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P-T evolution of Alpine metamorphism in the southern
Aspromonte Massif (Calabria — Italy)

Gaetano Ortolano!, Rosolino Cirrincione’ and Antonino Pezzino?

Abstract

The crystalline basement of the southern Calabrian-Peloritani nappe pile edifice (Aspromonte Massif and Peloritani
Mountains) consists of several tectonic slices, which were stacked during the Miocene Apennine thrust sheet em-
placement (Fig. 1). The two lowermost tectonic slices of this nappe-edifice, here called respectively Aspromonte-
Peloritani Unit and Samo-Africo Complex, tectonically overlap along a thick Late Oligocene mylonitic shear zone,
which involves both remnants of the Hercynian chain and Alpine metamorphic rocks (Figs. 1-2).

A structural and petrological study was employed to reconstruct both the entire P-T evolution of the two units
and the kinematics of orogenic transport, which characterise the Late Oligocene mylonitic stage. P-T estimates were
made using an integrated approach derived from conventional thermobarometry, computation of metamorphic
equilibria in the NaCaKFMASH system. and an analysis of the deformation behaviour of quartz, feldspar and garnet.

The shear event marks the beginning of the joint structural and metamorphic history. Prior to this event, the two
units had undergone very different tectonometamorphic evolutions. The upper unit (Aspromonte-Peloritani Unit)
underwent pre-mylonitic HT-LP Variscan polyphase retrograde metamorphism (peak conditions 0.39-0.5 GPa;
650°-675 °C). By contrast, the deeper Samo-Africo Complex underwent pre-mylonitic LT-HP metamorphism (peak
conditions 0.98-1.2 GPa; 480°-560 °C), linked to crustal thickening of an Early Alpine age.

Syn-mylonitic P-T estimates confirm the beginning of the joint tectonometamorphic history, evolving from 500°
to 350 °C with P ranging from 0.775 to 0.325 GPa. This event, linked to Late Oligocene Alpine shearing, developed
during the uplift and exhumation of the crystalline basement rocks along a deep-seated compressional shear zone.

The above results lead us to suggest a new geodynamic scenario for the southern sector of the Calabrian
Peloritani Orogen: Following subduction of the Aspromonte-Peloritani Unit and the Samo-Africo Complex these
two units were extruded along the collisional suture. In this tectonic reconstruction, the Samo-Africo Complex is
interpreted as a post-Variscan sedimentary succession involved in a complete Alpine orogenic cycle, consisting of an
Early Alpine crustal thickening stage and a Late Alpine Africa-verging compressional shear stage.

Keywords: Variscan and Alpine metamorphism, P-T path, kinematic indicators, mineral reactions in NaCaKFMASH
system, Calabria.

1. Introduction

The Aspromonte Massif and Peloritani Moun-
tains form the southern sector of the Calabrian
Peloritani Orogen (CPO), a segment of the Al-
pine orogenic belt located in the central Mediter-
rancan area and bounded by the Sangineto
(north) and Taormina (south) transpressive geo-
logical lines (Ghisetti et al., 1991) (Fig. 1a). The
actual structure of the CPO is essentially a nappe-
pile edifice, involving distinct tectonic slices of
metamorphic basement rocks and Mesozoic—
Cenozoic sedimentary sequences. The basement
units are remnants of both the Hercynian chain

and Alpine metamorphic rocks incorporated into
the Alpine-Apennine nappe system of the west-
ern Mediterranean.

The present-day structure of the CPO is the
result of two different evolutionary stages. The
first Alpine event (Eocene—Oligocene), charac-
terised by relatively high-pressure metamor-
phism, is related to a crustal thickening stage, as-
sociated with the collision between the Adria
promontory and the European plate (Borsi and
Dubois, 1968; Pezzino et al., 1990, 1992; Platt and
Compagnoni, 1990). The second stage (Late Oli-
gocene to Present) is related to the south-east mi-
gration of the CPO, related to slab rollback in the
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The origin and geodynamic significance of the
CPO is still a matter of debate, with the following |
principal hypotheses: (a) the CPO is a fragment of

the Alpine orogenic belt, belonging to the western
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(a) Geological-structural sketch-map of the south-western Mediterranean area: (b) Geological sketch-map

of the southern sector of the Calabrian-Peloritani Orogen and location of study area.

Fig. 1
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margin of Adria; it was emplaced northwestwards
onto Tethyan ophiolites (Late Cretaceous—Paleo-
gene), forming what some authors consider to be
a southern extension of the Alpine chain (Alva-
rez, 1976; Amodio-Morelli et al., 1976). A later
back-thrust (directed both east and south) over-
rode the African continental margin and em-
placed the CPO on Apennine domains (Late Oli-
gocene-Early Miocene times); (b) the CPO rep-
resents a south-western fragment of the Euro-
pean paleo-margin (Late Cretaceous—Paleogene),
was emplaced progressively eastward onto the
Adria margin during Miocene times (Ogniben,
1969, 1973; Bouillin, 1984; Bouillin et al., 1986;
Dewey et al., 1989; Gueguen et al., 1998; Rosen-
baum et al., 2002).

One of the main problems regarding the inter-
pretation of the CPO geological framework is the
difficult correlation between the northern tec-
tonic units (northern Calabria, as far as the Sove-
rato-Mesima valley alignment) with those of the
southern sector, owing to their different tec-
tonometamorphic evolution (Bonardi et al., 1982;
Scandone, 1982; Tortorici, 1983; Dercourt et al.,
1985). One of the main differences between the
two sectors is that ophiolitic units, characterised
by Early Alpine metamorphism varying between
60 and 35 Ma (Schenk, 1980; Van Dijk et al., 2000;
Rossetti et al.,2001), are lacking in the south (Fig.
la). Indeed, the presence, distribution and charac-
terisation of the Alpine metamorphism in the
CPO southern sector becomes an important geo-
dynamic constraint in reconstructing the Oli-
gocene scenario of the Calabrian terranes.

Over the last two decades, many authors have
documented and variably interpreted the pres-
ence of Alpine metamorphism in the CPO south-
ern sector. This is particularly evident in the cen-
tral Aspromonte Massif, where intense polyphase
Alpine reworking has been identified (Bonardi et
al., 1987; Pezzino et al., 1990, 1992; Platt and Com-
pagnoni, 1990; Cirrincione and Pezzino 1991;
Messina et al., 1992, 1996; Atzori et al., 1994;
Puglisi and Pezzino, 1994). It develops in two stag-
es: an early relatively high-pressure stage and a
later shear stage, which occurs at lower pressure
conditions.

Some authors hold that the early high-pres-
sure stage developed during crustal thickening re-
lated to the continental collision between the
Adria promontory and the European plate (Pez-
zino et al., 1990, 1992; Platt and Compagnoni,
1990). By contrast, while Platt and Compagnoni
(1990) consider that the later shear stage devel-
oped during an extensional regime, related to the
exhumation of the orogen during the Late Oli-
gocene-Early Miocene, other authors (e.g., Pezzi-

no et al., 1990, 1992) link the same event to nappe
emplacement during a compressional shear stage
related to an early Africa-verging collisional
event. In this context, the structural and thermo-
barometric evolution of the CPO southern sector
is a key to understanding the geodynamic signifi-
cance of the Calabrian orogen within the move-
ments of the plate and/or microplates which con-
trolled the evolution of the Late Oligocene-Mio-
cene western Mediterranean scenario.

The present structural and petrological study
contributes new information about the Alpine
tectonometamorphic evolution of the two lower-
most units of the Aspromonte Massif, here called
respectively Aspromonte-Peloritani Unit and
Samo-Africo Complex (Fig. 1b).

