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Abstract 

The present Ph.D. dissertation provides an exhaustive account of the Permian and continental 

Triassic rock units and fossil record of Mallorca, as well as new data on the transitional/marine Triassic 

of Mallorca and the Permian of Menorca. Detailed stratigraphic and sedimentological analyses have 

made it possible to formally describe seven new lithostratigraphic formations that encompass the whole 

Permian–Triassic continental succession of Mallorca, from oldest to youngest: Bec de s’Àguila (alluvial 

fans and meandering rivers, ?Sakmarian–Artinskian), Port des Canonge (meandering rivers and 

floodplains, Artinskian–?Roadian), Pedra de s’Ase (meandering rivers and sheetfloods, Roadian–

Wordian), Punta Roja (perennial shallow braided rivers, Olenekian–Anisian), Estellencs (meandering 

rivers and floodplains, Anisian), Pedra Alta (seasonal braided rivers and sheetfloods, Anisian), and Son 

Serralta (meandering rivers, floodplains and tidal mud flats, Anisian). Moreover, the 

magnetostratigraphic study has revealed that the three Permian formations of Mallorca are part of the 

Kiaman Reverse Superchron (late Carboniferous–middle Permian). Regarding the marine Triassic of 

Mallorca, the review of previous works has shown that it can be divided into five informal units, from 

oldest to youngest: M1 (carbonate platforms, Anisian), M2 (coastal lagoons, ?Anisian), M3 (carbonate 

platforms, Ladinian), Keuper (coastal lagoons, Carnian–Norian) and Felanitx formation (carbonate 

platforms, Norian–Hettangian). Finally, the three units of the Permian of Menorca, described by previous 

authors, have been reviewed, from oldest to youngest: P1 (alluvial fans, ?Cisuralian), P2 (floodplain 

lakes, ?Cisuralian–?Guadalupian), and P3 (meandering rivers, sheetfloods and floodplains, 

?Guadalupian–Lopingian). 

The study of the fossil record has revealed rich and diverse ecosystems, with representatives of 

several groups of plants, invertebrates and vertebrates. In the Permian of Mallorca, there was a rich 

plant community with elements indicative of semi-arid conditions that has dated the Pedra de s’Ase 

Formation in the lower part of the Guadalupian, abundant trace fossils that suggest a Cisuralian series 

for the Port des Canonge Formation, and tetrapod skeletons of different taxa. Among all those, a new 

species of medium-sized moradisaurine has been described. Moreover, of special relevance, there is a 

partial skeleton of an indeterminate gorgonopsian, potentially the oldest worldwide and the only one 

found in palaeoequatorial latitudes. In the continental Triassic of Mallorca, micro- and macroplant taxa, 

trace fossils and clam shrimps have dated the three upper formations in the Anisian. Among the 

exceptionally well-preserved fossils of insects and fishes, a new species of wood fly larva has been 

described, the oldest known true fly worldwide. The marine Triassic of Mallorca has produced remains 

of a basal ichthyosauriform and a nothosaur sauropterygian. Of note, the basal ichthyosauriform fills a 

biogeographical gap for the group, hitherto known from western North America and eastern Asia. 
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Finally, a new large moradisaurine has also been described from the Permian of Menorca, appearing 

together with small moradisaurine bones and tracks, and parareptile tracks. 

All these new data build up a new and updated framework for the Permian and Triassic of the 

Gymnesic Islands, which in turn makes it possible to discuss it from a broader perspective. Specifically, 

it reveals that the ecosystems of equatorial Pangaea are key to understand the palaeobiogeography 

and evolution of Permian and Triassic organisms, with the oldest record of two important animal groups, 

such as dipterans (true flies) and therapsids (“proto-mammals”). Moreover, this record complements 

other sites, documenting the change of palaeoenvironments through time, possibly influenced in part 

by climate; the palaeobiogeographic distribution and patterns of dispersion of some animals, such as 

moradisaurines, therapsids and ichthyosauriforms; and new age constraints for the lithostratigraphic 

units, which will help in future inter-basinal correlations in the western peri-Tethys to determine the extent 

and timing of the Permian–Triassic rifting. 
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Resum 

La present tesi doctoral proporciona una caracterització exhaustiva de les unitats de roca del 

Permià i el Triàsic continental de Mallorca i el seu registre fòssil, a més de noves dades sobre el Triàsic 

transicional/marí de Mallorca i el Permià de Menorca. Les anàlisis estratigràfiques i sedimentològiques 

detallades han permès de descriure formalment set noves formacions litostratigràfiques que comprenen 

tota la successió continental del Permià–Triàsic de Mallorca, de la més antiga a la més recent: Bec de 

s’Àguila (ventalls al·luvials i rius meandriformes, ?Sakmarià–Artinskià), Port des Canonge (rius 

meandriformes i planeres d’inundació, Artinskià–?Roadià), Pedra de s’Ase (rius meandriformes i 

inundacions laminars, Roadià–Wordià), Punta Roja (rius entrunyellats perennes i poc fondos, 

Oleniokià–Anisià), Estellencs (rius meandriformes i planeres d’inundació, Anisià), Pedra Alta (rius 

entrunyellats estacionals i inundacions laminars, Anisià), i Son Serralta (rius meandriformes, planeres 

d’inundació i planeres fangoses mareals, Anisià). A més, l’estudi magnetostratigràfic ha revelat que les 

tres formacions del Permià de Mallorca pertanyen al supercron invers de Kiaman (Carbonífer superior–

Permià mitjà). Pel que fa al Triàsic marí de Mallorca, la revisió dels antecedents ha permès de dividir-

lo en cinc unitats informals, de la més antiga a la més recent: M1 (plataformes carbonatades, Anisià), 

M2 (llacunes costaneres, ?Anisià), M3 (plataformes carbonatades, Ladinià), Keuper (llacunes 

costaneres, Carnià–Norià) i formació Felanitx (plataformes carbonatades i planeres mareals, Norià–

Hettangià). Finalment, s’han revisat les tres unitats del Permià de Menorca, ja descrites per autors 

anteriors, de la més antiga a la més recent: P1 (ventalls al·luvials, ?Cisuralià), P2 (llacs de planera 

d’inundació, ?Cisuralià–?Guadalupià), i P3 (rius meandriformes, inundacions laminars i planeres 

d’inundació, ?Guadalupià–Lopingià). 

L’estudi del registre fòssil ha revelat uns ecosistemes rics i diversos, amb representants de 

diferents grups de plantes, invertebrats i vertebrats. En el Permià de Mallorca hi havia una rica comunitat 

vegetal amb elements indicadors de condicions semi-àrides que han permès de datar la Formació 

Pedra de s’Ase en la part baixa del Guadalupià, abundants potades que suggereixen que la Formació 

Port des Canonge és cisuraliana, i esquelets de diferents tàxons de tetràpodes. Entre ells, s’ha descrit 

una nova espècie de moradisaurí de mida mitjancera. A més, i d’especial rellevància, també s’ha trobat 

un esquelet parcial d’un gorgonopsi indeterminat, el més antic del món i l’únic provinent de latituds 

paleoequatorials. Pel que fa al Triàsic continental de Mallorca, la micro- i macroflora, les potades i els 

“concostracis” han permès de datar les tres formacions superiors dins l’Anisià. S’ha descrit una nova 

espècie d’entre els fòssils d’insectes i peixos excepcionalment ben conservats, corresponent al mosquit 

veritable més antic conegut al món. El Triàsic marí de Mallorca ha lliurat restes d’un ictiosauriforme 

basal i un sauropterigi notosaure. És especialment interessant l’ictiosauriforme basal, per mor que umpl 

un buit biogeogràfic per al grup, fins ara sols conegut de l’oest de l’Amèrica del Nord i l’Àsia oriental. 
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Finalment, del Permià de Menorca s’ha descrit una nova espècie de moradisaurí de mida grossa, que 

apareix juntament amb ossos i potades d’un altre moradisaurí de mida petita i potades de pararrèptils. 

Totes aquestes noves dades proporcionen una nova vasa per al Permià i Triàsic de les 

Gimnèsies, el que permet discutir-los des d’una perspectiva més àmplia. Concretament, revela que els 

ecosistemes de Pangea equatorial són clau per entendre la paleobiogeografia i l’evolució dels 

organismes del Permià i del Triàsic, amb el registre més antic de dos importants grups d’animals, com 

són els dípters i els teràpsids. A més, aquest registre complementa altres indrets, documentant el canvi 

dels paleoambients a través del temps, possiblement influenciat en part pel clima; la distribució 

paleobiogeogràfica i els patrons de dispersió d’alguns animals, com els moradisaurins, els teràpsids o 

els ictiosauriformes; i nova informació de les edats de les unitats litostratigràfiques, que ajudaran en 

futures correlacions entre conques en el peri-Tetis occidental i, al seu torn, la determinació de la 

extensió i la temporització de l’obriment de les conques de rift d’aquesta regió durant el Permià i el 

Triàsic. 
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Introduction 

Permian and Triassic ecosystems 

The Permian and Triassic (Figure 1.1) are two key geological periods to understand how 

life on Earth today was shaped. A great change of the climates caused the shift from the 

Carboniferous–early Permian icehouse conditions to the Triassic hothouse (Montañez et al., 

2007; Sun et al., 2012; Montañez & Poulsen, 2013; MacLeod et al., 2017) (Figure 1.2). This 

global warming started during the Artinskian (early Permian), probably as a consequence of 

the eruption of igneous provinces in present-day Asia (Marchetti et al., 2022), and this trend 

towards more arid climates was sustained throughout the rest of the Permian (Michel et al., 

2015; Scotese et al., 2021). Warm and dry conditions persisted during the Early and Middle 

Triassic (Sun et al., 2012; Benton & Newell, 2014; Romano et al., 2020), and it was not until 

the beginning of the Late Triassic that humid periods became longer and more frequent (Ruffell 

et al., 2016; Ogg et al., 2020; Scotese et al., 2021). Among other factors, these environmental 

conditions affected the composition of the biological communities through time.  

In terrestrial environments, these turnovers have been intensely studied in tetrapods. The 

earliest Permian faunas were reminiscent to those of the previous period, the Carboniferous, 

dominated by amphibians and “pelycosaur”-grade synapsids (Ruta & Benton, 2008; 

Brocklehurst et al., 2013). Those groups co-occurred with basal amniotes, such as 

seymouriamorphs and diadectomorphs, and early reptiles, such as captorhinomorphs and 

diapsids. Recent studies show that reptiles may have been more abundant than once thought 

(Brocklehurst, 2021). From the middle Cisuralian on, reptiles started to become increasingly 

abundant while amphibian numbers dwindled (Marchetti et al., 2019). Olson’s extinction struck 

those communities in the latest Cisuralian–earliest Guadalupian, wiping out almost all the 

once-dominant “pelycosaurs”, which were substituted by therapsid synapsids and several 

groups of parareptiles (Brocklehurst et al., 2017; Brocklehurst, 2020; but see Lucas, 2017). 

During the Guadalupian, therapsids underwent an important radiation, but dinocephalians, 

the most diverse group, died out at the end of this epoch, in the end-Capitanian mass extinction 

(Lucas, 2009; Day et al., 2015; Olroyd & Sidor, 2017; Day & Rubidge, 2021). The Lopingian 

faunas were characterised by the abundance of derived pareiasaurs and therapsids such as 

gorgonopsians, therocephalians and dicynodonts (Bernardi et al., 2017; Lucas, 2017). 
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Figure 1.1. (previous page) Chronostratigraphic chart of the Permian and Triassic (based on 

Henderson et al., 2020, and Ogg et al., 2020), with the palaeogeographical world maps 

showing the position of the continents through those times (extracted from Scotese, 2014a, 

2014b). 

 

 

Figure 1.2. Palaeogeographical world maps with the distribution of climates during the Permian 

and Triassic (modified from Scotese, 2000, 2014a, 2014b). 

 

The mass extinction event that occurred in the Permian–Triassic transition was the most 

dramatic biotic crisis in the Phanerozoic, wiping out many groups that had been dominant in 
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the Palaeozoic. It is thought that its main trigger was the eruption of the Siberian Traps, 

producing a cascade of effects that resulted in great perturbations of terrestrial and marine 

ecosystems, ultimately leading to the extinction of many taxa (Benton & Newell, 2014; Romano 

et al., 2020 and references therein). Regarding the terrestrial tetrapods, many families of 

amphibians, reptiles and therapsids died out, including the last captorhinids, pareiasaurs, 

biarmosuchians and gorgonopsians (Retallack et al., 2003; Botha & Smith, 2006; Benton & 

Newell, 2014; Lucas, 2017). Nevertheless, after the extinction, therapsids remained as the 

dominant component of the continental tetrapod faunas (Lucas, 2009). 

 The Triassic witnessed the rise of many modern tetrapod groups. The earliest Triassic 

terrestrial tetrapod communities were characterised by the great abundance of stereospondyl 

temnospondyls and dicynodont therapsids such as the genus Lystrosaurus, representing 

“disaster” taxa, clades that survived the extinction but would soon be replaced (Sahney & 

Benton, 2008; Benton & Newell, 2014; Lucas, 2017; Romano et al., 2020 and references 

therein). By the Middle Triassic, archosauromorph diapsids and cynodont therapsids had 

become dominant components of the faunas (Chen & Benton, 2014). The former, which had 

first appeared (but were quite rare) during the Guadalupian–Lopingian, became increasingly 

abundant and ecologically diverse (Foth et al., 2016; Ezcurra & Butler, 2018 and references 

therein). This was especially so during and after the Carnian Pluvial Episode (Late Triassic), a 

humid interval which appears to have prompted the rise of several well-known tetrapod clades, 

including dinosaurs, crocodylomorphs, phytosaurs, turtles and mammals (Benton et al., 2014; 

Bernardi et al., 2018; Dal Corso et al., 2020). Those groups would become dominant during 

the rest of the Mesozoic (non-avian dinosaurs) and the Cenozoic (avian dinosaurs and 

mammals). The Triassic was also a time of diversification of several marine reptile groups, such 

as ichthyosauromorphs and sauropterygians (Neenan et al., 2013; Motani et al., 2017; Li & 

Liu, 2020). 

 The present Ph.D. dissertation studies the Permian and Triassic tetrapod fossil-bearing 

units of the Gymnesic Islands, the largest two islands of the Balearic Archipelago (western 

Mediterranean). They correspond to continental (Cisuralian–Middle Triassic) and 

marginal/marine (Middle–Upper Triassic) basins located at the eastern margin of Pangaea 

(Figure 1.1, 1.2), preserving rich fossil communities. 
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General context and previous works on the Permian and Triassic of the Gymnesic 

Islands 

The Gymnesic Islands (Mallorca and Menorca) are the two largest islands of the Balearic 

Archipelago (western Mediterranean) and correspond to an emerged extension of the Betic 

Cordillera to the northeast (e.g., Vera et al., 2004). During the Permian and Triassic, the basins 

corresponding to the present-day Gymnesic Islands were part of the eastern margin of the 

supercontinent Pangaea, drifting from a latitude of 7º S in the Cisuralian (early Permian) to 

about 26º N in the Late Triassic (Scotese, 2014a, 2014b; Figure 1.1). Both islands show a 

similar sedimentary evolution (Figure 1.3), with several basal units of continental red-beds 

overlain by marine carbonates, then by gypsiferous marlstones and volcanic rocks, and finally 

by marine carbonates again (e.g., Vera et al., 2004). The present section reviews all the 

previous works for each of the two islands. 

 

Permian 

Mallorca 

The hypothesis that Permian rocks cropped out on Mallorca was first put forward by 

Cuevas-López (1958a, 1958b). He recognised that a part of the units attributed to the Lower 

Triassic by previous authors (Hermite, 1879, 1888; Nolan, 1887, 1888; Darder, 1913, 

1914a; Fallot, 1923) were in fact more similar to the Rothliegend units of the Central European 

Basin. There were two main units: a lower one made up of about 800 m of red sandstones 

and mudstones, and an upper one made up of 200 m of red sandstones and mudstones with 

interbedded cupriferous levels. Subsequent authors (Freeman & Obrador, 1974, 1979; 

Colom, 1975; Pomar-Gomà, 1979; Obrador, 1983; Martí et al., 1985; Rodríguez-Perea et 

al., 1987; Barnolas, 1991) accepted that the Permian could be present, but did not supply 

further data to individualise it from the Triassic. 

