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Abstract: Corundum-rich (up to 55 vol.%) felsic dykes formed with albite, +K-feldspar, +hercynite
and z+biotite-siderophyllite cut the lower crustal rocks exposed in the Ivrea-Verbano Zone (NW
Italy). Zircon is an abundant accessory mineral and its investigation through LA-ICP-(MC)MS has
allowed results to directly constrain the timing of emplacement, as well as petrology and
geochemistry of parental melts. Zircons are characterised by very large concentration in REE, Th,
U, Nb and Ta, and negative Eu anomaly. U-Pb analysis points to Norian emplacement ages (223 +7
Ma and 224 +6 Ma), whereas large positive eHf values (+13 on average) indicate a derivation from
depleted to mildly enriched mantle source. The mantle signature and the corundum oversaturation
were preserved thanks to limited crustal contamination of the host, high-temperature refractory
granulites and mafic intrusives. According to the geochemical data and to the evidence of the
development of violent explosions into the conduits, it is proposed that dykes segregated from
peraluminous melts produced by exsolution processes affecting volatile-rich differentiates during
alkaline magmatism.

This work provides robust evidence about the transition of the geochemical affinity of Southern
Alps magmatism from orogenic-like to anorogenic during Norian time, linked to a regional uprising
of the asthenosphere and change of tectonic regime.
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1.Introduction

The petrogenesis of corundum (a-Al20s) has been deeply investigated in the last decades either
because corundum crystallisation can provide valuable insights into the development of complex
petrological processes [1] or for its importance in prospecting and mining gemstone deposits, e.g.,[2]
.Corundum may be formed under very different P-T conditions as a result of magmatic and
metamorphic processes [3].

Experimentally determined liquidus phase relationships in the CaO-MgO-Al20s-5iO2 (CMAS)
system indicate that at high pressure (2 GPa; [4]), the stability field of corundum is large, and it can
be in equilibrium with quartz and sapphirine. Conversely, at lower pressure, typical of continental
crust (1 GPa; [5]), corundum stability is restricted to high aluminous basalt compositions and at very
high temperatures. Moreover, corundum cannot be directly in equilibrium with quartz, from which
it is separated by the anorthite stability field, whereas the sapphirine stability field disappears. The
segregation of magmatic corundum is essentially restricted to differentiated alkaline intrusives
(syenite, monzonite) and rift-related alkaline volcanism. Conversely, the spectrum of the
metamorphic processes and rocks involving the segregation of corundum is huge. It includes near-
closed system, iso-chemical metamorphic reactions in silica-poor alumina-rich rocks and open-
system, metasomatic introduction of fluids/melts in contact rocks leading fluids/melts and/or the host
rock towards silica-poor alumina-rich composition. A special case of metamorphic segregation is
represented by the anatexis of metapelites, during which silica enters the melt first, and corundum
can crystallise in the aluminium-rich residue.

One of the main metasomatic reaction recognised leading to corundum segregation is the
“Plumasite” type. “Plumasite” is the term attributed by Lawson [6] to felsic intrusives consisting of
>16 vol.% grey or blue corundum in association with sodic plagioclase (typically oligoclase) and
biotite, as documented in a pegmatitic dyke intruding serpentinized peridotite in the Plumas County,
California. Successively, the term has been also attributed to rocks containing alkali feldspar and
other accessory minerals. Plumasite-type metasomatic reaction involves the intrusion of granite
pegmatites into ultramafic rocks, especially peridotites. This is accompanied by a “desilication” of
the melts through precipitation at the melt-ultramafic rock interface of “blackwalls” made by tri-
octahedral micas (siderophyllite and phlogopite-rich biotite). As a result, quartz is no longer stable
in the melt, which becomes saturated in corundum. These rocks have been widely investigated since
the beginning of last century in several parts of the world (Africa, Finland and Urals, Russia, China
Alps, Greece; e.g. [7,8,9,10,11]). At the outcrop scale, plumasites occur as dykes, veins or small bodies.

An important feature of plumasite is the occurrence of large cm-sized corundum crystals, e.g.,
[6,12,13,14]. The occurrence of large corundum crystals attracted the attention of several authors
especially at the beginning of the last century [6,12,13], but unfortunately corundum of plumasites
are usually highly fractured and not of gem quality [2].

The Ivrea-Verbano Zone (IVZ; westernmost sector of the Southern Alps) records important
examples of plumasites, e.g., [15] (see Figure 1a). In this area, corundum-rich felsic dykes were also
recognized in different localities since Lelievre [16]. The plumasite-type mineral assemblage is the
most common among the corundum-bearing dykes, but other felsic rocks saturated in corundum
were recognized (see Figure 1a, 1b). The historical “plumasite-dykes” crop out in the central and
southern IVZ, where they do not intrude ultramafics, but instead intrude i) gabbroic rocks belonging
to the Upper-Carboniferous — Lower Permian Mafic Complex and ii) granulite-facies rocks of the
crystalline basement of the Adria Plate ([13,17,18,19].

A comprehensive investigation on these rocks is missing. More recently, a corundum-rich diorite
swarm has been documented in gabbroic/dioritic gneiss (the External Gabbro unit) of the Finero
Complex, in the northernmost tip of IVZ [14] (see Figure 1). Moreover, in the Finero Complex, both
nepheline-bearing corundum-free [20,21] and corundum-bearing diorites [22] are emplaced between
mantle peridotite (the Finero Phlogopite Peridotite unit; FPP) and crustal, deep magmatic units (the
Layered Internal Zone and the Amphibole Peridotite).

A common feature of corundum-bearing felsic dykes is the occurrence of zircon as accessory mineral,
locally with mm- [14] to cm-sized, e.g., [22] crystals. This mineral can incorporate and retain trace
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and rare earth elements (REE), including radioactive nuclides of U, Th, Lu and Hf, and it is commonly
used in petrology to investigate igneous and/or metamorphic process, e.g., [23,24]. As far we are
aware, there are no papers in literature reporting comprehensive geochemical investigations of zircon
from corundum-saturated dykes. Thus, geochronological, geochemical and isotopic survey has been
performed by Laser Ablation-Inductively Coupled Plasma (Multi-collector)-Mass Spectrometer LA-
ICP-(MC)-MS on zircon grains from a couple of historical corundum-saturated felsic dykes of the
central IVZ. This approach allowed us to determine the age of emplacement and place valuable
insights on the origin of the parental melts and the petrologic processes leading to corundum
oversaturation.
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Figure 1. a) Geologic map of the Ivrea-Verbano Zone (modified after, Zingg [25] and Sinigoi [26]).
The map shows the location of corundum-bearing dykes of the IVZ. b) Schematic table showing the
mineral assemblages described for the felsic dykes in different samples and localities of the IVZ. Grey
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filled boxes indicate the common of local (+/-) occurrence of a mineral phase within the dyke.
Abbreviations after Whitney and Evans [27].

2. Materials and Methods

Felsic dykes are recognized in two localities of the Sabbiola Valley (lateral valley of Val
Mastallone): i) the SB08 dyke is located along the road to Montata village, near to the bridge of Salaro;
ii) the SB09 dyke is located at Alpe Campo (Figure 1a). These samples were studied in four thin
sections (S5B08, SB09A, SB09B, SB09C); zircon grains were studied directly in thin section and as
separates. Zircon grains were separated following the traditional procedure: grinding, hydrodynamic
separation, magnetic separation by Frantz and density separation using heavy liquids (bromoform
2.84 g/cm? and diiodomethane 3.32 g/cm?). Zircons as free as possible from fractures and inclusions
were mounted in epoxy resin, polished and characterised for their internal structure by
cathodoluminescence (CL) at the scanning electron microscope (SEM). The list of techniques adopted
for each sample are reported in Table S1 and major elements based on electron micro probe analyzer
(EMPA) analyses are reported in Table S2. The data collected on zircon grains for both samples are
reported in the supplementary materials (from Tables S3 to S7).

