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% Check for updates The occurrence of rhyolite melts in the mantle has been predicted by high

pressure-high temperature experiments but never observed in nature. Here we
report natural quartz-bearing rhyolitic melt inclusions and interstitial glass
within peridotite xenoliths. The oxygen isotope composition of quartz crystals
shows the unequivocal continental crustal derivation of these melts, which
approximate the minimum composition in the quartz-albite-orthoclase sys-
tem. Thermodynamic modelling suggests rhyolite was originated from partial
melting of near-anhydrous garnet-bearing metapelites at temperatures
~1000 °C and interacted with peridotite at pressure ~1 GPa. Reaction of rhyolite
with olivine converted lherzolite rocks into orthopyroxene-domains and
orthopyroxene + plagioclase veins. The recognition of rhyolitic melts in the
mantle provides direct evidence for element cycling through earth’s reser-
voirs, accommodated by dehydration and melting of crustal material, brought
into the mantle by subduction, chemically modifying the mantle source, and

ultimately returning to surface by arc magmatism.

Felsic melts, erupted as quartz-bearing rhyolite in volcanic environ-
ment or stagnating within the crust to generate granitic rocks, are
thought to be originated within the shallow continental crust, either
via partial melting of continental crustal rocks or by extensive differ-
entiation of basaltic melts, at temperatures lower than 800 °C'>,

Several experimental studies demonstrated that, at convergent
plate margins, dacite-rhyolite melts can also be generated at higher
temperature (>1000 °C) and pressure (>2 GPa) by partial melting of
continental crustal lithologies either during sediment subduction*” or
through exhumation of subducted continental crust®. Despite being
postulated experimentally®, direct evidence for the occurrence of
rhyolite melts at mantle depths has never been found.

Experimental petrology indicated that rhyolitic melts formed into
the mantle from partial melting of subducted crustal material react
with the peridotite to form metasomatised mantle domains’* at

convergent plate margins, alternatively or in concomitance with fluids
from dehydration of the oceanic slab. This process may produce a
veined metasomatic mantle" or a melange™ that may undergo melting
at different degrees and generate potassic (HK-calc-alkalic to shosho-
nitic) and ultrapotassic magmas at destructive plate margins™".

Composite (i.e., veined) mantle-derived ultramafic xenoliths are
rare in post-collisional tectonic settings.

One of the best suites of these type of xenoliths is from Cabezo
Negro de Tallante, in South-East Spain®¢, where they were erupted
2 Ma, along with Na-alkaline basaltic ejecta of a monogenetic volcanic
centre.

The area is characterized by a complex geodynamic evolution
resulting from the Tertiary closure of the westernmost sector of the
Tethys Ocean and subsequent continental collision between Africa and
Eurasia plates. Such evolution involved subduction, slab rollback,
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continental collision and eventually extensional episodes, and was
characterized by calc-alkaline to ultrapotassic subduction-related
magmatism (12-6 Ma), followed by the aforementioned Na-alkaline
products® (Supplementary Fig. 1). Accordingly, the ultramafic mantle
xenoliths erupted at Tallante likely represent portions of a supra-
subduction mantle wedge .

The “Tallante” composite xenoliths are found among a wide
population of regular type peridotites, and display extreme
heterogeneity”®. They are characterized by reactive felsic veins,
mainly made of orthopyroxene, plagioclase and quartz, separated
from the host peridotite by an orthopyroxene-rich reaction zone?-*,
Previous studies on the same composite xenoliths analyzed in this
study showed variable elemental and isotopic composition (Sr, Nd, Pb,
and O). Mineral phases (plagioclase and orthopyroxene) within the
vein recorded typically crustal values, whilst those from reaction
zone and the surrounding peridotite showed progressively less
extreme isotope compositions?*’, These features suggest that the
mantle xenoliths derived from the interaction of mantle peridotite
with crustal melts, rather than adakitic ones, as previously inferred” .
The persistence of marked isotopic heterogeneities and the lack
of re-equilibration between the different domains also suggest that
metasomatic process mantle occurred shortly before the xenolith
exhumation®*,

In two of these xenoliths, we found rare intergranular high-silica
melt + quartz inclusions within orthopyroxene crystals of the perido-
tite, confirming the metasomatic nature of these Si-rich melts in the
supra-subduction mantle realm. This data are processed using petro-
logical modelling to constrain pressure and temperature of the trapped
rhyolitic melt inclusion and hosted quartz, and to constrain the inter-
action between the crustal-derived rhyolites and the surrounding
peridotite mantle. Quartz crystals in the glass inclusions within ortho-
pyroxene, and/or crystallized from the interstitial rhyolitic melts within
the felsic vein, were measured in situ for their O-isotope compositions.

