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Recent geological mapping conducted in the Ronda Peridotites (Betic Cordillera, S Spain) has revealed a
systematic field correlation between lower crustal metamorphic units and different tectono-
metamorphic domains of the ultramafic massif. Mylonitic and highly tectonized Spl ± Grt peridotites
(i.e., Grt-Spl mylonite and Spl tectonite domains), which are considered to be derived from a thick con-
tinental lithosphere, are in contact with garnet-bearing gneisses (i.e., kinzigites) of the Jubrique unit
along a narrow but continuous mylonitic shear zone. Phase equilibrium calculations indicate that the
metamorphic rocks of the Jubrique unit are consistent with an initial continental setting characterized
by normal crustal thicknesses, which underwent two melting events. The first melting occurred at
0.9–1.0 GPa / 770–800 �C and resulted in 13 %melt, while the second one took place at shallower crustal
conditions (0.4–0.5 GPa and 710–765 �C) and led to more restricted melt production (2–3 %melt). In con-
trast, the Spl ± Pl peridotites (Pl-tectonite domain), which are stable only at shallowest mantle levels
within a highly extended continental lithosphere, are consistently found exposed in contact with hetero-
geneous granites and migmatites of the Guadaiza unit. According to new thermodynamic modeling, the
Guadaiza metamorphic rocks record a single melting event characterized by a theoretical melt produc-
tion of 6 to 11 % at the base of a very thin continental crust (ca. 0.3 GPa and 675–710 �C). This process
was likely facilitated by influx of external water, necessary to generate high melt fractions observed in
the diatexites. The systematic correlation observed between crustal metamorphic units, consistently
overlaying the mantle rocks, and specific ultramafic domains of the Ronda massif, suggests that their jux-
taposition primarily resulted from the severe extension of the continental lithosphere.
U-Pb radiometric dating of zircons from gneisses, migmatites, and heterogeneous granites in the mid-

dle crustal rocks of the Guadaiza unit indicates that extensional processes, crustal anatexis, and melt
stagnation occurred at around 280 Ma. Comparison of these new radiometric ages with previous results
from the Jubrique unit suggests that a Permian high-temperature / low- to medium-pressure event uni-
formly affected the crustal units over the Ronda Peridotites. This event coincided with the formation of
characteristic ultramafic mineral assemblages within the Ronda massif and provides evidence for the
interaction between upper mantle rocks and lower- to mid-crustal metamorphic rocks during this period.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Continental rifts represent emerging plate boundaries where
ongoing tectonic activity progressively thins the lithosphere and,
eventually, leads to the break-up and splitting of the continental
landmass (e.g., Brune et al., 2023). This tectonic evolution is often
observed in mid- to lower crustal metamorphic rocks and underly-
ing ultramafic rocks of the upper mantle, which record the sub-
stantial pressure and temperature changes through the formation
of new mineral parageneses, driven by a series of re-equilibration
processes (e.g., Soto and Platt, 1999; Müntener et al., 2000). As
the rift matures, a combination of preexisting internal weaknesses
and newly forming extensional structures in the lithosphere con-
tribute to crustal thinning and upper mantle uplift (e.g.,
Theunissen and Huismans, 2022; Brune et al., 2023 and references
therein). In the final stages of lithosphere thinning –usually
referred to as hyperextension of the continental lithosphere–, this
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process may result in the exposure of the upper mantle at surface
across the transition zone between continental and oceanic crust
(e.g., Pérez-Gussinyé, 2013), as reported from various rifted mar-
gins worldwide (e.g., Whitmarsh et al., 2001; Manatschal, 2004;
Sawyer et al., 2007; Mohn et al., 2014).

Tectonic inheritance and melt-weakening processes are known
to be key factors in the development of rifts (Díaz-Alvarado et al.,
2021; Corti et al., 2022; Zheng et al., 2022). In these settings,
granite-migmatite-granulite associations are typically produced
by crustal anatexis (Zheng and Chen, 2021; Zheng and Gao,
2021). Continental rifts typically originate within former orogenic
belts, and conversely, new orogens often form over previously
rifted regions (e.g. Vauchez et al., 1997; Peron-Pinvidic and
Osmundsen, 2020; Zheng and Gao, 2021; Peron-Pinvidic et al.,
2022). In both cases, characterizing early deformation events can
be particularly challenging because subsequent deformations,
metamorphic and/or magmatic processes can potentially erase or
disrupt the original paragenetic and geochronological data. Seismic
reflection profiles of the present-day ocean margins provide
information on the deformation style and allow discussing the
mechanisms promoting continental rifting (e.g., Clerc et al., 2018;
Peron-Pinvidic et al., 2019). However, geophysical data alone
cannot constrain the age and composition of the lithosphere, nor
the thermal conditions during deformation. Therefore, understand-
ing the processes that control the rheological evolution are usually
addressed by thermomechanical modeling (e.g., Huismans and
Beaumont, 2011, 2014; Brune et al., 2014). On the other hand, in
recent years hyperextended domains preserved within certain col-
lisional orogens, such as the Pyrenees and Alps have been widely
recognized (e.g., Jammes et al., 2009; Lagabrielle et al., 2010;
Tugend et al., 2014; Manatschal et al., 2015; Pedrera et al., 2017,
2021, 2023; Gómez-Romeu et al., 2019). Studying these regions
provides a unique opportunity to analyze melt-rock reactions in
the lower crust and uppermost mantle during continental rifting.
It also offers insight into the relation between ductile deformation
processes and normal faulting, while aiding in constraining the
timing of extensional processes. Nevertheless, due to the long
and complex tectonic and magmatic history of continental rifts,
absolute dating of the different stages of their evolution is still a
challenging task.

The Ronda Peridotites, widely exposed in the inner zone of the
Betic Cordillera, are the result of drastic lithosphere-scale attenua-
tion processes (e.g., Garrido et al., 2011; Obata, 1980; Platt et al.,
2003a; Précigout et al., 2013; Van der Wal and Bodinier, 1996;
Van der Wal and Vissers, 1993; Van Der Wal and Vissers, 1996;
Bessière et al., 2021; Sánchez-Gómez et al., 2002), during which
the crustal envelope of the mantle rocks underwent partial melting
(e.g., Lundeen, 1978; Balanyá et al., 1997; Tubía et al., 1997; Argles
et al., 1999; Platt et al., 2003a; Esteban et al., 2008; Acosta-Vigil
et al., 2014). The age of this partial melting and the role played
by the peridotites have been extensively debated, resulting in con-
trasting and contradictory proposals (Acosta-Vigil et al., 2014;
Argles et al., 1999; Balanyá et al., 1997; Garrido et al., 2011; Platt
et al., 2003a,b; Ruiz Cruz and Sanz de Galdeano, 2014; Sosson
et al., 1998; Tubía et al., 1997). This controversy partly stems from
the fact that in the most robust U-Th-Pb zircon geochronology, zir-
cons that have undergone dissolution, recrystallization, or have
been affected by alteration or metamorphism are prone to reset-
ting or changes in their isotope composition (e.g., Pb loss) during
the prolonged evolution of continental rifts.

In this study, we present a new geological map of the Ronda
Peridotites, as well as thermodynamic modeling, geochemistry,
and radiometric dating of the Guadaiza metamorphic unit that
overlies the plagioclase-tectonite domain of the ultramafic body.
These new data allow for establishing the spatial relationship
and the mutual metamorphic evolution between the crustal units
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and the different domains of the peridotites. Therefore, we explore
the deformation style and tectono-metamorphic evolution in both
the upper mantle peridotites and the overlying lower crustal units.
The aim of the geochronological study is to unravel the coincidence
of Late Paleozoic and younger, up to Early Miocene, ages in samples
from theWestern Betic Cordillera based on recrystallization ages of
zircons in migmatitic and metamorphic crustal units around the
Ronda Peridotites. Our results provide information on the feedback
between crustal melting and uppermost mantle re-equilibration
during continental rifting.
2. Geological background

2.1. Geology of the Betic Cordillera

The Betic Cordillera in southern Spain and the Rif Mountains in
northern Morocco constitute an Alpine collisional orogen located
at the present-day convergent boundary of the Iberian and African
plates (Fig. 1). The pre-orogenic evolution of the Betic Cordillera
includes two overlapping continental rifting cycles of Permian-
Triassic and Jurassic-Early Cretaceous age (e.g., Vera et al., 2004;
Jabaloy-Sánchez et al., 2019) which culminated in the formation
of oceanic crust and the development of hyperextended passive
margins with exhumed mantle domains between the two major
plates (e.g., Pedrera et al., 2021). The orogenic evolution resulted
from the subduction of the intervening oceanic domains and obli-
que collision of the continental paleo-margins of southern Iberia
and northern Africa (Blanco and Spakman, 1993; Morley, 1993;
Royden, 1993; Lonergan and White, 1997; Gill et al., 2004;
Thiebot and Gutscher, 2006; Pedrera et al., 2011, 2020; Ruiz-
Constán et al., 2011).

Three major geological units are recognized in the Betic Cordil-
lera (Vera et al., 2004): a) the External Zones, made up of Mesozoic
and Cenozoic sedimentary rocks, generally interpreted as the
detached overburden of the South Iberian margin; b) the Campo
de Gibraltar Complex, restricted to the western part of the orogen
and composed of Cretaceous and Tertiary turbiditic sequences; and
c) the Internal Zones, made up of Paleozoic and Mesozoic rocks,
which are organized in variably thinned units recording ductile
deformation and metamorphism (e.g., Fallot, 1948; Jabaloy-
Sánchez et al., 2019) (Fig. 1).

The Internal Zones are usually subdivided into three major
tectono-metamorphic units, which are, from top to bottom: the
Maláguide Complex, the Alpujárride Complex and the Nevado-
Filábride Complex, the latter being restricted to the central and
eastern part of the mountain range. It is classically assumed that
these units are tectonically stacked and that they represent differ-
ent paleogeographic domains. Overall, the Internal Zones are gen-
erally interpreted as a microplate, the so-called Alborán Domain,
which collided with the Iberian and African paleomargins
(Andrieux et al., 1971; Bouillin et al., 1986; Balanyá and García
Dueñas, 1987, 1991). However, the evolution and palaeogeograph-
ical assignment of these tectono-metamorphic units, as well the
amount of displacement and the trajectory of the Alborán Domain
during the collision are subject to debate (e.g., Vergés and
Fernàndez, 2012; Casciello et al., 2015; Pedrera et al., 2020).

The Maláguide complex is situated at the uppermost structural
position and consists of a Paleozoic basement only affected by low-
to very low-grade Variscan metamorphism, overlain by an
unmetamorphosed Mesozoic to Cenozoic cover (e.g., Cuevas
et al., 2001; Martín-Algarra et al., 2009). Below the Maláguide,
the Alpujárride complex recorded a pre-Alpine and Alpine
tectonometamorphic evolution associated with two distinct geo-
dynamic processes (e.g., Acosta-Vigil et al., 2014; Massonne,
2014; Sánchez-Navas et al., 2017). The prevailing interpretation



Fig. 1. Simplified tectonic map of the Betic-Rif Cordillera and adjacent continental and oceanic margins indicating the inherited Mesozoic rift structures (modified from
Pedrera et al., 2020). The location of the geological map of the Fig. 2 is indicated.
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suggests that the Alpujárride complex comprises several overlap-
ping tectonic units, which are highly attenuated, with the struc-
turally upper units located in the western part of the orogen and
the lower ones exposed in the central and eastern part of the Bet-
ics, overlying the Nevado-Filábride complex (Fig. 1). The lower part
of the Alpujárride sequence in the western Betics consists of litho-
spheric mantle peridotites overlaid by gneisses and migmatites,
which are widely exposed in the study area (Figs. 1 and 2). Above
these lithologies, there are dark- and light-colored schists and
quartz-schists of Paleozoic age. On top of the schists, phyllites
and quartzites assigned to the Permo-Triassic are found, followed
by limestones and dolostones that exhibit variable degrees of
recrystallization to marbles, attributed to the Triassic (e.g.
Balanyá et al., 1997). Despite the wealth of available geological
data, the tectono-metamorphic evolution of the western
Alpujárride units remains controversial, particularly concerning
their relationship with the mantle domains, the timing of crustal
partial melting and peridotite emplacement, as well as the large-
scale geodynamic processes involved.

2.2. Ronda Peridotites

Subcontinental mantle peridotites, known as the Ronda Peri-
dotites, extensively crop out in the western part of the Betic Cordil-
lera as isolated ultramafic bodies, ranging in size from < 1 km2

completely serpentinized exposures to the 300 km2 Ronda massif
(Sierra Bermeja), covering altogether approximately 450 km2

(Figs. 1 and 2). Lherzolite and harzburgite with minor dunitic
lithologies dominate the exposure, whereas different types of
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mafic pyroxenite layers usually represent < 5 % (Garrido and
Bodinier, 1999). The western transect of the Ronda massif, which
concentrates the majority of studies, is divided from northwest
to southeast into four, km-scale lithological domains referred to
as (i) Grt-Spl mylonites, (ii) Spl tectonites, (iii) granular Spl peri-
dotites and (iv) Pl tectonites (Fig. 2; Obata, 1980; Van der Wal
and Vissers, 1996), each one exhibiting distinctive structures and
metamorphic assemblages formed during the exhumation of the
mantle sequence (e.g., Garrido et al., 2011 and references therein).
However, eastwards not all of these domains are present, and the
Pl-bearing peridotites dominate the ultramafic exposures (Obata,
1980; Fig. 2) (mineral abbreviations by Whitney and Evans, 2010).

