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Abstract: Low-Angle Normal Faults (LANFs) represent in the central Southern Alps area (N Italy)
the main structures along which the Variscan basement is in contact with the Upper Carboniferous-
Permian volcanic-sedimentary succession. Tourmalinites frequently occur along LANFs, usually
replacing former cataclasites. The mineralogy and chemical composition of tourmalinites point to a
metasomatic origin. LANFs, together with high-angle faults, controlled the opening of the Permian
Orobic Basin and likely acted as a preferred pathway for hydrothermal fluids that triggered the
Boron-metasomatism. Along the Aga-Vedello LANF, tourmalinites appear to have formed after the
cessation of fault activity, as no brittle post-metasomatism deformation overprint has been observed.
These relationships suggest that the circulation of B-rich fluids occurred after the opening of the
Orobic Basin that is broadly constrained to the Early Permian. At the same time, ca. 285–270 Ma, a
strong magmatic activity affected all the Southern Alps, ranging in composition from mafic to acidic
rocks and from intrusions at deep crustal levels to effusive volcanic products. The Early Permian
magmatism was likely the source of the late-stage hydrothermal fluids that formed the tourmalinites.
The same fluids could also have played a significant role in the formation of the Uranium ore deposit
of the Novazza-Vedello mining district, as the ore bodies in the Vedello valley are concentrated along
the basement-cover contact.

Keywords: Low-Angle Normal Faults; Boron-metasomatism; tourmalinites; Orobic Basin

1. Introduction and Geological Setting

Immediately after the late stages of the Variscan orogeny, an episode of crustal exten-
sion starting in the Early Permian affected the Adria passive margin. Traces of these events
are now preserved in the geological record of the central Southern Alps [1–6]. During the
Alpine shortening, favorably oriented normal faults inherited from Permian tectonics [7–9]
were re-activated and played an important role, being frequently inverted as south-verging
thrusts. Despite the pervasive Alpine overprint, several portions of the Permian structures
are still well preserved, displaying their original structural features. Among these, Low-
Angle Normal Faults (LANFs) and detachment systems [9–11] are of particular interest
as they provide insights into the tectonic framework that characterized the Early Permian
crustal extension in the present-day central Southern Alps (cSA) area. This extensional
phase that interested a very large area, from the Southern Alps to Central Europe, was not
only responsible for the development of intracontinental basins [12] but was also related
to a diffuse magmatic activity at different crustal levels and HT metamorphism [13–17].
The magmatic activity resulted in the emplacement of gabbro to gabbro-diorite bodies
at the lower crust-mantle transition [13,18–21], emplacement of intermediate to acidic
intrusive complexes at mid to shallow crustal levels [22–24] and, finally, volcanic and
volcanoclastic products above the Upper Carboniferous–Lower Permian (?) Variscan non-
conformity [14,25–28]. The interplay between tectonics, sedimentation, and magmatism
during the Early Permian extensional phase is well documented in Central Europe [12],
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whereas the Alpine tectonics overprint has since hampered its complete reconstruction and
interpretation in the frame of the collapse of the late Variscan orogen in the cSA area [25–27].
Recent studies outlined that several parts of the Early Permian fault network are still well-
preserved in the cSA [9–11,29] and offer the opportunity to give insights into the tectonic
framework that marked the transition from the end of the Variscan orogeny to the Early
Permian extension.

In this paper, we document a well preserved Early Permian LANF cropping out
between the Ambria and Vedello valleys (SO). The area is well known also because it was
explored between 1950 and 1970 in search of Uranium ores that were partially exploited
between 1979 and 1982 [25,30,31]. The fault plane is characterized by cataclasites of variable
thickness, mainly derived from comminution of the Permian cover rocks (the Vedello
Conglomerate Auct. [32]), that were later impregnated by Boron-rich fluids responsible
for the precipitation of tourmalinites [9,33–35]. In order to characterize this fault from a
structural point of view, we performed detailed geological mapping at a scale comprised of
between 1:100 and 1:10,000, accompanied by outcrop sampling, microstructural analyses,
and mineral chemistry characterization of tourmalinites.

