
1. Introduction
The Balearic Promontory (BP) is set at the core of the Western Mediterranean orogenic system, forming part 
of the Betic Foreland Thrust Belt (Betic FTB), developed by NW- to WNW-directed thrust tectonics during 
the Late Oligocene to Early Miocene (Alvaro, 1987; Gelabert et al., 1992; Sabat et al., 1988, 2011; Figure 1). 
However, the BP is missing a corresponding thick-skinned internal domain, and is surrounded by deep 
basins developed mostly during Tertiary back-arc rifting (e.g., Aïdi et al., 2018; Burrus, 1984; Cherchi & 

Abstract We study the structure of the Llevant ranges in Mallorca with special emphasis on the 
Cenozoic extensional evolution of the island, which we integrate in a new geodynamic model for the 
Westernmost Mediterranean. Mallorca underwent two Cenozoic rifting phases in the Oligocene and 
Serravallian, before and after the development of its Foreland Thrust Belt (FTB). The first extensional 
event produced Oligocene semigrabens (≈29–23 Ma) that were inverted during the Early-Middle Miocene 
(19–14 Ma) WNW-directed FTB development. The second rifting event produced the extensional collapse 
of the Mallorca FTB during the Serravallian (≈14–11 Ma). This later rifting was polyphasic, with two 
orthogonal extensional systems, producing first NE-SW, and then NW-SE extension. The Oligocene 
extension affected a major part of the Western Mediterranean, opening the Liguro-Provençal and other 
basins after the collapse of the Palaeogene AlKaPeCa orogen, and Mallorca, its former hinterland. 
Continued plate convergence nucleated a new subduction system in the Early Miocene that initiated 
along the Ibiza transform, producing the Mallorca WNW-directed FTB and subduction of the South-East 
Iberian passive margin. This process individualized the Betic-Rif slab and initiated its westward retreat. 
Serravallian extension occurred at the northern edge of the subduction system coeval to the Algero-
Balearic basin opening. Extension initiated toward the SW direction of slab tearing and later rotated to 
a NW-SE direction, probably in response to flexural and isostatic rebound. Through these processes the 
Alboran domain archipelago was driven toward the southwest until the Late Miocene, contributing to the 
present isolation of Mallorca from its Betic hinterland.

Plain Language Summary We integrate the geological evolution of Mallorca Island into 
the larger framework of the Western Mediterranean. To this end we study the geological structure of 
Mallorca, finding that it underwent two thinning phases that occurred before and after a period of 
crustal thickening and shortening in the region between 19 and 14 Ma. The thinning phases coincided 
with the development of the western Mediterranean basins. The later crustal thinning occurred at the 
northern edge of the Betic-Rif subduction system, in relation to the tearing and retreat of a portion of 
lithospheric root that detached under Mallorca at around 14 Ma. This slab tearing mechanism occurring 
at the southern (along the present western Algerian margin) and northern edges of the subduction system 
favored westward retreat of the subducting mantle body presently imaged by seismic tomography under 
the westernmost Mediterranean. The geology of Mallorca Island supports its formation as part of the Betic 
orogen that was later isolated from its Betic hinterland by the opening of the Algero-Balearic basin. The 
Betic hinterland drifted westward, hundreds of kilometers away from Mallorca, as an archipelago, until its 
final docking between Northern Africa and Southeastern Iberia ∼9 Ma ago.
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Montadert, 1982; Etheve et al., 2016; Ferrandini et al., 2003; Gelabert et al., 2002; Jolivet et al., 2006; Schet-
tino & Turco, 2006; Figure 1). The relative timing between crustal thickening and extension in the region 
has been a subject of great debate, with most work suggesting that extension during the Oligocene to Early 
Miocene (26–19 Ma; Etheve et al., 2016; Schettino & Turco, 2006) was actually prior to crustal shortening 
that lasted until the Langhian (≈14–16 Ma; e.g., Sabat et al., 2011). While there is some consensus on the age 
of crustal shortening—with deformation in Mallorca migrating from SE to NW between the late Oligocene 
and the Langhian (e.g., Sabat et al., 2011)—the age and significance of crustal extension in Mallorca and 
adjacent marine basins are not well constrained.

Most work suggests that rifting in the region occurred between 30 and 16 Ma in the three basins surround-
ing the BP: the Valencia Trough to the Northwest, the Liguro-Provençal basin to the Northeast, and the 
Algero-Balearic basin to the South (Figure 1, e.g., Arab et al., 2016; Etheve et al., 2016; Leprêtre et al., 2013; 
Maillard & Mauffret, 1999; Schettino & Turco, 2006; Speranza et al., 2002; Watts & Torné, 1992). Some au-
thors propose the rifting phase lasted longer, between 34 and 13 Ma, encompassing the development of the 
Mallorca FTB (Gelabert et al., 2002; Roca, 2001; Roca & Guimerà, 1992). Other work, however, has demon-
strated the importance of Mesozoic rifting in the Valencia Trough, where a several kilometer thick sequence 
of Jurassic sediments is found above a thin continental crust (Ayala et al., 2015; Etheve et al., 2018). Meso-
zoic extension is also well documented onshore, along the Iberian Chain and Catalan Coastal Ranges (e.g., 
Guimerà et al., 2004; Marín et al., 2021; Roca et al., 1994). This domain of Mesozoic rifting was further 
extended during the Cenozoic in its transition toward the Liguro-Provencal Basin and along the Catalan 
Coastal Ranges, forming the differentiated Menorca basin in between (e.g., Marín et al., 2021; Parcerisa Du-
ocastela et al., 2007; Pellen et al., 2016; Roca et al., 1999). Differential amounts of Tertiary extension between 
these domains were accommodated along NW-SE directed transfer fault zones such as the North Balearic 
and Central fracture zones, among others, in a process accompanied by important Early to Middle Miocene 
magmatism (Maillard et al., 2020; Pellen et al., 2016; Figure 1). The role of Oligocene to Early Miocene ex-
tension in the formation of the present Algero-Balearic basin to the South has also been questioned; for this 
region several authors have highlighted the importance of oceanic crust development during the Middle 
to Late Miocene (Booth-Rea et al., 2007; Booth-Rea, Ranero, & Grevemeyer, 2018; de la Peña, Grevemeyer, 
et al., 2020; de la Peña, Ranero, et al., 2020; Haidar et al., 2021; Jolivet et al., 2006; Mauffret et al., 2004). This 
process followed the westward retreat of the Gibraltar arc subduction system (Lonergan & White, 1997) 
and concomitant slab detachment or tearing along its Betic and Rif-Tell orogenic limbs, respectively (e.g., 
Duggen et al., 2003; García-Castellanos & Villaseñor, 2011; Hidas et al., 2016, 2019; Mancilla et al., 2015). 
Middle to Late Miocene extension has also been described onshore along its continental margins, in North-
ern Tunisia, the BP, and the South Eastern Betics (Booth-Rea et al., 2004, Booth-Rea, Gaidi, et al., 2018; 
Giaconia et al., 2014; Moragues et al., 2018). A two-phase opening model for the Algero-Balearic basin has 
likewise been proposed, with an initial Oligocene-Early Miocene NW-SE phase and a subsequent Middle to 
Late Miocene E-W phase (Aïdi et al., 2018; Driussi, Briais, & Maillard, 2015).

Cenozoic extension onshore Mallorca has not been extensively studied, and its relationships with the de-
velopment of Western Mediterranean sedimentary basins and the collapse of surrounding fold and thrust 
belts are poorly understood. Most work describes SW-NE trending high-angle normal faults that extend-
ed the southeastern margin of the Tramuntana ranges, developing Middle to Late Neogene depocentres 
that include the Inca, Palma and Sa Pobla basins (Benedicto et al., 1993; Gelabert, 1998; Ramos-Guerrero 
et al., 2000; Sabat et al., 2011; Figure 1b). In addition, a couple of NW-SE trending normal faults were dif-
ferentiated in the Central Ranges of Mallorca (Anglada-Guajardo & Serra-Kiel, 1986; Sabat et al., 2011). 
Paleostress analysis from small-scale faults suggests the existence of radial extension during the late Neo-
gene (Céspedes et al., 2001). Preliminary field work and structural analysis moreover show that many of 
the supposed thrust contacts between nappes in the Tramuntana and Levant ranges could actually have 
been reworked by two sets of orthogonal low- and high-angle normal faults producing NW-SE and NE-SW 
trending extension during the Middle Miocene (Booth-Rea et al., 2016; Moragues et al., 2018). Against this 
background, we mainly aspire to elucidate the relationships between Cenozoic extension in Mallorca and 
its meaning for the general Cenozoic tectonic evolution of the Western Mediterranean, including some 
explanation for the nature and fate of the missing hinterland of the Mallorca FTB and the apparent simul-
taneity between crustal thickening and extension in the BP and the surrounding basins.
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In resolving the above questions we look into the Cenozoic extensional events in Mallorca, analyzing re-
lationships between extensional faults and their related synrift deposits, and identifying the main grabens 
with the help of a residual gravity map of the island. We map the southern and central Llevant ranges, 
emphasizing the structural geology to shed light on the geometry, kinematics, and paleostress fields related 
to brittle faults as well as their relations with the overlying Tertiary sedimentary sequence. Extensional and 
shortening structures are distinguished to analyze their relative timing. Furthermore, the age of extensional 
deformation is determined in the context of syn-sedimentary features of the alluvial sequences related to 
normal faulting. We describe two rifting events in Mallorca that respectively occurred before and after the 
main shortening period that formed the Mallorca FTB in the Early Miocene. The role of these extensional 
events in the present isolation and structure of Mallorca is discussed. Finally, we integrate the tectonics 
of Mallorca with a wide range of previously published results from different orogenic belts and basins of 
the Western Mediterranean, combining structural and metamorphic data, radiometric dating, sedimentary 
provenance data, and vertebrate fossils to build a new geodynamic model for the evolution of the Western 
Mediterranean during the Cenozoic.

2. Geodynamic and Geological Settings
2.1. Geodynamic Setting

Mallorca is the largest island of the BP, representing an emerged archipelago over a relatively thin 22–26 km 
continental crust (e.g., Díaz & Gallart, 2009) (Figure 1). This crustal domain has a thin lithosphere, less 
than 70 km (Jiménez-Munt et al., 2003), and it overlies an anomalously slow upper mantle with a strongly 
NE-SW oriented Pn anisotropy, similar to the rest of the Betics (Díaz et al., 2013). Toward the Northwest it 
transitions to the extremely thin continental crust of the Valencia Trough (Etheve et al., 2018; Maillard & 
Mauffret, 1999; Torné et al., 1992). To the Northeast, the BP is bounded by the Late Oligocene to Middle Mio-
cene Liguro-provencal oceanic basin, across the dextral North-Balearic Fracture Zone (NBFZ, e.g., Maillard 

Figure 1. Tectonic map of the Western Mediterranean including main orogenic domains and basins (a). Inset shows the Geology of the Mallorca Island and 
location of the study areas (b). Red stars indicate localities where Oligocene sediments are detached over a low-angle normal fault.
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et al., 2020; Figure 1). Oceanic crust is also found to the Southeast of the BP, forming the Algero-Balear-
ic basin (Aïdi et al.,  2018; Booth-Rea et al.,  2007, Booth-Rea, Ranero, & Grevemeyer, 2018; Grevemeyer 
et al., 2011; Leprêtre et al., 2013; Mauffret et al., 2004). The transition between the BP and Algero-Balearic 
basin domains occurs both across narrow transform domains like the Emile Baudot and Mazarron escarp-
ments, and through wider extended continental crust domains, for example, South of Menorca (Driussi, 
Briais, & Maillard, 2015; Figure 1).

The Liguro-Provençal and Algero-Balearic basins are separated from each other by the NBFZ (Figure 1). 
Both are interpreted as back arc basins formed in the context of slab roll-back in relation to retreating 
Tethyan lithospheric mantle bodies, presently underlying the Calabrian, Gibraltar, and Algero-Tunisian 
orogenic arcs (e.g., Booth-Rea, Gaidi, et al., 2018; El-Sharkawy et al., 2020; Faccenna et al., 2004; Fichtner 
& Villaseñor, 2015; Jolivet et al., 2008; Lonergan & White, 1997; Piromallo & Morelli, 2003; Rosenbaum & 
Lister, 2004; Wortel & Spakman, 2000). The Liguro-Provencal basin formed behind the Oligocene to Early 
Miocene volcanic arc, built mostly along western Sardinia in relation to earlier stages of Calabrian slab 
subduction (e.g., Faccenna et al., 2001). The Algero-Balearic basin shows a more complex evolution, pre-
senting segments of different ages, as made manifest by the heat flow and magnetic anomaly distribution, 
suggesting younger oceanic crust located at the western and eastern ends of the basin (Haidar et al., 2021; 
Poort et al., 2020). Moreover, the Algero-Balearic basin is underlain by at least two different Tethyan slab 
segments, underneath the Betics-Rif and Algerian-Tunisian orogenic arcs (e.g., Faccenna et al., 2014; Ficht-
ner & Villaseñor, 2015; Kumar et al., 2020; van Hinsbergen et al., 2014). The westernmost segment of the 
Algero-Balearic basin formed behind the Alboran volcanic arc in the Eastern Alboran basin during the Mid-
dle to Late Miocene (Booth-Rea et al., 2007, Booth-Rea, Ranero, & Grevemeyer, 2018; de la Peña, Ranero, 
et al., 2020; Duggen et al., 2004, 2008). The present slab segmentation of the Western Mediterranean was 
probably determined by the location of transform faults inherited from the Mesozoic Tethys rifting stage 
(e.g., Angrand et al., 2020; Vergés & Fernàndez, 2012).

