early−Middle Triassic. 
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Introduction 

The Permo-Triassic mass extinction (ca. 251 m.y.a.) allowed the flourishing of multiple vertebrate 

clades that were minor components of Palaeozoic assemblages or originated in the aftermath of this 

event. One of the clades that radiated during the Triassic was Archosauromorpha, which includes the 

diapsids more closely related to crocodiles and dinosaurs (including birds) than to lepidosaurs 

(Gauthier et al., 1988). The oldest archosauromorphs are middle-late Permian in age (Ezcurra et al., 

2014; Martinelli et al., 2016) and during the Triassic achieved disparate morphologies and ecological 

habits, including the specialized herbivorous rhynchosaurs, allokotosaurians, ornithischians, and sau-

ropodomorphs, the bulky carnivorous erythrosuchids and “rauisuchians”, the aquatic or semi-aquatic 

tanystropheids and at least some proterochampsids and poposauroids, and the flying pterosaurs (Nes-

bitt, 2011; Ezcurra, 2016). The clade suffered several biotic crises during its evolutionary history, such 

as those of the Triassic-Jurassic and Cretaceous-Palaeogene mass extinctions, but they are abundantly 

represented in extant ecosystems by more than 10,000 species, mostly corresponding to birds. The 

Early Triassic archosauromorph record is mainly restricted to species with a low morphological diver-

sity (Ezcurra and Butler, 2015). Otherwise, during the Anisian (247−242 m.y.a.) several of the above-

mentioned eco-morphotypes appear or become more abundant probably as a result of the stabilization 

of ecosystems recovered from the mass extinction event (Irmis and Whiteside, 2012; Lau et al., 2016). 

As a result, the Early−Middle Triassic transition is a key interval to understand the subsequent evolu-

tionary success of archosauromorphs. 

 The European late Olenekian−Anisian archosauromorph record is relatively rich, but that of 

the Iberian Peninsula is restricted to ichnites from the Buntsandstein and Muschelkalk facies (Lappar-

ent et al., 1965; Calafat et al., 1987; Fortuny et al., 2011a; Mujal et al., 2016). The only named Iberian 

Middle Triassic archosauromorph species is the tanystropheid Cosesaurus aviceps from the Ladinian of 

the Montral-Alcover Basin (Ellenberger and Villalta, 1974; Sanz and López-Martínez, 1984). Cosesaurus 

aviceps is based on a fairly complete skeleton preserved as natural moulds and is probably closely related 

to derived tanystropheids (e.g., Amotosaurus rotfeldensis, Tanystropheus longobardicus) based on the presence 

of an elongated, metatarsal-like pedal phalanx V-1 (MGB-V1, see synapomorphies within Tanystro-

pheidae in Ezcurra, 2016). Here we describe and discuss the taxonomic affinities of three isolated 

archosauromorph teeth discovered in the Buntsandstein facies of the Catalan Coastal Ranges and 

Catalan Pyrenees, north-eastern Iberian Peninsula (Spain) (Fig. 1). These fossils represent the first 

archosauromorph direct remains fossils from Early−Middle Triassic beds of the Iberian Peninsula. 

Geological and palaeontological setting 

The archosauromorph teeth were recovered in two outcrops from the north-eastern region of the 

Iberian Peninsula (Catalonia, Spain). In the Iberian Peninsula the Triassic is composed of the classic 

German lithofacies: Buntsandstein, Muschelkalk, and Keuper. All the remains here reported come 

from the Buntsandstein facies. 

The tooth IPS-90631 comes from the La Mora site of the Catalan Basin, the Triassic beds of the 

current Catalan Coastal Ranges, and was collected during fieldwork conducted in 2008. This site 
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yielded hundreds of fossil bones assigned mainly to temnospondyl amphibians and to a lesser degree 

amniotes (Fortuny et al., 2011a,b, 2014). La Mora site belongs to the Montseny-Llobregat domain of 

the Catalan Basin (Calvet and Marzo, 1994). The Buntsandstein facies in this area (lower part of the 

Areniscas y Lutitas del Figaró unit) are formed by continental deposits, mainly composed of sand-

stones, mudstones, and red clays, being interpreted as fluvial deposits (Calvet and Marzo, 1994). The 

age of this unit is unclear, but based on palynological, palaeomagnetostratigraphic, and biostratigraphic 

evidence the lower part of this unit (including the La Mora site) is considered as early to middle Anisian 

(Middle Triassic) (see Dinarès-Turell et al., 2005; Fortuny et al., 2011b and references therein for 

further stratigraphic and sedimentological details). 

 

Figure 1. Map of Catalonia showing the geographic occurrence of the archosauromorph teeth described here. Dashed 

lines indicate the boundary of each mountain range. 

The teeth IPS-73757 and IPS-90188 and a few bone fragments were recovered from the Triassic 

levels of the Pyrenean Basin that crop out in the Port del Cantó site in fieldworks corresponding to 

years 2012 (for IPS-73757) and 2014 (for IPS-90188). In the earliest Triassic, the Pyrenees were com-

posed of several continental sedimentary basins developed in the latest phases of the Variscan cycle, 

resulting from a strike-slip (transtentional) tectonic activity (Speksnijder, 1985; Saura, 2004; Saura and 

Teixell, 2006; Izquierdo-Llavall et al., 2014; Gretter et al., 2015). In this extensional regime the Triassic 

sediments covered the Variscan basement and the Permo-Carboniferous vulcanosedimentary se-

quences, configuring an erosive angular unconformity. The region of Port del Cantó belongs to the 

central Nogueres structural zone (Saura, 2004). The reference studies by Mey et al. (1968) and Nag-

tegaal (1969) defined the “post-hercynian” units of the Catalan Pyrenees. Séguret (1972) and Zwart 

(1979) conducted the basic regional geology and mapping, and recent structural works are those of 
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Saura (2004) and Saura and Teixell (2006). The basin architecture and evolution has been largely stud-

ied (Speksnijder, 1985; Saura and Teixell, 2006; Izquierdo-Llavall et al., 2014; Gretter et al., 2015). A 

revision of the Triassic vertebrate content has been addressed by Fortuny et al. (2011a), and more 

recently Mujal et al. (2016) revised and provided new data on the Permo-Triassic transition. 

 

Figure 2. Geological map and stratigraphic profile of the Port del Cantó locality where IPS-73757 and IPS-90188 were 

collected. 

In Port del Cantó, the Buntsandstein facies reach a maximum thickness of 350 metres, and the 

sequence is divided in three main units (sensu of Calvet et al., 1993), from base to top: (1) conglom-

erate unit, composed of fluvial braided oligomictic conglomerates (mostly of quartz pebbles) and me-

dium to very coarse channel-fill sandstones; (2) shale and sandstones unit, composed of reddish and 

greenish to greyish medium-coarse sandstones, with some discontinuous conglomerate levels, of me-

andering fluvial settings, and reddish very fine to fine sandstones and shales of floodplain systems; 

and (3) shale unit, composed of reddish shales with occasional thin but continuous sandstone beds 

(as those of the shale and sandstones unit) corresponding to floodplain deposits and minor channels. 
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The Buntsandstein facies represent the thickest Triassic sequences of the Catalan Pyrenean Basin, 

followed by the transitional to marine Muschelkalk and Keuper facies (Fig. 2). 

The reported teeth were recovered in the uppermost part of the Buntsandstein shale and sand-

stones unit, 42 metres below the transition to the Muschelkalk facies. They were found in a fining 

upwards interval composed of fine- to medium-grained cross laminated sandstones displayed in thin 

(ca. 5 cm) layers of low lateral extension interbedded with reddish mudstones. Root traces, invertebrate 

burrows, and low-developed palaeosols (thin mudstone levels with carbonate nodules) are also pre-

sent. This interval is interpreted as small crevasse splay deposits of floodplain systems. The teeth and 

bone fragments were in close association (less than two square metres in horizontal axis, and a few 

centimetres in stratigraphic level). 

The palynological analysis of Calvet et al. (1993) indicated an early Anisian (early Middle Triassic) 

age for the shale unit of the Buntsandstein facies (see also Diez et al., 2005, 2010). Mujal et al. (2016) 

described a palynological assemblage from the base of the shale and sandstones unit corresponding 

to the late Olenekian (late Early Triassic). Therefore, the age interval for the teeth IPS-73757 and IPS-

90188 is late Early−early Middle Triassic. 