During the late 1980s and early 1990s, several authors studied the Permian outcrops 

with more detail, confirming their age attribution. Ramos et al. (1985), Ramos & Doubinger 

(1989) and Ramos (1995) divided the Permian–Triassic continental sequence of Mallorca into 

three lithostratigraphic units: Port des Canonge unit, Asá [sic.] unit and Son Serralta unit. The 

study of palynomorphs revealed that the Asá unit was upper Permian and the Son Serralta unit 
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Figure 1.3. (previous page) Chronostratigraphic chart with all the formal and informal 

lithostratigraphic units defined for the Balearic Islands. Igneous intrusions and mio-plio-

plestocenic cave breccias not represented. 1–18: Eivissa (Rangheard, 1971, 1984; Durand-

Delga et al., 1993; Díaz de Neira & Gil-Gil, 2009, 2014). 1: Muschelkalk Dolostone unit, 2: 

Muschelkalk Limestone unit, 3: Keuper facies unit, 4: Pedrera de Sant Miquel formation, 5: Port 

de ses Caletes formation, 6: Es Botafoc formation, 7: Dalt Vila formation, 8: Punta des Jondal 

Formation, 9: Es Cubells Formation, 10: Port de Sant Miquel Formation, 11: Torre des Molar 

Member, 12: Penyal de s’Àguila Member, 13: Cala d’en Sardina Formation, 14: Cala Llentrisca 

Formation, 15: Cala d’Hort formation, 16: Cap Jueu formation, 17: Portinatx formation, 18: 

Quaternary units. 19–88: Mallorca (Álvaro et al., 1982, 1984, 1989; Pomar et al., 1983; 

Barnolas, 1984, 1991; Rodríguez-Perea, 1984; Rodríguez-Perea & Ramos, 1984; Rodríguez-

Perea et al., 1987; Ramos-Guerrero, 1988; Ramos-Guerrero et al., 1989, 1994a, 1994b, 

2000, 2001; Fornós et al., 1991; Martin-Closas & Ramos, 2005; Arenas et al., 2007; Mas, 

2013, 2015; López-García et al., 2014; Juárez-Ruiz & Matamales-Andreu, 2015, 2018; 

Moragues, 2015; Matamales-Andreu et al., 2018; Mas & Fornós, 2020; Rosales et al., 2021; 

Sevillano et al., 2021; Juárez-Ruiz & Mas, 2022; the present work). 19: Culm facies unit, 20: 

Bec de s’Àguila Formation, 21: Port des Canonge Formation, 22: Pedra de s’Ase Formation, 

23: Punta Roja Formation, 24: Estellencs Formation, 25: Pedra Alta Formation, 26: Son Serralta 

Formation, 27: M1 unit, 28: M2 unit, 29: M3 unit, 30: Keuper facies unit, 31: Felanitx formation, 

32: Mal Pas Formation, 33: Es Barracar Formation, 34: Shallow Platform Limestone unit, 35: 

Moleta Formation, 36: Es Racó Formation, 37: Cosconar Formation, 38: Gorg Blau Formation, 

39: Cúber Formation, 40: Puig d’Alpara Formation, 41: Puig de Cutrí Formation, 42: Sa Talaia 

Mudstone unit, 43: Coves d’Artà Limestone unit, 44: Puig de ses Fites Formation, 45: Alfàbia 

Formation, 46: Sa Carbonera Formation, 47: Almadrà Formation, 48: Son Torrella Formation, 

49: Puig d’en Borràs Formation, 50: Cala Torta facies unit, 51: Lower White Limestone unit, 

52: Grey Marlstone unit, 53: Upper White Limestone unit, 54: Lower White Silty Limestone unit, 

55: White Limestone with Silex Nodules unit, 56: Lower Yellow-Pink Limestone unit, 57: Upper 

Yellow-Pink Limestone unit, 58: White-Pink Limestone unit, 59: Upper White Silty Limestone unit, 

60: Puig de s’Envestida Formation, 61: Peguera Formation, 62: Binissalem Member, 63: Platja 

des Morts Member, 64: El Calvari Formation, 65: Galdent Formation, 66: Alaró Formation, 67: 

Son Sastre Formation, 68: Cala Blanca Formation, 69: Puig d’en Tió Member, 70: Sineu 

Member, 71: Defla Member, 72: Sant Elm Formation, 73: Banyalbufar Formation, 74: Randa 
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unit, 75: Manacor unit, 76: Sa Verdera unit, 77: Pina unit, 78: Calcisiltites with Heterostegina 

unit, 79: Reefal unit, 80: La Bonanova unit, 81: Sant Jordi Gypsum unit, 82: Santanyí unit, 83: 

Ses Olles Formation, 84: Son Mir unit, 85: Sant Jordi unit, 86: Palma unit. 87–105: Menorca 

(Bourrouilh, 1983; Rosell et al., 1989; Tiedt, 1994; Vera et al., 2004; Martin-Closas & Ramos, 

2005; Bercovici et al., 2009; Linol et al., 2009; Escudero-Mozo et al., 2014; the present work). 

87: Low Energy Turbidite unit, 88: Transition unit, 89: Culm facies unit, 90: P1 unit, 91: P2 unit, 

92: P3 unit, 93: B1 unit, 94: B2 unit, 95: El Toro formation, 96: Arenal d’en Castell formation, 

97: Cala Fontanelles formation, 98: Keuper facies unit, 99: Dolostone and Limestone unit, 100: 

Micritic Limestone unit, 101: Limestone and Marlstone unit, 102: Cala Blanca Formation, 103: 

Basal Conglomerate unit, 104: Lower Bar unit, 105: Reefal unit, 106: Quaternary units. 

 

was Middle Triassic. Logically, the underlying unit, namely, Port des Canonge, had to be 

Permian or older. Calafat (1986, 1987, 1988) showed that the units described by Ramos had 

been the result of a miscorrelation between outcrops, and defined five units for the Permian–

Triassic rocks of continental origin: Bec de s’Àguila, Port des Canonge, Pedra de s’Ase (with 

the Punta Roja sub-unit), Estellencs and Son Serralta units. Gómez-Gras (1992, 1993) 

restudied most of the sections and proposed a division of the Permian of Mallorca into three 

main units, which he named Stretch ‘a’, ‘b’ and ‘c’. All those units were interpreted as 

alluvial/fluvial deposits (Calafat, 1988; Gómez-Gras, 1993; Ramos, 1995) (Figure 1.4). 

The fossil content of the Permian of Mallorca includes spores, pollen, tree logs, 

invertebrate traces, tetrapod tracks and tetrapod bones. A palynoassemblage with elements of 

the ‘Thuringian’ biofacies was reported by Ramos & Doubinger (1989), Diez (2000), Diez et 

al. (2005) and Juncal (2019) from the Asá/Pedra de s’Ase unit. In the same unit, Freeman & 

Obrador (1974, 1979), Calafat (1988), Ramos (1995) and Diez (2000) found and illustrated 

large carbonised tree logs. Regarding animal fossils, Ramos & García-Ramos (1992) and 

Ramos (1995) described several invertebrate bioturbation traces from the Port des Canonge 

and Asá units, and Calafat et al. (1986, 1986–1987) and Calafat (1988) reported four 

morphotypes of tetrapod tracks from the Racó de s’Algar unit. One of these was illustrated 

again in Sastre & Sastre (2002, 2005). Calafat et al. (1986, 1986–1987), Calafat (1988) and 

Liebrecht et al. (2017) also mentioned the presence of tetrapod bones in the Racó de s’Algar 

and Pedra de s’Ase units, but only one of them was described in detail as a maxilla of a 

moradisaurine captorhinid eureptile (Liebrecht et al., 2017). 
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Figure 1.4. Units from the Permian of Mallorca. A–B: Lower polygenic breccias and sandstones, 

outcrop view (Platja de sa Pedrera) and close-up (Sa Gratallosa), respectively. C–D: Middle red 

sandstones and lutites, outcrop view (Platjola des munt de Pedres) and close-up (near Torrent 

de cas Batliu), respectively. E–F: Upper white/blue/pink sandstones and scarce lutites, outcrop 

view (Platja d’en Sales) and close-up (Puig des Moro), respectively. 

 

Menorca 

Permian rocks were first identified on Menorca by Bourrouilh (1973, 1983), 

distinguishing a basal unit of polymictic conglomerates, a middle one with abundant lutites and 

an upper one with lutites and sandstones. Until then, those units had been considered to be of 

Lower Triassic age because of its lithological similarity to the Buntsandstein facies (Hermite, 
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1879, 1888; Nolan, 1887, 1888). But from then on, all the authors acknowledged a Permian 

age for the lower red-beds of the island (Pomar-Gomà, 1979; Obrador, 1983; Martí et al., 

1985; Rodríguez-Perea et al., 1987). Lithostratigraphic units, roughly corresponding to the 

ones described by Bourrouilh (1973, 1983), were informally defined by Gómez-Gras (1987, 

1992, 1993) and Rosell et al. (1988, 1989), from lower to upper: P1, P2 and P3. Arribas et 

al. (1990) and Brandes & Tiedt (1991) studied the textural maturity and composition of some 

of the sandstones. All those units were interpreted as alluvial/fluvial deposits (Rosell et al., 

1988; Gómez-Gras & Alonso-Zarza, 2003; Linol et al., 2009) (Figure 1.5). 

Regarding its fossil content, Rosell et al. (1989), Broutin et al. (1992) and Bercovici et 

al. (2009) described rich palynoassemblages from several beds of the P3 unit, revealing a 

‘Thuringian’ biofacies. Bercovici et al. (2009) also reported some plant remains, including 

conifer shoots and cones. Tetrapod bones were preliminarily described by Pretus & Obrador 

(1987) and Carmona (2004). 

 

Lower–Middle Triassic (Buntsandstein facies) 

Mallorca 

Hermite (1879, 1888) and Lozano (1884) were the first to report the Triassic 

Buntsandstein facies on Mallorca based on the discovery of the horsetail Equisetites in the red-

beds near Estellencs. Nolan (1887, 1888), Darder (1913, 1914a) and Fallot (1922) studied 

other similar outcrops, and also attributed them to the Lower Triassic Buntsandstein facies. 

Cuevas-López (1958a, 1958b) proposed that only a part of the red-beds were Triassic, and 

distinguished a lower, middle and upper Buntsandstein facies. This division was accepted by 

most of the subsequent works (Colom, 1975; Pomar-Gomà, 1979; Martí et al., 1985; 

Rodríguez-Perea et al., 1987; Barnolas, 1991). 

Other studies provided more details regarding the stratigraphy and age of those rocks. 

A single Triassic lithostratigraphic unit was recognised in the works by Ramos et al. (1985), 

Ramos & Doubinger (1989) and Ramos (1995), which was dated in the Anisian using 

palynomorphs, and was called Son Serralta unit. Other works, such as those by Calafat (1986, 

1987, 1988), split the succession into two: the Estellencs unit and the Son Serralta unit, both 

from the Anisian. Gómez-Gras (1992, 1993) provided yet another division, with two main 

units, the Stretch ‘d’ and the Stretch ‘e’, the latter of which was in turn divided into three. 
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Figure 1.5. Units from the Permian of Menorca. A–B: Lower polygenic breccias and sandstones, 

outcrop view and close-up, respectively (both from eastern Cala del Pilar). C–D: Middle lutites 

and sandstones, outcrop view and close-up, respectively (both from Punta des Carregador). E–

F: Upper red sandstones and lutites, outcrop view (Sa Bombarda) and close-up of coal-bearing 

levels (coal mine near Pla de Mar), respectively. 

 

Regardless of the number of lithostratigraphic units distinguished, all the authors interpreted 

them as alluvial/fluvial environments, reworking aeolian sediments in the lower unit (Calafat, 

1988; Clemmensen & Hansen, 2021) and with marine influence towards the top unit (Calafat, 

1988; Ramos, 1995) (Figure 1.6). 
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Figure 1.6. Units from the Lower–Middle Triassic Buntsandstein facies of Mallorca. A–B: Basal 

cross-stratified sandstones, outcrop view and close-up, respectively (both from Punta Roja). C–

D: Lower red sandstones and lutites, outcrop view (Punta Roja) and close-up (Punta Negra), 

respectively. E–F: Middle white/blue/pink sandstones, outcrop view and close-up, respectively 

(both from Tenassa de sa Tanca). G–H: Upper red lutites transitioning towards the Muschelkalk 

carbonates, outcrop view and close-up, respectively (both from Tenassa de sa Tanca). 
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The continental Triassic of Mallorca contains fossils of spores, pollen, plant leaves and 

strobili, invertebrate traces, crustaceans, insects, tetrapod tracks and fishes. Palynoassemblages 

typical of the Anisian stage (Middle Triassic), and some specifically from the Aegean substage, 

were reported by Calafat (1988), Ramos & Doubinger (1989), Grauvogel-Stamm & Álvarez-

Ramis (1994, 1996), Ramos (1995), Diez (2000) and Diez et al. (2005, 2010). Well-preserved 

fossils of horsetails, ferns and conifers were illustrated by Calafat (1988), Álvarez-Ramis et al. 

(1989, 1995), Grauvogel-Stamm & Álvarez-Ramis (1994, 1996) and Juárez-Ruiz & Wachtler 

(2015). Invertebrate ichnofossils were mentioned, but not studied, by Calafat (1988) and Zessin 

(2008b). Clam shrimps and several groups of insects were reported by Calafat & Sáez (1987), 

Calafat (1988), Gallemí in Gallemí et al. (1988) Martínez in Gallemí et al. (1988), Ansorge 

(1997), Zessin (2008a, 2008b), Aristov & Zessin (2009) and Juárez-Ruiz & Wachtler (2015). 

Tetrapod tracks were illustrated by Juárez-Ruiz & Wachtler (2015). Moreover, Calafat et al. 

(1987) and Calafat (1988) also reported the presence of large structures that could correspond 

to tracks. Finally, Calafat & Sáez (1987) and Calafat (1988) mentioned the presence of a small 

fish, and Zessin (2008b) claimed to have found a fish egg case. 

 

Menorca 

The Buntsandstein facies of Menorca were first reported and described by Hermite 

(1879, 1888) and Nolan (1887, 1888). Bourrouilh (1973, 1983) distinguished two main units 

in those facies: a lower one made up of red and grey sandstones, and an upper one consisting 

of red lutites and sandstones. Pomar-Gomà (1979), Martí et al. (1985) and Rodríguez-Perea 

et al. (1987) lumped together the Permian and the Triassic continental units, but they essentially 

distinguished the two main parts mentioned by previous authors. Gómez-Gras (1987) and 

Rosell et al. (1988, 1989) named them B1 and B2, respectively, and characterised the limit 

between Permian and Triassic units as an erosive surface overlain by quartz conglomerates. 

Arribas et al. (1990), Brandes & Tiedt (1991), Gómez-Gras (1992, 1993), Gómez-Gras & 

Alonso-Zarza (2003) and Linol et al. (2009) used this framework again, providing more data 

on the nature of the conglomerates of the B1 unit (with ventifacts), the carbonate palaeosols of 

the B2 unit, the textural maturity and composition of the sandstones, and the lateral variations 

of these units in different parts of the basin. Both units have been interpreted as fluvial/alluvial 

deposits with marine influence towards the top (Rosell et al., 1988; Linol et al., 2009). 
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The fossil record of the Buntsandstein facies of Menorca is extremely scarce. Bourrouilh 

(1973, 1983), Freeman & Obrador (1974, 1979), Gómez-Gras (1987), Gómez-Gras & 

Alonso-Zarza (2003) and Linol et al. (2009) mentioned the presence of rhizocretions, plant 

debris and tree logs in the lower sandstones, and Rosell et al. (1989) reported a 

palynoassemblage which could be dated in the Anisian, although they did not specify the bed 

or locality from where it came. Indeterminate animal trace fossils were mentioned by Gómez-

Gras (1987). 

 

Middle–Upper Triassic (Muschelkalk facies) 

Mallorca 

Hermite (1879, 1888) and Nolan (1887, 1888) were, again, the first authors to identify 

the Triassic Muschelkalk facies on Mallorca, attributing them to the Middle and Upper part of 

the period. Darder (1913, 1914a) and Fallot (1922) divided the sequence into two main units: 

a lower one from the Virglorian (Anisian), with dolomitic limestones, encrinites, limestones with 

burrows and massive limestones, and an upper one, from the Ladinian, with limestones 

containing the bivalve Daonella and burrows. This was further discussed by Schimdt (1935) 

and Virgili (1952), proposing that the fossiliferous limestones were Ladinian, and the marlstones 

with ammonoids were Longobardian (upper Ladinian). Cuevas-López (1958a, 1958b) was the 

first author to report a detrital interval made up of red lutites and sandstones, intercalated 

between the two carbonate units described by previous authors. Colom (1975) provided a 

synthesis of what was known until then. Pomar-Gomà (1979), Martí et al. (1985) and 

Rodríguez-Perea et al. (1987) coined the names M1, M2 and M3 for the three lithostratigraphic 

units, which were already in use for equivalent intervals in the Iberian Peninsula. They 

interpreted the succession as shallow-water carbonates with an interval of sub-aerial exposure 

(Rodríguez-Perea et al., 1987) (Figure 1.7). 

A few fossiliferous horizons have been reported from the Muschelkalk unit. In the M1 

unit there is a level with disarticulated crinoid columnals (Darder, 1914a; Rodríguez-Perea et 

al., 1987). On the other hand, in the M3 unit there are diverse assemblages with molluscs 

(bivalves, gastropods and cephalopods) (Nolan, 1887, 1888; Darder, 1913, 1914a; Fallot, 

1922; Schmidt, 1935; Bauzá, 1945, 1946, 1971, 1981; Rotger, 1952; Virgili, 1952; Goy, 

1995; Rein, 2008; Pérez-Valera & Goy, 2012; Pla & Enseñat, 2020), rare plants (Bauzá, 1946,  
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Figure 1.7. Units from the Middle–?Upper Triassic Muschelkalk facies of Mallorca. A–B: Lower 

gray dolostones, outcrop view and close-up, respectively (both from Punta de son Serralta). C–

D: Middle red lutites, outcrop view and close-up, respectively (both from Torrent de sa Tanca). 

E–F: Upper gray limestones and dolostones, outcrop view (Rotes des pinar de Canet) and close-

up (Mola de na Costitxa), respectively. 

 

1971) and ophiuroids (Bauzá, 1981). Even though microfossils have not been extensively 

sampled in any of the outcrops, two forms of foraminifera (Lingulina and Glomospira) (Colom, 

1975; Barnolas, 1991), two of testate amoebae (Difflugia inesperata and Trigonopyxis 

keuperina) (Colom, 1982), and two of conodonts (Pseudofurnishius murcianus and 

Sephardiella mungoensis) (Hirsch, 1972) have been reported. Regarding vertebrate fossils, 
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Bauzá (1955) figured a vertebra of a marine reptile, which was also mentioned by Bauzá 

(1971), Colom (1975, 1982) and Sanz (1980, 1983). 