Slab retreat that gave rise to the western Mediterranean back-arc basins was facilitated by slab tearing or de-
tachment at the edges of the western Mediterranean subduction arcs, along Subduction Transfer Edge Prop-
agators (STEP; Badji et al., 2015; Booth-Rea, Gaidi, et al., 2018; Gallais et al., 2013; Govers & Wortel, 2005; 
Hidas et al., 2019; Jolivet et al., 2021; Mancilla et al., 2015; van Hinsbergen et al., 2014). Mantle flow driven 
by the above slab tectonic mechanisms produced dynamic topography around the western Mediterranean, 
some areas having subdued topography above the subducting slabs, others undergoing uplift in backarc 
regions with mantle upwelling (Faccenna et al., 2014). Such is the case of the BP, located over a largely 
positive dynamic topography (Faccenna & Becker et al., 2020).

2.2. Geological Setting of the BP

The BP rifted away from the East Iberian margin during the Jurassic, when the Valencia Trough basin ini-
tially developed (Etheve et al., 2018). The Balearic region showed a evolution similar to that of the SE Iberi-
an margin during the Mesozoic, with Germanic type facies during the Triassic that evolved toward shallow 
platform facies in the Early Jurassic, represented by shallow marine carbonates, including dolostone and 
limestones (Alvaro et al., 1989; Bourrouilh, 1983; Colom, 1973; Figure 2). Ongoing extensional tectonics 
are marked by rupture of the platform and the deposition of lower Pleisbachian outer platform marls and 
marly limestones, followed by quartz-rich sandstones and microconglomerates (e.g., Alvaro et al.,  1989; 
Sevillano et al., 2018). Since the Toarcian it has formed a deep marine environment featuring typical tur-
biditic talus facies with resedimented olistholiths (Kettle, 2016). This pelagic environment continued with 
Maiolica white nannofossil limestone during the Early Cretaceous and was later followed by the deposition 
of Barremian to Aptian gray-greenish marls with planktonic microfauna (Bourrouilh, 1983; Martin-Chive-
let et al., 2019). Mesozoic rifting was segmented by NW-SE-oriented transform faults that determined the 
individualization of diverse blocks in the Tethys and Iberian realms, for example, the Ebro block (Angrand 
et al., 2020).

The Early Cretaceous deep basinal setting was interrupted by a hiatus from the Late Cretaceous to the Early 
Eocene—an event probably related to crustal thickening during the development of the Pyrenees (Verges 
et al., 2002), the Iberian Chain and Catalan Coastal Ranges (Guimerà et al., 2004; Liesa & Simón, 2009; 
Marín et al., 2021), and the AlKaPeCa orogenic domain in the Western Mediterranean (Azañón et al., 1997; 
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Balanyá et al., 1997; Bouillin et al., 1986; Ramos-Guerrero et al., 1989; van Hinsbergen et al., 2014; Fig-
ure 2). Shortening directions in the Iberian Chain show a rotation from ESE-WNW in the Eocene to NE-
SW in the Late Eocene to Oligocene, thus suggesting changes in the western Mediterranean stress field 
during the Palaeogene (Liesa & Simón, 2009). A related continental thickening event has been dated as 
Eocene to Early Oligocene in HP/LT rocks of the Alpujarride-Sebtide complex in the Internal Betics and 

Figure 2. Stratigraphic sequence of the Mallorca Island (Mesozoic from Sabat et al., 2011; Palaeogene-Early Miocene (Colom, 1980; Martín-Closas & Ramos-
Guerrero, 2005); Early Miocene to Tortonian (Ramos-Guerrero et al., 1989, 2000; Rodríguez-Perea, 1984); Tortonian to Quaternary, Ramos-Gerrero et al., 2000). 
Abbreviations of sedimentary unit names: C, Calvari Unit; CB, Cala Blanca Unit; MS, Manacor shales Unit; P/E, Peguera limestones and S'Envestida 
grainstones; PM, Pina marls Unit; RU, Randa calcarenites Unit; SV, Sa verdera Unit. Tectonic events over time (blue numbers) of Western Mediterranean 
domains based on: 1, Faccenna et al. (2004) and Burrus (1984); 2, Schettino and Turco (2006); 3, Vergés and Sàbat (1999); 4, Fontboté et al. (1990); 5, Aïdi 
et al. (2018); 6, Faccenna et al. (2004); 7, Vergés and Fernàndez (2012); 8, Marín et al. (2021); 9, Liesa and Simón (2009) and Simón et al. (2012, 2021); 10, 
Sabat et al. (2011); 11, present work; 12, Platt et al. (2005); 13, Hidas et al. (2013) and Balanyá et al. (1997); 14, García-Dueñas et al. (1992) and Lonergan and 
Platt (1995); 15, Platt et al. (2006); 16, Balanyá et al. (2007) and Iribarren et al. (2007).
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Rif (Bessière et  al.,  2021; Marrone et  al.,  2020,  2021; Platt et  al.,  2005), the Calabrian-Peloritani ranges 
(Heymes et al., 2010; Rossetti et al., 2001, 2004), the Kabylies (Bruguier et al., 2017), and Corsica (Di Vin-
cenzo et al., 2016; Martin et al., 2011; Rossetti et al., 2015; Vitale Brovarone & Herwartz, 2013). Eocene Ar-
Ar in phengite and U-Th-Pb in monazite radiometric ages are likewise obtained from the Nevado-Filabride 
complex at the core of the Betics (Augier, Agard, et al., 2005; Li & Massonne, 2018). However, these later 
ages contrast with Early to Middle Miocene ages obtained for the HP-LT metamorphic event and later peak 
metamorphism, based on Lu-Hf in garnet, U-Pb in zircon, Rb-Sr multimineral isochron geochronology, 
and U-Th-Pb in monazite (de Jong, 2003; Kirchner et al., 2016; López Sánchez-Vizcaino et al., 2001; Platt 
et al., 2006; Santamaría-López et al., 2019). Moreover, Ar-Ar ages from the Nevado-Filabride are interpreted 
to be influenced by excess Ar intake, related to submicroscopic illitization and fluid ingress during Miocene 
extension (de Jong et al., 2001). Thus, not all rocks in the Betic internal zones necessarily underwent the 
Eocene HP metamorphic event.

During this Paleogene continental thickening event, the BP probably formed part of the hinterland of the 
AlKaPeCa orogenic domain that was located along its southern margin, before the later opening of the 
Western Mediterranean basins (e.g., Booth-Rea et  al.,  2005,  2007; Bouillin et  al.,  1986; van Hinsbergen 
et al., 2014). The remains of this metamorphic terrane presently form part of the Alboran domain of the 
Internal Betics-Rif (Al), the Kabylies in the Tell (Ka), and the Calabria-Peloritani terrane in the Calabrian 
arc (PeCa). Most authors propose that the AlKaPeCa orogen had southward tectonic vergence, developed 
in relation to northwestward subduction of the Tethys lithosphere (e.g., Booth-Rea et al., 2005; Chertova 
et al., 2014; Jolivet et al., 2008; van Hinsbergen et al., 2014; Wortel & Spakman, 2000). Initial crustal thick-
ening involved continental rocks of the European margin, producing a thick crustal stack with several su-
perposed nappes of the Malaguide-Alpujarride complexes, presently preserved in the Eastern Betics (Booth-
Rea et al., 2004; Lonergan, 1993). This nappe stack shows southwards vergence in the Betics, after undoing 
paleomagnetic rotations (Lonergan, 1993). Subduction of the oceanic Tethys lithosphere probably did not 
initiate until the Neogene, as evidenced by a Tethyan Flysch Sr-Nd-Pb isotopic signature in the Middle to 
Late Miocene Alboran volcanic arc that is not present in Paleogene volcanic rocks and dikes crosscutting 
the Alpujarride-Malaguide thrust stack (Varas-Reus et al., 2017). There is furthermore no evidence of a 
developed Palaeogene volcanic arc domain related to this thickening event in the Alboran and Kabylian 
domains (e.g., Lustrino et al., 2011).

The Late Cretaceous to Early Eocene hiatus in Mallorca was followed by Eocene continental paralic facies 
that evolve toward a shallow marine transgression in the Middle Eocene (late Lutetian-Bartonian, ≈45–
37 Ma), respectively, represented by the Peguera limestones and S’Envestida grainstones (Martín-Closas 
& Ramos-Guerrero, 2005; Ramos-Guerrero et al., 1989; Figure 2). Continental deposition continued with 
some sedimentary gaps during the Late Eocene to Early Miocene with the deposition of conglomeratic 
wedges, sandstones and lacustrine carbonates of the Cala-Blanca formation that transition to shallow ma-
rine facies toward the SE, between the Priabonian and the Aquitanian (≈37–20.4  Ma, Martín-Closas & 
Ramos-Guerrero, 2005; Ramos-Guerrero et al., 1989). The Cala-Blanca formation has been dated as Oli-
gocene on the basis of rodents (e.g., Adrover et al., 1977) and charophytes (Martín-Closas & Ramos-Guer-
rero, 2005). The top of this mostly continental sequence is probably signaled by Aquitanian marine marls 
(Colom,  1980; Colom & Sacares,  1968; Figure  2). Cala-Blanca conglomeratic wedges, dated as latemost 
Priabonian to Early Rupelian, have likewise been described as filling extensional semigrabens in Menorca 
(≈35–28 Ma, Bourrouilh, 1983; Martín-Closas & Guerrero, 2005; Sabat et al., 2018).

The Alboran orogenic domain, which was probably located South of the BP in the Oligocene, was extended 
in a back-arc setting coeval both to extension in Menorca and deposition of the Cala-Blanca conglomer-
ates, exhuming the subcontinental mantle garnet lherzolite to plagioclase facies conditions (e.g., Balanyá 
et al., 1997; Booth-Rea et al., 2005, 2007; Garrido et al., 2011; Marchesi et al., 2012). Oligocene extension-
al depocenters are also described at the top of the Alboran domain, in the Malaguide complex (Geel & 
Roep, 1998). The Paleogene Malaguide-Alpujarride thrust stack was extended by low-angle normal faults 
and detachments at this time (Booth-Rea et al., 2004; Lonergan & Platt, 1995), concommitant to late Ol-
igocene to Early Miocene tholeiitic dikes in the Malaguide domain (Duggen et  al.,  2004; Torres-Roldán 
et al., 1986), and calc-alkaline high-MgO andesite cumulates (Marchesi et al., 2012), arc-tholeiite gabbros 
(Hidas et al., 2015), and chromitites (González-Jiménez et al., 2017) in the Ronda peridotites. Thick layers 
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of Burdigalian rhyolitic ignimbrites dated at 19 Ma also occur in the Tramuntana Ranges of Mallorca (Marti 
et al., 1992; Mitjavila et al., 1990). This extension—which probably continued up to the Burdigalian—was 
coeval with the Liguro-Provencal basin’s opening toward the NE (Cherchi & Montadert, 1982; Ferrandini 
et al., 2003; Schettino & Turco, 2006; Speranza et al., 2002; Figure 2).

Marine sedimentation began again in the Early Burdigalian, first with unconformable shallow calcirudit-
ic and calcarenitic platform facies of the Sant Elm formation in the Burdigalian (≈20.4–19  Ma, Donoso 
et al., 1982; Fornos et al., 1991; Rodríguez-Perea, 1984), and later followed by deeper marine flysch deposits 
of the Banyalbufar formation in the Burdigalian to Langhian (19–14 Ma, Alvaro et al., 1984; Ramos-Guer-
rero et al., 1989; Rodríguez-Perea, 1984) (Figure 2). The turbiditic marls of the Banyalbufar formation were 
deposited in an unstable foredeep context related to the development of the Mallorca FTB; they evolved 
into a piggy back type setting as the basin was incorporated into the Betic imbricated thrust stack up to the 
Langhian (≈16–14 Ma, Alvaro, 1987; Gelabert, 1998; Ramos-Guerrero et al., 1989; Sabat et al., 2011). At 
this stage, the Valencia Trough behaved as a foredeep basin, with the Betic deformation front lying along 
its southeastern margin (Fontboté et al., 1990; Watts & Torné, 1992). The Banyalbufar turbidites include 
abundant resedimented blocks and olistoliths of Palaeogene, Mesozoic, and Paleozoic rocks, provenant 
from the Mallorca FTB hinterland to the S (Donoso et al., 1982; Moragues et al., 2018; Pomar & Rodríguez-
Perea, 1983). Thus, Mallorca went from being the hinterland of the Alboran and Kabilian orogenic domains 
in the Paleogene, to becoming part of the foreland of the Betic orogen after the Oligocene to Early Miocene 
extensional collapse of the region and its subsequent contractive inversion. Shallow platform calcirudites 
and grainstones in the Randa massif—attributed to the late Burdigalian to Langhian—locally show spaced 
stylolitic cleavage that attests to active shortening in the Llevant Ranges at the time (Gelabert, 1998; Sabat 
et al., 2011). Shortening, mostly SE-NW directed, also occurred at this time in the External Betics, the Ibe-
rian Chain and other intraplate regions of Iberia (Andeweg et al., 1999; Liesa & Simón, 2009; Simón, 1986).

