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Ultramafic xenoliths are rarely found at convergent platemargins. A notable exception is in the Betic Cordillera of
southern Spain, where the eruption of xenolith-bearing alkaline basalts during the Pliocene post-dated the Ceno-
zoic phase of plate convergence and subduction-related magmatism. Mantle xenoliths of the monogenetic vol-
cano of Tallante display extreme compositional heterogeneities, plausibly related to multiple tectono-
magmatic episodes that affected the area. This study focuses on two peculiar compositemantle xenolith samples
from Tallante, where mantle peridotite is crosscut by felsic veins of different size and mineralogy, including
quartz, orthopyroxene, and plagioclase. The veins are separated from the peridotite matrix by an
orthopyroxene-rich reaction zone, indicating that the causative agents were alkali-rich hydrous silica-
oversaturatedmelts, whichwere likely related to recycling of subducted continental crust components. The pres-
ent study reports new and detailed major and trace elements and Sr-Nd-Pb analyses of the minerals in the com-
posite Tallante xenoliths that confirm the continental crust derivation of the metasomaticmelts, and clarifies the
mode in which subduction-related components are transferred to the mantle wedge in orogenic areas. The par-
ticular REE patterns of the studied minerals, as well as the variation of the isotopic ratios between the different
zones of the composite xenoliths, reveal a complex metasomatic process. The distribution of the different ele-
ments, and their isotope ratios, in the studied xenoliths are controlled by themineral phases stabilised by the in-
teraction between the percolating melts and the peridotitic country rock. The persistence of marked isotopic
heterogeneities and the lack of re-equilibration suggest that metasomatism of the sub-continental lithospheric
mantle occurred shortly before the xenolith exhumation. In this scenario, the studied xenoliths and the metaso-
matic processes that affected themmay be representative of themantle sources ofmafic potassic to ultrapotassic
magmas occurring in post-collisional tectonic settings.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ultramafic xenoliths provide clues on the nature of the upper man-
tle. In intraplate tectonic settings, the abundant occurrence of large
mantle xenoliths has contributed to our understanding of the nature
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of both the lithospheric and asthenospheric mantle (e.g., Bonadiman
et al., 2005; Downes, 2001; Pearson et al., 2003 and references therein).
On the contrary, mantle xenoliths are rare and generally very small in
volcanoes at destructive plate margins, hence limiting the information
on mantle sources located in supra-subduction settings (e.g., Conticelli
and Peccerillo, 1990; Li et al., 2018; Maury et al., 1992; Pearson et al.,
2003).

A notable exception is in the Betic Cordillera of southern Spain,
where decimetre-sized xenoliths were brought to the surface by the
eruption of post-orogenic Na-alkaline basalts. These basalts were
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erupted during the Pliocene, after a significant phase of plate conver-
gence, orogenesis and subduction-related magmatism (Fig. 1a)
(e.g., Duggen et al., 2005; Faccenna et al., 2004; Mattei et al., 2014).
The mantle xenoliths found in the volcano of Tallante, display extreme
compositional and mineralogical heterogeneities, attracting an intense
petrological interest that is reflected in a large number of scientific stud-
ies (e.g., Arai et al., 2003; Beccaluva et al., 2004; Shimizu et al., 2004,
2008; Martelli et al., 2011; Rampone et al., 2010; Bianchini et al., 2011,
2015; Bianchini and Natali, 2017; Marchesi et al., 2017; Dallai et al.,
2019, and reference therein).

Mantle xenoliths from Tallante are mainly anhydrous and equili-
brated in the spinel to plagioclase stability field (Beccaluva et al.,
2004), ranging in composition from lherzolite to harzburgite. They re-
flect a complex history of mantle depletion and subsequent impregna-
tion related to the migration of either alkaline (Beccaluva et al., 2004)
or sub-alkaline (Bianchini et al., 2011; Rampone et al., 2010) melts.

Other samples record a peculiar style of metasomatism, rarely ob-
served in mantle xenoliths suites world-wide, which induces
orthopyroxene, plagioclase, phlogopite, and amphibole neoformation,
resulting in mantle domains characterised by “hydrous”
orthopyroxene-rich peridotite. The importance of these metasomatised
xenoliths was recognised by Arai et al. (2003) and Beccaluva et al.
(2004), who argued for subduction-related metasomatic agents.

In addition, the alkalinemagmas of Tallante also exhumed rare com-
posite xenoliths where the ultramafic matrix is locally crosscut by felsic
veins containing plagioclase and orthopyroxene ± quartz ± phlogo-
pite ± amphibole, forming phlogopite/amphibole-bearing anorthosite,
Fig. 1. a) Geographic distribution of Cenozoic magmatism in the Betic region; b) lo
diorite and gabbronorite parageneses (Arai et al., 2003; Beccaluva
et al., 2004; Bianchini et al., 2011; Shimizu et al., 2004, 2005, 2008).
This mineralogical association indicates that the causative melts were
hydrous, silica-oversaturated and rich in alkalis, plausibly related to
recycling - via subduction - of crust components within the mantle.
The previous studies describing these composite xenoliths, however,
did not perform a detailed isotope (Sr-Nd-Pb) study. Indeed, only few
Sr\\Nd isotopic data are available from a recent study by Dallai et al.
(2019) which reported high 87Sr/86Sr as well as extreme δ18O values
(up to 10.56‰) in the felsic vein, indicating a recent recycling of crustal
material within the lithospheric mantle.

Previous studies provided estimates of the conditions of last equili-
bration for both the anhydrous and hydrous xenoliths described
above, invariably indicating a temperature and pressure range of
850 °C–1050 °C and 0.7–0.9 GPa (Bianchini et al., 2011; Rampone
et al., 2010 and references therein). Aminimum estimated temperature
of 850 °C for the vein of the composite xenoliths was reported by
Bianchini et al. (2011) on the basis of amphibole-plagioclase thermom-
etry (Holland and Blundy, 1994).

In this paper, we have taken into consideration the best examples of
composite mantle xenoliths from Tallante area (Fig. 1a), namely sam-
ples TL112 and TL189, which are characterised by centimetric size felsic
veins crosscutting the ultramafic matrix. These samples show striking
analogies with a sample from the same locality described by Arai et al.
(2003). The selected xenoliths were characterised in extreme detail
through optical observation and in-situ analytical methodologies
(EMPA, LA-ICP-MS) determining i) the mineralogical distribution and
cation of the Cabezo Negro de Tallante volcano hosting the studied xenoliths.

Image of Fig. 1
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textures of the minerals in the different portions of the xenoliths (i.e.
veins and surrounding peridotite) and ii) their major and trace element
contents. Sr-Nd-Pb isotope analyses (TIMS) on different minerals were
also determined through crystal hand picking and micro-drilling tech-
niques. The data are used to constrain themechanisms of mantle meta-
somatism by crustal-derived melts in terms of mineralogy, trace
element and isotope distribution. This provides new insights on the
mode in which the crustal lithologies are recycled within the mantle
in collisional geodynamic settings, and on the relationship between
mantlemetasomatism andmagma-genesis in post-orogenic convergent
settings.

2. Geological outlines

The Gibraltar Arc is an arcuate orogenic region surrounding the
Alboran Sea, between the Iberian and the African plates and it includes
the Betic and Rif collisional belts. The Betic orogen resulted from the
Tertiary closure of thewesternmost sector of the Tethys Ocean and sub-
sequent continental collision that involved the Africa and Eurasia (in-
cluding Iberia) plates (Platt et al., 2013; Puga et al., 2011). The
existence of a subducted slab under the area, as recorded by tomo-
graphic images and deep seismicity is still detectable (e.g., Faccenna
et al., 2004; Platt et al., 2013 and references therein).

Subduction-relatedmagmatism of Cenozoic age in the south Iberian
margin has been active since the Eocene, as recorded by the Malaga
dykes showing an Island Arc Tholeiite (IAT) magmatic affinity
(Duggen et al., 2005; Mattei et al., 2014). After this initial magmatic
phase, possibly triggered by active subduction of oceanic lithosphere,
calc-alkaline and potassic volcanism resumed in orogenic and post-
orogenic settings forming the South East Volcanic Province of Spain
(SEVP). Calc-alkaline products erupted at Sierra de Gata (12–8 Ma),
High-K calc-alkaline and shoshonitic rocks at Mazárron, and
ultrapotassic rocks at Murcia (10–6 Ma)(e.g., Conticelli et al., 2009;
Duggen et al., 2005;Mattei et al., 2014; Prelević et al., 2008). After a vol-
canic quiescence of fourmillion years, volcanic activity resumed around
the locality of Tallante in South Eastern Spain (Fig. 1a), erupting
xenolith-bearing Na-alkaline basalts with a clear within-plate character
(e.g., Cebriá et al., 2009).

The Cenozoic magmatism described above is closely related to the
tectonic evolution of the Betic–Rif orogeny (Doblas et al., 2007 and ref-
erences therein). This complex geodynamic evolution involved at least
two phases: i) compression due to the continental collision of the
African and Iberian plates from Upper Cretaceous to Lower Paleocene;
ii) extensional episodes related to lithospheric thinning produced by
isostatic readjustments and the detachment and sinking of a litho-
spheric root (Cebriá et al., 2009). The calc-alkaline to ultrapotassic
magmatism is interpreted as emplaced under extensional conditions.
The alkaline magmatism is instead suggested as deriving from a
transtensional sinistral NE– SW shear zone (of NE– SW direction along
the eastern margin of the Iberian Peninsula (e.g., Doblas et al., 2007
and references therein), possibly related to a change in the mantle
sources from subduction related to typical within-plate related
(e.g., Duggen et al., 2005).

3. Material and methods

3.1. Preliminary description of the investigated samples

The samples under consideration are both from the CabezoNegro de
Tallante (Fig. 1b), a 2 Ma old monogenetic volcano belonging to the
Tallante volcanic field (e.g., Beccaluva et al., 2004; Bianchini et al.,
2011). The xenoliths from Cabezo Negro de Tallante display notable
and variable sizes of up to 20 cm width and variable freshness. The
two composite xenoliths of this study, TL112 and TL189, were carefully
recovered after slicing a sample population of 250 xenoliths. Both com-
posite xenoliths are characterised by three well define zones, which can
be observed also at the hand-specimen scale (Figs. 2a and b): i) a felsic
vein; ii) a reaction zone (visible on both sides of the vein in TL189); iii) a
peridotite portion. In sample TL112 a further millimetric veinlet
departing from the main felsic vein can also be observed (Figs. 2a
and d).