Institutional abbreviations. BP, Evolutionary Studies Institute (formerly Bernard Price Institute 

for Palaeontological Research), University of the Witwatersrand, Johannesburg, South Africa; IPS, 

Institut Català de Paleontologia Miquel Crusafont, Sabadell, Spain; IVPP, Institute of Vertebrate Pale-

ontology and Paleoanthropology, Beijing, China; MCZ, Museum of Comparative Zoology, Cam-

bridge, USA; MGB, Nat-Museu de Ciències Naturals de Barcelona, Barcelona, Spain; RC, Rubidge 

Collection, Wellwood, Graaff-Reinet, South Africa; SAM-PK, Iziko South African Museum, Cape 

Town, South Africa; SMNS, Staatliches Museum für Naturkunde Stuttgart, Stuttgart, Germany; UA, 

University of Antananarivo, Antananarivo, Madagascar. 

Systematic palaeontology 

Diapsida Osborn, 1903 sensu Laurin, 1991 

Sauria Gauthier, 1984 sensu Gauthier, Kluge and Rowe, 1988 

Archosauromorpha Huene, 1946 sensu Dilkes, 1998 

Crocopoda Ezcurra, 2016 

Gen. et sp. indet. 

Figure 3 

Material. IPS-90631: isolated tooth crown missing its apex, probably from the anterior region of 

the mouth (Fig. 3.1). 

Locality and horizon. La Mora site, Catalonia, Spain. Buntsandstein facies (lower part of the 

Areniscas y Lutitas del Figaró unit), Montseny-Llobregat domain of the Catalan Basin, dated as early 

to middle Anisian (Fortuny et al., 2011b). 

Description. IPS-90631 is identified as a possible shed tooth, detached from the tooth series when 

the animal was alive, because the crown is broken around its base and, as a result, the root is missing 
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(Fig. 3.1). Nevertheless, no resorption pit is preserved to unambiguously confirm this interpretation. 

The apex of the crown is missing and the most apically preserved portion possesses a fresh broken 

surface, indicating that its apex was probably lost after exposure of the specimen. The crown is asym-

metric in distal view, in which the inferred labial surface is more convex apicobasally than the lingual 

surface. The distal carina of the crown is slightly lingually displaced from the main mesiodistal axis of 

the tooth and, as a result, this dental element would have belonged to the anterior region of the mouth 

(where the alveolar margin of the snout arches medially). The preserved portion of the crown is blade-

like, being slightly distally recurved in side view and distinctly labiolingually compressed. The crown 

possesses a serrated distal carina, in which the main axis of the denticles is perpendicular to that of 

the crown. The distal margin of the denticles is straight to slightly apicobasally convex. The interden-

ticular sulci are shallow and not extend onto the rest of the crown as blood grooves. The serrations 

extend along most of the distal margin of the crown, with a density of five denticles per millimetre, 

and they are absent at its base. The mesial margin of the crown lacks a carina and serrations, being 

continuously labiolingually convex. The enamel of the crown lacks ornamentation (e.g., wrinkles, 

ridges) or macroscopic wear-facets in its preserved portion. 

 

Figure 3. Isolated crocopodan archosauromorph teeth from the Early−Middle Triassic of Catalonia. 1, IPS-90631 in 

apical (top) and lingual (bottom) views and close up of distal denticles; 2, IPS-73757 in labial view and close up of distal 

denticles; 3, IPS-90188 in side view and close up of distal denticles. Abbreviations: cr, crown; ro, root. Scale bars equal 2 

mm in (1), 5 mm in (2, 3), 0.2 mm in close up of (1), 0.5 mm in close up of (2), and 1 mm in close ups of (3). 

Material. IPS-73757: isolated tooth crown from the middle or posterior region of the mouth, with 

its apical half − missing the tip and part of the distal margin − exposed in probable labial view and 

distal half preserved as the natural mould of its lingual surface (Fig. 3.2); IPS-90188: isolated complete 

tooth exposed in probable labial view (Fig. 3.3). 
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Locality and horizon. Port del Cantó site, Catalonia, Spain. Buntsandstein facies of the Pyrenean 

Basin dated as late Olenekian-early Anisian (Calvet et al., 1993; Fortuny et al., 2011a; Mujal et al., 

2016). 

Description. IPS-73757 is an isolated tooth probably exposed in labial view because it possesses 

a faint bowing towards the side that is covered with matrix in mesial or distal view (Fig. 3.2). The 

apical half of the preserved portion of the tooth lacks its tip and part of the distal margin. The distal 

half is preserved as the natural mould of the probable lingual surface. The preserved portion contin-

uously expands mesiodistally towards its base and the boundary between the crown and root (if pre-

sent) cannot be determined. IPS-90188 is a complete tooth, preserving crown and root, exposed prob-

ably in labial view because the crown bows towards the rock (Fig. 3.3). In both specimens there is a 

series of longitudinal cracks (also present in the natural mould of IPS-73757), but otherwise they are 

well preserved. The two specimens from the Port del Cantó site possess a fairly congruent morphology 

between each other and they are described together as follows. 

Table 1. Measurements of the crocopodan archosauromorph teeth here described in millimetres. Values between brackets 

indicate incomplete measurements. Maximum deviation of the digital calliper is 0.02 mm but measurements were rounded 

to the nearest 0.1 millimetre. 

Measurements 
La Mora tooth 

(IPS-90631) 

Port del Cantó tooth 

(IPS-73757) 

Port del Cantó tooth 

(IPS-90188) 

Apicobasal height of crown+root ? ? (58.7) 

Apicobasal height of crown (10.0) (38.7) (29.8) 

Mesiodistal depth of crown at base 4.9 ca. 13 12.9 

Labiolingual width of crown at base 3.4 ? ? 

 

The crowns are distally recurved along their entire extension and, as a result, their apexes are placed 

distally to the distal margin of their bases. The crowns are labiolingually compressed, with a more 

acute distal margin than the mesial margin. The crowns are proportionally tall, being at least 2.4 times 

taller than its mesiodistal depth at base in IPS-90188 (Fig. 3.3: cr). The distal margin possesses a sharp 

and serrated carina and, at least, in IPS-73757 there are no carina and serrations on the mesial margin 

of the preserved portion of the crown. The distal carina of IPS-73757 is aligned with the mesiodistal 

axis of the crown, indicating that it is not a tooth from the anterior region of the mouth. This feature 

cannot be determined confidently in IPS-90188. The denticles extend along the entire preserved por-

tion of the distal margin of the crown in IPS-90188 and this condition cannot be determined in IPS-

73757 because the actual distal half of the crown is missing. The morphology of the distal denticles of 

IPS-73757 closely resembles that of IPS-90631. The latter two specimens possess squared denticles, 

but in IPS-90188 they are proportionally mesiodistally longer, being subrectangular. The interdentic-

ular sulci are shallow and not extend onto the rest of the crown as blood grooves. In both specimens, 

the most apical third of the crown possesses three denticles per millimetre, whereas around mid-height 

there are four denticles per millimetre. The enamel of the crown lacks ornamentation (e.g., wrinkles, 
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ridges) or macroscopic wear-facets in its preserved portion. The root of IPS-90188 is probably com-

plete and there is no evidence of reabsorption at least in the exposed side (Fig. 3.3: ro). The root 

expands gently mesiodistally along its most apical portion, as a continuation of the expansion towards 

the base present in the crown, and more basally it narrows gradually as a result of the convergence of 

the straight mesial and distal margins. The basal margin of the root is straight and, as a result, the root 

acquires an overall trapezoidal contour in side view.  

Discussion 

The morphology of the three isolated teeth described here is rather consistent between each other, 

but they differ in the density and shape of the distal denticles. These features have not been used as 

characters in phylogenetic analyses focused on basal archosauromorphs (e.g., Dilkes, 1998; Nesbitt, 

2011; Nesbitt et al., 2015; Pritchard et al., 2015; Ezcurra, 2016) and they seem to be taxonomically 

uninformative. In addition, the subtle differences observed in the morphology of the denticles may 

be attributable to variations within the dental series or intraspecific variability. Therefore, we could 

not find evidence to determine if the teeth described here belong to a single or multiple closely related 

species.  

