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Abstract 

 
In the Ligurian Alps (South-Western Italian Alps), Zn-Pb deposits occur within late Palaeozoic meta-

sedimentary units belonging to the Briançonnais Zone near Casario (Tanaro valley). Different types of 
sulphide-rich, lens-shaped mineralizations are recognized: sphalerite-galena massive sulphide bodies, pyrite-
rich lenses and sulphide-rich quartz–carbonate-chloritoid granofels. Sulphide lenses and host rocks are 
affected by at least three ductile deformation phases and by a polyphase alpine metamorphism, whose climax 
conditions are estimated, based on P-T pseudosection calculations, at T = 300-325 °C and P = 0.55-0.60 
GPa. In all the mineralized lenses the ore minerals are represented, in variable amount, by Fe-poor sphalerite, 
galena, pyrite and arsenopyrite (± tetrahedrite, chalcopyrite and pyrrhotite); the gangue consists of quartz, 
carbonate (siderite-magnesite ± rhodochrosite s.s.), Fe-chloritoid, muscovite-phengite and chlorite. The 
mineralizations are associated with chloritoid – carbonate micaschists displaying a finely bedded texture, 
with sharp between-bed compositional contrast, which suggests their exhalative origin. 

In spite of the tectono-metamorphic overprint, some pre-metamorphic features of the hydrothermal 
system are still recognized, like relics of the hydrothermal feeding system, primary growth textures and 
sulphide-rich microbreccias. These massive sulphide lenses, which share many characters with the SEDEX 
deposits, testify to the occurrence of an exhalative event of Upper Carboniferous age previously 
unrecognized in the Ligurian Briançonnais Unit. 
 
Keywords: massive sulphide deposit – exhalite - primary growth texture - metamorphic evolution - 
Ligurian Briançonnais 



 

1. Introduction 

Massive sulphide bodies occur, at a world 
scale, in different districts, spanning a time range 
between Archean to Tertiary; these deposits have 
been, and still are, a major source of Pb, Zn, Cu, 
Ag and Au. Due to the complexity of macro- to 
microscopic characters, their (syn- to epigenetic) 
origin has been for decades the object of a hard 
debate in the Literature [1 and references therein]. 
Based on a number of geologic, petrologic and 
geochemical evidences, the occurrence of 
important exhalative ore-forming processes is now 
generally accepted, also due to the discovery of 
present-day hydrothermal vents on the ocean floor 
and sediment-covered spreading centers [2, 3]. 
The studies performed on massive sulphides have 
shown that the deposits occur in different 
palaeogeographic and tectonic settings, with 
highly variable textural and geochemical features; 
they are the result of complex ore-forming 
processes and later modifications related to 
deformation and metamorphic overprint [1, 4, 5 
and references therein]. 

In the Ligurian Alps (South-Western Italian 
Alps: Fig. 1), Zn-Pb deposits occur within late 
Palaeozoic meta-sedimentary units in the Casario 
area, near Garessio, in the Tanaro valley. Though 
locally mined in the past, these deposits have been 
completely forgotten, or at best briefly mentioned, 
often as “dykes” [7] in the scientific Literature. 
The new data reported in this paper prove a 
relationship between the Zn-Pb deposits and an 
important exhalative event, late Carboniferous in 
age; the effects of the tectono-metamorphic 
overprint on the exhalative bodies are also 
discussed. 

2. Geological framework 

The Ligurian Alps (Fig. 1) are the south 
westernmost segment of the Western Alps 
collisional belt. They are composed of two main 
tectonic units, the Briançonnais Zone and 
Piedmont Zone, belonging to distinct 
palaeogeographic Domains: the Briançonnais 
Domain (in this sector called Ligurian 
Briançonnais Domain), part of the Palaeo-
European continent, and the Piedmont Domain 
(l.s.). The latter includes the Prepiedmont 
Domain, or Piedmont Domain s.s., representing 
the Palaeo-European continental margin, and the 
Piedmont-Ligurian Domain, corresponding to the 
adjacent oceanic basin [8, 9]. As the study area 
occurs within the Briançonnais Zone and the 
massive sulphides formation is strictly related 
with its pre-alpine evolution, the following 

sections are devoted to the pre-Triassic geology of 
the Ligurian Briançonnais Zone. 

2.1. Ligurian Briançonnais Zone 

The Briançonnais Zone is derived from 
thinned Palaeo-European continental crust, 
according to Stampfli [10] formerly in continuity 
with the Hercynian chains of Corsica/Sardinia and 
Iberian Peninsula. It records the pre-Alpine 
history of the European crust related mostly to the 
Variscan orogenic cycle (Devonian–
Carboniferous) and the subsequent late Palaeozoic 
– Mesozoic sedimentary evolution [8, 11]. In the 
Ligurian Alps, the Briançonnais Zone is 
composed of a relatively chaotic stacking of 
tectonic units which were in origin in 
palaeogeographic continuity. Based on their 
palaeogeographic setting, three sectors (inner, 
middle and outer) are recognized, each of them 
being composed of a crystalline basement and a 
Permo-Carboniferous cover [12]. 

2.1.1. Pre-Carboniferous basement 

The crystalline basement occurs as isolated 
units mostly devoid of their late Palaeozoic to 
Mesozoic cover. These “crystalline massifs” crop 
out as allochthonous masses tectonically 
overlying the Upper Palaeozoic schists; they are 
mainly composed of orthogneiss, paragneiss, 
micaschist, amphibolite, migmatite and more 
rarely eclogitic and granulitic rocks [13]. They 
suffered a complex pre-alpine, magmatic and 
metamorphic evolution: particularly, a first 
Caledonian metamorphic event, at relatively HP-
HT conditions, was followed by a Lower 
Carboniferous event (Variscan Cycle) under 
amphibolite facies conditions [14, 15]. The alpine 
metamorphism only caused a faint re-
crystallization, with an exception being the 
Bagnaschino Massif, which was equilibrated 
under blueschist facies conditions [16, 17]. 

2.1.2. Permo - Carboniferous cover 

The Permo-Carboniferous cover, also called 
“tegumento” (from the Latin tegumen = shell) in 
the Italian Literature, comprises meta-sedimentary 
to volcanic (l.s.) units [8, 16] whose dating is 
mostly inferred from field relationships and 
correlations with other sectors of the belt, due to 
the almost complete absence of fossil records. 

The sedimentary series, mainly of continental 
affinity, starts with coarse to fine grained quartz-
feldspatic sediments (Lisio Formation: lower 
Westphalian – Namurian), followed by fluvio-
lacustrine sediments interbedded with locally  



fossiliferous graphitic lenses (Ollano Formation: 
upper Westphalian – Stephanian) and by fine 
grained, in part graphitic, metasediments, 
pertaining to different formations (Viola Schists, 
Murialdo Formation and Gorra Schists: 
Stephanian - Autunian?). The Palaeozoic series 
ends with medium- to coarse-grained clastic 
metasediments (Briançonnais Verrucano, of 
inferred Upper Permian age) related to erosion of 
the underlying ignimbrites. 

Concerning the volcanic (l.s.) units, a first 
period of ignimbrites, tuffs, ashes and lavas of 
intermediate, mainly trachyandesitic composition 
for the Latest Carboniferous was followed, during 
the Early Permian, by a calc-alkaline series of 
pyroclastites, ashes, ignimbrites and rhyolites [18, 
19, 11]. An early volcanic episode is given by 
ignimbritic rhyolite and pyroclastic agglomerate 
(Case Lisetto metarhyolite: Westphalian - 
Stephanian), cropping out within the Lisio and 
Ollano Formations [20]; the following episode is 
represented by andesitic lava and pyroclastite, 
transformed to metabasite (Eze Formation), 
interbedded within the Stephanian to Autunian 
sediments of the Viola, Murialdo and Gorra 
formations [19]. The third episode consists of 
ignimbrites connected to the final volcanic phase 
(Melogno “porphyroids”: Lower Permian). They 
occur in the inner and middle sectors, overlying 
the Carboniferous sediments, and crop out as huge 
bodies (mostly rhyolite to dacitic ignimbrite and 
pyroclastite) [21]. 

