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ABSTRACT

Boron represents an important tracer of crustal recycling processes in subduction zones, because it is readily
mobilised from the subducted lithosphere and different components in the slab are isotopically distinct. Profiles
of boron content and isotope ratio across magmatic arcs generally show that B concentrations decrease with
increasing slab depth, which implies decreasing amount of slab-derived fluids. To date, however, data on
continental-collision zones and post-collisional subduction settings are scarce.

This study examines Plio-Quaternary Italian magmatism to quantify crustal recycling in a complex subduction
setting. Magmatic products vary from (ultra)potassic along the Tyrrhenian side in the north, to calcalkaline and
Na-alkaline in the south.

Combined major and trace element and [B] content and 5'!B values are reported in 99 Melt Inclusions (MIs),
analyses from a wide range of Italian lavas. [B] vary from 4 to 298 pg/g and 5''B from -29.2 to -3.9%o. The B
isotopic values are considerably lower than previously reported in arcs and other post-collisional setting mag-
matism. We infer a role for phengite in the source of all studied Italian magmas (with the exception of Mt. Etna
lavas). This white mica is stable to high pressures in subducted sediments of altered oceanic crust and records
dehydration and 'B depletion due to dehydration processes.

MIs hosted in highly fosteritic olivines (Fo >74; median of 89) from across Italy reveal that primary melts tap
heterogeneous mantle including subducted oceanic and continental components that were introduced during the
Alpine, and Adriatic and Ionian subduction phases.

The combined geochemical data record the involvement of sediments that variably metasomatized the mantle
wedge. We propose that slab detachment and consequent heat input from the inflow of hot asthenosphere was
responsible for phengite breakdown in subducted sediments and locally produced metasomatism of the mantle
wedge, imposing a characteristic B isotope signature to the overlying mantle. Continued heating due to
asthenosphere inflow led to melting of the metasomatized mantle wedge and generation of the Italian mag-
matism. Mt. Etna represents an exception being dominated by asthenosphere upwelling through a slab window
with minimal influence from active subduction.

1. Introduction

1994; Tonarini et al., 2011; Iveson et al., 2021) however, data on
continental-collision zones and post-collisional subduction settings are

Boron (B) with its stable isotopes 198 and "B is a potential tracer of
recycled crustal material in the mantle because of isotopic fractionation
at low temperatures and its incompatible fluid-mobile behaviour during
melting (Palmer et al., 1996; Marschall et al., 2017; De Hoog and Savov,
2018). Boron concentration and isotope compositions have been re-
ported for many subduction zone lavas (e.g., Ishikawa and Nakamura,
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limited and the focus of this work.

B isotopes are predicted to be a sensitive indicator of recycling in
subduction zones because the incompatibility of B leads to a low con-
centration in the mantle (mid-ocean ridge basalts (MORBs; <1 pg/g)
with a homogeneous 5!'B value of —7.1 + 0.9 %o (Marschall et al.,
2017). When MORBs interacts with seawater at low temperature (<100
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°C), B is incorporated in secondary minerals (e.g., clay minerals), and
isotopically fractionated (i.e.; Berndt and Seyfried, 1990; Smith et al.,
1995) resulting in large variability in B concentration and isotope ratio
in altered oceanic crust (AOC); ([B]=10-90 pg/g; 5!1B from 0 to +18%o;
Marschall, 2018). Boron and the heavy isotope !B are strongly enriched
in marine-, ([B] from 1 to >100 pg/g; 5!'B from +2 to +26%0) and
continental-sediments ([B]=50-150 pg/g; 5!'B from +13 to +8%o; De
Hoog and Savov, 2018). Seawater has a higher 5B value (+39.6%o;
Foster et al., 2010). The major B reservoirs in sediments are clays (~ 100
ug/g; Ishikawa and Nakamura 1993; Palmer et al., 1996), micas ([B] up
to 2000 pg/g; e.g., Harder 1970; Leeman and Sisson, 2018), and tour-
maline ([B] up to 33,000 pg/g; e.g., Marschall et al., 2006). Fraction-
ation of boron isotopes during incorporation onto clays yields typical
5''B values of ~-+15%o (Palmer, 2017, and reference therein). In
contrast, phengite (metamorphic white mica) has been reported in the
literature with 5''B as low as —29% (Halama et al., 2014; Menold et al.,
2016), and this phase is stable to depths of arc magma genesis (Klemme
et al., 2011). With [B] up to 500 pg/g, if present this phase is liable to
dominate the boron budget of the solid phases in the subducting litho-
sphere (Marschall et al., 2006; Guo et al., 2022).

Small B additions from surface materials to the depleted mantle can
be detected because of the marked contrast in concentration and isotopic
composition between the two reservoirs. B isotopic fractionation during
progressive dehydration of the subducting lithosphere (slab) liberates
1B rich fluids (e.g., Rosner et al., 2003; Konrad-Schmolke and Halama,
2014). Isotopic variation in the slab is thought to occur due to a com-
bination of physical parameters influencing the sediment transfer and
boron dehydration and fractionation processes, such as steepness of the
slab and depth of the slab and trench-arc front distance (De Hoog and
Savov, 2018). Generally, magmatism records across-arc variation with a
decrease of [B] and 5!'B with increasing slab depth (Ishikawa and
Nakamura, 1994).

Here we present combined major and trace element and [B] and 5'!B
compositions of primary melt inclusions (MIs) preserved in high-Fo
olivine phenocrysts (Fo% 74-94) from potassic and ultrapotassic vol-
canic rocks from across the Italian Peninsula and Mt. Etna. MIs are
pockets of magma (10-100 pm in diameter) trapped in minerals such as
olivine that grow at mantle depths (e.g., Kamenetsky et al., 2002; Kent,
2008). After entrapment in the mineral, MIs are unaffected by processes
such as magma mixing and crustal contamination that occur within the
crust. Few studies report boron compositions in Italian olivine-hosted
MIs despite boron representing a strong tool for fingerprinting recy-
cled sediments and fluids in complex subduction zones (Palmer et al.,
2019; Sugden et al., 2020; Tonarini et al., 2001). This paper aims to
better understand sediment recycling and transfer mechanisms to ac-
count for marked compositional variability in this complex collisional
setting.