2. Geological setting

The thrust edifice of the CPO southern sector
consists of stacked tectonic units with a variable
metamorphic evolution. In the Aspromonte Mas-
sif, the uppermost unit is made up of low green-
schist- to low amphibolite-facies Paleozoic meta-
morphic rocks, the Stilo Unit (SU) (Crisci et al.,
1982; Bonardi et al., 1984; Graefiner and Schenk,
1999). In the study area, it outcrops as sporadic
klippen and consists of very low-grade Hercynian
metapelites (Figs. 1b-2). The SU lies in brittle tec-
tonic contact over the Aspromonte-Peloritani
Unit (APU), which is made up of amphibolite-
facies Paleozoic rocks with late to post-Hercynian
peraluminous intrusive bodies, locally overprint-
ed by Alpine age metamorphism, which devel-
oped at about 25-30 Ma (Bonardi et al., 1987). A
thick mylonitic horizon marks the tectonic con-
tact between the APU and several underlying
low- to medium-grade tectonic windows, surfac-
ing in the western and central-eastern sectors of
the Aspromonte Massif: (a) the Cardeto window
(Bonardi et al., 1980a); (b) the Madonna dei Polsi
Unit (Pezzino et al., 1990); (¢) the Africo Unit
(Messina et al., 1992) (Fig. 1b).

The westernmost tectonic window (Cardeto
window) and Madonna dei Polsi Unit are made
up of a greenschist-facies metapelitic sequence,
significantly overprinted by Alpine mylonitic
metamorphism. Bonardi et al. (1987), Platt and
Compagnoni (1990) and Messina et al. (1992,
1996), believe that the Madonna dei Polsi Unit
represents a totally re-equilibrated zone of the
APU related to Alpine retrograde tectonometa-
morphic evolution. By contrast, Pezzino et al.
(1990, 1992) believe that the Madonna dei Polsi
area corresponds to an underlying prograde HP
Early Alpine metamorphic unit (Madonna dei
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Polsi Unit), characterised by low- to medium-
grade metapelites (Fig. 1b).

In the present study, the central-eastern tec-
tonic window, partially corresponding to the Afri-
co Unit of Messina et al. (1992), is called the
Samo-Africo Complex (SAC). It is made up of a
greenschist-facies metapelitic-metapsammitic se-
quence with minor layers of metacarbonates,
characterised by early LT-HP metamorphism
and a later lower-pressure mylonitic stage, also in-
volving the lower portion of the overlying APU
(Fig. 2). The high-grade metamorphic rocks of the
APU extend across the Strait of Messina to the
Peloritani Mountains and represent the upper-
most unit of this nappe-edifice. It overlies a phyl-
litic Paleozoic unit, known as Mandanici Unit, and
over a terrigenous-carbonatic Mesozoic—Cenozo-
ic fragmentary cover, called the Ali sequence
(Cirrincione and Pezzino, 1991, 1994). The Man-
danici Unit and Ali sequence show an Alpine sub-
ereenschist to greenschist-facies metamorphic
overprint that developed at about 26 Ma (Atzori
etal., 1994).

The tectono-stratigraphic sequence of the
CPO southern sector terminates with the widely
distributed conglomerates and turbiditic sand-
stones of the Late Oligocene—Early Burdigalian
Stilo-Capo d’Orlando Formation (SCOF) (Bon-
ardi et al., 1980b; Cavazza, 1988; Cavazza et al.,
1997). This formation is topped (Fig. 1b) by a clay-
rich mélange (Varicolori Clays) attributed to
back-thrusting (Ogniben, 1960) or re-sedimenta-
tion (Cavazza et al., 1997).

3. Tectonometamorphic evolution

According to most authors, the dominant meta-
morphism in the southern sector of the CPO
basement rocks is generally due to the Variscan
orogeny. However, in the southern Aspromonte
Massif, only sporadic fragments of the SU me-
tapelites are characterised exclusively by a Hercy-

(a) Geological map of study area. (b) Cross sections.

nian fabric, whereas the main structures found in
the APU and SAC are generally related to perva-
sive Alpine mylonitic deformation of Late Oli-
gocene age (Bonardi et al., 1987; Pezzino et al.,
1990, 1992; Platt and Compagnoni, 1990). Pre-my-
lonitic relics found in the APU are related to retro-
grade Hercynian HT-LP metamorphism whereas,
in the SAC pre-mylonitic relics are ascribed to ear-
ly LT-HP Alpine metamorphism.

Abbreviations used in the text are: D APV and
D, SAC ntt deformation phases in APU and in
SAC, respectively; M, APV and M, SAC: crystallisa-
tion events, where index n indicates the relative
chronology of the event. Where the index is not
specified (e.g., D, — D,,,), the deformation phase
occurs in both units.

3.1. Pre-mylonitic deformation
phases and metamorphism

The rocks of the Aspromonte-Peloritani Unit are
essentially characterised by strong Alpine mylo-
nitic foliation, which becomes pervasive near the
tectonic contact with the underlying basement
rocks of the Samo-Africo Complex. Nevertheless,
relics of early isoclinal folding, related to the first
Variscan deformational phase (D,AfV), are found
aligned along the mylonitic foliation. According
to Bonardi et al. (1987), the D APV folding event
belongs to the Variscan orogeny, peaking by 330
Ma, which produced the oldest identifiable meta-
morphic surface (S,A"V) (Fig. 3a). '

Under the microscope, the metapelites of the
APU show a syn-kinematic assemblage of
Qtz+Pl,+Bt;+Wm,+Grt,+Kfs,+Sil defining the

' The subscripts of S (foliation), L (lineation) and B
(plunge of fold axis) derive from the relative
deformational event (e.g. S;*"V from D,A"Y). Mineral
abbreviations after Kretz (1983); additional abbrevia-
tions are: Wm, white mica (solid solution of Ms, Pg and
Phn); Kfs, K-feldspar, and Amph, generic amphibole.
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S|APU surface (Figs. 4a-5a), replaced by wide-
spread coarse-grained recrystallisation of Wm,,
which developed during late-stage rehydration of
the Kfs;+Sil assemblage. Locally, late porphyro-
blasts of And, also occur. During the DAV event,
amphibolites and amphibole-bearing gneiss de-
veloped a Otz+Pl+Bt,+Hbl,£Grt, assemblage,

with local retrograde flakes containing oligoclase
(P1,) and actinolite (Amph,).

The microcrenulation of S,APV represents the
subsequent deformation phase (D,APY), locally
producing a S,APU schistosity, given by the aligned
growth of Qtz+PLi+Wm;tBt,+Grt,=Chl,+And,
(Figs. 3a,4a, 5b).

PRE—MYLONITI(IT STRUCTURES

a

APU

e ™= ™= |

| (DZSACV

Fig. 3 Tectono-metamorphic evolution of Aspromonte-Peloritani Unit and Samo-Africo Complex.
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The oldest deformation phase identified in the
SAC (D3A¢) is represented by isoclinal folds, pro-
ducing an axial planar foliation S;3A¢, defined in
the southern sector by low-grade mineral assem-
blages (Qtz+Pl,+Chl;+Wm+Ep ,+Grt;=Rt) and
evolving in the northern sector into higher-grade
assemblages (Qtz+Pl+Grt;+Wm,+Ep, = Amph,+
Chl,#Rt+=TtnxIlm) (Figs. 3b, 4b, 5c).

This evolution suggests the existence, within
the SAC, of an early relic metamorphic field gra-
dient, with grade increasing toward the north,
which is interpreted as LT-HP metamorphism re-
lated to crustal thickening, as recognised in the
ophiolitic units of northern Calabria (Schenk,
1980; Van Dijk et al., 2000; Rossetti et al., 2001).

A local crenulation cleavage (S,5A¢) indicates
the second deformation phase (D,%A¢), locally
leading to the crystallisation of Qtz+Pl,+Chl,+
Wm, (Figs. 3b, 4b, 5d).

3.2. Syn- and post-mylonitic deformation
phases and metamorphism

The subsequent deformation phase (D,,) deve-
loped during the Late Oligocene—Early Miocene

overthrust of the APU upon the SAC, along a
deep-seated compressional shear zone. In the
rocks of both units, the effect of the consequent
mylonitisation produces both a pervasive mylo-
nitic foliation (S,,) and a pervasive stretching line-
ation (L,,). Locally, D,, totally replaces the pre-
existing foliations and produces a great reduction
in grain size, especially in the leucocratic gneiss of
the APU (Fig. 3c).

