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Abstract
In the peri-Mediterranean metamorphic belts, the tectonic evolution of the Calabria–Peloritani terrane during the dominant 
compressive tectonics of the Eocene represents one of the most problematic points in palinspastic restorations. A matter of 
particular debate is its shortening, which could have occurred during the Alpine or the Apennine subduction. In this regard, 
a crucial joint is provided by the kinematics of one of the most relevant shear zones such as the Curinga–Girifalco Line, 
cropping out in central Calabria. This shear zone juxtaposed a nearly complete Hercynian crustal section (i.e. the Sila and 
Serre Unit) onto the remnants of the Castagna Unit. The data in the available literature on ductile kinematics from the south-
eastern branch of the Curinga–Girifalco Line indicate a downward movement of the hanging wall. In the present paper we 
show new, ductile kinematic data and petrographic evidence from outcrops in the north-western and south-eastern branches 
of the Curinga–Girifalco Line. Our results highlight the coherent kinematics of the Eocene shortening during the Alpine 
subduction system, followed by (late Eocene?)Oligocene to early Miocene, dominantly ductile extensional reworking, relat-
ing to the Apennines subduction system.

Keywords Curinga–Girifalco Line · Kinematics · Compressional shear zone · Ductile extensional reworking · Eocene 
Alpine shortening · Oligocene back-arc of Apennines

Introduction

The Curinga–Girifalco Line (CGL) (Schenk 1980) in the 
Calabria–Peloritani terrane (Bonardi et al. 2001) (Fig. 1, 
insets top right and left) is characterised by exposures of 
deep mylonites in the northern Serre Massif (Fig. 1, inset 
top left). The CGL generally dips towards the south and 
occurs at the base of a nearly complete Hercynian continen-
tal crust (i.e. the Sila and Serre Unit), which, in turn, rests 
above the Castagna Unit (Fig. 1) (Paglionico and Piccarreta 
1976, 1978; Schenk 1980; Spiegel 2003; Langone et al. 
2006; Altenberger et al. 2013). This tectonic configuration 
induced Schenk (1981) to suggest a comparison between 
the CGL and the Insubric Line, the latter juxtaposing the 
Ivrea Zone and the Sesia Zone in the western Alps (Fig. 1, 
inset top right). Hence, in the framework of the dominant 
compressive Alpine evolution in the Eocene, the CGL was 

assumed to have a general top-to-the-European plate realm 
tectonic transport by Schenk (1984). Subsequently, kinemat-
ics framed in the geodynamic reconstruction of the Eocene 
led Langone et al. (2006) to consider the CGL mylonites 
to have developed along a top-to-the-Africa thrust, in the 
south-eastern front of the double-verging Alpine chain. 
However, in the neighbouring Girifalco village (eastern 
sector of the structural sketch map of Fig. 1), a downward 
movement (present-day top-to-the-SE, according to Langone 
et al. 2006) of the hanging wall can be hypothesised. At first 
glance this indicates an extensional component of the move-
ment of the CGL during the mylonitic event. Nevertheless, 
it should be noted that a post-orogenic extensional rework-
ing of the former, dominantly compressive, ductile tectonic 
contact between the Castagna and the Sila and Serre units, 
in the Sila Massif and Catena Costiera areas (Fig. 1, inset top 
left), was invoked by Rossetti et al. (2001, 2004). Thomson 
(1998) concluded that fission-track data can only account for 
post-orogenic crustal extension, which probably occurred 
right along the CGL. Therefore, the main goal of the present 
research paper was to shed light on the kinematics of the 
CGL, which represents one of the most relevant regional 
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shear zones in the still-debated tectono-metamorphic evo-
lution of the Calabria–Peloritani terrane, controversially 
related to Apennines (e.g. Knott 1987; Wallis et al. 1993; 
Rossetti et al. 2001, 2004; Iannace et al. 2007; Shimabukuro 
et al. 2012; Vitale et al. 2019) vs. Alpine subduction (e.g. 
Alvarez 1976; Schenk 1984; Cello et al. 1996; Liberi et al. 
2006; Carminati and Doglioni 2012).

Geological setting

The Calabria–Peloritani terrane (Bonardi et al. 2001), i.e. 
the ‘calabro-peloritano arc’ sensu to Amodio-Morelli et al. 
(1976), is a nappe stack made by three main groups of tec-
tonic units (Fig. 1, inset top left): (i) the Lower Complex, 
basically consisting of phyllites and the platform to basinal 

carbonate rocks of Triassic to middle Miocene age, corre-
lated to lithostratigraphic units cropping out in the Apen-
nines; (ii) the Intermediate Complex, essentially represented 
by the ophiolite units of Jurassic to Cretaceous Neo-Tethys 
derivation, recording Eocene high-pressure/low-temperature 
(HP/LT) metamorphism; (iii) the Upper Complex, made up 
of continental crust units.

The Upper Complex

In Catena Costiera, Sila and Serre massifs, the Upper Com-
plex (Fig. 1, inset top left) consists of Alpine tectonic nap-
pes, derived from Hercynian continental crust. These record 
high-pressure overprinting (Piccarreta 1981), including, 
from the base upward, the Fiume Pomo Unit, the Castagna 
Unit, and the Sila and Serre Unit (e.g. Festa et al. 2004 and 

Fig. 1  Structural sketch map of the CGL from Girifalco village (to 
the East) to the Acconia quarry (to the West), modified after Alten-
berger et al. (2013) and Langone et al. (2006). The upper right inset 
represents a sketch of the current position of the Apennines and 

Alpine fronts, according to Carminati and Doglioni (2012); the upper 
left inset represents the geological sketch map of central and northern 
Calabria–Peloritani terrane, simplified after Festa et al. (2004)
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the references therein). The Castagna Unit mainly consists of 
orthogneisses and paragneisses, equilibrated under amphi-
bolite facies conditions during the Hercynian orogeny (e.g. 
Colonna and Piccarreta 1975; Ortolano et al. 2020b). In the 
footwall of the CGL (Fig. 1), the Hercynian paragenesis 
of the orthogneisses, derived from the late Precambrian to 
Early Cambrian granitoids (Micheletti et al. 2007, 2011), 
is represented by quartz + K-feldspar + muscovite + bio-
tite ± garnet ± epidote and ± plagioclase (Paglionico and 
Piccarreta 1976, 1978; Spiegel 2003; Langone et al. 2006). 
The Hercynian fabric is characterised by K-feldspar por-
phyroclasts, generally wrapped by thin layers of mica and 
quartz grains, defining an anastomosing foliation (Langone 
et al. 2006).

The nearly complete Hercynian continental crust consti-
tuting the Sila and Serre Unit is approximately 22 to 23 km 
thick. The lower crustal level consists of metagabbros and 
granofelses, topped by metapelites equilibrated under gran-
ulite facies conditions during the late Hercynian (Fornelli 
et al. 2011 and the references therein). The metapelites in the 
hanging wall of the CGL (Fig. 1) are mainly composed of 
quartz + garnet + sillimanite + biotite ± cordierite ± K-feld-
spar and ± plagioclase (Spiegel 2003; Langone 2006). The 
Hercynian fabric is characterised by alternating melano-
cratic and leucocratic layers (e.g. biotite and sillimanite-
rich melanosome and quartz and feldspar-rich leucosome, 
respectively), defining a migmatitic layering. In general, 
the foliation wrapping around the different porphyroblasts 
(garnet, K-feldspar, sillimanite aggregates) follow an anas-
tomosing pattern (Langone et al. 2006). Towards the top, the 
Hercynian continental crust consists of a thick batholith of 
granitoids, intruded at mid-crustal levels, and with amphi-
bolite to greenschist facies in the upper crust, represented 
by paragneisses and phyllites (Schenk 1980; Caggianelli 
et al. 2000; Langone et al. 2014; Festa et al. 2018; Tursi 
et al. 2020b). The Sila and Serre Unit ends with upwards of 
hundreds of metres of a Mesozoic carbonate sedimentary 
succession lying unconformably on the phyllites (e.g. Festa 
et al. 2004). Cenozoic exhumation of the Sila and Serre Unit 
took place from the Oligocene (Thomson 1994), along with 
an overall crustal tilting of about 40°, which has determined 
the present-day SE-dip and exposed the Hercynian continen-
tal crust in the Serre Massif (Festa et al. 2003).