2.1. LA-ICP-MS U-Pb dating and trace element composition

Zircon U-Pb dating and trace element characterisation with laser ablation ICP-MS were
performed at the LA-ICP-MS laboratory of the CNR-IGG S.S. of Pavia. Trace element composition
was determined by using a 213 nm Nd:YAG laser microprobe (NewWave Research) to a quadrupole
ICP-MS system (DRCe from PerkinElmer). NIST-SRM610 was used as an external standard, whereas
»5i was adopted as internal standard. In each analytical run the USGS reference sample BCR2 was
analysed together with the unknowns for quality control. Precision and accuracy are better than 5%
and 10%, respectively. Trace element mineral compositions are reported in Tables S3 and S4.

In situ U-Pb geochronology was determined by using an ArF excimer laser microprobe at 193
nm (Geolas200Q-Microlas) with a sector field high-resolution ICP-MS Element I from
ThermoFinnigan. The analytical method is basically that described by Tiepolo [28]. Instrumental and
laser-induced U/Pb fractionations were corrected for using as external standard the GJ-1 zircon [29].
The same integration intervals and spot sizes were used on both the external standard and unknowns.
During each analytical run reference zircon 91500 [30] and PleSovice [31] were analysed together with
the unknowns for quality control (Supplementary Data Appendix 3). The spot size was set to 25 um
and laser fluency to 8 Jem2. Data reduction was carried out using the ‘Glitter’ software package [32],
setting the error of the external standard at 1%. During each analytical run the reproducibility on the
standards was propagated to all determinations according to the equation given by Horstwood [33].
After this operation, analyses are considered accurate within the quoted errors. Concordant ages
were calculated using the Isoplot/EX 3.0 software [34]. All errors in the text are given at 2 level.

2.2. Zircon Hf isotopes

In situ Lu-Hf isotope analyses were determined at the laboratories of the “Centro
Interdipartimentale Grandi Strumenti” of the University of Modena and Reggio Emilia (Italy).
Analyses were carried out using a double focusing MC-ICP-MS with a forward Nier—Johnson
geometry (Thermo Fisher Scientific, Neptune™), coupled to a 213 nm Nd:YAG laser ablation system
(New Wave Research™). Procedure is described in detail in [35].

Isotopic ratios were acquired in static mode with a block of 1000 cycles (including laser warm-
up, ~100-160 cycles of analysis and washout), an integration time of 0.250 s, a laser spot of 55 pm and
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a fluence of ~10 J/cm?2. The laser frequency was ~10 Hz with a He flux of ~0.5 L/min. Before each
analysis, the surface of the zircon was pre-ablated with a spot size of 60 um. During the analytical
session an in-house zircon reference materials MRD42-A was employed to check accuracy and
precision of the measurements. A TEMORA 2 zircon reference material was analysed at the beginning
and at the end of the session.

Data reduction was performed with the Hf-INATOR excel spreadsheet [36]. TEMORA-2 yielded
a 7eHf/"77Hf ratio of 0.282700 +0.000040 (20; n = 4, identical within error to the reference value of
0.282693; [37]) and MRD42-A yielded a 7°Hf/"””Hf ratio of 0.282158 +0.000082 (20; n = §; in-house
standard MRD42-A of CIGS - Centro Interdipartimentale Grandi Strumenti of Modena and Reggio Emilia
University; reference value: 0.282164).

Lu-Hf analyses were carried out on the same domain of U-Pb analyses and recalculated to the
206Ph/2381 single spot age when possible. Otherwise, Lu-Hf data have been recalculated to 223 Ma,
considering this age as the best representative for the complex intrusion age (see discussion). Data
were calculated using the (76Lu/"”7Hf) cxur present-day values of 0.282772 and 0.0332 respectively, as
reported by Blichert-Toft and Albarede [38].

2.3. Thermodynamic modelling

Thermodynamic modelling was performed with the software package Perple_X package
(http://www.perplex.ethz.ch; [39]), the thermodynamic database of Holland and Powell [40] revised
by the authors in 2002 (hp02ver.dat) and the solid solution models: Bio(TCC) for biotite, Mica(CF) for
white mica, Gt(HP) for garnet, Cpx(HP) for clinopyroxene, P1(I1,HP) + OrFsp(C1) + AbFsp(C1) for
feldspars, Sp(HP) for spinel, St(HP) for staurolite and Amph(DHP) for amphibole.

3. Geological setting and geochronological background

The IVZ represents an uplifted part of the pre—Alpine intermediate-lower continental crust
located in the southern Alps of northwest Italy, e.g., [41]. It extends lengthwise for a distance of ~120
km and is bounded by two major fault zones, the Insubric Line in the northwest and the Cossato—
Mergozzo—Brissago Line (CMBL) in the southeast (Figure 1a). The latter was active in the Permian
(271 £1) and was reactivated also in more recent times ~147.3 +6.5 [42,43,44]. Locally, the CMB
mylonites are crosscut and partially overprinted by mylonites of the Pogallo Line (PL; Figure 1a)
which is interpreted as a low—angle normal fault due to crustal thinning [45], active during Early
Mesozoic time (210-170 Ma; [46]).

The southern part of the IVZ (e.g. Val Sesia) has been traditionally subdivided in three main
lithological units: Kinzigite Formation (supracrustal metamorphic rocks), Mafic Complex (intrusive
mafic rocks; Figure 1a) and mantle peridotite. These units show a SW-NE strike and a broad
metamorphic gradient increasing from amphibolite to granulite facies from SE towards NW e.g.,
[25,41,47,48]. The Kinzigite Formation occupies the south-eastern sector and originally was the upper
part of the tilted crustal section (Figure 1a). It consists of siliciclastic metasediments with intercalation
of metabasic rocks and minor calcsilicate rocks and marbles. The most studied outcrops of the
Kinzigite Formation are exposed in Val Strona di Omegna (Figure 1a) where the metasedimentary
rocks show a continuous metamorphic gradient from amphibolite— to granulite—facies conditions,
e.g.,[48]. The Kinzigite Formation structurally overlies the Mafic Complex (MC, Figure 1a) that was
emplaced during Permian (from 292 to 282 Ma; e.g., [49]) and consists of gabbro, norite and diorite,
e.g.,[50].

U-Pb geochronological studies on zircon show that high-temperature (HT) metamorphism
occurred during late Carboniferous to Permian (316-258 Ma) and that metamorphic events are not
totally linked to intrusive events of the Mafic Complex, e.g., [51,52]. According to Kl6tzli et al. [53]
igneous pulses began intruding the deep and middle crust largely before (no later than 314 Ma) the
emplacement of main magmatic system.

