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ABSTRACT 

In the Argentera-Mercantour Massif, swarms of high-K calc-alkaline lamprophyres intruded into 

Carboniferous migmatites and early Permian granites, likely in Permian-Triassic times. The dykes 

collected multiple magmatic injections, the latest of which of alkaline affinity. Syn-intrusive 

vesicles and straight chilled margins suggest that the lamprophyres emplaced at a shallow crustal 

level.  

Lower greenschist facies mineral assemblages replaced lamprophyre igneous minerals as a result of 

late-intrusive hydrothermal circulation that occurred soon after the dyke emplacement. The 

hydrothermal event is constrained at T = 300 - 350 °C and P < 0.1 GPa by matching 

thermobarometry and pseudosection results. During the Alpine collision, the lamprophyres were 

intersected by upper greenschist facies mylonitic shear zones developed at T = 420 - 450°C and P = 

0.2 - 0.4 GPa, which are the metamorphic peak conditions of the Argentera-Mercantour Massif in 

Alpine times. 

KEYWORDS: high-K calc-alkaline lamprophyres; Permian-Triassic crustal thinning; Alpine 

collision; External Crystalline Massifs; Helvetic-Dauphinois-Provençal domain. 

ABBREVIATIONS 

Mineral abbreviations are from Whitney and Evans (2010);  

ECM(s) External Crystalline Massif(s) of Western Alps. 
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INTRODUCTION  

 

Calc-alkaline to potassium-rich magmatic rocks are widespread in the European Variscan belt 

where they are insightful markers for estimating the thermal states characterizing plate convergence 

(see reviews with references therein in Faure et al., 2009; Franke, 2000, 2006; Holub et al., 1997; 

Janoušek et al., 2000, 2004; Laurent et al., 2017; Rossi et al., 2009; Sabatier, 1991; Schulmann et 

al., 2009, 2014; von Raumer et al., 2014). That is the case of the External Crystalline Massifs 

(ECM) of the Alps, where high-K calc-alkaline intrusives emplaced during the late stages of 

Variscan evolution in late Carboniferous to early Permian times (Bonin et al., 1993; Bussy et al., 

2000; Debon and Lemmet, 1999; Rubatto et al., 2001; von Raumer et al., 2013). Afterwards, in the 

Argentera-Mercantour ECM, swarms of high-K calc-alkaline lamprophyres intruded into 

migmatites and early Permian granites (Blasi, 1971; Faure-Muret, 1955; Filippi et al., 2019; 

Malaroda et al., 1970).  

This contribution includes new mineralogical and petrological data on the Argentera-Mercantour 

lamprophyres, obtained through detailed microstructural analysis of lamprophyre dykes sampled 

within Alpine finite strain gradients (i.e. poorly-strained to mylonitic domains, e.g. Spalla and 

Zucali, 2004; Gosso et al., 2015). Because of easy-to-solve structural relationships with respect to 

the finite strain pattern and suitable chemical composition to record significant metamorphic 

transitions, the Argentera-Mercantour lamprophyres are the best target for addressing: (i) the 

transition from the Variscan late collisional stage to continental break-up leading the development 

of the European passive margin, (ii) the amount of under-thrusting imposed to this segment of 

passive margin during the Alpine collision. In doing so, we quantify for the first time the prograde 

Alpine evolution of the Argentera-Mercantour ECM, imposing new constraints on the tectonic 

significance of the Alpine metamorphism in the ECMs. 

  

GEOLOGICAL OUTLINE 
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The ECMs are amongst those Alpine units that best retain the poly-phasic tectono-metamorphic 

evolution of the southern Variscan belt, since the Alpine metamorphic overprint is mainly localized 

within high-strain domains (Guillot et al., 2009; Spalla et al., 2014; von Raumer et al., 2009). The 

basement rocks of the ECMs largely consist of poly-deformed Variscan migmatites derived from 

meta-sediments, granitoids, and amphibolites, together with relics of MORBs and ultramafic rocks 

preserving Variscan eclogite and/or granulite facies imprints (Ferrando et al., 2008; Jouffray et al., 

2020; Ménot and Paquette, 1993; Regorda et al., 2020; Rubatto et al., 2001; Rubatto et al., 2010; 

Spalla and Marotta, 2007; von Raumer, 1984; von Raumer et al., 1993). 

The ECMs were affected by long-lasting high-K calc-alkaline magmatism in late to post Variscan 

times: the “high-Mg-number” intrusives, likely related to late collisional melting triggered by slab 

break-off or slab window (von Raumer et al., 2014), emplaced in the ECMs between 343 and 332 

Ma, and slightly predated the widespread migmatization developed under upper-amphibolite facies 

conditions (Bonin et al., 1993; Bussy et al., 2000; Debon and Lemmet, 1999; Rubatto et al., 2001). 

At 305 - 293 Ma, the “low-Mg-number” granites intruded into the exhumed migmatitic complexes 

(Bonin et al., 1998; Bussy et al., 2000; Debon and Lemmet, 1999). Lastly, minor swarms of mafic 

to intermediate dykes emplaced in Permian-Triassic times (Aumaitre and Buffet, 1973; Buffet and 

Aumaitre, 1979; Vatin-Pérignon et al., 1972, 1974). Similar intrusives and dykes are reported in 

other Alpine domains, where they are interpreted as a signal of Permian-Triassic lithospheric 

thinning (e.g. Bussien et al., 2008; Cannic et al., 2002; Casetta et al., 2019; De Min et al., 2020; 

Lustrino et al., 2019; Marotta et al., 2009; Monjoie et al., 2007; Roda et al., 2019; Spalla et al., 

2014). 

 

The Argentera-Mercantour ECM 
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The basement rocks of the Argentera-Mercantour ECM (Fig. 1) comprise Variscan migmatites, 

including diffuse relics of eclogites and HP-granulites, and late to post Variscan granitoids (Blasi, 

1971; Bogdanoff, 1986; Bogdanoff and Ploquin, 1980; Bortolami et al., 1974; Boucarut, 1967; 

Compagnoni et al., 2010; Faure-Muret, 1955; Ferrando et al., 2008; Filippi et al., 2019; Jouffray et 

al., 2020; Gosso et al., 2019; Latouche and Bogdanoff, 1987; Malaroda et al., 1970; Rubatto et al., 

2001). The Variscan basement rocks have been involved into the Alpine collision since the late 

Eocene to the early Oligocene by overthrusting of internally derived nappes (Bigot-Cormier et al., 

2000; Bogdanoff et al., 2000; Corsini et al., 2004; Evans and Elliott, 1999; Ford et al., 1999; 

Kerckhove, 1969; Merle and Brun, 1984; Sanchez et al., 2010; Sanchez et al., 2011a; Schreiber et 

al., 2010; Schwartz et al., 2007, Simon-Labric et al., 2009).  

The Argentera-Mercantour ECM is divided into “metamorphic complexes” or “terrains” 

(Bogdanoff, 1986; Compagnoni et al., 2010; Faure-Muret 1955; Malaroda et al. 1970) by the 

Valletta (or Ferriere-Mollières) Shear Zone (VSZ, Fig. 1), a major NW-SE striking dextral mylonite 

that has been active between 341 and 314 Ma under retrograde amphibolite facies conditions 

(Corsini et al., 2004; Carosi et al., 2016; Faure-Muret, 1955; Musumeci and Colombo, 2002; 

Simonetti et al., 2018). Anyway, the Variscan P-T evolutions retained by both the western and 

eastern complexes are similar (Latouche and Bogdanoff, 1987; Ferrando et al., 2008). Migmatites 

exhumation in late to post Variscan times is constrained by the shallow emplacement level of the 

main high-K calc-alkaline intrusive stock, the early Permian “Central Granite” (Boucarut, 1967, 

Corsini et al., 2004; Ferrara and Malaroda, 1969), and by the late Carboniferous to Lower Triassic 

sedimentary covers (Bortolami et al., 1974; Faure-Muret, 1953; Malaroda et al. 1970).  

Magmatism in the Argentera-Mercantour ECM area lasted through the Permian, as suggested by 

acidic and mafic volcanoclastic strata interlayered in Permian siliciclastic sequences (Malaroda et 

al., 1970; Romain and Vernet, 1978), and by swarms of high-K calc-alkaline lamprophyres intruded 

into migmatites and early Permian granites in the eastern complex (Compagnoni et al., 2010; Faure-

Muret, 1955; Filippi et al., 2019; Malaroda et al., 1970). The Mesozoic sedimentary record suggests 
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that the Argentera-Mercantour ECM occupied a transition zone between the Helvetic-Provençal 

reduced sequence and the Dauphinois Zone in the European passive margin framework (Faure-

Muret, 1955; Lemoine et al., 1986; Tricart, 1984).  