The cSA are a fold-and-thrust belt [8,36,37] that involves a polymetamorphic base-
ment with metamorphism of Variscan age [38,39] and its Upper Carboniferous to Ceno-
zoic sedimentary cover (Figure 1). During the Alpine orogenic event, significant crustal
shortening was accommodated by thrusting and folding at very low-grade metamorphic
conditions [40]. The main tectonic transport direction was toward SE with basement units
that were stacked southward onto the Permian-Mesozoic cover [8,36,41–44]. In particu-
lar, in the northern area of the belt, the Orobic-Gallinera Thrust System occurs, stacking
the Variscan basement on the Permian-Mesozoic succession of the northern portion of
the Orobic Anticlines included in a set of ENE-WSW dextral en-échelon anticlines. Here,
the basement and the Carboniferous to Lower Triassic successions crop out between the
Orobic-Porcile-Gallinera Thrust System to the north and the Valtorta-Valcanale Fault to the
south, where imbricated Triassic carbonates are dominant (Figure 1).
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Figure 1. Tectonic scheme of the cSA, modified after [8]. The localities of tourmalinite occurrences are
highlighted with yellow stars. LD: Lago del Diavolo-Mt. Aga; NV: Novazza Uranium ore deposit; VT:
Val Trompia tourmalinites; VV: Val Vedello Uranium ore deposit. The extent of Figure 2 is reported.
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Figure 2. Simplified geological maps of the upper Brembana and Vedello valleys displaying the traces
of the Aga-Vedello (AVF) and Masoni (MF) LANFs. AGF: Aga Growth Fault; CF: Camisana Fault; FF:
Fregabolgia Fault. The Forcellino Pass is in the NE corner of the map. Modified from [9].

The Upper Carboniferous to Upper Permian sedimentary successions of the cSA
are chiefly exposed [25,28] in the Orobic Anticlines. These antiformal structures almost
correspond to the original extension of Permian basins, namely, from west to east, the
Orobic, Boario, Collio, Tione, Tregiovo, Forni-Avoltri, and Pramollo Basins. The Upper
Carboniferous—Permian succession of the cSA is characterized by the occurrence of two
major sedimentary systems, i.e., the older terrigenous and volcanic units of the Laghi
Gemelli Group [25,27,28], and a younger succession, consisting of the Upper Permian
continental red beds of the Verrucano Lombardo. This unit is separated from the underlying
Laghi Gemelli Group by an angular unconformity throughout the entire cSA area. The
Lower Permian units are, from bottom to top: the up to 100 m thick Basal Conglomerate,
covered by the ca. 800 m thick Monte Cabianca Vulcanite (CBV) in the study area, including
large ignimbrite sheets (284 to 270 Ma [45]). The CBV is covered by the Pizzo del Diavolo
Formation (PDV) which consists, in the central part of the Orobic Basin, of coarse-grained
proximal conglomerates (Mt. Aga Conglomerate, AC, to the north and Val Sanguigno
Conglomerate to the south), passing to fine-grained deposits (volcaniclastic sandstones
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and dark mudstones) in the depocentral area of the basin. Tetrapods’ footprints occurring
within slates of the Pizzo del Diavolo area suggest a late most Kungurian age [46,47]. On
the base of stratigraphic and tectonic evidence, the succession of the Laghi Gemelli Group
is interpreted to have formed in an intracontinental fault-controlled basin developed in
semi-arid conditions, strongly recalling the present-day Basin and Range Province [27].
Red sandstone and conglomerates of the Verrucano Lombardo (Lopingian) were deposited
above an angular unconformity, testifying for tectonic activity and deep erosion of the
Laghi Gemelli Group during the Middle-Late Permian [27,48].

The Orobic basin stratigraphy and architecture reflect Permian syn-depositional tec-
tonic activity, associated with the development of E-W oriented faults and related facies
belts [25,48]. The northern boundary of this basin is defined by the Mt. Aga Conglom-
erate overlying the Variscan basement along the Aga-Vedello Low-Angle Normal Fault
(LANF) that documents, together with the Masoni LANF, the Early Permian extension [9]
(Figure 2). This low angle fault system interacts with high angle normal faults active in a
syn-sedimentary context during the deposition of the base of the PDV, where soft-sediment
deformations at very shallow levels produced mesoscopic structures possibly related to
seismic shaking [9,49]. This tectonic setting generated asymmetric half-grabens deepening
toward the basins depocenters, along ENE-WSW oriented master faults. Fault planes of
the described Permian fault system are often decorated by cryptocrystalline to aphanitic
tourmalinites that impregnate cataclasites formed along the basement-cover fault con-
tact [9,33–35]. Tourmalinites were likely formed due to hydrothermal fluid circulation
associated with the emplacement of Permian magmatic bodies in the shallow crust [35].
Such magmatic bodies also occur in the Trompia Valley district (central Southern Alps),
where the spatial relationship between tourmalinized faults and upper Palaeozoic granitoid
intrusions were described [50–52].