The Curinga–Girifalco Line

In the northern Serre Massif, ductile deformation along the 
roughly W–E-striking tectonic contact between the Castagna 
and the Sila and Serre units (i.e. the CGL (Fig. 1)), produced 
a 200  to 400 m-thick mylonite belt (estimations by Spiegel 
2003; Langone et al. 2006) at the expense of the protoliths of 
both juxtaposed units (Paglionico and Piccarreta 1976, 1978; 
Spiegel 2003; Langone et al. 2006). According to Schenk 

(1980), the CGL mylonites developed during the middle 
Eocene, as indicated by Rb–Sr biotite ages of c. 43 Ma. The 
mylonitic metapelites are characterised by a very limited 
mineral re-equilibration of the Hercynian protolith, with 
chloritization of biotite and garnet, and formation of white 
mica and quartz at the expense of K-feldspar and sillimanite 
(Spiegel 2003; Langone et al. 2006). According to Langone 
et al. (2006), the mylonitic orthogneisses are mostly com-
posed of quartz + K-feldspar + muscovite + biotite ± gar-
net ± epidote and ± plagioclase, which basically represents 
the Hercynian mineral assemblage; grossular enrichments 
in the garnet rim, as well as phengite replacement of mus-
covite, indicate the Alpine overprint. Moreover, retrograde 
reactions, such as the chloritisation of biotite and sericitisa-
tion of K-feldspar, are also locally observed (Langone et al. 
2006).

Thermobarometric estimations by Spiegel (2003) 
revealed that mylonitisation of orthogneisses and metape-
lites occurred under greenschist facies conditions. According 
to Langone et al. (2006), petrological evidence, such as the 
increase of the grossular molar fraction toward the rim of 
rounded-shaped garnets, indicates that the mylonitic defor-
mation affected the orthogneisses in the epidote–amphibolite 
facies, at pressures ranging from 0.75 to 0.90 GPa. Simi-
lar pressures of deformation are recorded in ultramylonite 
bands, occasionally present in the mylonitic metapelites 
involved in the CGL. Accordingly, ultramylonites occurred 
at the expense of pseudotachylytes during intermittent epi-
sodes of brittle deformation within an overall ductile envi-
ronment (Altenberger et al. 2011, 2013). Thomson (1998) 
and Langone et al. (2006), suggested that extensional fault-
ing of Oligocene to early Miocene age (30 to 15 Ma) affected 
the eastern part of the CGL (Fig. 1). This deformation devel-
oped at temperature conditions well below 300 °C (Thomson 
1998) and promoted the occurrence of cataclasites (Spiegel 
2003) and not-mylonitized pseudotachylyte veins, within 
an overall brittle environment (Langone et al. 2006). Since 
these brittle structures occur in association with the tectonic 
contact between the Castagna and Sila and Serre units (e.g. 
Langone et al. 2006), Miocene shearing was likely restricted 
only to the portion of the CGL along this tectonic contact.

Material and methods

To achieve the goal of this paper, the CGL has been inves-
tigated in its easternmost and westernmost parts, i.e. in the 
Pesipe Stream valley and in a small quarry near the village 
of Acconia (hereafter called ‘Acconia quarry’), respectively 
(Fig. 1).

Detailed geological mapping, together with struc-
tural field observations, has been carried out in the 
Pesipe Stream valley (Fig. 2a), because it is one of the 
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most promising area, due to some continuity of outcrop 
exposures from the Castagna Unit to the Sila and Serre 
Unit (e.g. Spiegel 2003). Further structural data have 
been measured along the walls of the Acconia quarry 
(Fig. 2b), where continuous exposures of ‘fresh’ mylonitic 

orthogneisses of the Castagna Unit can be observed. The 
measurement of foliations (about two hundred) and line-
ations (about eighty) was performed as uniformly distrib-
uted as possible in the study areas, avoiding varying data 
densities between different outcrops.
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Oriented samples were collected from both localities: 
the Pesipe Stream valley (Fig. 2a) and the Acconia quarry 
(Fig. 2b). The related thin sections (cut parallel to the X 
and Z axes of the finite strain ellipsoid, i.e. the stretching 
lineation and its normal towards the top, respectively) were 
observed under a polarised light microscope and scanning 
electron microscope (SEM) as well, especially for kinematic 
purposes. It should be noted that about one hundred and 
fifty kinematic indicators were observed in thin section. 
The LEO-EVO50XVP scanning electron microscope of the 
Department of Earth and Geo-environmental Sciences at the 
University of Bari Aldo Moro was used for the acquisition 
of backscattered electron (BSE) images. Quantitative min-
eral compositions on polished thin sections were obtained 
using operating conditions of 15 kV acceleration voltage, a 
working distance of 8.5 mm, beam current of 500 pA and 
counting times of 50 s.

Results

Field analyses of the CGL and its walls

In the Pesipe Stream valley, the Sila and Serre Unit is basi-
cally characterised by high-grade metapelites (Fig. 3a) with 
interleaved metabasites cropping out in the southern sec-
tor of the valley (Fig. 2). It tectonically overlies the Cast-
agna Unit, which is typically represented by orthogneisses 
(Fig. 3b), cropping out to the north (Fig. 2). Both metape-
lites and orthogneisses show an older Hercynian  SH main 
foliation, generally dipping to the SSW, hence WNW–ESE-
striking, with a variable dip of up to c. 35° (e.g. Figures 3a, 
b) near the tectonic contact between the two units. The 
tectonic contact is sharp, SSW-dipping, and WNW–ESE-
striking, with a dip of c. 35–40° (Fig. 2). It consists of a thick 
ductile shear zone (i.e. the CGL), which is characterised 
by mylonites formed at the expense of both the metapelites 

and the orthogneiss protoliths (Fig. 3c, d). The transition 
from mylonites to their protoliths takes place within a few 
metres, with the boundaries of the ductile shear zone being 
sub-parallel to the tectonic contact (Fig. 2). The mylonitic 
metapelites at the base of the Sila and Serre Unit (Fig. 2) 
show a mylonitic  Sm main foliation, given by the alternation 
of fine-grained, biotite-rich layers and coarser-grained felsic 
layers, generally millimetres and centimetres-thick (Fig. 3c). 
Up to decimetre-thick quartzo-feldspathic lenses, inher-
ited from the metapelitic protolith, can typically be found 
stretched parallel to the main mylonitic foliation (Fig. 3c). 
Locally, very fine-grained layers of ultramylonites are pre-
sent. Millimetre-sized garnet porphyroclasts are evident in 
the biotite-rich layers, whereas millimetre-sized feldspar 
porphyroclasts, embedded in dynamically recrystallised 
quartz-rich ribbons, characterise the felsic layers (Fig. 3c). 
Preferentially aligned and stretched quartz, which defines the 
 Lm lineation, primarily occurs along the foliation surfaces of 
the felsic layers (Fig. 3c).

The mylonitic  Sm main foliation in the orthogneisses, at 
the top of the Castagna Unit (Fig. 2), is basically represented 
by recrystallised, millimetre- to centimetre-thick, fine-
grained, quartz and feldspar layers, including millimetre-
sized feldspar porphyroclasts (Fig. 3b). Fine-grained white 
mica and biotite flakes are preferentially oriented in thin 
mylonitic layers and small garnets are sometimes recognis-
able, scattered in the mylonite. The  Lm lineation, lying on the 
mylonitic  Sm surfaces, is given by the preferred alignment 
of stretched quartz (Fig. 3d). Similar structural field features 
are shown by the mylonitic orthogneisses cropping out in 
the Acconia quarry.

In the Pesipe Stream valley, the  Sm foliation of the mylo-
nitic metapelites shows a mean SSW-dipping azimuth with 
an average dip of c. 35–40° (Fig. 4a), sub-parallel to the 
CGL shear zone boundaries and the tectonic contact with 
the mylonitic orthogneisses (Fig.  2). Moreover, the  Lm 
exhibits a mean SSE dip azimuth and an average plunge of 
c. 20–25° (Fig. 4a). In the mylonitic orthogneisses, the  Sm 
foliation shows approximately a WNW–ESE strike, how-
ever, with opposite SSW or NNE dip azimuth and vary-
ing dip (Fig. 4b). In more detail, the  Sm foliation with a 
SSW dipping azimuth exhibits a progressively increasing 
dip (up to c. 30–35°) approaching the shear zone border 
with the orthogneiss protolith and the tectonic contact with 
the mylonitic metapelites (Figs. 2, 4b). Therefore, a sub-
parallelism among the steeper SSW-dipping  Sm foliations, 
the CGL shear zone borders and the tectonic contact with 
the mylonitic metapelites, is observed as well. Towards the 
central part of the CGL within the mylonitic orthogneisses 
(in cross-section view), the  Sm foliation tends to have a NNE 
dip azimuth with a mean dip of c. 25° (Figs. 2, 4b), although 
SSW-dipping layers can also be seen, locally (Fig. 2). A SSE 
plunge and an average dip of 20–25° is also exhibited by the 