2. Geological setting and samples

The volcanic activity in Italy is the result of the convergence of Africa
and the Eurasian plate, related to the Cretaceous-Oligocene south- to
eastward Alpine subduction in the north of the peninsula, to the
southwest to westward subduction of Adriatic continental lithosphere in
the centre, and the Ionian oceanic lithosphere subduction in the south
(Miocene to recent; Carminati and Doglioni, 2012, and reference
therein). Today, subduction of the Adriatic plate has ceased, however, in
the Calabrian/Ionian, subduction and volcanism is still active. Evidence
of southeast-ward rollback of the southern part of the Ionian plate is
recorded in tomographic images and earthquakes (e.g., Schellart, 2010).
Furthermore, a tear propagating from the northern to the southern
magmatic provinces is confirmed by available tomographic images of
the Apennine subduction zone, and numerical model calculations and
surface uplift support the presence of a slab detachment propagating
along the Apennines (e.g., Spakman and Wortel, 2004).

During the Apennine stage, a diverse range of magmatic
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compositions were formed, mafic to felsic and from subalkaline to ultra-
alkaline magmatic compositions, was observed. Notably, in the Plio-
Quaternary era, significant magmatic events occurred in central-
southern Italy, exhibiting abundant ultrapotassic magmatism.
Numerous studies have concluded that this compositional variability is
indicative of magmas originating from a highly heterogeneous and
anomalous upper mantle (e.g., Peccerillo, 1999; D’ Antonio et al., 1999;
Conticelli et al., 2002; Nikogosian and van Bergen, 2010, Koornneef
et al., 2019). The mantle composition results from the continuous input
of diverse crustal materials and the upwelling of asthenosphere or deep
mantle rocks in specific regions (e.g., Peccerillo, 2005; Peccerillo and
Frezzotti, 2015).

Incompatible trace element distributions and isotopic compositions
of these magmas closely resemble those of upper crustal rocks (Rudnick
and Fountain, 1995; Conticelli et al.,, 2009). These characteristics
strongly suggest significant recycling of subducted sediments. Numerous
studies support the hypothesis that the ultrapotassic and potassic Italian
magmatism derives from a peridotitic mantle metasomatized by
subduction-derived fluids/melts that produced a vein network rich in
K-bearing phases (phlogopite+amphibole; e.g., Conticelli et al., 2015;
Peccerillo and Frezzotti, 2015).

A characteristic of Italian ultrapotassic rocks is their close temporal
and spatial association with shoshonitic rocks and high-K calc-alkaline
suites. The transition from the high-K series (HKS) to shoshonitic (SHO)
and high K-Ca series (HKCA) in the Roman province, for example, has
been attributed to an increase in melting degrees within a veined and
metasomatized mantle, where the veins contribute to magmas with
higher crustal enrichment (e.g., kamafugites-KAM, and HKS; Avanzi-
nelli et al., 2009; Conticelli et al., 2009). In their models greater melting
leads to dilution of the vein signature, resulting in less enriched SHO and
HKCA magmas. The inflow of asthenosphere material was proposed as a
possible factor contributing to the increased melting degrees (Conticelli
et al., 2009; Avanzinelli et al., 2009).

In contrast, investigations focusing on major and trace-element sys-
tematics in olivine-hosted melt inclusions (MIs) in Pliocene— Quaternary
potassic volcanic Italian rocks (e.g., Nikogosian and van Bergen, 2010;
Schiavi et al., 2012; Koornneef et al., 2015; 2019; Nikogosian et al.,
2016) established that the different magmatic series originated from
separate sources within a heterogeneous vein-type mantle lithologies
formed by subduction recycling.

The Miocene to Quaternary potassic and ultrapotassic suites along
the Tyrrhenian border of peninsular Italy, can be divided into different
compositional provinces, where magmatism is confined in terms of
space, time and petrographic characteristics. The age of the volcanic
products decreases from Tuscany (8 Ma) towards the south of Italy,
where the volcanism is still active (Peccerillo, 2017, and reference
therein). In order to provide an overview of the tectono-magmatic
processes responsible for the magmatism, we analysed MIs trapped in
the most primitive olivine (Fo >74; median of 89) from the
Quaternary-Pliocene lavas from 10 different volcanoes from six distinct
Italian volcanic provinces (Fig.1):

1) Intra-Apennine province comprises a monogenetic volcano San

Venanzo that erupted mafic products (0.6-0.4 Ma; Rosatelli et al.,

2010). We analysed the Pian di Celle kamafugite lava flow (Niko-

gosian et al., 2019).

Tuscan province is characterised by the emplacement of leucite-free

high-K to shoshonite (SHO) and calc-alkaline (CA) magmatic prod-

ucts. The most recent (Plio-Quaternary) intrusive and eruptive
products from this area range from basic to lamproites. In this paper,
we report data from Torre Alfina lamproites.

3) Roman province characterised by leucite-bearing high-K serie (HKS)
rocks and younger SHO to CA products (~0.8-0.02 Ma; e.g., Pec-
cerillo, 2017, and reference therein; Frezzotti et al., 2007). Here we
selected HKS lavas from Vulsini, Sabatini, Alban Hills volcanoes and

2
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Fig. 1. Sketch map of the Italian peninsula showing distribution of Plio-
Quaternary magmatic provinces.

SHO from Latera volcano in the Vulsini district (Selva del Lamone
lava flow; Nikogosian et al., 2016).

4) Ernici-Roccamonfina province is characterised by sub alkaline to
ultrapotassic rocks (0.7-0.1 Ma). The ultrapotassic rocks are similar
to the Roman province, where the calc-alkaline to potassic rocks are
similar to the Campanian volcanic province below. For the current
study, we selected representative samples for Roccamonfina HKCA-
SHO—HKS and Ernici HKS-CA series (Nikogosian and van Bergen,
2010; Koornneef et al., 2015, 2019).

5) Campanian province (Phlegrean Fields and Mt. Vesuvius) products
are classified as potassic and HKS, however, rare calc-alkaline basalts
are present as xenoliths and lavas in the Pontine archipelago (Pec-
cerillo, 2017, and references therein). We report data from the 1834
C.E. Mt. Vesuvius eruption and Accademia deposit lava samples from
Phlegrean Fields.

6) Mt. Etna (~0.6 Ma to present) generated products with tholeiitic
compositions, followed by more recent sodic to potassic alkaline
compositions. We selected potassic alkaline lava samples from the
Mongibello stage of 1669 C.E. eruption.

3. Methods

Lava samples were crushed and sieved to separate the olivine phe-
nocrysts. Phenocrysts were embedded in epoxy and polished on one side
for electron microprobe analysis (EMPA). The olivine grains with the
highest forsterite content (Fo) hosting MIs were selected for experi-
mental and analytical study to determine melt compositions. About 200
experiments were performed to re-homogenize and quench MIs to glass
using a high-T heating/quenching stage at the Vrije Universiteit
Amsterdam, according to experimental procedures described in Niko-
gosian and van Bergen (2010). The homogenised host-olivine grains
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were then polished until the MIs were exposed at the surface for major,
trace, and volatile element analysis.

