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ABSTRACT

Well-preserved SSE-dipping low-angle normal faults (LANF) active during the Early Permian
(Cisuralian) were recognized along the northern margin of the Orobic Basin (central Southern Alps,
N Italy). These faults, which escaped most of the Alpine deformations, exhumed the Variscan
basement during the deposition of the upper part of the Lower Permian succession (Pizzo del Diavolo
Formation). Fault planes show evidence of frictional processes typical of the upper crust associated
with hydrothermal circulation, responsible for the deposition of cm to m thick tourmalinite and
Uranium mineralization.

The recognized LANFs interacted with high-angle normal faults producing half grabens that stored
the Lower Permian deposits, where synsedimentary fault activity in their hangingwall is testified by
abrupt vertical and lateral facies changes, thickness variations and by soft-sediment deformations.
Mesoscopic structures, exposed in the hangingwall of a major LANF (the Aga-Vedello Fault system)

along a synthetic high-angle normal fault, include conjugate normal faults, horst-and-graben, domino-
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style planar and listric faults, which clearly record synsedimentary deformations testified by
liquefaction and dewatering structures, typical of pre-consolidation hydroplastic conditions. This
exceptional record indicates deformations at shallow crustal level which occurred during the Early
Permian along high-angle normal faults soling into the LANFs, forming the northern boundary of the
Orobic Basin.

The outcrop continuity, the perfectly preserved relationships among high- and low-angle normal
faults together with the synsedimentary record of fault activity and the occurrence of mesoscopic
faults developed during the deposition of the sediments, make this case-study an excellent reference
for the analysis of extensional tectonics in synsedimentary conditions.

In addition, the occurrence of large LANF systems, typical of a stress regime characterized by a
vertical o1, suggests that the Lower Permian Orobic Basin was dominated by pure extension at least
in the study area, alternatively to existing interpretations, which favor a transtensional origin of the
basin. Strike-slip tectonics can be responsible for a later partial tectonic inversion of the basin, as
testified by the angular unconformity with the overlying Upper Permian succession (Verrucano

Lombardo), marking a Middle Permian stratigraphic gap.

INTRODUCTION

The post-Variscan evolution of the Southern Alps records several episodes of crustal extension
starting in the Early Permian and culminating in the Early Jurassic rifting, affecting the Adria passive
margin (BRODIE et alii 1989; DIELLA et alii, 1992; HANDY et alii, 1999; BERRA & CARMINATI, 2009),
that finally led to the opening of the Alpine Tethys (BERNOULLI & WINKLER, 1990; BERTOTTI et alii,
1993; BERRA et alii, 2009). The occurrence of extensional processes between the end of the Triassic
and the Early Jurassic is described in several contributions dealing with evidence of synsedimentary
tectonics (BERNOULLI, 1964; BERTOTTI et alii, 1993; BERRA & CARMINATI, 2009) along the western
margin of the central Southern Alps. Late Triassic - Jurassic extensional faults are characterized by
high-angle and low-angle surfaces within the sedimentary cover, or between the sedimentary cover
and the basement, passing to intra-basement shear zones (BERTOTTI et alii, 1993; REAL et alii, 2018).
The existence of highly subsiding, fault-controlled basins in form of isolated grabens bounded by
steep normal faults in the Cisuralian (Lower Permian) succession of the central Southern Alps
(CASATI & GNACCOLINI, 1967; CADEL, 1986; CADEL et alii, 1996; CAssINIs et alii, 1986; 2012;
BERRA et alii, 2015, 2016) documents an older major extensional event, generally ascribed to
transtensional tectonics by most of the authors. The connected geodynamic framework has been

related to a dextral megashear zone active between Laurussia and Gondwana (ARTHAUD & MATTE,
2
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1977; DOMEIER & TORSVIK, 2014), that dismembered the Variscan belt during the Permian (ZIEGLER,
1993; HANDY & ZINGG, 1991; EDEL et alii, 2018), taking to the transformation from Pangea-A to
Pangea-B (MuTTONI et alii, 2003, 2009).

The occurrence of Early Permian low-angle normal faults has been recently documented in the
western cSA (e.g.: Grassi detachment, FRoITzHEIM et alii, 2008) suggesting a major role of
extensional phenomena during the deposition of the Lower Permian successions.

Evidence of Early Permian syndepositional tectonic activity was recognized in the central Southern
Alps by normal faults associated to abrupt facies and thickness changes in the volcanic-siliciclastic
successions of the Lower Permian succession (CADEL et alii, 1996; CAssINIS et alii, 2012; ISPRA
2012a, 2012b; BERRA et alii, 2016) and by earthquakes-triggered soft-sediment deformations (BERRA
& FELLETTI, 2011).