As an effect of the Alpine collision, the VSZ was significantly re-activated as dextral strike-slip 

shear zone and E-W striking inverse shear zones developed between 34 and 20 Ma (Baietto et al., 

2009; Bigot-Cormier et al., 2006; Corsini et al., 2004; Sanchez et al., 2011a; Sanchez et al., 2011b). 

The metamorphic conditions attained by the Argentera-Mercantour ECM in Alpine times are 

estimated by fission track ages and sericite formation in Eocene sedimentary sequences at the base 

of internally derived nappes (T ~ 200°C, Labaume et al., 2008), as well as by thermobarometric 

estimates on newly-formed white mica and chlorite in Permian-Mesozoic sedimentary rocks (T > 

300°C and P > 0.3 GPa, Attal, 2000) and on mineral assemblages supporting Alpine shear zones in 

granites, migmatites, and early Triassic quartzites (Corsini et al., 2004; Leclère et al., 2014; Sanchez 

et al., 2011a). Sanchez et al. (2011a) suggest that a first group of shear zones, active at around 34 

Ma, record metamorphic conditions at T = 375 ± 25°C and P between 0.7 and 0.9 GPa, whereas a 

second group, dated at 22 - 20 Ma, developed at similar temperature, but lower pressure (P = 0.4 - 

0.6 GPa). 

This research focuses on two sites of the Argentera-Mercantour ECM, Valscura and Val du Haut 

Boréon, where lamprophyres are widespread. These sites are at the NW and SE edges of the Central 

Granite, respectively (Fig. 1). The E-W striking Fremamorta Shear Zone (FSZ), dated at 22 - 23 Ma 

(Corsini et al., 2004), runs between them. 

 

LAMPROPHYRE FIELD OCCURENCE 

 

In Valscura and Haut Boréon, the lamprophyres are intruded into Variscan basement rocks 

consisting of migmatitic paragneisses, mainly metatexites grading to diatexites, and minor 

migmatitic meta-granitoids and amphibolites (Fig. 2). The dominant structure in the migmatitic 
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complex is the composite foliation S1+2, resulting from superposition of D2 isoclinal folds on S1. 

NW-SE striking and SW or NE dipping S1+2 developed during migmatization and is parallel to the 

lithological boundaries. Axial surfaces of D3 folds are steeply dipping to N, NW or SE with sub-

vertical to SW plunging axes.  

The lamprophyres are in swarms of coalescent dykes (Fig. 3a), ranging from centimeters up to 10 

meters in thickness, with sub-vertical dyke walls that strike at around 60°N (Fig. 2), with very few 

exceptions. The lamprophyres crosscut the D3 structures, as well as small granite bodies and dykes 

and the Central Granite pluton (e.g. Faure-Muret, 1955; Filippi et al., 2019; Malaroda et al., 1970). 

Intrusive contacts between lamprophyres and host rocks are sharp and angulated as a result of syn-

intrusive fracturing; vesicles and centimeter-thick chilled margins are along the dyke margins. 

These syn-intrusive structures suggest that the dykes emplaced at shallow crustal level. 

Lamprophyres of few meters of thickness are spessartites (Le Maitre et al., 2002), with sub-

millimetric to millimetric amphibole phenocrysts into a cryptocrystalline to very-fine grained 

groundmass. Conversely, the thickest dykes are appinites (Le Maitre et al., 2002; Murphy, 2013, 

2020), formed by holocrystalline medium- to coarse-grained, locally pegmatitic, aggregates of 

amphibole, plagioclase, minor K-feldspar, and rare quartz grains. At dyke cores, rounded to 

angulated appinite xenoliths are enclosed within plagioclase-rich leuco-appinite. 

At Lacs Bessons, in Haut Boréon (Fig. 2), a 10-meter-thick E-W trending dyke displays a 

symmetrical structure: two bands of melano-spessartite occupy the dyke margins (Fig. 3b), whereas 

appinite and leuco-appinite fill the dyke core. Melano-spessartite is a fine-grained phaneritic rock 

characterized by amphibole-rich domains of centimeter size enclosed within a slightly more 

leucocratic matrix; chilled margins and trails of up to centimeter-sized vesicles mark the dyke walls. 

Meter-thick bands of comb layer-textured appinite separate melano-appinite from appinite. Comb 

layers are outlined by up to 5-centimeter-long amphiboles perpendicular to the dyke walls and 

included in a groundmass of millimeter-sized amphibole and plagioclase; fine-grained domains are 

alternating with comb layers. Where appinite is mingled with leuco-appinite, comb layered bands 
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and chilled margins are brecciated (Fig. 3c, d). Meter-thick spessartite dykes, trending 60°N, 

intersect the melano-spessartite in the main E-W trending dyke and are coalescent with the leuco-

appinite at dyke core. Leucocratic veins, which correspond to the last magmatic pulses, crosscut 

melano-spessartite (Fig. 3b) and spessartite at dyke margin, and, locally, appinite and leuco-appinite 

at dyke core. In most of the cases, the leucocratic veins are parallel to the dyke walls. 

In both localities, igneous minerals are often replaced by randomly oriented aggregates of epidote 

and chlorite, testifying a late-intrusive hydrothermal imprint (M1), with no counterparts in the host 

migmatites and granites (Fig. 3b). Dextral strike-slip shear zones of Alpine age (S4), mainly NW-

SE striking and with S-C structures (Baietto et al., 2009; Corsini et al., 2004; Filippi et al., 2019; 

Leclère et al., 2014; Sanchez et al., 2011b), crosscut the lamprophyres and reactivated the intrusive 

contacts (Fig. 3e, f). 

 

MICROSTRUCTURE 

 

Timing of mineral growth inferred by microstructural analysis is indicated by alphanumeric labels, 

in which capital letters I and M stand for igneous and metamorphic mineral assemblages, associated 

with progressive numerals related to subsequent igneous and metamorphic stages (Tab. 1). 

 

Igneous microstructure 

 

Textures of mafic porphyrites are highly heterogeneous: sub-millimetric phenocrysts of brown 

igneous amphibole (AmpI1) occur in a microcrystalline groundmass, or together with small laths of 

igneous plagioclase (PlI1); in few cases, small phenocrysts of AmpI1 are enclosed in crystals of 

PlI1 (up to centimeter-sized), providing sub-ophitic and ophitic textures. In all the lamprophyre 

types, simple twinning and oscillatory compositional zoning are characteristic of euhedral to 

subhedral crystals of AmpI1 (Fig. 4a). Locally, AmpI1 encloses dark brown AmpI0 cores with 
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irregular grain boundaries (Fig. 4b). In Haut Boréon, melano-spessartite contains enclaves enriched 

in elongated dark brown AmpI1 grains. Rims of dark-green amphibole (AmpI2a) surround AmpI1 

in phaneritic and aphanitic Valscura types, whereas green to pale-green amphibole (AmpI2b) rims 

AmpI1 and occurs as small phenocrysts in the matrix of the Lacs Bessons main dyke, within or 

nearby the leucocratic veins, together with AbI2b and igneous biotite (Fig. 4c, d).  

Subhedral crystals and small laths of PlI, usually with simple or polysynthetic twins, are widely 

replaced by post magmatic albite, epidote, chlorite, and sericite. In appinite, QzI and KfsI crystals 

are interstitial with respect to PlI, whereas they occur as subhedral grains in leuco-appinite and 

leucocratic veins. In Haut Boréon spessartite, xenocrysts of clinopyroxene (CpxI0) form aggregates 

of submillimetric grains with oscillatory compositional zoning (Fig. 4e). CpxI0 grain boundaries are 

irregular and rimmed by AmpI1 (Fig. 4e). Rare crystals of igneous biotite (BtI) are widely replaced 

by hydrothermal chlorite and titanite (Fig. 4f). Minor magnetite, ilmenite, and apatite are included 

in AmpI1 and PlI. In spessartite and melano-spessartite, vesicles are rimmed by tangentially 

oriented AmpI1 and filled by igneous and/or hydrothermal mineral assemblages. 

 

Metamorphic microstructure 

 

Lamprophyre igneous minerals are partially or totally replaced by metamorphic minerals, which 

formed during different stages of the Argentera-Mercantour ECM tectono-metamorphic evolution. 

M1 mineral assemblages reflect late-intrusive hydrothermal systems that likely affected the 

lamprophyres shortly after their emplacement (Filippi et al., 2019). M1 comprises coronitic 

aggregates of AbM1, ActM1, ChlM1, EpM1, TtnM1, KfsM1, QzM1 replacing igneous amphibole 

(Fig. 5a), and AbM1 + EpM1 overgrowing PlI. In BSE images, EpM1 commonly shows patchy, 

irregular, and sharp zoning. Coronae of BtM1 are around igneous amphibole and K-feldspar (Fig. 