Concentrations of major elements and volatiles in host olivine and
MIs were obtained by EMPA using a JEOL JXA8600 at Utrecht Univer-
sity, largely following methods and techniques described by De Hoog
et al. (2001). Natural minerals, metals and synthetic oxide were used as
reference materials. Concentrations of trace elements in the quenched
MIs were determined by secondary ion mass spectrometry (SIMS) using
a CAMECA IMS4f at the Institute of Microelectronics (Yaroslavl’, Russia)
and by laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) using a GeoLas 200Q Excimer laser ablation system (193
nm wavelength) coupled with a Thermo Finnigan Element 2 sector field
ICP-MS instrument at Utrecht University following the techniques of
Mason et al. (2008).

MI compositions were corrected for the post-entrapment “Fe-loss"
process using the method described by Danyushevsky et al. (2000)
combined with “Petrolog3” integrated software (Danyushevsky and
Plechov, 2011). For the correction, we assumed that the initial FeO
content corresponded to the FeO content of the host rocks. In the pro-
cedure, we applied the olivine-melt equilibrium model of Ford et al.
(1983) using Fe?"/Fe3" ratios in the melt as estimated in coexisting
olivine-hosted Cr-spinel inclusions and the spinel-melt equilibria of
Maurel and Maurel (1982). The correction procedure affects MgO and
FeO content with insignificant impact on other major element oxides.

Boron contents and §'!B ratios of the MIs were measured by SIMS
using a Cameca IMS 7f-Geo ion microprobe at the Edinburgh Ion
Microprobe Facility, following the setup detailed in Wu et al. (2021).

Boron isotope compositions are expressed in 5B (8!'B=
{1("'B/"°Bsample)/ (*'B/"*Bnist-srmos1) — 1]

4. Results

Major and trace element compositions for the MIs and host rocks are
presented in Tables S.1; Figs. 2 and 3 and Fig. S1. Boron concentrations
and boron isotope compositions of 99 MlIs are presented in Table S.2 and
Fig. 4.

The studied lavas represent relatively unevolved magmas (MgO > 4
wt.%) from different Italian provinces and magmatic series that carry
olivine as a liquidus phase. Mafic Pliocene—Quaternary volcanic rocks of
Italy are classified according to their K;0/NayO ratio and degree of silica
saturation (Peccerillo, 2017). Collectively, our studied samples cover
the entire

Italian spectrum from Si-undersaturated to Si-oversaturated, from
CA, HKCA and SHO to HKS compositions (Fig. 2). The studied host
olivine (Fig. S.2) range between Fo 93 and Fo 83 mol.%, but all series
have olivine with high-Fo (> 88 mol.%) and they represent parental or
primary mantle-derived melts. Mt. Etna is the exception with low Fo
76-74 mol.% olivine.

4.1. Major and trace elements

Olivine-hosted MIs appear mostly as isolated inclusions with a
diameter between 20 and 150 um with a sub-spherical shape. Compo-
sitions of homogenized and corrected MIs are shown in Table S.1, S.3;
Figs. 2 and 3.

MIs of Tuscan lamproites (Fogs g9, MgO 6-12 wt.%) are character-
ized by the highest K30 (10.7-14.5 wt.%), SiOy (48-60.5 wt.%), F
(3000-6000 pg/g), and La/Yb (>35) contents and they have the widest
range of Ce (74-463 ng/g). the Tuscan lamproites contain the lowest
CaO (< 5 wt.%), Al,03 (< 11 wt.%), Nas0 (< 1 wt.%), Cl (< 170 pg/g)
and S (< 1100 pg/g) contents. Compared to other high-K Italian MIs, San
Venanzo kamafugite melts (Fog;_g2 5, MgO 7-11 wt.%) have lower SiOz
(40-43.5 wt.%), Al,O03 (10.5-12.5 wt.%) and higher TiO5 (1-2 wt.%),
Ca0O (>16 wt.%), P2Os (0.5-1.2 wt.%), F (6000-8000 pg/g), S
(3000-6000 pg/g) content. The main differences between SHO (Fogg g0,
MgO 6-11 wt.%) and HKS (Fogs 916, MgO 5-11 wt.%) MIs within the
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Roman and Ernici-Roccamonfina provinces is the lower K20 (1.2 - 4.5 vs
4 - 8.5wt.%), P205 (< 0.3 vs > 0.3 wt.%), F (<1200 vs > 1000 pg/g) La/
Yb (<20 vs >20) and higher Na,O (> 1.7 vs < 1.7 wt.%) higher SiOy
(45-50 vs 42-45 wt.%) for the Roman province. The Ce range is lower
(between 57 and 83 pg/g) for SHO samples compared to the HKS sam-
ples (between 97 and 291 ng/g), with the exception of one outlier for
Latera SHO (398.1 pg/g).

A comparison between the MIs with SHO composition from Latera
(Roman province) and Ernici-Roccamonfina, show that the former
contains higher CaO (15-17 vs 10-15 wt.%), S (3000-8000 vs
1000-5000 pg/g), Cl (500-1800 vs < 300 ug/g), Ba/La (> 20 vs < 15)
and Ba/Th (> 100 vs < 30) and lower Na5O (<1.8 vs > 2 wt.%), and Th/
Nb (1-2.4 vs 0.6-1.4). Mt. Vesuvius HKS melts (Fogy_g9.2, MgO 5.8-7.7
wt.%) are distinct from all other Italian melts by the high Cl content
(5000-6500 ng/g vs < 1700 pg/g). Evolved Mt. Etna melts (Foy4_76,

MgO 3.5-4.2 wt.%) are characterized by relatively high Al,03 (17-19
wt.%), Nas0 (5 - 6.4 wt.%), Cl1 (2000-4000 pg/g), La/Yb (> 30) and low
S (50-3000 pg/g), F (500-1350 pg/g) and Th/Nb (< 0.17).

4.2. Boron concentration and isotope composition

Italian MIs cover a wide range of [B] (4-298 ng/g) and 5B values
(—29.2 to —3.9%o; Fig. 4; Table S.2). The [B] for San Venanzo, Torre
Alfina, Roman province and Ernici-Roccamonfina HKS are in the range
typical of continental crust, continental sediments and metasediments,
higher than MORB, AOC and arc volcanics (see Fig.4). Ernici-
Roccamonfina SHO and Mt. Etna have lower [B], comparable to
MORB and AOC. These concentrations are typical of arcs, including
published whole rock and olivine-hosted MIs data from Stromboli
(Fig. 4).