The Permo-Carboniferous cover has been 
affected by a low grade alpine metamorphism 
under blueschist to greenschist facies conditions 
[22], and records at least three ductile deformation 
phases [12; 9 and references therein]. 

During the Upper Carboniferous and Permian the 
Briançonnais Domain was characterized by the 
occurrence of structural highs and subsident 
trenches, the latters filled with hypabissal, 
effusive and pyroclastic materials mixed with 
continental sediments, related to an extensional 
geodynamic setting [8]. The lack of lateral 
continuity between many of the recognized units, 
which is a peculiar character of the Ligurian 
Briançonnais Zone, probably represents an 
inherited character, rather than the effect of the 
alpine deformation; the extensional setting 
probably also favoured the magma ascent [23 and 
references therein]. 
 
3. Geological framework of the Casario area 

The study area (“Casario area” from a local 
place name) is located north-east of the Garessio 
village in the Chiapparo stream valley, which is a 
minor right-lateral valley of the Tanaro river (Fig. 
2a). In this sector of the Ligurian Alps most of the 
tectonic units are represented by the lower 
Briançonnais units; particularly, the area is 
comprised within the southern portion of the 
“Pamparato – Murialdo Unit”, which belongs to 
the inner Briançonnais domain tectonically 
overlying the external (i.e., more southerly) units. 
The Pamparato – Murialdo Unit overlies the 
Ormea Unit (and, east of the Tanaro river, the 
strongly similar Mallare Unit) and is, in turn, 
overlain by the Bagnaschino and the Piedmont 
Zone Units (Figs. 2a and 2b). A simplified cross-
section showing the relationships between the 
main Units is shown in Fig. 2b.  

3.1. The Pamparato – Murialdo Unit 

The Pamparato – Murialdo Unit is composed 
of a pre-Namurian basement overlain by quartz-
feldspatic metasediments (Lisio Formation); the 
upper part is represented by fine grained 
metasediments (Viola Schists, Murialdo 
Formation and Gorra Schists), with intercalations 
of meta-andesitic rocks (Eze Formation) [8]. 
Concerning the primary relationships between 
Viola Schists, Murialdo Formation and Gorra 
Schists, according to Cabella et al. [23, 24] the 
Viola Schists, of more internal palaeogeographic 
position, were interfingered with the more 
external Murialdo Formation and possibly with 
the lower part of the Gorra Schists; the upper part 
of the Gorra Schists would correspond to the top 
of the sequence. 
An interpretative geological map of the area, 
based on 1:5000 mapping and strongly supported 
by the petrographic study, is shown in Fig. 3. In 
the same figure, Area 1 and 2 correspond to the 
main mineralized areas; a more detailed map of 

 



 
 
Area 1 is reported in Fig. 5. In the area two 
Formations crop out: the Murialdo Formation and 
the geometrically overlying Gorra Schists.  

The Murialdo Formation only crops out along 
the lower part of the Chiapparo stream valley, 
over a thickness of about 200 m. It is composed of 
a monotonous sequence of metasedimentary 
rocks, mainly phyllites and fine grained dark 
micaschists; a typical feature of the formation is 
the occurrence of graphite, often abundant. 
Millimetre-thick milky quartz domains (possibly 
transposed quartz veins) occur interbedded in the 
micaschists. Close to the top of the Murialdo 
Formation, few small lenses of  chloritoid – 
carbonate quartz-micaschists (not shown in Fig. 3) 
also crop out.  

The overlying Gorra Schists are composed of 
a much more heterogeneous sequence, mainly 
consisting of very fine grained metasedimentary 
rocks, difficult to interpret in the field. For this 
reason, and because they contain the mineralized 
lenses, a petrographic study has been carried out 
(see below) and the rock-type terms used below 
are largely based on petrography.  
Most of the formation is composed of fine grained 
carbonate ± chlorite micaschists, locally 
containing graphite concentrations (“Gorra Schists 
s.s.” in Fig. 3). Interbedded in the Gorra Schists 

s.s., different types of schists, carbonatic rocks 
and sulphide lenses crop out, which are described 
in detail in Sections 4 and 5. 
The contact with the underlying Murialdo 
Formation is mostly obscured by Quaternary 
cover. The occurrence of graphite enrichments 
also in the lower part of the Gorra Schists and the 
homogeneity of structural features in the two 
formations suggest, in agreement with Cabella et 
al. [23, 24], a stratigraphic character for the 
contact. 
 
3.2. The massive sulphide deposits 

The sulphide deposits always crop out within 
the Gorra Schists, along an at least 1500 m long, 
NNE-SSW trending band broadly parallel to the 
regional foliation (Fig. 3). This band is up to 100 
metres thick and is located some tens of metres 
above the contact with the Murialdo Formation. 

Few scattered data are available on the past 
mining and exploration activities in the area. 
Sulphide bodies are mentioned in a manuscript by 
Nicolis di Robilant (1786; in [25]), as tabular 
bodies of “plomb luisant à grains fins contenant 
de l’argent” (silver-bearing, fine grained “shining 
lead”, i.e. galena), in the area between Priola and 
Garessio (Fig. 2a); during the XIXth century, the 
occurrence of ancient mines in the area is cited by 
different Authors [26, 27]. Between the last 



decades of XIX century and the begin of XX 
century some underground mining occurred south 
of the Casario area, along the Valsorda creek 
(close to Garessio), where a sulphide 
mineralization was exploited following pre-
existing galleries [28]. The old workings are now 
inaccessible, because flooded by water. During 
the XXth and at the beginning of the XXIst 
century several companies carried out some small 
scale exploration activities, in the Casario and 
nearby areas, confirming the occurrence of some 
high grade Zn-Pb (-Ag±Au) concentrations; some 
attempts to re-open the old mines were performed, 
but without success. At present, the only 
evidences of mining activities in the Casario area 
are given by remnants of old adits (mostly 
covered by landslides) and dumps; however, 
relatively good exposures occur along the creeks. 

3.3. Structural framework 

Both Formations are affected by at least three 
ductile deformation phases (F1÷F3); the main 
attitude of the foliation is broadly dipping 40° S 
[29].  
F1 is represented by isoclinal folds and associated 
axial plane foliation; apart from the hinges, the 
primary sedimentary surface S0, which can be still 
recognized, mostly parallels the S1 axial plane 
foliation, which broadly strikes E-W and dips 
steeply to moderately S (average dip 54°; Fig. 5 
for Area 1). 
The second deformation phase (F2) is represented 
by folds ranging in geometry from open to tight, 
with a wavelength comprised between 1 and 5 m. 
F2 axes are mostly sub-horizontal, E-W trending 
(Fig. 5); a S-verging, pervasive to spaced axial 
plane cleavage foliation S2, mostly oriented 
160/54 and crosscutting at low angle S1, is 
associated with this deformation phase. Bigger 
folds show a Z geometry and verge S, as clearly 
seen along the contact between the Murialdo 
Formation and Gorra Schists (Fig. 3).  
The third deformation phase (F3) is represented by 
open cylindric folds with axes broadly dipping 
10° towards SE. This deformation phase is less 
pervasive: in the carbonatic rocks ESE-trending 
open cylindric folds are observed, with joints 
above the hinges. Only locally, in the chloritoid-
bearing phyllites a S3 cleavage is observed in thin 
section. Massive sulphide lenses are clearly 
affected by all the deformation phases. 