2. Materials and Methods

Fieldwork and structural analysis of the fault architecture (Figures 3 and 4) were
mainly conducted during 2018 and 2019 in the frame of the Master’s Degree thesis of M.
Mancuso and G. Carminati.
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through photogrammetry, as reported in Figure 4. The entire outcrop surface has been 
photographed with a digital reflex camera, with photos shot from a constant camera-out-
crop distance of 120 cm. Overlapping between adjacent images was ca. 60%. The photo-
grammetric reconstruction was obtained with the Agisoft Photoscan software. 

The mineral chemistry of tourmaline and tourmalinites was determined by a JEOL 
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Electron Microprobe Lab of the Earth Sciences Department of the University of Milan, 
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current with a spot size of 3 μm. Counting times for each analysis were 30 s on the peak 

Figure 4. (a) The main outcrop viewed from the Forcellino Pass (see Figure 3 for location). (b) Detailed
map of the outcrop exposing the preserved Permian fault structure. The map has been obtained
from manual photogrammetric reconstruction of the outcrop. (b) Sketch of the LANF structure
with sampling locations. (c) Attitude of tourmalinites layers and LANF slip planes. (d) The contact
between crystalline basement and reddish cataclasites derived from the Mt. Aga conglomerates.
(e) The typical banded texture of the fault core characterized by alternating black tourmalinites and
gray cataclasites levels. (e) A detail of the sampling transect from the footwall trough the fault core.
(f) Image of the sampled transect from the basement footwall across the fault core. (g) Reconstruction
of the fault structure with sampling locations.

The outcrop displaying the best exposure of the LANF surface was reconstructed
through photogrammetry, as reported in Figure 4. The entire outcrop surface has been
photographed with a digital reflex camera, with photos shot from a constant camera-
outcrop distance of 120 cm. Overlapping between adjacent images was ca. 60%. The
photogrammetric reconstruction was obtained with the Agisoft Photoscan software.

The mineral chemistry of tourmaline and tourmalinites was determined by a JEOL
8200 Superprobe equipped with five WDS (Wavelength Dispersive Spectrometers) at the
Electron Microprobe Lab of the Earth Sciences Department of the University of Milan, Italy.
Analytical conditions were as follows: 15 kV of accelerating potential, 5 nA of sample
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current with a spot size of 3 µm. Counting times for each analysis were 30 s on the peak and
10 s on the background. Natural oxides and silicates were used as standards. Tourmaline
analyses were recalculated following the general formula XY3Z6(BO3)3T6O18V3W with
X = Na, Ca, K; Y = Mg, Fe2+, Fe3+, Li, Al, Mn, Ti4+, Cr3+; Z = Al, Mg, Fe3+, Cr3+; T = Si, Al;
V = OH, O; W = OH, F, O [53]. B2O3 and H2O have not been measured, but have been
recalculated based on stoichiometry, considering 3 B atoms per formula unit. Results are
reported in Table S1.

3. Results

The bedrock in the study area belongs to the Variscan basement, here made of parag-
neiss (“Morbegno Gneiss” Auct.) and mica schists [38] (“Edolo Schists” Auct.) that in the
Vedello valley are repeatedly alternating [38,54], with a predominance of two mica parag-
neisses. Lenses of leucocratic orthogneisses (“Corno Stella Gneiss” Auct.) of Ordovician
intrusion age [53] occur in the western part of the study area, representing the footwall
basement rocks of the MF and AVF LANFs (Figures 2 and 3). The peak metamorphic phase
assemblage is made of quartz, plagioclase, biotite, white mica, garnet, staurolite, and kyan-
ite [39], which were later retrogressed at greenschist facies conditions. Within paragneisses,
the greenschist facies retrogression was accompanied by the growth of millimetric-sized
peciloblast of albitic plagioclase that gave the typical spotted aspect of the “Morbegno
Gneiss” Auct.