The peridotite portions of the studied composite xenoliths, at the
hand-specimen scale, appear to be analogous to the unveined peridotite
xenoliths observed in the same locality (e.g., Beccaluva et al., 2004). The
crosscutting whitish felsic veins (and veinlet) are not to be confused
with those of mafic composition, with a dark colour, mainly composed
by clinopyroxene-amphibole-phlogopite assemblages, which are also
recorded in other mantle xenoliths from Tallante (Bianchini et al.,
2011, 2015 and references therein). These mafic veins are plausibly
formed by the interaction between the peridotite and Na-alkaline
mafic melts (Beccaluva et al., 2004). On the contrary, the centimetric
felsic veins of samples TL112 and TL189, which are the object of this
study, are likely caused by the interaction of the peridotite with silica-
oversaturated melts unrelated to the host Na-alkaline basaltic magmas
that carried the xenoliths to the surface.

Composite xenoliths from CabezoNegro de Tallantewith felsic vein-
lets were already mentioned by some authors (e.g., Beccaluva et al.,
2004; Bianchini et al., 2011, 2015; Rampone et al., 2010 and references
therein), but no chemical and isotopic data were provided on the vein-
forming minerals. The only finding of a composite xenolith with
centimetric sized veins, comparable with the TL112 and TL189 samples,
was reported by Arai et al. (2003) and successively studied for trace el-
ement distribution by Shimizu et al. (2004, 2008), who suggested an
adakitic nature for the felsic veins. Noteworthy, the xenoliths from
Cabezo Negro de Tallante also include samples totally composed by a
gabbroic lithology (mainly norite) suggesting that veins analogous to
those of samples TL112 and TL189 can reach decimetric size.
3.2. Analytical techniques

Major element of minerals were determined by Electron-
microprobe analyses in two laboratories using different EMPA instru-
ments, namely i) the Dipartimento di Scienze della Terra of the
Università degli Studi di Milano, with a JEOL 8200 Super Probe, and ii)
the EMPA laboratory of the CNR - Istituto di Geoscienze e Georisorse
at Padova, with a Camebax. The analytical conditions used were 15 kV
accelerating voltage, 10 nA beam current focused beam of about 2 μm
(for plagioclase the beam was defocused at 5 μm); counting times
were 10 s for Na, in order to avoid alkali loss during the analytical rou-
tine, 15 s for othermajor elements, and 40 s forminor elements. Bias be-
tween different laboratories was evaluated using international
reference samples and was evaluated to be better than 5%. More than
fifty microprobe WDS analyses were integrated with nearly sixty EDS
analyses, performed by Secondary Electron Microscopy (SEM) at the
Dipartimento di Scienze della Terra of Università degli Studi di Firenze
and at the Dipartimento di Scienze della Terra dell'Ambiente e delle
Risorse of the Università degli Studi di Napoli, Federico II. In Table 1
we report the median value of the distinct mineral phases in different
textural domains of each sample, whereas the complete dataset is re-
ported as Electronic Supplementary Materials-1.

Trace elements contents of the minerals were determined through
Laser Ablation (LA) ICP-MS at the at the laboratory of the CNR - Istituto
di Geoscienze e Georisorse U.O.S. Pavia using a laser ablation system
working at 266 nm (see Tiepolo et al., 2003 for details) connected to a
quadrupole ICP-MS system DRCe from Perkin Elmer. NIST-SRM612
was used as an external standard, whereas 43Ca or 29Si were adopted
as internal standards, depending on the analysed mineral. Repeated
measures of standards (BCR-2) give an error b10%. The high sensitivity
of the instrument and the limited contribution of the matrix ensured
low detection limit of a few ppb for heavy elements and between 10
and 100 ppb for light elements (Tiepolo et al., 2003). Representative



Fig. 2. a) Composite xenolith TL112, including peridotite portion (bottom right), reaction zone and centimetric vein (top left); the millimetric felsic veinlet is also visible: b) Composite
xenolith TL189 where the centimetric felsic vein is sandwiched on both sides by an inner reaction zone and an outer peridotite portion; c) OM (crossed polarised light) image showing
the transition between peridotite (top right) and reaction zone (bottom left) in TL112; d) SEM image (back-scattered electron) of the millimetric felsic veinlet in TL112; e) SEM image
(back-scattered electron) of the centimetric vein of TL189.
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trace element analyses are reported in Table 2, whereas the complete
set of data is reported as Electronic Supplementary Materials-2.

Sr, Nd and Pb ratios (Table 3) were determined at the Dipartimento
di Scienze della Terra of the Università degli Studi di Firenze.Most of the
measured samples were obtained by mineral separations of distinct
phases by hand picking, in order to avoid the effect of different mineral
abundances in different portions of the samples. One measurement on
the micrometric veinlet of sample TL112 was performed by drilling
the sample in situ (Di Salvo et al., 2018) with a MicroMill™ device
(Merchantek-New Wave Research). Measurements were done on
micro-quantities of powder using a specific loading and measure
Table 1
Median major element composition of the mineral phases in the studied composite xenolith s

TL 112

Lithology Peridotite Reaction
zone

Felsic vein Felsic veinle

Mineral Ol Opx Cpx Pl Opx Pl Opx Pl Opx Cpx

n 2 3 1 1 2 3 3 8 3 1

SiO2 (wt%) 41.0 56.1 51.5 51.7 55.4 56.4 57.8 62.8 55.8 54.4
TiO2 bdl 0.3 0.5 0.0 0.5 0.1 0.1 bdl 0.2 0.0
Al2O3 0.0 3.6 5.1 30.2 4.6 27.2 0.6 23.4 2.5 0.6
Cr2O3 bdl 0.6 1.0 bdl 0.5 0.0 0.1 bdl 0.3 bdl
FeO 10.1 6.5 2.3 0.2 7.3 bdl 9.6 0.1 6.7 3.1
MnO 0.1 0.2 0.0 bdl 0.1 bdl 0.2 bdl 0.2 0.2
NiO 0.4 0.1 bdl bdl 0.1 0.0 0.1 bdl 0.1 0.1
MgO 48.4 32.5 15.7 0.2 32.5 0.1 32.0 0.0 32.0 17.2
CaO bdl 0.9 21.8 13.1 0.5 10.7 0.9 5.1 0.9 23.3
Na2O 0.0 bdl 0.6 3.5 bdl 5.6 0.0 7.7 0.0 0.2
K2O bdl nd bdl 0.1 bdl 0.1 bdl 1.1 0.0 bdl
Total 100.1 101.0 98.6 99.0 101.4 99.6 101.5 100.7 99.5 99.3

The table reports themedian values of theWDS (EMPA)measurementsmade, for eachmineral
clinopyroxene: Pl: plagioclase: Sp: spinel; n: number of analyses; bdl = below detection limit.
procedure (Di Salvo et al., 2018). Mineral separates were digested and
then the solutions purified through standard liquid chromatographic
techniques. Sr, Nd, and Pb isotopic ratios were measured by thermal
ionization mass spectrometry (TIMS) using a Thermo-Finnigan Triton
TI© as described in Avanzinelli et al. (2005). Mass fractionation of Sr
and Nd isotopes has been exponentially corrected with 86Sr/88Sr =
0.1194 and 146Nd/144Nd = 0.7219, respectively. The within-run
87Sr/86Srtriple average value for NBS 987 reference sample was
0.710247 ± 9 (2σ, n = 6), and the 143Nd/144Ndtriple average value for
the internal standard NdFi was 0.511471 ± 9 (2σ, n = 6). Mass bias
for Pb isotope measurements was monitored with repeated
amples.

TL 189

t Peridotite Reaction zone Felsic vein

Pl Opx Cpx Pl Sp Opx Pl Sp Ol Opx Pl

2 3 4 2 2 5 2 1 3 3 6

58.2 53.2 49.3 42.5 0.0 53.5 53.6 0.3 39.2 52.9 53.6
0.0 0.3 1.2 bdl 0.2 0.3 bdl 0.1 0.0 0.3 0.0
26.6 4.3 5.3 35.0 58.2 5.8 27.7 63.3 0.0 5.3 29.3
0.0 0.3 0.5 0.1 10.4 0.2 bdl 1.6 0.0 0.1 0.0
0.1 7.9 2.9 0.3 12.3 10.3 0.5 15.0 19.3 11.8 0.1
0.0 0.1 0.1 0.0 0.1 0.2 bdl 0.1 0.3 0.2 0.0
bdl 0.1 0.1 0.0 0.4 0.1 bdl 0.4 0.2 0.1 0.0
0.1 30.0 15.0 0.4 19.2 29.3 0.5 18.0 41.1 28.2 0.1
8.4 0.6 22.0 18.0 0.0 0.4 9.9 bdl 0.1 0.5 12.0
6.2 0.1 0.3 0.6 bdl 0.1 4.9 0.0 0.0 0.0 4.7
0.4 0.0 0.0 0.2 bdl 0.0 0.1 bdl 0.0 bdl 0.1
100.0 96.9 96.7 97.3 100.9 100.8 97.3 98.8 100.6 99.4 99.4

phase, in the differenrt zones of the studied samples. Ol: olivine; Opx: orthopyroxene; Cpx:
The full dataset is reported as Electronic Supplementary Materials (ESR-1).

Image of Fig. 2


Table 2
Median trace element composition of the mineral phases in the studied composite xenolith samples.