Fig. 2  a Detailed structural-geological map of the Pesipe Stream 
valley and cross-section through the CGL (samples geographic 
coordinates: VF77GR 38°48′48.00″N, 16°24′14.00″E; VF80GR 
38°49′45.00″N, 16°24′40.00″E; VF78GR 38°49′42.00″N, 
16°24′11.00″E; VF79GR 38°49′38.00″N, 16°24′05.00″E; 
VF88GR 38°49′20.00″N, 16°24′13.00″E; VF86GR 
38°49′15.00″N, 16°24′12.00″E; VF87GR 38°49′15.00″N, 
16°24′16.00″E; VF85GR 38°49′14.00″N, 16°24′11.00″E; 
VF84GR 38°49′11.00″N,16°24′09.00″E; VF83GR 38°49′08.00″N, 
16°24′07.00″E; VF82GR 38°48′56.00″N, 16°24′04.00″E; VF81GR 
38°48′55.00″N, 16°24′03.00″E). b Structural-geological map of the 
Acconia quarry area and cross-section through the CGL (samples 
geographic coordinates: VF52AC 38°50′40.39″N, 16°17′13.14″E; 
VF44AC 38°50′40.18″N, 16°17′13.10″E; VF51AC 38°50′39.84″N, 
16°17′13.37″E; VF50ACa&b 38°50′39.31″N, 16°17′13.40″E; 
VF49AC 38°50′38.97  N, 16°17′13.04″E; VF48AC 38°50′38.66″N, 
16°17′12.68″E). The legend refers to both of the structural-geological 
maps

◂
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 Lm lineation (Fig. 4b), measured especially on the SSW-
dipping Sm foliation surfaces, where this lineation is better 
developed (e.g. Fig. 3d).

As shown in Fig. 4c, the  Sm foliation and the  Lm stretch-
ing lineation of the mylonitic orthogneisses cropping out in 
the Acconia quarry are clustered, showing a mean SSW dip 
direction and dips of 35–40°, with a SSE plunge and dip of 
25–30°, respectively.

The geological profile in Fig. 2a, constructed nearly 
orthogonal to the mylonitic  Sm foliation along the Pesipe 
Stream valley, allows estimated thicknesses of c. 150 m and 
c. 750 m for the mylonitic metapelites and the mylonitic 
orthogneisses, respectively. Thus, a total thickness of c. 
900 m for the CGL shear zone can be derived.

The 50 m-thick mylonitic orthogneisses exposed in the 
Acconia quarry (Fig. 2b) may be correlated to the mylonitic 
orthogneisses occurring in the neighbouring of the tectonic 
contact with the mylonitic metapelites of the Pesipe Stream 
valley (Fig. 2a). A comparable mean dip and dip direction 
of the SSW-dipping  Sm foliation and SSE-plunging  Lm line-
ation can be observed for the mylonitic orthogneisses from 
the Acconia quarry (Fig. 4c) and the Pesipe Stream valley 
(Figs. 2, 4b). The distance between the mylonitic orthog-
neisses of the Acconia quarry and the metapelites that were 
unaffected by mylonitic deformation of the Sila and Serre 
Unit (Fig. 2b) also supports the correlation among these 
mylonitic orthogneisses and those cropping out in the Pesipe 
Stream valley near the tectonic contact with the mylonitic 
metapelites (Fig. 2a).

Microscopic analyses and kinematics

Because of the intense deformation affecting the fine-grained 
mylonites on the CGL, especially the very fine-grained 

Fig. 3  Typical field occurrence of mylonites of the CGL from the 
Pesipe Stream valley (a–d) and Acconia quarry (e, f). a High-grade 
metapelite (hanging wall), showing  SH layering, as also highlighted 
in the inset magnification (38°48′56.33″N, 16°24′03.56″E). b Orthog-
neiss (footwall), showing  SH layering, as highlighted in the inset mag-
nification (38°49′44.02″N, 16°24′40.26″E). c Mylonitic metapelite, 
showing the millimetre- to centimetre-sized, fine-grained layers that 
originated the mylonitic foliation  Sm; stretched quartzo-feldspathic 
lenses defining the main mylonitic foliation  Sm and the  Lm stretching 
lineation, are highlighted in the inset magnifications (38°49′10.12″N, 
16°24′09.81″E). d Mylonitic orthogneiss, showing millimetre- to 
centimetre-sized, fine-grained quartz-feldspar  Sm layers and stretched 
quartz defining the  Lm lineation, as highlighted in the inset magni-
fications (38°49′36.55″N, 16°24′17.07″E). e Mylonitic orthogneiss, 
showing millimetre- to centimetre-sized, fine-grained quartz-feldspar 
 Sm layers (38°50′39.34″N, 16°17′13.82″E). f Stretched quartz defin-
ing the  Lm lineation on a  Sm foliation surface within the mylonitic 
orthogneiss of e. X, Y and Z are the axes of the finite strain ellip-
soid (X: stretching lineation  Lm, Z: normal to the foliation  Sm and Y: 
perpendicular to XZ). Mineral abbreviations after Whitney and Evans 
(2010)

◂

Fig. 4  a–c Stereographic projections of the main foliation  Sm and 
stretching lineation  Lm of the mylonites of the CGL; the dashed, grey 
plane refers to the shear zone margins, which are sub-parallel to the 
tectonic contact between the Castagna Unit and the Sila and Serre 
Unit; the sub-parallelism of the trend between the CGL margins and 
the  Sm foliation can be appreciated. Note in b the cluster of the poles 
of the SSW-dipping  Sm foliation, near the tectonic contact between 
the Castagna and Sila and Serre units and the northern margin of 

the CGL, and the cluster of the poles of the NNE-dipping  Sm folia-
tion, characterising the central part of the CGL within the mylonitic 
orthogneisses. The cluster of the poles of the SSW-dipping  Sm folia-
tion can be also appreciated in both c, regarding the mylonitic orthog-
neisses near the northern margin of the CGL, and a, related to the 
mylonitic metapelites near the southern margin of the CGL (see the 
text for further explanation)
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Fig. 5  a Micrograph of the mylonitic  Sm foliation in the metapelite, 
highlighted by an ultra-mylonitic layer; S–C–C’ structures can be 
observed (crossed-polars; sample VF84GR from the Pesipe Stream 
valley area; see Fig. 2a for the location). b Micrograph of mylonitic 
metapelite showing σ-type garnet porphyroclasts in the biotite-rich 
layers, exhibiting kinematics coherent with S–C–C’ structures (plane-
polarised light; sample VF83GR from the Pesipe Stream valley area; 
see Fig. 2a for the location). c Micrograph of mylonitic orthogneiss, 
with σ-type K-feldspar porphyroclasts indicating contrasting shear 
sense; S–C–C’ structures are also evident (crossed-polars; sam-
ple VF44AC from the Acconia quarry; see Fig. 2b for the location). 
d Micrograph of mylonitic orthogneiss, with a millimetre-sized, 
dynamically recrystallised σ-type K-feldspar porphyroclast (crossed-
polars; sample VF51AC from the Acconia quarry; see Fig. 2b for the 
location). e Micrograph of mylonitic orthogneiss, with a centimetre-

sized K-feldspar domino-type fragmented porphyroclast (crossed-
polars; sample VF48AC from the Acconia quarry; see Fig. 2b for the 
location). f Micrograph of mylonitic orthogneiss, with a millimetre-
sized garnet shear band type fragmented porphyroclast above a σ-type 
K-feldspar porphyroclast (plane-polarised light; sample VF48AC 
from the Acconia quarry; see Fig. 2b for the location). g Micrograph 
of mylonitic orthogneiss, with a millimetre-sized, dynamically recrys-
tallised σ-type K-feldspar porphyroclasts (crossed-polars; sample 
VF52AC from the Acconia quarry; see Fig.  2b for the location). h 
Micrograph of mylonitic orthogneiss, with a centimetre-sized K-feld-
spar domino-type fragmented porphyroclast (crossed-polars; sam-
ple VF48AC from the Acconia quarry; see Fig. 2b for the location). 
Oriented thin sections according to X (stretching lineation  Lm) and Z 
(normal to the foliation  Sm) axes of the finite strain ellipsoid. Mineral 
abbreviations after Whitney and Evans (2010)

ultramylonitic layers in the mylonitic metapelites (e.g. 
Fig. 5a), the best investigation for kinematic purposes has 
been made at the thin section scale.

