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a b s t r a c t

The ultramafic massifs of the Serranía de Ronda (namely Ronda, Ojén and Carratraca) are portions of
Proterozoic (�1.2–1.8 Ga) subcontinental lithospheric mantle (SCLM) affected by partial melting and
infiltration of melts. The latter of these events was broadly coeval with the tectonic emplacement of
the peridotites into the continental crust in the Early Miocene. This resulted in the formation of chromite
and Ni-arsenide ores (Cr-Ni) associated with orthopyroxenites and cordieritites. Six zircons recovered
from a massive chromitite sample from the Ronda massif yield both concordant and discordant ages
between 2309 ± 37 Ma and 109 ± 15 Ma, and d18O between 8.3‰ and 9.4‰. Two Proterozoic ages
obtained for zircons of this population (1815 ± 9 Ma and 1794 ± 17 Ma) are identical, within error, to
those of zircons reported previously in the garnet pyroxenites of Ronda (1783 ± 37 Ma). Similarly, concor-
dant Early Jurassic (192 ± 13 Ma) and Cretaceous ages (109 ± 15 Ma) obtained from the core and rim,
respectively, of a single zircon from the chromitite are also consistent with the ages (180 ± 5 Ma,
178 ± 6 Ma, and 131 ± 3 Ma) already reported for magmatic zircons from corunudum-bearing garnet
pyroxenites in the Ronda massif. The observation that chromitites and garnet-pyroxenites contain similar
populations of zircons suggests that the parental melts of chromitites inherited zircons from their pro-
tolithic garnet pyroxenites, representing relics of oceanic/arc crust recycled in the mantle. Eleven zircons
recovered from a massive cordieritite associated with chromitite in the Ronda massif yield scattered con-
cordant and discordant ages between 568 Ma and 21 Ma, with correspondingly variable d18O (4.8–
13.5‰) and unradiogenic Hf-isotope ratios (eHf(t) from �12.36 to �4.43). The youngest age is concordant
at 21.18 ± 0.4 Ma and matches the ages of zircons from the chromitite (weighted average age of
20.4 ± 0.87 Ma, n = 4) and a plagioclasite dyke (scattering between 20.1 ± 0.2 Ma and 17.9 ± 0.1 Ma;
n = 11) associated with the Cr-Ni mineralization in the Ojén massif. These zircons show similar unradio-
genic Hf-(eHf(t) between �14.5 and�7.6) and heavy O-isotope compositions (d18O = 11.3–12.4‰). A sam-
ple of the massive cordieritite hosting the chromitites contains abundant zircons that yield scattered
concordant, sub-concordant and discordant U-Pb ages varying from 33.8 ± 1 Ma to 781 ± 10 Ma; these
zircons (n = 21) have variable U-contents (105–13900 ppm) and Th/U ratios (0.003–0.8). On the basis
of O- and Hf-isotope compositions, these zircons define three populations independently of their ages:
(1) grains with consistent high d18O (6.1–12.7‰) and negative eHf(t) (from �14.42 to �6.88); (2) grains
with high d18O (7.6–11.1‰) and positive eHf(t) (3.10–4.84); and (3) grains with d18O < 5.5‰ typical of
mantle values. We suggest that zircons from this cordieritite with U-Pb ages older than Miocene are
inherited, and were incorporated physically into the SCLM by fluids or melts produced during
dehydration-melting of the crustal rocks wrapping the peridotite massifs. The population of Early
Miocene zircons found in the chromitites and associated cordieritites and the plagioclasite dyke in the
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mineralization of the Ojén massif date the crustal emplacement of the peridotites and, therefore, the for-
mation of the Cr-Ni ores. We propose a model in which the unique Cr-Ni mineralizations found in the
ultramafic rocks of the Serranía de Ronda were formed as a result of contamination of the SCLM with
crustal components.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Zircon (ZrSiO4) is a common accessory mineral in many types of
rocks. In situ data for a suite of radiogenic (U-Th-Pb, Lu-Hf, Sm-Nd)
and stable isotopes (O), which can be obtained from single zircon
grains (Griffin et al., 2002, 2004; Kinny and Mass, 2003; Valley,
2003; Valley et al., 2005; Belousova et al., 2010), make this mineral
an unmatched tool to study the formation of the early Earth (Cavosie
et al., 2007; Harrison, 2009; Marchi et al., 2014) and the construc-
tion and recycling of continents and oceans during orogenic epi-
sodes (Condie et al., 2009; Belousova et al., 2009, 2010). Zircon
can also be used to constrain different types of geological processes
that involve fluids or melts, such as hydrothermal alteration, meta-
morphism and remelting of igneous bodies (Belousova et al., 2002;
Hoskin and Schaltegger, 2003). Over decades, most efforts have
been focused on the study of zircons from crustal domains, in which
this mineral is most frequently found. In the mantle, however, the
study of zircon has received less attention, as peridotites are gener-
ally depleted in Zr and Si, and the melts extracted from these rocks
are theoretically not likely to precipitate zircons. In recent years,
however, an ever-increasing number of studies have reported zir-
cons in different suites of mantle rocks, including peridotites (Bea
et al., 2001; Hermann et al., 2006; Zheng et al., 2006; Zheng,
2012), pyroxenites (Gebauer, 1996; Sanchez-Rodriguez and
Gebauer, 2000) and chromitites (Grieco et al., 2001; Yamamoto
et al., 2003, 2004, 2013; McGowan et al., 2015; González-Jiménez
et al., 2015; Xu et al., 2015; Xiong et al., 2015; Belousova et al.,
2015; Akbulut et al., 2016; Griffin et al., 2016; Li et al., 2016). In
the aforementionedworks, interpretations of zircons from theman-
tle vary between the hypotheses that these minerals crystallize in
the mantle itself (i.e., they are metasomatic), or that zircons were
formed in the crust and recycled in the mantle by subduction or
delamination of the continental crust. Unravelling the origin of zir-
cons in mantle-derived rocks might help to better understand the
exchange of material between distinct layers of the solid Earth
(Siebel et al., 2009 and Liou and Tsujimori, 2013 for review), and
in particular the genesis of chromite ores in the upper mantle.

Chromitites hosted in the mantle section of some ophiolites
(e.g., the Luobusa and Dongqiao ophiolites in Tibet) preserve zir-
cons (Zhou et al., 2014; Robinson et al., 2015; Xu et al., 2015;
McGowan et al., 2015; Xiong et al., 2015) that coexist with miner-
als typical of ultra-high pressure (UHP � 4 GPa; diamond, TiO2 II,
coesite, and stishovite pseudomorphs) and super-reducing condi-
tions (native elements, alloys, carbides, nitrides), forming the so-
called SuR-UHP (Super-Reduced UHP) assemblage (Griffin et al.,
2013, 2016). This assemblage in chromitites has been interpreted
to reflect mechanical entrapment of minerals by asthenospheric
melts generated at >150 km (Zhou et al., 2014; Robinson et al.,
2015) that assimilated crustal material (including zircon) during
upwelling through slab windows in the lithosphere, or mineral
entrapment by plume melts from greater depths (>420–660 km)
which rose through the mantle transition zone that contains stag-
nant lithospheric slabs (Xu et al., 2015; Xiong et al., 2015). Both
models require the crystallization of chromitites at high pressures
(>13 GPa) from high-Mg melts similar to komatiites, and their later
transport in a melt or fluid phase. However, this is a very unlikely
scenario for chromite, which, according to experimental data, crys-
tallizes at much lower pressures (<1 GPa; Sen and Presnall, 1984)
from basaltic melts relatively rich in CaO and SiO2 (Hill and
Roeder, 1974; Ballhaus, 1998). In addition, chromite is too dense
to be transported over >400 km by rising fluids/melts (Griffin
et al., 2016). On the other hand, (magmatic and inherited) zircon
populations in chromitite and host peridotites from the Coolac Ser-
pentinite Belt in SE Australia yield U-Pb ages and geochemical fin-
gerprints coincident with those of the surrounding S-type granites
(Belousova et al., 2015). A similar situation was observed in the
Oman ophiolite (Yamamoto et al., 2013) and some Tibetan Ophio-
lites (Griffin et al., 2016) where some zircons in the mantle-hosted
chromitites yield U-Pb ages younger than the accepted age of crus-
tal emplacement of the ophiolite. These observations suggest that
mantle rocks may also experience zircon incorporation from neigh-
boring rocks during or after their emplacement into the crust.