The Upper Carboniferous to Lower Permian volcanic and volcanoclastic succession
was deposited in non-conformity on the Variscan basement. The “Basal Conglomerate”
Auct., consisting of sandstones and conglomerates with quartz and basement-derived
clasts [25,27], occurs in the study area only in the upper Brembana Valley to the south of
the Fregabolgia Fault (Figure 2). The lowermost parts of the Lower Permian succession
deposited above the basement rocks along the Brembana-Vedello watershed and in the
upper Vedello valley are the Monte Aga and Vedello conglomerates, belonging to the
Pizzo del Diavolo Fm. [32]. Conglomerates consist of mainly sub-angular and minor
sub-rounded pebbles up to several decimeters in size (Figure 5a). Garnet mica schists,
two-mica paragneisses, and granitoid orthogneisses dominate the pebbles lithologies, with
minor volcaniclastic pebbles occurring in the upper part of the successions, where the
conglomerates progressively grade into sandstones.

The Variscan P-T evolution of the basement-derived pebbles of the Val Vedello and Aga
conglomerates (Figure 2) are different. A first type (Type 1 [32]) is characterized by an am-
phibolite facies metamorphic imprint followed by greenschist facies re-equilibration; a sec-
ond type (Type 2 [32]) displays, instead, three successive greenschist facies re-equilibrations.
Comparisons with the metamorphic evolution of the Val Vedello basement pointed out that
Type 1 pebbles are closely similar with their underlying basement, whereas greenschist
facies pebbles likely derived from adjacent areas, mainly located to the east of Vedello
Valley [32,39].

3.1. Structural Analysis
3.1.1. Mesostructural Features

At Lago del Diavolo and Mt. Masoni areas (Figure 1), the fault core of the Aga-
Vedello LANF is well exposed, with several outcrops also displaying evidence of syn-
tectonic sedimentation in the hanging wall (Figure 5c,d), as already outlined by other
authors [8,25,33].

The same structure crops out in the Ambria and Vedello valleys (Figures 1 and 2).
Despite the reactivation of the Aga-Vedello LANF during the Alpine shortening, several
fault segments preserve the original Permian features and are still observable in the field.

In the Forcellino Pass area, a several meters-wide outcrop of the fault zone is nicely
preserved and well exposed (Figure 4a), thanks to the glacier erosion that smoothed the
outcrop surface. The outcrop where the fault zone structure is best exposed is about
10 × 7 m (Figure 4a,b), the main plane attitude of the LANF surface in this area (Figure 4a)



Minerals 2022, 12, 404 7 of 17

dips to SSE, with a dip angle of 5◦–10◦ (Figure 4c). The fault zone is characterized by 40–
50 cm thick reddish cataclasites, mainly developed at the expense of conglomerates in the
hanging wall with minor involvement of the footwall basement paragneisses (Figure 4d,e
and Figure 6b).
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Figure 5. (a) Field aspect of the Aga Conglomerate, with pebbles chiefly made of paragneiss, mica
schists and polycrystalline quartz. (b) The typical banded texture of the “Morbegno Gneiss” rich
in albite peciloblasts. Syn-sedimentary normal faults within volcaniclastic sandstones of the upper
part of the Mt. Aga Conglomerates to the north (c) and southeast (d) of the Forcellino Pass. These
faults show very similar features with the syn-sedimentary faults described in the nearby Cima Aga
area (Figure 2) in the hanging wall of the same LANF [9]. (e) S-C structures developed within Aga
conglomerates along the Alpine thrusts. (f) Alpine cleavage affecting a black tourmalinite layer
within the fault core.
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Cataclasites are partially to completely substituted by tourmalinites. Field structural
analysis suggests that tourmalinites seal the fault zone and maintain the same attitude of
the LANF plane (Figure 4e), with only minor intrusion in the footwall as veins (Figure 6a).
The Alpine deformation in the fault core and adjacent wall rocks unevenly resulted in the
development of a non-pervasive slaty cleavage, mainly within fine-grained grey cataclasites
(Figure 6e,f), but also within black tourmalinites (Figure 5f). The hanging wall is made of
coarse-grained proximal conglomerates (Mt. Aga and Vedello conglomerate) with boulders
of basement-derived gneisses and mica schists (Figure 5a), whereas the footwall consists of
two mica gneisses with diffuse albite peciloblasts (Figure 5b).
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The fault zone consists of reddish cataclasites and very fine-grained gray cataclasites
(Figure 6). A banded texture is frequently developed with alternating black tourmalinite
and partially tourmalinized grey cataclasites (Figure 6d). Cataclasites derived from parag-
neiss in the LANF’s footwall are only partially tourmalinized, with cataclasis that is limited
to the first 20–25 cm away from the first tourmalinite level in the fault core.

