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Abstract

We investigated olivine minette dykes from the Rio Colan Valley of the Julian Alps (NE Italy) to
provide new constraints on the mantle geochemistry underneath this extreme sector of the
Italian Southern Alps. Petrographic observations, high Mg#s, high Cr and Ni contents, low
Dy/Ybcy ratios and flat heavy rare earth element (REE) profiles imply these are primary mag-
mas derived from a depleted peridotite with olivine and garnet as possible residual phases.
However, high K,O and incompatible trace element contents, coupled with superchondritic
Nb/Ta ratios, suggest that the source was modified into a rutile-phlogopite-bearing carbonated
peridotite by multiple metasomatic events such as recycling of crustal material and carbonatitic
metasomatism related to an old orogenic event and rutile-rich metasomatism linked to the
Pangaea break-up. Laser ablation — multi-collector - inductively coupled plasma — mass spec-
trometer (LA-MC-ICP-MS) U-Pb geochronology of apatites from two dykes yielded
differences between unforced and forced discordia ages up to ~45 Ma, likely due to the initial
207pp/206pb correction adopted. Nonetheless, because forced discordia and 2°°Pb/>*3U weighted
mean ages are overall similar within the uncertainty, our preferred interpretation is that olivine
minettes intruded and crystallized at ~67 Ma. The age and anorogenic signature of these mag-
mas are consistent with the regional extensional tectonics in the Julian Alps due to the advance
of the external Dinaric front following Adria plate eastward subduction. Eventually, we show
also that Rio Colan magmas are geochemically hybrid products between lamprophyres and
lamproites compared with similar Italian and Western Mediterranean volcanics.

1. Introduction

Lamprophyres, lamproites and other mafic-ultramafic alkaline rocks (e.g. kimberlites and
orangeites) record information on the depletion and metasomatic processes occurring as deep
as the asthenospheric Earth’s mantle and are genetically linked to major events of superconti-
nent break-up and amalgamation (Krmi¢ek & Chalapathi Rao, 2022). Lamprophyres (see Le
Maitre et al. 2002; Krmi¢ek & Chalapathi Rao, 2022 for a review) are mesocratic and less com-
monly holomelanocractic, porphyritic rocks that usually occur as dykes and sills. They are char-
acterized by phenocrysts of euhedral to subhedral mafic anhydrous (commonly
hydrothermalized clinopyroxene * olivine) and hydrous mafic (mica and/or amphiboles) min-
erals. These phenocrysts are immersed in a groundmass formed by the same mafic minerals in
addition to occasional feldspars and/or feldspathoids. Lamprophyres are generally subdivided
into three sub-groups, calc-alkaline, alkaline and ultramafic, with a further subdivision based on
the proportion of light-coloured and mafic minerals. These rocks usually contain high amounts
of K,0 and/or Na,0, H,O, CO,, S, P,O5 and Ba. On the other hand, lamproites contain TiO,-
Al,O3-poor phenocrystic phlogopite, groundmass poikilitic tetraferriphlogopite, TiO,-K,O
richterite, forsteritic olivine, Al,03-Na,O-poor diopside, non-stoichiometric Fe-rich leucite
and Fe-rich sanidine (chemical ranges in Le Maitre et al. 2002; see also Lustrino et al. 2016
and Krmicek & Chalapathi Rao, 2022). All these minerals are not required, but the presence
of primary plagioclase, melilite, monticellite, kalsilite, nepheline and Na-rich alkali feldspar,
among many others, precludes a rock from being a lamproite. Like lamprophyres, lamproite
nomenclature is based on the occurrence of primary minerals. Additionally, lamproites are
ultrapotassic (molar K,O/Na,O > 3), perpotassic (molar K,0O/Al,O3;> 1), and peralkaline
(molar K,0 + Na,0/ALO; > 1) with Mg# (Mg/(Mg + Fe*™) > 70, FeOr, and CaO < 10 wt
%, Ba>2000 pg/g (commonly >5000 pg/g), TiO, from 1 to 7 wt %, Zr>500 pg/g,
Sr> 2000 pg/g, Zr > 500 pg/g and La > 200 pg/g (Foley et al. 1987; Le Maitre et al. 2002).
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Fig. 1. (Colour online) (a) Lamprophyre and
lamproite occurrences in the present-day
Western Mediterranean area (modified from
Prelevi¢ et al. 2008; Stoppa et al. 2014). RC: Rio
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Despite these mineralogical and geochemical differences, lamp-
roites and lamprophyres are produced through low degrees of par-
tial melting of an extensively depleted peridotite subsequently
enriched in incompatible elements. The peridotitic source(s) is
expected to be refractory because of the high-Fo olivines, Cr-rich
spinels, high whole-rock Mg# (>0.70) and low Al,0;-CaO-Na,O
contents. In contrast, strong enrichments of large-ion lithophile
elements over high-field-strength elements (i.e. high LILE/HFSE
ratios) indicate fluids/melts derived by recycling of crustal compo-
nents and/or carbonatitic metasomatism which results in the for-
mation of phlogopite and/or amphibole-bearing peridotite or
veined network (Foley, 1992; Tappe et al. 2004, 2006, 2008;
Prelevi¢ et al. 2008, 2010; A Pandey et al. 2017a, b; Fitzpayne
et al. 2018, 2019; Talukdar et al. 2018; R Pandey et al. 2019;
Choi et al. 2020; Casalini et al. 2022 and references therein). In
the case of highly advanced metasomatism, the primary (i.e. peri-
dotitic) mineralogy can change into a mica—amphibole-rutile-
ilmenite-diopside (MARID) assemblage (Foley, 1992; Grégoire
et al. 2002; Tappe et al. 2008; Conticelli et al. 2009; Casalini
et al. 2022 and references therein). Notably, if any of the metaso-
matic assemblages described above undergoes low degrees (<5 %)
of incongruent melting, it can alone reproduce the trace element
patterns and isotopic features of lamproites and lamprophyres
(and other mafic-ultramafic alkaline rocks like orangeites; Pilet
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et al., 2008; Tappe et al. 2008; Conticelli et al. 2009; Giuliani
et al. 2015; Fitzpayne et al. 2018, 2019; Casalini et al. 2022).