In the samples from the Pesipe Stream valley, the main 
foliation  Sm in both mylonitic metapelites and mylonitic 
orthogneisses is represented by C-type shear bands 
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that are typically associated with S-planes and C’-type 
shear bands (Fig. 5a–c). The geometrical relationships 
between these C-type shear bands, S-planes and C’-type 
shear bands indicate a dominant top-to-the-SSE tectonic 
transport (Figs.  2, 5a–c), according to the stretching 
lineation  Lm trend measured in the field (Figs. 4a, b). 
The same kinematics is also suggested by most of the 
observed σ-type porphyroclasts of garnet in the mylo-
nitic metapelites (e.g. Fig. 5b), σ-type porphyroclasts of 
K-feldspar (e.g. Fig. 5c, d) and K-feldspar domino-type 
fragmented porphyroclasts in the mylonitic orthogneisses 
(Fig. 5e). However, contrasting kinematic indicators are 
present (e.g. σ-type K-feldspar porphyroclasts in Fig. 5c), 
especially in the samples of mylonitic orthogneisses from 
the Acconia quarry, where shear band-type fragmented 
porphyroclasts of garnet (Fig. 5f), σ-type (Fig. 5f, g) and 
domino-type fragmented porphyroclasts of K-feldspar 
(Fig. 5h) indicate a top-to-the-NNW tectonic transport 
(Fig. 5f–h).

The relationship between the blastesis and the defor-
mation event  Dm, which gave rise to the mylonitic folia-
tion  Sm in both of the sheared protoliths, is summarised 
in Fig. 6a, b. In all of the mylonites, the syn-kinematic 
mineral phases are fine-grained, and pre-kinematic quartz 
and feldspars are, largely, dynamically recrystallised (e.g. 
Fig. 5d, g). In the mylonitic metapelites quartz, biotite, 
K-feldspar, plagioclase, garnet, sillimanite and cordier-
ite are mostly pre-kinematic and constitute the typical 
assemblage of the Hercynian protolith (Fig. 6a). These 
mylonites exhibit syn-kinematic quartz, biotite, K-feld-
spar, plagioclase and rare white mica (e.g. Fig. 6c, d). 
A more conspicuous mineral reworking can be gener-
ally observed in the mylonitic orthogneisses, containing 
syn-kinematic quartz, K-feldspar, plagioclase, biotite 
and white mica. However, these minerals, together with 
garnet and ilmenite are also pre-kinematic and inherited 
from the mineral assemblage of the Hercynian protolith. 
Furthermore, the syn-kinematic mineral assemblage also 
comprises epidote, chlorite and titanite (Fig. 6b).

In the mylonitic orthogneisses, garnet remains sta-
ble and reveals also its post-kinematic growth (Fig. 6b). 
More details are shown in Fig. 6c, where almost-euhe-
dral, millimetre-sized garnets with rim growth around the 
rounded cores can be observed, mostly in the mylonitic 
orthogneisses from the Acconia quarry (in which smaller 
euhedral to sub-euhedral garnets frequently occur). These 
observations support both pre-kinematic and post-kine-
matic growth for the cores and the rims, respectively, as 
well as the post-kinematic growth of the smaller euhedral 
to sub-euhedral garnets.

Chemical analysis of the larger euhedral garnets and 
smaller euhedral to sub-euhedral ones from the Acco-
nia quarry (Fig. 7a, b) show almandine-rich composi-
tions (Table 1). In particular, the pre-kinematic core of 
the larger garnets is characterised by the following: (i) 
high XAlm and XSps values of 0.69 and 0.23 mol fractions; 
and (ii) low XGr, XPy and XAndr values of 0.02, 0.05 and 
0.01 mol fractions (Table 1). Instead, their post-kinematic 
rim shows the following: (i) high XAlm and XGr values of 
0.71 and 0.19 mol fractions; and (ii) low XSps, XPy and 
XAndr values of 0.01, 0.07 and 0.02 mol fractions, respec-
tively (Table 1). Within the small, post-kinematic, euhe-
dral garnets, some core–rim variations commonly occur 
(Table 1). Indeed, they are characterised from core to rim 
by the following: (i) slightly decreasing XAlm values from 
0.73 to 0.69 mol fractions; (ii) increasing XGr values from 
0.11 to 0.23 mol fractions; (iii) decreasing XSps values 
from 0.08 to 0.01 mol fractions; and (iv) slightly increas-
ing XPy values from 0.05 and 0.07 mol fractions (Table 1). 
The almandine-rich composition of both garnet types is 
also evidenced by a lack of large variations in the iron 
X-ray map in Fig. 7a. Moreover, the X-ray map of calcium 
in Fig. 7b clearly shows that the core of the larger garnets 
is Ca-poor, while the rim is Ca-rich. Similarly, Ca-rich 
compositions are evidenced in the smaller euhedral garnet 
grains as well (Fig. 7b). Therefore, the rim growth of the 
larger garnets, as well as the smaller euhedral ones, is 
enriched in the grossular end-member. Summing up, the 
 Dm deformation along the CGL in the Acconia quarry 
area was active later, with respect to the relic Ca-poor 
garnets and before the growth of the Ca-rich ones.

On the other hand, small, rounded, pre-kinematic Ca-
rich garnets (Fig. 7c) occur in the mylonitic orthogneisses 
cropping out in the Pesipe Stream valley. These garnets 
are characterised by grossular-rich compositions, showing 
some core–rim variations (Table 1). In particular, the core 
compositions of these garnets highlight the following: (i) 
high XGr, XAlm and XSps values of 0.48, 0.29 and 0.20 mol 
fractions; and (ii) some low XAndr values of 0.02 mol 
fractions with nearly zero XPy mole fractions (Table 1). 
The remarkable changes in the rim of these garnets, with 
respect to the core, are primarily related to (i) an increase 
in the XGr mole fraction up to a value of 0.53 and (ii) 
a decrease in the XSps mole fraction to a value of 0.14 
(Table 1). Therefore, the  Dm deformation along the CGL 
in the Pesipe Stream valley area would have been active 
later with respect to the Ca-rich garnets.
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Fig. 6  Relationships between 
blastesis and  Dm deformation 
events (a) in the mylonitic 
metapelite and (b) in the 
mylonitic orthogneiss; symbols 
(< = pre-kinematic, >  = post-
kinematic, ≤  = from pre- to 
syn-kinematic, ⊃  = syn-
kinematic) after Passchier and 
Trouw (2005). c Micrograph 
of syn-kinematic white mica 
in the mylonitic metapelites 
(plane-polarised light, sample 
VF87GR; see Fig. 2a for the 
location). d Magnification 
of the syn-kinematic white 
mica in c (crossed-polars). e 
Micrograph of small euhedral 
post-kinematic garnets and 
euhedral garnet overgrowth on 
its rounded core (white dashed 
line) in the mylonitic orthog-
neiss from the Acconia quarry 
(plane-polarised light; sample 
VF49AC; see Fig. 2b for the 
location). Mineral abbrevia-
tions after Whitney and Evans 
(2010); Wm = white mica
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Fig. 7  X-ray Fe (a) and Ca (b) maps for the euhedral garnets in 
Fig.  6c; note the post-kinematic growth of Ca-rich garnets. c Ca 
X-ray map of a pre-kinematic Ca-rich garnet in mylonitic orthogneiss 

from the Pesipe Stream valley (sample VF77GR; see Fig.  2 for the 
location). Mineral abbreviations after Whitney and Evans (2010)

Table 1.  Representative 
garnet chemical analyses in 
the samples from Acconia 
(VF49AC) and Pesipe Stream 
valley (VF77GR) areas

Sample VF49AC VF77GR

Large garnets Small garnets

Point analysis Core Rim Core Rim Core Rim

SiO2 36.35 36.93 36.84 37.43 38.57 37.62
TiO2 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 20.37 20.56 20.40 21.06 21.14 20.75
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00
FeOtot 30.94 32.76 33.05 31.08 14.15 14.97
Fe2O3 0.46 0.70 0.72 0.21 0.83 1.02
FeO 30.53 32.13 32.40 30.89 13.40 14.05
MnO 10.13 0.57 3.73 0.50 9.05 6.26
MgO 1.14 1.73 1.36 1.70 0.00 0.00
CaO 1.16 7.35 4.61 8.23 17.96 20.16
Na2O 0.00 0.00 0.00 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.14 99.98 100.06 100.02 100.95 99.86
O 12.00 12.00 12.00 12.00 12.00 12.00
Si 2.99 2.98 3.00 3.00 3.02 2.98
Altot 1.97 1.96 1.96 1.99 1.95 1.94
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.03 0.04 0.04 0.01 0.05 0.06
Fe2+ 2.10 2.17 2.20 2.07 0.88 0.93
Mg 0.14 0.21 0.16 0.20 0.00 0.00
Mn 0.70 0.04 0.26 0.03 0.60 0.42
Ca 0.10 0.64 0.40 0.71 1.51 1.71
Na 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Σcations 8.03 8.04 8.03 8.01 8.00 8.05
XAlm 0.69 0.71 0.73 0.69 0.29 0.30
XSps 0.23 0.01 0.08 0.01 0.20 0.14
XGr 0.02 0.19 0.11 0.23 0.48 0.53
XPy 0.05 0.07 0.05 0.07 0.00 0.00
XAndr 0.01 0.02 0.02 0.01 0.02 0.03
XFe 0.95 0.91 0.94 0.91 1.00 1.00
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Discussion

Deformation history of the CGL

The CGL has previously been investigated, especially its 
eastern part (e.g. Spiegel 2003; Langone et al. 2006; Alten-
berger et al. 2011, 2013), and the presence of mylonites had 
never been reported towards the west, as far as Acconia 
quarry (Figs. 1, 2b).

