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Abstract The Betic-Rif orogen is a key region to understand the evolution of the plate boundary between
Africa and Iberia/Europe. This study focuses on the Flysch Complex, which is considered the

sedimentary cover of a domain originally positioned between the Iberian and Alboran margins. Based on
stratigraphic and depositional evolution constraints, evidence for salt tectonics, combined with new
apatite fission-tracks (AFT) and (U-Th-Sm)/He ages from the Flysch Complex and the Subbetic Zone, we
propose a geodynamic interpretation for the formation of the Betic Cordillera, accounting for moderate
N-directed transport of the Flysch Complex and synchronous exhumation between External and Internal
Zones of the Betic. Early contraction between Africa and Iberia/Europe is reflected in the Cretaceous Flysch
basin by a prolonged period of residence in the partial annealing zone for AFT and onset of foreland
subsidence at 50 Ma. This stage lasted until the Early to Middle Miocene (20-15 Ma), marked by the rapid
succession, in less than 5 Ma, of the deposition of Cenozoic flysch and their rapid exhumation. This event is
interpreted to reflect the W-directed retreating mantle delamination between Africa and Iberia margins

at the origin of the collapse of the proto-Betic orogenic domain and formation of the Alboran domain.

1. Introduction

The Betic Cordillera of southern Spain is understood to result from the subduction of the western Tethys
since at the last the Eocene and collision of the Alboran domain with the South Iberian paleomargin
(Figure 1; Chalouan et al., 2006; Crespo-Blanc & de Lamotte, 2006; Faccenna et al., 2001; Michard et al., 2008;
Platt, Allerton, et al., 2003; Rosenbaum et al., 2002). Geodynamic interpretations of the area vary in terms of
timing and nature of the deformational events, paleogeography of the tectonic units, and amount and ver-
gence of subduction (Lonergan & White, 1997; Rosenbaum et al., 2002; Vergés & Fernandez, 2012; see dis-
cussion in van Hinsbergen et al., 2014). Most contributions to the debatable geodynamic reconstructions of
the subduction are from studies on the timing of metamorphism and exhumation of the Internal Zones
(Augier et al., 2005; Booth-Rea et al., 2002; Goffe et al., 1989; Gémez-Pugnaire & Fernandez-Soler, 1987;
Platt et al., 2006, 2013; Vissers et al., 1995).

The western Betic exposes a series of siliclastic deposits collectively referred as the Flysch Complex that can
be followed almost continuously across the Gibraltar Arc and farther in the W-Mediterranean from the Rif to
the Apennines (Crespo-Blanc & Campos, 2001; Guerrera et al., 1992; Martin-Algarra, 1987; Wildi, 1983). The
Flysch Complex is interpreted as a thrust-imbricate resulting from the westward migration of shortening
into the Iberian margin in the early Miocene (Lujan et al., 2006). The commonly accepted allochtony of
the Flysch Complex (Lujan et al., 2006) with respect to the Iberian margin has been so far an assumption
for the reconstruction of the spatial and temporal evolution of the western Mediterranean. The lack of con-
straints on the timing of exhumation and the nature of tectonic contacts however challenges the hypothesis
of large tectonic movement of the Flysch Complex.

We first review the stratigraphy and basin evolution established for the external domains and the flysch ser-
ies and reexamine the structural evidence in support of large thrust movement in the western Betic. We then
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Figure 1. Geological map of the Betic and Rif Cordilleras (modified after Comas et al., 1999; Frasca et al., 2015).
WAB = West Alboran Basin. Labeled white circles are wells and stratigraphic log discussed in the text and plotted on
Figure 2 (CG = Cerro Gordo 1&2; G1 = Andalucia G1; A1 = Andalucia A1l; DS: DSDP 121).

provide new apatite fission-track (AFT) and (U-Th-Sm)/He (AHe) ages from turbiditic sandstones of the
Flysch Complex in the aim to document their thermal history.

2. Structure and Tectonic Evolution of the Internal Domains of the Betic
2.1. Geological Setting

The Betic-Rif domain is composed of several tectonic domains (Figure 1): (a) the Guadalquivir and the
Gharb foreland basins; (b) the External Zones of the Betics and Rif; (c) the Flysch Complex; (d) the meta-
morphic complexes of the Internal Zones; and (e) the Alboran Sea basins, from the External toward the
Internal Zones, respectively. The Internal Zones recorded a cyclical tectonic evolution marked by the follow-
ing: (1) high-pressure during Variscan contraction followed by late Variscan partial melting (e.g., Sinchez-
Navas et al., 2014, 2017; Zeck & Whitehouse, 2002); (2) rifting in the latest Permian-early Triassic (LOpez-
Gomez et al., 2019) and Jurassic magmatism and spreading in the Jurassic, as suggested by the ages of
low-pressure protoliths of eclogite, pyroxenites, and amphibolite layers from the Alpujarride (AJ)
Complex (Sdnchez-Rodriguez & Gebauer, 2000; Tubia et al., 2009); (3) high-pressure metamorphism during
Alpine nappe stacking followed by a regional Miocene extension and crustal thinning in the Alboran
domain responsible for the LP-HT metamorphism event (e.g., Platt et al., 2013). The unmetamorphosed
External Zones consist of three main zones, the Prebetic, only found in the eastern and central Betic; the
Subbetic Zone forming the External Zones s.s; and the Flysch Complex positioned between the Internal
(Alboran) and External (European/Iberian) Zones. The Subbetic and Prebetic consist of Mesozoic to
Tertiary sediments that were deposited on the variscan basement of the Iberian paleomargin (e.g., Garcia-
Hernandez et al., 1980; Martin-Chivelet et al., 2002). The Flysch Complex is Cretaceous to Miocene
deep-water sediments deposited in a basin probably floored by transitional or oceanic crust (Durand-
Delga et al., 2000).

2.2. The Internal Zones and Alboran Sea Basin

2.2.1. Nappe Stacking in the Internal Zones

The Nevado-Filabride (NF) and AJ complexes (Figure 1) are made of paleozoic metasediments that
preserve HP/LT mineral assemblages equilibrated mainly during earlier Alpine stages of convergence
(Booth-Rea et al., 2002; Goffe et al., 1989; Gémez-Pugnaire & Fernandez-Soler, 1987; Platt et al., 2006;
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Vissers et al., 1995). In the NF complex, the HP/LT metamorphism (1.4-2 GPa, 600-690°C) is followed by
LP-LT retrograde conditions (0.6-0.3 GPa, 600-300°C) (e.g., Augier et al., 2005; Gomez-Pugnaire et al., 2012).
Geochronology (Rb-Sr, Lu-Hf, Ar-Ar, U-Pb) show ages for the HP metamorphism ranging between 60 and
17 Ma (Augier et al., 2005; Gomez-Pugnaire et al., 2012; Kirchner et al., 2016; Monié et al., 1991; Platt
et al., 2006; Puga et al., 2002; Sdnchez-Vizcaino et al., 2001). The AJ complex, which lies structurally above
the NF, recorded lower peak HP-LT conditions (from 0.7-1.1 GPa, 400-580°C) around the middle Eocene
(Augier et al., 2005; Platt et al., 2013). Low-temperature cooling ages indicate that both the NF and the AJ
complexes cooled and exhumed rapidly to upper crustal levels between 22 and 18 Ma (e.g., Platt,
Whitehouse, et al., 2003). Zircon fission-track data from the NF complex further document rapid cooling
from 300-240°C to near-surface temperatures between 12 and 6 Ma (Johnson, 1997; Vazquez et al., 2011).

The Malaguide complex is structurally the highest tectonic nappe of the Internal Zones. It is composed of a
Paleozoic sedimentary succession unconformably overlain by widespread Triassic, including redbeds and
subordinate conglomerates (Esteban et al., 2017; Perri et al., 2013). Remnants of unmetamorphosed
Jurassic and Cretaceous strata are represented by limestones. They pass upward into an alternation of calcar-
eous sandstones, conglomerates, marls, and marly limestones of Paleocene age. The Eocene sequence is
represented by Nummulites and Alveolines limestones overlying unconformably on the Jurassic or lower
Cretaceous strata. Locally, in the Sierra Espufia the Eocene succession of the Malaguide cover is more than
3-km thick.

The Frontal Units of the Internal Zones (“Dorsale Calcaire” of Durand Delga & Foucault, 1967) is a
Mesozoic-Paleogene tectono-stratigraphic zone that is only found in the western part of the Betic above
the Flysch Complex and below the Internal Zones (Figure 1). This intermeditate zone is considered to be
the Mesozoic cover of the Malaguide complex (Didon et al., 1973; Durand-Delga, 1972). It is composed essen-
tially of nonmetamorphosed Triassic carbonates except close to the contact with the Ronda (and equivalent)
peridotite bodies.