5b). Pyrite and hematite rim MagI1; PlI1 shows K-feldspar exsolutions and sericitization. Anhedral 

and coarse-grained crystals of calcite fill the vesicles, locally in association with other M1 minerals.  
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M2 mineral assemblages comprise PlM2, ActM2, BtM2, ChlM2, EpM2, KfsM2, TtnM2, and PhM2 

that support S4 foliation and fill syn-kinematic tensional veins (Figs. 5c, 5d, 5e, and 5f). In high 

strain domains, S4 wraps porphyroclasts of igneous and M1 hydrothermal minerals. In low-strain 

domains, igneous and M1 minerals are wrapped by coronae of M2 minerals. EpM2 rims EpM1 

(Fig. 5e).  

In Valscura, M2 is subdivided into M2a and M2b, which are related to finite strains increments 

involving vein opening and growth of coronae during S4 development. AbM2a, ActM2a, and 

ChlM2a occupy tensional veins along dyke margins coupled with syn-kinematic stylolitic films 

marked by fine-grained trails of TtnM2a and ChlM2a. In low-strain domains, ActM2a forms 

coronae around igneous amphibole crystals, which locally are partially to totally replaced by M1 

assemblages (Fig. 5h). Microcrystals of PlM2b, ActM2b, BtM2b, ChlM2b, EpM2b, TtnM2b, and 

PhM2b mark S4 (Fig. 5f). ActM2b occurs together with BtM2b in pressure shadows around 

igneous amphibole porphyroclasts, and with ChlM2b in syn-kinematic boudin necks. 

Microcrystalline aggregates of TtnM2b are concentrated in S4 strain caps around igneous- and 

hydrothermal-derived porphyroclasts (Fig. 5f). ActM2b rims both igneous amphiboles and ActM2a 

(Fig. 5g). AbM2b, ActM2b, and KfsM2b fill tensional veins at dyke margins (Fig. 5i) and fine-

grained aggregates of TtnM2b define D4 stylolites that are orthogonal to the veins. Moreover, 

ActM2b forms discontinuous rims around ActM2a coronae, which in turn rim igneous amphibole 

(Fig. 5h).  

In both localities, crystals of BtM2/M2b with SPO parallel to S4 or in AmpI1 pressure shadows are 

commonly replaced by ChlM2/M2b during S4 development (Fig. 5c). ActM2, BtM2, and EpM2 

supporting S4 are rarely preserved, and their abundance decreases with the increase of chlorite, 

albite, titanite, and opaque minerals on S4. We interpret the loss of ActM2, BtM2, and EpM2, as 

well as of igneous and hydrothermal relics, as an effect of the progression of mylonitic deformation 

during progressive exhumation up to cataclastic and brittle conditions. Hereafter, we focus on 
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samples preserving the most complete mineral record for constraining the prograde Alpine 

evolution and metamorphic peak. 

 

MINERAL CHEMISTRY 

 

Mineral analyses were carried out at Università degli Studi di Milano with a JEOL 8200 Super 

Probe (WDS), working at 15 kV accelerating voltage with a current beam of 5 nA; natural silicates 

were used as standards. 13 lamprophyre samples (6 from Valscura and 7 from Boréon) were 

analyzed to constrain the composition of the igneous and metamorphic minerals in different 

lamprophyre types. Amphibole formulae were calculated checking the most satisfying results of 13, 

15, 16 cations, and 23 O normalizations, only considering oxo-component when Ti > 0.5 apfu 

(Hawthorne et al. 2012, Locock, 2014). Clinopyroxene was recalculated on the basis of 4 cations and 6 

O, feldspar of 4 O, epidote of 8 cations and 12.5 O, biotite of 11 O, and chlorite of 7 O. The mineral 

chemical dataset is available in supplementary data 1. 

 

Igneous minerals 

In Valscura, AmpI1 is characterized by higher Mg#, Al, Ti, and Na content than in AmpI2a (Tab. 2, 

Fig. 6). AmpI1 in appinite is magnesio-hastingsite, Ti-rich pargasite, pargasite or, in few cases, 

magnesio-ferri-hornblende; AmpI2a is magnesio-ferri-hornblende, or, rarely, actinolite and ferro-

actinolite. In spessartite and leuco-appinite, AmpI1 is Ti-rich pargasite, Ti-rich magnesio-

hastingsite, pargasite, or ferri-kaersutite; AmpI2a is magnesio-horneblende, magnesio-ferri-

horneblende, or actinolite. 

In Haut Boréon, AmpI1 is characterized by decreasing of Mg#, Ti, and Al content from core to rim 

(Tab.2, Fig. 6). AmpI0 plots amongst the Ti- and Al-richest AmpI1 core, whereas oscillatory zoning 

in AmpI1 core reflects minor variations in Mg#, Si, Al, and Ti. AmpI1 in appinite is Ti-rich 

pargasite or Ti-rich magnesio-hastingsite. In melano-spessartite, AmpI1 core is ferri-kaersutite or 
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Ti-rich pargasite, characterized by the highest Ti content; AmpI1 rim is Ti-rich pargasite or ferro-

pargasite. In comb-layered appinite, AmpI1 is ferri-kaersutite, Ti-rich pargasite, or magnesio-

hastingsite at core, and Ti-rich ferro-pargasite or ferro-pargasite at rim. In spessartite, AmpI1 core is 

Ti-rich pargasite or ferri-kaersutite; AmpI1 rim is Ti-rich pargasite, Ti-rich ferro-pargasite, 

pargasite, or magnesio-hornblende. AmpI2b in the leucocratic veins is Ti-rich hastingsite, 

hastingsite, or Ti-rich ferro-pargasite, with K content suggesting an alkaline affinity for these late-

intrusive veins, in contrast with the calc-alkaline signature of AmpI1 (Fig. 6). 

Simple-twinned euhedral to subhedral plagioclase is An1-4 in all the lamprophyre types. However, 

PlI1 is widely replaced by EpM1 and therefore it may not preserve the primary composition: area 

analyses on AbM1 + EpM1 domains in Valscura appinites point to An28-40. CpxI0 is characterized 

by Mg# = 0.66 - 0.75, Ca = 0.88 - 0.91 apfu, Na = 0.03 - 0.04 apfu, and Al lower than 0.09 apfu. BtI 

shows Mg# = 0.42 - 0.48 and Ti = 0.19 - 0.27 apfu. 

 

Hydrothermal and metamorphic minerals 

 

M1 comprises AbM1 (An0-3), ActM1, ChlM1, EpM1, KfsM1, TtnM1, BtM1, CalM1, HemM1, 

PyM1. In ChlM1, Si is 2.90 ± 0.08 apfu and Al 2.29 ± 0.10 apfu. ChlM1 in Valscura is Mg richer 

(Mg# = 0.59 – 0.67) than in Haut Boréon (Mg# = 0.50 - 0.60) (Fig. 7). BtM1 is characterized by 

Mg# = 0.40 - 0.52 and Ti = 0.11 ± 0.03 apfu. Epidote (Fig. 5e) shows decreasing of Fe3+ / (Al + 

Fe3+) ratio from EpM1 at core (0.35) to EpM2 at rim (0.29). 

M2 comprises ActM2, BtM2, ChlM2, EpM2, KfsM2, OpqM2, PhM2, PlM2 (An3-12), and TtnM2. 

In both localities, ActM2 is characterized by higher AlIV, AlVI, BNa, ANa and lower Si and BCa 

content than ActM1 (Tab. 3, Fig. 8). 

In Valscura, ChlM2a shows Si = 2.79 ± 0.05 apfu and Mg# = 0.58 - 0.61, with Al content (2.52 ± 

0.05 apfu) higher than in ChlM1 (Fig. 7). ChlM2b is similar to ChlM2a in Mg# (0.57 - 0.60) and Si 

content (2.82 ± 0.06 apfu), but Al richer (2.56 ± 0.03 apfu) (Fig. 7). BtM2b is Ti poorer (0.06 ± 
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0.02 apfu) than BtM1, with Mg# = 0.53 - 0.62 (Fig. 7). In PhM2b, Si is 6.51 ± 0.09 apfu, Al is 4.79 

± 0.12 apfu, and Na is lower than 0.04 apfu.  

In Haut Boréon, ChlM2 shows Si = 2.78 ± 0.08 apfu and Mg# = 0.49 - 0.60, with Al content (2.52 ± 

0.12 apfu) higher than in ChlM1 (Fig. 7). BtM2 is characterized by Ti = 0.03 - 0.10 apfu and Mg# = 

0.57 - 0.60 (Fig. 7).  