TL 112 TL 189

Lithology Peridotite Reaction
zone

Felsic vein Felsic veinlet Peridotite Reaction
zone

Felsic vein

Mineral Ol Opx Cpx Pl Opx Pl Opx Pl Opx Cpx Pl Opx Cpx Pl Opx Pl Opx Pl Cpx

n 7 4 6 6 7 2 9 12 3 2 2 8 6 2 47 10 9 15 1

Li (ppm) 5.65 5.39 10.6 17.8 9.09 8.20 8.94 14.7 3.62 3.16 2.41 5.61 5.13 bdl 4.95 2.05 3.94 2.12 3.45
Be 1.12 bdl 3.10 9.96 0.55 bdl bdl 0.86 1.39 bdl 5.71 0.65 0.54 bdl 0.47 1.04 0.37 0.71 bdl
B 2.32 1.56 2.27 3.56 1.29 1.05 1.03 3.15 2.20 1.72 3.93 1.60 2.83 bdl 2.05 2.06 1.20 1.11 1.17
Sc 3.24 20.8 49.3 1.82 21.9 1.56 18.66 2.70 15.2 13.2 1.74 19.8 48.1 0.62 23.8 1.9 25.5 1.08 142
Ti 25.7 1270 2893 98.0 1049 207 707 162 361 172 70.6 1691 6134 62.0 1539 166 1038 52.7 1087
V 1.84 131 239 1.93 116 1.69 109 1.88 42.5 30.0 6.23 101 196 1.59 121 3.84 224 1.02 1079
Cr 35.1 4368 6745 88.0 3368 28.0 693 4.77 378 28.3 bdl 1887 3102 3.63 1602 12.2 374 3.52 2549
Co 143 53.8 25.1 0.31 63.6 0.56 83.2 0.31 72.6 33.6 1.19 59.6 21.5 0.44 71.9 1.89 70.2 0.36 25.1
Ni 2807 548 325 9.97 588 20.0 1109 49.4 1005 1471 217 695 331 66.3 607 115 566 22.8 342
Zn 57.9 44.0 16.5 3.26 50 2.21 74.1 2.03 61.6 17.3 2.83 57.0 12.7 1.02 83.8 3.75 70.8 1.10 25.9
Rb 0.04 bdl 0.06 1.44 0.04 2.38 0.06 6.69 0.19 0.55 17.3 0.05 0.05 0.12 0.04 1.06 0.51 0.69 0.06
Sr 0.15 0.23 20.2 183 0.05 56.4 0.10 72.5 0.58 7.70 188 0.10 2.38 41.2 0.03 203 1.98 209 7.02
Y 0.08 8.31 84.7 0.27 16.2 0.92 18.1 1.03 6.07 54.9 0.60 10.8 137 0.57 12.1 0.98 8.80 0.37 49.9
Zr 0.06 7.02 49.4 0.47 7.26 0.57 1.77 0.73 0.74 10.8 0.43 15.2 164 bdl 13.6 0.67 11.6 0.19 41.1
Nb 0.03 0.03 0.81 0.1 0.04 0.26 0.03 0.6 0.08 0.29 0.15 0.06 1.45 bdl 0.02 0.11 0.02 0.03 0.03
Cs bdl bdl 0.03 0.04 0.01 0.08 0.00 0.11 0.03 0.03 0.39 0.01 0.01 0.03 bdl 0.02 0.01 0.02 bdl
Ba 0.09 0.08 bdl 23.7 0.04 27.7 0.12 75.8 0.58 0.77 30.0 0.06 0.04 39.8 0.04 59.6 0.94 64.5 bdl
La 0.01 0.01 1.65 1.56 0.01 0.94 0.01 2.39 0.21 10.2 16.5 0.02 1.62 0.76 0.01 3.46 0.03 4.75 1.57
Ce 0.09 0.04 8.77 3.27 0.03 2.64 0.05 5.09 0.13 29.5 24.1 0.04 10.1 2.34 0.02 5.70 0.07 7.19 7.45
Pr 0.01 0.03 1.87 0.24 0.03 0.35 0.01 0.45 0.05 3.85 1.46 0.02 3.32 0.24 0.01 0.45 0.02 0.59 1.49
Nd 0.04 0.09 13.3 0.54 0.07 1.20 0.06 1.73 0.26 18.0 4.09 0.14 37.6 1.49 0.09 1.52 0.08 1.90 10.1
Sm 0.05 0.31 11.5 0.14 0.35 0.81 0.22 0.67 0.12 7.31 0.5 0.40 34.2 0.45 0.27 0.43 0.14 0.49 7.48
Eu bdl 0.03 0.67 1.04 0.01 1.05 0.01 1.30 0.03 0.38 1.23 0.02 1.46 1.6 0.02 1.93 0.04 1.78 1.79
Gd 0.10 0.63 22.9 0.20 1.62 0.70 1.13 0.75 0.29 12.9 0.33 0.83 44.1 0.27 0.98 0.41 0.52 0.27 9.21
Tb 0.02 0.17 3.84 0.01 0.46 0.09 0.34 0.09 0.11 2.36 0.05 0.22 6.70 0.02 0.26 0.05 0.15 0.02 1.53
Dy 0.04 1.24 21.1 0.03 2.83 0.37 2.83 0.39 0.92 12.8 0.20 1.55 34.4 0.08 2.02 0.22 1.31 0.10 9.16
Ho bdl 0.32 3.45 0.03 0.70 0.03 0.69 0.04 0.26 2.31 0.02 0.41 5.66 bdl 0.45 0.03 0.38 0.01 2.05
Er 0.03 1.01 7.52 bdl 1.80 bdl 2.04 0.06 0.56 4.77 0.04 1.23 12.0 0.05 1.37 0.07 1.09 0.03 5.48
Tm 0.01 0.15 0.80 0.01 0.26 0.01 0.29 0.01 0.13 0.53 bdl 0.21 1.33 bdl 0.23 0.01 0.21 bdl 0.80
Yb 0.09 0.98 4.66 0.13 2.03 0.08 2.28 0.06 1.16 3.16 bdl 1.42 6.79 bdl 1.65 0.05 1.41 0.03 6.67
Lu 0.02 0.17 0.53 0.05 0.26 bdl 0.35 0.01 0.18 0.32 0.01 0.23 0.78 bdl 0.26 0.01 0.24 0.01 0.90
Hf bdl 0.23 1.27 bdl 0.21 bdl 0.11 0.06 0.05 0.45 bdl 0.42 3.56 bdl 0.34 0.07 0.28 0.02 1.31
Ta 0.01 0.00 0.05 0.02 0.01 0.01 0.00 0.08 0.01 0.05 0.01 bdl 0.19 bdl bdl 0.01 0.01 0.01 bdl
Pb 0.05 0.03 0.06 1.47 0.03 0.62 0.03 4.18 0.10 0.67 11.3 0.04 0.05 0.94 0.02 4.62 0.09 3.27 0.20
Th 0.01 0.02 0.72 0.04 0.02 0.05 0.01 0.32 0.07 1.00 0.40 0.02 1.58 bdl 0.02 0.05 0.05 0.02 2.01
U bdl 0.01 0.30 0.02 0.01 bdl 0.02 0.20 0.03 0.22 0.06 0.02 0.60 0.02 0.02 0.03 0.04 0.01 0.69

The table reports the median values of the LA-ICPMS measurements made, for each mineral phase, in the differenrt zones of the studied samples. Ol: olivine; Opx: orthopyroxene; Cpx:
clinopyroxene: Pl: plagioclase: Sp: spinel; n: number of analyses; bdl = below detection limit. The full dataset is reported as Electronic Supplementary Materials (ESR-2) along with rep-
licate analyses of certified standard materials.
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measurements of the SRM 981 reference standard and we obtained a
mass discrimination factor (ε) of 0.15% per a.m.u. Accuracy and repro-
ducibility were monitored through replicate measurements of interna-
tional standard AGV-1, with values of 208Pb/204Pb = 38.566 ± 56,
207Pb/204Pb = 15.654 ± 15 and 206Pb/204Pb = 18.941 ± 13; (2σ, n =
14). All data are provided as Electronic Supplementary Materials–3.
All data are provided as Electronic Supplementary Materials–3..

4. Results

4.1. Petrography and mineral chemistry

The peridotite portions of the studied composite xenoliths TL112
and TL189 display protogranular textures with an average crystal size
around onemillimetre, resembling the textures of the unveined perido-
tite xenoliths found in the same locality and extensively described in the
literature (e.g., Beccaluva et al., 2004; Bianchini et al., 2011; Marchesi
et al., 2017; Rampone et al., 2010, and references therein). In the studied
samples the felsic veins are invariablymantled by orthopyroxene, as al-
ready described by some authors (Arai et al., 2003; Beccaluva et al.,
2004; Rampone et al., 2010; Shimizu et al., 2004, 2008).

Under themicroscope four different domainswere recognised in the
studied samples: 1) the peridotite portion, 2) the orthopyroxene-rich
transition, hereafter “reaction zone”, 3) the main felsic vein, and 4) the
millimetric veinlet departing from the main felsic vein and found only
in sample TL112 (Fig. 2a and d).

4.1.1. Petrography andmineral chemistry of peridotite domain of composite
xenoliths

The peridotite portion of the sample TL112 has a harzburgitic com-
position (Fig. 3), containing prevalent olivine (~75 vol%), subordinate
orthopyroxene (~ 20 vol%), and minor clinopyroxene (b 5 vol%); spinel
is absent and Ca-rich plagioclase was found only as an interstitial phase.
The peridotite portion of the sample TL189 has a lherzolitic composition
(Fig. 3), containing prevalent olivine (~ 70 vol%), subordinate
orthopyroxene (~ 18 vol%) and clinopyroxene (~ 9 vol%) with accessory
amount of spinel (~ 3 vol%). The peridotitic portions of both samples fall
close to the boundary between lithospheric spinel lherzolite and
harzburgite together with the other ultramafic xenoliths exhumed at
Tallante (Fig. 3; e.g., Beccaluva et al., 2004; Bianchini et al., 2011;
Dallai et al., 2019).

Olivine is highly forsteritic ranging from Fo89.8 to Fo88.2 in the TL112
harzburgite and Fo86.0 in the TL189 lherzolite (Fig. 4a). These Fo values
are slightly lower than those recorded in the unveined anhydrous peri-
dotite xenoliths from the Tallante site (i.e., Fo91.6-Fo88.9; Beccaluva et al.,
2004).

Orthopyroxenewithin theperidotite portion of both composite xeno-
liths is characterised byMg-rich compositionswith En87.4–88.3 Fs10.0–10.7



Table 3
Sr, Nd and Pb isotope composition of the studied composite xenolith samples.