The Grt-Spl mylonites are interpreted either as younger struc-
tures formed during high-P shearing of the Spl tectonites (e.g.,
Van der Wal and Vissers, 1996), or coeval to them and indicating
an increasing strain localization towards the contact with the crus-
tal metamorphic units (Précigout et al., 2007; Garrido et al., 2011;
Précigout et al., 2013). Alternative models suggest that the Grt-Spl
mylonites are the result of subduction of previously exhumed Spl
lherzolite facies peridotites back to the Grt stability field (Van
der Wal and Vissers, 1993), or propose that the mylonitization of
Grt peridotites occurred at rather low pressures in the Spl lherzo-
lite facies (1.2–0.8 GPa at 850–900 �C; Johanesen et al., 2014).
Overall, the Grt-Spl mylonite and Spl tectonite domains are more
consistent with decompression, cooling and strain localization
from approximately 1100 �C and 2.7 GPa (as recorded in remnants
of Grt peridotites in the Grt-Spl mylonite domain) to 800–900 �C
at < 2 GPa (Précigout et al., 2007; Garrido et al., 2011; Johanesen
et al., 2014) during extensional deformation of the continental



Fig. 2. Geological map and selected cross-sections of the studied area.
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lithosphere (Platt et al., 2003a, 2013). This significant thinning is
also supported by the existence of graphite pseudomorphs after
diamond in some Grt pyroxenites (Davies et al., 1993).

In the western part of the Ronda massif, the Spl tectonite
domain is replaced by granular Spl peridotites across a sharp yet
196
continuous contact, referred to as recrystallization or coarsening
front, which is interpreted as a thermal boundary layer above par-
tially molten Spl tectonite protoliths (Van der Wal and Bodinier,
1996; Lenoir et al., 2001; Soustelle et al., 2009). The granular Spl
peridotites record temperatures > 1200 �C at 1.5 GPa (Lenoir
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et al., 2001) and preserve crystallographic preferred orientation
(CPO) inherited from earlier tectonic events that deformed the
Spl tectonite domain (Vauchez and Garrido, 2001). Alternatively,
the partial melting recorded in the granular Spl peridotites pre-
ceded the deformation event that formed the Spl tectonite domain,
and the Spl tectonites formed in distributed shear zones overprint-
ing part of the granular Spl peridotites (Johanesen et al., 2014). The
granular Spl peridotites pass into porphyroclastic Pl tectonites
(Obata, 1980; Van der Wal and Vissers, 1996; Hidas et al.,
2013a). This phase transformation records late low-P cooling of
the mantle section at 800–900 �C and 0.5–0.7 GPa (Obata, 1980),
which is also attested by the retrograde breakdown of Grt in Grt
pyroxenites of the older tectonometamorphic domains, where
kelyphite coronas formed at 620–700 �C and 0.4–0.8 GPa (Obata,
1994). The foliation of the Pl tectonite domain is interpreted either
as a result of localized deformation in km-scale shear zones (Van
der Wal and Vissers, 1993, 1996), or as the axial plane of a km-
scale fold (Hidas et al., 2013a). Independently of the invoked struc-
tural interpretation, this fabric is related to the emplacement of the
ultramafic rocks in the crust. The final stages of deformation, asso-
ciated with the crustal emplacement of the massif, led to ductile
strain localization within pyroxenite and peridotite shear zones
ranging from centimeter to several decameters in thickness
(Hidas et al., 2013b; 2016). The strain localization was probably
accompanied by synkinematic fluid circulation in the shear zones
(Hidas et al., 2016; Précigout et al., 2017), occurred at < 0.8 GPa
and < 800 �C (Hidas et al., 2013b, 2016).

2.3. Crustal units

Three tectono-metamorphic units are distinguished within the
western Alpujárride Complex, namely the Jubrique, Guadaiza,
and Ojén units (Navarro-Vilá and Tubía, 1983; Tubía, 1985;
Martín-Algarra and Vera, 2004). Below, we present the Jubrique
and Guadaiza units, which are exposed in the study area (Fig. 2).

The Grt-Spl mylonite domain of the Ronda Peridotites is cov-
ered by the Jubrique crustal sequence, which underwent partial
melting close to its contact with the peridotites (Lundeen, 1978;
Balanyá et al., 1997; Tubía et al., 1997; Argles et al., 1999;
Acosta-Vigil et al., 2001; Platt et al., 2003a; Esteban et al., 2008).
At the contact, the crustal rocks are Grt-bearing blastomylonitic
gneisses and migmatites (Loomis, 1972; Balanyá et al., 1997;
Platt et al., 2003a; Barich et al., 2014). Far away from the contact
with the peridotites, the Jubrique unit is overlaid by essentially
unmetamorphosed Paleozoic rocks of the Maláguide Complex
(e.g., Hoeppener et al., 1963,1964; Tubía, 1988; Balanyá and
García-Dueñas, 1991; Tubía et al., 1993; Balanyá et al., 1997).

The metamorphic conditions range from 1.3 to 1.4 GPa and
700–800 �C at the bottom of the Jubrique sequence, in contact with
the ultramafic rocks, through amphibolite- and greenschist facies
rocks in the middle part, to carbonates and phyllites at the top,
which recorded HP-LT conditions (0.7–0.8 GPa and < 450 �C)
(Torres-Roldán, 1981; Azañón et al., 1995; Balanyá et al., 1997;
Platt et al., 2003a).

Melting in Jubrique-type rocks has been related to decompres-
sion during crustal thinning (Argles et al., 1999; Platt et al., 2003a).
Barich et al. (2014), Massonne (2014) and Acosta-Vigil et al. (2016)
calculated P-T pseudosections for the Jubrique gneisses and
defined two P-T domains where melting took place. A high-
pressure early melting (1.15–1.40 GPa and 740–850 �C) was estab-
lished based on Grt major element zoning and Ky-Rt inclusions.
According to Barich et al. (2014) and Acosta-Vigil et al. (2016), a
second melting process took place at lower pressures (0.45–0.58
GPa and 775–845 �C), characterized by Grt with Sil-Ilm inclusions
and Crd + Bt + Qz rims. Granite nano-inclusions within Grt were
described for both melting events.
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Similar to the Jubrique unit, the metamorphic rocks assigned to
the Guadaiza unit show a high thermal gradient from basal migma-
tites and nebulitic migmatites (the so-called heterogeneous gran-
ites) to low-grade metasediments dominated by dark schists
intercalated with quartzites, phyllites, and massive marbles
(Tubía, 1988; Balanyá and García-Dueñas, 1991; Sanz de
Galdeano, 2017, 2023). Most authors interpret that the Guadaiza
unit is overthrusted by the Ronda Peridotites, thus, one of the
key exposures of the unit in the Guadaiza river valley has been
generally considered as a tectonic window (e.g., Balanyá and
García-Dueñas, 1991; Lundeen, 1978; Muñoz, 1991; Sánchez-
Gómez et al., 1995, 2002; Tubía, 1988; Tubía and Cuevas, 1986;
Martín-Algarra and Vera, 2004; Esteban et al., 2008; Platt et al.,
2013; Précigout et al., 2013). According to those authors, the Ronda
Peridotites would overlie a ‘‘migmatitic breccia” along the contact,
which would have been formed as a dynamothermal aureole dur-
ing Alpine thrusting and shearing (e.g., Lundeen, 1978; Torres-
Roldán, 1983; Tubía and Cuevas, 1986; Tubía et al., 1997, 2013;
Esteban et al., 2008). Nevertheless, early field studies proposed that
the Guadaiza metamorphic crustal sequence overlies the ultra-
mafic rocks (e.g., Loomis, 1972, 1975; Chamón-Cobos et al., 1978;
Piles Mateo et al., 1978; Torres-Roldán, 1983), a view that has been
endorsed in some recent works (Sanz de Galdeano and Ruiz Cruz,
2016; Sanz de Galdeano, 2017, 2023, and references therein).

In the schists and migmatitic metasedimentary rocks of the
Guadaiza unit, as well as in the migmatitic orthogneisses exposed
close to Istán, the metamorphic assemblages include Crd, And, and
occasionally Sil, which have been interpreted as indicative of HT-LP
conditions (Esteban et al., 2008; Acosta-Vigil et al., 2014). The main
migmatization event recorded by the Istán migmatites occurred at
675–750 �C and 0.30–0.35 GPa (Acosta-Vigil et al., 2014).

Leucogranite dykes, mostly intruded along serpentinized brittle
faults in the Ronda peridotites, crosscut the main foliation of the
Jubrique and Guadaiza metasedimentary sequences (Cuevas
et al., 2006; Esteban et al., 2008). These leucogranites have been
dated at 20–22 Ma (U-Pb on zircons) (Sánchez-Rodríguez, 1998;
Sánchez-Rodríguez and Gebauer, 2000; Esteban et al., 2007,
2011a).

2.4. Geochronological results recording partial melting in the studied
mantle and crustal sequence

Numerous studies in the area have attributed high-grade meta-
morphism and partial melting in the migmatitic rocks at the base
of the crustal units to either Variscan (Rif mountains: Michard
et al., 1997; Bouybaouene et al., 1998; Montel et al., 2000;
Rossetti et al., 2010; Betic cordillera: Acosta-Vigil, 1998;
Sánchez-Rodríguez, 1998; Gómez-Pugnaire et al., 2004; Acosta-
Vigil et al., 2014; Sanz de Galdeano and López Garrido, 2016;
Sanz de Galdeano, 2017) or Alpine processes (Rif mountains:
Rossetti et al., 2010; Betic cordillera: Loomis, 1975; Sánchez-Rodrí
guez and Gebauer, 2000; Whitehouse and Platt, 2003; Esteban
et al., 2011a). Recently, Sánchez-Navas et al. (2024) have defined
two clockwise metamorphic stages in metapelites and orthog-
neisses of the Upper Alpujárride unit: a pre-Alpine latest Carbonif-
erous to Permian event and the metamorphism associated with the
Alpine orogenic cycle (Miocene).

Regarding mantle rocks, although the sequence of development
of the different tectono-metamorphic domains is relatively well
constrained, absolute age data from the Ronda Peridotites is scarce.
Nevertheless, Sánchez-Rodríguez and Gebauer (2000) reported
Late Carboniferous to Early Permian (285, 282 ± 11 and
260 ± 11 Ma), Toarcian (178 ± 3 Ma) and Early Cretaceous
(131 ± 3 Ma) ages in magmatic zircons from the high-P Grt pyrox-
enites of the Grt-Spl mylonite domain. These authors interpreted
that the pyroxenites formed at Late Jurassic-Early Cretaceous
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times, while older ages would be inherited. In addition, Lu-Hf dat-
ing in Grt yielded Jurassic-Early Cretaceous (144 ± 2), Eocene
(53 ± 2 Ma) and Miocene (21 ± 30 Ma) ages (Barich, 2015),
although the youngest one is admittedly uncertain.

Chromitite bodies, exposed near the contact with Guadaiza-
type crustal rocks near Estepona, show a foliation parallel to the
fabric of the Pl tectonite, interpreted as high-temperature deforma-
tion during magmatic crystallization (González-Jiménez et al.,
2017). Concordant Early Jurassic (192 ± 13 Ma) and Cretaceous
(109 ± 15 Ma) ages were obtained from the core and rim, respec-
tively, of a single zircon from these chromitites (González-
Jiménez et al., 2017).

Amphibolite with eclogite assemblage relict from the Ojén Unit
is consistent with the characteristics of basaltic magmas that are
derived from partial melting of either an enriched or transitional
state mantle source (Tubía et al., 2009). U-Pb-Th ages from mag-
matic oscillatory-zoned domains in zircons give 180–185 Ma ages
(Sánchez-Rodrı́guez and Gebauer, 2000).
3. New structural data: Field relationships between peridotites
and crustal rocks

We carried out new, detailed geological mapping and associated
geological cross sections with specific focus on the eastern section
of the Ronda massif and its crustal surroundings, which encom-
passes the Alpujárride and Maláguide complexes. Our study area
extends from the N-NW of Marbella to the S-SE of Ronda (Figs. 1
and 2).
3.1. The Jubrique unit and associated ultramafic rocks

In the western part of the study area, the best exposed section
of the Jubrique unit consists of a sequence of metamorphic rocks
that overlie the Ronda Peridotites. The metamorphic grade
increases progressively towards the lower part of the crustal
sequence. Small outcrops of the same crustal-mantle sequence
are also found west of Montemayor, northeast of San Pedro de
Alcántara, south of Sierra Alpujata, and along the northern edge
of Sierra Blanca (Fig. 2). The entire crustal section reaches a maxi-
mum thickness of 5 km (� 9 km including the overlying Maláguide
complex) and has a constant dip of 40-50� to the northwest. The
petrologic Moho is characterized by a several-meter thick myloni-
tic shear zone, which marks the boundary between the base of the
crustal section (Grt-gneisses) and the top of the ultramafic pile
(mylonitic Spl ± Grt peridotites) (Figs. 2, 3). Consequently, the foli-
ation observed in both the crustal and mantle rocks is nearly par-
allel to this broad shear zone, becoming more pronounced and
intense towards the Moho, where strain reaches its maximum. In
the northern part of the study area, we observe a NNW-SSE trend-
ing ductile–brittle shear zone (discussed later in chapter 3.4) cut-
ting through the continuous exposure of the Jubrique unit (Fig. 2).