The examples cited above show that, despite numerous and
detailed studies, the origin of zircons in mantle rocks is still open
to debate. In particular, the role of crustal metasomatism in the
formation and incorporation of zircons in the subcontinental litho-
spheric mantle (SCLM) and its relationships to the genesis of chro-
mite ores are still uncertain. In this paper, we report the discovery
of zircons in the chromite- and Ni-arsenide ores [hereafter (Cr-Ni)-
cordierite ores] hosted in the ultramafic massifs of the Serranía de
Ronda (S. Spain), the largest outcrops of SCLM exposed on the
Earth’s surface. Recent geochemical studies (Marchesi et al.,
2012; Varas-Reus et al., 2016) indicate that melts/fluids derived
from underthrusted metasedimentary rocks infiltrated the Ronda
peridotites shortly before or during their crustal emplacement,
producing crustal metasomatism of the SCLM. Interestingly one
40Ar/39Ar age on primary phlogopite from a plagioclasite associated
with one of the Ronda’s (Cr-Ni)-cordierite mineralization yield an
Aquitanian age (Gervilla and Leblanc, 1990) that matches with
the time of this metasomatism of the peridotites by crustal
melts/fluids. This scenario gives us the opportunity to evaluate
how crustal fluids/melts may form or incorporate zircons in the
SCLM, as well as the impact of these processes in the formation
of chromitites in the upper mantle. Using the most innovative
techniques of mineral separation (Selfrag) we have recovered zir-
cons from all types of rocks that form these ores, namely massive
chromitites (some of them anomalously rich in Ni-arsenides),
cordieritites and associated plagioclasite dykes. We have measured
in situ a suite of radiogenic (U-Pb, Lu-Hf) and stable isotopes (O) on
zircons in order to constrain the age and nature of the parental flu-
ids/melts from which they crystallized. We integrate these zircon
data with the most recent geochemical, petrological and structural
data in order to build a new model for the genesis and evolution of
the Ronda’s chromite ores.
2. Geological background

2.1. The ultramafic massifs of the Serranía de Ronda

The ultramafic massifs of the Serranía de Ronda crop out in the
westernmost part of the Internal Zones of the Betic-Rif orogenic
belt, namely the westernmost branch of the Mediterranean Alpine
belt (Fig. 1). The Internal Zones are composed of three nappe com-
plexes that have variable metamorphic grades and are, from bot-
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tom to top: the Nevado-Filábride, Alpujárride and Maláguide Com-
plexes. The peridotites of the Serranía de Ronda form the lowest
part of the Los Reales Nappe, the uppermost tectonic unit of the
Alpujárride Complex, and are sandwiched between continental
crustal rocks (Navarro-Vilá and Tubía, 1983; Tubía and Cuevas,
1986). These ultramafic rocks crop out in three separate massifs
(Fig. 1): Ronda (considered the largest (�300 km2) exposure of
continental mantle peridotite on Earth), Ojén (� 80 km2), and Car-
ratraca. These peridotite massifs represent portions of Proterozoic
(1.2–1.8 Ga) subcontinental lithospheric mantle (Reisberg and
Lorand, 1995; Marchesi et al., 2010; González-Jiménez et al.,
2013a,b) emplaced tectonically into the crust in the Early Miocene
(Zindler et al., 1983; Zeck et al., 1989; Monié et al., 1994; Platt
et al., 1998; Sanchez-Rodriguez and Gebauer, 2000; Esteban
Fig. 1. (a) Localization of the Betic Belt within the Alpine orogeny
et al., 2004, 2007, 2010; Precigout et al., 2007), probably during
the development of a back-arc basin behind the Betic-Rif orogenic
wedge (Garrido et al., 2011; Marchesi et al., 2012; Hidas et al.,
2013, 2015). Within the Los Reales Nappe, the ultramafic rocks
are overlain by a thick (up to 7 km) sequence of metapelitic rocks
that show decreasing metamorphic grade outwards from the con-
tact with the peridotites (i.e., from acidic granulites (kinzigites),
gneisses and migmatites, to schists, phyllites and, locally, marbles;
Balanyá et al., 1997; Tubía et al., 1997; Platt et al., 2013), and are
thrust over a carbonate-rich metasedimentary unit that contains
relatively abundant bodies of amphibolite (Tubía et al., 1997;
Sanchez-Rodriguez and Gebauer, 2000; Acosta-Vigil et al., 2014).

The ultramafic massifs of the Serranía de Ronda mainly consist
of lherzolites and harzburgites with minor dunites and different
and (b) outcrops of peridotite massifs in the western Betics.
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types of pyroxenite layers, which are locally intruded by leuco-
cratic dykes. A great body of work published over the past three
decades, especially focusing on the Ronda peridotites, provides
the basis to distinguish four kilometre-scale, structural, petrologi-
cal and geochemical domains from top to bottom of the mantle
section (Fig. 2): (1) garnet mylonite domain, (2) spinel tectonite
domain, (3) granular peridotite domain, and (4) plagioclase tectonite
domain.

The garnet mylonite domain (missing in the Ojén and Carratraca
massifs) is in direct contact with the granulitic crustal units in the
NW boundary of the Ronda massif, and it is in contact to the south-
east with foliated spinel tectonites locally intercalated with garnet
pyroxenites (Fig. 2). These domains represent vestiges of an old
Proterozoic subcontinental lithospheric mantle with a protracted
record of early exhumation from the roots of thick continental
lithosphere in the diamond facies (Davies et al., 1993) and final
emplacement in an extremely attenuated shallow continental
lithosphere in the Miocene (Garrido et al., 2011; Hidas et al., 2013).