TL 112

Label Lithology Material 87Sr/86Sr 2 s.e. 143Nd/144Nd 2 s.e. 206Pb/204Pb 2 s.e. 207Pb/204Pb 2 s.e. 207Pb/204Pb 2 s.e. Δ7/4 Δ8/4

Tl 112–4 Peridotite Cpx separate 0.706051 0.000007 0.512597 0.000005 – – – – – – – –
TL112 –2 Reaction Zone Opx separate 0.707703 0.000010 – – – – – – – – – –
TL112–5 Centrimetric

Vein
Plg separate 0.712429 0.000004 0.512527 0.000005 18.844 0.013 15.668 0.015 39.981 0.058 13.4 157.2

TL112–5
repl

0.712439 0.000006 – – – – – – – – – –

TL 112–6 Millimetric
veinlet

Bulk 0.707519 0.000006 0.512567 0.000005 – – – – – – – –

TL112–5
repl

0.707509 0.000010 – – – – – – – – – –

MD3–TL
112

Millimetric
veinlet

Microdrilled
Bulk

0.708124 0.000012 – – – – – – – – – –

Previously published data (Dallai et al., 2019) – – – – – – – –
TL112 Peridotite Cpx separate 0.70588 0.00001 0.51260 0.00001 – – – – – – – –
TL112 Centimetric Vein Plg separate 0.71266 0.00001 0.51260 0.00002 – – – – – – – –

TL 189

Label Lithology Material 87Sr/86Sr 2 s.e. 143Nd/144Nd 2 s.e. 206Pb/204Pb 2 s.e. 207Pb/204Pb 2 s.e. 207Pb/204Pb 2 s.e. Δ7/4 Δ8/4

Tl 189–12 Peridotite Cpx separate 0.707843 0.000006 0.512271 0.000004 – – – – – – – –
Tl 189–11 Peridotite Opx separate 0.707705 0.000009 – – – – – – – – – –
TL189–10 Reaction Zone Plg separate 0.708219 0.000006 – – 18.820 0.013 15.681 0.015 39.016 0.057 15.0 63.6
TL189–8 Reaction Zone Opx separate 0.707695 0.000010 – – – – – – – – – –
TL189–8 repl 0.707698 0.000014 – – – – – – – – – –
TL189–7 Centrimetric vein Opx separate 0.707597 0.000006 – – – – – – – – – –
TL189–9 Centrimetric vein Plg separate 0.707631 0.000005 0.512457 0.000004 18.890 0.013 15.715 0.015 39.158 0.057 17.6 69.3
TL189–9 repl 0.707632 0.000006 – – – – – – – – – –
TL 189–15 Centrimetric vein Bulk 0.707822 0.000007 0.512502 0.000011 – – – – – – – –

Sr and Nd isotopes were measured at the Radiogenic Isotopes Laboratory of the University of Firenze (Avanzinelli et al., 2005) with a Thermo Finnigan Triton Thermal Ionisation Mass
Spectrometer (TIMS) in multi-dynamic mode. Internal errors on sample data (± 2 s.e) are fully propagated for all the corrections applied. Pb isotope ratios were measured with the
same instrument of Sr and Nd. Mass bias was corrected by replicate analyses of NIST SRM 981 as described in Avanzinelli et al., 2005. The internal errors (± 2 s.e) on the samples'
ratio are calculated from the reproducibility of AGV 1 standards (see Electronic Supplementary Material -3). Delta values represent the difference the 207Pb/204Pb and 208Pb/204Pb
and the Northern Hemisphere Reference Line (NHRL: Hart, 1984).
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Wo1.0–2.6 in the TL112 harzburgite and En84.8–86.1 Fs12.4–13.7 Wo1.0–1.8 in
the TL189 lherzolite (Fig. 4b).

Clinopyroxenehas a diopsidic compositionwith the fewcrystals from
the TL112 harzburgite having a higher enstatite component (En47.9–49.9
Fs4.1–4.9 Wo45.6–48.0 in TL112) than those from the TL189 lherzolite
Fig. 3.Modal composition of the peridotite portions and the reaction zones of the studied
composite xenoliths. Also reported are the compositions of both anhydrous and hydrous
(opx-rich) mantle xenoliths from Tallante (data from Beccaluva et al., 2004). Fields
represent the composition of xenoliths from other Spanish volcanic occurrences (data
from Bianchini et al., 2007, 2010).
(En44.7–46.5 Fs4.7–5.9 Wo48.2–49.9). These values are comparable with
those recorded in the unveined anhydrous peridotite xenoliths from
Tallante (Beccaluva et al., 2004).

Plagioclase, found only interstitially in the peridotite of the TL112
composite xenolith, has a labradorite composition (Fig. 4c) with an an-
orthite content (An66.9) higher than that found in the unveined anhy-
drous peridotite xenoliths from Tallante (An58.4–61.5).

Spinel was found only in the peridotite portion of the TL189
lherzolite, with a Cr# between 0.08 and 0.11, a value significantly
lower than that found in the unveined anhydrous peridotite xenoliths
from Tallante (Cr# 0.17–0.24; Beccaluva et al., 2004).

4.1.2. Petrography and mineral chemistry of felsic veins and surrounding
reaction zones

4.1.2.1. Sample TL112. This composite xenolith is characterised by the oc-
currence of two felsic veins of different width. The larger felsic vein,
centimetric in width, shows a granoblastic texture with a mineral para-
genesis dominated by plagioclase (~60 vol%) and orthopyroxene (~35
vol%) with minor amounts of quartz and clinopyroxene (~5 vol%).
Graphite was also recorded as an accessory phase by Bianchini and
Natali (2017).

The smaller felsic veinlet, millimetric in width, is clearly related to
the larger one, but shows a more complex mineralogy (Fig. 2d). It is
dominated by large quartz crystals, elongated along the direction of
the veinlet, which makes up about 40 vol% of the visible veinlet. The
quarts crystals are surrounded by orthopyroxene (~10 vol%),
clinopyroxene (~7 vol%) and olivine (~3 vol%), as well as phlogopite
(~3 vol%), the latter found as euhedral hexagonal dark lamellae. The re-
maining portion of the veinlet is made up by symplectite patches

Image of Fig. 3


Fig. 4.Mineral chemistry of the studied composite xenoliths: a) forsterite content of olivine; b) triangular classification diagramof plagioclase; c) clinopyroxene classification on the base of
quadrilateral components (Morimoto, 1989).
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composed of a micrometre/submicrometre-scale intergrowth of
orthopyroxene and plagioclase. These types of symplectite have never
been observed in mantle xenolith suites from other locations, and
more generally are not a common petrological feature. Indeed,
orthopyroxene-plagioclase symplectite were observed only in anatectic
frameworks, as results of dehydration melting of garnet bearing crustal
lithologies (e.g., Neogi et al., 1998).

The orthopyroxene of the main felsic vein in TL112 is characterised
by a composition slightly, but distinctly, enriched in Fe (En83.0–84.5

Fs14.6–15.1 Wo1.1–1.9) with respect to the orthopyroxene of the peridotite
portion (Fig. 4b). The orthopyroxene within millimetric felsic veinlet is
enriched in the enstatite component (En84.0–89.3 Fs10.1–13.0 Wo0.6–1.8),
suggesting partial equilibration with the host peridotite matrix. The
most Mg-rich compositions are found in the orthopyroxene from the
symplectite (Electronic Supplementary Materials-1).
The plagioclase of the main felsic vein is characterised by homoge-
neous andesine composition (An22.9–32.3), whereas in the millimetric
felsic veinlet there is a clear distinction between large equilibrated crys-
tals (andesine, An40.2–43.2) and microcrystals from the symplectite ag-
gregates that are strongly enriched in Ca with a composition
straddling the bytownite-anorthite fields (An81.8–95.3)(Fig. 4b).

The clinopyroxene found within the millimetric veinlet has a com-
position comparable to that of the crystals found in the peridotitic por-
tion of the same sample (En45.7–48.1 Fs3.8–5.3 Wo46.8–48.1), but with
significantly lower Al2O3 (Fig. 4c).

An important characteristic of themillimetric veinlet is the presence
of accessory minerals such as apatite, thorite/huttonite, rutile, and
graphite, which suggests a late-stage crystallisation of this felsic do-
main, approaching the “closure” of the metasomatic melt percolation.
Noteworthy, thorite/huttonite are generally observed as accessory

Image of Fig. 4
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phases in pegmatites associated with granitoids, and/or in high-grade
metamorphic rocks and migmatites (e.g., Pérez-Soba et al., 2014).

The reaction zone between peridotite and the main felsic vein is
made up by fewmillimetres of orthopyroxenewith equigranular, polyg-
onal texture and triple junctions between the euhedral crystals. The re-
action zone shows a transition from the peridotite towards the vein
(Fig. 2c), where the equigranular orthopyroxene is gradually permeated
by plagioclase. As the amount of infilling plagioclase increases, the
orthopyroxene crystal size decreases and the crystals shapes become
less defined with curved contacts.

4.1.2.2. Sample TL189. This composite xenolith is characterised by the oc-
currence of a single centimetric felsic vein, showing a granoblastic tex-
ture (Fig. 2e) with dominant plagioclase (~70 vol%), subordinate
orthopyroxene (~20 vol%) and olivine (b 10 vol%), and accessory
clinopyroxene.

The plagioclase composition varies from labradorite to bytownite
(An50.9–73.9) with sodium enrichment from the rim of the vein towards
its core (Fig. 4c). Olivine (Fo77.8–79.9) crystals are engulfed by plagioclase
forming poikilitic texture, and are characterised by a consistently higher
fayalite component with respect to the olivine from the peridotitic por-
tion. The amount of orthopyroxene crystals (En78.4–80.6 Fs18.6–20.3Wo0.5–
1.3) decreases in parallel with a slight compositional change from the
rim of the vein (Mg# = 83–84) towards its core (Mg# = 80–82),
whereas the rare clinopyroxene has an En45.4 Fs9.9 Wo44.7 composition.

The paragenesis of the felsic vein of the TL189 composite xenolith is
characterised by the occurrence of accessory amphibole and spinel, the
latter with a peculiar Fe\\Ti enrichment (FeO up to 34.5 wt%, TiO2 up to
7.8wt%) and Al depletion (Al2O3 down to 11.5wt%)with respect to that
recorded in the surrounding peridotitic portion. The felsic vein is
armoured by an orthopyroxenite reactions zone, which is also clearly
visible in the hand specimen (Fig. 2b).

