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A B S T R A C T

Here we report the first investigation of spinel-bearing mantle xenoliths from Los Gemelos volcano, Canquel 
Plateau, Patagonia. They are highly-depleted Mesoproterozoic (Re–Os model ages of 1.3–0.9 Ga) harzburgites 
and clinopyroxene-poor lherzolites characterized by typical indicators of partial melt extraction, such as low 
whole-rock Al2O3 and CaO contents (<1.5 wt%), high Mg# of silicate phases (90–95), and Cr-rich spinel (Cr# 
0.20–0.42). Depletion of incompatible highly siderophile elements (Re, Ru, Pd) relative to the primitive upper 
mantle supports high degrees of melt extraction. The occurrence of phlogopite and K-rich alkaline glass veins 
with high- and low-SiO2 compositions is clear evidence of modal metasomatism. The light rare earth element 
(LREE) enrichment in clinopyroxene, as well as the whole-rock U-shaped REE pattern, confirms cryptic meta-
somatism. This melt-rock interaction is corroborated by major (i.e., Mg# vs. basaltic elements) and trace (i.e., 
La/YbN vs. Sr/Y and Ti/Eu; and Sr vs. Ti/Eu) element contents of pyroxenes. The calculated compositions of 
melts in equilibrium with clinopyroxene coexisting with phlogopite suggest interaction with slab-derived ma-
terials. This metasomatism has been generated by a chromatographic fractionation-reaction process, from deep 
to shallow mantle domains. The percolation of a high-K hydrous magma probably is associated with the up-
welling of asthenospheric material through a slab-window, which caused partial melting of oceanic crust and 
overlying sediments during the Paleocene. The varying intensities of metasomatic imprints recorded by mantle 
xenoliths from Los Gemelos provide valuable insights into the interaction of slab-derived materials near the 
lithosphere-asthenosphere boundary, at a distance of ~600 km from the Andean volcanic arc.

1. Introduction

Several subduction-related components, such as oceanic crust 
(generating silicate or CO2-rich melts), sediments, and seawater have a 

strong influence on the complex tectonic evolution recorded by the 
chemically and lithologically heterogeneous subcontinental lithospheric 
mantle (SCLM) beneath Patagonia (Stern et al., 1999; Gorring and Kay, 
2000; Laurora et al., 2001; Kilian and Stern, 2002; Rivalenti et al., 2004, 
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2007; Bjerg et al., 2005, 2009; Ntaflos et al., 2007; Schilling et al., 2008, 
2017; Dantas et al., 2009; Faccini et al., 2013; Mundl et al., 2015, 2016; 
Jalowitzki et al., 2016, 2017; Melchiorre et al., 2020; Bertotto et al., 
2021, 2022; Novais-Rodrigues et al., 2021). Notably, severe lithospheric 
thinning has been triggered beneath Central-North Patagonia 
(~43–45◦S) since ~300 Ma (Jalowitzki et al., 2024). In this context, 
mantle xenoliths from Los Gemelos, located on the northern edge of the 
Deseado Massif, represent fragments from near the lithosphere- 
asthenosphere boundary (LAB) (Jalowitzki et al., 2024).

Mantle metasomatism beneath Patagonia has been mainly associated 
with recycling of materials derived from the Andean subduction system 
along the western margin of South America during the Phanerozoic. 
Interactions between peridotite and melts/fluids derived from sub-
ducted slabs can produce modal metasomatism in the form of mica 
(phlogopite) and/or amphibole (pargasite) (e.g., Wyllie and Sekine, 
1982; Canil and Scarfe, 1989; Stern et al., 1999; Gorring and Kay, 2000; 
Laurora et al., 2001; Grégoire et al., 2002; Neumann et al., 2004; Arai 
and Ishimaru, 2008; Giuliani et al., 2016; Jalowitzki et al., 2016; Aul-
bach et al., 2017, 2020; Kargin et al., 2019; Bonadiman et al., 2021). 
Moreover, glass veins with variable compositions are also evidence of 
mantle metasomatism (e.g., Kepezhinskas et al., 1995; Neumann and 
Wulff-Pedersen, 1997; Yaxley et al., 1997; Rapp et al., 1999; Grégoire 
et al., 2001; Laurora et al., 2001; Franz et al., 2002; Arai et al., 2003; 
Kilian and Stern, 2002; Gervasoni et al., 2017; Corgne et al., 2018). 
These indicators of modal metasomatism are normally associated with 
the chemical enrichment of the coexisting primary mineral phases, 
being characterized by high incompatible over less incompatible 
element ratios (i.e., light rare earth elements - LREE over heavy rare 
earth elements - HREE).

Aiming to constrain the origin and time of depletion and meta-
somatic events recorded in the SCLM beneath the northern edge of the 
Deseado Massif, we evaluate the influence of a Paleocene (~60 Ma) slab- 
window as a potential heat source to cause partial melting of the adja-
cent oceanic crust and overlying sediments. We show that the melt-rock 
interaction caused crystallization of phlogopite and chemical enrich-
ment of whole-rock and clinopyroxene from the mantle section under-
neath Los Gemelos. The identification of phlogopite-bearing mantle 
xenoliths contributes to a better understanding of asthenosphere- 
lithosphere interaction involving melt/fluid migration into the mantle 
wedge. Due to the lack of reaction zones between K-rich alkaline glass 
veins and peridotite, we conclude that these veins represent an analogue 
to proto-kimberlite metasomatism (e.g., Giuliani et al., 2014, 2016; 
Aulbach et al., 2017; Tappe et al., 2018; Kargin et al., 2019; Gervasoni 
et al., 2022; Rodrigues et al., 2023; Braga et al., 2024), occurring 
immediately before, or coeval with, the ascent of the host magma. In 
addition, Re–Os model ages (TRD and TMA = 1.3–0.9 Ga) reinforce a 
common origin for the SCLM beneath Patagonia, Malvinas/Falkland 
Islands, and southern South Africa (Schilling et al., 2008, 2017; Mundl 
et al., 2015, 2016). Therefore, these mantle-derived xenoliths provide a 
valuable opportunity to investigate the tectono-magmatic processes 
involved in the long-lived and complex evolution of the Patagonian 
back-arc. In this study, we present mineral and whole-rock geochem-
istry, Os isotopic composition, and highly siderophile element abun-
dances (HSE; platinum group elements - PGEs + Re) for 16 spinel- 
bearing xenoliths.

2. Geological setting

The Canquel Plateau represents the southern extension of the 
Somuncura large igneous province (Anselmi et al., 2004; Massaferro 
et al., 2017) (Fig. 1). Pleistocene Los Gemelos volcano (0.54–0.34 Ma; 
Table S1) hosts the mantle xenoliths investigated here and outcrops in 
the inferred collision zone developed during the Carboniferous-Permian 
between the Deseado and the North Patagonian massifs (Pankhurst 
et al., 2006; Schilling et al., 2017; Jalowitzki et al., 2024). The basement 
ages of these two massifs suggest the occurrence of two main episodes of 

crust formation. The oldest event is evidenced by rocks with Paleo- to 
Mesoproterozoic model ages and detrital zircon populations related to 
Rodinia consolidation (1.3–0.9 Ga), whereas the youngest rocks have 
Pampean and Brasiliano ages related to Rodinia fragmentation and to 
the early stages of Gondwana consolidation (0.75–0.55 Ga) (Pankhurst 
and Rapela, 1995; Hervé et al., 2003; Pankhurst et al., 2003, 2006, 2014; 
Ramos, 2010; Martínez Dopico et al., 2011; Schilling et al., 2017). 
Therefore, Patagonia was part of the Rodinia supercontinent during the 
Mesoproterozoic, becoming detached during its break-up and, in the 
Neoproterozoic, being accreted to Gondwana (Ramos, 2010).

