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Abstract

Calc-alkaline and alkaline magmatic actn*v is generally separated in space and/or in time. The
Eastern Transylvanian Basin in Roman=2 is one of the few places where, during Pleistocene,
alkaline eruptions occurred corsmpuraneously with the calc-alkaline activity. Mantle xenoliths
entrained in Persani Mts. alkane volcanic products have been studied in order to investigate the
interaction of metasomadc 2geiits of different magmatic affinities with the mantle wedge. Based on
mineral major and trace element and noble gases in fluid inclusions, two main events have been
recognized. The first was a pervasive, complete re-fertilization of a previously depleted mantle by a
calc-alkaline subduction-related melt, causing the formation of wvery fertile, amphibole-bearing
lithotypes. This is shown by the a) increased amounts of modal clinopyroxene up to 21.9 % with
AbO3 contents up to 8.16 wt%, higher than what is expected for clinopyroxene in Primordial
Mantle; b) “He/*°Ar* ratios up to 1.2, within the reported range for mantle production; c) *He/*He in
olivine, opx and cpx of 5.8+0.2 Ra, among the most radiogenic values of European mantle, below

the typical MORB mantle value (8+1 Ra), reflecting recycling of crustal material in the local
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lithosphere. The second event is related to later interaction with an alkaline metasomatic agent
similar to the host basalts that caused slight LREE enrichment in pyroxenes and disseminated
amphiboles and precipitation of wvein amphiboles with a composition similar to amphiboles
megacrysts also found in the Persani Mts. volcanic deposits. This is highlighted by the *He/*°Ar*
and *He/*He values found in some opx and cpx, up to 2.5 and 6.6 Ra, respectively, more typical of

magmatic fluids.

Keywords: MANTLE REFERTILISATION, EASTCRN TRANSYLVANIAN
BASIN, NOBLE GASES, POST-COLLISIONAL, SUBDUCTION-RELATED

METASOMATISM

1. INTRODUCTION

Xenoliths representing mantle wedge fragi.ents as defined by Arai and Ishimaru (2008) are rarely
found in post-collisional, subduction-+ala =r. geodynamic settings. They have been collected mainly
in arc volcanics of the weste:n Fucific and have allowed reconstruction of dynamics and
metasomatic processes occiin. in the mantle wedge of large, mature subduction zones
(Yoshikawa et al, 201v; Renard et al, 2018). Mantle wedge xenoliths are rarer in eastern Pacific
and Atlantic subduction systems (e.g. Brandon and Draper, 1996; Parkinson et al., 2003; Faccini et
al, 2013). In Europe, the tectonic complexity and peculiar characteristics of the recent subduction
zones (Edward and Grasemann, 2009), as well as the presence of ultramafic xenoliths only in
alkaline volcanic products, makes it more difficult to establish if they come from a subduction
context and can thus be representative of the mantle wedge. In some cases, however, a subduction-
related metasomatism has been recognized both from mineral (Coltorti et al., 2007a; Bianchini et

al., 2011) and fluid inclusion compositions (Martelli et al., 2011; Créon et al., 2017).



The Carpathian-Pannonian is one of the most promising areas for the investigation of subduction
influence on the local magma sources. Its evolution has been “an interplay of subduction and
diapiric uprise in the mantle” (Konécny et al, 2002) where landlocked oceanic lithosphere sections
foundered (Edward and Grasemann 2009), causing subduction zone arching and retreat via slab
rol-back and consequent asthenosphere doming and corner flow. It comprises several districts
(Styria Basin and Burgenland, Little and Great Hungarian Plains and Transylvanian Basin), whose
complex evolution from the Neogene to the Quaternary saw the systematic eruption of alkaline and
ultrapotassic magmas after the main phases of calc-alkaline volcanic >ctivity (Seghedi and Downes,
2011) within variable time spans (1-10 Ma, Péecskay et al., 7uu?). This would imply major changes
in the magma source that should be reflected in the textn.'-chemical-petrological characteristics of
the upper mantle. Among all xenolith occurrences in the F.nonian Basin those entrained in the Na-
alkaline lavas of the Persani Mts. in the Easte'n f(rsnsylvanian Basin, erupted very close to the
youngest calc-alkaline volcanic fields linked to (e post-collisional stage along the Carpathian Bend
(Seghedi et al, 2011, 2019), are the moot promising candidates for representing the mantle wedge
of a Carpathian-Pannonian-type subd'tic » zone.

In this paper, we present the resc'ts or the petrography, mineral chemistry and noble gases study of
a new suite of mantle xenons from Persani Mts. In addition to the “classical” petrological
approach, noble gases in ‘Quwu inclusions add complementary information for evaluating the degree
of partial melting of the local mantle, as well as for revealing the origin of metasomatic fluids and
the occurrence of a refertilization process that modified the original mantle features (e.g., Rizzo et
al., 2018).These tracers helped revealing the presence of two different kinds of metasomatism: one
related to the injection of alkaline melts similar to the host magma and another defined as a
pervasive refertilisation of the mantle domain by calc-alkaline subduction-related melts. Both types
of metasomatism are intimately linked to the major geodynamic changes which occurred in the

area.



2. GEOLOGICAL SETTING

The Pliocene—Quaternary Persani Mountains Volcanic Field (PMVF) is located in the internal part
of the Carpathian Bend area, in the south-eastern corner of the Transylvanian Basin (Fig. 1). It is the
youngest and largest monogenetic volcanic field in south-eastern Europe. This volcanism was
coeval with the last peak of crustal deformation in the Carpathian Bend (Merten et al., 2010) as well
as with the orogenic adakite-like calc-alkaline and K-alkaline volcanism of the southernmost
Harghita Mountains, located 40 km to the east (Szakacs et al, 1993; Seghedi et al., 2004). The
PMVF is underlain by a relatively thick continental crust (oC-4J3 km), whereas the whole
lithosphere is relatively thin (60-80 km; Martin et al., 2006; egrn.di et al., 2011).

The wolcanic activity occurred between 1.2 Ma and £.C 1.f1a, generating numerous monogenetic
volcanic centers in a 22 km long and 8 km wide area (Seghedi et al., 2016). The occurrence of three
contemporaneous magma sources (Na-, K-alkalre, .~J adakite-like calc-alkaline) in a narrow area
has been facilitated by the same regional tec:ar.c event, coeval with the last episode (latest Pliocene
onward) of tectonic inversion in the Souuastern Carpathians, linked to indentation of the Adria
micro-plate (Matenco et al., 2007).

The petrological features of the F}AVF basalts are similar to those of continental intraplate alkali
basalts worldwide (e.g., Luz*w.o and Wilson, 2007; Harangi et al, 2014), with some subtle
differences suggesting an n.%uence by subduction components. The frequent occurrence of mantle

xenoliths in the PMVF provides evidence for rapid magma ascent (Harangi etal., 2013).

3. PETROGRAPHIC OUTLINE
3.1 Sample location and classification

PMVF mantle xenoliths were collected from pyroclastic deposits of La Gruiu and Fantana eruptive
centers and from lava flows along the Barc and Trestia creeks (Fig. 1). The xenoliths are fresh, with

sizes varying from 4 to 12 cm in diameter. Modal estimates were obtained mainly by thin-section



point counting; if the samples were large enough to allow whole rock analyses, the point counting
results were crosschecked with mass balance calculations between whole rock and mineral major
element compositions.

Lherzolite is the most common rock type, with a total of 30 out of 34 samples (ESMO0). The main
characteristic is the almost ubiquitous presence of disseminated pargasitic amphibole, texturally
equilibrated with the other constituent minerals and whose modal abundance varies between traces
and 11.5 %. Lherzolite LAG52 displays a 1 mm-thick amphibole vein, as well as disseminated
amphibole and TRE4 is a composite amphibole-bearing lherzolte/i 2hsterite (respectively referred
as TRE4 Pd and TRE4 Px).

Detailed observations of microstructures and olivine Cn~=tal Preferred Orientation carried out by
Falus et al. (2011) showed that PMVF xenoliths recnru deformation by dislocation creep under
different ranges of temperature, stress and strein ra’e conditions. This resulted in a continuous
textural gradation from coarse-grained to me- grained mylonitic types, the latter making up about
15% of the ultramafic rocks. Such a tex™wal transition is evident in our suite, although only one
sample is clearly mylonitic. Coarse- (> medium-grained samples are predominant and can be
satisfactorily described on the asis of the petrographic classification of Mercier and Nicolas
(1975). Following these consi'erdtions, PMVF Iherzolites were divided into two main textural
groups: Protogranular anu Fuiphyroclastic (Table 1), whose detailed petrographic description is

provided in ESMO.

3.2 Protogranular group

This group can be further divided into two sub-groups, on the basis of specific textural features:
Protogranular s.s. (Pr s.s.) and Protogranular with small, rounded grains (Pr srg) (Table 1;
ESMO0). Both sub-groups correspond to the coarse-grained peridotites described by Falus et al.
(2011) who, however, defined them as being porphyroclastic, showing such a continuous variation

in grain size that the distinction between porphyroclasts and recrystallized grains has been hindered.
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These kinds of texture would form at high-temperature (as also noted by Chalot-Prat and Boullier,
1997), low-stress conditions like those prevailing at deep levels within the lithosphere and at the
lithosphere/asthenosphere boundary. We decided to classify them as Protogranular on the basis of
their close resemblance to the Mercier and Nicolas (1975) type description, being aware of the fact
that no “pristine” un-deformed lithospheric mantle portions are probably preserved anywhere on
Earth and all textural types actually are the result of a series of deformation and recrystallization

events.

3.3 Porphyroclastic group

This group is divided into two sub-groups: Porphyroclastic *vich large, rounded grains (Po Irg) and
Porphyroclastic s.s. (Po s.s.). (Table 1; ESMO0). Thry cu.respond to intermediate to fine-grained
porphyroclastic peridotites described by Falus 2t & (2011). This texture would indicate lower
temperatures (Chalot-Prat and Boullier, 1277, and higher stress conditions with respect to the
Protogranular group, suggesting that these >amples may come from shallower depth, probably the

upper levels of the lithospheric mant!..

3.4 Description of the fl..d w.clusions

Irrespective of textural type fluid inclusions (FI) are scarce in PMVF mantle xenoliths and very
small (only few pm across). As described by Rizzo et al, 2018 and according to the classification
of Roedder (1984), FI occur i) as primary inclusions, generally isolated or arranged in short, tiny
trails and/or i) as secondary inclusions, often forming cluster stripes or trails along planes. In
PMVF xenoliths, primary Fl could not be clearly identified; the few observed FI are secondary

inclusions.

4. ANALYTICAL METHODS



Mineral major elements. In situ mineral major element compositions were determined using a
CAMECA SX100 electron microprobe, at the Department of Lithospheric Research, University of
Vienna. Operating conditions were: 15 kV accelerating voltage, 20 nA beam current, 20 s counting
time on peak position. Natural and synthetic standards were used for calibration and PAP

corrections were applied to the intensity data (Pouchou and Pichoir, 1991).