Away from the contact with the Ronda Peridotites, the upper
part of the Jubrique metamorphic sequence is characterized by
medium- to low-grade Gr-bearing dark schists and quartzites.
These rocks are overlain by phyllite-quartzite and meta-
carbonate rocks (Balanyá et al., 1997).

High-grade rocks of the Jubrique unit exhibit an increasing
metamorphic grade toward the Ronda Peridotites, which reaches
partial melting near the contact. Within the migmatitic domain,
partial melting is more pronounced close to the peridotites, leading
to the formation of more chaotic structures due to higher melting
percentages, while stromatic metatexites are found upwards
(Fig. 4A). The basal portion of the crustal section is dominated by
Grt-bearing granoblastic gneisses (Fig. 4B). Blastomylonitic tex-
tures are common near the sheared contact with the mantle rocks.
198
Grt gneisses are banded rocks with alternating Bt + Sil-rich bands
interlayered with centimeter-sized Qz-feldspathic domains. These
rocks are characterized by the presence of prominent Grt porphy-
roblasts, measuring up to 1 cm in diameter and comprising up to
20 vol% of the rock. The mineral paragenesis in these gneisses
and migmatites includes Qz + Kfs + Bt + Grt + Sil + Pl ± Ky ± Crd,
where Sil replaces Ky, defining the main foliation, while Crd is part
of Grt rims together with Bt + Qz (Fig. 4C). These observations are
consistent with those of previous authors (e.g., Barich, 2015;
Acosta-Vigil et al., 2016).

The Jubrique crustal rocks overlie the Spl ± Grt mylonites and
Spl tectonites domain of the Ronda Peridotites, which therefore
represent the sheared top of the mantle section (Fig. 4D). At the
contact, peridotites exhibit a high-grade ultramylonitic to myloni-
tic ultramafic assemblage, distinguished by the presence of rare
Grt, Spl, and highly stretched pyroxene porphyroclasts, which
stand out within the fine-grained groundmass. This groundmass
is primarily composed of Ol grains measuring < 200 lm in diame-
ter. The high-T tectonic foliation and the compositional layering in
these peridotites are sub-parallel to the contact with the overlying
crustal units. North of Sierra Bermeja, pyroxenes indicate a lin-
eation trending ENE-WSW, while to the south, it trends WNW-
ESE (Fig. 2). These lineations show a significant correlation with
those observed in the blastomylonitic gneisses overlying the ultra-
mafic rocks (e.g., Balanyá et al., 1997).

The approximately 100 m-thick peridotite mylonitic domain is
progressively replaced by Spl tectonites through the gradual
increase in Ol grain size and the disappearance of Grt. Neverthe-
less, the Spl tectonite domain also exhibits compositional layering,
which includes different peridotite lithologies and/or concordant
Spl ± Grt pyroxenite layers. These layers are parallel to the high-
T tectonic foliation of the peridotites and the contact with the over-
lying crustal rocks. Compositionally, both mylonites and tectonites
are predominantly harzburgites, along with some lherzolites and
minor dunites. As consistently found in previous studies in the
western part of the Ronda massif, the Spl tectonite domain in our
study area is replaced by granular Spl peridotites across a relatively
sharp contact, commonly referred to as the recrystallization or
coarsening front in previous works (e.g., Van der Wal and
Bodinier, 1996; Lenoir et al., 2001; Soustelle et al., 2009).

3.2. The Guadaiza unit and associated ultramafic rocks

The lithological sequence of the Guadaiza unit is best exposed
in the central and northeastern regions of the study area, particu-
larly in the Guadaiza river valley, as well as in the southern part of
Sierra Bermeja, north of Istán and south of Ojén (Fig. 2). In contrast
to the prevailing structural interpretation, however, our detailed
field observations at the contact areas between the crustal and
mantle rocks reveal that the Guadaiza crustal unit overlies the
Ronda Peridotites (Fig. 3). Field evidence supporting the proposal
for a revised structural position of peridotites include the
following:

(i) peridotites are overlain by the basal members of the crustal
unit in several outcrops. The heterogeneous granites, which record
the highest degree of crustal anatexis at the base of the Guadaiza
crustal sequence, clearly overlie the peridotites at Puerto del
Robledal, located 2 km NW of the Guadaiza valley (Figs. 2 and
5A). A similar geological configuration is observed NE of Estepona,
where marbles and migmatites overlie the peridotites (Figs. 2 and
5B), confirming previous observations by various authors (e.g.,
Loomis, 1972; Sanz de Galdeano and López Garrido, 2016;
Torres-Roldán, 1983; Sanz de Galdeano, 2017). Regarding the Gua-
daiza river, peridotites and Guadaiza-type metatexites or schists
show an almost vertical contact to the west of the valley, as to
the east, although highly affected by late fragile structures,



Fig. 3. Schematic lithospheric columns of the Jubrique and Guadaiza units. Total thickness was obtained from the cross-sections in the Fig. 2.
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diatexites and heterogeneous granites overlay the ultramafic rocks
through a high angle contact dipping to the west (Figs. 2 and 5C).

(ii) What previously was interpreted as the deformed metamor-
phic sole of peridotites thrusting over crustal units, termed as
‘‘migmatitic breccia”, is in fact undeformed heterogeneous granite
(diatexite migmatite) at the base of the Guadaiza unit (Figs. 3, 6).
The heterogeneous granites contain abundant restite clasts and
schlierens, as expected for a diatextie migmatite but, unlike pro-
posed in earlier papers (Tubía et al., 1997, 2013), Pl tectonite peri-
dotite fragments are rare, which would be otherwise common if
this unit was indeed a basal thrust zone. Although both the meta-
morphic and ultramafic rocks in the Guadaiza section may locally
exhibit high-T tectonic foliation (presented later in details,
Fig. 6), the contact itself, unlike in the Jubrique unit, does not
represent a discrete shear zone and is not associated with a shear
gradient on either side.

(iii) Finally, the systematic exposure of heterogeneous granites
with the Spl ± Pl peridotites domain across non-deformed contacts
also excludes that these crustal rocks served as the metamorphic
sole of a basal thrust, because in that case their juxtaposition with
other tectonometamorphic domains would be also observed. In
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fact, the Guadaiza heterogeneous granites are exposed with peri-
dotites different to Pl tectonite only in the western portion of the
study area, where the Guadaiza and Jubrique units, together with
their associated ultramafic rocks are juxtaposed along a km-
scale, NNW-SSE trending brittle-ductile shear zone (Fig. 2). How-
ever, this large-scale structure postdates the formation of the
two types of crust-mantle contacts and will be presented in detail
in section 3.4.

Nevertheless, it is important to note that late-stage high-angle
reverse faults often result in local overthrusting of crustal units
by mantle rocks (Fig. 5D). Some notable contacts of this type are:
(i) in the northern part of the study area, mantle rocks associated
with the Guadaiza unit overthrust the Triassic, shallow platform
carbonate rocks of the Nieves Unit (Fig. 2), which belong to the
Frontal Units (Martín-Algarra and Vera, 2004). Almost parallel to
this major contact, a km-scale, south- to southeast-vergent thrust
fault locates the Pl-tectonites over the heterogeneous granites to
the north of the Guadaiza river (Figs. 2, 5C and D). However, along
this type of fault contacts, the footwall rocks, often composed of
migmatites or heterogeneous granites, remain relatively
undisturbed, while the hanging wall peridotites show intense



Fig. 4. Field and microscope images (plane polarized light) of the lithologies that constitute the Jubrique lithospheric unit. A) Grt-migmatites. B) Grt-bearing granoblastic
gneisses (kinzigites). C) Partially reabsorbed Grt porphyroblast rimmed by a Crd mass at the base of the Jubrique crustal unit. D) Petrological Moho exposed to the south of the
Concepción reservoir (Fig. 2). The sheared contact presents here a high-angle attitude dipping to the southeast.
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serpentinization associated with slickenlines and S-C textures con-
sistent with reverse faulting (Fig. 5D), thus they are relatively
straightforward to differentiate in the field.

The maximum thickness of the Guadaiza-type crust, including
its corresponding portion of upper crust, is only 3 km. The upper-
most part of the Guadaiza unit consists of dark schists, interbedded
with quartzites, phyllites and marbles. The schists represent the
lower grade domain of the metamorphic sequence and are charac-
terized by a planar-linear fabric composed of rotated, pre-
kinematic And porphyroblasts embedded in alternating Bt + Crd ±
Sil and Qz-felspathic bands (Fig. 6A). The lineation defined by
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elongated minerals shows a constant NNE-SSW azimuth, plunging
approximately 10-30� to the south. Towards the contact with the
Ronda Peridotites, the metasedimentary sequence becomes domi-
nated by migmatites, which record varying degrees of partial melt-
ing, typically increasing close to the mantle rocks. In contrast to the
Jubrique unit, the Guadaiza migmatitic and metamorphic parage-
neses are dominated by Crd masses grown within mafic bands,
but also appearing as porphyroblasts in leucosomes and heteroge-
neous granites. The base of the Guadaiza section corresponds to
these heterogeneous granites (Fig. 6B-E), which are in contact with
the peridotites of the Pl tectonite domain. Transitional domains



Fig. 5. Field photographs and satellite images showing the main contacts between peridotites and migmatites and marbles in the Guadaiza unit. A) Disposition of
heterogeneous granites over the Spl + Pl peridotites to the north of the study area (Fig. 2). Close to the contact, both the orientation of flattened restites and the high-T
foliation of the peridotites show a roughly N-S to NNE-SSW azimuth dipping to the west. B and C) Geological sketches of the contacts between Spl + Pl peridotites and high-
grade marbles and heterogeneous granites to the north of Estepona (B) and to the north of the Guadaiza river (C) (Fig. 2). Numbers are referred to the lithologies in the Fig. 2.
Primary contacts where Guadaiza units overlie the peridotites (black lines) contrast with thrust faults (red lines) that locate highly serpentinized peridotites over the crustal
rocks. D) Close sight to the thrusted contacts between serpentinized peridotites atop of the heterogeneous granites. See location in Fig. 5C. Peridotites show a fragile S-C
structure and abundant slickenlines defining the reverse kinematics. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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within the migmatites are characterized by the disaggregation of
the stromatic structure of the metatexites, isolating bands and
blocks of mesosome and melanosome with parasitic folds (restites)
surrounded by transposed leucocratic domains. Some of these
transitions might have been influenced by ductile shearing and late
brittle faulting.

The basal heterogeneous granites of the Guadaiza unit (Fig. 3)
are best exposed along the Guadaiza river valley and south of
Ojén (Fig. 2). These granites, together with migmatites and schists,
constitute the lower part of the crustal sequence and correspond to
nebulitic diatexites. They are characterized by abundant Bt + Cr
d ± Sil restites and large Kfs nodules included in a granitic matrix
(Fig. 6B and C). This lithology has been often referred to as ‘‘mig-
matitic breccia” by previous authors (e.g., Lundeen, 1978; Torres-
Roldán, 1983; Tubía and Cuevas, 1986; Tubía et al., 1997, 2013;
Esteban et al., 2008). The fragments of this false breccia locally dis-
play intense ductile deformation pattern with variably flattened
rigid objects, such as restites, Qz resisters and Kfs nodules
(Fig. 6C). At microscopic scale, highly stretched Qz grains form a
fine-grained ribbon texture surrounding Pl, Kfs and Crd porphyro-
clasts (Fig. 6D) and restites (Fig. 6E). At outcrop scale, the degree of
apparent deformation in the heterogeneous granites is inversely
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proportional to the size and distribution of the restites within
the rock, i.e., increased deformation results in more homogeneous
textures composed of finer-grained equigranular components
within the diatexites. The stretched objects, mainly restites, Qz res-
isters and Kfs nodules, and matrix constitute a planar fabric that
shows a good correlation with the migmatitic banding and schis-
tosity along the Guadaiza crustal sequence. In the study area, a
remarkable strain gradient is observed in the area between the
Sierra de las Nieves and Montemayor, close to the NNW-SSE trend-
ing km-scale brittle-ductile shear zone (see section 3.4). In this sec-
tor, the heterogeneous granites form medium-grade
protomylonites and mylonites marked by completely recrystal-
lized Qz and Kfs porphyroclasts, which display undulose extinction
and core-mantle microstructures due to partial dynamic recrystal-
lization. In a distance of 25–50 m from the core of the shear zone, a
gradual transition is observed from mylonites to typical unde-
formed migmatites. Sheared granites form discrete bands in the
migmatitic sequence (e.g., Guadaiza valley) (Fig. 2).

