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Abstract. An approximately 7 km thick, continuous 
sequence of granulite-facies rocks from the lower 
crust, which contains a lower granulite-pyriclasite unit 
and an upper metapelite unit, occurs in the NW Serre 
of the Calabrian massif. The lower crustal section 
is overlain by a succession ofplutonic rocks consisting 
of blastomylonitic quartz diorite, tonalite, and gra- 
nite, and is underlain by phyllonitic schists and 
gneisses. 

Discordant apparent zircon ages, obtained from 
granulites and aluminous paragneisses, indicate a mi- 
nimum age of about 1,900 m.y. for the oldest zircon 
populations. The lower intersection point of the dis- 
cordia with the concordia at 296_+2 m.y. is also 
marked by concordant monazites. Therefore, the age 
of 296_+2 m.y. is interpreted as the minimum age 
of granulite-facies metamorphism. 

Concordant  zircon ages were obtained from a 
metamorphic quartz monzogabbronorite sill 
(298_+5m.y.) and an unmetamorphosed tonalite 
(295_+2 m.y.); they are interpreted as the intrusion 
ages. 

Discordant zircon ages from a blastomylonitic 
quartz diorite gneiss, situated between the lower crus- 
tal unit and the non-metamorphosed tonalite, reveal 
recent or geologically young lead loss by diffusion. 
The 2~176 ages of the two analysed size-frac- 
tions point to an intrusion age similar to that of 
the overlying tonalite. 

Rb-Sr mineral ages are younger in the granulite- 
pyriclasite unit than in the overlying metapelite unit. 
Feldspars from the granulite-pyriclasite unit yield 
ages of about 145 m.y. and those from the metapelite 
unit 176_+ 5 m.y. In the same way, the biotite cooling 
ages range between 108 and 114 m.y. in the granulite- 
pyriclasite and between 132 and 135 m.y. in the meta- 
pelite unit and the tonalite. Some still younger biotite 
ages are explained by the influence of tectonic shear- 
ing on the Rb-Sr systems. A muscovitc from a post- 
metamorphic aplite in the metapelite unit yields a 
cooling age of 203 _+ 4 m.y. 

The Rb-Sr isotopic analyses from migmatite bands 

do not lie on an isochron, perhaps due to limited 
isotopic exchange between the small scale layers dur- 
ing the long cooling period after the peak of metamor- 
phism. 

In the phyllonitic gneisses and schists a Hercynian 
metamorphism is indicated by a muscovite age of 
268_+ 4 m.y., whereas the biotite age of 43 + 1 m.y. 
from the same sample can be correlated with an Al- 
pine greenschist-facies metamorphism. 

On the basis of the radiometric dates and of the 
P-T path of the lower crustal section deduced petro- 
logically, the following model is presented: the end 
of the Hercynian granulite-facies metamorphism was 
accompanied by an uplift of  the lower crustal rocks 
into intennediate crustal levels and by synchronous 
plutonic intrusions into the lower crust and higher 
crustal levels, but essentially into the latter. Substan- 
tial further uplift did not occur until after cooling 
from the temperature of the granulite-facies metamor- 
phism to the biotite closing temperature. This cooling 
lasted for about 185 m.y. in the lower part and for 
about 160 m.y. in the upper part of the lower crust 
section. 

A comparison between the geologic evolutions of 
the NW Serre of Calabria and the Ivrea Zone of the 
Alps demonstrates striking similarities. The activity 
of deep seated faults in both areas at least since late 
Hercynian time raises the possibility that a fault pre- 
cursor of the boundary of the Adriatic microplate 
already existed at this time. 

1. Introduction 

1.1. Geological Setting 

Calabria is situated in the sharp bend connecting the 
NW-SE Apennine and the W-E Maghrebide Moun- 
tain chains of Sicily and Northern Africa (Fig. 1). 
The extcnsivc exposures of deep continental crust i n  
Calabria are unusual within the Apennine-Maghre- 
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Fig. 1. Location of the Serre in the 
Calabrian massif (stippled) and of the 
Ivrea Zone and approximate position 
of the boundary (dotted line) of the 
Adriatic microplate (after Giese and 
Reutter 1978) 