The coarse granular peridotite domain is located in the central
part of the ultramafic bodies (Fig. 2), and is separated from the spi-
nel tectonites by a narrow (�200 m wide) ‘‘recrystallization front”
(Van der Wal and Vissers, 1993; Van der Wal and Bodinier, 1996).
The granular peridotites were produced at the expense of precur-
sor spinel tectonites during asthenospheric upwelling related to
extension in the Late Oligocene. The latter tectonic event caused
heating of the thinned lithospheric mantle at �1.5 GPa and
�1200 �C and melting of Ronda garnet pyroxenites and peridotites,
producing km-scale infiltration of mafic and calcalkaline volatile-
rich melts (Van der Wal and Bodinier, 1996; Garrido and
Bodinier, 1999; Lenoir et al., 2001; Bodinier et al., 2008;
Marchesi et al., 2012). Close to the recrystallization front, melt/rock
reaction mainly led to the coarsening of the constituent minerals
and precipitation of secondary clinpyroxene and sulfides, produc-
ing refertilized lherzolites and spinel websterites (Garrido and
Fig. 2. Petro-structural zoning of the ultramafic massif of the Serranía de Ronda and di
Agustín; 3: El Sapo; 4: La Gallega; 5: El Lentisco; 6: El Nebral; 7: Mina Baeza; 8: Arroyo d
12: Mina Marbella; 13: Arroyo de la Cueva. Cr ores: 14: Cerro del Águila (CDA); 15: Pista
(CD).
Bodinier, 1999; Lenoir et al., 2001; Bodinier et al., 2008;
Marchesi et al., 2013, 2014). Therefore, the recrystallization front
first defined by Van der Wal and Vissers (1993) can be considered
as the frozen boundary between the old Proterozoic subcontinental
lithospheric mantle (the spinel tectonite and garnet mylonite
domains) and a mantle region fluxed by partial melts generated
by Late Oligocene asthenospheric upwelling (Lenoir et al., 2001).
Partial melts extracted from the granular peridotites locally
crossed the recrystallization front and segregated residual,
volatile-rich small-volume melts with boninitic affinity that
formed discordant dykes of chromium-rich websterite (Van der
Wal and Bodinier, 1996; Garrido and Bodinier, 1999; Marchesi
et al., 2012).

The plagioclase tectonite domain is superimposed on the granu-
lar peridotites by the development of ductile deformation that
overprinted most of the magmatic features described above. This
deformation was produced during decompression (<1 GPa) and
cooling of the massifs, and was concentrated along discrete
shear-zones and folds that controlled the intracrustal emplace-
ment of peridotites (Van der Wal and Vissers 1993, 1996;
Esteban et al., 2010; Hidas et al., 2013).

Leucocratic dykes and pods, usually less than ten meters thick,
intrude the Ronda peridotites through late sets of open cracks,
especially in areas close to the country rocks (Hernández-
Pacheco, 1967; Cuevas et al., 2006). These leucocratic dykes and
pods have a wide range of compositions (i.e., granite, granodiorite,
monzonite and transitional rocks between these end-members),
and they are interpreted to have been generated by partial melting
of the underlying migmatites during the emplacement of the hot
ultramafic rocks into the crust (Sánchez-Rodriguez and Gebauer,
2000; Pereira et al., 2003; Cuevas et al., 2006; Esteban et al.,
2007, 2010). Most of these dikes are undeformed and yield crystal-
lization ages between 22 and 19 Ma, although some were folded
during the latest ductile deformation.
stribution of the different magmatic ores. Cr-Ni ores: 1: Los Jarales district; 2: San
e la Cala; 9: Majada Redonda; 10: Barranco de las Acedías. S-G ores: 11: El Gallego;
(PIS); 16: Lentisco (L); 17–19: Arroyo de los Caballos (ARC); 20: Cantera de Dunitas
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2.2. The magmatic ores of the Serranía de Ronda ultramafic massifs

From a metallogenic point of view, the ultramafic massifs of the
Serranía de Ronda are characterized by the occurrence of different
types of magmatic Cr, Ni, Cu and platinum-group element (PGE)
ores (Oen, 1973; Gervilla and Leblanc, 1990; Gervilla et al., 1996;
Gutiérrez-Narbona et al., 2003; Crespo et al., 2006; González-
Jiménez et al., 2013b), which are classified into three groups
(Gervilla and Leblanc, 1990): (1) sulfide-graphite (S-G) ores, (2)
chromium (Cr) ores, and (3) chromium-nickel (Cr-Ni) ores. This
assemblage of magmatic ores is unique in the world and is dis-
tributed according to the petrological-structural domains of the
ultramafic massifs (Fig. 2).

S-G ores constitute veins, stockworks and irregular masses of
massive ore of variable size. Most deposits are a few meters in
length and few centimeters thick, although some of the largest
deposits (which were mined in the past) were up to tens of meters
in lateral extension. These veins frequently contain xenoliths of the
host rocks (peridotites and pyroxenites) and, locally, exhibit brec-
ciated textures. In the S-poor occurrences, weathering transformed
the original sulfides into earthy masses of Fe oxi-hydroxides con-
taining irregular to round graphite concentrations (up to 90% in
volume; Crespo et al., 2006). In the unaltered ores, the primary
mineralogy is preserved and mainly consists of Fe-Ni-Cu sulfides
(pyrrhotite, pentlandite, chalcopyrite and cubanite), chromite and
graphite (10–60% in volume). Accessory minerals include rutile,
bravoite, magnetite, maucherite, mackinawite and cobaltite
(Gervilla and Leblanc, 1990). Leblanc et al. (1990) showed that
unaltered S-G ores contain appreciable amounts of PGEs
(218–800 ppb) and gold (13–230 ppm). These ores are associated
with late fault zones within the spinel tectonite domain or close
to the recrystallization front in the granular peridotite domain
(Fig. 2). Gervilla et al. (2000) showed that PGE occur both as rare
dispersed platinum-group minerals (koltuskite [Pd(Te,Bi)], froodite
[PdBi2] and palladian melonite [(Ni,Pd)Te2]), and in solid solution
in nickel arsenides (Pd contents up to 70 ppm and 103 ppm in
nickeline and maucherite, respectively; Piña et al., 2013) and to a
lesser extent in sulfides (usually at sub ppm levels but pentlandite
contains up to 3.9 ppm Pd; Piña et al., 2013).

Cr ores are pods, lenses, irregular and entwined veins or schlie-
ren of chromite enclosed in tabular dunites hosted in lherzolites
and harzburgites of the plagioclase tectonite domain (Fig. 2). These
chromite bodies are small (5 m in length and up to 30 cm in thick-
ness) and often contain slices or lenses of Cr-rich pyroxenites (both
Type D clinopyroxenites and orthopyroxenites of Garrido and
Bodinier, 1999). Cr ores are relatively enriched in Os-rich
platinum-group minerals (Torres-Ruíz et al., 1996; Gervilla et al.,
1999; Gutierrez-Narbona et al., 2003), which have Os isotopic sig-
natures typical of mantle sources (González-Jiménez et al., 2013b).
The magmatic textures of the chromitite bodies, their morphology,
composition, PGM assemblages and silicate inclusions resemble
those of chromitites hosted in ophiolites (González-Jiménez
et al., 2014).

Cr-Ni ores are made up of chromite and nickel arsenides associ-
ated with orthopyroxene, cordierite or both. The ores occur in
veins or layers less than 70 cm in thickness and between 15 and
50 m long, which show sharp contacts with the host peridotites
and are discordant to their foliation. These ores are generally found
in the spinel tectonite and granular peridotite domains (Fig. 2) and
form layers of massive chromite with nickel arsenides [mainly
nickeline (NiAs) but also nickeliferous löllingite ((Fe,Ni, Co)As2)]
and minor ilmenite (in orthopyroxene-bearing ores) or rutile (in
cordierite-bearing ores), alternating with (or grading laterally into)
layers of pyroxenites or cordieritites (>90% cordierite). The size of
chromite grains varies from 0.005 to 0.6 mm and their crystal habit
is function of the modal proportion of Ni-arsenides. In ores rich in
nickel arsenides (20–40% in volume) chromite grains tend to be
euhedral to rounded or show dissolved grain boundaries within a
nickeline matrix (>90% in volume). In ores poor in nickel arsenides
(<10% in volume) chromite displays a polygonal pattern with nick-
eline blebs located in triple points. Chromite often hosts inclusions
of orthopyroxene, phlogopite, wonesite, magnesian chlorite,
quartz, nickeline, nickeliferous löllingite, parammelsbergite
(NiAs2), pyrite, pyrrhotite and chalcopyrite, as well as lamellae-
like exsolutions of ilmenite or rutile. Cr-Ni ores are rich in gold
(up to 35 ppm) and have nearly chondritic platinum-group ele-
ment abundances (up to 1 ppm Pt + Pd; Gervilla and Leblanc,
1990; Leblanc et al., 1990). These noble metal contents are posi-
tively related to the proportion of Ni-arsenides in the rock. The role
of Ni-arsenides as collector of the noble metals was demonstrated
by in situ analysis using micro-PIXE by Gervilla et al. (2004) and
more recently using LA-ICPMS by Piña et al. (2015), who measured
up to average 25 ppm of Pd in maucherite and average 48 ppm of
Pt in nickeliferous loellingite.

