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ABSTRACT

Spinel peridotite xenoliths (one plagio-
clase-bearing) hosted in alkaline basalts 
from Tallante (southeast Spain) record the 
mineralogical and geochemical fingerprint 
of the subcontinental lithospheric mantle 
(SCLM) evolution beneath the southern Ibe-
rian margin. Mantle metasomatism in fertile 
lherzolites caused the crystallization of clino-
pyroxene + orthopyroxene + spinel clusters 
through the percolation of Miocene subalka-
line melts during the westward migration of 
the subduction front in the western Mediter-
ranean. In the Pliocene, heat and volatiles 
provided by alkaline host-magmas triggered 
very low melting degrees of metasomatic 
pyroxene-spinel assemblages, producing 
melt quenched to silicate glass and reactive 
spongy coronae around clinopyroxene and 
spinel. Refertilization of the Tallante perido-
tites induced the precipitation of base-metal 
sulfides (BMS) included in metasomatic 
clino- and orthopyroxene. These sulfides 
consist of pentlandite ± chalcopyrite ± born-
ite aggregates with homogeneous composi-
tion in terms of major elements (Ni, Fe, Cu) 
and semi-metals (Se, As, Te, Sb, Bi), but with 
wide variability of platinum-group elements 
(PGE) fractionation (0.14 < PdN/IrN < 30.74). 
Heterogeneous PGE signatures, as well 
as the presence of euhedral Pt-Pd-Sn-rich 
platinum-group minerals (PGM) and/or Au-
particles within BMS, cannot be explained by 
conventional models of chalcophile partition-
ing from sulfide melt. Alternatively, we sug-

gest that they reflect the incorporation of dis-
tinct populations of BMS, PGM, and metal 
nanoparticles (especially of Pt, Pd, and Au) 
during mantle melting and/or melt percola-
tion. Therefore, we conclude that Miocene 
subalkaline melts released by asthenosphere 
upwelling upon slab tearing of the Iberian 
continental margin effectively stored met-
als in metasomatized domains of this sector 
of the SCLM. Remarkably high Au concen-
trations in Tallante BMS (median 1.78 ppm) 
support that these metasomatized domains 
provided a fertile source of metals, especially 
gold, for the ore-productive Miocene magma-
tism of the westernmost Mediterranean.

INTRODUCTION

Accretionary orogens host a wide range of 
magmatic and hydrothermal ore deposits that 
provide the world’s largest resource of copper, 
gold, and silver, as well as significant reserves 
of base metals, such as zinc, lead, iron, tin, and 
molybdenum (Bierlein et al., 2009; Groves et al., 
2020). These ore deposits are the foci of large-
scale systems of mass and energy flux, where 
extremely efficient geological processes concen-
trate metals in a small volume of rock (Hronsky 
et  al., 2012), thus producing deposits of eco-
nomic interest. The whole process of ore min-
eralization usually requires a scale-integrated 
combination of factors and mechanisms acting 
from mantle depths to shallow crust, including a 
fertile source of metals, a focused fluid/melt flow 
capable of mobilizing the metal cargoes, and a 
geochemical trap in the upper crust that favors 
the selective precipitation of anomalous amounts 
of metals (Richards, 2013).

During the last decade, an ever-increasing 
number of works have documented the key-role 

of mantle magmas in the formation of magmatic-
hydrothermal ores in the crust (e.g., Richards, 
2009; Holwell et al., 2019; Blanks et al., 2020; 
Rabayrol and Hart, 2021). The generation of ore-
productive magmas is related to the existence of 
specific metal-rich sources in the subcontinen-
tal lithospheric mantle (SCLM), ranging in size 
from micrometer- to terrane-scales (McInnes 
et al., 1999; Griffin et al., 2013; Tassara et al., 
2017; Holwell et al., 2019; Wang et al., 2020; 
Chong et al., 2021). In these domains, metals 
are mostly concentrated in base-metal sulfides 
(BMS), nano-to-micrometer-sized platinum-
group minerals (PGM), and native alloys. These 
minerals actually constitute the main reposito-
ries of noble metals (platinum-group elements, 
PGE: Ru, Rh, Pd, Os, Ir, and Pt, plus Au) and 
semi-metals (Se, As, Te, Bi, Sb, Sn) in the 
mantle due to the strong chalcophile and sidero-
phile affinities of these elements (Alard et al., 
2000; Luguet et al., 2001; Lorand et al., 2008; 
O’Driscoll and González-Jiménez, 2016). The 
response of BMS, PGM, and native alloys to 
partial melting and mantle metasomatism nor-
mally involves re-working of the metal inventory 
of the mantle (Aulbach et al., 2016; Lorand and 
Luguet, 2016; González-Jiménez et al., 2020). 
For instance, melting and percolation of sul-
fide-undersaturated silicate melts at increasing 
melt/rock ratios favor the progressive removal 
of BMS and exsolution of residual laurite/Pt-
Ir-Os alloys (Peregoedova et al., 2004; Luguet 
et al., 2007; Lorand et al., 2010), coupled with 
a general depletion of incompatible Pd-group 
PGE (P-PGE: Pd, Pt) in the bulk rock (Wang 
et al., 2009; Lorand et al., 2013; Saunders et al., 
2015). On the other hand, mantle metasomatism 
at decreasing melt/rock ratios typically drives the 
precipitation of Ni-Cu-rich BMS and bismuth-
otellurides/arsenides enriched in Pd, Pt, Rh, and 
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Au (Alard et al., 2000, 2011; Lorand and Alard, 
2001; Luguet et  al., 2003; González-Jiménez 
et al., 2020). Therefore, several studies have used 
the variability of PGE and semi-metals systemat-
ics in distinct populations of BMS and PGM as 
geochemical markers for assessing the mobility 
of metals in the mantle, and thus the metallo-
genic fertility of the SCLM (González-Jiménez 
et al., 2014, 2019, 2020; Saunders et al., 2015, 
2016; Hughes et al., 2017; Tassara et al., 2018).

Peridotite xenoliths rapidly brought to the 
surface by volcanic activity provide exceptional 
information about the mantle source of metal-
rich magmas, as they usually preserve the min-
eralogical-geochemical fingerprint of the mech-
anisms and/or agents that control the mobility 
and storage of metals in the SCLM. For instance, 
peridotite xenoliths from the giant Ladolam Au 
deposit (Papua New Guinea) record the contri-
bution of the metasomatized sub-arc mantle to 
the gold-inventory of the ores (McInnes et al., 
1999). Furthermore, gold-rich (and precious 
metals-rich) BMS in peridotite xenoliths from 
southern Patagonia document how refertilization 

by plume-derived melts generated a gold-fertile 
mantle source beneath the auriferous province of 
the Deseado Massif (Tassara et al., 2017). How-
ever, despite these examples supporting the man-
tle-inheritance of the metal budget of crustal ore 
deposits, many other ore-systems lack any direct 
evidence of mantle contribution. Moreover, 
BMS and PGM data of peridotite xenoliths from 
ore-productive regional settings are still scarce 
and, therefore, the melt-rock reaction processes 
by which the SCLM may be enriched in noble 
and/or semi-metals are still poorly constrained.

The peridotite xenoliths hosted in the alkali 
basalts from Tallante (eastern Betic Cordillera, 
southeast Spain) provide an excellent scenario 
for exploring the metallogenic role of the SCLM 
beneath a crustal volcanic province hosting 
a wide range of magmatic-hydrothermal ore 
deposits. Several studies employed these mantle 
xenoliths to investigate the multi-stage history of 
partial melting and metasomatism of the SCLM 
beneath the western Mediterranean (Beccaluva 
et  al., 2004; Shimizu et  al., 2008; Rampone 
et al., 2010; Bianchini et al., 2011, 2015; Hidas 

et al., 2016; Marchesi et al., 2017). This well-
studied sector of SCLM offers the opportunity to 
constrain how melting and metasomatism may 
control the mobility and storage of metals in 
the mantle. In this study, we integrate a detailed 
microstructural description of a suite of perido-
tite xenoliths from Tallante with in situ chemi-
cal characterization of their BMS and associated 
PGM, in order to infer how the metasomatic 
evolution of the lithospheric mantle may affect 
the metallogenic fertility of an ore-productive 
domain of continental crust.