The magmatic pulse has been dated at ~292 to 282 Ma [49], nevertheless recently 26Pb/?%U ages
date the emplaced of main mafic complex in lower crust as ranging from 285.52 +0.15 to 281.58 +0.44
Ma [54].

d0i:10.20944/preprints202007.0348.v1
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After the main magmatic pulse, the lower crustal levels of the IVZ were intruded by several
dykes, pegmatites and ultramafic pipes in a large time span from Permian to Jurassic, e.g.,
[14,53,55,56,57,58,59]. Garuti et al., [55] reported an intrusion age for the pipes coeval with the
emplaced of mafic intrusives (Mafic Complex) at ~290 Ma (27Pb/2¢Pb stepwise-evaporation method).
Recent works suggest that ultramafic pipes formed during Triassic (249.1 0.2 Ma); thermal ionization
mass spectrometry (TIMS) U-Pb dating of zircon [56] (see Figure 2). These ultramafic/mafic bodies
are associated to Ni-Cu-PGE sulphide mineralization derived from melting of metasomatized
lithospheric mantle through the Variscan subduction and subsequently reactivated during the
collapse of Variscan orogen [56,58]. Intrusion of small mafic bodies have been recently extended to
Jurassic time by Denyszyn et al., [57]. These authors reported TIMS zircon ages at ~200 Ma from lower
crustal pyroxenites and dunites that they interpreted as a distal and deep expression of the Central
Atlantic Magmatic Province. A Jurassic age of emplacement (LA-ICP-MS concordant age of 187 +2.4
and 192 +2.4 Ma, see Figure 2) has been recently reported also for carbonatite bodies and dykes by
Galli et al., [59] that they linked to sodic CO2-bearing melts derived from an amphibole-rich mantle
source. In particular, eHf values indicates a moderate crustal assimilation during emplacement of
carbonatitic magma [59].

Towards the northern sector of the IVZ, i.e. the Finero area (Figure 2), the age of the main mafic
magmatism is still poorly constrained showing evidences for emplacement at Carboniferous-Permian
[14] and Triassic time [60]. In this sector the evolution of the lower crustal intrusives was associated
to the development of several ductile shear zones established under HT conditions during Jurassic
time [14,43] and almost pervasively overprinted the whole body. Also in this sector of the IVZ the
lower crustal units are intruded by late pegmatitic leucocratic dykes and pods (Figurelb), e.g.,
[14,20,21,22,61,62,63].

These bodies commonly contain abundant zircon grains subject of geochronological studies.
Stahle et al., [20] obtained Triassic age (225 +13 Ma) from a Na-alkaline dioritic pegmatitic dyke using
Pb/Pb evaporation technique. [64] dated zircon crystals from plagioclasite lenses by TIMS at 212.5 Ma
(weighted 206Pb/2%U mean age). Grieco et al., [62] reported other pegmatitic plagioclasite along the
contact between peridotite and gabbro whose zircon grains provided U-Pb ages of 195 +4 Ma and
202 +1 Ma (TIMS method). Schaltegger et al., [22] described nepheline-bearing syenite with zircon
megacrystals (up to 9 cm). These authors dated pieces of large zircon grains using CA-ID-TIMS and
obtained U-Pb data in the time range from 212 to 190 Ma. Recently Langone et al., [14] recognized
some leucocratic dykes consisting of oligoclase, biotite, zircon, corundum and epidote within
metagabbroic rocks. U-Pb dating of millimetre sized zircon grains suggested a wide time span from
Late Permian to Early Jurassic.
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Figure 2. Schematic diagram showing U-Pb data from magmatic intrusions in the IVZ in the time
span from Triassic to Jurassic. References: (a) [14]; (b) [22]; (c) [64]; (d) [20]; (e) [62]; (f) [59]; (g) [60];
(h) [57].

4.Results

4.1. Field evidence, petrography and mineral chemistry

The leucocratic dyke SB09 intrudes granulite-facies metasediments (locally called Stronalite)
forming the metamorphic basement of the Adria plate. It has got a thickness up to 40 cm and shows
sharp contacts with respect to the host rock. The intrusive rock is a (leuco)monzonite with
hypidiomorphic granular texture (Figure 3a): it consists of corundum (~55 vol.%; 0.44-0.89 wt.%
Fe20:s), albite (20 vol.%; An = 6-9%, Or = 0.6-2.1%), K-feldspar (20 vol.%; Ab = 9-24%), biotite (34
vol.%; molar Mg#, with Ferot as Fe?, = 0.14-0.22, A2Os up to 21.9 wt.%; TiO2 mostly in the range of
0.8-1.6 wt.%, with only one analysis of a small flake included in K-feldspar up to 3.5 wt.%) and
hercynite (1-2 vol.%; Mg# = 0.04-0.05; 2.5-2.9 wt.% MnO; 0.5-0.9 wt.% ZnO). Corundum occurs as
large (up to 1cm) euhedral to subhedral crystals (Figure 3) and may include zircon, plagioclase and
K-feldspar. It is common to observe corundum highly fractured and with polysynthetic twinning
occurring parallel to the faces of the rhombohedron {1011}. Rarely, corundum shows lobate contours
filled by albite and K-feldspar (Figure 3a). BSE images revealed that K-feldspar has perthitic
structure, containing exsolution lamellae of albite (Figure 3c): thus, Na-richer analyses are likely to
be more representative of the early alkali feldspar composition. Hercynite is always associated with
biotite flakes: the size of the latter can vary from tens of microns to 5 mm. SEM observation revealed
that hercynite is locally replaced by a fine-grained aggregate of corundum, Fe-gahnite (storing Zn)
and magnetite (Figure 3f-g). Zircon is a common accessory mineral and generally occurs as clusters
included within all rock-forming minerals (Figure 3c-d-e).

d0i:10.20944/preprints202007.0348.v1
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The leucocratic dyke SB08 intrudes an amphibole gabbro of the Upper Mafic Complex, reaching
a thickness up to 50 cm. The studied dyke was localised and collected following the topographic map
and the outcrop descriptions in Bertolani [13]. The dyke is made of several segments showing a zigzag
configuration, e.g., [65]. The intrusive, leucocratic rock is a diorite, modally dominated by albite (~80
vol.%; An = 5-10%, Or = 0.4-1.7%) and with 20 vol.% corundum. In thin section, SBO8 sample shows
a porphyroclastic texture (blastomylonitic in Bertolani, [13]) with corundum and albite
porphyroclasts surrounded by a fine-grained matrix consisting mainly of albite (Figure 4a-b). K-
feldspar is absent. Corundum porphyroclasts are rounded or subehdral, usually highly fractured and
with diffuse {1011} polysynthetic twinning: they are generally aggregated in clusters. Albite
porphyroclasts show deformation bands, undulose extinction and deformation twinning. Zircon is
the most abundant accessory minerals, whereas columbite and uraninite are rarer (Figure 4c). Biotite
and oxide (hercynite?) crystals can be partially or totally replaced by fine-grain secondary minerals.