The attitudes of the S, foliation have an aver-
age strike direction of N45, with dips of 20°-80° to
the SE or NW (Fig. 6). The stretching lineation
(L,,) 1s oriented approximately SW-NE, plunging
[5-35° alternatively SW or NE in both units (Fig.
6). In the present-day geographic coordinates,
several types of kinematic indicators show a top-
to-NE direction of shear in both units (Figs. 3¢-7).

These structural data are consistent with Oli-
gocene-Miocene Africa-verging orogenic trans-
port,in view of the fact that the Aspromonte Mas-
sif was affected by major counter-clockwise rota-
tion (60-70°) during the Late Oligocene—Recent
south-east migration of the CPO (Scheepers,
1994; Scheepers et al.,, 1994; Rosenbaum and
Lister, 2004). During this time, retrograde green-
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Fig. 4 Relationship between deformation phases and crystallisation events: (a) in Aspromonte-Peloritani Unit;

(b) in Samo-Africo Complex.
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schist-facies metamorphism developed along the
S,, foliation, defined by syn-kinematic growth of
Qtz+Bt;+Wm;+Chl +Ep, = Grt; 2Pl £ Tur, and
Qtz+Wm,+Chl;+Ep,£Bt,+Grt;+Pl; in the APU
and SAC, respectively (Figs. 4-7).

The effect of the mylonitic event on the defor-
mation behaviour of the single mineral phase var-
ies due to different intracrystalline deformation
mechanisms operating during strain evolution.
More particularly, in the southern-sector litho-
types of both units, brittle-plastic deformation be-
haviour of mineral phases may be observed, with
microfractured sigmoidal garnet aggregate and
bookshelf-sliding feldspars producing antithetic
fractures with respect to the direction of shear;
these two phases are surrounded by granoxeno-
blastic ribbon-like quartz (Fig. 7 c¢.d.de.f.f’). In
this area, ribbon-like quartz shows a dominant
dislocation glide deformation mechanism with
limited grain boundary migration, especially on
basal glide planes in the (c)<a> direction. This is
demonstrated by the asymmetric cross-girdle

quartz c-axis fabric, obtained by an image-assisted
analysis computer program on thin sections cut
perpendicular to the mylonitic foliation and par-
allel to the stretching lineation (Fig. 8 c,d.e.f)
(StereoNett 2.0; Duyster, 1996).2

In the northern sector of the study area, the
D,, deformation phase frequently involved high-
temperature deformation mechanisms, testified

2 The crystallographic orientation of the quartz c-axis
was computed with AVA diagrams (AVA= Achsen-
verteilungsanalyse; Sander, 1950) using StereoNett 2.0
software (Duyster, 1996). This software applies image-
analysis techniques to calculate the azimuth and inclina-
tion of quartz c-axes for every position within the field
of view by recording the changing birefringence colours
while the microscope stage is rotated by 90° (AAVA
method - Automatische AchsenVerteilungs Analyse). A
detailed description of the procedure is given in Appen-
dix A of Stockhert and Duyster, (1999) and on web site
http://www.microtexture.de/StereoHTML/
quarzava.htm.

Fig. 5 Early metamorphic assemblages in Aspromonte-Peloritani Unit and Samo-Africo Complex: (a) axial planar
schistosity (S,**V) highlighted by Qtz+Pl;+Bt;+Wm,+Grt,+Sil assemblage (nicols +); (b) crenulation schistosity
(S,*PY) developing in lepidoblastic levels (nicols +); (¢) axial planar schistosity (S,54€) in amphibole-bearing schists
of northern SAC, highlighted by Otz+Grt,+Pl;+ Amph,+Ilm+Rt assemblage (nicols +); (d) micro-crenulation of
S foliation with development of S,%¢ crenulation schistosity and crystallisation of Qtz+Pl,+Chl,+Wm, (nicols +).
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Fig. 6 Map of study area: Stereoplot (lower hemisphere) of attitude of mylonitic foliation (S,,), plunge of stretching
lineation L, B,,., fold axes, intersection lineation L,,.,, orientation of brittle thrust plane, and plunge of B,,,, axis
(see text for explanation).

by both syn-kinematic growth of biotite and feld-  top-to-the-NE and/or NNE direction of shear is
spar affected by synthetic bookshelf-sliding struc-  also confirmed by the quartz c-axis orientation
ture, surrounded by totally recrystallised ribbon-  pattern (Fig. 8 a.b.c.d).

like quartz (Fig. 7a-b). These fabrics indicate a The subsequent deformation phase (D,.,)
combined sub-grain rotation and grain boundary  produced in both units isoclinal folds of the mylo-
migration recrystallisation regime, as demonstrat-  nitic foliation (S,) from macroscopic to micro-

ed by both oblique foliation (Passchier and Trouw,  scopic scales (Figs. 3d-9), producing a local axial
1996) (Fig. 7 b’) and progressive activation of the  planar foliation (S,,,;) which becomes pervasive
prism {m}<c> slip system toward the north. The  only in the leucocratic gneiss of the APU. This
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Fig. 7 Syn-mylonitic (D,, event) metamorphic microstructures and assemblages in Aspromonte-Peloritani Unit
(left column) and Samo-Africo Complex (right column) from south to north. (a) Synthetic and antithetic fractures in
feldspar porphyroclast (nicols crossed); (b) o-type plagioclase porphyroclast (nicols crossed), with: b’) oblique folia-
tion in recrystallised ribbon-like quartz (nicols crossed, with gypsum plate); (¢) 8-type and antithetic microfaults in
plagioclase porphyroclasts (nicols crossed); (d) ribbon-like quartz levels (nicols parallel), with: d°) grain boundary
migration phenomena (nicols crossed); (e) mica-fish and syn- to post-mylonitic crystal growth of tourmaline (nicols
crossed); (f) sigmoidal garnet aggregate (nicols parallel), with: ) brittle effects in microcrystalline garnets (nicols

parallel).

folding event affected the lithotypes of both units
and also the mylonitic thrust contact, with conse-
quent transposition of the latter and the develop-
ment of irregular layering with repetition, at dif-
ferent scales, of the rocks of the two units. This

event represents the space-time evolution of the
compressional shear zone during exhumation of
the crystalline basement rocks.

The macroscopic fold axes (B,,,;) show SE-
NW orientations, plunging 5-15° SE or NW, coin-
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Fig. 8 Quartz c-axis orientation pattern of APU (left column) and SAC (right column) mylonitic rocks from south-
ern to northern sector of study area (see text for explanation).

Fig. 9 Syn-D,,, metamorphic assemblages in Aspromonte-Peloritani Unit and Samo-Africo Complex:
(a) Otz+Wm,+Pl, assemblage of APU (nicols crossed); (b) Qtz+Pl,+Wm,+Bt; assemblage of SAC (nicols crossed).

ciding with the related intersection lineation During the D,,,, event in the APU rocks,
(L) represented by rods, drag folds and micro-  growth of white mica (Wms) and overgrowths of
folds (Figs. 3d-6). garnet (Grt,) rims and new plagioclase (Ply) are
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observed (Fig. 9a). In the SAC, the syn-S,,,, as-
semblage Qtz+Pl,+Wmy+Bt,+Ep;+Chl, occurs,
especially in the northern sector (Fig. 9b).

3.3. Late and brittle deformation phases

The evolution of the compressional thrust belt
proceeded at shallower conditions, producing SE-
verging metric to hectometric asymmetrical folds
(Do) (Fig. 3e) with average axis orientations
from WSW-ENE to SW-NE (B,,,, in Fig. 6). The
thrust-sheet system evolved, producing a conju-
gate secondary brittle thrust system on a different
scale, oriented N45-N65 and plunging alterna-
tively SE or NW (Figs. 3e-6).