GEOLOGICAL SETTING

The Pliocene alkaline volcanic field of Tal-
lante represents the youngest magmatic episode 
(2.93–2.29 Ma, Duggen et  al., 2005) of the 
Neogene Volcanic Province (NVP) in south-
east Spain (Gómez-Pugnaire et al., 2019, for a 
review). This province is located in the eastern 
sector of the Betic Cordillera and consists of a 
volcanic belt extending NE-SW for ∼150 km 
along the Mediterranean coast (Fig. 1). The NVP 
comprises Miocene calc-alkaline to ultrapotas-
sic (shoshonitic and lamproitic) volcanic suites. 
This volcanism changed to alkaline-basaltic 
activity in the Pliocene-Pleistocene (Duggen 
et  al., 2005). This magmatic evolution, from 
subduction-related to intraplate magmatism, 
relates to the complex interplay between com-
pressional shortening along the Iberian-African 
plate boundary and coeval extensional tecton-
ics in the westward migrating Alborán micro-
continent, which eventually collided against the 
south Iberian and Maghrebian passive margins, 
thereby generating the arched Betic-Rif Cor-
dillera (e.g., Platt et  al., 2013). Stretching of 
continental lithosphere in response to the west-
ward rollback of the Tethyan subducting slab 
properly accounts for the regional evolution of 
the Alborán domain in the Cenozoic (Lonergan 
and White, 1997). This geodynamic model is 
supported by geophysical evidence of an east-
dipping detached slab beneath the Gibraltar arc 
(Bezada et al., 2013), and by geochemical sig-
natures of subduction-related fluids/melts in the 
mantle sources of Miocene tholeiitic and calc-
alkaline lavas from the westernmost Mediter-
ranean (Duggen et al., 2004, 2008; Varas-Reus 
et al., 2017). Westward retreat of the subduction 
front during the Miocene caused lateral tearing 
along the continental margin, which was accom-
modated by subduction transform edge propa-
gator (STEP) faults yielding the topographic 
uplift of the eastern Betics (Mancilla et  al., 
2015, 2018). Continental edge delamination 
of Iberian lithosphere since the late Miocene 
then marked a shift in the associated magma-
tism toward high-K calc-alkaline, shoshonitic, 

Figure 1. Geological sketch map of the Neogene Volcanic Province (NVP) of southeast Spain 
with the location of outcrops of different volcanic suites and mining districts (modified from 
Gómez-Pugnaire et al., 2019). Geochronological data in million years (Ma) of volcanic suites 
are from Duggen et al. (2008) and references therein.
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and lamproitic compositions in response to the 
asthenosphere upwelling and melting of meta-
somatized SCLM beneath the southern Iberian 
margin (Duggen et al., 2005).

Medium- to high-K calc-alkaline volcanism 
in the NVP (15–6 Ma, Duggen et al., 2008 and 
references therein) is spatially and genetically 
associated with important epithermal aurifer-
ous (Roadalquilar-Carboneras district) and 
Pb-Zn-Cu-(Ag) (Mazarrón-La Unión district) 
ore deposits emplaced in volcanic domes at ca. 
11 Ma (Fig. 1) (Arribas et al., 1995; Morales-
Ruano et al., 2000; Esteban-Arispe et al., 2016). 
Hydrothermal fluids, migrating through faults 
and fractures that acted as magma conduits for 
the Miocene volcanism (e.g., Carboneras, Palo-
mares, Alhama de Murcia faults) deposited ores 
in strongly altered calc-alkaline volcanic rocks 
by mixing of hypersaline magmatic fluids with 
cooler meteoric solutions (Sänger-von Oepen 
et  al., 1989). Intraplate-type alkaline basalts 
from Tallante postdate the subduction-related 
calc-alkaline volcanism associated with ores. 
Anorogenic signatures of these volcanic rocks 
reflect a sub-lithospheric mantle source and 
magma contamination by SCLM components 
(Duggen et al., 2005). The suite of mantle xeno-
liths carried by such lavas preserves extreme 
lithological heterogeneity, which records mul-
tiple metasomatic episodes associated with the 
evolution of the transitional lithosphere under-
lying the southern Iberian margin (Appendix 1 
in the Supplementary Material1). Therefore, we 
expect these mantle peridotites to provide rel-
evant information on the lithospheric mantle 
reservoir that possibly fed metal endowment in 
the overlying crust.

SAMPLING AND ANALYTICAL 
METHODS

In order to identify petrographic domains 
hosting BMS and PGM in peridotite xeno-
liths from Tallante, we carried out a careful 
preliminary examination under a transmitted/
reflected light optical microscope in multiple 
thin sections of 48 xenolith samples. Additional 

details about the microstructure, geochemistry, 
and petrology of these xenoliths can be found in 
Hidas et al. (2016) and Marchesi et al. (2017). 
Tallante mantle peridotites pervasively record 
modal metasomatism involving the forma-
tion of orthopyroxene and clinopyroxene at 
the expense of olivine (Rampone et al., 2010; 
Marchesi et al., 2017). Our petrographic obser-
vations document that this main type of sili-
cate metasomatism is closely associated with 
the presence of BMS, which were detected in 
clinopyroxene-rich (fertile) lherzolites. There-
fore, 14 thin sections from six different samples 
of these rocks were selected to investigate for 
the first time the mineral repositories of noble 
metals and semi-metals in the Tallante perido-
tite xenoliths. The methodological approach 
of this study was based on the coupling of 
detailed microstructural observations on thin 
sections using field emission gun–environmen-
tal scanning electron microscopy (FEG-ESEM) 
with in situ chemical characterization of major 
and trace elements using electron microprobe 
analyzer (EMPA) and laser ablation–induc-
tively coupled plasma–mass spectrometry 
(LA-ICP-MS) in both silicate and sulfide min-
erals. Detailed description of the analytical 
methods performed in this study is presented 
in Appendix 2 of the Supplementary Material 
(see footnote 1).

PETROGRAPHY AND MINERAL 
CHEMISTRY OF SULFIDE-BEARING 
PERIDOTITES

All the sulfide-bearing mantle xenoliths from 
Tallante selected for this study are spinel lher-
zolites (see fig. S1 in Marchesi et  al., 2017), 
which mainly consist of medium- to fine-grained 
(0.5–2 mm) olivine, orthopyroxene, clinopyrox-
ene, and spinel (Figs. 2A–2D). Interstitial films 
and/or patches of glass are common around 
clinopyroxene and spinel grains (Figs. 2E and 
2F). Plagioclase is present only in one sample 
(TAL128), both as rims around spinel and inter-
stitial anhedral patches. Accessory amphibole 
(pargasite) is locally included in clinopyroxene. 
Base-metal sulfides always constitute inclusions 
hosted in clinopyroxene and, to a lesser extent, 
orthopyroxene (Figs. 2D–2F).

Silicates and Spinel

Slightly strained, polygonal olivine grains 
generally have granoblastic to equigranular tex-
ture, which likely formed during pervasive melt 
percolation at the expense of former porphyro-
clastic microstructure (Rampone et al., 2010). 
Few relics of olivine porphyroclasts show 
kink bands, subgrain boundaries, and shape-

preferred orientation—marking a weak folia-
tion—indicative of crystal-plastic deformation 
prior to the equigranular recrystallization. On 
the other hand, orthopyroxene and clinopyrox-
ene usually form amoeboid, unstrained crys-
tals or irregular patches interstitially scattered 
between olivine (Figs.  2A–2D). Orthopyrox-
ene also forms tabular to anhedral crystals that 
seem to replace olivine, as suggested by lobate 
rims and poikilitic textures (Figs. 2A and 2C). 
Closely-spaced cleavage planes and exsolution 
lamellae are locally observed within both types 
of pyroxene (Figs.  2A and 2B). Dark brown 
spinel forms subspherical blebs or amoeboid 
grains interstitial between olivine, locally 
iso-oriented into linear trails sub-parallel to 
the sample foliation (Rampone et  al., 2010). 
Moreover, anhedral spinel is commonly in 
close contact with sulfide-hosting clino- and 
orthopyroxene forming mineral intergrowths 
(Figs.  2A, 2C, and 2D) that are scattered 
between matrix olivine, uncontrolled by the 
macroscopic foliation and without penetrative 
shape preferred orientation. In places, these 
sulfide-bearing clinopyroxene-orthopyroxene-
spinel intergrowths have straight internal con-
tacts (Figs. 2A and 2D), whereas both types of 
pyroxene and spinel display curvilinear grain 
boundaries and cusp-shaped terminations 
against olivine (Fig. 2A–2D).

Olivine in the matrix has Mg# [100 × Mg/
(Mg + Fe2+)] from 88.8 to 91.1 and CaO con-
tents below the EMPA detection limit (Fig. 3A). 
Orthopyroxene has Mg# ranging from 89.6 to 
91.8, and its Al2O3 contents (2.46–5.66 wt%) 
are positively correlated with Cr2O3 (0.22–
1.05 wt%) and TiO2 (0.01–0.47 wt%), and 
negatively with SiO2 (53.2–56.8 wt%). Clino-
pyroxene shows a preferential distribution pat-
tern defined by decreasing Al2O3, Cr2O3, and 
TiO2 (Figs.  3B and 3C), and increasing Mg# 
(89.8–93.6) and SiO2 (49.1–53.7 wt%) (not 
shown) from core to rim. These variations have 
been interpreted to reflect re-equilibration of 
clinopyroxene during mantle decompression 
and cooling (Hidas et al., 2016). Clinopyrox-
ene grains in the plagioclase-bearing lherzolite 
(TAL128) have TiO2 abundances that are sig-
nificantly higher than those in plagioclase-free 
samples, coupled with relatively low Cr2O3 and 
high Al2O3 contents (Figs. 3B and 3C). Similar 
compositional trends were described in clino-
pyroxene from plagioclase-bearing peridotites 
impregnated by exotic melts (Rampone et al., 
1997). Amoeboid spinel between olivine or 
associated with pyroxenes has Mg# = 74.5–
81.6, Cr# [Cr/(Cr + Al)] = 0.11–0.27, and low 
TiO2 abundances (<0.15 wt%) (Table S1; see 
footnote 1), which are slightly higher in the 
plagioclase-bearing sample (Fig. 3D).