The host rock of SB08 is an amphibole gabbro (SB06) consisting of labradoritic plagioclase (40
vol.%; An 54-68%), pargasitic amphibole (30 vol. %; 2-2.5 wt.% TiOz molar Mg#, with Ferot as Fe?,
0.5; 13.5-14 wt.% Al20s), altered pyroxene (15 vol.%), biotite (5 vol.%; 5-6 wt.% TiOz molar Mg#, with
Ferot as Fe?, 0.5-0.6; 15.2-16.2 wt.% Al:Os; annite/phlogopite). It shows granoblastic texture with
uniform grains size and generally straight, or occasionally smoothly curved, grain contact suggesting
equilibration under granulitic facies condition without deformation-induced recrystallisation as
observed in the SBO8 leucocratic dyke.

d0i:10.20944/preprints202007.0348.v1
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Figure 3. a) Scan of SB09 thin section (80um thick) showing the magmatic/pegmatitic texture of the
sample. b) photograph of an euhedral crystal of corundum. ¢) SEM-BSE image showing K-feldspar
crystal with plagioclase exsolution and inclusions of zircon cluster. d) SEM-BSE image of the mineral
assemblage consisting of plagioclase, K-feldspar, corundum and zircon. e) SEM-BSE image of zircons,
K-feldspar and plagioclase inclusions within corundum. f) SEM-BSE image of poikilitic biotite hosting
spinels, K-feldspar and plagioclase. g) Detail of f) showing reaction along the contact between biotite
and hercynite consisting of corundum, magnetite and Fe-gahnite.


https://doi.org/10.20944/preprints202007.0348.v1
https://doi.org/10.3390/geosciences10080281

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2020 d0i:10.20944/preprints202007.0348.v1

1 mm
e —

AT

: Bt+Ox
tfine-grained fnats

fine-grained fyliation
matrix

: Zircon
L
&

g : Y . : 250 um 200 um

Figure 4. a) Scan of SB08 thin section (80um thick) showing the porphyroclastic texture. b)

Microphotograph of plagioclase porphyroclasts embedded within the fine-grained matrix consisting
mainly of plagioclase, oxide, biotite and corundum. c) SEM-BSE image acquired with high contrast
and low brightness showing columbite, zircon and uraninite within the fine-grained matrix.

EMPA analyses (Table S1) revealed that, in both, plagioclase does not show significant chemical
variation neither from core to rim of large crystals nor among crystals in different textural positions
(porphyroclasts vs matrix) (Figure 5). The resulting albite composition differs from that reported for
the typical plumasite, i.e. oligoclase. The latter usually characterises the corundum-bearing
leucocratic dikes of the IVZ (Figure 5). However, a corundum-rich leucocratic dyke with albite was
already recognised by Bertolani [13], whereas a Ca-richer plagioclase (andesine) was found in a dyke
intruding granulites in Val Sesia (Figure 5), [19]. The author suggested the name Dungannonite or
Andesine-Plumasite for such andesine-bearing dyke.
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Figure 5. Anorthite content (An mol%) of plagioclase within corundum-bearing felsic dykes reported
in different valleys of the of the IVZ, arranged from SW to NE. The red and blue circles show the
composition of plagioclases for SB09 and SB08 dykes, respectively. The grey circles show the
composition of plagioclases for other felsic dykes recognized in IVZ.

4.2. Zircon internal features

Zircon from both samples are characterised by complex internal features on CL-images (Figures.
6, 7): oscillatory and sector zoning were observed within several grains as well as convoluted and/or
homogeneous CL features.

Zircon grains in the hypidiomorphic granular dyke (SB09) are euhedral and subhedral, range in
size from 50 to 200pum. Generally, the grains show large cores with dark homogeneous CL features
surrounded by thin brighter rims (Figure 6a). Completely homogeneous grains occur (Figure 6b-c),
as well as zircon showing broad banding (Figure 6g) and sector zoning (Figure 6f-h). It is common
to observe small inner cores with different zoning features with respect to the surrounding domains
(e.g. Figure 6e-f). Some grains have domains characterised by patchy zoning (Figure 6 e, j, k, 1).
Locally, zircon grains are characterised by bright irregular CL features at the external domains or
defining thin veins invading the inner portions (Figure 6c-i).

Zircon grains from the porphyroclastic dyke (SB08) show euhedral to subhedral shapes; the sizes
range from 50 to 200pm, as in SB09. Under CL the zircon grains show very complex internal features
with inner domains characterised by different CL features with respect to the external domains
(Figure 7b-c). Generally, the inner domains can be homogeneous or show oscillatory/broad band
zoning, the latters can be locally faint (Figure 7g-k). Zircon domains showing convoluted zones are
also frequent (e.g. Figure 7j-1) and more evident with respect to the SB09 sample. Bright irregular
external domains are common and may propagate towards grain interior (Figure 7).

X-ray maps at the EMPA were performed on two zircon grains, one for each sample, and
revealed that the zircons are characterised by tiny spots with high concentrations of U, Th and/or Y
(Figure S2).
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Figure 6 SEM-CL image of zircon grains for sample SB09. The spot analyses are reported as circles. :

White dotted and solid circles refer to U-Pb concordant and discordant data, respectively; yellow and

orange circles refer to trace element and Lu-Hf spot analyses.
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Figure 7 SEM-CL image of zircon grains for sample SB08. The spot analyses are reported as circles. :

White dotted and solid circles refer to U-Pb concordant and discordant data, respectively; yellow and
orange circles refer to trace element and Lu—Hf spot analyses.
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4.3. Zircon isotopic and chemical data

The U-Pb and Lu-Hf isotopic investigation has been targeted on homogenous domains and
domains with oscillatory and sector zoning. Instead, all the domains, including those with bright or
convoluted internal features, have been investigated to determine the trace element composition.

Forty-four U-Pb analyses (Figure 8a) were performed on 29 grains from SB09 dyke obtaining 14
concordant data with discordance <+2% in the range of 207 +6 to 227 +7 Ma (Figure 8b), with a
weighted average age of selected eleven analyses at 223 +7 Ma (20 error = mean of the errors). Fifty-
one U-Pb analyses (Figure 8c) were performed on 32 grains for SB08 dyke; 23 isotopic ratios resulted
concordant, with discordance <+2%, mainly in the range of 211 +5 to 236 +7 Ma, with a significantly
older data at 247 +7 Ma (Figure 8d) and a weighted average age of selected fifteen analyses at 224 +6
Ma (20 error = mean of the errors).
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Figure 8. a) and c) U-Pb Concordia diagrams for SB09 and SB0S, respectively. b) and d) diagrams of
U-Pb concordant data for SB09 and SB0S, respectively. The weighted average age reported on each
diagram was obtained from data shown as black bars. Concordia and weighted mean plots have been
performed using the IsoplotR toolbox [66].

Twenty-six trace elements analyses were performed on 23 grains for the SB09 dyke, whereas 27
trace elements analyses were performed on 17 grains for the SBO8 dyke. The Hf content varies from
12483 to 20041 ppm and from 13696 to 23479 ppm for SB09 and SB08 samples, respectively. The total
Hf content ranges without systematic variation as function of CL features. The total REE content is
higher in zircons from SB09 (1575-4093 ppm) than in those from SB08 (402-2329 ppm). Both samples
show exceptionally rich Th, U, Nb and Ta contents and similar REE Carbonaceous Ivuna (CI)-
normalized patterns characterised by HREE enrichment over LREE (Figure 9a) with Eu and Ce
defining negative and positive anomalies, respectively. Zircon grains from SB09 are characterised by
a more pronounced negative Eu anomaly and higher M-HREE contents with respect to zircon grains
from SBO08. Generally, the concentrations of Y, REE, U, Th and Pb are higher in domains with dark
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homogeneous or oscillatory zoning than within zircon portions with bright and convoluted features
at CL.