 

Menorca 

Hermite (1979, 1988) and Nolan (1887, 1888, 1893, 1933) first reported and 

mentioned the Muschelkalk facies from Menorca, attributing them to the Middle and Upper 

Triassic. Subsequent works by Tornquist (1909), Wurm (1913) and Hollister (1934) reviewed 

the previous studies and provided new data, noting that the faunas, albeit in Germanic facies, 

showed Alpine influence. Bourrouilh (1973, 1983) studied those carbonate units with much 

more detail, integrating all the previous palaeontological studies. Pomar-Gomà (1979), Martí 

et al. (1985) and Rodríguez-Perea et al. (1987) provided some more general stratigraphic 

data. Llompart et al. (1987) carried out the first detailed biostratigraphic study of several 

sections of the island, recognising the lower Ladinian, the upper Ladinian and the lower 

Carnian, and dividing the Muschelkalk sequence of Menorca into three main carbonate 

stretches. Rosell et al. (1989) attributed those three stretches to the M3 unit, and doubtfully 

recognised the M1 dolostones and the M2 red-beds, which would result in a sequence very 

similar to those of Mallorca and the western Iberian Peninsula. However, they admitted that the 

purported M2 red-beds could be a tectonic repetition of the underlying Buntsandstein (B2 unit), 

and thus the M1 would in fact merely correspond to a dolostone bed of the M3. Those authors 

also supplied further micropalaeontological data, which allowed them to increase the precision 

of the age attributions within the M3. Escudero-Mozo et al. (2014) reviewed the stratigraphy, 

sedimentology and ammonoid taxonomy proposed by Llompart et al. (1987), and informally 

(they did not specify stratotypes) defined three lithostratigraphic formations: El Toro formation, 

Arenal d’en Castell formation and Cala Fontanelles formation. Those authors did not recognise 

the M1 and M2 units mentioned by Rosell et al. (1989); instead, they posited that the 

Muschelkalk of Menorca is entirely composed of carbonates. This whole succession has been 

interpreted as a shallow carbonate ramp evolving towards open sea conditions, with an abrupt 

sea level drop in the early Carnian followed by a brief period of deposition of shallow marine 

carbonates (Escudero-Mozo et al., 2014). 

The Muschelkalk facies are locally very fossiliferous on Menorca. Numerous brachiopod 

and mollusc assemblages have been reported (Hermite, 1879, 1888; Mojsisovics, 1882, 
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1887; Nolan, 1887, 1888, 1893, 1933; Tornquist, 1909; Fallot, 1922; Schmidt, 1929, 

1930, 1931, 1935; Hollister, 1934; Llopis-Lladó, 1935; Bourrouilh, 1973, 1983; Hirsch, 

1977; Llompart et al., 1987; Rosell et al., 1989; Goy, 1995; Escudero-Mozo et al., 2014), 

being typical of the lower Ladinian, upper Ladinian and lower Carnian. Moreover, scarce 

remains of echinoids (Hermite, 1979, 1988) and even vertebrates such as fishes (Hermite, 

1979, 1988) and reptiles (Manera, 1930, although from an indeterminate “Triassic”) have 

also been found. Regarding microfossils, several authors mentioned palynomorphs, 

foraminifera, holothurian sclerites and conodonts (Hirsch, 1972, 1977; Bourrouilh, 1973, 

1983; Rosell et al., 1989; Vachard et al., 1989; March, 1991; Vachard & Colin, 1994), 

generally indicative of the upper Ladinian–lower Carnian. 

 

Upper Triassic–Lower Jurassic (Keuper facies and Felanitx formation) 

Mallorca 

Nolan (1887, 1888) considered that the variegated marlstones and dolostones 

overlying the Muschelkalk facies corresponded to the “Upper Triassic”, which at that time was 

used interchangeably with the name “Keuper”. Darder (1913, 1914a, 1914b) was the first 

author to recognise the quantitative importance of the Keuper marlstones and lutites in the 

mountain ranges of Mallorca. He also mentioned the “supra-Carnian limestone” over the 

Keuper. Fallot (1922) described new areas where these facies crop out, and Hollister (1934) 

mentioned again the sequences of marlostones and lutites overlain by dolostones and fenestral 

carbonates of uncertain age. 

During the 1970s, 1980s and 1990s, several detailed studies were carried out. 

Bourrouilh (1973, 1988) characterised the Keuper in the Serres de Llevant, considering all 

dolostones to be from the Jurassic. Barnolas (1982) informally coined the term “Felanitx 

formation” to refer to the laminated, dark-coloured, lower dolostones overlaying the Keuper 

facies. Navidad & Álvaro (1985) studied the basalt and tuff deposits of Cala Tuent, 

characterising its stratigraphy and igneous petrology. They distinguished the “lower red stretch”, 

corresponding to the upper Keuper, and the “upper carbonate stretch”, corresponding to the 

Felanitx formation. Rodríguez-Perea et al. (1987) studied again the Keuper of Cala Tuent, 

together with that of Son Cabaspre, which was stated to be among the most complete Keuper 

sequences on the island, and the surroundings of Sóller, purportedly representing the transition 
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from the Muschelkalk to the Keuper. The sequences are mostly made up of variegated lutites 

and marls, with some interbedded levels of dolostones and fenestral carbonates. Intercalated 

volcanic rocks (basalts and pyroclasts) are very common in some sections and, towards the 

upper part of the unit, evaporite deposits (gypsum and anhydrite) become increasingly thicker. 

They did not mention the Felanitx formation. Barnolas (1991) mapped several outcrops 

throughout the island, and presented the log of Cala Tuent again, with a much more detailed 

description of the facies. Sanz et al. (2013) provided new information on some of the sequences 

and the igneous rocks. López-Gómez et al. (2017) described a new section near the town of 

Fornalutx, purportedly representing the Muschelkalk–Keuper transition and the lowermost part 

of the Keuper facies unit. Based on the sedimentary environments, they roughly correlated the 

section to the units K1 and K2 (Manuel Formation) of the Iberian Peninsula. 

The Keuper facies correspond to continental deposits, coastal lagoons (sabkhat) and 

intertidal coastal environments (Rodríguez-Perea et al., 1987), with subaerial and subaquatic 

volcanic activity (Sanz et al., 2013). The Felanitx formation represents the carbonate 

sedimentation in sabkha and shallow, restricted platform environments (Barnolas, 1982) 

affected by occasional volcanic activity (Navidad & Álvaro, 1985) (Figure 1.8). 

Fossils are very scarce in these two units. From the upper part of the Keuper facies, 

Colom (1982) reported a fragment of epiphysis of a limb bone of an indeterminate reptile (also 

see Colom, 1975). In the lower part of the Felanitx formation, Boutet et al. (1982) located a 

palynoassemblage indicative of the upper Norian, and Barnolas (1991) reported the ostracod 

“Herpetocypris” sp. 

Igneous rocks appear in both units and have been studied by Adán de Yarza (1879), 

Fouqué & Michel-Lévy in Hermite (1879, 1888), Nolan (1887, 1888), Darder (1914a), San 

Miguel de la Cámara (1919, 1936), Fallot (1922), Colom (1975), Mataillet & Pechoux (1978), 

Álvaro et al. (1983), Martí et al. (1985), Navidad & Álvaro (1985), Enrique (1986, 1990, 

2012), Enrique et al. (1987), Rodríguez-Perea et al. (1987), Lago et al. (1988, 1989, 1996), 

Pocoví et al. (1989), Barnolas (1991), Sanz et al. (2013) and López-Gómez et al. (2017). 

According to the aforementioned authors, in the Keuper facies there are synsedimentary lava 

flows, pyroclastic deposits and hypovolcanic sills, some of which show subaerial exposure, with 

development carbonate palaeosols in the finest sediments. Hypovolcanic and teschenite sills 

are also present, probably in the Felanitx formation. 
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Figure 1.8. Units from the Upper Triassic Keuper facies and the Upper Triassic–Lower Jurassic 

Felanitx Formation of Mallorca. A–B: Levels with evaporites and marlstones, outcrop view and 

close-up, respectively (both from Can Bleda). C–D: Levels with palaeosols formed on cinerites 

and basalts, outcrop view and close-up, respectively (both from Cala Tuent). E–F: Upper gray 

dolostones, outcrop view and close-up, respectively (both from Clots de sa grava de son 

Coletes). 

 

Menorca 

Similarly to what happened on Mallorca, Nolan (1887, 1888) reported the “Upper 

Triassic” in Menorca, encompassing the limestones with Daonella and the overlying laminated 

dolostones. Tornquist (1909) was the first author to recognise the presence of typical Keuper 
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variegated marls, interbedded between dolostones and fenestral carbonates comparable to 

those of the Upper Triassic in other parts of Europe. Wurm (1913), Fallot (1922) and Hollister 

(1934) revised the previous works, reaching similar conclusions. Bourrouilh (1973, 1983) 

described three outcrops of dolostones and variegated marlstones, which were attributed to the 

Keuper. He considered that the dolostones overlaying the variegated marlstones were Jurassic. 

Rodríguez-Perea et al. (1987) briefly described those facies again. Rosell et al. (1989) is the 

most recent study considering the Keuper of Menorca, at Punta des Vernís and Punta de 

s’Aprés, recognising variegated marlstones overlaying a hard-ground over the brechified 

Muschelkalk dolostones. They also observed that in other areas, such as at Clot des Guix, the 

marlstones contain evaporites. The aforementioned authors considered that the dolostones 

overlaying the Keuper are not Triassic (as stated by classical authors and similar to the situation 

seen in Mallorca), but to the Jurassic, even though they contain no fossils. No 

palaeoenvironmental interpretations have been carried out for these facies. 

The palaeontological content of the Keuper facies unit of Menorca is limited to a single 

palynoassemblage from Punta de s’Aprés, revealing a lower Carnian age (Rosell et al., 1989). 

No fossils have been reported from the overlying dolostones, which could be either Triassic or 

Jurassic. 
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Objectives of the present work 

The present Ph.D. dissertation has been conceived as a comprehensive characterisation 

of the ecosystems containing vertebrate fossils in the Gymnesic Islands (Mallorca and 

Menorca). Its main objectives can be summarised as follows: 

o Part 1: Permian of Mallorca 

− Exhaustive review of the literature on the Permian of Mallorca. 

− Detailed stratigraphic and sedimentological characterisation of all the outcrops, 

in order to infer the palaeoenvironments and their evolution through time. 

− Correlation of sections among different outcrops, and definition of formal 

lithostratigraphic units (i.e., Formations). 

− Taxonomical study of all the fossils found during the field trips (spores, pollen, 

macroplant remains, invertebrate trace fossils, tetrapod tracks and tetrapod body 

fossils), as well as those housed in museum or private collections. 

− Integration of palaeomagnetic and biostratigraphic data to provide age 

attributions for all the recognised units. 

− Reconstruction of the palaeoecosystems recorded in the different units. 

 

o Part 2: Lower–Middle Triassic of Mallorca (Buntsandstein facies) 

− Exhaustive review of the literature on the Buntsandstein of Mallorca. 

− Detailed stratigraphic and sedimentological characterisation of all the outcrops, 

in order to infer the palaeoenvironments and their evolution through time. 

− Correlation of sections among different outcrops, and definition of formal 

lithostratigraphic units (i.e., Formations). 

− Taxonomical study of all the fossils found during the field trips (invertebrate trace 

fossils, clam shrimps, insects, tetrapod tracks, fishes), as well as those housed in 

museum or private collections. Revision of previous works on macroplant 

remains. 

− Integration of biostratigraphic data to provide age attributions for all the 

recognised units. 

− Reconstruction of the palaeoecosystems recorded in the different units. 
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o Part 3: Middle–Upper Triassic of Mallorca (Muschelkalk and Keuper facies) 

− Exhaustive review of the literature on the Muschelkalk and Keuper of Mallorca. 

− Preliminary stratigraphic and sedimentological characterisation of the outcrops 

that have yielded tetrapod body fossils to infer the local palaeoenvironment. 

− Correlation of each interval to the general sequence of the Middle–Upper 

Triassic of Mallorca established by previous authors. 

− Taxonomical study of all the tetrapod body fossils housed in museum collections. 

 

o Part 4: Permian of Menorca 

− Exhaustive review of the literature on the Permian of Menorca. 

− Detailed stratigraphic and sedimentological characterisation of the Cala del 

Pilar–Pla de Mar section, in order to infer the palaeoenvironments and their 

evolution through time. 

− Taxonomical study of all the tetrapod tracks found in situ and the tetrapod body 

fossils housed in museum collections. 

− Reconstruction of the palaeoecosystems recorded in the different units. 

 

o Part 5: General objectives 

− Characterisation of the evolution of the ecosystems of the Gymnesic Islands 

through time. 

− Identification of global-scale patterns regarding palaeoenvironments, phylogeny 

and palaeobiogeography. 

 

The level of detail in each of the parts was directly proportional to the abundance and 

relevance of the fossils found. Thus, more time and resources were invested on the Triassic 

Buntsandstein and, especially, the Permian of Mallorca. Although the Permian of Menorca also 

contains many vertebrate fossils, administrative setbacks prevented us from conducting a 

complete study there. Vertebrate remains are very scarce in the Muschelkalk and Keuper of 

Mallorca, so only local sections were logged. No vertebrate remains have been found in 

Buntsandstein, Muschelkalk and Keuper units of Menorca so far, and thus they were excluded 

from the present work.  
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Material and methods 

Stratigraphy and sedimentology 

 A substantial part of the present Ph.D. dissertation has been devoted to providing an 

exhaustive characterisation of the outcrops of the Permian and Lower–Middle Triassic 

(Buntsandstein continental facies) of Mallorca. Such rocks only surface along the northwestern 

cliffs of the Serra de Tramuntana (Figure 1.9), in the form of small and almost vertical outcrops 

that are usually quite inaccessible. In order to determine the best profiles to log all 

representative sections, every single existing outcrop was thoroughly surveyed and mapped. It 

was established that, for the Permian, 12 sections had to be logged, whereas to fully 

characterise the Lower–Middle Triassic (Buntsandstein continental facies), four logs were 

needed. About 40 field days were used to survey the outcrops and log the sections. In the field, 

all strata were measured using a tape measure perpendicular to the stratification, down to a 

minimum thickness of 10 mm. Thicker intervals consisting of loose sediment or that were 

covered by vegetation or rock debris were measured using a Jacobs staff. Flooded passes were 

measured from within the water (Figure 1.10A) and the most vertical intervals were reached 

using climbing gear (Figure 1.10B–C). In all cases, apart from the thickness of the bed, other 

aspects such as grain size, colour, geometry, sedimentary structures and fossil content were 

also noted. Dip and strike were periodically measured on the best-exposed surfaces. This 

resulted in 279 pages of logs in 1:25 scale. Those were subsequently digitised in 1:40 scale, 

and were transformed in synthetic logs of scale 1:1160 to make visualisation and correlation 

more straightforward. 

The 1,766 measured metres are distributed, from southwest to northeast, in the 

following sections. At the outcrops near Cala d’Estellencs, the logs were named “Pedra Alta” 

(PA, 18.5 m), “Punta Negra” (PN, 103.5 m), “Punta Roja” (PR, 126.5 m) and “Tenassa de sa 

Tanca” (TT, 47.5 m). At the outcrops between Punta de son Serralta and Port de sa pedra de 

s’Ase, the logs were named “Racó de s’Algar” (RA, 149.3 m), “Torrent de na Nadala” (NA, 

192.5 m), “Es Tamarell” (TA, 27.8 m), “Punta d’en Pere Mir” (PM, 30.0 m), “Pedra de s’Ase” 

(PA, 167.3 m) and “Pedra de s’Ase - Summit” (PS, 11.0 m). At the outcrops between Bec de 

s’Àguila and Sa Gratallosa, the logs were named “Volta des General” (VG, 5.9 m), “Platja de 

sa Pedrera” (PP, 13.3 m), “Port des Canonge–Hort de sa Cova” (PC, 604.4 m), “Sa 

Gratallosa” (GR, 8.5 m) and “Pedrera de sa Cova” (CO, 190.0 m). Finally, at the outcrops 
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near Port de Valldemossa, the only log was named “Marina de Valldemossa” (MV, 70.0 m). 

The first four belong to the Early–Middle Triassic (Buntsandstein continental facies), whereas all 

the others are of Permian age, except for Pedrera de sa Cova, in which both periods might be 

represented. 

The sedimentological study was then carried out, in order to provide an accurate 

characterisation of the palaeoenvironments represented in those outcrops. While logging the 

sections, a lithofacies code was assigned to each bed, mostly following the proposals of Miall 

(1977, 1985, 2006), with modifications and precisions from Postma (1990), Shanley et al. 

(1992), Mack et al. (1993), Gómez-Gras & Alonso-Zarza (2003), Bercovici et al. (2009), Linol 

et al. (2009) and Shiers et al. (2018). Recurrent lithofacies assemblages were identified as 

architectural elements (Miall, 1985, 2006), each of them representing a specific depositional 

process in a particular alluvial or fluvial palaeoenvironment. Additionally, all the synthetic logs 

were correlated, both in the same outcrop or general section and among different areas. The 

datums were chosen mainly based on lithological aspects, being the boundary between 

lithostratigraphic formations the main criterion to correlate the sections. Locally, lithological 

equivalence between series was used to correlate sections that were very close to each other. 

Unfortunately, the Permian sections cannot be confidently correlated with the Early–Middle 

Triassic sections, as the base of the Punta Roja Formation does not crop out at its type locality, 

and it has only been identified with doubts in the upper part of the Pedrera de sa Cova section. 

 The last step was to formally describe three lithostratigraphic formations for the Permian 

and four for the Early–Middle Triassic (Buntsandstein facies) of Mallorca. The stratotype sections 

were chosen based on (1) completeness of the series, (2) ease of access, (3) good exposition 

and (4) less possible number of faults distorting the succession. All the localities where each 

formation has been observed to crop out have been listed, together with a detailed description 

of its lithofacies, its architectural elements, its palaeoenvironment, its fossil content and its 

inferred age. In the case that the formation had been given an informal name by a previous 

author (i.e., Ramos et al., 1985; Calafat, 1986, 1987, 1988; Ramos & Doubinger, 1989; 

Ramos, 1995), it has been maintained to preserve priority and to avoid making its identification 

unnecessarily complicated. In the case that it had not been named so far, the toponyms 

presented by Homar (1985) and IDEIB (2022) were used, which were also the ones used in all 

the geological maps. 
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The general procedure in the case of the Permian of Menorca was somewhat similar to 

that of the Permian and the Early–Middle Triassic (Buntsandstein facies) of Mallorca, but it was 

focused on only one section (Cala del Pilar–Pla de Mar). There are two main reasons for it: (1) 

it is the only known site with Permian or Triassic vertebrate fossils on the island and (2) the 

lithostratigraphy of the Permian and Early–Middle Triassic (Buntsandstein facies) of Menorca is 

relatively well known since the works of Gómez-Gras (1987, 1992, 1993) and Rosell et al. 