During the later Alpine compression, favourably oriented normal faults inherited from Permian
tectonics played an important role, being frequently inverted as south-verging thrusts (BLoM &
PASSCHIER, 1997; ZANCHETTA et alii, 2015). Despite the polyphase Alpine tectonics (MILANO et alii,
1988; ALBINI et alii, 1994; SPALLA & Gosso, 1999), several Permian structures exposed at the head
of the Brembana Valley (BG) escaped the Alpine deformation, thus preserving their original features.
Based on original structural analyses and mapping in the highest part of the Brembana Valley, in this
paper we document two of the clearest examples of these structures, which consist of low-angle well-
preserved Early Permian normal faults (LANF). These two faults were associated to high-angle
synsedimentary normal faults active during the deposition of the upper part of the Lower Permian
succession. In order to characterize these fault systems from a structural point of view, we performed
detailed geological mapping (1:2,000 scale) accompanied by mesoscopic analyses of synsedimentary
faults and associated liquefaction structures formed in hydroplastic conditions. Our fieldwork was
completed by the microstructural analyses of the fault rocks formed along the two LANFs and of the
related tourmalinites, which characterize these fault systems. Obtained results were integrated in the
stratigraphic framework recently suggested by BERRA et alii (2016) for the upper portion of the Lower
Permian deposits.

The reconnaissance of a preserved Early Permian synsedimentary fault system characterized by the
occurrence of LANFs (dip < 30°), which formed the northern tectonic boundary of the Orobic Basin
entails important implications also on the Early Permian evolution of the basin, as they are mostly
related to a tectonic regime dominated by pure extension rather than by transtension as previously
mentioned. Another point of interest of this work is given by the analysis of synsedimentary faults
developed in hydroplastic conditions, which represent a significant case study of soft-sediment

deformations possibly developed in a seismic context.
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GEOLOGICAL SETTING

The central Southern Alps are a fold-and-thrust belt (SCHONBORN, 1992; CARMINATI et alii, 1997
ZANCHETTA et alii, 2015) deeply involving a polyphase Variscan basement (MILANO et alii, 1988;
SPALLA & G0sso, 1999) and its upper Palaeozoic to Cenozoic sedimentary cover. A polyphase Alpine
deformational history, occurring between the Cretaceous and the uppermost Miocene marks the
southward stacking of the thrust sheets (BRACK, 1981; SCHONBORN, 1992; FANTONI et alii, 2004;
ZANCHETTA et alii, 2011, 2015; D’ADDA & ZANCHETTA, 2014), which mainly occurred in brittle
conditions with no significant metamorphism (e.g.: CARMINATI & SILETTO, 2005).

In the northern area of the belt, the Variscan basement is stacked along the Orobic-Gallinera Thrust
System (Fig.1) on the Permian-Mesozoic succession of the northern portion of the Orobic Anticlines
s.l. This system forms a set of ENE-WSW dextral en échelon anticlines exposing the basement and
the Carboniferous to Lower Triassic successions between the Orobic-Gallinera Thrust System to the
north and the Valtorta-Valcanale Fault to the south (Fig.1); the latter separates these units from the
imbricated Mesozoic carbonates to the south.

The Orobic-Gallinera Thrust System, in the study area, branches out interacting with a bundle of
ENE-WSW trending faults, interpreted as reactivated Lower Permian extensional faults (ZHANG et
alii, 1994; CADEL et alii, 1996; BLOM & PASSCHIER, 1997).

The Permian sedimentary succession consists of two major sedimentary systems separated by an
angular unconformity: (i) an older system represented by the Lower Permian volcanic and terrigenous
units of the Laghi Gemelli Group, which is unconformably covered by (ii) a younger system,
consisting of the Upper Permian continental red beds of the Verrucano Lombardo (Fig. 2). The older
system (recently revised by BERRA et alii, 2016) includes several units, starting at the base with the
up to 100 m, pre-volcanic, thick Basal Conglomerate, covered by the up to 800 m thick Cabianca
Volcanite (CBV), including large ignimbrite sheets (284 to 270 Ma; BERRA et alii, 2015). 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 sandstone and
dark mudstone) in the depocentral area of the basin. Tetrapods footprints in the PDV suggest a
latemost Kungurian age (PETTI et alii, 2014; MARCHETTI et alii, 2017). Stratigraphic and tectonic
evidence points to an intracontinental fault-controlled basin developed in semi-arid conditions,
strongly recalling the present-day Basin and Range Province (BERRA et alii, 2016). The younger

system consists of Upper Permian (Lopingian) red sandstones and conglomerates of Verrucano
4


https://doi.org/10.3301/IJG.2018.35

131
132
133
134

135
136

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163

Italian Journal of Geosciences (2019) 138 (2): 184—201. https://doi.org/10.3301/1JG.2018.35

Lombardo, unconformably covering the Lower Permian succession along a marked angular
unconformity, testifying to deformation and deep erosion of the Laghi Gemelli Group (CASATI &
GNACCOLINI, 1967; BERRA et alii, 2016).