Brittle deformation structures are difficult to 
identify in the field, due to the amount of 
Quaternary cover; however, field mapping 
suggests that major displacements within the 
sequence do not occur. Small normal, subvertical 
faults oriented NNE-SSW showing centimetric 

displacement are locally observed, mostly in the 
northern area (Figs. 3 and 5). In the upper part of 
the Chiapparo stream (Figs. 3 and 5), some 
cataclastic horizons dipping 20-40° to the west are 
likely to represent minor thrust planes related to 
the emplacement of the overlying Monte Sotta 
nappe [29].  

4. Petrography of the Gorra Schists 

The sulphide mineralizations always occur 
within the Gorra Schists, in the two areas named 
Area 1 and Area 2 (Figs. 3 and 5). As already 
mentioned most of the formation is composed of 
fine grained carbonate ±  chlorite micaschists 
(“Gorra Schists s.s.”). 

These rocks show under the microscope a 
banded structure, with interbedded, millimetre-
thick quartz – carbonate ± albite and white mica ± 
chlorite ± graphite ± lawsonite domains along the 
S1 foliation. Clastic quartz also occurs. The S1 
foliation is crosscut by S2 crenulation planes 
where a second white mica generation forms, 
partly replaced by chlorite; only within the mica-
rich domains a S3 cleavage is observed. The 
carbonate abundance is highly variable; apatite, 
tourmaline, zircon and rutile are accessory. 

Interlayered in the Gorra Schists s.s., the 
following rock-types occur as small outcrops:  

Albite-micaschists, cropping out in the upper 
part of the sequence near Rionda Pass (Fig. 3) as 
up to few metres thick, some metres long lenses, 
light green in colour. Under the microscope these 
rocks display a well spaced, planar to 
anastomosed scistosity with alterned, sub-
millimetre thick quartz – albite and white mica – 
rich domains. In the quartz - albite domains two 
plagioclase generations occur: a first one is 
represented by deeply sericitized, up to one 
millimetre-sized porphyroclasts; a second one by 
syn- to post-kynematic poikiloblastic albite. 
Porphyroclasts with fresh albite at rim are 
common. White mica occurs as coarse grained 
lamellae, unoriented or aligned along the S1 
foliation, partially transformed to chlorite; the 
quartz/albite ratio is variable. Clastic apatite is a 
typical accessory phase. Locally the albite-
micaschists show a clastic texture, with detrital 
quartz and coarse grained mica embedded in a 
fine grained quartz - chlorite - sericite matrix. 

Chloritoid-bearing phyllites: they crop out as 
less than 10 cm thick layers in the sequence, 
interbedded within the carbonate ± chlorite 
micaschists. These rocks, violet to whitish in 
colour, are characterized by a slaty cleavage and 
under the microscope show a strongly foliated 
structure, mostly composed of extremely fine  

 



 



grained white mica and quartz. The violet colour 
is related to the abundance of very fine grained 
rutile and chloritoid (the latter as up to 500 
microns big crystals, pre- to synkinematic to S2). 
Chlorite overgrows white mica. The whitish 
varieties, slightly coarser grained, are enriched in 
carbonate. 

Within the Gorra Schists, the following rock-types 
occur, shown in Figs. 3 and 5: 

Carbonatic schists and silicate marbles: they 
occur as scattered, up to few metres thick lenses, 
light green to dark grey in colour. The carbonatic 
schists show a foliated fabric, being mainly 
composed of quartz - carbonate domains alterned 
with thinner mica-rich levels. Carbonate can be 
very fine grained or recrystallized to poikiloblasts 
enclosing quartz and rutile; it also occurs, with 
rutile, as replacement of abundant clastic ilmenite. 
Quartz mostly forms porphyroclasts (at least in 
part deriving from detrital quartz) or finer grained 
intergrowths in pressure shadows around pyrite 
grains. Some rounded albite also occurs. The same 
rocks pass laterally, with increasing carbonate 
content, to silicate marbles, composed of the same 
phases. 

Lawsonite - pumpellyite phyllites and albite 
porphyroclasts-bearing schists: they crop out as 
up to 50 m thick and several tens of metres long, 
lens-shaped, intercalations of very fine grained, 
massive green rocks at different levels within the 
Gorra Schists. These rocks, which are mapped 
together in Figs. 3 and 5, correspond to the green 
rocks described in the Literature as “prasinite” 
(i.e., greenschist facies metabasite) belonging to 
the Eze Formation [19]. 

The lawsonite - pumpellyite phyllites contain 
metamorphic assemblages which can help to 
constrain the metamorphic evolution of the Gorra 
Schists; for this reason a detailed petrologic study 
has been carried out, also based on SEM-EDS and 
MicroRaman spectroscopy analyses. 
Under the microscope these rocks show an 
extremely fine grained oriented fabric, mainly 
composed of quartz, white mica and chlorite. The 
microstructural observations allow recognition of 
different metamorphic assemblages. A first 
assemblage is represented by lawsonite, as relict 
nematoblasts oriented along S1, associated with 
very fine grained pumpellyite (I) (confirmed by 
MicroRaman spectroscopy: Fig. 4), fine grained 
phengitic mica (Si = 3.45 atoms pfu: Table 1), 
chlorite and albite. This assemblage occurs as a 
relic, being overgrown by a new association 
characterized by the unoriented growth of all new 
phases. The new assemblage is given by abundant 

pumpellyite (II, XMg: 0.59), chlorite (XMg = 0.48, 
Table 1), phengitic mica (Si = 3.38 atoms pfu: 
Table 1) and albite; lawsonite is clearly unstable. 
Pumpellyite (II) composition is similar to that 
reported from meta-andesite in the Murialdo 
Formation [31].  
A third assemblage is represented by very fine 
grained chlorite + titanite ± white mica growing 
along the S2 planes. Quartz and accessory titanite 
are at equilibrium in all the assemblages; abundant 
very fine grained rutile occurs as a relic partially 
transformed to titanite, the two often replacing 
primary ilmenite. 

Albite porphyroclasts-bearing schists: they 
show a spaced and anastomosed foliation, 
alternating chlorite - white mica-rich and quartz-
feldspatic domains. The latters show a broadly 
lenticular shape and are composed of coarse 
grained albite embedded by quartz. Albite occurs 
both as pre-F1 porphyroclasts, often strongly 
sericitized, and as a later phase, locally rimming 
early albite and enclosing quartz and white mica. 
Along the foliation white mica is often deeply 
transformed to chlorite; calcite and ankerite also 
occur. Rutile, zircon, apatite and rare rounded 
pyrite are accessory. The abundance of 
porphyroclasts of albitized plagioclase suggests 
for these rocks a possible derivation from a 
reworked pyroclastic to volcanoclastic material 
(crystal tuff?). 

Chloritoid – carbonate micaschists: these 
rocks mostly crop out, as discontinuous bodies, 
along a broadly N-S oriented horizon, some tens 
of metres above the contact with the Murialdo 
Formation (Figs. 3 and 5), which envelopes the 
massive sulphide lenses. The interpolations of the 
field and petrographic observations suggest the 
occurrence, within Area 1, of an at least 300 m 
long, up to 40-50 m thick body of chloritoid – 
carbonate micaschists. Minor lenses not directly 
associated with the mineralizations crop out in the 
lower part of the Gorra Schists, at the contact with 
the Murialdo Formation. 
These rocks, light green to whitish in colour, 
range from medium- to fine grained and are 
composed of interbedded, millimetre-thick, 
quartz-rich and chloritoid-rich layers; up to few 
centimetres sized quartz clasts locally occur. They 
are often flooded by milky quartz veinlets parallel 
to the S1 foliation, displaying folds with acute 
hinges. The contact with the host rocks is sharp. 