The mantle section beneath the Guadaiza unit is dominated by
Spl ± Pl peridotites, which constitute the majority of the eastern
and southern parts of the Ronda massif (Figs. 2 and 3). These
lithologies exhibit two, rather irregularly intercalated subfacies of
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varying scale (from deka- to hectometric) in the field: (i) Pl tec-
tonites, and (ii) refractory, granular or porphyroclastic Spl peri-
dotites. The Pl tectonites are porphyroclastic Pl-bearing Spl
lherzolites characterized by the development of a pervasive,
high-T tectonic foliation associated with the occurrence of sub-
solidus Pl around Spl (Fig. 6F and G). Pyroxene porphyroclasts
and Spl + Pl aggregates are stretched in the plane of the foliation
(Fig. 6F). The second subfacies primarily comprises more refrac-
tory, Pl-free lithologies such as Ol-rich Spl lherzolite and Spl
harzburgite, and, locally, dunite. Previous studies referred to such
rocks as fine-granular peridotites and as a layered sequence of
Ol-rich lherzolites, harzburgites and dunites (e.g., Remaïdi, 1993;
Garrido and Bodinier, 1999). However, these rocks often display
moderately elongated clusters of Spl and pyroxenes, along with
individual porphyroclasts of the same minerals, which are aligned
in a plane similar to the high-T foliation observed in the closest Pl
tectonite outcrops. The mineral clusters and porphyroclasts are
embedded within a relatively fine-grained Ol matrix, except for
dunites, where Ol grain size varies considerably. Moreover, the fer-
tile pyroxenite layers hosted within and around these refractory
peridotites typically contain Pl as rims around Spl (cf. Obata,
1980; Garrido and Bodinier, 1999; Bodinier et al., 2008), and show
a wide compositional variability including Spl ± Pl websterites,
clino- and orthopyroxenites. Thus, we infer that the appearance
of Pl in the refractory peridotites is controlled essentially by com-
positional heterogeneities in the whole rock. Consequently, despite
the apparent lack of macroscopic Pl, the peridotites in the fine-
granular subfacies, as well as in the layered sequence of refractory
peridotites are indeed part of the Pl tectonite domain.
3.3. Other units

West of Sierra Blanca, migmatitic orthogneisses and leucogran-
ites alternate with heterogeneous granites along the tectonic con-
tact with the Spl ± Pl peridotites in the vicinity of Istán (Fig. 2).
Field observations, estimated P-T conditions, and diagnostic para-
geneses link these orthogneisses and related leucogranites to the
Guadaiza unit (Acosta-Vigil et al., 2014). The orthogneisses consist
of interlayered Qz-feldspar and Bt-rich bands; elongated cm-scale
Kfs porphyroclasts form part of the Qz-Kfs bands. As partially
melted rocks, they enclose two types of leucosomes: (i) concor-
dant, Grt-rich leucogranitic layers parallel to the gneissic foliation,
and (ii) irregular blobs and dikes of Crd leucogranites that crosscut
the foliation. The volume of leucogranites increases towards the
contact with the peridotites (westward, Fig. 2), where the orthog-
neisses progressively lose their primary structure and transform
into a restite-rich leucogranitic domain. In this area, leucogranites
and heterogeneous granites show lobulate magma-magma con-
tacts and present self-intrusive relationships.

Marbles constitute a significant component of the continental
sequences overlying the Ronda Peridotites. In the area around
Montemayor and in the Guadaiza river valley, they form several
m-thick bands, which are interleaved and deformed together with
migmatites and heterogeneous granites of the Guadaiza unit. These
Fig. 6. Field and microscope images of the lithologies that constitute the Guadaiza lithos
foliation defined by Bt + Sil + Qz + Pl + Kfs and embedded in a Crd mass (plane polarized l
nodules in a Qz + Pl + Kfs + Crd matrix. The long axes of the restites define an incipient ori
flattened restites and Kfs nodules. Note the reduced size of the stretched objects and the m
These rocks constitute discrete, ductile shear zones in inner areas of the Guadaiza m
Microstructure of the sheared heterogenous granites. Fine-grained Qz ribbons and Bt fla
(crossed polarized light). E) BSE image of a restite in the heterogeneous granites. Note th
showing the typical oblique disposition of the compositional layering and the high-T fo
polarized light).
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marbles are coarse-grained banded rocks frequently displaying
minor structures, such as asymmetric microfolding and shear
bands. They contain abundant Phl, Tr, Di and/or Fo, among other
Ca- and Mg-rich minerals. Furthermore, to the east of the study
area, the Ojén unit can be distinguished by the voluminous massif
of high-grade marbles (Fig. 2). The condensed section of migma-
tites and schists of the unit appears overturned and overlying the
marbles. The Sierra Blanca consists of a lower unit comprising
white dolomitic marble, and an upper unit composed of banded
carbonates interlayered with metapelitic and amphibolitic bands.
Some authors have proposed a Triassic age for these marbles based
on their correlation with Alpujárride sequences from the central
part of the cordillera (e.g. Braga and Martin, 1987). However, given
the structural correspondence and continuity with migmatites, it
has also been suggested that they originated from a Paleozoic pro-
tolith that underwent a Permo-Triassic metamorphism (Fig. 2).

Finally, in certain sections, we have observed a gradual transi-
tion from the lowermost Maláguide formation, namely the Morales
Formation, to the underlying uppermost Alpujárride phyllite and
quartzite sequence. This transitional zone is observable in road
cuts between Istán and the coast, as well as between Estepona
and Peñas Blancas (Fig. 2). In these exposures, the Morales Forma-
tion, characterized by alternating layers of shale and greywacke,
grades into Alpujárride phyllites and quartzites downwards.
3.4. Large-scale tectonic structures

The geological map reveals two, brittle-ductile, km-scale, anas-
tomosing NNW-SSE and ENE-WSW trending discrete shear zones.
The NNW-SSE trending Igualeja-Benahavís shear zone divides the
peridotite massif, extending from the Sierra de las Nieves to the
Montemayor sector (Fig. 2). As for the ENE-WSW trending shear
zone, it runs parallel to the coastline south of Sierra Bermeja along
the southern part of the study area. In general, the Guadaiza-type
units are found to the east of the NNW-SSE shear zone and north
of the ENE-WSW one.

The NNW-SSE oriented shear zone comprises high-angle (60-
70�) westward-dipping narrow bands that crosscut both crustal
and mantle units. The affected crustal rocks are dominated by
heterogeneous granites and metatexite migmatites, which develop
brittle-ductile mylonitic fabric in the plane of the shear zone folia-
tion. Away from the shear zone, mylonitic fabric is not observed in
the migmatitic crustal sequence. Within the peridotites, deforma-
tion is primarily localized into up to a few cm-thick serpentinized
faults, while the high-T microstructure of peridotite host rock
remains unaffected. In the vicinity of the shear zone, ultramafic
rocks are usually intensely serpentinized. The ENE-WSW oriented
shear zone is characterized by high-angle (>70�), dominantly
southward-dipping foliation, but it is noteworthy that most shear
zones have been potentially reactivated under contractional condi-
tions during Alpine times. Consequently, the ENE-WSW segments
experienced brittle reactivation as high-angle reverse faults. Cross-
cutting relationships indicate that the Aquitanian leucogranite
dikes intruded during the brittle deformation event, likely also
pheric unit. A) Rotated pre-kynematic And porphyroblasts surrounded by the schist
ight). B) Heterogeneous granites (diatexites) composed of abundant restites and Kfs
entation. C) Heterogeneous granites showing an intense ductile fabric constituted by
ore homogenous texture of the rock compared to less deformed diatexites (Fig. 5B).
igmatites, without a strain gradient towards the contacts with mantle rocks. D)
kes surround Crd, Pl and Kfs crystals, the latter showing high-T, plastic deformation
e scarce presence of fine-grained Bt included in the Crd mass. F) Spl + Pl peridotites
liation. G) Abundant Pl surrounding Spl in Pl tectonites of the Guadaiza unit (plane



Table 1
List of studied samples from the crustal units overlying the Ronda Peridotites.

Rock type Sample Location Unit Study area Methods

X Y WR-G M�G (P-T) Geochr

Kinzigite Knz-1 30S 304,386 E 4,048,334 Jubrique Jubrique X
(Grt-gneiss) Knz-3 30S 323,149 E 4,045,170 Real de la Quinta X

Knz-6 30S 313,882 E 4,042,651 Montemayor X
GH-1 30S 312,659 E 4,042,350 Guadaiza La Resinera X X
GH-2 30S 314,257 E 4,042,892 Montemayor X X
GH-3 30S 314,401 E 4,044,493 Montemayor X
GH-4 30S 321,663 E 4,046,117 Guadaiza S X
GH-5 30S 316,831 E 4,056,566 S. Las Nieves X

Heterogeneous GH-6 30S 319,881 E 4,055,294 Guadaiza N X
granite GH-8 30S 326,092 E 4,052,083 Istán X
(Diatexite) GH-9 30S 314,297 E 4,043,568 Montemayor X

GHc-1 30S 321,006 E 4,053,641 Guadaiza E X
GHc-3 30S 322,290 E 4,049,130 Guadaiza E X
SN-18 30S 313,195 E 4,045,768 La Resinera X
MA-07 30S 320,961 E 4,045,667 Guadaiza X
SN-62 30S 313,359 E 4,054,582 S. Las Nieves X
SN-67 30S 314,219 E 4,043,193 Montemayor X

Migmatite MA-05 30S 318,510 E 4,041,264 Jubrique Benahavís X
OJ-02 30S 334,837 E 4,051,184 Ojén Ojén X X

Gneiss GnIst-1 30S 325,614 E 4,049,828 Guadaiza Istán X X
GnIst-2 30S 326,671 E 4,051,624 Istán X
GnIst-3 30S 326,210 E 4,052,392 Istán X

Leucogranite LcIst-1 30S 325,478 E 4,049,865 Istán X
LcIst-2 30S 326,662 E 4,051,617 Istán X
LcIst-3 30S 325,807 E 4,052,030 Istán X

Schist Scht-1 30S 303,394 E 4,048,425 Jubrique Jubrique X
Scht-2 30S 320,326 E 4,045,820 Guadaiza Guadaiza X X
Scht-3 30S 326,028 E 4,049,886 Guadaiza Istán X
Scht-5 30S 332,294 E 4,055,131 Guadaiza Monda X

WR-G: whole-rock geochemistry
M�G (P-T): Mineral geochemistry. Thermobarometric calculations
Geochr: Geochronology
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accompanied by the circulation of fluids associated with serpen-
tinization of peridotites (e.g. Pedrera et al., 2016).
4. Methods

4.1. Sampling strategy and sample preparation

Rock types, sample locations and methods are shown in Table 1.
Sampling was carried out to cover the different crustal units that
overlie mantle peridotites across the study area. Altogether, 29
samples have been included in this study, of which 24 were ana-
lyzed for whole rock geochemical composition, three (one schist
and two diatexites) were used to analyze mineral compositions
and to obtain thermobarometric calculations in the Guadaiza-
type lower crustal units, and seven (migmatites and heterogeneous
granites) were processed for geochronology.

4.2. Geochemistry

Approximately 5 kg of fresh rock was collected from each sam-
ple of lower crustal units, migmatites and schists analyzed for the
geochemical study (Fig. 2; Table 1). Major and trace element com-
positions of analyzed samples are presented in Supplementary
Material 1. Samples were crushed and milled to a fine powder
for whole-rock geochemistry. Major elements and Zr were deter-
mined by X-ray fluorescence (XRF) at the CIC-UGR (Centro de
Instrumentación Científica, University of Granada, Spain). Precision
for major elements is better than 1 % relative. Trace elements,
except for Zr, were obtained by inductively coupled plasma mass
spectrometry (ICP-MS) at the CIC, University of Granada, following
the standard procedures described by Baedecker (1987). Analysis
of trace elements was carried out according to the method
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described by Bea et al. (1996); the precision was approximately
2 % and 5 % error on concentrations of 50 and 5 ppm, respectively.