The three teeth share the presence of a labiolingually compressed and serrated crown, which are 

two character-states found in lesser inclusive clades of Archosauromorpha. Compressed crowns are 

present in several crocopodan archosauromorphs (sensu Ezcurra, 2016), namely azendohsaurids (e.g., 

Azendohsaurus madagaskarensis: UA 10603, 10604, 8-29-97-160), prolacertids (e.g., Prolacerta broomi: 

BP/1/2675), Teyujagua (Pinheiro et al., 2016), Tasmaniosaurus (Ezcurra, 2014) and archosauriforms 

(e.g., Proterosuchus fergusi: RC 846; Erythrosuchus africanus: BP/1/5207; Euparkeria capensis: SAM-PK-

5867). By contrast, the crowns are conical, with a circular cross-section, in non-crocopodan archo-

sauromorphs and more basal diapsids, such as Youngina (BP/1/3859), tanystropheids (e.g., Tanystro-

pheus: SMNS 54147), and Prolacertoides (IVPP V3233). The presence of small serrations is a more tax-

onomically restricted feature, being present in Teyujagua, Tasmaniosaurus, and archosauriforms among 

archosauromorphs (Ezcurra, 2016; Pinheiro et al., 2016). By contrast, other archosauromorphs lack 

finely serrated crowns (e.g., tanystropheids, prolacertids, trilophosaurids, rhynchosaurs; Benton and 

Clark, 1988; Juul, 1994; Dilkes, 1998; Nesbitt et al., 2015; Ezcurra, 2016; Pinheiro et al., 2016) and, 

although azendohsaurids possess denticles in the crown, they are considerably larger and coarser (with 

a lower density; Flynn et al., 2010; Nesbitt et al., 2015). As a result, recent quantitative phylogenetic 

analyses found compressed and finely serrated crowns as synapomorphies of lesser inclusive clades 

within Crocopoda (Ezcurra, 2016; Pinheiro et al., 2016) and support the assignment of the three teeth 

from the late Early to Middle Triassic of Catalonia to this clade. 

The teeth described here also share the absence of mesial denticles in the crown. The occurrence 

of apically restricted, incipient or absent mesial denticles has been scored for proterosuchids (e.g., 

Proterosuchus fergusi, “Chasmatosaurus” yuani) (Ezcurra, 2016) and more recently Teyujagua (Pinheiro et al., 

2016) among basal archosauromorphs, whereas Kalisuchus rewanensis, Sarmatosuchus otschevi, 

erythrosuchids and the vast majority of Triassic eucrocopodan archosauriforms possess densely ser-

rated mesial carinae (Ezcurra, 2016). However, the presence of crowns with a serrated distal margin 
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and lacking serrations in the mesial one convergently occur in disparate archosauriform groups, such 

as in some proterochampsids (e.g., Chanaresuchus bonapartei: MCZ 4686) and early dinosauriforms 

(MDE personal obs.). As a result, the absence of mesial denticles is not a character-state useful to 

unambiguously constrain the taxonomic assignment of blade-like, serrated archosauromorph teeth. 

Therefore, the three teeth described here for the late Early to Middle Triassic of Catalonia are assigned 

to indeterminate crocopodan archosauromorphs. The teeth described here indicate the presence of 

small-sized predatory archosauromorphs in the late Olenekian−early Anisian tetrapod assemblage of 

the Iberian Peninsula. The currently available sample is very low and restricted to morphologically 

similar crowns, but it is a first step towards a better knowledge of the late Early−early Middle Triassic 

archosauromorph diversity in this part of Europe. These remains represent the first archosauromorph 

direct fossils from beds of this age in the Iberian Peninsula and add information about the geographic 

distribution of the group during the dawn of the evolutionary radiation of the group. 
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The long terrestrial succession from the late Carboniferous to the Middle Trias-

sic of the Catalan Pyrenees (NE Iberian Peninsula): paleoenvironmental crises 

and paleoclimatic trend at the equator of Pangea 

Along the terrestrial successions cropping out in the narrow but continuous W-E oriented belt 

located at the southern margin of the axial Catalan Pyrenees, the Paleozoic–Mesozoic transition is 

recorded. These successions were deposited from the late Carboniferous to the Middle Triassic in a 

strike-slip transtensional system known as the Pyrenean Basin. The new paleontological and sedimen-

tological data presented shed light on ecosystems evolution and contribute to the knowledge of the 

major global events (i.e., climatic changes and mass extinctions) of these periods (Figs. 9.1, 9.2). Dis-

tinct paleoenvironments and fossils (plants, invertebrate trace fossils, tetrapod footprints composing 

different ichnoassemblages and ichnoassociations, and sparse bone remains) have been identified 

throughout the sedimentary and volcanosedimentary units, which are linked to different paleoclimates. 

From base to top, depositional units are (Fig. 9.2): Grey Unit (GU; late Carboniferous), Transition 

Unit (TU; late Carboniferous–early Permian), Lower Red Unit (LRU; early Permian), Upper Red Unit 

(URU; middle–late Permian), Buntsandstein facies unit (Early–Middle Triassic). Contacts between 

units are often unconformable and/or paraconformable, but here are newly reported some areas and 

localities where contacts are transitional, i.e., conformable. Therefore, the studied areas allow to es-

tablish a continuous record. The long and continuous record of the GU, TU and LRU is studied in 

detail in the Erillcastell-Estac sub-basin, whereas the revisited URU is analyzed in the Cadí sub-basin, 

and different successions from the Buntsandstein facies are studied in both sub-basins. 

9.1. Age and paleoenvironmental changes 

The lowermost succession studied in the present PhD thesis corresponds to the uppermost part 

of the Grey Unit (GU), equivalent to the lower part of the Malpàs Formation (see chapter 3). The 

uppermost GU overlies a volcanic sequence and is composed of volcaniclastic deposits reworked in 

fluviolacustrine systems. Such deposits are typically grey (and greenish) and are composed of abundant 

floodplain coal and carbonaceous mudstones with interbedded relatively small meandering sandstone 

channel deposits, indicative of short-lived stream flows. Abundant plant remains in these sandstone 

deposits also suggest a relatively low energy of the system. A large diversity of plants grew up in the 

dominant floodplain environments. Sudden lateral changes in facies and lateral variations in interval 

thickness indicate an uneven paleorelief. The sedimentological and paleopedological succession, to-

gether with the characteristic fossil macroflora, suggest a generally humid climate. Nevertheless, spe-

cific (and sporadic) features in pedotypes and plant taxa demonstrate the occurrence of short periods 

with low water availability. The plant fossil assemblage allows to age the succession as Stephanian C 

(chapter 3; Fig. 9.1; see section 9.2.1 below for paleobiogeography). 

The subsequent Transition Unit (TU) is composed of reworked volcanic deposits in fluvial (mean-

dering channels and floodplain) and lacustrine systems. The large slickensides identified within the 

grey-greenish floodplain mudstones were formed due to a high variation of water content, being in-

dicative of strong seasonality. In the studied section (see chapter 3) the TU is almost barren of fossils, 
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precluding any biostratigraphic inference. Nevertheless, this unit has potential to preserve fossils, thus 

future prospections in other areas will focus in equivalent successions. In fact, in the eastern Castellar 

de n’Hug sub-basin, Broutin and Gisbert (1985) described a fossil flora assemblage from the lower 

part of the TU suggesting a late Carboniferous age. 

The onset of the Lower Red Unit (LRU), conformably overlying the TU, is featured by a sudden 

shift from grey-beds to red-beds and the disappearance of coal (see chapter 3). The LRU consists of 

a long volcanosedimentary succession characterized by relatively thick ignimbrite deposits and occa-

sional thin grey cinerites, the emission source being far (eastwards, in the Castellar de n’Hug sub-

basin) from the studied area (Martí, 1996). A change in the paleorelief from the GU and TU to the 

LRU is indicated by the high lateral continuity of the LRU strata, denoting a relatively flat landscape 

(i.e., strata progressively expanded throughout the basin). The succession exhibits a high abundance 

of carbonate pedotypes that, together with reddish color and the coal absence, indicate more arid 

(semi-arid and arid paleoclimate) and more oxidizing conditions than in the GU and TU. Nevertheless, 

some well-differentiated intervals corresponding to meandering fluvial systems with greenish mottling 

and/or horizons (reducing conditions) with few or absent carbonate pedotypes denote more humid 

conditions (sub-humid climate). These intervals yield an abundant and diverse ichnofauna, often re-

lated to water-dependent trackmakers, that confirm the suggested humid conditions (see chapter 4). 

The age of the LRU is well-constrained by different means: (1) the tetrapod ichnoassemblage is char-

acteristic of the Artinskian; (2) the reverse paleomagnetic polarity found along the ~750 m analyzed 

in the LRU is correlated to the early Permian Kiaman superchron; (3) the ignimbrite above the low-

ermost ichnoassociation corresponds to a Pyrenean-scale event (Martí, 1996) dated as 290 Ma by Pe-

reira et al. (2014). Therefore, the entire LRU was most probably deposited during the early Permian 

(see chapters 3). The top of the LRU is unknown because, in all reported Pyrenean localities, it is 

unconformably overlaid by the URU (in the Cadí sub-basin) or by the Buntsandstein facies unit (in 

the Erillcastell-Estac sub-basin) (see also Gisbert, 1981; Gisbert et al., 1985). After the results pre-

sented in chapters 3 and 6 and discussed in the section 9.2.3 below, the estimated time gap between 

the LRU and URU would extend from the middle–late Kungurian (late early Permian) to the early 

Roadian (earliest middle Permian) (Fig. 9.2). 

