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ABSTRACT

In this work we present for the first time a petrological-geochemical and genetic study of the Sierra de Baza ophiolites, which represent one of the
ophiolitic occurrences of the Betic Cordillera (Southern Spain). They are composed of ultramafic, mafic and sedimentary rocks, largely affected both
by ocean floor and polyphasic metamorphism during the Alpine orogeny. Ultramafic rocks are serpentinized lherzolites and harzburgites, whereas the
metabasites are meta-gabbros and meta-basalts. On the whole, Sierra de Baza ophiolites show striking geochemical similarities with those from other
Betic occurrences, as well as with other Tethyan ophiolites of the Western Mediterranean (Calabria, Internal and External Ligurides, Platta, Corsica and
Western Alps). In particular, metabasites show petrological and geochemical features similar to the E-MORB magmatism of the Atlantic Ridge between
45 and 63°N generated under ultra-slow spreading ridge conditions. This process originated a strip of few hundreds km of ocean floor at the western end
of the Tethys, located SE of the Iberian-European margin during the Mesozoic. The inversion of the stress regime in the European-Iberian and African
geodynamics, starting from the Late-Middle Cretaceous, caused subduction and metamorphism in the eclogite facies of oceanic slices that were partially
exhumed on the continental margin, forming the Betic Ophiolites. These ophiolites were disarticulated and dismembered as a result of the shift towards
SW of the Alboran continental block, progressively separated from the AlKaPeCa (Alboran, Kabilias, Peloritani, Calabria) microplate, finally occupying

their current position in the Betic Internal Zones.

INTRODUCTION

The ophiolites of the peri-Mediterranean Alpine domain,
reflect a complex geological history including oceanic
spreading, subduction, collision and final obduction. These
Alpine ophiolites plausibly represent remnants of several
oceanic strands of Mesozoic age forming the Tethys Ocean
and developed between the continental margins of the
European and African plates, an area characterized by the
presence of several microplates and/or continental blocks
(Handy et al., 2010). These ancient oceanic domains are
currently incorporated into the Alpine-Himalayan orogenic
belts, as result of several subduction and continental col-
lision events between the main Eurasian, African and In-
dian plates and a series of microplates (including the Iberian
Plate) originated from Gondwana fragmentation throughout
the Mesozoic (Zheng, 2012). In this framework, the ultra-
mafic and mafic rocks included in the Betic Cordillera (SE
Spain) have been interpreted as an ophiolite association,
i.e., metamorphosed remnants of a Mesozoic oceanic litho-
sphere, since the 1970s (Puga, 1977; Puga and Diaz de Fed-
erico, 1978). This hypothesis relating the Betic Ophiolite
Association (hereafter named as BOA following Puga,1990)
to a Mesozoic oceanic basin, was criticized at the beginning,
due to the paucity of outcrops conforming to the three layers
defined for Ophiolites in the Penrose Conference (1972),
i.e., sections including peridotites/serpentinites, gabbros/
basalts and deep sea sediments, such cherts, hypothetically
corresponding to the stratigraphy of the oceanic lithosphere.
In spite of this criticism, the Betic Ophiolites were identified
as Mid-Oceanic-Ridge (MOR)-type by Puga (1977;1990),
Bodinier et al. (1988), Morten et al. (1987), Puga et al.
(1989a;1989b), who investigating BOA mafic and ultra-
mafic lithologies emphasizing geochemical analogies with

the rocks formed along the Atlantic Ridge and those in-
cluded within the Jurassic Alpine-Apennine ophiolites.
Later palacogeographic, petrologic and geochemical studies
(Guerrera et al., 1993; Puga et al., 1995; 1999b; 2000) cor-
roborated the ophiolitic origin of the BOA rocks. Neverthe-
less, Gémez-Pugnaire et al. (2000) highlighted apparent
petrological incongruence, emphasizing that the geochemi-
cal composition of Betic basalts/gabbros do not conform
to Normal Mid Oceanic Ridge Basalt (N-MORB) and that
the Betic ultramafic rocks are less residual with respect to
the abyssal peridotites having prevalent harzburgite com-
position. This criticism on the oceanic nature of the BOA
has been largely bypassed by recent papers which coupled
geochronological data with new petrological and geochemi-
cal studies (e.g., Ruiz Cruz et al., 1999; 2007; Puga et al.,
2002a; 2002b; 2005; 2007; 2009; 2011; Alt et al., 2012;
Aerden et al., 2013), certainly ascribing the provenance
of some BOA outcrops to a MORB-type tectonic setting,
or to an Ocean-Continent-Setting (OCT). This hypothesis
conforms to the interpretations proposed for ophiolite se-
quences of the Alps and Apennines (Beccaluva et al., 1979;
Rampone et al., 1995; 2005; 2008; 2009; 2014; Marroni
et al., 1998; Rampone and Piccardo, 2000; Borghini et al.,
2007; 2016; Montanini et al., 2008; Manatschal and Miin-
tener, 2009; Piccardo and Guarnieri, 2010; Rampone and
Hofmann, 2012; Lagabrielle et al., 2015; Saccani, 2015).
Worth of note, recent oceanographic studies emphasize that
the rock associations of modern oceanic floors are more
heterogeneous than what assumed in the past (e.g., Dick et
al., 2003; Gale et al., 2013; Herbrich et al., 2015; Regelous
et al., 2016) and, hence, the “ophiolite concept” interpreted
as “fossil oceanic lithosphere with a unique and complete
lithologic sequence” has also to be revisited and updated
(Lagabrielle, 2009).
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In this work, 55 meta-mafic and 17 meta-ultramafic
rock samples collected from Sierra de Baza have been ana-
lyzed for their major trace element composition, and Sr-Nd
isotopes were analyzed on 8 selected samples, in order to
highlight analogies and differences with the other BOA se-
quences, with the final aim of better understanding the BOA
in the framework of the Mesozoic Tethys puzzle, within the
paleogeographic and geodynamic evolution of the Central-
Western Mediterranean area.

GEOGRAPHICAL AND GEOLOGICAL SETTING
OF THE SIERRA DE BAZA OPHIOLITES

The Betic Ophiolites Association (BOA), crops out dis-
continuously along 250 km in the central and eastern sectors
of the Betic Cordillera (SE Spain, Supplementary Fig. 1).
The BOA rocks are represented by tectonic slices ranging
in size from decametres to kilometres, made by metamor-
phosed ultramafic and mafic lithologies sometimes associat-
ed with sedimentary rocks. These ophiolites are exclusively
located in the Mulhacén Complex (MC), in the central and

Fig. 1 - Macroscopic appearance of some BOA rocks in Sierra de Baza. A: serpentinite from a secondary harzburgite (Cani-277), showing large Magnetite
crystals, surrounded by serpentinite (antigorite), along with minor chlorite and talc; B: Amphibolite from a porphyry textured gabbro, showing white phe-
nocrysts of plagioclase in a doleritic matrix (Cani-83); C: Eclogite from pyroxene-rich gabbro (Cani-139B); D: Eclogite from basalt (CH-37); E: Epidote
amphibolite from dolerite (sill) intruded into micaschists (Cani-285); F: Micaschists with large garnet porphyroblasts from a metapelite of the sedimentary
sequence (Cani-252).



eastern area of the Betic Cordillera, and are never found in
the underlying Veleta Complex (VC, Puga et al., 2002a;
2004a; 2004b; 2007; Aerden et al., 2013). This suggests
that these two complexes pertained to different paleogeo-
graphic domains before and during the Jurassic-Cretaceous
period, when the ophiolites originated from exhumation of
an oceanic floor (Guerrera et al., 1993; Tendero et al., 1993;
Puga et al., 1999a; 1999b; 2005; 2009; 2011). The VC rocks
crop out through several tectonic windows below the (MC),
forming the Nevado-Fildbride Domain and representing the
deepest rocks in the current tectonic pile of the Betic Cor-
dilleras (Figs. 1A, 1B). The BOA outcrops, deriving from
the Betic oceanic floor (Guerrera et al., 1993; Puga et al.,
2002a; 2011), allow the reconstruction of the pristine oce-
anic lithostratigraphy represented in Supplementary Fig. 1.
Parts of the oceanic floor were obducted on the crustal rocks
(Caldera unit of the MC) of its adjoining western continental
margin, and overthrust by those from its eastern continental
margin (Sabinas crustal unit).

