


OCCURRENCES OF ANDRADITE GARNET IN THE WESTERN AND CENTRAL ALPS

Alpine serpentinites derived from hydrothermal hydration of the Alpine ocean mantle (the Tethys around 160 million years ago, 160 Ma) related to either oceanic and/or intra-continental hydrothermalism that took place during or after the Tertiary continental collision (Alpine orogeny; formation and uplift between 25 and 5 Ma).

In the Central Alps, the serpentinites of the Val Malenco region in Lombardy, located on the southeastern edge of Switzerland and northern Italy, and between the Pennic and Austroalpine domains, are known for their great extent and thickness, which can reach two kilometers (Trommmsdorff et al. 2005). These antigorite-diopside-magnetite-brucite-olivine serpentinites derive from the metamorphism of peridotites, mainly of the harzburgite, dunite and, to a lesser extent, lherzolite type. They are also world-renowned for their demantoid garnet and asbestos, located in the eastern part of the Val Malenco ultramafic unit, more precisely in the Franscia chromite-iron-nickel-copper mining district. Garnet filling late chrysotile (asbestos) fractures is usually associated with chromiferous magnetite, calcite, brucite, clinochlore, hydromagnesite and very rarely with massive forsterite (Adamo et al. 2009). In addition, Müntener & Hermann (1994) described garnets of various colors (orange to yellow, black to orange, emerald green and light green) in veins of titaniferous andradite, vesuvianite, clinochlore, magnetite and, secondarily, perovskite, which cut diopside pyroxenites intercalated in Val Malenco serpentinites.

In the Western Alps, serpentinites resulting from the metamorphism of ultramafic rocks of ophiolitic units, relics of the ocean floor of the Tethysian Ocean, characterize the so-called Piedmont or Liguria-Piedmont zone (Fig. 1). These meta-ophiolites are distributed along the Alpine arc from Liguria in the south to Zermatt in the north. In these serpentinites, garnets are reported either in the form of andradite localized in fractures that cut serpentinites and metagabbros, or in the form of grossular that is associated with rodingites intercalated in serpentinites (Pezzotta et al. 2014). Andradite garnet occurrences are described at Saint-Véran au Col de la Noire and Bessans in France (Schaub 2005), Val de Susa, Val de Viú, Val di Ala (Fig. 2a), Val d'Aoste, Val d'Ayas and Mont Rose (Fig. 2b) in Italy (Fig. 1). Garnets are generally grossular garnet, as at Val d'Ala, for example, where the color changes from orange to orange-red, corresponding to grossular of the hessonite variety with a solid solution of 12 mol. % andradite. Exceptionally, andradite in very small water-green or olive-green crystals is reported respectively at Val d'Ala (this work; Table 1) and Val d'Antrona in Piedmont (Pezzotta et al. 2014). Similarly, the orange-colored andradite (Fe + Mn > Al) from Bessans in Savoy (see Fig. 1) has a composition very close to that of a grossular garnet (Schaub 2005).
Andradite garnet, light or dark green, black or green with black rim, is reported from the Pic de la Farnéiréta, more precisely from the Col de la Noire near Saint-Véran (communication D. Hubé, BRGM; this work, Table 1). The serpentinites of the Col de la Noire are part of a series of small dismembered and folded ophiolitic massifs, which are regionally disseminated and located to the west of Mont Viso (Lagabrielle 1987; Tricart et al. 2003). The lithological composition of the ophiolitic series at the bottom of Aigue-Blanche comprises serpentinites, meta-gabbros and pillow meta-basalts with intercalations of meta-sedimentary rocks (Fig. 3). Garnet mineralization occurs at the contact between meta-gabbros and serpentinites. It takes the form of veins, veinlets and fissures of andradite garnet, with small crystals several millimeters in size, associated with clinochlore, diopside, magnetite and vesuvianite. Some cracks are filled with asbestos, calcite and epidote, while others in meta-gabbros are filled with black garnet and clinochlore.
In the outer Belledone crystalline massif, demantoid garnet has been described at Chamrousse (Demargne 2014; Fig. 1). The mineralization is located in serpentinites of the Chamrousse ophiolitic series, which is the remnant of the existence of a Cambrian oceanic basin (496 Ma). During the Variscan orogeny, this portion of the oceanic lithosphere was overturned, reversing the classic lithological succession of the ophiolites. The meta-basalts lie beneath the meta-gabbros, which are packaged in serpentinites, sometimes rich in chromite and Cr-bearing magnetite. In the scree of the La Botte sector at 2248 m altitude, garnet is found in fissures that cut serpentinite blocks. It is associated with chrysotile and sometimes actinolite-tremolite, clinochlore and antigorite. For the record, this garnet had already been collected by naturalist Benoit Jayet on July 14, 1851, in the rocks above Lac Robert. The greenish garnet associated with a talc gangue was analyzed by Lory in 1854 and is now part of the collection of the Grenoble Natural History Museum (Demargne 2014).
Scanning electron microscopy of these garnets characterized the following mineral assemblage (Fig. 4): magnetite, Cr-magnetite, aluminous magnesiochromite, aluminous manganochromite, pentlandite, Cr-bearing clinochlore and Ni-bearing tremolite. Chromite and magnetite are two ubiquitous minerals that are key to understanding the source of chromium and iron, elements essential to the formation of demantoid garnet. Chromite is systematically transformed into Cr-bearing magnetite (Figs. 4b-d), which is trapped by garnet.
Demantoid garnets from Chamrousse and Val Malenco, located in fractures that crosscut serpentinites, have a chemical composition characterized by variable but high Cr2O3 contents, particularly in Chamrousse (0.49 to 3.9 wt. %; see Table 1). The green color of these garnets is due to the presence of Cr3+ which replaces Fe3+ in octahedral coordination. In addition, the presence of titanium explains the Fe2+-Ti4+ charge transfer observed on the UV-Vis-NIR absorption spectra of demantoid garnets, which has an influence on color nuances. On the other hand, the manganese content of the garnet is higher at Chamrousse (0.11 < MnO < 0.21 wt. %) than at Val Malenco (0.02 < MnO < 0.04 wt. %). The green to greenish andradite garnets from Val d’Ala and Val d’Aosta contain no chromium and very low levels of vanadium (Table 1). The color is likely due to the presence of Fe3+. The chemical composition of the green to black andradite garnets from Col de la Noire indicates that they are titaniferous andradites (melanite variety) with TiO2 contents of between 1 and 10 wt. % by weight. Chromium content is low (0.03 < Cr2O3 < 0.08 wt. %), but manganese levels (0.1 < MnO < 0.25 wt. %) remain high, as at Chamrousse. Titaniferous andradite with similar compositions was analyzed at Val Malenco for black garnets, located in veinlets intersecting clinopyroxenites (Müntener & Hermann 1994). The dark-green garnets from Col de la Noire contain high levels of titanium (TiO2 = 9.8 wt. %), low levels of chromium (Cr2O3 = 0.03 wt. %) and vanadium (V2O3 = 0.03 wt. %), manganese (MnO =0.16 wt. %) and aluminum (Al2O3 = 6.7 wt. %). They are also titaniferous andradites.
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FIGURE CAPTIONS
Fig. 1. Simplified tectonic-metamorphic and sedimentary map of part of the Alpine chain, showing the distribution of Alpine domains, particularly in the western and central Alps (modified from Pezzotta et al. 2014). The locations of the major andradite garnet showings described in the literature are plotted, and from south to north in the Piedmont area with the Alpine meta-ophiolites: Saint-Véran (Col de la Noire), Val de Susa, Val d'Ala, Val d'Aosta, Val d'Aya, and Zermatt, further west Bessans, and finally Chamrousse in the Belledone domain. The various domains are bounded by large overlapping zones: SF = Subalpine Front; PF = Pennine Front; CL = Canavese Line. The different domains: 1 = Dauphinois-Helvetic domain with the Argentera (AR), Pelvoux (P), Belledonne (BD), Mont-Blanc (MB)/Aiguilles-Rouges, Aar-Gothard (AA-GO) massifs; 2 : Cretaceous-Eocene greenschist and flysch facies metamorphic rocks with the Pre-Alps (PA), Embrunais-Ubaye (EU) and Alpes-Maritimes (AM); 3 = The outer Pennine domain with the Grand Saint-Bernard area (SB) and the Simplo-Tessinoises nappes (STN); 4 = Piedmont area (light green) with the Alpine meta-ophiolites (dark green) and the Voltri massif (VM) in Liguria; 5 = Inner crystalline massifs of the Pennic domain with Monte Rosa (MR), Gran Paradiso (GP), Dora Maria (DM) and Valosio (V); 6 = Austro-Alpine domain (yellow) with nappes of Dent Blanche (DB), Monte Emilius (ME), Sesia zone (SS), subalpine domain (SA ; greenish); 7 = Swiss molasses (SM) and Po molassic plain; 8 = thrust zone and fault; 9 = andradite garnet showing; 10 = City.