Results and discussion

Petrographic and textural characteristics

The TL112a and TL112b are quite unique composite samples among a
large set of metasomatized mantle xenolith', from Tallante area (SE
Spain). They are characterized by a peridotite portion, and a reaction
zone consisting of large orthopyroxene with equigranular, polygonal
texture, transitioning into a felsic vein where the orthopyroxene is
intergrown with plagioclase (Fig. 1).

As the amount of infilling plagioclase increases, the orthopyrox-
ene crystal size decreases and the crystals shapes become less defined
with curved contacts. Overall, the textural evidence of the vein sug-
gests that orthopyroxene appears early in the sequence, being fol-
lowed by orthopyroxene + plagioclase and quartz (Fig. 1). Equilibration
P-T conditions of the newly formed parageneses were estimated in the
range of 850-1050 °C and 0.7-0.9 GPa'®.

Three texturally and compositionally distinct types of rhyolite
glasses were found in the different portions of the sample, from the
surrounding peridotite to the vein passing through the reaction zone.
The large orthopyroxene crystals, characterizing the reaction zone,
contain micrometric melt inclusions (20-30 um), named hereafter
Type-l, that show net rounded borders with host orthopyroxene
(Fig. 1a). They can be interpreted in terms of droplets of silica-rich
rhyolitic melts trapped into orthopyroxene crystals formed at the
expenses of mantle olivine. Type-l inclusions show homogenous
aspect with no vesicles (gas/liquid bubbles). High SEM magnification
reveals that the melt inclusion edges are characterized by cuspate
offshoots reflecting overpressure conditions of the trapped meltin the
orthopyroxene (Fig. 1a). Accordingly, overpressure of melt inclusions
appears to be the cause of orthopyroxene crystal lattice decrepitation,
as testified by the development of secondary fractures in the host
mineral. This is clear evidence for the entrapment of the melt into the
orthopyroxene at higher pressure, likely in excess of 1 GPa.

A second type of glass inclusions, named hereafter Type-ll
(Fig. 1b), are also hosted into orthopyroxene of the reaction zone.
They have greater dimensions (up to 80 pm) than the former, contain
bubbles indicating water-saturated melt composition, and are char-
acterized by the notable presence of daughter quartz crystals, that
crystallized from the melt inclusions (Supplementary Table 1).

The last type of glasses, named hereafter Type-lll, is represented
by large melt films, blebs, and interstitial silica-oversaturated glasses
found in the inner part of the felsic vein (Fig. 1c). They have irregular
shapes and are interstitial between big poikilitic plagioclase crystals.
These glassy films and pockets reach 100 um in diameter, and often
surround anhedral quartz crystals, crystallized within the felsic veins.

Composition of rhyolite glasses

All the analyzed glasses have rhyolitic compositions (Supplementary
Table 1), sometimes extremely rich in SiO, (>80 wt. %) and poor in CaO
and TiO, (0-1.13wt.%, and 0-0.54 wt.%, respectively). SiO, vs. Al,O3
and SiO, vs. alkali covariation diagrams (Fig. 2), suggest differentiation

peridotite

H,O saturated MI i

=10 um|
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Fig. 1| Texture of rhyolite inclusions. SEM back scattered electron (BSE) images showing the textures of rhyolite glasses (a-c) found in the different portions of the

composite xenolith TL112 (large photo).
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Fig. 2 | Composition of rhyolite glasses. SiO, vs. Al,O; (a) and vs. alkali

(Na,O +K;0) (b) covariation diagrams for the three glass types recorded in the
TL112a and TL112b composite xenoliths from Tallante, South-East Spain. Compo-
sitions of melt inclusions (MI) from Ronda migmatites are also reported*’. Abbre-
viations: Qz = quartz.