Each of these continental units consists of rocks de-
riving from a Paleozoic basement with abundant granitic
and rhyolitic orthogneisses, covered by Triassic sediments
(Nieto, 1996; Nieto et al., 2000; Puga et al., 2002a; 2004b;
2007). The main rock types forming the ophiolite unit in
the lithostratigraphic reconstruction are, from bottom to top:
serpentinites, intruded by rodingitized dolerite dykes, and
eclogitized/amphibolitized gabbros, dolerite dykes and ba-
salts. These rock types may be found covered by a metasedi-
mentary sequence in which the intercalation of amphibo-
litized dolerite sills is common, probably deriving from thin
basaltic levels. Among the BOA, those from Sierra de Baza
are characterized by the largest number of outcrops and by
a notable linear extension of about 23 km, from the town
of Charches to the west, to the Los Olmos locality to the
northeast. (Supplementary Fig. 1C). In particular, the size of
the ultramafic bodies in Sierra de Baza ranges from 6-7 m in
Las Canteras (2.5 km southeast of Los Olmos) to about 700
m in the outcrop known as La Canaleja.

SAMPLES AND ANALYTICAL METHODS

72 rock samples were collected from the Sierra the Baza
complex. The Sierra de Baza mafic rocks (55 samples)
consist of metamorphosed (olivine)-gabbros, dolerites and
basalts. The meta-ultramafic rocks (17 samples) of the Sierra
de Baza mainly consist of partially serpentinized lherzolites
and harzburgites. Major element and Zr concentrations
were determined on glass beads made of 0.6 g of powdered
sample diluted in 6 g of Li,B,O, using a PHILIPS Magix
Pro (PW-2440) X-ray fluorescence (XRF) spectrometer
at the “Centro de Instrumentacion Cientifica” of Granada
University (40 samples). Precision was better than +1.5%
for a concentration of 10 wt%. Precision for Zr was better
than +4% at a concentration of 100 ppm. Trace elements
other than Zr were determined at the University of Granada
by ICP-mass spectrometry (ICP-MS) using a PERKIN EL-
MER Sciex-Elan 5000 spectrometer; sample solutions were
prepared by digesting 0.1 g of sample powder with HNO; +
HF in a Teflon-lined vessel at ~ 180°C and ~ 200 p.s.i. for
30 min, subsequently evaporated to dryness and dissolved
in 100ml of 4 vol% HNOj;. The concentrations of the PM-S
and WS-E international standards were not significantly dif-
ferent from the recommended values (Govindaraju, 1994).
Precision was better than +5% and +2% for concentrations
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of 5 and 50 ppm, respectively. Sr-Nd isotope analyses were
carried out at the University of Granada, where whole-rock
samples were digested as described for the ICP-MS analysis,
using ultra-clean reagents, and analyzed by thermal ioniza-
tion mass spectrometry (TIMS) using a Finnigan Mat 262
spectrometer after chromatographic separation with ion ex-
change resins. Normalisation values were %°Sr/%¥Sr = 0.1194
and "°Nd/'"*Nd = 0.7219. Blanks were 0.6 and 0.09 ng for
Sr and Nd respectively. External precision (20), estimated
by analyzing 10 replicates of standard WS-E (Govindaraju,
1994), was better than 0.03% for 3’Sr/%Sr and 0.015% for
13Nd/!*Nd. The measured 8’Sr/*®Sr of the NBS 987 interna-
tional standard was 0.710250+0.000044, whereas measure-
ments of the La Jolla Nd international standard yielded a
1N d/'*Nd ratio of 0.511844+0.000065.

PETROGRAPHY

Meta-ultramafic and meta-mafic rocks have been studied
under polarized light optical microscope. The petrographic
and mineralogical features, together with sample location,
are reported in Tables 1 and 2. The lithologies forming the
BOA in Sierra de Baza are the following: a) serpentinized
lherzolites where relics of diopsidic clinopyroxene and spi-
nel are preserved and serpentinized harzburgites in which
acicular aggregates of olivine and orthopyroxene can be
recognized (Fig. 1A); b) gabbros, crossed by dolerite dikes,
mostly metamorphosed in eclogites and/or amphibolites,
sometimes preserving plutonic or hypabyssal structures
(Fig. 1B, C and D); c) basalts, which sometimes preserve
flow structures and padded forms (pillow lavas, Fig. 1D);
d) micaschists (Fig. 1E and F) and micaceous quartzites,
with transition to calcschists with ankerite nodules, which
are more abundant in the upper part. The gabbros, basalts
and sedimentary lithologies in Sierra de Baza are similar to
the lithologies from other outcrops of the BOA previously
described by Puga et al. (2017). As mentioned above, meta-
ultramafic rocks are mostly serpentinites sometimes preserv-
ing clinopyroxene relics characterized by chemical composi-
tion similar to that of fertile spinel lherzolites. The primary
mineral association was constituted by olivine, clinopyrox-
ene (diopside), orthopyroxene (enstatite), chromium-spinel,
replaced by antigorite, chromium-magnetite and chlorite,
talc and minor tremolite-actinolite. The antigorite matrix,
which often surrounds the porphyroblasts of the other meta-
morphic minerals, is probably derived from olivine crystals.
Chromium chlorite and chromium magnetite aggregates
(Fig. 2A-1 and A-2), which probably replaced pre-existing
chromium spinel, together with diopside and tremolite,
were formed in successive, high and medium pressure meta-
morphic events. Clinohumite can also be observed (Lopez
Sanchez-Vizcaino et al., 2005). Serpentinized lherzolites
generally contain antigorite, penninite, chromium and alu-
minium magnetite, diopsidic-clinopyroxene, titano-clino-
humite and olivine (Fig. 2A-1). Serpentinized harzburgites
generally contain antigorite, penninite, chromium magnetite
and aluminum magnetite, talc, clinochlore and relics of oliv-
ine and orthopyroxene (Fig. 2A-2).

Meta-mafic rocks are abundant in Sierra de Baza, espe-
cially in the western sector, and are mainly eclogites and
amphibolites derived from gabbros and dolerites. Samples
preserved porphyric, gabbroid or doleritic igneous struc-
tures, mainly constituted by intergrowth of plagioclase and
pyroxene crystals of different sizes, together with olivine
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(Fig. 1B, C and D). The minerals that constitute igneous
paragenesis have been scarcely preserved in studied samples
and can be identified only by microtextural analysis in some
meta-basalts and meta-gabbros of the Cébdar ophiolite,
where relics of igneous parageneses formed by plagioclase,
olivine + clinopyroxene (augite) and ilmenite are recognized
(Puga et al., 1999a; 2000; Puga 2005). Many of the meta-
mafic rocks from Sierra de Baza show a great mineralogical
complexity developed by the superposition of different post-
magmatic processes throughout their evolution. The eclog-
ites with porphyroblastic texture show aggregates of large,
variously oriented omphacitic pyroxene and, to a lesser
extent, garnet crystals, in a matrix formed by albite and epi-
dote microcrystal intergrowth resulting from the metamor-
phic transformation of plagioclase. In the matrix of eclogites
remnants of pristine ilmenite are found, together with more
abundant rutile aggregates (Fig. 2B-1 and B-2). In many
cases rutile crystals are present as small needles included in
omphacite, indicating its formation during eclogitic meta-
morphism from preexisting ilmenite. A common feature is
the formation of hydrated minerals at the edges of ompha-
cite and garnet, typical of amphibolite and green schists fa-
cies parageneses, which partially superimposed the eoalpine
eclogitic mineral assemblages during the subsequent me-
soalpine and neoalpine episodes. These retrometamorphic
minerals are fundamentally sodium-calcium amphibole
and colorless mica (phengite). Crowns of almandine gar-
net that surrounds polymorphic aggregates mainly formed
by omphacite and amphibole, are generally surrounded
by aggregates of fine-grained albite and clinozoisite (Fig.
2B-1 and B-2), and amphibolitized eclogites also include
symplectitic textures. Some of the meta-basalts derive from
massive lavas mainly with columnar jointing and, to a lesser
extent, pillow lavas and subvolcanic dikes. Meta-basalts
usually preserve variolitic or porphyritic textures, although
the primary igneous phenocrysts and the matrix have been
completely replaced by metamorphic minerals during meta-
morphism in the eclogitic or amphibolitic facies (Fig. 2C-1
and C-2). In spite of the metamorphic recrystallization, the
typical tholeiitic crystallization sequence, in which olivine
is followed by a plagioclase and clinopyroxene can still be
envisaged. Augitic clinopyroxene is generally replaced by
omphacite and rutile, whereas plagioclase is mainly trans-
formed into an aggregate of clinozoisite and paragonite; and,
to a lesser extent, in glaucophane, during eclogitic metamor-
phism. The eclogitic mineral assemblage was affected by
retrograde metamorphism in the Ab-Ep amphibolitic facies,
forming albite, pistacite and various types of amphiboles,
such as pargasite, edenite and tremolite, which formed at
the expenses of the omphacite. The almandine shows edges
characterized by symplectitic texture made of aggregates
of Na-Ca amphibole crystals and phengite. Plagioclase is
replaced by intergrowth of clinozoisite and albite (Fig. 2C-1
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and C-2) or paragonite. Figs. 2D-1 and D-2 show an Ab-Ep
amphibolite (Cani-26A) that presents an equilibrium mineral
association of amphibole, epidote, albite, mica, chlorite and
quartz. The mineral preferential orientation of metabasites,
including the Na-Ca amphibole porphyroblasts forming a
nematoblastic texture, follow the main foliage of the mi-
cashist, suggesting a common metamorphic process.