2.2.2. Alboran Sea Basin

The deep crustal and lithospheric structure of the Gibraltar arc region comprises the Betic-Rif cordilleras and
the Alboran Sea (Figures 1 and 2). As a result of the back-arc extension, the crustal thickness is 15-20 km in
the Alboran Sea whereas it reaches 50-45 km beneath the western Betic and the Rif below which a slab is
imaged down to depth of 600 km (Figure 2) (e.g., Mancilla et al., 2015; Palomeras et al., 2017; Thurner
et al., 2014). The basement of the Alboran Sea basin is made of the same metamorphic Paleozoic rocks as
the AJ complex. This basin is divided in three subbasins: the Western Alboran Basin (WAB), the East
Alboran Basin (EAB), and the South Alboran Basin (SAB) (Comas et al., 1999). Sediment thickness reaches
8 to 10 km in the WAB where the oldest sediments are Burdigalian (Comas et al., 1999; Couto et al., 2016;
Iribarren et al., 2009) and is only 2-3 km in the SAB and EAB where the oldest sediments are Serravallian
(Martinez-Garcia et al., 2017). The AJ rocks drilled at ODP site 976 show metamorphic rocks exhumed to
the surface by 18-20 Ma, consistent with rapid cooling at ~21-17 Ma documented by geochronological con-
straints in the AJ complex onshore (Esteban et al., 2004; Monié et al., 1994; Platt, Argles, et al., 2003). Since
the late Tortonian (9 Ma), the Alboran Sea is undergoing contraction (e.g., Comas et al., 1999; Martinez-
Garcia et al., 2017).

3. Basin Evolution and Stratigraphy of the External Domains and the
Flysch Complex

3.1. Mesozoic and Cenozoic Stratigraphy of the External Betic and Flysch Complex

3.1.1. Triassic and Jurassic: Initial Rift Phase

Well data from the Betic external and Prebetic domains show that subsidence related to rifting on the
south-Iberian margin started during the Late Permian/Early Triassic time, from 270 Ma to 200 Ma
(Figure 3 and Lépez-Gomez et al., 2019). In the western Betic, Triassic sedimentary rocks are exposed in
the Guadalquivir accretionary wedge (GAW) and in the chaotic complexes of the central and western
Betic (Figure 4). The Buntsandstein facies is absent in the Subbetic and the sequence is restricted to
Muschelkalk and Keuper facies (Martinez-Garcia et al., 2017; Pérez-Valera et al., 2017) at the origin of the
diapiric structures (Flinch & Soto, 2017). A detrital, continental to coastal Triassic facies is observed in the
Malaguide which contrasts with Alpine-type carbonate-dominated series of the AJ (Martin-Algarra, 1987;
Orti et al., 2017). The flysch of the Campo de Gibraltar (CpG) lacks a Jurassic substratum (Figure 4). The
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Figure 2. Main crustal features of the Betic and Alboran Sea and the Flysch Complex (orange). Arrows depict GPS
velocities after Vernant et al. (2010). Moho depth variations beneath the Betic are based on Vs velocity and P-receiver
functions from Mancilla et al. (2015) and Palomeras et al. (2017). Dark blue domain below the Gibraltar arc represents
the domain of thick crust (40-50 km) and light blue domain represents the thinned crust (30-15 km) of the Alboran Sea
(Palomeras et al., 2017). Position of the slab tear (thick red-line) is drawn after Mancilla et al. (2015). The Western
Alboran Basin (WAB) depocenter is shown in light yellow. SAB and EAB are the South Alboran Basin and East Alboran
Basin, respectively. YR, AR, and XB for Yusuf Ridge, Alboran Ridge, and Xauen Bank, respectively.

Camarote Unit, a transitional unit toward the Frontal Units of the Internal Zones, is made of Lower
Cretaceous sediments and is interpreted to be originally attached, stratigraphically, to the Lowermost
Cretaceous to latest Triassic succession of the Tajarillo Unit (Jabaloy-Sanchez et al., 2019; Olivier, 1984).
3.1.2. Early and Late Cretaceous: Second Phase of Rifting

A second phase of rift-related subsidence is recorded in the Betic from Late Jurassic (Bathonian, ~170 Ma) to
Early Cretaceous (Albian, 100 Ma) for some wells (Figure 3, Hanne et al., 2003). The Early Cretaceous marks
a change in the depositional system as revealed by the onset of siliciclastic influx forming the external flysch
deposits of Northern Africa (Massylian and Mauretanian series of Wildi, 1983). On the Iberia margin, lower
Cretaceous Boyar-Ubrique turbiditic formations are also found in the western Subbetic, and within the few
outcrops of Mesozoic flysch of the Campo de Gibraltar (Figures 4 and 5). The Boyar flysch ranges from
Berriasian to Maastrichtian and the Ubrique flysch from Albian to Maastrichtian (Bourgois &
Chauve, 1971). The Ubrique flysch shows overturned limbs on the flanks of a diapiric structure made of
Triassic evaporites that has reworked the initial contact with the Jurassic limestones, which is now lacking
(see description in section 3). Isolated bodies of lower Cretaceous flysch are also found within the Flysch
Complex like the Nogales and Camarote flysch (Didon, 1969). They are often found disconnected from
the Tertiary cover (Figure 5), which makes their original position in paleogeographic reconstructions diffi-
cult to resolve.

3.1.3. Paleocene-Eocene: Onset of Foreland Subsidence and Collision

After a period of regression at the Cretaceous-Tertiary boundary, a regional transgression from the Danian
(66-61 Ma), lower-middle Cuisian (Late Ypresian, 52-50 Ma), and middle Lutetian-Bartonian (45-38 Ma) is
recorded in the Malaguide Complex. The acceleration of subsidence in the Malaguide Complex (Sierra
Espufia) is most apparent from the middle Lutetian (45 Ma) (Figure 3). The most widespread
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Figure 3. Subsidence evolution for some wells of the western Betic (left side) and eastern Betic, the pre-Betic (right side)
and stratigraphic log (Espufia) of the Malaguide Complex after compilation of Hanne et al. (2003). See location on
Figure 1. The gray domain depicts the timing of pre-collision subsidence (rift-related) while the light orange-filled
domain shows the post-orogenic evolution defined by uplift onland and fast subsidence offshore (Alboran Sea) from
about 20-25 Ma. In between, the collision is reflected by the onset of foreland subsidence (50 Ma for Espufia), a bit earlier
in the western Betic (Late Cretaceous) or slightly later in the Prebetic (~40 Ma).

transgression is outlined by the deposition of 10-20 m of shallow-marine carbonaceous platform
unconformably overlying the late Cretaceous deposits and established over all the Malaguide Complex
from the Late Ypresian, 52-50 Ma (Hanne et al., 2003; Lonergan & Mange-Rajetzky, 1994; Maaté
et al., 2000). Field data in the Prebetic also agree with a transgression in late Thanetian (56 Ma) to late
Ypresian (50 Ma) as shown by the development of a turbiditic basin (Martin-Chivelet & Chacon, 2007)
that they interpret to reflect the initiation of Africa-Europe convergence. This early stage subsidence is how-
ever much less clear from SA and IS wells that suggest an acceleration in the Eocene (Figure 3). We infer
from the stratigraphy and subsidence analyses that foreland flexural subsidence, in the eastern Betic
Cordillera and at the front of the Malaguide Complex, started in the lower Eocene (Late Ypresian,
~50 Ma), at the latest.

The Paleocene and the Eocene-Oligocene sedimentation in the Subbetic domain (Capas-Rojas Formation) is
made of marls or shales interbedded with calcareous turbidites whereas Paleogene series of the Flysch
Complex (Colorin and Benaiza Formations) show much more marly, carbonate rich, and much less deep
facies (Figure 4) with some levels of conglomerates or breccias (Arguelles unit; Figure 4). In the
Boyar-Ubrique and Alta Cadena regions, from the internmost part of the Median Subbetic trough, the
Paleocene is characterized by the Microcodium-rich turbiditic limestones (Alcala-Garcia et al., 2002;
Bourgois, 1978; Martin-Algarra, 1987) that attest for sediment influx from the continent and deposition on
local slopes. The microcodium-rich turbidites are also documented, on top of the late Cretaceous sediments
of the Malaguide complex. In the Malaguide Complex nearby Malaga city or in Sierra Espuiia they appear in
place encrusting Mesozoic limestones and continental Paleocene conglomerates. The Malaguide was most
likely probably the source for redeposited Microcodium in the Frontal (e.g., Argiielles Fm.) and Flysch
Complex units (Pers. Comm. Martin-Algarra). They are followed unconformably by Eocene calcareous tur-
bidites with alveolines and numulites (Figure 4) (Guerrera et al., 2006; Maaté et al., 2000; Martin-Martin et al
1997; Serrano et al., 1995; Serra-Kiel et al., 1998) that witness the initiation of the foreland subsidence and
therefore collision.
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Figure 4. Mesozoic-Cenozoic stratigraphy of the Betic and main tectono-metamorphic events. The compilation was
made after the works of Bourgois (1978), Martin-Algarra (1987), Martin-Algarra et al. (2009), and Vera et al. (2004) for
the External Zones; Guerrera and Martin-Martin (2014) and Jabaloy-Sanchez et al., 2019 for the Flysch Complex; and
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Question marks indicate alleged tectonic contacts between the Boyar-Ubrique flysch, the upper Triassic, and the
Subbetic/Penibetic, and between Camarote flysch and the Frontal Units of the Internal Zones Jurassic substratum.