Mineral trace elements. In situ trace element concentrations in pyroxenes and amphiboles were
obtained by Laser Ablation Microprobe Inductively Coupled P'isma Mass Spectrometry (LAM-
ICP-MS) at the IGG - C.N.R., Pavia (Italy). A 40-80 um bea n a’ameter was used, depending on
mineral phase. NIST 610 and NIST 612 standard glasses ‘ere used to calibrate relative element
sensitivity; precision and accuracy were assessed by sanurd sample BCR-2. Each analysis was
corrected with internal standards, using CaO for cinopyroxene and amphibole and SiO, for
orthopyroxene. On the whole, the theoretical dete tion limit ranges from 10 to 20 ppb for REE, Ba,

Th, Uand Zr and 2 ppm for Ti.

Noble gases measurements. Elever. an,dots of pure, unaltered olivine, orthopyroxene and
clinopyroxene larger than 0.5 mmr v.~re handpicked for noble gases analyses (He, Ne, Ar) in Fl
from the same set of samples sel.ted for the mineral chemistry analyses (LAGl, LAG2, LAG21,
LAG24, LAG51, LAGE? ~AFQ4, TREL, TRE2, TRE3, TRE4). The crystals were prepared and
analyzed at the Istituto Nucionale di Geofisica e Vulcanologia (INGV), Sezione di Palermo (ltaly),

following the local isotope laboratory protocol reported by Rizzo et al. (2018).

The element and isotope composition of noble gases (He, Ne, and Ar) was determined by loading
the mineral aliquots into a six-position stainless-steel crusher. FI were released by in-vacuo single-
step crushing at about 200 bar. He isotopes (3He and “He) and Ne isotopes (*°Ne, 2!Ne, and ?’Ne)
were measured using two different split-flight-tube mass spectrometers (Helix SFT, Thermo
Scientific). Ar isotopes (C°Ar, *Ar, and “°Ar) were simultaneously analyzed by a multicollector

mass spectrometer (Argus, GVI).



The analytical uncertainty of “°Ar*®Ar (1 c) was <2.4%, while those of ?°Ne/’Ne and *'Ne/*’Ne
were <4% and <4.3%, respectively (with the exception of one measurement in opx from LAGL that
was 20.3% for !Ne/*’Ne). The analytical uncertainty of the *He/*He (1 o) was between 0.7 and
12%.

Full description of analytical methods and data correction is reported in ESM1.

5. WHOLE ROCK AND MINERAL CHEMISTRY
5.1 Whole rock

Whole rock compositions (ESM2-1) were determined or 25 samples, representative of all the
recognized textural tpes. Xenoliths belonging to the Prcogicnular group (Pr s.s. and Pr srg) have
lower MgO and higher SiO,, TiO2, AbO3; and C.Z than those belonging to the Porphyroclastic
group (Po s.s. and Po Irg. Na;O and FeOtou ove similar in both Groups.

Ni, Cr and Co contents are very similar v all textural types while Zr and V tend to be lower in
Porphyroclastic than in Protogranuts oiuup. No difference was envisaged between amphibole-

bearing and anhydrous samples, awaugh the latter are too scarce to be statistically representative.

5.2 Mineral major elements

Description of major element composition includes primary phases only, as glass vein and patches

where small secondary phases have been found are rare and volumetrically negligible.

5.2.1 Olivine
Irrespective of the textural group, olivine has forsteritic component (Fo) ranging from 88.9 to 91.8
(Table 1; ESM2-2), the lowest values belonging to grains close to the amphibole vein of Iherzolite

LAG52, while the highest being recorded in the large porphyroclasts of anhydrous harzburgite



TREL. NiO varies from 0.34 to 0.43 wt% and has no correlation with Fo nor with textural group.

According to Herzberg et al. (2016), such high NiO is typical of depleted lithologies.

5.2.2 Clinopyroxene

Clinopyroxene (cpx) exhibit a large range of mg# (89.0 - 92.9) and ALO3 (3.27 -8.16 wt%) (Fig.
2A; ESM2-2). Cpx of Pr s.s., Pr srg and Po Irg sub-groups are more fertile than those in Po s.s sub-
group, in agreement with Szabd et al. (1995a), who also noticed higher basaltic components in the
less deformed xenoliths. Cpx in TRE4 Px have lower mg# and binhe: AlLO3 than cpx in TRE4 Pd
(Fig. 2A). TiO; is always lower than 0.71 wt%, with the lcweot values found in cpx of anhydrous
harzburgite TRE1 (Fig. 2B). As already noticed by Falc et al. (2008), a positive correlation
between ALO3; and Na,O is observed, with Po s.s. ant' r - s.s. falling respectively at the lowest and

highest ends of the trend (Fig. 2C).

5.2.3 Orthopyroxene

Orthopyroxene (opx) have mg# venang @om 89.1 to 92.1(Fig. 3A, ESM2-2). Analogously to
olivine, the lower values characte:ze upx close to the amphibole vein in LAG52 while the highest
values are recorded by anhydroos 'iarzburgite TREL. TREL opx also have the lowest Al,O3 contents
(2.84 — 3.62 wt%) of u. enure PMVF xenolith suite (2.84 — 5.90 wt%). No remarkable major
element compositional difference could be observed between porphyroclasts and neoblasts.
However, in contrast with Szabé et al. (1995a), Vaselli et al. (1995) and Falus et al. (2008), there is
a slight difference in geochemical composition coupled with textural variations. Ca discriminate
between the textural groups, with higher CaO in Protogranular than in Porphyroclastic types (Fig.

3B).

5.2.4 Amphibole



Disseminated amphiboles are the dominant textural type in the PMVF mantle xenoliths. The only
vein found (LAG52) resembles those already described in the literature (Vaselli et al., 1995; Zanetti
et al., 1995).

Disseminated amphibole mg# spans from 86.8 (LAG52) to 89.5 (TRE2) (Fig. 4A; ESM2-2);
amphibole from Pr s.s., Pr srg and Po Irg are rather constant in composition within the same
sample, with ALO3 contents in the narrow range of 15.3 - 16.3 wt%, while those of the composite
sample TRE4 (Po s.s.) go from 14.6 to 16.2 wt%, the higher variability being from TRE4 Px. On
the whole, ALO3 contents are among the highest for calcic amphiho.> in European mantle xenoliths
and, more broadly, in mantle xenoliths occurring in uu intraplate and suprasubduction
geodynamic settings, at comparable mg# (ESM3-1). Ca® n. amphiboles of Pr s.s., Pr srg and Po
Irg textural sub-groups is lower than those of the Po s.s. su. -group.

The amphibole vein of LAG52 has the lowest mg# @ d ‘ne highest K,O. Its Na,O, ALO3 and Cr,03
are lower and TiO; is higher (Fig. 4B) wit' repect to disseminated amphibole in the same sample.
A continuous Vvariation occurs between LS 552 vein amphibole, the veins analyzed by Vaselli et al.
(1995) and PMVF pargasitic to kaesut.tic amphibole megacrysts (Downes et al., 1995; Zanetti et

al., 1995; Demény et al., 2005) (F*. 40).

5.2.5 Spinel

Primary spinel are Al-rich (Tablel; ESM2-2), with very low cr# (6.64 - 16.0) but high mg# (74.8 —
79.19), comparable to that of abyssal peridotite spinel (Seyler et al., 2003; Schmadicke et al., 2011).
Al-rich spinel associated to LAG52 vein amphiboles are also relatively iron-rich (mg# 70.6 — 71.4),
whereas primary spinel of the anhydrous harzburgite TRE1 are clearly distinct, having comparable
mg# (71.8-74.6) but the highest cr# (28.6-34.6) values of the entire xenolith population (Fig. 5). In
the Olivine-Spinel Mantle Array (OSMA, ESM3-2), all spinel fall in the lower end of the

continental peridotites field, with the exception of TREL.
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5.3 Mineral trace elements

Pyroxenes and amphibole were measured with an average of 5 spots per sample. If the trace
element content of a phase was very homogeneous, the mean concentration of each element was
calculated: this reduced dataset was used for modeling. On the basis of chondrite-normalized REE

patterns, pyroxenes and amphibole have been divided into three Groups.

5.3.1 Clinopyroxenes

Cpx (Table 2; ESM2-3) in individual sample correspond to =% cinye Group, with exception of
BARQ4 and TRE4 that have cpx belonging to two Groups.

Group 1 (BARQ4, LAG21, LAG24 and TRE4 Pd) uoniys slightly Light Rare Earth Element
(LREE) to Middle (MREE) convex-upward depleted patierns (Fig. 6A), with (La/Yb)n spanning
from 0.34 to 0.50. In this Group, Heavy Rare Faru. clement (HREE) contents are slightly variable,
with (Yb)n ranging from 9.02 to 16.1. In ~kondrite-normalized trace element diagrams (Fig. 6B),
they show variable degrees of enrichment .» Th and U (up to 12.2 and 37.5, respectively) and a
ubiquitous negative Ti anomaly; Zr 7. ki can be decoupled.

Group 2 samples (BARQ4, LAGL, TRE2 and TRE4 Px), have a similar REE profile to Group 1 but
with a flatter M to HREE r.2*ter., highly variable HREE contents [(Yb)n, 5.76 — 16.4)] and slight
enrichments in La and Ce [(La/Yb)y = 0.38 - 0.89)] (Fig. 6C). In Chondrite-normalized trace
element patterns, Group 2 cpx are similar to those of Group 1 but for a slight positive Sr anomaly
(Fig. 6D).

Group 3 (LAG51, LAG52 and TRE1) is the most LREE-enriched (Fig. 6E), with the highest
(La/YDb)y ratios of the whole suite (1.01 — 5.45) and spoon-shaped REE patterns. These cpx also
have the highest Th and U contents, up to 48 and 102 x Chondrite, respectively (Fig. 6F). HREE are
similar to those of the other Groups [(Yb)n, 5.88 — 18.7]. Group 3 includes cpx of anhydrous

harzburgite TRE1, showing the same REE profile with the lowest M-HREE contents.
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There is no neat correspondence between the types recognized from texture and major elements and
cpx Groups according to their trace element inventory. Cpx modal content increases in the sequence

Group 3 - Group 1 — Group 2 (Table 1).

5.3.2 Orthopyroxenes

Opx (Table 3; ESM2-3) Chondrite-normalized trace element patterns are characterized by steep
REE patterns and positive Zr-Hf and Ti anomalies (Fig. 7).

Opx associated with Group 1 cpx are the most depleted (beside a sfght La enrichment) (Fig. 7A),
with negative to positive Sr anomaly {Sr*= Sr/[(Sm+Nd)/2], 5.7 — 2.43} and low Th contents (up
to 0.56 x Chondrite) (Fig. 7B).

Group 2 opx show LREE enrichment in agreement with triose of the associated cpx (Fig. 7C); they
largely overlap opx of Group 1, with higher Th ‘ug te 3.12 x Chondrite) and a ubiquitous negative
Sranomaly (Sr*, 0.15-0.89) (Fig. 7D).

Opx associated with Group 3 cpx show «.» overall La to Tb enrichment (Fig. 7E) and the highest Th
contents (up to 7.77 x Chondrite) b+ hov similar Sr* to that of Group 1 opx (0.02 — 1.45) (Fig.

7F).

5.3.3 Amphiboles

Chondrite-normalized trace element and REE patterns of disseminated amphibole (Table 4; ESM2-
3) closely mimic those of the coexisting cpx (Fig. 8) in each sample and, on average, for each
Group.