1Supplemental Material. Appendix 1: Petrogenesis 
of Tallante mantle xenoliths; Appendix 2: Analytical 
methods; Table S1: Major element compositions 
of rock-forming minerals in Tallante xenoliths; 
Table S2: Major element compositions of base-
metal sulfides (in wt%); Table S3: trace elements 
abundances (ppm) of clinopyroxene grains in 
Tallante xenoliths; Table S4: concentrations (ppm) 
of chalcophile and siderophile elements in base-
metal sulfides. Please visit https://doi .org/10.1130/
GSAB.S.15911937 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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Interstitial Glass Pockets

Glass forms lobate pockets and interstitial 
patches with irregular contacts against clinopy-
roxene and spinel grains (Figs. 2E and 2F). These 
pockets consist of a matrix of silicate glass, 
small (<50 µm) euhedral crystals (microlites) 
of olivine and spinel, and abundant subspheri-
cal vugs and vermicular vesicles (Figs. 2E and 
2F). Coarse spinel and clinopyroxene in contact 
with interstitial glass usually exhibit secondary 
rims made of spongy coronae and porous over-
growths (Figs. 2E and 2F).

Interstitial glass has silica-rich (54.6–
61.2 wt%) major element compositions, 
also enriched in Al2O3 (19.7–23.2 wt%) and 
Na2O (2.14–5.92 wt%), and depleted in MgO 

(1.34–3.59 wt%), FeO (1.70–2.95 wt%), and 
K2O (<0.03 wt%), and present variably low 
total oxides (Table S1). Both euhedral micro-
lites and coronitic overgrowths in contact with 
glass pockets have major element compositions 
that clearly differ from those of the grain cores 
and coarse grains in the matrix (Fig. 3). Oliv-
ine microlites have higher Mg# (90.0–92.5) and 
CaO contents (0.10–0.31 wt%) than matrix oliv-
ine (Fig. 3A), and spinel microlites are enriched 
in TiO2 (0.35–0.49 wt%) compared with coarse 
spinel (Fig.  3D). On the other hand, clinopy-
roxene in spongy coronae is usually enriched in 
Al2O3 (5.76–8.75 wt%), Cr2O3 (1.09–2.88 wt%), 
and TiO2 (0.81–1.65 wt%) compared with inner 
portions of the grains (Figs. 3B and 3C). The 
spongy coronae of spinel have higher Cr# (0.35–

0.38) and TiO2 (0.33–0.36 wt%) compared with 
the grain core (Fig. 3B).

Base-Metal Sulfides

Base-metal sulfides are droplet-like inclusions 
(10–50 µm) always hosted in anhedral clinopy-
roxene and orthopyroxene (Figs. 2D–2F), without 
any textural relationship with internal fractures or 
cracks of the host pyroxene. They are monomin-
eralic or polyphase aggregates consisting of pent-
landite locally coexisting with chalcopyrite and/
or bornite grains (Figs.  4A–4C). Chalcopyrite 
also forms spatially arranged planar intergrowths 
within larger pentlandite grains (Fig. 4D). Locally, 
grains of pentlandite and bornite are rimmed 
either by millerite or chalcocite (Fig. 4B).

Figure 2. Photomicrographs of 
polarized light optical micro-
scope (A, B, C) and backscat-
tered electron images (D, E, 
F) of sulfide-bearing domains 
in spinel lherzolites from Tal-
lante, southeast Spain. Mineral 
abbreviations are: ol—olivine; 
cpx—clinopyroxene; opx—or-
thopyroxene; sp—spinel; gl—
glass; cpxcor—spongy coronae 
of clinopyroxene; spcor—spongy 
coronae of spinel; olmic—olivine 
microlites; pn—pentlandite.
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Pentlandite has metal/S atomic ratios ranging 
from 1.10 to 1.13, and Ni/(Ni + Fe) atomic ratios 
from 0.56 to 0.68 (Fig. 5A). Cobalt and Cu con-
tents are generally below 0.32 wt% and 0.90 wt%, 
respectively (Table S2 in the Supplementary mate-
rial; see footnote 1). However, Cu contents up to 
4.37 wt% are detected in pentlandite grains with 
abundant chalcopyrite intergrowths (cf. *mixed 
analyses Table S2). Chalcopyrite coexisting with 
pentlandite in composite aggregates has metal/S 
ratio ∼1 (Fig. 5B) and Ni contents up to ∼5 wt% 
probably due to analytical interference with adja-
cent pentlandite. Bornite spans from Fe-enriched 
(Fe = 13.7 wt%) to sulfur-deficient, Cu-enriched 
compositions (Cu = 68.9 wt%) approaching that 
of chalcocite (Fig. 5B). The retrieved bulk com-
positions of polyphase aggregates have metal/S 
atomic ratios ranging from 1.07 to 1.14, Ni/
(Ni + Fe) = 0.51–0.59, which is slightly lower 
than in monomineralic pentlandite, and high Cu 
contents ranging from 6.24 to 14.8 wt% (Table S2 
in the Supplementary Material).

Some BMS in the Tallante peridotite xenoliths 
contain nano-to-micrometer sized PGM. These 

grains consist of euhedral inclusions, usually less 
than 1 to ∼5 µm in size, which commonly occur 
close to the grain boundary between sulfide and 
pyroxene (Fig. 6A) without any connection to 
internal fractures or cracks (Fig. 6B). Qualitative 
identification by EDS microanalyses indicates 
that these PGM usually consist of Pt(-Pd)-Sn 
(Figs. 6A and 6B). The focused ion beam and 
transmission electron microscopy (TEM) analy-
sis carried out by González-Jiménez et al. (2020) 
revealed that these PGM are crystals of tatyanite 
(ideally Pt9Cu3Sn4) with no  crystallographic 
continuity with host pentlandite. Furthermore, 
we detected several nanometer-sized grains of 
native gold (±platinum) included in pentlandite 
grains. Gold particles display well defined crystal 
shapes and needle-like morphologies (Fig. 6C). 
Again, there is no textural feature, such as frac-
tures or cracks, controlling the location of the 
gold particles in the host sulfide. A more precise 
qualitative identification by EDS microanalyses 
of these grains is partially hindered by the matrix 
interferences of major elements (S, Fe, Ni, Cu) 
in the host sulfide.

TRACE ELEMENT COMPOSITIONS

Sulfide-Hosting Clinopyroxene

Coarse clinopyroxene displays rare earth ele-
ment (REE) concentrations from ∼3–40 times 
the chondritic values (McDonough and Sun, 
1995), with concentrations of most samples 
between 4 and 10 times chondritic (Figs.  7A 
and 7B). Clinopyroxene grains in plagioclase-
free spinel lherzolites are, in general, light REE 
(LREE)-depleted (LaN/SmN = 0.35–0.85), and 
present variable middle REE (MREE) over heavy 
REE (HREE) fractionation (SmN/YbN = 0.68–
1.25) and rather homogeneous HREE contents 
(YbN = 6–11; Fig.  7A). These data are con-
sistent with previous results of clinopyroxene 
in spinel lherzolites from Tallante (Beccaluva 
et  al., 2004; Rampone et  al., 2010; Bianchini 
et al., 2011; Marchesi et al., 2017). However, 
clinopyroxene from different samples has 
slightly different REE distributions (Fig. 7A). 
Analyzed grains in TAL110, TAL129, TAL143, 
and TAL146 exhibit rectilinear  enrichment from 

Figure 3. Mg# [100 × Mg/
(Mg + Fe2+)] versus CaO (wt%) 
in olivine (A), Al2O3 versus 
Cr2O3 (B) and TiO2 (wt%) (C) 
in clinopyroxene, and Cr# [Cr/
(Cr + Al)] versus TiO2 (wt%) in 
spinel (D) in peridotite xeno-
liths from Tallante (southeast 
Spain). Black and gray circles 
indicate the compositions of 
cores and rims of grains in the 
matrix, respectively; white dia-
monds and triangles mark the 
compositions of microlites and 
spongy coronae, respectively; 
gray squares represent the 
compositions of minerals in the 
plagioclase (pl)-bearing lherzo-
lite samples (TAL128).