In agreement with Spiegel (2003), Langone et al. (2006) 
and Altenberger et al. (2013), the main foliation  (Sm) and the 
stretching lineation  (Lm) of the CGL mylonites show mean 
SSW and SSE dip direction and plunge, respectively. We 
interpret the SSW-dipping  Sm in mylonitic metapelites as 
map-scale C-type shear bands, because of its near-parallel-
ism with the margins of the CGL ductile shear zone and the 
tectonic contact between the Castagna and the Sila and Serre 
units (Figs. 2, 4a). Concerning the mylonitic orthogneiss 
body: (i) the NNE-dipping foliation towards its central part 
(in cross-section view); and (ii) the SSW-dipping foliation, 
with dip progressively increasing approaching the southern 
and the northern margins, allowed us to interpret the  Sm as 
map-scale S-planes, on the whole, sub-parallel to the mar-
gins of the CGL ductile shear zone (Figs. 2, 4b, c).

The observed variations of the foliation attitude in the 
mylonitic orthogneisses are interpreted to be caused by 
later folding events, as described by Langone et al. (2006). 
According to interpretations by these authors, the northern 
margin of the CGL should dip towards the north; by con-
trast it dips to the SSW (Fig. 2a). A later folding event is 
thus not supported by the geological map and foliation atti-
tudes analysis (Figs. 2a, 4). On the basis of our interpreta-
tion, in terms of map scale S-planes and C-type shear bands 
for the  Sm, a remarkable total thickness of c. 900 m can be 
calculated for the mylonites of the CGL (Fig. 2). This is 
significantly greater than the 400 m estimated by Langone 

et al. (2006). Such map-scale S-planes are quite consistent 
with a top-to-the-SSE shear sense, as also obtained by Lan-
gone et al. (2006). In addition, the geometric relationships 
between the SSW-dipping  Sm main mylonitic foliation and 
the SSE-dipping  Lm lineation (Fig. 7a–c) would imply a 
left-lateral component of movement along the CGL, in a 
dominantly extensional tectonic context. While this domi-
nant extensional kinematics is the most evident, they are not 
exclusive, since contrasting kinematic indicators are present 
in all the mylonites. As a matter of fact, and according to the 
attitudes of the  Lm stretching lineations, the kinematic indi-
cators suggest that a top-to-the-SSE shear sense is generally 
more widespread than those indicating a top-to-the-NNW 
tectonic transport. Therefore, a reworking of the CGL pass-
ing from top-to-the-NNW to top-to-the-SSE tectonic trans-
port (i.e. switching from thrusting to extensional faulting), 
is plausible during ductile deformation due to variations in 
the geodynamic setting (Figs. 8, 9). This interpretation is 
supported by the growth of the Ca-rich garnet in the mylo-
nitic orthogneisses, which is both (i) post-kinematic in the 
Acconia quarry area (e.g. Fig. 6b, e and 7b), where the top-
to-the-NNW shear sense is dominant (e.g. Fig. 1, 2b), and 
(ii) pre-kinematic in the Pesipe Stream valley (e.g. Fig. 6b, 
7c) (see also Langone et al. 2006), where the top-to-the-SSE 
tectonic transport predominates (e.g. Fig. 1, 2a). Hence, Ca-
rich garnet growth occurred after the NNW-directed thrust-
ing and before the SSE-directed extension.

The syn-kinematic growth, among other mineral phases, 
of white mica, epidote and titanite in the mylonitic orthog-
neisses (Fig. 6b–d) and the dynamic recrystallisation of the 
feldspars (e.g. Fig. 5d, g) are consistent with ductile defor-
mation under epidote–amphibolite facies conditions, at an 
approximate peak pressure of 0.9 GPa, as obtained by Lan-
gone et al. (2006) and Altenberger et al. (2011, 2013). Since 
Ca in garnet correlates positively with pressure (e.g. Alten-
berger et al. 2011), our findings regarding Ca-enrichment in 
the rim of the larger euhedral garnets, as well as the growth 

Fig. 8  Cartoon illustrating the deformational history of the CGL mylonites from the Eocene to the present-day; note, in the present-day frame, 
the overall crustal tilting towards the southern quadrants and the projected cross-section of Fig. 2
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of the smaller euhedral to sub-euhedral Ca-rich garnets 
(Fig. 7a, b), support these peak pressure conditions. Partial 
replacement of the Hercynian mineral assemblages also sug-
gests that the mylonitic orthogneisses of the Castagna Unit 
were subjected to fluid–rock interaction during shearing, as 
also observed in several case studies of ductile-sheared fel-
sic rocks (e.g. Tursi et al. 2018 and the references therein). 
Moreover, considering the syn-kinematic mineral phases in 
both mylonitic metapelites and mylonitic orthogneisses, the 
transition from dominantly compressional to extensional 
kinematics of the CGL occurred under epidote–amphibo-
lite facies conditions, as also suggested by the P–T defor-
mation conditions estimated by Langone et al. (2006) and 
Altenberger et al. (2011). During the dominantly extensional 
reworking, the inherited  Sm foliation was locally preserved, 
together with the post-kinematic growth of Ca-rich garnet, 
or was even still developing, making the Ca-rich garnet pre-
kinematic. Ductile deformation was protracted during exhu-
mation and cooling, as indicated by syn-kinematic chlorite 
(Fig. 6b), which reasonably formed under the greenschist 
facies conditions estimated by Spiegel (2003).

Our results provide evidence that the CGL mylonites 
were subjected to a structural reworking during exhuma-
tion, which can be correlated to the findings by Rossetti 
et al. (2001, 2004) that invoked a post-orogenic extensional 
reworking of the formerly dominantly compressive ductile 
tectonic contact between the Castagna and the Sila and Serre 
units, in the Sila Massif and Catena Costiera areas (Fig. 1, 
inset top left).

According to the dating carried out by Schenk (1980), 
the dominant compressional activity of the CGL dates to 
the Lutetian, i.e. c. 43 Ma (Rb–Sr data on biotite). Further-
more, ages of c. 35 Ma (40Ar–39Ar data on white mica by 
Rossetti et al. 2001) and of c. 46 Ma (40Ar–39Ar data on 

white mica by Shimabukuro et al. 2012) were obtained for 
the high-pressure metamorphism (2.0–2.1 GPa) that affected 
the Intermediate Complex (Fig. 1, inset top left) (Tursi 
et al. 2020a), which would support the Lutetian–Priabonian 
dominant compressional kinematics of the CGL. Taking into 
account the thermal sensitivities of the dating systems, i.e. 
up to 400 °C for the Rb–Sr in biotite (Jenkin 1997 and the 
references therein), the age of the dominant compressional 
activity of the CGL could be reasonably older and, how-
ever, framed in the Eocene (Fig. 8), as also suggested by Del 
Moro et al. (2000).

Other crucial dates exist for the activity of the CGL. In 
particular, zircon and apatite fission-track dating of c. 30 Ma 
and c. 20 Ma for the hanging wall and c. 18 Ma and c. 15 Ma 
for the footwall rocks of the CGL have been related to domi-
nant crustal extension and exhumation by Thomson (1998). 
Accordingly, the Sila and Serre Unit and the Castagna Unit 
experienced deformation at temperatures above 300 °C 
along the CGL, up to 30 Ma and 18 Ma, respectively. There-
fore, the CGL mylonites, that had already formed during the 
previously dominant compressional tectonic event, started 
to experience ductile structural reworking, at least from the 
early Oligocene (or even earlier from the late Eocene), i.e. at 
the transition from dominantly compressional to extensional 
tectonics (Fig. 8). Furthermore, during the late Oligocene 
to early Miocene, brittle deformation was superimposed 
onto the mylonites of the Sila and Serre Unit, whereas the 
mylonites of the Castagna Unit were still subjected to duc-
tile deformation and structural reworking (Fig. 8), especially 
through quartz recrystallisation. Since the presence of cata-
clasites (Spiegel 2003) and non-mylonitised pseudotachylite 
veins primarily occur along the tectonic contact between the 
Castagna and the Sila and Serre units (e.g. Langone et al. 