Group 1 amphiboles have the most depleted [(La/Yb)n, 0.30 — 0.54], well-defined convex upward
REE patterns (Fig. 8A); they show either positive or negative Nb-Ta anomalies (Fig. 8B) even
though their contents are low (up to 3.04 ppm Nb; up to 0.21 ppm Ta). Positive Nb-Ta anomalies

are always associated with negative Th-U anomalies and vice versa, thus the higher Th and U

12



values (up to 5.95 and 16.9 x Chondrite, respectively) are reached in amphiboles with the lowest Nb
contents. Group 1 has also a pronounced positive Ti anomalies (Ti* = Ti/[(Eu+Gd)/2], 0.83 —2.28).
Group 2 includes amphiboles showing slight La and Ce enrichment [(La/Yb)n, 0.33 — 1.30] and less
convex REE pattern with respect to Group 1 (Fig. 8C). The opposite behavior between Nb-Ta and
Th-U anomalies persists (Fig. 8D), with similar Nb and Ta contents (up to 5.62 ppm Nb; 0.28 ppm
Ta, respectively) and Th spikes (up to 13.6 x Chondrite). The negative Ti anomaly is similar (Ti*,
0.78 — 2.99).

Amphiboles in Group 3 are strongly enriched in LREE [(La/Yb)y. 1.27 — 3.75] with respect to the
previous Groups, forming smooth spoon-shaped patterns (Fiy. $E). They have Th and U values
slightly higher than those of the other groups (up to 1R 2 and 22.1, respectively) and reach the
highest Nb contents (67.4 x Chondrite) among dissemina*eu amphiboles (Fig. 8F).

The vein amphibole (LAG52) are incorporated ir Croup 3 as a single average (Fig. 8E, F). They
display a strongly fractionated REE pattern witt, L-MREE enrichments [(La/Yb)n, 3.46 - 5.90], the
highest HFSE contents [(Nb)n, 257 x Ci.andrite; (Zr)n, 24 x Chondrite; (Hf)n, 28.4 x Chondrite]
and weak negative Ti anomalies (Ti*, 0.3¢ — 1.40). Their patterns fit well those of amphibole veins
described by Zanetti et al. (1995), Vasclii et al. (1995) and Chalot-Prat and Bouillier (1997) (ESM3-
3). The trace element budget ~f these wveins shows many similarities with amphibole megacrysts
(ESM3-3, Zanetti et al., .79, Downes et al,, 1995) which, however, are on average characterized

by slightly lower LREE and a strongly positive Ti anomaly (Ti*, 1.71 —4.08).

5.4 Noble gas elemental and isotopic compositions

Olivine systematically shows the lowest concentration of “He and “°Ar* (where the star indicates
that *°Ar was corrected for air contamination; see, ESM1 for details on the used equation), while
cpx and opx have a similar range of values (ESM3-4). The highest concentration for the three
minerals is found in LAG52 that also shows the lowest mg#. “He is positively correlated with *°Ar*,

indicating that “He-rich FI are also *°Ar*-rich and, probably, rich in the other gas species.
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The *He/*°Ne ratio is 0.7-41.7 in ol, 11-1960 in opx, and 8.3-1394 in cpx (Table 5). The “°Ar/*°Ar
ratio is 286-326 in ol, 350-879 in opx, and 319-1867 in cpx (Table 5). The °Ne/*’Ne and
?INe/*?Ne ratios are 9.8-10.0 and 0.0283-0.0327, respectively, in olivine, 9.8-10.1 and 0.0291-

0.0342 in opx, and 9.9-10.1 and 0.0290-0.346 in cpx (Table 5 and Fig. 9).

The 3He/*He ratio corrected for air contamination (Rc/Ra value) is 1.5-5.9 Ra in olivine, 5.4-6.8 Ra
in opx, and 2.2-6.8 Ra in cpx (Table 5 and Fig. 10). The highest *He/*He values within olivine were
measured in LAG52 and TRE2 (5.4 and 5.9 Ra, respectively), rnd only in the case of LAG52 it
corresponds to the highest concentration of *He (94 x107** mol/j) a~d “°Ar* (42x10** molig) (Fig.
10). At progressively lower concentration of “He and “*°Ar* 3H:*He values decrease. The highest

3He/*He ratios in opx and cpx are measured in TRE1 anc ThS2 (Fig. 10; Table 5).

6 DISCUSSION
6.1 Mineral equilibrium and temperature 2stimation

The Mg and Fe equilibrium exchange ("31.y and Kohler, 1990) among peridotite minerals allows
evaluation of the extent to which mineral pairs are in equilibrium, coherently with their Fe/Mg
distribution. Irrespective of texturc! type and amphibole modal percentage, the Fe/Mg exchange
between olivine and opy o1 PV VF samples reproduces, within the experimental error, the slope of
olivine-opx lines calculated ‘ur temperatures varying between 927 and 727 °C (1300 - 1100 °K) in
the pressure range of 1.5 - 2.0 GPa. Olivine-cpx and opx-cpx pairs, distinguished by textural types,
also reflect ideal Fe/Mg equilibrium (Brey and Kohler, 1990) in the same temperature and pressure
ranges. Minerals in close proximity to host basalt veinlets, showing destabilization due to local
thermal effects, were discarded. Equilibrium between olivine and spinel was also evaluated, using
the same method described in Faccini et al. (2013). Taking into account the diffusion corrections
(Lehmann, 1983), Fe-Mg distribution coefficient between olivine and Al-spinel is estimated in the
range of 0.90 - 1.23 (Jamieson and Roeder, 1984) at T= 1000-1200 °C. The abundance of
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disseminated amphibole in PMVF peridotites (Table 1; ESMO) cannot be ignored in discussing the
potential  intra-mineral  equilibrium  conditions.  Experimentally-determined  average = Fe-Mg
distribution coefficient (Kdge-mg™*2™") between cpx and amphibole in basanite melts is 0.76 + 0.21
(Pilet et al., 2010). This value is also constrained by Ca contents and the subsolidus equilibrium
between the two minerals is resolved with [Ca/(Ca+Mg+Fetot)] ~ 1.6 (Forshaw et al. 2019), a
condition fully satisfied by amphibole/cpx pairs in PMVF peridotitic xenoliths.

In the light of these findings, temperature estimations have been carried out using the two pyroxene
equations of Brey and Kohler (1990) and Taylor (1998) (Tahle 1). Brey and Kohler (1990)
geothermometer yielded temperatures from 778 to 1056 °C el 0.9 GPa. Taylor (1998) formula gave
similar results (793-1009 °C at 2.0 GPa), with differences hetween the two methods always less
than 60°C. Only TRE4 Px has a temperature lower than Su. °C. Po s.s. recorded, on average, lower
temperatures than the other three textural sub-grcup: 7ne Po Irg group is intermediate between the
Protogranular group and Po s.s, suggest'«a - decrease in temperature at increasing degree of
deformation in PMVF samples, in agreen.~nt with the results of Falus et al. (2008) and what has
been observed for other mantle xenc'ith ~ites from the Pannonian Basin (Embey-Isztin et al., 2001,

Ntaflos et al., 2017).

6.2 Oxygen fugacity a.? pressure conditions

Assuming that thermodynamic parameters are known and activity/composition relations can be
assessed, oxygen fugacity (fO,) in mantle peridotites may be calculated from the heterogeneous
redox equilibria:

Fayalite (olivine) + O, (fluid) = Ferrosilite (opx) + Magnetite (spinel).

The calculation is hampered by uncertainties in the activity/composition relations of magnetite
component in spinel (Wood and Virgo, 1989). Since magnetite solid solution is low in mantle spinel
(< 25% in this xenolith population), typical analytical errors translate into considerable fO,

uncertainties. We applied the semi-empirical equation of Ballhaus et al. (1991), using the magnetite
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composition/activity model of Wood and Virgo (1989). The fO, calculated in terms of divergence
from the fayalite-magnetite-quartz (FMQ) buffer are in the restricted range of - 0.19 to - 1.78, with
the lowest values belonging to the Po s.s. anhydrous harzburgite TRE1 (Table 1; ESM3-5). These
values are comparable to those typical for both off-craton Sub-Continental Lithospheric Mantle
(SCLM) and supra-subduction zones (Foley, 2011; Bénard et al., 2018) and to those calculated for
Pannonian Basin mantle xenoliths by Szab6 et al. (1995b). A weak (R? = 0.4) positive correlation
between fO, and the modal percentage of the redox sensitive phase amphibole have been observed,
in agreement with the result of Sorbadere et al. (2018).

The pressure of amphibole formation could be tentatively ~sumated. Mandler and Grove (2016)
established that alkali content of amphibole in the Earth’s metle is a linear function of pressure and
temperature and less dependent on bulk compositioral ‘ariations and water contents, allowing
formulation of an empirical thermobarometer for | arcasite-bearing garnet (and spinel) peridotites.
To avoid circular reference, we introduced n ej. 1 of Mandler and Grove (2016) the temperatures
calculated from Brey and Kohler (1990, geothermometer. According to the Mandler and Grove
(2016) equation, PMVF amphibole-h=ar,»o |herzolites equilibrated between 2.5 and 2.7 GPa (Table
1), which seem to be rather higy prussures as no garnet is present in their mineral assemblage.
These rocks have bulk Cr-G,'2,03 ratios (0.09-0.14) comparable to the experimental fertile
hydrous (H,O= 0.65 w(%, nerzolite (0.10), in which the spinel-garnet transition occurs below 2.5
GPa. Taking into account the error and the different water content between natural and
experimental Iherzolites, the pressure prediction for PMVF amphibole equilibration are therefore
consistent with these samples having last equilibrated in the upper pressure limit of the spinel
stability field (Ziberna et al. 2013). Consequently, a rather deep origin of the PMVF mantle
xenoliths cannot be discounted. The opx-cpx-spinel clusters found within some samples could be
symptomatic of former garnet as suggested by Falus et al. (2000), who hypothesized a mantle
domain moving from a garnet-bearing region at pressures higher than 3.0 GPa to a shallower level

(1.9 - 2.1 GPa), inferring an upwelling of the PMVF mantle section of 40-60 km. This occurred in
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the frame of a highly arcuate subduction zone, where rapid tectonic changes were strictly correlated
with accelerated slab steepening (Edward and Grasemann, 2009), asthenosphere uprise (Kovacs et

al., 2018) in a post-collisional stage and regional stress redistribution (Seghedi et al., 2011).

6.3 Processes that modify the geochemistry of FI

6.3.1 Atmospheric contamination

The isotope composition of Ne and Ar, and complementarily the *He/*°Ne ratio in FI of PMVF
xenoliths highlights a variable air contamination (Figs. 9 and ii; vable 5), which progressively
decreases from olivine to cpx, probably due to the increasing coi centration of He-Ne-Ar trapped in
FI of the pyroxenes. - This is clearly shown by the three i.= \.otopes plot (Fig. 9), in which our data
fall along or slightly below the theoretical mixing lire between air and a MORB-like mantle,
defined by Sarda et al. (1988) and Moreira et al. (- 952} at !Ne/*Ne = 0.06 and °Ne/*’Ne = 12.5. A
similar indication comes from the “°Ar/%Ar .~ 3He/*®Ar values (Fig. 11), which are well below the
theoretical ratio in the mantle (*°Ar/*°Ar 10 :2 44,000 and 3He/*°Ar~0.45; e.g., Moreira et al., 1998;
Ballentine et al., 2005), and fall alo’y, the binary mixing between air and a MORB-like mantle. Air
in FI from mantle xenoliths could Lo linked to a direct contamination in the SCLM (e.g. Rizzo et al.