In the chloritoid – carbonate micaschists the 
dominant assemblage is represented by quartz + 
chloritoid + white mica (muscovite-phengite) ± 
carbonate ± pyrite ± sphalerite; tourmaline, fine 
grained rutile and zircon are accessory. 

 



 
 



 

 



 

 
A peculiar character of these rocks is the common 
occurrence of a finely bedded texture, with sharp 
between-bed compositional contrast (Fig. 6), 
defined by interbedding of chloritoid-layers 
(and/or white mica) with quartz-rich layers. 
Quartz is the most abundant phase, as fine grained 
intergrowths in monomineralic beds; clastic quartz 
grains also occur. Other phases can be highly 
variable, even at the thin section scale. Chloritoid 
(10-25% range) often occurs as up to some 
hundred microns-thick layers, even associated 
with white mica; it is always a Fe end-member 
and in some beds contains some Mn (up to 2 wt% 
MnO: Table 1). Within the beds, chloritoid occurs 
as fine grained crystals parallel to the 
compositional layering (which generally also 
corresponds to the S1 foliation), or as radiated 
intergrowths of prismatic to needle-shaped 
crystals, which suggest post-F1 static growth (Fig. 
7). Locally radial, needle-shaped chloritoid 
overgrows coarser grained and strongly fractured 
prismatic crystals; the two generations show the 
same Fe-rich composition. A white mica rim 
locally bounds chloritoid. Within monomineralic 
beds or together with chloritoid, phengitic mica 
(Si = 3.30-3.35 atoms pfu: Table 1) is associated 
with minor paragonite. A second generation of 
white mica develops along the S2 foliation planes, 
with a lower celadonite content (Si = 3.15 atoms 
pfu: Table 1). Carbonate (magnesite-siderite solid 
solution: Table 2) highly varies, from 0% to 10-
20%; it occurs as isolated grains associated with 
quartz or, more often, along thin beds. When 
present, chlorite (XMg: 0.48, Table 1) is 
concentrated along thin beds parallel to the 
compositional layering, often associated with fine 
grained pyrite and minor chalcopyrite; the latters 
also grow along the S2 planes. 
 Anhedral sphalerite also occurs within quartz ± 
carbonate domains.  Tourmaline, rutile, zircon, 
apatite are accessory phases. 

5. The sulphide deposits 

The sulphide deposits (Figs. 3 and 5) occur as 
strongly flattened bodies (lenses and boudins) 
with a thickness ranging from 10 to 100 cm; 
single bodies can be traced in the outcrops for no 
more than few metres along the creeks and their 
lateral extent is buried by the Quaternary cover. 
The F1 phase is responsible of tight to isoclinal 
folds, and has locally transformed the lenses into a 
series of boudins (Fig. 8). The F2 cleavage is less 
evident than in the host schists, both in the field 
and under the microscope; F3 affects the attitude 
of the whole sequence, included the sulphide 
lenses. Based on the sulphides abundance, two 

main types of mineralizations can be recognized: 
massive sulphide lenses and sulphide-rich quartz – 
chloritoid schists.  

5.1. Massive sulphide lenses 

The lenses occur in the northern and central 
part of the area (Figs. 3 and 5), closely associated 
with the chloritoid – carbonate micaschists and 
characterized by a sulphides content exceeding 
50% (up to around 90%). Two types of massive 
sulphide lenses can be recognized: sphalerite - 
galena massive lenses and pyrite-rich lenses. 
Along the Chiapparo creek a strong compositional 
change occurs, from lenses with dominant 
sphalerite and galena in the geometrically lower 
part of the sequence to lenses strongly enriched in 
pyrite in the upper part (Fig. 5). 

5.1.1. Sphalerite - galena massive lenses 
The sphalerite - galena massive lenses occur 

both in Area 1 and 2 (Figs. 3 and 5), where can 
reach a thickness of around 40 cm and a lateral 
extent along the outcrops up to few metres; the 
average sulphides content is around 70%. The 
lenses show a strong centimetric compositional 
layering, with layers from few millimetres up to 
6-7 cm thick composed of thinly laminated 
sphalerite and/or galena alternating with pyrite-
rich layers (Fig. 9). Within and/or between the 
sulphides-rich layers, quartz – carbonate 
concentrations occur, as centimetre-sized 
irregularly- to lens-shaped domains parallel to the 
layering. 

Under the microscope the main components are 
sphalerite, galena, pyrite, arsenopyrite, carbonate, 
chloritoid and quartz, with minor chlorite, white 
mica, tetrahedrite, pyrrhotite and chalcopyrite.  

Within the Zn-Pb-rich beds both sphalerite and 
galena mostly occur thin layers which can be 
monomineralic or, more often, are composed of 
fine grained sphalerite or galena enclosing a minor 
amount of all other phases. Under transmitted 
light (Fig. 9) sphalerite is transparent, yellowish to 
light brown in colour, as typical of low-Fe 
sphalerite (4.5 to 8.0 mol% FeS: Table 2); after 
etching both sphalerite and galena show a well 
developed annealed structure (Fig. 10). 
Pyrite occurs within both sphalerite- and galena-
rich layers, mostly as coarse grained (up to few 
millimetres), strongly fractured porphyroclasts 
(Figs. 9 and 11) containing small inclusions of 
pyrrhotite; sphalerite, galena, tetrahedrite and very 
minor chalcopyrite often occur along the cracks in 
pyrite (Fig. 11), and locally appear to replace it. 
Arsenopyrite is mostly represented by fine grained  



 

 



sub-euhedral to anhedral crystals closely 
associated with pyrite, locally enclosing sphalerite 
and galena which may also occur in arsenopyrite 
microcracks. 
Within  low strain domains, fine grained pyrite 
and arsenopyrite in the Zn-rich domains locally 
display a strong rhythmic zoning: pyrite shows 
primary growth zones enriched in As (up to 3.5 
wt.%), while associated arsenopyrite displays Sb 
enrichments (up to 3.0 wt.%; Fig. 12). In 
deformed domains, such growth zoning is absent: 
pyrite becomes coarser grained and homogeneous, 

and arsenopyrite composition varies only in terms 
of Fe, As and S contents (Table 2).  
The pyrite-rich beds are mostly composed of 
coarse grained euhedral pyrite associated with 
minor arsenopyrite; tetrahedrite, galena, sphalerite 
and chalcopyrite occur, in very minor amount, 
along microcracks in pyrite.  
The gangue broadly shows the same mineral 
assemblage of the chloritoid - carbonate 
micaschists. Carbonate (siderite – magnesite – 
rhodochrosite s.s.: Table 2) is the most abundant 
phase, as irregularly shaped grains within 
elongated domains parallel to the S1 foliation. 
Quartz occurs both as clasts and as finer grained 
crystals; it is generally interstitial to the sulphides 
and also occurs as elongated fibres in pressure 
shadows around pyrite. Needle-shaped crystals of 
chloritoid, locally abundant, occur along 
chloritoid-rich domains parallel to the rock 
bedding and as radial intergrowths in the 
sulphides rich domains, where it shows 
equilibrium relationships with sphalerite and 
galena. Chloritoid composition is close to the pure 
Fe end member (Table 1); when associated with 
sphalerite it may display a low Zn content (up to 
0.9 wt.%). White mica can form very fine grained 
intergrowths or, alternatively, coarser grained 
crystals associated with carbonate, quartz and 
locally sphalerite. It is mostly represented by 
muscovite, slightly enriched in Na, with a low 
celadonite content (Si = 3.10-3.19 atoms p.f.u.); 
paragonite may also occur (Table 1). Chlorite 
mostly forms thin, discontinuous domains parallel 
to the bedding; it shows the lowest XMg (= 0.31, 
Table 1).  