A B

C D
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LREE to MREE (LaN/SmN = 0.35–0.85) (type 
1a), while grains in sample TAL099 generally 
have more fractionated LREE-MREE segments 
(LaN/SmN = 0.39–0.49) (type 1b). Furthermore, 
a few clinopyroxene grains from TAL110 and 
TAL129 are enriched in LREE relative to MREE 
(LaN/SmN = 1.46–3.06) (type 1c). Clinopyrox-
ene from plagioclase-bearing lherzolite (sample 
TAL128) displays convex-upward MREE-
enriched patterns (LaN/SmN = 0.32–0.40; SmN/
YbN = 1.81–2.02) (type 2), analogous to previ-

ous observations in clinopyroxene from plagio-
clase-bearing lherzolites from Tallante (Ram-
pone et al., 2010). Finally, spongy coronae of 
clinopyroxene in contact with interstitial glass 
are in general more depleted in LREE (espe-
cially La and Ce) than coarser clinopyroxene 
from the matrix, whereas MREE and HREE 
have similar concentrations (Fig. 7A).

Heterogeneous LREE/MREE patterns are 
coupled with different concentrations of other 
incompatible trace elements (Figs.  7C and 

7D). Clinopyroxene in plagioclase-free spi-
nel lherzolites displays chondrite-normalized 
multi-element diagrams (Fig. 7C) characterized 
by variable negative anomalies of high-field 
strength elements (Nb, Ta, Zr, Hf, Ti) relative to 
adjacent REE of similar compatibility, coupled 
with Th-U positive spikes. However, the extent 
of Th-U enrichment is linked to LREE/MREE 
fractionation. Thus, LREE-enriched clinopy-
roxene (type 1c) has higher concentrations of 
Th-U relative to Nb-Ta (ThN/NbN = 10.3–98.6), 

Figure 4. Photomicrographs 
of base-metal sulfide assem-
blages in Tallante (southeast 
Spain) peridotite xenoliths: re-
flected light optical (A, B) and 
BSE images (C, D). Mineral 
abbreviations as in Figure  2, 
and cp—chalcopyrite (ing—
intergrowths); bn—bornite; 
cc—chalcocite; spmic—spinel 
microlites.

BA

C D

Figure 5. Major element com-
positions (atomic%) of base-
metal sulfides in Tallante 
(southeast Spain) peridotites 
(black circles) plotted in the Fe-
Ni-S (A) and Cu-Fe-S (B) phase 
diagrams. Phase relations at 
400 °C are from Kullerud et al. 
(1969) for the Fe-Ni-S sys-
tem, and Cabri (1973) for the 
Cu-Fe-S system. Mineral ab-
breviations: pn—pentlandite; 
po—pyrrhotite; mss—mono-
sulfide solid solution; ml—
millerite; hz—heazlewoodite; 
py—pyrite; vs—vaesite; vl—
violarite; gs—godlevskite; 
bn—bornite solid solution; 

iss—intermediate solid solution; cv—covellite; cc—chalcocite; cp—chalcopyrite; id—idaite.

A B
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whereas clinopyroxene with lower LREE/
MREE ratios (type 1b) has a weaker positive 
Th-U anomaly (ThN/NbN = 1.08–11.7) and 
lower NbN/TaN ratio (0.16–0.52). The less frac-
tionated LREE/MREE type 1a clinopyroxene 
exhibits transitional features between these two 
signatures (ThN/NbN = 1.61–56.9). Grains with 
stronger enrichment of Th-U (type 1c) are also 
more depleted in Ti and Zr relative to adjacent 
REEs. Lead (Pb) is notably poor in all types of 
grains (Fig. 7C). Clinopyroxene in plagioclase-
bearing peridotites (TAL128: type 2) displays 
low Th-U enrichment (ThN/NbN = 1.18–7.74) 
coupled with strong subchondritic NbN/TaN 
(0.04–0.15) (Fig. 7D). Moreover, these grains 
also have higher Zr-Ti and lower Sr contents 
compared with clinopyroxene in plagioclase-
free lherzolites. Similar clinopyroxene patterns 
in other plagioclase-impregnated peridotites 
from Tallante have been ascribed to melt-rock 
reaction at decreasing melt mass and/or entrap-

ment of small fractions of melt (Rampone 
et al., 2010).

Base-Metal Sulfides

In situ chalcophile and siderophile elements 
data were obtained for BMS inclusions in 
pyroxene consisting of monomineralic pent-
landite (e.g., Figs. 2E and 2F), pentlandite with 
chalcopyrite intergrowths (e.g., Fig. 4D), and 
pentlandite coexisting with chalcopyrite and/
or bornite grains (e.g., Figs. 4A and 4C). The 
concentrations of PGE and Au in the analyzed 
BMS (n = 67) are variable and range from 
0.470 to 75.3 ppm for Os, 0.370–44.0 ppm 
for Ir, 1.08–79.9 ppm for Ru, 0.442–14.4 ppm 
for Rh, 0.194–383 ppm for Pt, 0.970–247 ppm 
for Pd, and 0.104–46.3 ppm for Au (Table S4 
in the Supplementary Material; see footnote 
1). The time-resolved spectra of I-PGE (Os, 
Ir, Ru) and Rh show constant count rates with 

respect to Ni as a function of ablation time, 
suggesting that these elements are structur-
ally bound in the BMS. In contrast, the signals 
of Pt, Au, and in some cases Pd show sharp 
peaks in the time-resolved spectra of several 
sulfides, revealing the presence of discrete Pt-, 
Au-, and Pt-Pd-Au-bearing micro-inclusions 
dispersed within the host BMS (Fig. 8). These 
submicrometer-sized nuggets, which were 
already observed as crystal phases during 
scanning electron microscope (SEM) analyses 
(Fig. 6), are thought to be the reason for the 
high contents of Pt, Au, and sometimes Pd in 
several analyzed BMS, whereas low concen-
trations of these elements are generally asso-
ciated with the lack of positive spikes in the 
time-resolved spectra.

Three distinct groups of chondrite-normal-
ized PGE patterns (normalizing values from 
Fischer-Gödde et  al., 2010) were identified 
based on their PdN/IrN ratios in the whole suite 

Figure 6. Backscattered elec-
tron images and correspond-
ing energy-dispersive X-ray 
spectroscopy spectra of sulfide-
hosted tatyanite (Pt9Cu3Sn4) 
(A), Pt-Sn rich platinum-group 
mineral (PGM) (B), and native 
gold (C) in peridotite xeno-
liths from Tallante (southeast 
Spain). S-Ni-Fe-Cu peaks 
in EDS spectra in part are 
due to contamination by the 
host sulfide. pn—pentland-
ite; cps—counts per second; 
cpx—clinopyroxene.

A

C

B

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36065.1/5412683/b36065.pdf
by Univ de Granada Biblioteca Fac de Ciencias user
on 17 February 2022



Schettino et al.

8 Geological Society of America Bulletin, v. 130, no. XX/XX

of BMS (Fig. 9), regardless of the assemblage 
constituting the analyzed inclusion: (1) nearly 
flat PGE patterns with variable enrichment 
in P-PGE (PdN/IrN = 1.03–4.56) (n = 37; 
Fig. 9A), (2) arch-shaped PGE patterns with 
an almost flat segment from Os to Rh and a 
negatively fractionated segment from Rh to 
Pd (PdN/IrN = 0.14–0.90) (n = 19; Fig. 9B), 
and (3) positively fractionated PGE patterns 
with low I-PGE contents and suprachondritic 
PdN/IrN ratios (5.28–30.74) (n = 11; Fig. 9C). 
Interestingly, the analyzed BMS may display 
depletion in Pt and Au down to less than 0.5 
times the chondritic concentrations, regardless 
of the compositional group (PdN/IrN ratio) to 
which they belong (Figs. 9A–9C). A careful 
inspection of their respective time-resolved 
spectra reveals that negative anomalies are 
detected when Au- or Pt-spikes (Fig.  8) 
are lacking.

Abundances of semi-metals vary from 91.3 
to 225 ppm for Se, 5.36–116 ppm for As, 
10.3–42.6 ppm for Te, 0.274–3.02 ppm for Sb, 
and 0.350–9.79 ppm for Bi (Table S4 in the 
Supplementary Material). Their signals in the 
time-resolved spectra are homogeneous with 
respect to Ni, suggesting they entered in solid 
solution in the BMS (Fig. 8). The normalized 
concentrations of these elements ordered from 
left to right according to their atomic radius 
are similar for the three sulfide groups with 
different PdN/IrN fractionations (Figs. 9D–9F). 
Noteworthy, Te and, especially, Bi are slightly 

Figure 7. Chondrite-normal-
ized concentrations of rare 
earth elements and other 
lithophile trace elements in 
clinopyroxene (Cpx) of spinel 
lherzolites (A, C) and plagio-
clase-bearing lherzolite (B, D) 
from Tallante, southeast Spain. 
Light gray, black, and dark 
gray circles in (A) and (C) indi-
cate the compositions of grains 
with different LaN/SmN frac-
tionations (types 1a, 1b, 1c), 
and white triangles the com-
positions of spongy coronae of 
clinopyroxene in spinel lherzo-
lites; pl—plagioclase. Normal-
izing values from McDonough 
and Sun (1995).