occurred from the most silica poor Type-l inclusions to the most silica-
rich Type-ll melts. The extreme SiO, enrichments could be also related
to quartz dissolution during decompression®?**,

Type-l glasses, devoid of bubbles and daughter minerals, are
expression of H,O-undersaturated melts (H,O contents between O and
1wt. %; Supplementary Tables 1 and 4) and show a relatively large
spread in SiO, (73.6-76.9 wt.%). Type-ll (Qz-bearing) glasses are com-
paratively enriched in SiO,, MgO and FeO and depleted in Al,O; and
alkalis with respect to Type-l ones and have water contents as high as
10 wt.% (%; Supplementary Tables 1 and 4). Type-lll interstitial glasses
have silica contents (SiO, = 75.4-78.3 wt.%) within the range of Type-I
inclusions, with only one datapoint at higher values, close to Type-II
ones. The glasses described here, although occurring in a mantle
xenolith, are compositionally similar to glass inclusions observed in
high-grade metamorphic rocks that underwent anatectic processes®,
and particularly, to migmatite rocks of Ronda, in the Betic Cordillera.

Oxygen isotope composition of quartz

In situ oxygen isotope measurements (Supplementary Table 2; Sup-
plementary Fig. 1) were performed by SIMS on micrometric quartz
within Type-Il and -lll glasses. SIMS analyses were performed on quartz
minerals only, because instrument mass fractionation related to matrix
effects in high-SiO, glass may result into inaccurate measurements®.

Based on quartz-glass fractionation at elevated temperatures (>500 °C),
the 860 values [6®0 ="80/"*Ogample/"*0/**Ostq — 1)*1000] of melt inclu-
sion should be enriched relative to the coexisting quartz by 0.3
to 0.6%0°.

Oxygen isotope geochemistry has been proven resolutive to dis-
tinguish crustal vs. mantle origin of mineral phases?*°. While unmo-
dified mantle rocks are characterized by a tight 8®0 variation
(4.6-5.6%0)*, crustal lithologies show a wide oxygen compositional
range, due both to the interaction with the hydrosphere and to tem-
perature dependant O-isotope fractionation. This results in rocks with
low (high-T fractionation) or high (low-T fractionation) §'0 values.
Although the interpretation of low 60 values (close to mantle ones)
may be uncertain, high 60 values are undoubtedly distinctive of
continental crust. Several lines of evidence have already suggested that
the peridotitic mantle at Tallante interacted with crustal material**.
Our new in situ O-isotope measurements show that 60 of quartz
trapped within the rhyolitic glass (60, is high and variable
(8.3-14.1%0). Such a heavy oxygen isotope composition unequivocally
proves that the rhyolitic glass and coexisting quartz cannot be pro-
duced by differentiation of mantle rocks, thus confirming the crustal
origin of the rhyolitic melts from which they crystallized. On the other
hand, the large variations in §'*04, may result from: (i) different pro-
portions of felsic melt and host peridotite during crust-mantle inter-
action; (ii) diffusion-assisted re-equilibration with the surrounding
phases of the peridotite mantle parageneses™.

The highest values (13.4-14.1%o0) were measured in large anhedral
quartz (>200 pm) crystals enveloped by rhyolitic glass (Type-Ill) and
plagioclase within the inner portion of the plagioclase-rich vein (Fig. 3),
while the lowest ones (8.3-9.5%.) belong to subhedral micrometric
(20-40 pm) crystals in Type-ll glass inclusions within the orthopyr-
oxene of the reaction zone (Fig. 3). Quartz crystals within the vein
are variable in §®0, values (10.5-12.5%o; Supplementary Table 2),
which are collectively averaged at 11.5%. to calculate a possible
quartz-plagioclase equilibrium fractionation temperature of 845°C
(8'"®0p1 =10.5%o in the vein)™*.

The low &®0g;, values of micrometric quartz enclosed in type-II
glass inclusions (Supplementary Table 2) argue for significant isotopic
diffusion-assisted re-equilibration. At mantle temperature, oxygen self-
diffusion rates in quartz are 4-5 orders of magnitude faster than in
orthopyroxene™, thus its oxygen isotopic composition was completely
re-equilibrated with that of the large volume of the host orthopyroxene.
At the same time these crystals are enclosed in a portion of the xenolith
(the Reaction Zone) and their relatively low §%0 values may also be
originally derived from a melt that had already reacted with the peri-
dotite attaining slightly lower oxygen isotopic composition (Fig. 3).