The Upper Red Unit (URU) is studied in newly uncovered localities from the Cadí sub-basin (it is 

not found in the Erillcastell-Estac sub-basin; see chapters 5, 6). At the Port del Cantó area (western 

margin of the Cadí sub-basin), the URU overlies the Variscan basement (see chapter 7); however, in 

the eastwards areas studied (Palanca de Noves, Coll de Terrers and La Trava) the URU overlies the 

LRU by means of an angular unconformity. The URU constitutes a fining- and thinning-upwards 

sequence. The lowermost part is composed of relatively coarse alluvial braided facies (Gisbert, 1981; 

Gretter et al., 2015) grading to floodplain and distal meandering fluvial systems (lower URU). After a 

long period of pedogenesis represented by a laterally continuous interval of carbonate nodules, a suc-

cession of playa-lake/ephemeral lacustrine deposits sedimented. This succession was deposited under 

a monsoonal regime (indicating strong seasonality) with a potential cyclic recurrence of eccentricities 

(100 kyr and 400 kyr) and obliquity (~1-1.2 Myr) (see chapter 6). This is the first report of an orbital 

control in a Permian succession of the Iberian Peninsula. The sedimentological and mineralogical 
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analyses conducted in the URU indicate a climatic change from the lower to the upper deposits. The 

coupled increase of albite and depletion of kaolinite suggests a shift from humid (lower URU) to semi-

arid (upper URU) conditions. Similarly, the quartz depletion indicates a decrease in weathering. The 

new fossil data (bones in the lower URU and footprints in both lower and upper URU; Fig. 9.1), 

together with the sedimentary stacking (i.e., cyclic sedimentation), suggest a middle Permian age for 

the lower URU and a late Permian age for the upper URU. Thus, a potential, previously unknown, 

stratigraphic gap, possibly including most part of the Capitanian (late middle Permian) and the basal 

Wuchiapingian (earliest late Permian) exists between the lower and upper URU (Fig. 9.2). 

The Buntsandstein facies unit of the Catalan Pyrenees (see chapters 5–8) consists in a fining-

upwards, red-bed alluvial sequence with: (1) predominance of fluvial braided deposits in the lower 

part (conglomerate unit), (2) predominance of meandering fluvial and floodplain deposits in the mid-

dle part (shale and sandstones unit), and (3) predominance of floodplain deposits, with occasional 

meandering fluvial channels, in the upper part (shale unit). The measure of up to 11 stratigraphic 

sections of the Buntsandstein facies throughout both sub-basins shows a great variation of each dis-

tinguished interval. Similarly, the thickness of each Buntsandstein succession varies according to the 

basin configuration. In the studied areas, the total thickness ranges from 103 m to 350 m. The 

Buntsandstein often overlies the previous units or the Variscan basement by means of an angular 

unconformity (Fig. 9.2), representing a large scale onlap (Gisbert et al., 1985) deposited in a distensive 

regime (Saura, 2004), probably representing the final phases of the syn-rift interval. 

The new palynological results presented in chapter 5 attribute the lower portion of the Buntsand-

stein facies unit (for the first time in the Catalan Pyrenees) to the late Olenekian (late Early Triassic). 

This age is in agreement with the palynological data of Calvet et al. (1993), who suggested an early 

Anisian age (earliest Middle Triassic) for the base of the shale unit. These ages also agree with the 

tetrapod ichnoassemblages described in chapters 5 and 7. Notably, in Coll de Terrers (see chapter 

6), the Buntsandstein facies are in continuity (i.e., conformable contact) with the upper URU succes-

sion, as supported by the preliminary cyclostratigraphic results. In addition, the basal portion of the 

unit in this area differs from that of the others: the conglomerate unit is represented by a thin breccia, 

which is overlaid by playa lake/ephemeral lacustrine deposits as those of the upper URU. Therefore, 

the oldest Triassic (Induan) is possibly recorded (Fig. 9.2). This is exceptional not only regarding the 

Catalan Pyrenees, but also regarding the Western Tethys domain, where a stratigraphic gap often exists 

between Permian and Triassic successions (Bourquin et al., 2011). 

The onset of the coastal/marine Muschelkalk and Keuper facies above the Buntsandstein facies 

units represent the end of the terrestrial succession in the early Mesozoic from the Catalan Pyrenees. 

The Catalan Pyrenean Muschelkalk facies are aged as Middle–Late Triassic (late Ladinian–early Car-

nian) by palynology (Calvet et al., 1993) and actinopterygian fossil remains (Cartanyà et al., 2011, 2015; 

Fortuny et al., 2011a). These facies, diachronous throughout the European successions, represent the 

Middle Triassic marine transgression of European scale (Escudero-Mozo et al., 2015 and references 

therein). Whereas in the Pyrenean Basin a single unit of the Muschelkalk facies is distinguished, in the 

southwards Catalan Basin such marine deposits, much more developed, display three well-distin-

guished intervals or sub-units: Lower, Middle and Upper Muschelkalk (Calvet and Marzo, 1994). The 
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Middle Muschelkalk unit, of late Anisian–early Ladinian age (Solé de Porta et al., 1987; Dinarès-Turell 

et al., 2005), is composed by distal alluvial and coastal deposits corresponding to a short regression 

interval within the transgression. This succession yields tetrapod footprints (see Annexes 1 and 2) 

that complete the general framework of the terrestrial tetrapod ichnoassemblages evolution, closely 

related to the paleoenvironmental setting. 

9.2. Significance of the fossil content and paleobiogeography 

The studied volcanosedimentary and sedimentary terrestrial successions yield an unsuspected abun-

dant and diverse fossil record well-differentiated and characteristic for each unit (Figs. 9.1, 9.2). The 

paleoenvironmental implications and significance for the end-Carboniferous, Permian and Triassic 

continental ecosystems are discussed. 

9.2.1. Plant fossils 

The new plant fossil assemblage of the Grey Unit (late Carboniferous, Stephanian C) indicates 

proper conditions (humid climate) for the development of hygrophile and mesophile floral elements, 

with abundant tree ferns and sphenopsids. Nevertheless, the presence of plants adapted to water-

stressed habitats (i.e., Zygopteridales) denote periods of dry conditions. The preliminary taphonomic 

results presented in chapter 3 suggest that floodplains were mainly inhabited by marattialean tree 

ferns and medullosan pteridosperms; sphenopsids grew up in fluvial channels; and the distal areas of 

alluvial fans were inhabited by cordaitaleans. 

The plant taxa identified in the studied succession is similar to that of assemblages from other 

Catalan Pyrenean localities (e.g., Dalloni, 1930; Broutin and Gisbert, 1985; Talens and Wagner, 1995; 

Martín-Closas and Martínez-Roig, 2007), as well as from other regions of equivalent paleolatitudes. 

Several European localities yield similar floras, especially those from the French Montceau-les-Mines 

basin (Charbonnier et al., 2008; Charbonnier, 2014), the Germanic Saar-Nahe basin (Kerp and Fichter, 

1985; Uhl and Jasper, 2016), and the Czech Republic Carboniferous basins (Opluštil et al., 2013, 2017). 

The North American Carboniferous floras are also equivalent to the previously mentioned ones (in-

cluding that here studied) sharing most of the taxa (DiMichele, 2014; DiMichele et al., 2017 and ref-

erences therein). 

Notably, plant fossils in the red-bed sequences (Lower and Upper Red Unit, LRU and URU, re-

spectively; and Buntsandstein facies unit) are sparse and mostly represented by unidentifiable plant 

fragments and stem impressions, sometimes carbonized. As an exception, in the LRU impressions of 

walchia conifer-like fronds, a common floral element of the early Permian red-beds, are recognized. 

In all red-bed units root traces and carbonatic rhizoliths are recognized in mudstone deposits from 

floodplain environments, indicating substrate stabilization and initial phases of pedogenic processes. 

Large plant stems and trunks are often preserved in the large meandering fluvial sandstone channel 

deposits from the Buntsandstein facies unit. Similarly, in the Buntsandstein crevasse splay deposits 
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rounded molds of vertical trunks denote that plants growing up in floodplains were covered in epi-

sodic flooding events. These differences suggest a drastic environmental change from the GU to the 

LRU, which is also evidenced by the facies succession (see chapter 3). 