(1988, 1989). Therefore, there was no need to repeat a detailed study on all the outcrops of 

the island, which are, moreover, larger and much more numerous than those of Mallorca. After 

mapping the study area and determining the most representative section including all the beds 

bearing fossil bones, it was logged under the name “Cala del Pilar–Pla de Mar” (CP, 315.2 

m). Similarly to Mallorca, each stratum was measured using a tape measure perpendicular to 

the stratification, with a minimum resolution of 10 mm. Covered intervals, as well as those 

consisting of weathered lutites, were measured by means of a Jacobs staff. For each bed, the 

following information was noted: thickness, grain size, colour, geometry, sedimentary 

structures, lithofacies, fossil content and, in some cases, dip and strike. Lithofacies were mostly 

based on the same sources as in the case of Mallorca (Miall, 1977, 1985, 2006, with 

modifications and precisions of Postma, 1990; Mack et al., 1993; Gómez-Gras & Alonso-

Zarza, 2003; Bercovici et al., 2009; Linol et al., 2009). This resulted in 44 pages of this section 

in 1:25 scale, which were later digitised in 1:40 scale, and were finally transformed in a 

synthetic log in 1:1160 scale. 

Regarding the Middle–Upper Triassic (Muschelkalk and Keuper facies) of Mallorca, the 

goal was not to be exhaustive but to specifically characterise the three localities that had yielded 

vertebrate fossils in the past. Since all those fossils are part of historical collections and the 

exact beds where they had been found are unknown, a preliminary survey was conducted in 

each of the sites in order to find the deposits better matching the descriptions of the original 

works (Bauzá, 1955, 1971; Colom, 1975, 1982; Moyà-Solà, pers. comm., 2019). Once they 

were found, short stratigraphic sections were logged to characterise the depositional 

palaeoenvironment of the area. Moreover, based on lithological similarity, each of the three 

sites was tentatively correlated with the general logs of Rodríguez-Perea et al. (1987), thus 

making it possible to infer an possible age for each of the studied fossils. 

 The general workflow in the case of the Permian of Menorca was somewhat similar to 

that of the Permian and the Early–Middle Triassic (Buntsandstein facies) of Mallorca, but it was 
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Figure 1.9. (previous two pages) Orthophotographs of the studied localities (from IDEIB, 2022), 

with the position of the logged sections. A: Map of the Mediterranean Sea, showing the location 

of the Gymnesic Islands (subfigure B). B: Map of the Gymnesic Islands, with the position of the 

three main studied areas (subfigures C–E). C: Orthophotograph of the zone of Mallorca that 

contains the Permian and Lower–Middle Triassic continental deposits studied herein (subfigures 

F–H). D: Orthophotograph of the northern part of Menorca showing the studied area (subfigure 

I). E: Orthophotograph showing the deposits of Mallorca containing marine vertebrate remains 

from the Middle–Upper Triassic studied herein (subfigures J–L). F: Orthophotograph of the zone 

between Cala d’Estellencs and Port de sa pedra de s’Ase (Estellencs and Banyalbufar, 

Mallorca), marking the logged sections. G: Orthophotograph of the zone between Platja des 

Mabres and Sa Gratallosa (Valldemossa, Mallorca), marking the logged sections. H: 

Orthophotograph of the area near Port de Valldemossa (Valldemossa, Mallorca), marking the 

logged section. I: Orthophotograph of the zone between Cala del Pilar and Pla de Mar 

(Ciutadella, Menorca), marking the logged section. J: Orthophotograph of the area near Can 

Bleda (Sóller, Mallorca), marking the logged section. K: Orthophotograph of the area near Puig 

d’en Canals (Sóller, Mallorca), marking the logged section. L: Orthophotograph of the area 

near Coma Freda (Escorca, Mallorca), marking the logged section. 

 

focused on only one section (Cala del Pilar–Pla de Mar). There are two main reasons for it: (1) 

it is the only known site with Permian or Triassic vertebrate fossils on the island and (2) the 

lithostratigraphy of the Permian and Early–Middle Triassic (Buntsandstein facies) of Menorca is 

relatively well known since the works of Gómez-Gras (1987, 1992, 1993) and Rosell et al. 

(1988, 1989). Therefore, there was no need to repeat a detailed study on all the outcrops of 

the island, which are, moreover, larger and much more numerous than those of Mallorca. After 

mapping the study area and determining the most representative section including all the beds 

bearing fossil bones, it was logged under the name “Cala del Pilar–Pla de Mar” (CP, 315.2 

m). Similarly to Mallorca, each stratum was measured using a tape measure perpendicular to 

the stratification, with a minimum resolution of 10 mm. Covered intervals, as well as those 

consisting of weathered lutites, were measured by means of a Jacobs staff. For each bed, the 

following information was noted: thickness, grain size, colour, geometry, sedimentary 

structures, lithofacies, fossil content and, in some cases, dip and strike. Lithofacies were mostly 

based on the same sources as in the case of Mallorca (Miall, 1977, 1985, 2006, with 
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Figure 1.10. Different field methods used in the present work. A: Logging sections from within 

the water. B–C: Logging sections and accessing outcrops using climbing gear. D: Collection of 

palynology samples. E–F: Collection of palaeomagnetism samples. 

 

modifications and precisions of Postma, 1990; Mack et al., 1993; Gómez-Gras & Alonso-

Zarza, 2003; Bercovici et al., 2009; Linol et al., 2009). This resulted in 44 pages of this section 

in 1:25 scale, which were later digitised in 1:40 scale, and were finally transformed in a 

synthetic log in 1:1160 scale. 

Regarding the Middle–Upper Triassic (Muschelkalk and Keuper facies) of Mallorca, the 

goal was not to be exhaustive but to specifically characterise the three localities that had yielded 

vertebrate fossils in the past. Since all those fossils are part of historical collections and the 

exact beds where they had been found are unknown, a preliminary survey was conducted in 

each of the sites in order to find the deposits better matching the descriptions of the original 

works (Bauzá, 1955, 1971; Colom, 1975, 1982; Moyà-Solà, pers. comm., 2019). Once they 

were found, short stratigraphic sections were logged to characterise the depositional 

palaeoenvironment of the area. Moreover, based on lithological similarity, each of the three 
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sites was tentatively correlated with the general logs of Rodríguez-Perea et al. (1987), thus 

making it possible to infer an possible age for each of the studied fossils. 

 

Fieldwork campaigns and permissions 

 Eight palaeontological interventions have been carried out in the course of the present 

Ph.D. dissertation. In the Balearic Islands, all the fossils are of public ownership, and cannot 

be collected without explicit permission granted by the ‘Service of Historical Heritage’ (Servei 

de Patrimoni Històric) of the council of the corresponding island, as per the ‘Decree 14/2011, 

of the 25
th
 of February, approving the Regulations for archaeological and palaeontological 

interventions in the Balearic Islands’ (Decret 14/2011, de 25 de febrer, pel qual s’aprova el 

Reglament d’intervencions arqueològiques i paleontològiques de les Illes Balears). Prospection 

and excavation campaigns were conducted only on Mallorca, because it has been impossible 

to obtain the necessary permits on Menorca. A technical report was written to request each 

intervention, and yearly reports were submitted after each prospection or excavation, listing all 

the material collected. Table 1.1 lists all the palaeontological interventions that have been 

carried out. 

 

Sampling methods for palaeomagnetism and palaeopalynology 

For the present work, samples for analyses of palaeopalinology and palaeomagnetism were 

collected at several points in the studied sections. For the former analysis, 35 samples were 

taken from fine-grained, greyish/bluish beds, as the pollen is usually oxidised and destroyed in 

the red-beds. Between 300–500 g were collected from each of the suitable levels and stored 

in hermetic plastic bags (Figure 1.10D). For the palaeomagnetic analysis, 280 rock samples 

were taken at regular intervals (~1–2 m when possible) in all the sections, preferentially 

selecting the most fine-grained, red-coloured beds (Figure 1.10E). The maximum dip of the 

rock surface, which had to be as flat as possible, was drawn on the sample with a marker, and 

the dip and strike of that surface were measured, together with the dip and strike of the layer. 

All samples were numbered and wrapped in aluminium foil (Figure 1.10F), which was noted in 

the stratigraphic log. Relatively inaccessible areas or beds that were coarse-grained and not 

red were not sampled. The samples were sent to the Naturmuseum Südtirol - Museo di Scienze 
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Naturali dell'Alto Adige (Bolzano) and the Istituto Nazionale di Geofisica e Vulcanologia (Rome), 

respectively, where they were processed by Dr. Evelyn Kustatscher and Dr. Guido Roghi in the 

case of the palaeopalynological analysis and Dr. Jaume Dinarès-Turell (who also helped with 

the collection of the samples) in the case of the palaeomagnetism analysis. 

 

Table 1.1. List of all the palaeontological interventions that have been conducted on Mallorca 

during the present work. 

Reference 

code 

Type Site Age Date 

128/2019 Prospection All the outcrops 

Permian and 

Middle Triassic 

June 2019 

305/2019 Excavation 

Pedra Alta, Punta Negra and 

Punta Roja 

Middle Triassic August 2019 

306/2019 Excavation Torrent de na Nadala Permian October 2019 

52/2021 Prospection 

Port des Canonge to Hort de 

sa Cova 

Permian March 2021 

52/2021 Prospection 

Pedra Alta, Punta Negra and 

Punta Roja 

Middle Triassic March 2021 

75/2021 Excavation Torrent de na Nadala Permian May 2021 

259/2022 Prospection Torrent de na Nadala Permian April 2022 

259/2022 Prospection 

Port des Canonge to Hort de 

sa Cova 

Permian May 2022 

 

 

Methods in vertebrate palaeoichnology: 3D models and casts 

Photogrammetry is a technique extensively used in ichnological studies, because it 

makes it possible to collect and save information that would otherwise be inevitably lost to 

erosion in the case of big, unmovable rock surfaces. Moreover, it provides a cheap and swift 

alternative to the confection of artificial casts, which are sometimes hard to make in open 

environments or outcrops that are difficult to reach. 

During the course of the present work, more than 50 photogrammetric 3D models have 

been made and subsequently processed, covering every single surface with ichnites found 

during fieldwork, regardless of its representativity or preservation state. Among those, the best 
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20 models (or parts of them) have been selected and studied. All of them have been made 

using the same methodology, mostly based on the procedures explained by Mujal et al. (2020), 

which are briefly explained as follows: 

(1) Preparation: The surface of interest is cleaned with a brush, removing dust, rock 

fragments and plants that may cover any relevant part. A scale bar is placed somewhere 

on the surface near the ichnites, making sure it does not cover or cast a shadow on any 

of them. If the surface is overhanging (i.e., it corresponds to the base of a stratum), the 

scale bar is stuck with tape or adhesive putty. 

(2) Acquisition of images: Pictures are taken using a compact digital camera (Panasonic 

Lumix DMC-TZ27) (Figure 1.11A). The number of shots needed varies depending on 

the size of the surface and the complexity of the footprints. In general terms, about 40–

50 pictures are taken for slabs of 20 × 20 cm or less (individual tracks or manus-pes 

sets), and about 150–250 pictures are taken in the case of surfaces of more than 100 

× 100 cm (trackways or track assemblages). In all cases, each shot must overlap at 

least 2/3 with at least another one, so that homologous points can be recognised during 

processing. When taking the pictures, it is preferred for them to be approximately 

perpendicular to the slab surface, although a few oblique shots are also taken to include 

nooks and crannies not directly visible from above. 

(3) Digital processing (making the mesh): Raw pictures are imported to the software Agisoft 

PhotoScan standard version 1.1.4. (www.agisoft.com), where the images are aligned 

(Figure 1.11B), and the dense point cloud, the mesh and the texture are produced 

(Figure 1.11C). In all cases, the models are made with the maximum quality permitted 

by the software. 

(4) Digital processing (editing the mesh): Textured 3D meshes in .ply format are imported 

to the software MeshLab version 2016.12 (http://meshlab.sourceforge.net/). There, 

they are scaled, cropped and oriented so the flat surface of the slab is horizontal. The 

maximum and minimum height of the model is measured to obtain the information for 

the scale of the colour-coded height map. 

http://www.agisoft.com/
http://meshlab.sourceforge.net/


Chapter 1 | Introduction, Objectives and Methods 

 
 

 

57 

 

Figure 1.11. Methods to acquire the data of fossil tracks and trackways. A: Obtaining pictures 

to make photogrammetry 3D models. B: Aligned pictures. C: Textured mesh of the same 

footprint in B. D: Application of petroleum jelly on the trackway surface. E: Application of 

ClayGum silicone over small tracks. F: Application of the silicone Silicast Tixo with a thixotroping 

agent on the same trackway surface as in E. G: Aspect of the silicone moulds of subfigure F 

after being covered with glass fibre. H–I: Silicone mould after being peeled off the surface. 

 

(5) Digital processing (false-colour height map): Edited, textured 3D meshes in .ply format 

are imported to the software ParaView version 4.1.0 64-bit (http://www.paraview.org). 

There, a false-colour height map is produced, using the “Rainbow desaturated” colour 

scale, with blue for the deepest areas and red for the highest areas. Then, contour lines 

are overprinted on the model; for small ones (i.e., isolated ichnites or manus-pes sets), 

50 regularly-spaced lines are added, whereas for large ones (i.e., trackways or complete 

slabs), 100 regularly-spaced lines are added instead. The model is saved as high-

quality, flat .tiff images to be used in the figures. 

http://www.paraview.org/
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Interpretative drawings were then made, based on both the textured models (and 

pictures) and the false colour-coded 3D maps, using a vector-based graphic design software 

(Corel DRAW X8). By means of the software ImageJ v.1.52d (https://imagej.nih.gov/ij/), 

measurements were taken on the individual ichnites and the trackways (Figure 1.12), mostly 

following Leonardi (1987) and Hasiotis et al. (2007). 

Moreover, a few artificial casts were made on the more relevant/representative ichnite-

bearing surfaces. Two different procedures were used depending mainly on the area to be 

replicated. A first step for both was to cover the surface with petroleum jelly, in order to make 

it easier for the silicone cast to detach without damaging the fossils on the surface (Figure 

1.11D). In the case of small surfaces (less than 10 × 10 cm), the polyaddition silicone paste 

ClayGum was applied (Figure 1.11E) and left it to dry for about 10 minutes. Then, the cast 

was carefully removed using a spatula. For larger surfaces, the silicone with a thixotroping 

agent Silicast Tixo was used instead (Figure 1.11F). A first layer of a thickness between 1–3 

mm was applied on the rock and, when it had dried, a second layer of about 5 mm of thickness 

of either the same silicone, or Silicast 517 with an added thixotroping agent, was applied over 

the first layer. After drying for a whole night, a layer of Triaxial D-5 glass fibre and Plasticrete 

acrylic resin was applied on the silicone in order to create a hard surface that prevents the cast 

from bending (Figure 1.11G). After a few hours, when this last layer had become hard, it was 

removed and the silicone cast was peeled off the rock surface (Figure 1.11H–I). A counter-cast 

of some of the samples was later made using Acrylic One resin and painted. 

 

Methods in vertebrate palaeontology: excavation, preparation, measurements, 

phylogeny 

 Before the present work, only a few studies had reported vertebrate fossils from the 

Permian and Triassic of the Balearic Islands (Bauzá, 1955, 1971; Colom, 1975, 1982; Calafat 

et al., 1986, 1986–1987; Pretus & Obrador, 1987; Calafat, 1988; Carmona, 2004; Liebrecht 

et al., 2017). Excavations have been, therefore, crucial to obtain a significant volume of new 

material, and they have also made it possible to collect detailed information regarding the 

precise stratigraphic position and taphonomical aspects (degree of articulation, orientation, 

degree of breaking, etc.) of the bones. 

https://imagej.nih.gov/ij/
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Figure 1.12. Main parameters measured and described on the studied tetrapod tracks and 

trackways. A: Measurements and terminology of tracks. B: Divergence angles of tracks with 

respect to the trackway midline. C: Measurements and terminology of trackways. D: Other traits 

described on tracks. E: Terminology of tracks depending on the surface of the autopodia that 

contacts the ground. F: Types of functional prevalence of the autopodia. Based on Mujal (2017) 

and Mujal et al. (2020), tracks correspond to Dimetropus leisnerianus from the Central 

European Basin (Voigt, 2005). 
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Figure 1.13. Methods for vertebrate fossils. A: Bones preserved in situ on the outcrop surface. 

B: Excavation of blocks containing the specimens using hammers and chisels, screwdrivers and 

scalpels of different sizes. C: Extraction of bones using a battery-powered circular saw. D: Bone 

fragment under natural light. E: Same bone fragment as D, but under 365 nm ultraviolet light. 

F: Application of glass fibre and resins on the fossiliferous blocks to make a protective jacket for 

extraction and transport. G: Extraction of a block covered with a protective jacket. H: 

Photography of the specimens at the Palaeontology Unit (Geology Department) of the 

Universitat Autònoma de Barcelona (Cerdanyola del Vallès). I: Preliminary medical CT scan at 

the Hospital Universitari Mútua de Terrassa (Terrassa). 

 

The fossiliferous beds (Figure 1.13A) were excavated using hammers and chisels, 

screwdrivers and scalpels of different sizes (Figure 1.13B). Given their extreme fragility, bones 

were extracted in the rock matrix whenever possible, sometimes using a battery-powered 

circular saw (Figure 1.13C) to individualise large blocks of rock. Because carbonate nodules 

with singular shapes occur abundantly in the same horizons as the bones, a flashlight of 
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ultraviolet light Weslite® 365 nm was used to identify the bones, which usually, although not 

always, glow in a white–golden colour (Figure 1.13D–E). Brittle specimens were consolidated 

using Paraloid® B72 (5–10% in acetone) and the nitrocellulosic resin UHU® Hart. In some 

cases, sutures of glass fibre Silionne® T-24 g A/965 mm were applied on the cracks of the 

rock, in order to prevent them for opening further. In the case of relatively large blocks, 

protective jackets (Figure 1.13F–G), with either the epoxy paste Smooth-On® Free Form™ Air 

on plastic wrap, or D-5 triaxial glass fibre and Plasticrete acrylic resin on aluminium foil, were 

built around them to ensure their integrity during transportation. 