5.1.2. Pyrite-rich lenses 

The pyrite-rich lenses are particularly 
abundant in Area 1, where occur as lens-shaped 
bodies enclosed in the chloritoid – carbonate 
micaschists; they crop out in the geometrically 
higher part of the sequence, above the Zn-Pb 
bodies (Fig. 5). These lenses show a variable 
structure, from massive to slightly layered; total 
sulphides content ranges from 40% to around 
70%.  
In these lenses pyrite is the dominant phase (up to 
90% of sulphides), mostly as euhedral crystals 
with grain size variable from few tens of microns 
to one centimetre; it is locally associated with 
arsenopyrite and often contains inclusions of 
sphalerite and pyrrhotite. Tetrahedrite (silver-
bearing, Sb-rich: Table 2), chalcopyrite and 
galena or, alternatively, arsenopyrite and 
sphalerite occur along microcracks in pyrite. 
Sphalerite also occurs as porphyroclasts, locally  

 



 

 



 

displaying some compositional zoning (with a 
darker, Fe-enriched rim); minor galena forms 
irregular patches embedding all other phases. 
Gangue is composed of carbonate (siderite – 
magnesite s.s.: Table 2), quartz, Fe-chloritoid, 
white mica and chlorite: they show the same 
characters than those described for the sphalerite-
galena lenses. A compositional layering is locally 
observed, with alternating pyrite-rich and quartz – 
carbonate layers.  

An important character of the pyrite-rich 
lenses is the occurrence, within undeformed 
domains, of relict textures. 
A common relict texture is represented by the 
occurrence in pyrite of a spongy core, surrounded 
by fine grained recrystallized pyrite (Fig. 13a); the 
latter may also occur along microcracks. Locally 
both spongy core and outer rim are crosscut by 
thin veinlets filled with sphalerite, arsenopyrite, 
tetrahedrite, galena and minor chalcopyrite. 
Spongy cores are generally made of very fine 
grained pyrite only; more rarely they are 
composed (as shown by SEM-EDS analyses) of 
an extremely fine grained intergrowth of pyrite 
and galena. These spongy textures are never 
observed in even slightly deformed domains, 
where homogeneous, euhedral pyrite occurs 
instead.  
Another relict texture is represented, still in 
undeformed pyrite-rich domains, by clast-
supported microbreccias composed of up to few 
millimetres sized angular clasts embedded in a 
quartz + Fe-Mg carbonate + pyrite + sphalerite 
hydrothermal matrix. The clasts are not oriented 
and consist of fine grained pyrite + quartz + 
carbonate, often displaying a thinly bedded 
structure; they are in part surrounded by a thin rim 
composed of euhedral pyrite. Within the clasts 
pyrite occurs as few microns-sized grains, mostly 
sub-parallel to the bedding, but also as coarser 
grained crystals, which overgrow the sedimentary 
protolith; some clasts are wholly composed of 
coarse grained pyrite, suggesting that the pyrite 
enrichments are related, at least in part, to 
replacement phenomena (Fig. 13b). 

5.2. Sulphide-rich quartz – carbonate - chloritoid 
granofels 

Sulphides concentrations also occur, in both 
Area 1 and 2, within quartz – carbonate - 
chloritoid granofels which crop out as scattered 
dark lenses up to 10 m thick, generally associated 
with the chloritoid - carbonate micaschists. These 
rocks show a compositional layering, broadly 
parallel to the S1 foliation.  

Under the microscope these rocks show strong 
similarities with the chloritoid – carbonate - quartz 
micaschists associated with the massive sulphide 
lenses: the mineral assemblage is, in fact, the 
same, the main difference being the abundance of 
sulphides (up to 50%), quartz and carbonate, and a 
lower content of white mica, chloritoid and 
chlorite; as a consequence, the rock texture is 
much more isotropic than the schists. A 
compositional banding is often observed, with 
millimetre- to centimetre-thick layers alternatively 
enriched in sulphides ± chloritoid, quartz + 
carbonate and white mica ± chlorite. Quartz is 
very fine grained, probably deriving from cherty 
material.  
Sulphides are mainly concentrated along up to few 
centimetres-thick layers and consist of sub-
euhedral to euhedral pyrite with variable amounts 
of sphalerite, galena and tetrahedrite. Like in the 
pyrite-rich lenses, pyrite with spongy core and 
recrystallized rim occurs. Sphalerite is locally 
abundant, concentrated along thin layers which 
also contain fine grained euhedral pyrite and 
anhedral galena; the latter may contain irregularly 
shaped tetrahedrite and also fills microfractures in 
pyrite. 

A peculiar character of the sulphide-rich 
quartz – chloritoid schists is the occurrence of 
pyrite-rich veinlets (up to 1 cm thick) which 
crosscut the primary bedding. These veinlets 
consist of quartz, carbonate and pyrite (the latter 
coarser grained than in the host rock) and are not 
surrounded by any reaction rim; they show a 
microbrecciated texture, with unoriented clasts of 
finely bedded quartz-carbonate-pyrite embedded 
in very fine grained quartz-rich matrix. These 
veinlets locally spread out laterally into sulphide-
rich layers, suggesting a connection with an 
exhalative activity. 

6. Veins within the Gorra Schists 

Different types of veins occur within the Gorra 
Schists, namely: 

Quartz – carbonate – sulphides hydrothermal 
veins. These veins crop out in different parts of 
the area within the Gorra Schists, especially close 
to the sulphide lenses. They can be up to around 
10 cm thick and often crosscut at high angle the 
primary bedding (S0), but are affected by the F1 
deformation, which generates cylindric hinges 
whose geometry is consistent with S1 (Fig. 14). 
These relationships, which suggest a pre-
deformation emplacement of the veins, are seen 
within the chloritoid – carbonate micaschists and 
the lawsonite – pumpellyite phyllites; within more  



 
 

 

 
 



 
 

 

 



 

ductile rock types, veins with the same 
composition are strongly discontinuous and sub-
parallel to the foliation.  
Under the microscope these veins are composed 
of quartz and Fe-Mg carbonate, with minor 
amounts of sulphides (pyrite, galena and very 
minor chalcopyrite) and Fe-Mg chlorite. Similar 
veins are also found within the sulphide lenses: 
particularly, NW of Rionda Pass, within Area 1 
(Figs. 3 and 5)  quartz – carbonate + minor pyrite 
and sphalerite veins crosscut bedded pyrite-rich 
bodies and are, in turn, truncated by quartz-
sulphides beds (Fig. 15). 

Quartz + calcite + carpholite veins. They 
only occur in clasts along the Chiapparo stream; 
however, the composition of the associated stream 
sediments suggests the Gorra Schists as a source 
area. The veins, up to 10 cm thick, are strongly 
deformed, and characterized by the occurrence of 
light green, acicular carpholite crystals of up to 
several centimetres in length.  
Under the microscope the veins are composed of 
coarse grained quartz and calcite. Needles of 
carpholite (Mg-carpholite: XMg = 0.608, Table 1) 
are included in quartz.  
The occurrence of carpholite has been recently 
reported in several localities of the Western Alps, 
and is considered as a typical phase of high 
pressure - low temperature metamorphic 
conditions [32, 33]. In the Ligurian Alps, 
carpholite occurs abundantly in the Brianconnais 
Zone, both in the Upper Carboniferous - Permian 
schists and in the Mesozoic cover [34 and 
references therein]; its occurrence is related to the 
alpine metamorphic peak. 