On the whole, it seems that the metasomatic melts rose up along
dykes that cut the overlying mantle. Metasomatic melts were
characterised by silica-oversaturation, which promoted the reaction of
olivine to orthopyroxene. The process also induced destabilisation of di-
opside and spinel that were gradually replaced by plagioclase. Subse-
quently, in the inner part of the vein, the metasomatic process
continued inducing plagioclase-orthopyroxene co-crystallisation. Fi-
nally, amphibole crystallised as an accessory phase.

In summary, these veins plausibly contain both newly formed
phases crystallised from the metasomatic melt and relics of pre-
existing minerals forming the peridotite country rock that were par-
tially re-equilibrated with the metasomatic agents.

4.2. Trace elements

More than one hundred LA-ICP-MS trace element analyseswere car-
ried out on the different textural domains of the composite xenoliths
TL112 and TL189, i.e. in the peridotites, in the main felsic veins (deca-
metricwidth) and in the reaction zones, aswell as in the latemillimetric
felsic ones of sample TL 112. The median values of distinct minerals in
the different textural domains are reported for each sample in Table 2
whereas the complete dataset is reported in Supplementary
Materials-2.

4.2.1. Trace element composition of minerals in the peridotite
In this section themain features, in terms of trace element contents,

of the mineral phases analysed in the peridotite portion of the studied
composite xenoliths are described in comparison with those of the
more common unveined (anhydrous) mantle xenoliths from Tallante
(e.g., Beccaluva et al., 2004; Rampone et al., 2010),whichwere plausibly
not affected by the vein-related metasomatic processes.

4.2.1.1. Clinopyroxene. Clinopyroxene in peridotite rocks is usually the
main carrier of incompatible trace elements and is commonly analysed
to extrapolate the petrogenetic evolution of mantle domains. Among
trace elements, emphasis is generally given to Rare Earth Elements
(REE) that have a well-constrained geochemical behaviour. REE distri-
bution in clinopyroxene in peridotite depends on temperature, pres-
sure, and mineral composition (e.g., Witt-Eickschen and O'Neill,
2005). Generally, REE patterns of clinopyroxene from “primitive”
spinel-peridotite mantle domains are characterised by a concentration
of ~10–15 times larger than (x) chondrite for all REE (e.g., Bianchini
et al., 2014; Bonadiman et al., 2005; Downes, 2001; Pearson et al.,
2003; Scott et al., 2016). Depletion in the Light (L) REE, which are
more incompatible with respect to Heavy (H) REE (i.e. LaN/YbN b 1), is
generally ascribed to partial melting andmelt extraction, whilst enrich-
ment in LREE with respect to HREE (i.e. LaN/YbN N 1) is often related to
metasomatic processes (e.g., Bianchini et al., 2007; Downes, 2001). The
REE composition of clinopyroxene from the peridotite portion of the
composite xenoliths from Tallante is not readily explicable in the con-
text of single-stage metasomatism or melt extraction. As shown in
Fig. 5a and b, peculiar M-shaped REE patterns are recorded in the
clinopyroxene of the peridotite portion of TL112 and TL189. They have
very high H-REE (up to 35 x chondrite) and ultra-high Middle (M)-
REE (up to 200 x chondrite). They show strong LREE/MREE and MREE/
HREE fractionation with extreme values of LaN/SmN (0.07–0.26 and
0.029–0.032 in TL112 and TL189, respectively) and GdN/YbN (2.8–5.7
and 4.7–5.6, respectively), and a remarkable negative anomaly in Eu
(Eu/Eu* = 0.09–0.31 and 0.10–0.14, respectively). These REE patterns
are significantly different to those reported for clinopyroxene hosted
in the unveined anhydrous peridotite xenoliths of Tallante
(e.g., Beccaluva et al., 2004; Rampone et al., 2010), which show rela-
tively flat patterns generally at b10 x chondrite values (Fig. 5a and b).
Similar M-shaped patterns, although less extreme, were noted among
the suite of Tallante xenoliths in some orthopyroxene-rich, amphibole
bearing xenoliths (Beccaluva et al., 2004) and in another composite xe-
nolith studied by Shimizu et al. (2004, 2005); as far as we know, similar
patterns have never been recorded in clinopyroxene from other perido-
tite mantle rocks worldwide.

Sr is strongly depleted, similarly to Eu, especially when compared
with clinopyroxene of the unveined anhydrous peridotite mantle xeno-
liths of the same area (i.e., Cabezo Negro de Tallante; Figs. 5a and b),
suggesting an important role for coexisting plagioclase. Y (53–99 ppm
and 118–142 ppm in clinopyroxene from TL112 and TL189, respec-
tively) is also very high with respect to what observed in anhydrous xe-
noliths (b 32 ppm, Beccaluva et al., 2004; Rampone et al., 2010).

Compatible trace elements such as Sc (46–59 ppm and 47–50 ppm
in TL112 and TL189, respectively) and V (216–253 ppm and
192–198 ppm in TL112 and TL189, respectively) are similar in both
samples, and they fall well within the range of clinopyroxene of the
Tallante unveined anhydrous peridotite xenoliths (Rampone et al.,
2010). Chromium is significantly higher in the clinopyroxene of the
TL112 sample (6499–7290 ppm) than in that of the TL189 sample
(2787–3138 ppm), which is consistent with the occurrence, in the lat-
ter, of Cr-rich spinel.

4.2.1.2. Orthopyroxene. Orthopyroxene in peridotite mantle domains
usually has sub-chondritic REE concentration (e.g., Bonadiman et al.,
2011; Ionov et al., 2013; Scott et al., 2016).

As delineated for clinopyroxene, the REE contents of orthopyroxene
in peridotite rocks can be used to highlight partial melting and melt ex-
traction that generally induce LREE depletion, ormetasomatic processes
that induce LREE enrichment (Bianchini et al., 2014; Scott et al., 2016).

The distribution of REE in orthopyroxene from the peridotite portion
of the studied composite xenoliths (Fig. 5c and d), although being de-
pleted in LREE (LaN/SmN = 0.06–0.08 and 0.02–0.4 in TL112 and TL
189, respectively), show several other features that distinguish it from
that of “typical” mantle xenoliths. In particular, the HREE are almost
flat with GdN/YbN in the range 0.4–0.7 and 0.4–0.8 for TL112 and
TL189, respectively. These ratios are significantly higher than those



Fig. 5. Chondrite-normalised Rare Earth Element (REE) patters, plus Sr and Y, of orthopyroxene (OPX) and clinopyroxene (CPX) in the peridotite portion of the studied composite
xenoliths, compared with that of anhydrous xenoliths from Tallante (black lines, median of the data from Beccaluva et al., 2004). Solid green lines with symbols represent the median
values of pyroxenes data for TL112 (a and c) and TL189 (b and d); the shaded green areas cover the whole data variability. Normalising values after Sun (1989). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reported for the anhydrous mantle xenolith of Tallante where GdN/
YbN b 0.15 (Fig. 5c and d), and also different to theoretical melting
models that predict lower starting compositions and marked fraction-
ation of the patterns during melt extraction (Scott et al., 2016). The ob-
served features in orthopyroxene are thus impossible to explain with
common processes like melt extraction, similar to what is observed in
the coexisting clinopyroxene.

The occurrence of the Eu negative anomaly in orthopyroxene (Eu*/
Eu b0.2 in both TL112 and TL189), as well as its low Sr content
(b0.5 ppm) is consistent with what is observed in clinopyroxene, sug-
gesting again the main role of plagioclase in sequestering these ele-
ments. As observed for clinopyroxene, the Y contents of
orthopyroxene (6.9–9.4 ppm and 10.4–14.5 ppm in TL112 and TL189,
respectively) is consistently higher than that reported for the samemin-
eral in unveined anhydrous xenoliths (b 1.6 ppm, Beccaluva et al.,
2004).

4.2.1.3. Olivine. Olivine trace element contents were measured only on
sample TL112 (Table 2, Supplementary Materials-2). Since no trace ele-
ment data on olivine crystals is reported for theunveined anhydrous xe-
noliths from Tallante, we used the detailed study of Rampone et al.
(2016) on olivine from oceanic peridotites for comparison. The olivine
from the peridotite portion of the studied Tallante composite xenoliths
hasNi (2726–3085 ppm in TL112) and Co (141–147ppm in TL112) con-
tents comparable to those of the oceanic peridotite reported by
Rampone et al. (2016). On the contrary, the studied Tallante olivines
are extremely enriched in Li (3.7–6.6), up to 6 times more elevated
than those of oceanic peridotites (Rampone et al., 2016), representing
the highest concentration ever recorded in mantle olivine (Rampone
et al., 2016 and references therein). This argues for a felsic nature of
the metasomatic agents that are enriched in Li with respect to mafic
melts (Neukampf et al., 2019). Indeed, comparably high Li was also
found in magmatic olivine from K-rich mafic rocks erupted at destruc-
tive plate margins, where the mantle experienced crustal metasoma-
tism (e.g., Ammannati et al., 2016; Foley et al., 2011). REE distribution
of olivine crystals of the peridotite portion of TL112 is also characterised
by higher REE (especially LREE) concentration with respect to that of
peridotite mantle rocks impregnated by MORB-type melts (Rampone
et al., 2016).

4.2.1.4. Plagioclase. REE distribution of plagioclase crystals in the perido-
tite portion of composite xenolith TL112 (no plagioclase was found in
the peridotite portion of TL189) is consistently characterised by Sr and
Eu positive anomaly (Eu/Eu* up to 34) as well as high LaN/SmN (up to
11.2). This LREE enrichment is not observed in peridotite mantle rocks
impregnated by MORB-type melts (Rampone et al., 2016). Overall the
patterns of plagioclase are antithetic to those of pyroxenes (Fig. 6) indi-
cating that the metasomatic process responsible for the vein formation
affected also the peridotite portion surrounding them.