By comparing zircons from dykes studied in this work and from other Triassic-Jurassic intrusive
bodies of IVZ it is evident that studied zircon grains are characterised by M-HREE contents
significantly higher than those documented in zircons from leucocratic dykes, locally corundum-
bearing, in the Finero Complex (northern IVZ; [14,22]) and carbonatites (central IVZ; [59]). The
zircons in both felsic dykes are characterized by pronounced negative Eu anomalies that can be
absent in the other local Mesozoic intrusions (Figure 9b). The REE patterns of zircon grains from the
felsic dykes overlap the those reported for zircon grains hosted by large corundum xenocrysts in
alkali basalts [67] (Figure 9c). A comparison with zircon REE patterns from different igneous rocks
provided by Belusova et al., [68] and the studied zircon grains show REE patterns comparable with
those reported for syenite- pegmatite, dolerite and granitoids for the HREE and match those from
lamproite for LREE (Figure S3).
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Figure 9. CI chondrite normalized REE patterns of zircon from SB09 and SB08 dykes (a), comparison
with REE pattern of zircons of felsic dykes and carbonatites of the IVZ (b) and zircon included within
corundum megacrysts in alkali basalts (c). Carbonaceous Ivuna (CI) normalization values are from
McDonough and Sun [69].
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Zircons from felsic dykes SB09 and SB08 show comparable isotopic Hf composition (Figure 10):
in particular zircon grains from SB09 and SB08 show an average ¢Hf value of +11.7 (from +19.5 to
+5.6) and +12.6 (from +17.6 to +8.8), respectively. Strongly positive eHfy values have been
documented in zircons from leucocratic dykes, locally corundum-bearing, from the Finero Complex
[14,22], whereas zircons from Central IVZ carbonatites and chromitites have negative eHf values
[59,70, 71].
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Figure 10 eHfw values from several magmatic bodies from IVZ. eHf values are recalculated to the
individual spot analysis 2°Pb/>8U ages.

4.4. Thermodynamic modelling of corundum-bearing felsic dykes

Constraints on the P-T stability field of corundum-saturated mineral assemblages in the felsic
dykes at sub-solidus conditions have been provided by means of thermodynamic modelling using
the Perple_X package (http://www.perplex.ethz.ch; [39]), for thermodynamic database and the
solution models that have been used see paragraph 2.3. P-T pseudosection (Figure 11) has been
generated in the system Na:20-K20-CaO-FeO-MgO-ALOs-SiO2 at water-saturated conditions for P
ranging from 0.3 to 1.2 GPa and for T ranging from 650 to 950 °C for the bulk composition of the felsic
dyke from Montata outcrop reported by Bertolani [13], which broadly corresponds to anorthosite
sample SB08. This P-T range has been considered the possible conditions that IVZ was subjected from
Permian to Triassic considering the P-T established by previous work, e.g., [72,73,74] (see paragraph
5.2 for details).

For the whole range of P-T conditions plagioclase is always stable, and its composition is low in
anorthite (<10 %), whereas corundum disappears at HP conditions. The mineral assemblage observed
within anorthosite SB08 (corundum + biotite + hercynite + plagioclase) is stable in a temperature range
from ~700 to 950 °C for the considered pressure interval (0.3-1.2 GPa). Thermodynamic modelling
predicts that nepheline is stable at higher temperature whereas garnet or sillimanite appear toward
lower temperature conditions.
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Figure 11 P-T pseudosection calculated for the chemical composition provided by Bertolani [13] for

the plumasitic dyke recognized in Val Sabbiola, along the road to Montata village, which location and
mineral assemblage correspond to our anorthosite SB08. The grey field corresponds to the mineral
assemblage of SB08 rock. The dashed line indicates the pressure conditions estimated for the
emplacement of the Mafic Complex during Carboniferous-Permian interval [72]. In the small stability
field we reported the letters to indicate the mineral assemblage in those fields: [a]:
Amp+Prg+Pl+Cpx+Crn;  [b]:  Bt+Amp+Prg+Pl+Cpx+Crn; [c]: Bt+Amp+Ms+Grt+Pl+Crn;  [d]:
Amp+Prg+Ms+Pl+Cpx; [e]: Bt+Amp+ Prg+Ms+Pl+Cpx; [f]: Bt+Ms+Pl+Crn; [g]: Bt+St+Ms+Pl+Crn; [h]:
Bt+Gt+P1+Sil+Crn; [i]: Bt+Ms+Pl+Sill+Crn. Abbreviations after Whitney and Evans [27].

5. Discussion

5.1. Field and textural constraints on magmatic process

In both felsic dykes, the occurrence of albite, zircon +K-feldspar as inclusions within large
corundum grains suggest they belong to the same mineral assemblage, that has been found
worldwide in magmatic corundum from both alkali-rich intrusives and volcanic rocks, e.g.,
[2,75,76,77]. Although the studied rocks share almost the same mineral assemblage they are
characterised by markedly different textures. Leucomonzonite SB09 shows a pegmatitic texture
suggesting undisturbed crystallisation of minerals from the melt.

The presence of large corundum and albite grains indicates that also the anorthosite SBO8 was
characterised by a pegmatitic texture overprinted by a later intense grain size reduction resulting in
a porphyroclastic texture. It is interesting to note that the fine-grained, mylonitic fabric was already
reported for the corundum-bearing felsic dykes from IVZ, e.g., [7,13,19,22]. Several lines of evidence
indicate that the grain size reduction was imparted by a late magmatic process and not by shearing;:
i) there is no evidence of shearing at both local and outcrop scales and ii) the contacts between felsic
dyke and the host gabbro have a magmatic zigzag configuration.

A penetrative syn-to-post crystallization deformation in Norian-Pliensbachian leucodiorite
dykes (for a correct classification of these rocks see Mazzucchelli [78] intruding the mantle unit and
the deepest crustal cumulates in the Finero Complex has already been documented [20,21,22].
Schaltegger et al., [22] report the development of breccia-like structure due to an “explosive”
exsolution of a volatile and LILE/HFSE-rich residual melt during late stages of crystallization at
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pressure corresponding to the mantle-lower crust transition. The exsolution of volatiles in nepheline
syenite system has been considered responsible for violent “mantle explosions,” being related to
formation of peralkaline rocks, e.g., [79]. Similar “explosive” features have been recognized at mantle
depths in intrusive rocks (mica-amphibole-rutile-ilmenite-diopside called MARID) attributed to both
lamproitic [80] and kimberlitic [82,83] melts. Explosions in phonolite systems were also recognized
by Price [83]. Consistently, it is proposed that in the studied dyke (i.e. anorthosite SB08) an explosive
release of volatiles from residual melts locally occurred and promoted very intense hydrodynamic
fracturing and grain size reduction.

5.2. Timing and P-T estimates for felsic dykes intrusion

Euhedral zircon grains were found both as inclusions within large corundum, feldspar and
biotite grains and along the grain boundaries together with the other rock-forming minerals. The
exceptionally high concentration levels of Nb, Ta and U within zircons in both samples, suggest that
the parental melts were enriched in these elements. Such enrichment is also supported by the
crystallization of Nb, Ta, U minerals, which are also present as inclusions into zircon crystals (Figure
$2). The concomitant strong Th enrichment shown by zircon also suggests the possible saturation in
thorite of the melt. The large Al2Os content of biotite-siderophyllite (up to 22 wt.%; Figure S1) and
hercynite (60 wt.%) is further evidence of the peraluminous character of the parental melt and
support their equilibrium with corundum. In this framework, zircon grains from the felsic dykes
provide robust geochronological constraints on the magmatic evolution. Zircon crystals show very
complex internal structures, frequently characterised by recrystallized domains and/or chaotic
textures (see Figure 6 and 7). In both samples, the zircon grains have bright irregular domains
replacing areas with magmatic textures (i.e. dark homogeneous, oscillatory and sector zoning). This
process is interpreted as the results of late stage interactions of the zircons with fluids during cooling,
e.g., [84,85,86]. The recrystallized zircon bright domains are lower in U, Th, Pb, Y, Nb and REE than
the pristine zoned magmatic domains. This may suggest that recrystallization promoted migration
of some incompatible elements [60,86]. For both samples, the obtained weighted average of the U-Pb
concordant data (223-224 Ma; Norian) is interpreted as the crystallisation age (Figure 8). Younger
concordant ages are interpreted as the result of the perturbation of U/Pb system during late magmatic
stages or at subsolidus conditions. The older concordant data are here interpreted as related to
xenocrystic portions locally recognised under CL in some grains. The observation that the extent of
the recrystallized domains is definitely larger in SBO8 zircons, suggests a relationship with the late
deformation stage related to volatile-driven overpressure and exsolution.