RESULTS
Whole rock geochemistry

The Sierra de Baza meta-mafic rocks

The major and trace element, as well as Sr-Nd isotope
composition of the meta-mafic rocks from the Sierra de
Baza is reported in Tables 3, 4 and 5. The MgO content is
quite variable for the different lithotypes, ranging from 4.53
to 10.14 (wt%) in the meta-(Fe)-gabbros, from 2.99 to 9.10
(wt%) in meta-(Fe)-dolerites and from 2.99 to 11.94 (wt%)
in meta-basalts. The TiO, content ranges from 0.83 to 3.91
(wt%) in the meta-(Fe)-gabbros, from 0.99 to 3.24 (wt%)
in meta-(Fe)-dolerites and from 1.13 to 2.49 (wt%) in meta-
basalts. The LOI content is generally low, varying from 0
to 3.33 (wt%) in the meta-(Fe)-gabbros, from 0.77 to 3.77
(Wt%) in meta-(Fe)-dolerites (with the exception one sample
showing a maximum value of 5.07 wt%) and from 0.60 to
4.69 (Wwt%) in meta-basalts.

In the TAS (Total Alkali-Silica) classification diagram,
meta-mafic rocks show subalkaline (basalt and andesitic
basalt) to transitional and alkaline (basanite, basalt and
trachybasalt) affinities (Fig. 3A). However, in the Nb/Y vs
Ti/Zr binary diagram (Pearce, 1996), which is based on the
ratios of less mobile element, more appropriate for the clas-
sification of meta-mafic rocks, Sierra de Baza samples show
a subalkaline affinity (Fig. 3B). This is also confirmed by
the tholeiitic differentiation trend defined by these rocks on
the ternary diagram of Irvine and Baragar (1971; Fig. 3C).
In the Ti/1000 vs V tectonomagmatic diagram (Fig. 4A;
Pearce, 2003) Sierra de Baza meta-mafic rocks show a typi-
cal MORB affinity, similar to other Alpine ophiolites such
as the Ligurides, those from Corsica, Gets, Platta (Bill et al.,
2000; Desmurs et al., 2002; Saccani et al., 2008; Montanini
et al., 2008), and to other BOA occurrences (Puga et al.,
2017). The amphibolitized sample Cani-300 shows com-
paratively higher Ti and V content probably deriving from
a higher differentiation of the basaltic magma following
the tholeiitic trend. On the other hand, samples Cani-288A
and CH-12 plot outside of the MORB field in the Ti/1000
vs V diagram, showing a comparatively higher Ti/V ratio.
The Sierra de Baza meta-mafic rocks have been also plot-
ted in the Nb/Yb vs Th/Yb tectonomagmatic discrimination
diagram of Pearce (1982), in which they mostly plot in the
MORB-OIB mantle array, conforming to E-MORB-type

Fig. 2 - Plane polarized (right) and crossed-polarized (left) light photomicrographs of Sierra de Baza meta-mafic and meta-ultramafic rocks. A-1: Serpentinite
(Cani-284) after lherzolite formed by diopside (Di) and forsteritic olivine (Fo) in a serpentine (Srp) matrix. It also shows aggregates of chromium magnetite
(Cr Mt) altered to penninite (Pen) and Ti-clinohumite (Ti-Chu) coexisting with Fo, compatible with high P Eoalpine conditions; A-2: Serpentinite (Cani-277)
after secondary harzburgite, with large Mt crystals, surrounded by Atp-type Srp, and minor chlorite (Chl) and talc (Tlc). Transformation of Cr Mt to Penninite
(Pen) at the edge is observed. Enstatitic orthopyroxene (En) in a matrix formed by antigorite (Atg) and Tlc; B-1 and B-2: Eclogite after pyroxene-olivine
gabbro, partially amphibolitized (CH-43) with coronitic texture where olivine has been replaced by omphacite (Omp) + almandine (Alm), the former subse-
quently transformed into sodium-calcium amphibole (Na-Ca Amp); C-1 and C-2: Eclogite with fluidal texture, replaced by an aggregate of very fine-grained
clinozoisite (Czo) and albite (Ab) after igneous plagioclase, alternated with Alm and Omp beds originated in the eclogitic facies (RA-33B); D-1 and D-2:
Amphibole epidotite with transition to amphibolite (Cani-26A), originated at the contact between doleritic dike and intruded carbonate sediments. This am-
phibolite is composed of Brs, Ab, Ep, phengite (Ph) and rutile (Rt). Abbreviations according to Kretz (1983).
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@ Eclogite from basalts
¢ Eclogite from gabbro
A Eclogite from dolerite

@ Amphibolitized basalt (sill)

¢ Amphibolitized Gabbro
A Amphibolitized dolerite
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Fig. 3 - Geochemical affinity of the Sierra de Baza meta-mafic rocks, based

on: A) Total Alkali-Silica (TAS) binary diagram (Le Bas and Streckeisen,

1991), B) Nb/Y vs Zr/Ti binary diagram (Pearce, 1996, modified from

Floyd and Winchester, 1975) and C) FeOt-(NaO+K,0)-MgO ternary

diagram (Irvine and Baragar, 1971). B- basalt; BA- basaltic andesite; A-

andesite; D- dacite; Tr-B- trachybasalt; BTr-A- basaltic trachyandesite;
Tr-A- trachyandesite; Tr- trachyte; Bs/T- basanite/tephrite; T-Ph- tephritic

phonolite; Ph-T- phonolitic tephrite; Ph- phonolite; AB- alkaline basalt.
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and N-MORB-type mantle sources, irrespective to the su-
perimposed type of metamorphism (Fig. 4B). However,
some samples (Cani-5B, Cani-5C y CH-12) show a vari-
able Th enrichment and plot above the MORB-OIB array.
In our view, these anomalous samples reflect assimilation
of sedimentary components similar in composition to the
micaschists from the Sierra de Baza sedimentary sequence
(Cani-286) and of the average Global Oceanic Subduct-
ing Sediments (GLOSS, Plank and Langmuir, 1998). In
Fig. 4C, the Sierra the Baza meta-mafic rocks are plotted
in the N-MORB normalized La,/Smy vs Lay/Yby binary
diagram (normalization values from Pearce, 2008). Most of
the samples are characterized by a (La/Sm)y between 1.0
and 1.8, delineating a compositional trend between LREE-
depleted compositions typical of ophiolitic basalts of the
Alpine-Apennine domain (e.g., Corsica, Calabria and Platta)
and the average of enriched mid Atlantic ridge (E-MAR)
basalts from the 63°N (Wood et al., 1979). Only a minor
sample subset (CH-12, CH-12B and CH-40) shows distinc-
tive LREE enrichment being characterized by a (La/Sm)y
between 1.8 and 2.1 and by (La/Yb)y over 5, thus plotting
outside from the enrichment trend defined by E-MAR 63°-
45°N (Wood et al., 1979). This could result either from the
assimilation of sedimentary components, as proposed for
the Gets ophiolites (Fig. 4C), by source enrichment, or by
a comparatively low melting degree (Bill et al., 2000). In
Supplementary Fig. 2A, the Sierra de Baza meta-mafic rocks
are plotted in the N-MORB normalized Nby vs Thy tec-
tonomagmatic discrimination diagram for ophiolitic basalts
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and meta-basalts (Saccani, 2015). In this diagram, the stud-
ied rocks mainly plot across the E-MORB field, with few
samples displaced toward the field of N- and G-MORB, the
latter indicating garnet-bearing mantle source. Coherently,
the Sierra de Baza rocks plotted in the chondrite-normalized
(Dy/Yb)y vs (Ce/Yb)y diagram of Supplementary Fig. 2B
(Saccani, 2015) mainly show an enriched E-MORB affinity,
with subordinate samples showing N-MORB and G-MORB
geochemical features, respectively.