4.2.2. Trace element composition ofminerals in felsic veins and surrounding
reaction zones

4.2.2.1. Clinopyroxene. Clinopyroxene was found and analysed only in
the millimetric veinlet of TL112, and it shows H– to MREE distribution
(GdN/YbN = 3.1–3.6, Eu/Eu* = 0.11–0.13) similar to those of the
clinopyroxene found in the peridotite portion, at slightly lower concen-
tration (Fig. 6). On the other hand, clinopyroxene from the millimetric
veinlet does not show the LREE depletion (LaN/SmN = 0.8–1.2) ob-
served in the peridotite portion. Other trace elements, such as Y
(47–54 ppm), Sc (10–12 ppm), V (18–39 ppm), and Cr (36–127 ppm)

Image of Fig. 5


Fig. 6. Chondrite-normalised Rare Earth Element Patters, plus Sr and Y, of plagioclase (pl), orthopyroxene (opx) and clinopyroxene (cpx) in the different zones of the studied composite
xenoliths. Each line represents the median values as reported in Table 2. Normalising values after Sun (1989).
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are significantly lower than those measured in the peridotite portion of
the same sample.

4.2.2.2. Orthopyroxene. Orthopyroxene in the reaction zone and in the
centimetric felsic veins has REE and trace element patterns similar to
that found in the peridotite portion of the same composite xenoliths,
showing depleted LREE and flat M- to HREE patterns. In the veinlet of
TL112, orthopyroxene has higher LREE contents, similar to what is ob-
served for clinopyroxene (Fig. 6). Other trace element contents are
also generally similar to those recorded in the peridotite domain and
do not show significant variations between the reaction zone, the
centimetric veins and the veinlet. The only exceptions are represented
by i) Cr, which in both samples is lower in the reaction zone and even
further in the vein, ii) V, which in sample TL189 shows the opposite be-
haviour slightly increasing towards the vein, and iii) Sr that is also
higher in the vein (especially in TL189).

4.2.2.3. Plagioclase. Plagioclase in the main felsic veins, centimetric in
width, and in the reaction zones of TL189 have similar trace element
patterns (Fig. 6), with positive LREE/MREE (LaN/SmN up to 12), Eu/Eu*
(up to 21), and positive Sr anomaly (e.g., SrN/NdN up to 25) (Fig. 7). In
sample TL112, the plagioclase of the main felsic vein has LaN /SmN sim-
ilar to that measured in the plagioclase of its peridotite portion, and
slightly higher than that of plagioclase found in the reaction zone. Eu/
Eu* and SrN/NdN are significantly lower in themain felsic vein and reac-
tion zone than in the surrounding peridotite portion. The larger enrich-
ment in compatible elements in the plagioclase of the surrounding
peridotite portion, with respect to that of the main felsic veins, is likely
due to the different proportions of this mineral with respect to the
other. Indeed, in the main felsic vein, and to a lesser extent in the reac-
tion zone, the large amounts of crystallising plagioclase compete to in-
corporate the available amount of Sr and Eu. On the contrary, in the
peridotite, the much more limited amount of interstitial plagioclase
crystals are able to sequester these elementwith little competition. Con-
versely, incompatible element such as LREE, but also Ba and Rb are gen-
erally more enriched in the vein with respect to the peridotite and the
reaction zone (Table 2, Supplementary Materials-2). In comparison to
TL189, plagioclase of the vein (and reaction zone) of TL112 has gener-
ally lower LaN/SmN, Eu/Eu* and SrN/NdN.
Fig. 7. Chondrite-normalised trace element ratios of plagioclase from the studied composite
(1989).
Plagioclase crystallised in themillimetric veinlet of composite xeno-
lith TL112 has patterns similar to those of the plagioclase of the main
felsic vein, although at higher LREE contents and thus higher LaN/SmN

(up to 33). This is consistent with what is observed for pyroxenes, sug-
gesting that themillimetric veinletswere related to the interactionwith
final (residual) melt fractions enriched in LREE and incompatible trace
elements, as demonstrated also by the presence in these veinlet of ac-
cessory phases such as monazite thorite/huttonite, zircon and rutile.

4.3. Radiogenic isotopes

87Sr/86Sr and 143Nd/144Nd of the peridotite portion of both compos-
ite xenoliths were measured on clinopyroxene separates giving values
of 0.706051 ± 6 and 0.512597 ± 6, respectively, in TL112, and of
0.707843 ± 6 and 0.51271 ± 4, respectively, in TL189 (Table 3). In
TL189 we also measured 87Sr/86Sr in orthopyroxene mineral separate
from the peridotite portion (0.707705 ± 9) surrounding the felsic
vein that matches the value measured in clinopyroxene.

Sr isotope compositions in the reaction zones were measured on
both plagioclase and orthopyroxene separates of sample TL189 with
the former showing a slightly higher value (0.708219 ± 6 and
0.707695 ± 10, respectively), and only in the orthopyroxene separate
in sample TL112 (0.707703 ± 10).

For the vein of TL189 wemeasured Sr and Nd isotope ratios in a pla-
gioclase separate (0.707631 ± 7, 0.512457 ± 4) and a bulk portion of
the whole vein (0.707822 ± 7, 0.512502 ± 4). A further Sr measure-
ment on orthopyroxene yielded isotope ratios very similar to that of
the plagioclase (0.707697 ± 6).

The centimetric felsic veins of TL112 yielded a high 87Sr/86Sr
(0.712249±4) and low 143Nd/144Nd (0.512527± 4)measured on sep-
arated plagioclase crystals. The millimetric veinlet of the same sample
was measured for Sr and Nd isotopes by handpicking it after crushing
(0.707519 ± 6, 0.512567 ± 5). A further Sr isotope measurement
(0.708124 ± 12) was performed by directly drilling in situ along the
centre of the millimetric veinlet with a modern MicroMill™ drilling
device.

Pb isotopes were performed only on plagioclase separates from the
main felsic veins of both samples and also from the reaction zone of
TL189. The results are similar to each other and plot at high
207Pb/204Pb, well above the Northern Hemisphere Reference Line
xenoliths: a) LaN/SmN. vs. Eu/Eu*; b) LaN/SmN. vs. SrN/NdN. Normalising values after Sun

Image of Fig. 7


Fig. 8. Isotopic composition of the studied composite mantle xenoliths (data from Table 3) in comparison with published data for other anhydrous (data from Beccaluva et al., 2004,
Bianchini et al., 2011, Marchesi et al., 2017 and Dallai et al., 2019). Fields representative of the isotope composition of Western Betic Flysch are drawn from Varas-Reus et al., 2017;
a) 87Sr/86Sr vs. 143Nd/144Nd; b) 206Pb/204Pb vs. 207Pb/204Pb: the black line passing through the samples is the North Hemisphere Reference Line (NHRL) calculated from the equation of
Hart (1984).
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(NHRL:Hart, 1984),which can be used as a proxy for the oceanicmantle
array (Fig. 8). This results in Δ7/4Pb values (i.e., difference between the
207Pb/204Pb of the studied samples and the value of the Northern Hemi-
sphere Reference Line at the same 206Pb/204Pb) as high as 17, hence im-
plying an “old”, continental crust origin for the metasomatic agent
responsible for the vein formation. The Pb isotope ratios measured in
this work are more radiogenic than the compositions obtained on
Tallante bulk xenoliths by Marchesi et al. (2017) (Fig. 8).

The same hypothesis can be inferred from the radiogenic Sr and
unradiogenic Nd isotope ratios measured in both composite xenolith
samples. In fact, the isotope values of the studied xenoliths, even in
their peridotite portions, are clearly distinct from those recorded in
unveined anhydrous Tallante xenoliths (87Sr/86Sr 0.70213–0.70476,
143Nd/144Nd 0.51248–0.51339; Beccaluva et al., 2004; Bianchini et al.,
2011), clearly reflecting metasomatic reaction induced by the veining
metasomatic agent.

The different distribution of Sr isotopes within the two samples
(Fig. 9) and the relative variation of Sr and Nd (Fig. 8), provide interest-
ing clues on the distinct elemental behaviour during the development of
metasomatic reactions.

As evident in Fig. 9, in sample TL112 the Sr isotope ratios decrease
away from the vein into the reaction zone and the peridotite; the
millimetric veinlet has values comparable to those of the reaction
zone. In the same sample, however, Nd isotopes do not vary too much
between the different zones. On the contrary, in sample TL189
87Sr/86Sr remains rather constant from the vein to the peridotite at
values intermediate between those registered in sample TL112
(Fig. 9). In this sample 143Nd/144Nd is generally lower than that of
TL112, especially in the peridotite portion.
Fig. 9. a) Petrographic sketch of lithological and petrographic variations observed in the
composite mantle xenoliths from Tallante; b) Strontium isotope variation of minerals in
the studied samples; errors (2 s.e.) are smaller than symbol size. The strontium isotopic
range of unveined anhydrous and opx-rich hydrous peridotite mantle xenoliths from
Tallante is also reported (data from Beccaluva et al., 2004 and Bianchini et al., 2011).
5. Discussion

5.1. Subduction related origin and peculiarity of the composite xenolith of
Tallante

Mantle xenoliths fromconvergent plate settings are rare if compared
with those from intra-plate setting (Downes, 2001; Pearson et al.,
2003). On the other hand, evidence of subduction related components
have often been observed in orogenic peridotite massifs. However, in
these cases it is difficult to discern if metasomatism occurred at mantle
depths or at crustal levels during complex P-T-t paths that ultimately
led to exhumation (Förster et al., 2017; Li et al., 2018).

For these reasons the few findings of xenoliths from convergent set-
tings have attracted significant petrological interest (Bali et al., 2008;
Bénard and Ionov, 2013; Conticelli and Peccerillo, 1990; Cvetković
et al., 2007; Ducea and Saleby, 1998; Franz et al., 2002; Ishimaru and

Image of Fig. 8
Image of Fig. 9
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Arai, 2009; Kepezhinskas et al., 1995; Maury et al., 1992; Takahashi,
1986).Most of these studies suggested that subduction-relatedmetaso-
matism in convergent setting are induced by silicicmelts,which convert
olivine in orthopyroxene inducing contemporaneous crystallisation of
alkali-repository metasomatic phases such as amphibole or phlogopite.
However, the exact nature of the metasomatic agent still remains
largely elusive.