In the Cenozoic, slab-windows opened in the west margin of Pata-
gonia, acting as potential mechanisms to metasomatize the SCLM (e.g., 
Cande and Leslie, 1986; Breitsprecher and Thorkelson, 2009; Jalowitzki 
et al., 2017). During the Paleocene to Eocene, the Farallon-Aluk 
spreading ridge collided against the South American continental plate. 
The triple junction formed through their intersection with the oceanic 
trench migrated southward along the western margin of South America. 
To the south, the continuous subduction of the Chile Ridge spreading 
center has been migrating from the southern edge of Patagonia to the 
latitude of the Taitao Peninsula (~46◦S), forming a trench-ridge-trench 
triple junction for the last 16 Ma (e.g., Cande and Leslie, 1986; Breit-
sprecher and Thorkelson, 2009).

3. Analytical methods

In this study, we selected 16 mantle xenoliths large enough for 
geochemical and isotopic analysis that were also examined in thin sec-
tions. Modal proportions of mineral phases were determined by point- 
counting using the JMicroVision software (Roduit, 2007). For each 
thin section (24 × 40 mm), between 2034 and 3826 points were coun-
ted. The rock fragments were firstly disaggregated by the SELFRAG™ 
Lab system at the University de Brasília (UnB). Subsequently, any 
weathered crystals were removed from the disaggregated sample by 
careful handpicking under a binocular microscope. Mineral major 
element analyses were determined in the 16 selected samples (Table S2), 
whereas mineral trace and rare earth element (REE) abundances were 
obtained in a subset of 10 representative samples (Table S3). All sample 
aliquots (obtained after SELFRAG™ separation and removal of weath-
ered minerals) were finely ground into powder using an agate mortar 
and were analyzed for their whole-rock major and trace element com-
positions (n = 9, Table S4), and Os isotopic compositions and HSE 
abundances (n = 6) (Table S5). The whole-rock geochemistry and K–Ar 
age of three representative volcanic rocks hosting the mantle xenoliths 
from Los Gemelos were determined (Table S1). Considering the impor-
tance of the mineral chemistry, Re–Os, and highly siderophile elements 
to our discussion, they are presented below. The remaining analytical 
methods are detailed in the Supplementary Information and the refer-
ence materials are presented in Tables S6 and S7.

3.1. Electron probe microanalysis

Major element concentrations of mineral phases (olivine, orthopyr-
oxene, clinopyroxene, spinel, and phlogopite) and glass veins from Los 
Gemelos mantle xenoliths were determined by wavelength-dispersive 
spectrometry (WDS) using a JEOL JXA-8230 Electron Probe Micro 
Analyzer (EPMA) at the Laboratório de Microssonda Eletrônica, Insti-
tuto de Geociências (IG), UnB, Brazil. The analyses were done using an 
accelerating voltage of 15 kV, a beam current of 10 nA, and a beam 
diameter of 1 μm in the spot mode. For phlogopite measurements, we 
employed the circle mode with 5 μm diameter. Counting times on peak 
were 10 s per analyte peak and 5 s for the background. All results were 
reduced using an in-house ZAF correction program. The measurements 
were calibrated with the following mineral standards: andradite (CaO 
and FeO), albite (Na2O), forsterite (MgO), microcline (K2O, Al2O3 and 
SiO2), pyrophanite (TiO2 and MnO), chromium oxide (Cr2O3), nickel 
oxide (NiO), topaz (F), and vanadinite (V2O3 and Cl). The detection 
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Fig. 1. Map of southern South America showing the location of the Los Gemelos volcano (LG). Depleted mantle xenoliths are from Agua Poca, Huanul, and Tres 
Lagos while adakite metasomatized xenolith samples are from Paso de Indios region (Chenque, Matilde, and León) and Cerro del Fraile. The occurrence of adakite 
lavas in the Austral Volcanic Zone (AVZ) is indicated as 1 = Lautaro, 2 = Viedma, 3 = Aguilera, 4 = Reclus, 5 = Mt. Burney, 6 = Cook Island, whereas in the back-arc 
region of Southern Volcanic Zone is 7 = Cerro Pampa, 8 = Chaitén, and 9 = Puesto Nuevo.
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limits for all analyzed mineral phases are indicated in Table S2.

3.2. Laser ablation inductively coupled plasma mass spectrometry

Clinopyroxene and phlogopite trace element abundances were 
determined at the laboratory of the Centro Interdipartimentale Grandi 
Strumenti (CIGS), the Università di Modena e Reggio Emilia, Italy. A 
Thermo Fisher Scientific XSERIES-2 mass spectrometer coupled to a 
New Wave UP 213 laser ablation was used. Data reduction was per-
formed with the Thermo Fisher Scientific PlasmaLab® software using 
NIST610 (Jochum et al., 2005) and BCR-2 basaltic glass (Jochum et al., 
2015) as external standards (Table S7). The typical precision (BCR-2 <
10 %, except for W), accuracy (BCR-2 usually <20 %), and detection 
limits for all analyzed mineral phases are indicated in Table S7. The 
analysis conditions were laser spot 55 μm, output 70 % wt., Rep. Rate 10 
Hz, dwell time 30 s and laser beam fluency at 8 J/cm2. The sample 
surface was first ablated with 65 μm spot size, 45 % wt., 10 Hz repetition 
rate. The isotope 44Ca was used as internal standard for clinopyroxene, 
whereas 29Si was used for phlogopite. ThO/Th ratio was monitored on 
the NIST standard and set lower than 1 % during tuning. The Ba/Eu ratio 
in phlogopite was commonly higher than 5000, suggesting strong BaO 
interference on Eu. For this reason, the primitive mantle (PM, Sun and 
McDonough, 1989) normalized Eu (interpolated value) for phlogopite 
was calculated based on the adjacent REE elements using the square root 
of (SmN × GdN, where N = PM normalized values), following the geo-
metric method suggested by Taylor and McLennan (1985).

3.3. Re–Os and highly siderophile elements

Re–Os isotopic compositions and HSE contents were performed by 
the isotope dilution method at the Earth and Planets Laboratory (EPL), 
Carnegie Institution for Science, United States of America. Whole-rock 
powder (1 g) was digested using 6 ml of reverse aqua regia (2:1 
HNO3-HCl) at high-temperature (~240 ◦C) in Pyrex Carius tubes over a 
period of 24–72 h (Shirey and Walker, 1995), together with mixed 
spikes of 185Re–190Os and 191Ir-99Ru-194Pt-105Pd. Osmium was sepa-
rated by solvent extraction employing high-purity CCl4 and micro-
distillation in HBr following established techniques (e.g., Reisberg and 
Meisel, 2002). Rhenium, Ir, Pt and Pd were separated via anion ex-
change chromatography using AG1X8 resin. Osmium isotopic compo-
sitions were determined by negative thermal ionization mass 
spectrometry (N-TIMS) using the Thermo-Fisher Triton. Osmium was 
analyzed as OsO3

− by single-collector peak-hopping in the electron 
multiplier. Measurements of the EPL J-M Os standard (former DTM 
standard) using this procedure during this study gave an average value 
of 187Os/188Os = 0.17395 ± 7 (2SD). This value is within error of the 
mean of high-precision measurements of this standard using faraday 
cups of 0.1739347 ± 20 (2SD). Furthermore, our result is consistent 
with that reported by Luguet et al. (2008) of 0.173926 ± 20 (2SD). 
Rhenium, Ir, Ru, Pt and Pd isotopic compositions for isotope dilution 
concentration determinations were measured using the Thermo Scien-
tific iCAP Q ICP-MS. Total procedural blanks at EPL were less than 2 pg 
for Re, Os, Ir and Ru, 20 pg for Pd, and 30 pg for Pt.