Lamprophyres and lamproites have been widely recognized
along the European margin of the Western Mediterranean Sea
(Fig. 1a; Section 2). Most of these mafic to ultramafic alkaline mag-
mas are distributed in space and time over the Italian territory,
allowing for a wide investigation of the evolution of the lithospheric
and asthenospheric mantle underneath the whole peninsula. In this
context, rare and small ultramafic dykes in the Julian Alps (Friuli
Venezia Giulia Region; Fig. 1a, b; Carulli et al. 1987) can provide
clues regarding the geochemical features of the northeasternmost
sector of the mantle beneath the Italian peninsula. This work reports
on new mineral chemistry, bulk-rock major, and trace elements for
these ultramafic intrusions. We show that these magmas are lamp-
rophyres (i.e. olivine minettes) from the mineralogical point of view
but geochemically are more akin to lamproites or orangeites. The
source of these occurrences underwent extreme depletion and meta-
somatic processes resulting in geochemical features distinct from the
Western Mediterranean lamprophyre and lamproite magmas.
Eventually, U-Pb apatite ages obtained via high-spatial-resolution
laser ablation — multi-collector — inductively coupled plasma — mass
spectrometer (LA-MC-ICP-MS) geochronology were used to con-
strain the age of these intrusions and frame them in a clear geody-
namic context.
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2. Main features of the Western Mediterranean
lamprophyres and lamproites

2.a. Lamproites

In the Western Mediterranean area, lamproites crop out (Fig. 1a)
in Murcia-Almeria in the Betic zone (~6.4-8.1 Ma; Spain), in
northern Corsica (~14.6 Ma; France) and in the Tuscany Region
(~0.8-4.2 Ma; Central Italy) (Prelevi¢ et al. 2008, 2010;
Conticelli et al. 2009; ages are from Casalini et al. 2022 and refer-
ences therein). Overall, lamproites contain variable amounts of
K,O (3.5-10.7 wt %) and Mg# (0.45-0.87) with Niand Cr contents
up to 849 and 1039 pg/g, respectively. They have high rare earth
element (REE) contents, high LILE/HFSE ratios and show a
marked positive Pb anomaly in the primitive-normalized (PM)
diagrams. They are characterized by high Rb/Sr and low Ba/Rb
ratios and a positive correlation between Th/La and Sm/La
(Tommasini et al. 2011). These features, coupled with crustal Sr,
Nd and Pb isotopic compositions, imply derivation from the par-
tial melting of a depleted peridotitic lithospheric mantle cross-cut
by lawsonite- (i.e. high Th/La and Sm/La component; Tommasini
et al. 2011) and phlogopite-bearing (i.e. K-rich) veins which
formed during two temporally different events of crustal metaso-
matism (i.e. vein-plus-wall-rock melting; Foley, 1992; Casalini
et al. 2022 and references therein).

2.b. Lamprophyres

The oldest lamprophyres in Italy crop out at Predazzo and
Marmolada (NE Alps; Fig. 1a) and represent the oldest alkaline
intrusions in Italy (218-220 Ma, Casetta et al. 2019; De Min et al.
2020 and references therein). They have a general potassic affinity
(K,O up to ~4 wt %), variable Mg# (0.30-0.70), Ni (27-237 pg/g)
and Cr (14-585 pg/g), and have high light REE (LREE) over heavy
REE (HREE) ratios. They do not show enrichment in LILEs and
PM-normalized multi-element diagrams, lack Ti and Nb troughs
and show negative Pb anomalies. Except for a few occurrences dis-
playing high degrees of fractional crystallization and crustal con-
tamination, Sr, Nd and Pb isotopes of the lamprophyres approach
the mid-ocean ridge basalt (MORB) values (Casetta et al. 2019; De
Min et al. 2020), and it is generally agreed that they derive from the
partial melting of phlogopite + amphibole-bearing spinel + garnet
lherzolite (Casetta et al. 2019, 2021; De Min et al. 2020). However,
whether these alkaline magmas represent a deep mantle section
metasomatized during the Variscan orogeny or the transition
towards a mantle source progressively exhausting its Varsican
imprinting is still debated (see discussion in De Min et al
2020). In addition, Casetta et al. (2019) reported a possibility of
asthenospheric and carbonatitic components during this alkaline
magmatism.

The other lamprophyre occurrences span from the Lower
Cretaceous to the Oligocene and are localized (Fig. 1a) in the
Western Alps (Sesia Lanzo: ~33-30 Ma (Owen, 2008; see
Casalini et al. 2022 and references therein for another interpreta-
tion)), NE Alps (Calceranica: ~71 Ma (Galassi ef al. 1994); Corvara
in Badia: ~68-70 Ma; Val Fiscalina: ~34 Ma (Lucchini et al. 1983)),
Tuscany (Southern Tuscany Alkaline lamprophyres: ~90-110 Ma
(Vichi et al. 2005; Stoppa, 2008; Stoppa et al. 2014)), Abruzzo (La
Queglia: ~54 Ma (Vichi et al. 2022)), Puglia (Pietre Nere: ~58—
62 Ma (Bigazzi et al. 1996)) and Southern Sardinia regions
(Nuraxi Figus: ~60-62 Ma (Maccioni & Marchi, 1994)). These
magmas are mafic to ultramafic, alkaline and often carbonatitic
(Vichi et al. 2005, 2022; Stoppa, 2008 and references therein;
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Avanzinelli et al. 2012; Stoppa et al. 2014; Mazzeo et al. 2018).
They are sodic (mol. % K,O/Na,O < 1) to ultrapotassic (mol.
K,0/Na,O ~ 7) with generally high Mg# (0.50-0.91), Ni and Cr
(up to 577 and 720 pg/g, respectively), implying they are overall
primitive melts. They have high LREE/HREE ratios and show var-
iable enrichments in HFSEs over LILEs. In PM diagrams, Nb, Ta
and Ti do not show appreciable negative anomalies, while Pb is
more variable, showing marked troughs and slightly positive
anomalies (Lucchini et al. 1983; Galassi et al. 1994; Vichi et al.
2005; Bianchini et al. 2008; Stoppa, 2008; Conticelli et al. 2009;
Avanzinelli et al. 2012; Stoppa et al. 2014; Mazzeo et al. 2018).
The lamprophyres of the Western Alps and Corvara in Badia
are somewhat distinct because they show enrichments in Ba, Th,
U, La and Ce and are marked by positive Pb anomalies in PM dia-
grams, similar to lamproites (Lucchini et al. 1983; Peccerillo &
Martinotti, 2006; Owen, 2008; Stoppa, 2008; Casalini et al
2022). Concerning the Sr, Nd and Pb isotopic compositions, the
lamprophyres cover the range encompassing the DMM, HIMU,
FOZO and ITEM (Italian End Member reservoir), pointing
towards the EMI and EMII mantle reservoirs (Bianchini et al.
2008; Stoppa, 2008; Conticelli et al. 2009; Avanzinelli et al
2012; Stoppa et al. 2014; Mazzeo et al. 2018; Vichi et al. 2022).
It is suggested that these magmas derive either from an astheno-
spheric source (FOZO-like) metasomatized by alkaline carbona-
titic agents and another LILE- and volatile-rich reservoir (i.e.
ITEM; Owen 2008; Stoppa, 2008; Stoppa et al. 2014), or, as for
the Pietre Nere and La Queglia lamprophyres, from low degrees
(~3.5-5 %) of partial melting of non-veined spinel- to garnet-peri-
dotite source metasomatized by Na-rich HIMU components and
low in k (?**Th/?*%U) (Bianchini et al. 2008; Avanzinelli et al.
2012; Mazzeo et al. 2018; Vichi et al. 2022). Additionally,
Avanzinelli ef al. (2012) indicate that these lamprophyres might
also have interacted with a component from the sub-continental
lithospheric mantle having radiogenic Sr.