The onset of postorogenic sedimentation is marked by continental deposits in the Serravallian (13.8–
11.6  Ma), represented by alluvial and lacustrine environments where silts, gypsum, gravels, limestones, 
and marls prevail (Figure  2). Three members can be discerned: the Manacor silts and conglomerates, 
the Pina marls, and the Son Verdera limestones (Pomar et al., 1983; Ramos-Guerrero et al., 2000; Ramon 
& Simo,  1986). The sediments show large lateral thickness variations related to their deposition during 
the activity of SW-NE-striking normal faults along the SE border of the Tramuntana ranges (Benedicto 
et al., 1993). Middle-Miocene extensional structures strongly thinned the Early Miocene nappe stack, in two 
orthogonal directions, especially in the Llevant ranges (Moragues et al., 2018). During the Middle Miocene, 
the BP must have formed an archipelago with nearby islands in the Western Mediterranean featuring sim-
ilar insular fauna. For instance, Serravallian continental sediments in the Central Betics have glirid fauna 
resembling that found in Mallorca (Bover et al., 2008; Suarez et al., 1993).

Marine flat lying limestones seal most of Mallorca’s deformation, although they appear to be locally affected 
by SW-NE trending normal faults along the southeastern foothills of the Tramuntana and Llevant ranges 
(Gelabert, 1998; Sabat et al., 2011). Tortonian reefal and Messinian littoral carbonates occur along the coast 
and pass landwards to continental detrital deposits (Pomar et al., 1983). Offshore Mallorca, SW-NE trend-
ing normal faults cut the late Miocene sedimentary sequence, including the Messinian (Driussi, Maillard, 
et al., 2015).

3. Methods
We mapped the southern and central parts of the Llevant ranges in SE Mallorca with special attention 
to the effects of extensional overprinting upon the Early Miocene FTB structure of the island (Figure 3). 
Post-FTB extension has been largely neglected in the tectonic evolution of Mallorca, yet may prove key to 
understanding the structure of this orogenic region presently isolated among sedimentary basins. Its ex-
tension is evidenced by three geological cross-sections of the Llevant ranges (Figure 4). We contrasted pre-
vious maps and geological cross-sections of the region, mostly published in the IGME 1:50,000 geological 
maps (Alvaro-López et al., 1983; Barnolas et al., 1983), or by Casas and Sabat (1987), Freeman et al. (1989), 
Pares et al. (1986), and Sabat et al. (1988). The main faults and basins we observed were compared to re-
sidual gravimetric map for Mallorca (Ayala et al., 1994; IGME, 2003). The previously published residual 
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Figure 3. Geological map of the Llevant Ranges. Red lines and arrows, fault strike and kinematic vectors (red arrows). 
Red numbers, dip angles in tens of degrees. Bedding: our data in black, IGME data in gray (Alvaro-López et al., 1983). 
White dots, location of Figures 5, 6, and 12. White lines, location of cross-sections in Figure 4. Roman numbers indicate 
the tectonic units.
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gravimetric map was obtained from 3,843 gravimetric data (Ayala et al., 1994). A density of 2.6 g/cm3 was 
used for the Bouguer reduction (IGME, 2003). The regional anomaly was calculated using a third-order 
polynomic adjustment. Finally, the residual anomaly we illustrate was obtained through subtraction of the 
regional anomaly from the Bouguer anomaly (Ayala et al., 1994; IGME, 2003).

Fault orientation and kinematics were measured at 90 sites, giving a total of 704 fault measurements (Fig-
ure 7). In sites offering sufficient fault-slip data, a stress inversion analysis was carried out to derive the 
paleo-stress state using a Search Grid method (Etchecopar et al., 1981; Galindo-Zaldívar & González-Lo-
deiro, 1988) and a Gauss paleostress method (T-Tecto 3.0 software; Žalohar & Vrabec, 2007). The first two 
methods, following Bott's equation (Bott, 1959) call for finding the best-fitting tensor, with the minimum 
sum of angular misfits between the predicted theoretical striae and the real striae. Any remaining (non-fit-
ting) faults are automatically used in the Search Grid method by the algorithm to locate other possible 
tensors. In the case of multi-phase stress field determination, the phase number is related to the amount of 
assigned faults in each phase having no chronological meaning. The stress state is given by the orientation 
of the main axis of the stress tensors: maximum (σ1), intermediate (σ2), and minimum (σ3) stress, plus their 
axial ratio (R, (σ2 − σ3)/(σ1 − σ3)). In the Gauss paleostress method, the results agree with Amonton’s Law 
in that they detect the globally highest local maxima for the sum of compatibility functions (angular misfit 
and shear-normal stress ratio) in view of all fault-slip data. Yet only four faults are needed to mathematically 
determine a stress tensor, meaning this solution may not be statistically significant. The minimum number 
of faults required to reliably establish the significance of a given stress tensor solution has been widely dis-
cussed (e.g., Angelier, 1979; Casas et al., 1990; Etchecopar, 1984; Simón, 2019), and tends to range between 
15 and 10 faults, but more in extreme cases (Arlegui & Simón, 1998).

The results obtained with the Search Grid and Etchecopar methods are similar, and consistent with the 
Gauss method results. This fact guarantees the reliability of the obtained results. At any rate, Orife and 
Lisle (2006) describe a method useful to discriminate between significant and non-significant stress tensors 
taking into account the number of faults (n) that define the stress tensor solution and the average misfit 
angle (α, in Table 1). Such a quality criterion cannot be achieved, as these authors affirm, in solutions ob-
tained with fewer than 10 faults. For the above reasons, out of the 56 stress tensor solutions obtained at 33 
stations, we present just 26 significant stress tensors, determined with at least 10 faults in this study. Still, 
although paleostress fields comparable to contemporary stresses may be obtained using the above methods 
(Lacombe, 2012), our results should be interpreted with caution; pitfalls are known to plague the process of 
fault measurement, analysis and interpretation (Hippolyte, et al., 2012; Sperner & Zweigel, 2010).

Figure 4. Cross-sections throughout the Llevant Ranges. Legend and location in Figure 3.
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Our geodynamic reconstruction was carried out by integrating novel field observations and previously pub-
lished Eocene-Middle Miocene geodynamic evolution models of the Western Mediterranean, after Booth-
Rea et al. (2007), Etheve et al. (2016), Haidar et al. (2021), Leprêtre et al. (2018), Romagny et al. (2020), 
van Hinsbergen et al. (2020), and references therein. The framework of our model is constrained by the 
paleogeographic positions and motions of Africa, Iberia and Adria relative to the Eurasian plate, based on 
Handy et al. (2010) and Rosenbaum et al. (2002). The Atlantic and Tethys ocean floor structure is recon-
structed after Sallarès et al. (2011), and the Cenozoic seafloor evolution after Poort et al. (2020). Ages of 
volcanism are compiled from Lustrino et al. (2011), Marti et al. (1992), and Maury et al. (2000). When there 
is magmatic evidence of oceanic subduction—for example, a volcanic arc with tholeiitic or calcoalkaline 
rocks in the orogenic belts—we locate the deformation front at ∼200 km from the volcanics. The position 
of coastlines refers to Jolivet et al.  (2006), including stratigraphic data and continental vertebrate distri-
bution from Azzaroli (1990), Bover et al. (2008), Boukhalfa et al. (2020), Costamagna and Schäfer (2013),  
de la Peña, Ranero, et al. (2020), Martín-Closas and Ramos-Guerrero (2005), Mennecart et al. (2017), and 
Suarez et al. (1993).

Site Longitude Latitude N Phase n σ1 σ2 σ3 R α

SL1 3.210418 39.417993 18 1 12 125/80 343/8 252/6 0.36 7.4

SL2 3.1580792 39.4410548 13 1 10 71/52 170/7 266/37 0.75 11.4

SL3 3.2275809 39.4469889 19 1 13 42/68 140/3 231/22 0.61 12.6

SL7 3.172338 39.396186 17 1 12 73/37 256/53 164/1 0.75 12.7

SL9 3.164206 39.464175 14 1 11 14/74 276/2 186/16 0.49 9.4

SL13 3.186562 39.43308 22 1 16 236/68 144/1 54/22 0.16 11

SL14 3.182084 39.446015 14 1 10 280/55 148/25 46/23 0.73 7.8

SL15 3.191788 39.419328 19 1 13 39/70 200/19 292/6 0.19 14.4

SL16 3.231101 39.447547 19 1 15 338/74 188/14 96/8 0.13 13.5

SL17 3.188088 39.414076 20 1 14 242/57 101/27 2/18 0.19 13.13

SL20 3.2290541 39.5438878 25 1 15 219/68 95/12 9/22 0.29 14.5

SL21 3.242382 39.5401823 29 1 23 351/78 178/11 87/1 0.14 7.8

SL23 3.2109706 39.5236949 13 1 11 63/83 212/6 303/3 0.06 8.3

SL24 3.2443092 39.5817774 33 1 19 289/77 47/6 139/11 0.55 16.1

SL24 3.2443092 39.5817774 33 2 10 260/48 117/36 13/19 0.79 10.3

SL25 3.154895 39.5832976 24 1 16 242/66 101/19 6/14 0.5 12

SL27 3.2497111 39.4799626 25 1 17 226/72 29/17 121/5 0.24 13.8

SL28 3.2524711 39.4932762 21 1 18 48/74 245/15 154/4 0.53 9.3

SL31 3.281447 39.6025116 25 1 15 291/86 172/0 82/4 0.62 15.4

SL33 3.2765473 39.6027547 34 1 25 92/83 342/3 251/7 0.2 15.9

SL34 3.1868972 39.4348498 25 1 13 120/81 311/9 221/2 0.5 8.9

SL34 3.1868972 39.4348498 25 2 10 201/48 57/37 313/18 0.78 9.8

CP_Normal 3.476 39.712 15 1 12 11/80 234/7 143/7 0.2 13.8

CP_Strike-S 3.476 39.712 14 1 10 270/23 144/54 11/26 0.74 11.8

CP_Reverse 3.476 39.712 17 1 14 132/10 42/4 291/79 0.05 13.7

T-1 2.827 39.726 22 1 16 161/71 40/10 307/16 0.77 9.7

Note. Successive columns indicate: Site, station name, and geographical coordinates (longitude and latitude); N, 
number of faults measured in each site; Phase, different stress state of each site. The number of the phase is related to 
the number of assigned faults in each phase without any chronological meaning; n, number of faults used for defining 
each phase; σ1, σ2, and σ3, orientation of principal stress axes; R, stress ratio = (σ2 − σ3)/(σ1 − σ3); α, average misfit 
between theoretical and real striation.

Table 1 
Stress Tensors and Stress Orientation Obtained From Fault Population Analysis by Grid Search Method (Galindo-
Zaldívar & González-Lodeiro, 1988)
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4. Results
4.1. Structure of the Llevant Ranges

We produced a new geological and structural map for the southern and central parts of the Llevant ranges 
(Figure 3). The region features smooth relief determined by the Llevant ranges, surrounded by mostly flat 
domains where Early to Late Miocene sediments occur. The boundaries between the uplifted ranges and 
the sedimentary depocenters are mostly high-angle normal faults, except at the southeastern side of the 
Llevant ranges, where they are overlain unconformably by Tortonian marine calcirudites and grainstones 
(post-orogenic sediments in Figure 3). Two orthogonal systems of high-angle normal faults, trending NW-
SE and NE-SW, cut the Llevant range sedimentary sequence, up to the Serravallian sediments (Figure 3 and 
cross-sections in Figure 4). Thus, geological cross-sections trending both NE-SW and NW-SE across the Lle-
vant ranges (see sections a–a′, b–b′, and c–c′in Figure 4) indicate the presence of horsts and grabens related 
to the two orthogonal extensional systems. Such is the case of the Manacor graben, bounded by a high-angle 
NW-SE striking fault with NE transport along its southern boundary—namely, the Manacor fault—as well 
as by NE-SW trending faults along its eastern boundary. In both cases, the faults separate Triassic dolostones 
in their footwalls from Serravallian alluvial sediments in the respective hangingwalls. In some places the 
high-angle faults also show strike-slip kinematics; for example, the NE-SW trending Felanitx fault, which 
runs parallel to the road between Felanitx and Manacor villages (Figure 3), would have sinistral displace-
ment according to the intersection between the main fault plane and small-scale Riedel faults.