 The most relevant fossils were prepared at the Institut Català de Paleontologia Miquel 

Crusafont (Cerdanyola del Vallès) by Marina Rull, Ana Montemayor and Xènia Aymerich, using 

airscribes and micro-air abrasives. Once prepared, they were photographed at the Geology 

Department of the Universitat Autònoma de Barcelona (Cerdanyola del Vallès) (Figure 1.13H). 

Measurements were taken on the fossils themselves, using a digital calliper. A particular 

specimen was scanned using a medical CT at Hospital Universitari Mútua de Terrassa 

(Terrassa) (Figure 1.13I), and its skull was later scanned again using a μCT scan at the facilities 

of the Centro Nacional de Investigación sobre la Evolución Humana (Burgos). 

Phylogenetic analysis have been run using PAUP* v.4.0 (Swofford, 2003) as a branch-

and-bound search with parsimony as the optimality criterion, with unordered and unweighted 

characters. A strict consensus tree has subsequently been computed, and bootstrap support 

values have been calculated with 1000 repetitions, not showing values under 50. 
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Discussion 

Palaeoecosystems of the Permian and Triassic of Mallorca 

As detailed in Chapters 2–4 and Appendices 1–11, 13–15 (and references therein), the 

palaeoenvironments and biotic communities of Mallorca changed throughout the Permian and 

the Triassic, in response to both global and local events and conditions. By integrating all this 

information, a general chronostratigraphic panel can be assembled (Figure 6.1). It shows an 

initial interval of continental sedimentation from the early/middle Permian to the Middle 

Triassic, followed by a period of marine conditions, from the Middle to the Upper Triassic, with 

at least three conspicuous transgressive-regressive cycles. 

The Permian group corresponds to the oldest continental rocks of Mallorca and records 

the development of a continental rift basin. It started with colluvial and alluvial fan 

sedimentation, typical of the first opening stages (Bec de s’Àguila Formation). Over time, 

meandering rivers and associated floodplains started to gain importance, as a result of the 

development of an axial fluvial system flowing towards the southwest. Initially, the load of those 

rivers was relatively coarse (medium-grained sands), as they reworked the alluvial fan sediments 

(Bec de s’Àguila Formation). This stage was followed by an interval of finer sedimentation (very 

fine-grained sands and mud) when the system became relatively stable in terms of tectonics 

and eustatism (Port des Canonge Formation), and later by another coarser interval (medium-

grained sands) with higher-flow structures, perhaps reflecting an increased water supply (Pedra 

de s’Ase Formation). The main facies assemblages of the aforementioned formations reflect 

environmental conditions of alternating dry and wet periods, similar to other coeval basins of 

the western peri-Tethys. 

The Permian units have yielded rich fossil assemblages that, together with 

magnetostratigraphy, have shed light on the age of the different formations (Chapter 2). 

Regarding fossils, there is representation of several groups of algae, plants (bryophytes, 

horsetails, lycophytes, ferns, seed ferns and conifers), invertebrates (worms, notostracans and 

insect larvae) and terrestrial vertebrates (sauropsids and synapsids) (Figure 6.2). 

Palynoassemblages suggest a Guadalupian–Lopingian series for the Pedra de s’Ase Formation, 

which is further constrained by the palaeomagnetic data. Since the whole Permian sequence 

of Mallorca falls in the Kiaman Reverse Superchron, the Pedra de s’Ase Formation can be, at 
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Figure 6.1. (previous page) Permian–Triassic palaeoenvironmental evolution in Mallorca, and 

fossil record of each lithostratigraphic unit. Age ranges are an estimation based on current data 

but some of them, especially the lower and upper boundaries of A and B, are uncertain. A: Bec 

de s’Àguila Formation, B: Port des Canonge Formation, C: Pedra de s’Ase Formation, D: Punta 

Roja Formation, E: Estellencs Formation, F: Pedra Alta Formation, G: Son Serralta Formation, 

H: M1 unit, I: M2 unit, J: M3 unit, K: Keuper facies unit, L: Felanitx formation. 

 

most, middle Guadalupian. Tetrapod tracks of the underlying Port des Canonge Formation 

suggest a middle–upper Cisuralian series for it, although presence of therapsids could point to 

a lowermost Guadalupian. 

After deposition of the Permian units, there was a period of no sedimentation (and/or 

erosion) that spanned from the middle Guadalupian to the late Early Triassic. This diachronic 

gap has been recognised in most basins of the western peri-Tethys (Cassinis et al., 2003, 2012; 

Bourquin et al., 2006; Schenider et al., 2006; Durand, 2008; Linol et al., 2009; Mujal et al., 

2017a; López-Gómez et al., 2019), although there are instances in which it could be very 

reduced or even absent (Mujal et al., 2017a). In any case, this means that the Permian–Triassic 

transition was not recorded in Mallorca. 

The continental Triassic group represents the so-called Buntsandstein facies. Deposition started 

with shallow braided rivers that flowed towards the southeast, reworking aeolian sediments 

(well-sorted medium-grained sands) and following the main axis of the basin (Punta Roja 

Formation). Fine-grained (very fine-sand and mud) low-energy meandering rivers settled in 

progressively, with pervasive development of floodplains and playa lakes (Estellencs 
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Figure 6.2. Schematic representation of the fauna and flora of the Cisuralian–Guadalupian 

(early–middle Permian) of Mallorca, with some plants (horsetails, ferns, seed ferns and conifers), 

invertebrates (notostracans) and vertebrates (araeoscelidians, moradisaurine captorhinids, 

“pelycosaur”-grade synapsids and gorgonopsian therapsids). Some of the taxa have been 

inferred based on spores, pollen or trace fossils. Scale bar: 50 cm. 

 

Formation). Such conditions charged again due to an increase of the system energy, developing 

braided rivers with coarser loads (medium-grained sands), associated to backswamps (Pedra 

Alta Formation). Finally, transition to coastal environments was marked by the settling of mud 

flats with typical tidal traits (Son Serralta Formation). In general terms, the facies assemblages 

reveal that deposition occurred under arid climates alternating dry and wet periods. 

The continental Triassic units abound in fossils (exceptionally well preserved locally), yielding 

fairly accurate age attributions for some of the formations (Chapter 3). Specifically, there is 

record of acritarchs, algae, plants (horsetails, lycophytes, ferns, seed ferns, cicadophytes, 

ginkgophytes and conifers), invertebrates (worms, clam shrimps, notostracans, mayflies, 

grylloblattids, beetles, true bugs, cockroaches and true flies) and vertebrates (fish and 

sauropsids) (Figure 6.3). Palynoassemblages, clam shrimps and, to a lesser extent, tetrapod 

tracks, situate the Estellencs Formation and the Pedra Alta Formation in the lowermost Middle 

Triassic. 
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Figure 6.3. Schematic representation of the fauna and flora of the continental Early–Middle 

Triassic of Mallorca, with some plants (horsetails, ferns, seed ferns and conifers), invertebrates 

(clam shrimps, notostracans, mayfly larvae and adults, true fly eggs, larvae and pupae, true 

beetles, cockroaches and grylloblattids) and vertebrates (fishes and archosauromorphs). Some 

of the taxa have been inferred based on spores, pollen or trace fossils. Scale bar in upper 

picture: 50 cm. Scale bars in the three lower, zoomed-in pictures: 0.5 cm. 

 

Continental Triassic alluvial plains were subsequently drowned by the shallow seas that 

originated the Muschelkalk facies. There was a slight deepening of the depositional setting 

during the first transgressive event (M1 unit), although the environments usually represent 

intertidal conditions. Later, a regressive episode resulted in the establishment of sabkha 

conditions, with evaporitic mud flats (M2 unit), which would be overlain by marine carbonates 

again in a more extensive transgressive event (M3 unit). The latter records an intertidal–subtidal 

setting, with tidal bundles and algal mats and, in some instances, platform sand bars. 

  



 Rafel Matamales Andreu | 2023 | Permian and Triassic ecosystems of the Gymnesic Islands 

 

 

214 

 

Figure 6.4. Schematic representation of the fauna of the marine Middle Triassic of Mallorca, 

with some invertebrates (nautiloids, ammonoids, crinoids) and vertebrates (basal 

ichthyosauriforms). Scale bar: 50 cm. 

 

These marine Triassic units contain many invertebrate fossils; vertebrates, although 

extremely rare, have also been found (Chapter 4). Among invertebrates, the most abundant 

ones are molluscs (bivalves, gastropods and cephalopods, both nautiloids and ammonoids), 

although there are also records of brachiopods, crinoids, echinoids and ophiuroids. Plants 

(horsetails), foraminifera, amoebae and conodonts have also been reported. Finally, 

vertebrates (sauropsids) were represented by basal ichthyosauriforms (sensu Huang et al., 

2019) (Figure 6.4). Ammonoid and conodont assemblages show that the M3 unit ranges, at 

least, from the lower to the upper Ladinian (upper Middle Triassic). 

Marine carbonate platforms emerged again in another, more generalised regression, 

originating sabkha environments corresponding to the Keuper marlstone facies. Such lagoons 

were highly variable laterally, which greatly complicates the establishment of a common 

framework for these facies on the island. In some instances, the lagoons were more restricted 

(with evaporites), in others, they were relatively open (with dolostones), and in others, there was 

an important supply of pyroclastic materials and lava flows. Over time, the subtidal carbonate 

platform conditions became widespread again, corresponding to the Felanitx formation. 
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Figure 6.5. Schematic representation of the fauna and flora of the lagoonal Late Triassic of 

Mallorca, with some plants (conifers) and vertebrates (sauropterygians). Plant taxa have been 

inferred based on pollen. Scale bar: 50 cm. 

 

Fossils are extremely rare in the Keuper facies and in the Felanitx formation (Chapter 4), 

probably due to the extreme conditions most of the environments of the former (evaporite 

lagoons located near volcanoes), and the fact that in the latter is heavily dolomitised, erasing 

all traces of fossils. Only vertebrates (sauropsids), represented by nothosaurs, have been 

recognised in the Keuper facies, whereas in the Felanitx formation plants (lycophytes and 

conifers) and invertebrates (ostracods) have been reported (Figure 6.5). The palynoassemblage 

suggests that the lowermost Felanitx formation can be attributed to the middle–upper part of 

the Upper Triassic.  

 

Palaeoecosystems of the Permian of Menorca 

 The Permian of Menorca has been briefly treated in Chapter 5 and in Appendix 12 (and 

references therein), with palaeoenvironments that changed following a similar trend to the 

Permian units of Mallorca. Deposition started in the form of alluvial fan conglomerates (P1 

unit), typical of transverse sedimentation in opening rift basins. Fine-grained (very fine-grained  
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Figure 6.6. Schematic representation of the fauna and flora of the Guadalupian–Lopingian 

(middle–late Permian) of Menorca, with some plants (horsetails, ferns, seed ferns and conifers) 

and vertebrates (parareptiles and moradisaurine captorhinids). Some of the taxa have been 

inferred based on spores, pollen or trace fossils. Scale bar: 50 cm. 

 

sand and mud) floodplains with playa lakes developed once the subsidence waived, and were 

traversed by meandering river channels (P2 unit). This fluvial style persisted, with less mud and 

with higher-flow structures, until the end of the period (P3 unit). In general terms, facies 

assemblages and palaeosols indicate that deposition occurred under a tropical climate 

alternating arid and more humid periods. 

Fossils are locally abundant in the P3 unit of Menorca (Chapter 5). The record contains 

algae, plants (horsetails, lycophytes, seed ferns and conifers), invertebrates (worms and insect 

larvae) and terrestrial vertebrates (sauropsids) (Figure 6.6). The palynoassemblage points to a 

Lopingian series for the upper part of the P3 unit, whereas tetrapod tracks provide a broad 

Permian age for the lower part of the P3 unit. 
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Significance of the Gymnesic Islands Permian and Triassic tetrapod fossil record 

Tetrapod fossils, especially tracks and trackways, have been reported from many 

Permian (e.g., Voigt, 2005; Gand & Durand, 2006; Mujal et al., 2016a; Bernardi et al., 2017; 

Olroyd & Sidor, 2017; Martens, 2018; Marchetti et al., 2020; Santi et al., 2020), continental 

Triassic (e.g., Romano et al., 2020; De Jaime-Soguero et al., 2021) and marine Triassic (e.g., 

Diedrich, 2012; Rieppel, 2019; de Miguel Chaves et al., 2020) units of the western peri-Tethys. 

Chapters 2–5 and Appendices 1–12 of the present Ph.D. dissertation have provided many new 

data on the richness and diversity of tetrapod fossils from the Permian and Triassic rock 

formations of the Gymnesic Islands, contributing to the increase of the overall knowledge on 

these periods in palaeoequatorial latitudes (Figure 5.7). 

Many Cisuralian tetrapod fossil assemblages are known from the western peri-Tethys. 

However, the vast majority of them correspond to tracks and trackways, with remarkable 

examples such as the Central European Basin (e.g., Voigt, 2005; Voigt et al., 2012), the Massif 

Central and Provençe (e.g., Gand & Durand, 2006), the southern Alps (e.g., Santi et al., 2020), 

the Iberian Peninsula (Gand et al., 1997; Voigt & Haubold, 2015; Mujal et al., 2016a), 

northern Africa (Voigt et al., 2011; Zouicha et al., 2021) and Anatolia (Gand et al., 2011). 

Conversely, sites with bone remains are much scarcer: the Central European Basin and the 

Massif Central are the most fossiliferous areas in which tetrapod remains have been found 

(e.g., Werneburg et al., 2007a; Reisz et al., 2011; Spindler, 2015, 2016; Spindler et al., 

2016, 2018, 2019a, 2019b; Martens, 2018; Berman et al., 2020). The ichnoassemblage of 

the Port des Canonge Formation of Mallorca contains the main elements of middle/upper 

Cisuralian deposits elsewhere, especially in the Iberian Peninsula, the Massif Central, the 

Southern Alps and northern Africa, with abundant sauropsid (Dromopus, Hyloidichnus) and 

synapsid (Dimetropus) tracks. Nevertheless, the ichnoassemblage from Mallorca is singular 

because of two facts: (1) lack of tracks produced by lepospondyl, temnospondyl and 

reptiliomorph trackmakers (Matthewichnus, Batrachichnus, Limnopus, Amphisauropus, 

Ichniotherium) despite its being in an alluvial/fluvial setting, and (2) presence of tracks attributed 

to therapsid (gorgonopsian) trackmakers, a clade that is only known from Guadalupian and 

Lopingian deposits elsewhere. The latter could imply that the bone-bearing deposits of the Port 

des Canonge Formation, also containing gorgonopsian body fossils, are younger than initially 

thought; nevertheless, even though the attribution to the Cisuralian is not incontestable, the five 



 Rafel Matamales Andreu | 2023 | Permian and Triassic ecosystems of the Gymnesic Islands 

 

 

218 

 

 



Chapter 6 | Discussion  

 
 

 

219 

 Figure 6.7. (previous page) Tetrapod fossil record in each of the Permian–Triassic continental 

and marine formations of the Gymnesic Islands (Mallorca and Menorca). Tetrapod silhouettes 

all in the same scale; tracks and fish not to scale to tetrapod silhouettes nor to each other. 

Question marks in the synthetic logs indicate unknown stretches, meaning that the thickness of 

those units could be greater than what is represented here. 

 

main lines of evidence point towards that direction (presence of Dimetropus, lack of Erpetopus, 

relative abundance of sauropsid compared to synapsid tracks, and palynological and 

magnetostratigraphic data pointing to a middle Wordian stage, at most, in a level 250 m 

stratigraphically above the beds with Cisuralian-like ichnoassemblages). Tetrapod bones show 

that moradisaurine captorhinid eureptiles were quite abundant, perhaps being the dominant 

herbivores of the ecosystem. Outside of Mallorca, Cisuralian moradisaurines had so far only 

been reported from North and South America, substituting caseids and diadectomorphs as the 

dominant high-fibre herbivores during the late part of this epoch (Modesto et al., 2016). The 

present work has shown that the situation was probably similar in the western peri-Tethys, as 

diadectomorphs, abundant in the slightly older Tambach Formation (Central European Basin) 

both in the form of tracks and body fossils (Berman et al., 1998, 2004; Voigt, 2005; Voigt et 

al., 2007), are absent on Mallorca. The bones found in the Port des Canonge Formation also 

record the presence of a small gorgonopsian therapsid. Gorgonopsians are an iconic clade of 

the Guadalupian and Lopingian epochs, becoming the top predators in the Lopingian (late 

Permian) terrestrial ecosystems (Sigogneau-Russell, 1989; Kammerer, 2016; Kammerer & 

Rubidge, 2022). Until now, gorgonopsians were known from the Cis-Urals, southern and 

eastern Africa, western Asia, central Africa and perhaps the Indian subcontinent and eastern 

Asia (Bernardi et al., 2017; Olroyd & Sidor, 2017; Liu & Yang, 2022). All these records 

correspond to the Guadalupian and Lopingian; the oldest of them, albeit probably not the most 

basal (Kammerer & Masyutin, 2018), being an indeterminate, fragmentary specimen from the 

Wordian of southern Africa (Kammerer & Rubidge, 2022). Regardless of the exact age of the 

specimen of Mallorca (Cisuralian/?Guadalupian), it is almost certainly the oldest gorgonopsian 

known, and fills a biogeographical gap, being the first of its clade found essentially in the 

equator of Pangaea. Even though desert belts extended over the tropics of Pangaea, the 

gorgonopsian from Mallorca suggests that dispersion did occur. This confirms that 
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gorgonopsians had essentially a cosmopolitan distribution not limited to temperate 

palaeolatitudes, similar to well-known other Permian groups such as captorhinids, pareiasaurs, 

dinocephalians and therocephalians (the latter two recognised in the palaeoequator because 

of their ichnites; Gand & Durand, 2006; Marchetti et al., 2019, 2020, 2022). 