4. Results

4.1. Petrography

The 16 xenoliths from Los Gemelos are fresh peridotites ~4–12 cm in 
size. Based on modal analysis, they are anhydrous clinopyroxene-poor 
lherzolites (LG-01 and LG-10), hydrous- (phlogopite-bearing LG-08 
and LG-12) and anhydrous harzburgites (other samples) (Streckeisen, 
1976) (Fig. S1 and Table S8). Olivine (59–84 vol%) and orthopyroxene 
(10–36 vol%) are the dominant phases in all samples, whereas clino-
pyroxene (2–9 vol%), spinel (1–5 vol%), and phlogopite (<1 vol%) 
occur in lower modal proportions (Table S8).

Peridotites from Los Gemelos are texturally equilibrated as indicated 
by triple point junctions (120◦) and curvilinear grain boundaries 
(Fig. 2a). They display few deformation features with textures varying 
from medium to coarse protogranular, which is associated with the 
harzburgitic paragenesis mainly as a product of partial melting (Mercier 
and Nicolas, 1975) (Fig. 2a). Crystal sizes are 0.3 to 7.2 mm. Contacts 
between the xenoliths and the host alkaline-basalt are always straight 
with no evidence of basalt-peridotite interactions.

Olivine is generally subhedral and displays variable sizes (up to 5.7 
mm). Large olivine crystals often exhibit fractures and kink-bands 
(Fig. 2b) and, occasionally, contain inclusions of spinel. Orthopyroxene 
is subhedral to anhedral and is larger with respect to other phases 
(3.3–7.2 mm) (Fig. 2a). In some samples, clinopyroxene exsolution 
lamellae occur along crystallographic controlled directions. Clinopyr-
oxene is smaller than olivine and orthopyroxene (up to 2.3 mm), 
commonly occurring as anhedral crystals characterized by intense green 
color in textural equilibrium with the other minerals (Fig. 2a). Clino-
pyroxene crystals occur either as discrete grains or in clusters. Spinels 
vary in color from brown to reddish-brown. They are usually interstitial, 
ranging from amoeboid to vermicular shapes with sizes up to 1.7 mm 
(Fig. 2a, c). Phlogopite has sizes in the range of 0.4 and 1.3 mm and 
occurs as tabular isolated crystals or associated with spinel (in contact), 
sometimes as inclusions (Figs. 2c-f and 3a-d). The isolated phlogopite is 
larger, euhedral, and texturally equilibrated with peridotite assemblages 
(Figs. 2d-f and 3c-d). Conversely, phlogopite around and as inclusions in 
spinel crystals are smaller and subhedral (Figs. 2c, e and 3a-b). Meta-
somatic glass veins with hydraulic fracturing were found in samples LG- 
02, LG-06, LG-08, LG-12, LG-14, and LG-15 (Figs. 2b and 3e-f). These 
veins do not occur surrounding the mineral boundaries, that is, they are 
not an intergranular material.

4.2. Mineral chemistry

Individual measurements and the representative (average) compo-
sitions of olivine, orthopyroxene, clinopyroxene, spinel, phlogopite, and 
alkaline glass veins are given in Table S2. Negligible core-rim variation 
(<0.5 %) between the main oxides of mineral phases and alkaline veins 
was observed, so the average compositions were employed in the major 
element diagrams (Figs. 4 and S3-S4). Trace and REE concentrations 
were determined only for clinopyroxene and phlogopite (Table S3).

Olivine (Fo0.90–0.91) is characterized by high Mg# (0.90–0.92; Mg# =
Mg/(Fe + Mg) molar) and NiO content (0.37–0.43 wt%), coupled with 
CaO content below detection limit.

Chromium spinel has high Cr# (0.20–0.42; Cr# = Cr/(Cr + Al) molar) 
and Mg# between 0.67 and 0.80, defining a negative correlation be-
tween these parameters (Fig S2). This pattern indiates partial melting 
(Arai, 1987; Dick and Fisher, 1984). The only sample showing variation 
in spinel composition is LG-02, which is expressed by two different 
Al2O3 (43.45 and 37.87 wt%) and Cr2O3 (25.44 and 31.35 wt%) con-
tents, resulting in variable Cr# (0.28 and 0.36) (Fig. S2).

Orthopyroxene is enstatite (En0.90–0.91 Fs0.08–0.09 Wo0.07–0.10) with 
low Al2O3 (1.83–2.97 wt%), TiO2 (below detection limit), and CaO 
(0.34–0.53 wt%) contents at a high Mg# (0.91–0.92) (Fig. S3).

Clinopyroxene is a high-Mg# (0.92–0.95) Cr-diopside (Cr2O3 =

0.72–1.71 wt%; En0.47–0.50 Fs0.03–0.04 Wo0.47–0.49) with intermediate to 
high Ca/Al (molar) ratios (4.83–8.94) (Fig. 4 and Table S2). CaO con-
tents and Ca/Al ratios show positive correlations with Mg# (Fig. 4). A 
negative correlation is observed in CaO vs. Al2O3 contents (Fig. 4). 
Increasing Mg# is accompanied by depletion in Al2O3 content in both 
pyroxenes (Figs. 4 and S3). Based on the primitive mantle-normalized 
trace and REE diagrams (Fig. 5), as well as on the presence or absence 
of phlogopite and glass veins, clinopyroxenes from Los Gemelos peri-
dotites can be classified into three groups. Group 1 (G1) comprises xe-
noliths containing phlogopite (LG-08 and LG-12), and show fractionated 
LREE over HREE patterns (i.e., Ce/YbN = 8.79–10.11) (Fig. 5a). In 
contrast, Group 2 (G2: LG-02, LG-06, LG-14, LG-15) and especially 
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Fig. 2. Images showing the main mineralogical and textural features in mantle xenoliths from Los Gemelos. (a) Detail of a scanned image from a thin section showing 
the representative mineral assemblage of olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), and spinel (Sp) (sample LG-10). (b) Photomicrograph (crossed 
polars) of a well-developed vein of adakite composition crosscutting an olivine crystal (sample LG-06). (c) Photomicrograph highlighting phlogopite crystals as 
inclusions and around spinel grains (sample LG-12). (d) Photomicrograph (crossed polars) of a euhedral phlogopite crystal in which the hole trail represents the laser 
ablation in the ICP-MS (sample LG-08). (e-f) Photomicrographs showing the localized occurrence of phlogopite as euhedral crystals and as inclusion in spinel 
(samples LG-12 and LG-08, respectively).
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Group 3 (G3: LG-03, LG-09, LG-11, LG-16) have spoon-like REE patterns 
defined by depletion from HREE to Pr (i.e., Pr/YbN = 0.01–0.25) with 
selective enrichment from Pr to LREE (i.e., La/PrN = 1.50–6.89) 
(Fig. 5a). These two groups show Ce/YbN ratios lower than 0.32. Glass 
veins were only observed in xenoliths from G1 and G2. In the PM- 

normalized trace element diagram, clinopyroxenes have positive 
anomalies of W, U, La, Pb, Mo (except for G1 xenoliths), and Eu, with 
negative anomalies of Rb, Ba, Th, K, Zr, Hf, and Ti (Fig. 5b). Niobium 
and Ta negative anomalies are identified in samples from G1 and G2 
(especially in the former), but G3 do not show clear depletion in these 
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Fig. 3. Backscattered electron images (BSE) of glass veins with adakite composition and phlogopites (Phl), which define modal metasomatism. (a-b) Spinel (Sp) 
crystals containing abundant silicate inclusions, as phlogopite (sample LG-08). (c-d) Euhedral phlogopite crystals (sample LG-08). (e-f) Adakite glass veins with 
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elements (Fig. 5b). Although there are no clinopyroxene REE data for 
some xenoliths (LG-01, LG-04, LG-05, LG-07, LG-10, LG-13), they were 
included in G3 according to their clinopyroxene major element distri-
bution (Fig. 4), and lack of glass veins and phlogopite.