2018). Further details on this (2w are reported in ESM4.

6.3.2 Diffusive fractionation

Comparing “He and “°Ar* with *He/*He (Fig. 10) we notice that, at concentrations of “He and “°Ar*
below ~1.0-2.0x10°"® mollg, 3He/*He values decrease. This behaviour mostly regards olivine and
cpx from sample TRE4. These differences may have originated from preferential diffusive loss of
*He and “°Ar* (e.g., Burnard et al., 1998; Burnard, 2004; Yamamoto et al., 2009), as explained in

ESM4.
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6.4 Melting and refertilisation events

Whole rock and modal compositions of PMVF mantle xenoliths have been compared to melting
models for off-craton peridotites, in order to understand the melting history of the sampled
lithospheric section. The samples align with the depletion model trends of Niu et al. (1997),
although a tendency towards lower modal olivine and higher cpx can be seen (ESM3-6).
Porphyroclastic group tend to have higher MgO contents with respect to Protogranular group. TiO,
and AhLOs3 positive correlation would depend upon melt extraction (Takazawa et al., 2000; lonov,
2007). However, considering our data together with those of Vacc.: eu al. (1995) and with only few
exceptions, these samples have less FeO with respect to the :xpe-ted AL O3 content, this latter being
even higher with respect to the corresponding MgO pr.dicwd by models for any kind of melting
evolution (ESM3-7), both at constant and decreasing P (N, 2004; Ishimaru et al., 2007). Thus, the
extremely ALOs-rich compositions of some PMV/F rantle xenoliths cannot be explained by partial
melting alone.

Similar information is given by mineral pha.~ composition. Johnson et al. (1990) proposed the most
used, mineral-focused model to preuwt ue melting degree for batch and fractional melting, based
on cpx REE patterns, while more .~cently Scott et al. (2016) proposed a similar approach for opx.
Bonadiman and Coltorti (2022 Zdempted to infer the partial melting degree of a mantle lithotype
based on major element cu.mposition of olivine, opx, cpx and spinel. As is well known, cpx is the
most important incompatible trace element repository within an anhydrous peridotite, constraining
the overall REE budget. Obviously this is not true when a volatile-bearing phase is present, taking
into account that amphibole partitioning coefficients are higher than those of cpx for most
incompatible elements (lonov et al, 1997; Witt-Eickschen and Harte 1994). Disseminated
amphibole is common within the PMVF xenoliths, with trace element patterns perfectly mimicking
those of cpx apart from elements which are preferentially incorporated in the amphibole crystal
lattice (Figs. 6, 7, 8). The ubiquitous similarity between the trace element patterns of the two

minerals - regardless of textural positions or presence of an amphibole vein - is a strong indication
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of disseminated amphibole genesis via cpx hydration, followed by subsolidus re-equilibration.
Since amphibole grew owver cpx, some differences should be expected between cpx patterns in
anhydrous and hydrous parageneses. However, the patterns of cpx from anhydrous Iherzolite
BARQ4 are identical to those of cpx from lherzolites LAG21 and LAG24, having 0.7 and 1% of
modal disseminated amphibole, respectively. For this reason, no re-distribution modeling backward
from amphibole to cpx has been developed and we assumed that the trace element contents of cpx
correspond to the original composition, i.e. should represent a suitable indicator of the partial
melting degree (F%). Batch, fractional and incremental (with 1% increment for each step) melting
modeling were thus developed following the Johnson et i (1y90) equations, using as starting
composition the primordial, fertile cpx proposed by Bonadu.an et al. (2005) for spinel peridotites.
The best fit between model and real cpx was obtained r fractional melting (ESM3-8), although
many of the samples (BARQ4, LAG21, LAG2#, " A551, TRE4) have HREE and MREE values
higher than those of the primordial cpx, v nile LREE can be variably enriched or depleted. Cpx
from lherzolite LAG52 perfectly overlaps the pattern of primordial cpx, while LAG1, TRE1l and
TRE2 indicate very low degrees of partic! 'nelting, between 1 and 5 %. Thus, according to cpx REE
composition, PMVF xenoliths resveseit a very fertile mantle that, however, cannot be explained
just invoking low-degree meltn.x processes. This conclusion is further supported by investigating
the opx. According to trne nwdel of Scott et al, (2016), opx REE patterns indicate substantially
higher degrees of melting (ESM3-9). The comparison has been developed based on HREE (since
LREE are highly variable and more prone to be modified by post-melting processes) and taking into
account that the model starts from the DMM source by Workman and Hart (2005), already slightly
depleted by 2-4 % melt extraction. Protogranular group opx would have been affected by a melting
event between 12 and 20%, whereas Porphyroclastic group opx would record 20 to 25% melting,
with TRE1 being the most depleted. Using the approach developed by Bonadiman and Coltorti
(2018) in the CMAS-Fe system for pressures varying between 1 to 3 GPa and temperatures between

900 and 1300 °C, (which also takes into account subsolidus re-equilibration), the opx major element
19



composition indicates rather low degrees of partial melting (mainly < 15%), although the fit with
the theoretical curve is rather limited (Fig. 3A). The indication of low degree of melting comes from
the high ALO3; contents that in some samples (LAG24, LAG2 and TRE3) is higher than that of a
primordial opx. As far as mg# is concerned, some samples shift toward higher values while others,
including LAG52 (the only one with an amphibole vein) towards lower values with respect to the
theoretical curve, at constant ALO; value. Taking into account the existing Fe and Mg equilibrium
between opx and olivine, as well as the Fo and NiO content of the latter - unlikely for low degree of
melting - it can be hypothesized that Al,O3 has been added to the syctem after partial melting. If this
is the case and the opx composition is reported on the ~w.= tllowing the mg#, the obtained
degrees of melting appear more similar to those estimated ..m the HREE in opx. Support for this
comes from the composition of primary (and secondarv) ¢nx in xenoliths from mantle wedges from
Kamchatka, Philippines and Cascade Range (-1, ”A). These opx fall at the bottom of the
theoretical line and have high mg# - simiar *» those of TRE1 — coupled with very low ALO3
contents. It is then reasonable to suggect that PMVF xenoliths were residua of partial melting
degrees comparable to those of typical .'#,-arc mantle that was later affected by ALO3 enrichment.
The event would have also incimaseu the modal percentage of opx, which explains why some
PMVF xenoliths have a paraaeess moving toward ol-websterites, with modal opx contents up to
36.2%, much higher than tha. of fertile mantle (25%, Johnson et al., 1990). A SiO,-saturated,
AbOs-rich metasomatizing melt could increase the opx modal content with mg# buffered by the
matrix, concomitantly with, or followed by, textural re-equilibration and re-crystallization. This
reorganization could have occurred under the stress regime consequent to slab steepening/sinking
and to asthenosphere uprise that pushed the overlying lithospheric mantle column upward (Falus et
al, 2000, 2008, 2011). Enhanced recrystallization of newly formed (“secondary”) opx in a mantle
wedge can completely obliterate its initial replacement texture so that it looks like a primary phase

(Arai and Ishimaru, 2008).
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A similar interpretation can be put forward for cpx major elements, having mg# values compatible
with melting degrees > 20%, but showing AlLO3 contents higher than those expected by theoretical
calculations. Thus their Mg and Fe contents, being buffered by the matrix, can be considered as
good indicators of the partial melting degree, while Al,O3; and REE are probably related to the
enrichment process. As for opx, in Fig. 2A the composition of cpx from various subarc settings is
reported. In all cases, cpx with mg# equal or exceeding the degree of partial melting after which this
phase is exhausted (F= 22-25%, Bernstein et al., 2007; Sobardere et al., 2018) are found, but PMVF
cpx show significant ALO3; enrichment with respect to the theoraticc! curve. It is likely that these
cpx were newly formed, growing over strongly depleted cux n an originally harzburgitic matrix
(which buffered the mg#) from an ALOs-rich melt. Alterrau.~ly, cpx could have been generated by
exsolution from opx and successively texturally re-cry.nized and enriched by an AlOs-rich
metasomatizing melt. In the Protogranular group i » e dent that cpx are newly formed, with Al,O3
and modal content exceeding the PM valucs. /. similar observation is valid for the Porphyroclastic
group that, however, does not show .2 analogous level of enrichment. Cpx from anhydrous
harzburgite TRE1 have the highest mo# ¢’ the lowest Al,O3 content, probably because this sample
was less affected by the enrichmei prucess and/or started from the most residual composition.

In this framework, the metasoni.*ic process that affected the mantle beneath the Persani Mts. can be
more properly considerea 2s a refertilisation that not only modified the composition of the various
phases, but also consistently increased the pyroxene modal abundance. Pyroxenes increased at
expenses of olivine, as observed by Falus et al. (2008). Spinel was also most probably enriched
and/or added to the peridotitic matrix during the refertilisation, as testified by its modal abundance,
up to 5.3 % in some samples (Table 1 ESM), and very high Al,O3 content (ESM3-2).

In order to further decipher this history, we compared “He and “°Ar* concentrations and *He/*°Ar*
in FI with the mg# (Fig. 12). In a recent study from Lower Silesia mantle xenoliths, Rizzo et al.
(2018) showed that the chemistry of FI and minerals coupled to *He/*°Ar* ratio may provide

insights into the extent of partial melting, as well as the occurrence of metasomatic processes that
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masked the pristine SCLM characteristics. This is related to the different crystal-melt partitioning
of “He and *°Ar* for olivine and cpx (Heber et al., 2007).

Olivine in the PMVF xenoliths are the most useful phase for identifying the residual mantle through
*He/*°Ar*, bearing in mind that increasing mg# should indicate higher extent of partial melting,
leading to a depleted lithology (Herzberg et al., 2016; Rizzo et al., 2018). In the few samples not
affected by diffusive fractionation (LAG52, BARQ4, TRE2), a progressive decrease of *He and
“0Ar* concentrations at increasing mgt# (from 89.2 to 90.7) can be noticed (Fig. 15), which is
compatible with partial melting. This is supported by the *He/*°Ar* | o that decreases from 2.2 to
1.4 at increasing mgt, being *He/*°Ar* within the reported r.ny> 1or mantle production, indicating a
rather low partial melting degree. For comparison, olivine from the Lower Silesia mantle with a
*He/*°Ar* ~0.3, record a residual mantle that was strongv depleted (25-30% of partial melting,
Rizzo et al., 2018). Alternatively, we may suppcse that olivine recrystallized during or after a
metasomatic/refertilisation process by trapp'g °I with *He/*°Ar* typical of mantle production. If
so, we would not have any trace of primary FI resembling the residual mantle features.