3.1.4. Oligocene-Miocene

Backstripping reconstructions show that rapid subsidence occurred in the Alboran Sea basin from the Early
Miocene in response to crustal thinning of the metamorphic basement (i.e., 25-20 Ma on Figure 3; Hanne
et al., 2003). Onshore, a nearly synchronous uplift (Western Subbetic) or a slight decrease in subsidence
(Sierra Espuna) reflects the migration of thrust loads toward the North. The fast transition from subsidence
to uplift in those domains is preserved along some sections of the internal domains. The Upper
Oligocene-uppermost Aquitanian Ciudad Granada group (up to 20.5 Ma; Figure 3) postdates an early
Alpine deformation stage but predates the main exhumation event of the Betic-Rif belt, which culminates
in late Burdigalian (Crespo-Blanc & Campos, 2001; Martin-Algarra, 1987). The transgressive Burdigalian
Vifiuela group (Figure 3) found on top of the Ciudad Granada group unconformably overlies both the AJ
and the Malaguide complexes. The clasts forming the detrital material of Vifiuela group are sourced from
the Malaguide and AJ basement, thus providing constraints on the timing of subaerial exhumation of the
Internal Zones. Subsidence renewed during the Tortonian (10.4-8 Ma) in the Guadalquivir Basin and was
followed by a regional post-shortening uplift. From the latest Oligocene to the early Miocene, sedimentation
changed from carbonate-dominated to siliciclastic, which is outlined by the turbiditic sequences of the
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Figure 5. Detailed geological map of the studied area of the western Betic and division of lithological units in the
Cenozoic Flysch Complex and Subbetic drawn after a compilation of the 1:50000 maps of Spain and the stratigraphic
correlation shown in Figure 4. Cross-section (location shown as black thick line) is slightly modified after Flinch and
Soto (2017). Main tectono-stratigraphic domains onland and isobaths for the Western Alboran Basin are shown. Black
circles depict samples used for AHe and AFT analyses. Insets show location of Figures 6, 7, and 8). AAZ = Arnao
Accommodation Zone; PdB = Pefion del Berrueco; CFZ = Colmenar Fault Zone. Geological maps are available at http://
info.igme.es/cartografiadigital/geologica/Magnas0.

Algeciras and Aljibe formations (Didon, 1969; Guerrera et al., 1992, Hoyez, 1989; Martin-Algarra, 1987).
Miocene turbidites are also found above gypsum/clay Triassic layers, or in stratigraphic contact with the
late Cretaceous to Paleogene sediments of the Subbetic in the region of Pefion-Grande and Cortes de la
Frontera (Figure 5). In the absence of more precise petrographic description, we correlate these subbetic
Miocene turbiditic deposits with the turbiditic sequences of the Flysch Complex.
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Figure 6. Extracts of Figure 5 showing horseshoe structures and salt welds as documented in the Campo de Gibraltar
flysch, near Alcala de los Gazules. They reveal flank rotations and vertical-axis rotation induced by salt movement,
and salt welds reflect salt removal.

In summary, stratigraphic constraints suggest that the Betic recorded a pre-Miocene orogenic event at about
50 Ma outlined by subsidence and transgressive sequence in the Malaguide (Figure 3). The good correlation
between Mesozoic-Cenozoic deposits of the Flysch Complex and those of the Subbetic area (Figure 4),
despite deeper facies are found in the Flysch Complex, suggests these domains could originally be part of
the same basin.

4. Structural Position of the Flysch Complex
4.1. Salt Tectonic Features in the Flysch Complex

Salt tectonics is known to be at the origin of several peculiar structural features observed in the western Betic
(Flinch & Soto, 2017). The GAW represents an accretionary complex emplaced during the Miocene, from
late Burdigalian to Tortonian, made of the Median and External Subbetic Zones and the Flysch Complex
glided northward and emplaced in the Guadalquivir Basin (Pérez-Valera et al., 2017). It is made of a chaotic
mélange comprising blocks of Meso-Cenozoic sediments in a matrix of Triassic clays and gypsum. The
apparent structural complexity of the GAW reflects diapiric events that occurred first on the Iberian paleo-
margin between late Cretaceous and Paleocene. These initial phase of salt mobilization was followed by the
extrusion and spreading of salt sheets associated with north-propagating frontal thrust during the late
Oligocene to early Miocene (Berastegui et al., 1998; Flinch et al., 1996; Flinch & Soto, 2017; Pérez-Valera
et al., 2017; Vera, 2000). The dominant control by salt on the tectonics of the Subbetic is further indicated
by (1) Triassic evaporites found resedimented in the Cretaceous-Paleocene, (2) the lack of Jurassic or lower
Cretaceous strata that are otherwise present in the Subbetic, and (3) the identification of Cretaceous-
Paleogene subbasins (Flinch & Soto, 2017). These authors eventually identified a 60 km-large allochthonous
Triassic salt canopy at the front of the Subbetic (section 1).

Salt tectonics is also a dominant process in CpG and Sierra de Cadiz area (Figure 5). From Prado del Rey in
the N, through Alcala de los Gazules, Tahivilla in the center down south to Tarifa, the Cenozoic sandstone
layers of the Flysch Complex exhibit vertical to overturned limbs, sharp and discordant contacts. The elon-
gated folds of CpG commonly form contorted features, or very characteristic horseshoe structures, indicating
rotations induced by salt movement (Figure 6). In the region of Alcala de los Gazules, salt diapirs pierce the
carapace of the salt canopy made of flysch sediments. South of Algar, the Sierra de la Sal form a 6-km large
horseshoe structure made of Jurassic-to-Paleogene succession, with a number of welds that reflects salt
removal (Figure 6). Other structures like the Arnao Accommodation Zone (AAZ of Lujan et al., 2006;
Figure 7) made of isolated outcrops of flysch and subbetic limestones, surrounded by opposite vergent fold-
ing of the flysch, document a salt suture (e.g., Jackson & Hudec, 2017). Between most of the folds of CpG, a
tectono-sedimentary mélange made of Miocene shale matrix mixed with blocks of Jurassic, Cretaceous, and
Paleogene as well as Miocene turbiditic sandy deposits support the presence of salt pillows, upwellings, as
well as mud diapirism below the Flysch Complex. Below the salt canopy, exploration well data and
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Figure 7. Field example of a salt weld in the Flysch Complex that juxtaposed Jurassic limestone (blue) with the Cenozoic
Aljibe Formation, near Ubrique at the Pefion del Berrueco (PdB) Jurassic is interpreted as remnants of the carapace
associated with emplacement of the salt canopy. Stereolplots showing fault-slip data and inferred direction of extension
in the Ubrique area are also shown. CFZ (Colmenar fault zone) and AAZ (Arnao Accommodation Zone).

seismic reflection lines show a complete subbetic stratigraphic section overlying autochonous Triassic
evaporites (Flinch & Soto, 2017).

4.2. Contact Between Flysch Complex and the Subbetic Series

Given the importance of salt tectonics in the western Betic, one major issue was to correlate between the dis-
membered units of the flysch series. The contact of Cenozoic sandy turbidites of the Flysch Complex with the
adjacent subbetic series is generally poorly preserved. Where it can be observed, the contact is characterized
by diffuse small scale high-angle normal faults and strike-slip faults compatible with a ESE-WNW direction
of extension in the region of Ubrique to N-S extension in the region of Estepona (Figures 7 and 8). These nor-
mal faults often delineate the contact between the Upper Cretaceous “Capas Rojas” (Figure 4) of the
Subbetic and the flysch, which reflects the mechanical stratigraphy between weak red marly limestones
and thicker, more competent flysch series. We focused our investigation along the road from Ubrique to
Cortes de la Frontera and near El Burgo on the road from El-Burgo to Ronda (Figure 5). Isolated mesozoic
block from the Subbetic/Penibetic found within the flysch of CpG have been interpreted as tectonic win-
dows, thus supposedly attesting for the allochtonous character of the Flysch Complex (Crespo-Blanc & de

Internal Zones

FLYSCHS

‘yo Salt welds X Overturned limbs

Figure 8. Field example of salt weld in the Flysch Complex between Jurassic (blue)/Cretaceous (green) carbonates and
the Algeciras Formation, exposed close to Manilva. This is another example together with Figure 7 of the carapace.
Stereoplot showing fault-slip data and inferred direction of extension south of the Ronda massif at the contact between
the peridotites and the flysch series.
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Lamotte, 2006; Lujan et al., 2006). Similar outcrops of subbetic limestones can be found in different local-
ities, along the AAZ and NW of Manilva. Near Manilva, the Pefion Del Berrueco (Figure 7), at the northern
tip of the AAZ, shows a condensed section of folded Jurassic and Upper Cretaceous limestones surrounded
by the Flysch Complex. Here the Upper Cretaceous “Capas Rojas” Formation is cut by steeply dipping dex-
tral normal faults oriented NNE-SSW oblique to the bedding and to the contact with Fysch Complex. We
interpret this structure as a remnant of the carapace of mezozoic rocks resting on top the Triassic allochto-
nous salt. The lack of significant tectonic movement along the main contact suggests the flysch succession
are in a normal stratigraphic position above the older Upper Cretaceous red marls. The Manilva outcrop
to the south shows a similar feature (Figure 8). Taken together, field observations indicate the contact
between the Flysch Complex and the Subbetic is an original stratigraphic contact that has been reworked
by salt movements and additional bedding-parallel shear.