Interestingly, some ore occurrences in the Serranía de Ronda
showmineralogical, textural and chemical evidence (e.g., composi-
tional trends of chromite) transitional between the styles of miner-
alization described above, suggesting a possible common origin.
Furthermore, the occurrence of each end-member ore within a
given petrological-structural domain of the massifs links the gene-
sis of these ores to magmatic processes (Gervilla and Leblanc,
1990; Gutiérrez-Narbona, 1999; Gutierrez-Narbona et al., 2003;
González-Jiménez et al., 2013b).
3. Description of the samples

In this study, we focus on three Cr-Ni ore bodies in the Serranía
de Ronda massifs (Fig. 2), namely the Ni-arsenide poor chromitite
body from Arroyo de la Cala (Ronda massif) and the Ni-rich
arsenide chromitite ± cordieritite bodies of Barranco de las Acedías
(Ronda massif) and La Gallega Mine (Ojén massif). Previous work
(Oen, 1973; Oen et al., 1973; Gervilla and Leblanc, 1990; Gervilla
et al., 1996, 1999) provided the petrological and geochemical char-
acterization of the Cr-Ni ores analysed in this study, including their
bulk-rock major- and trace-element analyses. Therefore, here we
only provide a brief description of the zircon-bearing ores consid-
ered in this study.
3.1. The Cr-Ni ore body of Arroyo de la Cala, Ronda massif

This mineralization consists of a Ni-arsenide poor (<1 vol%
arsenides) chromitite body hosted in depleted dunite-harzburgite
within plagioclase tectonites, close to the contact with the overly-
ing granular peridotites (Fig. 2). The ore body is a sigmoidal lens
(surface projection 9 � 5 m) made up of a stock-work of massive
chromitite veins enclosing lenticular and layered bodies of
orthopyroxenites and angular blocks of country rocks (Fig. 3a–c),
including harzburgite, dunite and pyroxenite layers (Fig. 3a–d).
The contacts with these blocks of country rocks are networks but
there is a complete gradation from one massive chromitite to
orthopyroxenite (Fig. 3b–d). In the latter case, orthopyroxene
(the main silicate phase included in chromite) is optically continu-
ous with the orthopyroxene of the neighboring orthopyroxenite.
The massive chromitite shows vertical foliation and lineation
parallel to the shear zones associated with development of the
plagioclase tectonite domain, indicating high-temperature
deformation of the unconsolidated ore, possibly related to syntec-
tonic magmatic crystallization (Hidas et al., 2013). Zircons were
recovered from one massive chromitite sample (sample 7R12-4;
Fig. 3e, f).



Fig. 3. Field photographs (a–d) and reflected light photomicrographs (e–d) of the Arroyo de la Cala Ni-arsenide poor chromitite ore (Ronda massif). (g) Field photograph of the
Barranco de las Acedías (Cr-Ni)-cordieritite outcrop (Ronda massif). (h–j) Photograph of the (Cr-Ni)-cordieritite-plagioclasite of the La Gallega Mine (Ojén massif). (k, l)
Reflected light microphotographs of the Ni-arsenide rich chromitite and orthopyroxenite of the La Gallega mine.
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3.2. The Cr-Ni-cordierite ore of Barranco de las Acedias, Ronda massif

This ore crops out in the SW portion of the spinel tectonite
domain of the Ronda massif, very close to the recrystallization
front (Fig. 2). It is a small dyke (25 cm thick) of massive chromitite
rich in Ni-arsenides (>10 vol%), intergrown with an orthopyroxen-
ite that laterally grades to massive cordieritite (Fig. 3g). Zircons
were only recovered from massive cordieritite (sample 9R12-1).

3.3. The (Cr-Ni)-cordierite ore of la Gallega Mine, Ojén massif

The abandoned mine of La Gallega is located in the southwest-
ernmost part of the Ojén massif, near the town of Ojén (Fig. 2). The
ore was exploited in the past century and consisted of several
dyke-like bodies half a meter in thickness, which extended
>100 m and are discordant to the foliation of the enclosing peri-
dotite (Figs. 3h, i). Observations in the unexploited part of the mine
indicate that the ores from a network of veins consisting of fine-
grained mixtures of massive Ni-arsenides and chromite (Fig. 3k).
These veins are hosted in orthopyroxenite that laterally grades to
massive cordieritite, which also contains veins of chromite (Fig. 3h,
i). Hernández-Pacheco (1967) described cordieritite veinlets unre-
lated to the Cr-Ni mineralization, but our field observations indi-
cate that these rocks are always associated with Cr-Ni ores.
Orthopyroxenite samples often contain chromite and interstitial
Ni-arsenides (Fig. 3l), and chromite in the chromitites host large
inclusions of orthopyroxene. The cordierite-rich samples are made
up of large cordierite crystals with inclusions of chromite and Ni-
arsenides, grading to polygonal textures made up of fine-grained
aggregates of ore (Fig. 3k). The Cr-Ni veins and the associated
pyroxenite-cordierite rocks are locally cut by leucocratic dykes
(hereafter plagioclasites; Fig. 3j) made up of plagioclase, cordierite
and phlogopite with accessory amounts of chromite, nickeline and
zircon. In other Cr-Ni ores in the Ronda massif (e.g., Los Jarales;



Fig. 3 (continued)
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Gervilla, 1990), plagioclasites constitute the lateral extension of
massive cordieritite but this relationship was not observed in the
La Gallega mine. Zircons were recovered from three samples: (1)
a massive chromitite (sample 1LG-1), (2) a plagioclasite dyke (sam-
ple 1LG-2), and (3) a massive cordieritite (sample 1LG-3).

4. Analytical procedures

Analytical procedures and results of in situ U-Pb, Lu-Hf and O
isotopic analyses of zircons are described in detail in the available
online Appendix 1, 2, 3 and 4.

5. Results

5.1. The Cr-Ni ore body of the Arroyo de la Cala, Ronda massif

Only six zircons were recovered from one sample of massive
chromitite from this ore body (sample 7R12-4), five of which were
analysed by ion microprobe (Fig. 4; Appendix 2, 3, and 4):

(1) Grain Zr-1 and Zr-6 are euhedral and their cathodolu-
miniscene (CL) images show continuous oscillatory zoning
(Fig. 4). Zr-1 yields a discordant age at 2309 ± 37 Ma (1r
uncertainty) and has a relatively low U content (339 ppm)
and d18O = 5.5‰, whilst Zr-6 provides a concordant age at
1804 ± 5 Ma (1r uncertainty) and has much higher U con-
tent (1239 ppm) and higher d18O = 8.3‰ (Fig. 4; Appendix
2, 3 and 4).