This thrust system remobilised the earlier duc-
tile shear zone, transposing the tectonic contact
between APU and SAC and causing pronounced
thickening of the mylonitic band, which currently
ranges from 0.5 to 0.8 km.

This last compressional shear event thrusted
the SU onto the underlying APU along a brittle
shear zone, partly sutured by the syn-orogenic
deposition of SCOF. The base of SCOF locally
shows secondary thrusts, which indicate a com-
pressional tectonic regime persisting until mid-
Miocene time.

Subsequently a NE-SW brittle extensional
fault system marks the change from a compres-
sional to an extensional tectonic regime, accom-
modated by a NW-SE transtensional fault system
(e.g., Buonamico fault; Fig. 1b). This normal fault
system was also responsible for the longitudinal
uplift of the Aspromonte Massif and of the trans-
versal basin structures, which cross the Aspro-
monte Massif horst structure to the north (Fig. 1b).

4. Rock and Mineral Composition

Fourteen representative samples of SAC and five
of APU were selected for study of the bulk rock
and mineral compositions. Sample locations are
shown in Fig. 2. Analytical conditions and repre-
sentative compositions of bulk analyses and min-
eral composition are listed in Appendix 1.

4.1. Bulk composition

The SAC garnet-muscovite-bearing schists and
APU paragneisses are essentially homogeneous
in their major element contents.

The bulk composition of the metapelitic rocks
of both units confirms protoliths of pelitic to
semipelitic type, as shown in the Fe,O5°/K,0 vs.
Si0,/AlLO; classification diagram (Fig. 10a), indi-
cating that these sedimentary protoliths originat-
ed at an active continental margin, as suggested
by the K,O/Na,O vs. SiO, discrimination diagram
(Fig. 10b).

4.2. Mineral chemistry

42.1. Garnet
Garnet is widely distributed in all of the analysed
rocks, except for the lowest-grade metapelites
from the SAC. Pre-mylonitic sigmoidal garnet ag-
gregates of the southern SAC show uniform com-
positions. Almandine is consistently higher than
46 mol%, grossularite ranges from 24 (average
core composition) to 19 mol% (average rim com-
position), and spessartine from 10 (core) to 17
mol% (rim). Subordinate pyrope (4-6%) is ob-
served. Syn-DSAC garnet, outcropping in the
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Fig. 10 (a) Discrimination diagram log (SiO-/Al,O5) vs. log (Fe,O,/K,0) from Herron (1988) showing shale com-
position of studied metapelites; (b) Discrimination diagram wt% SiO, vs. wt% K,O/Na,O, after Roser and Korsch
(1986) to indicate geotectonic setting. Squares APU — Circles SAC.
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Ca

Mg
Fig. 11

northern SAC, shows slightly higher grossularite
(29 mol% in the core) compared with those of the
southern SAC (Fig. 11) 7.

Syn-D APV garnet is very different from the
pre-mylonitic garnet of the SAC. In the APU, al-
mandine is similar or slightly higher (65-70
mol % ) than in the SAC, while grossularite is low-
er (47 mol%); pyrope (9-12 mol% ) and spessar-
tine (16-20 mol %) are higher (Fig. 11).

3 Average values of garnet composition of SAC were
obtained on 30 and 19 point analyses for core and rim
compositions, respectively.
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Fig. 12 Compositional variations of white mica in
APU and SAC. Continuous and dotted lines: pre- and
syn-mylonitic white mica of SAC. Dashed-dotted and
dashed lines: pre- and syn-mylonitic white mica of APU.
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Compositional variation of garnet from APU and SAC . Squares and circles: syn-D5*¢ garnets of northern
and southern SAC. Diamonds: syn-D APV garnets of APU.

4.2.2. Biotite

Biotite in SAC metapelites is rare, except in the
amphibole-bearing schists of the northern sector,
where it is locally more abundant than white mica.
It grew exclusively during the D, and D, events
and shows uniform composition compared with
the syn-D,, and/or syn-D,,,, found in the APU
(Xp. about 0.5; AI'Y content ranging between 2.1-
2.7 a.p.fu; Ti content between 0.03-0.22 a.p.f.u).
By contrast, syn-D, APV biotite is different in com-
position and is classified as Fe-biotite, with higher
Al content (2.8 a.p.f.u).

4.2.3. White Mica
Syn-D5A€ white mica reveals significant phengite
content and a relatively homogeneous composi-
tion (Si ranging between 3.35 and 3.44 a.p.f.u). It
shows higher Fe-Mg and lower paragonite (Na/
(Na+K) = 0.1-0.2) than the late syn-D,, and syn-
D,,., white mica of the same unit (Fig. 12).

Syn-D,APY white mica has low phengite (Si =
3.0-3.1 a.p.fu), whereas the composition of the
syn-mylonitic white mica has intermediate phen-
gite contents, comparable with the syn-D,, white
mica of the SAC (Fig. 12).

4.2.4. Plagioclase
Syn-D,5AC plagioclase contains between 9 and 18
mol % anorthite,suggesting relic LT pre-mylonitic
assemblages for the rocks belonging to the SAC
(Fig. 13).

In APU paragneiss, pre-mylonitic zoned
plagioclase has anorthite contents ranging from
30-50 mol% (core) to 5-10 mol% (rim), suggest-
ing a higher metamorphic grade for the pre-mylo-
nitic protolith of this unit than in the SAC.

Pre-kinematic K-feldspar is abundant in the
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feldspars of sample AP-20 (laminated leucocratic gneiss of APU).

leucocratic gneiss of the APU and is characterised
by a decrease in K/Na, ranging from 94.6 mol%
orthoclase (core) to 80.1 mol% (rim) (Fig. 13).

Syn- to post-mylonitic plagioclase of both
units is characterised by anorthite contents <4
mol %, except for some retrograde oligoclase rims
bounding syn-D,, albite in the SAC. This last evi-
dence indicates overgrowth during the decom-
pressional path of the SAC (Fig. 13).

4.2.5. Amphibole
Syn-D*A¢ amphibole shows compositions rang-
ing from tschermakite hornblende to barrosite
hornblende, with relatively high contents of Na,,,
(0.625-2.0 a.p.fu), low Ti (0.035 a.p.f.u) and Al
(1.90-2.7 a.p.f.u).

In the APU rocks, amphibole is classified as
Mg-hornblende, with retrograde flakes of tscher-
makite to actinolite composition. They have rela-
tively low Nay, (0.120-0.241 a.p.f.u), while Al and
Ti contents range from 1.67 to 3.1 a.p.f.u and from
0.009 to 0.145 a.p.f.u, respectively.

4.2.6. Chlorite
Chlorite is widespread in all rocks of the APU. It
occurs only as a retrograde phase on biotite and
amphibole. In the SAC rocks, it occurs along the
C-plane of the mylonitic foliation (S,,); its compo-
sition ranges from ripidolite to pychnochlorite.

4.2.7. Other Minerals
In the SAC rocks, epidote crystallised both during
the first deformational phase (D,>A¢) and D, and
D,,., phases. The first generation has relatively

high values of Fe?* (X cite = 0.22-0.26) and may
be classified as Al-epidote. The second generation
has lower pistacite component (X cie = 0.14),
consistent with a clinozoisitic composition. The
APU syn-D,, epidotes show similar composition
to those crystallising during the same deforma-
tional event in the SAC.

Tourmaline grew mainly during the D,, event
and is quite common in the APU laminated leuco-
cratic gneiss (Fig. 7e). It often shows inverse Fe-
Mg zoning from core to rim. Rutile, related to the
HP pre-mylonitic event, is found as inclusions in
the syn-D5AC garnet.

[Imenite is the most common accessory miner-
al in the rocks of both units; syn-D,APV crystals
display a higher Mn/Fe ratio than syn-D,3AC j]-
menite, confirming the higher metamorphic tem-
perature of the APU pre-mylonitic metamor-
phism than in the SAC.