Fig. 2. Simplified geological map of 
the northwestern Serre with the 
sample locations (numbers). The 
border between the quartz dioritic 
gneisses and the tonalite is taken from 
the geological map 1:25,000 of 
Calabria (Cassa per il mezzogiorno). 
The border tonalite-granite is from 
Amodio-Morelli et al. (in press) 
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bide system. In the NW Serre, Southern Calabria, 
granulite-facies rocks are exposed for about 400 km 2 
(Fig. 2). The lithostratigraphic sequence exposed (bot- 
tom to top) from north to south is (Schenk 1978): 

1. Retrograde schists and gneisses (greenschist 
facies) 

2. Granulite-facies rocks of the lower crust 
(a) Granulite-pyriclasite unit; 
(b) Metapelite unit; 
3. Blastomylonitic quartz dioritic gneisses 
4. Tonalite 
5. Granite. 
Further to the southeast, the granite is overlain 

by partly contact-metamorphosed phyllites of palaeo- 
zoic age which are themselves discordantly overlain 
by Mesozoic limestones, Tertiary sandstones, and 
conglomerates (Quitzow 1935). 

The granulite-facies rocks are separated from the 
underlying and overlying units by tectonic contacts. 
The lower contact with retrograde schists and gneisses 
is a mylonitic fault zone, while at the upper contact 
the granulitic rocks are interdigitated with blastomy- 
lonitic quartz dioritic gneisses. 

The two granulite-facies units form an approxi- 
mately 7 km thick sequence which may represent a 
continuous section of a former lower crust. The gra- 
nulite-pyriclasite unit consits predominantly of granu- 
lites and pyriclasites with less abundant pyribolites 
and ultramafic lenses. The metapelite unit, which 
overlies structurally concordantly but stratigraphi- 
cally discordantly the granulite-pyriclasite unit, in- 
cludes predominantly aluminous paragneisses, grano- 
felses, pyriclasites and minor silicate marbles. Also 
present is a 200-300 m thick metamorphosed sill of 
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Fig. 3. Two possible crustal structures of Northern Calabria ac- 
cording to two-dimensional computations on the basis of magnetic 
and seismic data (Schwarz 1978). Crustal structure (lines of equal 
velocity) after Schfitte (1978). Location of the profile (A-B) in 
Fig, 1 

lower crust in the Sila and the Serre are thought 
to have been originally part of the African shelf split 
off during early Alpine phases (Haccard et al. 1972; 
Alvarez 1976; G6rler and Giese 1978; Amodio- 
Morelli et al., in press). On the other hand, the author 
pointed out, on the basis of his petrological work 
(Schenk 1978), resemblances between the Serre and 
the Moldanubicum in the Central European Hercy- 
nian belt where relatively small granulite bodies with 
the characteristic rock association of fine-grained 
granulites, pyriclasites, and ultramafics are linked with 
anatectic paragneiss series as in the Serre. This may 
support a former connection of the Calabrian base- 
ment with the Hercynian belt of central Europe in 
Palaeozoic time. 

quartz monzogabbronorite and smaller lenses of 
meta-alkalic granite. The entire sequence exhibits the 
same granulite-facies metamorphism and post-meta- 
morphic history. Granulite-facies metamorphism 
occurred in the granulite-pyriclasite unit near 800 ~ C 
and 8 kb, which corresponds to a depth of about 
30 kin; it was followed by an isothermal pressure de- 
crease of 1.5-2.0 kb after which cooling occurred at 
constant pressure or accompanied by a small pressure 
decrease (Schenk 1977, 1978). The retrograde hydra- 
tion and amphibolite-facies overprint increase to- 
wards the top of the sequence. 

The crustal structure beneath Calabria displays 
some characteristic features. Geophysical investiga- 
tions have revealed a crustal doubling due to subduc- 
tion of the Adria microplate beneath the Tyrrhenian 
crust; this crustal doubling is common along the bor- 
der of the Adria microplate (Giese and Reutter 1978). 
In addition, a high velocity layer was detected under 
the Sila (Northern Calabria) at a depth of about 
20 km and this is underlain by a velocity inversion, 
thereby indicating a crust-mantle boundary inside the 
subducted Adria plate (Schfitte 1978). According to 
the two-dimensional model computations based on 
magnetic measurements and seismic data in the Sila 
(Schwarz 1978), a connection between the lower crus- 
tal rocks at the surface and the high velocity layer 
at depth is possible (Fig. 3). Gravimetric data in 
Southern Calabria are compatible with an analogous 
crustal structure in this area, although corresponding 
seismic data are still lacking (Giese and Reutter 1978). 