A

D

B

C

Figure 8. Representative time-resolved spectra of laser ablation–inductively coupled 
plasma–mass spectrometry analyses for selected isotopes in base-metal sulfides of Tallante 
peridotites, southeast Spain.
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enriched in all grains, whereas As has variable 
abundances defining significant positive anoma-
lies (Figs. 9D–9F). The extent of the positive 
As anomaly does not show any correlation with 
either PdN/IrN fractionation or with depletion in 
Pt and Au.

DISCUSSION

Metasomatic Origin of Sulfide-Hosting 
Clinopyroxene

The granoblastic texture of the sulfide-bear-
ing peridotite xenoliths from Tallante records 
annealing recrystallization of the olivine fabric 
in response to pervasive percolation of silicate 
melts (Rampone et al., 2010; Hidas et al., 2016). 
Sulfide-hosting anhedral pyroxenes are com-
monly associated with spinel, forming irregular 
intergrowths scattered between olivine grains 
(Fig. 2). The distribution of these clinopyrox-
ene + orthopyroxene + spinel intergrowths 
lacks any geometric control by the olivine fab-
ric, suggesting they formed subsequently to the 
deformational stage that produced the sample 
foliation. Moreover, both pyroxenes and spinel 

frequently corrode or include olivine through 
lobate rims or poikilitic texture (Figs. 2A–2D), 
supporting that they formed by melt-rock inter-
action rather than by garnet breakdown as pro-
posed by Shimizu et al. (2008) and Rampone 
et  al. (2010). This interpretation is consistent 
with modal metasomatism causing FeO-SiO2 
 enrichment in these fertile spinel lherzolites 
(Marchesi et al., 2017). Reactive percolation of 
silicate melts by porous flow in peridotite xeno-
liths from Tallante is further documented by 
crystallization of olivine rims replacing orthopy-
roxene, or vice versa (Rampone et  al., 2010). 
Sulfide droplets are systematically included 
within metasomatic clino- and orthopyrox-
ene (Figs. 2D–2F and 4), suggesting that their 
precipitation took place when the percolating 
silicate melt shifted from olivine- to pyroxene-
saturation while rising adiabatically and interact-
ing with host peridotites (Rampone et al., 2010).

Variations in the abundances of trace elements 
in clinopyroxene (Fig. 7) likely reflect their chro-
matographic fractionation during interaction of 
lithospheric mantle with percolating melt (Navon 
and Stolper, 1987). As chemical exchange 
between melt and peridotite wall-rock is faster 

for the more incompatible elements, compara-
tively stronger compositional heterogeneities are 
expected for large ion lithophile elements (LILE: 
Cs, Rb, Ba), LREE, and high-field strength ele-
ments (HFSE: Nb, Ta, Th, and U). Therefore, 
the progressive shift from LREE-depleted (types 
1a and 1b) to LREE-enriched patterns (type 1c) 
of sulfide-hosting clinopyroxene (Fig. 7A) was 
probably produced by the reaction with silicate 
melts at decreasing melt/rock ratios (Bedini 
et  al., 1997; Ionov et  al., 2002). The stronger 
positive U-Th peaks coupled with higher LREE 
concentrations and NbN/TaN ratios observed in a 
few clinopyroxene grains (type 1c, Fig. 7C) are 
possibly due to late-stage interaction with small 
melt fractions, which finally evolved toward 
compositions more enriched in incompatible ele-
ments as a consequence of their progressive dif-
ferentiation and percolation through the SCLM 
(Bedini et al., 1997; Rampone et al., 2010).

The age of norite veins cross-cutting perido-
tites in composite mantle xenoliths from Tallante 
(6.8 ± 2.0 Ma) (Bianchini et al., 2015) indicates 
that the metasomatic event producing the forma-
tion of sulfide-hosting pyroxene predated the late 
Miocene–Pleistocene alkaline magmatic cycle 

Figure 9. Chondrite-normal-
ized abundances of platinum-
group elements (PGE) (A, B, 
C) and semi-metals (D, E, F) 
in base-metal sulfides (BMS) 
with different PdN/IrN frac-
tionations from Tallante peri-
dotites, southeast Spain. Both 
PGE and semi-metals are or-
dered from left to right accord-
ing to decreasing compatibility 
in monosulfide solid solution 
coexisting with a sulfide liquid. 
Black lines indicate patterns 
of monomineralic pentlandite 
(pn), purple lines of pentland-
ite + chalcopyrite intergrowths 
(cping), and gray lines of 
pentlandite + bornite + chal-
copyrite (pn + bn + cp). Nor-
malizing values are from 
Fischer-Gödde et al. (2010) and 
McDonough and Sun (1995).
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in the eastern Betic Cordillera (Duggen et al., 
2005). According to Bianchini et al. (2011), Sr-
Nd-Hf isotopes of clinopyroxene corroborate 
that Jurassic MORB-type silicate melts were the 
main metasomatic agent in the Tallante litho-
spheric mantle. However, the lack of geochemi-
cal equilibrium between different clinopyroxene 
grains at the thin section scale (Fig. 7) argues 
against an old Mesozoic percolation event in 
these rocks. Indeed, the general LREE-depleted 
signature of clinopyroxene in extensively perco-
lated peridotites from Tallante has been ascribed 
to pervasive re-equilibration with Cenozoic tho-
leiites of subduction-related affinity (Rampone 
et al., 2010). Based on the wide variability of 
Sr-Nd-Pb isotopic signatures, Marchesi et  al. 
(2017) ascribed the microstructural and compo-
sitional features of metasomatic clinopyroxene 
to reactive porous flow of melts from a pyroxe-
nite-bearing heterogeneous mantle source.

Melts with a pyroxenite component played 
a key role in the geochemical refertilization of 
the SCLM beneath the western Mediterranean 
(Lambart et  al., 2012; Marchesi et  al., 2014). 
Thermodynamic and experimental work indi-
cates that clinopyroxene, orthopyroxene, and 
spinel crystallize from a pyroxenite-derived 
melt interacting with peridotite (Lambart et al., 
2012). Depending on the silica activity of this 
melt, either olivine or orthopyroxene occurs on 
the liquidus surface together with clinopyrox-
ene ± spinel (Lambart et  al., 2012), properly 
accounting for the coupled dissolution of oliv-
ine and formation of orthopyroxene, or vice 
versa, recorded by the whole set of Tallante spi-
nel peridotites (Rampone et al., 2010; Marchesi 
et al., 2017). In the context of the geodynamic 
evolution of the western Mediterranean, par-
tial melting of a pyroxenite-peridotite veined 
mantle was likely caused by lithospheric exten-
sion and asthenosphere upwelling due to west-
ward rollback retreat of the subduction system 
in the Cenozoic (Duggen et al., 2005, 2008). In 

summary, previous works and our new compo-
sitional and textural observations support the 
hypothesis that the metasomatic event leading 
to crystallization of sulfide-hosting pyroxene 
was due to the Miocene subduction-related sub-
alkaline metasomatism permeating the southern 
Iberian lithosphere in response to the upwelling 
of a hot asthenospheric mantle upon slab roll-
back and tearing of the continental paleomargin 
(Mancilla et al., 2015; Hidas et al., 2016).

In Situ Melting of Metasomatic Domains

Interstitial glass within Tallante spinel lherzo-
lites forms vug-rich lobate pockets that border 
clinopyroxene and spinel (Figs. 2E and 2F). The 
absence of glass around domains constituted by 
olivine, the main rock-forming mineral, rules 
out the hypothesis that it represents external 
melt infiltrating the peridotites. In addition, 
glass pockets are remarkably enriched in SiO2 
and Al2O3 (Fig. 10), and depleted in MgO, FeO, 
TiO2, and K2O (not shown) compared with host 
alkali basalts (Fig. 10), supporting the idea that 
they are not simply portions of host magma 
trapped in the xenoliths (Coltorti et al., 2000; 
González-Jiménez et  al., 2014; Tassara et  al., 
2018). Homogeneous TiO2/Al2O3 ratios (∼0.04–
0.07) over the whole range of SiO2 abundances 
in glass (Fig. 10) are also inconsistent with reac-
tion between peridotite and infiltrating alkali 
basaltic melts (Neumann and Wulff-Pedersen, 
1997). Moreover, amphibole and phlogopite rel-
ics are absent in the matrix of the studied spinel 
lherzolites, arguing against an origin of glass by 
incongruent breakdown of these phases (Yaxley 
et al., 1997).