Differently, large quartz crystals associated to Type-lll glasses in
the vein show higher and more variable §'®0, values, from 10.5 to 14.1
%o (Table S2), the latter being the highest 60 values ever recorded in
pristine mantle rock worldwide. These high values were measured in
crystals from the inner portion of the vein where they likely underwent
little, if any, retrograde re-equilibration or interaction with the sur-
rounding peridotite. These quartz crystals may have partially re-
equilibrated only with the surrounding plagioclase crystals, which have
themselves relatively high (although not as high as quartz) 6*0 values
(Fig. 3). In general, the lack of complete isotopic re-equilibration
between the different phases (including quartz) occurring in this
veined mantle xenoliths testifies that the metasomatic processes
occurring in this section of the lithospheric mantle were still active
when the xenoliths were brought to the surface by alkaline magmas.

Genesis of the rhyolite melts

Type-l glasses are slightly-modified pristine felsic metasomatic melts
that veined the mantle, as also suggested by their textural features.
Thermodynamic modelling using MELTS*?¢ at P=1GPa and
H,O=1wt.% conditions, predicts that the H,O-undersaturated
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the textural framework in which distinct types of glass inclusions are observed in
orthopyroxene crystals of the reaction zone, and to the glassy films recorded
around quartz within the vein. Equilibration temperatures inferred by the MELTS
modelling are also reported. Abbreviations: Ol olivine; Opx orthopyroxene; Cpx
clinopyroxene; S spinel; Pl plagioclase; Ph phlogopite; Qz quartz.
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Fig. 4 | Ternary quartz-albite-orthoclase diagram illustrating normative com-
positions of melt inclusions and interstitial glasses (corrected for normative
anorthite after®). Triangle apex are: Q quartz; Ab albite; Or orthoclase. The com-
position of the rhyolite melt-peridotite interaction trend modelled by MELTS (stars
and dotted line) and the field of rhyolite melt inclusions in Ronda peridotite* are
shown for comparison. Eutectic and minimum points of the sub-aluminous hap-
logranite system at aH,0O =1.0 (black dots), 0.5 and 0.4 (white dots) are also
reported (adapted from the literature®®°). Abbreviations: Qz quartz.

compositions of Type-l melt inclusions are characterized by high
liquidus temperatures (7T=1280-1060 °C) and co-saturation with gar-
net, implying a derivation from partial melting of high grade felsic
metamorphic rocks. The occurrence of residual garnet in the protolith
of the felsic metasomatic melts was also suggested by Avanzinelli and
co-authors? on the basis of REE pattern of clinopyroxene from the
metasomatized peridotite matrix of the same xenolith. In addition, the
lack of Ti also indicates the occurrence of residual rutile during crustal
melting.

The composition of the rhyolite melts slightly deviates from that
of the eutectic in the haplogranitic system®” (Fig. 4). The evolution of
the measured glasses is rather complex since it may be affected by two
different processes such as (i) polybaric evolution and (ii) interaction
of the pristine rhyolitic melts with the surrounding peridotite.

As evident from the composition of Type-I glasses, the pristine
crustal-derived rhyolitic melt was extremely Ca-poor, therefore not
initially saturated with plagioclase. The occurrence of abundant
plagioclase in the felsic vein requires the interaction with the sur-
rounding peridotite. The petrographic and textural features of the
reaction zone and the felsic vein indicate that the rhyolitic melts
reacted with the peridotite country rock with destabilization of oli-
vine, clinopyroxene and spinel and with neo-formation of orthopyr-
oxene and plagioclase.