(2) Grains Zr-3 and Zr-4 are round in shape and their CL images
show partly resorbed cores overgrown by a broad
oscillatory-zoned rim with either higher or lower CL emis-
sion (Fig. 4). Four SIMS analyses of the cores and rims of
these zircons yield condordant ages (Appendix 2 and 4).
The ages of the core and the rim of grain Zr-4 matches
within error (core: 1815 ± 9 Ma, rim: 1794 ± 17 Ma) whilst
the core of grain Zr-3 is older (192 ± 13 Ma) than its rim
(109 ± 15 Ma) (Fig. 4; Appendix 2 and 4). Reliable oxygen-
isotope data (d18O = 9.4‰) were only obtained for the core
of zircon grain Zr-3 (Fig. 4; Appendix 3).

(3) Grain Zr-2 is a broken crystal with a barely visible oscillatory
zoning (Fig. 4). The SIMS analysis of this zircon yields a con-
cordant age at 1207 ± 34 Ma (Fig. 4; Appendix 2 and 4).

5.2. The Cr-Ni-cordieritite of Barranco de las Acedías, Ronda massif

Eleven zircon grains recovered from the cordieritite sample
9R12-1 are rounded grains and larger than 50 lm. The CL images
show composite zircons with partly resorbed cores overgrown by
structureless rims (Fig. 5). Nine zircons were analysed by LA-MC-
ICPMS and six of them yield scattered concordant ages between



Fig. 4. Cathodoluminiscene (CL) images of zircon grains from the massive chromitite of the Arroyo de la Cala Cr-Ni ore (Ronda massif; sample 7R12-4).
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576 ± 11 Ma and 21.2 ± 0.4 Ma (the latter age obtained from the
rim of Zr-3 in Fig. 5; Appendix 2 and 4). Most of these zircons
(whether with concordant or discordant ages) have high d18O
(7.1–13.5‰) and unradiogenic Hf-isotope ratios (eHf(t) from
�12.36 to �6.7; Appendix 3). In contrast, three zircons (Zr-2, Zr-
4 and Zr-8; Fig 5) that yield concordant Cambrian to Neoprotero-
zoic ages (536.9 ± 9.5 Ma to 568 ± 10 Ma) exhibit decoupled O-
and Hf-isotope signatures, characterized by d18O (4.8–5.9‰) over-
lapping the typical mantle range (5.3‰ ± 0.6‰; Valley et al., 1998,
2005; Valley, 2003), but eHf(t) (�5.81 to �4.43) lower than normal
mantle values (Appendix 3).
5.3. The Cr-Ni-cordieritite of la Gallega Mine, Ojén massif

Four zircons were separated from a massive chromitite (sample
1LG1), which are euhedral-elongated grains with either oscillatory
or sector zoning parallel to crystal faces (Fig. 6). In the CL imaging,
these grains show continuous oscillatory zoning (Fig. 6). The SIMS
data of these four grains yield concordant or nearly concordant
ages ranging from 19.8 to 21.0 Ma and provide a mean
206Pb/238U age of 20.4 ± 0.87 (MSWD = 2.4 and probability = 0.063;
Appendix 4). The LA-MC-ICP-MS analyses yield unradiogenic
Hf-isotope values corresponding to eHf(t) between �7.3 and
�12.1 (Appendix 3).

Twenty-one zircons recovered from another massive
cordieritite (sample 1LG3) were dated using LA-ICP-MS (Fig. 7
and Appendix 2). Many of them are rounded grains with complex
internal CL structures characterized by cloudy high-luminescence
patterns, although a few grains exhibit continuous oscillatory
zoning (Fig. 7). These zircons yield scattered concordant, sub-
concordant and discordant U-Pb ages varying from 33.8 ± 1 Ma to
781 ± 10 Ma as well as variable U-contents (105–13,865 ppm)
and Th/U ratios (0.003–0.8). Three different populations can be dis-
tinguished on the basis of O- and Hf-isotope compositions, which
are unrelated to age. The first population includes most of the anal-
ysed grains (ages from 33.8 ± 1 Ma to 781 ± 10 Ma) and it is char-
acterized by consistently high d18O (6.01–12.7‰) and negative
eHf(t) (from �14.42 to �6.88). The second population includes
three grains that yield discordant ages of 119.1 ± 0.9 Ma,
189 ± 2 Ma and 376 ± 3 Ma and exhibit high d18O (7.6–11.1‰)
but positive eHf(t) (3.10–4.84). The third population consists of
two grains (only one dated, with discordant age of 212 ± 1 Ma)
with d18O <5.5‰.
Several zircons were recovered from a plagioclasite dyke (sam-
ple 1LG2). In the CL imaging, all these crystals show continuous
oscillatory zoning parallel to the outer shape of the grain (Fig. 8).
The LA-ICP-MS data obtained from eleven of these zircons yield
high average U-contents (3685 ppm) and average Th/U ratios
(0.11) (Fig. 8 and Appendix 2), and ages scattering between
20.1 ± 0.2 Ma and 17.9 ± 0.1 Ma (Fig. 8 and Appendix 2), with a
weighted mean 206Pb/238U age of 18.5 ± 0.3 (MSWD = 22, 1r
uncertainty Appendix 3). These zircons are characterized by heavy
oxygen isotopes (d18O = 11.3–12.4‰) and unradiogenic Hf-
isotopes (eHf(t) between �14.5 and �7.6).
6. Discussion

6.1. Crustal zircon xenocrysts recycled in the Arroyo de la Cala Ni-
arsenide poor chromitite

The ages of 1815 ± 9 Ma to 1794 ± 17 Ma exhibited by the core
and rim of zircons grain Zr-4 from the Arroyo de la Cala chromitite
(Fig. 4) match well with the U-Pb age (1783 ± 37 Ma) of the inher-
ited core of a zircon in garnet pyroxenite from the spinel tectonite
domain of Ronda (Sánchez-Rodriguez and Gebauer, 2000). Like-
wise, the SIMS analysis of the core of the zircon grain Zr-3
extracted from this chromite ore (Fig. 4) yields a concordant Early
Jurassic age (192 ± 13 Ma; Appendix 2) which is consistent, within
error, with the ages of 180 ± 5 Ma and 178 ± 6 Ma reported for
magmatic zircons in the garnet pyroxenite containing the Protero-
zoic zircon core mentioned above (Sánchez-Rodríguez et al., 1996;
Sánchez-Rodriguez and Gebauer, 2000). Similarly, the concordant
age of 109 ± 15 Ma recorded in the rim of our zircon grain Zr-3
(Fig. 4 and Appendix 2) is close to the concordant age
(131 ± 3 Ma) of a population of zircons in a corundum-bearing gar-
net pyroxenite from the Ronda massif (Sánchez-Rodriguez and
Gebauer, 2000). Field evidence indicates that the Arroyo de la Cala
Cr-Ni ore is intimately associated with Cr-rich orthopyroxenites
(type D of Garrido and Bodinier, 1999), which formed by reaction
of pre-existing garnet pyroxenite with basaltic melts of boninitic
affinity in the Late Oligocene-Early Miocene (Gervilla and
Leblanc, 1990; Gutierrez-Narbona, 1999; Garrido and Bodinier,
1999; Marchesi et al., 2012). Therefore, zircons of the Arroyo de
la Cala Cr-Ni ore are interpreted as xenocrysts recycled from pre-
cursor garnet pyroxenites.