The size and amount of clasts in the tourmalinized cataclasites increase upward,
displaying a gradual transition between tourmalinite and the overlying conglomerates
(Figure 4b).

In the hanging wall of the LANF, away from the cataclastic zone and mainly within
sandy layers of the Mt. Aga Conglomerate, syn-sedimentary high-angle Andersonian
normal faults sparsely occur (Figure 5c,d and Figure 7e). These faults show centimeter-
scale displacements associated with soft-sediment deformations developed during the
sedimentation in non-consolidated sediments in hydroplastic conditions (Figure 5c,d). The
occurrence of such structures in the hanging wall of the main LANFs surfaces has been
already documented and discussed in the nearby area [9].
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Figure 7. Stereographic projections (equal area, lower emisphere) of mesoscopic structures in the
Forcellino Pass area. (a) Poles to planes of the main foliation (S2) in the Variscan basement. (b) Poles to
bedding planes in the Pizzo del Diavolo Fm. (c) S3 axial plane cleavage of Alpine age in the hanging
wall of the LANF. (d) Axial planes and fold hinges of D3 folds, measured both in the crystalline
basement and in the Permian cover. (e) Syn-sedimentary normal faults. (f) Fault slip data related to
Alpine thrust at the Forcellino and Cigola passes.

The Alpine deformation, beside the previously described slaty cleavage in the fault
zone, also consists of a more discrete to pervasive NNW dipping axial plane cleavage
related to regional ENE-WSW trending folds (Figure 7c). Other main Alpine structures are
thrust faults with top-to-S or top-to-SE kinematics (Figure 7f), associated with secondary
splays at the Forcellino Pass (Figures 3 and 5e) and in the nearby Cigola Pass area (Figure 2).
The fault zones associated with these thrusts range in thickness from ca. 50 to 150 cm.
Foliated cataclasites with frequent S-C structures are the typical fault rocks (Figure 6e).
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3.1.2. Microstructural Analysis

We sampled the LANF fault zone along a transect perpendicular to the fault plane
(Figure 4) and with continuous exposure from the paragneisses in the footwall to the
non-tourmalinized cataclasites in the hanging wall. The main purpose was to determine
the microstructural and textural features across the fault core, in order to characterize the
interactions of hydrothermal Boron-rich fluids with the fault rocks.

Microscopically, it is recognizable the action of hydrothermal fluids replacing the
former rock with different intensities. The metasomatic event was likely successive to cata-
clasis since the passage of fluids modified the former cataclastic textures. The replacement
is stronger in the “black tourmalinites” (e.g., sample FC12 and FC13, see samples position
in Figure 4), as they are composed of more than 80% of dark microcrystalline tourmaline.
Former cataclasites in the fault core were characterized by a very fine grain size which
likely eased the chemical reaction between circulating fluids and both the cataclasitic matrix
and clasts, mainly consisting of polycrystalline quartz and plagioclase. This is documented
by the rounded shape of the clasts and the occurrence of rim reactions on clasts displaying
embayments (Figure 8a), representing the resorption of quartz clasts by hydrothermal
fluids. On the other hand, moving from the fault core towards the hanging wall, cover-
derived cataclastic rocks are characterized by higher clast/matrix ratio and larger clasts
grain size (e.g., sample FC22, see the position in the sketch of Figure 4), suggesting a lower
rate of replacement. The outcome is the production of very fine-grained to microcrystalline
gray cataclasites, where the abundance of tourmaline in the matrix is lower and is usually
associated with the presence of sericite. Rare single crystals of tourmaline occur usually
within these gray cataclasites (Figure 8b).
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Figure 8. (a) Rounded quartz clasts in black tourmalinite of sample FC13. The rounded shape and the
occurrence of embayments on larger clasts is a clue for chemical reaction between fluids and former
cataclasite. (b) Microscopic aspect of a gray cataclasite (sample FC22); two crystals of tourmaline
occur close to the center of the image. (c) Aggregate of light green, slightly pleochroic tourmaline
crystals formed in a vein that branches out of the fault core into the footwall. The crystal aggregate
has undergone weak cataclasis after its formation, as clearly visible in the cross-polarised image (d).