3. Geological background

The Friuli Venezia Giulia region hosts the easternmost portion of
the Italian Alps where three chains are sealed together (Fig. 1b;
Bressan et al. 2003, 2018; Carulli, 2006; Ponton, 2010). To the
north, the weakly metamorphosed Upper Ordovician to Upper
Carboniferous turbiditic sequences with overall NW-SE and
NE-SW Variscan structures form the Palacocarnic Chain. The
eastern Southern Alps represent the central part and consist of
Upper Carboniferous to Maastrichtian carbonates and volcano-
clastic sedimentary sequences. The outer Dinarides to the east
comprise the Upper Maastrichtian to Miocene flysch and
molasse-related sediments. The eastern Southern Alps and outer
Dinarides chains developed from the Upper Cretaceous to the
Quaternary period following the Adria microplate indentation
with the Eurasian plate (e.g. Bressan et al 2003, 2018).
Nonetheless, these orogenic processes only partially overprint
the Middle Triassic and younger tectonic structures
(Ponton, 2010).

To the north of the eastern Southern Alps domain, within the
Julian Alps, in the Rio Colan Valley (north of Aupa Valley; Fig. 1b),
a few mafic dykes (up to 60 cm wide) crop out in a small area
mainly encompassing the Upper Carnian to Upper Norian
Monticello Member and Dolomia Principale Formation
(Fig. 1c). The area is affected by major NNE-SSW Dinaric-related
dextral faults and minor NW-SE and N-S Dinaric-related faults
and fractures (Carulli et al. 1987). These lineaments are linked
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to the Meso- and Neoalpine orogenic stages, with some of them
likely inherited from older extensional episodes (Carulli et al.
2003; Ponton, 2010). The mafic dykes cross-cut the thick (250-
500 m) Monticello Member (Fig. 2a) deposited between the
Upper Carnian and Lower Norian. This member consists of strati-
fied grey dolostones with marl intercalations (Carulli et al. 1987;
Carulli, 2006; Zanferrari et al. 2013).

4. Methods

Among four sampled dykes in the Rio Colan Valley near the Cuel
Brusat Mountain (Fig. 1c), two were carefully selected for mineral
chemical, geochemical and geochronological analyses. Due to the
narrow width of the intrusions, six samples were collected from the
central part and along the length of each dyke. RC1 (i.e. Rio Colan)
to RC3 are from dyke 1, and RC4 to RC6 from dyke 2. RC1, RC2,
RC3, RC4 and RC5 were selected for the petrographic and mineral
chemical screening. Geochemical analyses were performed on
RC2, RC3, RC4 and RC5 samples. Alteration products and secon-
dary minerals were carefully removed using an optical microscope
prior to sample preparation for geochemical analyses. Mineral
chemical compositions were determined at the Department of
Geoscience of the University of Padova, Italy. Whole-rock major
and trace elements were analysed at the Department of
Geoscience, University of Padua, Italy, and ACME Labs
(Vancouver, Canada), respectively.

Samples RC2 and RC5 from dykes 1 and 2, respectively, were
further selected to separate apatite crystals for U-Pb geochronol-
ogy and apatite major element analyses. For both samples, clino-
pyroxenes were also separated to analyse their apatite inclusions.
Apatite and clinopyroxene separation procedures, backscattered
electron image (BSE), cathodoluminescence (CL) images and U-
Pb dating were performed at the Microscopy and Microanalysis
Laboratory (LMic) and Applied Isotope Research Group (AIR-
G) of the Department of Geoscience of the Federal University of
Ouro Preto, Brazil, following procedures in Lana et al. (2017,
2021). Further details on the methodologies adopted (Online
Supplementary Materials) and tables (Online Supplementary
Tables S1 to S4) are available at https://doi.org/10.1017/
S0016756823000183.

5. Results
5.a. Field and petrographic relationships

Dykes are up to 60 cm wide (Fig. 2a) and cut only the local observ-
able upper Triassic sequence. Their length cannot be assessed
because they appear as columns of a few tens of metres along a
sub-vertical rock face. They are discordant with respect to the
stratification of the Monticello Member (Fig. 2a), showing a
NE-SW orientation similar to some NNE-SSW and N-S (recent?)
faults (Fig. 1c). Fractures likely related to Alpine deformations were
also recognized. No crustal xenoliths are visible at the contact with
the host rock, but possible crustal contamination will be discussed
further below.

Rocks are dominated by abundant phenocrysts of olivine, bio-
tite—phlogopite and clinopyroxenes (Fig. 2b—f). Only olivines are
serpentinized and form ~0.5 to ~1.5 mm sized euhedral to sub-
euhedral crystals (Fig. 2b-d). Biotite-phlogopites form principally
laths (up to ~1 mm in length; Fig. 2b, ¢) and, occasionally, euhedral
hexagonal plats (up to ~0.2 mm in diameter; Fig. 2f). Micas are
occasionally rimmed by tetraferriphlogopite. Clinopyroxenes are
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elongated (from ~0.2 to ~0.5 mm in length), sub-euhedral and
slightly zoned (Fig. 2b, d, e). The same minerals that form phenoc-
rysts also form the groundmass and are immersed in a holocrystal-
line to ialocrystalline matrix with an intergranular texture (Fig. 2b—
f). Apatite crystals are the most abundant primary accessory min-
erals and are frequently found as needles in the groundmass or as
inclusions in micas and clinopyroxenes (Fig. 2f). In clinopyrox-
enes, apatite crystals are not always associated with fracture
(Fig. 2e) which excludes them from being of secondary origin.
Since apatites are included in micas and clinopyroxenes but not
in altered olivines, olivines were the first to crystallize, followed
by apatites, micas and clinopyroxenes. Other primary minerals
are chromites, also included in serpentinized olivines (Fig. 2c,
d), and in lesser amounts magnetites. Secondary phases (i.e. car-
bonate-filling vacuoles, zeolites substituting glassy patches and/
or foids, and albite) are rare.