The crustal structure of Calabria as determined 
by the geophysical investigations as well as the geologic 
and petrologic features of the NW Serre show remark- 
able similarities with the Ivrea Zone of the Alps 
(Schenk and Schreyer 1978). This supports modern 
reconstructions of the geological history of the central 
Mediterranean in which Calabria is interpreted as 
a former continuation of the Alps. The rocks of the 

1.2. Previous Geochronological Studies and Purpose of 
this Work 

Geochronological studies have addressed the age of 
the granites, granulite-facies rocks, and greenschist 
metamorphism. The granites of the Serre and the Sila 
have late-Hercynian cooling ages of 230 l to 295 t m.y., 
according to Rb-Sr determinations on biotites (Fer- 
rara and Longinelli 1961; Borsi and Dubois 1968; 
Borsi etal. 1976). The Rb-Sr biotite ages in the 
granulite-facies rocks and in the tectonically overlying 
quartz dioritic gneisses and tonalite range between 
1521 and 1321 m.y. (Borsi et al. 1976). Borsi et al. 
propose to relate these dates either with a metamor- 
phic event or preferably with the cooling during an 
early Alpine uplift. The greenschist-facies overprint 
in the retrograde schists and gneisses which underlie 
the granulite-facies rocks at the northern end of the 
Serre (Fig. 2) could be of Eocene age, on the basis 
of K-Ar muscovite data (48 m.y., Borsi and Dubois 
1968) from Northern Calabria. 

Despite the geochronological work previously 
done, the age of the granulite-facies metamorphism 
has not been dated. The present study concentrates 
on the age of this metamorphism. U-Pb analyses of 
zircons and monazites and Rb-Sr analyses of whole 
rocks and minerals were obtained in order to date 
the pressure-temperature path deduced from pet- 
rological investigations (Schenk 1977, 1978). For a 
better understanding of the temporal relationship be- 
tween granulite-facies metamorphism and magma- 
tism, zircons from the tonalite and the quartz dioritic 
gneiss were also analysed. On the other hand, Rb-Sr 
biotite dates from these rocks should help to clear 
the postmagmatic cooling and tectonic history of 
these lithological units. Rb-Sr determinations on mus- 

Recalculated using 2aTRb-  1.42 x 10 11 y-  t 
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covites and biotites of the phyllonites from the north- 
ern most Serre were carried out in order to date 
the greenschist-facies overprint as well as the earlier 
metamorphism. 

In addition, the radiometric dates can be used 
to test the relationships suggested above between the 
Calabrian basement and the granulites of Central Eu- 
rope of Caledonian age (J~iger and Watznauer 1969; 
Arnold and Scharbert 1973) or of the Ivrea Zone 
of the Alps, where the metamorphism ended with 
a Hercynian event (K6ppel 1974). 

2. Description and Location of the Samples 

Samples for U-Pb analyses of zircons and monazites and for the 
Rb-Sr mineral analyses were collected essentially along a N-S pro- 
file through both lithostratigraphic units of the granulite-facies 
basement of the Serre and also from the quartz dioritic gneiss 
unit, the tonalite, and the retrograde schists and gneisses. Most  
of the samples were selected in order to supply zircon, monazite, 
feldspar and biotite ages of the same rock. Rb-Sr isotopic analyses 
of whole-rock samples were performed on individual layers of 
a banded migmatite of the metapelite unit. 

2.1. Zircon and Monazite Samples 

Granulite KAL-808. Granulite-pyriclasite unit. New road between 
Cellia and the chapel S. Croce. 

Paragenesis: orthopyroxene-garnet-biotite-potash feldspar- 
plagioclase - quartz - ilmenite - r utile - pyrrhotite - chalcopyrite - graph- 
ite-apatite-zircon-monazite. 

Very fine-grained rock. 
Rock sample: 19 kg. Zircon: 1.3 g. Monazite: ~ 1 g. 
The zircons are homogeneous and typically rounded, ellipsoi- 

dal and transparent, colourless or pale pink, They contain very 
few inclusions and have a very low magnetic susceptibility. Most 
of the zircons have developed new crystal faces, but their ellipsoidal 
habit is preserved. Zoning is not revealed by transmitted or 
reflected light, but a distinct internal heterogeneity becomes visible 
when studying the cathodoluminescence patterns (Fig. 4a): Nearly 
all zircons include a relatively small core displaying repeated zoning 
with euhedral crystal growth zones. The outer, larger zone around 
the core is fairly homogenous and gives the crystal its oval shape, 
typical for many zircons of granulite-facies rocks (Grauert and 
Wagner 1975). The cathodoluminescence of the rim is lighter than 
that of the core. According to Grauert (1974) these lighter zones 
reflect lower concentrations of heavy elements like U, Th, and 
Pb. 