At Forcellino Pass, black tourmalinites represent the strongest effect of tourmaliniza-
tion; however, there are other, less tourmalinized facies, especially in the basement, in which
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the replacement by tourmaline commonly follows the main foliation planes, mylonitic
bands in strained levels, and discordant fractures. The largest aggregates of tourmaline
crystals > 50 µm in size were found (Figure 8c,d, sample FC21) along fractures branching
from the fault core in the footwall.

Moving from the footwall through the fault core into the hanging wall, the microstruc-
tural features of fault rocks display several changes. Paragneiss of sample FC5 is mainly
composed of quartz, plagioclase, white mica, chlorite, and accessorily phases, such as
ilmenite, apatite, and zircon (Figure 9a). Cataclastic plagioclase is frequently sericitized and
the effect of metasomatism is recognizable due to the presence of carbonates and tourma-
lines, which are distinguishable in single green-brown crystals or aggregates. The secondary
replacement of original mineralogical phase assemblage is confined along high-strain zones,
usually localized at the microscopic scale around rigid polycrystalline quartz-plagioclase
aggregates (e.g., sample FC9, Figure 9b).
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aggregates together with sericite (sample FC5). (b) Cataclastic quartz and plagioclase surrounded
by sericitic aggregates containing a few tourmaline crystals. (c) The effect of tourmalinization in
conglomerates-derived cataclasites (sample FC13): the original light-brown cataclasite matrix is
substituted by a darker one with aphanitic tourmalinite black seams. Note the reduction in clasts
grain size due to chemical reabsorption. (d) The effect of Boron-metasomatism on former cataclasites
is inhomogeneous not only at the outcrop scale, but also at the microscopic scale. Light-colored
cataclasites are preserved as millimetric domains within dark-colored tourmalinized cataclasites
(sample FC12).

The relative chronology among cataclasites and tourmalinization clearly emerges from
the microstructural features. Tourmalinites replace cataclasites along irregular veins where
the metasomatic effect is not pervasive (Figure 9c, sample FC13). Where the metasomatic
effect is more intense, pre-existing cataclasites are preserved only as small relict domains
within black tourmalinites (Figure 9d). The black tourmalinites in the fault core are tex-
turally homogeneous with a microcrystalline tourmaline matrix that embeds from 10 to
30% of fine-grained quartz clasts. The gray cataclasites flanking the fault core are instead
characterized by the alternating layers more or less rich in tourmaline, which is more
abundant in dark-colored layers. Moving in the hanging wall away from the fault core,
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cataclasites derived from the Mt. Aga Conglomerate display an increasing clast/matrix
ratio and finally grade into undeformed conglomerates.

Based on the observed microstructures, we can summarize that tourmaline occurs
along the LANF fault zone in three distinct forms: (i) cryptocrystalline in the black tourma-
linite matrix, (ii) as single crystals, especially in aphanitic gray cataclasites, (iii) as crystal
aggregates in veins within the gneissic basement (e.g., sample FC21, Figure 7c,d).