9.2.2. Invertebrate trace fossils 

In this PhD thesis, invertebrate trace fossils have been preliminary identified and interpreted, alt-

hough future works will analyze them in detail. Invertebrate trace fossils, abundant in the red-bed 

units and most commonly associated to tetrapod footprints, provide further insights to the paleoen-

vironmental setting. The meandering fluvial systems of the Lower Red Unit (LRU) as well as the lower 

surfaces of the thin sandstone from the upper Upper Red Unit (upper URU) are dominated by Ruso-

phycus and Acripes, ichnogenera associated to resting (cubichnia) and locomotion (repichnia) traces of 

arthropod triopsids (or notostracans). The great abundance of such triopsid trace fossils and their 

nearly continuous distribution suggest that these arthropods were common, and possibly dominant, 

organisms of their ecosystems. In fact, such ichnofossils have a Pangean distribution, being especially 

common in Permian and Triassic terrestrial red-bed successions. Notably, they indicate relatively per-

manent or constant presence of waters (Gand et al., 2008). Thus, red-bed successions bearing such 

arthropod trace fossils underwent periods of relatively perennial waters. In the case of the Catalan 

Pyrenees, this is in accordance to the seasonality found throughout the Permian red-beds. Cylindrical 

burrows (Skolithos-like) exist in all red-bed sequences; with respect to strata surfaces, they are either 

horizontal or vertical, indicating quiet flow conditions and sudden deposition, respectively. Further 

comparisons between the record of these ichnofossils in the studied units will contribute to untangle 

the ichnonetwork evolution during the Permian and Triassic, which has already been related to the 

environmental crisis of this transition (Baucon et al., 2014). 

9.2.3. Tetrapod trace fossils and bone remains 

The studied Permian and Triassic successions yield an exceptional record of tetrapod footprints, 

being largely abundant and diverse throughout the three red-bed units. Moreover, bone remains have 

been recovered for the first time in the Catalan Pyrenees. Bones are sparse and often fragmentary, and 

they are only identified in the lower Upper Red Unit (lower URU) and in the Buntsandstein facies unit 

so far. As tetrapod footprints are much more abundant than bones, it is suggested that the Permian 

and Triassic environments from the Catalan Pyrenean Basin were conducive for footprint preservation 

but difficulted bone preservation. This is a common feature of late Paleozoic terrestrial successions 

worldwide, where tetrapod footprints are much more abundant than bone remains (Falcon-Lang et 

al., 2010). 

The poor bone record prevents deep analyses related with the paleoenvironmental setting. Never-

theless, two main types of bone preservation are identified in the Buntsandstein facies unit: (1) frag-

mentary unidentifiable bones occur in fluvial channel deposits (see chapter 5), indicating that they 

were probably transported and fragmented (like pebbles) by a relatively high water flow; (2) the two 

well-preserved archosauromorph teeth were found close each other (separated few decimeters) in the 

same thin-bedded sequence (but not in the same layer) of a crevasse splay deposit composed of fine- 
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to very fine-grained sandstones displaying small ripples and parallel lamination (see chapter 8), sug-

gesting relatively low water flow. 

The vast and diverse tetrapod footprint record of the Catalan Pyrenees allows to decipher the 

paleoenvironmental affinities and behavior of the trackmakers, also contributing in the knowledge of 

the potential composition of tetrapod communities and in paleoenvironmental analyses (e.g., Melchor, 

2015). Footprints are found either isolated or forming trampled surfaces. The LRU ichnoassemblage 

evidences a clear link of ichnotaxa with the paleoenvironmental setting (see chapter 4). On one side, 

the meandering fluvial deposits record abundant ichnites, most of them associated to amphibian 

trackmakers and swimming trace fossils, indicating relatively high water availability. On the other side, 

the lack of amphibian tracks and the relatively low number of footprints in the unconfined runoff 

surfaces suggest low water availability (see chapter 4). Therefore, environmental conditions con-

strained tetrapod distribution, especially those depending on aquatic environments. Similar ichnotaxa 

associations are attributed to the Batrachichnus ichnofacies (Hunt and Lucas, 2007), thus the observed 

ichnotaxa distribution in the LRU may correspond to different ichnocoenosis of the mentioned ich-

nofacies (see Annex 2 and below for further discussion on ichnocoenosis). Tetrapod footprints in the 

upper URU at Coll de Terrers are relatively sparse if compared with the large, well-exposed surfaces 

of the locality (see chapter 6). In these playa-lake/ephemeral lacustrine settings, periods of desiccation 

were dominant, precluding a wide distribution of tetrapods. The paleoenvironmental data of the lower 

URU footprints (Robles and Llompart, 1987) suggest a similar scenario as that of the upper URU. 

Due to the poorly known worldwide record, middle and late Permian footprints have not been related 

to the tetrapod ichnofacies so far, although late Permian footprints have been used in paleoenviron-

mental analyses (e.g., Kustatscher et al., 2017). Exceptional trampled surfaces exist in the Buntsand-

stein facies unit, especially at the Erillcastell locality (see chapter 7). Most of the footprints in these 

surfaces are oriented in the same direction, suggesting a gregarious behavior of the trackmakers (small-

sized archosauromorphs). On the contrary, large archosaur footprints (i.e., Chirotheriidae mor-

photypes) are isolated. Preliminary data of ongoing studies suggests a potential relationship between 

paleoflow, sloping (i.e., paleosurface inclination) and footprint orientation. 

Besides tracks and trackways of terrestrial locomotion, swimming trace fossils are also present. The 

thickest LRU meandering fluvial deposits preserve abundant swimming ichnites (scratches, i.e., 

dragged digit impressions; see chapter 4), confirming a persistent and relatively high water table (with 

respect to the size of the trackmakers). Consequently, scratches are less abundant in relatively thin 

fluvial channel deposits and in crevasse splay deposits, where water tables were lower (see chapter 7). 

Thomson and Droser (2015) discussed that the preservation of particularly abundant swimming 

scratches in Early Triassic deposits is derived from a low bioturbation of the substrate, related to a 

low population of benthic invertebrate fauna due to a delayed recovery from the end-Permian mass 

extinction. Nevertheless, after the present study, such ecological situation appears to be not exclusive 

of a post-extinction scenario. Notably, tetrapod swimming scratches of the LRU meandering fluvial 

deposits display tiny, well-preserved details (see chapter 4). These meandering fluvial systems corre-

spond to short humid periods within the early Permian semi-arid and arid climate (see chapter 3); 
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therefore, benthic communities were low in abundance, implying a low level of bioturbation and an 

enhanced preservation of tetrapod swimming scratches. 

These paleoenvironmental affinities of the Permian and Triassic tetrapod track record from the 

Catalan Pyrenees are coupled by the two newly documented ichnoassociations from the Middle Tri-

assic Muschelkalk detrital unit of the Catalan Basin (see Annexes 1 and 2). The relationship between 

track preservation type (Rhynchosauroides isp.) and substrate rheology (conditioned by moisture and 

thus by the specific environmental setting) is well-documented in the sabkha settings of the Middle 

Muschelkalk (see Annex 2): (1) deep, deformed tracks occur in soft, saturated substrates; (2) trampled 

surfaces with well-impressed tracks occur in substrates of intermediate moisture that did not undergo 

desiccation; (3) optimally-preserved tracks (i.e., including pad and claw impressions) and faint impres-

sions (i.e., tracks only preserving claw impressions) are found in substrates that underwent desiccation. 

A similar case occurs in the fluvial settings of the Pyrenean LRU and Buntsandstein facies (see chapter 

4 and 7, respectively), where swimming scratches (Characichnos isp.) are associated to different tracks 

derived from a walking locomotion (i.e., associated to different ichnogenera: Batrachichnus, Limnopus 

and cf. Amphisauropus in the LRU, and Prorotodactylus and Chirotheriidae in the Buntsandstein facies 

unit). In summary, all these examples denote a wide distribution of the trackmakers throughout the 

environmental settings that point to a wide distribution of: (1) lepospondyls and/or small temnospon-

dyls (potential Batrachichnus trackmakers) and large temnospondyls (potential Limnopus trackmakers) 

during the early Permian, and (2) archosauromorphs during the late Early and Middle Triassic. Fur-

thermore, the two studied Middle Muschelkalk localities preserve well-differentiated tetrapod ichno-

associations, suggesting an environmental constrain on the tetrapod distribution: large archosauro-

morph footprints are more abundant in terrestrial paleoenvironments with low influence of coastal or 

marine systems, whereas small archosauromorph footprints dominate in the coastal settings. Future 

works will eventually confirm the use of tetrapod ichnofacies and ichnocoenosis in paleoenvironmen-

tal analyses (e.g., Hunt and Lucas, 2007, 2016; Melchor, 2015). In these studies, time may appear as a 

constraining factor because, in many cases, different tetrapod ichnogenera from different geological 

periods are found in the same settings. This is the case of the Catalan Pyrenees, where both ichnoas-

sociations from the LRU (early Permian) and the Buntsandstein facies unit (late Early Triassic) are 

settled in meandering fluvial deposits, though ichnotaxa and their potential trackmakers are completely 

different. 