5. P-T estimates and metamorphic evolution

Metamorphic P-T conditions were estimated us-
ing an integrated approach based on: (a) available
thermobarometers applied to select mineral as-
semblages (Table 1): (b) calculated metamorphic
equilibria at suitable bulk composition in the Na-
CaKFMASH system (Worley and Powell, 1998)
(Tables 1-2); (c) the study of mineral phase defor-
mation behaviour (Table 1).

The first approach was applied choosing as-
semblages characterised by a clearcut textural
equilibrium.
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Selected metamorphic equilibria were calcu-
lated using the PERPLEX software package, as-
suming SiO, and O, to be excess thermodynamic
componen:s and H>O an excess phase component
(Connolly. 1990) (Table 2). The internally consist-
ent database and the compensated Redlich-
Kwong fluid equation of state of Holland and
Powell (1998 — updated by Connolly, 2005, pers.
comm.)*, were used in computations of thermo-
dynamic equilibria.

The P-T range of the retrograde mylonitic
event was also constrained by means of the
quartz, feldspar and garnet deformation behav-
iour in mylonites of both units.

5.1. Pre-mylonitic metamorphism

The earliest identifiable assemblage in the APU
rocks (M, A"V consists of quartz, andesine, alman-

4 See Appendix 2 for solid-solution model glossary.

dine garnet (with low grossularite contents), silli-
manite, biotite, muscovite s.s £ K-feldspar. This
paragenesis is strongly overprinted by a retro-
grade assemblage, comprising static coarse-
grained muscovite s.s. and syn-kinematically
grown quartz, oligoclase, biotite, almandine gar-
net (with low grossularite content) and andalusite
(M,APY) (Table 2).

According to the estimated mineral composi-
tion of equilibrium 1, calculated for AP-2 bulk-
composition (Table 2), the M;APY assemblage 1s
characterised by pressures ranging from 0.39 to
0.5 GPa and temperatures from 650° to 675 °C, as
constrained by the intersection with the 3.1 Si-
content curve (Massonne and Schreyer, 1987)
(Tables 1-2; Fig. 14a). The resulting P-T values
confirm HT-LP peak metamorphic conditions,
ascribed to the Variscan evolution of the Aspro-
monte-Peloritani Unit.

The subsequent metamorphic event (M,APY)
developed at lower P-T conditions (P 0.25-0.42
GPa; T 510°-560 °C), confirming the retrograde
evolution of the Variscan metamorphism. This is

Table I Average P-T estimates of Samo Africo Complex and Aspromonte Peloritani Unit samples.

Method and reference Southern SAC Northern SAC APU
Peak temperature estimates

Grt-Bt thermometry (Ferry and Spear, 1978) 520° £ 30°C
Grt-Bt thermometry (Perchuk and Laurentva, 1983) 545°+30°C
Grt-Bt thermometry (Bhattacharya et al., 1992) 500° + 30°C
Grt-Phe thermometry (Hynes & Forest, 1988) 470° + 30°C 490° + 30°C

Gri-Amph thermometry (Graham and Powell 1984) 545° +25°C

Amph-Pl thermometry (Holland and Blundy, 1994) 540° £ 20°C

Equilibrium 1 675° £ 20°C
Pressure at peak estimates

GASP barometer (Koziol, 1989) 0.2-0.3GPa
Al content in Amphibole (Hammarstrom and Zen, 1986) 1.1 £ 0.1 GPa

Si content in phengite (Massonne and Schreyer, 1987) 0.95 - 1.05 GPa 0.95-12GPa  0.390-0.45 GPa

Equilibrium 1

0.275 - 0.725 GPa

Retrograde temperatare estimate

Deformation behaviour of mineral phases (firt and 460° — 320°C 500° - 320°C 500° - 350°C
Tullis, 1992; Pryer,1993; Passchier and Trouw,1996)

Equilibrium 2 550°+10°C
Equilibrium 3 450° £20 °C
Equilibrium 4 520°+10°C

Equilibrium 5 450° £ 15°C

Equilibrium 6 530° +20°C

Equilibrium 7 410° +20°C

Retrograde pressure estimate

Equilibrium 2 0.425 £ 0.2 GPa
Equilibrium 3 0.6 £ 0.25 GPa

Equilibrium 4
Equilibrium 5
Equilibrium 6
Equilibrium 7
Si content in phengite (Massonne and Schreyer, 1987)

0.6 = 0.025 GPa

0.45+0.15 GPa

0.575 £0.01 GPa
0.4+ 0.15 GPa
0.25 - 0.65 GPa

0.25 - 0.65 GPa 0.39 - 0.75 GPa

Equilibria are calculated by PERPLEX (Connolly and Perrini, 2002)
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Fig. 14 Estimated P-T path of APU and SAC: (a) P-T evolution of APU constrained by use of: equilibria 1 and 2
representing syn-M, APV and syn-M,A*V assemblages calculated for sample bulk composition (AP-2) (see text for
explanation); Grt-Bt thermometry (Ferry and Spear, 1978; Perchuk and Lavrent’eva, 1983; Bhattacharya et al.,
1992); GASP barometer of Koziol (1989); grey area: P-T values of syn-mylonitic event derived from behaviour of
mineral phases during shear event, confined by isopleths of Si content (Massone and Schreyer, 1987) (see text for
explanation); equilibrium 3: retrograde mineral assemblage developing during mylonitic event calculated for sample
bulk composition (AP-2) (see text for explanation); (b) — (¢) P-T evolution of southern and northern SAC, con-
strained by use of: Grt-Phe thermometer of Hynes and Forest (1988); dashed-dotted lines: Amph-PI thermometer of
Holland and Blundy (1994): vertical dashed lines: Grt-Amph thermometer of Graham and Powell (1984); horizontal
dashed lines: Al in Amph barometer of Hammarstrom and Zen (1986); grey area: P-T values of syn-mylonitic event
derived from behaviour of mineral phases during shear event confined by isopleths of Si content (Massone and
Schreyer, 1987) (see text for explanation). Equilibria 4 and 6: breakdown of pre-mylonitic grossularite-rich garnet for
bulk composition of samples SA-12 and SA-62. Equilibria 5 and 7: retrograde mineral assemblages developing dur-
ing mylonitic event for bulk composition of samples SA-12 and SA-62 (see text for explanation). (d) Schematic PT
evolution of APU and SAC. Single continuous arrow: entire PT evolution of SAC; double continuous arrow: Variscan
PT evolution of APU; double dashed arrow: mylonitic Alpine evolution of APU. Gln: glaucophane stability bound-
ary (Carman and Gilbert, 1983). A1,SiO; triple point is from Holdaway (1971).

constrained both by equilibrium 2 and by the in-
tersection between the garnet-biotite thermome-
ter (Ferry and Spear, 1978; Perchuk and
Lavrent’eva, 1983; Bhattacharya et al., 1992) and
GASP barometer (Koziol, 1989)(Tables 1-2; Fig.
14a).

In the SAC metapelites, the earliest identifia-
ble metamorphic assemblage (M ,3¢) consists of
quartz, almandine garnet (with high grossularite
content), white mica (with relatively high phen-
gite content), oligoclase and epidote (Table 2).

The M;3AC thermometric estimates, ranging
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Table 2

47

Bulk composition of selected samples. Composition of mineral assemblages in different metamorphic

events. Calculated mineral assemblages in the NaCaKFMASH system.