3.2. Chemical Composition of Tourmaline

All crystal of tourmaline from the Forcellino Pass area display (Fetot/(Fetot + Mg))
values in the 0.25–0.60 range (see Table S1 for microprobe analyses), combined with an
X-site vacancy ratio of 0.10–0.35 (Figure 10a). All of them classify in the alkali group [55]
based on cations proportions in the X-site (Figure 10c). The plot in the middle of the
schorlite-dravite join on the Al-Mg-Fe diagram [55], within the field of typical tourmaline
composition in metapelitic-metapsammitic rocks (Figure 10b).
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Figure 10. (a) xFe vs X-site alkali occupancy diagram: all analysed tourmaline and tourmalinites plot
below the foitite-dravite divide. Tourmalines from the Forcellino Pass area display a clear zoning with
Mg-rich cores and Fe-rich rims. The dashed blue line indicates the compositional field of tourmaline
from the Trompia Valley area. (b) Fe-Mg-Al diagram [55]. The compositions are within field 4 and 5,
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the principal constituent at the X-site [53]; all tourmalines from all the considered areas plot within
the Alkali group field.

Analyzed tourmaline crystals from the Forcellino and Mt. Aga area tourmalinites
(Figure 2) display a systematic Fe-enrichment from core to rim, with major compositional
zoning in terms of Fe/Mg ratio observed in the Forcellino tourmalines, whereas the ones
from the Mt. Aga and Masoni LANFs display minor compositional zoning with crystal cores
and Mg-poor cores (Fe/(Fe + Mg) of 0.4), with respect to the Forcellino ones (Figure 10a).

Opposite to the Fe core-rim distribution is the Ca zoning. Ca is systematically lower
than 0.05 apfu at cores while increasing up to ca. 0.14 at rims (Table S1). The alkaline nature
of the Forcellino Pass tourmaline is largely controlled by the Na-content, which ranges
from 0.67 to 0.84 apfu, with higher values shown in the crystal rims (Table S1). The only
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other element that displays valuable core-rim zoning is Ti, with higher contents at cores
(0.05–0.09 apfu) and lower at rims (0.02–0.05) (Table S1).

4. Discussion and Conclusions

The Early Permian basins of the cSA developed within an intra-continental setting [27],
characterized by tectonically-controlled evolution. Fault systems made of an association of
Low-Angle-Normal-Faults (LANFs) and High-Angle-Normal-Faults (HANFs) controlled
the tectonic and sedimentary evolution of these basins [9]. The Early Permian fault system,
despite the Alpine shortening, is still well recognizable in several areas of the cSA [8,25,27].
One of these best-preserved Permian faults is the Aga-Vedello (AVF) LANF, extending for
about 5–6 km across the Orobic Alps watershed (Figure 1, see also figures and tectonic
model in [9]). The WSW-ENE trending AVF brings in contact the Variscan basement of the
cSA with the Lower Permian succession of the Pizzo del Diavolo Fm., made of volcanic
and volcanoclastic deposits [27]. The main fault plane gently (10–15◦) dips to the south and
can be followed from the Lago del Diavolo area into the Vedello Valley for at least 5 km
(Figure 1). The occurrence of syndepositional tectonic structures in the hanging wall of
the AVF LANF suggests that the fault was active during the opening of the Orobic Basin,
together with growth faults and high-angle normal faults [9]. The same syndepositional
structures also point to a shallow depth of activity for the LANF.

The occurrence of tourmalinites along Permian faults that controlled the opening of the
Orobic Basin was reported by [33,34] in the Lago del Diavolo area and by [35], also in the
Trompia Valley area, about 40 km to the SE of the Forcellino Pass. In this area, late Paleozoic–
Early Permian intrusive bodies ranging in composition from granites to gabbros [56]
intruded the Variscan basement. Tourmaline breccias are here typically associated with
S-W-bearing ore deposits [35,51]. Several stages of tourmaline crystallization have been
individuated, mainly based on textural differences and crystal zoning in terms of chemical
composition [35]. At least four stages of crystallization have been recognized, with an
increasing Fe/Mg ratio from stage (i) to stage (iv). From the textural features and observed
chemical composition and zoning, the Trompia Valley tourmalinites have been considered
to be of metasomatic origin, formed after the reaction between magmatic-hydrothermal
fluids with the host rocks. Tourmalinites occur mainly along LANFs, but a remobilization of
tourmalinites due to Alpine tectonics has been documented in the Vedello Valley area [31],
with tourmalinites that have been described also along re-activated faults during the Alpine
orogenesis. Tourmalinites mainly occur along LANFs as they represent the first highly
permeable pathways that Boron-rich fluids encountered during their ascent. Tourmalinites
of the Trompia Valley area occur as brecciated bodies roughly aligned along a major
regional fault (the Val Trompia Line [35]) that likely acted as a preferred pathway for fluids
migration. The chemical compositions of the Forcellino area tourmalinites closely match
ones of the Trompia Valley area, falling within the Schorlite and Dravite compositional
fields (Figure 10b). In terms of chemical zonation, they display the same Fe-enrichment
trend (Figure 10a), with a difference in terms of Fetot/(Fetot + Mg) of ca 0.30 between cores
and rims. Based on these similarities we can argue that the tourmalinites along the AVF
LANF originated from Boron-rich fluids derived from crystallizing magmatic bodies, in
a similar way to what was proposed for tourmalinites of the Trompia Valley area [35].
Conclusive evidence for this hypothesis is, however, still lacking.