BASIN ARCHITECTURE AND EVIDENCE OF SYNDEPOSITIONAL TECTONICS IN
THE OROBIC BASIN

The stratigraphy and architecture of the Permian Orobic basin was analyzed in details by several
authors, starting from the pioneering work by DE SITTER & DE SITTER-KOOMANS, (1949). Rapid
changes in thickness and facies distribution reflect Permian syndepositional tectonic activity,
responsible for the development of E-W oriented faults and related facies belts (CASATI &
GNACCOLINI, 1967; CADEL et alii, 1996) in a semi-arid depositional setting (BERRA et alii, 2016).
The northern margin of the Orobic Basin is marked by the Mt. Aga Conglomerate, which is in tectonic
contact with the Variscan basement along the Aga-Vedello LANF, bordering the basin to the north.
The Mt. Aga Conglomerate consists of poorly selected angular to subangular basement clasts
(ZANONI et alii, 2010; ZANONI & SPALLA, 2018) with subordinate volcanic fragments of the CBV,
reflecting deposition of coarse proximal alluvial fans.

Thickness and facies changes of the CBV and PDV indicate that different syndepositional faults were
active during deposition. A strong evidence of fault-controlled subsidence (Fig. 2) is documented by
the sharp decrease of the thickness of the CBV (CADEL et alii, 1996) from about 800 m to 100-200
m across the steep Fregabolgia Fault (Fig. 2).

The abrupt thickness and facies changes in the CBV across the Fregabolgia Fault suggest that this
fault was an Early Permian high-angle normal fault reactivated during the Alpine evolution. After the
end of the emplacement of the ignimbritic flows of the CBV, the area south of the Fregabolgia Fault
became a relative topographic high, likely during the deposition of the PDV. CADEL et alii (1996)
consider the Fregabolgia Fault as the border of a large Permian caldera, which formed during the
deposition of the Cabianca ignimbrites.

Thickness changes are also observed in the PDV. Unequivocal evidence of syndepositional tectonics
during the deposition of the PDV occurs at mesoscopic scale, consisting of common soft-sediment
deformations (seismites) observed in different part of the basin, more abundant at specific
stratigraphic positions (BERRA & FELLETTI, 2011). The overall evolution of the PDV records a
general fining-upward trend, with the upper part represented by volcaniclastic sandstones and
siltstones containing carbonate layers. This evolution suggests an enlargement of the basin in time

and possibly a progressive decrease of the tectonic activity. The upper boundary of the PDV is
5
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represented by an angular unconformity (reflecting post-depositional deformation), sealed by the

Upper Permian fluvial deposits of the Verrucano Lombardo.

THE LOWER PERMIAN LOW-ANGLE NORMAL FAULTS

Two major low-angle normal faults (Aga-Vedello and Masoni LANFs, Fig. 2) document the early
Permian extension, recorded by the PDV sediments along the northern border of the Orobic Basin.
They are non-Andersonian low-angle normal faults (LANFs), which juxtapose the PDV succession
(Mt. Aga Conglomerate, slates and sandstones in the hangingwall) directly on the Variscan basement
in the footwall. The angle between the bedding in the sediments and the fault plane ranges from 5° to
15° (Figs. 3 and 4). Extensional horses including thin slices derived from the Cabianca Volcanite
often occur between the basement and the AC, especially along the Masoni LANF. Pervasive
hydrothermal fluid circulation, that accompanied the activity of the Lower Permian extensional faults,
is testified by the occurrence of tourmalinites and U-bearing minerals impregnating cataclasites
formed along the basement-cover fault contact (ZHANG et alii, 1994; DE CAPITANI et alii, 1999). Both
the Masoni and the Aga-Vedello LANFs are overthrust by Alpine thrust sheets, which stack the
Permian succession southward (Fig.1 and 2).

The Aga-Vedello LANF represents the most important structure of the area and continues eastward
across the Vedello Valley (Fig. 1) forming the northern margin of the Lower Permian Orobic Basin
(CADEL et alii, 1996). The fault is continuously exposed for kilometers around the western slopes of
Mt. Aga above the Lago del Diavolo (Figs. 5a, 5b) along the northern base of the steep rock walls,
which form the impervious ridges between the Cigola Pass and the Vedello Valley.

The Masoni LANF (Fig. 2 and Fig. 6) can be followed around Mt. Masoni from its norther slopes to
the south, where it is crosscut by high-angle reverse faults. This fault, which was described in detail
by BLOM & PASSCHIER (1997), is severely folded eastward, whereas it is perfectly preserved in its
western portion; here, it was only gently bent during the Alpine compression forming an open E-W
trending syncline half-kilometer wide. The Early Permian fault is overthrust by a thrust sheet
consisting of Verrucano Lombardo and Servino, forming the top of Mt. Masoni and rooting northward
within the basement (Fig. 6a and 6b).

A second type of Lower Permian faults consists of ENE-WSW-trending NNW-dipping high-angle
normal faults , partially inverted as reverse faults (as indicated by kinematic indicators, cleavage and
folds in the hangingwall) during the Alpine shortening but still showing younger-on-older

relationships (e.g. Cigola-Longo and Fregabolgia faults; Fig. 2, 3).
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The interaction of the high- and low-angle normal faults results in an asymmetric architecture of the
basin, which consists of a composite major half-graben (roughly 10 to 20 km wide), divided by minor
horsts in smaller sub-basins. The two main asymmetric sub-basins extend between the Mt. Masoni
LANF and the Cigola-Longo Fault and between the Aga-Vedello LANF and the Val Camisana and
Fregabolgia faults (Fig.2).