Model calculations by MELTS (Supplementary Table 3) predict
that Type-I melt interacting with peridotite at 1 GPa may evolve by
crystallizing orthopyroxene and subsequently orthopyroxene + feld-
spar + quartz. According to the model, quartz starts to crystallize
cotectically with orthopyroxene at 970 °C and, subsequently, with
decreasing temperature at 890 °C reacts with the olivine contributing
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to orthopyroxene formation. The thermodynamic model perfectly
reproduces the mineralogical assemblage of the different textural
domains of the studied xenolith. This is possible, however, only if the
rhyolite melt is at significantly higher T than surrounding peridotite
(Tehyolite 2 1130 °C, Tperidotite = 890 °C; Table S3). Indeed, quartz crys-
tallization is prevented when assuming a higher temperature for the
peridotitic mantle.

In Fig. 4, the measured glasses are plotted in the Qz-Ab-Or dia-
gram, together with the MELTS model (Supplementary Table 3) and
the experimental cotectic curves at decreasing pressures®~s,
(1-0.1GPa). The figure shows that both polybaric evolution and
interaction with the peridotite can drive the composition of the
rhyolite melt towards higher silica contents. The same process may be
responsible for the increase in water contents.

The silica-richest type-Il glasses plot at too high silica for both
processes, in agreement with the hypothesis of quartz dissolution
during decompression. Few type-IIl glasses plot slightly outside the
modelled interaction trend, suggesting that their chemistry is domi-
nated by polybaric evolution. This is consistent with the textural
position of type-lll glasses (in the innermost portion of the vein) and
their high §'®0 values, both arguing for little, if any, interaction with
peridotite (Fig. 3).

In Fig. 5 we calculated the hypothetical oxygen isotope values
during the different steps of the metasomatic reactions predicted by
the thermodynamic model, starting from typical mantle values for
the peridotites (Supplementary Table 3) and felsic melts with
8%0=14 %.. As the reaction proceeds, the relative proportions
between felsic melt and peridotite increases. This results in oxygen
isotope compositions that become progressively heavier towards the
innermost portion of the vein, where plagioclase becomes dominant
and quartz eventually crystallizes. The model is able to reproduce the
isotopic variation observed in the mineral separates from the dif-
ferent portions of the xenolith”, as well as some of the §®0 values
measured in the quartz crystals. Most likely, quartz crystal having
highest 60 values belong to domains formed during the latest
stages of felsic melts injection into peridotitic mantle, where they
only interacted with previously reacted domains (i.e., already
with high 60 value), and crystallized quartz with almost pristine
crustal signature.
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Fig. 5| Variation of 6'*0 with temperature during the interactions between the
rhyolitic melts and the peridotite mantle. Grey circles and lines represent the
theoretical variation of §'°0 values recalculated by mass balance from the MELTS
model (Supplementary Table 3). Horizontal lines represent the 50 values measured
in the quartz crystals (this study) and mineral separates® of the different portions of
the composite xenolith (orange = reaction zone; blue = vein). The mineralogy pre-
dicted by the MELTS model are also reported. Abbreviations: Opx orthopyroxene; Pl
plagioclase; Qz quartz; RZ reaction zone; MI melt inclusions. The vertical arrow
represents the effect on 60 of diffusion assisted re-equilibration of quartz crystals
with surrounding Opx in the reaction zone (within type Il Melt Inclusions).

Subduction of continental crust and mantle metasomatism
Studies on ultra-high-pressure-temperature (UHTP) metamorphism
indicate that rocks form the continental crust may be subducted to
depths of 125-150 km reaching temperature above 1000 °C and
undergo adiabatic melting during exhumation even in fluid-absent
conditions® (Fig. 6). Due to compositional heterogeneity of the
crust, equilibrium melting is not easily achieved**, and whether a
first melt produced has eutectic composition*>* is matter of debate.
Melts of rhyolitic composition might have been extracted during or
after exhumation and have interacted with surrounding peridotite at
lower temperature, as suggested by our MELTS model. Restitic
metapelite xenoliths produced by melting of the lower crust** have
been found at Tallante®*. These crustal xenoliths equilibrated
with the peridotite at T-P conditions of 1090 °C and 0.7 GPa after
melt extraction. This is consistent with the studied rhyolites being
trapped in peridotite minerals closely resembling the minimum melt
composition of the Qz-An-Or system at pressure conditions of 1
GPa‘Sé*}S.