Zircon-bearing garnet pyroxenites of Ronda display strong geo-
chemical evidence of being related to oceanic/arc crust (Sánchez-



Fig. 5. CL images of zircon grains from the massive cordieritite of Barranco de las Acedías (Ronda massif; sample 9R12-1).
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Rodríguez et al., 1996; Sánchez-Rodriguez and Gebauer, 2000;
Downes, 2007), very likely to cumulate gabbros, which were recy-
cled at very high pressures (>1.5 GPa) in the mantle (Garrido and
Bodinier, 1999; Morishita et al., 2001, 2003, 2009; Marchesi
et al., 2013). Indeed, the age of 109 ± 15 Ma recorded in the rim
of our Early Jurassic zircon provides a minimum age of this crust.
If so, Mesozoic zircons could be magmatic crystals from: (1) the
gabbroic part of the oceanic/arc crust subducted/delaminated/det
ached and foundered in the mantle (2) (meta)sediments associated
with this crust, or (3) disrupted pieces of continental crust tecton-
ically mixed with the oceanic/arc crust during subduction in the
Late Oligocene-Early Miocene. However, we cannot discriminate
between these three possible origins on the basis of the available
data.

The other Proterozoic zircons of �1800 Ma identified in the
Arroyo de la Cala Cr-Ni ore and in the garnet pyroxenites docu-
mented by Sánchez-Rodriguez and Gebauer (2000) are also inher-
ited grains. The relatively high d18O (8.3‰) exhibited by one of
these zircons (i.e., grain Zr-6 in Fig. 4 and Appendix 2 and 3) argues
for a crustal origin, although possible alteration by crustal-derived
fluids cannot be ruled out owing to its discordant age (Appendix 4).
Interestingly, the peridotites of the Ronda and Ojén massifs pre-
serve a common population of base-metal sulfides that yields
rhenium-depletion TRD model ages of 1.6–1.8 Ga. These model ages
have been interpreted as the time when these ultramafic massifs
were isolated from the convecting mantle and were incorporated
into the subcontinental lithosphere (Marchesi et al., 2010;
González-Jiménez et al., 2013a,b). Our data thus support the idea
that the inherited Proterozoic zircons may be relicts of the ancient
continental crust produced during this event.

From our observations above, it is clear that crustal zircons in
the Arroyo de la Cala Cr-Ni ores suffered an almost complete path-
way of recycling. They crystallized at low-pressures from a melt in
the oceanic or continental crust, then they were buried to rela-
tively great mantle depths (marked by the formation of garnet
pyroxenites) and carried to shallow mantle domains by migrating
basaltic melts during exhumation. Indeed, successive cycles of par-
tial melting and crystallization of pyroxenites in the upper mantle
constitute an effective mechanism for transporting xenocryst zir-
cons through different segments of the lithosphere in subduction



Fig. 6. CL images of zircon grains from the massive chromitite of the La Gallega
mine (Ojén massif; sample 1LG-1).
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zones. However, how did these crustal zircons survive under high
P-T conditions in the Earth’s mantle while their U-Pb isotopic com-
positions remained unchanged?

The pressure and temperature of equilibration estimated for
pre-kinematic, coarse-grained garnet lherzolite assemblages in
Ronda are 2.4–2.7 GPa and 1020–1100 �C (Garrido et al., 2011).
These estimates allow us to define an upper pressure limit for
the recycling of crustal material in Ronda under conditions where
ZrSiO4 is still stable [synthetic ZrSiO4 transforms to the high-P
polymorph reidite at 12–15 GPa and 900 �C (Reid and Ringwood,
1969; Liu, 1979) or at 8–10 GPa and 900–1400 �C (Ono et al.,
2003)]. Therefore, high pressure conditions leading to polymorphic
transformation and change of the zircon U/Pb compositions can be
ruled out. Furthermore, Morishita et al. (2001) demonstrated that
the Ronda’s zircon-bearing corundum-garnet pyroxenites formed
at ca 1–1.5 GPa and 800–900 �C. These P-T conditions are favour-
able for preserving the Pb isotope compositions in recycled zircons.

Little or no interaction with the parental melts of the Cr-Ni ores
may explain the preservation of idiomorphic zircons with meanig-
ful geological ages (e.g., Zr1 and Zr 6; Fig. 4 and Appendix 4). For
example, the equilibration of zircons with surrounding melt may
have been inhibited by their rapid transfer by porous flow in small
melt pockets from the garnet pyroxenites source to a new site in
chromite (Bea et al., 2001), or their inclusion in shielding minerals
like pyroxene, olivine or chromite (e.g., Gebauer, 1996; Zhou et al.,
2014). Both scenarios are compatible with each other and are con-
sistent with the following observations: (1) the Arroyo de la Cala
chromitite is very close to the Ronda re-crystallization front, which
indicates a short distance of migration of the parental melts from
their source (i.e., the granular peridotite domain); (2) low melt/
rock ratios during migration of the small volume melts parental
of the chromitite that would allow porous flow through small pore
reservoirs (Lenoir et al., 2001; Marchesi et al., 2010; González-
Jiménez et al., 2013b and references therein); and (3) the Cr-Ni
ores crystallized from small volumes of melts that underwent a
very rapid undercooling (from �1200 to 800 �C), associated with
the final ascent of the host peridotites (at upwelling rates of
0.4 cm/year from 800 to 900 �C and decompression from 0.7 to
0.5 GPa; Obata, 1980; Platt et al., 1998; Hidas et al., 2013). This
process induced rapid crystallization of early magmatic phases,
such as olivine, chromite and pyroxenes, which trapped the xeno-
cryst zircons and likely protected them from the surrounding melt.
6.2. Co-magmatic and inherited zircons in the chromitite-cordierite
ores

The age of 20.4 ± 0.87 Ma obtained for the four zircons from the
Ni-arsenide rich chromitite of La Gallega Mine (Ojén massif) is
indistinguishable, within error, from the age of 18.5 ± 0.3 Ma of zir-
cons in its neighboring plagioclasite. Moreover, this age coincides
with that of the structureless zircon rim from the cordieritite of
Barranco de las Acedias in the Ronda massif (21.2 ± 0.4 Ma).
Leucogranites crosscutting the peridotites in the Ronda massif con-
tain zircons of similar ages [18.9 ± 3.0 Ma (Sánchez-Rodriguez and
Gebauer, 2000) and 21.8 ± 0.5 Ma (Esteban et al., 2007)] as well as
similar oscillatory or sector zoning parallel to well-developed
external faces (Fig. 8; Sánchez-Rodriguez and Gebauer, 2000;
Esteban et al., 2007, 2011), suggesting that the crystallization of
all these zircons occurred in a melt. Moreover, zircons from the
chromitite and plagioclasite have elevated d18O values (11.1–
12.3‰; Fig. 8) that overlap the bulk-rock composition of the
leucogranite dykes in Ronda, suggesting a possible common
source. The highly negative eHf(t) values of zircons from chromitite
(�12.1 to �7.3) and plagioclasite (�14.5 to �7.6) suggest a crustal
source, consistent with the interpretation of the leucogranitic
dykes in Ronda as anatectic melts of country metasedimentary
rocks produced during the emplacement of the hot peridotites into
the middle crust (Priem et al., 1979; Acosta, 1997). The introduc-
tion of these crustal zircons into the already-formed chromitites
by late fluids can be ruled out on the basis of the mutual inter-
growth of cordieritite and chromitite and the gradual transitions
of the cordieritite to the plagioclasite, which are indicative of crys-
tallization from a common evolving melt (see below).