To have a more general view of the whole trace element
distribution, the Primitive Mantle (PM)-normalized distri-
bution of incompatible elements of the meta-mafic rocks of
Sierra de Baza is displayed in Fig. 5. The eclogitized (Fig.
5A) and amphibolitized (Fig. 5B) rocks generally show
comparable element concentrations. However, a more care-
ful view reveal that significant and distinct LILE distribu-
tions characterize the two meta-mafic lithotypes, with the
eclogitized samples showing spikes in Ba, and to a lesser
extent in Th, and the amphibolitized samples particularly
enriched in Pb, and to a lesser extent in Sr. This results in
a bimodal distribution in the Ba/Th vs Pb/Th diagram (not
shown), with eclogitized samples characterized by very
high Ba/Th (up to 6,300, median of 127) and low Pb/Th
(median of 2), and amphibolitized samples characterized by
relatively low Ba/Th (median of 61) and very high Pb/Th
(up to 33, median of 4). These differences may be related
to the effect of fluid metasomatism derived from the associ-
ated sediments during the different P-T-t paths suffered by
these rocks-(Breeding et al., 2004).
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Fig. 5 - PM-normalized incompatible element distribution the of Sierra de
Baza meta-mafic a) eclogitized; b) amphibolitized rocks. Normalization
values and N-MORB composition are from Sun and McDonough (1989).
Symbols as in Fig. 3.

The Sierra de Baza meta-ultramafic rocks

The major and trace elements composition of the meta-
ultramafic rocks of the Sierra de Baza is reported in Table
6. CaO vs Al,O, data are compared with other peridotites
and serpentinites from the Betic Cordillera and Western
Mediterranean ophiolites (Fig. 6). Serpentinized lherzo-
lites are characterized by a limited Al,O5 content (3.63-
4.31 wt%) coupled with a wider CaO variation (0.80-2.89
wt%), showing a scattered distribution between the trends
depicted by Ronda peridotites, the Internal and External
Ligurides, clinopyroxene-bearing serpentinites and serpen-
tinized harzburgites from other BOA occurrences (Cerro
de Almirez in Sierra Nevada, Puga et al., 1999b). This
distribution suggests that cpx-bearing serpentinites derive
from lherzolitic lithologies that locally suffered oceanic
metasomatism followed by Alpine metamorphism with
CaO depletion trending toward the values typical of ser-
pentinized harzburgites. This is supported by the Al,O,/
TiO, ratio (23.4 and 53.3) the average TiO, (0.13 wt%) and
Cr (2650 ppm) contents (Table 6, see also Beccaluva et al.,
1983; Pearce et al., 1984; Puga et al., 1999b; Puga, 2005).
Serpentinized harzburgites from Sierra de Baza show an
inverse distribution being characterized by very low CaO
content (0.02-0.70 wt%) coupled with a wider Al,O, varia-
tion (2.31-4.82 wt%) partially overlapping the composi-
tional field of serpentinized harzburgites from Cerro de
Almirez (Fig. 6). Noteworthy, serpentinites derive from
mantle peridotite rocks that experienced variable fluid/rock
interactions, which usually affect FeO and MgO contents
(Deschamps et al., 2013). The composition of the Sierra de
Baza serpentinites varies between 6.5 and 9.0 wt% and be-
tween 35 and 42 wt% for FeO (wt%) and MgO (wt%), re-
spectively (Table 6), overlapping the compositional field of
the abyssal peridotites of Niu (2004; Fig. 7A). In particular,
the serpentinized harzburgites show a notable dispersion in
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Alpine-Apennine ophiolites:

© Internal Liguride peridotites (Rampone et al., 1996, 1998)
7 O External Liguride peridotites (Rampone et al., 1995)

A Western Alps peridotites (Rampone et al., 2005)
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Fig. 6 - CaO vs AL,O; (Wt%)
binary diagram reporting the
compositional variation of
Sierra de Baza meta-ultra-
mafic rocks, in comparison
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MgO vs FeO. The observed TiO, variation is in the upper
range of the abyssal peridotites (Niu, 2004), and partially
overlap the field abyssal serpentinites of Deschamps et al.,
(2013). Serpentinized lherzolites generally have a higher
TiO, content than serpentinized harzburgites at comparable
MgO (Fig. 7B approaching the value of the DM (Salters
and Stracke, 2004). The MgO vs CaO variation of the Sier-
ra de Baza serpentinites, reported in Fig. 7C, shows two dif-
ferent trends: a) the serpentinized lherzolites characterized
by a decrease of MgO in parallel with an increase of CaO,
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plotting in the field of the abyssal peridotites and serpenti-
nites (according to Niu, 2004 and Deschamps et al., 2013,
respectively), and b) serpentinized harzburgites showing
an opposite trend characterized by a marked decrease in
CaO coupled to a slight decrease in MgO, possibly caused
by intense ocean floor metasomatism, partially overlapping
the field of abyssal peridotites (Niu, 2004). Likewise, ser-
pentinized lherzolites from Sierra de Baza have a distinctly
higher CaO (> 0.85 wt%) content, with respect to their
harzburgitic counterparts (CaO < 0.85 wt%). These latter
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Fig. 7 - Binary diagrams of bulk rock composition (wt%) for Sierra de Baza serpentinites. A: MgO vs. FeO; B: MgO vs. TiO,; C: MgO vs. CaO; D: SiO,
against L.O.I. (loss on ignition). Estimated composition of the depleted mantle from Salters and Stracke (2004); compositions of abyssal peridotites from Niu
(2004); UB-N international standard composition (star) from Georem (http://georem.mpch-mainz.gwdg.de). Modified from Deschamps et al. (2013).



depict a compositional trend toward low CaO and MgO
(wt%) values, compatible with an increasing talc content
(sample Cani-4D and Cani-277, Table 6). These features
were also observed in the chlorite-bearing serpentinized
harzburgites of Cerro del Almirez (Marchesi et al., 2013).
The mineralogical variation of the Sierra de Baza serpenti-
nites could be inherited by the pristine composition of the
peridotite protoliths (lherzolites and harzburgites) as well
as by ocean floor processes leading to tremolite and talc
formation, as already observed in the MAR serpentinites
(Allen and Seyfried, 2003; Bach et al., 2004; Paulick et al.,
2006). The observed CaO depletion is a common feature
of serpentinization processes (Coleman, 1977; Janecky and
Seyfried, 1986; Miyashiro et al., 1969; Palandri and Reed,
2004), with the exception of local carbonate precipitation,
which can increase the CaO content in the rock (e.g., Seifert
and Brunotte, 1996). In Fig. 7D the Sierra de Baza samples
partially overlap the composition of abyssal serpentinites
(Deschamps et al., 2013), showing L.O.I. comparable or
lower than the theoretical serpentine minerals (average of
1243 wt%). The relatively low L.O.I. of the Sierra de Baza
samples is incompatible with the presence of secondary
brucite (low SiO, and very high L.O.1.), a common miner-
alogical feature of mantle wedge serpentinites (Deschamps
et al., 2013). On the other hand, serpentinized harzburgi-
tes (in particular samples Cani-4D and Cani-277) show a
trend characterized by SiO, increase coupled with L.O.I.
decrease, typical of talc-bearing abyssal serpentinites. Most
of the Sierra de Baza serpentinites are characterized by high
bulk rock Al,0,/SiO, (> 0.05) and low MgO/SiO, (< 0.86),
similar to the composition of Primitive and Depleted mantle
(Supplementary Fig. 3). Serpentinized harzburgites are gen-
erally characterized by lower Al,O, contents (samples CH-
80, Cani-305, Cani-52, Cani-4D and Cani-53), with respect
to serpentinized lherzolites depicting a trend parallel to the
oceanic array (Snow and Dick, 1995; Bodinier and Godard,
2003; Niu, 2004). The presence of two samples (Cani-4D
and Cani-277) showing comparatively lower MgO/SiO,
is attributable to their enrichment in talc, a mineral that is
commonly produced by the ocean floor metasomatic stage.
The serpentinized lherzolites of Sierra de Baza are well
clustered in a tight Al,0,/Si0O, range (between 0.078 and
0.09), generally higher than that of serpentinized harzbur-
gites, reflecting their mineralogy that include comparatively
higher amounts of chlorite, epidote and the presence in one
sample of tourmaline.

The primordial mantle (PM)-normalized incompatible el-
ement distribution of the Sierra de Baza serpentinites, shows
particular enrichments in Pb and U together with a deple-
tion in HFSE such as Zr and Hf, as well as in Sr (Fig. 8A).
Similar elemental enrichments have been observed by other
authors in subducted serpentinites (Deschamps et al., 2013).
Noteworthy, the serpentinized harzburgites are characterized
by lower Sr, Zr and Hf concentrations, and by higher con-
tent of U and Pb, with respect to serpentinized lherzolites.