4.3. Contact Between Flysch Complex and Internal Zones: The Tecto-Sedimentary Mélange

An enigmatic chaotic formation is exposed at the front of the Internal Zones, in the CpG area, and overlies
unconformably the Malaguide and AJ in the region of Alozaina (south of Yunquera and El Burgo; Figure 5).
This formation has been given different names, including the “Argiles a blocs” formation laterally defined as
Neonumidian (AaB; Bourgois, 1978), tecto-sedimentary complex (Peyre, 1974), Numidoide and Argillas
Variegadas (Martin-Algarra, 1987), or La Joya Olistostomic Complex (Suades & Crespo-Blanc, 2013) in
the region of Alozaina. The sediment matrix is Burdigalian based on the youngest resedimented foramini-
fera (Bourgois, 1978; Feinberg & Olivier, 1983; Martin-Algarra, 1987; Peyre, 1974) and could even reach
Serravallian to Langhian in Alozaina (Suades & Crespo-Blanc, 2013). The formation contains meter-to-kilo-
meter-scale blocks, among which are found some Triassic sandstones, clays, and evaporites but more gener-
ally Jurassic and Cretaceous limestones and marly limestones from the Subbetic, Paleocene to lower
Miocene marls, and the turbiditic sandstones of the Flysch Complex. The relationships with salt movement
in the AaB are suggested by the highly deformed layers of Triassic evaporites in contact with overturned and
disconnected layers of turbiditic sandstones of the Flysch Complex. We suggest the AaB is a collapsed cara-
pace made of Mesozoic-Cenozoic cover formed on the slopes of a N-migrating escarpment of an allochto-
nous salt sheet, analogous to salt-related frontal compressional structures described in the Gulf of Mexico
(Jackson & Hudec, 2017).

In summary, taking into account the important role played by salt tectonics, we infer that many if not all the
geological contacts between the Flysch Complex and underlying rocks may be explained by salt tectonics.
This, together with the lack of evidence for thrusting relationships between the Flysch Complex and
Subbetic/Penibetic and the first-order stratigraphic correlation (Figure 4), despite the flysch series are
defined by deeper facies than the Subbetic units, lead us to propose that the Flysch Complex was deposited
in deeper environment of the Iberian paleomargin.

5. Low-Temperature Thermochronology
5.1. Samples Description

Twelve sandstones have been collected in lower Cretaceous and lower Miocene turbiditic sandstones of the
Flysch Complex for AFT and (U-Th)/He analyses (Figure 9). These two thermochronological systems were
preferred because they are most likely to be reset, considering the thickness of the flysch series of 1-2 km
(Cerro Gordo wells of Figures 3 and 5; Flinch & Soto, 2017). Sampling was made to examine whether the
Flysch Complex exhumed as a coherent unit on a regional scale by (1) exploring the maximum burial depths,
(2) providing first-order comparison of thermal histories within the flysch series, currently exposed in differ-
ent structural settings (CpG and AaB), and for different periods of deposition (Mesozoic and Cenozoic). All
of our samples were collected between sea level and about 1 km (Table 1). Because AFT and AHe thermo-
chronologic systems are characterized by closure temperatures between 110 and 70°C (3.6-2.3 km for
30°C/km), samples elevation is expected to have only minor impact, if any, on their time-temperature
histories.

Samples RON8 and CPG6 were collected from the same Aljibe formation (Figures 4 and 9), close to the con-
tact with the underlying late Cretaceous-Paleogene red marly limestones of the Subbetic. CPG6 belongs to
the CpG area whereas RONS is sampled from a sandstone body of Aljibe unit embedded in the “Argiles a
Blocs” (AaB) formation according to the IGME map of Ubrique (Figure 4). CPG3, CPG4 and RON2,
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Figure 9. (top) Simplified geological map of the external part of the western Betic and location of collected samples.
We color-coded cooling AFT and AHe ages in the internal metamorphic domains after Frasca et al. (2015) for AHe
and AFT data compiled after Platt, Argles, et al. (2003) and Esteban et al. (2004). (bottom) Geological cross-sections of the
western Betic proposed to illustrate the structural position of our samples in the Flysch Complex. Structural constraints
in the External Zones are mainly from geological maps complemented by our own field survey. Structure of the
Internal Zones are from work Frasca et al. (2015) in the east and Flinch and Soto (2017) in the west.

RON7 were sampled from the Algeciras formation, and M5 from the Beni-Ider formation, its Rifan
equivalent (Figures 4 and 9). CPG4 and CPG3 sandstones are from Campo de Gibraltar and RON7, RON2
samples were sampled from the AaB formation as isolated sandstones from the same Algeciras formation
(Figures 4 and 9). Remnants of the Cretaceous flysch exposed in the Betic were also collected. They
include CPG7 and CPG1 from the Nogales and Camarote flysch that correspond to the Mauretanian and
Predorsalian Cretaceous turbiditic sandstones. Sample RONS5 was collected in late Albian Ubrique
turbidites, a narrow sedimentary system deposited on the Iberian paleomargin (Figure 4). RON3 are
turbiditic sandstones in Penibetic position (Aquitanian-Burdigalian Fuente del Chiquero Formation;
Martin-Algarra, 1987) in a structural position equivalent to that of the Algeciras Formation RON7, RON2
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and CPG6. We also collected RON6 sample in a Devono-Carboniferous mica-rich sandy turbidites from the
Malaguide complex.

5.2. AFT and (U-Th)/He Analyses and Thermal Modeling

Samples were prepared for AFT analyses at the GET laboratory in Toulouse. Apatite grains were separated
from approximately 7 kg bulk samples, such quantities being necessary for detrital low temperature thermo-
chronology. After crushing and sieving, the <500 um fraction was first roughly separated with a shaking
table. Then we performed density separation using heavy liquids to separate the apatites (2.9 < p < 3.3) from
the zircons (p > 3.3). Finally, magnetic separation was achieved with a Frantz to obtain a clean enough frac-
tion, ready to be mounted in epoxy resin. Spontaneous tracks were revealed through polishing of grain
mounts and etching with 5-N HNO; at 21°C for 20s. Capsules containing the mounted samples were irra-
diated with thermal neutrons at the FRM II in Garching, Germany. Standard glass CN-5 was used as a dosi-
meter to measure the neutron fluence decrease through the capsule. After irradiation, induced fission tracks
in the external detectors (low-U muscovite) were etched in 40% HF at 21°C for 40 min. AFT central ages
(+10) (Galbraith & Laslett, 1993) were measured and calculated using the zeta calibration methods with
International Union of Geological Sciences age standards (Hurford & Green, 1983).

Handpicking of apatite crystals, in order to select inclusion-free crystal, was carried out in the GET labora-
tory. We calculated the FT ejection factors using the procedure of Gautheron and Tassan-Got (2010) and
Ketcham et al. (2011). Crystal dimension and geometry were measured along two axes, considering the apa-
tite crystals as regular hexagonal prisms, grains had in general a minimum width of 60 um to minimize the
effect of alpha particles ejection. Error on FT factor was propagated to AHe ages using Ehlers and Farley
(2003) formulae. AHe analyses were carried out at the GEOPS laboratory (Université Paris-Sud, France
and analytical details can be found in Fillon et al., 2013). He, U, Th, and Sm extraction and measurement
follow the protocol described in Recanati et al. (2019). In addition, the apatite crystal weight was calculated
using the Ca content determined with isotopic dilution using **Ca spike.

To bring constraints on the thermal histories of our samples, we perform joint-inversion modeling of AFT
and AHe data on double-dated samples using software QTQt (Gallagher, 2012). QTQt takes into account
the multikinetic AFT annealing model of Ketcham et al. (2007), distribution of track lengths and composi-
tion of apatite grains (Dpar). For AHe, QTQt incorporates recent kinetic models for helium diffusion in apa-
tites (Flowers et al., 2009; Gautheron et al., 2009). These two diffusion models may produce different results,
depending on the integrated thermal history of each grain. The inversion procedure uses a Bayesian
“Markov chain Monte Carlo” algorithm to determine the best time-temperature path reproducing our data
through a large number (>200,000) of randomly tested solutions. Details of the modeling procedure are
given by Gallagher (2012). In order to fully exploit the thermal history information contained in partially
annealed samples and therefore improve the resolution on the modeling, QTQt is able to model the
pre-depositional thermal history of the apatite grains. The final model is represented by a set of
time-temperature histories for which we included the expected model (weighted mean model) and the max-
imum likelihood model (best data fitting model).