 

PHYSICAL CONDITIONS OF IGNEOUS AND METAMORPHIC PROCESSES 

 

Igneous geo-thermobarometry 

 

Lamprophyre crystallization pressure and temperature are estimated by amphibole 

thermobarometry. We adopted the formulation of Ridolfi et al. (2010), which is calibrated on mafic 

to intermediate calc-alkaline rocks. Furthermore, we also apply the Al-in-hornblende barometer of 

Mutch et al. (2016) calibrated on hornblende-bearing granitoids to better constrain the pressure 

under which rims of AmpI2a, magnesio-ferri-hornblende, developed. AmpI1 rim in Haut Boréon 

and AmpI2a in Valscura represent the latest stages of amphibole crystallization and therefore they 

are used for constraining the maximum emplacement depth. 

In Valscura, AmpI1 crystallization conditions are suggested at around 1000°C and 0.1 to 0.7 GPa. 

AmpI2a records significantly lower temperature, mainly between 700 and 750°C, and pressure 

lower than 0.1 GPa (Tab. 4) that corresponds to the emplacement conditions.  

A slight decrease in crystallization pressure is also recorded, from core to rim, by AmpI1 in Haut 

Boréon. Here, AmpI1 core indicates crystallization temperature between 940 and 1050°C and 

pressure at 0.3 - 0.7 GPa (Tab. 4). However, AmpI1 core composition may be not reflecting the 

crystallization pressure, as suggested by coarse-grained and comb-layer textured AmpI1 indicating 

directional crystallization controlled by dyke wall orientation at the final emplacement level. This 

evidence casts doubts upon the reliability of amphibole barometry at low pressure. Moreover, 
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comb-layered amphibole composition is more easily interpreted as function of other parameters, 

such as temperature, melt composition, water content, and oxygen fugacity (e.g. McCarthy and 

Müntener, 2016; Pistone et al., 2016). Conversely, compositions of AmpI1 rim in Haut Boréon 

spessartite suggest emplacement pressure lower than 0.2 GPa (Tab. 4). Low crystallization pressure 

for AmpI2a in Valscura and AmpI1 rim in Haut Boréon are thus consistent with shallow-depth 

emplacement, as confirmed by straight chilled margins and degassing vesicles. 

 

P-T constrains on late-intrusive and Alpine metamorphism 

 

Chlorite thermometry (Bourdelle et al., 2013; Cathelineau, 1988; Jowett, 1991) is applied to 

constrain the temperature of the late-intrusive hydrothermal circulation (M1). Average results from 

both sites overlap at around T = 300 ± 50°C (Tab. 5). The Alpine metamorphic peak, recorded by 

the M2 mineral assemblages, is estimated by amphibole thermobarometry (Gerya et al., 1998). 

Similarly in Valscura and Haut Boréon, ActM2 records temperature up to 435°C and pressure up to 

0.2 GPa (Tab. 5). 

Pseudosections are calculated with the free energy minimization program THERIAK-DOMINO 

(De Capitani & Petrakakis, 2010, version 09/03/2019) for speculating on the stability of M1 and M2 

mineral assemblages in the NCKFMASHTO system (Fig. 9a). The effect of the oxidation state on 

the stability and preservation of mineral assemblages is evaluated varying the XFe
3+ = Fe3+ / (Fe2+ + 

Fe3+) molar ratio in a P-X diagram at T = 435°C (Fig. 9b). We adopted a converted version of the 

thermodynamic database ds62 from Holland and Powell (2011) including a-x relations for epidote, 

calcic amphibole, white mica, biotite, feldspar, chlorite, and ilmenite (Holland and Powell, 2011; 

Green et al., 2016; White et al., 2014a; White et al., 2014b). The peristerite gap is modeled including 

end-member albite in addition to the plagioclase predicted by the solution model.  

WR composition of a sample from Valscura (LMB26, Tab. 1 in Filippi et al. 2019) served as input, 

in excess of water. We considered the WR composition as reasonable approximation of the reacting 
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volume, because hydrothermal and metamorphic minerals developed in microstructural sites 

characterized by different finite strain patterns in different rock types (e.g. coronae, differentiated 

rough and stylolitic films marking S4, porphyroclast rims, strain caps, pressure shadows and/or syn-

kinematic extensional veins) are broadly homogeneous in composition. 

M1 mineral assemblage (epidote + actinolite + chlorite + titanite + albite + K-feldspar) is 

constrained between 300 and 400°C at around 0.1 GPa and up to 420°C at 0.4 GPa, assuming Fe3+ / 

(Fe2+ + Fe3+) = 0.2. Wairakite-in, prehnite-in, and Fe-pumpellyte-in reactions delimit the field at 

low temperature from low to middle pressure, glaucophane-in at high pressure, plagioclase-in at 

high temperature and low pressure, biotite-in at high temperature and middle pressure (Fig. 9a). The 

lack of biotite in M1 field is expected since BtM1 occurs in K- and likely Ti-rich compositional 

sub-systems (Fig. 5b).  

The stability field for the M1 assemblage (Fig. 9a) may be further reduced by considering the 

compositional isopleths for actinolite Si = 7.91 ± 0.06 apfu and ANa = 0.01 ± 0.01 apfu, 

representing the average concentrations in AmpM1 in Valscura, and the emplacement pressure 

determined by igneous barometry (P < 0.1 GPa, Tab. 4). In this way, the M1 field is delimited 

between 300 and 400°C. These conditions partially overlap the results of chlorite thermometry on 

ChlM1 (T = 300 ± 50°C, Tab. 5): the temperature accountable for the lower greenschist facies M1 

stage is constrained between 300 and 350°C. 

The stability field of the M2b mineral assemblage (epidote + biotite + actinolite + chlorite + titanite 

+ albite + K-feldspar) is comprised between 390 and 450°C and 0.2 to 0.8 GPa (Fig. 9a). As 

expected, phengite is not predicted by the model since it replaces plagioclase. M2b field is 

delimited by biotite-out reaction at low temperature, by plagioclase-in at low pressure, by K-

feldspar-out at high temperature, and by glaucophane-in at high pressure. The hornblende-in 

reaction at around 460 - 470°C is taken as extreme boundary at higher temperature, since 

hornblende is never observed in the M2 assemblages. Importantly, volume of chlorite in M2b field 

abruptly decreases by increasing the temperature of 30°C, whereas biotite increases from 0 to 20 
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%vol. Relics of BtM2 within S4 and in pressure shadows are overgrown by ChlM2 (Fig. 5c, d) as 

result of minimal temperature decrement involving replacement of biotite by chlorite. The P-T 

interval accountable for the upper greenschist facies M2b stage is better constrained at P = 0.2 - 0.4 

GPa and T = 420 - 450°C by compositional isopleths for actinolite Si = 7.81 ± 0.09 apfu and ANa = 

0.03 ± 0.02 apfu (Fig. 9a). The result well matches the highest thermobarometric estimates (T = 

435°C and P = 0.2 GPa, Tab. 5). Moreover, BNa compositional isopleths for actinolite are added in 

Figure 9. BNa content is markedly pressure dependent (Fig. 9a), but significantly shifted towards 

lower pressure by increasing XFe
3+ (Fig. 9b). In every case, the stability field of ActM1 (BNa = 0.02 

± 0.01 apfu) is restricted to pressure lower than 0.1 GPa, whereas ActM2 (BNa = 0.05 ± 0.02 apfu) 

is stable in the M2 field at pressure never exceeding 0.4 GPa also for very low XFe
3+. 

 

DISCUSSION 

 

Permian-Triassic lithospheric thinning 

 

Swarms of lamprophyres are widespread in the eastern Argentera-Mercantour ECM. The 

lamprophyres are heterogeneous in composition and characterized by mingling and magmatic 

breccia textures that result from multiple magmatic injections. Cores of AmpI1, mainly kaersutite 

and Ti-rich pargasite, retain crystallization temperature up to 1040°C at 0.3 - 0.6 GPa. However, 

this pressure does not represent the emplacement condition. Oscillatory compositional zoning at 

AmpI1 core (Fig. 4a) reflects complex reaction paths implying interactions of fluid/melt and 

crystals during ascent of successive magma pulses. 

AlIV vs K diagram (Fig. 6) highlights the calc-alkaline affinity of the lamprophyres; whereas the 

composition of AmpI2b in late-intrusive leucocratic veins suggests an alkaline nature for the last 

magmatic injection. The transition from Permian calc-alkaline to Permian-Triassic alkaline 
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magmatism is a well-known signature of the Southern Variscan belt (Filippi et al., 2019 and refs. 

therein).  