The long succession of tetrapod ichnoassemblages and their potential trackmakers, together with 

bone remains, show a spatial and temporal distribution throughout the studied localities, as well as a 

successive replacement of tetrapod ecosystems from the early Permian to the Middle Triassic (Fig. 

9.1): 

- Ichnoassemblage I: The LRU tetrapod ichnoassociations (see chapter 4) are similar to 

those of the early Permian footprint record from France (Gand and Durand, 2006), Morocco 

(Voigt et al., 2011a), New Mexico (Van Allen et al., 2005; Voigt and Lucas, 2016a) and Ar-

gentina (Melchor and Sarjeant, 2004). Potential trackmakers correspond to lepospondyls 

and/or small temnospondyls (Batrachichnus), large temnospondyls (Limnopus), basal amniotes 

(i.e., seymouriamorphs, cf. Amphisauropus, and diadectomorphs, cf. Ichniotherium), synapsid 
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“pelycosaurs” (Dimetropus), captorhinomorphs (cf. Varanopus and Hyloidichnus) and bolosau-

rids or araeoscelids (Dromopus). 

- Ichnoassemblage II: The lower URU footprints (see Robles and Llompart, 1987) are most 

probably equivalent to the ichnogenus Merifontichnus, recovered from the Wordian (middle 

Permian) of the French Lodève Basin (Gand et al., 2000; Michel et al., 2015), and probably 

from the Kungurian (late early Permian) of the Italian Orobic Basin (Marchetti, 2016). This 

ichnogenus suggests the presence of derived captorhinids, possibly a non-diapsid reptilian 

(Marchetti, 2016). Similarly, the vertebra recovered from lower URU is tentatively attributed 

to cf. Ennatosaurus tecton, a synapsid caseid known from the early Wordian of Russia, although 

the Pyrenean vertebra suggests that such specimen was larger than those from Russia (see 

chapter 5). Noteworthy, this vertebra is stratigraphically above the tetrapod footprints, thus 

the latter might be older than Wordian. Regarding similar caseid record in nearing basins, 

large specimens are known from the Permian localities of Sardinia (Ronchi et al., 2011; Ro-

mano and Nicosia, 2014) and the French La Lieude (Reisz et al., 2011). Additionally, the large 

footprints of Planipes, ichnogenus from the middle Permian of France (Lodève Basin, Gand 

et al., 2000; Saint-Raphaël Estérel Basin, Gand et al., 1995) and South Africa (Tapinocephalus 

assemblage zone, Valentini et al., 2009), are assigned to caseids and/or therapsid trackmakers. 

In summary, all these remains suggest a Pangean distribution of large caseids and, at least, a 

paleoequatorial distribution of derived captorhinids during the middle Permian. 

- Ichnoassemblage III: The upper URU footprint morphotypes (see chapter 6) suggests the 

potential presence of large therapsids and pareiasaurs by similarities to the late Permian Di-

cynodontipus (recovered from the Cistecephalus assemblage zone of South Africa, de Klerk, 2002, 

and Northern Italy, Kustatscher et al., 2017 and references therein) and Pachypes (recovered 

from Northern Italy, Valentini et al., 2009, Russia, Valentini et al., 2009 after Gubin et al., 

2003 and Surkov et al., 2007, Morocco, Voigt et al., 2010, and Niger, Smith et al., 2015), 

respectively. The small lacertoid-like footprint morphotype of the upper URU, tentatively 

assigned to Rhynchosauroides or Dromopus (of Pangean distribution), would potentially corre-

spond to small basal archosauromorphs or basal lepidosauromorphs. Araeoscelids and bo-

losaurids, the potential trackmakers of Dromopus, are not included, as they do not reach the 

late Permian, although Dromopus does (Voigt and Lucas, 2016b). Therefore, Dromopus possibly 

is possibly linked to several trackmakers, which is also suggested by its widespread distribu-

tion, being the most common Permian ichnotaxon. In summary, all these remains support a 

Pangean distribution of large therapsid and pareiasaurs and of small diapsids. It is remarkably 

that Sidor et al. (2005) suggested a potential endemism prompted by the climate during the 

late Permian. The herein inferred Pangean distribution is compatible with such endemism, 

because footprint trackmakers refer to major taxonomic groups (e.g., families; Falcon-Lang 

et al., 2010). 

- Ichnoassemblage IV: The widely distributed ichnoassociations throughout the Buntsand-

stein facies unit of the Catalan Pyrenees (see chapters 5 and 7) are dominated by archosauro-

morph and basal archosauriform tracks. Most of the trackmakers were generally small-sized 

(body length of ca. 50 cm), and larger specimens (2-3 m long) were present in lesser propor-

tion. Similarly, the recovered teeth indicate the presence of predatory archosauromorphs (see 

chapter 8). Along Central Pangea, similar ichnoassemblages dominated by archosauromorph 
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tracks are found. Future findings, including direct remains, would demonstrate whether such 

distribution is wider or if it responds to the provincialization of terrestrial faunas in the after-

math of the end-Permian extinction (Sidor et al., 2013; see section 9.3 below). At this point, 

it is suggested that archosauromorphs took an important role on the recovery of the terrestrial 

ecosystems. As noted by Bernardi et al. (2015), fluvial settings were the preferential habitats 

of this group. These settings were widespread during Early (and Middle) Triassic times, facil-

itanting a wide distribution of archosauromorphs. 

- Ichnoassemblage V: The Buntsandstein fossil-sites of the Catalan Basin yield tetrapod foot-

prints (Valdiserri et al., 2009; Fortuny et al., 2011a and references therein) mostly attributed 

to archosauromorphs and archosaurs, but also to therapsids. These ichnites deserve further 

studies, which would contribute to the reconstruction of the terrestrial ecosystems during the 

early Middle Triassic, where temnospondyls and procolophonids were also present (Fortuny 

et al., 2011b, 2014). 

- Ichnoassemblage VI: The Middle Muschelkalk footprints correspond to relatively large chi-

rotheriids (Chirotherium and Isochirotherium, see Annex 1), attributed to rauisuchian archosaurs, 

and Rhynchosauroides, attributed to small archosauromorphs, possibly tanystropheids (see An-

nex 2). Throughout the European Middle Triassic Muschelkalk tracksites, similar or equiva-

lent ichnoassociations are found, being linked to the paleoenvironmental setting and indicat-

ing a global distribution of the archosauromorph lineage. 

The successive ichnoassemblages demonstrate several replacements of tetrapod communities from 

the early Permian to the Middle Triassic (Fig. 9.1). The paleoenvironmental succession shows that 

fluvial systems (mostly meandering channels and associated floodplain deposits) and distal alluvial 

systems dominate. Therefore, as discussed in section 9.3 below, these faunal replacements are linked 

to major gloval events, such as climate changes, that prompted different mass extinctions (Fig. 9.2). 
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Figure 9.1. Biostratigraphy of the late Carboniferous–Middle Triassic continental fossils from the Catalan Pyrenean Basin 

(Py. Basin) and the Catalan Basin (Cat. Basin). Global distribution of tetrapod ichnotaxa compiled from: de Klerk (2002), 

Gand and Durand (2006), Klein and Lucas (2010b), Klein et al. (2013, 2015), Niedźwiedzki et al. (2013), Bernardi et al. 