In this view, the xenolith suite from Tallante represents a unique
case in which peridotite is crosscut by quartz + plagio-
clase + orthopyroxene-bearing felsic veins up to centimetric in width,
embedded in an orthopyroxene-rich metasomatic aureola (e.g., Arai
et al., 2003; Beccaluva et al., 2004; Bianchini et al., 2011; Shimizu
et al., 2004). The uniqueness of these metasomatic parageneses is also
given by the presence of graphite, amphibole, phlogopite plus a plethora
of accessory minerals such as apatite, monazite, thorite/huttonite, zir-
con and rutile that have never been observed in other mantle xenolith
suites so far. These mineralogical characteristics can be explained by
the interaction between a percolating silica-oversaturated melt and
the surrounding peridotite inducing consumption of olivine and
clinopyroxene to produce orthopyroxene and plagioclase, according to
the following reactions (Kelemen et al., 1998; Prouteau et al., 2001):

Mg; Feð Þ2SiO4 þ SiO2−rich melt1 ¼ Mg; Feð Þ2Si2O6 þmelt2

and

Ca Mg; Feð ÞSi2O6 þ Mg; Feð ÞAl2O4 þ SiO2−rich melt1
¼ Ca;Nað ÞAl2−1Si3−2O8 þ Mg; Feð Þ2Si2O6 þ SiO2 �melt2

The two reactions focus only on the metasomatic transformation of
olivine, clinopyroxene, and spinel into orthopyroxene, plagioclase, and
quartz, not taking into account the fact that metasomatic melts carry a
notable amount of alkalis that may stabilise either amphibole or phlog-
opite in the metasomatised veins (e.g., Foley, 1992). Notably, the vari-
able amount of alkalis and the XCO2 of the metasomatising melts are
responsible for the different potassium-enrichment and silica-
saturation degree of the magmas in the collisional magmatism of the
Central-Western Mediterranean (e.g., Avanzinelli et al., 2009;
Conticelli et al., 2009, 2015; Foley, 1992; Mattei et al., 2014, and refer-
ences therein).

The alkali-rich and silica-rich melts rising up and percolating supra-
subduction mantle regions are highly reactive and thus interact exten-
sively with the surrounding mantle minerals, likely changing their
trace element composition as the reaction proceeds (Kepezhinskas
et al., 1995; Prouteau et al., 2001). The centimetric veins might repre-
sent portions of the mantle with the highest melt/wall rock proportion,
which instead decreases towards the reaction zone and the surrounding
peridotite. The millimetric veinlet can represent apophyses of bigger
veins deriving from the interaction of the mantle peridotite with small
amounts of an extremely residual melt fraction enriched in themost in-
compatible trace elements.

In this process the minerals hosted in the vein more closely reflect
the geochemical and isotope composition of the percolating melt. The
extremely radiogenic 87Sr/86Sr and unradiogenic 143Nd/144Nd of the
minerals within the centimetric felsic veins, as well as their Pb isotope
composition (i.e., high Δ7/4Pb values) provide strong evidence for the
origin of the percolating melt being derived from recycled continental
crust material into the mantle wedge via subduction.

The new Sr\\Nd isotopic data are coherent with those already avail-
able in the literature (Beccaluva et al., 2004; Dallai et al., 2019) andwith
other isotope systematics carried out on Tallante xenoliths (i.e., hafnium
and helium isotopes: Bianchini et al., 2011; Martelli et al., 2011) that in-
variably indicate the involvement of crustal lithologies. Moreover, a re-
cent study from Dallai et al. (2019), recorded extremely high δ18O in
mantle xenoliths from Tallante, confirming the crustal origin of the
metasomatic melts, with the highest δ18O values (10.56 in plagioclase
and 9.84 in orthopyroxene)measured in the vein of the same composite
xenolith investigated in this study (i.e., TL112). Further evidence for a
subduction-derived origin of the percolating melt is provided by the
trace elements of the measured mineral phases. All the studied mineral
phases are extremely enriched in M- and H-REE with respect to the
composition of the same phases in anhydrous xenoliths samples
(Fig. 6). In particular, clinopyroxenes have strongly fractionated
MREE/HREE patterns that require the interaction with a percolating
melt deriving from a garnet-bearing lithology (Warren et al., 2018),
that is consistent with the composition (and residual mineralogy) re-
ported for experimental melting of sedimentary lithologies at
subduction-like conditions (e.g., Skora et al., 2015).

It is reasonable to postulate that the metasomatised felsic melts are
related to partialmelting of subducted continental crust lithologies hav-
ing a lower solidus conditionwith respect to peridotites. Volcanic activ-
ity at Tallante also exhumed garnet-bearing metasedimentary
xenoliths, equilibrated at P-T conditions (0.7 GPa, 1100 °C, Bianchini
et al., 2015) similar to those of the coexisting mantle xenoliths
(850 °C–1050 °C and 0.7–0.9 GPa: Rampone et al., 2010; Bianchini
et al., 2011 and references therein). They have silica/alumina-rich bulk
compositions, consist mainly of quartz, plagioclase, garnet, spinel, il-
menite ± orthopyroxene ± sillimanite ± graphite, and are
characterised by trace elements budget indicating the occurrence of
partial melting and melt extraction (Bianchini et al., 2015 and refer-
ences therein). These metasedimentary xenoliths also contain glassy
films of andesitic composition (up to 60 wt% SiO2), representing
quenched melt fractions potentially having plagioclase and
orthopyroxene as early liquidus phases, which resemble themineralogy
of felsic veins observed in composite xenoliths.

We therefore suggest that the felsic veins crosscutting peridotite at
Tallante are related to anatexis of crustal lithologies. The anatectic pro-
cesses do not occur at shallow levels, but are likely confined close to the
MOHO interface, where crustal and peridotite domains are intimately
inter-fingered and juxtaposed during continental collision, forming
crust-mantle melanges. The proposed hypothesis fits the evidence ob-
served inmetasedimentary xenoliths from other neighbouring volcanic
regions inwhichmigmatisation has been observed (Cesare and Gómez-
Pugnaire, 2001).

5.2. Extent and mechanism of mantle metasomatism

Constraints on the mechanism of mantle metasomatism and its ef-
fect on the mineral phases of the modified mantle can be obtained by
comparing the isotopic and elemental composition of the differentmin-
eral phases and of the different portion of the studied xenoliths.

The peculiar trace element enrichment and distribution found in the
pyroxenes from the peridotite portion of both xenoliths, as well as their
isotope composition, clearly indicate that the effect of the metasomatic
agent is not limited to the vein and the surrounding reaction zone, but it
extends also into the surrounding peridotite. The M-shaped REE pat-
terns of clinopyroxene can be explained by a twofold type of control,
namely: i) the composition of the percolating melt, and ii) the trace el-
ement re-distribution in the mineral phases stabilised during the melt
rock interaction.

The composition of the percolating melt in equilibrium with
clinopyroxene is often calculated on the basis of partition coefficients
taken from the literature. In our case it is difficult to assess a correct
(and complete) set of partition coefficients, considering that the silica-
rich melt must have changed its composition continuously due to the
interaction with the peridotite matrix. In Fig. 10 we plot the hypothetic
composition of melts in equilibrium with clinopyroxene using two dif-
ferent sets of partition coefficients, for a percolating mafic melt (Lee
et al., 2007) and for amore evolved one (Fujimaki et al., 1984). Both pat-
terns show extreme MREE enrichment and clearly fractionated M- to
HREE that can be interpreted as deriving from partial melting of
subducted crustal material in the presence of residual garnet. The



Fig. 10. Chondrite-normalised Rare Earth Element (REE) abundances of melts in equilibrium with clinopyroxene calculated with two sets of clinopyroxene/liquid partition coefficients,
namely a) Lee et al. (2007), for basaltic compositions and b) Fujimaki et al. (1984), for dacitic composition. Normalising values after Sun (1989).
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other common feature is the presence of a clear Eu negative anomaly
that is likely related to the contemporaneous crystallisation of plagio-
clase, mainly in the vein and, to a lesser extent, in the reaction zone.
The distribution of the LREE in the calculated melts is different depend-
ing on the set of partition coefficients used. With partition coefficients
calculated for dacite (Fujimaki et al., 1984), LREE of the calculated
melts are slightly enriched. On the contrary, using the other set of parti-
tion coefficients, they appear significantly less enriched than MREE,
with LaN/SmN ratios generally lower than one. In both cases however,
the extent of LREE enrichment is less marked than what would be ex-
pected for a crustal melt (e.g., Skora et al., 2015), even after interacting
with mantle peridotite. LREE, however, are relatively enriched in the
measured plagioclase as evident in Fig. 6. Therefore, the same process
responsible for the Eu (and Sr) depletion in pyroxenes can affect, al-
though to a lesser extent, the LREE distribution of the calculated melts.
Indeed, the overall distribution of REE in plagioclasemirrors almost per-
fectly that of clinopyroxene. Clinopyroxene from the felsic veinlet of
TL112 shows more enriched LREE, and consequently yields larger
LREE/MREE fractionation in the calculated melts in equilibrium. This is
consistent with this veinlet representing a residual melt probably
more enriched in LREE.

The trace element distribution among themineral phases stabilising
in thismetasomatisedmantle, and the different proportion of the perco-
lating melt and the surrounding peridotite are also important features
to understand the isotope variability between the different zones and,
in particular, the different behaviour of Sr and Nd isotopes in sample
TL112. In this sample 87Sr/86Sr strongly decreases from the vein to the
peridotite, clearly indicating a decreasing proportion of “metasomatic”
radiogenic Sr away from the vein. On the contrary, Nd isotopes show lit-
tle variation preserving low 143Nd/144Nd also in the peridotite portion.
This different behaviour can be explained in the framework of reactive
porous flow, where themobility of Sr and Nd through the peridotite de-
pends on the mineral phases formed during the metasomatic process
and their partition coefficients. In this process most of the radiogenic
Sr from the crustal felsic melt is locked into plagioclase, mainly in the
vein. Therefore, as long as the proportion between percolating melt
and surrounding peridotite decreases away from the vein, the isotope
ratio decreases coherently (aswell as themodal amount ofmetasomatic
plagioclase). Nd instead is not held in the main mineral phases
stabilising in the vein (and in the reaction zone) and thus it remains ex-
tremely enriched in the percolatingmelt. The clinopyroxene in the peri-
dotite reacts with this Nd rich crustal melt, resulting in its MREE
enrichment and also attaining the crustal isotopic signature of the per-
colating melt.
5.3. Role of diffusion-driven isotope equilibration

The distribution of isotope ratios in the studied xenoliths could also
be affected by diffusion driven isotope re-equilibration after the occur-
rence of metasomatism.