The main horsts in the region are cored by the remains of at least four nappes of the Early Miocene thrust 
stack, numbered I–IV, from bottom to top (Figure 3). Each nappe is represented from top to bottom by an 
incomplete lithological sequence of Triassic dolostones to Early Miocene calcarenites of the Sant Elm for-
mation. Meanwhile, Nappe III includes Burdigalian turbidites of the Banyalbufar formation together with 
Late Burdigalian to Langhian platform grainstones and calcirudites. The Early Miocene sediments of Nappe 
III are also locally overthrusted by Triassic dolostones (Figures 3 and 4). The deepest nappe (I) crops out to 
the S-SE of Manacor. It shows several moderately inclined SW-vergent folds with WNW-ESE oriented axes 
and intersection lineations, the anticline at the core of the nappe being cut by a retro-NE-transport reverse 
fault (stereoplot b in Figure 3, cross-section in Figures 4b and 4b′). This nappe, which includes a continu-
ous stratigraphic section from Triassic dolostones to Cretaceous marls, is bounded to the W and above by 
a LANF with SW-directed transport. Small Triassic dolomitic extensional horses occur along the LANF 
surface, between Cretaceous marls (below) and Middle Jurassic marls and limestones (above), resulting 
from the thinning of a previous overlying nappe (Figure 5a). The Triassic dolostones are strongly commi-
nuted and cut by low-angle faults with SW-directed transport (Figures 4b, 4b′, and 5a). To the W of Felan-
itx, the hangingwall of the above LANF forms the largest Triassic outcrops of Nappe II, showing a ramp 
geometry including Triassic dolostones and overlying Jurassic limestones tilted over the Cretaceous marls 

Figure 5. Extensional structures reworking the contacts between Nappe I and II in the Llevant ranges. (a) Outcrop of Triassic dolostones of Nappe II strongly 
brecciated by SW-directed LANFs. This small outcrop is located between Middle Jurassic limestones above and Cretaceous marls of Nappe I below, in a position 
like a, in Figure 5b. (b) Panoramic view of a low-angle normal fault cutting through Jurassic limestones of Nappe II that detaches over Cretaceous marls of the 
underlying Nappe I. The inset indicated as (a) represents the approximate structural position of the cataclastic breccias shown in (a).
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of the underlying nappe I (Figure 5b). Listric normal faults cut through the Jurassic and root in the LANF 
(Figures 3, 4b, 4b′, and 5b). To the Northeast, Nappe I is bounded by the Manacor NE-transport high-angle 
normal fault that shows Serravallian alluvial sediments and Cretaceous marls in its hangingwall.

Nappe II is cut by a SW-transport high-angle normal fault to the South of Felanitx, and toward the SW it 
appears again in several tectonic windows, at the footwall of SW-transport LANFs. One of these LANFs 
cuts through Nappe II, erasing its Jurassic sequence; Triassic dolostones can be found in its footwall, and 
Cretaceous to Eocene sediments in the hangingwall. Nappe III is formed by Triassic dolostones, Jurassic 
marly limestones, and unconformably overlying Early Miocene calcirudites and grainstones of the Sant Elm 
unit. It crops out extensively toward the SW of the region mapped in Figure 3. Gently plunging, moderately 
inclined folds in Nappe III show mostly N-S to NW-SE oriented axes, and westward to southwestward ver-
gence near Salvador mountain and Felanitx, respectively (stereoplots a and c, Figure 3). Finally, nappe IV is 
represented by a small outcrop of Triassic dolostones overthrusting Early Miocene calcirudites of the Sant 
Elm formation at the top of the nappe pile, in Salvador Mountain by Felanitx (see cross-section b, Figure 4). 
Both Nappes III and IV locally preserve their original thrust surface, with westward directed transport in 
Salvador Mountain to the SE of Felanitx.

4.2. Fault Kinematics and Paleostress Analysis

The thrust planes related to Mallorca FTB development and the nappes they bound are pervasively over-
printed by extensional brittle shear planes, especially in the most pelitic lithologies, that is, the Cretaceous 
and late Jurassic pelagic marl (Figures 6a–6c). More competent lithologies, such as Triassic dolostone, are 
strongly faulted and brecciated (Figures 6c and 6d). Slicken lines along normal fault planes mark variable 
directions of transport, though mostly NE-SW and NW-SE directed (Figures 3, 4, and 7). Geometric and kin-
ematic analysis of fault contacts between lithological units in the Llevant Ranges suggest that the Mallorca 
FTB was strongly thinned and extended in two orthogonal directions after the Early Miocene thrusting 
phase, yet preserving the previously established nappe superposition (Moragues et al., 2018; and in a wider 
region in Figure 7). These faults produce stratigraphic omissions along their contacts toward the direction 
of transport. In many cases, the different rock bodies in the Llevant ranges are bounded entirely by LAN-
Fs, forming extensional horses at different scales. A careful analysis of the low-angle brittle fault surfaces 
shows that they cut down into the structural pile in the direction of transport, which attests to their exten-
sional nature (Figures 4 and 6d). Several contacts previously interpreted as stratigraphical are moreover 
reworked by LANFs (Figures 3 and 4).

Most of the fault measurement stations clearly evidence NE-SW directed extension, marked in the pale-
ostress results by a subvertical σ1 and subhorizontal NE-SW oriented σ3, according to the Search Grid, 
Etchecopar, and Gauss paleostress determinations. This extension is especially prominent in the stations 
measured to the SW of the mapped region (fault stations 3, 5, 7, 9, 17, and 34 in Figure 7). The shape of 
the stress ellipsoid for the NE-SW extension varies, but can often be defined by intermediate to high axial 
ratio values (R ≥ 0.3)—for example in stations 3, 7, 14, and 34, indicating equalaxial (R = 0.3–0.6) to oblate 
(R ≥ 0.6) shapes. Two of these fault measurement stations reveal a second paleostress field when using the 
Search Grid method, mostly indicating NW-SE-directed extension, transverse to the previous one (stations 
24 and 34). At station 7 we harvest different results from the Gauss and Search Grid methods, respectively 
giving NE-SW and NW-SE main horizontal extension. However, this apparent incongruency is due to the 
fact that the Grid Search method defined two different stress fields with NW-SE and NE-SW extension, 
but one comprised only seven faults, hence not shown. Several stations giving a well-determined NE-SW 
extensional stress field also yielded a second NW-SE extensional stress field defined by fewer than 10 faults. 
Station 23 has radial extension with a very low R value: 0.06 with a subvertical σ1. A similar pattern of ex-
tension can be observed in the region of Manacor, to the N of the mapped region, where stations 20–22, 24, 
and 31–33 show a phase of NE-SW extension that likewise reflects mostly equalaxial to oblate paleostress 
fields, whereas stations 21 and 33 show a prolate shape. NE-SW extension is further made manifest by 
normal faults measured in tilted Serravallian sediments of the Manacor basin at station 29, and along in-
dividual faults bounding these sediments. Faults measured in tilted Langhian sediments (station 30) can 
be interpreted as belonging to two orthogonal NW-SE and SW-NE fault sets, although the striae are not 
well preserved in these faults, impeding their paleostress analysis. Some of the fault measurement stations 
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Figure 6. Extensional structures affecting the Mallorca FTB stack in the Llevant ranges. (a) Brittle extensional shear zone with NE-directed transport 
developed in Jurassic marls. (b) Extensional shear zone between Jurassic marls and Triassic dolostone cut by later SW-directed normal faults. (c) Extensional 
structures cutting through Triassic dolostone in a quarry nearby Manacor. (d) Low-angle normal fault system cutting through folded Middle Jurassic limestones 
and marls, later cut by high-angle normal faults with ENE-directed transport. Photo locations in Figure 3.
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Figure 7. Fault measurement stations with paleostress results obtained through the Search Grid (SGM; Galindo-Zaldívar & González-Lodeiro, 1988) and 
Gauss paleostress methods (GM; Žalohar & Vrabec, 2007). Stereoplots being of equal area, lower hemisphere projections show faults with arrows indicating 
slip vectors and stress tensor results, main axes (square) and axial ratios (R, (σ2 − σ3)/(σ1 − σ3)) for different stress phases (P1–P2). Also, the main sigma three 
orientations are shown with black (GM), red (SGM), and white arrows (probable extension assumed from field measured kinematic criteria). The location of 
paleostress analysis stations and numerical results are presented in Table 1. N represents the number of faults, the first number, those used to determine the 
stress field; the second, for the number of faults measured in the field. If only one number is given, it represents measured faults in stations without sufficient 
data to determine a significant paleostress tensor.



Tectonics

MORAGUES ET AL.

10.1029/2021TC006868

15 of 41

indicate NE-SW extension (stations 20, 22, 24, 32, and 33). NW-SE extension is the dominant paleostress 
result obtained along the eastern side of the mapped region, for instance, at stations 16 and 26–28, and at 
stations 15 and 36 elsewhere. In a few fault stations the main extensional phase tended to be more N-S, as 
in paleostress stereoplots 9 and 25 (Figure 7).

4.3. Gravity Anomalies and the Extensional Structure of Mallorca

At the scale of Mallorca Island, larger grabens are evident in the regional gravity anomaly map. They pro-
duce negative anomalies that coincide with Serravallian sedimentary outcrops in the Inca, Sa Pobla, Mari-
neta, Manacor, Campos, and Palma basins (Figure 8). The larger grabens show either NW-SE or NE-SW 
elongation and are offset laterally by NE-SW-oriented lineaments that coincide in most cases with NE-SW 
strike-slip faults, for example, the dextral Orient and Sant Joan faults (Booth-Rea et al., 2016) and the sinis-
tral Sencelles (Mas et al., 2014) or Felanitx-Manacor faults (Figure 8). These strike-slip faults offset NW-SE 
oriented normal faults bounding the main sedimentary depocenters, as the Santa Margalida fault in the 
Marineta basin (Ramos-Guerrero et al., 2000), the Randa fault in the Central Ranges (Anglada-Guajardo 

Figure 8. Residual gravity anomaly map of Mallorca (modified from Ayala et al., 1994; IGME, 2003) with main faults and Middle Miocene basins coincident 
with negative gravity anomalies.
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& Serra-Kiel, 1986), and the Manacor fault in the Llevant Ranges. We infer other possible NW-SE faults 
bounding the Inca, Campos and Palma basins, marked by segmented lines in Figure 8. In other cases, the 
lineaments may correspond to NE-SW oriented normal faults along the SE margin of the Llevant Ranges 
(Sabat et al., 2011), which could partially affect the Tortonian sediments, even though they seal extensional 
structures overall (Figure 3).

The grabens that coincided with topographic lows in the region show both NW-SE and SW-NE orientation, 
bounded by normal faults with these orientations. Following a general pattern, the normal faults bounding 
the grabens produce extension in two orthogonal directions (Figures 3 and 8). A large NE-SW elongated 
negative gravity anomaly occurs parallel to the Southeastern coast of Mallorca (Figure 8), which probably 
marks an important sedimentary depocenter determined by NE-SW trending faults such as the Southeast 
boundary Fault, probably active up to the Late Miocene, as observed offshore (Driussi, Maillard, et al., 2015).

4.4. Cenozoic Extensional Structures Deformed by Early Miocene Thrusting

Stratigraphic studies in Mallorca suggest that Oligocene to Aquitanian (≈29–23 Ma) continental deposits 
of the Cala Blanca Formation were coeval to extensional faulting (Martín-Closas & Ramos-Guerrero, 2005; 
Ramos-Guerrero et al., 1989, 2000). Notwithstanding, Paleogene extensional structures that formed before 
nappe tectonics in Mallorca have not been identified up to date. Here, we describe two well-preserved out-
crops from the Northeastern Llevant Ranges and Tramuntana Range that serve to demonstrate the syn-ex-
tensional nature of these deposits.

The Capdepera semigraben is preserved Northeast of Mallorca (Figures 1b and 9). The semigraben struc-
ture is filled by a continental carbonate breccia body with a wedge geometry that shows an internal fan-
shape progressive unconformity, where the breccias dip between 55° and 15° toward the SE (N150°E; Fig-
ures 9, 10a, and 10b).

The breccia is formed by angular fragments of mostly Jurassic limestone and Triassic dolostone (Bour-
rouilh, 1983). It is affected by high-angle normal faults with meter-scale spacing. In some cases, these faults 
are defined by clastic dikes, formed by soft-sediment deformation during faulting (Figure 10c), frequently 
permeated by a tar matrix. At the base of the wedge, the breccia is separated from underlying Jurassic 
limestones by a low-angle normal fault with NW-directed transport (the Capedera LANF; Figure 10d). This 
LANF presently dips ∼10° toward the SE in its northern outcrops, where it occurs in the hangingwall of a 
normal fault that eventually cuts it. In turn, it dips gently toward the SW on the footwall, to the Southeast 
(Figures 9 and 10e). The transport sense is defined by several kinematic criteria including the offset of sed-
imentary bedding, rotation of older bedding layers, and orientation of Riedel faults (see stereoplot a in Fig-
ure 9). Some of the normal faults cutting the breccia detach along this low-angle fault surface (Figure 10d). 
The Capdepera LANF is cut and displaced by other high-angle normal faults that cut through the breccia 
wedge, so that the breccia shows changes in facies and thickness, with finer grained clastics and thicker 
deposits over the hangingwall (Figures 9 and 10e). These faults are also permeated by black hydrocarbons. 
All the above extensional structures show NW-directed tectonic transport (Figures 9a and 10b–10e).