Polished thin sections of two diatexites (heterogeneous gran-
ites) were analyzed to determine the mineral major element com-
position using a JEOL JXA-8200 Superprobe at the University of
Huelva (Spain). A combination of silicates and oxides were used
for calibration. A beam of 5-lm diameter was used to analyze
mineral phases to minimize Na migration. Averaged mineral
compositions of analyzed phases are presented in Supplementary
Material 2.
4.3. Radiometric dating

Zircon separation was accomplished by traditional techniques
using dense liquids and magnetic separation (Frantz) at the
University of Huelva. Crystals free of impurities and fractures were
selected by hand-picking under a binocular microscope. Analyses
were carried out in the SHRIMP II microprobe at the IBERSIMS lab-
oratory (CIC-UGR, University of Granada). Zircon concentrates
were cast on a 3.5 cm diameter epoxy mount, together with zircon
standards (TEMORA, SL13 and GAL zircon) and documented by a
Zeiss EVO-150 SEM equipped with a cathodoluminescence detec-
tor (SEM-CL). Mounts were coated with gold (80-lm thick) and
inserted into the SHRIMP for analysis. Each selected spot was ras-
tered with the primary beam during 120 s prior to analysis, and
then analyzed over 6 scans following the isotope peak sequence:
196Zr2O, 204Pb, 204.1 background, 206Pb, 207Pb, 208Pb, 238U, 248ThO,
254UO. Every peak of each scan was measured sequentially 10
times with the following total counts per scan: 2 s for mass 196;
5 s for masses 238, 248, and 254; 15 s for masses 204, 206, and
208; and 20 s for mass 207. The primary beam, composed of
16O16O2+, was set to an intensity of 4 to 5nA, using a 120-lm
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Kohler aperture, which generates 17 � 20-lm elliptical spots on
the target. The secondary beam exit slit was fixed at 80 lm, reach-
ing a resolution of about 5000 at 1 % peak height. Mass calibration
was carried out on the GAL zircon (ca. 480 Ma, very high U, Th and
common lead content; Montero et al., 2008). Sessions initially
involved the measurement of SL13 zircon (Claoue-Long et al.,
1995), used as a concentration standard (238 ppm U). TEMORA zir-
con (ca. 417 Ma, Black et al., 2003), used as isotope ratios standard,
was measured every 4 unknowns. The final result for each isotope
was calculated as the value at the mid-time of the analysis result-
ing from the regression line. 206Pb/238U was estimated from the
measured 206Pb+/238U+ and UO+/U+, following the method of
Williams (1998). Plotted and tabulated analytical uncertainties
are 1r precision estimates. U-Th-Pb geochronological results (U,
Th and Pb contents, isotopic ratios, ages and analytical uncertain-
ties) are shown in Supplementary Material 3 and CL images of zir-
cons with spot locations are presented in Supplementary Material
4. Concordia diagrams were obtained with ISOPLOT software
(Ludwig, 2003). Uncertainties are 95 % confidence limits (tr, where
t is the student’s t multiplier) and include the uncertainty in the
Pb/U calibration (ca. 0.3–0.5 %). Ages were calculated using the
constants recommended by the IUGS Subcommission on
Geochronology (Steiger and Jäger, 1977).
4.4. Thermodynamic modeling

Phase relations (P-T and T-X pseudosections) for the whole rock
composition of the Guadaiza schists were calculated using the
thermodynamic database ds62 (Holland and Powell, 2011) and
the updated activity composition models (A-X) for all minerals
and granitic melt, excluding feldspars (White et al., 2014a), with
Perple_X (6.8.9; Connolly and Petrini, 2002) and Thermocalc (TC-
350; Powell et al., 1998). In both calculations, the same A-X models
were used on the Scht-2 sample, which is representative of the
Guadaiza schists. Considering the presence of Bt in these rocks,
water content was selected to balance a modal 50 % of biotite
(H2O: 1–1.1 wt% � 4 mol%) together with reducing conditions
given the absence of Mag (O = 0.02 mol%).

Potential errors due to analytical uncertainties are addressed in
control calculations using half the measured MnO content
(0.03 mol%). In these tests, we have also used for comparative pur-
poses an earlier thermodynamic database (ds55; Holland and
Powell, 1998), as well as the hCrd solution model for Crd (Perple_X
ideal mixing model) and the Bio(TCC) solution model for Bt
(Tajčmanová et al., 2009) with Perple_X, in order to check the influ-
ence of other A-X models in the stability curves for these minerals.

Phase relations and thermobarometric conditions prevailing
during the formation of diatexites are addressed in two samples
from the Guadaiza unit, using the whole rock composition and
mineral geochemistry of GH-1 and GH-2 heterogeneous granites.

Additional P-T pseudosections were calculated under the same
procedures for the Jubrique migmatites and Guadaiza heteroge-
nous granites (diatexites) and are presented as Supplementary
Materials 5 and 6 respectively.
5. Petrography and geochemical composition

5.1. Jubrique-type crustal units

The Jubrique unit (Fig. 3) shows a decreasing metamorphic
grade from the contact with the ultramafic rocks upwards. The
mineral paragenesis in the Grt gneiss is composed of Qz + Kfs + B
t + Grt + Sil + Pl ± Ky ± Crd. Kyanite is transformed into Sil, which,
in turn, defines the main foliation. Cordierite is scarce and replaces
Grt (Fig. 4C). Garnet porphyroblasts (up to 1 cm in diameter) are
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typically euhedral or moderately elongated parallel to the foliation.
The migmatitic lithologies are characterized by the lack of Crd, as
well as the coexistence of Sil with Grt in leucocratic bands that
mark the foliation.

The overlying gray and ochre schists are characterized by abun-
dant Qz-rich bands and show polymorphic transformation of Sil to
And at medium-grade outcrops located far from the migmatitic
gneisses.

5.2. Guadaiza-type crustal units

The Guadaiza dark schists are dominated by And, Crd, and occa-
sionally minor Sil. Garnet is scarce and pre-kinematic compared to
the Jubrique unit. The Guadaiza schists exhibit a foliation (schistos-
ity), which affects all of the minerals present in the samples. The
texture of the schists is lepidoblastic-porphyroblastic. Various lay-
ers within the schists consist of Qz- and mica-rich domains, which
could be associated with the original sedimentary layering. The
mineral assemblage of the schists primarily comprises Qz + Bt +
And + Ser ± Grt ± Pl ± Kfs ± Sil ± Chl in varying amounts. Quartz
and Bt (±Sil, ±Kfs) are syn-kinematic and contribute to the
development of the observed planar fabric. Andalusite forms
porphyroblasts within the schists and exhibits both pre-
kinematic and syn-kinematic features. In some cases, clear strain
shadows are absent, and the foliation wraps around the And crys-
tals, which also display oriented inclusion trails (Fig. 6A). Garnet
forms pre-kinematic porphyroblasts and exhibits strain shadows
filled with Qz. Many of these Grt exhibit irregular morphologies
and embayments, indicating dissolution processes. Sericite
replaces Kfs, and some layers of Bt undergo chloritization. A
detailed description of the mineralogy and textures observed in
Guadaiza heterogeneous granites (see Fig. 6) was presented in
section 3.2.

5.3. Geochemical composition of the crustal rocks in the Guadaiza and
Jubrique units

The Guadaiza schists (e.g., sample Scht-2) are of intermediate-
felsic composition (SiO2 � 59 wt%) with elevated contents in
Al2O3 (20.65 wt%) and TiO2 (1.39 wt%), and moderate/high concen-
trations of Na2O (1.58 wt%), K2O (3.39 wt%) and P2O5 (0.18 wt%).
These rocks also show high A/CNK (2.79) and FeOt/MgO + FeOt
(0.83) molar and mass ratios respectively and can be classified as
a shale using the SiO2/Al2O3 vs. FeOt/K2O classification (Herron,
1988); where FeOt corresponds to all iron expressed as ferrous
oxide. The Guadaiza heterogeneous granites (diatexites; e.g., sam-
ples GH-1 and GH-2) have felsic composition (SiO2 = 69.5 wt%
average), with relatively high CaO (0.84 wt% avg) and moderate
contents in Na2O (1.93 wt% avg), P2O5 (0.18 wt% avg), Al2O3

(14.80 wt% avg), TiO2 (0.66 wt% avg) and K2O (3.15 wt% avg) (Sup-
plementary Material 1). They are highly peraluminous but less
than the schists (A/CNK = 1.80), whereas their FeOt/(FeOt + MgO)
is similar (0.79 avg). Based on the Ab-An-Or classification
(O‘Connor 1965) these rocks have an overall granitic composition.

The Jubrique schists (e.g., sample Scht-1) have intermediate-
felsic SiO2 contents (� 59 wt%) but their overall composition is
more mafic due to higher MgO (2.3 wt%) and CaO (2.81 wt%) con-
tents. Moreover, their P2O5 contents are noticeably elevated
(0.27 wt%) compared to the Guadaiza schists (Supplementary
Material 1). This rock type is also less peraluminous (A/
CNK = 1.36) and has lower FeOt/(FeOt + MgO) values (0.75). Its
classification based on the SiO2/Al2O3 vs. FeOt/K2O mass ratios
(Herron, 1988) is intermediate between shale and greywacke.
The partially migmatized Jubrique kinzingite gneisses (e.g., sam-
ples Knz-1, Knz-3) have moderately felsic compositions
(SiO2 = 63.58 wt% avg) but with relatively elevated contents in



Fig. 7. Major elements geochemical projections. Besides the migmatites/kinzigites and diatexites/heterogenous granites of the Jubrique and Guadaiza crustal units, other
regional metamorphic rocks have been plotted for comparison: Istán gneisses/leucogranites, Ojén migmatites and schists from different locations of the study area (Table 1).
A) B-A classification diagram for granites from Villaseca et al. (1998). The indicated P-T/T-X point refers to the Schst-2 sample used for thermobarometric calculations. B)
Projection of the studied samples into the pseudoternary system defined by Opx (FM)-Or (K)-An (Ca) (Díaz-Alvarado et al., 2011; Castro, 2013). Projections points are Qz, Ilm,
Als, Ab, H2O, FeMg-1 and FeMn-1.
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TiO2 (1.03 wt% avg), MgO (2.01 wt% avg), CaO (1.41 wt% avg) and
MnO (0.14 wt%). They exhibit a characteristic low P2O5 (0.12 wt%
avg) content, while the peraluminosity (A/CNK = 2.90) and the
FeOt/(FeOt + MgO) mass ratio (0.81 avg) are both elevated. The
Ab-An-Or classification (O‘Connor 1965) for these rocks shows
granitic, granodioritic and Qz-monzonitic compositions.

The variation of peraluminosity vs. maficity of Guadaiza and
Jubrique samples can be observed in the A-B diagram (Fig. 7A;
Villaseca et al., 1998). Other metamorphic rocks of the study area
(e.g., Ojén migmatites, Monda schists and Istán schist and gneisses)
have been also plotted in this diagram for comparison. The
Fig. 8. Chondrite normalized REE diagrams for the Guadiza and Jubrique crustal un
metamorphic rocks in the studied zone. Chondrite REE contents taken from Boynton (19
migmatites-kinzingites. See text for further details.
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Guadaiza schists show elevated A values (peraluminosity) and
moderate to high B values (maficity). Other metamorphic rocks
such as the Istán gneisses and leucogranites show lower values
of both A and B parameters, close or in the field of felsic peralumi-
nous granites. Most of the heterogeneous granites and kinzingite
gneisses (Guadaiza and Jubrique respectively) define a positive
correlation line, typical of rocks generated by partial melting of
pelitic ± greywacke rocks and peritectic entrainment of Grt, Crd,
and Sil. Some of the samples with higher A and B values could be
enriched in peritectic/residual phases (Jubrique). Similar trends
are observed in the FM-An-Or projection (Fig. 7B), which
its (schists, migmatites/kinzingites, diatexites/heterogenous granites) and other
84). Note the elevated fractionation patterns in all the cases except for the Jubrique
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represents the variation of Fe-Mg, Ca and K components for sources
and melts during partial melting processes (Castro, 2013; Díaz-
Alvarado et al., 2011). Heterogeneous granites present short-
range variations and fall in the field of greywackes and pelites,
with few samples showing more restitic or leucogranitic composi-
tions. In turn, the presence of large amounts of Grt and other meta-
morphic minerals in Jubrique kinzigites is depicted by the increase
of FeO, MgO and Al2O3 in some of these samples. Schists present
variable Al and Ca compositions and range between the fields of
greywackes and pelites.

Trace element compositions of schists are characterized by high
V and Ba and moderate Zr and Sr contents (Supplementary Mate-
rial 1). Regarding rare earth elements (REE), metasedimentary
rocks that overlie migmatites in Guadaiza and Jubrique crustal sec-
tions show very fractionated normalized REE patterns, both in light
and heavy REE, (reaching HREE < 10� chondrite) compared to stan-
dard shales (Fig. 8). Although small, both positive and negative
anomalies are observed in Eu. The Guadaiza heterogeneous gran-
ites have lower V (75 ppm avg), Zr (195 ppm avg), Ba (229 ppm
avg) and Sr (88 ppm avg) contents. Their REE content, fractionation
(La/Yb = 15.23) and general pattern are similar to those of the
regional schists (Fig. 8). The Jubrique Grt-gneisses have similar
trace element compositions to the studied Jubrique schists. REE
patterns are fractionated only in the LREE while the MREE-HREEs
present a relatively flat pattern, yielding a lower La/Yb ratio (8.04
avg) (Fig. 8). REE contents of Istán gneisses show similar fraction-
ated patterns with more pronounced negative Eu anomalies.

To gain insight into the sources of the migmatites, gneisses or
heterogeneous granites in the Jubrique and Guadaiza units, we
have used major and trace element ratios to compare with stan-
dard and experimental compositions (Patiño-Douce, 1995;
Altherr et al., 2000; Sylvester, 1998) (Fig. 9). The projected samples
show that the Guadaiza migmatites could be derived from partial
melting of metagreywacke with metapelite components, having
similar geochemical composition to the studied schists. On the
other hand, the Jubrique migmatites have lower Al2O3/
[MgO + FeOt], Rb/Ba and Rb/Sr values, that could indicate a meta-
greywacke source with relatively more mafic composition. The
gneisses and leucogneisses from Istán are compatible with melts
derived from pure metapelite-type sources. However, they are
Fig. 9. A) Diagram for major element ratios (AMF, CMF) and fields for experimental melt
for metasedimentary . Source compositions (Silvester, 1998). Studied schist are projecte
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typically considered the result of the metamorphism and partial
melting of granitic rocks (Acosta-Vigil, 1998; Acosta-Vigil et al.,
2014).
6. Thermobarometric conditions of crustal units

6.1. The Guadaiza unit

6.1.1. P-T pseudosections
The pseudosection calculated from the composition of Scht-2

schist (Fig. 10) is similar to those obtained in the Jubrique gneisses
and migmatites in previous studies (e.g., Barich et al., 2014), and in
the Guadaiza diatexites (Supplementary Material 5 and 6). Calcula-
tions indicate a wide stability field of Grt that is only not stable at
pressures below approximately 0.35 GPa. K-feldspar and Pl remain
stable under the investigated pressure–temperature conditions, at
which either Sil or And are also stable, while Spl is present only in
the high-T/low-P assemblages.