Sample TL112 clearly preserves a significant variation in Sr isotope
ratios among the different zones of the composite xenoliths. The ob-
served variations cannot be due to 87Sr decay from 87Rb, since no rela-
tionship is observed between Rb/Sr ratios and Sr isotope ratios (not
shown). In fact, the highest 87Sr/86Sr were measured in plagioclase sep-
arates that have the lowest Rb/Sr ratios. Therefore, the observed varia-
tion must be related to the original heterogeneity of the
metasomatised mantle, which must have not restored Sr isotopic
equilibrium.

A similar variation in sample TL112 was observed for oxygen iso-
topes by Dallai et al. (2019), with δ18O decreasing significantly from
the vein to the surrounding peridotite portion. The same study calcu-
lated that after about 5 million years oxygen isotopes should have
completely re-equilibrated, hence implying that the metasomatic pro-
cess that produced the isotopic variation observed in TL 112 must
have occurred shortly before the eruption of the composite xenoliths.

This de facto eliminates also the possibility that the little variation
observed in Nd isotope ratios could be related to diffusion processes. In-
deed, a study from Van Orman et al. (2001) indicates that at relatively
low temperature and pressure (1150 °C, 1GPa), similar to the ones esti-
mated for the Tallante xenoliths (850 °C–1050 °C and 0.7–0.9 GPa:
Rampone et al., 2010; Bianchini et al., 2011 and references therein)
the time required for Nd isotopic equilibration is extremely long, up
1000Ma. Such a long time is clearly inconsistentwith the variability ob-
served in Sr and oxygen isotopes in the same samples.

Data for Sr diffusion in clinopyroxene (Sneeringer et al., 1984) and
orthopyroxene (Cherniak and Liang, 2007) indicate that Sr isotope com-
position re-equilibrate faster than Nd. According to these studies isoto-
pic equilibration at themineral (mm) scale should occur in a fewmillion
years (Cherniak and Liang, 2007; Sneeringer et al., 1984), or even faster
when considering possible diffusion along grain boundaries.

Therefore, the observed variability in Sr isotope ratios between the
different zones of the studied composite xenolith TL112 constrains the
veining process to have occurred shortly before the xenolith eruption,
in agreement with oxygen isotope data.

Sample TL189 shows trace element patterns similar to sample TL112
and it also shows radiogenic Sr and unradiogenic Nd isotope ratios,
confirming a similar style of metasomatism related to the interaction
with felsic melt deriving from subducted crustal material. Differently

Image of Fig. 10


Fig. 11. Cartoon showing a sketch of crustal recycling related to crust-mantle interlayering
during continental collision (a). Partial melting of the crustal domains generates felsic
melts that percolate through the peridotite domains. These silica-rich melts react with
the surrounding peridotite (b) and freeze to form the felsic metasomatic veins and the
residual veinlets, as found in the studied composite mantle xenolith of Tallante (c).
Modified after Dallai et al. (2019).
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from TL112, however, in TL189 the Sr isotope ratios are rather constant
from the vein to the surrounding peridotite. According to the discussion
above, this sample could represent a portion of the lithospheric mantle
where the heterogeneities in 87Sr/86Sr induced by metasomatism had
sufficient time (few million years) to re-equilibrate at the xenolith
scale through diffusion. If this is true, it would imply that the litho-
spheric mantle beneath the Betic area had been affected by different
events of crustal-derived felsic metasomatism over a time span of a
fewmillions years. In this scenario, the studied xenoliths represent por-
tions of the lithosphericmantle affected by similar processes at different
times, yet still in the geodynamic framework of the Tertiary closure of
thewestern Tethys Ocean and subsequent continental collisions that in-
volved Africa and Eurasia.

6. Conclusive remarks

6.1. Geodynamic inferences

The new Sr-Nd-Pb isotopic and trace element data are coherentwith
those already available in the literature (Beccaluva et al., 2004) andwith
other isotope systematics carried out on Tallante xenoliths (Bianchini
et al., 2011; Dallai et al., 2019; Martelli et al., 2011). In fact, hafnium iso-
topic analyses in Tallante xenoliths revealed themost unradiogenic iso-
topic composition ever found in mantle rocks. Similarly, helium and
oxygen isotopic analyses invariably recorded low 3He/4He and high
δ18O compositions typical of continental crust lithologies. These geo-
chemical features imply a significant recycling of continental crust li-
thologies via subduction, which is a scenario recently proposed by
geochemical studies on the Betic metamorphic basement (Varas-Reus
et al., 2017). In their study, Varas-Reus et al. (2017) also report isotopic
data on several crustal lithologies and sediments outcropping in the
western Betics, some of which (i.e., the Flysch Units) have isotopic com-
position compatible with those found in the studied xenoliths (Fig. 10).
The same crustal units were indicated by the authors as the most likely
subducted end-members that released fluids or partial melts into the
lithospheric mantle inducing the isotopic signature of the subduction-
related magmas erupted in the area.

Considering the extremegeochemical and isotopic heterogeneity re-
corded in the various types of xenoliths erupted at Tallante (Fig. 8), as
well as the different timescales discussed in the previous section, we
suggest a scenario where the lithospheric mantle underlying the Betic
region has been characterised by long-lasting processes where different
crustal melts affected the mantle at different times, until the xenolith
exhumation.

The proposed scenario (Fig. 11) occurred during the late-stage of
plate convergence,when subduction is followed by continental collision
with inter-layering of mantle and continental slivers including low sol-
idus crustal lithologies. Coherently, crust-mantlemelanges are observed
in the neighbouring massifs of Ronda and Beni Bousera, where the ex-
humed fossil Crust Mantle Boundary (CMB) is characterised by
mylonites and melanges (e.g., Platt et al., 2013; Tubía et al., 2004).
These mylonitic domains could reflect deep shear zones that favour
inter-fingering/juxtaposition of distinct crustal and mantle lithologies.
The hypothesis is supported by seismic profiles of the Betic area that
have highlighted the occurrence of heterogeneous seismic velocities be-
neath the CMB (at the depth of 22–23 km: De Larouzière et al., 1988).
Similar cases of interlayered crust–mantle associations occur through-
out the peri-Mediterranean region, such as in the fossil deep crust–
mantle sections of the Ivrea-Verbano (Quick et al., 1995), the Ulten
Zone (Braga and Massonne, 2012) and central Calabria (Rizzo et al.,
2001).

The hypothesis is consistent with field evidence and analogue and
numerical experiments indicating that indentation of mantle and
crustal rocks may occur in supra-subduction settings (e.g., Brueckner,
1998; Burov et al., 2014; Gerya and Yuen, 2003), during continental
collision and subsequent delamination of the thickened lithosphere
(Tubía et al., 2004) or in post-collisional settings (Harris et al., 2012).

In the presence of such crust mantle melanges, silica-rich melts
could form from the low solidus lithologies contained in crustal do-
mains, and in response to upraising of the isotherms related to the
crustal and lithospheric thinning and associatedmantle uplift produced
during back-arc extension (e.g., Platt et al., 2013. Such a process could
also be aided by local decompression related to episodes of back-arc
basin inversion such as those suggested by Varas-Reus et al. (2017).
These crustal melts segregate from their sources and interact with the
surroundingmantle domains, producing themetasomatic reactions ob-
served in the studied xenoliths.

The same process could explain the felsic dykes of Miocene age
crosscutting the peridotite bodies of Ronda and Beni Bousera (Rossetti
et al., 2010 and references therein),whichmay represent large-scale an-
alogues of the centimetric veins observed in the studied mantle xeno-
liths from Tallante.
6.2. Inferences for magma-genesis in post-collisional settings

The studied mantle xenoliths provide key evidence to explain the
genesis of post-orogenic calc-alkaline to ultrapotassic magmatism of
the Betic region.

Similarly to other volcanic associations of the Western Mediterra-
nean (e.g., Western Alps, Corsica, and Tuscany), the Betic volcanism
was characterised by low- to high potassium volcanic products in
close spatial-temporal association (e.g. Cabo de Gata volcanic rocks
and Murcia lamproites: Duggen et al., 2005; Prelević et al., 2008;
Conticelli et al., 2009, Mattei et al., 2014).

Image of Fig. 11
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Of particular note is that many of theWesternMediterranean volca-
nic rocks associated with destructive plate margins record a time-
related transition from potassic to calc-alkaline volcanism
(e.g., Avanzinelli et al., 2009; Conticelli et al., 2009, 2015; Mattei et al.,
2014). Such a transition reflects re-equilibration of the isotherms in a
post-collisional environment and progressive evolution of the magma
sources within a sub-continental lithospheric mantle variously crosscut
by veins as shown by the mantle xenoliths investigated in this study.

Partial melting of such veined mantle first affects the metasomatic
veins (that are characterised by low-solidus temperatures) and con-
tinues progressively involving also the surrounding ambient peridotite
as the temperature increases. The delineated hypothesis thus explains
the progressive dilution of the vein metasomatic components, and the
related vanishing of subduction-related geochemical and isotopic signa-
ture in the erupted magmas (e.g., Avanzinelli et al., 2009; Conticelli
et al., 2009; Foley, 1992; Mattei et al., 2014).

In this scenario, our study presents the first direct evidence for the
presence of a veined lithospheric mantle, perfectly consistent with the
source suggested to explain the geochemical and isotopic variation re-
corded in the calc-alkaline to ultrapotassic magmas of the Betic area.
Our data show that the geochemical and isotopic crustal signature is
mostly concentrated within the veins, but it permeates also the perido-
tite portion of themodified lithospheric mantle. Therefore, melts deriv-
ing from different proportion of vein and surrounding peridotite will
inherit variable levels of trace element and isotopic enrichment. Yet, a
general crustal flavour will be preserved also in higher degree melts
where the vein is almost exhausted or its contribution is highly diluted
from the surrounding peridotite.

The presented data also argues against consolidated petrological te-
nets that strictly relate the isotopic composition of magmas to those of
the related magma sources. In fact, disequilibrium melting of veined
mantle sources characterised by isotopic heterogeneities is strictly de-
pendent on the mantle phases that prevalently contribute to the
melting.

The effectiveness of the proposed petrological hypothesis is not re-
stricted to the orogenic volcanism of the Betic area, but it fits and con-
forms magma genesis in several volcanic districts of the whole Alpine-
Himalayan belt where complex orogenic association of magma types
are usually recorded.
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