Fig. 9  Cartoon illustrating the plan-view geodynamic palinspastic 
restoration for the central Mediterranean framed in Eocene, early 
Oligocene, early Miocene and present-day times, modified after 
Gueguen et al. (1998), according to Langone et al. (2006) and Molli 
(2008); transfer faults in the northern and southern Serre Massif 
according to Cirrincione et  al. (2015), Festa et  al. (2016) and Orto-

lano et  al. (2020a); full and empty arrows indicate active and relic 
tectonic transport, respectively, according to Rossetti et  al. (2001, 
2004), for the Sila Massif and Catena Costiera areas, and the results 
of the present study for the CGL; Si Sila Massif, CC Catena Costiera, 
Se Serre Massif



2596 International Journal of Earth Sciences (2020) 109:2583–2598

1 3

2006), the shearing in the early Miocene was there probably 
restricted (Fig. 8).

Crustal exhumation in the Cenozoic was accompanied 
by tilting of about 40° (Thomson 1994; Festa et al. 2003), 
which determined the present-day SW-dipping and exposi-
tion of the CGL and its walls (Fig. 8).

Regional implications

The presence of 900 m of thick mylonites at the base of 
an almost-complete continental crust section (i.e. the 
Sila and Serre Unit) is indicative that the CGL acted as 
a crustal-scale thrust, juxtaposing metamorphic rocks of 
the Hercynian granulite facies above amphibolite facies 
(Schenk 1981). According to the thermo-barometric esti-
mations by Langone et al. (2006) and Altenberger et al. 
(2011, 2013), the mylonites of the CGL experienced defor-
mation at a depth of c. 30 km. Crustal-scale thrusting, 
namely thick-skinned tectonics, is favoured in E-dipping-
type subduction contexts (Doglioni 1992), which, in turn, 
allows the growth of double-verging orogens such as the 
Alps (e.g. Doglioni et al. 1997; Dal Piaz et al. 2003; Lenci 
and Doglioni 2007; Gasco et al. 2013; Lacombe and Bel-
lahsen 2016 and the references therein). Therefore, the 
compressional character of the CGL seems more suitable 
in an E-dipping-type subduction context rather than in a 
W-dipping-type (Doglioni 1992), the latter favouring thin-
skinned tectonics in the accretionary prism of single-verg-
ing orogens such as the Apennines (e.g. Doglioni 1992; 
Lenci et al. 2004; Lenci and Doglioni 2007). According to 
the plan-view of the geodynamic, palinspastic restoration 
for the western Mediterranean (e.g. Gueguen et al. 1998; 
Langone et al. 2006; Molli 2008), the present-day top-to-
the-NNW kinematics of the CGL would indicate dominant 
compression with top-to-the-European plate realm tectonic 
transport during the Eocene, as shown in the scenario in 
the first frame of Fig. 9. As a consequence, the CGL acted 
as a thrust within the double-verging southern Alpine 
chain, and was kinematically coherent with the northern 
front of the orogen (Fig. 9) instead of with the south-east-
ern back-front, as suggested by Langone et al. (2006). This 
explains the roughly opposing tectonic transport of the 
nappes in the Sila Massif and Catena Costiera (Rossetti 
et al. 2001, 2004) and may relate their proximity to the 
back-front of the Alpine chain during the Eocene (Fig. 9). 
As shown in the early Oligocene and early Miocene frames 
of Fig. 9, the dominant extensional reactivation of the 
CGL, as well as the tectonic contacts at the base of the 
nappes in the Sila Massif and Catena Costiera, should be 
related to the dismembering of the southern Alpine orogen 
because of their position in the back-arc of the Apennines 
subduction system (e.g. Gueguen et al. 1998; Rossetti et al. 
2004; Carminati and Doglioni 2012). In this dominantly 

extensional tectonic setting, the opposite dip of the for-
mer thrusts would have determined an opposite tectonic 
transport during reactivation of the CGL and the tectonic 
contacts of the nappes of Sila Massif and Catena Costiera 
(Rossetti et al. 2001, 2004; Ortolano et al. 2020b) (Fig. 9). 
Finally, the last frame in Fig. 9 shows the result of the (late 
Eocene?) Oligocene to early Miocene downward top-to-
the-SE tectonic transport along the CGL, coherent also 
with the sole kinematics observed by Langone et al. (2006) 
and the downward top-to-the-W kinematics constrained by 
Rossetti et al. (2001, 2004) along the tectonic contacts of 
the nappes in the Sila Massif and Catena Costiera areas, 
in the present-day geographic coordinates.

Concluding remarks

This research paper allowed us to shed light on the kinemat-
ics of one of the most relevant regional shear zones in the 
Calabria–Peloritani terrane (i.e. the CGL), in the framework 
of the evolution of the Alpine to the Apennine subduction 
systems. The results obtained for the CGL mylonites support 
the following conclusions:

 (i) In the northern Serre Massif, the CGL can be pro-
longed to the west, as far as Acconia village;

 (ii) the SSW-dipping  Sm foliation of the mylonitic 
metapelites represents map-scale, C-type shear 
bands, whereas the NNE and SSW-dipping  Sm folia-
tions of the mylonitic orthogneisses give rise overall 
to map-scale, S-plane structures;

 (iii) the mylonites show a remarkable total thickness of c. 
900 m;

 (iv) the mylonites were subjected to a profound ductile 
reworking during dominantly extensional tectonics. 
Accordingly, the top-to-the-NNW and the top-to-the-
SSE kinematics of the CGL (in the present-day geo-
graphic coordinates) reflect a compressional tectonic 
regime, succeeded by extensional reactivation of the 
fault zone;

 (v) the dominant compressional activity of the CGL 
dates back to the Eocene. The transition from domi-
nantly compressional to extensional tectonics hap-
pened approximatively at the end of the Eocene, with 
the ductile reworking of the mylonites continuing up 
to the early Oligocene. During the late Oligocene 
to early Miocene, brittle deformation was superim-
posed onto the mylonites of the Sila and Serre Unit, 
whereas the mylonites of the Castagna Unit were 
still subjected to ductile deformation and structural 
reworking, especially through quartz recrystallisa-
tion. During the early Miocene, dominant exten-
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sional tectonics and exhumation protracted, with 
brittle deformation that was restricted to the tectonic 
contact between the Castagna and the Sila and Serre 
units;

 (vi) crustal-scale thrusting, namely thick-skinned tecton-
ics, could have been favoured in the easterly dipping-
type subduction context of the Alpine orogeny. Thus, 
the CGL would have acted as a thrust within the 
double-verging southern Alpine chain, with top-to-
the-European plate realm tectonic transport, which 
is coherent with the kinematics of the northern front 
of the Alps. The subsequently dominant extensional 
character of the CGL is related to the dismembering 
of the southern Alpine orogen, since its position was 
in the back-arc of the Apennine subduction system;

 (vii) the dominant extensional tectonics in the (late 
Eocene?)Oligocene to Miocene, together with the 
migration of the Calabria–Peloritani terrane framed 
in the Apennine’s evolution, led to the present-day 
top-to-the-SSE kinematics of the mylonites. Fur-
thermore, tilting was determined, allowing the SE-
dipping of the CGL and its walls.

Acknowledgements We are grateful to Uwe Altenberger, Cornelia 
Spiegel and two anonymous reviewers, whose suggestions helped us 
to improve the manuscript. The Editor in Chief W.-C. Dullo and an 
anonymous Topic Editor are thanked very much for the editorial man-
agement of the manuscript. VF thanks the “Fondo per le Attività Base 
di Ricerca – 2017”. FT thanks the PhD in Geosciences grant of the 
Università degli Studi di Bari Aldo Moro. We are grateful to Nicola 
Mongelli for his careful assistance during SEM sessions at the Diparti-
mento di Scienze della Terra e Geoambientali of the above University.