Calculated isopleths show that the melt percentages remain
moderate/low (<15 %) with a low gradient at temperatures below
720–750 �C for the pressure range of 0.2–0.6 GPa. Both the amount
and melting gradient increase surpassing the Bt-out curve with the
dehydration-melting reaction: Bt + Sil + Pl + Qz ? Kfs + melt +
(Crd/Grt).

An important observation is that the current mineral assem-
blage in these schists (Bt + And/Sil + Grt + Qz + Pl/Kfs) cannot coex-
ist within any of the calculated P-T fields. The pseudosection
indicates that the rock underwent evolution from the subsolidus
Grt-present field to the andalusite/sillimanite field at pressures
below 0.3–0.4 GPa with an inferred decompression path. This
agrees with the observed Grt dissolution features that indicates
that this phase was more out of equilibrium compared to others.
Moreover, the replacement of And by Sil (Fig. 6A) points to a T
increase at pressures approximately 0.25–0.35 GPa.

The assemblage observed in the Guadaiza heterogeneous gran-
ites (diatexites), composed of Bt + Crd + Sil coexisting with melt
(±Kfs) (Fig. 6), coexists in the pseudosection at 675–710 �C and
0.25–0.32 GPa (Fig. 10). Melt percentages calculated in this field
vary between approximately 6–11 %. These values can increase
s based on Patiño-Douce (1995) and Altherr et al. (2000). B) Rb/Sr vs. Rb/Ba diagram
d in the shaded field



Fig. 10. P-T pseudosection of the Guadaiza schist (Scht2 sample). Grt-in curve at MnO = 0.03 mol% is shown in purple dashed line. Crd and Bt curves based on older A-X
models are shown in green dashed lines. Mineral/phase abbreviations according to Whitney and Evans (2010). The yellow star shows the following modal assemblage
coexisting with 9–10 % of melt (Liq): Qz (20 %) + Kfs (19 %) + Pl (12 %) + Crd (26 %) + Bt (5 %) + Sil (7 %) + Ilm (1 %). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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up to 25–35 % when 4 mol.% H2O (1–1.5 wt% of H2O: see section
6.1.3) is added to the system. The P-T range of this field where
Bt, Crd, Sil and melt coexist is independent of the H2O and redox
variations. These data suggest the need for an external H2O flux
to generate diatexites (>25–30 % melt) from the studied composi-
tion at the investigated P-T conditions.
6.1.2. Composition and A-X model considerations: garnet, cordierite
and biotite

Garnet stability can be influenced by minor variations in the
MnO composition (White et al., 2014b), which could be due in part
to analytical uncertainty. Therefore, to check this influence on the
208
calculation results, we have recalculated the Grt-in (Grt-in) curve
with less than half of the measured MnO content (0.03 mol.%) in
Thermocalc (Fig. 10), as presented in Section 4.4. The control calcu-
lation shows an increase of pressure of approximately 0.01–0.1
GPa compared to the previous Grt-in curve.

Regarding Crd and Bt, we have used the previous thermody-
namic database (ds55; Holland and Powell, 1998), the hCrd A-X
model for Crd (Perple_X ideal mixing model) and the Bio(TCC) A-
X model for Bt (Tajčmanová et al., 2009) to check the influence
of other models on the stability curves for these minerals. The cal-
culated stability curves (Perple_X. 6.8.9) for these two phases are
displaced towards higher temperature, by 10–20 �C for Crd and
by 20–25 �C for Bt (Fig. 10). This affects the P-T region where the



Fig. 11. T-X (H2O) pseudosection of the Guadaiza schist (sample scht-2). Calculated modal melt isopleths are shown in red dashed lines (Liq = Lq). Yellow star indicates the
same as in the P-T pseudosection. White star shows the following modal assemblage coexisting with 30–32 % of melt (Liq): Qz (13 %) + Kfs (10 %) + Pl (8 %) + Crd (25 %) + Bt
(5 %) + Sil (6 %) + Ilm (1 %). The blue square with case A indicates an addition of + 4 mol. % H2O (1–1.15 wt%) to the initial conditions (yellow star) increasing the melt % up to
25–35 %. Case B also simulates the addition of + 4 mol% H2O but with 20–30 �C heating and Bt overstepping, generating 30–40 % of melt. Mineral/phase abbreviations
according to Whitney and Evans (2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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migmatite target assemblage occurs (Bt + Crd + Sil), displacing it up
to T � 740 �C (at the same pressures) and increasing the melt frac-
tion to 11–15 %.

We conclude that, even with the use of previous thermody-
namic database models, the calculated melt proportion is far below
that of necessary to form the observed diatexites in the Guadaiza
unit, which require more than 25–30 % melting.
209
6.1.3. T-X pseudosection
Fixing the pressure at 0.29 GPa, a T-XH2O pseudosection of the

Guadaiza schists was constructed in order to calculate the water
content necessary to reach the melting degree inferred for the dia-
texites (melt % >25–30 %) in the P-T field with Bt + Crd + Sil
(Fig. 10). In the calculations, the water content was varied from 2
to 10 mol.%. The calculated diagram shows that water saturation
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is reached at 2.6–2.7 mol.% of H2O at this pressure (Fig. 11), there-
fore the 4 mol.% H2O indicated by the P-T pseudosection (Fig. 10)
already results in water-oversaturation of the system. Undersatu-
ration (H2O < 2.6–2.7 mol.%) would stabilize Crd at lower temper-
atures, which is not observed in the studied rocks. By the addition
of water, most of the field assemblages and boundaries remain
unaffected, except those involving Kfs, which are reduced (Kfs-
out lines appearing towards more H2O-rich domains). This is due
to the involvement of Kfs in the water present melting, together
with Qz and Pl. As the melt fraction increases due to the increase
in H2O content, the melt proceeds exclusively by the reaction
Qz + Pl + Kfs + H2O ? melt. The box labeled A and B in the
Fig. 11 represents the zone where the melt fraction reached values
between 25–40 % while keeping the assemblage of Crd + Sil ± Bt
stable. These conditions can be achieved by adding about 4 mol.%
of H2O (1–1.5 wt% H2O) to the initial H2O (4 mol.%). At this point,
two possibilities can be considered. In the first case (Case A), H2O is
added to the system while the field assemblage of Bt + Crd + Sil
(+Qz + Pl + Kfs + Ilm) remains the same. In this scenario, the melt
fraction reaches approximately 25–35 % for temperatures of 700–
705 �C. The modal fraction of Bt-Crd-Sil remains very similar to
those calculated at 4 mol.% of H2O. In the second case (Case B),
H2O influx is accompanied by heating and the system shifts above
the Bt-out boundary. In this case, the melt could reach up to 30–
40 %. Biotite may persist metastable if the heating was fast and
the Bt-out reaction was slightly overstepped. The irregular mor-
phologies observed in the Bt that form part of restites in the
heterogeneous granites agree with this latter process (Fig. 6E).

6.1.4. Composition of the melt, biotite and cordierite
The composition of the melt was calculated with Thermocalc for

the P-T domain where the Guadaiza diatexites mineralogy and the
calculated assemblage coincide (0.29–0.30 GPa, 700–705 �C). The
calculated melt (9 %) coexisting with Bt + Crd + Sil has a peralumi-
nous (A/CNK = 1.13) leucogranite composition with elevated K2O/
Na2O (1.77) and very high FeOt/FeOt + MgO (0.98), typical of fer-
roan granites (Frost et al., 2001) (all values expressed as mass
ratios except for A/CNK). The composition of Bt (ca. 5 modal%)
and Crd (ca. 26 %) coexisting with this melt have FeOt/
(FeOt + MgO) calculated values of 0.81 and 0.67, respectively.

These compositions are slightly different to those measured by
XRF and EMPA in the studied rocks. The ASI mean value in the dia-
texites is 1.8 (range: 1.12–2.39), K2O/Na2O is 1.6 (range: 0.12–2.3)
and FeOt/FeOt + MgO is 0.77 (range: 0.53–0.83). Regarding mineral
compositions, the measured FeOt/FeOt + MgO average is 0.78 for Bt
(n = 6) and 0.70 for Crd (n = 3) (Supplementary Material 2).

These differences are of some importance in the case of the
Fe/Fe + Mg ratios, both in the bulk rock and mineral compositions.
Adding H2O to the system decreases this ratio in the melt (0.91),
although it is still higher than those observed in the studied rocks.
These discrepancies might indicate that the source rock for the dia-
texites could have had less FeOt/FeOt + MgO bulk ratios than the
one selected for the pseudosections. Such compositional variations
are common in metapelites/metagreywackes (Forshaw and
Pattison, 2022) and can occur in the studied regional schist
sequences.

6.2. P-T conditions of the Guadaiza unit compared to that of the
Jubrique unit

We calculated P-T conditions of the Jubrique unit based on the
Grt-bearing gneiss (sample Ju7 from Barich et al., 2014), which is
lithologically similar to Jubrique gneisses studied previously in
the literature (e.g., Barich et al., 2014; Massonne, 2014; Acosta-
Vigil et al., 2016). The calculations were carried out using the
new thermodynamic data set (ds62; see Methods), and its
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correspondent mineral A-X models. The results indicate slightly
lower pressures and temperatures for the previously recognized
melting events (Supplementary Material 5). Nevertheless, the gen-
eral P-T pseudosection topology is equivalent to the published
results (mentioned above: section 2.3), and situates the higher-
pressure melting event at 0.90–1.05 GPa and 770–800 �C, and
the lower-pressure one at 0.42–0.48 GPa and 710–765 �C. The cal-
culated melt degree in these two cases is, however, strikingly dif-
ferent. The high-pressure event indicates about 13 % melt
fraction, in contrast to 2–3 % in the lower pressure zone.

The P-T estimation in the Guadaiza unit was accomplished
based on the sample Scht-2 (Fig. 10) and the heterogeneous granite
GH-1 (Supplementary Material 6). Comparing the results of calcu-
lations in the Jubrique and Guadaiza units, we observe that the
higher-pressure melting is not recorded in the Guadaiza unit, while
the lower pressure one took place at slightly deeper levels in the
Jubrique (0.42–0.48 GPa and 710–765 �C) than in the Guadaiza unit
(0.25–0.36 GPa and 675–710 �C). Moreover, the melting of Jubrique
crust is consistent with the stability of Grt, as predicted by thermo-
dynamic models too, while this phase is not stable and was not
observed in the Guadaiza-type crust during the lower pressure
melting event. Finally, the calculated melt fractions also differ, as
during the lower pressure event the Jubrique crust was less pro-
ductive (2–3 % melt) compared to the Guadaiza unit (6–11 % melt).
7. Geochronological results

7.1. Sample description

Three samples of migmatitic rocks were selected for this study.
Sample OJ-02 represents the lower part of the Ojén unit, which can
be observed in the southeast corner of the Fig. 2. Similarly to
Guadaiza-type crustal section, diatexites and metatexites are
found atop of Spl ± Pl peridotites, but overlain by a thick sequence
of carbonatic rocks (Sierra Blanca). Metatexites are characterized
by a compositional layering with leucocratic Qz + Kfs + Pl and
mesocratic Bt + Crd + Sil bands. Garnet is scarce or absent in these
rocks. There are abundant leucosome-filled shear zones and
intrafoliation folds. The Istán orthogneiss is represented by sample
GnIst-1. As documented above, together with associated
leucogranites, these rocks show an equivalent position in
Guadaiza-type crustal sequences to the heterogeneous granites.
The orthogneisses consist of Kfs porphyroclasts contained in a
highly strained matrix with Qz + Kfs + Pl + Bt + Sil + And ± Grt as
major constituents. The MA-05 migmatites were sampled south
of Benahavís, in a roughly E-W orientation of ductile–brittle struc-
tures characterized by highly serpentinized peridotites overthrust-
ing crustal units. These migmatites present Bt + Grt + Sil rich
mesosomes cut by thick leucogranitic bodies with abundant Grt.
They are similar to Jubrique-type migmatites.

In addition, we analyzed four samples of heterogeneous gran-
ites in different locations in the study area, always in contact with
Spl ± Pl peridotites. MA-07 and SN-18 diatexites were collected far
from the main structures of the study area. SN-18 granites form a
small body surrounded by ultramafic rocks, and MA-07 represents
the base of a more complete Guadaiza-type crustal sequence, with
metatexites and schists above, south of the Guadaiza valley. They
show little or no ductile deformation and are composed of a
medium-grained matrix of Qz + Pl + Kfs and scarce Bt, large crystals
of Crd, Pl, Kfs and occasionally Tur, and Bt + Crd + Sil ± And restites.
On the contrary, SN-62 and SN-67 show intense ductile deforma-
tion. These are mylonitic granites sampled north and south of the
NNW-SSE shear zone that crosses the study area between Sierra
de las Nieves and Montemayor (Fig. 2). They are compositionally
similar to other heterogeneous granites, although they present a



Fig. 12. Statistical distribution of geochronological results obtained in the samples of migmatites (MA-05, GnIst-1 and OJ-02), mylonitic heterogeneous granites (SN-62 and
SN-67) and undeformed heterogeneous granites (SN-18 and MA-07). The results have been separated into post-Carboniferous ages (related to the metamorphic processes
occurred in the pre-Alpine and Alpine periods) and pre-Permian ages considered as inherited. The triangles and the numbers next to them represent the cumulative age
percentage in each age segment (horizontal scale). A selection of zircons (cathodoluminescence images) is displayed alongside each group, where the location and number of
the spot, as well as the 206Pb-238U age are indicated (Supplementary Material 3). The scale bar represents 100 lm.
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smaller grain size and a mylonitic texture. Kfs nodules, Crd and Pl
crystals are rounded by Qz bands and elongated restites.