A great number of zircons recovered from the massive cordier-
itite samples show variable d18O > 6–7.5‰ and correspondingly
negative eHf(t) (�14.4 to �6.7), typical of crustal zircons. The ages
of these zircons scatter from 33.8 ± 0.7 Ma to 781 ± 5 Ma, and their
Th/U ratio varies from typically magmatic (>0.2) to metamorphic
values (�0.01). Most of these zircons show round, possibly cor-
roded edges and cloudy complex zoning patterns in CL images
(Figs. 5 and 7), similar to zircons documented in anatectic rocks
of the footwall of the Ronda peridotite, specially those from the
metapelites of the Jubrique unit (Acosta-Vigil et al., 2014 and ref-
erences therein). These zircons clearly support the crustal origin
of the cordieritites, which could form in the early stage of fraction-
ation of highly peraluminous granitic melts and migmatites, or be
migmatites themselves formed by melting of the country metased-
iments (Rapela et al., 2002; Giuliani et al., 2007; Thiéry, 2011).
Interestingly, the crosscutting cordierite-bearing leucogranite
dykes in the Ronda and Ojén ultramafic bodies probably crystal-
lized from highly peraluminous granitic melts produced bymelting
of metasediments (Tubía, 1985; Tubía and Cuevas, 1986; Tubía
et al., 1997; Acosta et al., 1997; Pereira et al., 2003; Cuevas et al.,
2006). As noted above, these dykes intruded the peridotites almost
contemporaneously with the cordieritites and plagioclasites stud-
ied here.

Indeed, the lateral gradation of cordieritites to leucogranites
and plagioclasites might indicate derivation from a common par-
ental melt. Thus, an early segregation of cordieritites could have
depleted a precursor anatectic highly-peraluminous granitic melt
in mafic components, producing a more evolved felsic segregate
that eventually crystallized leucogranites (e.g., Rapela et al.,
2002), plagioclasites (Gervilla, 1990) and liberated volatile-rich
siliceous fluids. Late felsic fluids are rich in Si, Al, Na, K, Ca and Cl
as well as in fluid mobile elements such as LILE, Sr and Pb, but they
are poor in Mg and Fe (Pereira et al., 2003; Esteban et al., 2011),
like the fluids released during dehydration of metasediments in
subducting slabs (Yaxley and Green, 1998; Proteau et al., 2001;
Manning, 2004; Berly et al., 2006; Grant et al., 2016). The reaction



Fig. 7. CL images of zircon grains from the massive cordieritite of the La Gallega mine (Ojén massif; sample 1LG-3).
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of this siliceous fluid-rich phase with an already fractionated
mantle-derived (ultra)mafic melt (see next section), which was
enriched in metals (PGE and Au), As and other volatile components
(S, C, Cl, and F), likely produced a hybrid ‘‘exotic” pyroxenitic melt
from which the Cr-Ni ores crystallized (Oen 1973; Oen et al., 1973;
Gervilla and Leblanc, 1990). Chromite could precipitate from the
hybrid melt produced during mixing, as the solubility of Cr in mafic
melts drops when silica is added (Irvine, 1975; Bédard and Hérbert,
1998; Ballhaus, 1998; Edwards et al., 2000). In this scenario, the
Aquitanian (�20 Ma) zircons found in chromitites may have grown
metasomatically in the mantle, but inheriting a crustal-like signa-
ture similar to that of the contemporaneous zircons of the cordier-
itite and plagioclasite. Our observations can elegantly explain the
crustal signature observed in zircons grown in the mantle from flu-
ids or melts fluxed from deeply subducted crust into overlying
mantle wedges (Liati and Gebauer, 2009; Liu et al., 2010; Li et al.,
2016).

In this model, the scarcity of Aquitanian zircons in the cordier-
itites and associated chromitites might reflect the very rapid crys-
tallization of the early-segregated cordieritic melt, which would
have inhibited the crystallization of co-magmatic zircons. This cor-
dieritic melt was probably undersaturated in Zr, as lithophile ele-
ments were preferentially concentrated in the residual
leucocratic melt from which the plagioclasite crystallized. The
intrusion of this anatectic melt is bracketed between 21.2
± 0.4 Ma and 18.54 ± 0.3 Ma, corresponding to the ages obtained



Fig. 8. CL images of zircon grains from the plagioclasite dyke of the La Gallega mine (Ojén massif; sample 1LG-2).
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for the structureless zircon rim from the cordieritite of Barranco de
las Acedias (Ronda massif), and that obtained for zircons of the pla-
gioclasite from the La Gallega mine (Ojén massif).

6.3. Genesis of the Cr-Ni ores during crustal underthrusting and coeval
emplacement of the peridotites

The geology and tectonic evolution of the western Mediter-
ranean indicate that during the Late Oligocene-Early Miocene,
the SCLM represented by the Ronda peridotites was located at
the rear of a continental arc (i.e., the Alboran wedge; Garrido
et al., 2011) that consumed the Tethys oceanic lithosphere in the
central areas of the arc and collided laterally with the Maghrebian
and South Iberian paleomargins in the Early to Late Miocene
(Fig. 9; e.g., Hidas et al., 2013 and references therein). Garrido
et al. (2011) suggested that southward to westward retreat of
the slab during the Late Oligocene-Early Miocene enhanced intense
back-arc lithosphere extension (Faccenna et al., 2004; Booth-Rea
et al., 2007) and the development of an extensional shear zone in
the Ronda peridotite, coeval with extreme thinning of the Alboran
overlying crust. Hidas et al. (2013) showed that inversion of this
back-arc basin in the Late Oligocene-Early Miocene resulted in
km-scale folding and shearing of the attenuated SCLM (Fig. 9a).
These events led to underthrusting of the continental crust
beneath the peridotites, and eventually to the intracrustal
emplacement of the massif into the Alboran wedge and its final
thrusting at 17 Ma (Esteban et al., 2011).

During the earliest stages of thinning of the SCLM in the Late
Oligocene-Early Miocene (�25 Ma), large volumes of melts from
the upwelling asthenosphere migrated upward and infiltrated the
thinned lithospheric mantle while promoting its pervasive melting
(Van der Wal and Bodinier, 1996; Garrido and Bodinier, 1999;
Lenoir et al., 2001; Marchesi et al., 2012). The rapid ascent of the
peridotites (upwelling rates of 0.4 cm/year; Platt et al., 1998) very
likely caused the cooling of the shallowest mantle and prevented
the upward progression of the partial-melting and melt-
migration front, i.e., the recrystallization front of Van der Wall
and Vissers (1993). Upward-migrating melts reacted with the host
peridotite to form clinopyroxene and segregated small fractions of
volatile-rich melts (Lenoir et al., 2001). These small-volume melts



Fig. 9. Sketches showing the tectonic evolution of the Western Mediterranean realm in the Cenozoic (a–c) and the genesis of the different ores within the mantle peridotites
during the development of a fold-thrust structure (b–d). Modified from Hidas et al. (2013). Legend inset in the figure.

J.M. González-Jiménez et al. / Ore Geology Reviews 90 (2017) 193–209 205
were channelled above the recrystallization front through refrac-
tory peridotites. They were partially fractionated by the crystalliza-
tion of interstitial clinopyroxene, or they were trapped into open
fractures forming intrusive, Cr- and Mg-rich pyroxenite dykes
(Garrido and Bodinier, 1999; Marchesi et al., 2012). This event took
place coevally with the initiation of back-arc inversion (Hidas et al.,
2013), which promoted the incorporation of the enclosing crustal
units into the fold-thrust structure (Fig. 9b). In this scenario, the
emplacement of hot peridotites promoted dehydration and later
anatexis of the enclosing crustal units, especially of high-grade
mylonitic gneisses (Fig. 9b–d; Acosta, 1997; Pereira et al., 2003;
Cuevas et al., 2006; Esteban et al., 2007, 2011; Varas-Reus et al.,
2016).