There appears to be no correlation between the boron content and
isotope composition of the Italian samples (Fig. 4). However, in general,
there is an increase of §''B in MIs values from the northern to the
southern volcanic provinces (see table S.2 and Fig. 5 from more details).
San Venanzo MIs have the lowest 5!'B values, —29.2 to —24.5%o, with
high [B], between 200 and 260 ug/g (n = 7; 1SD= +0.5%o). Torre Alfina
MiIs cover a large range of [B] from 18 to 263 ug/g, as well as highly
variable 8B values, —22.1 to —4.2%o (n = 7; 1SD= +1.0%).

The Roman province MIs (Alban Hills, Latera, Sabatini, and Vulsini
volcanoes) exhibit a consistent average boron (B) isotope ratio but
display a wide range of [B]. SHO and HKS compositions are distinct
within the Roman and Ernici-Roccamonfina provinces. The HKS MIs
exhibit more negative 5!'B values and higher [B] compared to the SHO
MIs. Similar B concentrations in MIs containing high-Forsterite (Fo)
olivine were reported in the Vulsini volcano from the Roman province
([B]=61-100 pg/g) by Metrich et al. (1998).

The 8''B values, in conjunction with B concentrations, generally
decrease towards the southern provinces, such as the Campanian
Province (Vesuvius and Phlegraean Fields). Tonarini et al. (2004) ana-
lysed 5B values and [B] in bulk basaltic to phonolitic rocks from the
Phlegrean Fields. Their results have slightly more positive isotopic ratios
(—8 to —3.3%o) and lower [B] (7 to 11 ug/g) compared to the findings of
this study (5B from —20.2 to —11.5%0 and [B] from 19 to 150 ug/g).
Mt. Etna, has less negative 5!!B values compared to all other samples
studied (3''B from -14.2 to —4.5%0) and together with
Ernici-Roccamonfina SHO the lower [B] range (11-18 pg/g for Mt. Etna
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Fig. 4. B (ug/g) vs. 5B (%o) data for Italian MIs, including Schiavi et al. (2012) and data from Stromboli volcano (Aeolian islands) and whole rocks from Tonarini
et al. (2001). For comparison [B] and isotope compositions of various reservoirs: continental sediments (De Hoog and Savov, 2018); continental crust and MORB (mid
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Fig. 5. [B] and 5''B in the studied MIs in a standard box-and-whisker formu-
lation. The data show a decrease of [B] and a relative increase of 8''B values
from the northern to the southern Italian magmatic provinces. IntrAp: Intra-
Apennine province; TP: Tuscan province; RP: Roman province; ErnRocc:
Ernici-Roccamonfina province. HKS: high-K series; SHO: shoshonitic series;
HKCA: high-potassium calc-alkaline series; CA: calc-alkaline.

MIs vs. 6-34 pg/g for Ernici-Roccamonfina SHO MlIs). The MIs from Mt.
Etna overlap with the whole rock data reported by Tonarini et al. (2001)
and the olivine-hosted melt inclusions from Stromboli volcano in the
southern Italian Aeolian Islands, as reported by Schiavi et al. (2012).

5. Discussion
5.1. Boron in a post-collisional setting

The B isotope data presented above have a unique range of compo-
sitions. The strongly negative ''B values and the wide range of [B] in
MIs trapped in high-Fo olivine from Italian magmatism (—29.2 to
—3.9%0 and from 4 to 298 ug/g, respectively) are highly variable and
they are incompatible with derivation from a MORB (Marschall et al.,
2017) or OIB source (Walowski et al., 2021) and are isotopically lighter
than worldwide volcanic arcs (Fig. 4). The B isotope data are also
inconsistent with contamination by seawater (+39.6%o; Foster et al.,
2010; Fig. 4).

Boron, is an effective tracer of crustal recycling processes and
pathways. Although B concentrations and isotope signatures of arcs are
well studied, B data from post-collisional settings are scarce. The Italian
magmatism likely records mantle modified by subducted crustal mate-
rial transferred into the overlying mantle wedge resulting in strong trace
element enrichment and continental crust-like isotopic signatures (e.g.,
Conticelli et al., 2002, 2015; Avanzinelli et al., 2009; Peccerillo, 2005,
2017; Giinther et al., 2023). Part of our data are comparable with B
concentrations in potassic and ultrapotassic rocks from the Anatolia
continental-collision setting (Palmer et al., 2019). 5B values reported
on whole rocks by Palmer et al. (2019) range from —31.3 to +6.1%o, and
[B] from 3.4 to 74.8 pg/g. Also, data on 8''B and [B] ug/g (coupled with
8’Li analysis) for ultrapotassic rocks in western Anatolia by Agostini
et al. (2008) show similar negative B isotope ratio (611B —15 to —11%o;
[B]=24-30 pg/g). In contrast, results from analyses of rock samples by
Sugden et al. (2020) from the Armenian sector of the Arabia-Eurasia
active collision show heavier 5!'B values (-5 to +2%o) than MORB.
Gou et al. (2017) report B isotope data ranging from —12.5 to —10.5%o
for 5!'B on tourmaline from the northern and southern Tibet
post-collisional setting. Thus, none of the previous studies on
post-collisional magmas reported strongly negative B values combined
with [B] higher than 75 pg/g, making the Roman magmatic province,
Tuscan province (Torre Alfina), Ernici-Roccamonfina and San Venanzo
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with 8B down to —29.2%0 and [B] up to 300 pg/g, exceptional. In the
next section the regional variability is evaluated based on relations be-
tween B isotopes and concentrations, trace elements and volatiles to
understand the processes involved in sediment transfer and magma
genesis.

5.2. Geographical variability of B

5'!B values of MIs from the various Italian magmatic provinces show
a systematic north-south geographical trend (Fig. 5). The northernmost
San Venanzo volcanic centre has relatively low 5''B, whereas Mt. Etna
in the south has relatively high 5'!B. B concentrations record a similar
regional trend: B-rich MIs in the north and lower [B] in the southern-
provinces MIs.

Superimposed on the broad geographical trend are local relations
between K30, and [B], as expressed by differences between HKS and
SHO-MIs (Fig. 6). Relatively low KoO magmas, like the SHO series from
the Roman province, the SHO—HKCA series from Ernici-Roccamonfina
and the CA series from Mt. Etna, are characterized by the lower [B] (with
higher contents in the northern part of the Roman province SHO). In
contrast, high-potassic (K2O > 4 wt.%) magmas show a wide range in B
contents, high [B] (50-140 pg/g) in Ernici-Roccamonfina HKS, and
Roman province HKS melts characterized by [B] between 50 and 300
ug/g, with B increasing from the low potassic HKS member to the
highest potassic kamafugites. Campania HKS melts have the lowest [B]
(< 40 pg/g).