5.3. AFT Results

Most samples from the Algeciras/Penibetic/Beni-Ider (CPG4, RON2, RON3, RON7, M5) and Camarote/
Nogales/Ubrique units (CPG1, CPG7, and RONS5) yielded more than 20 grains, whereas samples from the
Aljibe formation, Malaguide (CPG6, RON6, RONS), and CPG3 from the Algeciras formation yielded only
a few apatite grains and will not be discussed further (Table 1). In order to assessing population homogene-
ity, the chi-squared (%) and dispersion tests, with P(x?) values of <0.05 or dispersion values of >20%, are gen-
erally used to attest for multiple apatite populations and/or differential annealing kinetics between grains of
different composition (e.g., Galbraith & Laslett, 1993). All the eight remaining samples, except RONS5, fail
the y* test and show moderate to high dispersion and therefore represent mixed ages with different crystals
variously affected by annealing.

Radial plots of the distribution of individual grain ages and the grain-age populations shown in Figure 10 are
determined by the finite mixture algorithm of Galbraith and Green (1990) implemented in Radialplotter
software (Vermeesch, 2009). Except for RONS5, the grain-age populations are older than the depositional
ages. Systematically, however, a variable but significant proportion of individual grains (30% to 50%) are
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Figure 10. Radial plots of AFT single grain ages (Vermeesch, 2009; 2012) for samples of (a) Lower Miocene and (b) Lower to Middle Cretaceous flysch with more
than 20 grains. Yellow to red colors indicate Dpar increasing size. Thick solid line is the stratigraphic age, 22.5 Ma for the Lower Miocene samples, 125 Ma for
samples CPG1 and CPG7 and 100 Ma for RONS. Thin solid lines are the single grain-age populations.

younger, within errors, than the depositional ages, indicating our samples recorded post-depositional partial
annealing (Figure 10). A component of short track lengths further argues for a period of residence in the
partial annealing zone for apatite. No correlation between AFT ages and the Dpar size is observed, which
could have indicated an influence of the chemical composition ([Cl]) on the apparent age (Barbarand
et al., 2003; Green et al., 1986; O'Sullivan & Parrish, 1995). We infer that the youngest apatite grains are
not clearly defined by lower closure temperatures and that source rocks with different thermal evolution
could be involved. For RONS, all single grain ages are younger than the late Albian (100 Ma) depositional
age with a central age of 26 + 2 Ma. All other samples are partially annealed (CPG4, RON2, RON3,
RON7, M5, CPG1, CPG7) and show two single grain-age populations that are very similar from one
sample to the other. For lower Miocene samples (M5, RON2, 3, 7, and CPG4) from the Algeciras
Formation, we define an old Cretaceous-to-Jurassic population with age peaks ranging from 98 + 12 to
166 + 17 Ma and a younger Paleogene population between 26 + 3 and 40 + 3 Ma. Lower Cretaceous
samples (CPG1 and CPG7) from Mauretanian series show in addition to Jurassic-Cretaceous populations
(153 + 14 and 134 + 12 Ma) an older Permian population (264 + 30 and 289 + 37 Ma). The consistency of
age populations within each set of Miocene and Cretaceous samples suggests they shared a common
thermal history and sediment sources.

5.4. Apatite (U-Th-Sm)/He Results

One to nine apatite crystals were selected for each of the 12 samples analysis in order to ensure sample age
reproducibility and depending on the apatite quality and the grain dimensions, weight, FT, U, Th, Sm, and
He content. Raw and corrected AHe ages are reported in Table 2. AHe analyses performed on Cenozoic sam-
ples from the Algeciras formation and Penibetic sandstone (CPG4, CPG3, M5 and RON2, RON3, RON7)
yielded between one and 10 grains with ages scattered between 5 and 56 + 6 Ma. All these samples exhibit
several ages younger than, or close to, the stratigraphic age. Samples from the Aljibe formation display simi-
lar characteristics but with a much larger spreading of ages, between 15 + 1 and 210 + 29 Ma. Cretaceous
samples CPG7 and CPG1 yielded nine grains each, spreading from 5 to 99 + 13 Ma. Single grain ages are
always younger than the Cretaceous stratigraphic age (Table 2), indicating substantial post-depositional
resetting. RONS yielded four apatite crystals that are younger than the depositional age. Note that the apatite
crystals analyzed here (Table 2) are detrital and therefore originate from different sources as attested by the
range of Th/U ratio.

The direct comparison between corrected ages can be more complicated as the damage content that affect
the He retentivity (Flowers et al., 2009: Gautheron et al., 2009) can be different even for the same U and
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Table 2
Results of (U-Th-Sm)He Analyses on Apatite
Sample Weight R_sph FT “He U Th Sm eU Th/U Age Corrected age
(g (um) (nccSTP/g) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma)
RON3-A 1.0 34.6 0.6 9.50E+04 18.1 199.3 1045.2 66.0 11.0 11.8 189 + 2.7
RON3-B 2.5 45.6 0.7 6.83E+04 22.7 122.0 166.5 52.0 5.4 10.9 159+ 1.9
RON3-C 4.5 58.7 0.8 6.53E+04 5.2 57.3 343.8 19.0 11.0 28.2 359+33
RON3-D 4.2 59.8 0.8 9.30E+04 29.7 67.7 546.9 46.0 253 16.6 208 +1.9
RON7-F 1.5 40.0 0.7 1.09E+04 7.7 32.2 944.4 15.5 4.2 5.5 8.0+ 1.0
RON7-G 2.0 42.2 0.7 1.37E+04 22.6 40.4 526.4 32.3 1.8 3.4 5.0+ 0.6
RON7-1 2.0 99.7 0.9 1.31E405 18.0 352 267.0 26.4 2.0 40.7 46.7 £ 3.4
RON7-J 1.1 86.2 0.8 1.97E+05 78.4 283.7 263.3 146.5 3.6 11.2 134+ 1.1
RON7-L 1.0 34.9 0.7 4.80E+04 233 55.9 95.2 36.7 24 10.9 163+ 2.1
RON7-M 1.0 34.7 0.6 7.02E+04 454 39.2 224.2 54.8 0.9 10.6 174 +£ 2.6
MS5-A 1.7 36.8 0.6 3.90E+04 14.7 59.3 106.3 29.0 4.0 11.2 17.7 £ 2.4
M5-B 2.0 39.2 0.7 4.02E+04 19.1 35.9 213.2 27.9 1.9 12.0 7,7 25 2.2
M5-C 5. 41.0 0.7 5.30E+04 10.9 11.3 95.3 13.7 1.0 323 484 +6.1
MS5-D 34 40.9 0.7 2.96E+04 23.5 28.0 128.1 30.3 1.2 8.1 122+ 1.6
M5-E 3.1 40.6 0.7 2.31E+04 22.7 54.7 123.3 359 2.4 5.4 81+1.0
MS5-F 1.2 39.5 0.7 2.78E+04 219 94.3 218.5 44.6 4.3 5.2 79 +1.0
Ms5-G 1.0 39.0 0.7 3.40E+04 234 229 320.9 28.9 1.0 9.6 14.7 + 1.9
M5-H 1.3 40.5 0.7 3.05E+04 22.7 106.0 226.6 48.2 4.7 53 76 +09
M5-1 1.5 45.0 0.7 4.97E+04 33.9 79.3 297.9 52.9 2.3 7.8 10.7 + 1.2
M5-J 2.0 41.6 0.7 8.05E+03 4.3 22.5 189.6 9.7 5.3 6.8 10.0 + 1.2
CPG3-D 1.4 32.0 0.6 2.84E4+04 223 60.9 140.2 37.0 2.7 6.4 10.1 + 1.4
CPG4-E 1.5 39.9 0.7 1.77E+405 23.3 60.7 155.6 37.9 2.6 38.6 56.0 + 6.7
CPG4-F 1.2 35.5 0.6 1.48E+05 22.0 70.3 1293.8 38.9 3.2 30.4 475+ 6.4
CPG4-G 2.0 43.5 0.7 4.74E+04 44.2 48.2 961.5 55.8 1.1 6.9 9.6 +1.1
CPG4-H 1.1 33.8 0.6 7.51E+03 7.6 46.5 160.4 18.9 6.1 33 55+08
CPG4-1 1.3 39.6 0.7 3.05E+05 68.9 180.4 399.6 112.5 2.6 22.6 328 +£3.9
CPG4-J 1.4 34.1 0.6 2.47E+04 28.1 37.2 97.6 37.1 1.3 5.5 92+14
RONS-A 1.6 38.9 0.6 2.57E+05 5.1 41.8 860.8 15.1 8.3 132.7 210.3 +£29.2
RONS-B 24 45.2 0.7 2.11E+405 16.1 6.6 705.2 17.7 0.4 94.2 133.8 +15.5
RONS8-D 8.6 74.0 0.8 1.09E+05 12.6 162.9 483.1 51.7 12.9 17.5 214 +1.8
RONS-E 9.5 73.5 0.8 4.15E+04 8.4 20.4 506.5 13.3 24 24.9 30.1 + 2.5
RONS-F 5.5 61.9 0.8 2.53E+04 9.6 16.8 512.1 13.6 1.8 14.7 191+ 1.9
RONS-G 4.1 67.1 0.8 2.30E+05 35.9 41.6 469.6 45.9 1.2 41.0 51.8 +4.7
RONS-H 2.6 51.3 0.8 6.35E4+04 27.6 74.7 158.0 45.6 2.7 11.6 152 + 1.5
CPG6-A 4.4 58.0 0.8 2.47E+04 2.1 4.6 10.8 3.2 2.2 63.6 803+ 73
CPG6-B 3.6 52.7 0.7 3.52E4+05 30.3 89.0 856.8 51.7 29 55.6 76.0 + 8.2
RON2-B 2.0 441 0.7 4.73E+04 18.2 30.3 1354.8 25.6 1.7 14.5 200+ 2.2
RON2-C 3.3 51.8 0.7 1.17E+04 3.8 35.9 117.9 12.4 9.5 7.8 104 + 1.1
RON2-D 4.2 54.8 0.8 1.13E4+04 5.1 13.7 586.0 8.4 2.7 10.3 135 =& 1.3
RONS5-A 2.0 43.7 0.7 5.11E+04 27.1 65.5 388.6 42.9 2.4 9.8 13.8 + 1.6
RONS5-B 2.1 43.5 0.7 5.61E+04 19.0 31.6 244.5 26.6 1.7 17.3 243 +2.7
RONS5-C 2.3 47.8 0.7 3.66E+04 24.8 48.4 886.8 36.5 2.0 8.1 109+ 1.1
RONS5-D 352 54.4 0.8 3.15E+04 17.4 39.9 400.8 27.0 2.3 9.5 1I2'SEER]R2)
CPG-1B 7.8 81.4 0.8 1.03E+05 11.4 14.9 178.1 15.0 1.3 56.2 68.6 + 5.8
CPG-1C 3.5 52.8 0.8 2.38E+04 6.3 58.1 524.6 20.2 9.3 9.5 2,7 45 1.3
CPG-1D 1.8 39.7 0.6 5.54E+04 11.3 69.2 467.4 28.0 6.1 16.2 253+ 3.4
CPG1-H 2.5 47.3 0.7 5.20E+04 21.1 44.9 807.0 31.8 2.1 13.2 17.8 +£ 1.9
CPG1-J 1.4 41.9 0.7 5.08E+04 9.3 97.8 404.8 32.8 10.5 12.8 18.5+ 2.1
CPG1-L 1.0 35.8 0.6 2.11E+05 10.9 71.3 242.5 28.0 6.5 62.1 99.9 +13.8
CPG1-M 1.4 429 0.7 4.44E+05 76.7 47.1 459.1 88.0 0.6 41.5 61.0 + 7.4
CPG1-N 2.1 58.2 0.8 1.25E+05 36.1 38.9 398.9 45.4 1.1 22.5 303+ 3.1
CPG1-O 1.7 42.9 0.7 2.04E+04 9.0 68.8 77.2 25.5 7.7 6.7 G4 <k 112
CPG7-B* 1.7 39.2 0.6 2.66E+04 25.0 152.7 1133.7 61.7 6.1 3.5 54+ 0.8
CPG7-C 2.1 42.3 0.6 1.20E+04 1.2 53.0 909.3 14.0 44.8 6.7 103+ 14
CPG7-D 2.5 46.8 0.7 4.17E+05 99.1 57.3 753.3 112.9 0.6 30.3 40.8 +4.3
CPG7-E* 2.0 51.2 0.7 1.03E+05 1.8 66.7 513.7 17.9 36.4 46.8 68.5 + 8.3
CPG7-F* 2.1 53.0 0.7 9.19E+04 10.1 48.3 1375.9 21.8 4.8 32.7 46.3 +£5.3
CPG7-G 0.9 40.4 0.7 7.11E+04 28.3 93.5 349.0 50.8 3.3 11.6 16.3 + 1.8
CPG7-H* 1.0 40.4 0.6 2.09E+04 1.2 96.1 466.0 24.2 80.7 7.1 112+ 1.5
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Continued
Sample Weight R_sph FT “He U Th Sm eU Th/U Age Corrected age
(g (um) (nceSTP/g) (ppm) (ppm) (ppm) (ppm) (Ma) (Ma)
CPG7-I* 0.8 39.9 0.7 3.16E+04 22 71.5 2312 19.3 33.1 13.5 193+ 2.2
CPG7-J* 0.9 35.2 0.6 1.95E+04 1.8 79.1 119.5 20.8 43.2 7.8 12,1 + 1.6
RONG6-B 0.7 44.2 0.7 1.23E+05 3.8 37.3 26.3 12.7 9.9 80.6 116.8 + 14.0