Quartz ± ankerite veins. Quartz ± ankerite 
veins, up to 10 cm thick, are common in the Gorra 
Schists. At least two types of veins occur: (i) 
discontinuous, flattened quartz veins parallel to 
the S1 foliation, or as relict hinges of isoclinal 
folds; (ii) quartz or quartz + ankerite veins 
crosscutting the S1 foliation and deformed by the 
later folding phases. 

7. Metamorphic evolution of the Gorra Schists 

Both Gorra Schists and sulphide lenses record 
a polyphase metamorphic evolution of alpine age 
developed under low- to very low grade 
conditions, as already recognized for this sector of 
the Briançonnais Zone [17]. In order to better 
constrain the conditions of the metamorphic 
overprint, a petrologic study has been performed 
of selected rock-types, by calculating a P-T 
pseudosection at fixed bulk-rock composition.  

The petrologic study has been performed on the 
lawsonite-pumpellyite phyllites, because they are 
very fine grained, homogeneous rocks which 
contain multiphase assemblages that record a 
polyphase evolution. In fact, based on the 
microstructural observations, the following main 
assemblages, corresponding to metamorphic 
stages (earlier to later) are recognized:  
I)   lawsonite + pumpellyite + white mica + 
chlorite + albite + quartz + titanite 
II)  pumpellyite + white mica + chlorite + albite 
+ quartz + titanite 
III) chlorite + titanite ± white mica 
The bulk composition was obtained by analyzing, 
by SEM-EDS, five 4.70 x 3.20 mm areas and 
considering the average as representative 
composition (i.e., by adopting the method of 
Groppo et al. [35]). Based on the obtained bulk 
composition, a pseudosection in the system Al2O3-
CaO-FeO-K2O-MgO-Na2O-SiO2-TiO2–H2O was 
calculated following the approach of Connolly 
[36], and using the internally consistent 
thermodynamic data set and  equation of state for 
H2O of Holland and Powell (1998, upgrade 2002 
[37]). Chlorite, glaucophane and phengite solid-
solutions have been used in the calculation; albite 
was considered as pure end-member. As no 
carbonate occurs in the studied samples, H2O was 
considered as the only fluid phase affecting 
mineral equilibria. 
The pseudosection, calculated in the range T = 
150 – 400°C, P = 0.2 - 0.8 GPa, is shown in Fig. 
16. In the pseudosection, Stage I and II 
assemblages (fields 1 and 2, respectively) occur 
over a range of P-T conditions comprised between 
P = 0.32-0.79 GPa and T= 200-330°C. Main 
boundary conditions are, at high P and low T, the 
absence of glaucophane, and at low P the absence 
of microcline, laumontite and/or prehnite. An 
upper T limit is given by the absence of 
clinozoisite and biotite.  
Further constraints are given by the location of the 
phengite isopleths in the two fields (Fig. 17). The 
celadonite content of phengitic mica ranges from 
Si = 3.45 atoms p.f.u. when associated with 
lawsonite (Stage I) to slightly lower (Si = 3.38 
atoms p.f.u.) in Stage II pumpellyite-rich domains 
post-dating lawsonite. These data constrain the P-
T conditions of Stage II assemblage at around P = 
0.55-0.60 GPa, T = 300-325°C; Stage I is instead 
poorly constrained, as the phengite isopleths in 
this field are sub-parallel to the boundary between 
Stage I and II assemblages.  
In order to further constrain the lower T limit of 
Stage I, a pseudosection calculation has been 
performed on a chloritoid – carbonate micaschist  



 



within domains devoid of carbonate. The 
pseudosection is not shown, as it only displays 
(due to the rock composition) wide high variance 
fields; however, the strongly T-dependent stability 
field of Fe-chloritoid + phengite without kaolinite 
(which does not occur in these rocks: dashed 
curve in Fig. 17) provides a minimum T limit of 
around 260°C for the development of Stage I 
assemblage. 

By combining the calculated P-T 
pseudosections with the petrologic observations, 
P-T conditions of 0.55-0.60 GPa can be inferred 
for Stage II assemblage, which is likely to 
represent the climax metamorphic conditions for 
the Gorra Schists. Stable I assemblage probably 
developed at slightly lower P-T conditions (P ~  
0.53-0.57 GPa, T = 270-290 °C), during the 
prograde evolution (arrow in Fig. 17). The post-
peak evolution (Stage III) is instead poorly 
constrained, as only represented by few phases 
crystallized along cleavage planes and, due to the 
low-T conditions, a well developed re-
equilibration is not observed. In the chloritoid – 
carbonate micaschists, decreasing  P conditions 
are suggested by the much lower celadonite 
content of potassic mica (Si ~ 3.15 atoms p.f.u.).  

The calculated P-T conditions are in 
agreement with the data of Messiga [39], who 
suggests for the Pamparato – Murialdo Unit 
pressure values ranging from 0.4 to 0.6 GPa and 
temperatures not exceeding 400°C. 

8. Discussion 

8.1. Age of the massive sulphide lenses 

The mineralizations of the Casario area 
consist of lenses of massive Zn-Pb-Fe sulphides 
interbedded within the Gorra Schists. The 
structural observations show that they were 
affected by all the ductile deformation phases 
recorded in the host sequence; this is in agreement 
with the petrologic study, which stresses the 
occurrence of a metamorphic overprint in the 
sulphide lenses. Moreover, they locally still record 
a pre-metamorphic history, which is discussed 
below. Several features, like the stratiform shape 
of the sulphide bodies, the finely bedded character 
of the sphalerite – galena lenses, their occurrence 
within a narrow stratigraphic interval and the 
close association with pre-metamorphic 
hydrothermal veins, strongly suggest an 
exhalative origin for the deposits. Even in case of 
sulphides concentrations precipitated during a 
subsurface replacement event, like probably the 
pyrite-rich microbreccias and possibly part of the 
pyrite-rich lenses (see below), their timing of 
formation was “synsedimentary” (i.e. during the 

early stages of sediment diagenesis: [40]). The 
emplacement of the sulphide bodies occurred 
during the deposition of the host Gorra Schists, of 
inferred upper Stephanian age [8]: an Upper 
Carboniferous age is therefore suggested for the 
exhalative-sedimentary event.  

8.2. Pre-metamorphic features of the sulphide 
lenses 

In spite of the tectono-metamorphic 
reworking, pre-metamorphic features connected 
with the massive sulphides emplacement are still 
locally preserved. 

8.2.1. Pre-metamorphic hydrothermal veins 

Within the Gorra Schists, the quartz – 
carbonate – sulphides veins often observed close 
to the massive sulphides, which display 
crosscutting relationships with the host bedding 
but are affected by all the deformation phases, 
represent pre-metamorphic hydrothermal veins. A 
clear genetic relationship with the sulphide bodies 
is the occurrence, within the veins, of Fe-Mg 
carbonate and sulphides (particularly, sphalerite), 
as in the sulphide lenses. These data make them 
interpret as part of hydrothermal feeding system.  
Within undeformed domains of the pyrite-rich 
lenses, pre-metamorphic veins locally crosscut the 
primary bedding and spread out laterally into 
sulphide-rich layers, as expected in an exhalative 
environment. At the microscale, thin sulphides-
rich veinlets commonly occur crosscutting early 
formed pyrite, suggesting a complex and 
prolonged hydrothermal activity as often 
documented in the massive sulphide deposits from 
different settings [e.g., 41, 42, 43, 44, 5]. 
 