 Guadalupian/Lopingian sites yielding tetrapod body fossils concentrate in areas 

representing the temperate palaeolatitudes of Pangaea (Bernardi et al., 2017 and references 

therein; Olroyd & Sidor, 2017 and references therein), whereas in the palaeoequator, body 

fossils are scarcer (Jalil & Dutuit, 1996; Jalil & Janvier, 2005; Werneburg et al., 2007b, 2022; 

Steyer & Jalil, 2009; Germain, 2010; Romano & Nicosia, 2014; Mujal et al., 2016b; Romano 

et al., 2019; Laurin & Hook, 2022) and usually much of the information is inferred from the 

abundant track record (Gand & Durand, 2006; Voigt et al., 2010; Hminna et al., 2012; Mujal 

et al., 2017a; Contessi et al., 2018; Citton et al., 2019; Marchetti et al., 2020, 2022). The 

assemblage from the P3 unit of Menorca has not been studied in great detail yet, but the 

preliminary account provided in the present Ph.D. dissertation suggests that it was a 

moradisaurine captorhinid eureptile-dominated palaeoenvironment, with at least two different 

species: a large one, Balearosaurus bombardensis, and a smaller (unnamed) one. Moreover, 

there are ichnites that can be attributed to the smaller moradisaurine form (Hyloidichnus) and 

to small parareptiles (cf. Erpetopus). There is also a large scapula (Pretus & Obrador, 1987) 

that cannot be attributed to a moradisaurine, and may have belonged to a large synapsid. 

Guadalupian and Lopingian (middle and upper Permian) assemblages with abundant 

moradisaurines can be found in central Africa (de Ricqlès & Taquet, 1982; Smith et al., 2015; 

Modesto et al., 2019; Sidor et al., 2022), northern Africa (Jalil & Dutuit, 1996; Voigt et al., 

2010; Hminna et al., 2012) and the Massif Central and Provençe (Gand & Durand, 2006; 

Logghe et al., 2021; Marchetti et al., 2022), all of them in the lower palaeolatitudes of 

Pangaea, just like Menorca. Therefore, it appears that moradisaurines remained as key 

components of the intertropical palaeoecosystems of Pangaea even when other high-fibre 

herbivores were present, such as caseid “pelycosaur”-grade synapsids (Romano & Nicosia, 

2014; Werneburg et al., 2022), tapinocephalian dinocephalian therapsids (Gand & Durand, 

2006; Marchetti et al., 2019) and pareiasaur parareptiles (Jalil & Janvier, 2005; Valentini et 

al., 2009; Voigt et al., 2010; Marchetti et al., 2021). Conversely, moradisaurines may have 

not been well-suited for cooler climates, as the main herbivores in temperate palaeolatitudes 
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were pareiasaurs, dicynodont therapsids and tapinocephalians (Bernardi et al., 2017; Olroyd 

& Sidor, 2017). 

The Lower/Middle Triassic continental sites of Europe have yielded an abundant record 

of land vertebrates (Romano et al., 2020 and references therein; De Jaime-Soguero et al., 

2021 and references therein). Compared to those, the assemblage of the Estellencs Formation 

is rather poor, with no body fossils and only four ichnomorphotypes found, all produced by 

small diapsid eureptiles. Among them, the most interesting one might be “Prorotodactylus” 

mesaxonichnus, a form that has been found in the Pyrenees (Mujal et al., 2017b) but, 

apparently, nowhere else (even though a detailed comparison to Gwyneddichnium ispp. from 

the Upper Triassic of North America and central Europe is needed). “Prorotodactylus” 

mesaxonichnus could have been produced by a tetrapod species endemic to the western Tethys, 

and thus have a palaeobiogeographical interest apart from its biostratigraphic value. This 

ichnospecies is indicative of the uppermost Lower Triassic–lowermost Middle Triassic (Mujal et 

al., 2016b, 2017b; the present Ph.D. dissertation). 

The Middle/Upper Triassic marine deposits of the western peri-Tethys have produced, 

over the years, an extraordinarily rich amount of tetrapod fossils, especially in the Central 

European Basin (e.g., Diedrich, 2012). On Mallorca, these deposits are usually barren, with 

even invertebrate fossils being remarkably scarce. Regardless, one of them, i.e., the basal 

ichthyosauriform (sensu Huang et al., 2019) proximal caudal vertebra from the M3 unit, 

provides important new data on the palaeobiogeographical distribution of its group. Other 

similar taxa, such as the Lower Triassic Baisesaurus, Chaohusaurus, Grippia, Gulosaurus and 

Utatsusaurus, have been found in the western and eastern coasts of Pangaea, in present-day 

western North America and eastern Asia (Shikama et al., 1978; Nicholls & Brinkman, 1993; 

Motani et al., 1998, 2014, 2018; Sander, 2000; Chen et al., 2013; Cuthbertson et al., 2013, 

2014; Kelley et al., 2016; Huang et al., 2019; Ren et al., 2022). The specimen from Mallorca, 

from the Middle Triassic, occupies a position central to the two main distribution areas. It is 

therefore possible that basal ichthyosauriforms had migrated through Laurasia in the late 

Lopingian (latest Permian), obtaining the apparent disjunct distribution of the Early Triassic. The 

nothosaur from the Keuper facies unit, on the other hand, belongs to a very well-known form 

found in all the surrounding areas with coeval rocks, and thus it does not provide any new 

information other than the first record of the genus on Mallorca. 
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Conclusions 

A) Permian of Mallorca 

a. The detailed stratigraphic, sedimentological and magnetostratigraphic studies have 

made it possible to describe three new formal lithostratigraphic units with the rank 

of Formation, to interpret the sedimentary palaeoenvironment they represent, and 

to constrain their age attributions. 

i. The Bec de s’Àguila Formation (probably lower–middle Cisuralian) 

represents conglomerate and meandering river deposits near the footwall 

scarp, included in the Kiaman Reverse Superchron. 

ii. The Port des Canonge Formation (upper Cisuralian – ?lower Guadalupian) 

corresponds to very fine-grained meandering river and floodplain deposits, 

part of the Kiaman Reverse Superchron. 

iii. The Pedra de s’Ase Formation (lower Guadalupian) has been interpreted as 

medium-grained meandering river and sheetflood deposits, also in the 

Kiaman Reverse Superchron. 

b. The description of the palyno- and ichnoassemblages has further constrained the 

age attributions, and has revealed the plant and animal diversity of those 

ecosystems. 

i. Spores and pollen of the Pedra de s’Ase Formation have been assigned to 

algae, bryophytes, horsetails, ferns, lycophytes, seed ferns and conifers, with 

components typical of the Guadalupian (“Thuringian” biofacies). 

ii. Macroplant remains have been identified as horsetails and conifers. 

iii. Invertebrate trace fossils have revealed the presence of worms, insect larvae, 

beetles and notostracans. 

iv. Tetrapod tracks and trackways contain morphotypes attributed to 

moradisaurine captorhinid eureptiles (small and large species), possible 

pareiasauromorph parareptiles, araeoscelidian diapsids or non-

varanodontine varanopids, “pelycosaur”-grade synapsids (two forms), 

gorgonopsian therapsids and indeterminate tetrapod swimming traces. The 

ichnoassemblage suggests an upper Cisuralian series for the Port des 

Canonge Formation, although the gorgonopsian tracks might point to the 

lower Guadalupian. 

c. The osteological study of the tetrapod skeletons found in the Port des Canonge 

Formation has resulted in the report of two different animals. 
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i. A semi-complete skeleton of a new small moradisaurine captorhinid eureptile 

species (Tramuntanasaurus tiai), similar in size and shape to other taxa in the 

same family. 

ii. A partial skeleton of an indeterminate gorgonopsian, the oldest of this clade 

known worldwide and also the first to be reported from palaeoequatorial 

Pangaea (almost all gorgonopsians are known from temperate 

palaeolatitudes in present-day southern and eastern Africa and eastern 

Europe). 

B) Continental Triassic of Mallorca (Buntsandstein facies) 

a. Detailed studies on the stratigraphy and sedimentology have resulted in the 

description of four formal lithostratigraphic units with the rank of Formation, and the 

interpretation of the sedimentary palaeoenvironments in which the sediments were 

deposited. 

i. The Punta Roja Formation (upper Olenekian) represents shallow perennial 

braided river deposits, reworking aeolian sediments. 

ii. The Estellencs Formation (upper Olenekian–lower Anisian) has been 

interpreted as meandering river and floodplain deposits, with a braided 

interval in the upper part. 

iii. The Pedra Alta Formation (lower Anisian) corresponds to seasonal braided 

rivers. 

iv. The Son Serralta Formation (lower–?middle Anisian) has a lower part with 

meandering river and floodplain deposits, grading upwards to tidal flat 

deposits contacting the overlying marine Muschelkalk facies. 

b. The palaeobotanical review and the study of the ichnoassemblages has shed new 

light on the floras and the faunas of the region. 

i. From the review of previous studies, it has been concluded that the pollen 

and spores of the three upper formations can be assigned to acritarchs, 

algae, bryophytes, horsetails, ferns, lycophytes, seed ferns, cicadophytes, 

ginkgophytes and conifers. Altogether, they suggest a lower Anisian stage.  

ii. Macroplant remains have been identified as horsetails (three species), ferns 

(two species), cicadophytes (one cone species), and conifers (five species and 

three cone species). 

iii. Invertebrate trace fossils contain evidence of worms, insect larvae, beetles 

and notostracans. 

iv. Tetrapod tracks appear in the form of four different morphotypes, all of them 

attributed to small diapsid reptiles, probably archosauromorphs. 
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c. Some levels of the Estellencs and Pedra Alta formations show exceptionally well-

preserved invertebrate and vertebrate fossils, which have been studied in much 

detail. 

i. Clam shrimps (“conchostracans”) are represented with three forms (although 

two of them could be conspecific sexual dimorphs) and suggest an uppermost 

Olenekian–lowermost Anisian stage. 

ii. Aquatic insects are locally abundant, in the form of mayfly nymphs (four 

species) and true fly eggs and pupae (one species each). One morphotype 

of mayfly nymph preserves in situ cololites, which has made is possible to 

infer a sedimentivore feeding style, unknown in the fossil record and only 

present in one present-day genus of mayflies. 

iii. Terrestrial insects are rare, at least in the sampled levels, with mayfly adults 

(two species), cockroaches (one species), grylloblattids (one species, 

described by previous authors), and a newly-described wood fly larva 

(Protoanisolarva juarezi), the oldest true fly worldwide. 

iv. A single fish has also appeared, identified as an indeterminate juvenile 

osteichthyan. 

C) Marine Triassic of Mallorca (Muschelkalk and Keuper facies) 

a. The revision of fossil reptile bones housed in museum collections and the preliminary 

description of the outcrops in which they were found has provided new information 

on the Upper Triassic marine vertebrates of Mallorca. 

i. One bone fragment from the Keuper gypsums of Can Bleda has been 

identified as Reptilia indet. Its fragmentary state has precluded a more specific 

identification. 

ii. Four vertebrae from the Keuper of Coma Freda correspond to the genus 

Nothosaurus, a sauropterygian known from many other sites in the western 

peri-Tethys. 

iii. A caudal vertebrae from the Muschelkalk of the Puig d’en Canals has been 

attributed to an indeterminate basal ichthyosauriform (Ichthyosauriformes 

indet. aff. Grippidia). Similar species were so far only known from western 

North America and eastern Asia, in opposite margins of the palaeoocean 

Panthalassa during the Triassic. The Mallorcan specimen suggests that 

connection between these populations might have taken place through the 

Tehys, which was halfway palaeogeographically. 
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D) Permian of Menorca 

a. The stratigraphic and sedimentological study of the Cala del Pilar–Pla de Mar 

section has provided context for the tetrapod fossils historically found there. 

i. The Permian of Menorca can be divided into three informal lithostratigraphic 

units, described by previous authors but revised herein: the P1 unit 

(interpreted as the conglomerate and channel deposits near the footwall 

scarp), the P2 unit (corresponding to a large floodplain with scarce channels), 

and the P3 unit (with meandering river and floodplain deposits). 

ii. The P1 and P2 units are of indeterminate stages within the Permian, probably 

in the Cisuralian and Guadalupian. The P3 unit, which contains most of the 

bone remains, can be broadly dated as Guadalupian–Lopingian 

(“Thuringian” biofacies recognised by previous authors). 

b. The study of the tetrapod tracks and bones has provided new information on the 

faunas of the region. 

i. There are two different morphotypes of tetrapod tracks found near the base 

of the P3 unit, corresponding to moradisaurine captorhinid eureptiles and 

small parareptiles. Broadly, they range between the upper Cisuralian and the 

Lopingian. 

ii. Two different species of moradisaurine captorhinid eureptiles have been 

recognised based on the bone remains, a newly-described larger one 

(Balearosaurus bombardensis), and an indeterminate, smaller one. 
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Appendix 1 was published as: 

 

Matamales-Andreu, R.; Oms, O. & Fortuny, J. (2021). Paleoecosistemes del Permià i Triàsic 

continental de Mallorca (Illes Balears, Mediterrània occidental): síntesi i prespectives 

futures. In: Gómez-Pujol, L.; Roig-Munar, F.X.; Gelabert, B.; Martín, J.A. (Eds.). De la 

terra a la mar i de la mar a la terra. Homenatge a Antonio Rodríguez-Perea. Monografies 

de la Societat d’Història Natural de Balears, 34. Societat d’Història Natural de les 

Balears; Palma: 17–39. [in Catalan] 

ISBN: 978-84-09-34554-0 

DL: PM 00742-2021 

 

In this work, R. Matamales-Andreu contributed in: 

A. Literature review of the Permian and Triassic of Mallorca. 

B. Integration and discussion of the previous data. 

C. Writing of the original draft. 

D. Preparation of all the tables (1–4), and figures (1–7). 
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Appendix 2 was published as the supplementary material of: 

 

Matamales-Andreu, R.; Mujal, E.; Dinarès-Turell, J.; Kustatscher, E.; Roghi, G.; Oms, O.; 

Galobart, À. & Fortuny, J. (2022). Early–middle Permian ecosystems of equatorial 

Pangaea: Integrated multi-stratigraphic and palaeontological review of the Permian of 

Mallorca (Balearic Islands, western Mediterranean). Earth-Science Reviews, 228: 

103948. 

DOI: https://doi.org/10.1016/j.earscirev.2022.103948 

 

Also, refer to: 

Chapter 2: Matamales-Andreu et al. (2022), Earth-Science Reviews 

  

https://doi.org/10.1016/j.earscirev.2022.103948
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Supplementary Table 2 

 

 

Pedrera de sa Cova section_CO_NTC

sample declination inclination reference core azimuth core dip bedding strike bedding dip level_m MAD type VGP_long VGP_lat

CO1A 173,40 -12,80 tectonic 156 26 66 26 3,25 11,20 τ1 (τ3) 160,66 -82,35

CO2A 161,40 -27,40 tectonic 156 26 66 26 4,00 14,40 τ1 (τ3) 163,86 -68,09

CO3A 187,10 -7,30 tectonic 156 26 66 26 4,50 7,52 τ1 (τ3) 300,74 -82,83

CO4A 187,60 -28,80 tectonic 156 26 66 26 6,50 15,03 τ1 (τ3) 249,58 -75,17

CO6A 175,40 -21,20 tectonic 156 26 66 26 13,50 2,89 τ1 (τ3) 191,42 -80,44

CO7A 171,70 -16,00 tectonic 156 26 66 26 15,25 12,31 τ1 (τ3) 164,10 -80,03

CO8A 172,00 -25,40 tectonic 156 26 66 26 15,75 11,51 τ1 (τ3) 183,87 -76,62

CO10A 162,00 -25,80 tectonic 156 26 66 26 21,75 3,10 τ1 (τ3) 162,46 -69,07

CO11A 182,40 -9,30 tectonic 156 26 66 26 23,50 9,31 τ1 (τ3) 268,24 -86,81

CO12A 182,80 -9,30 tectonic 156 26 66 26 24,50 9,78 τ1 (τ3) 272,55 -86,50

CO13A 192,30 28,10 tectonic 156 26 66 26 37,75 24,96 τ1 5,25 -68,66

CO14A 177,90 -17,10 tectonic 156 26 66 26 39,75 9,14 τ1 (τ3) 201,10 -83,48

CO15A 192,70 -5,20 tectonic 156 26 66 26 42,25 32,14 τ1 (τ3) 309,25 -77,31

CO16A 178,00 -10,60 tectonic 156 26 66 26 43,50 24,51 τ1 (τ3) 184,05 -86,58

CO17A 189,50 53,00 tectonic 156 26 66 26 44,75 14,49 τ1 26,56 -52,77

CO18A 182,30 -33,40 tectonic 156 26 66 26 46,25 6,16 τ1 (τ3) 227,73 -74,16

CO19A 210,10 -3,30 tectonic 156 26 66 26 46,75 3,41 τ1 310,84 -59,91

CO20A 210,90 11,60 tectonic 156 26 66 26 67,00 2,29 τ1 325,05 -58,01

CO22A 180,90 10,00 tectonic 156 26 66 26 73,00 13,30 τ1 32,96 -82,34

CO23A 154,30 2,60 tectonic 156 26 66 26 74,00 10,62 τ1 121,42 -64,02

CO25A 224,40 -24,70 tectonic 156 26 66 26 18,58 τ1 (τ3) 293,92 -44,88

Racó de s’Algar–Pedra de s’Ase section_RA_NA_NTC

sample declination inclination reference core azimuth core dip bedding strike bedding dip level_m MAD type VGP_long VGP_lat