The Chondrite (Ch)-normalized Rare Earth Elements
(REE) patterns of the Sierra de Baza serpentinites are
showed in Fig. 8B. Both serpentinites derived by lherzolites
and from harzburgites show variable negative anomalies in
Ce and Eu, the first more pronounced in serpentinized lher-
zolites and the second in serpentinized harzburgites. In gen-
eral, the serpentinized lherzolites are richer in HREE with
respect to the serpentinized harzburgites, consistent with
the different amount of clinopyroxene of the former with
respect to the latter.
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The serpentinized lherzolites show lower LREE enrich-
ment (La,/Smy = 0.5-1.8) than the serpentinized harzburgi-
tes (Lay/Smy = 0.5-2.6).

Sr-Nd isotope systematics

The Sr and Nd isotopic composition of the metabasite
from Sierra de Baza is reported in Tables 7 and Fig. 9.
The 37St/%6Sr varies in the range 0.70384-0.70838, whereas
INd/"Nd varies between 0.51247 and 0.51306. The meta-
mafic rocks are characterized by a significant variation of
the Sr (0.70384-0.70600) with respect to Nd (0.51306-
0.51278) isotope ratios, whereas the meta-ultramafic sample
(Cani-284) show the most radiogenic Sr (0.70838) and the
least radiogenic Nd (0.51247) isotope composition. The
distribution of Sierra de Baza meta-mafic rocks overlap with
the wide range defined by other mafic and ultramafic rocks
from alpine ophiolitic occurrences (internal Ligurides: Ram-
pone et al., 1998; Alps: Stille et al., 1989; Platta: Schalteg-
ger et al., 2002), the Mid Atlantic Ridge (Cipriani et al.,
2004) and those from other ophiolitic occurrences of the
Betic Cordillera (Lugros, Cébdar, Algarrobo, Cerro del
Almirez: Puga et al., 2011; 2017). The Sr isotopic values
clearly reflect that the pristine geochemical budget of mantle
rocks and mantle derived magmas has been modified, main-
ly by interaction with sea water during the ocean floor meta-
somatism, as invariably observed in serpentinites worldwide
(Scambelluri et al., 2019).

Rock/iPM

Rock/Chondrite

Fig. 8 - (A) Primitive Mantle (PM)-normalized incompatible element and
(B) Chondrite (Ch)-normalized REE distribution the of Sierra de Baza
serpentinites. Symbols as in Fig. 6. Normalization values are from Sun and
McDonough (1989).
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Table 7 - Sr-Nd isotope composition of the Sierra de Baza ophiolites.

Metamorphic Rock Protolith # Sample 87G/80gy 1BNd/"Nd
Meta-mafic rock
Cor. Eclogite Px-Ol gabbro 26 CH-44 0.70466 0.51305
Eclogite Px gabbro 27 Cani-298 0.70542 0.51302
Ab+Ep amphibolite Dolerite 32 Cani-35A 0.70627 0.51278
Ab+Ep amphibolite Dolerite 39 CH-21 0.70766 0.51298
Ep amphibolite Basalt 46 Cani-281 0.70384 0.51306
Ab+Ep amphibolite Basalt 49 CH-40 0.70545 0.51301
Ab+Ep amphibolite Basalt 54 Cani-42 0.70608 0.51285
Meta-ultramafic rock
Serpentinite Lherzolite 3 Cani-284 0.70838 0.51247
] 10 [l Amphibolitized Basalts (sills)
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1 Lugros (Puga et al., 2017)
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- Cani-284 ;Ié: | .6 ¢ Serp.harzburgites 2011; 2017) §
0.5123 ] | + Rodingites
] : =10
0.5121 ._ Jurassic ‘ Se ﬁ g?bikrgs Cobdar (Puga et al., 2017)
& 5119 Seawair i 16 A Dolerites| Cobdar (Gémez-Pugnaire
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0. 702 0.703 0.704 0.705 0.706 0. 707 0.708 0.709 () Basalts |Algarrobo
37&_’. 86& @ Gabbros |(Pugaetal, 2017)

- Internal Ligurides basalts (Rampone et al., 1998)
»% Basalts from the Alps (Stille et al., 1989)
X Basalts from Platta (Schaltegger et al., 2002)

[ Atlantic mid-ocean ridge basalts (Cipriani et al., 2004)

A Gabbros from Adamello (Kagimi et al., 1991)

¥ Average values for modern mid-ocean ridges basalts and
peridotites (Snow et al., 1994)

Fig. 9 - Present day ®’St/**Sr and '¥Nd/'*Nd isotope composition of metabasite rocks from Sierra de Baza compared with metabasites and meta-ultramafic
rocks from other Betic and Alpine ophiolite occurrences and abyssal peridotites (data from Snow et al., 1994). Dotted line represents the mantle-modern sea-
water mixing curve for abyssal peridotites. Sr-Nd isotopic values of EPR (Eastern Pacific Rise), MAR (Mid-Atlantic Ridge), SWIR (South Western Indian
Ridge) and OIB (Oceanic Island basalts) are from Hoffman (1997), whereas CFV (Continental flood basalts) are from Marzoli et al. (1999). Jurassic Seawater
composition is from Burke et al. (1992) and Jones et al. (1994), whereas modern seawater is from Snow et al. (1994).

DISCUSSION
Geochemical features of the Sierra de Baza Ophiolites

The meta-ultramafic rocks of Sierra de Baza ophiol-
itic association show geochemical features typical of seafloor
metasomatism, that were mostly preserved during the sub-
sequent metamorphic stages. The variable CaO depletion of
serpentinized harzburgites plausibly resulted either by cpx
paucity in the pristine peridotite protoliths by high degree
partial melting and/or by the breakdown of clinopyroxene
during serpentinization in oceanic environment (Bodinier et
al., 1993; Puga et al., 1997; 1999b). However, their variable
Al,O; content, sometimes higher than that recorded in the
associated serpentinized lherzolites, does not support their

genesis by high melting degree of a fertile lherzolite (Fig. 6;
Bodinier and Godard, 2003). This is also confirmed by the
relatively high Al,0,/SiO, ratio of the Sierra de Baza serpen-
tinites (Supplementary Fig. 3), which implies their protoliths
experienced low partial melting before serpentinization (e.g.,
Snow and Dick, 1995; Paulick et al., 2006). Similar informa-
tion derives from the Y vs Ti binary diagram of Pearce and
Peate (1995), where Sierra de Baza serpentinites show analo-
gies with peridotites from ridge segments originated by rela-
tively low melting degree (Supplementary Fig. 4). According
to Deschamps et al. (2013), in order to highlight the origin
and the evolution of the meta-ultramafic rocks from the Sier-
ra de Baza, the ratios of relatively mobile and immobile trace
element have been investigated (Fig. 10). The serpentinized



harzburgites invariably show lower values of Yb with respect
to serpentinized lherzolites, in agreement with the relative
amount of clinopyroxene of the two lithotypes. Their U/Pb
distribution is mainly along the magmatic array between the
PM and E-MORB mantle domains, well displaced from the
field of Tonga forearc harzburgites (Fig. 10A; Deschamps et
al., 2013). Among the trace elements, Ti seems to be a useful
tracer in the identification of the protolith of the serpenti-
nites, since it is characterized by a limited mobility during
serpentinization processes. Mantle wedge peridotite, which
experienced extensive partial melting, are characterized by
low bulk rock Ti content (Arai and Ishimaru, 2008). There-
fore, when plotting the serpentinites on Yb vs Ti diagram, a
common positive trend reflects processes of refertilization or
depletion by melt extraction, defining distinct fields for the
different ultramafic protoliths (Deschamps et al. 2013). In the
Ti vs Yb diagram, all the investigated samples plot between
the abyssal peridotites, abyssal and subducted serpentinites,
showing a decidedly more fertile (or refertilized) composi-
tion with respect to mantle wedge serpentinites (Fig. 10B).
The Sierra de Baza serpentinites also show lower Sr, Ba, and
higher Pb at comparable Yb, concentrations, with respect
to mantle wedge serpentinites confirming their geochemi-
cal affinity with abyssal peridotites, abyssal and subducted
serpentinites (Fig. 10C, D and E). The Pb concentration
of the studied serpentinites is always above the PM, in the
range of abyssal peridotites and serpentinites, as well as in
that of subducted serpentinites (Fig. 10F). Similar informa-
tion on the origin of the Sierra de Baza serpentinites can be
retrieved by the distribution of REE and other incompat-
ible elements. Relevant and discriminant are the normalized
ratios between light (L; i.e., La, Ce, Pr, Nd), medium (M;
i.e., Sm, Eu, Gd, Tb) and heavy (H; i.e., Tm, Yb, Lu) REE.
Serpentinized lherzolite REE patterns do not show peculiar
enrichments in LREE (LREE/HREE 0.4-1.9) and nearly
flat MREE/HREE, (0.9-1.1), whereas serpentinized harz-
burgites are characterized by a general MREE depletion with
respect to LREE and HREE (MREE/LREE 0.4-1.7 and
MREE,/HREE\ 0.7-1.1), which has been ascribed to loss of
clinopyroxene and plagioclase during pre-orogenic oceanic
serpentinization (Puga et al., 1997; 1999b). Noteworthy, the
serpentinized lherzolites and harzburgites show REE patterns
similar to abyssal and subducted serpentinites, respectively
(Fig. 11; Deschamps et al., 2013). In particular, serpentinized
harzburgites from Sierra de Baza show LREE enrichment
consistent with subducted serpentinized harzburgites (LREE
up to ~ 2 Ch). On the other hand, the studied serpenti-
nites differ from mantle wedge serpentinites which show a
more depleted composition for both serpentinized lherzolites
(LREE up to ~ 1 Ch) and harzburgites (LREE up to ~ 0.2 and
HREE up to 0.5 Ch). In other words, Sierra de Baza meta-ul-
tramafic rocks do not share geochemical characteristics with
mantle wedge settings, the archetype of which is represented
by New Caledonian ophiolites (Secchiari et al., 2016; 2019).