Bulk composition in NaCaKFMASH system

Location APU Southern SAC Northern SAC
Selected samples AP-2 SA-12 SA-62
Lithotypes Garnet-Sillimanite Paragneiss Garnet-Muscovite Schist Garnet-Muscovite Schist
Si0, 61.08 64.99 61.01
ALO; 14.95 14.31 15.59
Ee© 6.74 9.23
MgO 2.97 438
Ca0 .36 1.31
Na,O 2.49 1.61
K,O 2.44 2.38
H,O excess excess
0, excess excess excess

Metamorphic event

Measured mineral compositions and recalculated end-members percentage for different metamorphic event

Qtz+Pl(abssans )+

M, APU Bt(annyiphlieeastisidphsys
! Wm(muggeel-feelg)+Chi(*)+
Grt(almsyogrgpy;:)+Sil
¢! Qtz+Pl(abygany, )+
M:’\I ; Bt(annyphlyeastysidpho )+ Chi(*y+
Grt(almyg grgpy )+ And
M e s T S e e S Qtz+Plabgyany, )+ Wm(muggeelsfeel o)+ Qtz+Pl(abgpansg ) +Grt(almegrsopys)
L Chl(*)rEp(czoofeps )+ Gritalmagriopys R+ Wm(musscelysfeel <)+ Ep(ezgofepy) Rt
T e PSS Qtz+Pl(abesans) +Chl(*)+ Qtz+Pl(abgsans)+Chl(*)
4 Wm(mug.celpfeel ) +Wm(mugcel yfeel )
Qtz+Bt(anns,phlygeasty sidph )+ Qtz+Wm(muggeel,feelyy) Oz + Wm(mug,cel, feel )
Wm(musecelsfeel, ) +Ab +Chl(clingsdaphssamess +Chl(clingdaphssamesas) +Ep(czgofepsq)
M, +Mpi | 1 isdag 20) ndap 25) TEp(czgolepx

+Chl(clingdaphsamesy,) +Ep(czssfepas)

FEp(czgofepao)t Bi(annasphlseastyssidphs)

~Bt(ann,sphlseastyssidphas)

+Pl(abgoan,;) +Pl(absoansg)

Metamorphic evolution

Calculated mineral assemblages composition for NaCaK FMASH system

Pl(abgoanygoryg) + Sil+H,0«

" A Sy 1
HT Variscan evolution l Pl(abgsansg)+Wm(muy )+ Qtz

Pl(abggan,o)+ Gri(almss
araspyas)t Wmimuyg)+H,Oe
Grt(almgggr»)+Pl(abgoan)
Bt(annysphlsseastyssidphas)
Chl(clinsdaphssamess))+Qlz

Retrograde Variscan 9
evolution

Breakdown reactions 4
of Early Alpine garnet

Bt(annsyphlsy)+PL(abssan, )+
Wm(muggfeely, ) +Gri(almssgrie )
H.O« Bi(annysidphsg)
+Chl(clinsgdaphsg)+
Pl(abs7an,;)+Qtz

muggfeel) +Grt(almssgrs) +H.O
<> Bt(annssiphls)+
Chl(clinsgdaphsg)+Pl(abegans,)
+Quz

Chl(daphgo)+Bt(annsgphlse)+

Pl(abgpansy)+Qtz+H>O«— Ab+ 5

Chl(clinsydaphs)+ Ep(czgfepa, )
Wm(mug,feely, ) +Qtz

Syn-mylonitic Late 3
Alpine reactions

Bt(annsgphlse)+Chl(daph o)+
Pl(abggan )+ Qtz+H,0«
Chl(clinsgdaphsg)+
Wm(muggfeely)+
Ep(czgfep,)+ Ab+Qtz

Bt(ann:gphls; )+ Chl(daph;ge)+

Pliabgan;s)+Qz+H,O 7

Chl(clinspdaphsg)+Wm{mugfeelsy)+
Ep(czyfep)+Ab+Qtz

* Data not available. End member abbreviations after Holland and Powell (1998). Number of reactions in the lower

part of the table refers to equilibria number of Fig. 14.

between 480° and 520 °C, were evaluated using
the garnet-phengite couple (Hynes and Forest,
1988) for estimated minimum pressures of 0.98-
1.05 GPa obtained through the phengite content
in white mica (Massonne and Schreyer, 1987) (Ta-
ble 1; Fig. 14b—c).

For amphibole-bearing schists (northern
SAC) the intersection between the garnet-amphi-
bole (Graham and Powell, 1984), the amphibole-
plagioclase (Holland and Blundy, 1994) geother-

mometers, and the geobarometer based on Al
contents in amphibole (Hammarstrom and Zen,
1986) was applied. These yield higher M 5AC meta-
morphic peak condition than the metapelites of
the same unit (P 1.0-1.2 GPa;T 520°-560 °C) (Ta-
ble 1; Fig. 14c).

These discrepancies notwithstanding, the
above estimates indicate for the M,3A¢ phase a
relatively high-pressure metamorphism, which
differs significantly from the early low-pressure

Bt(annsgphlse)+PL{abssanso )+ Wm(
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metamorphism (M;APV) of the APU. We interpret
the M >A¢ event as due to Early Alpine metamor-
phism related to crustal thickening, which devel-
oped upon subduction of the Mesozoic pelitic
cover.

5.2. Syn- to post-mylonitic metamorphism

The metapelitic rocks of the APU and SAC con-
tain a similar syn-mylonitic assemblage, consisting
of quartz, albite, low phengite, Al-epidote, ilmen-
ite, chlorite (ripidolite-pychnochlorite in compo-
sition) and biotite, with an average ratio of Fe/
(Fe+Mg) = 0.52, differing only with the presence
in the SAC of oligoclase reaction rims, which sur-
round earlier albite porphyroblasts.

The bulk compositions of samples AP-2, SA-
12 and SA-62 (simplified for the NaCaKFMASH
system) (Table 2) were used to estimate equilib-
rium conditions pertaining to the retrograde meta-
morphic evolution.

During the D, deformational event, the
Otz+Wm,+Chl,+Pl+Ep, assemblage developed
at the expense of the Qtz+Bt,+Pl;+Chl; assem-
blage in APU metapelites; according to equilib-
rium 3 (Table 2), this reflects higher P (0.8-0.38
GPa) and lower T values (480°-410 °C) than the
Variscan evolution (Tables 1-2; Fig. 14a).

The syn-D,, assemblage of the southern and
northern SAC may be explained by the same retro-
grade evolution, which occurred in two phases.

The first phase involves breakdown of grossu-
larite-rich garnet at lower P and at near-isother-
mal conditions (P 0.625-0.58 GPa;T 520 + 30 °C),
according to equilibria 4 and 6 (Tables 1-2; Fig.
14b—c). The resulting adiabatic decompression
path of the SAC is also constrained by the pres-
ence of the oligoclase reaction rim surrounding
earlier albite porphyroblasts.

The second phase is characterised by syn-kin-
ematic growth of Qtz+Wm;+Chl; +Ep,+Pl;£Bt,
in a P-T range of P 0.625-0.35 GPa; T 480°-380
°C, according to equilibria 5 and 6 (Tables 1-2;
Fig. 14b—c).

For all the previous syn-shear T estimates
(500°-380 °C), a minimum Pressure condition
ranging from 0.625 to 0.35 GPa was constrained
by Massonne and Schreyer’s (1987) geobarome-
ter (Si contents 3.15-3.28) for both units (Table 1;
Fig. 14a-b—c).

The deformation behaviour of mineral phases
confirms that the mylonites developed between
upper and lower greenschist-facies conditions. In
particular, syn-mylonitic ribbon-like quartz of the
southern sector of the study area is characterised
by a dominant dislocation glide deformation
mechanism with limited grain boundary migra-

tion. In the northern sector, this evolved into a
combined sub-grain rotation and grain boundary
migration recrystallisation regime (Fig. 7a-b). The
progressive changes in the quartz slip-system re-
gime, from an asymmetric cross-girdle c-axis ori-
entation pattern (south) to an orientation pattern
with the c-axis lying subparallel (15°-30°) to the
stretching lineation (north) (Fig. 8), indicates a
north-verging increase in temperature from 400
°C to 600 °C in a hydrous regime (Hirth and Tullis,
1992; Passchier and Trouw, 1996).