5.b. Mineral chemistry

Clinopyroxenes have homogeneous diopsidic composition (Woe_
s5En30_46Fss_21; Online Supplementary Table S2) being consistent
with those documented in worldwide potassic-alkaline magmatic
suites such as Asuncién -Sapucai Graben (Cundari & Comin-
Chiaramonti, 1996) and Roman Province (Cundari & Ferguson,
1982) (Fig. 3a). Furthermore, Rio Colan clinopyroxenes plot above
the Si + Al = 2 line (Fig. S1 in Online Supplementary Figures) cor-
responding to the full occupancy of Siand Al in the tetrahedral site.
Consequently, a small amount of Al in the octahedral site is also
present as AlVL Ti vs Alr, (Fig. 3b) shows a positive relationship
with clinopyroxenes plotting between the lamproite-transitional
fields represented by the clinopyroxenes derived from mica-rich
lamprophyres (i.e. minette) (Mitchell & Bergman, 1991;
Lustrino et al. 2016).

Micas are classified as biotite-phlogopites (Fig. 4a), with the
Mg# ranging from 0.59 to 0.78 (Online Supplementary Table
S2). Indeed, Al,O; is high and similar between cores and rims
around 15-16 wt %. TiO, shows similar behaviour to that seen
for Al,O3, while FeOr,, is more enriched in the rims (11.40 to
16.81 wt %) than in the cores (9.06-12.87 wt %). In Fig. 4b
(AL,O3 vs TiO,), micas plot at the limit between the minettes
and kimberlite fields (Mitchell, 1995; Chalapathi Rao et al.
2004), whereas with regard to FeOr,, (Fig. 4c), the crystals plot
along with the minette/ultramafic lamprophyre trend (Mitchell,
1995; Tappe et al. 2004).

The chemical formula and OH contents of apatites were recal-
culated using Ketcham (2015) workflow (Online Supplementary
Table S2). Handpicked apatites have low F (0.34-0.69 atom per
formula unit (apfu)) and Cl (0.23-0.30 apfu) but high OH
(1.04-1.43 apfu) contents. This classifies apatites as hydroxylapa-
tite (Fig. 5a) because of their low F/OH and Cl/OH ratios (0.24-
0.66 and 0.16-0.28, respectively). Apatite crystals included in cli-
nopyroxenes are also hydroxylapatites (F=0.42-0.79 apfu;
Cl=0.23-0.32 apfu; OH=0.89-1.35 apfu; F/OH =0.31-0.89;
Cl/OH =0.17-0.23). Note that all apatite crystals tend to have
more F than Cl (F/Cl=1.48-2.77). In addition, apatites show
P,05 (40.06-40.98 wt %) and SrO (0.09-0.25 wt %) contents com-
parable to similar crystals from calc-alkaline and ultramafic on-
craton lamprophyres (Dalton et al. 2019; Choi et al. 2020; Soltys
et al. 2020), worldwide on-craton orangeites, on-craton kimberlites
and carbonatites (data from Soltys et al. 2020). Rio Colan apatites
plot outside the area of worldwide lamproites (i.e. Soltys ef al. 2020)
and show much lower SrO contents compared to other Italian
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lamprophyres (Stoppa, 2008; Stoppa et al. 2014). Note that the apa-
tites from Italian lamprophyres have composition indistinguish-
able from other mafic-ultramafic on-off craton rocks.

Spinels are all magnesio-chromites [Cr# (Cr/Cr + Al) =0.70-
0.78; Mg# (Mg/Mg + Fe?t) = 0.42-0.55], with low Fe?*/Fe** ratio
(1.51-3.27), and relatively high TiO, (0.52-1.38 wt %) and Al,O;
(10.12-12.18 wt %) except for one grain (Online Supplementary
Table S2). These values would resemble those of magmatic spinels
found in kimberlites and arc to alkaline-carbonate-rich magmas.
Two oxides were also analysed and classified as Ti-magnetites
(TiO,=5.17-526 wt %; FeOr, =80.22-82.61 wt %).
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Fig. 2. (Colour online) (a) Example of Rio
Colan dykes in the field. Note the lack of inter-
action with the wall rock and the absence of
crustal xenoliths. (b, c) Phenocrysts of serpenti-
nized olivines, biotites-phlogopites and clino-
pyroxene within a holocrystalline to
ialocrystalline matrix with intergranular tex-
ture. Light brown groundmass represents zeoli-
tized glass. (b) and (c) are high- and low-Mg
olivine minette dykes, respectively. (d)
Serpentinized olivine due to autohydrothermal-
ism. Note that the matrix and other minerals do
not show hydrothermal alteration. (e)
Backscattered image of clinopyroxenes with
apatite inclusions. Note that not all apatites
are linked to fractures. (f) Apatite inclusions
in biotite-phlogopite crystals of the high-Mg oli-
vine minette in (b). Note that (f) is a zoom into a
portion outside the area reported in (b).

Eventually, the few analyses on groundmass feldspar grains classify
them as FeOry-poor (FeOro=0.24-0.69) orthoclase (Ors;_
78Ab1g 35AN; ).

5.c. LA-MC-ICP-MS U-Pb apatite ages

Handpicked apatite crystals under CL show euhedral to sub-euhe-
dral stubby and prismatic shapes with a wide range of length:width
ratios (0.5:1 < L:W < 2:2; Fig. 6a). Almost all the crystals have
diameters <50 pm. The grains are fracture-free and show a
core-to-rim magmatic oscillatory zoning. For RC2 and RC5 dykes,
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Lustrino et al. 2016). Minette field from Mitchell (1995). T cpx: transitional clinopyroxenes from Lustino et al. (2016 and references therein).
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Fig. 5. (Colouronline) (a) Apatites classification based on the CI-F-OH diagram (after Patifio Douce et al. 2011). Epx.: apatites mounted in epoxy resin and analysed before dating;
incl.: apatites included in clinopyroxenes of Figure 2e. (b) P,O5 (wt %) vs SrO (wt %) diagram of apatites in mafic-ultramafic alkaline magmas. Apatites in Italian lamprophyres:
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kimberlites and carbonatites are from Soltys et al. (2020).

