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In this paperwedealwith the kinematic and chronological relationships among low angle normal faults and high
angle strike- to oblique-slip faults in an exhumed mineralized area, where shear veins and minor associated
structures filled with the same mineral assemblage has been interpreted as indicators of coeval fault activities.
The study area is located in the eastern Elba Island, where a mineralized late Miocene-early Pliocene low-angle
normal fault (Zuccale fault) and high-angle strike- to oblique-slip faults extensively crop out, the latter giving
rise to the Capoliveri-Porto Azzurro shear zone. The field study highlighted that: (a) the damage zones of both
fault sets are mineralized by syn-kinematic tourmaline, graphite, Fe-oxides and/or Fe-oxyhydroxides shear
veins, thus indicating their coeval activity during the hydrothermal event (5.9–5.4 Ma); (b) the Capoliveri-
Porto Azzurro shear zone is constituted by a network of fractures, whose geometry and kinematics display the
evolution of a NE-trending left-lateral oblique-slip transtensional shear zone; (c) its internal architecture is de-
fined by tourmaline and Fe-oxides and/or Fe-oxyhydroxides mineralized veins, framed in the same kinematic
field characterizing the Zuccale fault evolution; for this reason, the Capoliveri–Porto Azzurro shear zone is
interpreted as a transfer zone active during the low-angle fault activity; (d) the Capoliveri–Porto Azzurro shear
zone played the role of a significant normal fault during the Late Pliocene–Pleistocene, therefore favouring the
deepening of the Tyrrhenian Basin with respect to the uplift and exhumation of the mid-crustal rocks of the
Elba Island. It is finally argued that the interaction between the low-angle normal fault and the almost vertical
shear zone determined an increase of permeability, favouring the mineralizing fluid flow during the hydrother-
mal stage and, reasonably, the previous emplacement of the Porto Azzurro magmatic body.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In rifting environments, extension is often accommodated by
coexisting normal faults and nearly orthogonal strike- to oblique-slip
faults (Bally et al., 1981; Ebinger, 1989; Gibbs, 1989; Lister et al.,
1986), the latter playing the role of transfer zones. By this way, the con-
temporaneous extension of adjacent crustal sectors is permitted,
overstepping the mechanical differences that properly characterize
the brittle crust (Peacock, 2003). Transfer zones are therefore significant
regional structures accompanying thinning of the crust, such as the case
of divergent margins (Ben-Avraham, 1992; Bosworth, 1985; Fantozzi,
1996) and/or intraplate rifting environments (Duebendorfer and
Black, 1992; Larsen, 1988; Milani and Davison, 1988; Nelson et al.,
1992). This framework is largely documented for those areas where ex-
tension is characterized by high-angle normal faults and nearly orthog-
onal strike- to oblique-slip faults (Gibbs, 1984, 1989, 1990).

Differently, studies on the relationships between low-angle normal
faults and contemporaneous high-angle strike- to oblique-slip faults
are scarce, since only those areas where uplift is accompanied by exhu-
mation can offer the possibility to investigate their relations. A further
complication derives from the fact that the vertical structures are good
candidates to be reactivated (e.g.: Sibson, 1990; Collettini et al., 2005;
Nortiel et al., 2011; Alçiçek et al., 2013; Ghalayini et al., 2014) during
the latest stage of deformation, thus resulting the youngest structures.
This implies that the vertical structures mainly show the effects of the
youngest deformation, often hiding the evidences of their original con-
temporaneity with the low-angle normal fault activity.

In such a context, syn-kinematic hydrothermal mineralization in
fault zones can contribute to define the chronological relationships
among faults with different spatial and kinematic features, since the hy-
drothermal mineralization is a transient geological event, at local scale
(Pirajno, 2009).

For this reason, the Eastern Elba Island is an ideal region to address
this topic (Fig. 1). In fact it represents an exhumed sector of the inner
Northern Apennines where coexisting of low-angle normal faults
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(Pertusati et al., 1993; Smith et al., 2007) and ore deposits (Dini, 2003;
Tanelli et al., 2001) are well documented. Using mineralizations as
time-tracers, we document the coeval activity of low-angle normal
faults and high-angle strike- to oblique-slip faults and the reactivation
of these latter as normal faults during subsequent tectonic evolution.
The results have fallouts on the understanding of the relationships be-
tween geological structures and mineralizing fluid path.