The southern boundary of the breccia wedge is a subvertical fault zone that separates Triassic dolostones 
to the south from Jurassic limestones and the overlying Oligocene breccia to the north (Figure 10f). This 
fault zone shows complex kinematics with two different sets of striae. The older set shows down-dip normal 
displacement marked by striations and grooves. Meanwhile, the footwall of the fault is affected by pervasive 
steeply SE-dipping faults with NW-directed reverse kinematics marked by stepped calcite fibers. In the 
proximity of the main bounding fault, the breccia shows a subvertical, SE-dipping spaced and anastomosed 
stylolithic cleavage (Figure 11a). The stress field determined using calcite stepped fibers from the thrust 
planes indicates a prolate NW-SE compressional ellipsoid in Capdepera (steroplot b in Figure 9). Finally, 
the fault surface has late horizontal slickenlines indicating dextral strike-slip kinematics (stereoplot c in 
Figure 9). This small outcrop is preserved between, and cut by, three strike-slip faults: a sinistral NW-SE 
striking one, plus two younger dextral NE-SW ones that also offset the sinistral fault (Figures 9 and 11b). 
The stress field determined from the latter strike-slip faults that crosscut the Capdepera graben gives an 
oblate transcurrent stress field having a main WSW-ENE-directed horizontal shortening axis (stereoplot c 
in Figure 9).
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The Oligocene Cala-Blanca conglomerates mapped in the 1:50,000 MAGNA maps of Soller and Inca (Ol-
mo-Zamora et al., 1981, 1982) in the Tramuntana ranges show further strong evidence of being deposited 
during activity of NW-directed listric low-angle normal faults. In several cases—for example, in Penya de 
sa Bastida in Alaro, in Biniarroi and to the W of Lloseta (red stars in Figure 1b)—the Cala-Blanca con-
glomerates appear detached over Cretaceous marls across a low-angle fault with NW-directed transport. 
The Cretaceous marls show penetrative deformation by C′-type shear bands, thus indicating NW to WNW 
hangingwall transport. The Cala-Blanca conglomerates are also strongly faulted by high-angle normal 
faults, mostly antithetic to the underlying LANF. Furthermore, some of the faults are defined by clastic 
dikes indicating soft sediment deformation.

Oligocene extension is likewise evident in Solleric, to the East of Orient (location in Figure 1b). Here, the 
Cala-Blanca conglomerates outcrop forms a 2 km long NE-SW oriented ridge that is imbricated between 

Figure 9. Structural map of the Capdepera Oligocene semigraben. Stereoplots of equal area; lower hemisphere 
projections show faults with arrows indicating slip vectors. Streoplot of paleostress results sorted by fault kinematics, 
axis (square), and axial ratio of each phase (R, (σ2 − σ3)/(σ1 − σ3)) of stress tensors. σ1 and σ2 axes are shown with 
black (GM), red (SGM), and white (kinematic criteria) arrows. White dots, location of photos in Figures 10 and 11. The 
Capdepera LANF with NW transport is depicted in red.
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two WNW-directed reverse faults. The underlying one overthrusting the Oligocene conglomerates and their 
underlying Jurassic basement, upon Cretaceous marls. Meanwhile, the Oligocene Solleric ridge is over-
thrusted by Triassic dolostones and overlying Liassic limestones (Figure 11c).

The Cala-Blanca conglomerates dip mostly 50°–60° toward the SE (stereoplot in Figure 11d), although the 
dip-angle decreases at the top of the section, marking an internal angular unconformity. The basal contact 
is a LANF separating Oligocene conglomerates in the hangingwall from underlying Cretaceous and Jurassic 
marls and marly-limestones. The LANF dips gently toward the NE; slicken-lines indicate transport toward 
N310°E (see fault kinematic data after rotating to undo bedding tilt, Figure 11e). Toward the NW the fault 
steps down into Early Jurassic platform limestones (Figure 11c). Lenses of Cretaceous marls bounded by 
low-angle faults occur between the Oligocene conclomerates and the underlying Jurassic sequence. The 
Cala-Blanca conglomerates are intensly faulted by normal faults that root into the underlying LANF (Fig-
ures 11b and 11f); within the conglomeratic sequence they display a complex deformation history, with 
tilted conjugate sets of faults where the normal fault synthetic to the main underlying LANF dips 20° to 
the NW, whereas the antithetic fault tilts 80° toward the SE (Figures 11d and 11g). These tilted conjugate 
faults are moreover cut by posterior sets of untilted faults. Pre-diagenetic extensional deformation in these 
conglomerates is also evident, with the presence of clastic dikes indicating WNW-ESE directed extension. 
The paleostress field determined from small-scale faults that cut the Oligocene breccias in the Solleric ridge 
shows an oblate shape ellipsoid (R = 0.77) giving NW-SE extension, though the normal faults measured in 
Capdepera give a prolate (R = 0.20) NW-SE extensional stress field (Figures 11e and 9a, respectively).

The Solleric ridge is cored by Liassic limestones that define an open NE-SW trending anticline which, in 
turn, folds the overlying LANF and Middle Jurassic to Oligocene sedimentary sequence. In the southeastern 
limb of the anticline, the normal faults cutting the Oligocene conglomerates are further rotated, so that both 
conjugate fault sets appear as reverse faults dipping gently toward the SE and NW, while the bedding of the 
Cala-Blanca conglomerates and underlying middle Jurasic marls dips 70° toward the SE.

4.5. Age of Post-Nappe Extension

Deformation related to the development of the Mallorca FTB reaches up to the Late Burdigalian-Langhian 
calcirudites of the Randa formation (Donoso et al., 1982; Pomar & Rodríguez-Perea, 1983) marked by a 
spaced stylolithic cleavage in the Mallorca Central Ranges, imbricated in the thrust stack in the Tramun-
tana Range (Gelabert, 1998). Concerning extension, both systems of normal faults producing NE-SW and 
NW-SE-directed extension affect Serravallian sediments in the mapped region of the Llevant Ranges (Fig-
ures 3 and 7). See for example fault kinematic stations 29 and 30, respectively, measured on Serravallian 
and Langhian sediments, and photos of the sediments tilted by these normal faults in Figures 12a and 12b. 
Furthermore, the main boundaries of the basins hosting these sediments are defined by normal faults of the 
two orthogonal extensional systems that cut Serravallian sediments (see kinematic arrows on faults bound-
ing the sediments in Figure 3, cross-sections in Figure 4, and photos of the Manacor quarry in Figure 12c). 
A number of Serravallian outcrops moreover show progressive unconformities where the alluvial sediments 
have decreasing dip up-sequence from 40° to 0°. Thus, the infilling of the Manacor basin can be charac-
terized by wedge-shaped Serravallian sedimentary syn-rift bodies (cross-sections in Figure 4). This feature 
is also evidenced by the strong thickness changes manifested by Serravallian sediments in the Mallorca 
basins, observed as lows in the gravity anomaly map of Figure 5 and pointed out by previous authors in 
the Margalida and Inca basins, where this sequence reaches a thickness of 1,000 m in the later (Benedicto 
et al., 1993; Ramos-Guerrero et al., 2000).

Most of the LANFs mapped in the Llevant Ranges—and in the main extensional fabrics general—that thin 
the region show NE-SW kinematics (Figure 7). These LANFs are frequently cut by later listric higher-angle 

Figure 10. Oligocene extensional structures in the inverted Capdepera semigraben. (a) Panoramic view of the Capdepera Oligocene semigraben. Notice 
progressive unconformity developed in the Oligocene breccia wedge (b). Interpretation of the structure of the Capdepera semigraben. (c) Small-scale normal 
fault cutting through the Capdepera Oligocene breccia, marked by the development of a clastic dike. (d) Detachment at the base of the Capdepera graben, 
between Oligocene breccia in the hangingwall and Triassic dolostone in the footwall. Notice small Riedel faults rooting into the detachment. (e) High-angle 
normal fault that cuts through the Capdepera detachment, permeated by a black tar matrix. (f) Main high-angle fault bounding the Capdepera semigraben, 
inverted as a reverse and later dextral strike-slip fault. Note strongly sheared Jurassic pelagic marls with abundant shear criteria and calcite veins.
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faults with the same kinematics as bounding the Serravallian basins. In turn, normal faults producing NW-
SE extension are generally high-angle structures that cut the previous extensional system. Hence we infer 
a clearly crosscutting relationship, indicating that NW-SE extension occurred after NE-SW extension. Both 
systems of normal faults appear to be sealed by late Miocene limestones along the SE border of the Llevant 
Ranges (Figure 3).

Figure 11. Foto-panel showing Miocene structures in Capdepera, and Oligocene ones at Solleric in Tramuntana. (a) Spaced stylolithic cleavage affecting the 
Capdepera Oligocene breccia. (b) NE-SW dextral and NW-SE sinistral strike-slip faults cutting the Capdepera semigraben. Notice subvertical fold affecting 
Jurassic marls within the sinistral fault zone. (c) Google Earth 3D view of the Oligocene Solleric ridge in the Tramuntana ranges. Notice the LANF (white) cut 
by later thrusts in orange. The Oligocene beds are strongly tilted and cut by normal faults that root in the LANF, which cuts down toward the NW into Early 
Jurassic limestones. (d) Stereographic projection of faults and striae affecting Oligocene conglomerates. (e) Same data as in (d), rotated to flatten bedding in 
Oligocene conglomerates. Note two conjugate sets of normal faults producing NW-SE extension. Paleostress legend in Figure 7 (f) Oligocene Cala Blanca 
breccias cut by a conjugate set of normal faults that are tilted toward the SE. (g) Basal contact of the Solleric Oligocene conglomerate tilted over a LANF that 
cuts an older fault surface. Both with NW-directed transport.

Figure 12. Early and Middle Miocene sediments from the Manacor basin cut by post-FTB extensional faults. (a) Late Burdigalian to Langhian calcirudites 
cut and tilted by the activity of Serravallian normal faults with NE-directed transport from the locality were fault station 30 in Figure 7 was measured. (b) 
Serravallian syn-rift sediments in the same road cut as c, also tilted and cut by normal faults (where fault measurement station 29 was obtained). (c) NE-directed 
normal fault between Triassic dolostone and Serravallian conglomerates and silts at the southern border of the Manacor depocenter. The photograph locations 
are shown in Figure 3.
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5. Discussion
Most authors have interpreted that the structure of the Llevant ranges was chiefly controlled by the Early 
Miocene thrusting and growth of the Mallorca FTB, where all tectonic contacts are interpreted as thrusts 
or lateral ramps of the thrust system. This resulted in the imbrication of up to seven nappes formed by Tri-
assic to Early Miocene sediments (Casas & Sabat, 1987; Parés et al., 1986; Sabat et al., 1988). Related to this 
shortening, the rocks in the Llevant and Tramuntana ranges folded, locally showing a spaced anastomosed 
stylolitic cleavage. The folds and related kinematic structures, for example, calcite fibers growing on the 
folded bedding, show variable orientation among different localities, indicating reverse WNW- to W-di-
rected displacement (Casas & Sabat, 1987; Gelabert et al., 1992). Our data also indicate variable directions 
of shortening, with SW-directed vergence in the deeper Nappe I south of Manacor (stereoplot b with NW-
SE oriented fold axes and intersection lineation in Figure 3) and westward to southwestward vergence in 
Nappe III, in localities near Felanitx (stereoplots a and c in Figure 3).

Nonetheless, our main finding is that Mallorca underwent two Tertiary extensional phases before and after 
the development of its FTB during the Early Miocene. The first phase of extension occurred in the Oligo-
cene (29–23 Ma) during the deposition of the Cala Blanca alluvial conglomerates; the second during the 
Middle Miocene (14–11 Ma). The latter extensional phase preserved the lithological repetitions established 
during the Mallorca FTB development, but only very rarely are the original thrust surfaces preserved, hav-
ing been cut or reworked by the subsequent extensional fault system (Figure 3 and cross-sections in Fig-
ure 4). LANF with flat and ramp geometry developed in the wake of heterogeneous stratigraphic rheology 
owing to the crustal stack of the Mallorca FTB, where weak pelagic marls alternate with stronger dolostone 
and limestone lithologies (Figure 6d). Extensional tectonics were polyphasic, with main faults cutting older 
LANF, partly sealed by Serravallian syn-tectonic sediments. It is noteworthy that the LANF cut down into 
the structural pile, producing omission in the direction of transport (Figure 4b and 4b′). Here we integrate 
the newly observed extensional phases into the previously established Early Miocene FTB framework of 
development in Mallorca; they are furthermore included in a revised geodynamic evolution for the Western 
Mediterranean covering the period from the Eocene to the Middle Miocene (Figures 13–16).