Phlogopite is restricted to xenoliths LG-08 and LG-12, showing ho-
mogeneous composition in all petrographic types (Table S2). Fig. 6
shows strong enrichment of LREE over HREE (Ce/YbN = 15.32–22.08) 
with enrichment in incompatible elements (i.e., Cs, Rb, Ba, K, Pb, Mo, Sr, 
and Li), and in high field strength elements (HFSE, Nb-Ta-Ti) compared 

to REEs and Th.
Glass veins (Figs. 2b and 3e-f) are widespread in spinel peridotites 

from G1 and G2. They have bimodal composition marked by high- and 
low-SiO2 contents (Fig. S4). High-SiO2 glass veins have a compositional 
affinity with typical adakites as demonstrated by their high SiO2 
(60.38–61.29, adakite >56 wt%), Al2O3 (15.78–16.52 wt%, adakite 
>15 wt%), and Na2O (4.40–4.54 wt%, adakite >3 wt%), coupled with 
low MgO (2.26–2.37 wt%, adakite <3 wt%) (Defant and Drummond, 
1990; Martin et al., 2005; Castillo, 2012 and references therein) 
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(Fig. S4a-c and Table S2). In contrast, low-SiO2 glass veins (48.75–50.93 
wt%) are coupled with high Al2O3 (16.56–17.62 wt%), Na2O 
(4.14–5.32 wt%) and MgO (4.43–4.85 wt%) contents (Fig. S4a-c and 
Table S2). Both types of glass have high K2O (2.84–4.37 wt%, Fig. S4d), 
and high alkali contents (K2O + Na2O = 7.37–9.59 wt%) compared to 
adakite lavas from Patagonia (K2O < 2.7 wt% and alkalis <7.0 wt%; 
Mahlburg Kay et al., 1993; Stern and Kilian, 1996; Ramos et al., 2004) 
(Fig. S4 and Table S2). The high K2O content of these veins results in 
high K2O/Na2O ratios (0.63–0.84, adakite <0.5). Another element with 
anomalous high content compared with typical adakites is TiO2 
(2.20–2.91 wt%) (Fig. S4e). In general, CaO and FeO are higher in low- 
SiO2 glass (CaO = 5.82–12.14 wt%, FeO = 5.11–7.18 wt%) compared to 
those of high-SiO2 (CaO = 4.75–5.73 wt%, FeO = 2.68–3.46 wt%) 
(Fig. S4f-g). Samples LG-14 and LG-15 are characterized by the occur-
rence of both types of glass (high- and low-SiO2), suggesting the infil-
tration of a heterogeneous metasomatic agent.

4.3. Temperature estimates

Temperature estimates were obtained using several geo-
thermometers from the PTEXL Excel spreadsheet (Stachel, 2022, “PTEXL 
- Geothermobarometry of Mantle Rocks”, https://doi.org/10.5683/S 
P3/IMYNCL, Borealis, V2) (Table S8) assuming 1.5 GPa (spinel-facies).

Here we employed accurate and robust geothermometers based on 
two-pyroxenes (Brey and Köhler, 1990; Taylor, 1998) and Ca in 

orthopyroxene (Brey and Köhler, 1990; Nimis and Grütter, 2010). The 
temperature average of each sample will be considered below 
(739–953 ◦C) (Table S8).

4.4. Whole-rock geochemistry

Whole-rock major and trace element contents were determined for 
the largest samples (n = 9, Table S4). These results do not show the same 
compositional distinctions according to which groups were defined 
based on clinopyroxene mineral chemistry. In terms of major elements, 
Los Gemelos peridotites have high-Mg# (0.91–0.92), as well as variable 
and low CaO (0.74–2.07 wt%) and Al2O3 (0.83–1.80 wt%) contents 
(Table S4). Negative correlations observed between MgO vs. CaO, 
Al2O3, Na2O, and TiO2 are typical of melt extraction processes (Fig. S5).

In general, all analyzed samples display selective LREE enrichment 
(e.g., La/SmN = 1.34–6.31), and U-shaped REE pattern with variable 
depletion of MREE relative to LREE and HREE (La/SmN > 1 and Gd/YbN 
< 1; Fig. 7a, Table S4). Sample LG-07 has the highest HREE content (LuN 
= 0.41) and shows a continuous decrease from Lu to Nd (Nd/LuN =

0.13) and an increase from Pr to La (La/PrN = 1.89). Sample LG-01 also 
has a U-shaped REE pattern with one of the lowest HREE and the highest 
LREE contents, with a progressive enrichment from Dy to La (La/DyN =

18.17).
Regarding the PM-normalized trace element diagram (Fig. 7b), most 

samples have positive Pb anomalies and smaller ones in Cs, Ba, La, and 
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Fig. 6. Rare earth element (a) and multielement (b) diagrams of phlogopites from Los Gemelos. Concentrations are normalized to the primitive mantle (PM, Sun and 
McDonough, 1989).
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Eu. On the other hand, negative anomalies are observed in Rb, Sr, and Hf 
(Fig. 7b). Sample LG-07 has positive anomalies of Cs, Ba, Nb, Pb, and Ti 
coupled with negative anomalies of Rb, Sr, Zr, and Hf. Finally, sample 
LG-01 shows positive anomalies of Cs, Ba, Nb, Ta, Pb, Zr and Hf, coupled 
with a negative anomaly of Rb (Fig. 7b).

4.5. Re–Os isotope compositions and highly siderophile elements

Six whole-rock peridotites were analyzed for Re–Os isotopes and 
HSE contents (Table S5). Initial 187Os/188Os ratios were calculated 
considering the eruption age of the host basalt (0.45 ± 0.03 Ma; 
Table S1). The γOs values (− 3.5 to − 6.4, where γOs =

Fig. 7. Rare earth element (a) and multielement (b) diagrams of whole-rock samples from Los Gemelos. Concentrations are normalized to the primitive mantle (PM, 
Sun and McDonough, 1989). Partial melting estimates (dashed lines) are indicated in 12 %, as well as from 22 to 28 % with the increment of 2 % in (a). Details about 
the calculations are in the main text. Samples LG01 and LG-07 are highlighted due to their distinct compositional patterns. For comparison, the trace and rare earth 
elements patterns of a mixing model between a depleted mantle (99.5 %) and an adakite melt (0.5 %; Corgne et al., 2018) were used to reproduce the compositional 
patterns of Los Gemelos peridotites (see section 5.1 for details).