Textural, geochemical, and isotopic evidence of disequilibrium
reported in this paper clearly indicates that metasomatism shortly
preceded alkali-basalt volcanism, which is described as anorogenic**%,
although a recent study*’ has demonstrated that these magmas partially
interacted with of such a metasomatized mantle. So how can the
anorogenic setting of Tallante magmatism be reconciled with the
crustal subduction process identified by the HP rhyolite melts? The
most plausible scenario is that previously subducted crustal material
had been stored in the lithospheric mantle (or in a colder portion of the
mantle wedge) and then heated during the rifting episodes, which
triggered alkali basalt volcanism in this area. Subduction has been
ongoing underneath the Betic Cordillera but basaltic magmatism and
granitic metasomatism seem essentially coeval; thus, crustal mantle
metasomatism may be activated when thermobaric conditions allowed
for decompression melting of subducted continental lithosphere and
mantle metasomatism. The buoyancy force of the subducted crust
increases until slices/slivers of the continental crust detach from the
down-going slab®, raised up and partially melt in nearly adiabatic
condition® (Fig. 6). The possibility that partially melted crustal blocks
preserve and store a melt fraction during the exhumation of UHP rocks
during slab-roll back has been recently demonstrated by numerical
modeling’.

In this scenario, the rhyolite melt possibly segregates when the
crustal lithologies end the retrograde P-T-t path and stabilize at the
contact with relatively cold peridotite. Our data indicates that the
interaction between H,0-undersaturated rhyolite and mantle peri-
dotite occurred at temperature likely approaching 1090 °C, when
massive orthopyroxene crystallization occurred (Supplementary
Table 3). Due to their high reactivity and viscosity, the rhyolite melts
cannot migrate far from their source, hence triggering the metaso-
matic reaction with the surrounding peridotite observed in the stu-
died sample (Fig. 6). This process can take place at destructive plate
margins, possibly in relation to slab roll-back. At the meso-scale,
similar processes may operate where mantle peridotites are inter-
layered with migmatite terrains and crosscut by leucocratic veins,
such as in Alpine-type massifs like Ronda and Beni Bousera®, in
subduction-related settings, such as Himalaya® and the Banda arc of
Indonesia®**.

Our study presents direct proof for the presence rhyolitic melts
preserved within a veined lithospheric mantle, providing direct evi-
dence of the interaction between crustal derived melts and supra-
subduction lithospheric mantle. Rare occurrences of mantle-derived
rhyolites in mantle settings have been reported, such as the rhyolite
intrusion within the Krafla volcanic field (Iceland)*®, and the rhyolite
eruptions described at the northern East Pacific Rise MOR®, and in back-
arc side of the Kuril arc’. However, based on chemical and isotopic
analyses, these magmas are interpreted in terms of low-pressure partial
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their relative buoyancy. Finally, rhyolite melts segregate and escape from the
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mantle melange, to form a veined mantle similar to by the composite mantle
xenoliths reported in this study. Melting of such a metasomatized mantle may
produce post-orogenic calc-alkaline to ultrapotassic magmas such as those
occurring along the western Mediterranean*®. SCLM sub continental lithospheric
mantle.

melts of basaltic***” or low degree partial melting of metasomatized
mantle®. Therefore, our findings differ from those mentioned above
being crustal high silica melt in a peridotitic mantle. The main reason for
this may be related to their genesis during isothermal decompression,
resulting in melts with progressively higher H,O contents. Therefore,
they increase their tendency of being highly reactive with the peridotite,
which makes them ephemeral. In addition, the volumetric ratio between
crustal rhyolite and peridotite tends to zero, as surrounding mantle may
be approximated to an infinite reservoir.

The studied mantle xenoliths provide a key to explain the genesis
of post-orogenic calc-alkaline to ultrapotassic magmatism occurring
not only in the Betic region, but across the whole Western Medi-
terranean area®. These findings have even broader implications
regarding the melting of mantle sources modified by subduction-
related metasomatism. The geochemical and isotopic heterogeneity of
the different portions of the studied xenoliths™? (i.e., between veins,
reaction zones and surrounding peridotite, Figs. 3 and 5) argues
against consolidated petrological principles that strictly infer identical
isotopic composition between magmas and their mantle sources.
Indeed, disequilibrium melting of such isotopically heterogenous
veined mantle sources is strictly dependent on the mantle phases that
prevalently contribute to the melting, and thus also by the melting
degree.