The monazite crystals are also ellipsoidal and clear, but yellow- 
ish. 

Granulite KAL-85. Granulite-pyriclasite unit. Some ten meters be- 
low the contact to the metapelite unit, at Fosso Umbrita, along 
the road between Polia and Monterosso. 

Paragenesis, rock type, recovery, and description of zircons 
and monazites as in KAL-808. Rock sample: 10 kg. 

Granulite KAL-147. Granulite-pyriclasite unit. Small quarry at Zap- 
paterra, 150 m W of the road Polia-Filadelfia. 

Paragenesis (but without orthopyroxene), rock type, recovery, 
and description of zircons and monazites as in KAL-808. Rock 
sample : 2 kg. 

Fig. 4a  and b. Cathodoluminescence patterns of zircons from two 
samples of the granulite-facies basement of the NW Serre. Length 
of the photographs: 0.7 mm. a Granulite KAL-808, size-fraction 
125-150 p.m. Rounded grains consisting of small euhedral zoned 
cores surrounded by anhedral outer zones, b Meta quartz monzo- 
gabbronorite KAL-420, size-fraction > 150 p.m. Prismatic euhedral 
and subeuhedral grains with concentric zoning; in the upper right, 
a corroded core rich in inclusions 

Pyriclasite KAL-145. Granulite-pyriclasite unit. Old quarry at Zap- 
paterra along the road between Polia and Filadelfia. 

Paragenesis: orthopyroxene-clinopyroxene-biotite-garnet-pla- 
gioclase-quartz-pyrrhotite-chalcopyrite-pyrite-ilmenite-apatite-zir- 
con-monazite. 

Fine-grained rock with a weak banding of mafic and less 
mafic layers. Garnet occurs essentially along fine cross fractures. 

Rock sample: 48 kg. Zircon: 9 g, of which 60 wt.% are 
30-80 p.m. 

Three zircon populations are distinguishable: (1) Pink, cloudy 
crystals, mostly short prismatic, (2) Colourless to whitish, cloudy 
grains, generally ellipsoidal, and (3) Colourless, transparent, ellip- 
soidal crystals with well-developed crystal faces. 

Nearly all zircons have a very low magnetic susceptibility, 
Only the colourless and whitish zircons in the size-fraction 
125-160 gm were enriched by handpicking and analysed. 

As for the zircons of KAL-808, zonation was not detected 
by classical optical methods. But again the cathodoluminescence 
patterns show large cores with multiple euhedral zones which reflect 
a former free crystal growth, probably during a magmatic phase. 
Small, light rims surround the cores incompletely. The zircons 
are similar to those of KAL-420 (Fig. 4b). 
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Pyriclasite KAL-420 (Meta-quartz monzogabbronorite). Metapelite 
unit. Old quarry, 2 km E of Monterosso. 

Paragenesis: orthopyroxene-clinopyroxene-biotite-plagioclase- 
potash feldspar-apatite-ilmenite-pyrrhotite-zircon. 

Homogeneous, medium-grained rock with gneissic texture. 
Rock sample : 28 kg. Zircon: 1.8 g, of which more than 80 wt. % 

are 30-80 ~tm. 
Only the cathodoluminescence makes the zonations visible: 

Oval shaped, lighter rims surround euhedral, multiple zoned cores, 
which show in some cases obvious signs of corrosion. Some zircons 
have irregularly shaped, dark cores, rich in inclusions (Fig. 4b). 

The analysed zircons of the size-fraction 100-125 gm are non- 
magnetic and represent a mixture of two populations: (1) Pink, 
cloudy, prismatic crystals, and (2) Clear, ellipsoidal grains with 
numerous, small crystal faces. 

The second size-fraction analysed (30-50 ~tm) is also non-mag- 
netic and consists of euhedral, clear to pink needles with a length 
to width ratio of about 4.0. 

Metapelite KAL-170. Metapelite unit. Stream, l km S of Capis- 
trano. 

Paragenesis: garnet-cordierite-sillimanite-biotite-potash feld- 
spar -plagioclase-graphite- ilmenite - rutile - pyrrhotite - chalcopyrite- 
apatite-zircon-monazite. 