Fig. 7 presents the variation of 5'1B and [B] with Cl (wt.%) content
for the studied MIs. The B/Cl is commonly used to evaluate the effects of
melting and mineral fractionation as Cl is an incompatible element in
mantle minerals. Our observations reveal that the northern provinces
(San Venanzo, Torre Alfina, and the HKS from the Roman province and
Ernici Roccamonfina) exhibit the lowest Cl (wt.%) content.

Within the Ernici-Roccamonfina province, the HKS and SHO com-
positions display distinct trends. The SHO MIs have higher Cl (wt.%)
with [B] values <34 ug/g, whereas the HKS compositions exhibit higher
[B] (up to 102 ug/g) with corresponding lower Cl (wt.%). Furthermore,
the 5'!B values for the HKS in Ernici-Roccamonfina are more negative
compared to the SHO compositions.

In contrast, the Campanian province, despite having similarly
negative 5''B values as the other peninsular magmatic provinces, ex-
hibits the highest Cl (wt.%) values. This observation suggests that, based
on 8'B, these provinces may share a common source, while the high Cl
content in the Campanian province signifies the influence of an addi-
tional contributing factor. Cl is utilized as a tracer for fluid involvement
(e.g., John et al., 2010; Keppler, 2017) due to its preferential incorpo-
ration into the fluid phase. Therefore, high Cl (wt.%) content is associ-
ated with the enrichment of subduction-derived fluids in the magma
source (Fabbrizio et al., 2013). Our data are in line with the conclusions
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Fig. 6. Variation of K;0O (wt.%) vs. B (ug/g) in the studied MIs. Symbols as
in Fig. 2.
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Fig. 7. (a-b). Boron isotope composition and content vs. Cl (wt.%) in the
studied MIs. Data on MIs from Vulsini (Roman province; Metrich et al., 1998)
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of Metrich et al. (1998) and Rio et al. (1995; Fig. 7b), supporting that the
source of the Campanian province has high Cl content due to greater
fluid input.

Based on boron content, 5B and major element data (Fig 7) we can
make the following geographical distinction: i) The northern-central
provinces including the San Venanzo, Torre Alfina, and part of Roman
Province and Ernici-Roccamonfina HKS data have low CI (wt.%), rela-
tively negative 5''B values (Fig.7a) and higher B content; ii) Mt. Etna
MIs has low CI (wt.%) and the lowest [B] (ug/g) and 5!'B values; and iii)
the Campanian province has 5'!B comparable with the Roman province
and Ernici-Roccamonfina SHO but [B] slightly above the Mt. Etna MIs
and the highest Cl (wt.%).

Trace element systematics support the hypothesis of the variable role
of volatiles in magma production. Elements such as large-ion lithophile
elements (LILE; Rb, Sr, Ba and Cs) are transported with fluids derived by
dehydration of the subducted lithosphere, while Th, as well as the light
REEs (LREEs), mainly migrate in melts (e.g., Johnson and Plank, 2000).
Th is therefore a proxy of recycled sediment, and high Th/Nb provides
evidence for the contribution of recycled sediments to the melts (e.g.,
Johnson and Plank, 2000). In contrast, elevated Ba/Th is considered an
indicator of a fluid-dominated subduction component in the melt source
(e.g., Hawkesworth et al., 1997; Elliott et al., 1997; Avanzinelli et al.,
2008; Fig. 8a). In Fig. 8a and 8b we report Th/Nb vs. Ba/Th and Ce/B vs.
Ba/Th in the studied MIs. B and Ce have similar incompatibilities, and
the relations between Ce/B and 8''B serve as a reliable method for
evaluating the involvement of subducted materials during mantle
melting (e.g., de Hoog and Savov, 2018).

MIs with low Cl (wt.%) but high [B] (ug/g) from the Roman prov-
ince, Ernici-Roccamonfna HKS and San Venanzo have elevated Th/Nb
and lower Ba/Th. These characteristics, widely reported in the literature
for subduction-related ultrapotassic rocks, are indicative of recycled



N. Luciani et al.

4
ISR
3.5—<>‘
@
3+ o
25 + ® °
g
R T
£ &
Z 15 ¢ p® N
140
(@]
05 + Yo %o ®
0 QD o
25
r @ ®
20 1 U
15 + '
o [©
8 10§
‘o
L ¢ o
5’joo<> @
F R %00 ¢ 9ce
O'I‘E: : : : ®
50

100 150 200 250 300
Ba/Th

Fig. 8. (a-b). Th/Nb vs. Ba/Th and Ce/B vs. Ba/Th in the studied Mls. In
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sediment within their mantle source transferred as melts rather than
aqueous fluids (e.g., Plank and Langmuir, 1993; Elliott et al., 1997;
Avanzinelli et al., 2008, 2009) and are in agreement with our data from
the northern provinces. In contrast, MIs with high Cl (wt.%) and low [B]
(ug/g) from Campanian and Ernici-Roccamonfina SHO have lower
Th/Nb and higher Ba/Th confirming the input of a fluid-dominated melt
source (Fig. 8a). Mt. Etna samples have the lowest Th/Nb, possibly due
to a negligible contribution of sediments in the source. In contrast, Mt.
Etna MIs show higher Ba/Th content than the northern provinces indi-
cating a fluid component, but values are slightly lower than the Cam-
panian and Ernici-Roccamonfina SHO. In comparison to the other
studied samples, Mt. Etna MIs exhibit a notably higher Ce/B ratio. This
difference can be attributed to low [B] content and elevated [Ce],
ranging between 205.6 and 371 ug/g. Conversely, the Ce/B ratios of the
Roman HKS data, San Venanzo data, and a subset of the
Ernici-Roccamonfina data have lower ratios between 0.9 and 4.8. The
Ce/B ratios for the Tuscan, Ernici-Roccamonfina HKS, Campanian
province, and additional Ernici-Roccamonfina HKS samples display
higher values, ranging from 1.2 to 7.9. The SHO samples exhibit a
broader range of Ce/B ratios, spanning from 0.9 to 13.2. A particular
outlier from the Vulsini HKS displays an exceptionally high Ce/B ratio of
23.8 (Fig. 8b) and this is attributed to its low [B] of 12 pg/g when
compared to the data obtained from the same volcano.