The Lower Permian synsedimentary fault activity is documented by sedimentological and tectonic
evidence along the western slopes of Mt. Aga, close to the Cigola Pass (Fig. 3, 4). The Aga-Vedello
LANF, which is here perfectly exposed, shows a clear interaction with a SSW-dipping high-angle
normal fault in its hangingwall (Fig. 4). This fault, which merges into the underlying LANF, is a
growth fault (Aga Growth Fault; Figs. 5, 7) with the footwall consisting of the Mt. Aga Conglomerate
and the volcaniclastic sandstones of the PDV, whereas its hangingwall displays a thicker succession,
with downward-displaced conglomerates and sandstones with interposed slates, which rapidly pinch
out westward (Fig.3, 4). In addition to major thickness variations of the deposits across the fault,
perfectly preserved brittle and hydroplastic mesoscopic structures are exposed along the fault zone,
suggesting that tectonic activity was recorded by different types of structures.

Mesoscopic evidence of normal faults was observed both in the hangingwall of the Masoni LANF
(just below the top of Mt. Masoni) and in the hangingwall of the Cigola-Longo Fault, where conjugate
systems, although severely shortened and tilted due to Alpine folding, can still be recognized.
Mesoscopic secondary fault planes along these major faults follow the strike of the master faults.

FAULT-RELATED STRUCTURES AND TOURMALINITES OF THE AGA-VEDELLO
AND MASONI LANFS

LANFs planes are well exposed in the Lago del Diavolo and Mt. Masoni areas (Fig. 2), where several
outcrops record fault-related structures at the mesoscale. Fault surfaces are planar at the meter scale:
they are characterized by cataclastic deformations that mainly affect the metamorphic basement in
the footwall. The typical structure (Fig. 8a and 8b) of fault planes consists of a cataclastic band, 1 to
15 cm thick, developed at the expense of the Variscan basement gneiss, which is usually overlain by
a thin layer (7-8 cm, up to 20 along the Masoni LANF, Fig. 8b) of dark grey to black aphanitic
tourmalinite. A cataclastic layer consisting of volcaniclastic sandstone and/or conglomerate of the
PDV develops in the hangingwall of the fault plane. Tourmalinites are usually located along the
contact between basement-derived and cover-derived cataclasites (Fig. 8a, 8b and 8c).

Gneiss-derived cataclasites are both matrix- and clast-supported (Fig. 8c and 8d), with the former

being by far the more frequent. Clasts within cataclasites mainly consist of polycrystalline quartz
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aggregates and K-feldspar, with very rare tourmaline clasts up to 2-3 mm in size. These clasts of
tourmaline (Fig. 8d) likely derived from tourmaline crystals of metamorphic origin that are common
within the leucocratic Corno Stella Gneiss.

Both foliated and non-foliated cataclasites occur (Fig. 8d, 8e and 8f), with the latter overprinting
foliated precursors. This likely testifies to a protracted fault activity, with fabrics formed at shallow
crustal level that overprint the ones formed at depth.

Tourmalinites (TRM) almost invariably occur along fault zones and likely formed in response of
metasomatic processes due to B- and Al- rich fluids that migrated along fault planes (ZHANG et alii,
1994; SLACK et alii, 1996; DE CAPITANI et alii, 1999). Such fluids impregnated cataclasites, usually
overprinting existing fault textures that are almost completely obliterated except for rare relict clasts.
Porphyroclasts in the studied samples are made of coarse-grained polycrystalline quartz and/or K-
feldspar, pointing to the Corno Stella Gneiss as their source. The obliteration of cataclastic fabric and
the lack of deformation, except for the occurrence of an Alpine cleavage discussed below, suggest
that TRM formation postdated the main fault activity, as already observed by ZHANG et alii (1994).
Foliation in cataclasites derived from the PDV is usually more pervasive with respect to basement-
derived cataclasites, even if differences between cataclastic foliation and Alpine cleavage is not
always clear. A superposed cleavage is evident (Fig. 6¢) where the fault was clearly folded and
deformed during Alpine deformations along the northern branch of the Masoni LANF (see also BLoM
& PASSCHIER, 1997). Also, along several segments of the Aga LANF, an Alpine cleavage, often
associated with small-scale crenulation folds, is clearly superposed on the cataclastic layers. The
cleavage becomes less pervasive in TRM veins and in basement-derived cataclasites, where it usually
disappears within 50 to 100 cm from the fault planes due to rheological contrast between the very
low-grade terrigenous sediment of the cover and the gneissic basement. A cleavage refraction
commonly occurs across cataclasites-TRM bands, being steeper within TRM and basement-derived
cataclasites and at a lower angle in cataclastic rocks from the PDV. The Early Permian age of the
TRM is documented by the presence of clasts of TRM in the basal part of the Verrucano Lombardo,
documenting the erosion and resedimentation of these fault-related rocks before the Late Permian
(BorIANI et alii, 2016; BARGOSsI et alii, 2016).