Fig. 8. Primitive Upper Mantle (PUM, Becker et al., 2006) normalized highly siderophile element (HSE) patterns of the Los Gemelos peridotites. Samples LG-01, 
LG06, and LG-07 are highlighted due to their distinct patterns. In general, the xenoliths present typical partial melting pattern characterized by depletion of Pd 
and Re coupled with relative enrichment of Os Ir, and Ru. Platinum is enriched in all samples. Compared with the SCLM beneath the Deseado Massif (Mundl et al., 
2015; Schilling et al., 2017), Los Gemelos shows depletion in Ru, Pd and Re, indicating a highly-depleted mantle.
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((187Os/188Os)sample/(187Os/188Os)PUM–1) × 100, where PUM = primi-
tive upper mantle; Walker et al., 1989; Meisel et al., 2001), calculated 
based on the initial Os ratios, are compatible with Re-depleted residues. 
The Re-depletion model ages (TRD) of five samples range from 1.1 to 0.9 
Ga (Grenville-age) while sample LG-07 yields a younger age of 0.6 Ga. 
Also, most samples have mantle model ages (TMA) only slightly older 
(1.3–1.1 Ga) than their TRD model ages, reflecting their low Re/Os ra-
tios. In contrast, samples LG-01 and LG-07 have TMA significantly 
different than their TRD, suggesting recent addition of Re.

Overall, well-defined positive correlations between 187Os/188Os vs. 
whole-rock Al2O3 (wt%) and YbN are observed (Fig. S6). The 
187Os/188Os vs. Al2O3 correlation extrapolates to 0.11819 at Al2O3 = 0, 
providing a TRD model age of 1.55 Ga, slightly older than the TRD of the 
individual samples. In contrast, 187Os/188Os vs. Os (ppb), Ol Mg#, and 
Sp Cr# define negative correlations (Fig. S6). The HSE (PGEs + Re) 
concentrations (in ppb) of Los Gemelos mantle xenoliths vary widely 
(Os = 0.024–5.854, Ir = 0.139–1.319, Ru = 0.360–1.510, Pt =
2.468–7.707, Pd = 0.018–0.416, and Re = 0.001–0.017) (Fig. 8 and 
Table S5). Except for the OsN (1.50) and PtN (1.01) contents of LG-06 
and LG-01, respectively, all samples are depleted compared to the 
PUM-normalized HSE values (Becker et al., 2006) (Fig. 8). In addition, 
most samples have similar HSE patterns, with variable depletion of Pd 
compared to Os, Ir and Ru, reflecting different degrees of partial melting, 
and positive anomalies of Pt (Fig. 8 and Table S5). Sample LG-01 shows 
anomalously low Os and Ir, but Re concentrations similar to the other 
xenoliths leading to its anomalously high Re/Os ratio. Sample LG-06 
shows enrichment of Os (OsN/IrN = 4.35) (Fig. 8 and Table S5). Sam-
ples LG-01, LG-03 and LG-08 have relatively high ReN/PdN ratios 
(4.7–10.3).

5. Discussion

5.1. Partial melting of Los Gemelos mantle xenoliths

Clinopyroxene-poor spinel peridotites from Los Gemelos show 
petrographic (e.g., presence of phlogopite and alkaline glass veins) and 
chemical evidence of a complex mantle evolution involving melt 
extraction (depletion) followed by enrichment (metasomatism). After 
partial melting, residual peridotites are expected to range from fertile 
lherzolites to highly refractory clinopyroxene-poor peridotites charac-
terized by low whole-rock Al2O3 and CaO contents, high forsterite 
content in olivine, and Cr-rich spinel. Typical negative correlations be-
tween MgO vs. basaltic elements (e.g., CaO, Al2O3, Na2O, and TiO2), 
which are expected in the solid residue after partial melting, are 
observed in whole-rock geochemistry (Fig. S5). Most samples also show 
relative depletion of the more incompatible Re and Pd compared to the 
compatible Ir and Os, consistent with them being residues of melt 
extraction. Comparing with previous results reported for the SCLM 
beneath the Deseado Massif (Mundl et al., 2015; Schilling et al., 2017), 
our samples record depletion in Ru, Pd, and Re (Fig. 8), suggesting a 
highly-depleted lithosphere beneath Los Gemelos. The positive 
187Os/188Os vs. Al2O3 correlation indicates that this melt extraction 
occurred well before the event that brought the xenoliths to the surface 
with TRD ages in the range of a billion years. Whole-rock MREE/HREE 
ratios support partial melting (i.e., Sm/YbN = 0.23–0.65; except for LG- 
01 = 1.35) (Table S4). Some aspects of mineral chemistry provide 
further evidence of depletion, such as the high Cr# of spinels 
(0.20–0.42) and Mg# of the silicate phases (0.90–0.95) (Table S2). Well- 
defined negative correlations between Mg# vs. Al2O3 and TiO2 (for both 
pyroxenes), and CaO vs. Al2O3 (for clinopyroxene), besides the positive 
correlations observed of Mg# vs. CaO and Ca/Al (molar) for clinopyr-
oxene (Figs. 4 and S3) attest to extraction of partial melts.

Partial melting degrees were estimated based on whole-rock and 
clinopyroxene HREE compositions (i.e., Yb and Lu). For whole-rock, this 
modelling yielded between 22 and 28 % of partial melting (Fig. 7a). 
Xenolith LG-07 shows 12 % of partial melting, likely an underestimation 

compared to the other samples. More likely, this result reflects the in-
fluence of later metasomatism. In comparison, the melting model using 
clinopyroxene requires between 16 and 17 % of partial melting (Fig. 5a), 
which is lower than whole-rock estimates.

5.2. Timing of partial melting and metasomatism (Re addition)

According with modal, mineral and whole-rock compositions, Los 
Gemelos peridotites are depleted residues after high degrees of melt 
extraction (16–28 %) in the spinel-stability field. In this context, HSE 
and Re are preferentially retained by sulfides. However, at high degrees 
of partial melting (>20 %) these minerals are completely consumed in 
the melt (e.g., Mundl et al., 2016 and references therein). Consequently, 
the solid residue will be selectively depleted in Re, Pd, and Pt (the latter 
to a lesser extent), whereas Os, Ir, and Ru will be preferentially retained 
in alloys in the residual peridotite (Pearson et al., 2004). Kepezhinskas 
and Defant (2001) associated the selective mantle enrichment of Pt 
relative to their adjacent elements (Ru and Pd) to melt extraction in the 
back-arc of Kamchatka. In this scenario, refractory Pt–Fe alloys selec-
tively concentrate Pt relative to Ru and Pd and, therefore, increase the 
Pt/Ru and Pt/Pd ratios in the mantle wedge. Thus, the high PUM- 
normalized ratios between Os, Ir, and Ru over Re and Pd (values >1) 
observed in Los Gemelos xenoliths, as well as the enrichment of Pt 
compared to Ru and Pd, probably reflect the preferential retention of 
Pt–Fe alloys after high degrees of partial melting (Fig. 8). However, 
there are two exceptions to this tendency, where sample LG-01 is 
enriched in Re relative to Os (ReN/OsN = 4.35) and sample LG-06 that is 
enriched in Os with respect to Pt (OsN/PtN = 3.35) (Fig. 8).