The highest temperatures obtained appear to
be an overestimate, in view of the fact that all of
the mylonitic lithotypes (in the southern and
northern sector) are characterised by brittle de-
formation behaviour of feldspar and garnet (Fig.
7c,d.e,f). Syn-mylonitic growth of biotite and the
activation of synthetic fractures in bookshelf-slid-
ing feldspar are observed in the northern sector
(Fig. 7a-b), confirming higher shearing tempera-
tures toward the north. In this context a reliable
upper T limit of the shear phase consistent with all
observations is >420 °C (Pryer, 1993), but <500 °C
(Passchier and Trouw, 1996).

The present P-T path indicates Late Alpine
shearing at conditions evolving from upper to low-
er greenschist-facies, associated with rapid adia-
batic uplift of a deep-seated shear zone linked to
nappe emplacement, which occurred during the
compressional shear stage of the Africa-verging
collisional event.

6. Discussion and conclusions

The multidisciplinary approach adopted in the
present paper allowed us to unravel the tec-
tonometamorphic evolution of the Aspromonte-
Peloritani Unit and Samo-Africo Complex, offer-
ing a new geodynamic scenario for the southern
sector of the Calabrian Peloritani Orogen.

The mylonitic event, which thrust the Aspro-
monte-Peloritani Unit onto the Samo-Africo
Complex along a thick mylonitic band, marks the
beginning of the joint structural and metamorphic
history of these two units. Before this event, the
two units had undergone very different tectono-
metamorphic evolutions.

According to most authors (Bonardi et al.,
1987; Pezzino et al., 1990, 1992; Platt and Compag-
noni, 1990; Messina et al., 1992, 1996), the earlier
tectonometamorphic evolution of the APU was
characterised by Hercynian retrograde polyphase
evolution, represented by relic layering (S,A"V)
given by the syn-M APV assemblage, locally crenu-
lated (S,APV) and partially overprinted by the syn-
M,APU assemblage (Table 2).
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The peak P-T conditions (0.39-0.5 GPa; 650°-
675 °C) are consistent with LP amphibolite-facies
metamorphism (Fig. 14d). By contrast, the earlier
tectonometamorphic evolution of the SAC was
characterised by low- to medium-temperature
peak metamorphic conditions, consistent with
pre-mylonitic relic metamorphism emphasised by
the syn-M 3A¢assemblage (Table 2), locally crenu-
lated (S,°A%) and partially retrogressed in the
M,3AC assemblage (Table 2). Measured peak P-T
conditions (0.98-1.2 GPa; 480°-560 °C) indicate a
lower (southern SAC) to upper (northern SAC)
greenschist-facies metamorphism, developed un-
der HP conditions (Fig. 14d).

This information indicates that the peak P-T
conditions of the SAC pertain to early crustal
thickening, probably during the (Late Creta-
ceous?) Europe-verging subduction of thinned
continental crust from the Adria margin beneath
the European continental block. This stage is geo-
chronologically related to the LT-HP ophiolitic
units of northern Calabria, clearly representative
of the HP Alpine metamorphism in the CPO
(Schenk, 1980; Van Dijk et al., 2000; Rossetti et al.,
2001).

In this new tectonic reconstruction, the SAC
represents the natural southern continuation of
the micaschists and amphibole-schists of the Ma-
donna dei Polsi Unit (Pezzino et al., 1990, 1992;
Puglisi and Pezzino, 1994), rather than the lower
greenschist-facies metapelites belonging to the
Variscan Africo Unit of Messina et al. (1992).

The syn-mylonitic assemblages found in rocks
belonging to both units have close compositional
affinity, suggesting this joint tectonometamorphic
history, which evolved from 500° to 350 °C, with P
ranging from 0.775 to 0.325 GPa (Fig. 14d). These
conditions, according to Pezzino et al. (1990) and
Puglisi and Pezzino (1994), refer to an Alpine
shearing event of Late Oligocene age (Bonardi et
al., 1987), which developed during uplift and ex-
humation of the crystalline basement rocks along
a deep-seated compressional shear zone, rather
than by horizontal extensional exhumation as in-
voked by Platt and Compagnoni (1990).

In both units, the shearing phase in the south-
ern sector gave rise to a pervasive stretching line-
ation (L,,), usually oriented SW-NE, passing
north to SSW-NNE orientation (Fig. 6). Along
the L,, lineation, identified non-coaxial kinematic
indicators show a top-to-the-NE or NNE direc-
tion of shear in the present-day geographic coor-
dinates (Figs. 7-8). In this context, major counter-
clockwise rotation (60°-70°) occurred in the As-
promonte Massif during the Oligocene-Recent
south-east migration of the CPO (Scheepers,
1994; Rosenbaum and Lister, 2004), indicating

original Africa-verging (ESE) orogenic transport.

The presence of preserved HP relic assem-
blages, oligoclase reaction rims and post-mylonit-
ic isoclinal folds (D,,,,) indicate fast uplift of the
SAC, compatible with syn-convergent exhuma-
tion of a relatively HP metamorphosed sedimen-
tary sequence.

Emplacement of the compressional thrust-
belt persisted until the Early Miocene, as shown
by thin-skinned SE-verging thrust-sheet planes
involving the base of the Stilo-Capo d’Orlando
Formation. This shallow thrust-sheet system pro-
duced both a pronounced thickening of the mylo-
nitic band (present-day thickness 0.5-0.8 km) and
an overlap of the external crystalline basement
unit (Stilo Unit) with the Aspromonte-Peloritani
Unit, along a brittle thrust plane.

According to Gueguen et al. (1998), the
change from a compressional to an extensional
tectonic regime began to operate for the CPO
during the Late Burdigalian, associated with the
opening of the Valivov basin and consequent
separation of the CPO from the Sardinia block.
The latter event is recorded in the CPO northern
sector by brittle features operating from Late Mio-
cene times (Cello et al., 1996). Brittle extensional
tectonics are represented in the southern sector of
the CPO by a NE-SW normal fault system, ac-
commodated by a NW-SE transtensional fault
system shown, for example, by the Buonamico
fault (Fig. 1b).

The identification, in the deeper crystalline
basement rocks (SAC) of relic Early Alpine HP
metamorphic rocks exhumed in compressional
regimes, opens up a possible new alternative tec-
tonic frame, partly contrasting with the extension-
al exhumation model of HP metamorphic rocks
proposed by Platt and Compagnoni (1990). In this
new frame, the occurrence of a suture zone with
Alpine HP-LT metamorphism (SAC) may be in-
terpreted as resulting from a complete orogenic
cycle, including Europe-verging (Late Creta-
ceous?) subduction, followed by a Late Oligocene
collisional phase responsible for rapid extrusion
along an adiabatic decompression path. In this
context, SAC P-T evolution implies exclusively
Alpine metamorphism affecting the Mesozoic
sedimentary sequence, as found in the anchimeta-
morphic Mesozoic—Cenozoic Ali sequence (Pelo-
ritant Mountains) (Cirrincione and Pezzino, 1991,
1994; Atzori et al., 1994) and in the Madonna di
Polsi Unit (central and northern Aspromonte
Massif) (Pezzino et al., 1990, 1992; Puglisi and
Pezzino, 1994).

In this new tectonic frame, the two lowermost
crystalline basement units outcropping in the As-
promonte area represent a portion of an active
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continental margin, which, following subduction,
was extruded along the suture of the collision
zone.