Tourmalinites along the AVF LANF are the nearest to the Vedello Valley Uranium ore
deposits. Here, the Uranium mineralization is concentrated along the Variscan basement-
Permian deposits contact, i.e., along the NE prosecution of the AVF LANF. The ore genesis
of the Vedello Uranium deposit has since been considered of hydrothermal origin, with a
primary disseminated mineralization contained within several levels of the Monte Cabianca
ignimbrites in the Novazza ore deposit [25]. The occurrence of Uranium-bearing ores in the
Vedello Valley has been interpreted as a remobilization due to a late Permian-Early Triassic
geothermal event that leached Uranium from the Lower Permian ignimbrites and trans-
ported it along existing faults with final concentration and deposition along the basement-
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cover contact in the Vedello area [30,31]. Available ages of Uraninite and other Uranium-
bearing mineral suggest an age of the Vedello Uranium deposit of 275 ± 13 Ma [57]. The
major proof of fluids circulation along Permian faults in the study area are tourmalinites,
which have been already proposed [34] to be correlated to the formation of the U-Zn Vedello
ores. The tourmalinites that have since been studied crop out in the Trompia Valley area [35]
and the Lago del Diavolo–Lago del Publino area (Figure 1) [33–35]. The outcrop of the
Forcellino Pass is the closest to the Vedello Uranium deposit and thus represents the best
opportunity to investigate the possible relationships between the tourmalinization phe-
nomena and the genesis of the U-Zn ores. The age of the Uranium mineralization in the
Novazza mine has been constrained at 275 ± 13 Ma [57]; these last data were obtained
from microchemical dating of uraninite within a siderite vein. Younger ages have been
obtained for the Vedello ores, ranging between 200 and 50 Ma [31,57]. The large time span
and the young ages of the Vedello uraninites have been attributed to remobilization and
recrystallization of Uranium minerals during the Alpine tectonic activity, considering the
primary U-mineralization coeval to the Novazza one. The ages of the intrusives and vol-
canics that represent Uranium source rocks in the above-described model are constrained to
280 ± 2.5 Ma for the basal tuff of the Monte Cabianca ignimbrites [45]. Similar ages have
been proposed for the Trompia Valley granitoids, 271–274 Ma [56], obtained on magmatic
biotite and whole rock with the Rb-Sr method, so considered to be minimum intrusion ages.

The wealth of geological and geochronological data strongly suggests that the metaso-
matism operated by Boron-rich fluids that circulated along the Permian fault system [9,25]
was coeval with the Early Permian magmatic activity that occurred in the central Southern
Alps domain. Early Permian magmatic rocks are thus ideal candidates for Uranium pristine
source, both for late-stage magmatic fluids that leached and later concentrated Uranium
in the Novazza and Vedello mining districts. In the Lago del Diavolo and Forcellino Pass
areas, tourmaline metasomatism postdated the main activity of the Permian fault systems
responsible for the opening of the Orobic Basin. The effects of Boron-rich fluids circulation
promoted the metasomatism of pre-existing cataclasites indicating that tourmalinization
occurred after or in the latest stage of faults activity. A direct correlation with the circulation
of hydrothermal Boron-rich fluids with Uranium leaching from the Permian volcanic rocks
and its concentration and deposition in the Vedello ores is still under investigation, but the
occurrence of tourmalinites in the same area and the same structural position, i.e., along
Low-Angle Normal Faults, strongly suggests a connection between the two.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min12040404/s1, Table S1: Chemical composition of tourmalines from the Forcellino Pass area.
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