only 15 and 23 U-Pb apatite dates were suitable for the Tera-
Wasserburg concordia diagram. Analyses are presented without
correction for common Pb. Except for a few grains in RC5
(Fig. 6b), all remaining apatites have not developed enough spread
in common Pb / radiogenic Pb (Fig. 6b), which would have resulted
in a linear array on the concordia diagram (Chew et al. 2011).
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Other low-U co-genetic minerals with very low in-growth radio-
genic Pb were not analysed because they were absent (e.g. titanite)
or rare and too small (e.g. feldspar). Therefore, to obtain the initial
Pb composition, we used the same strategy adopted by Chew et al.
(2011 and references therein), Pochon et al. (2016) and Lana et al.
(2021). On the Tera~Wasserburg diagram, we firstly projected the
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Fig. 6. (Colour online) Apatites cathodoluminescence and geochronology. (a) CL images of the apatite crystals dated from the RC2 and RC5 dykes. White arrows indicate electron
microprobe analyser (EMPA) spot analyses whose results are reported in Figure 5. Ages near the spots are 2°5Pb/238U weighted mean ages showing good age agreement despite
some spots ablated zoned parts of the apatites. (b) Tera-Wasserburg concordia diagrams and (c) 2°Pb/?*®U weighted mean ages of the Rio Colan apatites.

unforced discordia (black line in Fig. 6b) to obtain a lower intercept
date (x-axes) to calculate the initial 2’Pb/?%Pb using the two-stage
terrestrial Pb evolution model of Stacey and Kramers, (1975).
Afterwards, the data were plotted again to construct a discordia
anchored (red line) to the estimated 2°’Pb/?°°Pb from the evolution
model. For the RC2 sample, the unforced lower intercept gives a
date of 42 + 21 Ma (2SE; MSWD = 0.56) identical, within the error,
with the unforced discordia of RC5 dyke (23 + 12 Ma 2SE;
MSDW =0.59). Once both ages are anchored to an estimated
207pb/2%Pb ratio of 0.838 for RC2 and 0.387 for RC5, the resulting
forced discordia ages were 66 + 1 Ma (2SE; MSDW =0.75) and
64 + 2 Ma (2SE; MSWD =4.5) for RC5 and RC2, respectively
(Fig. 6b). It is worth reporting that some spots (Fig. 6a) appear
to have ablated zoned domains of the apatite grains. However,
all but three weighted mean ages are consistent with each other,
which excludes any mixed age (Fig. 6¢). In this regard, the
207pb/238U weighted average date for RC2 is 69 + 1 Ma (2SE;
MSWD =0.77; n=15) which is, considering the error, only 1
Ma older than the anchored age, and up to ~30 Ma older than
the unforced age. Conversely, the 27Pb/?*U weighted average date
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of RC5is 67 + 2 Ma (2SE; MSWD = 5.8; n = 23), which is identical
within the error with forced age, yet older by ~45 Ma than the
unforced age.

5.d. Whole-rock geochemistry

In the mafic—felsic-weathering (MFW) (Fig. S2 in Online
Supplementary Figures) of Ohta and Arai (2007), all whole-rock
analyses show a weathering index W well below 30 % of the
cut-off line diagram, indicating dykes 1 and 2 had negligible
element mobility. Therefore, for each dyke, we used the averaged
whole-rock analyses (Online Supplementary Table S1). The most
striking difference between dykes 1 and 2 is the different MgO con-
tent (11.9 and 16.7 wt %, respectively) corresponding to an Mg# of
0.73 and 0.79 (for an assumed Fe,05/FeO =0.20), respectively.
Dyke 1 with low Mg# (Rio Colan LMg#) shows Cr and Ni contents
862) and 198 pg/g, respectively) lower than those displayed by dyke
2 high in Mg# (Rio Colan HMg#; Cr and Ni = 1416 and 360 pg/g,
respectively). Figure 7a reports the sum of these minor compatible
elements against the relative MgO content of both dykes to
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highlight these features better. Rio Colan LMg# dyke is Ne-norma-
tive, has K,O + Na,0=58 wt %, an agpaitic index
(AI = (K + Na)/Al) mol.%) = of 0.54 and K,0O/Al,O5 of 0.37
(mol. %). Rio Colan HMg# is Ol- and Hy-normative, has
K;O + Na,0=4.1 wt %, with AI=0.44 and K,0/Al,O; of
0.32 (mol. %). Nevertheless, Rio Colan LMg# and HMg# dykes
show nearly similar high K,O (3.3-4.4 wt %), CaO (8.2-9.6 wt
%), Al,O3 (11-13 wt %) and TiO, (1.07-1.13 wt %) contents
(Fig. 7b-d). Both dykes display high abundances in Ba (3452-
3974 pg/g) and La (113-135 pg/g), while Zr and Sr are relatively
low (112-139 and 362-549 pug/g, respectively; Online
Supplementary Table S1).

Chondrite-normalized diagrams (CN; recommended chon-
drite; Boynton 1984) and primitive-mantle-normalized spider
plots (PM; McDonough & Sun, 1995) are reported in Figures 8
and 9, respectively. Both Rio Colan LMg# and HMg# dykes show
similar REE patterns as seen by the relatively uniform La/Ybcy
(42—49), La/CeCN (~22) La/SmCN (14—15), Sm/DYCN (25—27),
Dy/Ybcy (1.1-1.3) and Eu/Eu* (0.85-0.93) ratios (Fig. 8a).
These ratios indicate LREE enrichment over MREE and HREEs
with a negligible Eu negative anomaly. Such homogeneity is also
seen for the incompatible elements, with both dykes showing, in
addition to high Ba, Th and U abundances, positive anomalies
in Nb (La/Nbpy;=1.4) and P (P/Ndpy=1.9-2.2) while no
anomaly in Pb is detected (Fig. 9a).

6. Discussions
6.a. Classification of the Rio Colan dykes

Rio Colan dykes show the preservation of equilibrium of phenoc-
rysts of olivine 4 biotite—phlogopite 4 diopside 4 apatite + opaques.
This equilibrium implies these are mafic minettes, that is, primitive
magmas (or primitive minettes) (Esperanca & Holloway, 1987;
O’Brien et al. 1991; Tingey et al. 1991; Canning et al. 1996;
Righter & Carmichael, 1996; Rukhlov et al. 2013), in agreement
with their high Mg# (0.7 and 0.8), Cr (862 to 1416 pg/g) and Ni
(198 to 360 pg/g). According to Esperanga and Holloway
(1987), the preservation of such mineralogical equilibrium indi-
cates magmas were brought to the surface rapidly at ~1000-
1200 °C, a process that also precludes fractionation at lower pres-
sure and temperatures (Esperanga & Holloway, 1987). This could
explain the absence of plagioclase as it would have hampered it
from nucleating in the groundmass. Furthermore, Rio Colan oli-
vine minettes have LOI (loss-on-ignition) of 7-8, suggesting high
content of volatiles (H,O and CO,), as also supported by the great
abundance of hydroxylapatites (Fig. 5a). We argue that this would
have suppressed plagioclase, enhancing biotite—phlogopite and
diopside precipitation (e.g. Carmichael et al. 1996), and caused oli-
vine autohydrothermalism (e.g. Tingey et al. 1991).