Coarse-grained rock with fractured garnets which have been 
rotated after crystallization, 

Rock sample: 11 kg. Zircon: 8 rag. Monazite: 2-3 g. Similar 
quantity ratios between zircon and monazite occur in other high- 
grade metamorphic pelites from the Moldanubicum (Grauert et al. 
1974). 

The zircons are in all respects similar to those from the granu- 
lite sample KAL-808. The most abundant crystals are small 
(< 30 gm), clear and ellipsoidai. The zircon sample was not divided 
into different size-fractions because of low recovery. 

The most abundant monazites are smaller than 50 ~tm. These 
crystals are clear, yellowish green, and ellipsoidal. 

Metapelites KAL-90, -168, -489, -879. All from the metapelite unit. 
Paragenesis similar to that of KAL-I70, but with i quartz 

• plagioclase • potash feldspar. 
Because only monazites had to be separated, small samples 

of 0.5 to 6 kg were crushed. 
KAL-90 : 800 m NE of Monterosso, 50 m E of the road Monte- 

rosso-Polia. KAL-168: 1 . 3 k m S  of Capistrano, small quarry 
50 m E of the road Capistrano-S. Nicola. KAL-489: Torrente 
Falla, 500 m N of S. Nicola. KAL-879:150 m S of the cemetery 
of S. Nicola. 

Quartz Dioritic Gneiss KAL-887. Stream, 100 m NW of Vallelonga. 
Paragenesis: cummingtonite-green hornblende-biotite-plagio- 

clase-quartz-apatite-clinozoisite-carbonate-opaque ore-zircon. 
Coarse-grained gneiss with blastomylonitic texture. 
Rock sample: 1.7 kg. Zircon: 0.5 g. 
Homogeneous zircon population of clear euhedral needles of 

pink color. A regular, concentric zoning is visible using the catho- 
doluminescence method. In some of the zircons, irregularly shaped 
(corroded?) cores are present. 

Tonalite KAL-730. 1 km E of Cardinale, on the new road to Sa- 
triano. 

Paragenesis : plagioclase-quartz-biotite-apatite-carbonate-cli- 
nozoisite-sphene-zircon. 

Rock sample: 3 kg. Zircon: 0.25 g. 
The zircons are in all respects similar to those of sample KAL- 

887. Their regular idiomorphic zoning may indicate a magmatic 
crystallization. 

2.2. Rb-Sr Whole-Rock Samples 

A large sample of a migmatitic, A1203-rich paragneiss (KAL-168) 
was collected from the metapelite unit about 1 km S of Capistrano 
(Fig. 2). The sample represents a 45 cm thick portion of a banded 
migmatitic gneiss and consists mainly of melanosomes with two 
leucosomes and a calc-silicate layer. A 5 cm thick plate was cut 
perpendicular to the layers and divided in 15 petrographically ho- 
mogeneous samples, 2-5 cm thick, from which 10 were chosen 
for analysis on the basis of their Rb/Sr ratios. The analysed samples 
a r e :  

A : Quartz-plagioclase-potash feldspar leucosome rich in pot- 
ash feldspar. 

N: Quartz-plagioclase-potash feldspar leucosome poor in pot- 
ash feldspar. 

F: Sample rich in leucosome which also contains pieces of 
melanosome. 

C, G, 1, L, M:  Melanosomes with garnet-biotite-cordierite- 
sillimanite-plagioclase _+ quartz + potash feldspar. 

K: Cab-silicate consisting of anorthite rich plagioclase, quartz, 
garnet and biotite. 

KL: Border zone of layer K which adjoins layer L, enriched 
in biotite. 

2.3. Samples for the Rb-Sr Mineral Analyses 

The rock samples chosen for Rb-Sr mineral dating were of very 
small size (30-50 g) in order to get mineral concentrates as homoge- 
neous as possible, chemically and isotopically. If possible, analyses 
of biotite, potash feldspar, plagioclase, apatite, and whole-rock 
were performed on the same sample. Muscovite is absent from 
the granulite-facies rocks and also from the quartz dioritic gneisses 
and the tonalite but could be dated in one aplite in the upper 
part of the metapelite unit and in the retrograde schists and gneisses 
north of the Curinga-Girifalco line (Fig. 2). 

Most  samples selected for Rb-Sr mineral dating are the same 
as for zircon and monazite analyses (2.1) and, therefore, will not 
be listed again. 