Conversely, AmpI2a in Valscura and AmpI1 rim Haut Boréon testify a decrease of temperature and 

pressure during crystallization, confirming that the lamprophyres emplaced at shallow depth, in 

agreement with field relationships. Pressure estimates on igneous amphibole lower than 0.1 - 0.2 

GPa reflect the maximum pressure of the dyke emplacement, which is consistent with the 

occurrence of straight chilled margins and degassing vesicles.  

The lamprophyres were affected by localized hydrothermal circulation soon after their 

emplacement. Despite of differences in XFe in hydrothermal ChlM1 between Valscura and Haut 

Boréon (Fig. 7), thermometric estimates are similar (Tab. 5). The temperature of the hydrothermal 

fluids associated with M1 mineral assemblages is constrained at 300 - 350°C under lower 

greenschist facies conditions by combining chlorite thermometry and pseudosection prediction. 

The chronological constrains on the emplacement of the lamprophyres in the Argentera-Mercantour 

ECM are the crosscutting relationships with the Central Granite (Malaroda et al., 1970), dated at 

292 ± 10 Ma (Ferrara and Malaroda, 1969) or 299 - 296 Ma (Corsini et al., 2004), and with the 

Alpine shear zones (34 - 20 Ma, Corsini et al., 2004; Sanchez et al., 2011a) intersecting the dykes. 

The prograde metamorphic evolution recorded by the lamprophyres confirms that they pre-date the 

Alpine collision in the Argentera-Mercantour area: a Permian-Triassic age for the lamprophyres 

appears reasonable (cfr. Filippi et al., 2019).  

In late to post Variscan times, decreasing of mantle contribution in high-K calc-alkaline granitoids, 

from the high- to low-Mg-number suites, is recognized in some of the ECMs (Debon and Lemmet, 

1999). After the early Permian, further emplacement of lamprophyres with high crystallization 

temperatures is consistent with re-enhancing of partial melting of the subcontinental mantle in the 

Argentera-Mercantour ECM area. This is also characteristic of other segments of the Southern 

Variscan Belt, in which Permian-Triassic lithospheric thinning triggered mantle melting and led to 
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the Tethys opening in Mesozoic times (e.g. Lardeaux and Spalla, 1991; Lustrino et al., 2019; 

Marotta et al., 2009; Marotta et al., 2018; Roda et al., 2019, Spalla et al., 2014). 

 

Alpine collision 

 

The Argentera-Mercantour lamprophyres retain the Alpine metamorphic peak at 420 - 450°C and 

0.2 - 0.4 GPa (Fig. 10). Similar dyke orientations and P-T estimates at both sides of FSZ (Fig. 1 and 

2) point out negligible vertical offset and rotation operated by this Alpine thrust in the eastern 

Argentera-Mercantour ECM. 

The prograde path from lower greenschist facies late-intrusive hydrothermalism towards the 

transition to the amphibolite facies is reflected by (1) increasing of Ca content in PlM2, (2) relative 

enrichment in AlIV, AlVI, BNa, ANa and depletion in Si in ActM2 with respect to ActM1, (3) Al 

enrichment in ChlM2, and (4) decreasing of Fe3+ / (Al + Fe3+) ratio in EpM2, as expected for mafic 

systems (Maruyama et al., 1982, 1983; Thompson and Laird, 2005). The occurrence of biotite in the 

M2 assemblage points out upper greenschist facies conditions (Ernst and Liu, 1998) and 

corroborates the quantitative estimates. Recognizing upper greenschist facies mineral assemblages 

supporting Alpine structures contrasts with some of the metamorphic maps of the Alps, in which 

the Alpine metamorphic imprint of the Argentera-Mercantour ECM is labeled as sub-greenschist or 

lower greenschist facies (Frey et al., 1999; Oberhänsli et al., 2004; Bousquet et., 2012).  

However, it should be considered that all over the mapped areas peak mineral assemblages on S4 

are only rarely preserved. In fact, in most of the cases, D4 structures are supported by biotite-free 

assemblages according to decreasing of biotite volume along with temperature (Fig. 9). The 

exhumation of the Argentera-Mercantour ECM is in fact accommodated by long-lasting motion and 

reworking along D4 structures, up to cataclastic and brittle conditions (Baietto et al., 2009; Bigot-

Cormier et al., 2006; Corsini et al., 2004; Sanchez et al., 2011a; Sanchez et al., 2011b). Our 

investigation of the prograde metamorphic evolution has been based on sampling strategies aiming 
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at selecting of mineral fabrics that correspond to the first deformation increments and that escaped 

the intense retrogression affecting most of the Alpine shear zones. Relics of BtM2 within S4, 

partially overgrown by ChlM2, testify the beginning of the retrograde path after the Alpine 

metamorphic peak. 

The Alpine P-T peak conditions result in a thermal state of 40°C/km, which is compatible with 

those expected for crustal thickening (England & Thompson, 1984; Cloos, 1993). This thermal state 

is comparable with the 2-D numerical model of continental collision of Regorda et al. (2017), which 

considers an Alpine convergence rate in the order of 3 cm/yr (Roda et al., 2012). The thermal state 

affecting the continental lower plate during the Alpine collision well fits with the record of the 

Argentera-Mercantour ECM (Fig. 10). 

 

CONCLUSIONS 

 

The lamprophyres of the Argentera-Mercantour ECM, most likely of Permian-Triassic age, are 

referred the last magmatic event that affected the exhumed Variscan lower crust in the future ECMs 

of the Western Alps. Since the lamprophyres postdate the early Permian Central Granite intrusion, 

and consequently the transcurrent motion localized along the VSZ in Carboniferous times 

(Simonetti et al., 2018), they might well be related to a subsequent tectonic setting, likely the 

extensional/transtensional phase, ancestor of the Tethys ocean opening in Jurassic times (e.g. Roda 

et al., 2019). The lamprophyres emplaced at very shallow crustal depth and recorded a prograde 

metamorphic evolution during the Alpine collision, whose peak conditions are now constrained at T 

= 420 - 450°C and P = 0.2 - 0.4 GPa. 
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FIGURE CAPTIONS 

 

Fig. 1 – Schematic geologic map of the Argentera-Mercantour ECM, modified after Gosso et al. 

(2019) and refs. therein; lamprophyre occurrences (asterisks) are from Malaroda et al. (1970); a and 

b contoured regions locating the investigated areas of Valscura and Val du Haut Boréon, 

respectively. Abbreviations: CSZ - Casterino Shear Zone; FSZ - Fremamorta Shear Zone; VSZ - 

Valletta (or Ferrere-Mollières) Shear Zone; CG - Central Granite. Legend: 1 - late- to post-Alpine 

faults; 2 - Penninic Front; 3 - Oligocene-Miocene greenschist facies mylonites; 4 - undifferentied 

Briançonnais units; 5 - undifferentied Sub-Briançonnais units; 6 - Upper Cretaceous to Priabonian 

foreland successions; 7 - Lower Jurassic to Lower Cretaceous limestones, marlstones, and shales; 8 
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- Lower Triassic siliciclastic sequences, and Middle to Upper Triassic limestones and dolomites; 9 - 

Permian siliciclastic sequences and volcanics; 10 - late Carboniferous to early Permian granitoids 

11 - late Carboniferous siliciclastic sequences and carbonaceous schists; 12 - Carboniferous 

amphibolite to greenschist facies mylonites; 13 - syn-tectonic diorites; 14 - Migmatitic 

amphibolites; 15 - Diatexites; 16 - migmatitic metagranitoids and orthogneisses; 17 - Migmatitic 

paragneisses. Projected coordinate system: WGS 84-UTM32N (metric grid). Inset: tectonic sketch 

of the Alps: A - Variscan basement rocks recycled in the Alpine subduction complex; B - Variscan 

basement rocks of the Helvetic-Dauphinois-Provençal Domains (Ag: Aar-Gothard Massifs, Ar: 

Argentera-Mercantour Massif, Bd: Belledonne Massif, Mb: Mont Blanc Massif, Px: Pelvoux 

Massif) and Southern Alps (Sa); C - Variscan basement rocks external to the Alpine fronts (Mt: 

Maures-Tanneron Massif); D - lithospheric-scale structures delimiting the axial zone of the Alps 

(Pf: Penninic Front, Pl: Periadriatic Lineament); E - Alpine fronts. 