8.2.2. Relict textures in the sulphide bodies 

Different types of relict, possibly pre-
metamorphic textures are still preserved in 
undeformed portions of the sulphide bodies.  

Within the sphalerite – galena lenses a 
primary feature is represented by the 
compositional growth zoning locally displayed by 
pyrite and associated arsenopyrite, which contain 
growth zones of sure primary origin enriched, 
respectively, in arsenic and antimony. Similar 
zoning patterns in pyrite have been documented 
from ore deposits of different origin, including 
massive sulphide deposits, where strong Au 
concentrations are often observed in the As-rich 
domains (e.g., 45). Sb-enrichments in (gold-rich) 
arsenopyrite are also locally reported, mostly from 
mesothermal deposits [46, 47]. Primary 
compositional zoning in pyrite can be preserved 
even in strongly metamorphosed deposits [48]; at 

 



Casario it has been instead mostly obliterated 
during an early recrystallization stage, possibly 
due to sulphur exchange with other sulphides [48]. 
The occurrence of abundant pyrite porphyroclasts 
deformed by F1 also suggests an early, pre-
metamorphic recrystallization stage. 

In the pyrite-rich lenses, a relict texture of 
possible primary origin is represented by 
extremely fine grained, spongy cores in pyrite, 
rimmed by recrystallized pyrite. The absence of 
these textures in even slightly deformed domains 
suggests their pre-metamorphic character. These 
cores could tentatively be interpreted as relics of 
early-formed poorly crystalline, very fine grained, 
pyrite, even if unambiguous evidences of 
collomorphic or framboidal pyrite, often reported 
from massive sulphide deposits [e.g., 49, 50, 51], 
have not been found.  
Based on the microstructural study, also the 
spongy pyrite + galena intergrowths pre-date 
deformation and metamorphism. Their 
significance is unclear: in massive sulphides from 
different settings galena generally does not occur 
in primary growth textures with pyrite (though 
primary pyrite-galena intergrowths are locally 
reported: [52]). As pyrite is crosscut by 
hydrothermal sulphides-bearing veinlets, fine 
grained galena could also be related to 
impregnation (and/or partial replacement) of 
spongy pyrite by later fluids. 

A surely pre-metamorphic feature is 
represented by sulphide-rich microbreccias, 
composed of pyrite-enriched clasts embedded in a 
quartz - Fe-Mg carbonate - pyrite ± sphalerite 
hydrothermal matrix. The microstructural 
observations suggest that the strong pyrite 
enrichments in the clast are the product of 
replacement phenomena. 

8.3. The bedded chloritoid-rich schists: meta-exhalites 
associated to the massive sulphide lenses 

Fe-chloritoid-rich schists are closely 
associated with the massive sulphide lenses. 
These rocks show a peculiar assemblage and 
composition (being strongly enriched in silica and 
almost completely devoid of sodium and 
calcium); but the most striking character of at 
least part of them is their finely bedded texture, 
with sharp between-bed compositional contrast. 
The bedding is affected by all the deformation 
phases and is surely a primary character.  
Several features, namely: a) the close association 
with the massive sulphide lenses; b) the finely 
bedded texture, with sharp contrast between Al- 
and silica-rich beds; c) the occurrence of siderite-
magnesite s.s., which is the typical composition of 
carbonate in and around the massive sulphide 

lenses at Casario; d) the presence of sulphides 
(mainly pyrite and sphalerite) enrichments along 
the beds, particularly approaching the sulphide 
lenses; e) the occurrence of MnO enrichments in 
the Fe-chloritoid from some beds, suggest that 
these rocks represent meta-exhalites, i.e., the 
metamorphic product of rocks whose finely 
bedded texture is related with the exhalative 
activity. The primary compositional layering of 
exhalites is, in fact, often well preserved in 
metamorphic rocks, even affected by high grade 
metamorphic overprint [53]. 

8.4. Constraints on the hydrothermal evolution 

In spite of the tectono-metamorphic overprint, 
the geologic and petrologic observations allow a 
partial reconstruction of the hydrothermal 
evolution. In the field, the Murialdo Formation 
always lies below the younger Gorra Schists. In 
the latters, the sphalerite-galena massive sulphides 
occur close to the base of the sequence, and the 
pyrite-rich bodies overlie them. These 
observations suggest that at the scale of the unit 
the stratigraphic setting is broadly preserved and 
doublings related to the F1 phase are of only local 
importance. The observed compositional 
variations from the lowest to the highest part of 
the series are, therefore, likely to represent 
changes of the exhalative activity through time. 

In the sphalerite-galena lenses, deposition 
developed a rhythmic layering, with alternating 
millimetre- to centimetre-thick galena-rich and 
sphalerite-rich layers. Associated pyrite and 
arsenopyrite initially grew (Fig. 18) as fine 
grained crystals, at least locally with rhythmic 
compositional zoning (with As and Sb 
enrichments, respectively) which probably reflect 
subtle changes in fluid composition during 
deposition. During a subsequent stage, pyrite and 
arsenopyrite recrystallized to homogeneous 
crystals (rexx in Fig. 18). Particularly, pyrite 
recrystallized to coarser grained crystals which 
now occur as porphyroclasts whose formation pre-
dates deformation and metamorphism. 
Tetrahedrite and chalcopyrite generally occur, in 
low strain domains, along crosscutting veinlets 
(often associated with galena and sphalerite), 
suggesting a relationship with a relatively late 
hydrothermal stage. Pyrrhotite is rare, only 
occurring as inclusions within pyrite 
porphyroclasts; it could have formed during, or 
just before, the early recrystallization stage. 

 



 
Fig. 18: Inferred pre-metamorphic and metamorphic evolution for selected rock-types of the Gorra Schists and 
Zn-Pb lenses. Rexx: recrystallization. The lines thickness broadly relates to average mineral abundance. Same 
mineral symbols of Figs. 9 and 16, other symbols: Mu-muscovite; Ru-rutile; Fe-Ctd - Fe-chloritoid; Pa-
paragonite; Ilm-ilmenite; Ccp-chalcopyrite; Po-pyrrhotite; Td-tetrahedrite s.s.

 



Within the pyrite-rich lenses, an early 
crystallization stage is represented by extremely 
fine grained, spongy pyrite, which during a 
subsequent stage mostly recrystallized to fine- to  
relatively coarse-grained euhedral crystals; both 
pyrite generations are crosscut by sphalerite – 
arsenopyrite  – tetrahedrite – galena - chalcopyrite 
hydrothermal veinlets. Evidences of replacement 
in at least part of the pyrite-rich bodies is 
documented in the clasts-supported microbreccias. 
At present it is unclear to which extent 
replacement occurred in the system. It must be 
noted, however, that strong replacement could 
probably produce rocks like the pyrite-rich bodies. 

In both types of sulphide-rich lenses, pyrite 
(and arsenopyrite in the sphalerite-galena lenses) 
record an early, pre-deformation recrystallization 
stage, which could be tentatively related to 
diagenetic transformations, as suggested for other 
massive sulphide deposits [e.g., 54]. 

8.5. Classification of the Casario massive 
sulphide deposits 

The massive sulphide lenses of the Casario 
area occur within a stratigraphic succession 
mostly composed of siliciclastic sediments with 
interbedded a very minor volcanic (l.s.) 
component, represented by the lawsonite - 
pumpellyite phyllites and albite porphyroclasts-
bearing schists, related to the andesitic 
magmatism; a close correlation between magmatic 
rocks and sulphide deposits is not observed.  