5.1. Eocene Tectonic Setting for the BP

Our analysis of the geodynamic evolution of the BP and the Western Mediterranean stems from the Eo-
cene (Figure 13). Eocene continental and shallow marine sediments seal a period of topographic develop-
ment and erosion in Mallorca reportedly related to Palaeogene shortening that affected diverse mountain 
belts of the western Mediterranean, including the Pyrenees, the Iberian Chain, the Catalan Coastal Rang-
es, the Atlas, and the AlKaPeKa orogen (e.g., Azañón et al., 1997; Balanyá et al., 1997; Bouillin et al., 1986; 
Guimerà et al., 2004; Ramos-Guerrero et al., 1989; van Hinsbergen et al., 2014; Verges et al., 2002; Fig-
ure 2). Based on published data—mostly from the Alboran domain in the Betics—we propose that the BP 
formed the hinterland of the Alboran and Kabilyan (AlKa) domains of the Paleogene AlKaPeKa orogen 
(Figure 13). Remains of the AlKa orogen segment are now represented by the Alpujarride-Malaguide and 
Sebtide-Ghomaride thrust stacks in the Betics and Rif, formed by continental rocks compatible with a 
North Iberian Massif origin, according to detrital zircon age populations; thus they would correspond to 
the nearby Paleozoic sequence of Menorca and the Catalan Coastal Ranges (Azdimousa, Jabaloy-Sánchez, 
Talavera, et al., 2019; Jabaloy-Sánchez et al., 2021; Martínez et al., 2016). The lower plate of this continen-
tal subduction system was represented by the Alpujarride-Sebtide complex, which underwent HP/LT met-
amorphism (e.g., Azañón et al., 1997; Booth-Rea et al., 2002; Goffé et al., 1989) dated as Paleocene-Eocene 
based on Ar/Ar in phengite (Bessière et al., 2021; Marrone et al., 2020, 2021; Platt et al., 2005). The Ronda 
peridotite represents the subcontinental lithospheric section of the Alpujarride, and probably reached 
its primary conditions recorded in garnet lherzolite facies under 2.4–2.7 GPa and 1020°C–1100°C at this 
time (Garrido et al., 2011; Figure 13). Subduction of the East Ligurian Tethys would not yet have initiated 
in the AlKa domain, considering the absence of Eocene arc volcanics in the Betics-Rif and Tell orogenic 
belts, although they do occur in Sardinia, corresponding to the PeCa orogenic segment of AlKaPeKa (e.g., 
Lustrino et al., 2011; Figure 13).
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Figure 13. Geodynamic reconstruction of the Western Mediterranean for the late Eocene (34 Ma) and lithospheric-scale cross-section across the Balearic 
promontory and the continental AlKa orogen. Abbreviations in the map: Al, Alborán domain; Ka, Kabylia; Pe, Peloritan domain; Ca, Calabria; NF, Nevado-
Filábrides; GK, Grande Kabylie; PK, Petite Kabylie. Abbreviations in the legend: OCT, ocean-continent transition; C/E, compressive/extensional active tectonics; 
Eu/Af, European/African origin of the lithosphere; Cz/Mz, Cenozoic/Mesozoic age of the seafloor and ocean floor, respectively. The Africa plate motion and 
the paleo-position of the city of Tunis are shown after Handy et al. (2010) in each stage. Ronda peridotite location from Booth-Rea et al. (2005) and Garrido 
et al. (2011). See Section 3 for further details on the reconstruction.

Figure 14. Geodynamic reconstruction for the Western Mediterranean in the Late Oligocene to Early Miocene (25–23 Ma). Ronda peridotite location from 
Booth-Rea et al. (2005) and Garrido et al. (2011). Legend in Figure 13.
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5.2. Oligocene Extensional Detachments and Grabens

The Oligocene is represented in Mallorca by the Cala Blanca conglomerates. They are stratigraphically 
dated, using charophytes and rodents, as Chattian to Aquitanian (e.g., Adrover et al., 1977; Martín-Closas 
& Ramos-Guerrero, 2005). The breccias in Capdepera have not been dated directly. However, because these 
breccias share the same facies of the Cala Blanca formation, and are affected by spaced stylolitic cleavage 
as well as cut by meter-scale reverse faults related to the Early Miocene thrusting, they are necessarily older 
than the Mallorca FTB. The extensional system observed in Capdepera indicates a process of sequential 
extension, the development of LANF systems with NW-directed hangingwall transport being cut by poste-
rior high-angle normal faults (Figures 9 and 10b). Such extensional geometry is typical of highly extended 
terrains (Booth-Rea et al., 2004; Martínez-Martínez et al., 2002; Serck et al., 2020). Moreover, the Solleric 

Figure 15. Geodynamic reconstruction for the Western Mediterranean in the Early Miocene (18–16 Ma). Ronda peridotite location from Booth-Rea 
et al. (2005) and Garrido et al. (2011). Legend in Figure 13.
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Ridge in the Tramuntana Ranges forms a large Oligocene extensional block tilted ∼50° and detached over a 
LANF that cuts down into the Early Jurassic sequence, with its NW-directed hangingwall transport.

The internal unconformity within the Oligocene conglomerates and evidence of pre-diagenetic deforma-
tion in the rocks suggests they were deposited coeval to the extensional deformation, which clearly pre-dat-
ed the Mallorca FTB. Sequential extension tilting older faults and later folding made older LANFs appear 
to be thrusts, with upward hangingwall displacement (e.g., the Capdepera and Solleric LANFs, Figures 10d 
and 11g). Further outcrops in the Tramuntana ranges involve low-angle normal faults with northwestward 
transport, affecting the Oligocene and underlying Mesozoic sequence, then cut by later thrusts (red stars 
in Figure 2b). Hence, kinematic data and paleostress fields derived from these fault systems in Capdepera 
and Solleric (Figures 9a and 11e) support a phase of NW-SE directed extension in Mallorca during the Ol-
igocene. The Oligocene northwards extension probably pre-dates half-grabens and low-angle detachments 

Figure 16. Geodynamic reconstruction of the Western Mediterranean region for the Middle Miocene time period. Legend in Figure 13.
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in Menorca, dated around 35–28 Ma (Martín-Closas & Ramos-Guerrero, 2005; Sabat et al., 2018), and Ibiza 
(Etheve et al., 2016), overlapping the opening of the Liguro-Provencal basin (Cherchi & Montadert, 1982; 
Ferrandini et al., 2003; Rehault et al., 1984; Schettino & Turco, 2006; Speranza et al., 2002). We did not ana-
lyze the potential role of older Mesozoic extension identified in the Valencia Trough and Catalan Coastal 
Ranges (Etheve et al., 2018; Marín et al., 2021), most likely taking place in Mallorca under similar kinemat-
ics as in the Oligocene.

Oligocene to Early Miocene extension has been described at different lithospheric depths in the part of 
the Alboran domain that now crops out in the Internal Betics, for example in the Ronda subcontinental 
peridotite sequence (Bessière et al., 2021; Booth-Rea et al., 2005; Garrido et al., 2011; Precigout et al., 2013); 
or at shallower crustal depths, with low-angle normal faults and detachments denudating the Paleogene 
Alpujarride-Sebtide-Malaguide thrust stack (Booth-Rea et al., 2004, 2005; Lonergan & Platt, 1995; Marrone 
et al., 2021). This extension affected the AlKa segment of the AlKaPeKa orogenic domain, formed during 
the Late Cretaceous to Palaeogene, whose hinterland is expressed as the BP (Figure 13). Late Oligocene ex-
tension, around 25 Ma, is likewise described in the Kabylies (Saadallah & Caby, 1996). Furthermore, Eocene 
to Aquitanian (40–23 Ma) depleted gabbros are described in the Kabylies, having formed either backarc 
or forearc oceanic crust of a proto-Algerian basin (Abbassene et al., 2016; Chazot et al., 2017; Fernandez 
et al., 2020). Such Oligocene extension in a back-arc type setting is described for the entire Mediterranean 
realm, and attributed to a decrease in absolute northward motion of Africa triggered by the Africa/Ara-
bia-Eurasia collision that slowed down Africa (Jolivet & Faccenna, 2000).

In sum, our work supports a generalized extensional suprasubduction setting for the late Oligocene in the 
Western Mediterranean (Figure 14), a panorama that could explain contradictory hypotheses for the devel-
opment, for example, of the Valencia trough, where both Mesozoic and Tertiary extensional phases have 
been proposed (Etheve et al., 2018; Roca & Guimerà, 1992).

5.3. Early Miocene FTB Development

Shortening and tectonic inversion followed in the Early Miocene. For instance, the main high-angle normal 
faults bounding the Capdepera graben were inverted, as attested by a second family of slicken lines defined 
by calcite fibers, thus indicating NW-directed reverse kinematics, a related spaced cleavage, and small-scale 
reverse faults (stereoplot 9b and Figures 10f and 11a). Furthermore, the Oligocene extensional structures 
are cut by thrusts and folded in the Tramuntana range and Capdepera (Figures 9, 10f, 11a, and 11c).

Shortening structures measured in this work show variable orientations with fold vergence and thrust 
transport toward the NW to SW (stereoplots in Figures 3 and 9b). However, the significance of this var-
iability in the orientation of kinematic data is not clear. Paleomagnetic rotations in the Llevant and Tra-
muntana Range affecting folded structures with orthogonal strikes, respectively, NW-SE and SW-NE, give 
similar values of 40° clockwise rotation, suggesting that these structures formed originally at 90° (Freeman 
et al., 1989). Other paleomagnetic results from Mallorca indicate variable amounts of both clockwise and 
anticlockwise rotations affecting Early Miocene sediments and volcanics, interpreted to have occurred in 
the Early Miocene thrusting phase and during later extension (Parés & Roca, 1996). Therefore, new paleo-
magnetic data—for example, from the application of fold tests and sampling the whole Cenozoic sedimen-
tary sequence—are probably necessary before we can secure a clear idea of the original orientation of the 
Mallorca FTB and earlier structures. At any rate, the existence of folds trending orthogonally between the 
Tramuntana and Llevant ranges could reflect the original curvature of the Betic-Rif arc during the Early 
Miocene.

The Mallorca FTB is interpreted to have formed between the Late Oligocene and the Langhian (e.g., Ge-
labert, 1998; Sabat et al., 2011), though we find that most nappes in the Llevant ranges have the Sant Elm 
formation at the top, dated as Burdigalian (Rodríguez-Perea, 1984). Early Miocene rhyolites of the Puig de 
l’Ofre, dated by K-Ar on sanidine phenocrystals at 19 Ma, along with Langhian sediments, are imbricated 
in the thrust stack at the Tramuntana Range (Marti et al., 1992; Mitjavila et al., 1990). Accordingly, the 
main FTB building phase would have been shorter in duration, between the Burdigalian and the Langhian 
(19–14 Ma; Figures 2 and 15). This timing and its WNW- to NW-directed kinematics coincide with the main 
deformation phase in the External Betics and the Flysch Trough accretionary wedge, including Burdigalian 
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sediments in the nappe stack (e.g., de Capoa et al., 2007; Guerrera et al., 2005; Luján et al., 2006). FTB devel-
opment in the Betics and the Gulf of Cadiz continued at least until the Late Miocene (Iribarren et al., 2007; 
Jiménez-Bonilla et al., 2016; Martín-Martín, Guerrera, et al., 2018), accompanied by important strike-slip 
faulting (e.g., de Galdeano & Vera, 1992; Geel & Roep, 1998; Jiménez-Bonilla et al., 2020; Martín-Martín, 
Estévez, et al., 2018; Pérez-Valera et al., 2013).

The Mallorca FTB development was coeval to the ESE-directed continental subduction of the South Iberian 
passive margin that underwent HP/LT metamorphism during the Early to Middle Miocene to the South-
west of Mallorca (e.g., Booth-Rea et al., 2015; Kirchner et al., 2016; López Sánchez-Vizcaino et al., 2001; Platt 
et al., 2006; Figure 15). As mentioned in the geological setting, older Palaeogene ages have been published 
for the South Iberian Nevado-Filabride units (Augier, Agard, et al., 2005; Augier, Jolivet, & Robin, 2005; Li 
& Massonne, 2018) and questioned in light of the Early Miocene age obtained from older mineral phases 
such as garnet (Platt et al., 2006), or the possible excess of meteoric Ar incorporation suggested by de Jong 
et al. (2001).