Most of Sierra de Baza serpentinites, show variable Ce
and Eu negative anomalies (Fig. 11A, B), that are clearly
inherited by seawater (Bau et al., 1995). These geochemi-
cal features suggest for a genesis of serpentinites by high
seawater/peridotite ratio at relatively low T (< 200°C). On
the other hand, the observed REE distribution is inconsistent
either with high-T hydrothermalism (Menzies et al., 1993;
Allen and Seyfried, 2005) or even with melt-rock interaction
(Niu et al., 1997; Rampone et al., 2018) that should produce
LREE enrichment coupled with Eu positive anomaly, gener-
ally induced by plagioclase crystallization.
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The serpentinites of abyssal origin are generated by
hydration of the oceanic peridotites by the ocean floor hy-
drothermal activity, mainly concentrated in the neighboring
of the oceanic ridges. After ocean floor metasomatic trans-
formations, some Sierra de Baza serpentinites were affected
by metamorphic changes during the subduction process,
thus inheriting features typical of “subducted serpentinites”
that were recognized in some of the analyzed samples. Sub-
ducted serpentinites are formed during convergence as they
are associated with other metamorphic rocks of high P-low
T (i.e. eclogites) that are also involved in the subduction
processes. These genetic hypotheses are corroborated by
the distribution of major elements, and of the fluid mobile
elements (FME). They are inherited by the composition of
the pristine mantle peridotite rocks, by ocean floor metaso-
matism and also by elemental re-distribution that occur dur-
ing the complex P-T-t path that interested such rocks during
the convergence that preceded the ophiolite obduction. The
PM-normalized incompatible element distribution of the
Sierra de Baza serpentinites is characterized by enrichments
in FME such as Ba, U and Pb and negative anomalies in
HFSE (Nb, Zr, Hf) and, to a lesser extent in Sr, which are
geochemical features of abyssal and subducted serpentinites
(Fig. 11A). On the other hand, mantle wedge serpentinites
are characterized by a strong Sr enrichment and LREE
depletion, geochemical features not observed in the Sierra
de Baza serpentinites.

The enrichment in some FME (e.g., Ba, U, Pb) and
depletion in HFSE result from the seawater/rock interac-
tions that take place at mid-ocean ridges, as well as during
subduction, by percolation of fluids released from different
lithologies of the slab that also include sediments (Des-
champs et al., 2013). The subducted serpentinites may be
derived either from abyssal or OCT peridotites/serpentinites
that, once incorporated into the accretion prism before
exhumation, experienced a complex geological history
(Deschamps et al., 2011). Chemical interactions occur with
various lithologies, in particular with (meta)-sediments, and
aqueous fluids, along the entire prograde path. These pro-
cesses can play an important role in the FME enrichment
(Deschamps et al., 2011; Lafay et al., 2013). The interac-
tion of the Sierra de Baza ultramafic rocks with fluids (also
containing halogens) is a process also recorded in vari-
ous serpentinite occurrences world=wide (Bau, 1991; Bau
and Dulski, 1995; Haas et al., 1995; Douville et al., 1999;
Scambelluri et al., 2004; 2019; John et al., 2011; Kendrick
et al., 2011; Marchesi et al., 2013), and is consistent with
the presence of F-rich titanium clinohumite in=serpentinized
harzburgites from the Cerro del Almirez (Lopez Sanchez-
Vizcaino et al., 2005). The origin of U enrichment (Fig.
10E) observed for subducted serpentinites by Deschamps et
al. (2013) can be ascribed to several processes. In the Sierra
the Baza case-study, we speculate that U content could be
controlled by percolation of fluids derived from sediments
that are associated to serpentinites during the formation of
orogenic mélanges, as proposed by Cannao et al. (2015).
In other words, part of the serpentinites formed on the
ocean floor also suffered further element remobilization and
metasomatism, being involved in a complex subduction P-
T-t path (Olivier and Boyet, 2006; Deschamps et al., 2010;
2013; Kodolényi et al., 2012).

The meta-mafic rocks of Sierra de Baza ophiolitic as-
sociation suffered amphibolitization and albitization pro-
cesses, ultimately leading to Na,O and SiO, increase with
respect to CaO and immobile elements. Therefore, in order
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Fig. 11 - (A) PM-normalized incompatible element distribution the of
Sierra de Baza meta-ultramafic rocks compared with mantle wedge (Mari-
ana forearc: Parkinson and Pearce, 1998; Kodolanyi et al., 2012; Cuba:
Marchesi et al., 2006; New Caledonia: Marchesi et al., 2009; Ulrich et al.,
2010; South Sandwich arc: Pearce et al., 2000; Savov et al., 2005), abys-
sal (MAR: Paulick et al., 2006; Jons et al., 2010; Augustin et al., 2012)
and subduction-related (Anatolia: Aldanmaz and Koprubasi, 2006; Betic
Cordillera: Garrido et al., 2005; Zagros suture zone: Anselmi et al., 2000;
Western Alps: Chalot-Prat et al., 2003; Dominican Republic: Deschamps
et al., 2012; Newfoundland: Kodoldnyi et al., 2012) harzburgitic serpen-
tinites . Normalization values are from Sun and McDonough (1989). (B)
Chondrite-normalized REE patterns of meta-ultramafic rocks from Si-
erra de Baza compared to mantle wedge (Mariana forearc: Parkinson and
Pearce, 1998; Kodoldnyi et al., 2012; Cuba: Marchesi et al., 2006; New
Caledonia: Marchesi et al., 2009; Ulrich et 1., 2010; South Sandwich arc:
Pearce et al., 2000; Savov et al., 2005), abyssal (MAR: Paulick et al., 2006;
Jons et al., 2010; Augustin et al., 2012) and subduction-related (Anatolia:
Aldanmaz and Koprubasi, 2006; Betic Cordillera: Garrido et al., 2005)
harzburgitic serpentinites. Normalization values are from Sun and Mc-
Donough (1989).