Microstructures and compositional features of cataclasites and tourmalinites
Cataclasites chiefly derive from the Corno Stella Gneiss. Studied samples invariably show a matrix-
supported texture, with matrix abundance of 50-90 %. Clasts are rounded to sub-rounded with a

prevalent size of 100-150 um with subordinate larger grains (Fig. 8d, 8e and 8f).
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Fault-related structures of Permian age are well preserved along both the Aga-Vedello and Masoni
LANF. The only exception is the northern part of Masoni LANF, where the original structure is
overturned due to Alpine folding. Here the Permian cataclasites are re-activated as a reverse shear
zone, along which minor recrystallization of fine-grained quartz and white mica (Fig. 8e and 8f) forms
a protomylonitic foliation.

The cryptocrystalline nature of TRM, already described by ZHANG et alii (1994), SLACK et alii (1996)
and DE CAPITANI et alii (1999), was confirmed by our observations at the optical and electron
scanning microscopes. For the study of microstructural and compositional features of TRM veins we
selected samples not affected by Alpine deformation. Based on optical observations, TRM veins are
made of 50-70 % in volume of an aphanitic matrix consisting of extremely fine-grained (< 0.02 pm)
tourmaline crystals, in which subrounded clasts, mainly made of quartz, occur (Fig. 8g and 8h). The
remaining volume consists of relicts of gneiss-derived cataclasites, usually displaying minor
tourmalinitization (DE CAPITANI et alii, 1999), as shown by the crystallization of thin tourmaline rims
around some clasts (Fig. 8g). Large (> 10 um) euhedral tourmaline crystals seldom occur within the
cryptocrystalline matrix. These crystals are homogeneous in composition and usually lack the thin
overgrowth rims observed on tourmaline clasts within cataclasites.

Microstructural observations, together with X-ray element map analysis (Fig. 8h), show that
tourmalinites formed from B- and Al-rich fluids that migrated along cataclastic fault zones,
precipitating cryptocrystalline tourmaline. The X-ray maps (Fig. 8h) clearly show an increase in Al,
Fe, Mg and Na in TRM veins with respect to cataclasites, coupled with a significant decrease of Si
that is removed from the system. The boundary between TRM bands and hosting cataclasites is
usually sharp, with only thin irregular veins that branch out from the main one into surrounding
cataclasites (Fig. 8h).

Electron microprobe analyses (see Table 1 for methods and results) were performed both on the
matrix of TRM veins and on larger tourmaline crystals within them, as well as on tourmaline clasts
within cataclasites (Fig. 8i). Matrix analyses have been reported only as oxides because the variable
Si content suggests that, due to non-distinguishable grain size, these should be considered mixed
analyses, in which the tourmaline composition is contaminated by the occurrence of other mineral
phases, most likely quartz. Single crystals analyses (Table 1) have been instead re-calculated on the
base of the following general formula XY3Ze(BO3)sTsO18VsW with X= Na, Ca, K, [ ]; Y= Mg, Fe*",
Fe3*, Li, Al, Mn, Ti**, Cr¥*; Z= Al, Mg, Fe®*, Cr¥*; T=Si, Al; V=0H,0; W=0H, F, O (HAWTHORNE
AND HENRY, 1999). B,O3z and H.O have not been measured but have been recalculated based on
stoichiometry considering 3 B atoms per formula unit. Tourmaline crystals within TRM veins display

compositions belonging to the alkali-rich group of HAWTORNE & HENRY (1999), almost identical to
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the analyses reported by De CAPITANI et alii (1999). In the Al-Fe-Mg classification diagrams,
analyses plot, with a few exceptions, along the Schorlite-Dravite join with the cationic Mg/Fe ratio
above 1 (Fig. 8i).

SYNDEPOSITIONAL TECTONIC DEFORMATIONS AT MT. AGA

Evidence of the Lower Permian syndepositional tectonics are abundant at the base of the PDV along
the western slope of Mt. Aga (Fig. 3). We measured more than 250 mesoscopic fault surfaces (Fig.
7) whose displacement, evaluated by the throw of stratigraphic markers, ranges from a few
millimeters to several meters (Fig. 9), both in the hangingwall and in the footwall of the Aga Growth
Fault (Fig. 7). The distribution of the brittle, semi-brittle and plastic structures is strongly controlled
by the physical properties of the sediments (e.g., grain size, degree of lithification and cohesivity) and
by their resulting rheology. Frequency and distribution of these fault-related structures close to the
fault surface indicate that their origin is clearly related to the multistage tectonic activity of the Aga-
Vedello LANF and associated faults. Mesoscopic tectonic structures (symmetrical Andersonian
conjugate faults forming horst-and-graben, regular dominoes, listric faults and coarse-grained
breccias possibly due to hydro-fracturing) are recorded by cohesive or partly-lithified deposits, in
close association with plastic deformations in fine layers. Liquefaction and dewatering structures
(Fig. 10) as ball-and-pillow, flames, and sand dikes, give rise to an exceptional example of
synsedimentary soft sediment tectonic deformation structures (SHANMUGAM, 2017 for a review)
which decrease far away from the fault. Liquefaction, which occurs in shallow conditions
(MONTENAT et alii, 2007) before sediment consolidation, possibly related to seismic shaking, testifies
to fault activity during sedimentation.