Funding Open access funding provided by Università degli Studi di 
Bari Aldo Moro within the CRUI-CARE Agreement.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Altenberger U, Prosser G, Grande A et al (2013) A seismogenic zone in 
the deep crust indicated by pseudotachylytes and ultramylonites in 
granulite-facies rocks of Calabria (Southern Italy). Contrib Miner 
Petrol 166:975–994. https ://doi.org/10.1007/s0041 0-013-0904-3

Altenberger U, Prosser G, Ruggiero M, Günter C (2011) Microstructure 
and petrology of a Calabrian garnet-bearing pseudotachylyte—
a link to lower-crustal seismicity. Geol Soc Lond Special Publ 
359:153–168. https ://doi.org/10.1144/SP359 .9

Alvarez W (1976) A former continuation of the Alps. Bull Geol Soc 
Am 87:891–896

Amodio-Morelli L, Bonardi G, Colonna V et al (1976) L’Arco Calabro-
Peloritano nell’Orogene Appenninico-Maghrebide. Memorie della 
Soc Geol Italiana 17:1–60

Bonardi G, Cavazza W, Perrone V, Rossi S (2001) Calabria–Peloritani 
Terrane and northern Ionian Sea. Anatomy of an orogen: the apen-
nines and adjacent Mediterranean Basins. Springer, Netherlands, 
pp 287–306

Caggianelli A, Prosser G, Rottura A (2000) Thermal history vs. fabric 
anisotropy in granitoids emplaced at different crustal levels: An 
example from Calabria. Southern Italy Terra Nova 12:109–116. 
https ://doi.org/10.1111/j.1365-3121.2000.00280 .x

Carminati E, Doglioni C (2012) Alps vs. Apennines: the paradigm of 
a tectonically asymmetric earth. Earth Sci Rev 112:67–96. https 
://doi.org/10.1016/j.earsc irev.2012.02.004

Cello G, Invernizzi C, Mazzoli S (1996) Structural signature of tectonic 
processes in the Calabrian Arc, southern Italy: evidence from the 
oceanic-derived diamante-terranova unit. Tectonics 15:187–200. 
https ://doi.org/10.1029/95TC0 2356

Cirrincione R, Fazio E, Fiannacca P et al (2015) The Calabria–Pelori-
tani Orogen, a composite terrane in Central Mediterranean; Its 
overall architecture and geodynamic significance for a pre-Alpine 
scenario around the Tethyan basin. Periodico di Mineralogia 
84:701–749. https ://doi.org/10.2451/2015P M0446 

Colonna V, Piccarreta G (1975) Schema strutturale della Sila Piccola. 
Bollettino Della Soc Geol Italiana 94:3–16

Dal Piaz GV, Bistacchi A, Massironi M (2003) Geological outline of 
the Alps. Episodes 26:175–180. https ://doi.org/10.18814 /epiiu 
gs/2003/v26i3 /004

Del Moro A, Fornelli A, Piccarreta G (2000) Tectonothermal history of 
the Hercynian continental crust of the Serre (Southern Calabria, 
Italy) monitored by Rb-Sr biotite resetting. Terra Nova 12:239–
244. https ://doi.org/10.1046/j.1365-3121.2000.00304 .x

Doglioni C (1992) Main differences between thrust belts. Terra Nova 
4:152–164. https ://doi.org/10.1111/j.1365-3121.1992.tb004 66.x

Doglioni C, Gueguen E, Sàbat F, Fernandez M (1997) The western 
Mediterranean ex- tensional basins and the Alpine orogen. Terra 
Nova 9:109–112

Festa V, Di Battista P, Caggianelli A, Liotta D (2003) Exhumation and 
tilting of the late Herchynian continental crust in the Serre Mas-
sif (Southern Calabria, Italy). Bollettino della Societa Geologica 
Italiana 2:79–88

Festa V, Messina A, Paglionico A et al (2004) Pre-triassic history 
recorded in the Calabria–Peloritani segment of the Alpine chain, 
southern Italy. Overview Periodico di Mineral 73:57–71

Festa V, Prosser G, Caggianelli A, et al (2016) Vorticity analysis of the 
Palmi shear zone mylonites: new insights for the Alpine tectonic 
evolution of the Calabria–Peloritani terrane (southern Italy). Geol 
J 51:670–681. https://doi.org/10.1002/gj

Festa V, Tursi F, Caggianelli A, Spiess R (2018) The tectono-mag-
matic setting of the Hercynian upper continental crust exposed in 
Calabria (Italy) as revealed by the 1:10,000 structural-geological 
map of the Levadio stream area. Italian J Geosci 137:165–174. 
https ://doi.org/10.3301/IJG.2018.03

Fornelli A, Pascazio A, Piccarreta G (2011) Diachronic and differ-
ent metamorphic evolution in the fossil Variscan lower crust of 
Calabria. Int J Earth Sci 101:1191–1207. https ://doi.org/10.1007/
s0053 1-011-0721-8

Gasco I, Gattiglio M, Borghi A (2013) Review of metamorphic and 
kinematic data from Internal Crystalline Massifs (Western Alps): 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00410-013-0904-3
https://doi.org/10.1144/SP359.9
https://doi.org/10.1111/j.1365-3121.2000.00280.x
https://doi.org/10.1016/j.earscirev.2012.02.004
https://doi.org/10.1016/j.earscirev.2012.02.004
https://doi.org/10.1029/95TC02356
https://doi.org/10.2451/2015PM0446
https://doi.org/10.18814/epiiugs/2003/v26i3/004
https://doi.org/10.18814/epiiugs/2003/v26i3/004
https://doi.org/10.1046/j.1365-3121.2000.00304.x
https://doi.org/10.1111/j.1365-3121.1992.tb00466.x
https://doi.org/10.3301/IJG.2018.03
https://doi.org/10.1007/s00531-011-0721-8
https://doi.org/10.1007/s00531-011-0721-8


2598 International Journal of Earth Sciences (2020) 109:2583–2598

1 3

PTt paths and exhumation history. J Geodyn 63:1–19. https ://doi.
org/10.1016/j.jog.2012.09.006

Gueguen E, Doglioni C, Fernandez M (1998) On the post-25 Ma geo-
dynamic evolution of the western Mediterranean. Tectonophysics 
298:259–269. https ://doi.org/10.1016/S0040 -1951(98)00189 -9

Iannace A, Reddy SM, Bonardi G et al (2007) The carbonate tectonic 
units of northern Calabria (Italy): a record of Apulian palaeomar-
gin evolution and Miocene convergence, continental crust subduc-
tion, and exhumation of HP–LT rocks. J Geol Soc 164:1165–1186. 
https ://doi.org/10.1144/0016-76492 007-017

Jenkin GRT (1997) Mode effects on cooling rate estimates from Rb-Sr 
data. Geology 25:907–910

Knott SD (1987) The Liguride Complex of Southern Italy -a Creta-
ceous to Paleogene accretionary wedge. Tectonophysics 142:217–
226. https ://doi.org/10.1016/0040-1951(87)90124 -7

Lacombe O, Bellahsen N (2016) Thick-skinned tectonics and base-
ment-involved fold-thrust belts: Insights from selected Cenozoic 
orogens. Geol Mag 153:763–810. https ://doi.org/10.1017/S0016 
75681 60000 78

Langone A, Caggianelli A, Festa V, Prosser G (2014) Time con-
straints on the building of the Serre Batholith: consequences for 
the thermal evolution of the hercynian continental crust exposed 
in Calabria (Southern Italy). J Geol 122:183–199. https ://doi.
org/10.1086/67522 7

Langone A, Gueguen E, Prosser G et al (2006) The Curinga–Girifalco 
fault zone (northern Serre, Calabria) and its significance within 
the Alpine tectonic evolution of the western Mediterranean. J 
Geodyn 42:140–158. https ://doi.org/10.1016/j.jog.2006.06.004

Lenci F, Carminati E, Doglioni C, Scrocca D (2004) Basal décollement 
and subduction depth vs. topography in the apennines—Calabrian 
arc. Boll della Soc Geol Italiana 123:497–502

Lenci F, Doglioni C (2007) On Some Geometric Prism Asymmetries. 
In: Thrust Belts and Foreland Basins. pp 41–60

Liberi F, Morten L, Piluso E (2006) Geodynamic significance of ophi-
olites within the Calabrian Arc. Island Arc 15:26–43. https ://doi.
org/10.1111/j.1440-1738.2006.00520 .x

Micheletti F, Barbey P, Fornelli A et al (2007) Latest precambrian to 
early cambrian U-Pb zircon ages of augen gneisses from Calabria 
(Italy), with inference to the Alboran microplate in the evolution 
of the peri-Gondwana terranes. Int J Earth Sci 96:843–860. https 
://doi.org/10.1007/s0053 1-006-0136-0

Micheletti F, Fornelli A, Piccarreta G, Tiepolo M (2011) U-Pb zircon 
data of Variscan meta-igneous and igneous acidic rocks from an 
Alpine shear zone in Calabria (southern Italy). Int J Earth Sci 
100:139–155. https ://doi.org/10.1007/s0053 1-009-0497-2