Fig. 2 – Interpretative structural maps of Valscura (A) and Haut Boréon (B), modified after Filippi 

et al. (2019) and refs. therein. Legend: 1 - trajectory of D4 mylonitic and cataclastic shear zones; 2 

– trajectory of S1+2 migmatitic foliation; 3 - lamprophyres; 4 - acidic dykes; 5 - granites; 6 - 

diatexites; 7 - migmatitic meta-granitoids (metatexites); 8 - migmatitic paragneisses and 

amphibolites (metatexites). Projected coordinate system: WGS 84-UTM32N (metric grid). 

Fig. 3 – Argentera-Mercantour ECM lamprophyres: (A) swarms of lamprophyre dykes (white 

arrow) intruding diatexites on the west slope of Caire de l’Agnel, Haut Boréon; (B) melano-

spessartite with vesicles (white dots) occurring in the external parts of the 10-meter thick dyke of 

Lacs Bessons. Late-intrusive leucocratic veins are parallel to the dyke walls. Epidote- and chlorite 

bearing hydrothermal assemblages are associated with some of these veins (coin for scale); (C) 

xenolith of comb-layered appinite included in mingled leuco-appinite and appinite in the central 

part of the lacs Bessons dyke (coin for scale); (D) xenolith of melano-spessartite preserving 

repeated chilled margins and layers of vesicles in the central part of the lacs Bessons dyke (pencil 

for scale); (E) 130°N-striking mylonitic foliations (D4) crosscutting spessartite dyke at Valscura 
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(compass for scale). S4 is marked by chlorite, biotite and trails of fine grained titanite; (F) S4 

developed along dyke margin in a 60°N-striking spessartite from Valscura (hammer for scale). 

Fig. 4 – Igneous mineral assemblages and microstructures characterising the Argentera-Mercantour 

lamprophyres (BSE images): (A) crystals of AmpI1 including MgtI1 and displaying oscillatory 

compositional zoning in appinite, Haut Boréon; (B) amphibole xenocryst with corroded margins 

and rimmed by AmpI1 in spessartite from Haut Boréon; (C) AmpI2b rimming AmpI1 in melano-

spessartite from Haut Boréon; (D) Rim of AmpI2b developed around AmpI1 and small crystals of 

AmpI2b filling a leucocratic vein at the contact between melano-spessartite and spessartite, Haut 

Boréon; (E) igneous clinopyroxene with oscillatory compositional and irregular boundary in 

spessartite, Haut Boréon; (F) Relic of igneous biotite completely replaced by biotite, chlorite, and 

titanite during late-intrusive hydrothermalism. 

Fig. 5 – Hydrothermal and syn-D4 mineral assemblages (BSE images): (A) AmpI1 phenocryst in 

spessartite entirely replaced by hydrotermal minerals, Valscura; (B) Hydrothermal BtM1a around a 

crystal of igneous K-feldspar in appinite, Haut Boréon; (C) AmpI1 crystal wrapped by S4 in an 

appinite from Haut Boréon. S4 is supported by newly-formed grains of ActM2,ChlM2, and BtM2; 

other grains of BtM2 are instead relics with respect to S4; (D) Phenocryst of AmpI1 largely 

replaced by M1 mineral assemblages and wrapped by S4 in a spessartite from Valscura. Pressure 

shadows are filled by BtM2b, and ActM2b grew at the edges of the AmpI1 phenocryst. BtM2b is 

partially overgrown by ChlM2; (E) hydrothermal EpM1 crystals wrapped by EpM2 in a foliated 

spessartite from Haut Boréon; (F) porphyroclast of EpM1 with lobate margins wrapped by S4 

foliation in a spessartite from Valscura. EpM1 is characterized by patchy and irregular zoning. S4 

foliation is supported by PhM2b and ChlM2b. TtnM2b marks the strain caps. EpM2b fills the 

pressure shadows; (G) tensional vein mineralized by ActM2a and ChlM2a in spessartite from 

Valscura. ActM2b wraps ActM2a together with AmpI1; PhM2b intersects the edges of the vein; (H) 

coarse-grained crystal of AmpI1 locally replaced by ActM1 and ChlM1 in appinite from Valscura. 
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Two highly discontinous coronae of actinolite wrap AmpI1; (I) syn-D4 tensional veins (north of 

dashed line) filled by ActM2b, AbM2b, BtM2b, KfsM2b, TtnM2b in spessartite from Valscura. 

Fig. 6 – Compositions of igneous amphiboles in Valscura (left column) and Haut Boréon (right 

column), as function of microstructural site and lamprophyre rock type. Calc-alkaline and alkaline 

fields in AlIV vs K diagram are from Ridolfi and Renzulli (2012). 

Fig. 7 – Compositional variations of hydrothermal (M1) and syn-D4 (M2, M2a, M2b) chlorites and 

biotites. 

Fig. 8 – Compositional variations of hydrothermal (M1) and syn-D4 (M2, M2a, M2b) amphiboles 

from Valscura (left column) and Haut Boréon (right column). 

Fig. 9 – Pseudosections calculated for the Argentera-Mercantour lamprophyres (sample LMB26: 

SiO2 = 54.24, TiO2 = 1.12, Al2O3 = 15.97, FeOt = 7.06, MgO = 6.15, CaO = 7.59, Na2O = 3.08, 

K2O = 2.11 (%wt), see Filippi et al., 2019) in excess of water. In the picture, bulk composition is 

converted in cation molar percentage. Details on the adopted thermodynamic database are in the 

text. Compositional isopleths for actinolite, Si (dashed lines), BNa (dotted lines) and ANa (dashed-

dotted lines), are added; concentrations are in apfu. A: P-T diagram at XFe
3+ = 0.20 (molar ratio). 

M2b field (Ep + Bt + Act + Chl + Ttn + Ab + Kfs ) is colored light grey and further divided by 

ActM2b compositional isopleths (dark gray). Some very small fields have not been numbered. B: P- 

XFe
3+ diagram at T = 435°C. 

Fig. 10 – Metamorphic evolution of Argentera-Mercantour ECM. A: summary of Variscan and 

Alpine P-T estimates from the literature: 1 - Ferrando et al. (2008); 2 - Latouche & Bogdanoff 

(1987); 3 - Attal (2000); 4 - Leclère et al. (2014); 5 - Corsini et al. (2004); 6 - Sanchez et al. (2011a) 

(VSZ); I2a (last stage of igneous crystallization), M1 (hydrothermalism), and M2b (Alpine thermal 

peak) - this paper. Metamorphic facies are after Ernst & Liou (2008): GS - greenschist; EA - 

epidote-amphibolite; BS - blueschist; AM - amphibolite; HGR - high-pressure granulite; GR - 

granulite; aluminosilicate triple point is according to Holland & Powell (1998). B: Comparison 
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between P-T estimates on lamprophyres, classical metamorphic zoning, and numerical model 

predictions after Regorda et al., (2017); discussion in the text. 

Table 1 – Summary of igneous and metamorphic mineral assemblages in the Argentera-Mercantour 

lamprophyres. 

STAGE GENESIS MINERAL ASSEMBLAGE 

I0 igneous Amp, Cpx 

I1 (core, rim) igneous Amp, Pl, Qz, Kfs, Mgt, Ilm, Ap, Bt 

I2 (a,b) late-igneous Ab, Amp 

M1 subsolidus, hydrothermal Ab, Act, Bt, Chl, Ep, Hem, Kfs, Py, Qz, Ttn 

M2 (a,b) subsolidus, syn-D4 Act, Bt, Chl, Ep, Kfs, Pl, Qz, Ttn, Wm 

 

Table 2 – Compositional ranges and average values (± s.d.) of igneous amphiboles in Argentera-

Mercantour lamprophyres. 