The coexistence of plastic and brittle deformations in the same rock volume indicates that a complex
pattern of deformation occurred during the activity along the fault system. A complete range of brittle
to semi-brittle structures is exposed along fault planes, showing associations of regular and sharp
surfaces (Figs.10a, d) passing to irregular fractures causing bedding disruption (Figs. 10b) and plastic
dragging of coarse layers, whereas fine-grained beds are plastically deformed (Figs., 10b, c, e).
Typical hydroplastic structures as dish and pillows formed before the lithification of the sediment
column (i.e.; at very shallow depth: < 20 m) and shortly after deposition, were successively displaced
by brittle to semi-brittle faults (Fig. 10h). In other situations, faulting and liquefaction were strictly
associated, as shown by flames occurring along or very close to the main fault surface or by plastic

deformations (Fig. 10g).
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These observations may suggest that the same fault slip event produced hydroplastic deformation
close to the topographic surface along the fault and more brittle deformations at depth, the latter
frequently associated with hydroplastic deformations generated by older events, when sediments were
still plastic and closer to the depositional surface.

Mesoscopic fault populations (Fig.7), measured in an area of about 50 x 50 m, are dominated by high-
angle conjugate sets of normal faults which have been gently tilted eastward due to Alpine folding.
Geometrical relationships with bedding suggest that most of the faults were formed before block
tilting when sediments were deposing on an almost horizontal surface. Faults mainly strike ENE-
WSW, matching the strike of the Lower Permian master faults and displaying constant geometrical
features, with the only exception of site s10 (Fig. 7), where dominant E-W to WNW-ESE trending
fractures occur. The present-day attitude of fault populations is strictly related to bedding
reorientation, which results from a combination of block tilting during the Permian fault activity and
Alpine gentle folding. This is evident, e.g., at site s8 (Fig.7), where reverse faults result from a
subsequent bending of the bedding surface (So). N-S to NE-SW trending fractures are interpreted as
post-Permian fractures based on crosscutting relationships. Most of the faults still preserve a normal
throw with a dominance of NNW-dipping surfaces, antithetic with respect to the Aga Growth Fault,
accommodating deformation within the hangingwall. ENE-SSW trending conjugate systems which
dominate mesoscopic fault associations generally show 29 angles smaller than the typical
Andersonian 60° value, all over the investigated area (Fig. 7). This can reflect an original mixed
hybrid-shear failure mechanism due to fluid overpressure in unconsolidated sediments. Alternatively,
it may result from the Alpine compression, which caused a marked steepening of fault planes, due to
a strong shortening component roughly orthogonal to the fault surfaces.

The stratigraphic distribution of these structures suggests recurrent events of seismic shocks and fault
activity during the deposition of the Mt. Aga Conglomerate the PDV, occurring when the sedimentary
succession was buried by only a few meters of sediments. A similar setting with synsedimentary
faults and liquefaction structures was described in the Pliocene volcaniclastic deposits exposed along
an active fault related to the opening of the Gulf of California (ZANCHI, 1991), which were also
interpreted to record syndepositional deformations along a fault scarp, possibly due to seismic
shaking.

DISCUSSION

Seismic-scale exposures of preserved Permian syndepositional normal faults in the Orobic Basin

allow defining in detail their original geometry and their role in controlling the basin evolution. After
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a major volcanic event (CBV), the Orobic Basin was characterized by the northward propagation of
a SSE-dipping fault system (Aga-Vedello LANF), bordering the basin to the north (Fig. 11). During
the deposition of the PDV, synsedimentary ENE-WSW trending faults, in present-day coordinates,
defined strongly asymmetric half-grabens, resulting from the interaction of low- and high-angle
normal faults (Fig. 12). These asymmetric basins were filled with a fining-upward continental
succession, suggesting the enlargement of the basin with time and an increased subsidence southward.
Syndepositional tectonics is recorded by abrupt thickness and facies changes and by associated
spectacular soft-sediment deformations (Fig. 10), possibly ascribed to seismic shaking causing
sediment liquefaction close to high-angle normal faults acting in the hangingwall of the Aga-Vedello
LANF. Based on the above discussed lines of evidence, we propose that the analyzed LANF system
can be interpreted as an upper crustal breakaway in the sense of WERNICKE (1981).

Hydrothermal activity affected the fault system during its development, which represented a
preferential circulation path for B, Al and possibly also Hg and U (De CAPITANI et alii, 1999).
Hydrothermal fluids impregnated cataclastic layers suggesting a long-lasting fault activity during the
exhumation of the fault to the surface from upper crustal depths (Fig. 12). Despite some uncertainties,
recently performed U-Th-Pb radiometric ages on uraninite from the Novazza and Val Vedello mines
provided a 275 *+ 13 Ma age (MARTIN et alii, 2017), fitting with the presumed time of activation of
the low-angle fault systems.