The overall characters of the deposits, coupled 
with the absence of a strict connection with the 
coeval magmatism, suggest that the Casario 
deposits may be classified as SEDEX 
(sedimentary-exhalative: [55, 56, 57]) deposits; 
this would also be in agreement with the very high 
(Pb+Zn)/Cu ratio, which is generally much lower 
in the VMS (volcanic-associated massive 
sulphide: [1, with references]) deposits. A high Cu 
content would be, in particular, expected in case 
of a relationship with the andesitic magmatism [1, 
4]; at Casario the mineralization consists instead 
of strong Zn and Pb (-Ag) enrichments, with Cu-
bearing sulphides only occurring in very minor 
amount. 

More data are needed in order to characterize 
the anatomy of the system. It is worth noting, 
however, that the sphalerite-galena lenses show 
strong analogies with the “bedded ore facies” of 
the SEDEX deposits [43]; the finely layered 
structure of the Zn-Pb mineralization, with 
alternating sphalerite- and galena-rich layers, and 
its association with interbedded quartz (at least in 
part deriving from chert) – carbonate 

concentrations, suggest that they represent sea 
floor hydrothermal sediments.  

The significance of the pyrite-rich lenses is in 
part unclear. Pyrite-rich microbreccias show 
evidences of replacement, suggesting a sub-
surface environment of sulphides formation; at 
least part of the coarse-grained massive pyrite-rich 
lenses could also be related to hydrothermal 
replacement. The occurrence of brecciated 
structures, replacement phenomena, and 
crosscutting relationships between early-formed 
pyrite and sulphide-bearing veinlets shows 
similarities with the “massive pyrite facies” 
reported at different levels of the “vent complex” 
from some well studied SEDEX deposits (e.g., 
Jason, Selwyn Basin, Canada: [5, with references 
therein]). 

The finely bedded chloritoid-rich schist, 
interpreted as meta-exhalites, may correspond to 
the “distal sedimentary facies” and/or layers of 
sedimentary - exhalative material in the post-ore 
series overlying the sphalerite-galena lenses [43]. 

The pre-metamorphic quartz – carbonate – 
sulphides veins observed close to the massive 
sulphides within the Gorra Schists are likely to 
represent a relic of the hydrothermal feeding 
system. The paucity of sulphides within the veins, 
as often documented in the SEDEX deposits, 
strongly contrasts with the VMS deposits, which 
are typically characterized by feeding veins 
strongly enriched in sulphides, especially 
chalcopyrite [5]. 

8.6. Metamorphic evolution of the Gorra Schists 
and sulphide lenses  

The Gorra Schists and sulphide lenses record 
a polyphase metamorphic evolution, which is 
tentatively resumed in Fig. 19. 

As already discussed, the lawsonite-
pumpellyite phyllites record a multiphase 
evolution. A first lawsonite +  pumpellyite-
bearing assemblage (Stage I) is followed by a 
pumpellyite-bearing, lawsonite-absent association 
(Stage II); Stage II is characterized by the static 
growth of pumpellyite. A third stage (Stage III) is 
testified by growth of muscovite, chlorite and 
titanite along the S2 planes.  

In the chloritoid – carbonate micaschists 
showing a well developed exhalite texture (Fig. 
19), quartz, Fe-Mg carbonate, sulphides (pyrite 
and sphalerite ± chalcopyrite) and clastic rutile 
and/or ilmenite were surely part of the pre-
metamorphic assemblage, together with Al-rich, 
probably argillaceous material. During an early 
stage (Stage I) Fe-chloritoid, phengitic mica, some 
paragonite and chlorite formed, in highly variable 
proportions strongly depending on the primary 

 



 

beds composition; quartz, carbonate and sulphides 
also recrystallized, at least in the deformed 
domains. Stage II is clearly shown by the static 
growth of a second generation of Fe-chloritoid, 
post-dating F1; at least some muscovite-phengite 
(and possibly also other phases) probably 
recrystallized during this stage, even if 
microstructural relationships are not clear. A third 
stage (Stage III) is represented by growth of new 
mica (with low celadonite content) and, in beds 
enriched in primary sulphides disseminations, 
very fined grained pyrite ± chlorite ± chalcopyrite 
along the S2 planes. 

The effects of the metamorphic overprint on 
the sulphide bodies are less obvious: particularly, 
the available data do not allow a clear recognition 
of a Stage I and Stage II assemblage in the 
sulphide lenses, but only a Stage I+II (Fig. 19), 
characterized by the crystallization of muscovite-
phengite, Fe-chloritoid, chlorite and 
recrystallization of carbonate and quartz. 
Sphalerite and galena at least in part 
recrystallized, as shown by the equilibrium 
relationships with Fe-chloritoid (and muscovite); 
their present microfabric, though surely attained 
through a long-lasting annealing process probably 
begun even before the onset of metamorphism, 
probably reflect, at least in high strain domains, 
the attainment of equilibrium at peak 
metamorphic conditions [58, 59]. Chalcopyrite 
and (at least in part) tetrahedrite also 
recrystallized. Pyrite and arsenopyrite were 
instead transformed to strongly fractured 
porphyroclasts, whose cracks are filled with 
sphalerite, galena, tetrahedrite and chalcopyrite. 
Stage III is even less evident: only locally, 
cataclastic planes crosscutting at high angle the S1 
foliation, filled with very fine grained calcite, 
quartz and minor galena, could be related to the 
effects of the S2 deformation. 

9. Conclusions 

The Zn-Pb (-Ag) deposits of Casario represent 
the product of sedimentary – exhalative processes 
which occurred during the deposition of the Upper 
Carboniferous Gorra Schists. The geological 
setting and the overall characters suggest a 
SEDEX affiliation for the massive sulphide 
deposits, which in low strain domains still show, 
in spite of the tectono-metamorphic overprint, 
features related to their pre-alpine evolution, like 
primary growth and replacement textures, relics of 
the feeding system and evidences of an early 
(possibly diagenetic) recrystallization event.  

The exhalative bodies and host schists have 
been affected by a lower greenschist facies alpine 

metamorphism (climax conditions: P = 0.55-0.60 
GPa, T = 300-325 °C) accompanied by different 
phases of ductile deformation. 
The petrologic study stresses the difference in 
behaviour between massive sulphides and host 
schists during the alpine history. Massive sulphide 
lenses only partially record the multistage alpine 
overprint; particularly, pyrite and arsenopyrite 
mostly behaved as refractory phases during the 
metamorphic evolution. The latter is instead much 
better recorded within the host rocks. This 
difference in behaviour is due to the “refractory” 
behaviour of pyrite and arsenopyrite [60, 48], and 
to the contrast in rheology between massive 
sulphides and host schists: deformation and 
related fluid circulation more deeply affected the 
strongly ductile schists, thus promoting the onset 
of metamorphic reactions, while the sulphide 
lenses were only partially re-equilibrated.  

The exhalative activity developed during the 
Upper Carboniferous, characterized by the 
occurrence of shallow, small epicontinental basins 
in an extensional geodynamic setting dominated 
by structural highs and subsident trenches, the 
latters filled with continental sediments mixed 
with minor magmatic-derived materials [8]. 
Therefore the Zn-Pb (-Ag) deposits testify to the 
occurrence of an important exhalative event of 
Upper Carboniferous age, previously 
unrecognized in the Ligurian Briançonnais Unit.  

More work is needed in order to thoroughly 
characterize the anatomy of the hydrothermal 
system, even it is a difficult task in absence of 
drilling and/or underground data. Further studies 
in this and other areas of the Ligurian 
Briançonnais Unit, where also Zn-Pb (-Ag) 
occurrences possibly of the same origin occur, can 
help to better understand both the hydrothermal 
system(s) evolution and the Late Palaeozoic 
geodynamic and tectonic setting of this sector of 
the Alps, and to establish correlations between 
different tectonic units of the Briançonnais puzzle. 
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