The Re/Os ratio of LG-01 is higher than PM. This is a typical signa-
ture of metasomatism by a Re-rich, Os-poor melt whereas the high Os/Pt 
of LG-06 is the more common signature of melt depletion, as Pt is 
generally more incompatible than Os during mantle melting (e.g., 
Pearson et al., 2004). The much lower Re/Os ratios than PM of all 
samples, except LG-01 and LG-07, are a typical signature of melt- 
depleted peridotites (e.g., Walker et al., 1989). The sub-PM 
187Os/188Os isotopic compositions of all samples indicate that this 
depletion occurred well before the volcanic event that brought these 
samples to the surface, with TRD model ages averaging 0.97 ± 0.39 Ga 
(2SD) for all Los Gemelos samples. Leaving out the data for the two 
samples with higher Re/Os, the average TRD of the remaining samples is 
1.09 ± 0.04 Ga and the average TMA of these four samples is 1.22 ± 0.10 
Ga, suggesting that the initial melt depletion occurred about 1.2–1.1 Ga 
and that metasomatic addition of Re was insufficient to greatly disturb 
their Re–Os systematics. Additionally, the positive correlations be-
tween 187Os/188Os vs. whole-rock Al2O3 (wt%) that extrapolates to 
0.11819 at Al2O3 = 0, suggest that the partial melting event occurred at 
the beginning of the Mesoproterozoic (1.55 Ga).

Sample LG-07 has a Re/Os ratio (0.06) only slightly lower than the 
PM value (0.09), which might indicate that it was less depleted by melt 
extraction, though this is not supported by its major and trace element 
characteristics. The Re/Os ratio of sample LG-01 is much higher than 
PM, which is inconsistent with its sub-PM 187Os/188Os, and most likely 
reflects addition of Re by recent metasomatism. Rough bounds can be 
placed on when this metasomatism might have occurred by noting that, 
given its Re/Os ratio, the Os isotopic composition would increase from 
the lowest measured for any sample from Los Gemelos (187Os/188Os =
0.12134) to the measured isotopic composition of LG-01 in 60 Ma, 
which likely provides an upper limit to the time of metasomatism.

5.3. Characteristics and origin of metasomatism

In this section we will address the metasomatic vestiges recorded by 
Los Gemelos mantle xenoliths.

5.3.1. Phlogopite as an expression of modal metasomatism
In Patagonia, phlogopite is found in mantle xenoliths from the 
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Gobernador Gregores (Gorring and Kay, 2000; Laurora et al., 2001; 
Rivalenti et al., 2004; Bjerg et al., 2005) and Pali-Aike Volcanic Field 
(PAVF, Stern et al., 1999; Jalowitzki et al., 2016). In PAVF, the Rb–Sr 
isochron age of 13.6 ± 0.8 Ma revealed that phlogopite crystallization 
occurred simultaneously with the subduction of the Chile Ridge 
(Jalowitzki et al., 2016). Thus, the existence of phlogopite attests to the 
transfer of volatiles possibly released from the subducted oceanic crust 
to the overlying mantle wedge.

5.3.2. Cryptic enrichment traced with hypothetical melts in equilibrium with 
clinopyroxene

Compared to the other peridotites from Los Gemelos, harzburgites 
containing phlogopite (G1: LG-08 and LG-12) show distinctive clino-
pyroxene REE patterns (LREE>HREE) and strong depletions of Nb–Ta, 
Zr–Hf and Ti, coupled with pronounced enrichment of W, U, Pb, Sr, and 
Eu (Fig. 5).

To estimate the possible composition of the melt (metasomatic 
agent) in equilibrium with these clinopyroxenes, we applied the model 
proposed by Ionov et al. (2002), as well as their clinopyroxene/melt 
partition coefficients. Based on the trace element patterns, interaction 
between these clinopyroxenes and the host basalt is rejected (Fig. S7a- 
b). Nevertheless, the calculated metasomatic melts share some compo-
sitional affinity with natural glass-filled veins and calculated primary 
melt from Cerro del Fraile (Kilian and Stern, 2002). They also display 
strong similarity with the adakite lavas from Cerro Pampa (Corgne et al., 
2018), Southern Chile Trench sediments (i.e., Kilian and Behrmann, 
2003), and with calc-alkaline lavas from the Maca and Cay stratovol-
canoes (D’Orazio et al., 2003). While Ti, Zr and Hf are possibly affected 
by subsolidus re-equilibration between the pyroxenes (Rampone et al., 
1991), the negative anomalies of Nb–Ta in the hypothetical melt in 
equilibrium with Los Gemelos clinopyroxenes would be entirely 
consistent with an adakitic metasomatic melt (Fig. S7b), possibly hy-
bridized with depleted peridotite and Chile Trench sediments.

We note that the spoon-shaped REE patterns of G2 and G3 samples 
point to chromatographic enrichment (Bodinier et al., 2004), precluding 
meaningful interpretation of calculated hypothetical melts, whereby G2 
samples have reached a greater degree of equilibrium with the meta-
somatic melt than G3 samples (Fig. S7c-d). We attribute the crystalli-
zation of phlogopite, as well as the distinctive clinopyroxene trace 
element pattern in hydrated harzburgites, to their deeper origin 
compared to the other xenoliths. In this way, the intensity of meta-
somatism decreases toward the shallower SCLM, defining chromato-
graphic fractionation and reaction process at decreasing melt mass.

5.3.3. Mineral compositional constraints on the nature of metasomatism
To constrain the imprint of the metasomatic agents described above 

on the chemical composition of the Los Gemelos xenoliths, the mineral 
chemistry results of ortho- (Fig. S3) and clinopyroxenes (Fig. 4) were 
compared with typical non-metasomatized (depleted) (Ntaflos et al., 
2007; Bertotto et al., 2013, 2022) and adakite-metasomatized (Faccini 
et al., 2013; Bertotto et al., 2021) pyroxenes from other xenolith local-
ities in Patagonia. Depleted samples are from Agua Poca, Huanul and 
Tres Lagos, while the metasomatized xenoliths are from the Cerro del 
Fraile and Paso de Indios region. We also used for the major and trace 
elements plots (when these studies contain the selected elements), the 
pyroxenes metasomatized by adakite melts from an experimental study 
(Corgne et al., 2018), and natural pyroxenes from the Avacha arc (Arai 
et al., 2003; Ishimaru et al., 2007) and Luzon arc (Arai et al., 2004).

Depleted pyroxenes should be characterized by high Mg# (usually 
>90) coupled with low concentrations of basaltic elements. However, 
the metasomatism caused by the percolation of adakite melts produces a 
similar effect (Figs. 4 and S3). For this reason, although pyroxenes from 
G2 and G3 plot within the fields of samples affected by adakite meta-
somatism (Figs. 4 and S3), we prefer to be careful with the interpretation 
of these results. This assumption is justified by the absence of phlogopite 
in these samples (G2 and G3), as well as by the significant difference of 

their clinopyroxene REE and extended trace element patterns compared 
to those from G1 (Fig. 5). Phlogopite-bearing harzburgites (G1) show 
similar composition with xenoliths metasomatized by adakite melts 
from Patagonia, Avacha, and Luzon (Fig. 4 and S3). In general, these 
samples also plot within the experimental results of pyroxenes charac-
terized by enrichment promoted by interaction with adakite melt, 
although these experiments have slightly higher Al2O3 and TiO2 coupled 
with lower CaO contents. Thus, interaction with a small volume of slab- 
derived melt from a hydrous eclogitic protolith (adakite) was insuffi-
cient to significantly modify the highly-depleted character revealed by 
major elements (Fig. 4).