The most significant equivalents of the Lower Permian basins resulting from the interactions between
low- and high-angle normal faults can be found, in terms of stratigraphic and structural settings, in
the Basin and Range Province (e.g.: WERNICKE, 1981; DAvis, 1986; LISTER & DAvis, 1989). The
Orobic Basin faults resemble the Black Mountains detachments, Death Valley (HAYMAN et al., 2003),
where high-angle synsedimentary normal faults sole into a low angle detachment (Fig. 12).

The classic interpretation of the Permian tectonics related to transtension caused by a dextral mega-
shear zone active between Eurasia and Gondwana (e.g. ARTHAUD & MATTE, 1977; CASSINIS &
PEROTTI, 1994; MuTTONI et alii, 2003) does not fit to the architecture of the Lower Permian
succession of the Orobic Basin. It is well known from the literature (e.g.: COLLETTINI, 2011 for a
review) that LANF are representative of a tectonic regime with a vertical o1, indicating pure extension
(Fig. 12). Similarly, preserved or partially inverted crustal-scale LANF systems have been described
in other areas of the central Southern Alps by FrRoITzHEIM et alii (2008), and ZANCHETTA et alii
(2015).

A long-lasting discussion on the post-Variscan geodynamic setting has been going on since the end
of the last century. Although the post-collisional Variscan evolution was often related to an

extensional post-collisional collapse (e.g.: MENARD & MOLNAR, 1988; MALAVIEILLE et alii, 1990;
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MALAVIEILLE, 1993; MCcCANN et alii, 2006), most of the authors explains it with the activation of a
large-scale dextral shearing between Laurussia and Gondwana (ARTHAUD and MATTE, 1977;
ZIEGLER, 1993; HANDY & ZINGG, 1991; EDEL et alii, 2018 and ref. therein). This process, that
dismembered the Variscan belt, resulted in a widespread transtensional tectonic regime well
documented in the Central European area (e.g. ZIEGLER, 1993; McCANN et alii, 2006).

Based on the large subsidence rates of the Lower Permian successions in the central Southern Alps
and on the short life of the related basins, several authors (CADEL, 1986; CADEL et alii, 1996; CASSINIS
et alii, 2012; BERRA & CARMINATI, 2009, BERRA et alii, 2015, 2016) suggested that they were
deposited within strike-slip dominated basins.

Conversely, we believe that the occurrence of LANFs typical of an extensional regime strictly
recalling the Basin and Range Province of the USA strongly supports the importance of a strong
lithospheric thinning, already invoked to justify the Permian-Triassic HT metamorphism affecting
the Adriatic deep and intermediate crust (MAROTTA et alii, 2009). Extensional processes were also
accompanied by a volcanic flare-up all along the Southern Alps during the beginning of the

Permian (SCHALTEGGER & BRACK, 2007), as well as in most of the present-day Alpine region.

Our observations may suggest that crustal extension was particularly active during the initial stages
of the development of the Permian basins. Alternatively, a strong partitioning between extensional
and strike-slip fault systems occurred in the upper crust during the Early Permian, justifying the
existence of domains characterized by pure extension in the Southern Alps, whereas strike-slip
dominated basins were active to the north, in the European domain.

After the deposition of the PDV, the occurrence of a new deformational phase is testified by a marked
angular unconformity (CASATI & GNACCOLINI, 1967; BERRA et alii, 2016), which separates the
Lower Permian units from the Upper Permian red beds of the Verrucano Lombardo. Strike-slip
motions and transpressional deformations may have produced this unconformity probably related to
a partial inversion and deformation of the Lower Permian basins, associated with the definitive
conclusion of the magmatic activity.

The Permian tectonics also played an important role during the Alpine shortening, as discussed by
previous authors (CADEL et alii, 1996; BLOM & PASSCHIER, 1997; ZANCHETTA et alii, 2015). The
control on the development of Alpine thrusts is particularly evident in the study area, where the
Orobic-Gallinera Thrust System branches out in several minor thrust surfaces following favourably
oriented Permian faults (Fig. 2), which were inverted as high-angle dip-slip reverse faults. Inversion
phenomena accommodated a limited amount of shortening along NNE-dipping high-angle normal
faults, which can be distinguished as they always show younger-on-older stratigraphic relationships

(e.g.: Fregabolgia and Cigola-Longo fault systems), as well as tight to isoclinal folding in the Lower
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Permian succession of the hangingwall close to the fault surface. However, a large part of the
shortening was accommodated by a newformed thrust surface passing north of the Orobic watershed
from Mt. Masoni towards ENE, just to the north of the Aga-Vedello LANF (Fig. 1 and Fig 2).

S- to SE-dipping LANFs, due to their unfavourable attitude, were partially preserved just in the
western part of the Mt.Masoni area and around Mt. Aga, where they are markedly oblique with respect
to the main Alpine shortening direction. The occurrence of a stiff basement mainly consisting of the
Corno Stella Gneiss in the footwall of the Aga-Vedello LANF may have contributed to the limited
amount of finite strain of this area. High-angle normal faults surrounding Mt. Aga may have further

contributed to disfavour the local reactivation of the LANF system as a back-thrust.