(2015), Marchetti (2016), Voigt and Lucas (2016b). Ichnoassemblage V (Buntsandstein of the Catalan Basin) based on 

Calzada (1987), Valdiserri et al. (2009) and Fortuny et al. (2011a). ?* indicates uncertainty on the basal age of the Ichnoas-

semblage II. ?** indicates the potential presence of Chirotherium in Ichnoassemblage IV. cf.’s indicate uncertainty on the 

ichnotaxon identification (for Procolophonichnium see Klein et al., 2015; for Protochirotherium see Bernardi et al., 2015). CARB.: 

Carboniferous. S.B and S.C: Stephanian B and C, respectively. Chang.: Changhsingian. Ind.: Induan. 
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Figure 9.2. Data compilation from the Catalan Pyrenean localities studied showing the paleoenvironmental evolution, the 

time extension of the depositional units after the bio- and geochronological data (plant and ichnite assemblages, magneto- 

and cyclostratigraphy), the main paleoclimatic trend and the global events recorded. Localities are ordered from West to 

East, but distance between them is not at scale (see corresponding chapters for details). Arrows and question marks indi-

cate uncertainty on the age of unit boundaries. Note the large time gap between the lower and upper Upper Red Unit and 

the different facies at the base of Coll de Terrers, where a conformable contact between Permian and Triassic deposits is 

observed. Abbreviations of the International Chronostratigraphic Chart (ICC) are as in Fig. 9.1. 
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9.3. The Paleozoic–Mesozoic transition events 

The long terrestrial successions of the Catalan Pyrenees allow to constrain the paleoenvironmental 

and paleoclimatic evolution from the late Carboniferous to the Middle Triassic, shedding light on the 

global events that completely remodeled the terrestrial ecosystems (Fig. 9.2). 

The exceptionally well-exposed GU-TU-LRU succession records the Carboniferous–Permian (C–

P) transition and sheds light on climatic fluctuations during the pan-tropical aridification of Pangea. 

This global warming coincided with the end of the late Paleozoic ice age (LPIA; Montañez and 

Poulsen, 2013). The vast, widespread tropical forests of the late Carboniferous are represented by the 

GU plant fossil assemblage. The TU records the increasing seasonality occurring in the late Carbon-

iferous–early Permian transition. The onset of the LRU red-beds represent the early Permian aridifi-

cation, when the late Carboniferous mass vegetation depleted due to climatic conditions, also preclud-

ing coal accumulation. The distinct vertic features of the LRU demonstrate strong seasonality, linked 

to the monsoonal climate regime (Tabor and Montañez, 2002; Tabor and Poulsen, 2008). The rich 

LRU tetrapod ichnoassemblage supports the previously suggested dominance of amphibians and basal 

synapsids in terrestrial ecosystems (Sahney and Benton, 2008; Brocklehurst et al., 2017). Noteworthy, 

tetrapod footprints are found in specific LRU intervals, those corresponding to meandering fluvial 

systems and unconfined runoff waters. These intervals are possibly related with wet phases (cf. 

Roscher and Schneider, 2006) tentatively linked to short periods of relatively low concentrations of 

atmospheric CO2 and peaks of glaciation in Southern Gondwana. 

The paleoenvironmental setting of the lower URU denote more humid conditions than in the LRU. 

Otherwise, vertic features are also recognized throughout this unit, indicating that the early Permian 

seasonality persisted. Here it is suggested that this relatively humid climate correlates with the Guada-

lupian wet phase detected in the Iberian Basin (De la Horra et al., 2012) as well as in Northern Euro-

pean basins and the USA (Roscher and Schneider, 2006; Słowakiewicz et al., 2006) and Southern 

Gondwanan basins (Retallack et al., 2006). The revisited lower URU tetrapod remains, although 

sparse, evidence a replacement of faunas from the early to the middle Permian. Such replacement has 

been attributed to the debated Olson’s Extinction (see Brocklehurst et al., 2017 and Lucas, 2017). 

The sudden sedimentological and mineralogical shifts from the lower to the upper URU denote an 

environmental change from relatively humid (sub-humid) to semi-arid conditions related to the late 

Permian aridification. The strong seasonality documented in the upper URU could correspond to the 

late Permian wet and dry phases of Słowakiewicz et al. (2009) and the uppermost Permian record of 

the Iberian Basin (De la Horra et al., 2012). The tetrapod remains recorded in this cyclic sequence are 

different from those of the lower URU. This tetrapod replacement is most probably due to the end-

Guadalupian extinction (Retallack et al., 2006; Day et al., 2015; Lucas, 2017; or mid-Capitanian sensu 

Sheldon et al., 2014). The newly reported localities in this study allow to constrain in detail the Per-

mian–Triassic (P–T) transition, occurring in the transition from the upper URU to the Buntsandstein 

facies unit (Fig. 9.2). 

On one side, the basal braided fluvial deposits of the Buntsandstein facies correspond to the envi-

ronmental shift and increased energy of the system during the P–T transition (Ward et al., 2000; Arche 
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and López-Gómez, 2005; Newell et al., 2010; Benton and Newell, 2014). These coarse-grained, com-

monly thick, deposits at the base of the Triassic record denote erosion of Permian strata, implying a 

time gap (see chapter 5 and 7). Nevertheless, on the other hand, the singular Coll de Terrers area (see 

chapter 6) is free from any major erosion and records a continuous sequence. Therefore, the P–T 

transition can be constrained in detail. In fact, the mineralogical results from Coll de Terrers show a 

potential increase in aridity from the uppermost URU to the basalmost Buntsandstein, possibly related 

with the greenhouse crises of this time interval (Retallack et al., 2011; Retallack, 2013; Rey et al., 2016). 

In the same way, the large derived therapsids and pareiasaurs, potentially recorded in the upper URU, 

are absent in the Buntsandstein deposits. Instead, when ecosystems began to stabilize after the end-

Permian extinction, during the late Early Triassic, archosauromorphs started their domain, being an 

important group for the recovery of the remodeled ecosystems. Notably, as Lucas (2017) stated, this 

change from therapsid- and pareiasaur-dominated to archosaur-dominated assemblages do not char-

acterize the P–T boundary itself, as archosauriforms possibly appeared already in the late Permian 

(Bernardi et al., 2015). As the Middle Triassic fossil record of the Catalan Basin indicates, the archo-

sauromorph lineage persisted and dominated all the terrestrial Mesozoic ecosystems from the Late 

Triassic onwards. 

In summary, the Catalan Pyrenees exceptionally record two major transitions of Earth history: (1) 

the Carboniferous–Permian aridification, representing a unique transition from icehouse to green-

house; (2) the Permian–Triassic transition, corresponding to the most devastating mass extinction and 

the transition to the so-called modern ecosystems. 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Capítol 10. Conclusions 

 

  



 

216 

Capítol 10. Conclusions 

  



 

217 

Capítol 10. Conclusions 

The multidisciplinary study of the terrestrial end-Carboniferous, Permian and Triassic from the 

Catalan Pyrenees allowed to obtain new data about the paleoenvironmental and paleoclimatic evolu-

tion, as well as changes in the terrestrial ecosystems during the Paleozoic–Mesozoic transition. 

- Geological fieldwork and paleontological prospection implied the discovery and characteriza-

tion of many fossil sites. The integration of these fossil sites in a physical correlation frame 

allowed to establish their relative succession. This frame is given by the measurement of strati-

graphic sections, their cartography and integration in the regional geology. A total of 10 fossil 

sites (most of them bearing tetrapod ichnites) within 18 sections, representing a total of 2370 m 

measured and covering a West-Est oriented belt of 59 km, have been situated in stratigraphic 

continuity. Previously, only two ichnite fossil sites, both from the same section, were known. 

- The sedimentological data associated to the paleontological sites allowed to characterize features 

that influenced the taphonomic bias such as substrate rheology, the presence of water inferred 

from the preservation of tetrapod swimming trace fossils, the amount of trace fossils in each 

surface, the presence of true tracks and undertracks and their morphological variation, etc. 

- Tetrapod ichnite diversity and associated ichnotaxa were identified thanks to photogrammetry, 

being a useful technique for ichnological studies. The 3D models of the footprints reveal fea-

tures unperceived under traditional techniques and allow defining depth patterns, which are 

directly related with the trackmaker locomotion. This implies the improvement of the track-

trackmaker correlation. In the same way, the 3D models allow to distinguish the (extra-) mor-

phological and preservation variability of tetrapod ichnites. 

- The studied fossil content shows diverse associations related with specific environments and of 

biochronologic value. Seven fossil assemblages are defined (Fig. 9.1): a plant fossil assemblage 

and four ichnoassemblages (I-IV) are defined in the Pyrenean Basin, and two ichnoassemblages 

(V and VI) are defined in the Catalan Basin. The ichnoassemblage V was studied in previous 

works, and here it is integrated to completed the fossil assemblage succession. Bone remains 

complement the tetrapod record. 