Considering the crustal level of emplacement of the felsic dykes studied here and the pressure
gradients established during Upper-Carboniferous to Lower Permian times estimated along the
Mafic Complex intrusives of Val Sesia [71] and the metamorphic rocks of Val Strona d’Omegna
[73,74] a maximum intrusion P of ~0.7-0.6 GPa can be estimated. Taking into account a possible
thinning of the continental crust between 2 and 4 km occurred during Lower Permian to Upper
Triassic [48,88,89], a pressure range of 0.6-0.5 GPa (15-18 km depth) is considered as reliable estimate
for the intrusion conditions of the felsic dykes during Norian time.

According to thermodynamic modelling (Figure 11) the observed mineral assemblage for SB08
dyke is stable at temperatures between 720-800 °C and 740-820 °C for 0.5 and 0.6 GPa, respectively.
These P-T conditions can be considered to bracket the end of the crystallization and subsolidus
equilibration. The temperature estimates are within the 685-900 °C range of the minimum
temperature obtained for corundum crystallization from alkali melts by petrological investigations
[90,91]. They are also strictly consistent with the 725-880 °C temperature interval determined for the
onset of corundum crystallization from silicic melts at crustal to upper mantle conditions (0.6-1.1
GPa) through MELTS simulation by Sutherland et al. [76].

As far as we are aware, these are the most robust indirect constraints provided about the
pressure conditions of corundum stability in natural melts. Our observations support the conclusions
of Guo et al,, [92], who suggest residence of magmatic corundum in alkali basalts at mid-crustal
depths (0.5 GPa), while Sutherland et al. [76] argue a pressure between 0.5 and 1.0 GPa (15-30 km
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depth) for crystallization of magmatic corundum in felsic melts. Evidence for saturation of corundum
at mantle depths is given by the peculiar association of corundum-bearing felsic assemblages with
mantle peridotite xenoliths in the Scottish basalt province [93]. Summarizing, the occurrence of
corundum-bearing felsic assemblages has been documented for pressure conditions from
middle/lower crust to upper mantle.

5.3. A possible genetic model of corundum-saturated felsic melts

The petrochemical features of the felsic dykes studied here provide a unique opportunity to
place valuable constraints on the petrogenesis of corundum-oversaturated mantle melts. The
possibility that some corundum was inherited from the host rocks is very remote, because it is a pretty
rare and small accessory mineral in the host rocks of the felsic dykes, namely granulite-facies rocks
of the metamorphic basement and the intrusive rocks of the Permian Mafic Complex [19,94].
Moreover, it is expected that corundum in disequilibrium with the host melt have anhedral crystal
shapes, rounded edges and thick coronitic textures made by spinel, as found in corundum xenocrysts
in alkaline basalts (e.g. [77] and references therein). In this frame, the local evidence of surface
corrosion shown by few crystals from leucomonzonite SB09 does not necessarily indicate a
xenocrystic origin, as this feature is also observed in basaltic phenocrysts due to reaction relationships
resulting from changing temperature (and pressure) and/or local variation of melt composition
during crystallization, e.g., [76].

The segregation of corundum, and the very large Al:Os content of biotite-siderophyllite (22
wt.%) and hercynite (60 wt.%) in SB09 leucomonzonite, evidence a clear peraluminous character of
the parent melts of the felsic dykes. The composition of hercynite and biotite-siderophyllite also
indicates that the melts had very low Mg# value and Ti content, and high Mn and Zn values. The low
modal content of mafic minerals and the plagioclase composition close to the albite end-member
point to a very low overall concentration in Fe and Ca. According to the trace element zircon
composition and to the occurrence of Nb-Ta-oxides and uraninite, it is concluded that the melts had
exceptionally high concentrations in U, Th, Nb, Ta and REE (Figures 9, S3). Thus, all the major and
trace element composition converge in indicating that the melts were extremely evolved
differentiates. This is also supported by i) the estimated low-temperatures of end-
crystallization/subsolidus equilibration, as down as 840-820 °C and ii) the observations that the
mineral assemblage consisting of albite-oligoclase, biotite-siderophyllite, K-feldspar, hercynite,
zircon, columbite and uraninite is typically associated to magmatic corundum from strongly-evolved
intrusives (nepheline-bearing and nepheline-free) syenite/monzonite in composition [2,15,95], and
their corresponding volcanics (phonolites/trachytes), which are common in rift-related alkaline
volcanism [2,76,77,89,90].

The strict similarity in U-Pb ages and isotopic Lu-Hf zircon composition, as well as in trace
element zircon concentration and fractionation, suggests that the two felsic dykes studied here
represent different steps of a differentiation process affecting a unique magmatic pulse. In this frame,
the increase of M-HREE, Th, U, Nb and Ta and negative Eu anomaly in zircon (Figure 9a), and the
appearance of K-feldspar in addition to albite suggest that leucomonzonite SB09 can be the more
evolved differentiated produced by fractional crystallization dominated by feldspar precipitation.
The larger amount of corundum in the SB09 leucomonzonite highlights a concomitant increase of the
peraluminous character of the melt. Such a differentiation trend points forward to a syenite end-
product, which is the most common corundum-bearing intrusive rock world-wide, e.g., [15,91,96,97].
A liquid line of descent involving the precipitation of diorite-monzonite-syenite sequence is typical
of both silica-saturated to silica-undersaturated alkali-rich melts. But, there is an overwhelming
evidence of the correlation of corundum-oversaturation during alkaline volcanisms, which has led to
consider corundum saturation as the result of differentiation of mantle-derived alkaline basalts
[15,90,91,98,99]. Nevertheless, available experimental investigations ([4,5]) do not show evidence for
the existence of a liquid-line-of-descent allowing for saturation in corundum starting from basalt
composition, e.g., [77,92]. This has led to envisage a number of alternative petrologic scenarios.
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In particular, Sutherland et al. [76] demonstrated by MELTS thermodynamic simulation that
partial melting at shallow upper mantle conditions (1.1 GPa) of hornblende-bearing garnet/spinel
pyroxenites and hornblendites may generate through fractional crystallization at P from 1.1 (mantle)
to 0.6 (mid-crust) GPa residual liquids silicic, aluminous, alkaline and volatile-rich, with relatively
low total FeO, CaO, MgO, TiO2, and P20s, capable of producing corundum-saturated leucocratic
rocks. This scenario is supported by the results of MELTS simulation of the partial melting of
phlogopite-amphibole-rich harzburgite forming the Finero Phlogopite Peridotite [100], which
evidenced as the eutectic melts were silicic and corundum-normative. Nevertheless, this scenario
appears of limited geological relevance, because mantle melts are commonly produced at definitely
higher depths and are basaltic in compositions ([101] and references therein). The occurrence of
nepheline in corundum-bearing intrusives e.g., [2,22] supports a genetic linking with silica-
undersaturated melts.