Site Rock type 

Generatio

n Si AlIV Ti AlVI Mg# Ca Na K 

Valscura Appinite AmpI1  
6.00 - 

6.92 

1.08 - 

2.00 

0.11 - 

0.48 

0.14 - 

0.38 

0.56 - 

0.71 

1.57 - 

1.88 

0.51 - 

0.91 

0.07 - 

0.11 

    (37 data) 
6.36 ± 
0.21 

1.64 ± 
0.21 

0.23 ± 
0.09 

0.26 ± 
0.05 

0.64 ± 
0.04 

1.71 ± 
0.08 

0.79 ± 
0.08 

0.08 ± 
0.01 

    AmpI2a  
7.13 - 

7.73  

0.28 - 

0.87 

0.01 - 

0.14 

0.06 - 

0.17 

0.42 - 

0.64 

1.37 - 

1.86  

0.15 - 

0.48 

0.02 - 

0.07  

    (10 data) 
7.45 ± 
0.20 

0.55 ± 
0.20 

0.08 ± 
0.04 

0.11 ± 
0.03 

0.55 ± 
0.07 

1.58 ± 
0.16 

0.31 ± 
0.10 

0.05 ± 
0.02 

  
Leuco-
appinite AmpI1  

6.01 - 

6.05 

1.95 - 

2.00 

0.34 - 

0.39 

0.25 - 

0.36 

0.67 - 

0.71 

1.81 - 

1.87 

0.78 - 

0.87  0.08 

    (5 data) 
6.03 ± 
0.02 

1.97 ± 
0.02 

0.36 ± 
0.02 

0.30 ± 
0.04 

0.69 ± 
0.02 

1.84 ± 
0.02 

0.82 ± 
0.04 - 

    AmpI2a  7.40 0.60 0.12 0.12 0.75 1.81 0.33 0.05 

    (1 data) - - - - - - - - 

  Spessartite AmpI1  
5.74 - 

6.46 

1.60 - 

2.26  

0.26 - 

0.51 

0.20 - 

0.34 

0.57 - 

0.78 

1.72 - 

1.96 

0.59 - 

0.87 

0.06 - 

0.12 

    (19 data) 
6.04 ± 
0.16 

1.96 ± 
0.16 

0.36 ± 
0.07 

0.27 ± 
0.04 

0.70 ± 
0.05 

1.86 ± 
0.06 

0.79 ± 
0.07 

0.09 ± 
0.02 

    AmpI2a  
6.65 - 

7.60 

0.40 - 

1.36 

0.04 - 

0.21  

0.05 - 

0.31  

0.53 - 

0.70 

1.23 - 

1.94 

0.16 - 

0.58  

0.02 - 

0.05  

    (9 data) 
7.22 ± 
0.37 

0.78 ± 
0.37 

0.11 ± 
0.06 

0.15 ± 
0.09 

0.62 ± 
0.07 

1.73 ± 
0.21 

0.29 ± 
0.13 

0.04 ± 
0.01 

Haut 
Boréon Appinite 

AmpI1 
core 

5.92 - 

6.12 

1.88 - 

2.08  

0.31 - 

0.45  

0.10 - 

0.33 

0.54 - 

0.64 

1.69 - 

1.91 

0.81 - 

0.94 

0.09 - 

0.13  

    (34 data) 
6.03 ± 
0.05 

1.97 ± 
0.05  

0.38 ± 
0.03 

0.26 ± 
0.04 

0.67 ± 
0.05 

1.87 ± 
0.04 

0.84 ± 
0.03 

0.11 ± 
0.01 

  Melanocratic  
AmpI1 
core 

5.74 - 

6.06 

1.94 - 

2.26 

0.41 - 

0.67 

0.19 - 

0.37 

0.55 - 

0.68 

1.84 - 

1.94 

0.79 - 

1.05  

0.10 - 

0.14 

  spessartite (17 data) 
5.94 ± 
0.09 

2.06 ± 
0.09 

0.54 ± 
0.07 

0.25 ± 
0.05 

0.62 ± 
0.03 

1.89 ± 
0.03 

0.89 ± 
0.06 

0.12 ± 
0.01 

    
AmpI1 
rim 

6.03 - 

6.41 

1.59 - 

1.97 

0.23 - 

0.48 

0.15 - 

0.35 

0.41 - 

0.62 

1.73 - 

1.88 

0.85 - 

1.10  

0.10 - 

0.18 

    (15 data) 
6.16 ± 
0.12 

1.84 ± 
0.12 

0.37 ± 
0.06 

0.28 ± 
0.05 

0.50 ± 
0.05 

1.81 ± 
0.04 

0.98 ± 
0.08 

0.14 ± 
0.02 

    AmpI2b  
6.19 - 

6.32 

1.68 - 

1.81 

0.26 - 

0.36  

0.11 - 

0.15 

0.25 - 

0.34 

1.71 - 

1.79 

0.86 - 

1.01 

0.28 - 

0.31 

    (4 data) 
6.27 ± 
0.05 

1.73 ± 
0.05 

0.30 ± 
0.05 

0.13 ± 
0.01 

0.28 ± 
0.04 

1.75 ± 
0.03 

0.93 ± 
0.05 

0.29 ± 
0.01 

  
Comb-
layered  

AmpI1 
core 

5.87 - 

6.18 

1.82 - 

2.13 

0.33 - 

0.54 

0.20 - 

0.35 

0.48 - 

0.68 

1.81 - 

1.94 

0.78 - 

0.92 

0.11 - 

0.14  

  appinite (27 data) 6.00 ± 2.00 ± 0.45 ± 0.28 ± 0.60 ± 1.89 ± 0.86 ± 0.12 ± 
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0.09 0.09 0.06 0.04 0.06 0.04  0.04 0.01 

    
AmpI1 
rim 

6.26 - 

6.28 

1.72 - 

1.74  

0.29 - 

0.30 

0.21 - 

0.33 

0.44 - 

0.47 

1.76 - 

1.81  

0.85 - 

0.91  

0.12 - 

0.14 

    (3 data) 
6.27 ± 
0.01 

1.73 ± 
0.01 - 

0.27 ± 
0.05 

0.45 ± 
0.02 

1.79 ± 
0.02 

0.89 ± 
0.02 

0.13 ± 
0.01 

  Spessartite 
AmpI1 
core 

5.78 - 

6.21  

1.79 - 

2.22  

0.32 - 

0.52 

0.13 - 

0.38 

0.51 - 

0.75 

1.79 - 

1.96 

0.66 - 

1.11  

0.10 - 

0.17  

    (48 data) 
6.00 ± 
0.10 

2.00 ± 
0.10 

0.41 ± 
0.05 

0.27 ± 
0.05 

0.68 ± 
0.05 

1.87 ± 
0.04 

0.80 ± 
0.06 

0.13 ± 
0.01 

    
AmpI1 
rim 

6.10 - 

6.96 

1.04 - 

1.90  

0.21 - 

0.35 

0.21 - 

0.32 

0.37 - 

0.71 

1.70 - 

1.90  

0.31 - 

1.16  

0.06 - 

0.18 

    (7 data) 
6.47 ± 
0.31 

1.53 ± 
0.31 

0.28 ± 
0.05 

0.28 ± 
0.04 

0.58 ± 
0.10 

1.82 ± 
0.06 

0.72 ± 
0.27 

0.12 ± 
0.04 

 

Table 3 – Compositional ranges and average values (± s.d.) of hydrothermal (M1) and syn-D4 (M2) 

amphiboles in Argentera-Mercantour lamprophyres. 