At an early stage of this renewed contractive reorganization, the Alpujarride complex underwent its fi-
nal northward-directed thrusting phase, involving the previously thinned Alpujarride section (Azañón 
et al., 1997; Balanyá et al., 1997, 1998; Booth-Rea et al., 2005; Simancas, 2018). Between the Early and Middle 
Miocene, the final exhumation of the Alboran Domain—formed by the Malaguide-Ghomaride and Alpu-
jarride-Sebtide complexes—occurred atop the orogenic wedge (e.g., Booth-Rea et al., 2004; García-Dueñas 
et al., 1992; Lonergan & Johnson, 1998; Lonergan & Platt, 1995; Platt et al., 2003, 2005; Marrone et al., 2021; 
Figure 15). Extension coeval to FTB development at the front of the orogenic wedge is a common feature 
of the Western Mediterranean orogens (e.g., Jolivet et al., 1994; Martínez-Martínez & Azañón, 1997; Platt 
& Vissers, 1989; Rossetti et al., 1999) that has been related to roll-back of subducted Tethys lithosphere seg-
ments (Faccenna et al., 2004; Lonergan & White, 1997) presently imaged as mantle lithospheric slabs under 
the Western Mediterranean (Bezada et al., 2013; Fichtner & Villaseñor, 2015; Piromallo & Morelli, 2003; 
Wortel & Spakman, 2000).

This Early Miocene shortening phase also affected the Oligocene proto-Algerian basin, inverted and incor-
porated into the newly developed orogenic wedge, its vestiges now present as amphibolites in the Kabylies 
or as extremely thinned sub-continental mantle emplaced in the crust as in the Ronda peridotite of the 
Western Betics (Booth-Rea et al., 2005; Fernandez et al., 2020; Garrido et al., 2011; Hidas et al., 2013; March-
esi et al., 2012) and the Collo peridotites in the Kabylies (Bouillin & Kornprobst, 1974; Laouar et al., 2017; 
Leblanc & Temagoult, 1989). Part of the proto-Algerian basin presently occupies the Western Alboran basin, 
since it drifted westwards hundreds of km in a forearc position behind the retreating Betic-Rif slab (Booth-
Rea et al., 2007, Figure 15).

The Early Miocene contractive reorganization of the region and the initial individualization of the Betic-Rif 
Tethys slab, according to our proposal, was probably triggered by forced convergence across a former trans-
form that separated the AlKaPeCa orogenic domain from the rest of the western Tethys during the Palaeo-
gene (Figures 13 and 14). Equivalent subduction initiation along a collapsing transform has been proposed 
by Hall et al. (2003) and successfully reproduced using 3D thermomechanical modeling (Zhou et al., 2018). 
This transform fault, and the North Balearic one, were probably inherited from the Mesozoic rifting stage 
and must have determined the present slab segmentation pattern of the Western Mediterranean. A similar 
transform was proposed by Cohen (1980) and Vergés and Fernàndez (2012) in their model of flipped ver-
gence between the Betic-Rif and Algerian Tell orogens. However, we assign this structure a different role 
during the Western Mediterranean evolution. During the Palaeogene it may have transferred shortening 
from the AlKaPeCa orogenic domain toward the Atlas to the SW, permitting the preservation of an unde-
formed Tethys domain and the Nevado-Filabride Ocean Continent Transitional (OCT) Iberian domain to 
the W (Figure 13). Yet later it bounded the domain of Oligocene orogenic collapse and conditioned the de-
velopment of the proto-Algerian basin (Figure 14). Finally, during the Early Miocene, around 20 Ma, it most 
likely played a key role through its collapse (e.g., Zhou et al., 2018), initiating a new westward migrating 
subduction system under the load of the still-developing Betic-Rif thrust stack (Figure 14).

The 3D configuration we propose in Figures 13–16 can explain the puzzling structure of the Betics, whose 
Oligocene back-arc lithosphere—represented by the Ronda subcontinental peridotite and the overlying 
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crustal sequence intruded by back-arc suprasubduction dikes (Hidas et al., 2015; Marchesi et al., 2012)—
directly overlies the Flysch Trough sedimentary cover, scraped off the Tethys oceanic lithosphere in the 
forearc (e.g., Luján et al., 2006), with no volcanic arc in between. Thus, this domain went from occupying a 
back-arc position, related to NW-directed subduction in the Palaeogene, to a forearc position owing to newly 
induced Eastward-directed subduction from the Early to Late Miocene (Figure 16). Our proposal moreover 
reconciles certain data regarding the provenance of the Alboran domain, including Paleozoic rocks from the 
Malaguide, Ghomaride, and Alpujarride complexes, whose age patterns derived from detrital zircon popu-
lations coincide with those from the Variscan European margin. This is especially clear for the Malaguide 
and Ghomaride complexes, having detrital zircon population ages equivalent to those of the Paleozoic rocks 
presently cropping out in Menorca, the Northeastern Iberian massif, and the South of France (Azdimousa, 
Jabaloy-Sánchez, Talavera, et al., 2019; Jabaloy-Sánchez et al., 2021).

5.4. Middle Miocene Extension of the Mallorca FTB

This research study shows that Mallorca Island also underwent important extensional tectonics during 
the Middle Miocene coeval to the oceanic opening of the Algero-Balearic basin (Figure 16). Extension was 
polyphasic, first entailing the activity of multiple LANFs thinning the previous nappe stack in a NE-SW di-
rection at different structural levels. The LANFs were later cut by high-angle normal listric faults bounding 
horst and grabens, thereby producing extension in two orthogonal NE-SW and NW-SE directions. The gra-
bens are mostly filled by Serravallian (14–11 Ma) alluvial sediments that show syn-rift internal progressive 
unconformities. In turn, the pre-rift Late Burdigalian to Langhian Randa calcarenites were cut and strongly 
tilted by the extensional system, especially at the margins of the Manacor basin (Figure 12a). The fact that 
the Middle Miocene basins also contain Early Miocene sediments does not mean that extension began in 
the Early Miocene; rather, it would reflect differential preservation from erosion of the older sediments in 
the hangingwall of the faults.

The kinematics of extension were determined using slicken lines, Riedel faults, offset bedding and minor 
brittle shear zones with C′ shear bands (Figure 5a). The faults show variable directions of transport, with 
two main orthogonal sets indicating SW-NE and NW-SE trending extension that are evident in the geolog-
ical map, the cross-sections and in fault measurement sites in Figures 3, 4 and 7, respectively. Paleostress 
inversion results confirm the existence of two well-differentiated stress fields producing NE-SW to N-S and 
NW-SE extension (Figure 7). Fault measurement sites 1–3, 9, 13, 14, 20, 21, 33, 31, and 34 offer significant 
paleostress fields indicating NE-SW to N-S extension (Figure 7). Site 24 by Manacor shows two well-con-
strained paleostress fields giving NE-SW and NW-SE extensional stress fields. Within the Llevant Ranges 
we also observe spatial variations in the importance of one or the other extensional system, the NW-SE 
directed extension being especially clear along their Southeastern margin (sites 15, 16, and 26–28 in Fig-
ure 7), coinciding with a marked NE-SW-trending negative gravimetric anomaly parallel to the shoreline 
(Figure 8). Even though, this variability in extensional directions during the Serravallian could reflect ra-
dial extension (Céspedes et al., 2001), we find that, in general, normal faults producing NE-SW trending 
extension are older and more penetrative than the ones producing NW-SE extension. Furthermore, the 
results from paleostress inversion indicate mostly stress ratios R above 0.3 (Figure  7), which are larger 
than the ones observed in well-documented radial extension stress fields, having R values below 0.1 (e.g., 
Simón-Gómez, 1989; Liesa et al., 2019). In our work only one station was found to be compatible with radial 
extension—site 23, with a stress ratio R of 0.06 (Figure 7). Still, we have clear evidence of NW-SE extension 
affecting Middle Miocene sediments in the Manacor basin, as described for other regions of Mallorca, such 
as the Inca basin (Benedicto et al., 1993). However, we must not forget the existence of an older Oligocene 
NW-SE trending extension in the island. There could also be Mesozoic extensional structures not identified 
to date that produce NW-SE extension, as described for the Valencia Trough (Etheve et al., 2018). In view 
of these considerations, we propose that Middle Miocene extension in Mallorca developed sequentially, 
first producing NE-SW extension, then orthogonal NW-SE extension, which, locally and along the Mallorca 
margins offshore, continued up to the latest Miocene (Driussi, Maillard, et al., 2015).

Recognizing the presence of Middle Miocene LANFs in the Llevant Ranges comes to strongly alter the 
previously established structure of the region, which was interpreted entirely as contractive (e.g., Sabat 
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et al., 1988). We identified LANFs cutting contacts that could have been interpreted as inverted stratigraphic 
features, for example between Jurassic limestones overlying Cretaceous marls. Yet we find that the inter-
preted stratigraphic contact supposedly forming the reversed limb of a large NE-vergent recumbent syn-
cline is actually a westward transport LANF that locally has small extensional horses formed by Triassic 
dolostones in between, meaning no syncline exists (Figures 5a and 5b). The deepest nappe in the region we 
mapped is located SW of Manacor, though at present it forms a horst structure hosting a series of NW-SE 
oriented folds in its core, bounded toward the East by a high-angle normal fault that cuts through Serraval-
lian sediments in its hangingwall (cross-section b and b′, Figure 4).

The Serravallian grabens are well imaged as regions with negative gravity anomalies in Figure 8. They are 
segmented and offset laterally by SW-NE oriented strike-slip faults that we interpret as transfer faults de-
veloped during the Middle Miocene rifting phase (Figure 8). These faults show both dextral and sinistral 
kinematics and also bound the main Middle Miocene sedimentary depocenters in the island: the Inca, Sa 
Pobla, Manacor, Felanitx and Santa Margalida basins (Figure 8). Dextral-oblique kinematics are observed in 
the Orient and Sant Joan faults (Booth-Rea et al., 2016), whereas sinistral kinematics are found in the Sen-
celles and Felanitx faults (Figure 8, Mas et al., 2014). Faulting runs parallel to the Emile Baudot scarpment, 
which roughly separates the Mallorca continental crust from the Algero-Balearic basin oceanic domain, 
and has been interpreted as a transform fault (Acosta et al., 2001; Etheve et al., 2016; Jolivet et al., 2021). In 
previous studies, the transfer faults described are mostly NW-SE directed—for example, the North Balearic, 
Central and Ibiza fault zones accommodate the NW-SE opening of the Ligurian and Minorca basins (Mail-
lard et al., 2020; Pellen et al., 2016). Strike-slip faults with this orientation also occur on Mallorca Island, 
some of them interpreted as transfer faults related to the Early Miocene FTB development (Gelabert, 1998; 
Sabat et al., 1988). Furthermore, NW-SE trending faults with both sinistral and dextral strike-slip kinemat-
ics can be found in the Llevant ranges, yet they tend to be shorter than the NE-SW trending ones, which cut 
through most of the island. In some cases these faults show two sets of striae, indicating both normal and 
strike-slip displacements. The fact that parallel strike-slip faults with opposite kinematics are found in the 
same region is indicative of extensional transfer faults (e.g., Giaconia et al., 2014; Martínez-Martínez, 2006), 
here interpreted in association with the NE-SW directed extensional system. Some may be related to the old-
er FTB development, however; for example, the thick sinistral fault zone cutting the Capdepera semigraben, 
itself cut by later dextral NE-SW trending faults (Figures 9 and 11b).

5.5. Implications for Refining the Geodynamics of the Western Mediterranean

Serravallian extension in Mallorca coincided with a period of deep paleogeographic changes on the island, 
which evolved from a mostly marine realm to a continental one (Ramon & Simo, 1986)—a process that al-
tered its sediment provenance. During the Burdigalian and Langhian, the turbidite systems in Mallorca, fed 
from the South (Rodríguez-Perea, 1984), included clasts of “exotic” Paleozoic grauwackes resembling the 
Carboniferous sequence that crops out in Menorca and the Malaguide complex at the top of the Betic inter-
nal zones (Bourrouihl, 1983; Cohen, 1980; Hollister, 1942), for which a common NE Iberian Massif origin 
was recently proposed (Jabaloy-Sánchez et al., 2021). This implies the existence of a Paleozoic emerged hin-
terland of the Mallorca FTB located to the South during the Early Miocene, compatible with the Malaguide 
complex of the Alboran domain (Figure 15). During the Serravallian, small strongly subsident continental 
basins with internal drainage developed (Benedicto et al.,  1993; Ramon & Simo, 1986; Ramos-Guerrero 
et al., 2000), probably fed by local horsts that formed during extension, mainly coincident with the present 
ranges. Thus, Middle Miocene extension actually coincided with a topographic build-up and continentali-
zation in Mallorca.