Looking at opx and cpx, most of the camples do not show any relation between *He, “°Ar*
concentrations, “He/**Ar* ratios “nd ng# (Fig. 12). The only exception is LAG52 that has the
highest “He and “CAr* conceiations at the lowest mg#, compatible with low extent of partial
melting relative to the owne. saples; however, in terms of *He/**Ar* this sample has not the highest
values (Fig. 12), as would be expected if partial melting was the main process. This means that
LAGS52 did not maintain memory of the melting history. In terms of “He/*’Ar*, opx and cpx show
*He/*°Ar* values in the range 0.2-1.2, without any significant trend. Apart from sample TRE3, opx
and cpx have *He/*°Ar*>0.6. These values are not compatible with the degrees of melting estimated
by using mineral chemistry. This behaviour suggests that most of the opx and cpx recrystallized, as
consequence of refertilisation, by trapping a new population of FI with a distinct composition that

masked the previous partial melting history.
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6.5 Refertilisation geodynamic context and subsequentalkaline metasomatism

The geochemical affinity of the refertilizing melt can be evaluated thanks to the presence of
disseminated amphibole. According to Coltorti et al. (2007b), the geochemical imprint of a
metasomatizing agent can be traced back by using key elements (particularly Nb and in general the
HFSE, which are highly immobile during chromatographic fractionation, lonov et al., 2002) and
their ratios. In Zr/Nb vs TUNb (Fig. 13A) and Zr/Nb vs Ti¥Zr (Fig. 13B) diagrams, disseminated
amphiboles fall entirely within the “subduction-related” field, indicating that they were generated
by a subduction-related melt. The sinking oceanic slab is stm wisible today as evidenced by
geophysical surveys under the seismically active Vrancea ‘one in the southeastern edge of the
Carpathian arc (Ismail-Zadeh et al, 2012). Post-collis’..?l magmatism along the East Carpathian
range migrated and rejuvenated from the NW, where th: olucst occurrences are found (10.2 Ma), to
SE in the South Harghita volcanic field, where the Zctivity is younger than 1 Ma (Seghedi et al.,
2016, 2019). The South Harghita calc-alka.* volcanic activity was the last expression of a post-
collisional, convergent margin dynamic. Aothenospheric upwelling, linked to slab roll-back, was
associated with extensional Na and :l-aualine volcanism (Seghedi et al., 2011). The last eruptive
phase of Persani Mts. occurred cutemporaneously with the final stages of South Harghita volcanic
activity around 0.6 Ma (Pécci:av Cc al,, 1995b; Molnar et al., 2018). Although calc-alkaline products
do not outcrop in the Per,ani Mts, a cognate basaltic block found within the pyroclastic deposits
shows a clear subduction-related signature (sample Lgf in Downes et al., 1995) and is identical to
some Calimani- Ghurghiu-Harghita (CGH) basaltic andesites (ESM3-10), supporting the idea that,
also in this area, a calc-alkaline magmatic phase (now buried) preceded the alkaline stage.

It is thus likely that the mantle beneath Persani Mts. interacted with calc-alkaline magmas and
maybe the majority of melt volumes were trapped and consumed at depth during the refertilisation
process. The most primitive magmas in the Calimani-Gurghiu-Harghita volcanic chain have AlLO;
contents ranging between 16 and 21 wt%, MgO around 5 wt%, and Y as high as 28 ppm (Mason et

al, 1996). One of these magmas is considered as the parental melt of the Calimani series, with
23



87Sr/28sr and 1**Nd/*“Nd ratios of 0.70525 and 0.51275, respectively, explained by the authors as
the result of slight AFC processes that occurred within the crust or, alternatively, of sediment
subduction and consequent source contamination. Such a composition fits reasonably well the
requirements of the melt responsible for the mantle refertilisation recorded in PMVF mantle
xenoliths.

Disseminated amphiboles clearly have a subduction-related origin while the amphibole vein of
lnerzolite LAG52 falls in the intraplate field (Fig. 13A, B), showing a striking resemblance with
amphibole megacrysts collected in the pyroclastic deposits of the Peiani Mts (Fig. 14). Continuous
variation trends from vein amphiboles to megacrysts can be uucerved, with a constant decrease in
mg#, AbO3, Na,O and Cr,O3 and an increase in TiO, (Fin. 1B) and K,0O. Oxygen and 8D isotopic
composition of megacrysts from Persani and from the < arpathian-Pannonian region support their
mantle origin. They are interpreted as fractiona*io.” r.oduct of basaltic melts (similar to the host
alkali basalts, Zanetti et al., 1995) decives by various degrees of partial melting of an
asthenospheric source contaminated by .tids released from subducted serpentinites or blueschist
like those occurring in the Meliata-Verda. <eries (Demény etal., 2012).

Interaction of PMVF mantle wit: alkaline melts has been already documented and there is good
agreement that amphibole v generation is the main result of this process. Olivine-
clinopyroxenites also iou1 as xenolths mn the Persani Mts volcanics probably represent
fractionation products of these alkaline melts formed at depth, within the mantle (Zaretti et al.,
1995; Vaselli et al., 1995; Chalot-Prat & Boullier 1997; Downes, 2001). Since the disseminated
amphiboles are the result of reaction/hydration of cpx, it has to be concluded that the two kinds of
amphibole represent different metasomatic episodes that occurred at different times. Since the
interaction with calc-alkaline magmas occurred first, we argue that vein amphibole generation was
subsequent to the formation of disseminated amphiboles and may represent the last metasomatic
event recorded by PMVF mantle xenoliths. According to Zanetti et al. (1995), some vein

amphiboles may represent the “frozen” composition of the alkaline magma travelling through the
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mantle (Fig. 14). Beside the variable enrichments in LREE, chondrite-normalized REE patterns of
LAG52 vein amphiboles are very similar to those found in the literature, including amphiboles of
clinopyroxenites and megacrysts. Although the explanation by Zanetti et al. (1995) may be realistic,
adcumulates are unlikely to perfectly match a liquid composition (Holness et al., 2017) and vein
amphibole are indeed lower in L- and MREE with respect to Persani Mts lavas. We have thus
calculated the melt in equilibrium with LAG52 vein amphibole using Kd2mphalkaline melt fop the
GERM database and the result was almost indistinguishable from the real Persani Mts. alkaline
magmas. Calculated cpx in equilibrium with the obtained melt (Fi~ .S) is identical to the real cpx
from PMVF clinopyroxenites (Vaselli et al., 1995; Chalot-™i.® & Boullier, 1997). It has to be
underlined that both natural and calculated cpx have comu.~tely different compositions, in term of
major and trace elements, with respect to those occurri in the refertilized mantle xenoliths. The
“magmatic” cpx derived from the alkalne melt/s . +ve different REE patterns (in particular higher
LREE and lower HREE, Fig. 15) with recyec’ to the peridotitic ones and could have never been
generated by the same liquid. Even using » chromatographic model (lonov et al., 2002), we could
not obtain such HREE-enriched dior<idcc (Yb up to 18.7 x Chondrite) starting from the alkaline
cpx (Yb, 7.4 x Chondrite) supg-sing that the alkaline melt was the sole metasomatic agent that
acted within the PMVF manu. This further supports the hypothesis that cpx and disseminated
amphiboles are closely rexteu and are the result of a previous, calc-alkaline, extremely pervasive
refertilisation event, distinct from the subsequent alkaline metasomatic episode. The latter, on the
other hand, resulted in the generation of amphibole wveins within the peridotite and in the
crystallization of amphibole-bearing clinopyroxenites and megacrysts. These magmas, very similar
to those erupted by the Persani Mts. volcanoes and generated by a new source, crossed the
lithospheric mantle section in more recent times (most probably after the onset of post-collisional
tectonics) at relatively shallow depth, reached as a consequence of asthenosphere doming. This
allowed vein formation with very limited diffusive effects, only detectable as slight LREE and Nb

enrichments in some of the pre-existing pyroxenes and their associated amphiboles (Group 2 and 3,
25



Figs. 6 and 8), especially in close proximity to the amphibole wvein. The influence of this last
alkaline metasomatic event also left trace in the FI noble gases composition of some samples.
TRE1, TRE2 and TRE4 have mg# > 90.9 and *He/*°Ar* between 1.3 and 2.5 (Fig 12), showing a
gradual increase of mg# and “He/*°Ar* that cannot be explained by either partial melting or
refertilisation, due to their strong depletion. The most reasonable explanation for the FI chemistry of
these samples involves the entrapment of secondary FI from the latest alkaline metasomatism or
from the host magma that resemble more “magmatic-like” *He/*°Ar* values. This interpretation is
further supported by the *He/*He values (6.5-6.8 Ra), which are ci~rly higher than the other opx
(5.4-6.4 Ra) and cpx (5.3-6.1) as well as of olivine (5.2-5.5 7) (Fig. 12). Two of these samples
belong to the low-temperature, high-stress Po. s.s. textre! sub-group (Table 1), probably more
prone to fluid percolation. We argue that the 3He/*He sigicture of fluids trapped in opx and cpx of
samples TRE1, TRE2 and TRE4 can be related *0 VIl RB-like asthenospheric fluids that penetrated
the local mantle and partially mixed with resijual fluids contaminated by the recycling of crustal
(subduction-related) material.

In summary, the comparison of FI =nd rineral chemistry mostly points toward a mantle originally
depleted by rather high extents ¢ paidal melting and then re-fertilized by subduction-related fluids.
A small portion of the mantle ako bears a memory of the latest alkaline metasomatism or the

infiltrated host magma.

6.6 Subduction of crustal material and the origin of alkaline magmatism

In order to make inferences on the noble gas signature of SCLM beneath PMVF, we now focus on
the He and Ne isotope compositions and compare them with other European localities.

The range of *He/*He measured in olivine (only three reliable measures from LAG52, BARQ4 and
TRE2), opx and cpx (excluding samples TRE1, TRE2, and TRE4) is 5.8+0.2 Ra (Figs. 10, 12 and
ESM3-11). This range is comparable to the few *He/*He measurements for xenoliths from PMVF

analysed with a crushing technique, which yielded 5.6 and 6.0 Ra (Althaus et al., 1998; Kis et al.,
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2019). This suggests that the mantle beneath PMVF has 3He/*He values more radiogenic than the
typical MORB source (8t1 Ra; Graham, 2002), and among the most radiogenic within the
European SCLM range (6.3£0.4 Ra; Gautheron et al., 2005; Martelli et al., 2011; Rizzo et al., 2018)
together with xenoliths from Tallante (Spain) that give 5.6+0.1 Ra (Figs. 10 and 12).

Gautheron et al. (2005) justified the average He/*He signature of the European SCLM, proposing
two interpretations: i) a recent and local metasomatism by a MORB-like He composition rising
from the asthenosphere and mixing with a more-radiogenic isotope signature produced in the
lithosphere or ii) a global SCLM steady state in which a flux of *hc rich fluids originated from the
asthenosphere mixed with “He-rich fluids/melts recycled in u. wthosphere from U-Th decay of
crustal material. This material could be derived from dei, dration of active or fossil subducting
slabs (e.g., Yamamoto et al., 2004; Faccenna et al., 2010).

Therefore, the *He/*He signature of mantle benerti, the PMVF can be interpreted with the models
proposed by Gautheron et al. (2005), as um'ag an enhanced recycling of crustal material in the
local lithosphere with respect to other Eurcean areas.

The low noble gases (and CO,) cencetrations, as well as the lower *He/*He in PMVF mantle
xenoliths compared to other part: ot the European SCLM (Gautheron et al., 2005; Rizzo et al.,
2018), support a subduction-rexcterd imprint of fluids recycled in the local mantle at the time of re-
fertilization.

The apparent paradox between a fluid/sediments-rich environment, and the low concentration of
noble gases, could be reconciled by inferring that these fluids were richer in H,O than in CO,.
Because CO; is the main carrier of noble gases at whatever depth of circulation (i.e., mantle or
crust; Anderson, 1998), this could explain the low “He and “°Ar* concentrations in Fl from PMVF.
The diffusive fractionation of noble gas observed in these mantle portions could also suggest a
continue mantle recrystallization due to the stresses related to asthenospheric upwelling.