CONCLUSIONS

Detailed structural analyses performed along the uppermost Brembana Valley in the northern area of
the Orobic Basin led to the recognition of an exceptionally preserved Permian fault system allowing
for the analyses of the interactions among high- and low-angle normal faults active in a
synsedimentary context during the deposition of the base of the PDV. The results of this study are
summarized as follows:

- The northern boundary of the Lower Permian Orobic Basin is delimited by a low-angle fault system,

which partially escaped Alpine deformation.

- The Aga-Vedello LANF, which extends westward to the Vedello Valley where it hosts an important
U ore body, represents the major structure of this fault system.

- The well preserved fault surfaces are characterized by fine-grained cataclasites impregnated by
tourmalinites, attesting a strong hydrothermal activity along fault zones.

- Interaction between low- and high-angle normal faults resulted in asymmetric half-grabens,
deepening toward the basins depocenters (south).

- Rapid facies and thickness variations, liquefaction structures and mesoscopic synsedimentary faults
formed in hydroplastic conditions at very shallow levels.

- The occurrence of LANFs, typical of a stress regime with a vertical o1, suggests a dominance of
pure extension on transtension during the Early Permian in the Orobic Basin. In this context, LANFS
activation might be related to a strong partitioning between extensional and strike-slip fault systems.
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Fig. 7 Location of the studied sites along the western slopes of Mt. Aga, showing the high-angle
synsedimentary normal fault recognized in this area (Aga Growth Fault); normal faults in black,
reverse faults in blue and bedding planes in red. Tilted conjugate systems can be recognized in several
sites. The present-day bedding and faults attitude indicate a tilting, postdating deposition and fault
activity resulting in an increase of the average fault dip (65°-80°).
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Fig. 8 (a) The exposed fault planes of the Masoni LANF SE of the Publlno lake (Fig. 2). (b) Detailed
view of the fault zone structure with black aphanitic tourmalinites that impregnated the cataclasites.
(c) A view of the fault plane with (sub)rounded clasts of leucocratic gneiss (Corno Stella gneiss)
immerged in a grey cataclastic matrix partially metasomatized by tourmalinites (black). (d)
Cataclasites, derived from the Corno Stella gneiss containing rounded clast made of polycrystalline
quartz, K-feldspar and white mica, in the centre of the image is visible an olive green tourmaline
crystal (parallel nicols). (e) Foliated cataclasite (parallel nicols). (f) Along LANF fault segment re-
activated during Alpine thrusting a ductile fabric overprints the Permian cataclasites, with fine-
grained quartz and sericitic white mica that grow within strain shadows around clasts (parallel nicols).
(9) thin rim of newly formed tourmaline grown around a tourmaline clast within the black-coloured
tourmalinite matrix (crossed nicols). (h) X-ray element maps across a cataclasite-tourmalinite contact.
(i) Chemical composition of tourmalinite matrix and micro-crystals. Literature data are from DE
CAPITANI et alii (1999).
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Fig. 9 Structural interpretation of one of the main outcrops (see Fig. 7 for location) along the Aga
Growth Fault, in the hanging-wall of the Aga-Vedello LANF, showing the best examples of
syntectonic sedimentary structures. Stereoplots represent ca. 250 synsedimentary mesoscopic faults
deforming the base of the Pizzo del Diavolo Formation; Schimdt’s projection, lower hemisphere.
Most of the mesoscopic faults have a normal throw from a few millimetres to a few meters. Rose
diagrams refer to the strike and dip of the fault planes. Fault analyses were performed with
Win_Tensor (DELVAUX & SPERNER, 2003).
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Fig. 10 Detailed field views of the synsedimentary normal faults. (a): planar high-angle normal faults
with some of them forming horst-and-graben structures; fault are rotated due to Alpine deformation;
(b): high angle normal fault displacing sandstones (yellowish and grey) and siltitic (dark grey, brown)
layers; the brown silt layer is partially dragged down along the fault plane; (c) partially disrupted
bedding due to normal faults activity; (d) faulted sandstones layers are sealed along a cineritic layer
by substantially undisturbed younger layers; (e) a planar high-angle normal fault that caused 1-3 cm
of vertical throw; (f) soft-sediment deformation with embryonic ball & pillow structures and injection
dikes (centre, lower part of the image); (g) normal faults with flames structures indicating injection
of soft-sediments into the coarse layer; (h) displaced balls & pillows structures related to liquefaction
phenomena possibly induced by seismic shaking before faulting.
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Fig. 11 Schematic cross-section indicating the evolution of the Orobic Basin in the study area between
the Aga-Vedello LANF and the Fregabolgia HANF. Stage A shows the formation of a large caldera
collapse related to the emplacement of the ignimbrites forming the upper portion of the Cabianca
Volcanite, according to CADEL et alii. (1996). Stage B illustrates the northward propagation of LANF
across the Orobic Basin taking to the formation of an asymmetric half-graben. Field evidence suggests
that the throw of the Fregabolgia Fault was already inverted during the E Permian.
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Fig. 12 The Aga-Vedello LANF is interpreted as an upper crustal breakaway (WERNICKE, 1981), with
synthetic high-angle normal faults (Aga Growth Fault) soling in the detachment. The structural
position of tourmalinites is shown in the section. Modified from CoLLETTINI (2011).
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