We propose that this topographic uplift and coeval extension could be related to flexural and isostatic rebound 
after an “unloading” of Mallorca through extensional collapse of its orogenic hinterland and excision of its 
lithospheric mantle root, perhaps driven by tectonics (slab detachment or edge-delamination). The latter 
tectonic mechanism has been proposed by several authors under the Betics setting during the Late Miocene 
until the Pliocene or Present, driving concomitant topographic uplift and thinning of the South Iberian litho-
sphere (Capella et al., 2020; Chertova et al., 2014; Duggen et al., 2003; García-Castellanos & Villaseñor, 2011; 
Mancilla et al., 2015; Negredo Moreno et al., 2020; Sun & Bezada, 2020). Slab detachment may have initiated 
in the Serravallian further to the NE, below part of the BP, to later propagate toward the SW. This hypothe-
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sis is supported by similar deformational behaviors followed by topographic rebound in the Eastern Betics 
and Mallorca, including a close association between extension and strike-slip transfer-fault development, 
as proposed for the southern margin of Mallorca (Acosta et al., 2001; Driussi, Briais, & Maillard, 2015) and 
the Eastern Betics (Giaconia et al., 2014; Mancilla et al., 2015; Pérez-Valera et al., 2013). In both regions, 
extensional tectonics propagated into the external FTB with two orthogonal directions of extension, both 
parallel and transverse to the orogen trend, which acted sequentially in time (Balanyá et al., 2012; Booth-Rea 
et al., 2004; Rodríguez-Fernández et al., 2011). Furthermore, extension and related strike-slip deformation 
were accompanied in the Betics and Mallorca by Neogene clockwise paleomagnetic rotation of the order of 
35°–40° (e.g., Freeman et al., 1989; Lonergan & White, 1997; Mattei et al., 2006). In the Eastern Betics, the 
subducted South-Iberian domain (Nevado-Filabride complex) was exhumed by SW-directed brittle-ductile 
extensional detachments to a large extent during the Middle to Late Miocene (Augier, Agard, et al., 2005; 
Augier, Jolivet, & Robin, 2005; Martínez-Martínez & Azañón, 1997; Martínez-Martínez et al., 2002), followed 
by important thinning afterward, in the Late Tortonian (Auguier et al., 2013; de la Peña, Ranero, et al., 2020), 
thus producing SE-directed extension along the Almenara detachment (Booth-Rea et al., 2012). In general, 
this extension can be related to the opening of the western part of the Algerian basin between the Middle 
and Late Miocene in a back-arc setting (Booth-Rea et  al.,  2007, Booth-Rea, Gaidi, et  al.,  2018; Mauffret 
et al., 2004) or to the relaxation of body forces stored in the Betic internal zones.

The hypothesis of SW-directed tearing or detachment of the Betic-Rif slab initiating under the MP and later 
propagating toward the SW would explain the shared lithospheric characteristics of Mallorca and the Bet-
ics, like the SW-NE oriented Pn mantle anisotropy (Díaz et al., 2013) and the thin crustal and lithospheric 
thicknesses measured in Mallorca and the Eastern Betics (Díaz & Gallart, 2009; Jiménez-Munt et al., 2003; 
Mancilla et al., 2015), after having lost their orogenic root. At present, the lithospheric features of Mallorca 
hardly fit earlier tectonic models for the island, evoking Early Miocene NW-directed crustal thickening 
followed by only minor SE-directed extension in the Middle to Late Miocene (e.g., Gelabert, 1998; Sabat 
et al., 2011). Middle Miocene SW-directed extension in Mallorca is, however, compatible with some models 
proposed for the opening of the Algero-Balearic basin to the SE (e.g., Booth-Rea et al., 2007; de la Peña, 
Ranero, et al., 2020; Haidar et al., 2021; Mauffret et al., 2004).

The different periods of back-arc rifting in the Western Mediterranean basins correlate in a broad sense 
with contrasting heat flow values in the region, showing a clear increase from East to West within the Al-
gero-Balearic basin, suggesting a Middle Miocene or younger age for its opening to the West, and an older 
Oligocene to Early Miocene age for the Ligurian and central basin areas (Poort et al., 2020). Yet heat flow 
values also increase toward the Southeastern end of the Algerian basin, south of Sardinia. Meanwhile, the 
Valencia Trough shows relatively low heat flow, compatible with an older rifting phase. As the Mallorca 
domain extended in the Middle Miocene, the Betics extension propagated from the Internal Zones north-
westward—toward the Betic FTB—in the Late Miocene, producing sedimentary depocentres that seal the 
contact between the Internal and External domains, for example, the Fortuna, Lorca, Guadix-Baza and 
Granada basins (Booth-Rea et al., 2004; de la Peña, Ranero, et al., 2020; Rodríguez-Fernández et al., 2011). 
Meanwhile, the Easternmost Algerian basin followed an evolution parallel to its westernmost segment, 
but with an opposite eastward direction of extension (Figure 16). This extension propagated into North-
ern Tunisia in the Late Miocene, causing the collapse of the Tunisian Tell (Booth-Rea, Gaidi, et al., 2018). 
Extension of FTB domains as we describe for Mallorca likewise occurred in other western Mediterranean 
orogens, including the Appennines, Betics, Rif, Tunisian Tell and Sicily (e.g., Barreca et al., 2016; Booth-Rea 
et al., 2012; Booth-Rea, Gaidi, et al., 2018; Booth-Rea, Ranero, & Grevemeyer, 2018; Carmignani & Klig-
field, 1990; de Ruig, 1995; Roca et al., 2006, 2013; Rodríguez-Fernández et al., 2011); in most cases it may be 
related to delamination or detachment of a segment of the subcontinental lithospheric mantle at the edge 
of the corresponding orogenic arcs (e.g., Azdimousa et al., 2019; Booth-Rea, Gaidi, et al., 2018; Chiarabba 
& Chiodini, 2013; Duggen et al., 2003; Keller et al., 1994; Levander et al., 2014; Mancilla et al., 2015; Roure 
et al., 2012).

Presently, the BP is bounded to the south by the oceanic Algero-Balearic basin along the steep Emile Bau-
dot and Mazarron scarpments, interpreted as transform boundaries (Acosta et al., 2001; Driussi, Briais, & 
Maillard, 2015; Etheve et al., 2016). These faults would form part of a wide STEP zone, together with other 
parallel dextral ones that crop out onshore in the Southeastern Betics, such as the Crevillente, Alpujarras, 
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Torcal, and the Orient fault in Mallorca. This system of transform faults, together with a symmetrical STEP 
fault system along the North-Maghrebian margin, probably contributed to the west-south westward stretch-
ing and displacement of the Alboran Domain during the Middle to Late Miocene (e.g., Giaconia et al., 2014; 
Haidar et al., 2021; Hidas et al., 2019; Mancilla et al., 2015; Medaouri et al., 2014; Pérez-Valera et al., 2013).

During the Serravallian, the BP and the Betic internal zones shared very similar insular vertebrate glirid 
fauna (Bover et al., 2008; Suarez et al., 1993). Hence, either the Alboran Domain formed a large archipel-
ago together with the BP at the time, or it traveled southwestwards over a long distance since the Middle 
Miocene, away from Mallorca, following the roll-back of the Betic-Rif slab (e.g., Booth-Rea et al., 2007; 
Chertova et  al.,  2014; Driussi, Briais, & Maillard,  2015; Faccenna et  al.,  2004; Lonergan & White,  1997; 
Figure 16). Considering that a Paleozoic hinterland existed to the south of Mallorca during the Early Mi-
ocene—as evidenced by the presence of exotic clasts of this age in the Banyalbufar turbidites (Bourroui-
hl, 1983; Hollister, 1942)—the second option or a combination of the two seems more realistic. To the SW, 
the Betic hinterland, represented by the Alboran Domain, was separated at that time from Iberia by a deep 
foredeep basin in the External Betics (de Galdeano & Vera, 1992; Geel et al., 1992; Martín-Martín, Guerrera,  
et al.,  2018). The Valencia Trough was the NE continuation of the External Betic Serravallian foredeep, 
although the thrust front there had resumed its activity after the Langhian (Etheve et al., 2016; Leprêtre 
et al., 2018). This domain, along with the Great and Petit Kabilies domains, underwent separation from the 
African emerged land to the South through an Early to Middle Miocene foredeep along Northern Algeria 
and Tunisia (Guerrera et al., 2005; Jolivet et al., 2006; Roure et al., 2012, Figure 16). We therefore propose 
that the Alboran domain archipelago was driven southwestward in a forearc setting until the Late Miocene, 
producing the present isolation of the Mallorca FTB from its corresponding Betic hinterland. This model 
implies very large displacements, in the order of 600 km, between Mallorca and its corresponding Paleozoic 
hinterland since the Early Miocene, comparable to the length of the subducted Tethyan lithospheric mantle 
slab presently underlying the Betics (e.g., Bezada et al., 2013; Faccenna et al., 2004). This hypothesis con-
trasts with models suggesting very minor displacements—below 200, or even 100 km—for the Betic hinter-
land with respect to Iberia (e.g., Frasca et al., 2015; Pedrera et al., 2020; Vergés & Fernàndez, 2012). Still, we 
believe that the geodynamic evolution proposed here would explain the great diversity of available geolog-
ical and geophysical data presented for the geological setting: sediment provenance (Bourrouihl, 1983; Co-
hen, 1980; Donoso et al., 1982; Hollister, 1942; Moragues et al., 2018; Pomar & Rodríguez-Perea, 1983), de-
trital zircon population ages (Jabaloy-Sánchez et al., 2021), subducted slab bodies (e.g., Bezada et al., 2013; 
Faccenna et al., 2014; Fichtner & Villaseñor, 2015), tectonic evolution (this work and references therein), 
Algero-Balearic basin development (e.g., Booth-Rea et al., 2007; de la Peña, Ranero, et al., 2020; Haidar 
et al., 2021; Mauffret et al., 2004), fossil faunal dispersal (e.g., Martín-Suarez et al., 2012; Suarez et al., 1993), 
and the extensional collapse of the Mallorca and Betic FTB as discussed in this work. We do hold that some 
of these data, for example, sediment provenance analysis in the Mallorca basins, calls for future work using 
updated heavy mineral dating and analysis methods.

Finally, our geodynamic reconstruction offers clues as to the distribution of emerged forearc and volcanic 
arc land masses in the Western Mediterranean (Figures 13–16), isolated by marine gateways from Africa 
and Iberia between the Early Miocene and the Tortonian, when terrestrial vertebrates from the Iberian 
mainland were found for the first time (≈9 Ma) in sediments overlying the Alboran domain (Martín-Suarez 
et al., 2012). Overall, we envisage a process that, together with the Messinian salinity crisis, most likely 
contributed to the presently biodiverse hotspot of the Southwestern Mediterranean (e.g., Hewitt, 2011 and 
references therein; Booth-Rea, Ranero, & Grevemeyer, 2018).

6. Conclusions
Two Cenozoic rifting phases predate and postdate, respectively, the main Early Miocene shortening and FTB 
development in Mallorca. The earlier extensional phase produced NW-directed extensional detachments 
and semigrabens filled by Oligocene breccias, coeval to the opening of the Liguro-Provencal basin and ex-
tensional collapse of AlKaPeCa. This extension produced the first Alpine structures observed in Mallorca 
after its hinterland position with respect to the AlKaPeCa orogenic domain during the Paleocene-Eocene.
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The Mallorca promontory underwent Burdigalian to Langhian WNW-ESE shortening, and the development 
of its FTB structure was coeval to the subduction of the Southeast Iberian passive margin and the birth of 
the Betic-Rif eastward dipping subduction system. The second rifting phase produced the extensional col-
lapse of the Mallorca FTB during the Middle Miocene, coinciding with the opening of central parts of the 
Algero-Balearic back-arc basin and the westward drift of the Alboran Domain and the proto-Algerian basin, 
presently represented by the western Alboran basin.

The Serravallian extension was of a polyphaser nature, initiated mostly with NE-SW-directed extension 
and then evolving toward NW-SE-directed transport. This rifting was accommodated along LANFs that 
cut through the previous FTB structure and were later cut by high-angle normal faults bounding the main 
Middle-Miocene sedimentary depocenters. The basins in Mallorca are strongly segmented by SW-NE ori-
ented strike-slip faults, both sinistral and dextral; the Orient, Sencelles, Sant Joan, and Felanitx ones acted 
as transfer faults of the Serravallian extensional system, and run parallel to the present transform conti-
nent-ocean transition along the Emile-Baudot scarpment.

Middle Miocene extension coincided with topographic build-up in Mallorca, manifested by continentali-
zation of the region, a development of internal drainage basins and changes in the sediment provenance, 
eventually sourced from nearby horst highs. We relate this topographic development and coeval extension 
to flexural and isostatic rebound after initial detachment or tearing of the Betic-Rif mantle slab to the South 
of the BP.

The Mallorca FTB developed coevally and with the same kinematics as the Betic FTB. However, shorten-
ing in the Betics continued throughout the Middle and Late Miocene, during the extensional collapse of 
Mallorca and the opening of the western domain of the Algero-Balearic basin, following the retreat of the 
Betic-Rif slab.

Our data therefore supports that the Mallorca FTB was part of the Betic orogen during the Early Miocene, 
and later became stranded and isolated from its hinterland domain owing to the development of the Central 
and Western segments of the Algero-Balearic basin in the Middle to Late Miocene. Altogether, this process 
entailed important W to SW-directed displacements of the Betic hinterland in a forearc domain, that is, an 
archipelago, across the Western Mediterranean until its docking by SE Iberia in the Tortonian.

Data Availability Statement
All the data is accessible and presented in the manuscript figures and Table 1. It is also available through 
https://digibug.ugr.es/handle/10481/68016 (doi: 10.30827/Digibug.68016) and the gravimetric map was ob-
tained from 3843 gravimetric data through Ayala et al. (1994).
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