2. Geological framework

The inner Northern Apennines originated from the convergence and
collision (late Cretaceous–earlyMiocene) between theAdria promonto-
ry and the European plate, represented by the Sardinia–Corsica massif
(Molli, 2008with references therein). This process resulted in the stack-
ing of tectonic units deriving from the paleogeographic domains of
the inner Northern Apennines. These are as follows, from the top
(Carmignani et al., 1994): (a) the Ligurian Units, derived from the
Ligurian-Piedmont Domain, and consisting of remnants of Jurassic oce-
anic crust and its late Jurassic-Cretaceous, mainly clayey, sedimentary
cover; (b) the Sub-Ligurian Units (Sub-Ligurian Domain), made up of
Cretaceous-Oligocene turbidites. Ligurian and Sub-Ligurian units were
thrust eastward over the Tuscan Nappe during late Oligocene–early
Miocene; (c) the Tuscan Nappe, belonging to the internal Tuscan Do-
main, made up of a late Triassic–early Miocene sedimentary succession
developed in evaporitic, platform, pelagic and foredeep environments.
During late Oligocene–earlyMiocene times, the Tuscan Nappe detached
from its substratum along the late Triassic evaporite level and was
thrust onto the Tuscan Metamorphic Complex (external Tuscan Do-
main), that is composed of Palaeozoic–early Miocene metamorphic
rocks (Carmignani et al., 1994; Vai and Martini, 2001).

After nappe stacking, eastwardmigrating extension (e.g. Barchi, 2010;
Boccaletti et al, 1971; Carmignani et al., 1995; Doglioni, 1991; Lavecchia,
1988; Liotta et al., 1998; Molli, 2008; Patacca et al., 1990; Rossetti et al.,

2015) affected the inner Northern Apennines (i.e., northern Tyrrhenian
Basin and Tuscany), from early–middle Miocene to the Present (Brunet
et al., 2000; Carmignani et al., 1995; Jolivet et al., 1990; Storti, 1995). Ex-
tension was a continuous process through time (Brogi et al., 2005a,
2005b), although, for sake of clarity, two main stages can be defined.
The oldest extensional event occurred during Miocene (Brogi and
Liotta, 2008; Brogi, 2011with references therein) anddetermined the de-
velopment of mainly eastward dipping normal faults, which produced:
(a) the lateral segmentation of themore competent levelswithin the pre-
viously stacked tectonic units; (b) the consequent westward rotation of
their hangingwalls; (c) the direct superimposition of the Ligurian Units
on the late Triassic evaporite and/or on the Palaeozoic phyllite, both
representing regional detachment levels; and (d) an extension of at
least 120% (Carmignani et al., 1994). The youngest extensional event
(Barchi, 2010; Dallmeyer and Liotta, 1998), active since the Pliocene
(Fig. 1), is characterized by NW-trending normal faults crosscutting the
previously developed structures (Calamai et al., 1970; Lazzarotto and
Mazzanti, 1978; Mazzanti, 1966), and defining tectonic depressions
where Pliocene to Quaternary marine to continental sediments were de-
posited (Bossio et al., 1993; Brogi et al., 2013; Liotta, 1996; Martini and
Sagri, 1993). These depressions were coeval with NE-trending transfer
zones (Liotta, 1991), along which the magmatic activity was concentrat-
ed (Acocella and Funiciello, 2002, 2006; Brogi et al., 2010; Dini et al.,
2008). The amount of extension associated to this event is about 6–7%
(Carmignani et al., 1994).

At regional scale, the clearest evidence of extensional tectonics is the
opening of the Tyrrhenian Basin (Fig. 1), initiated in the Corsica Basin
during the earliest Miocene (Moeller et al., 2013; Rossetti et al., 2015;
Zitellini et al., 1986). Interpretations of seismic reflection lines through
the Tyrrhenian Basin reveal extensional crustal structures similar to
those characterizing Tuscany (Contrucci et al., 2005; Mauffret et al.,
1999); in particular, NW-trending structural depressions delimited by
almost orthogonal transfer zones have been largely documented in

Fig. 1. Structural sketchmap of the Northern Tyrrhenian Basin and Tuscany. Themain Pliocene–Quaternary basins, transfer zones andmagmatic bodies are indicated (after Bartole, 1995;
Pascucci et al., 2007; Dini et al., 2008).
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