Based on the combined data of major and trace elements in Italian
primary melts, we have interpreted the compositional variation between
and within the magmatic provinces as a result of melts originating from
a heterogeneous vein system in the mantle wedge, where the primitive
HKS and CA-HKCA-magmas originate from distinct domains, rather
than rather than arising from a common source through progressive
changes in the proportion of veins during the melting process as re-
ported in Avanzinelli et al. (2009). While we recognize that the hy-
pothesis presented in Avanzinelli et al. (2009) can explain some of the
observed intra-group variations, these factors alone cannot account for
the variations observed between the different suites.
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Furthermore, the observed geographical relationships within pri-
mary MI compositions reflects different inputs to the mantle sources
from north to south likely as a result of variable metasomatic processes
above the subducted slabs. Based on the relations between the boron
data, volatile contents and trace element ratios, we distinguish three
mantle end members that contributed to the diversity of the Italian
magmatism 1) depleted mantle with relatively heavy 8'!B combined
with low B (—7.1%o; [B]=0.077 pg/g; Marschall et al., 2017) and low
volatile contents; 2) a fluid-enriched component with relatively heavy
5B values and high volatile content and; 3) a sediment-enriched
component with high [B], strongly negative 5''B and low volatile con-
tents (Figs. 7-8).

This section explores the significance of the end members in the
context of the potassic Italian magmatism. In the north, San Venanzo
with low Ba, relatively high Th (see Fig. 8) and low Cl (wt.%) and Ce/B
(Figs.7-8b) combined with the highest boron content and the highly
negative 5!'B requires addition of 1°B-rich sediments to the source of
these MIs. Based on high K,0, trace elements, and high boron content
combined with a negative B isotope ratio, we infer a sediment-related
input for the source of the Torre Alfina lamproites. The sediment input
must, however, differ from the source of the San Venanzo kamafugites,
as the Torre Alfina MIs show relatively lower Th and U MIs (see
Table S1). For Torre Alfina samples, we suggest a K-rich source modified
by input of metapelites rich in °B, possibly introduced by Alpine sub-
duction as also suggested by Conticelli and Peccerillo (1990). Previous
publications (e.g., Peccerillo, 2017) suggest a harzburgite source for San
Venanzo modified by addition of marly sediments from the Adriatic
plate.

The Roman province 5''B values and boron content record a large
range and represent intermediate compositions between San Venanzo in
the north and Mt. Etna in the south. Low Ba/Th and high Th/Nb suggest
recycling and melting of sediments. Carbonate-rich sediments have long
been proposed as a contributing factor to the overall composition of the
Roman province magmas and the Neapolitan districts (Conticelli et al.,
2002). Avanzinelli et al. (2008) suggested that there is an increasing
proportion of carbonate in the southern regions, corresponding to the
sediment composition along the Apennine chain. The incorporation of
recycled carbonate-bearing pelitic sediments within the mantle wedge is
supported by the absence of a negative Sr anomaly in Roman mafic rocks
compared to Tuscan rocks, and it is responsible for the formation of
metasomatic phlogopite-bearing wehrlitic veins in the mantle wedge.
However, based on the 5B and [B] data presented in this study, it is not
possible to establish a conclusive relationship between boron and sub-
ducted carbonates. Marine carbonate show 5!'B values between —5 and
+26.2%o (Marschall et al., 2017, and reference therein), and biogenic
carbonates between +4.9 and +38.5%. (Marschall et al., 2017, and
reference therein), which excludes them as a primary factor contributing
to the observed elemental and isotopic variability. Nonetheless, it is
important to note that we do not exclude the presence of carbonates,
rather another component (pelitic) must be responsible for their role as
the main factor creating the light §!'B and high [B] for the Italian Ms.

Furthermore, the low Cl (wt.%) excludes the involvement of a large
fluid component in the sources of these central magmatic provinces.

The Ernici-Roccamonfina province represents a transition between
the Roman and Campanian provinces. The geochemical compositions
indicate that the Roman magmas represent mixing of primary melts
derived from sources that show an addition of sediment whereas Cam-
panian compositions require a minor fluid component on their source.
The Ernici-Roccamonfina volcanism was likely triggered by astheno-
sphere mantle inflow through a slab-tear window below the Ernici-
Roccamonfina province. (e.g., Faccenna et al., 2014; Koornneef et al.,
2019).

Campanian province MIs indicate a fluid input to the source with a
geochemical signature distinct from the mantle sources in the north.
This conclusion is supported by the high Cl (wt.%) compared to the more
northern provinces as well as an intermediate Ba/Th and a lower U
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content. The fluid input can possibly be associated with the Ionian slab
rather than the Adriatic plate (Peccerillo and Panza, 1999; Cortini et al.,
2004; Peccerillo, 2017). Avanzinelli et al. (2008) based on U/Th dis-
equilibria study on Vesuvius HKS samples suggest the involvement melts
from deeply subducted carbonate-rich sediments of the Ionian slab to
generate a high-U, low-Th component. Nonetheless, while Cl (wt.%)
analysis suggests the input of fluids, the boron isotopic values do not
exhibit any significant differences compared to the other more northern
provinces, although we do observe lower boron content. We conclude
that the source of the Campanian province is affected by the input of
fluids, but the B isotopes values suggest that recycling of sediments
similar to those of the Roman province dominates the signature of fluids
in terms of B (see Section 5.3 for more details).

Mt. Etna MIs have less negative 5!'B and lower B contents compared
to peninsular Italy MIs with compositions between MORB and the
Aeolian islands (Figs. 4-5). Based on fluid-mobile elements, volatiles and
boron data, the nearby Ionian subducting slab is the favoured origin of
the subduction-related fluids in the Mt. Etna source. For this reason, we
conclude that Mt. Etna magmatism represents an end member of the
components contributing to Italian magmatism in the region. Mt. Etna
activity is commonly explained by the presence of a discontinuity
resulting from slab roll-back of the oceanic Ionian slab and Sicilian
continental crust that generated a slab window leading to the ascent of
asthenosphere beneath Mt. Etna (e.g., Doglioni et al., 2001).

The observed compositional diversity of the Italian MIs is likely
caused by different source mineral assemblages and different degrees of
partial melting. The heterogeneous metasomatized mantle system was
influenced by a changing geodynamic setting that resulted in different
sediment involvement: the north of the peninsula was mainly influenced
by Alpine subduction of pelites and marls with a continental crust
composition, and the centre by recycled carbonate-rich sediments from
the Miocene-to-present Adriatic plate subduction (Ammannati et al.,
2016; Avanzinelli et al., 2008, 2009, 2018; Conticelli et al., 2015).

In contrast, in the south there is an additional involvement of fluids
and associated sediments due to active subduction of oceanic litho-
sphere (Ionian plate) under the Calabrian arc.