Methods

Textural and chemical analyses

Samples were investigated using a field emission scanning electron
microscopy (FE-SEM: ZEISS, model Merlin II), equipped with both
energy (ED) and wavelength (WD) dispersive spectrometers. Thin
sections of the sample were prepared and polished for textural and
chemical analysis. Images of phases and their textures were first
identified and collected by back-scattered electrons using a FE-SEM
WD/ED probe. This kind of instrument has the capacity of focalize
and maintain stable the beam current up to the high-resolution

condition. Both the glass phase and the crystal phases were char-
acterized; their chemical compositions were then accurately deter-
mined by combining ED/WD (equipped with five wavelength-
dispersive spectrometers) spectrometers at the CERTEMA multi-
disciplinary laboratory of Grosseto (Italy). The operative conditions
and standardizing procedures were opportunely selected in order to
minimize the alkali loess and optimize the detection limits also in
narrowing beam conditions, required from phases with a diameter
<1 um. The distribution of analytes between ED and WD spectrometer
is consistent with both interfering peaks and synchronous mea-
surement. Analytical conditions were 15 kV accelerating voltage and
2 nA beam current. The peak and total background counting times
were set respectively at 10s. In order to minimize the alkali-loss
effect, different reference materials were used for reducing collected
data from glass and minerals phases, respectively. In particular,
rhyolite glass standard NMNH 72854 provided by Dept. of Mineral
Sciences, Smithsonian Institution, was used for rhyolite glass ana-
lyses. The accuracy of analysis was checked by measurement of
internal standards every 5 analyzed points whereas the probe current
was monitored by Faraday Cup.

In situ oxygen isotopes

In situ oxygen isotope analyses were performed using a CAMECA IMS
1280 HR2 ion microprobe at Centre de Recherches Pétrographiques et
Géochimiques (CRPG, UMR 5873 CNRS-Université de Lorraine, Van-
doeuvre les Nancy, France). The Cs+ primary ions beam of 2.5 nA were
focused on a 10 um diameter area and the electron gun used for the
charge compensation. The negative secondary ions were measured
with a mass resolution of 5000 (M/AM) with an energy slit of 30 eV.
Before each measurement, the sample was pre-sputtered for 90 s with
a beam rastering on 15um to clean up the sample surface, then the
secondary beam was automatically centred in the field aperture and
contrast aperture and a beam rastering of 10 um applied. The mea-
surements are made on multicollection FC mode with counting time of
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150s. The instrumental mass fractionation was determined on the
reference Bresil and Sonar 2. Bresil and Sonar 2 are two reference
Quartz used two set up the instruments. The unknowns are normalized
to Sonar 2, the external errors on the two sets of 5 and 7 measurements
on Sonar 2 is 0.24%., compared to 0.14%. and 0.21%. for each set of
measurements. No time draft correction has been applied, as it does
not significantly improve the precision of the measurements when the
standards are not on the same holder than the samples. The internal
errors on Standard and unknown range from 0.06 to 0.15%.. The sec-
ondary ion intensity relative to primary ion on samples is 80-100 % of
the ones measured of standards, but there is no correlation between
the secondary ion intensities and the 80, indicating a possible bias.
The IMF correction is 6.35%o.

Water content determination

Water contents of rhyolitic glasses was determined by using micro-
Raman spectroscopy®. Raman spectra were acquired with a Horiba
Lab Ram HR 800 spectrometer at the Department of Science, Roma
Tre University. Data were collected using a 600 grooves/mm spec-
trometer grating and CCD detector. The estimation of the water
content has been obtained via the following equation H,O (wt.%) =
[WR(2700-4000)/SR(100-1500)]sma where: (i) WR(2700-4000) is
the area of water region from ~2700 to ~4000 cm™; (ii) SR(100-1500)
is the area of silicate region from ~100 to ~1500 cm ™ and (iii) m is the
linear fit coefficient from NBO/T equation of Bonechi et al. (2022).
Error in water determination is estimated +0.15 wt%.

Data availability

The data generated in this study (Supplementary Tables 1, 2, 4) and the
MELTS simulation results (Supplementary Table 3) are provided in
the Supplementary Information file.
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