Neon isotope ratios give similar indications to the 3He/*He ratios. Fig. 9 shows that PMVF

2INe/*?Ne and %°Ne/*Ne plot along or slightly below the theoretical mixing line between air and a
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MORB-like mantle. Data slightly below this mixing line can be interpreted as indicating a three
component mixing that includes crustal material (Kennedy et al., 1990; Ballentine, 1997; Ballentine
et al, 2005). This supports the idea based on *He/*He ratios that the mantle beneath the PMVF was
metasomatized/refertilized by subduction-related fluids that were responsible for recycling of
crustal material in the local SCLM, but the time of this event is not yet known.

Finally, the evidence from He and Ne isotope compositions precludes the presence of a plume
below the PMVF. A plume-related signature should have *He/*He values above the MORB range
(>9 Ra) and a lower 2'Ne/*’Ne ratio for a given *°Ne/?’Ne thar MORB melts (Kurz et al., 2009;
Moreira, 2013) (Figs. 10 and 9). However, the ranges of Fe cna Ne isotope ratios are similar to
those for other European regions where no plume is preseru (Gautheron et al., 2005; Moreira et al.,

2018).

6.7 Comparison with gases emitted ir. thr, Eastern Carpathians

In the south-eastern Carpathian-Pannoniai. Region, anorogenic or orogenic magmas have been
erupted since 11 Ma (Szakéacs et al, 29v3; Seghedi et al.,, 2004, 2011). Although volcanic activity in
the PMVF may now be extinct srong CO; degassing in the neighbouring Ciomadul volcanic area
(about 40 km to the east) mz’ n.uicate that magma is still present (Oncescu et al., 1984; Althaus et
al, 2000; Vaselli et al., 2022; Popa et al.,, 2012; Kis et al., 2017, 2019; Laumonier et al., 2019).
Many gas emissions are present, emitting a huge amount of CO, (8.7x10% t/y) similar to other >10
kyr dormant volcanoes worldwide (Kis et al., 2017). These gas manifestations are the closest to the
outcrops containing mantle xenoliths for comparison of the noble gas composition. 3He/*He values
from Stinky Cave (Puturosul), Doboseni and Balvanyos are up to 3.2, 4.4 and 4.5 Ra, respectively,
indicating the presence of cooling magma (Althaus et al., 2000; Vaselli et al., 2002).

In the Ciomadul area, Kis et al. (2019) measured 3He/*He ratios up to 3.1 Ra, arguing that these
values indicate a mantle lithosphere strongly contaminated by subduction-related fluids and post-

metasomatic ingrowth of radiogenic “He. In contrast with Kis et al. (2019) we consider it more
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likely that magmatic gases from Ciomadul volcano are not representative of the local mantle but are
being released from a cooling and aging magma that resides within the crust (see also Laumonier et
al, 2019). Alternatively, magmatic gases are contaminated by crustal fluids while they are rising to

the surface, as proposed by Althaus et al. (2000) and Vaselli et al. (2002).

7. CONCLUSIONS

The lithospheric mantle beneath the Eastern Transylvanian Basin was investigated through a suite
of ultramafic xenoliths mainly composed of Ilherzolites, extremel, >rue (cpx modal content up to
22%) and characterized by the almost ubiquitous preser:e of disseminated amphibole and a
continuous textural variation from recrystallized protogre:..'ai to porphyroclastic types.

Petrographic features, whole rock and mineral chemistry ana noble gases (He, Ne, Ar) in FI reveal a
complex evolution of this mantle section. Porohy.cclastic samples still bear clues of variable
degrees of partial melting, as testified by hiy:> r.iineral mg# and depleted opx M-HREE patterns. On
the other hand, the high cpx modal conwnts and the Al,O3; contents and REE patterns of the
pyroxenes in the protogranular samrx~ «we not compatible with simple melting processes, but can
be explained by a pervasive rete.tilisation event that erased, in most cases, the evidence of the
pristine depleted parageneses. The nigh ALO3 contents of pyroxenes and spinel and the HFSE ratios
of disseminated amphiboles noint toward a calc-alkaline nature for the refertilizing magma that was
similar to the most primitive basalts of the Calimani series. Further support to this hypothesis
derives from the finding, within PMVF pyroclastic sequences, of a lithic cognate of calc-alkaline
affinity 1Ma older than the alkali basalts and similar to some basaltic andesites of the CGH chain.
The studied mantle section also shows evidence of interaction with melts of different kind, visible
from slight LREE enrichment in pyroxenes and amphibole vein formation. This metasomatic event
is linked to the passage of alkaline melts similar to the host lavas, as testified by the close
resemblance between the amphibole vein and the megacrysts also found in the Persani Mts

pyroclastic deposits.
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In the PMVF xenoliths, FI are mostly secondary. The isotope compositions of Ne and Ar and,
complementarily, the “He/’°Ne ratio highlights a variable air contamination, progressively
decreasing from olivine to cpx. This contamination seems to be a local mantle feature inherited
from the recycling of subduction-related fluids, during the last orogenic event in Eastern
Carpathians. Excluding data modified by diffusive fractionation, the comparison of *He and “°Ar*
concentrations as well as *He/*°Ar* with the mg# of olivine, opx and cpx does not show clear
variations due to partial melting. Most of the pyroxenes recrystallized, because of refertilisation by
subduction-related melts. A small portion of the mantle also carries . memory of the latest alkaline
metasomatism or the host magma, as testified by *He/*°Ar* a.A “He/*He values in those samples
more texturally prone to fluid infiltration. Excluding these laier, the range of *He/*He measured in
olivine, opx and cpx is 5.8+0.2 Ra, which is more radioy>nic than the typical MORB mantle (8+1
Ra) and among the lowest values found in ‘we r and central European volcanic provinces
(6.3+0.4 Ra). We argue that the 3He/*He sigrature of mantle beneath the PMVF reflects a greater
amount of recycling of crustal materiaa in the local lithosphere compared to other European
portions. Ne isotope ratios give indica‘icns similar to the *He/*He ratio, with 2*Ne/*’Ne and
*Ne/’’Ne data plotting along, “r sughtly below, the theoretical mixing line between air and a
MORB-like mantle. The evider.» srom He and Ne isotope compositions exclude the presence of a
plume below the PMVF.

Comparing the xenolith *He/*He signature with that of CO,-dominated gas emissions around
Ciomadul subduction-related volcanic complex (up to 4.5 Ra), located only about 40 km to the east
of our study area, we conclude that surface gases are not representative of the local mantle. Rather,
they are released from a cooling and aging magma residing within the crust or, alternatively, they

are contaminated by crustal fluids during their rise toward the surface.
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FIGURE CAPTIONS (ONLINE COLOUR GHLY)

Fig. 1. Geological sketch of Pannonian Bas an' volcanological map of Persani Mountains in the
Transylvanian Basin. C-G-H indicates the = limani-Ghiurghiu-Harghita volcanic arc. The mantle
xenolith sampling sites (LAG-BARC-Txr) correspond to loose pyroclastic deposits of La Gruiu

volcanic center and Barc and Trestic crecis, respectively.

Fig. 2: Mg# vs ALO3 (A) and TiO; (B) and ALO3 vs Na,O (C) of primary cpx in PMVF mantle
xenoliths, divided by textial sub-groups. (a), anhydrous samples. Black square, PM cpx
composition calculated through mass balance from Bulk Silicate Earth of McDonough and Sun
(1995) and Johnson et al. (1990) modes. Thick line in (A), cpx melting model (Bonadiman and
Coltorti, 2018). Small grey dots, PMVF cpx data from Vaselli et al. (1995). Black asterisks in (A)
are cpx from Pacific arc mantle wedge xenoliths (Japan, Abe et al., 1998; Lihir, Mc Innes et al.,
2001; Cascade Range, Brandon and Draper, 1996; Kamchatka, Kepezhinskas et al., 1996, Bryant

and Yogodzinsky, 2007, Ishimaru et al., 2007, lonov, 2010; Philippines, Arai et al., 2004).
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Fig. 3. Mg# vs ALO3; (A) and CaO (B) of opx in PMVF mantle xenoliths, divided by textural sub-
groups. (a), anhydrous samples. Black square, PM opx composition calculated through mass
balance from Bulk Silicate Earth of McDonough and Sun (1995) and Johnson et al. (1990) modes.
Thick line, opx melting model according to Bonadiman and Coltorti (2018). Small grey dots,
PMVF opx data from Vaselli et al. (1995). Black asterisks and violet crosses are respectively
primary and secondary opx from Pacific arc mantle wedge xenoliths (Cascade Range, Brandon and
Draper, 1996; Kamchatka, Kepezhinskas et al., 1996, Arai et al., 2003, Bryant and Yogodzinsky,
2007, Ishimaru et al, 2007, lonov 2010, lonov et al, 2012 ‘Thilippines, Arai et al, 2004,

Yoshikawa et al., 2016).

Fig. 4. Mg# vs ALO3; (A) and TiO, (B) of disseminatec («.Mph-D) and vein (amph-V) amphiboles in
PMVF mantle xenoliths, divided by textural sub-7re inc. Small grey dots, asterisks and squares are
amphiboles in PMVF ultramafic xenoliths eprrted by Vaselli et al. (1995). Small black crosses
(MXC), amphibole megacrysts found in r ~rsani Mts pyroclastic deposits by Downes et al. (1995)

and Zanetti et al. (1995).

Fig. 5. Mg# vs cr# of primarv cnirel in PMVF mantle xenoliths, divided by textural sub-groups. (a),
anhydrous samples. Black syuare, PM spinel composition calculated through mass balance from
Bulk Silicate Earth of McDonough and Sun (1995) and Johnson et al. (1990) modes. Small grey

dots, PMVF spinel data from Vaselli etal. (1995).

Fig. 6. Chondrite normalized REE (A, C, E) and trace element (B, D, F) patterns of cpx in PMVF
mantle xenoliths, divided in three Groups according to their geochemical features. Average patterns
of disseminated amphibole associated to the different cpx Groups (black dotted lines) are also

reported.



Fig. 7. Chondrite normalized REE (A, C, E) and trace element (B, D, F) patterns of opx in PMVF

mantle xenoliths, divided in three Groups according to their geochemical features.

Fig. 8. Chondrite normalized REE (A, C, E) and trace element (B, D, F) patterns of amphibole in
PMVF mantle xenoliths, divided in three Groups according to their geochemical features. Average
patterns of the associated cpx (black dotted lines) are also reported. The pattern with asterisk

symbol is LAG52 vein amphibole.

Fig. 9. Diagram of *Ne/*’Ne versus *°Ne/?Ne measured i fuid inclusions of PMVF xenoliths.
Olivine abbreviated as “ol”. The black dashed and dotted wes represent binary mixing between air
(**Ne/*?Ne = 0.0290 and ?°Ne/?’Ne = 9.8) and i) MOPB mantle as defined by Sarda et al. (1988)
and Moreira et al. (1998) at *!Ne/”’Ne =0.06 a 1 ‘°Ne/*’Ne = 12.5; i) CRUST as defined by
Ballentine (1997) and references thereir ar *'Ne/*’Ne =0.6145 (mean of 0.469-0.76) and
20Ne/??Ne = 0.3; i) SOLAR WIND as ucfined by Heber et al. (2009) at 2*Ne/*’Ne = 0.0328 and
20Ne/??Ne = 13.8. Data from other Eur-rean localities are also reported (French Massif Central,
Eifel, and Kapfenstein, Gautheror. ot a., 2005; Calatrava and Tallante, Martelli et al., 2011; Lower

Silesia, Rizzo et al., 2018).