Granulite KAL-808. Granulite-pyriclasite unit. New road between 
Cellia (Polia) and the chapel S. Croce. 

Paragenesis: garnet-biotite-potash feldspar-plagioclase-quartz- 
ilmenite-rutile-pyrrhotite-chalcopyrite-graphite-apatite-zircon-mon- 
azite. 

Homogeneous, fine-grained rock. 

Metapelite KAL-370. Metapelite unit. Fosso Ferraro, 150 m SE 
of the road Polia-Monterosso. 

Paragenesis: garnet-biotite-sillimanite-potash feldspar-quartz- 
graphite-ilmenite-rutile-pyrrhotite-chalcopyrite-apatite-zircon-mon- 
azite. 

Fine-grained rock with gneissic texture. 

Garnet-Biotite Gneiss' KAL-657. Metapelite unit. Fosso Cataratti, 
1 km SE of the road Polia-Monterosso. 

Paragenesis: garnet-biotite-potash feldspar-plagioclase-quartz- 
apatite-ilmenite-pyrrhotite-chalcopyrite-zircon. 

Fine-grained rock with gneissic texture. Potash feldspar 
(~  4 VoI.%) is not homogeneously distributed, but enriched in 
patches. 

Aplite KAL-491. Metapelite unit. Torrente Falla, 400 m NE of 
S. Nicola. 

Paragenesis: biotite-muscovite-potash feldspar-plagioclase- 
quartz-apatite-zircon. 

Fine-grained, homogeneous rock, with a schistose texture. 
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Meta-Quartz Monzogabbronorite KAL-94. Same intrusive body as 
zircon sample KAL-420 M, metapelite unit, along the road between 
Monterosso and Capistrano. 

Paragenesis: orthopyroxene-clinopyroxene-biotite-plagioclase- 
potash feldspar-apatite-ilmenite-pyrrhotite-zircon. 

Homogeneous, medium-grained rock with gneissic texture, 

Phyllonitic Gneiss KAL-51. Unit of the retrograde schists and 
gneisses, north of the Curinga-Girifalco line. Road bridge across 
the Fiume Pesipe, 1.5 km W of Cortale. 

Paragenesis: potash feldspar-plagioclase-quartz-muscovite- 
garnet-clinozoisite-apatite-zircon-opaque ore. 

Muscovite is present as big, deformed porphyroblasts, but 
essentially as fine crystalline matrix along shear planes. 

Phyllonitic Mica Schist KAL-42. Unit of the retrograde schists 
and gneisses, north of the Curinga-Girifalco line. Road, 1.5 km 
ENE of Curinga. 

Paragenesis: garnet-biotite-mnscovite-clinozoisite quartz-pla- 
gioclase-apatite-zircon and/or monazite-opaque ores. 

3. Analytical Procedures 

3.1. U-Pb Isotopic Analyses 

Zircon and monazite concentrates, obtained by using a Wilfley 
table and heavy liquids, were washed in hot 6N HC1 followed 
by hot 6N HNO3. Grain size fractions (nylon sieves) were further 
divided according to their magnetic susceptibility using a Frantz 
electro-magnetic separator. Only zircons of low magnetic suscepti- 
bility (non-magnetic at 1.6 A and 0.5 degree lateral tilt) were ana- 
lysed. The last cleaning of the zircon and monazite fractions (8 
to 45 mg) was performed by hand-picking. 

For extraction of U and Pb, the chemical procedure developed 
by Krogh (1973) was used. Aliquots of the dissolved samples were 
spiked with a combined 2~ tracer. 

Isotopic analyses were performed on a Teledyne (SS-1290) 
solid source mass spectrometer equipped with a peakhopping sys- 
tem, a Cary 401 vibrating reed amplifier and an on-line computer. 
Pb was measured using a Re single filament and the silica gelphos- 
phoric acid load technique (Cameron et al. 1969). U was measured 
on a Re single filament with a mixture of TaO2 and Ta as activator. 

The isotopic composition of common Pb used for corrections 
are: 2~176 2~176 and 2~176 
38.17. The following constants were used: 223sU= 
1.5513x10 lOy-1, ,~2ssU=9.8485x10-1Oy -1 and 238UlZ35U= 
137.88. The assigned analytical uncertainties are: 2~ 
_+ 1.0%, 2~176 • 2~ • 1.0%. Regression 
calculations were performed by the least squares method of York 
(1969). 