Note. Grains marked by an asterisk are grains with relatively high Th/U ratios, these grains were not used for thermal modeling. Underlined grains were not used
for thermal modeling based on abnormal 4He concentrations.

Th content. In fact, the accumulation of damage into each apatite can vary because of different
pre-depositional history and chemical composition (Gautheron et al., 2013). Thus, the He-PRZ for each
sample can range from 40 to 120°C depending on each crystal (Flowers et al., 2009; Gautheron
et al., 2009) and direct comparison with eU content should be taken cautiously. In addition,
alpha-implantation from neighbor minerals and undetected rich U-Th inclusions can also increase AHe
ages significantly and increase dispersion (e.g., Janowski et al., 2017; Murray et al.,, 2014; Spiegel
et al., 2009). To show the effect of alpha implementation and variety of sources, AHe single grain ages
were plotted as a function of the eU content for samples of similar stratigraphic age and formations
(Figure 11). In Table 2, AHe data on which doubt exists on the impact of the parameters have been
underlined and will not be taken into consideration.

5.5. Modeling of Thermal History

Modeling of the thermal history of AFT data is generally best applied to samples with a single grain-age
population. In our case most AFT samples fail the chi-squared test and show two populations that likely
reflect multiple sources of apatite (Table 1). Our samples also recorded partial resetting and track lengths
reduction during post-depositional heating. To capture the most recent cooling event recorded by the young-
est apatite grains and account for the presence of inherited tracks, the models were allowed to explore the
pre-depositional thermal histories for all the samples. Additional geological constraints include the strati-
graphic ages and assumed depositional palaeotemperatures of the sample, and the present-day temperature
of the sample.

Figures 12 and 13 show model results for a selection of AFT-AHe double-dated Cenozoic (RON2, RON3,
RON7, M5) and Mesozoic flysch samples (CPG1, CPG7, and RONS5) comprising above 20 AFT-dated grains
(Figure 10) and measured confined track lengths projected along the c axis. To examine how our thermal
models reproduce age constraints we also plotted predicted versus observed ages. Models take into account
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Figure 11. AHe ages plotted against effective uranium (eU) content.
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Figure 12. Time-temperature QTQt modeling for Tertiary samples of the Flysch Complex. Colors refer to the probability
of a thermal history to pass through a given point. Thin black lines: 95% credible interval; thick black line: expected
model; dark red: maximum likelihood model. Associated to each model, relation between predicted and expected AFT
and AHe ages and repartition of predicted (thick black line) and measured (histogram) confined Fission Track Length
(FTL), N = number of measured confined FTL.

the confined mean track lengths and annealing model of Ketcham et al. (2007) as well as the Dpar value as
an indicator of the chlorine content [Cl]. For (U-Th)/He data, each grain is modeled individually incorpor-
ating the uncorrected age, grain size, shape, and U, Th, Sm, He concentrations. In most cases, the diffusion
model of Flowers et al. (2009), which is better suited for low-damage apatite crystals, yielded models with
good resolution.

5.5.1. Thermal History of Cenozoic Flysch Sediments

A wide depositional age of 22.5 + 5 Ma for the Aljibe, Algeciras and Beni-Ider formations, is assumed to
account for all depositional ages published in the literature and conform with stratigraphy shown in
Figure 4. All QTQt thermal models show our double-dated samples recorded temperature below 120°C, in
agreement with partial resetting (Figure 12) indicated by the proportion of grains younger than depositional
age and some short track lengths. They further indicate a short excursion in the partial annealing zone of
AFT and fast cooling between 20 and 15 Ma that is reflected by several large track lengths and AHe dates.
Only M5 sampled in the Rif domain constrains fast cooling from 10 Ma. RON2, RON7, and M5 reproduce
the dispersion of AFT and AHe dates. RON3 from the Penibetic/Subbetic is less well resolved due to the
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Figure 13. Results of the time temperature QTQt modeling for Tertiary samples of the Flysch Complex.

larger dispersion of AHe dates but the main characteristics of the thermal history are similar to the other
Cenozoic flysch deposits. Differences include a slightly earlier exhumation to the surface for RON3 that
reflects its stratigraphic position below the upper Miocene (Tortonian-Messinian) marine sediments of the
Ronda basin.

5.5.2. Thermal History of Lower Cretaceous Flysch Sediments

Similarly with Cenozoic samples, the partial resetting of Lower Cretaceous samples CPG1, CPG7, and RON5
requires post-depositional heating below 120°C (Figure 12). These samples further resolve thermal histories
involving a period of increased cooling from about 15 Ma consistent with Cenozoic samples. The short track
lengths of ~10 um indicate apatite grains resided for a prolonged period of time in the partial annealing zone
during the upper Cretaceous-Paleogene between 70 and 55 Ma. Both samples CPG1 from the Camarote
flysch and RONS5 from Ubrique flysch resolve a period of slow cooling in the partial annealing zone of
AFT mostly during the Paleogene. CPG7 from Nogales formation shows a distinctive thermal evolution
excluding the protacted phase of track lengths reduction during the Paleogene.