to reconstruct their original magmatic affinity, appropriate
classification diagrams based on the least mobile elements
have been used. On this basis, Sierra de Baza mafic rocks
mainly show tholeiitic affinity, with a differentiation trend
mainly controlled by olivine/plagioclase fractionation, with
a Nb/Y vs Zr/Ti variation mainly between the composi-
tions of N- and E-MORB (Fig. 3B and C). This geochemi-
cal affinity is also confirmed by the V vs Ti/1000 diagram
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(Fig. 4A), which highlights the presence of a few samples
(Cani-300, Cani-288, CH-12) plotting outside the MORB
trend. Sample Cani-300 could be interpreted as a more dif-
ferentiated product along with the tholeiitic trend, which
results in the variable enrichment of FeO, TiO,, Zr, Y and
V (Miyashiro, 1975; Beccaluva et al., 1983). This is con-
firmed by petrographic observation which reports a higher
content of rutile aggregates in these rocks, which formed
after ilmenite during prograde metamorphism in the eclog-
ite facies, prior to transformation into Ab-Ep amphibolite.
Plotted in the Th/Yb vs Nb/Yb (Fig. 4B) and in the (La/Yb)
N Vs (La/Sm)y (Fig. 4C) sample Cani-288 is in the compo-
sitional range of N- and E-MORB, likewise most of Sierra
de Baza meta-mafic rocks. On the other hand, the Th and
La of some samples (including CH-12) highlight a possible
contribution of pelitic sediments to a basalt of N-MORB
composition (Fig. 4B and C). As proposed above, the Th
enrichment, that often occurs together with other lithophile
elements, could derive from the assimilation of sedimentary
components by MORB-type basaltic magmas during their
rise or emplacement in hypabyssal conditions (sills). This
is confirmed by the similarity in composition of micaschists
from the Sierra de Baza sedimentary sequence (Cani-286)
and of the average Global Oceanic Subducting Sediments
(GLOSS, Plank and Langmuir, 1998) that can be considered
as potential contaminants. The LREE enrichment of a minor
sample subset (samples CH-12, CH-12B and CH-40) could
result either from the assimilation of pelitic sediment com-
ponent, as proposed for the Gets ophiolites (Fig. 4C), or also
by enrichment, or comparatively low melting degree of the
mantle source (Bill et al., 2000). In the N-MORB normal-
ized Nby vs Thy tectonomagmatic discrimination diagram
(Supplementary Fig. 2A) proposed by Saccani (2015), most
of the Sierra de Baza meta-mafic rocks show E-MORB with
minor N- and G-MORB geochemical affinities. This lat-
ter sample subset (samples RA-33B, Cani-281, Cani-282,
Cani-303, CH-44) display an incompatible element compo-
sition similar to N-MORB with TiO, (1.08-2.16 wt%), P,O;
(0.10-0.22 wt), Zr (76-161 ppm),Y (18.58-48.45 ppm) and
by Nb/Y (0.19-0.32) and Ti/V (40.97-53.68) ratios. These
rocks have been however interpreted as transitional MORB
(T-MORB) due to the comparatively higher Th content and
by the LREE/HREE ratio and are plausibly generated by a
mantle source slightly enriched during the pristine phases of
oceanic opening (e.g., Venturelli et al., 1979). More recently
Montanini et al. (2008) and Saccani et al. (2008), observed
that similar rocks are also characterized by a comparatively
high MREE/HREE ratio ((Dy/Yb)y from 1.15 to 1.59) with
respect to N-MORB ((Dy/Yb)y = 1, Sun and McDonough,
1989), thus ascribing the relative LREE/HREE enrichment
mainly to the HREE depletion as a result of the presence of
the residual garnet in their mantle sources (Saccani, 2015).
In order to better discriminate between normal (N)- and
garnet-influenced (G)-MORB source, the Sierra de Baza
rocks have been also plotted in the chondrite-normalized
(Dy/Yb)y vs (Ce/Yb)y classification diagram proposed by
Saccani (2015), which confirms that most of the samples
have a E-MORB affinity, whereas a sample subset shows
garnet-bearing G-MORB geochemical features (Supplemen-
tary Fig. 2B).

Chondrite-normalized REE patterns of the Sierra de
Baza meta-mafic rocks are shown in Fig. 12, which also
reports for comparison the REE distribution of N- and E-
MORB (Sun and McDonough, 1989). From this diagram it
is evident that the most LREE depleted sample Cani-139A
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Fig. 12 - Chondrite-normalized REE diagram of the Sierra de Baza me-
tabasites with composition approaching N-MORB and G-MORB fields in
Supplementary Fig. 2. Normalization values are from Sun and McDonough
(1989).

conforms to the REE distribution of N-MORB, where-
as, according to their higher LREE/HREE ratio, samples
Cani-281 and RA-33A can be assimilated to that of enriched
E-MORB. Samples CH44 and Cani298 show intermediate
REE features between E-MORB and N-MORB, plausibly
recalling the geochemical features of G-MORB sources, due
to their high MREE/HREE which is a feature of residual
garnet in the mantle source.

The Sr-Nd isotopic composition of the investigated
ophiolite association indicate that meta-mafic and meta-
ultramafic rocks variably suffered seawater-rock interac-
tion, with the least altered magmatic rocks showing a
MORB-type source and the most altered mantle rocks
decidedly trending to the composition of the Tethyan sea-
water. This trend, which is shared by Alpine ophiolites
(Internal Ligurides- Rampone et al., 1998; Alps- Stille et
al., 1989; Platta- Schaltegger et al., 2002) and other BOA
rocks (Lugros- Puga et al., 2017; Cobdar- Puga et al., 2017
and Gomez-Pugnaire et al., 2000; Algarrobo- Puga et al.,
2017; Cerro de Almirez- Puga et al., 2011 and 2017) point
to a seawater composition intermediate between the Juras-
sic (¥7Sr/%°Sr 0.7072-0.7075, Burke et al., 1992, Jones et al.,
1994) and modern seawater (¥7Sr/%°Sr 0.7092, Snow et al.,
1994). The observed *Nd/'**Nd and #’Sr/3°Sr displacement
from the MAR array should have been related to the oce-
anic metasomatism that affected the BOA rocks that was
particularly effective on meta-ultramafic rocks and associ-
ated rodingite dikes (Puga et al., 2011; 2017).

Age, origin and evolution of the Sierra de Baza ophiolites

The geochemical and isotopic affinity of the different
types of mafic rocks of the Sierra de Baza ophiolites, and
more in general of the whole BOA mainly correspond to
tholeiitic magmatism of T-MORB to E-MORB affinities.

These magma types originated at ocean ridges, such as the
Atlantic Ridge, during the incipient oceanization following
the continental rifting phase.

In the case of serpentinites generated in abyssal areas,
they are generated from oceanic lithospheres associated
with slow- (1 to 5 cm / year) to ultra-slow (< 2 cm/year)
spreading ridges, which represent approximately one third
of the 55,000 km of existing oceanic ridges on a global
scale (Dick et al., 2003). These geological settings are char-
acterized by intermittent magmatic and tectonic activity,
which cause exposure of the shallow lithospheric mantle
during amagmatic periods (Cannat et al., 1995; Karson
et al., 2006). The relatively thin oceanic crust (1 to 7 km)
and the presence of numerous normal faults on the flanks
of the ridge axis promote serpentinization by fluid circula-
tion from the deep oceanic lithosphere (Epp and Suyenaga,
1978; Francis, 1981; Mével, 2003). These abyssal serpenti-
nites represent between 5 and 25% of the Atlantic seafloor
(Cannat et al., 1995, Carlson, 2001; Mével, 2003). The
exposure of these serpentinites on the ocean seafloor takes
place in relation to the following tectonic environments:
1) through normal high-angle faults originated from thin-
ning and extension of the oceanic crust along the ridge; ii)
in areas of lithospheric denudation due to low-angle faults
that expose the lower part of the oceanic lithosphere on
the seafloor in the so-called “ocean core complexes” or
OCCs (oceanic core complexes: Cannat, 1993; Escartin
et al., 2003; Michael et al., 2003; MacLeod et al., 2009);
and iii) along large escarpments and transform faults that
affect the ridges (Bonatti, 1976; Epp and Suyenaga, 1978;
Francis, 1981; Bideau et al., 1991; O’Hanley, 1991; Karson
and Lawrence, 1997; Mével, 2003; Morishita et al., 2009;
Boschi et al., 2013). In contrast, the fast spreading ridges
(> 9 cm / year) have a higher magmatic activity, which
results in the formation of a thicker oceanic crust (7-10 km
thick). In this framework, the abyssal peridotites would not
be exposed on the seafloor (Sinton and Detrick, 1992), thus
escaping serpentinization. The serpentinites of Sierra de
Baza were subjected to a metasomatic process that trans-
formed lherzolites into serpentinites. These rocks generally
still preserved clinopyroxene and other mantle minerals,
and include chrysotile or lizardite serpentine, derived by
ocean floor metasomatism. Many of them were transformed
into secondary harzburgites in a more advanced process of
oceanic metasomatism, by destabilization of clinopyroxene
and other mantle minerals to cause serpentine, chlorite, talc
and iron oxides before undergoing the Alpine subduction
process, during which antigorite (high-pressure serpentine
polymorph) is formed together with other minerals such as
newly formed olivine and enstatite (normally intercropped),
in addition to clinohumite, iron oxide and talc.