Regarding trace and rare earth element contents of clinopyroxenes, 
Fig. 9 correlates La/YbN vs. Sr/Y (a) and Ti/Eu (b), as well as Sr (ppm) 
vs. Ti/Eu (c). The selection of these elements is justified due to the 
preferential enrichment of La, Sr and Eu coupled with depletion of Yb, Y, 
and Ti during metasomatism caused by percolation of eclogite-derived 
adakite melt into the mantle wedge. In Fig. 9, the strong affinity of G1 
clinopyroxenes from Los Gemelos with adakite melts is confirmed. They 
plot within the field of clinopyroxenes from Patagonia (Faccini et al., 
2013; Bertotto et al., 2021) and the Avacha arc (Ishimaru et al., 2007), 
sometimes overlapping or toward the composition of glass veins from 
Cerro del Fraile (Kilian and Stern, 2002) (Fig. 9). Due to their less 
enriched character regarding incompatible trace elements, clinopyrox-
enes from G2 and G3 mainly resemble the field of depleted peridotites 
from Patagonia (Ntaflos et al., 2007; Bertotto et al., 2013, 2022) (Fig. 9). 
This observation suggests that these two compositional groups were less 
affected by calc-alkaline (adakite?) or alkaline metasomatism.

5.3.4. Bulk compositional evidence for subduction-related metasomatism
Regarding the whole-rock geochemistry, distinctive elemental 

characteristics are usually promoted by reactions between adakite melts 
and peridotites, such as enrichment of key elements (i.e., Pb, Sr, Zr, Hf, 
and LREE/HREE) and depletion of Nb–Ta (e.g., Defant and Drummond, 
1990; Stern and Kilian, 1996; Kilian and Stern, 2002; Martin et al., 2005; 
Fallon et al., 2008; Corgne et al., 2018). In general, Los Gemelos peri-
dotites with U-shaped REE patterns lack the typical positive anomalies 
of Sr, Zr, and Hf, as well as negative anomalies of Nb–Ta, characteristics 
of adakites (except for few samples with negative Ta and positive Zr 
anomalies) (Fig. 7b). The U-shaped REE pattern can be explained by 
addition of a low amount of a LREE-enriched melt (adakite or alkaline) 
to a strongly LREE-depleted lithosphere. This generates the selective 
enrichment of LREE abundances, whereas the MREE and HREE will 
maintain the signature of past melt depletion. To reproduce the U-sha-
ped REE pattern of Los Gemelos peridotites, we modelled mixing be-
tween a depleted mantle after 28 % of partial melting from a PM 
composition (see section 5.1) and an adakite melt from Cerro Pampa 
(Corgne et al., 2018) (in the proportion of 99.5 and 0.5 %, respectively) 
(Fig. 7). The REE pattern of this mixture matches that observed in the 
whole-rock composition of the Los Gemelos peridotites (Fig. 7a). The 
modelled trace element pattern presents the typical compositional pat-
terns of adakite metasomatism (Fig. 7b). Hence, the metasomatic over-
print in the Los Gemelos peridotites was enough to significantly add 
LREE to a starting depleted peridotite to change the REE pattern, but not 
enough metasomatic agent was added to significantly influence the 
abundance of all these other elements. Therefore, the lack of positive 
anomalies of Sr, Zr, and Hf coupled with negative anomalies of Nb–Ta 
probably reflects an inherited characteristic that was not effectively 
modified by the metasomatism. Alternatively, these discrepancies 
observed in Nb patterns can be associated to analytical aspects in which 
Nb shows lower precision (44 %) compared to other trace elements (see 
Supplementary Information).

Still considering the whole-rock geochemistry, samples LG-01 and 
LG-07 clearly have distinct patterns (Fig. 7), probably implying a com-
plex and different interaction between metasomatic agent and residual 
peridotite. Although these two samples do not exhibit modal meta-
somatism, their higher Re/Os suggests that they contain more of the 
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metasomatic component than do the other samples.

5.3.5. Glass-filled veins
Another expression of metasomatism recorded by mantle xenoliths 

from Los Gemelos is the occurrence of crosscutting networks of veins 
apparently filling hydraulic fractures within mineral phases (LG-02, LG- 
06, LG-08, LG-12, LG-14, LG-15) (Figs. 2b and 3e-f; Table S2). Compo-
sitionally, these veins represent the quenching of strong alkaline melts 
(Na2O + K2O = 7.37–9.59 wt%) characterized by high-K contents 
(2.84–4.37 wt%). They can be classified as high-SiO2 (>60 %, HSA: SiO2 
> 60 wt%) and low-SiO2 adakite (<51 %, LSA, SiO2 < 60 wt%) glass 
(Martin et al., 2005) (Fig. S4). Due to their higher K2O and TiO2, as well 
as slightly lower Al2O3, CaO, and MgO at a given SiO2 content, high-SiO2 

glass veins from Los Gemelos differ from the adakite lavas from Pata-
gonia (Mahlburg Kay et al., 1993; Stern and Kilian, 1996; Ramos et al., 
2004; Corgne et al., 2018), experimental studies (Rapp et al., 1999; 
Corgne et al., 2018), as well as from adakite glasses veins in metasom-
atized peridotites from Cerro del Fraile (Kilian and Stern, 2002) 
(Fig. S4). Regarding Na2O, our samples overlap the samples mentioned 
above. This comparison can be extended to adakite glasses of meta-
somatized peridotites from the Avacha and Luzon arcs (Arai et al., 2003, 
2004; Ishimaru et al., 2007) (Fig. S4). In contrast, the low-SiO2 veins 
from Los Gemelos show strong affinity with low-SiO2 adakite lavas from 
the East Coast rifted margin from the United States of America (Meyer 
and van Wijk, 2015) (Fig. S4). Independent of SiO2 content, the Mg# of 
veins from Los Gemelos is high (0.56–0.64), which indicates 

Fig. 9. La/YbN vs. Sr/Y (a) and Ti/Eu (b), and Sr (ppm) vs. Ti/Eu (c) diagrams of clinopyroxenes (Cpx) from Los Gemelos peridotites. Only Group 1 samples (those 
containing phlogopite) record clear compositional affinity with clinopyroxenes metasomatized by adakite melt from Avacha (Ishimaru et al., 2007), as well as with 
glass veins with adakite composition from Cerro del Fraile (Kilian and Stern, 2002). Group 2 clinopyroxenes from Los Gemelos show less evident correlation, whereas 
those from Group 3 lack compositional affinity with metasomatic process. This observation indicates decoupling between major and trace elements (see Fig. 3 for 
comparison and the main text for discussion). Fields defined by non-metasomatized (light yellow) and metasomatized (light blue) peridotites from Patagonia are the 
same as in Fig. 4. The La/Yb ratio is normalized (N) to the primitive mantle (Sun and McDonough, 1989). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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contribution of a peridotitic component.
Concerning the time of this metasomatic event, the lack of reaction 

zones in the peridotitic paragenesis associated with the glass veins, as 
well as the expectation that at mantle conditions they would be re- 
equilibrated with the surrounding peridotites during long lithospheric 
residence, we presume that the veins were formed by relatively recent/ 
young processes, close to the time of eruption of the host basalt.