Fig. 2. (a) Andradite garnet, topazolite variety. Val d'Ala, Piedmont, Italy. Collection Museum Mines Paris Tech. N°47067. Width of image 8 cm. (b) Green garnet andradite associated with fibrous white asbestos. Mont Rose, Valais, Switzerland. Collection Museum Mines Paris Tech. N°5880. Image width 5 cm. Photographs: G. Giuliani.

Fig. 3. Geological section of the Pic de la Farnéiréta ophiolitic series (Aigue Blanche Upriver Circus), showing the formations of the Col de la Noire, essentially serpentinized peridotites directly covered by pelagic or brecciated sediments (Lagabrielle 1987 in Tricart 2003). The titaniferous andradite garnet showings are located in a metagabbro-serpentinite contact zone (not visible on the section plan).

Fig. 4. BSE images of Chamrousse demantoid. (a) Chromiferous andradite garnet crystals (Adr) with micro-inclusions of chromiferous magnetite (Mag) in their Ni-bearing tremolite gangue (Tr). (b) Aluminous magnesiochromite (Chr) and clinochlore (Clc) inclusions trapped by chromiferous garnet (Adr). Chromite destabilizes into Cr-bearing magnetite (Mag). (c) Zoned andradite garnet (Adr) including aluminous manganochromite (Chr) which is destabilized to form Cr-bearing magnetite (Mag). The initial chromite crystal morphology is highlighted by chromite restites and magnetite patches. A micro-inclusion of pentlandite (Pn) can be interpreted as an inclusion of the original chromite now included in garnet. (d) Epigenesis of aluminous magnesiochromite (Chr) marked by fissures formed during the alteration.

TABLE CAPTION

TABLE 1. REPRESENTATIVE ELECTRON MICROPROBE ANALYSES OF THE CHEMICAL AND MOLAR (MOL. %) COMPOSITION OF ANDRADITE GARNETS FROM ALPINE OCCURRENCES.
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