The infiltration of fluids derived from dehydration of the
metasediments likely produced metasomatism in the SCLM, thus
explaining the relatively high arsenic contents of peridotites and
the light (biogenic) carbon signatures of the sulfide-graphite (S-
G) ores (Crespo et al., 2006) (Fig. 9c). The first melts that reached
the recrystallization front were likely generated by partial melting
(and melt-rock reactions) of relatively fertile peridotites and
pyroxenites pre-enriched in Ni-arsenides (Lorand, 1983) and gra-
phite (also in graphitized diamonds; Pearson et al., 1989; Davies
et al., 1993; Crespo et al., 2006). As a result the first small-
volume melt fractions that migrated upward to the recrystalliza-
tion front were rich in Si, Al, Ti, and Fe, and concentrated volatile
components (C, H2O, F and Cl) as well as S, As and chalcophile ele-
ments (including noble metals). We conclude that these basaltic
melts with a boninitic parentage (Marchesi et al., 2012) constituted
the parental melts of the arsenide- and sulfide-rich S-G and Cr-Ni
ores (Fig. 9c, d).

Progressive penetration of the hot peridotite slice into the crust
locally caused crustal anatexis, producing highly-peraluminous
melts that intruded the peridotites at ca 21–18 Ma ago (Fig. 9d).
The injection of these melts into the peridotites took place through
weak zones developed parallel to axial folding, which were also
used by small fractions of highly fractionated mafic-ultramafic
melts squeezed outwards from the advancing recrystallization
front. The interplay of the felsic fluid-rich phase accompanying
the formation of the anatectic melts, with incoming highly-
fractionated mafic-ultramafic melts produced ‘‘exotic” mafic melts
with exceptionally high contents of Cr, V, Ti, Fe, Ni, Co, Cu, Zn, Al
and As, crystallizing the cordierite-(Cr-Ni) ores found above the
recrystallization front in the spinel tectonite domain (Fig. 9d).
Interestingly, the Cr-Ni ores found below the recrystallization front
(e.g., at El Nebral) do not contain cordierite, indicating that the
ingress of the acidic melt was restricted to the uppermost part of
the ultramafic bodies. In this context, it is also probable that con-
tinuous folding of the peridotites during uplift and cooling pro-
moted the crystallization of interstitial melts below the
recrystallization front. Under these conditions, the amount of
small-volume melts that crossed the front was progressively smal-
ler. In addition, these small-volume melts were generated by par-
tial melting (and melt/rock reactions) of more depleted peridotites,
and as a consequence, they were relatively impoverished in Al, Ti,
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V, Fe, As and S and chalcophile elements, and contained higher
amounts of Cr and Mg. This can explain the mineralogical and
chemical features of Cr-Ni ores located close to or below the
recrystallization front (e.g., at El Lentisco and El Nebral; Fig. 2
and Fig. 9d), which consist of chromite with minor nickel arsenides
(<10 vol%) associated with Mg-rich orthopyroxenites (Gervilla and
Leblanc, 1990).

Further uplift and cooling of the ultramafic body displaced the
front downwards towards the central part of the fold-thrust struc-
ture, restricting melt percolation to dunitic channels while forming
layered granular peridotites (Van der Val and Bodinier, 1996) and a
new generation of Cr- and Mg-rich pyroxenites (Fig. 9c, d). The par-
ental melts of the latter pyroxenites had a boninite-like signature
but a weaker imprint of crustal contamination (Garrido and
Bodinier, 1999; Lambart et al., 2009; Marchesi et al., 2012). Thus,
the Cr-Ni ores crystallized from these later melts were more
depleted in Ni-arsenides (Arroyo de la Cala and the northern vein
of Mina Baeza; Gevilla and Leblanc, 1990). The generation of both
pyroxenites and Cr-Ni ores from a common subduction-related
parental melt is suggested by the transitional contacts between
pyroxenites and chromitites in the Arroyo de la Cala Cr-Ni ore
(Fig. 3b), and the Cr-rich composition of the chromite typical of
chromite crystallized from arc-type melts of boninitic affinity
(Gervilla et al., 1999). These Cr- and Mg-rich melts parental of
the chromitite derived from the reaction between migrating melts
and former garnet pyroxenites, as indicated by the presence of
identical populations of zircon in the Cr-Ni ores and the garnet
pyroxenites (Fig. 9b–d). The percolation/injection of primitive
basaltic melts and Si-rich melts (or melts from eclogites/pyroxen-
ites), and the reaction of these infiltrating melts with garnet pyrox-
enites are also a suitable mechanisms to produce chromite ores in
the upper mantle (Ballhaus, 1998; Gonzalez-Jimenez et al., 2014).

On the other hand, the observation that the Arroyo de la Cala
Cr-Ni ore exhibits deformation before final consolidation
(Gervilla and Leblanc, 1990) indicates that the injection of its par-
ental melt through the shear zone was synchronous with the
development of the plagioclase tectonites (Fig. 9d). This constrains
the formation of the ore to the very latest stages of emplacement of
the peridotite bodies into the crust. According to our geochrono-
logical constraints, this event occurred coevally or soon after the
formation of the cordierite-(Cr-Ni) ores and the intrusion of the
youngest undeformed leucocratic dykes �18–19 Ma ago.
7. Conclusions

The Cr-Ni ores in the ultramafic massifs of the Serranía de
Ronda contain distinctive zircon populations. Zircons in massive
chromitite from the Arroyo de la Cala have Mesozoic and older
ages, but their crustal signatures that were inherited from an
ancient oceanic/arc crust recycled in the mantle. In contrast, zir-
cons in the chromitite of the La Gallega Mine date the formation
of the mineralization associated with the emplacement of the
ultramafic rocks into the continental crust in the Early Miocene.
The O and Hf isotope signatures of these zircons are identical to
those of contemporaneous zircons recovered from the associated
plagioclasite dyke, which is in turn similar to the signatures of
widespread anatectic leucogranitic dykes crosscutting the Ronda
and Ojén massifs. Zircons from cordieritites associated with
chromitites or chromitite-bearing orthopyroxenites yield scattered
concordant and discordant ages similar to zircons from the crustal
rocks that enclose the ultramafic bodies. These zircons also show
significant variations in d18O and eHf(t) typical of crustal sources.
We conclude that melts and fluids derived from both mantle and
crustal sources mixed in the SCLM during crustal underthrusting
and generated the distinctive chromite ores of the Serranía de
Ronda peridotite massifs. During the emplacement of the hot peri-
dotites fluids and melts were released from the enclosing metased-
iments as a result of dehydration and anatexis. These fluids and
melts infiltrated the peridotite carrying xenocrystic zircons from
the metasediments and adding components that allowed the pre-
cipitation of new (i.e., metasomatic) zircons. Contemporaneously
with this process, xenocristic zircons recycled back into the mantle
by previous subduction events were released from host pyroxen-
ites and transferred to the newly formed chromite ores. All these
observations provide new evidence that the genesis of chromitites
and other related ores in the ultramafic rocks of the Serranía de
Ronda was associated with the emplacement of these SCLM sec-
tions into the continental crust.
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