In summary, we show that all Cenozoic flysch sediments recorded heating to maximum temperatures of
85 to 120°C, that is in the partial annealing zone for AFT. Two Mesozoic samples show a distinctive
time-temperature history indicating sediments underwent a prolonged period of residence between 120
and 60 °C before cooling started most likely during the Paleogene, from 50 Ma. Taking into account
the low number of detrital grains dated and the variable duration of residence of sediments in the AFT
partial annealing zone suggested by the dispersion of track lengths, we infer all Cenozoic and Mesozoic
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samples recorded rapid cooling attributed to rock uplift/exhumation between 20 and 10 Ma in the wes-
tern Betic and Rif.

6. Discussion
6.1. Early Miocene Cooling in the Flysch Complex: Record of Onset of Post-Orogenic Exhumation

Time-temperature paths obtained from the Mesozoic and Cenozoic flysch series (Figures 12 and 13) give
support to a prominent phase of cooling from the uppermost crustal levels in the Burdigalian (20-15 Ma).
This timing is consistent regionally with AFT ages of 22-18 Ma from gneiss and schist of the Carratraca mas-
sif of the AJ complex (Platt, Argles, et al., 2003) and gneiss and quartzites from ODP well site 976 from the
same tectonic unit (Platt & Vissers, 1989). Fission-track analyses performed on the Torrox Unit, from the
western AJ complex, confirm rapid cooling between 22 and 18 Ma (350-170°C/Myr) followed by decreasing
cooling rates of 5 to 0.5°C/Myr after 17-15 Ma (Andriessen & Zeck, 1996; Zeck et al., 1992). Other
fission-track data from the Ojen and Los Reales nappes of the AJ complex north of Marbella (Sierra
Blanca and Sierra Alpujata) reveal rapid cooling (>100°C/Myr) in the 19-16 Ma interval (Sosson et al., 1998).
This result is further in agreement with detrital AFT ages from Burdigalian-Langhian synorogenic foreland
sediments of the Malaguide domain North of the Espuna massif, 500 km to the east of our study area, that
record a rapid acceleration of exhumation at about 21 Ma (Lonergan & Johnson, 1998). This is in agreement
with the cooling history of AJ complex in the Sierra de Gador (Janowski et al., 2017) also indicating rapid
cooling during the late Aquitanian-Burdigalian (23-16 Ma) at rates of 215-245°C/Myr followed by much
slower cooling at 16-7.2 Ma at rates of 11-2.5°C/Myr.

Fast exhumation of the Internal Zones is further attested by the late Aquitanian-Burdigalian Ciudad
Granada and Vifuela group (Figure 4) containing clasts from the Malaguide and AJ and by the Nava
Breccia deposited on the Nieves Unit of the Frontal Units of the Internal Zones (Martin-Algarra, 1987;
Serrano et al., 2007). These upper Oligocene-lower Miocene formations are transgressive upon metamorphic
complexes of the Alboran domain and therefore reveal nappe stacking of the AJ complex was completed by
22-17 Ma. The Burdigalian cooling detected in the Flysch Complex regionally correlates with extremely
rapid cooling event up to 600°C/Myr (e.g., Platt, Argles, et al., 2003) described in the Alboran domain.

Altogether, the Flysch Complex and other sedimentary units from the Internal Zones (Nava Breccia, Ciudad
Granada Group, Vifiuela Group; see Figure 4) reflect a period of subsidence during the upper
Oligocene-lower Miocene followed by rapid uplift/exhumation within a short temporal window between
20 and 15 Ma.

6.2. Pre-Aquitanian Thermal Evolution in the Flysch Complex: A Record of Initial Contraction?

As indicated is section 3 and Figure 3, there is stratigraphic evidence for the onset of foreland flexural sub-
sidence in the Early Eocene (Late Ypresian, ~50 Ma). Ongoing contraction in the external Betic is further
consistent with gravitational episodes or erosional unconformities from late Cretaceous up to the early
Eocene in the External Zones of the eastern Betic (Guerrera et al., 2006; Martin-Chivelet & Chacon, 2007)
and in the Internal Zones by conglomerates sealing upper Eocene thrusts in the Malaguide
(Lonergan, 1993). More evidence for this contractional episode are found in the western Betic. In the
Corridor de Boyar and Ardite units, Eocene conglomerates were deposited unconformably above the
Paleocene (Bourgois, 1978). These sediments reworked Mesozoic material, attesting for an erosional event
at this time. Eocene turbidites mapped in the region of Algar and Alcala de los Gazules further support a
marine transgression over the Iberian margin (Garcia de Domingo et al., 1990). Based on these lines of evi-
dence we infer that a period of significant contraction did occur in the Paleogene and likely since the upper
Cretaceous.

Thermochronological constraints from the Lower Cretaceous sandstones from the Camarote (CPG1) and
from Ubrique (RONS5) flysch deposits reveal the upper Cretaceous and sandstones underwent a prolonged
period of residence between 120 and 60°C with slow cooling from upper Cretaceous to early Paleogene
(70-55 Ma). The weak thermal imprint of this tectonic phase revealed by our apatite low-temperature ther-
mochronology seems inconsistent with a phase of rapid subaerial exhumation. We suggest this initial slow
cooling phase occurred in an incipient continental accretionary prism while lower Cretaceous sediments
deformed underwater. Such thermal evolution has been documented in pre-orogenic flysch deposits from
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other orogens like the Pyrenees and Taiwan (Mesalles et al., 2014; Mouthereau et al., 2014; Vacherat
et al., 2014) and may also apply here.

Onset of exhumation of HP rocks associated with nappe stacking in the AJ Complex of the eastern Betic
(Platt et al., 2005) and in the NF (Augier et al., 2005; Li & Massonne et al., 2018; Monié et al., 1991) is inferred
to have started as early as 50 Ma. The temporal concordance between the HP-LT alpine metamorphism,
changes in the depositional pattern, and cooling reported from our low-temperature thermochronological
data altogether argue for onset of crustal thickening in the latest Cretaceous to early Eocene, leading to
the emergence of a proto-Betic domain.

6.3. Allochthony vs. Autochthony of the Flysch Complex With Respect to the Iberian Margin

The migration of the Internal Zones toward the west is classically understood to have led to the deformation
of the flysch and formation of the external Betic fold-and-thrust belt in response to trench retreat (Crespo-
Blanc & Campos, 2001; Doglioni et al., 1999; Jolivet et al., 2008; Lonergan & White, 1997). In the literature,
the Flysch Complex is also typically considered to be allochthonous and being part of the a sedimentary
accretionary prism overthrusting the Subbetic, and as such have migrated toward the Guadalquivir basin
for several hundred kilometers (Crespo-Blanc & Campos, 2001; Guerrera et al., 1992; Martin-
Algarra, 1987; Martin-Algarra et al., 2009). The basal thrust and the important displacement of the Flysch
Complex are mostly inferred from stratigraphy and sediments composition that consider the source of flysch
deposits as being originated from various places in the Peri-Mediterranean belts (Didon, 1969; Hoyez, 1989;
Wildi, 1983). However, our own geological mapping and the work of Flinch and Soto (2017) emphasize that
the structure of the Flysch Complex largely reflect salt tectonics rather than large tectonic overthrusting.
This leads us to propose an alternative interpretation in which the horizontal displacement experienced
by the Flysch Complex is minimized. Cross-sections (e.g., Figure 5) show that the tectonic movements are
accommodated by the decoupling in the Triassic allochthonous salt not by the decoupling at the base of
the flysch series. Stratigraphy further argued for the existence of a single Eocene to Miocene basin, connect-
ing the Subbetic/Penibetic flysch of the Iberia paleomargin with the deeper facies of the flysch trough.
Moreover, our low-temperature data reveal that the Flysch Complex did not reach temperatures higher than
120°C revealing they were buried between 1.3 and 2.6 km (assuming thermal gradient of 30°C/km). The
translation of a 2 km-thick flysch nappe over about 800 km, as argued by reconstructions that consider
the flysch domain to be originated from a region close to the Balearic Islands, is very unlikely. The preserva-
tion of an early Miocene cooling pattern homogeneous in all flysch series (Penibetic RON3 and other
Algeciras sandstones RON2, RON7, and M5) indeed do not support such a reconstruction. Together with evi-
dence for Paleogene exhumation and foreland evolution on the Iberian margin, we infer that the Flysch
Complex underwent limited displacement. Taking into account the 230 km of N-S shortening expected in
the Betic since the upper Cretaceous (Macchiavelli et al., 2017), we infer that a maximum estimate for the
displacement of the Flysch Complex should fall in this range.

6.4. A Tectonic Scenario and Geodynamic Implications

Figures 14 and 15 show a spatial and temporal reconstruction of the geodynamic evolution of the Betic-Rif
region from early Cretaceous rifting stage to late Tortonian contraction.