Molli G (2008) Northern apennine—corsica orogenic system : an 
updated overview. Geol Soc Lond Spec Publ 298(1):413–442. 
https ://doi.org/10.1144/SP298 .19

Ortolano G, Fazio E, Visalli R et al (2020a) Quantitative microstruc-
tural analysis of mylonites formed during Alpine tectonics in the 
western Mediterranean realm. J Struct Geol 131:103956. https ://
doi.org/10.1016/j.jsg.2019.10395 6

Ortolano G, Visalli R, Fazio E, et al (2020b) Tectono-metamorphic 
evolution of the Calabria continental lower crust: the case of the 
Sila Piccola Massif. Int J Earth Sci 1–25. https://doi.org/10.1007/
s00531–020–01873–1

Paglionico A, Piccarreta G (1976) Le Unità del Fiume Pomo e di Cast-
agna nelle Serre settentrionali (Calabria). Boll Della Soc Geol 
Italiana 95:27–37

Paglionico A, Piccarreta G (1978) History and petrology of a fragmant 
of the deep crust in the Serre (Calabria, southern Italy). N Jb 
Miner Mh 9:385–396

Passchier CW, Trouw RAJ (2005) Microtectonics. Springer, Berlin 
Heidelberg

Piccarreta G (1981) Deep-rooted overthrusting and blueschistic meta-
morphism in compressive continental margins. An example from 

Calabria (Southern Italy). Geol Mag 118:539–544. https ://doi.
org/10.1017/S0016 75680 00329 08

Rossetti F, Faccenna C, Goffé B et al (2001) Alpine structural and 
metamorphic signature of the Sila Piccola Massif nappe stack 
(Calabria, Italy): insights for the tectonic evolution of the 
Calabrian Arc. Tectonics 20:112–133

Rossetti F, Goffé B, Monié P et al (2004) Alpine orogenic P-T-t-
deformation history of the Catena Costiera area and surrounding 
regions (Calabrian Arc, southern Italy): the nappe edifice of north 
Calabria revised with insights on the Tyrrhenian-Apennine sys-
tem formation. Tectonics 23:1–26. https ://doi.org/10.1029/2003T 
C0015 60

Schenk V (1980) U-Pb and Rb-Sr radiometric dates and their cor-
relation with metamorphic events in the granulite-facies base-
ment of the serre, Southern Calabria (Italy). Contrib Miner Petrol 
73:23–38. https ://doi.org/10.1007/BF003 76258 

Schenk V (1981) Synchronous uplift of the lower crust of the Ivrea 
Zone and of Southern Calabria and its possible consequences for 
the Hercynian orogeny in Southern Europe. Earth Planet Sci Lett 
56:305–320. https ://doi.org/10.1016/0012-821X(81)90136 -9

Schenk V (1984) Petrology of felsic granulites, metapelites, metaba-
sics, ultramafics, and metacarbonates from Southern Calabria 
(Italy): prograde metamorphism, uplift and cooling of a former 
lower crust. J Petrol 25:255–296. https ://doi.org/10.1093/petro 
logy/25.1.255

Shimabukuro DH, Wakabayashi J, Alvarez W, Chang S-c (2012) Cold 
and old: The rock record of subduction initiation beneath a conti-
nental margin, Calabria, southern Italy. Lithosphere 4:524–532. 
https ://doi.org/10.1130/l222.1

Spiegel C (2003) Mylonitization, dry shearing and the exhumation 
of the former lower crust: the Curinga-Girifalco Line (Calabria, 
South Italy). Neues Jahrbuch fur Geologie und Palaontologie 
Abhandlungen 230:359–390. https ://doi.org/10.1127/njgpa 
/230/2003/359

Thomson SN (1998) Assessing the nature of tectonic contacts using 
fission-track thermochronology: an example from the Calabrian 
Arc, southern Italy. Terra Nova 10:32–36. https ://doi.org/10.104
6/j.1365-3121.1998.00165 .x

Thomson SN (1994) Fission track analysis of the crystalline base-
ment rocks of the calabrian arc, southern Italy: evidence of oligo-
miocene late-orogenic extension and erosion. Tectonophysics 
238:331–352. https ://doi.org/10.1016/0040-1951(94)90063 -9

Tursi F, Festa V, Fornelli A et al (2018) Syn-shearing mobility of 
major elements in ductile shear zones: state of the art for felsic 
deformed protoliths. Periodico di Mineralogia 87:289–308. https 
://doi.org/10.2451/2018P M811

Tursi F, Bianco C, Brogi A et al (2020a) Cold subduction zone in 
northern Calabria (Italy) revealed by lawsonite–clinopyrox-
ene blueschists. J Metamorphic Geol 38:451–469. https ://doi.
org/10.1111/jmg.12528 

Tursi F, Spiess R, Festa V, Fregola RA (2020b) Hercynian subduc-
tion-related processes within the metamorphic continental crust 
in Calabria (southern Italy). J Metamorph Geol. https ://doi.
org/10.1111/jmg.12537 

Vitale S, Ciarcia S, Fedele L, Tramparulo FDA (2019) The Ligurian 
oceanic successions in southern Italy: the key to decrypting the 
first orogenic stages of the southern Apennines–Calabria chain 
system. Tectonophysics 750:243–261. https ://doi.org/10.1016/j.
tecto .2018.11.010

Wallis SR, Platt JP, Knott SD (1993) Recognition of syn-conver-
gence extension in accretionary wedges with examples from the 
Calabrian Arc and the eastern Alps. Am J Sci 293:463–494. https 
://doi.org/10.2475/ajs.293.5.463

Whitney DL, Evans BW (2010) Abbreviations for names of rock-
forming minerals. Am Miner 95:185–187. https ://doi.org/10.2138/
am.2010.3371

https://doi.org/10.1016/j.jog.2012.09.006
https://doi.org/10.1016/j.jog.2012.09.006
https://doi.org/10.1016/S0040-1951(98)00189-9
https://doi.org/10.1144/0016-76492007-017
https://doi.org/10.1016/0040-1951(87)90124-7
https://doi.org/10.1017/S0016756816000078
https://doi.org/10.1017/S0016756816000078
https://doi.org/10.1086/675227
https://doi.org/10.1086/675227
https://doi.org/10.1016/j.jog.2006.06.004
https://doi.org/10.1111/j.1440-1738.2006.00520.x
https://doi.org/10.1111/j.1440-1738.2006.00520.x
https://doi.org/10.1007/s00531-006-0136-0
https://doi.org/10.1007/s00531-006-0136-0
https://doi.org/10.1007/s00531-009-0497-2
https://doi.org/10.1144/SP298.19
https://doi.org/10.1016/j.jsg.2019.103956
https://doi.org/10.1016/j.jsg.2019.103956
https://doi.org/10.1017/S0016756800032908
https://doi.org/10.1017/S0016756800032908
https://doi.org/10.1029/2003TC001560
https://doi.org/10.1029/2003TC001560
https://doi.org/10.1007/BF00376258
https://doi.org/10.1016/0012-821X(81)90136-9
https://doi.org/10.1093/petrology/25.1.255
https://doi.org/10.1093/petrology/25.1.255
https://doi.org/10.1130/l222.1
https://doi.org/10.1127/njgpa/230/2003/359
https://doi.org/10.1127/njgpa/230/2003/359
https://doi.org/10.1046/j.1365-3121.1998.00165.x
https://doi.org/10.1046/j.1365-3121.1998.00165.x
https://doi.org/10.1016/0040-1951(94)90063-9
https://doi.org/10.2451/2018PM811
https://doi.org/10.2451/2018PM811
https://doi.org/10.1111/jmg.12528
https://doi.org/10.1111/jmg.12528
https://doi.org/10.1111/jmg.12537
https://doi.org/10.1111/jmg.12537
https://doi.org/10.1016/j.tecto.2018.11.010
https://doi.org/10.1016/j.tecto.2018.11.010
https://doi.org/10.2475/ajs.293.5.463
https://doi.org/10.2475/ajs.293.5.463
https://doi.org/10.2138/am.2010.3371
https://doi.org/10.2138/am.2010.3371

	The Curinga–Girifalco Line in the framework of the tectonic evolution of the remnant Alpine chain in Calabria (southern Italy)
	Abstract
	Introduction
	Geological setting
	The Upper Complex
	The Curinga–Girifalco Line

	Material and methods
	Results
	Field analyses of the CGL and its walls
	Microscopic analyses and kinematics

	Discussion
	Deformation history of the CGL
	Regional implications

	Concluding remarks
	Acknowledgements 
	References