In this regard, a number of hypotheses involving carbonate-components have been envisaged
to explain the igneous crystallization of corundum, among which: i) corundum crystallization from
carbonatitic melts exsolved from differentiated alkaline melts (phonolites) derived from partial
melting of spinel-facies amphibole-phlogopite-bearing carbonated lithospheric mantle [77]; ii)
corundum stabilization by interaction of a highly evolved, syenite/granite silicate melt with a
carbonatitic melt at crustal levels [92]; iii) differentiation of Fe-rich syenitic melts rich in CO2 and H20,
with formation of alkali-carbonate complexes and consequent oversaturation in[102].

Evidence of violent, explosive exsolution of volatile-rich melts is actually recorded in the
anorthosite SB08, as well as in the Norian-Pleisbachian nepheline-bearing alkaline dykes of the Finero
Complex [20,21,22]. Even though carbonates have been observed within Norian alkaline dykes
[20,21], as well as in bands of the host mantle peridotites showing Norian metasomatic
recrystallisation [103,104], they are absent within the studied felsic dykes suggesting that CO: was
not a major component of the volatiles budget. This let us to suggest that the involvement of a
carbonate component alone cannot justify the origin of corundum-bearing felsic dykes.

However, the widespread explosive characters of these leucocratic intrusions, locally saturated
in corundum, suggest that exsolution may play a key role in producing those melts. Several schemes
of melt-melt-fluid exsolution can take place in volatile-rich differentiated melts, e.g., [105,106,107]. In
particular, exsolution of peraluminous silicate melts has been documented in evolved magmatic
systems, having peralkaline silicate melts as complementary exsolved components [105]. Thus, we
proposed a petrogenetic model in the frame of which corundum-oversaturation originated from the
evolution of alkaline mantle melts, through exsolution of peraluminous silicate melts from volatile-
rich differentiates. It is interesting to note that in the field it is possible to recognise peraluminous
silicates melts (e.g., phlogopite-bearing hornblendites) associated with felsic dykes, at least in the
northern sector of the IVZ (Finero area). Further investigations are ongoing to constrain if all the
historical corundum-rich felsic dykes of IVZ are connected to this process, and to unravel the location
and composition of the most primitive melts of such a tectono-magmatic event.

5.4. Survival of corundum-bearing felsic dykes: the role of the refractory lower crustal rocks

Several data and observations related to the felsic dykes here studied are not consistent with a
corundum-saturation of the melt through the development of the plumasite-type metasomatic
scheme: there is no evidence of an original granitic composition for the migrating melt. The presence
of Norian crustal granite has never been documented into the IVZ [53,58,108,109]. Moreover, their
occurrence is unexpected, because of the thermal condition of the lower crust had to be well far from
those leading to regional anatexis [47,89,110,111,112,113,114,115]. Generally, the felsic dykes occur
within mafic intrusives and granulites and only rarely (the Finero area) they intrude ultramafic rocks.

The strongly positive eHf values documented in zircons from both felsic dykes point to a clear
mantle derivation of their parent melts, indicating that chemical exchange with the crustal rocks was
limited. This consideration is also supported by the mantle affinity of the isotopic oxygen
composition obtained for corundum from a felsic dyke from Val Sessera (southern IVZ, [15]). A
limited interaction with the host crustal rocks is not surprising. Mineral assemblages of IVZ
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granulites are equilibrated at temperatures >900 °C (~1.0-1.2 GPa; [73,115]), with consequent removal
of 30-40% of granitic component. The gabbroic rocks of the Val Sesia Mafic Complex have
equilibrium temperature from 730 °C in the upper part of the intrusive body to 810 °C at the bottom,
close to the Insubric line [72]. Nevertheless, the temperature estimated for large dehydration melting
of amphibole in mafic rocks is definitely larger (ca. 950 °C; [116]). A completely different scenario is
expected in the case that the felsic melts entered in contact with very fertile amphibolite-facies rocks,
which during Norian overlied the granulite-facies rocks. At mid-crustal depth, metapelites and
metagreywakes can start melting at temperatures lower than those typical of mantle melts, from 650
to 730 °C under fluid-saturated and fluid-absent conditions, respectively [117,118]. Similar
temperatures of beginning of partial melting are shown by carbonates (>600 °C; [119]) and by
metabasites under fluid-saturated conditions (680 °C), whereas the temperature of fluid-absent
partial melting of metabasites is definitely higheri.e., 850 °C [116,117,118,120 and references therein].
Besides, the rate of melt production during the partial melting of metapelites, even under fluid-absent
conditions, is extremely large at ~820-875 °C, because of the breakdown reaction involving mostly
biotite [116 and references therein, 121]. Thus, it is expected that the composition of relatively small
volumes of HT mantle melts rapidly changes, due to intense chemical exchange with amphibolite-
facies rocks and/or assimilation of anatectic melts. A spectacular example of the results of this
interaction is the formation of garnetite dykes in Val Fiorina (northern IVZ; [122]).

Many reaction schemes and differentiation trends can be envisaged depending on temperature
and composition of the intruding melt, the volatile abundance, the depth level, the composition of
the basement rocks met by the melt during its ascent. In the specific case of the mantle melts
producing the investigated corundum-saturated felsic rocks, as consequence of the volumetric
predominance in the basement of metapelites, metagreywackes and metabasites, the interaction with
amphibolite-facies rocks would increase the silica content of the melt, progressively promoting the
precipitation of plagioclase instead of corundum. This scenario is confirmed by the results of MELTS
thermodynamic simulation of Sutherland et al., [76].

It is thus evident that the chance to have the preservation of corundum-saturated intrusive
bodies produced by mantle melts differentiation is strongly limited to sequences typically formed by
lower crustal rocks, such as refractory granulites and intrusive mafic bodies (Figure 12). This
provides an explanation to the rarity of corundum-rich intrusive rocks with respect to the widespread
corundum occurrence in alkaline volcanic terrains.
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Figure 12 Schematic sketch of the IVZ lithospheric section at Upper Triassic showing the intrusion of
felsic dykes in the middle/lower crustal levels. Black arrows indicate the hot flux/melt upraising from

asthenosphere in an extensional tectonic regime.

5.5. Geodynamic implications

In this section, the intrusion of felsic dykes is discussed in the framework of the temperature and
time (T-t) evolution of the lower continental crust from Carboniferous to Jurassic (see Figure 13).
According to Ewing et al., [115] the T-t history of the lower crust was characterised by a regional HT
metamorphism during Carboniferous followed by a peak temperature event at Permian, coeval with
large mafic magmatism at the base of the crust (Figure 13). Several heating events occurred in the
lower crustal rocks from Permian to Lower Triassic. Discrete heating phenomena were reported by
several authors up to Jurassic and were related to hyper-extension during exhumation, e.g.,
[54,70,115,123,124]. Besides the main mafic magmatism observed in the Sesia Valley occurred at
Permian (295-282 Ma; [49,125,126]), the lower crust experienced the intrusion of several discrete
bodies at different levels and time (Figure 13). Sills and small mafic bodies occurred in Carboniferous
time (i.e. 314 +5 Ma and 306 +5 Ma for the Monte Capio and Albo sills respectively; [53]), whereas
alkaline ultramafic pipes started to be intruded at least 5 Myr after the formation of the Mafic
Complex (i.e. 277 Ma) and possibly continued up to 249 Ma [56]. Important igneous events mark the
geodynamic evolution of the area now referred to the Southern Alps during Triassic times. In
particular, a diffuse igneous activity with orogenic, shoshonitic to K-rich calc-alkaline, affinity
developed during the Middle Triassic (~243-235 Ma) in the Eastern (Dolomites area) and Central
(Brescian PreAlps) sectors ([127,128,129,130,131,132]. These events occurred under mainly trans-
tensional regime, which determined the partial melting of mantle regions metasomatised by crustal
components during the Variscan orogenic cycle [129,130,131]. In the westernmost sector of the
Southern Alps, the record of this tectono-magmatic activity is poorly documented, being essentially
limited to Ladinian-Carnian ages provided by magmatic (e.g., 239-232 Ma; [60,63,133]) and
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metamorphic zircons, e.g., [134,135] from the deepest crustal rocks of IVZ, namely those of the Finero
Complex, and by zircons from tuffitic layers occurring in the carbonate platform (241 Ma; [132,136]).
Alkali-rich magmatism with orogenic character similar to that of Middle Triassic lavas and intrusives
of Dolomites has been documented in the Finero Complex by Giovanardi et al., [137].