3.2. Rb-Sr Isotopic Analyses 

Pulverization of whole-rocks and mineral separation were 
performed using standard techniques. Sample splits of about 
100 mg were dissolved in Teflon beakers with HF+HNO3(3:I),  
A combined S7Rb-S4Sr spike was used. Rb and Sr were separated 
by ion exchange techniques. 

Rb was loaded as chloride on the side filament (Ta) of a 
triple filament source, Sr as a phosphate on a single Ta filament. 
The mass spectrometer used was the same as that used for U 
and Pb analyses. 

Regression calculations were performed by the least-squares 
method of York (1969) using ,~87Rb = 1.42 x 10-1 ly- 1 (Steiger and 

J/iger 1977). Age and initial ratio errors are given at the 95% 
(2a) confidence level, assuming analytical errors on 87Rb/S6Sr of 
0.5% and on STSr/S6Sr to be not greater than the internal uncer- 
tainty of the measurements. 

4. Discussion of the Analytical Results 

4.1. U-Pb Analyses of Zircons and Monazites 

The results of the U and Pb analyses are listed in 
Table 1 and plotted on a concordia diagram (Wether- 
hill 1956) in Fig. 5. Four groups of data points can 
be distinguished in the diagram: 

1. The first group lies on a chord which intersects 
the concordia at 296+2m.y. and at 1,890_+ 60 m.y. 
The data points correspond to four grain size frac- 
tions of the granulite zircons KAL-808, the whole 
zircon fraction from the restitic metapelite KAL-170, 
and the 100-125 gm fraction of the metamorphosed 
quartz monzogabbronorite KAL-420. The 30-50 gm 
fraction of KAL-420 was not used for calculation 
of the regression line because the analytical results 
are somewhat uncertain, as they show a high common 
lead content (see the low 2~176 ratio in Ta- 
ble 1). 

2. The second group comprises concordant mona- 
zites and zircons. Six monazites from granulite-facies 
rocks lay concordant between 296 and 289 m.y. One 
monazite (KAL-90), coming from the lowest part of 
the metapelite unit, indicates a somewhat younger 
concordant age of 283 m.y. The two zircons of the 
tonalite KAL-730 are also concordant at 295 + 2 m.y. 

3. The zircon fraction of a pyriclasite from the 
granulite-pyriclasite unit (KAL-145) shows a discor- 
dance quite different from that of all other zircons 
of the granulite-facies basement (see group 1). 

4. Two zircon fractions of the blastomylonitic 
quartz dioritic gneiss KAL-887 constitute the fourth 
group, lying near a line which intersects the concordia 
at the origin and at about 290 m.y. 

The pattern of the first group may be explained 
by one or both of two simple models: (a) All analysed 
zircons crystallized at 1,900 m.y. Through a second- 
ary event at 296 m.y., they lost radiogenic lead or 
gained uranium (episodic model; Wetherhill 1956). 
(b) The analysed zircon fraction are mixtures of 296 
and 1,900 m.y. old concordant zircons. According to 
this model, the growth of the 296 m.y. old zircons 
was caused by a metamorphic event which ended in 
late Hercynian time. The same age is also indicated 
by the concordant monazites. 

The zircons of KAL-808 and KAL-170 have simi- 
lar appearance and habit and both display a late stage 
crystal growth which in other granulite terranes has 
been interpreted as having occurred during granulite- 
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Table 1. Analytical data of zircons and monazites 

29 

Sieve 
fraction 
(~m) 

Concentrations Observed atomic ratios 

U Pb~d 2~ 2~ a~ 

(ppm) (ppm) 206pb  206pb  204pb 

Atomic ratios Apparent ages (m.y.) 

206pb 207pb  207pb 206pb 207pb 2ovpb 

238 U 235 U 2o6pb 23S U 235 U 2O6pb 

Zircons 

KAL-808 Granulite 

KAL-170 Aluminous 
paragneiss 

KAL-420 Meta-quartz 
monzogab- 
bronorite 

KAL-145 PyrMasite 

KAL-730 Tonalite 

KAL-887 Quartz dio- 
ritic gneiss 

Monazites 

30 50 428 23.8 0.09937 0.06375 17,100 
50-75 425 23.8 0.09845 0.06494 16,300 

100 125 76i 42.6 0.10323 0.06513 38,250 
125-150 463 25.6 0.12115 0.06598 4,004 

all sieve 439 19.7 0.03986 0.05651 6,030 
~actions 

30-50 220 12.4 0.24380 0.75344 632 
100-125 211 11.1 0.19944 0.06630 1,055 

0.05563 0.4825 0.06291 349 400 706 
0.05620 0.4965 0.06407 353 409 744 
0.05576 0.4979 0.06475 350 410 766 
0.05470 0.4706 0.06239 289 392 687 