Low agpaitic index, low molar K/Al ratio and the OI- to Ne-
normative character for the Rio Colan dykes would further support
that these magmas are lamprophyres. The excess of Al in the cli-
nopyroxene octahedral site (Fig. 3b), the high Al,O; and FeOrq,
and low TiO, in biotite—phlogopites (Fig. 4b, c) and FeOr,-poor
orthoclases support that the dykes are minette. Likewise, since apa-
tites were among the first minerals to crystallize, their chemistry
reflects the nature of the magma. According to their chemistry,
Rio Colan LMg# and HMg# magmas are more similar to lampro-
phyres than lamproites (Fig. 5b). High MgO, Cr, Ni (Cr + Ni), K,O
and AL,O; coupled with low CaO and NaO contents are possible
features among lamprophyric magmas (Fig. 7a, b, d), in particular
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primitive alkaline magmas (Esperan¢a & Holloway, 1987; O’Brien
et al. 1991; Tingey et al. 1991; Canning et al 1996; Righter &
Carmichael, 1996; Stoppa, 2008; Tappe et al. 2008; Rukhlov
et al. 2013; Stoppa et al. 2014). However, in Rio Colan olivine mine-
ttes, LREE, LILEs (except for Pb) and HFSE variations are in
between those reported for Corvara in Badia, Val Fiscalina,
Calceranica, La Queglia and Pietre Nere lamprophyres, and to a
lesser extent mirror the Western Alps minettes (Figs 8a-c, 9a-¢;
Bianchini et al. 2008; Owen, 2008; Stoppa, 2008; Conticelli et al.
2009; Avanzinelli et al. 2012; Mazzeo et al. 2018). Less evident is
a similarity with Southern Tuscany Alkaline Lamprophyres
(STALs) and Predazzo-Marmolada counterparts (Figs 8a, b, and
9a, b; Stoppa et al. 2014; Casetta et al. 2019; De Min et al.
2020). On the other hand, major, minor and incompatible ele-
ments variations in Rio Colan olivine minettes also resemble those
found in Tuscan, Sisco and Murcia-Almeria lamproites (Prelevi¢
et al. 2008, 2010; Conticelli et al. 2009; Casalini et al. 2022). This is
particularly evident considering the major element variation
(Fig. 7) and the low Ti, Zr and Sr coupled with high Ba, Th, U
and La concentrations (Fig. 9). Pb is less abundant and shows
no anomaly with respect to lamproite magmas. We therefore argue
that while Rio Colan magmas are olivine minettes from the petro-
graphic and mineral chemistry point of view, their geochemical
signature shares affinities with lamprophyres and lamproites.

6.b. Petrogenetic aspects

Rio Colan olivine minettes are one of the most primitive magmas
among the Western Mediterranean lamprophyres and lamproites
(Fig. 7a). The high MgO and Cr + Ni contents coupled with a low
Dy/Ybcy and flat HREE pattern (Fig. 8a) suggest that Rio Colan
olivine minettes were derived from a depleted peridotitic source
that underwent very low degrees of partial melting in the presence
of possible residual olivine and garnet (e.g. Becker & Le Roex,
2007). On the other hand, high K,O content, high La/Smcy ratios,
and LILE enrichments (Figs 7b, 8a, 9a, respectively) indicate that
this depleted peridotitic source had been hydrated and enriched in
incompatible elements prior to the melting event (Foley et al. 1987;
Tappe et al. 2006, 2008; Conticelli et al. 2009; Prelevi¢ et al. 2010;
Stoppa et al. 2014; Fitzpayne et al. 2018, 2019 and references
therein; Lustrino et al. 2016). However, it is unlikely that the recy-
cling of oceanic crustal material triggered such metasomatism,
given the lack of any positive Pb anomaly in the Rio Colan olivine
minettes. Low Nb/U but high Nb (Fig. 10a) would argue against
sediment-derived metasomatism, yet this is challenged by the
ultrapotassic nature of the Rio Colan magmas, and their high
Th/Yb (22 to 23; Fig. 11a) and Ba contents. The slightly negative
Th anomaly and Th/Upy <1 (0.73-0.80) indicate that crustal
metasomatism would have acted in the form of melt(s) rather than
fluid(s) (e.g. Conticelli et al. 2009). Low Ba/Th (89 to 95) and high
La/Smcy (144 to 14.9) ratios support this observation. This
enrichment in incompatible elements allowed the precipitation
of hydrated minerals in the source region. The Rb/Sr vs Ba/Rb dia-
gram (Fig. 10b) would suggest an equal amount of phlogopite and
amphibole, but the lack of amphibole in the Rio Colan olivine
minettes would indicate the presence of phlogopite in the source.

In addition, the Rio Colan minettes show superchondritic Nb/
Ta ratios, higher than the other lamprophyres and lamproites
reported here (Fig. 10c). Only a few Predazzo-Marmolada and
STALs lamprophyres show high Nb/Ta ratios. Such high ratios
exclude the involvement of amphiboles in the source or as a crys-
tallizing phase because these minerals cannot produce
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(2022). For the Pietre Nere we used only the less evolved magmas.

superchondritic Nb/Ta ratios (Foley et al. 2000, Foley et al. 2002;
Tiepolo et al. 2000; A Pandey et al. 2018 and references therein).
This is consistent with the lack of this hydrous mineral in the
source (Fig. 10b) and in the Rio Colan olivine minettes
(Fig. 2b-f). Conversely, because rutile accommodates in its crystal-
line structure more Nb than Ta (Foley et al. 2000, Foley et al. 2002),
high Nb/Ta ratios can reflect rutile-rich metasomatism (Guo et al.
2004; Moayyed et al. 2008; A Pandey et al. 2018 and references
therein; Talukdar et al. 2018). For instance, Guo et al. (2004) dem-
onstrate that high Nb/Ta in the Sulu orogen lamprophyres might
have been derived from a rutile-rich metasomatized source. After
carbonatitic metasomatism, the source achieved a superchondritic
Nb/Ta ratio when rutile was extracted from an ultra-high-pressure
eclogite and dissolved in the melt that metasomatized the mantle
(Guo et al. 2004). Aulbach et al. (2011) provide more constraints
on this process, showing that it can be achieved when a mantle
source, previously metasomatized by a carbonatitic agent, reacts
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with a Ti-rich (TiO, > 2 wt %) ocean island basanite that can frac-
tionate considerable amounts of rutile. According to those authors,
in the case of MARID and metasomatized peridotite rocks, rutile
must fractionate before the accumulation or addition of phlogo-
pite, rutile, ilmenite and secondary clinopyroxene. Interestingly,
by using the same modelling approach, the same geochemical
parameters and alkaline-carbonate-rich melt composition (K109
basanite; TiO, =2.47 wt %; MgO =15.5 wt %; Mg#=0.71; Zr/
Hf=38.9; Nb/Ta=16.4; Chauvel et al 1992; Pfinder et al
2007) adopted by Aulbach et al. (2011; and details therein) it
was possible to explain the high Nb/Ta ratio of the Rio Colan
LMg# olivine minette (faded orange trend a in Fig. 10c). Note that
the Rio Colan HMg# olivine minette can be explained with a Ti-
rich alkaline-carbonate-rich melt showing a lower Zr/Hf ratio.
However, for our specific case, this alkaline-carbonate-rich melt
must have percolated through the source before the intrusion of
the Rio Colan magmas, must have been older than the Rio
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Nuraxi Figus lamprophyres and Sisco lamproites are average values. Data sources as in Figure 7.