RA1A 171,18 -29,16 tectonic 80 32 350 32 67,75 11,77 t1 (t3) 186,74 -74,27

RA2A 179,59 -11,47 tectonic 80 32 350 32 69 1,32 t1 (t3) 212,83 -86,66

RA4A 166,85 -32,77 tectonic 80 32 350 32 73,4 18,74 t1 (t3) 180,64 -69,97

NA2A 175,84 -24,73 tectonic 295 52 350 32 95,46 35,40 t1 (t3) 198,22 -78,74

NA4A 219,81 -2,62 tectonic 115 14 25 14 98,96 14,29 t1 310,63 -50,21

NA5A 168,84 -21,08 tectonic 80 32 350 32 99,46 19,07 t1 (t3) 167,37 -76,05

NA6A 189,03 -17,94 tectonic 80 32 350 32 101,46 8,66 t1 272,54 -78,83

NA9A 188,57 -7,52 tectonic 80 32 350 32 105,71 12,36 t1 301 -81,32

NA10A 168,36 -33,05 tectonic 80 32 350 32 107,96 14,53 t1 (t3) 184,16 -70,77

NA12A 176,63 -18,78 tectonic 80 32 350 32 110,96 29,98 t1 (t3) 194,58 -82,07

NA14A 138,79 -1,46 tectonic 80 32 350 32 113,46 8,35 t1 127,96 -48,78

NA17A 167,46 22,41 tectonic 80 32 350 32 117,71 15,13 t1 80,75 -71,18

NA18A 159,96 -6,58 tectonic 80 32 350 32 119,46 13,10 t1 132,51 -70,01

NA20A 178,81 -13,97 tectonic 80 32 350 32 124,96 16,27 t1 205,19 -85,23

NA22A 146,69 -14,91 tectonic 80 32 350 32 128,21 23,01 t1 139,65 -56,46

NA23A 144,57 -8,66 tectonic 80 32 350 32 137,71 13,99 t1 133,72 -54,62

NA24A 183,16 -26,34 tectonic 80 32 350 32 139,21 5,33 t1 235,01 -78,18

NA25A 176,53 -22,90 tectonic 80 32 350 32 140,21 25,12 t1 (t3) 199,66 -79,95

NA26A 197,50 -13,01 tectonic 80 32 350 32 140,71 6,83 t1 295,86 -72,08

NA28A 217,35 -6,59 tectonic 80 32 350 32 142,96 6,29 t1 307,47 -52,74

NA30A 191,19 -1,07 tectonic 104 30 14 30 146,21 36,02 t1 (t3) 319,32 -78,64

NA32A 175,43 -21,47 tectonic 80 32 350 32 149,96 5,87 t1 (t3) 192,08 -80,22

NA34A 181,04 -5,74 tectonic 104 30 14 30 153,71 1,01 t1 289,47 -88,94

NA36A 187,66 -24,73 tectonic 104 30 14 30 158,21 6,51 t1 255,33 -77,06

NA38A 178,15 4,80 tectonic 104 30 14 30 162,71 6,22 t1 60,9 -84,75

NA40A 196,73 -30,02 tectonic 104 30 14 30 165,71 20,65 t1 269,01 -68,66

NA41A 198,10 -0,06 tectonic 80 32 350 32 166,71 11,28 t1 317,08 -71,74

NA42A 178,40 -19,15 tectonic 104 30 14 30 168,71 21,00 t1 (t3) 207,51 -82,5

NA44A 176,59 -2,64 tectonic 104 30 14 30 170,21 0,86 t1 110,44 -86,4

NA46A 182,71 -10,53 tectonic 104 30 14 30 173,71 6,10 t1 (t3) 263,43 -86,11

Supplementary Table 2. ChRM and VGP computed directions for all samples from the three studied sections. Type τ1 denote principal 

component analysis linear fits and τ1 (τ3) represent directions derived from great circle fit.
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Port des Canonge–Hort de sa Cova section_VG_PP_PC_NTC

sample declination inclination reference core azimuth core dip bedding strike bedding dip level_m MAD type VGP_long VGP_lat

VG2A 173,55 -20,79 tectonic 305 65 347 34 10,57 t1 140,64 -65,81

VG1A 156,05 -13,38 tectonic 250 90 7 9 9,89 t1 (t3) 182,25 -79,62

VG3A 184,18 1,46 tectonic 365 25 347 34 1,5 19,81 t1 (t3) 347,81 -84,66

VG4A 183,03 -14,52 tectonic 290 65 347 34 3 12,63 t1 251,4 -84,33

VG5A 191,54 -4,15 tectonic 77 34 347 34 4,5 23,49 t1 (t3) 311,94 -78,5

PP1A 234,45 -25,62 tectonic 77 33 347 33 20,01 2,46 t1 295,01 -35,07

PP2A 172,61 0,07 tectonic 77 33 347 33 23,26 5,96 t1 110,44 -82,16

PC1A 182,65 -11,28 tectonic 85 32 355 32 52,12 17,27 t1 (t3) 260,09 -85,85

PC3A 209,52 -63,69 tectonic 255 45 355 32 55,12 17,30 t1 (t3) 246,57 -40,01

PC4A 181,47 -10,38 tectonic 330 85 355 32 55,87 9,44 t1 (t3) 248,71 -86,92

PC6A 181,64 -40,03 tectonic 80 42 355 32 59,37 22,58 t1 223,96 -69,73

PC8A 154,80 0,65 tectonic 35 45 355 32 62,12 7,06 t1 123,6 -64,65

PC9A 214,84 9,52 tectonic 85 32 355 32 63,37 20,49 t1 321,59 -54,47

PC10A 183,13 4,96 tectonic 130 30 355 32 63,87 26,11 t1 8,16 -84,07

PC11A 167,80 15,20 tectonic 85 32 330 31 119,62 5,97 t1 89,4 -74,06

PC12A 185,72 -19,74 tectonic 60 31 330 31 121,37 6,69 t1 256,13 -80,52

PC13A 157,70 13,19 tectonic 85 32 330 31 122,87 12,02 t1 107,05 -65,9

PC15A 181,66 -38,46 tectonic 85 32 330 31 124,87 2,50 t1 224,51 -70,79

PC16A 180,44 20,12 tectonic 85 32 330 31 125,62 6,46 t1 37,94 -77,07

PC18A 114,04 -58,17 tectonic 85 32 330 31 127,62 3,22 t1 170,46 -20,13

PC20A 123,96 3,66 tectonic 85 32 330 31 130,62 4,27 t1 125,75 -33,84

PC22A 148,32 17,15 tectonic 85 32 330 31 132,37 0,00 t1 109,67 -56,44

PC24A 119,61 -40,62 tectonic 85 32 330 31 134,87 1,99 t1 154,74 -28,1

PC25A 180,44 -8,54 tectonic 60 31 330 31 137,62 20,46 t1 (t3) 232,73 -88,23

PC27A 185,57 3,26 tectonic 60 31 330 31 140,62 3,57 t1 346,53 -83

PC29A 154,82 2,45 tectonic 60 31 330 31 144,12 2,48 t1 121,52 -64,53

PC31A 208,12 5,66 tectonic 60 31 330 31 145,62 11,00 t1 320,41 -61,39

PC33A 175,60 -2,76 tectonic 60 31 330 31 149,12 20,44 t1 115,14 -85,46

PC138A 200,27 -23,36 tectonic 55 35 325 35 186,62 5,41 t1 283,01 -67,7

PC141A 144,54 -7,76 tectonic 55 35 325 35 190,12 3,37 t1 132,87 -54,53

PC145A 157,21 -6,09 tectonic 55 35 325 35 200,37 1,94 t1 131,53 -67,22

PC146A 208,60 -11,66 tectonic 55 35 325 35 203,12 4,96 t1 302,04 -61,29

PC147A 148,89 -5,23 tectonic 55 35 325 35 204,87 13,67 t1 130,52 -58,93

PC149A 169,75 -15,42 tectonic 55 35 325 35 212,12 2,41 t1 157,61 -78,55

PC34A 191,32 -0,68 tectonic 70 32 340 32 212,12 27,25 t1 (t3) 320,54 -78,49

PC35A 188,88 -27,23 tectonic 70 32 340 32 212,37 7,29 t1 255,72 -75,24

PC36A 180,93 -7,55 tectonic 70 32 340 32 212,62 3,24 t1 256,14 -88,49

PC38A 195,22 1,78 tectonic 70 32 340 32 214,87 18,70 t1 (t3) 322,31 -74,42

PC152A 181,54 -7,35 tectonic 55 35 325 35 215,62 6,22 t1 273 -88,13

PC40A 201,64 -12,32 tectonic 70 32 340 32 217,37 3,72 t1 299,3 -68,16

PC42A 172,54 -16,66 tectonic 102 30 12 30 259,12 26,86 t1 (t3) 168,71 -80,44

PC44A 170,13 -22,30 tectonic 102 30 12 30 263,62 5,58 t1 (t3) 172,83 -76,66

PC46A 184,32 -21,00 tectonic 102 30 12 30 268,87 4,28 t1 246,67 -80,65

PC47A 180,80 -12,23 tectonic 102 30 12 30 271,62 9,93 t1 (t3) 232,1 -86,29

PC48A 151,43 -7,69 tectonic 102 30 12 30 275,12 0,00 t1 133,1 -61,42

PC49A 192,17 -26,44 tectonic 102 30 12 30 282,62 0,00 t1 265,64 -73,42

PC50A 150,70 -47,16 tectonic 102 30 12 30 283,62 14,22 t1 (t3) 175,35 -51,97

PC52A 178,29 -9,33 tectonic 102 30 12 30 290,87 15,55 t1 181,22 -87,28

PC54A 229,97 -46,89 tectonic 102 30 12 30 336,62 30,79 t1 (t3) 276,3 -35,97

PC56A 201,28 -11,59 tectonic 102 30 12 30 341,12 11,94 t1 (t3) 300,15 -68,5

PC58A 195,59 -10,92 tectonic 90 28 355 28 347,37 17,85 t1 298,48 -74,16

PC60A 171,95 -15,92 tectonic 90 28 355 28 358,12 12,46 t1 (t3) 164,91 -80,29

PC61A 177,31 -17,58 tectonic 90 28 355 28 373,87 14,32 t1 (t3) 197,25 -83

PC63A 235,78 16,99 tectonic 90 28 355 28 378,37 1,60 t1 321,83 -33,25

PC64A 185,82 13,96 tectonic 90 28 355 28 381,87 4,00 t1 8,79 -78,74

PC65A 198,77 -14,06 tectonic 90 28 355 28 398,87 17,62 t1 (t3) 295,2 -70,71

PC67A 143,24 -4,06 tectonic 90 28 355 28 401,87 3,46 t1 129,72 -53,23

PC68A 221,15 -15,66 tectonic 90 28 355 28 405,62 12,18 t1 (t3) 300,48 -48,64

PC70A 167,03 -22,95 tectonic 90 28 355 28 410,12 8,97 t1 (t3) 166,4 -74,07

PC72A 164,34 -54,45 tectonic 90 28 355 28 415,37 7,44 t1 (t3) 197,33 -54,4

PC74A 204,69 -1,25 tectonic 90 24 360 24 421,62 8,10 t1 313,68 -65,24

PC75A 155,98 -6,18 tectonic 90 24 360 24 423,12 2,67 t1 131,62 -66,02

PC76A 179,31 -13,42 tectonic 90 24 360 24 424,62 13,92 t1 (t3) 210,39 -85,7

PC78A 186,15 -4,51 tectonic 90 24 360 24 426,37 13,19 t1 (t3) 312,35 -83,9
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PC79A 183,04 -14,18 tectonic 90 24 360 24 439,12 3,85 t1 (t3) 252,26 -84,46

PC81A 178,36 -9,32 tectonic 90 24 360 24 443,12 6,75 t1 182,9 -87,34

PC83A 160,27 -25,26 tectonic 2 34 360 24 448,37 13,09 t1 (t3) 159,65 -67,75

PC84A 183,50 16,34 tectonic 90 24 360 24 450,12 4,63 t1 21,93 -78,59

PC85A 247,04 -4,91 tectonic 90 24 360 24 452,12 12,25 t1 308,12 -23,07

PC86A 165,05 -19,05 tectonic 90 24 360 24 469,87 36,10 t1 (t3) 156,2 -73,44

PC87A 179,01 -13,62 tectonic 90 24 360 24 480,12 27,06 t1 (t3) 206,83 -85,54

PC90A 177,62 -14,14 tectonic 90 24 360 24 488,87 4,12 t1 (t3) 192,37 -84,81

PC91A 205,00 8,54 tectonic 90 24 360 24 491,12 21,99 t1 (t3) 324,92 -64,1

PC92A 191,80 -8,41 tectonic 90 24 360 24 492,62 7,55 t1 (t3) 301,3 -78,1

PC93A 157,26 -20,14 tectonic 70 10 340 10 494,62 14,07 t1 (t3) 149,87 -66,15

PC94A 247,24 -72,45 tectonic 70 10 340 10 505,87 13,22 t1 (t3) 250,32 -14,18

PC95A 157,85 -28,30 tectonic 70 10 340 10 530,12 14,19 t1 (t3) 160,78 -64,79

PC98A 198,81 -11,55 tectonic 85 26 355 26 535,87 7,55 t1 (t3) 299,08 -70,96

PC101A 193,95 -6,66 tectonic 85 26 355 26 539,87 11,40 t1 (t3) 306,01 -76,1

PC102A 176,10 1,29 tectonic 85 26 355 26 541,87 22,21 t1 90,37 -84,96

PC103A 128,73 3,38 tectonic 85 26 355 26 543,12 14,63 t1 (t3) 125,49 -38,54

PC104A 208,84 -1,31 tectonic 85 26 355 26 547,12 4,74 t1 (t3) 312,99 -61,15

PC107A 173,23 -16,69 tectonic 85 26 355 26 553,62 31,59 t1 (t3) 171,45 -80,97

PC109A 187,33 -6,93 tectonic 85 26 355 26 554,62 3,66 t1 (t3) 302,38 -82,65

PC111A 149,56 -36,38 tectonic 85 26 355 26 564,12 23,34 t1 (t3) 162,8 -55,47

PC114A 157,62 -18,29 tectonic 85 26 355 26 566,37 10,88 t1 (t3) 147,73 -66,71

PC116A 186,59 -7,41 tectonic 85 26 355 26 569,87 4,90 t1 (t3) 299,5 -83,31

PC119A 183,90 -7,68 tectonic 85 26 355 26 574,12 12,74 t1 (t3) 290,91 -85,89

PC126A 169,32 -5,88 tectonic 76 24 346 24 600,87 6,06 t1 132,14 -79,3

PC128A 172,95 -21,23 tectonic 76 24 346 24 628,37 7,55 t1 (t3) 180,53 -79,08

PC130A 155,42 -36,09 tectonic 76 24 346 24 631,62 20,86 t1 (t3) 167,58 -60,3

PC133A 167,71 -29,31 tectonic 76 24 346 24 637,62 7,92 t1 (t3) 177,73 -72,14

PC135A 169,12 -19,64 tectonic 76 24 346 24 639,87 7,25 t1 (t3) 165,06 -76,8

N Ns L GC Cutoff S Dec Inc R k a 95 K A95 A95min A95max ΔDx ΔIx λ

Pedrera de sa Cova section_CO_NTC

21 21 6 15 45 20,45 183,1 -9,15 18,97 9,87 10,66 16,1 8,17 3,55 12,05 8,2 16,04 -4,6

Pedrera de sa Cova section_CO_TC

20 21 6 15 45 19,25 185,6 -31,4 18,24 10,82 10,4 18,05 7,9 3,62 12,42 8,26 12,59 -17

Racó de s’Algar–Pedra de s’Ase section_RA_NA_NTC

29 30 18 12 45 17,95 169,7 -12,7 27,07 14,54 7,27 20,75 6,02 3,12 9,83 6,06 11,6 -6,4

Racó de s’Algar–Pedra de s’Ase section_RA_NA_TC

30 30 18 12 45 19,11 178,8 -14,1 27,99 14,44 7,16 18,47 6,28 3,08 9,62 6,33 12,01 -7,2

Port des Canonge–Hort de sa Cova section_VG_PP_PC_NTC

86 93 46 47 45 20,5 171,2 -14,5 79,12 12,35 4,53 16,01 3,94 2,02 4,96 3,97 7,51 -7,4

Port des Canonge–Hort de sa Cova section_VG_PP_PC_TC

83 93 46 47 45 18,96 178,4 -11,4 77,09 13,88 4,33 18,64 3,7 2,05 5,07 3,72 7,18 -5,7

All_samples_NTC

134 144 70 74 45 19,65 172,7 -13,4 123,5 12,64 3,57 17,41 3,01 1,69 3,75 3,03 5,77 -6,8

All_samples_TC

133 144 70 74 45 19,49 179,4 -14,9 122,3 12,37 3,63 17,66 3 1,7 3,77 3,02 5,69 -7,6

Supplementary Table 3. Palaeomagnetic ChRM section and overall means and corresponding statistical parameters in geographic 

(NTC) and tectonic (TC) coordinates.
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Supplementary Table 4 
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Spores                  

Calamospora  pedata  Kosanke, 1950  x  x (x) (x) (x) (x) x (x) (x) x x x     

Calamospora  sp.  x x x                 

Deltoidospora  sp.  x                 

Densoisporites nejburgii  (Schulz) Balme, 1970  x           x x x x x  

Densoisporites  sp.  x                 

Endosporites velatus  Leschik, 1956  x x x (x) (x) x x x  

Endosporites hexareticulatus  Klaus, 1963  cf.        ?x (x) x x      

Endosporites  sp.  x x x x                 

Granulatisporites  sp. x x x                 

Kraeuselisporites spinosus Jansonius, 1962  cf. cf. ?x x (x) x x x x

Leiotriletes  sp.  x                 

Lundbladispora  sp.  x x                 

Lycospora  sp.  x                 

Osmundacidites  sp.  x                 

Palaeospongisporis europeus Schulz, 1965  x x x x

Playfordispora cancellosa  (Playford et  Dettmann) Maheshwari et  Banerji, 2007 x x x x x (x) x

Reticulatisporites  sp. x                 

Uvaesporites  sp.  x                 

Verrucosisporites  sp.  x                 

                 

Pollen                  

Alisporites opii  Daugherty, 1941  x x x (x) (x) x

Alisporites splendens  (Leschik) Foster, 1941 x x x x  ?x x (x) (x) x x x x x x (x) (x) x   