Previous studies, show how the diverse Italian magmatism results
from different crustal components interacting with the mantle above the
subduction zone, generating different radiogenic isotope variations (e.
g., Conticelli et al., 2002; Nikogosian and van Bergen, 2010; Nikogosian
etal., 2016; Koornneef et al., 2019). Compositional variations have been
related to a compositionally zoned mantle with a network of veins with
different mineralogies and metasomatic imprints (e.g., Frezzotti et al.,
2007). In the following section we aim to explore this further based on B
isotope systematics.

5.3. Sources for boron

As demonstrated in the previous two sections, the geochemical data
unambiguously demonstrate the addition of subducted sediments and
variable amount of fluids in the source of Italian Peninsula magmatism.
The extremely negative 5!'B signatures are, however, unusual and
require a more detailed explanation. In subduction zones, high-P mica
phases such as phengite represent an important carrier of fluid-mobile
trace elements including B, Li and LILE, where it is formed by meta-
morphic replacement of both igneous and sedimentary minerals. During
progressive slab dehydration as the slab is subducted in the mantle, the
heavy B isotope preferentially fractionates into aqueous fluids and leave
an isotopically lighter residual phengite (e.g., Ishikawa and Nakamura
1994; Marschall et al., 2006, 2007; De Hoog and Savov, 2018). Exam-
ples of 8B values down to —29%o and [B] between 50 and 250 ug/g are
recorded in phengite from high-pressure rocks from the Luliang Shan
terrane (Menold et al., 2016), whereas Marschall et al. (2006) found [B]
between 43 and 136 pg/g in phengite from high-pressure metamorphic
rocks from the island of Syros (Greece). Marschall et al. (2007) modelled
the release of B from progressive dehydration of AOC during subduction
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and conclude that the B content is strongly dependant on the presence of
white mica in the rock. Moreover, progressive dehydration of
phengite-bearing rocks and phengite-free HP rocks under pressure be-
tween ~ 1.5 GPa and 2.5 GPa result in different 5''B values. The
phengite-free dehydration model results in 5'!B down to —30%o,
whereas the phengite-bearing rock model decreases only to —8.6%o,
based on the AOC composition of §11B=+0.8%0 and [B]=26 ug/g (from
Smith et al., 1995). However, if we consider phengite-bearing sediments
with a negative isotopic ratio, e.g., ~ —13%o (Tonarini et al., 2011), the
5!1B of the dehydrated sediments would shift to more negative values, e.
8., ~ —21%o for a phengite-bearing composition

MIs across the entire Italian peninsula exhibit boron isotope data
with large variability towards extremely negative values, indicating a
common source for all the Italian potassic series, regardless of spatial
and temporal factors. Schmidt et al. (1996) demonstrated experimen-
tally that phengite in metasediment-bearing subducting oceanic crust
can carry K and B to great depths, however, when subducted slabs reach
100-300 km, phengite breaks down between 1075 and 1150 °C at 7-8
GPa and at 1000-1050 °C at 10 GPa (Thomsen and Schmidt, 2008). In
the context of a post-collisional setting, slab tearing and break off will
induce phengite breakdown due to heat input of asthenosphere inflow
from behind the subducting slab. Consequently, we ascribe the extreme
boron isotope signature in the Italian MIs can be explained by con-
sumption of phengite from subducted sediments with strongly negative
8''B.

The next section integrates the observed geochemical variability
across the Italian post-collisional arc within the two-stage melting model
that explains the role of phengite within recycled sediment package in a
more quantitative way.

5.4. Two-stage melting model

To understand how dehydration of the subducting slab and melting
of sediments and the mantle wedge produced the different Italian
magmas we first develop a physical mixing model that evaluates 5''B
with elements of similar incompatibility (Ce and B; Marschall et al.,
2017; Fig. 9).

The model involves mixing between: depleted MORB mantle (DMM)
representing the unmetasomatised mantle wedge (5'!B= —7.1%o and
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Fig. 9. 5''B vs. Ce/B for the studied MIs. Calculated mixing model between
DMM= depleted MORB mantle (Marschall et al., 2017) and subduction com-
ponents containing various amount of phengite. Subduction Component 1 (SC1)
and Subduction Component 2 (SG2), respectively 8''B=+2.4%0 and 5!'B=
—12.8%0 after Tonarini et al. (2011); Ce/B = 0.1 after Iveson et al. (2021).
Phengite 1 with 5!'B= —28.7%0 and Ce/B = 0.0006 (Menold et al., 2016; Xu
et al., 2022). For comparison composition of phengite reported by Klemme et al.
(2011; PHG2; 8''B= —13.7%q; Ce/B = 0.0006) and from Xu et al. (2022; PHG3;
8''B= —13.3%,, Ce/B = 0.14) have been shown. GLOSS (red cross;
Plank, 2014).
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Ce/B = 7.14; Marschall et al., 2017) and a subduction component, that
includes the residual slab after progressive subduction zone dehydration
up to 120 km depth with low [B] and §'!B (SC2; [B]=16.8 pg/g, 5''B=
—12.8%o; Tonarini et al., 2011) and different proportion of phengite
(PHG1) from high pressure subduction environment after Menold et al.
(2016; 8''B= —28.7%0; Ce/B = 0.0006).

Mixing line between DMM and pre-hydration subduction component
(SC1) represented by the starting composition for an uppermost slab
(composed by 90% AOC and 10% sediment; after Tonarini et al., 2011;
[B]=35 pg/sg, 51'B=-+2.4%0) show that no fluids are involved in the
source of the Italian MIs. The Ce/B of SC1 and SC2 (Ce/B = 0.1) are from
Iveson et al. (2021). For comparison, we report different phengite
compositions from the literature: Phg2: §!'B= —13.7%o; Ce/B = 0.0017
(Klemme et al., 2011); Phg3: 8''B= —13.3%o; Ce/B = 0.0006; (Xu et al.,
2022).

Fig. 9 shows the outcome of mixing the phengite composition from
Menold et al. (2016) that has the most negative 5!'B with DMM and with
the two subduction components to reflect the presence of phengite
within the metamorphosed sediments. To explain the most extreme 5''B
MI data in Fig. 9 small amounts of light phengite (< 0.04%) are required
in the subduction component, e.g., San Venanzo requires ~0.03%
phengite. The other Italian post-collisional melts generally plot above
the mixing line between DMM and the most extreme phengite compo-
sition and imply greater involvement of SC2 although almost no data
imply a role for fluids derived from non-dehydrated oceanic crust, with
the exception of one outlier from Torre Alfina plotting in the range be-
tween SC1 and DMM mixing. Roman and Ernici-Roccamonfina province
HKS melts reflect a mixture between mantle wedge DMM and contri-
bution between 0.01-0.03% of phengite within the subduction compo-
nent. In contrast, Torre Alfina, Campanian province data and
Ernici-Roccamonfina province SHO require a smaller contribution of
phengite (<0.01%). Data from Roman province SHO suggest the
involvement up to 0.03%.