7.2. U-Th-Pb zircon geochronological results

This geochronological study has focused on the analysis of
external overgrowths and igneous zircons (mostly simple, faceted
grains) crystallized during metamorphic and partial melting pro-
cesses that occurred in migmatites, then avoiding inherited ages.
Nevertheless, the results demonstrate the significant number of
grains from sedimentary protoliths that remain in the zircon pop-
ulations of lower crustal units despite the high melting percent-
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ages (e.g., diatexites). Considering that the first documented
metamorphic events in the study area have been dated in the latest
Carboniferous to Early Permian (e.g., Sánchez-Rodríguez, 1998;
Acosta-Vigil et al., 2014), the lowest percentages of pre-Permian,
inherited ages were found in the Grt-rich migmatite MA-05, as
well as in the Istán orthogneiss and the Ojén metatexite, in which
the protolith ages represent 40 and 30 % of the analyses, respec-
tively (Fig. 12). Paradoxically, heterogeneous granites, which
involve the highest melting percentages among the lower crustal
units (Figs. 10 and 11), show a majority of inherited ages despite
the considerable amount of analyses (Fig. 12). Mylonitic heteroge-
neous granites SN-62 and SN-67 yielded around 60 % of inherited
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ages, but undeformed heterogeneous granites SN-18 and MA-07
reached up to 95 % of pre-Permian ages after more than 50 analy-
ses per sample. Neoproterozoic ages are the most represented
among the inherited ages, although these results are not meaning-
ful for estimating provenances or maximum depositional ages.

Sample by sample, zircon populations and analytical results are
as follows (Fig. 12, Supplementary Material 3 and 4). Zircons from
the Grt-rich migmatites near Benahavís (MA-05) show euhedral to
subhedral, medium- to coarse-grained crystals composed of a
highly altered inner zone and an extensive external overgrowth
with low luminosity in CL images. This zircon sample also contains
a minor amount of small, simple crystals. Analytical results
(N = 33), carried out in unaltered areas, yield an important group
of Permian ages (N = 14; 284–258 Ma) and two secondary groups
with Triassic and Miocene ages (N = 7 and 9, respectively). Permo-
Triassic ages were analyzed in larger, dark external overgrowths
surrounding metamictic areas. Miocene ages were found in thinner
external areas grown over these altered zones and in simple, small
zircons (Fig. 12). All analyses show high U contents (>3000 ppm)
and Th/U mass ratios lower than 0.01.

The Istán orthogneiss (sample GnIst-1) presents a complex zir-
con population composed of fragments of large, simple crystals and
compound zircon grains constituted by rounded cores with parallel
banded or concentric structure, many of them with high luminos-
ity in CL, and an external overgrowth with concentric or faint zona-
tion. Similar to the Jubrique-type migmatite (sample MA-05),
zircons from the Istán orthogneiss are highly affected by alteration
in different crystal areas, as documented in previous studies
(Acosta-Vigil et al., 2014). After 30 analyses, in addition to inher-
ited ages (pre-Permian ages, 40 %), nine spots yielded Permian ages
(285–254 Ma) and other nine analyses gave younger data dis-
persed between the Triassic and Eocene. Analyses providing
Permo-Triassic ages present Th/U ratios ranging between 0.7 and
0.01 and low U contents. On the contrary, younger ages resulted
from analyses with U contents above 2000 ppm and Th/U < 0.01
(Supplementary Material 3).

Zircons from the Ojén metatexites (OJ-02) also show a great
variety of forms and inner structures, as expected for migmatitic
rocks. They are mostly stubby or short prisms composed of core
and external overgrowth. After 51 analyses, the results are clearly
clustered around Permian ages (almost 50 % of all data) and ana-
lyzed in well-developed concentric overgrowths (Fig. 12). Again,
younger ages are scattered between Triassic and Miocene, high-
lighted by four analyses that yielded 21 Ma, analyzed in external
dark rims with faint zonation. U contents are lower than
3000 ppm, although Th/U mass ratios are mostly below 0.01, with
higher values in Permian ages.

Mylonitic heterogeneous granites SN-62 and SN-67 present
mostly rounded, anhedral, small- to medium-grained crystals
dominated by a large inherited core surrounded by thin external
overgrowths. In detail, zircon populations of mylonitic heteroge-
neous granites include small, unzoned or parallel banded simple
grains and complex zircons composed of an inherited core and a
variety of rims, e.g., concentric or faint zonation, dark or high lumi-
nosity in CL, inward overgrowths typical of granulitic rocks (Corfu
et al., 2003). Even though analyses are focused on these external
areas of zircon grains (spots are systematically located in thin over-
growths), more than 50 % of the analyses yielded pre-Permian ages,
considered inherited, after 130 analyses. Both samples present a
minor number of Permian ages, and a significative group of Mio-
cene ages, mainly analyzed in very thin external rims, constituted
by mostly concordant ages between 22 and 20 Ma and younger
analyses with high common Pb contents and discordance (Supple-
mentary Material 3). In addition, Mesozoic and Paleogene ages are
dispersed between the above-mentioned groups. In general, U con-
tents are variable and Th/U mass ratios are lower than 0.01.
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Undeformed heterogeneous granites SN-18 and MA-07 present
similar zircon crystals to those in mylonitic ones (i.e., SN-62 and
SN-67). Complex crystals characterized by large inherited cores
dominate zircon populations with a few simple acicular grains
(Fig. 12). Similarly, despite the significant number of analyses per
sample, post-Carboniferous ages only represent 10 %, with distinct
Permian ages and a set of dispersed younger results.

Considering the similarities in geochronological results and zir-
con populations of migmatites, gneisses, as well as mylonitic and
undeformed heterogeneous granites, below we present the charac-
teristic post-Carboniferous age clusters. All analyzed samples show
Permian ages, which are predominant in the migmatites. These are
mostly concordant data (Fig. 13A), accumulating 50 % of the prob-
ability of all analyses, excluding the inherited ages (Fig. 13B). Per-
mian ages are widely distributed between 290 and 254 Ma,
although many are clustered around a maximum peak of 272 Ma
(Fig. 13B). On average, these results show low discordance percent-
ages and low common Pb values, moderate U contents, and a mean
Th/U mass ratio of 0.08. Ages between 240 and 220 Ma are not
easily distinguished from the Permian results and are present
throughout all groups of samples. However, analyses yielding ages
younger than 240 Ma show increasing discordance and higher
common Pb values and contain the highest U concentrations.
Besides, Mesozoic and Paleogene results are likely randomly dis-
tributed without discernible mean ages, and altogether they com-
prise a negligible probability percentage in the geochronological
database (<15 %; Fig. 13). The youngest age group is early Miocene,
accounting for roughly 25 % of post-Carboniferous ages. This group,
however, is only present in thin, external overgrowths of zircons in
migmatites (OJ-02 and MA-05) and in the mylonitic heterogeneous
granites (SN-62 and SN-67), whereas it has not been detected
either in the Istán orthogneiss (GnIst-1), or in the undeformed
heterogeneous granites (MA-07 and SN-18). Although statistical
values of Miocene ages show high discordance and high common
Pb values, those ranging between 22 and 20 Ma are mostly concor-
dant averaging around 21 Ma, which is a well-known, characteris-
tic age in the Betic Cordillera (Fig. 13).
8. Discussion

8.1. Nature of the contacts between crustal and mantle units

Regarding the structural position of the Ronda peridotites in
relation to the crustal units, the results presented here contradict
the prevailing view that the peridotites overlie the Guadaiza unit
by a basal thrust (e.g., Lundeen, 1978; Torres-Roldán, 1983;
Tubía and Cuevas, 1986; Tubía et al., 1997, 2013; Esteban et al.,
2008), and are underlain by the Jubrique unit, separated from the
metamorphic envelope by a ductile shear zone (e.g., Balanyá
et al., 1993; Tubía et al., 1997; Argles et al., 1999; Platt et al.,
2003a). These lower and upper contacts of the peridotites and
the associated partial melting are generally explained as
dynamothermal aureoles formed in Alpine times. In this scenario,
the lower contact with the Guadaiza-type units represents hot
thrusting during intracrustal emplacement of mantle rocks, and
the upper contact with the Jubrique-type units represents syn- to
late-orogenic extensional unroofing (e.g., Argles et al., 1999;
Frasca et al., 2017; Gueydan et al., 2019; Hidas et al., 2013a;
Homonnay et al., 2018; Mazzoli and Martín-Algarra, 2011; Platt
et al., 2003a,b, 2013; Tubía et al., 1997; Tubía and Cuevas, 1986).

Field relations reveals that the Guadaiza crustal unit lies atop
the Pl tectonite domain of the Ronda massif (Fig. 5). Geochemical
and thermobarometric results suggest that Guadaiza mid-crust
schists, which preserve relict Grt and pre-kinematic And, were
juxtaposed to mantle rocks during continental rifting. During this



Fig. 13. A) Concordia diagram showing U-Pb uncorrected isotopic ratios of the studied samples (Supplementary Material 3). Error ellipses represent a 2r conf., including the
standard error. B) Relative probability histogram and probability plot showing the distribution of ages resulted in the geochronological study. The histogram presents the
main groups of samples: migmatites (MA-05, GnIst-1 and OJ-02), mylonitic heterogeneous granites (SN-62 and SN-67) and undeformed heterogeneous granites (SN-18 and
MA-07). However, all data were included in the estimation of cumulative probability and statistical parameters (geochronological uncertainties), separating Permian, Triassic
to Eocene and late Oligocene to early Miocene results.
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process of crustal attenuation, metasedimentary protoliths under-
went low-pressure partial melting to finally constitute the migma-
titic basal unit of the Guadaiza-type crust (Figs. 7-10). The total
loss of pre-rift lower crust in these sectors is suggested by this
arrangement of mid-crustal units in direct contact with the mantle.
While both the crustal and ultramafic rocks exhibit pronounced
high-temperature tectonic foliation, it is important to note that
there is no discrete shear zone with increasing strain toward the
petrologic Moho in contact with the Guadaiza unit. Rather than
subsolidus strain localization, the mid-crust exhibits partial melt-
ing and ductile deformation pattern of variable intensity as a result
of flattening, which is suggested by the oblate mesoscopic shape of
restites, Qz resisters, and Kfs nodules (Fig. 6B and C). At that time,
the peridotites developed a pervasive high-T tectonic foliation coe-
val with or subsequent to the subsolidus reaction of Spl to form Pl
(Fig. 6F and G).

The basal part of the Jubrique lithospheric unit, from bottom to
top, is composed of the Spl tectonites and Grt-Spl mylonites of the
Ronda Peridotites, and the Grt gneisses of the crustal envelope,
which is particularly well exposed in the northern part of Sierra
Bermeja, and in two outcrops in the southern part of our study
area, near Montemayor and the Concepción reservoir (Fig. 2). The
Grt-Spl domain is interpreted to have been originally deeper than
the Spl domain, consistent with Garrido et al. (2011). As we have
noted, the extensional deformation recorded by both domains
was coeval and, in contrast to the Guadaiza unit, with increasing
strain toward the contact with the crustal rocks.
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High-angle reverse and reverse-oblique faults locally juxta-
posed mantle over crustal domains during Aquitanian times, i.e.
during the inversion of the rifted margin. They facilitate melt/fluid
percolation at different levels in the lithosphere. These structures
play a key role in both the crustal anatexis and peridotite serpen-
tinization at shallow depths by facilitating fluid/melt migration,
and their reactivation in the Alpine orogenesis is the reason that
potentially led to controversial structural models of peridotite
emplacement.

8.2. Implication of absolute ages

The geochronological study carried out on migmatites and
heterogeneous granites of the study area, in contact with the
Ronda Peridotites, is intended to obtain the age of the partial melt-
ing and metamorphic processes that established the lower parts of
the Jubrique and Guadaiza crustal units atop of their coupled ultra-
mafic facies. Textural, morphological, and chronological evidence
suggest that the studied zircon populations are constituted by a
few zircons crystallized directly from anatectic melts, zircons
removed from mesosomes, and inherited zircons from the sedi-
mentary protoliths overgrown in granitic melts or during later
metamorphic processes. Actually, despite the significant melting
percentage inferred for the formation of metatexitic migmatites
and heterogeneous granites (diatexitic migmatites) (Figs. 10 and
11), simple, acicular zircons crystallized directly from partial melts
are scarce (Fig. 12; Supplementary Material 3 and 4). Although
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aimed at provenance analysis of crustal units, thus focused on
detrital zircon populations, earlier geochronological studies carried
out in metamorphic rocks of the study area provided a large
group of pre-Permian ages, as well as a few Permo-Triassic and a
negligible number of Miocene analyses (Esteban et al., 2011b,
2022).