On the other hand, the exclusive association 
of glass with metasomatic clinopyroxene-spinel 
assemblages supports its generation by in situ 
melting of small-scale mineral domains formed 
during Miocene refertilization. Indeed, the com-
positions of glass (Table S1) resemble those of 

near-solidus melts of fertile spinel peridotites 
at low pressure (1 GPa) (Fig. 10) (Baker et al., 
1995; Falloon et  al., 2008). Empty vugs and 
subspherical vesicles in glass pockets (Figs. 2E 
and 2F) suggest that a significant amount of 
volatiles were originally dissolved in the melt 
now quenched to silicate glass. This supports 
that melting occurred under hydrous conditions, 
possibly explaining the SiO2-rich composition of 
several interstitial glass patches compared with 
anhydrous near-solidus melts (Fig. 10) (Gaetani 
and Grove, 1998). In this scenario, volatiles likely 
lowered the solidus temperature of spinel lherzo-
lites at low pressure, promoting the small-scale 
melting of sulfide-hosting clinopyroxene and spi-
nel (Ionov et al., 1994). This local event should 
have occurred at very low melting degrees, thus 
preserving most of the clinopyroxene-spinel 
assemblages and generating small amounts of 
melts, which were unable to  segregate through 
interconnected channels (von Bargen and Waff, 
1986) and were instead trapped at interstices in 
close contact with their source minerals. The 
irregularly shaped geometries of glass patches 
(Figs. 2E and 2F) contrast with the equilibrium 
melt distribution predicted for a partially molten 
peridotite at mantle conditions (Jin et al., 1994), 
suggesting that the entrapment of melt pockets 
occurred in a relatively short time.

At contacts with glass, clinopyroxene, and 
spinel usually display spongy coronae (Figs. 2E 
and 2F) that constitute a reaction zone with 
quenched melt (“spongy textures” in Kovács 
et al., 2007; Pan et al., 2018). This melt-mineral 
reaction led to higher contents of Al2O3, TiO2, 
and Cr2O3 in spongy clinopyroxene, as well as 
of TiO2 in spongy spinel, in comparison with 
the inner portion of the grains (Figs. 3B–3D). In 
addition, enhanced partitioning of Ti in clinopy-
roxene at near-solidus melting conditions (Baker 
et al., 1995) may have contributed to enrich TiO2 
in spongy clinopyroxene. Low degrees of par-
tial melting at grain rims may explain lower 
LREE concentrations in spongy clinopyroxene 
(Fig.  7A) and slightly higher Cr# in spongy 
spinel (Fig.  3B) (Yaxley et  al., 1997; Kovács 
et  al., 2007). However, higher Cr# in spinel 
may also reflect low-pressure re-equilibration of 
spongy coronae with Si-rich hydrous melts now 
quenched to glass (Dick and Bullen, 1984).

Small euhedral microlites of olivine and spinel 
randomly dispersed within glass pockets likely 
represent the crystallization products of the melt 
quenched to silicate glass in which microlites are 
now included (Yaxley et al., 1997). Relatively 
high CaO in olivine (Fig. 3A) and TiO2 in spi-
nel microlites (Fig. 3D) are consistent with this 
interpretation (Dick and Bullen, 1984). High 
Mg# values of olivine microlites (90.0–92.5) 
support their precipitation from a primitive 

Figure 10. TiO2/Al2O3 versus 
SiO2 (wt%) for glasses in spi-
nel lherzolites from Tallante 
in southeast Spain (gray stars) 
compared with data of host al-
kali basalts (black diamonds, 
Duggen et  al., 2005) and ex-
perimentally determined near-
solidus melts of lherzolites at 
1 GPa (B95—Baker et al., 1995; 
F08a—Falloon et  al., 2008), 
1.5 GPa (F08b—Falloon et  al., 
2008), and of depleted harzbur-
gite at 1 GPa (W03—Wasylenki 
et al., 2003) (black squares).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36065.1/5412683/b36065.pdf
by Univ de Granada Biblioteca Fac de Ciencias user
on 17 February 2022



Metallogenic fertility metasomatized lithospheric mantle

 Geological Society of America Bulletin, v. 130, no. XX/XX 11

mantle melt that experienced minor fractional 
crystallization. This interpretation is consis-
tent with experimental results that show how 
highly silicic mantle melts may reach saturation 
in high-Mg# olivine at relatively low pressure 
(1 GPa) (Draper and Green, 1997). Fractional 
crystallization of olivine likely contributed to 
increase SiO2 (Fig. 10) and decrease MgO and 
FeO in the coexisting melt, accounting for the 
compositional variability of these glasses (Table 
S1). In the context of the petrological evolution 
of the Tallante peridotites, in situ low degrees 
of partial melting of metasomatic clinopyroxene 
and spinel are likely the results of supply of heat 
and volatiles from the Pliocene alkaline magmas 
that finally carried the xenoliths to the surface.

Fingerprinting the Origin of BMS Included 
in Metasomatic Pyroxene

All the BMS grains identified in the Tallante 
xenoliths are included in metasomatic pyrox-
ene and exhibit rounded morphology (Figs. 2 
and 4). This suggests that BMS are the solidi-
fied products of immiscible droplets of sulfide 
melt entrained in subalkaline silicate melts (e.g., 
Andersen et al., 1987) that produced the refer-
tilization of Tallante peridotites via formation 
of clinopyroxene + orthopyroxene + spinel 
assemblages (Aulbach et al., 2021).

These sulfide inclusions consist of Ni-rich 
pentlandite coexisting with minor chalcopyrite 
and/or bornite (Fig. 4). At the temperature condi-
tions (850–1050 °C) estimated for the equilibra-
tion of this set of mantle xenoliths (Hidas et al., 
2016), phase relations in the Fe-Ni-Cu-S system 
predict that Fe-rich monosulfide solid solution 
(mss) should be the first solid to crystallize from 
sulfide melt droplets (Kullerud et al., 1969). If 
so, the fractionation of such sulfide melts must 
be governed by the sequential crystallization 
of monosulfide (mss) and/or intermediate (iss) 
[(Cu1 ± xFe1 ± y)S2] solid solutions (Ballhaus 

et al., 2001). In this scenario, pentlandite may 
crystallize either at ∼865 °C as a result of peri-
tectic reaction between Fe-rich mss (pyrrhotite) 
and residual Ni-rich liquid (Sugaki and Kita-
kaze, 1998), or at a lower temperature (<610 
°C) as the subsolidus re-equilibration product 
of former mss reacting with heazlewoodite [(Ni, 
Fe)3 ± xS2] solid solution (hzss) (Kullerud et al., 
1969). However, such a crystallization path-
way does not explain the compositions of BMS 
from Tallante because: (1) their reconstructed 
bulk compositions have Cu contents (up to 
14.8 wt%) exceeding the solubility limit of Cu 
in mss (maximum of 7.5 wt% Cu in mss struc-
ture at 935 °C; Cabri, 1973), and (2) pyrrhotite 
(the low temperature product of equilibration 
of the high-temperature mss) does not occur in 
our composite sulfide inclusions, ruling out the 
formation of pentlandite by re-equilibration of 
former mss, either by subsolidus or peritectic 
reaction (Mansur et al., 2019).

Conversely, the reconstructed bulk composi-
tions of these sulfides point out that their paren-
tal melts had compositions arising from the 
central portion of the Fe-Ni-Cu-S tetrahedron 
(see fig. 1A in Peregoedova and Ohnenstetter, 
2002) as is typical for sulfides precipitated from 
metasomatic Cu-(Ni-Fe)-rich melt formed by 
incongruent melting of pre-existing Fe-Ni-Cu 
sulfides (Bockrath et al., 2004; Luguet and Reis-
berg, 2016). The bulk Ni-Cu rich compositions, 
together with high metal/S (∼1.1, Table S2) and 
low Fe/(Fe + Cu) ratios of the Tallante sulfides 
(Fig. 11), are more consistent with their forma-
tion in a portion of the Fe-Ni-Cu-S system domi-
nated by the early (850–900 °C) crystallization 
of the quaternary solid solution comprising the 
compositional range between hzss and iss solid 
solutions (Peregoedova and Ohnenstetter, 2002). 
Once cooling, this quaternary solid solution may 
increase its bulk Ni/Cu ratio breaking down to 
pentlandite from hzss at ∼760 °C and chalco-
pyrite (and/or bornite) from iss below 557 °C 

(Fleet and Pan, 1994; Kullerud et al., 1969; Pere-
goedova and Ohnenstetter, 2002), explaining the 
observed pn ± cp ± bn assemblages in the Tal-
lante peridotites (Fig. 4).