This interpretation modifies the geological
framework and consequent geodynamic scenario
of earlier studies (Bonardi et al., 1987; Platt and
Compagnoni, 1990; Messina et al., 1992, 1996). It
needs to be corroborated by structural and petro-
logical reviews of the entire Aspromonte area,
complemented by new “in situ” geochronological
data, to improve our understanding of the com-
plex polymetamorphic and polyorogenic meta-
morphic evolution of the CPO southern sector.
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Fe2+ 0.095 0.184 0.216 0.131 0.159 0.157 0.221 0.163 0.127
Cr 0.002 0.001 0.002 0.002 0.003 0.003 0 0.001 0.002
Mn 0 0.003 0.001 0.001 0 0 0.002 0.001 0.002
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Ca 0 0.001 0.003 0.01 0.005 0.004 0.001 0 0.003
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K 0.669 0.898 0.928 0.888 0.882 0.822 0915 0.88 0.886
Cations 6.879 6.984 7.029 7.019 7.053 6.991 7.022 7.035 7.042
O 11 11 11 11 11 11 11 11 11
Fe/FeMg 0.6 0.4 0.34 0.41 0.5 0.5 0.34 0.45 0.51
Mg/FeMg 0.4 0.6 0.66 0.59 0.5 0.5 0.66 0.55 0.49

I and II: pre-mylonitic and syn- to post- mylonitic minerals, respectively.
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Rock Metapelite Leucocratic-gneiss
Location Southern SAC Northern SAC APU

Sample SA-11 (108) SA-11(148) SA-12 (185) SA-62 (389) AP-2 (268) AP-2(292) AP-20 (465)
Type I I 11 I I 11 I
Zone CORE RIM RIM CORE CORE RIM CORE
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TiO, 0.00 0.07 0.00 B - 0.07 0.01
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I and II: pre-mylonitic and syn- to post- mylonitic minerals, respectively




P-T evolution of Alpine metamorphism in Aspromonte Massif

Richard, L.R. (1995): MinPet: Mineralogical and pet-
rological data processing system, version 2.02.
MinPet Geological Software, Québec, Canada

Rosenbaum, G.. Lister, G.S. and Duboz, C. (2002):
Relative motions of Africa, Iberia and Europe
during Alpine orogeny. Tectonophysics 359, 117-
129.

Rosenbaum, G. and Lister, G.M. (2004): Neogene
and Quaternary rollback evolution of the Tyrrhe-
nian Sea, the Apennines, and the Sicilian Magh-
rebides. Tectonics 23, TC1013, doi:10.1029/2003
TCO01518

Roser. B.P. and Korsh, R.J. (1986): Determination of
tectonic Settino of sandstone-mudstone suites
using SiO, content and K,0O/Na,O ratio. J. Geo-
logy 94, 635-630.

Rossetti, F., Faccenna, C., Goffé, B., Patrick, M., Ar-
gentieri, A., Funiciello, R. and Mattei, M. (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.

Sander, B. (1950): Einfithrung in die Gefiigekunde
der geologischen Korper, Band 1I: Die Kornge-
fiige, Springer, Wien, 409 pp.

55

Scandone, P. (1982): Structure and evolution of the Ca-
labrian Arc. Earth Evol. Sci. 3,172-180.

Scheepers, PJ.J. (1994): Tectonic rotations in the Tyrrhe-
nian arc system during the Quaternary and late Ter-
tiary. (Ph.D. thesis, Utrecht University), Geologica
Ultraiectina, 112, pp. 352.

Scheepers, PJJ., Langereis, C.G., Zijderveld, JD.A. and
Hilgen, FJ. (1994): Paleomagnetic evidence for a
Pleistocene clockwise rotation of the Calabro-
Peloritan block (southern Italy). Tectonophysics 230,
19-48.

Schenk, V. (1980): U-Pb and Rb-Sr radiometric dates
and their correlation with metamorphic events in
the granulite-facies basement of the Serre, Southern
Calabria, ltaly. Contr. Mineral. Petrol. 73,23-38.

Stockhert, B. and Duyster, J. (1999): Discontinuous grain
growth in recrystallised vein quartz — implications
for grain boundary structure, grain boundary mobil-
ity, crystallographic preferred orientation, and stress
history. J. Structural Geol. 21, 1477-1490.

Tortorici, L. (1983): Lineamenti geologico-strutturali
dell’Arco Calabro. Rend. Soc. It. Min. Pet. 38, 927
940.

Van Dijk, J.P, Bello, M., Brancaleoni, G.P., Cantarella,
G., Costa, V., Frixa, A., Golfetto, F., Merlini, S., Riva,

Table A6 Representative analyses of epidote and amphibole.

Mineral Epidote Amphibole

Rock Metapelite Amphibole-bearing schist

Location Southern SAC APU Northern SAC APU

Sample SA-12 (196) AP-2(221) SA-58 (237)  SA-58(250) AP-12 (5) AP-13 (18)
Type 11 11 I | I 11
Zone CORE CORE CORE RIM CORE CORE
SiO, 38.64 38.07 55.32 43.08 46.67 41.06
TiO, 0.18 0 0.23 0.36 0.62 0.23
Al,O; 24.94 24.97 16.66 16.47 10.01 17.27
FeOwt - - 8.68 16.57 14.12 19.05
Fe,O;' 9.54 11.64

Cr,0;4 0 0 0.05 0.03 0.04 0.00
MnO 0.17 0 0.09 0.06 0.25 0.24
MgO 0.08 ) 3.63 8.53 12.62 6.73
CaO 21.22 24.35 4.86 9.88 12.07 10.09
Na,O 0.76 0 8.01 2.33 1.31 227
K,O 0.46 0 0.16 (.48 0.33 0.51
Total 95.99 99.03 97.69 97.79 98.04 97.45
Si 3.087 2.983 7.638 6.184 6.757 6.083
ALV 0 0.017 0.362 1.816 1.243 1.917
AlV! 2.347 2.287 2.347 0.968 0.465 1.098
Cr 0 0 0.005 0.003 0.005 0.000
Fe’ - - 0.925 0.661 1.244 1.500
Fe? 0.573 0.686 0.078 1.328 0.466 0.816
Ti 0.011 0 0.024 0.039 0.068 0.026
Mg 0.01 0 0.747 1.825 2.723 1.486
Mn 0.012 0 0.011 0.007 0.031 0.030
Ca 1.817 2.044 0.719 1.519 1.872 1.601
Nay, - - 2.000 0.649 0.128 0.399
Na, - - 0.144 0.000 0.240 0.253
Na,, 0.118 0 2.144 0.649 0.368 0.652
K 0.047 0 0.028 0.088 0.061 0.096
Sum_oxy 12.5 12.5 23 23 23 23

I and II: pre-mybnitic and syn- to post- mylonitic minerals, respectively.
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Appendix 1

Analytical conditions and
representative analyses

Bulk composition was obtained by XRF on a
Philips PW 2404 spectrometer of the Department
of Geological Sciences, University of Catania.
Mineral composition was measured at Depart-
ment of Earth Sciences, University of Modena, on
an ARL-SEMQ microprobe. Operating condi-
tions for microprobe analyses: 15 kV and 15 nA:
integration time 10 s; natural and synthetic pure
oxides used as standards for calibration. A PAP

program was used to convert counts into wt% of

oxides. Mineral formulae and ferric/ferrous iron
ratios calculated using MINPET 2.02 program
(Richard, 1995). on the basis of 12 oxygens and 8
cations for garnet, 23 oxygens and average Fe?"
(cation sum — K=15) for amphibole, 11 oxygens
for micas, 28 oxygens for chlorites; for epidote, all
Fe content was considered Fe’*.

Appendix 2

Mineral solid solution model

Solid solution models are: Chlorite — non-ideal
model for clinochlore, daphnite, amesite, fer-
roamesite, Al-free chlorite and Fe-Al-free chlo-
rite (Holland and Powell, 1998); Biotite — Fe-Mg-
Mn biotite (Powell and Holland, 1999); Plagio-
clase 1 — model for albite-rich side of plagioclase
solid solution (Newton and Haselton, 1981);
Plagioclase 2 — ideal ternary feldspar (Furman
and Lindsley, 1988); White mica — potassium
phengitic mica encompassing paragonite-cela-
donite-ferroceladonite-muscovite (Holland et al.,
1998); Garnet - quaternary garnet model among
grossular, pyrope, almandine, spessartine (Hol-
land and Powell, 1998) and Epidote - non-ideal
mixing model for clinozoisite, ferro-epidote end-
members (Holland and Powell, 1998). Above so-
lution model is in agreement with Connolly and
Petrini (2002).
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