We suggest that the provinces with the larger involvement of the
hypothetical phengite-bearing subduction component in the north of the
peninsula are influenced by the subduction of clay-rich- sediments that
were metamorphosed to phengite during the Alpine and Adria subduc-
tion. The Mt. Etna melts, in the south have higher Ce/B than DMM but
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comparable 5''B from DMM values, suggesting a minimal or no role for
a phengite- bearing subduction component. Instead, a different process
is required to enrich the Ce/B for Mt. Etna.

The mixing model implies that phengite plays a major role in pro-
ducing the highly negative 5'!B for the analysed Italian MIs whereas the
role of dehydrated fluids seems negligible, in line with Cl (wt.%) data
presented in Fig. 7. To explain the strong phengite signature in the MIs
data inferred from the bulk mixing model requires a two-stage melting
model that initially transfers the phengite from the subducted slab to the
mantle wedge which subsequently undergoes melting to produce the
magmatism in the Italian post-collisional setting. We propose:

1) Slab break-off induced sediment melting to depths >100 km after
an early stage of oceanic crust consumption and dehydration that
included at least part of its sediment cover. The phengite hosted in the
subducted sediments was depleted in 'B due to dehydration, producing
strongly negative 5!'B signatures. The inflow of hot asthenosphere
following slab break-off, initiated phengite breakdown responsible for
the release of the negative boron isotope signature. The generated melts
are strongly enriched in K and in other mobile elements such as B, Rb, U,
Pb. The transfer of these melts into the overlying mantle results in re-
action with the depleted mantle wedge to cause the formation of
metasomatic veins containing K-rich phases like phlogopite (e.g., Foley,
1992; Melzer and Foley, 2000; Mazzeo et al., 2014). The sediments
containing the phengite vary in composition and abundance from north
(metapelite and marls) to south (marls, Section 5.2; Fig. 10). Our model
requires that the negative boron and high boron concentration are
transferred from melts of phengite bearing sediments at depth into the
K-rich phases in the overlying mantle wedge.

1) Partial melting of the veined lithosphere occurred due to further
opening of the slab window and the increase of the heat from the
inflowing asthenosphere with the tear widening from north to south (e.
g., Nikogosian and van Bergen, 2010; Spakman and Wortel, 2004). This
second stage is required to explain the extreme geochemical variability
observed in the olivine-hosted MIs (extreme K,O enrichments and var-
iable Th/Nb) that require the melt source to be mineralogically het-
erogeneous on a small scale. Partial melting of this veined source rich in
hydrous phases such as phlogopite and amphibole (e.g., Foley, 1992,
1999) results in the strong enrichments in highly incompatible elements.
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Mantle inflow

o

Depth (km)
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Fig. 10. a) Schematic view summarising the main features and processes in the mantle wedge beneath Italy responsible for the characteristic magmatism. b) Cartoon
illustrating the two-stage melting process of Italian magmatism based on boron data in high- forsterite Mls: stage 1) the slab detachment and subsequent mantle
inflow increase the temperature and induce phengite breakdown (zoomed square) from the AOC portion (black layer); stage 2) Melting of overlying veined litho-

sphere due to the slab window.
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The more negative 5'!B in the north suggests a greater phengite
contribution, possibly due to higher temperature induced by a larger
input of asthenosphere inflow in northern Italy where the tear is wider
(Rosenbaum et al., 2008) and/or by the more pelitic sediment compo-
sition. The southern magmatic provinces with a less negative boron
isotope signature, as well as lower boron content, which suggest a less
pronounced role for phengite breakdown or less phengite. Mt. Etna is
characterised by a boron signature similar to a MORB-like source sug-
gesting no phengite contribution (Fig. 10).

In conclusion, the two-stage model presented in this study provides a
mechanism to explain the extreme enrichment of K (and Th) in combi-
nation with the negative 5'!B observed in melt inclusions. Transfer of
sediments through a relatively cool mélange diapir (Behn et al., 2011;
Marschall and Schumacher 2012; Peccerillo and Frezzotti, 2015) is less
likely to explain the extreme observed enrichments and heterogeneity,
as a cool rising diapir would not instigate phengite breakdown to pro-
vide the boron signatures. In the diapir model the transportation of
sediments is proposed to occur within mélanges consisting of subducted
rocks and peridotites. Ascent of these relatively cool mélange diapirs is
envisioned through Rayleigh-Taylor instability, which then undergo
dehydration and melting in the hotter mantle wedge to react with the
surrounding mantle. The slab tear under Italy, however, provides a heat
source that directly causes phengite breakdown and melting of the
sediment pile at depth after they have undergone extensive dehydration,
to be transferred to wedge where it reacts and crystallises in a vein
network. Those veins subsequently melt partially due to a rise in T
associated with further opening of the slab window. This second stage
partial melting process is crucial for achieving the observed extreme
enrichment in K and Th.

Conclusions

Boron content and isotope composition of melt inclusions in high-
forsterite olivine from Italian magmatic provinces constrain the nature
of the mantle source of these melts and the processes involved in their
production and transfer from mantle to crust. The high boron content
and the negative 5'!B are unique and distinct compared to magmatism
from arcs or other post-collisional settings magmatism. Major, trace and
volatile elements indicate input of sediments and variable amount of
fluids to the mantle source.

The strongly negative 5!'B values derive from a common source in all
the Italian MIs (with the exception for Mt. Etna), which is interpreted as
phengite, a white mica stable to high pressures in the sediments of
altered oceanic crust that underwent dehydration and !'B depletion. The
heat generated by the asthenosphere upwelling associated with slab
detachment is responsible for phengite breakdown and the release of a
negative 5'!B signature to the overlying mantle. Our data suggest that
the boron signature from this phase survives despite the transfer and the
depth. K-rich melts generated from this process reacted with the over-
lying depleted mantle wedge and led to a variably metasomatized
source. A mixing model based on Ce/B and &!'B suggests the influence of
various proportions of the DMM, an AOC slab and sediment component
including phengite (0-0.4%) is required to explain the variable
geochemistry observed in the Italian Mis. The model also indicates that
Mt. Etna data saw no significant influence from the subduction
component or phengite. A two-stage melting model is required to
explain the extreme K and trace element contents of the MIs with initial
transfer of sediment-derived melts into a vein network and subsequent
partial melting of those veins is required to explain the extreme en-
richments of K and trace elements.
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