Colan dykes (see Section 6.c) and must crop out near the investi-
gated area. In literature, hydrous alkaline magmatism that meets
these requirements could be related to the middle- to late-
Triassic magmatism of the Karawanken area (Miller et al. 2011)
and the Italian Dolomites (see Fig. la; Casetta et al. 2019; De
Min et al. 2020). Alkaline-carbonate-rich lamprophyres from the
Dolomites cannot be used for our modelling because their Zr/Hf
ratios are higher than those of the Rio Colan olivine minettes,
or their TiO, and/or Mg# are too low. On the other hand, the alka-
line-carbonate-rich melt-like gabbro 08EK18 of the Karawanken
area (Miller et al. 2011; TiO,=2.9 wt %; MgO=11.7 wt %;
Mg#=70; Zr/Hf =36; Nb/Ta=12) is close to the composition
of K109 basanite and can explain the superchondritic Nb/Ta ratios
of the Rio Colan HMg# dykes after fractionating between 6 and 7 %
of rutile (Fig. 10c). Although the trajectory of this modelling would
also explain the Nb/Ta value of the Rio Colan LMg# dyke, their
different Zr/Hf ratios would imply some dependency on the Zr/
Hf ratio of the alkaline-carbonate-rich melt that percolated
through the carbonated peridotite. Regardless of this point, this
alkaline-carbonate-rich melt-mediated rutile fractionation process
(Aulbach et al. 2011) explains why Rio Colan magmas are ultra-
potassic, low in Nb/U ratio, high in Nb, and, being alkaline—car-
bonate-rich, melt-like as shown by the Ce/Pb vs Ce diagram
(Fig. 10d). We further notice that the Nb/Ta - Zr/Hf ratios of some
of the Western Alps, NE Alps, STAL and Southern Italy lampro-
phyres can be explained through the same modelling involving
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~4 % of rutile fractionation (Fig. 10c). This is consistent with
the presence of Ti-rich minerals in the source of STALs (Stoppa
et al. 2014). Notably, Rio Colan olivine minettes and many
South African on-craton orangeites share similar superchondritic
Nb/Ta ratios (cf. Fig. 10c with fig. 6b in Aulbach et al. 2011) and
low TiO, contents (Fig. 7c) as well as apatite composi-
tions (Fig. 5b).

Another alternative expalanation for the high Nb/Ta ratios is
the dependence of high Nb contents with respect to the depth
of the source and Al solubility in clinopyroxene (e.g. Baier et al.
2008; De Min et al. 2020). Baier et al. (2008) showed that Nb con-
tent in clinopyroxene increases as both tetrahedral Al and the pres-
sure increase. However, as Ta and Nb have the same solubility
behaviour in clinopyroxene (Baier et al. 2008), this would result
in magmas with low Nb/Ta ratios, which are not observed here.
Eventually, we exclude that these ratios reflect the assimilation
of country rocks (i.e. carbonates) because (i) we did not see any
evidence of carbonate xenoliths in the field (Fig. 2a), (ii) the min-
eralogy of the Rio Colan olivine minettes requires a high rate of
emplacement and crystallization which prevents any crustal
assimilation (Esperan¢a & Holloway, 1987), and (iii) the high
LILE contents of the Rio Colan dykes (Fig. 9a) exclude limestone
assimilation as this would lower their LILE contents (e.g. Vichi
et al. 2005).

In summary, our observations imply a depleted peridotitic
source(s) that reacted with fluids/melts derived by recycling of
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Fig. 9. (Colour online) Primitive-mantle normalized multi-element patterns for the Rio

Mediterranean. See Figures 7 and 8 for more details and data sources.

crustal components and underwent carbonatitic metasomatism.
We stress that this carbonatitic metasomatism cannot be linked
to the Quaternary Italian carbonatitic magmatism (Stoppa et al.
2016, 2019) due to different geochemical (Figs 8b, 9b; Section
5c) and, mostly, crystallization ages. Afterwards, distinct alka-
line-carbonate-rich melts percolated through the metasomatized
mantle source(s), leading to rutile-rich metasomatism. Since
amphibole was not present in the sources of the Rio Colan mag-
mas, a MARID-like source is excluded although some MARID
xenoliths show Nb/Ta and Zr/Hf ratios similar to the Rio Colan
olivine minettes (cf. fig. 6b in Aulbach et al. 2011). Accordingly,
we argue that the source(s) was probably a rutile-phlogopite-bear-
ing carbonated peridotite(s). These observations support those
studies (Prelevi¢ et al. 2008, 2010; Stoppa et al. 2014; A Pandey
et al. 2017a, b; Talukdar et al. 2018; R Pandey et al. 2019 and refer-
ences therein) arguing for multiple metasomatic agents in the
genesis of on-off craton lamprophyres and lamproites.

6.c. Geochronological and geodynamic implications

The Rio Colan dykes have a thickness not exceeding 60 cm, imply-
ing rapid cooling after intrusion. Since Brime et al. (2008) showed
that the NE sector of the Italian Alps did not experience any ther-
mal heating exceeding 300 °C, we can conclude that the apatite
dates represent the age of intrusion and crystallization of the
Rio Colan minettes. Our conclusion is supported by Pochon
et al’s (2016) modelling. Firstly, they showed that regardless of
host-rock temperature, a mafic dyke with a thickness of less than
1 m solidifies instantaneously (<40 years; cf. fig. 7 in Pochon et al.
2016). Secondly, excluding post-emplacement high-temperature
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Colan olivine minettes and the other lamprophyres and lamproites of the Western

reheating, Pochon et al. (2016) demonstrated that the solidification
time of a small-scale mafic/ultramafic intrusion and the time
needed for an apatite to reach its closure temperature in a mafic
system are almost identical. For instance, in a 60 m wide mafic
body intruding a country rock at T'= 300 °C and at a general cool-
ing rate of 7 °C yr™!, an apatite with a radius up to 50 pm has a
closure temperature between 770 and 870 °C, which is reached
in <20 years (Pochon et al. 2016). Given that Rio Colan dykes have
a width 10° times smaller than the dykes used by Pochon et al.
(2016) and that our apatites have a radius <50 pm, it is very likely
that apatites reached their closure temperature and crystallized
almost instantaneously.