On the other hand, BMS from Tallante exhibit 
broad variability of chondrite-normalized PGE 
patterns (0.14 < PdN/IrN < 30.74) (Fig.  9), 
which can be grouped into three main types: 
(1) sulfides with nearly chondritic PGE relative 
abundances (PdN/IrN ∼1), which are commonly 
observed in “pristine” mantle mss (Bockrath 
et al., 2004); (2) sulfides with negatively trend-
ing PGE patterns (PdN/IrN < 1) as is typical of 
residual mss left after partial melting (i.e., Type 
1 BMS in Luguet and Reisberg, 2016); and (3) 
sulfides with positively trending PGE patterns 
(PdN/IrN > 5) as those reported for BMS precipi-
tated from metasomatic Ni-Cu rich sulfide melts 
migrating through the SCLM (i.e., Type 2 BMS 
in Luguet and Reisberg, 2016). These three types 
of chondrite-normalized PGE patterns charac-
terize sulfide aggregates with almost constant 
Ni-Fe-Cu compositions (i.e., pn ± cp ± bn) 
(Fig. 5), suggesting that the fractionation of PGE 
was not governed by the known melt-solid and 
solid-solid partition coefficients at equilibrium. 
Moreover, these sulfides exhibit remarkably 
homogeneous concentrations of semi-metals 
(Figs. 9D–9F), which provides additional evi-
dence that PGE abundances were not controlled 
by the expected chalcophile partitioning during 
fractionation of a sulfide melt, as commonly pre-
dicted by experimental results (Ballhaus et al., 
2006) and empirical studies (Alard et al., 2000; 
Lorand and Alard, 2001). Furthermore, there is 
no correlation between PdN/IrN of BMS and indi-
cators of silicate melt fractionation (e.g., LaN/
SmN) in their host pyroxene (Fig. 12), suggest-
ing that the variability in PGE systematics did 
not originate from variable extents of interaction 
with the agents of silicate metasomatism (e.g., 
Saunders et al., 2015; Tassara et al., 2018).

All these observations point out that Tal-
lante BMS crystallized from Ni-Cu rich sulfide 
melt(s) that inherited the PGE signatures of dis-
tinct populations of pre-existing sulfides and/
or PGM, each one with its own distinct PGE 
systematics, which melted incongruently during 
extraction and/or migration of silicate melts in 
the SCLM. Several works have shown that the 
PGE composition of the SCLM is highly het-
erogeneous at different scales (Aulbach et al., 
2016; Aulbach et al., 2021), as the PGE budget 
is controlled by various populations of BMS 
and PGM recording multiple episodes of partial 
melting and metasomatism (González-Jiménez 
et al., 2014; Hughes et al., 2017; Tassara et al., 
2018). As the melting region in subduction set-
tings is normally several tens to hundreds of 
kilometers across and may extend to depths 

Figure 11. Reconstructed bulk 
compositions of base-metal 
sulfides (BMS) from Tallante 
peridotites in southeast Spain 
(squares) in the Fe/(Fe + Cu) 
versus Ni/(Ni + Fe + Cu) plot. 
Grey and black lines are calcu-
lated isopleths of monosulfide 
solid solution (mss) (51.8 at% 
S) and coexisting sulfide liquid 
(48 at% S) at different temper-
atures, respectively (Fleet and 
Pan, 1994).
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greater than 100 km (e.g., The MELT Seismic 
Team 1998), individual melt batches ascending 
through the upper mantle above a subduction 
zone may carry PGE signatures inherited from 
distinct BMS/PGM populations. The preserva-
tion of variable PGE signatures in the Tallante 
sulfides implies that melt extraction, melt-rock 
interaction, and melt crystallization did not erase 
the original noble metal systematics of the pre-
existing sulfides and/or PGM, despite produc-
ing relatively homogeneous bulk Ni-Fe-Cu and 
semi-metal signatures.

The Role of Nano-to-Micrometer Sized 
PGM and Gold Particles

Careful examination of the time-resolved 
spectra signals collected during the in situ LA-
ICP-MS analyses of the Tallante BMS reveals the 
frequent presence of 195Pt, 108Pd, and 197Au posi-
tive spikes (Fig. 8). This observation is consistent 
with backscattered electron images, acquired by 
FEG-ESEM, confirming the presence of several 
types of nano-to-micrometer sized inclusions 
of Pt(-Pd)-Sn rich PGM (including tatyanite 
Pt9Cu3Sn4, González-Jiménez et al., 2020) and 
gold particles in BMS (Fig. 6). The high-mag-
nification imaging of tatyanite nanoparticles by 
combining high-resolution SEM and high-reso-
lution TEM revealed a predominantly euhedral 
morphology and the absence of crystallographic 
continuity with the host BMS (i.e., pentlandite 
or chalcopyrite, González-Jiménez et al., 2020). 
These observations suggest that the formation of 
nano-to-micrometer sized PGM likely preceded 
the precipitation of their host BMS. This hypoth-
esis is consistent with the fact that refractory 
Pt(-Pd)-Te-Sn compounds have higher solidus 
temperatures (>1200 °C) than the liquidus tem-

peratures of Cu-Fe-Ni-S melts (Sinyakova et al., 
2016, 2019), suggesting they crystallize before 
being trapped into BMS. The enrichment in Sn 
in such Pt-rich PGM (Figs. 6A and 6B) suggests 
that this semi-metal enhanced the formation of 
immiscible Pt-rich nanomelts or nanoparticles in 
both the silicate and sulfide liquids (Helmy et al., 
2007, 2013; Anenburg and Mavrogenes, 2020; 
González-Jiménez et al., 2019, 2020). Interest-
ingly, (sub)-micrometer sized PGM consisting of 
Pt bounded with semi-metals (As, Te, Bi) have 
been reported in other mantle BMS, including 
pentlandite (Luguet et al., 2007; Lorand et al., 
2010; Alard et  al., 2011; González-Jiménez 
et al., 2019). Experimental works also support 
the more refractory nature of these Pt-rich min-
erals than BMS, owing to the strong tendency 
of Pt to form semi-metal complexes in both 
silicate and sulfide melts (Helmy et al., 2013; 
Helmy and Bragagni, 2017; Anenburg and Mav-
rogenes, 2020).

Similarly, gold particles in the Tallante peri-
dotites also exhibit euhedral morphology and 
no specific microstructure that might control 
their location within the host BMS, suggesting 
that they crystallized prior to BMS rather than 
by low-temperature exsolution. Previous works 
have shown that gold is almost insoluble into 
pentlandite (Piña et al., 2012) or its potential pre-
cursors such as mss, hzss, or iss (Barnes et al., 
2006; Holwell et al., 2015). Indeed, Sinyakova 
et  al. (2019) synthetized nano-to-micrometer 
sized gold alloys at high temperatures (>1000 
°C) directly from Ni-Cu-Fe sulfide melts, dem-
onstrating that, if these types of melts become 
sufficiently enriched in gold, this metal can form 
its own mineral phases instead of being trapped 
in the lattice of BMS. Moreover, experimental 
studies have shown that gold solubility in silicate 

melts is strongly related to melt sulfur content (Li 
and Audétat, 2013; Li et al., 2019). Therefore, 
once a fractionating silicate melt achieves sulfide 
saturation, a rapid drop in S[melt] may cause local 
precipitation of native gold, as supported by 
the occurrence of several gold-bearing silicate 
glasses in mantle xenoliths worldwide (Tassara 
et al., 2017; González-Jiménez et al., 2020).

An attentive analysis of the LA-ICP-MS sig-
nals of BMS indicates that negative Pt and Au 
anomalies in chondrite-normalized PGE pat-
terns (Fig. 9) are systematically associated with 
lack of positive spikes in their respective time-
resolved spectra. In contrast, positive anomalies 
and/or nearly chondritic proportions of Pt and 
Au relative to adjacent PGEs (Fig. 9) are sys-
tematically correlated with pronounced Pt and 
Au spikes in the time-resolved spectra (Fig. 8), 
confirming that the presence or absence of 
(sub)-micrometric particles largely controls the 
Pt-Au budget of the BMS. These observations 
suggest that a selective uptake of Pt and Au by 
nanoparticles (or nanomelts) preceding the for-
mation of the Tallante BMS may have strongly 
depleted these two elements in the crystallizing 
sulfides, whereas the mechanical assimilation 
of these pre-existing metal particles produced 
nearly chondritic or superchondritic concentra-
tions. Thus, the presence or lack of PGM and 
metal-bearing particles exerted a strong “dis-
turbing impact” on the PGE systematics of the 
analyzed BMS.

Our interpretation confirms recent experi-
mental (Anenburg and Mavrogenes, 2020) 
and empirical works (Zelenski et  al., 2017; 
Kamenetsky and Zelenski, 2020), showing that 
mantle-derived sulfide droplets may preserve 
their variable PGE systematics over distances 
covering the whole lithospheric column, espe-
cially whether they transport discrete nano-to-
micrometer sized particles or melts. As dis-
cussed above, the metal-bearing particles may 
have been segregated at any stage of the evo-
lution of the Tallante peridotites, either directly 
from silicate melt prior to sulfide saturation, or 
from droplets of immiscible sulfide melt, once 
sulfide saturation was already achieved. Alter-
natively, Pt-rich PGM and Au-bearing minerals 
may have been also assimilated and transported 
in the silicate melt during melt extraction and 
migration in the SCLM in the form of solid 
nanoparticles or nanomelts (González-Jiménez 
et al., 2019, 2020; Kamenetsky and Zelenski).