The Norian zircon ages found in the felsic dykes of this study are significantly younger than
those attributed to the magmatic cycles with orogenic affinity. In particular, they match intrusion
zircon ages (on average, 225-226 Ma) provided for nepheline-and-sodalite-bearing felsic dykes
intruding both the mantle Phlogopite Peridotite [20,21] and the deepest, intrusive crustal units
[138,139]. Younger Norian-Pleisbachian ages are given by nepheline-bearing diorites (213-190 Ma;
[22]) and other felsic dykes (213 Ma; [64]) intruding the lowermost crustal, intrusive units of Finero
Complex. Nepheline-and-sodalite-bearing diorites have anorogenic, alkaline affinity, recording
mixture of depleted mantle and high u (HIMU) isotopic components typical of Ocean Island Basalts
(OIB; [20,21,22]) and convecting “asthenospheric” mantle. These observations induced to consider
such a magmatism as a result of a mantle plume activity, involving the upraise and melting of fertile
asthenosphere [20,21,22]. The isotopic Hf composition found in the zircons from the felsic dykes
studied here support a derivation of the parental melts from a deep, asthenospheric reservoir with
depleted mantle to mildly enriched geochemical signature. A transition of the geochemical affinity
from orogenic to anorogenic (“transitional”) was also recognized in the 217 Ma melts erupted in the
Brescian PreAlps [140]. Recent geochemical and geochronological constraints on lamprophyiric
dykes from Dolomites point to 219-220 Ma (Ar-Ar ages) alkaline activity with the involvement OIB-
like components [141]. As a whole these observations indicate a regional upwelling of deep-seated
asthenosphere over more than 500km pointing to a possible mantle plume activity. From a structural
point of view, the 225-215 Ma time interval records a change of the tectonic regime towards a more
real/ more authentic/ purer extensional environment. It corresponds to the beginning of rifting stages,
precursor episodes of the opening of Alpine Tethys. They were associated with the development of
sedimentary unconformities in half-graben structures, which accommodated E-W-directed lateral
extension [113,142,143,144], and associated with exhumation of lithospheric mantle of the Adria plate
[145]. In the IVZ, this tectonic stage was accommodated by several shear zones at different crustal
levels [113,134,146,147].

According to recent geochronological investigations episodic magmatism producing
mafic/ultramafic rocks, alkaline dykes/pegmatites and carbonatites (with evidence of crustal
assimilation) continued up to Jurassic, likely related discrete episodes of thinning and exhumation
(Figure 13;[14,22,57,59,60,62,148]). However, further investigations are needed in order to place more
detailed constraints on the mantle-crust interplay ruling the rifting of the continental before the
opening of the Alpine Tethys.
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Figure 13 Temperature and time (T-t) plot for the central and southern part of IVZ, modified after
Ewing et al., [51,115] and Klétzi et al. [53]. The black line indicates T-t evolution of high-grade
metamorphic rocks. Magmatic events occurred in the IVZ from Permian to Jurassic are also shown at
the top of the T-t plot. Green and pink boxes refer to zircon 2°Pb/?U age data from mafic/ultramafic
and felsic compositions, respectively. References: (a) [53]; (b) [49]; (c) [51,56,58] (d) [60]; (e)
[14,20,22,62]. The intrusion age for the studied felsic dykes are also shown.

6. Conclusions

Felsic dykes containing large (up to 2cm) and abundant (up to 50 vol.%) corundum crystals occur
within lower crustal rocks of the Ivrea-Verbano Zone. The dykes show either pegmatite-like textures,
resulted from magmatic, undisturbed crystallization, or porphyroclastic textures due to release of
large amounts of volatile-rich components, hydrodynamic fracturing and grain size reduction during
late magmatic stages. The Hf isotopic composition of zircon suggests a deep mantle source for the
parent melts, which intruded the bottom of the continental Adria crust during the Upper Triassic
(223-224 Ma). Major element composition, zircon chemistry and the occurrence of accessory minerals
such as Nb-Ta-oxides and uraninites point to a segregation of these felsic dykes from extremely
differentiated melts. It is proposed that corundum oversaturation was the consequence of the
exsolution of peraluminous silicate melts promoted by volatiles overpressure. Field observations, in
combination with petrological, microstructural and geochemical evidence for both felsic dykes and
host rocks, suggest that corundum oversaturation in uprising mantle melts can be preserved only in
bodies/conduits intruding ultramafic and/or refractory, granulitic crustal rocks, i.e. in lower crust
sequences. Triassic magmatic activity is largely documented throughout the Southern Alps, being
related to a different tectono-magmatic cycle. In this frame, the magmatism producing corundum-
rich felsic dykes marks the beginning of a major reorganisation of the tectonic structures of the
Southern Alps, during which the trans-tensional deformation regime developed during Middle
Triassic (~243-235 M) in association to orogenic magmatism (with shoshonitic to K-rich calk-alkaline
geochemical affinity) evolved towards a more frank extensional environment in the Upper Triassic
(~225 Ma), coupled with anorogenic magmatism fed by large volumes of asthenospheric components.
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It is argued that such a change in the tectono-magmatic features can represent the actual onset of the
Alpine cycle.

Supplementary Materials:

Supplementary table captions

Table S1. List of analyses made on SB09 and SB08 samples.

Table S2. Mineral compositions based on EMPA analyses for both felsic dykes.

Table S3. LA-ICP-MS U/Pb data of zircon grains for SB09.

Table S4. LA-ICP-MS U/Pb data of zircon grains for SB08.

Table S5. LA-ICP-MS trace elements of zircon grains for SB09.

Table S6. LA-ICP-MS trace elements of zircon grains for SB08

Table S7. LA-ICP-(MC)-MS Lu/Hf composition of zircon grains for SB09 and SB0S.

Supplementary figure captions

Figure S1. Ternary composition diagram for micas showing the composition of biotite. Red squares show the

composition of biotite for SB09 felsic dyke and green squares show the composition of biotite for host gabbro of

the SB08 dyke. The pink and orange squares are the composition of biotite and siderophyllite reported in the

Handbook of Mineralogy [149].

Figure S2. a-b) CL and backscattered electron (BSE) images for a zircon grain (SB09) showing internal features

(zoning and inclusions) c-d) RGB images obtained from X-ray maps showing the rich Y, U, Si, P phases/domains

included in the zircon grain. e-f) CL and BSE images for a zircon grain (SB08) showing internal features (zoning

and inclusions) g-h) RGB images obtained from X-ray maps showing the rich Y, U, Si, P phases/domains

included in the zircon grain.

Figure S3. Chondrite-normalized REE patterns (averages) of zircons from felsic dyke (5B09 and SB08) and from
different magmatic rock types reported in Belusova et al., [68]. Normalization values are from McDonough and

Sun [69].
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