Fig. 10. Concentrations of a) “He and b) “°Ar* versus 3He/*He corrected for air contamination
(Rc/Ra values). Olivine abbreviated as “ol”. The blue bar indicates the range of *He/*He ratios for a
MORB-like mantle (8+1 Ra; Graham, 2002). The two diffusive fractionation paths are modeled
based on the approach of Burnard et al. (1998), Burnard (2004) and Yamamoto et al. (2009), taking
into account the diffusion coefficient (D) of *He, “He, and “°’Ar* (Dane/Dape = 1.15 and Dane/Daoar =
3.16 in solid mantle; Trull and Kurz, 1993; Burnard, 2004; Yamamoto et al, 2009). Starting and
final conditions as well as further details on modelling are reported in the ESM4. Data from other

European localities as in Fig. 9 caption.
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Fig. 11. a) %Hef®Ar and b) “He (molig) versus “°Arf®Ar. Olivine abbreviated as “ol’. The
continuous and dashed turquoise lines represent binary mixing between air [“°Ar/*®Ar = 295.5,
SHe/**Ar =2.3x107 and “He = 1.1x10°'® (arbitrarily fixed to fit data)] and MORB mantle as
defined by Moreira et al. (1998), and Ballentine et al. (2005) at “°Ar/*®Ar = 44,000, *He/*®Ar = 0.49
and “He = 1.0x107'° (arbitrarily fixed to fit data), considering *He/*He = 8, *He/*°Ar* = 1 and

*He/*°Ar* = 0.1. Data from other European localities as in Fig. 9 caption.

Fig. 12. Mg# vs A) *He, B) “°Ar*, C) “He/*°Ar*, and D) 3Ac.“He corrected for air contamination
(Rc/Ra values). MORB range is reported for “He/**Ar* anu 3He/*He corrected for air contamination

(Rc/Ra values). The expected trend lines for partial melting or refertilisation processes are reported.

Fig. 13. Discrimination diagrams for amg“ibc.e geodynamic affinity (Coltorti et al., 2007b). I-
amph, Intraplate amphibole; S-amph, Subductive amphibole. Amph-V and MXC are the
composition of PMVF vein amphibele (v, Persani Mts. megacrysts, respectively, as reported by

Zaretti et al. (1995).

Fig. 14. Awverage Chonaite-iurmalized REE patterns of PMVF disseminated amphibole (symbols
as in Fig. 8, abbreviations as in Fig. 4) and LAG52 vein amphibole compared to literature data of
PMVF vein amphibole (pink shaded field, Zanetti et al., 1995; Vaselli et al., 1995; Chalot-Prat and
Boullier, 1997) and Persani Mts. megacrysts (MXC, Downes et al., 1995; Zanetti et al.,, 1995). Red
and cyan triangles are megacryst compositions representing frozen alkaline melts at open and

closed system conditions, according to Zanetti et al. (1995).

Fig. 15. Chondrite-normalized REE patterns of the calculated melt in equilibrium with LAG52

amphibole vein (yellow dots) and of the calculated cpx (red diamonds) in equilibrium with this
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melt. Frozen alkaline metasomatic melt according to Zanetti et al. (1995) (cyan triangles),
composition of cpx in a PMVF clinopyroxenite (pink diamonds, Chalot-Prat and Boullier, 1997),
average PMVF cpx (symbols as in Fig. 6) and Persani Mts. lavas (grey field, Downes et al., 1995;

Harangi etal., 2013) are also reported.
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Table 1: Petrographic description, main average petrological
data, temperature-pressure-fO, estimates and modes for the
analyzed PMVF mantle xenoliths.
explanations and model references.

See

text for

further

TEC* T(°
SAMPLE  GROUP Sub-group ROCK TYPE fo Ccr# BK Tay
BARQ 4 Protogranular Prs.s. Lh 89.9 #0.12 8.93 +0.09 1056 +5.9 1009
LAG 2 Protogranular Prss. Lh(a) 90.5 +0.03 13 +0.57 1048 0.7 1003
LAG 21 Protogranular Prs.s. Lh(@) 89.7 £0.17 12 +2.12 1018 +12 989
LAG 24 Protogranular Prs.s. Lh(@) 89.8 £0.11 9.48 +0.22 1036 +6.6 984 :
LAG 51 Protogranular Prs.s. Lh(@) 90.3 £0.31 9.91 £0.42 1023 +14 997
LAG 52 Protogranular Prs.s. Lh(@) 39.3 £0.20 15.8 £1.50 992 +6.7 978
TRE 2 Protogranular Prs.s. Lh(=} 90.7 +0.07 15.5 +0.49 1008 +2.3 980 :
LAG 1 Protogranular Pr srg Ih 89.5 £0.05 9.73 £0.22 1010 £35  983:
TRE 3 Porphyroclastic Polrg L) 90.0 +0.04 10.9 +0.06 970 +0.7 950 :
TRE 1 Porphyroclastic Pos.s. "z 915 +0.27 312 +2.49 897 16.2 890 :
TRE 4 Pd Porphyroclastic Pos.s. Lh(a) 90.0 +0.13 10.5 #1.10 843 +12 858
TRE 4 Px Porphyroclastic Pos.s Wh(a) 6.64 778 £7.4 793 :

(a) contains amphibole

* temperatures calculated at 2.0 GPa

8§ pressure estimated using BK temp~. -ture .t 2.0 Gpa

BK and Taylor stands for Brey and K hl r (1990) and Tay lor (1998) thermometers, respectively

+ indicates standard deviations . 1 about 4 mineral pairs for the geothermomethers and single minerals for the geobaromether
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Sampl BARQ i1 LaG4 LAGS1  LAGS2  TRE2 LAGL TREL  |RE TRE

e 4 4Pd 4Px
gop‘:: Lh Lh(a) Lh(a) Lh(a) Lh(a) Lh(a) Lh(a) Hz ”)‘(a W;’(a
Sub- Prs.s. Prs.s. Prs.s. Prs.s. Prs.s. Prs.s. Pr srg Pos.s. Po

Table 2. Representative trace element analyses of cpx in PMVF mantle xenoliths, divided by textural sub-
groups. Ti values from EMP. Empty cells are bdl or undetected values.
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group

Li

Cs
Rb
Ba

Th

Nb

La
Ce
Pb

Pr

Nd
Zr

Hf

Eu
Ti

Gd
Tb

Dy

Ho
Er

Tm
Yb

Lu

1.56

0.34

0.28

0.10

0.15

2.23

5.32

0.20

0.62

792

3.82

423

1.18

2.43

0.49

4.49

212

0.88

2.20

0.38

2.78

0.40

1.67

0.71

0.23

0.30

0.06

0.02

1.08

3.86

0.22

0.88

56.8

4.77

40.8

1.73

2.02

0.93

371

3.20

0.63

4.10

21.3

0.98

2.54

0.36

2.10

0.41

1.55

0.05

0.04
0.03

0.07

1.17

4.21

0.13

0.71

69.7

4.74

41.6

1.17

1.87

0.99

364

3.40

0.60

3.84

20.0

0.87

n 27

0.33

2.17

0.32

1.4

0.75

1.08
0.82

1.06

4.24

8.35

0.44

1.22

82.8

8.62

41.9

0.99

2.39

2.5

0.a2

3.80

19.7

0.80

2.27

0.25

2.14

0.26

1.8

1.71

0.41
0.09

0.38

5.50
9.17
0.54
1.08
62.8
6.04
46
L.3Y
2.11
0.76
187
2.50
0.59
3.61
18.7
0.80
2.46
0.34
3.18

0.39

50

1.7

0.0

0.2

0.7

0.0

1.9

1.3

1.0

0.3

906

0.7

S.S.

2.97

0.02

0.43

0.08

0.01

0.94

5.32

0.31

0.59

44.6

3.52

21.6

0.59

1.46

0.57

3383

2.48

0.47

3.37

4.86

0.02

0.05

0.19

0.32

0.12

0.04

0.01

1.73

3.38

0.81

0.62

51.3

3.92

24.8

0.71

1.77

0.69

2098

2.32

0.45

3.20

17.6

0.71

1.96

0.30

1.87

0.26



Sample BARQ4 LAG21 LAG24 LAG51 LAG52 TRE2 LAGL
Rock type Lh(a) Lh(a) Lh(a) Lh(a) Lh(a) Lh(a)
Sub-group Prs.s. Prs.s. Prs.s. Prs.s. Prs.s. Prs.s. Pr srg

Li 1.08 0.99 143 1.72 1.21  1.45 1.80 0.01 3.53 2.13 142
Cs 0.02

Rb 0.06 0.07 0.25 0.23 0.21 0.03
Ba 0.25 0.08 0.53 0.02 1.53 0.61 0.65
Th 0.02 0.01 0.00 0.01 0.01 0.08 0.23 0.09 0.06 0.01

U 0.00 0.04 0.04 114 0.01 0.01 0.01
Nb 0.04 0.02 0.01 0.17 0.08 263 0.01 0.22 0.35 0.19 0.12
Ta 0.12 0.01 0.00 0.00
La 0.01 0.02 0.02 0.01 0.06 0.02 0.05 0.01 0.04 0.13 0.03 0.03
Ce 0.02 0.02 0.03 0.08 0.02 0.3 0.14 0.05 0.01 0.05 0.05 0.20 0.05 0.12
Pb 0.10 0.13 0.06 0.05 0.05 0.71 0.46 0.62 0.17

Pr 0.01 0.01 0.01 0.01 0.03 0.02 0.01 0.01 0.02 0.01 0.01
Sr 0.17 0.15 0.79 0.80 0.22 0.98 1.07 0.34 0.04 0.12 0.27 143 0.90

Nd 0.04 0.04 0.04 0.05 0.18 0.17 0.8 0.26 0.05 0.09 0.08 0.10
Zr 2.78 254 194 211 1.62 2.38 2.34 158 1.72 166 1.41
Hf 0.11 0.08 0.06 0.04 0.10 0.06 0.05 0.05 0.03
Sm 0.03 0.05 0.~  O.uwo 0.05 0.04 0.04 0.03 0.03
Eu 0.02 0.02 0.03 0.04 rc?2 104 0.07 0.02 0.02 0.02 0.02 0.01
Ti 756 791 542 583 642 809 6584 635 746 576 511 501 421 551
Gd 0.06 0.03 0.13 0.0 0.16 0.11 0.10 0.09

Th 0.02 0.03 0.02 0.03 0.01 0.03 0.03 0.02 0.01 0.01 0.01
Dy 0.21 0.23 0.11 0.17 0.10 0.25 0.23 0.12 0.18 0.09 0.18 0.12 0.08
Y 157 1.52 1.02 1.12 111 1.9 1.61 0.99 1.35 0.85 143 1.07 0.94 0.70
Ho 0.06 0.06 0.03 0.03 0.04 ".0b 0.07 0.03 0.05 0.04 0.06 0.05 0.04 0.03
Er 034 021 0.16 022 .20 0.38 0.25 0.25 0.23 032 0.22 0.16 0.17
Tm 0.06 0.04 0.03 0.03 0.03 n.04 0.07 0.04 0.03