The unforced lower intercept ages of 23 + 12 and 42 + 21 Ma are
similar within the error to those of the Oligocene (~34 to 30 Ma)
Val Fiscalina and Western Alps lamprophyres (Lucchini et al.
1983; Owen 2008, and references therein), and consistent with
the age of ~26 Ma that Carulli et al. (1987) previously suggested
for the Rio Colan dykes, although no information was given about
the methodology used to obtain that age. According to these ages,
Rio Colan magmas would be linked to the Alpine-Apennine orog-
eny. Yet the unforced lower intercept ages show up to ~45 Ma dif-
ference compared to the forced discordia ages. Such a significant
age variation may be due to the fact that apatites did not develop
enough spread in common Pb / radiogenic Pb and therefore may
strongly depend on the initial 2°”Pb/2%Pb correction based on the
Stacey and Kramers (1975) evolution model. Nonetheless, these
anchored ages are fairly similar to the 2°°Pb/?*U weighted mean
ages that appear insensitive to the correction used (i.e. Thomson
et al. 2012). The forced concordia and weighted mean ages together
suggest that Rio Colan olivine minettes intruded and crystallized at
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Fig. 12. (Colour online) Tectonic sketch map of
the NE Alpine sector during the Late Cretaceous
- Early Palaeogene limit (~67 Ma; modified after
Gorican et al. 2018). The location of the Rio Colan
olivine minettes (in red) in the Julian High, which
represents the modern-day Julian Alps, is
approximate.

67 + 4 Ma (2SD; n=4), as with the Corvara in Badia (68 + 2 -
69 *+ 3 Ma; Lucchini et al. 1983) and Calceranica (71 + 2 Ma;
Galassi et al. 1994) lamprophyres, indicating that Rio Colan olivine
minettes intruded the Julian Alps during a period of regional
extensional tectonics (Fig. 12; Goric¢an et al. 2018). The general
NE-SW Rio Colan dykes orientation (Fig. 1¢) is consistent with
the Late Cretaceous coaxial stresses generated during the
Eoalpine compressive stages when the European and African
continental plates started to collide and the oceanic lithosphere
to subduct (e.g. Csontos & Vords, 2004). In this context, the
Julian Alps were the Dinaric flexural foreland basin undergoing
N-S and NW-SE extensional tectonics caused by the advance of
the Dinaric front due to the eastward subduction of the Adria plate
(Ponton, 2006, 2010; Gori¢an et al. 2018).

Further constraints are given by the Th/Yb vs Ta/Yb and
Th*100/Zr vs Nb*100/Zr diagrams (Fig. 11a, b). These allow mag-
mas generated from sources modified by subduction processes to
be differentiated from those unrelated to such environments (e.g.
Lustrino et al. 2016). During melting, Th is a mobile element and
its enrichment over Yb and Ta indicates a subduction-related com-
ponent. Similar is the case for Th when compared against Zr and
Nb. Moreover, normalizing to Yb and Zr reduces the fractionation
effect of clinopyroxene, mica, amphibole and feldspar (e.g. Owen,
2008). Rio Colan minettes show orogenic and anorogenic features
(Fig. 11a, b), while the coeval Corvara in Badia and Calceranica
lamprophyres plot in the orogenic and anorogenic fields, respec-
tively. Because of this and the new ages here presented, we argue
that the orogenic character shown in part by the Rio Colan magmas
cannot be related to the Eoalpine orogeny but could reflect a local
residual effect of an old orogenic event not completely exhausted. It
must be noted that the volumes of the mantle source(s) involved in
the Permo-Triassic magmatic event(s) in the Julian and Carnian
Alps should have been orders of magnitude lower than in the
neighbouring Dolomites, as evidenced by the strongly contrasting
volumes of magmas emplaced between the two areas (e.g. De Min
et al. 2020). In other words, the peridotitic source(s) of the Rio
Colan olivine minettes display an old orogenic component because
the mantle was less affected by the Permo-Triassic events under-
neath this extreme sector of the Italian Southern Alps. Moreover,
these magmas crop out in an area that underwent extensional
movements during the Late Cretaceous and witnessed the
Pangaea break-up during the Triassic (De Min et al. 2020). As
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observed previously, it is interesting that high Nb/Ta ratios in
many Lower Cretaceous to Miocene Italian lamprophyres can
be explained by the percolation of alkaline-carbonate-rich melts
through a carbonated peridotite. We argue that Middle Triassic
alkaline—carbonate-rich melts triggered by the asthenospheric
upwelling during the Pangaea break-up might have been the last
agents that metasomatized the mantle before the Lower
Cretaceous to Miocene Italian lamprophyric magmatism and
would support the observations (i.e. Stoppa et al. 2014) that there
is no relationship between metasomatism and recent Tethyan
subduction.

7. Conclusions

New ultramafic dykes were found in the Julian Alps, in NE Italy.
Petrographic and mineral chemical data indicate that Rio Colan
dykes are olivine minettes. Rio Colan olivine minettes are one of
the most primitive magmas among the Western Mediterranean
lamprophyres and lamproites. The Rio Colan intrusions were gen-
erated from a strongly depleted peridotitic source that underwent
different metasomatic processes before melting, leading it to evolve
into a rutile-phlogopite-bearing carbonated peridotite. LA-MC-
ICP-MS U-Pb geochronology applied to magmatic apatite sug-
gests that these magmas intruded the Julian Alps at ~67 Ma during
a period of extensional tectonics caused by the advance of the
Dinaric front due to Alpine subduction towards the E. As this
age is consistent with other Late Cretaceous lamprophyres crop-
ping out in the Dolomitic sector, such extensional events might
have affected larger parts of NE Italy. Given the above observations
and the fact that Rio Colan olivine minettes intruded an area
already affected by the tectonics related to the Triassic Pangaea
break-up, the crustal and carbonatitic metasomatism may reflect
some local residual effect of an old orogenic event not completely
exhausted. In addition, the evidence that high Nb/Ta ratios in Rio
Colan and other lamprophyres could be explained through
middle-Triassic-related  alkaline-carbonate-rich  magmatism
might imply that the last metasomatic event is not related to youn-
ger Tethyan subduction but rather to the Pangaea break-up.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S0016756823000183
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