Alisporites  spp.  x x x x                 

Bascanisporites  sp.  ? x                 

Chordasporites  sp. x x x x x x                 

Cordaitina  sp.  ? x x x                 

Crucisaccites variosulcatus Djupina, 1971  x x x x x x x x x x x x

Crustaesporites sp.  x                 

Falcisporites stabilis  Balme, 1970  x x x x x x x

Falcisporites zapfei  (Potonié et  Klaus) Klaus, 1963  x x x x x x ?x (x) (x) x x x x (x) x x x x x   

Falcisporites  sp. x x x x                 

Gardenasporites heisseli  Klaus, 1963  x x ?x (x) (x) x x x x

Gardenasporites leonardii Klaus, 1963  x x      x x x x x      

Gardenasporites  sp.  x x x x                 

Gigantosporites aletoides Klaus, 1963 x x      x (x) (x) (x) x x      

Illinites unicus Kosanke emend. Jansonius et  Hills, 1976  x x x x x (x) x x (x) x x (x) (x) x x

Illinites  sp. x x x                 

Jugasporites delasaucei  (Potonié et  Klaus) Leschik, 1956  x x x     x (x) (x) (x) x x x     

Jugasporites  sp.  x x                 

Klausipollenites schaubergeri  (Potonié et  Klaus) Jansonius, 1962x x x x x x x x     x (x) ?x x x x x x x x x

Klausipollenites  sp.  x x x x x                 

Limitisporites rectus Leschik, 1956 x  x (x) (x) (x) x (x) (x) (x) x x (x) (x) x   

Limitisporites  sp. x x x x                 

Lueckisporites globosus Klaus, 1963  x x x x      x x x x x      

Lueckisporites hyalinus Schaarschmidt, 1963  x         ?x x x (x) x x   

Lueckisporites parvus Klaus, 1963 x x x       x x x x x (x) (x) x   

Lueckisporites singhii Balme, 1970  x x x ?x (x) x (x) x (x) (x) (x) x (x) (x) x

Lueckisporites virkkiae (Potonié et  Klaus) Klaus, 1963 x x x x x x x x x x     x x ?x x x x x (x) (x) (x) x

Lueckisporites  sp.  x x x                 

Lunatisporites albertae Jansonius, 1962  x x x

Lunatisporites  noviaulensis  (Leschik) Fischer, 1979  x x x ?x (x) (x) (x) x x x x x x x x x

Lunatisporites  pellucidus (Goubin, 1965) De Jersey, 1971  cf. x x x (x) (x) (x) x x (x) x x x x x x

Lunatisporites variesectus  Archangelsky et  Gamerro, 1979  x x (x) x (x) (x) (x) x x

Lunatisporites  sp.  x x x                 

Maculatasporites  sp.  x x                 

Marsupipollenites  sp.  x                 

Minutosaccus  sp. 1  x                 

Nuskoisporites dulhuntyi  Potonié et  Klaus, 1954  x x x x x  x x (x) (x) (x) x x x x (x) (x) x   

Nuskoisporites klausii  Grebe, 1957  cf. x cf. x x (x) (x) x x

Nuskoisporites  sp. x x x x                 

Paravesicaspora splendens (Leschick) Klaus, 1963  x cf. cf. x x x x x x x

Paravesicaspora  sp. x x                 

Platysaccus leschikii Hart, 1960 x x x    x x (x) x x (x) (x) x (x) x x   

Playfordispora cancellosa (Playford et  Dettmann) Maheshwari et  Banerji, 2007x x       x x x (x) x x x x (x) x

Platysaccus papilionis  Grebe, 1957  x x x x x x x x x x

Platysaccus  sp.  x                 

Potonieisporites novicus  Bharadway, 1954  x x x x x x (x) (x) (x) (x) (x) x x (x) x x

Potonieisporites  sp.  x                 
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Supplementary Table 5 

 

Protohaploxypinus microcorpus  (Schaarschmidt) Balme, 1970 x x x x x x x (x) (x) x x x x x x x

Protohaploxypinus limpidus  (Balme et  Hennely) Balme et  Playford, 1967x x    x x (x) (x) x (x) x x x (x) x x  

Protohaploxypinus perfectus  (Naumova ex. Kara-Murza) Samoilovich, 1953 x x (x) x x x (x) x x

Protohaploxypinus  sp.  x                 

Sahnisporites saarensis Bharabwaj, 1954  x x x (x) (x) (x) (x) (x) (x) (x) x x

Striatoabieites richteri  (Potonié et Klaus) Hart, 1964 x x   x (x) x x (x) (x) (x) x x x x (x) x  

Striatoabieites  sp.  x                 

Striatopodocarpites  sp.  x                 

Strotersporites  sp.  x x                 

Taeniaesporites sp.  x                 

Tiwariasporis sp.  x                 

?Triadispora  spp. x                 

Vesicaspora  sp. x x x                 

Vitreisporites  sp.  x x                 

Vittatina angulistriata Klaus, 1963  x x x (x) x

Vittatina  sp.  x                 

20 19 14 8 4 11 30 44

Thuringian sensu Visscher (1968) = Late Permian = Zechstein

Today Zechstein =  Wuchiapingian p.p.  - Changhsingian p.p.  (see Legler & Schneider, 2013)
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Appendix 3 was published as: 

 

Matamales-Andreu, R.; Mujal, E.; Galobart, À. & Fortuny, J. (2021). Insights on the evolution 

of synapsid locomotion based on tetrapod tracks from the lower Permian of Mallorca 

(Balearic Islands, western Mediterranean). Palaeogeography, Palaeoclimatology, 

Palaeoecology, 579: 110589. 

DOI: https://doi.org/10.1016/j.palaeo.2021.110589  

 

In this work, R. Matamales-Andreu contributed in: 

A. Direct examination of all the collections and outcrops containing cf. Dimetropus isp. 

fossils from the Permian of Mallorca. 

B. Co-direction of all fieldwork campaigns (prospections and excavations). Sampling of 

tetrapod tracks. 

C. 3D modelling and measurement of relevant parameters on tetrapod tracks and 

trackways. 

D. Stratigraphic and sedimentological analysis. 

E. Vertebrate palaeoichnology, including identification and description of the cf. 

Dimetropus isp. morphotype. 

F. Interpretation and discussion of the results. 

G. Writing of the original draft. 

H. Preparation of all the tables (1–2), and figures (1–5). 

I. Collaboration in obtaining funding for fieldwork. 

https://doi.org/10.1016/j.palaeo.2021.110589
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Appendix 4 was prepared as: 

 

Matamales-Andreu, R.; Mujal, E.; Galobart, À. & Fortuny, J. (under review). A new medium-

sized moradisaurine captorhinid eureptile from the Permian of Mallorca (Balearic 

Islands, western Mediterranean) and correlation with the co-occurring ichnogenus 

Hyloidichnus. 

 

In this work, R. Matamales-Andreu contributed in: 

A. Logging of the stratigraphic section. 

B. Co-direction of all fieldwork campaigns (prospections and excavations). Sampling of 

tetrapod tracks and bones. 

C. 3D modelling of tetrapod tracks and trackways. 

D. Stratigraphic and sedimentological analysis. 

E. Vertebrate palaeontology, including description of the new genus and species. 

F. Coding of character matrix and phylogenetic analysis. 

G. Interpretation and discussion of the results. 

H. Writing of the original draft and supplementary materials, except for section ‘Correlation 

of Tramuntanasaurus tiai gen. et sp. nov. with ichnites from the same area’ (palaeoich-

nology). 

I. Preparation of figures 1–6. Adaptation of figures 7 and SF1. 

J. Collaboration in obtaining funding for fieldwork and fossil preparation. 

 

 

 

Taxonomical disclaimer: 

The name of the new taxon described in Appendix 4 is not valid under the rules of the 

International Code of Zoological Nomenclature. The publication where it will be formally 

erected is in process of review, and the name proposed here will be retained if possible. 
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First gorgonopsian therapsid from equatorial Pangaea 
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Appendix 5 was prepared as: 

 

Matamales-Andreu, R.; Kammerer, C.F.; Angielczyk, K.D.; Mujal, E.; Hellert, S.M., Galobart, 

À. & Fortuny, J. (in preparation). First gorgonopsian from the Mediterranean 

demonstrates ancient equatorial distribution of therapsids. 

 

In this work, R. Matamales-Andreu contributed in: 

A. Logging of the stratigraphic section. 

B. Co-direction of all fieldwork campaigns (prospections and excavations). Sampling of 

tetrapod bones. 

C. Stratigraphic and sedimentological analysis. 

D. Interpretation and discussion of the results. 

E. Collaboration in writing of the original draft and supplementary materials, except for 

section Results, the part of the Discussion comparing the specimen to other therapsids 

and gorgonopsians, and the Extended Description in the Supplementary Material. 

F. Preparation of figures 1, 3 and SF1–SF6. 

G. Collaboration in obtaining funding for fieldwork and fossil preparation. 
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Appendix 6 was prepared as: 

 

Matamales-Andreu, R.; Mujal, E.; Galobart, À. & Fortuny, J. (in preparation). Track-trackmaker 

correlation of co-occurring gorgonopsian bones and footprints from the Permian of 

equatorial Pangaea. 

 

In this work, R. Matamales-Andreu contributed in: 

A. Logging of the stratigraphic section. 

B. Co-direction of all fieldwork campaigns (prospections and excavations). Sampling of 

tetrapod tracks. 

C. 3D modelling of tetrapod tracks and trackways. 

D. Stratigraphic and sedimentological analysis. 

E. Interpretation and discussion of the results. 

F. Collaboration in writing of the original draft except for the section Systematic 

Palaeoichnology and part of the Discussion. 

G. Preparation of figure 1. 

H. Collaboration in obtaining funding for fieldwork and fossil preparation. 
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Appendix 7 was published as the supplementary material of: 

 

Matamales-Andreu, R.; Peñalver, E.; Mujal, E.; Oms, O.; Scholze, F.; Juárez, J.; Galobart, À. 

& Fortuny, J. (2021). Early–Middle Triassic fluvial ecosystems of Mallorca (Balearic 

Islands): Biotic communities and environmental evolution in the equatorial western peri-

Tethys. Earth-Science Reviews, 222: 103783. 

DOI: https://doi.org/10.1016/j.earscirev.2021.103783  

 

Also, refer to: 

Chapter 3: Matamales-Andreu et al. (2021), Earth-Science Reviews 

  

https://doi.org/10.1016/j.earscirev.2021.103783
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Appendix 8 was published as: 

 

Scholze, F. & Matamales-Andreu, R. (2021). Triassic clam shrimps (“Conchostraca”; 

Branchiopoda: Diplostraca) from Mallorca: Taxonomic description and interregional 

comparisons. Zootaxa, 4964(3): 471–496. 

DOI: https://doi.org/10.11646/zootaxa.4964.3.3  

 

In this work, R. Matamales-Andreu contributed in: 

A. Logging of the stratigraphic section. 

B. Co-direction of all fieldwork campaigns (prospections and excavations). Sampling of 

clam shrimp fossils. 

C. Stratigraphic and sedimentological analysis. 

D. Writing of the Geologic Setting section of the original draft.  

E. Review and editing of the manuscript. 

F. Preparation of Figure 1. 

G. Collaboration in obtaining funding for fieldwork. 

  

https://doi.org/10.11646/zootaxa.4964.3.3
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Appendix 9 was published as: 

 

Peñalver, E.; Matamales-Andreu, R.; Juárez-Ruiz, J.; Nel, A.; Lozano, R. & Pérez-de la Fuente, 

R. (2023). Early detritivory and sedimentivory in insects based on insitu gut contents 

from Triassic aquatic immatures. Papers in Palaeontology, in press. 

DOI: https://doi.org/10.1002/spp2.1478 

 

In this work, R. Matamales-Andreu contributed in: 

A. Logging of the stratigraphic section. 

B. Co-direction of all fieldwork campaigns (prospections and excavations). 

C. Stratigraphic and sedimentological analysis and interpretation. 

D. Writing of the Geographical and Geological Context section of the original draft. 

E. Review and editing of the manuscript. 

F. Preparation of Figure 1. 

G. Collaboration in obtaining funding for fieldwork. 
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Peñalver, E.; Matamales-Andreu, R.; Nel, A. & Pérez-de la Fuente, R. (2022). Early adaptations 

of true flies (Diptera) to moist and aquatic continental environments. Papers in 

Palaeontology, 8(6): e1472. 

DOI: https://doi.org/10.1002/spp2.1472  

 

In this work, R. Matamales-Andreu contributed in: 

A. Logging of the stratigraphic section. 

B. Co-direction of all fieldwork campaigns (prospections and excavations). 

C. Stratigraphic and sedimentological analysis and interpretation. 

D. Writing of the Geographical and Geological Context section of the original draft. 

E. Review and editing of the manuscript. 

F. Collaboration in the preparation of figures 1 and 6. 

G. Collaboration in obtaining funding for fieldwork.  
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Triassic marine molluscs from Mallorca 
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Appendix 11 was published as: 

 

Juárez-Ruiz, J. & Matamales-Andreu, R. (2021). Mollusca (Ammonoidea, Gastropoda, 

Bivalvia) from the upper Ladinian (Middle Triassic) of the island of Mallorca (Balearic 

Islands, western Mediterranean): preliminary data. Ciências da Terra Procedia, 1(2021): 

21–24. [in Spanish] 

DOI: https://doi.org/10.21695/cterraproc.v1i0.397  

 

In this work, R. Matamales-Andreu contributed in: 

A. Review and editing of the manuscript. 

B. Preparation of all the figures (1–2).  
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Transactions of the Royal Society of Edinburgh, 112(2): 125–145. 
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Chapter 5: Matamales-Andreu et al. (2021), Earth and Environmental Science Transactions of 

the Royal Society of Edinburgh 
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Character matrix 

Protorothyris                   

0000000000000000000000000000000000000000000000000000000000000000000000?000??0000 

Paleothyris                     

000000000000000001000000100120000100000000000010?0000000000000???000001000110000 

Thuringothyris                  

00000101000001001100101010001000000000000000100000000000??000????0000??101110?00 

Euconcordia                     

01001100000001101100110??0001000011000?000001010?000000?000000???0???????????000 

Romeria prima                   

11110100000001000000011000010?00011001?0??0?100000010?0?100000???0?1?1?1?1??0?00 

Romeria texana                  

1111010000000??00100011000001?0001100100?00010?0?0?10?00100000???0??????????0??? 

Protocaptorhinus                

111101000000011000001110?001101000101???1?0010?0??01000??00000???111??1111??0??0 

Rhiodenticulatus                

11010100000001101100110110001???00101?101000100000?1?0001000001???1?10?111??0000 

Saurorictus                     

?1111100000001?001001001100100???010????????1???????0???100???????????????????00 

Labidosauriscus                 

1111120000200110000010????1?10??????2110200121110??1????100011100???????????0010 

Captorhinus laticeps            

11111100002001100000110110101110001021102001110100010000110010100111110111000010 

Captorhinus aguti 

1111111011201110000011011010111000102110200111(0&1)100010000110010100211110111000010 

Captorhinus magnus              

11111100012001100000110110101110001021102001?1010001000011001010?2111??111??0010 

Captorhinus kierani             

111111100?20011000001101101011100010210020011111000100001?001?10?1??????????0010 

Labidosaurus                    

11111101002001010011110110101210101021100001120100111110111111111111110111010010 
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Labidosaurikos                  

111112213111210100111101111112111011211111111201101111102?11110111??????????1?21 

Moradisaurus                    

1?110220311011?01??1??????2?11?1???1111111112201111?1101211111011121???1?10?1010 

Rothianiscus                    

1?11031121112??1????1????12?12?1????1111?1212?01????????2?111????1211????1??1?10 

Captorhinikos valensis          

?????12121102????????????????????????????000????????????2?????????21?????????01? 

Gansurhinus                     

1??1?32121100??????????????????????????????????1???????1??????????211???1????1?? 

Captorhinikos chozaensis        

11111121201011?00?0?0?????1?11?????????01001??0????1?11?201111???11?1111010?1010 

Reiszorhinus                    

1111010000000100000011001000110001101??????????????1000?10010?11?0??????????0?20 

Opisthodontosaurus              

??011300011001?????00110?01010???????0?0200010010??1????01000110101?0??110??0000 

Kahneria                        

???????12110???????1??11101??1????????????2?1??????1?????11?010???2?1??1???????? 

Moradisaurinae indet. Mallorca  

?????31?111?2???????0??????????????????????????????????????????????????????????? 

Balearosaurus bombardensis      

?????31?1?1?????????????????????????????????????????????????????????????????????  
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Matamales-Andreu, R. (2022). Rèptils i avantpassats dels mamífers: registre fòssil del Permià 

de Mallorca. In: Pons, G.X.; del Valle, L.; McMinn, M.; Pinya, S. & Vicens, D. (Eds.). 

Llibre de ponències i comunicacions de les VIII Jornades de Medi Ambient de les Illes 

Balears. Societat d’Història Natural de les Balears, Universitat de les Illes Balears; 

Palma: 83–86. [in Catalan] 

ISBN: 978-84-09-45184-5 

DL: PM 00851-2022 

 

In this work, R. Matamales-Andreu contributed in: 

A. Integration and discussion of the previous data. 

B. Writing of the original draft. 

C. Preparation of all the figures (1). 
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Matamales-Andreu, R. (2022). Rèptils i primers mosquits: registre fòssil del Triàsic continental 

de Mallorca. In: Pons, G.X.; del Valle, L.; McMinn, M.; Pinya, S. & Vicens, D. (Eds.). 

Llibre de ponències i comunicacions de les VIII Jornades de Medi Ambient de les Illes 

Balears. Societat d’Història Natural de les Balears, Universitat de les Illes Balears; 

Palma: 87–90. [in Catalan] 

ISBN: 978-84-09-45184-5 

DL: PM 00851-2022 

 

In this work, R. Matamales-Andreu contributed in: 

A. Integration and discussion of the previous data. 

B. Writing of the original draft. 

C. Preparation of all the figures (1). 
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Synthesis, marine Triassic of Mallorca 
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