METALLOGENIC MODEL

The peculiar position of the Tallante volcanic 
field, in the western Mediterranean, provides a 
perspective onto the evolution of a transitional 
lithospheric mantle sector between southern 

Figure 12. PdN/IrN ratio of 
base-metal sulfides in Tallante 
peridotites (southeast Spain) 
versus LaN/SmN of host clino-
pyroxene (cpx). Symbols as in 
Figure 7.
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 Iberia and the westward migrating Alborán 
micro-continent (Figs.  13A and 13B). Fertile 
spinel lherzolites from Tallante sampled volumes 
of subcontinental lithospheric mantle affected by 
pervasive crystallization of metasomatic sulfide-
hosting pyroxenes. This refertilization event was 
due to the percolation of subalkaline subduction-
related magmas generated by upwelling of hot 
mantle asthenosphere upon slab rollback and 
tearing of the Iberian continental lithosphere dur-
ing the Miocene. Subvertical translithospheric 
STEP faults, which accommodated the lateral 
propagation of slab rupture, likely provided 
preferential pathways for the upward migration 
of silicate melts and the generation of metaso-
matized domains in the SCLM underlying the 
southern Iberian margin. The precipitation of 
Ni-Cu rich BMS with strongly heterogeneous 
PGE systematics (Fig. 9), Pt-Pd-rich PGM, and 
Au-bearing microinclusions (Fig. 6) hosted in 
the metasomatic (clinopyroxene + orthopyrox-
ene + spinel) assemblages (Figs. 2 and 4) sug-

gests that ascending silicate melts incorporated 
different populations of sulfide droplets and 
metal nanoparticles, which were finally concen-
trated in the shallower domains of the SCLM by 
melt-rock reaction at decreasing melt volumes. 
The possible presence of pyroxenites in the man-
tle source of these silicate melts (Marchesi et al., 
2017) may have enhanced their Au budget, as 
pyroxenites are considered relevant sources of 
gold in the mantle (Saunders et al., 2018).

Precipitation of metasomatic sulfides, PGM, 
and metal nanoparticles provided an efficient 
mechanism for the storage of metals, in par-
ticular gold, in the SCLM beneath the southern 
Iberian margin. Indeed, BMS in Tallante perido-
tites have Au concentrations (median 1.78 ppm) 
up to 4–5 times higher than Au abundances in 
BMS from other xenoliths of common oceanic 
or continental mantle (⁓0.02 ppm in intraplate 
oceanic mantle; 0.01–0.28 ppm in depleted cra-
tonic mantle; 0.20–0.414 ppm in metasomatized 
SCLM; see references in Fig. 14). Similarly to 

the SCLM beneath southern Patagonia (Tassara 
et al., 2018), high contents of Au in BMS from 
Tallante are linked to the presence of Au-metal-
logenic provinces in the upper crust (Fig. 1). This 
observation suggests a close link between Au 
abundances in mantle BMS and the metallogenic 
fertility of the overlying crust, supporting previ-
ous evidence of the key contribution of the meta-
somatized lithospheric mantle as a source of gold 
endowment in the upper crust (McInnes et al., 
1999; Hronsky et al., 2012; Griffin et al., 2013; 
Tassara et al., 2017; Holwell et al., 2019; Wang 
et al., 2020). In this scenario, the fertile domains 
of SCLM sampled by sulfide-bearing Tallante 
peridotites may have sourced the parental mag-
mas of middle- to high-K calc-alkaline volcanic 
suites genetically related to gold mineralizations 
in southeast Spain (Fig. 13C). The occurrence 
of gold magmatic particles in lamproitic dykes 
of the NVP (Toscani, 1999) further supports 
the presence of Au-rich domains in the SCLM 
beneath the southern Iberian margin. Gold fer-
tility of magmas from this sector of SCLM was 
enhanced by relatively low melting temperature 
of the sulfide-bearing metasomatic assemblages, 
as well as by low thermal stability of their gold 
repositories (Ni-Cu rich BMS). Melting of fer-
tile SCLM occurred in response to continuous 
asthenosphere upwelling and continental edge 
delamination of the Iberian lithosphere since the 
middle Miocene, driving the generation of ore-
productive volcanic suites, progressively shifting 
from calc-alkaline to alkaline affinities. Such a 
metallogenic evolution may account for other 
regional settings related to the emplacement of 
Cu-Au deposits associated to post-subduction 
calc-alkaline to alkaline magmas sourced from 
subduction-metasomatized lithospheric mantle 
(Richards, 2009; Fiorentini et al., 2018; Holwell 
et al., 2019; Rabayrol and Hart, 2021).

In conclusion, the modification of the SCLM 
during the subduction-related Miocene evolution 
of the western Mediterranean impacted on the 
metallogenesis of its overlying crust by a two-
stage process: (1) subalkaline silicate metasoma-
tism efficiently stored metals, especially Au, in 
fertile domains of the SCLM beneath the south-
ern Iberian margin by the precipitation of sulfide-
bearing metasomatic pyroxenes during the Mio-
cene; (2) partial melting of these fertile domains 
in response to continental edge delamination and 
asthenosphere upwelling transferred their metal 
budget to calc-alkaline magmas feeding miner-
alization and gold endowment in the overlying 
crust (Fig. 13). Regardless of the metasomatizing 
agent, the two-stage process documented here, 
which is at the core of the metallogenic enrich-
ment of the western Mediterranean lithospheric 
domain, is akin to the one that was recently doc-
umented and numerically modeled in the Ivrea 

A

C

B

Figure 13. (A) Cartoon of the geotectonic evolution of the western Mediterranean in re-
sponse to westward migration of the Alborán micro-continent in the Cenozoic. (B) N-S cross-
section close to the southeast Iberian margin, as inferred by seismic profiles in Mancilla 
et al. (2015, 2018). (C) Conceptual 3-D geodynamic sketch of the lithospheric architecture 
beneath the western Mediterranean (modified after Mancilla et al., 2015). SCLM—subcon-
tinental lithospheric mantle.
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Zone of NW Italy (Fiorentini et al., 2018). It is 
proposed that a two-stage process, characterized 
by metal-volatile enrichment and subsequent 
focused reactivation, may represent the most 
important first-order control on the localization 
of world-class mineralized camps worldwide.

CONCLUSIONS

Fertile spinel lherzolites from Tallante (east-
ern Betic Cordillera, southeast Spain) document 
the percolation of Miocene subalkaline silicate 
melts in the SCLM beneath the southern Ibe-
rian margin, which caused the crystallization 
of metasomatic sulfide-hosting clinopyroxene, 
orthopyroxene, and spinel. In the Pliocene, these 
sulfide-bearing metasomatic assemblages under-
went small-scale partial melting in response to 
the influx of heat/volatiles from host alkali mag-
mas shortly before xenolith ascent, producing 
interstitial silicate glass associated with spongy 
coronae around clinopyroxene and spinel.

Base-metal sulfides (pentlandite ± chalco-
pyrite ± bornite) in the Tallante peridotites 
represent the breakdown product of quaternary 
(Ni-Fe-Cu-S) sulfide solution between heazle-
woodite and intermediate solid solutions, which 
originally precipitated from Ni-Cu-rich sulfide 
melts. Incongruent melting of monosulfide solid 

solution produced these melts during extraction 
and transport of the silicate magmas that finally 
precipitated the sulfide-hosting pyroxenes. 
Despite sharing homogeneous compositions in 
terms of major elements and semi-metals, BMS 
have a wide variability of PGE systematics 
inherited from distinct populations of sulfides 
and/or PGM during melting and melt percola-
tion to the shallower SCLM. The early mag-
matic segregation of (sub)-micrometric PGM 
and metal particles, either from silicate or sul-
fide melts, controlled the noble metal distribu-
tion (especially of Pt and Au) in BMS, depend-
ing on whether they were incorporated or not 
within sulfides. Overall, BMS in Tallante peri-
dotites have remarkably higher Au abundances 
than BMS in oceanic or continental mantle not 
associated with metallogenic crustal provinces. 
It is proposed that metasomatic crystallization 
of sulfide-hosting pyroxene provided an efficient 
mechanism for the storage of metals, especially 
Au, in this sector of SCLM underlying the ore-
productive continental margin of southeast Ibe-
ria. Partial melting of this fertile source region, 
during progressive asthenosphere upwelling and 
continental edge delamination, may have effec-
tively fed the metal cargoes of the calc-alkaline 
volcanism genetically associated with ore min-
eralization in the upper crust.
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