5.4. Implications for tectonic evolution of Patagonian lithosphere

Mantle xenoliths from Los Gemelos were transported to the surface 
during the Pleistocene (0.45 ± 0.03 Ma, Table S1). They record rela-
tively high degrees of partial melting (16–28 %) that occurred during the 
Mesoproterozoic (1.3–0.9 Ga). Their Grenvillian ages can be associated 
to the formation and stabilization of the Patagonian SCLM that occurred 
during the Rodinia amalgamation. Pankhurst et al. (2014) reported 
U–Pb Grenvillian ages (1.1–0.9 Ga) for zircon cores from a biotite 
granite (VAL010) yielding Hf model ages between 1.4 and 1.3 Ga and 
juvenile εHf (+7.1 to +8.2). This confirms the depleted mantle source 
contribution to the initial formation of continental crust in this area. The 
Re–Os isotopic compositions and TRD model ages obtained for Los 
Gemelos xenoliths (1.13–0.63 Ga) are similar to previous results ob-
tained for mantle xenoliths from the Deseado Massif (TRD ages =
1.34–0.50 Ga, n = 9) and the North Patagonian Massif (TRD ages =
1.30–0.43 Ga, n = 23) (Schilling et al., 2008, 2017; Mundl et al., 2015, 
2016). However, older ages also were reported for mantle xenoliths from 
the Deseado Massif (TRD ages = 2.13–1.52 Ga, n = 8). Based on these 
Paleo- to Mesoproterozoic ages, Schilling et al. (2017) related the for-
mation of the SCLM beneath the Deseado and North Patagonian massifs 
to the Malvinas/Falkland Islands and to the Namaqua-Natal province 
(southern South Africa) (e.g., Thomas et al., 2000; Wareham et al., 
1998). Therefore, we conclude that the Los Gemelos peridotites provide 
additional evidence about the participation of Patagonia together with 
other continental blocks in the amalgamation of Rodinia supercontinent.

After crustal formation of Patagonia during the Proterozoic, different 
tectonic events may have been responsible to explain the modal and 
cryptic metasomatism shown by Los Gemelos peridotites. Considering 
that the generation of adakite melts requires high temperature (heat 
influx), these events are likely to involve the development of slab- 
windows and asthenospheric upwelling. Subduction of young and hot 
oceanic crust related to the Chile Ridge under South America resulted in 
the formation of adakitic lavas in the Austral Volcanic Zone during the 
Holocene (Stern and Kilian, 1996). Also, Miocene adakites are reported 
further east (average age of 12.50 ± 1.13 Ma; Ramos et al., 1991, 2004; 

Mahlburg Kay et al., 1993; Motoki et al., 2003). However, adakites were 
not described in the Southern Volcanic Zone (SVZ) or even in its back- 
arc region.

Mantle xenoliths from Cerro del Fraile brought to the surface by 
Pleistocene alkaline basalts (2.44–1.01 Ma, Fleck et al., 1972) are 
characterized by adakite metasomatism (Kilian and Stern, 2002; Faccini 
et al., 2013). These xenoliths are the closest to the Chile Trench (280 
km), followed by Chile Chico (300 km) and Coyhaique (320 km). The 
subduction-related metasomatism recorded by mantle xenoliths from 
Coyhaique, SW of Los Gemelos, is a consequence of the opening of a 
Paleocene-Eocene slab-window related to the Farallon-Aluk ridge 
collision and subduction beneath Patagonia (Jalowitzki et al., 2017). We 
consider that the Paleocene-Eocene metasomatism recorded by mantle 
xenoliths from Los Gemelos, at a distance of ~600 km from the active 
margin, was possible due to the lithospheric thinning shown by low 
elastic thickness (Te) values in the study area (Tassara et al., 2007; 
Schilling et al., 2017; Jalowitzki et al., 2024) (Fig. 10). This anomalous 
shallow lithosphere-asthenosphere boundary is identified at ~60 km 
depth (Priestley et al., 2019; Jalowitzki et al., 2024).

These results are corroborated by seismic tomographic data 
(SA2019, Celli et al., 2020), which reveals a strong low-velocity 
anomaly in the mantle wedge beneath Central-North Patagonia 
(~50–180 km). This anomaly possibly reflects thermal evidence of the 
connection between a ~ N-S slab tearing related to the Farallon-Aluk 
oceanic plate during the Paleocene-Eocene (north of 46◦30′S) and the 
slab-window produced by the Miocene to Present collision of the Chile 
ridge (south of 46◦30′S) (Zaffarana et al., 2019; Navarrete et al., 2021). 
Therefore, the low-velocity seismic anomaly located north of 46◦S rep-
resents a compositional rather thermal anomaly beneath Canquel 
Plateau. Remarkably, the estimated time for the rhenium-enrichment 
(~60 Ma) of sample LG-01 coincides with the Paleocene-Eocene ridge 
subduction (Fig. 10).

6. Conclusion

Here we report new insights about the complex and long-lived SCLM 
evolution beneath the Patagonian back-arc by examining spinel-bearing 
mantle xenoliths from the Los Gemelos volcano, Canquel Plateau. They 
are mainly harzburgites with a few clinopyroxene-poor lherzolites 
characterized by high-degrees of melt extraction (16–28 %) with 
superimposed enrichment (metasomatism). The depleted character is 
evidenced by low whole-rock Al2O3 and CaO contents (both <1.5 wt%), 
high Mg# olivine (>90), and Cr-rich spinel (Cr# >0.20), together with 
correlations between Mg# vs. CaO, Al2O3, Na2O, and TiO2 in whole-rock 

Fig. 10. Geodynamic model showing the development of a slab-window as a response to the subduction of the Farallon-Aluk ridge against the South America plate 
during the Paleocene (~60 Ma) (a). Mesoproterozoic (1.3–0.9 Ga) highly-depleted thin lithosphere (~60 km, Priestley et al., 2019; Jalowitzki et al., 2024) beneath 
Los Gemelos volcano was metasomatized by dehydration and partial melting of a hydrous eclogitized oceanic crust ~600 km far from the Andean Cordillera (a, b). 
The chromatographic metasomatism preferentially affecting the deeper lithosphere is illustrated in detail (b), where phlogopite-bearing mantle xenoliths from Group 
I are strongly metasomatized compared with the shallower Groups II and III.
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and pyroxenes. In addition, HSE patterns support this assumption with 
relative depletions in the incompatible elements Re and Pd. Re–Os 
model ages and the positive correlations between 187Os/188Os vs. whole- 
rock Al2O3 (wt%) suggest that partial melting occurred during the 
Mesoproterozoic (1.3–0.9 Ga).

The petrographic and chemical characteristics of the SCLM beneath 
Los Gemelos reflect modal and cryptic metasomatism. Modal meta-
somatism is evidenced by phlogopite crystallization and by the cross-
cutting networks of glass veins with alkaline composition containing 
low- and high-SiO2. Also, cryptic metasomatism is evidenced by the 
selective enrichment of LREE (La–Ce) compared to the other REEs in 
clinopyroxene (La/PrN = 1.50–6.89), as well as by the U-shaped REE 
pattern shown by whole-rock compositions (La/SmN > 1 and Gd/YbN <

1). Major (i.e., Mg# vs. basaltic elements) and trace (i.e., La/YbN vs. Sr/ 
Y and Ti/Eu; and Sr vs. Ti/Eu) elements of pyroxenes strongly suggest 
the role of a silicate melt with adakite composition as a likely candidate 
for the metasomatic agent responsible for variable enrichment of the 
SCLM beneath Los Gemelos. The calculated melts in equilibrium with 
clinopyroxenes reveal that the G1 samples (with coexisting phlogopite) 
were strongly metasomatized by an adakite melt, whereas G2 and G3 
samples, showing evidence for a chromatographic enrichment style, 
were only slightly affected by this metasomatic event. Therefore, it is 
reasonable to conclude that phlogopite crystallization and cryptic 
metasomatism recorded by mantle xenoliths is ultimately a product of 
partial melting of subducted hot oceanic crust plus sediments that trig-
gered adakite melts in the mantle wedge related to the development of a 
slab-window during the Paleocene to Eocene.
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