1. The plant fossil assemblage is found in the Grey Unit, it is composed of several taxa 

showing the presence of: horsetails (equisetophids, including Calamitales and Spheno-

phyllales), ferns (Marattiales and Zygopteridales in a lesser degree), abundant pterido-

sperms (Medullosales), Cordaitales, and lycophids (Lepidondendrales, although 

sparse). The set of taxa indicates a Stephanian C age (late Carboniferous). 

2. The ichnoassemblage I is found in the Lower Red Unit, it is composed of: Batrachichnus 

salamandroides, Limnopus isp., cf. Amphisauropus, cf. Ichniotherium, Dromopus isp., cf. Var-

anopus, Hyloidichnus isp., Dimetropus leisnerianus and three types of Characichnos (swimming 

trace fossils) associated with the first three ichnotaxa. These ichnotaxa indicate the 

potential presence of: small temnospondyls and lepospondyls, large temnospondyls, 

seymouriamorphs, diadectomorphs, araeoscelids and/or bolosaurids, captorhino-

morphs and basal synapsids (“pelycosaurs”). Biostratigraphically, this ichnoassem-

blages indicates an Artinskian age (early Permian). Otherwise, abundant arthropod 
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trace fossils (mostly corresponding to triopsids) are common, mainly including the 

ichnogenera Rusophycus and Acripes. 

3. The ichnoassemblage II is found in the lower part of the Upper Red Unit, it is com-

posed by a set of footprints that could not be first hand studied because they are cur-

rently lost. The review of the previously published data suggests the potential presence 

of Merifontichnus, which is attributed to derived captorhinids. This unit also includes a 

caseid vertebra attributed to cf. Ennatosaurus tecton, which suggest an early Wordian age 

(middle Permian). This age agrees with the biostratigraphic interval of the aforemen-

tioned ichnogenus. 

4. The ichnoassemblage III is found in the upper part of the Upper Red Unit, it is com-

posed of a set of footprints differentiated in four morphotypes (I-IV): morphotype I 

shows some similarities with Dicynodontipus (ichnogenus associated to therapsids); mor-

photype II shows some similarities with Pachypes (ichnogenus associated to pareia-

saurs); morphotype III is an unknown form, possibly corresponding to deformed foot-

prints due to substrate consistency; morphotype IV shows some similarities with 

Dromopus and Rhynchosauroides (ichnogenera associated to small eureptiles and possibly 

to basal archosauromorphs). Otherwise, abundant arthropod trace fossils are com-

mon, most of them similar to those from the Lower Red Unit (Rusophycus and Acripes). 

5. The ichnoassemblage IV is found in the Buntsandstein facies unit, and it extends 

throughout nearly all the studied localities. The identified ichnotaxa include: Prorotodac-

tylus mesaxonichnus (recently erected as a new ichnospecies), cf. Rotodactylus, Rhyncho-

sauroides cf. schochardti, other undetermined Rhynchosauroides specimens, diverse chirothe-

riid morphotypes, possibly related with Protochirotherium and Chirotherium, an unknown 

morphotype (Morphotype A), and Characichnos associated with the recently erected Pro-

rotodactylus ichnospecies and the chirotheriids. These ichnotaxa are attributed to small 

archosauromorphs and basal archosauriforms, except chirotheriids, which are at-

tributed to large archosauriforms and archosaurs. Similarly, the two recovered teeth 

belong to predatory archosauromorphs. The corresponding biostratigraphic interval is 

from the late Olenekian to the basal Anisian (Early–Middle Triassic), which is in agree-

ment with the identified palynological association (lycopod spores and other bisaccate 

and taeniate pollen types). 

6. The identified tooth from the Buntsandstein facies (early Anisian, Middle Triassic) 

from the Catalan Basin represents the first direct evidence of archosauromorphs from 

this region, enriching and completing the previously known ichnite record of this 

group. Based on ichnotaxonomic differences with the Catalan Pyrenees and with the 

Middle Muschelkalk facies (see below), the ichnoassemblage V (composed of Procolo-

phonichnium, Rhynchosauroides, Synaptichnium, Chirotherium and Isochirotherium) is consti-

tuted. 
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7. The ichnoassemblage VI is found in the Middle Muschelkalk facies (late Anisian–mid-

dle Ladinian, Middle Triassic) from the Catalan Basin. Ichnotaxa include Isochirotherium 

isp., Chirotherium isp. and Rhynchosauroides isp. A distribution of tetrapod ichnotaxa con-

trolled by facies types is established, suggesting a potential differentiation of vertebrate 

ichnofacies and ichnocoenosis. This fact makes tetrapod footprints a useful tool in 

paleoenvironmental analyses. 

- The dating of the succession frame and the consequent calibration of the biozones is here based 

on magnetostratigraphy. The Lower Red Unit results allowed to identify the Kiaman superchron 

(early Permian), of inverse polarity. These data agree with absolute dating of this unit conducted 

by other authors. The paleomagnetic data of the Grey Unit and Upper Red Unit indicate a 

secondary remagnetization, precluding any correlation to the global magnetostratigraphy scale. 

- Preliminary cyclostratigraphic analyses from the Upper Red Unit suggest an orbital forcing, with 

possible eccentricity (of 100 and 400 kyr) and obliquity (of ~1-1.2 Myr) cycles, allowing a cali-

bration of the relative time of sedimentation. 

- Therefore, the bio- and geochronological data give a chronostratigraphic value to the lithological 

units and indicate the presence of sedimentary hiatuses different from those published in pre-

vious works (Fig. 9.2). 

1. The uppermost part of the Grey Unit is of late Carboniferous age. 

2. The Transition Unit ranges from the latest Carboniferous to the earliest early Permian. 

The few chronological markers known so far from this unit preclude a better precision 

of the temporal boundaries. 

3. The Lower Red Unit comprises most of the early Permian, possibly until the middle–

late Kungurian. 

4. The lower part of the Upper Red Unit is of middle Permian age, possibly ranging from 

the early Roadian to the earliest middle Capitanian. 

5. The upper part of the Upper Red Unit probably ranges from the early–middle Wu-

chiapingian to the end of the Changhsingian (late Permian). 

6. The Buntsandstein facies unit of the Pyrenean Basin probably ranges from the Induan 

to the middle–late Ladinian (Early–Middle Triassic). 

- The sedimentological data obtained by the measurement of stratigraphic sections allowed to 

characterize the paleoenvironmental and paleoclimatic succession. On one hand, the study of 

paleosols from the Grey, Transition and Lower Red units allowed to identify up to four pedo-

types: Histosols, ferric horizons, Vertisols and Calcisols. Within these pedotypes, different sub-

groups have been identified and, in stratigraphic succession, they show the general paleoclimatic 

trend. On the other hand, X ray diffraction and fluorescence analyses allowed to identify the 

mineralogical and elemental variations of the Upper Red Unit (from the lower to the upper part 

of the unit) and the transition from the Upper Red Unit to the Buntsandstein facies unit. The 

set of mineralogical variations, such as those of quartz, albite, chlorite group, hematite, kaolinite 



 

220 

Capítol 10. Conclusions 

and muscovite/illite, together with the elemental trends of Al, K, Fe, Cu, Rb, Sr, Ni and Pb, 

show the climatic changes and the successive environmental conditions, such as possible acidi-

fications and anoxia. 

- All these analyses result in a model of paleoclimatic and paleoenvironmental changes for the 

studied succession, as well as for the tetrapod ecosystems evolution. Therefore, the following 

events have been identified: (1) aridification across the Carboniferous–Permian transition; (2) 

faunal replacement between the early and middle Permian; (3) faunal replacement between the 

middle and late Permian (late Guadalupian extinction); (4) aridification across the Permian–

Triassic transition and faunal replacement (end-Permian extinction); (5) terrestrial ecosystems 

recovery during the Early–Middle Triassic. 

- The detailed stratigraphic study, together with the sedimentological, ichnological, cyclostrati-

graphic and mineralogical analyses, as well as the regional lithostratigraphic correlation, allowed 

to identify (for the first time in southwestern Europe) a terrestrial succession where the Permian 

and Triassic are in sedimentary continuity. This section, called Coll de Terrers, opens the win-

dow to new detailed studies to define the Permian–Triassic transition in continental environ-

ments. 

- The long and rich geological and paleontological records situate the Catalan Pyrenees as a global 

reference region to understand and characterize the successions of events that featured the ter-

restrial late Carboniferous, Permian and Triassic. The studied sedimentological and paleonto-

logical records allow to establish the paleoenvironmental evolution and crises at the equator of 

Pangea. This PhD thesis documents some of the most dramatic changes of Earth’s history, such 

as a long term climatic change, the greatest mass extinction and the subsequent ecosystems 

recovery. 
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