Yb 0.55 0.36 0.20 0.28 n.26 0.33 0.47 0.35 0.47 0.26 0.48 0.29 0.25 0.21
Lu 0.09 0.08 0.04 0.05 0.u” 0.06 0.07 0.04 0.09 0.03 0.07 0.06 0.05 0.04

Table 3. Representative trace elemer: anaiyses of opx in PMVF mantle xenoliths, divided by textural sub-

groups. Ti values from EMP. Empty . 2lIs are bdl or undetected values.
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Table 4. Representative trace element analyses of amphibole in PMVF mantle xenoliths, divided by textural

Sample LAG21 LAG24 LAG51 LAG52 TRE2
Rock type Lh(a) Lh(a) Lh(a) Lh(a) Lh(a)
Sub-group Prs.s. Prs.s. Prs.s. Prs.s. Prs.s.
phase amph-D  amph-D amph-D amph-D amph-D  amph-D amph-D  amph-D amph-V amph-D  amph-D
Li 2.07 2.03 0.52 0.96 2.54 2.00 0.41 0.84 0.56

Cs 0.03 0.06 0.05 0.19 0.03

Rb 0.43 0.33 0.37 0.56 1.86 4.87 7.71 8.05

Ba 26.6 10.6 8.0 20.8 22.9 64.2 20.0 69.0 228 1.78 3.77
Th 0.02 0.02 0.04 0.44 0.29 0.38 0.53 0.27 0.32 0.39
U 0.02 0.03 0.12 0.20 0.12 0.18 0.11 0.03

Nb 1.73 1.44 2.98 2.73 2.04 2.63 12.9 16.6 63.1 1.92 2.29
Ta 0.06 0.08 0.18 0.21 0.15 0.13 0.28 0.57 2.59

La 1.15 1.19 1.37 1.15 4.86 4.10 © 79 7.21 12.01 0.96 1.58
Ce 4.08 4.07 4.30 4.52 9.92 10.6 4.0 15.7 35.6 1.68 2.65
Pb 0.51 0.44 0.14 0.22 1.07 0.96 05 1.13 1.36 0.76
Pr 0.69 0.75 0.84 0.81 1.32 1.46 1.58 1.83 4.84 0.26 0.37
Sr 163 161 199 200 240 244 240 217 400 45.3 68.0
Nd 5.32 4.16 5.49 5.44 6.97 6.0 6.15 8.45 24.3 1.73 2.62
Zr 40.8 36.7 33.7 35.1 36.0 o 57.6 51.2 76.1 22.3
Hf 0.51 0.79 0.85 1.22 0.93 .70 1.22 1.50 3.03

Sm 2.28 1.78 2.25 1.76 1.74 1ol 1.82 2.61 5.71 0.95 111
Eu 0.81 1.01 0.90 0.87 0.97 0.60 0.88 1.93 0.36 0.46
Ti 10595 10540 13778 13667 85L7 8833 6152 6636 10343 6262 7975
Gd 3.78 2.30 3.16 2.83 - 48 1.78 1.88 2.74 2.01 2.47
Th 0.48 0.56 0.58 0.50 0.6c 0.43 0.48 0.54 0.87

Dy 3.09 3.72 3.90 3.76 3.61 2.52 2.62 2.59 4.62 2.85 3.11
Y 23.2 24.5 20.7 21.5 21.8 14.7 15.6 154 19.5 18.0 24.0
Ho 0.72 0.74 0.79 0.8 0.89 0.59 0.65 0.63 0.72 0.66 0.84
Er 2.24 2.14 2.30 2.7 2.61 1.72 1.92 2.03 1.86 191 2.63
Tm 0.37 0.38 0.34 €3~ 0.38 0.28 0.24 0.24 0.24

Yb 2.73 2.41 2.21 " 34 2.55 2.03 1.80 1.38 1.46 2.09 2.73
Lu 0.28 0.25 0.31 0.35 0.37 0.23 0.17 0.22 0.23 0.30 0.38

sub-groups. Ti values from EM. oCmpty cells are bdl or undetected values. amph-D, disseminated
amphibole; amph-V, vein amphib.'a.

52



Table 5. Geochemistry of fluid inclusions hosted in minerals forming mantle xenoliths from PMVF. Ol,
olivine; Cpx, clinopyroxene; Opx, orthopyroxene. n.a. indicates not available, n.m. stands for not measured.

Sam Min weigh ‘He “Ne “Ne “Ne “Ar FAr “Ar*  ‘He” ‘Hel® R/ R/ RE/rRra “Arf Err  PArP  Err  *Nef Z(I;: /rzrz “'Ne/® ZlE/rer He *Hel®
ple eral t@ mollg mollg mollg mollg mollg mollg mollg °Ne Ar  Ra Ra - Ar (%)  °Ar (%) ’Ne - ’Ne - ‘Ar
SfR o 002 330E 6OIE 1'?-795 6538 ZS’E‘ BIZE 200E 51 142 40 %l o032 ass 032 0'314% 019 1002 003 O9% ooos 235 i
6 o 0706 207E SBIE 4ZE SSTE 4BEE LOSE TSIE 357 276 20 20 0258 3001 018 %3® o019 nm am am  am 202 370
'Z'fG ol 0'7916 1_'1315 Z'SE‘ 5'f725 1'1955 1'f§E Gfng“ na 07 na ”m ":"‘ nm 2956 0.06 041287 019 1004 0.02 0230 00005 na na
LG o 1JE6 4IBE LODE 2938 OM%E 8.62E 230BE . 417 na Y0 5% 0114 2074 006 O3% 019 903 005 %9% oo 278 na
'ng ol 0.;129 1_'15‘?5 7'12555 2‘{]715 6'19555 nm am  na 22 na o "™ am amoam oam oamo 991 003 0'231 00004 na na
LAG o 0724 943 5045 13 4845 2065 6835 4WE g 55 I S4 o09 g017 005 O ons ses oos 002 oooos 108 104
JRE o 1216 27BE 454E LI35E 428 LBIE 6ZE a2 61 na 5% %Y 0144 2878 000 %3 018 nm am am am 2 na
P o 024 3HE LR 42ZE LUE 207E 6928 2 23 na &Y %7 0284 2085 005 °p® 019 100 o002 %% oooms 125 L3
E o 10 STIE STOE 1D8E SA3E 909 3MBE 4 10 na A2 R% oos 2861 000 % 018 am am am am 23 na
JRE o 1230 602E S8R 152E 4B8E 2428 B20E .. 42 na 37 4% ooor 2051 000 %3 o019 996 001 %9% oooos E12 na
S ol 0F20 28 121E SATELISE L129E AE 2 204 na %2 %7 0266 2080 oue %L¥ 019 982 00 *9% ooomo 12 2%
SAAR o o.;)gs ZITE 192 STOE THE 38 1878 zgt; T 5o &7 52 o122 a0 0o Y, oot ssi 008 O0% ooom L0 ég
SAG opx 0702 OTO0E TIBE 2128 GBIE 9BIE 1AIE SOBE 933 118 37 57 o074 6002 022 1B o020 901 o003 %9% ooom 370 383
LAG gp, 0813 120E 1085 3076 1045 744 2138 L16E 11y o0 ST 58 gysc g ou M 019 09 ooz 000 goomo %78 459
LAG oy, 089 3256 L60E SOSE 1566 5255 SSTE J4SE 1959 o3 ST ST o5 x5 00 O2® 00 nm am  am am 261 g
LAG oy, 0705 SISE 3006 665 2855 LIE LS0E 680E 171 o0 ST ST gope 75, 020 039 019 1006 o005 O0% qoowe 412 275
LAG oy, 023 1SAE T7SE 2338 T4IE 189 2ISE 1256 199y, 60 80 o g g3 O o19 go5 003 000 g L3 807
TRE op, 1028 295E SB0E 1826 5466 1098 2966 213 S08. 140 68 68 o 75 000 O35 015 nm  am am  am 203 ne
LAG oy, 045 149 6956 1476 6805 3666 8276 12E 25 1 ST ST a4y o8 O3 o1s oss 028 am  nm L2014
IRE opx LjJ9 1B SO4E 1T2E SE0E 3A2E BB 4% 235 o028 33 " o0s1 3511 006 O3 o018 1008 002 9% oooom £)S na
TRE p 1062 394E 2795 1038 2635 406 LOIS 190E 1408, 60 60 o031 4ggr 000 %0 015 am  am  am  am 361 g
AR opx Ogdh SOIE GO0F 19SE GIE G 120F 3IE 551 110 %7 o144 5730 068 °2° 023 1001 o006 %% oo 231 209
ng cpx D T T ThaT C1aT Ty L.Zg_ba“ %0 0132 4889 064 ' 019 nam  am  nm nam oye Loo
LAG (o, 038 11SE 2485 B43E 235E 1425 9I3E LISE 477 o0 89 59 o 1851 g4 OB ou0 10 ggp  O0% g 882 108
|2_/1xe Cpx 0‘53?7 3_'12?‘?"5 418 1'12795 A‘f’gE 7'f§E TIoE 5'}25 716 0. 60'1 651 0130 9656 0.66 042417 022 nm  nm o.gzg 0.00094 E;zg é;gg
'Z‘fG Ccpx 0‘0538 2_'12??'5 1'15615 3'13925 1‘156?5 4'35 4‘13635 3'?‘;5 1393 467 56'8 5(‘58 0.110 10467' 057 052501 020 nm nm  am  nm é?g na
LAG (o, 0465 SJIE SSIE LESE S27E LUE 608E 980E 104 g ST ST g 1857 g4 0200 o5 igm goq 000 goopy 438 182
'S‘QG Ccpx 0'5’524 1_'ng 9'19635 4'5325 g'ng 2'?5’5 1.{3555 155 oss 50'9 5(‘)9 0.066 12930' 0.46 0'71078 018 nm nm  am  nm ég g:g;
RE epx 0'5’125 3_'13??‘5 ngE‘ 8'1555 2'17?5 2.15225 6'125?5 AEE' 7"8" 127 62'8 Gf 0.074 4006 0.07 0'21785 019 989  0.06 0'229 0.00082 Sg na
LAG gpx 0505 167E 2008 LIBE 1988 277E 4420 LTE 795 114 5% 5% 0144 6276 120 0P 019 996 007 nm  nm  £F 288
T epx 0":365 1_'12;'5 1'{’25 4'13775 Ve S'fst‘ ]:‘35 S 83 o3 3t 5}2 0123 3190 0.05 0'91382 018 nm  nm  am  nm g;ig na
TRE cpx 0033 963E SG9E 1TIE S3TESSE 1OTE 399E 189 g4 85 85 o072 3329 006 %0 018 992 o003 %9% o000 272 na
JRE cpx 0071 LBSE 435E 401E 43E 9% 2{355 THE 428 251 2 2D 0217 a6 114 %40 016 am oam am oam 25 198

*Ar* was not calculated in thrse 2amples where 4UAr/“’Ar was available but lower than 300.
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HIGHLIGHTS

Two different kinds of metasomatism in Eastern Transylvania lithospheric mantle
The mantle wedge was refertilized by a calc-alkaline melt
Refertilization was followed by alkaline metasomatism, forming amphibole veins

He-Ne-Ar systematics indicate SCLM refertilization by subduction-related melts
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