The high percentage of zircon inheritance observed in lower
crustal units of the western Betics points to notable inferences
about the melting process. A first-order constraint for zircon disso-
lution and crystallization is the silicic, highly peraluminous com-
positions of partial melts derived from Guadaiza schists (Fig. 7).
These anatectic melts (‘‘cold granites” in the sense of Miller et al.,
2003) require fluid influx and are rapidly saturated in Zr, restrict-
ing zircon dissolution from the source (Watson and Harrison,
1983; Miller et al., 2003). Secondary causes invoked for this
anomalously high inheritance are a fast-melting event and the
presence of restitic Bt that may shield zircon grains and prevent
dissolution. A similar water-present and fast melting event (over-
stepped Bt-out reaction) (Fig. 11) is deduced from the need to
increase the melting percentages to produce diatexites (heteroge-
neous granites).

Regarding post-Carboniferous data, all samples yield Permian
ages, constituting a well-defined cluster of concordant ages with
low common Pb. Altogether, Permian ages represent 50 % of the
probability and represent the largest amount of non-inherited ages
in migmatites and unstrained heterogeneous granites. They show
low Th/U mass ratios, between 0.3 and 0.01 (0.08 on average),
although these ratios are higher than those obtained in younger
analyses, closer to or even lower than 0.01 (Fig. 13). These data
suggest that Permian simple zircons and zircon overgrowths were
crystallized during prograde metamorphism and from a felsic per-
aluminous melt (e.g., Williams and Claesson, 1987; Pereira et al.,
2014). The Permian cluster shows 206Pb/238U ages distributed
between 290 and 255 Ma, even showing a somewhat indistinct
trend towards Triassic ages. However, a notable amount of data
points to an age of 272 Ma as the best estimation of this metamor-
phic/partial melting event (Fig. 13).

Geochronological results highlight another relevant age during
the evolution of the western Betics around 21 Ma. Early Miocene
ages are dominant among post-Carboniferous data in mylonitic
heterogeneous granites (SN-62 and SN-67) and show variable per-
centages in migmatites (27 % in Grt-migmatites MA-05 but only
four analyses in sample OJ-02) (Fig. 12). However, they are absent
in undeformed heterogeneous granites and Istán gneisses.
Although the youngest analyses are scattered between 25 and
15 Ma, only results around 21 Ma show low discordance and com-
mon Pb (Fig. 13). Early Miocene ages were analyzed in thin exter-
nal overgrowths with the lowest Th/U ratios (0.02 on average),
typical of metamorphic recrystallization. Ages between 23 and
18 Ma (only low discordance data) yield the same age within ana-
lytical uncertainty, giving an accurate weighted mean 206Pb/238U
age of 21 Ma (N = 30 adding samples SN-62, SN-67 and MA-05)
(Fig. 13).

The location of samples with early Miocene ages may shed light
on the tectono-metamorphic evolution of lower crustal rocks and
the age of metamorphic events. Thus, samples that yielded a signif-
icant Miocene recrystallization are located in primary structural
lineaments, i.e., the NNW-SSE mylonitic shear zone that put into
contact with the Guadaiza and Jubrique units (SN-62 and SN-67)
and the brittle-ductile structures that stack crustal metamorphic
rocks and highly serpentinized peridotites to the south of the study
area (MA-05). We suggest that the same thermal reactivation that
promoted zircon recrystallization close to regional structures may
have produced metamictic processes and isotopic disequilibrium
in previously crystallized zircons (Permian), leaving a trail of dis-
cordant, meaningless ages between Permo-Triassic and Miocene,
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in agreement with previous geochronological studies carried out
in the Guadaiza unit (Acosta-Vigil et al., 2014). Merely the proxim-
ity to mantle rocks and the thermal influence of the dynamother-
mal aureole, as proposed by previous authors (e.g., Lundeen,
1978; Torres-Roldán, 1983; Tubía and Cuevas, 1986; Tubía et al.,
1997, 2013; Esteban et al., 2008), cannot account for the presence
of Miocene ages, because in this study all the samples are in con-
tact with peridotites of the same tectono-metamorphic facies,
while only the ones located along large-scale tectonic structures
record these ages. Additionally, our results also indicate that the
Miocene age of leucogranites in the study area (e.g., Esteban
et al., 2011a, and references therein) might only represent a shal-
low magmatic event associated with the contractional reactivation
of pre-existing extensional structures, thus these ages cannot be
directly linked to the intracrustal emplacement of the Ronda
Peridotites.

Therefore, we propose that an extended low-pressure and
medium- to high-temperature metamorphism and partial melting
occurred in the lower crust of the Guadaiza unit, generating meta-
texites and diatexites with limited zircon dissolution and recrystal-
lization, which was controlled mainly by the composition of the
melt. A similar late Variscan evolution has been depicted by Lu-
Hf ages in granoblastic Grt gneisses of the Jubrique unit (Barich,
2015), or by U-Pb ages in monazites studied in Ky-bearing graphi-
tic metapelites to the east of the study area (Sánchez-Navas et al.,
2024). Subsequently, the Alpine orogenic reactivation, which prob-
ably nucleated along previous extensional structures, triggered a
thermal input that promoted zircon recrystallization limited to
those rocks located along structural lineaments but affecting the
isotopic ratios of Permian zircons in the entire study area. The
21 Ma zircon recrystallization may be associated with the tectonic
stacking, shear heating, the infilling of hydrothermal fluids, also
related to the serpentinization of peridotites along these struc-
tures, or, to a lesser extent, to the intrusion of volumetrically poor,
leucogranitic dikes.

8.3. Pre-orogenic kinematic evolution

The proposed kinematic model incorporates two superimposed
rifting events that ultimately result in hyperextension and oceanic
spreading (Fig. 14). The temperature and pressure conditions prior
to rifting were calculated to be approximately 0.90–1.05 GPa and
770–800 �C in the lower crust (e.g., Barich, 2015), and roughly
2.7 GPa/1100 �C in the lower portion of the mantle lithosphere
(e.g., Garrido et al., 2011) (Fig. 14A). During the first Permian-
Triassic rifting stage, the upwelling of the asthenosphere probably
counterbalanced the rapid thinning of the lithospheric mantle. The
mantle underwent significant attenuation and uplift beneath two
major conjugate shear zones (black arrows in Fig. 14B and C). In
these shear zones and along the crust-mantle interface, the lower
crust and lithospheric mantle experienced simple shearing and
mylonite formation, resulting in the incorporation of Grt-Spl-
bearing relict peridotites near crustal levels (Fig. 14B and C).

A thermal anomaly linked to the asthenosphere upwelling took
place across the most extended area. Under high temperature con-
ditions, the weak strength of the lower crust marked the style of
crustal extension resulting in partial melting within the lower
crust coeval to decompression, ductile condensation and even par-
tial removal of the lowermost crustal layer, and brittle-ductile
attenuation of the upper crustal levels (Fig. 14C). Therefore, neck-
ing of the lower crust led to the placement of the pre-rift middle
crust directly atop the lithospheric mantle also experiencing verti-
cal flattening (cf. crust-mantle contact above the solid yellow line
in Fig. 14C). This low-pressure, high- to medium-temperature
event – 675–710 �C at ca. 0.3 GPa (Fig. 10) – produced important
zircon recrystallization between 290 and 255 Ma. Altogether, the



Fig. 14. Proposed kinematic evolution showing the tectono-metamorphic interaction of upper mantle peridotites and lower crustal units during (A-C) two superimposed
rifting events, (D) hyperextension and (E) lithosphere break-up and oceanic spreading. F) P-T diagram summarizing the thermobarometric results obtained in this work and
collected from the literature, depicting the Permo-Triassic, pre-Alpine evolution of crustal and mantle rocks in western Betic Cordillera. P-T trajectories of mantle facies: PT-1
– Initial conditions of Grt-lherzolites (Garrido et al., 2011); 2–5 – P-T evolution estimated for the peridotite facies that constitute the Ronda massif, i.e.: Spl ± Grt mylonites (2),
Spl tectonites (3), granular/transitional peridotites (4) and Pl tectonites (5) (after Johanesen et al., 2014). P-T trajectories of crustal units: Star – Heterogeneous granites (this
work); (a-c) – crustal envelope of the Carratraca peridotitic massif (Argles et al., 1999); (d) – ODP-976 borehole in the Alborán sea (Soto and Platt, 1999); (e) – Kinzigites and
Grt-migmatites of the Jubrique unit (Barich, 2015); (f) – Pelitic gneisses at the basement of the Torrox Unit (Upper Alpujarride) (Sánchez-Navas et al., 2024); (6) – Jubrique
kinzigites (Barich et al., 2014); (7) – Guadaiza heterogeneous granites (Acosta-Vigil et al., 2014); (8a) – Jubrique Grt-migmatites (Barich et al., 2014); (8b) – Guadaiza
migmatites (Acosta-Vigil et al., 2014).
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revised structural position of crustal and mantle units, the thermo-
dynamic modelling of the Guadaiza unit, and the new geochrono-
logical data unveil that the continental crust of Pangea had already
undergone thinning to approximately 10 km thickness in certain
areas by the end of the Permian. These P-T conditions are compat-
ible with those inferred for the low-pressure, Pl-bearing peri-
dotites, and allow for hypothesizing that mid-crustal schists were
tectonically juxtaposed with mantle rocks through the petrologic
Moho accompanied by a potentially fast, water-present melting
process at the base of the Guadaiza-type crust (Fig. 14C). Mean-
while, the lithospheric mantle experienced moderate melting, as
recorded by the formation of various types of pyroxenites mostly
in the Spl- and Pl-bearing peridotites (e.g., Garrido and Bodinier,
1999; Bodinier et al., 2008), and re-equilibrated through Spl into
Pl lherzolite facies (e.g., Obata, 1980). The origin of 1–1.5 wt%
H2O-fluids (4 mol.%; Fig. 11) necessary to increase melting percent-
ages and generate the observed diatexites in the Guadaiza unit
could have been channeled through a shear zone affecting both
the crustal units and the shallowermost peridotites.

We propose that an additional rift phase during the Jurassic and
Early Cretaceous resulted in hyperextension and final lithosphere
break-up (Fig. 14D). Anastomosed brittle-ductile shear zones
trending NNW-SSE and ESE-WNW cut the lithospheric mantle
probably accommodating tens of kilometers of extension at that
time. However, further studies are required to more precisely char-
acterize the conditions and establish temporal constraints on the
activity of these shear zones. Nevertheless, Jurassic and Early Cre-
taceous Lu-Hf Grt and U-Pb-Th zircon ages within Grt pyroxenites
and chromitites reflect a thermal event linked to these extensional
stages that preceded the oceanic spreading (e.g., Pedrera et al.,
2021). In addition, volumetrically-poor basaltic magmatism, repre-
senting mantle-derived melts during subsequent Jurassic rifting
stage (Fig. 14D), has been described in the Ojén unit (e.g., Tubía
et al., 1997; Sánchez-Rodríguez and Gebauer, 2000). In contrast,
there was no crustal melting during this Jurassic-Cretaceous rifting
event. The final oceanic spreading is marked by the Late Cretaceous
age of the deep-water sediment of the Campo de Gibraltar Com-
plex, which are situated north and west of the studied area, pre-
sumably deposited over oceanic crust (Figs. 1 and 14E).
9. Conclusions

Cartographic and field relations, presented in new geological
mapping and associated cross-sections, delineate two lithospheric
units formed by the systematic tectonometamorphic association of
crustal and mantle rocks, which suggests that the evolution of Gua-
daiza and Jubrique metamorphic units is closely related to their
associated lithospheric mantle domain. These crustal sequences
over the Ronda Peridotites form a lithosphere extremely attenu-
ated during rifting. This genetic link between crustal and mantle
units requires a reconsideration of the kinematic evolution of the
massif before the onset of the contraction (Alpine orogeny), which
is here associated with two superposed continental rifting events
that ultimately resulted in the formation of the Maghrebian
magma-poor hyperextended margin and oceanic spreading. The
results presented here are in accordance with recent studies in
the Beni Bousera mantle rocks which conclude that they were
exhumed to a shallow depth during Triassic-Lower Jurassic rifting.
The revised interpretation provides a correlation between the PT
evolution of the crustal sequence, taking also into account partial
melting events, and that of the tectono-metamorphic domains of
the peridotites. Partial melting and the loss of the lower crust
put forward the importance of Permian-Triassic rifting in the Betic
realm, associated with HT-LP metamorphism in Permian times, in
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accordance with the metamorphic conditions documented in the
European Alps and Pyrenees.

New field, cartographic, thermobarometric, and geochronologi-
cal evidence allows us to present the pre-Alpine evolution of the
western Betics in a way that reconciles a large amount of data that
has been collected in the cordillera in recent decades and links this
western Mediterranean sector with the pre-Alpine evolution of the
European Alps and Pyrenees. In all these sectors peripheral to the
Mediterranean, the Permian hot rifting stage was precursor of sub-
sequent mantle exhumation during Mesozoic.
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