The rifting process ultimately led to the development of
the Tethyan Jurassic ocean basin starting from the Pliens-
bachian, between 190 and 180 Ma- (Puga et al., 2005; 2011
and 2017). Over the last decades, the BOA metamorphic
mafic rocks were dated by many (U/Pb, Rb/Sr, K/Ar and
Ar/Ar) radiometric methods, which revealed they formed
within a wide time span, mainly between the Early and the
Late Jurassic (Puga et al., 2017, Table 1). The ocean floor
metamorphic stage developed between the Middle and the
Late Jurassic (160-150 Ma), close to the end of magmatic
phase. The BOA upper age limit (Early Cretaceous) is de-
termined by the extensive development of a sedimentary se-
quence, superimposed on the igneous materials of the ocean
floor, which locally preserves relics of Cretaceous fossils



(Tendero et al., 1993), and is intruded by igneous sills hav-
ing mineralogical and geochemical composition similar
to those of the underlying ophiolitic metabasites (Puga et
al., 2011; 2017). These ocean floor sediments mainly rep-
resented by siliceous, clayey and carbonated lithologies,
which ubiquitously cover both mafic and ultramafic rocks,
have been metamorphosed together with the other BOA
rocks. Between the Late Cretaceous and the Paleocene (90
to 60 Ma), the approximate limits for the generation of high
P (eoalpine) Alpine metamorphism, the igneous lithotypes
were transformed into eclogites (Puga et al., 2005; 2011;
2017). However, radiometric datings of the metabasites,
demonstrate the existence of at least two more recent stages
of retrograde metamorphic recrystallization, 1) a first one
of Eocene-Oligocene age (mesoalpine), during which the
eclogites are partially transformed into amphibolites and 2)
a second one of Middle-Later Miocene age (neoalpine), in
the green schist facies (Puga et al., 2017).

Paleogeographic reconstruction of the Betic area

The petrological, geochemical and geochronological
similarities between the BOA rocks (including those of Si-
erra de Baza) and the Alpine-Apennine ophiolites, as well as
the paleogeographic reconstructions of the Western Tethys
during the Mesozoic, suggest that: a) continental break-up
and opening of the Betic Tethys initiated during the Pliens-
bachien (from 190 Ma), while the Alpine-Apennine Tethys
began in the Bathonian (from 170-165 Ma) (Schettino and
Turco, 2009, Puga et al., 2011), and b) from the Titonian,
the ocean floor generating the Betic and Alpine-Apennine
ophiolites formed an oceanic strip, affected by transform
faults, that linked the western Tethys and the central Atlan-
tic (Favre and Stampfli, 1992; Guerrera et al., 1993; Schet-
tino and Turco, 2009; Puga et al., 2017). The accretion rate
of the ocean floor was around 12 mm/year according to the
calculations made by Schettino and Turco (2009; see Puga
etal., 2011), typical of ultra-slow spreading ridges, in agree-
ment to the range of radiometric ages of ca. 30 Ma obtained
from the beginning to the end of magmatism (Puga et al.,
2017). Therefore, the Betic Tethys ocean floor could have
reached ca. 200 km of width in the Jurassic, a large part of
which would have been subducted during the Cretaceous,
without having been exhumed to the surface in the form of
eclogites.

Noteworthy, the ultra-slow spreading ridges are charac-
terized by a low melting degree and low volcanic activity
(e.g., Basch et al., 2019 and references therein). This gener-
ates small and non-continuous volcanic ridges, which are
rich in serpentinites, alternated to amagmatic areas along
the spreading axis (Michael et al., 2003; Dick et al., 2003).
This style of ocean floor propagation is also analogous to
processes in ocean-continent transition (OCT) zones near
the continental margins (e.g., Whitmarsh et al., 2001). In
modern analogue ultra-slow spreading ocean floor, Michael
et al. (2003) demonstrated the existence of a significant
hydrothermal activity. These authors verified that in current
Arctic Ocean (a modern analogous) the central amagmatic
zone is 300 kilometres long and that the mantle peridotites
are directly located on the ridge axis, similarly to what pro-
posed for the Betic Tethys. The same authors found signifi-
cant relationships between the magmatic style and rate, local
tectonics and hydrothermal processes. Many Betic ophiolites
outcrops appear to have suffered hydrothermal activity,
testified by the occurrence of rodingitized dolerite dykes
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intruded in peridotites (Puga et al., 1997; 1999a; 1999b;
2002a; 2002b, 2005, 2011, 2017, Alt et al., 2012). As noted
above, this indicates that ocean floor alteration/metasomatic
processes scavenged CaO from ultramafic rocks and meta-
somatised dolerite dikes, ultimately leading to formation of
rodingites (Puga et al., 1999b; 2011). The ultra-slow spread-
ing ocean floors are also characterized by a thick cover of
pelitic sediments, an issue that is also common in the Betic
ophiolites, whose sedimentary sequence is exceptionally
thick (around 2 km), and indistinctly covers different man-
tle, plutonic and volcanic sequences (Fig. 13).

According to Puga et al. (2017), the subduction of the
Betic Tethys initiated in the Late Cretaceous, lasted around
30-40 Ma, and affected the whole ocean floor and part of
the two continental margins located on both sides (the NW
part including the Veleta Complex and the SE part including
the Sabinas Unit, Figs. 14B and 14C). The eoalpine subduc-
tion of the Betic Tethys involved the mafic, ultramafic and
sedimentary rocks of the ocean floor, although also part of
the rocks from both margins reached metamorphic conditions
in eclogite facies. The rocks of the Veleta units, far from the
subduction zone, escaped the high-pressure metamorphism,
and underwent the conditions of amphibolitic facies (Puga et
al., 2000; 2007). The subducted Betic ophiolitic rocks reached
depths between 50 km and more than 100 km (Puga et al.,
1995; 1997; 1999b; 2000; 2009a; 2017; Trommsdorff et al.,
1998; Ruiz-Cruz et al., 1999; Padron-Navarta et al., 2013).

BOA geological evolution followed the eoalpine and
mesoalpine re-organization of the AlKaPeCa (Alboran,
Kabilias, Peloritani, Calabria) microplate (also known as
Mesomediterranean microplate), which occurred in the
Late Cretaceous and Paleogene, in the Early Oligocene
and, especially, during Early Miocene within a compressive
framework that implied plate margins deformation includ-
ing the Nevado-Fildbride Domain. The result of the pre-
orogenic and orogenic processes in the Betic Internal Zones
was the formation of a proto-chain that was rapidly dis-
membered into fragments dispersed in the different chains
of the Western Mediterranean Alpine Orogen (Rosenbaum
et al., 2002). This evolution was accompanied by the SW
displacement of the Alboran block, from the Oligocene dur-
ing mesoalpine metamorphic event, which ended when it
reached its current position.

CONCLUSIONS

The BOA constitutes a vestige of a fragmented and meta-
morphosed old ocean basin opened during the Mesozoic in
the Western Alpine Tethys-Mediterranean as a result of the
Pangea break-up.-The rifting and subsequent drifting and
ocean opening were possibly influenced by pre-existing tec-
tonic structures inherited from the Variscan orogeny. The an-
cient Betic Tethys originated starting from the Pliensbachian
(Early Jurassic) and connected to the east with other ocean
basins, currently represented by the ophiolites of the Alpine
and Apennine domains, and to the west with the incipient
central Atlantic Ocean. The Bétic Tethys must have been rel-
atively narrow, with a limited width of few hundred kilome-
ters at most. It was surely dissected by many transform faults
and by extensive take-offs by low-angle faults. This result in
an ocean floor composed of magmatic sectors characterized
by basalts with pillow-lavas and gabbros, alternated, with
amagmatic sectors, characterized by direct exposure on the
ocean floor of ultramafic rocks, locally intruded by doleritic
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facies; C: Partial exhumation of the subducted units and mesoalpine metamorphic evolution.

dikes. Similar to many Ligurian ophiolites, which are often
associated with the remnants of the continental crust, BOA
presents local indications of crustal assimilation, probably
derived from rocks of the continental margins. This indicates
a) proximity to the continental margin, at least during the
early stages of ocean magmatism; and b) intermittent accre-
tion, generally attributed to the ultra-slow spreading ridges
(Puga et al., 2011). The convergence that began in the Late
Cretaceous, after the reorganization of the main plates, in-
terposed continental blocks (AlKaPeCa: Alboran, Kabilias,
Peloritani, Calabria), determined the beginning of the sub-
duction of the Betic ocean floor. This subduction was prob-
ably directed towards the S and SE, as it happened in other
northern Alpine-Apennine domains and persisted until the
Early Paleogene. The subducted BOA rocks were affected by
an eoalpine metamorphism in the eclogite facies that ended

with the exhumation of part of the studied ophiolite. This
process was characterized by a pressure drop during partial
exhumation of the BOA rocks and the initiation of retrograde
metamorphism, which took place from the Late Paleogene,
as indicated by the Ar/Ar datings on an amphibolite of Sierra
de Baza (Puga et al., 2017).
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