Rifting during late Triassic to early Jurassic between central Atlantic and Alpine Tethys and during late
Jurassic to early Cretaceous times (Angrand et al., 2020; Dercourt et al., 1986; Handy et al., 2010; Labails
et al., 2010; Leprétre et al., 2018; Martin-Algarra, 1987) led to the formation of several basins between
Africa and Iberia. They correspond to the Subbetic (e.g., Crespo-Blanc & de Lamotte, 2006; Jabaloy-
Sanchez et al., 2019), the Algarve basin (e.g., Ramos et al., 2016), the Cretaceous flysch basin, stretching
along the transform plate boundary between Africa and Iberia, and the external Rif and Ketama basins
(Durand-Delga, 1972; Wildi, 1983). Extension resulted in mantle exhumation in the external Rif, in the for-
mer Cretaceous Flysch basin, in the Gorringe Bank and in the NF (Durand-Delga et al., 2000; Jiménez-Munt
et al., 2011; Michard et al., 1992; Puga et al., 2002). In our reconstruction, the Cretaceous flysch basin corre-
sponds to the most distal part of the Iberian margin. It is laterally connected to the flysch series of the
Ketama basin (Figures 14 and 15).

Following the onset of convergence between Eurasia and Africa at 84 Ma, contractional deformation is
recorded in the Malaguide by a transgression and onset of flexural subsidence at about 50 Ma (e.g.,
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Figure 14. Geodynamic reconstructions depicting the evolution of the western Betic domain, with a focus on the Flysch
Complex, salt tectonics, and location of thermochronological samples (green, yellow, and brown squares).

-

Figure 3, Hanne et al., 2003; Maaté et al., 2000), in North-Africa (Frizon de Lamotte et al., 2000, 2011;
Leprétre et al., 2018) (Figures 14, 15; 60-45 Ma) and in the Guadalquivir and Gorringe Bank (Ramos
et al., 2017).

Onset of foreland subsidence in the early Eocene is outlined by transgression and deposition of nummulitic
limestones preserved in the Malaguide (Figures 14, 15; 60-45 Ma). This stage is followed by the deposition of
deep-marine sediments during the middle to late Eocene throughout the Betics (Lonergan & Mange-
Rajetzky, 1994, and Figure 4). Crustal thickening required to produce flexural subsidence in the
Malaguide is coeval with cooling recorded in the Mesozoic flysch (samples CPG1 and RONS5) and onset of
S-vergent underthrusting of the Iberia crust suggested by several Paleogene ages for peak HP metamorphism
(see section 2).

The contraction of the Iberia paleomargin at this time is consistent with the far-field deformation recorded
from the Atlas (e.g., Leprétre et al., 2018), exhumation in the Anti-Atlas (Sehrt et al., 2018), and evidence for
contraction throughout Iberia, including the Iberian Range (Rat et al., 2019) and the Pyrenees (e.g.,
Mouthereau et al., 2014). In order to be consistent with estimates of N-S directed Africa-Iberia convergence
(Machiavelli et al., 2017) in southern Iberia, the Internal Zones of the proto-AlKaPeCa/Mesomediterranean
domain have been restored by 200-250 km in the east/south-east direction (Figures 14, 15; 60-45 Ma). This
amount is accommodated by up to 150 km of NW/SE-directed contraction in the western Betics of which we
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Figure 15. Paleogeography of the flysch series in the geodynamic evolution of the Betic-Rif region since 60 Ma. Thick red
dashed line shows the approximate location of the cross sections of Figure 15. This reconstruction was drawn using
the kinematic reconstruction of Miiller et al. (2016). Large-scale deformations in Iberia and Africa are redrawn after
Leprétre et al. (2018). Continental, transitional, or oceanic domains are from Ramos et al. (2017) and Nirrengarten

et al. (2018). MM/proto-AlKaPeCa = Mesomediterranean domain-AlKaPeCa domain.

must add 100 km of EW-directed extension inferred from restoration of low-angle detachment system in
Sierra Nevada and Sierra de los Filabres metamorphic domes (Martinez-Martinez et al., 2002).

Our reconstruction is consistent with Vergés and Fernandez (2012), placing the south-vergent subduction to
the south of the paleomargin of Iberia in upper Cretaceous to Paleogene. However, stratigraphy, structure,
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and thermochronological constraints suggest to place proto-AlKaPeCa domain closer to Iberia. Because 200-
250 km of shortening is accommodated in the Betics, our reconstruction implies that the 600 km-long slab
imaged beneath the arc (Bezada et al., 2013; Fichtner & Villasefior, 2015; Mancilla et al., 2015; Palomeras
et al., 2017; Spakman & Wortel, 2004; Villasefior et al., 2015) corresponds to a delaminated mantle slab.
Mantle delamination model is similar to the retreating delamination models by Calvert et al. (2000) and
Petit et al. (2015), and was also suggested by Roure et al. (2012) for the North African margin.

The Oligocene stage (30 Ma) marks a transitional period during which the tectonic regime changed from
contractional to extensional in the Western Mediterranean (Jolivet et al., 2008; Figures 14 and 15).
Subsidence analyses (Figure 3) suggest that flexural subsidence driven by increasing tectonic load and/or
slab pull persisted at least until the late Oligocene. The roll-back of the Tethys Ocean in the East is thought
to have started in a subduction zone positioned south of the Balearic Islands (e.g., Jolivet et al., 2008). Slab
retreat in the east then triggered backarc extension to the west in the proto-Alboran domain. Lithospheric
transfer zones required to accommodate the differential extension between the Mediterranean region and
proto-Alboran domain may have triggered delamination at the origin of the Alboran sea.

The onset of the west-directed retreating mantle delamination most likely initiated in the Burdigalian at the
latest as constrained by the timing of extension and westward migration of the Alboran domain (see
section 3).

Around 22.5 Ma, there is a general subsidence associated with the deposition (and heating) of the flysch ser-
ies of Algeciras and Aljibe formations and in the Penibetic/subbetic coevally with the deposition of the
Ciudad Granada group on top of the internal Alboran domains. We propose that this downward regional
movement of the external and internal domains reflect the pulling forces arising from the sinking delami-
nated mantle (Figures 14 and 15). Such a large subsidence of both the flysch series above the internal
domains can still be observed in the WAB where the mantle slab is still attached and pulls the crust down
(Couto et al., 2016; see also Figure 2). As delamination migrated, compressional deformation propagated
toward the external domains, resulting in exhumation of the previously subsident flysch basin as indicated
by regional cooling event at 20-15 Ma. The innermost Alboran domain underwent a coeval thinning and
heating caused by the asthenospheric upwelling (Figure 14), followed by fast thermal reequilibration and
denudation of Internal Zones responsible for the clustering of geochronological ages around 22-19 Ma.

Exhumation caused remobilization and collapse of the flysch series above the thick Triassic gypsum at the
origin of tectono-sedimentary mélanges. After late Burdigalian, subsidence resumed in the early
Tortonian (Figure 15; 17-15 Ma) as recorded by marine sedimentation in the Ronda extensional basin.
Tortonian was associated with orogen-parallel extension that also affected a large portion of the Flysch
Complex and External Zones through normal faulting and strike-slip movements (e.g., Crespo-Blanc
et al., 2016; Jimenez-Bonilla et al., 2016). This late extension was followed by a NNW-SSE-directed compres-
sion associated with the tightening of the arc from the late Tortonian onward (Figure 15; 10 Ma) and west-
ward expulsion of the Alboran domain (e.g., Crespo-Blanc et al., 2016). From the late Messinian (5.3 Ma)
onward, transition from marine to continental sedimentation occurred in the Ronda basin and in all the
Internal Zones of the Betics. This event was associated with general uplift of up to 1,000 m of the intramon-
tane Neogene basins (Iribarren et al., 2009; Janowski et al., 2017) triggered by westward propagation of slab
tearing (or detachment) below the Betics (Mancilla et al., 2015; Spakman & Wortel, 2004).

7. Conclusions

The aim of this paper was to better understand the poorly constrained, earliest stage of deformation in the
Betics, and to discuss the temporal and spatial evolution of the Flysch Complex, a key element to understand
the Betic-Rif geodynamics. Based on the existing stratigraphic constraints, evidence for the imprint of salt
tectonics on the structure of the Flysch Complex, and new low-temperature thermochronological data, we
argue that a Paleogene stage of deformation affected both the Iberian paleomargin and the Internal
Zones. Time-temperature histories from Cretaceous flysch (Ubrique-Boyar Flysch) deposited on the distal
Iberian paleomargin show cooling occurred at ca. 50 Ma. These new constraints support a pre-Oligocene
phase of orogenic growth in the Betic Cordillera in accord with the acceleration of the subsidence in the fore-
land. The exhumation of the Flysch Complex occurred between 20 and 15 Ma coherent with rapid exhuma-
tion of the internal metamorphic complexes. This finding further supports a geodynamic reconstruction in
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which the Flysch Complex and Internal Zones formed in a proto-Betic orogenic domain positioned close to
the present-day Alboran domain. To account for the synchronous early Miocene cooling of the Flysch
Complex and the Internal Zones we suggest that extension in the Alboran domain was driven by the west-
ward drift of a delaminated mantle slab from beneath a proto-Betic orogenic segment.
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