Site Rock type 

Generati

on Si AlIV Ti AlVI Mg# Ca BNa ANa K 

Valscura Appinite AmpM1 
7.81 - 

8.00 

0.00 - 

0.19 

0.00 - 

0.02 

0.00 - 

0.12 

0.43 - 

0.76 

1.91 - 

2.00 

0.00 - 

0.08 

0.00 - 

0.03 

0.00 - 

0.01 

    (35 data) 
7.92 ± 
0.05 

0.08 ± 
0.05 - 

0.06 ± 
0.03 

0.70 ± 
0.06 

1.97 ± 
0.02 

0.02 ± 
0.01 

0.01 ± 
0.01 - 

    AmpM2a 7.95 0.05 0.01 0.09 0.53 1.97 0.03 0.01 0.01 

    (1 data) - - - - - - - - - 

    
AmpM2
b 

7.69 - 

7.94 

0.06 - 

0.31 

0.00 - 

0.02 

0.07 - 

0.24 

0.44 - 

0.77 

1.90 - 

1.96 

0.02 - 

0.09 

0.00 - 

0.07 

0.01 - 

0.03 

    (14 data) 
7.85 ± 
0.06 

0.15 ± 
0.06 - 

0.13 ± 
0.04 

0.67 ± 
0.09 

1.93 ± 
0.02 

0.05 ± 
0.02 

0.02 ± 
0.02 - 

  
Leuco-
appinite AmpM1 

7.93 - 

7.96 

0.04 - 

0.07 

0.00 - 

0.01 

0.01 - 

0.07 

0.71 - 

0.72 

1.96 - 

1.98 

0.00 - 

0.04 

0.00 - 

0.00 0.00 

    (2 data) - - - - - - - - - 

  Spessartite AmpM1 
7.81 - 

7.99 

0.01 - 

0.19 

0.00 - 

0.01 

0.02 - 

0.08 

0.61 - 

0.74 

1.91 - 

1.98 

0.01 - 

0.05 

0.00 - 

0.05 

0.00 - 

0.01 

    (17 data) 
7.91 ± 
0.05 

0.09 ± 
0.05 - 

0.04 ± 
0.02 

0.70 ± 
0.04 

1.96 ± 
0.02 

0.02 ± 
0.01 

0.01 ± 
0.01   

    AmpM2a 
7.87 - 

7.97 

0.03 - 

0.13 

0.00 - 

0.02 

0.03 - 

0.10 

0.49 - 

0.75 

1.86 - 

1.98 

0.02 - 

0.08 

0.00 - 

0.05 

0.00 - 

0.01 

    (9 data) 
7.91 ± 
0.04 

0.09 ± 
0.04 - 

0.08 ± 
0.03 

0.66 ± 
0.09 

1.95 ± 
0.04 

0.04 ± 
0.02 

0.01 ± 
0.01 - 

    
AmpM2
b 

7.61 - 

7.92 

0.08 - 

0.39 

0.00 - 

0.03 

0.05 - 

0.24 

0.55 - 

0.74 

1.78 - 

1.98 

0.01 - 

0.10 

0.00 - 

0.10 

0.01 - 

0.07 

    (21 data) 
7.79 ± 
0.09 

0.21 ± 
0.09 - 

0.13 ± 
0.05 

0.68 ± 
0.04 

1.93 ± 
0.05 

0.04 ± 
0.02 

0.03 ± 
0.03 

0.02 ± 
0.01 

  All AmpM1 
7.81 - 

8.00 

0.00 - 

0.19 

0.00 - 

0.02 

0.00 - 

0.12 

0.43 - 

0.76 

1.91 - 

2.00 

0.00 - 

0.08 

0.00 - 

0.05 

0.00 - 

0.01 

    (53 data) 
7.91 ± 
0.06 

0.09 ± 
0.05 - 

0.05 ± 
0.03 

0.70 ± 
0.05 

1.97 ± 
0.02 

0.02 ± 
0.01 

0.01 ± 
0.01 - 

  All 

AmpM2
b 

7.61 - 

7.94 

0.06 - 

0.39 

0.00 - 

0.03 

0.05 - 

0.24 

0.44 - 

0.77 

1.78 - 

1.98 

0.01 - 

0.10 

0.00 - 

0.10 

0.01 - 

0.07 

    (35 data) 
7.81 ± 
0.09 

0.19 ± 
0.09 - 

0.13 ± 
0.05 

0.68 ± 
0.07 

1.93 ± 
0.04 

0.05 ± 
0.02 

0.03 ± 
0.02 

0.02 ± 
0.01 

Haut 
Boréon Appinite AmpM1 7.89 0.11 0.00 0.06 0.58 1.97 0.03 0.04 0.01 

    (1 data) - - - - - - - - - 

    AmpM2 
7.63 - 

7.83 

0.17 - 

0.37 

0.00 - 

0.01 

0.10 - 

0.15 

0.63 - 

0.70 

1.87 - 

1.90 

0.07 - 

0.08 

0.02 - 

0.10 

0.01 - 

0.03 

    (2 data) - - - - - - - - - 

  
Melanocrati
c  AmpM1 7.92 0.08 0.01 0.05 0.63 1.95 0.03 0.01 0.01 

  spessartite (1 data) - - - - - - - - - 

  
Comb-
layered  AmpM1 7.94 0.06 0.00 0.08 0.65 1.87 0.10 0.02 0.01 

  appinite (1 data) - - - - - - - - - 

    AmpM2 7.63 0.35 0.01 0.00 0.63 1.90 0.07 0.04 0.03 
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    (1 data) - - - - - - - - - 

  Spessartite AmpM1 
7.89 - 

7.99 

0.01 - 

0.11 

0.00 - 

0.02 

0.04 - 

0.11 

0.46 - 

0.68 

1.87 - 

1.95 

0.03 - 

0.07 

0.00 - 

0.04 

0.00 - 

0.02 

    (6 data) 
7.94 ± 
0.04 

0.06 ± 
0.04 - 

0.06 ± 
0.03 

0.56 ± 
0.08 

1.93 ± 
0.03 

0.04 ± 
0.02 

0.01 ± 
0.01 - 

    AmpM2 
7.59 - 

7.88 

0.12 - 

0.41 

0.00 - 

0.02 

0.09 - 

0.26 

0.52 - 

0.70 

1.90 - 

1.97 

0.03 - 

0.08 

0.02 - 

0.09 

0.01 - 

0.07 

    (11 data) 
7.75 ± 
0.08 

0.25 ± 
0.08 - 

0.16 ± 
0.05 

0.64 ± 
0.05 

1.93 ± 
0.02 

0.05 ± 
0.02 

0.05 ± 
0.02 

0.02 ± 
0.02 

  All AmpM1 
7.89 - 

7.99 

0.01 - 

0.11 

0.00 - 

0.02 

0.04 - 

0.11 

0.46 - 

0.68 

1.87 - 

1.97 

0.03 - 

0.10 

0.00 - 

0.04 

0.00 - 

0.02 

    (9 data) 
7.94 ± 
0.04 

0.06 ± 
0.04 - 

0.06 ± 
0.02 

0.58 ± 
0.07 

1.93 ± 
0.03 

0.05 ± 
0.02 

0.01 ± 
0.01 - 

  All AmpM2 
7.59 - 

7.88 

0.12 - 

0.41 

0.00 - 

0.02 

0.00 - 

0.26 

0.52 - 

0.70 

1.87 - 

1.97 

0.03 - 

0.08 

0.02 - 

0.10 

0.01 - 

0.07 

    (14 data) 
7.73 ± 
0.08 

0.26 ± 
0.08 - 

0.15 ± 
0.06 

0.64 ± 
0.04 

1.92 ± 
0.02 

0.06 ± 
0.02 

0.05 ± 
0.03 

0.02 ± 
0.01 

 

Table 4 – Thermobarometric estimates on igneous amphiboles (interval and average value ± s.d.). 

References: R10 - Ridolfi et al. (2010); M16 - Mutch et al. (2016). 

Site Rock type Mineral T (°C) P (GPa)   

      R10 R10 M16 

Valscura Appinite AmpI1  785 - 1009 0.11 - 0.52   

      920 ± 52 0.30 ± 0.09   

    AmpI2a  666 - 759 0.03 - 0.08 0.07 - 0.18 

      714 ± 34 0.06 ± 0.02 0.12 ± 0.03 

  Leuco-appinite AmpI1  1001 - 1021 0.44 - 0.54   

      1009 ± 8 0.49 ± 0.04   

    AmpI2a 738 0.05 0.13 

  Spessartite AmpI1  927 - 1066 0.30 - 0.68   

      1008 ± 38 0.48 ± 0.11   

    AmpI2a  665 - 875 0.04 - 0.21 0.08 - 0.12 

      749 ± 84 0.09 ± 0.06 0.10 ± 0.01 

Haut Boréon Appinite AmpI1 core  947 - 1021 0.33 - 0.57   

      1005 ± 14 0.48 ± 0.05   

  Melanocratic AmpI1 core 998 - 1036 0.48 - 0.74   

  spessartite   1013 ± 12 0.56 ± 0.06   

    AmpI1 rim 958 - 1001 0.40 - 0.48   

      978 ± 11 0.47 ± 0.02   

  Comb layered AmpI1 core 951 - 1034 0.40 - 0.64   

  appinite   1002 ± 23 0.53 ± 0.07   

    AmpI1 rim 929 0.31   

  Spessartite AmpI1 core 971 - 1043 0.38 - 0.70   

      1011 ± 18 0.52 ± 0.08   

    AmpI1 rim 840 - 962 0.14 - 0.37   

      916 ± 45 0.27 ± 0.08   

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Table 5 – Thermobarometric estimates on metamorphic minerals (interval and average value ± s.d.). 

References : C88 - Cathelineau (1988); J91 - Jowett (1991); B13 - Bourdelle et al. (2013); G98 -

 Gerya et al. (1998). 

Site Mineral T (°C)       P (GPa) 

    C88 J91 B13 G98 G98 

Valscura ChlM1 260 - 371 261 - 372 251 - 367     

    297 ± 26 298 ± 27 309 ± 37     

  AmpM2b       370 - 435 0.09 - 0.21 

          394 ± 18 0.15 ± 0.03 

Haut Boréon ChlM1 250 - 331 256 - 336 220 - 354     

    285 ± 23 290 ± 23 300 ± 43     

  AmpM2b       359 - 435 0.12 - 0.23 

          405 ± 20 0.17 ± 0.03 

 

HIGHLIGHTS 

 Magmatism in the Argentera-Mercantour ECM continues after the early Permian. 

 Lamprophyres emplaced at shallow crustal levels (P < 0.1 GPa). 

 Late-intrusive hydrothermalism (T = 300 - 350°C) affected the lamprophyres. 

 Upper greenschist facies mylonites crosscut the lamprophyres. 

 The metamorphic peak of the Alpine collision is at 420 - 450°C and 0.2 - 0.4 GPa.  
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