0.04800 0.3581 0.05410 302 311 376 

0.04817 0.3466 0.05218 303 302 294 
0.04727 0.3417 0.05242 298 298 304 

125-160 446 24.1 0.15113 0.05907 2,490 0.05157 0.3783 0.05320 324 326 337 

30-50 410 20.7 0.19483 0.05631 3 , 6 7 9  0.04653 0.3356 0.05232 293 294 299 
> 100 448 21.9 0.14855 0.05623 3 , 6 0 0  0.04686 0.3371 0.05216 295 295 293 

50 80 1,255 38.2 0.17441 0.05374 10,410 0.02877 0.2076 0.05234 183 192 300 
> 125 852 41.6 0.30051 0.05347 9,960 0.04179 0.2996 0.05220 264 266 286 

KAL-147 Granulite 2,266 885.6 8.5353 0.05441 6,950 

KAL-85 Granulite 906 443.1 11.0450 0.05509 4,870 

KAL-90 ] 2,204 578.8 5.6870 0.05475 5,310 
KAL-170! KAL 168 ~Alumin~ 2,140 639.5 6.4646 0.05321 12,620 

2,555 717.6 5.8627 0.05363 11,770 
KAL-489- / paragneisses 2,136 587.7 5.8476 0.05362 8.910 
KAL-879 1 739 596.1 18.9018 0.05870 2,240 

0.04690 0.3383 0.05230 296 296 298 

0.04644 0.3335 0.05208 292 292 290 

0.04480 0.3212 0.05199 283 283 286 
0.04582 0.3289 0.05206 289 289 290 
0.04680 0.3380 0.05238 295 296 302 
0.04593 0.3291 0.05197 290 290 285 
0.04620 0.3322 0.05216 291 291 293 

facies metamorphism (Grauert and Wagner 1975 
K6ppel 1974; Pidgeon and Aftalion 1972). Therefore, 
in accordance with the observed zonation (Fig. 4a), 
it seems reasonable to attribute the discordant pattern 
of the zircons from KAL-808 and KAL-170 essen- 
tially to crystal growth and overgrowth in addition 
to possible lead loss during the Hercynian granulite- 
facies metamorphism. 

From the concordant positions of both size frac- 
tions of the metamorphosed quartz monzogabbrono- 
rite KAL-420, which represent the smallest and the 
largest grains, it may be deduced that the intrusion 
of the sill into the lower crust coincided nearly with 
the end of the metamorphism. The inherited dark 
cores observed in some grains (see 2.1 and Fig. 4b) 
obviously lost their older radiogenic lead during the 
magmatic phase of the rock. 

The concordant monazites (second data group) 
fall nearly together with the lower intersection point 
of the concordia with the discordia drawn through 
the zircons of the granulite-facies rocks (first data 

; group). This indicates that in the whole section 
through the lower crust, which is about 7 km thick, 
monazite became a closed system in respect to U 
and Pb at the same time as, or shortly after, zircon. 
The slightly younger age of the monazite from KAL- 
90 (283+ 3 m.y.) possibly indicates that at the base 
of the metapelite unit the monazites lost radiogenic 
lead also after the metamorphic event dated above. 

The concordant zircons of the non-metamorphic 
tonalite KAL-730 imply the same age (295_+ 2 m.y.) 
for the intrusion of the big tonalite body of the Serre 
as that determined for the end of the metamorphism. 

The discordant zircon fraction of the pyriclasite 
KAL-145 (third group of data points) seems to reflect 
quite a different history than the zircons discussed 
above. Assuming a two stage model for their genesis, 
as suggested by the cathodoluminescence pattern, the 
first stage may correspond to the magmatic crystal- 
lization and the second to the granulite-facies meta- 
morphism. As the metamorphism has been dated at 
296 m.y., the age of the magmatic crystallization may 



30 V. Schenk: U-Pb and Rb-Sr Radiometric Dates From S. Calabria (Italy) 

-0.07 

-0.06 

- 0 , 0 z , 7  730 ~( 

290 

I 

L2(~ sO-5O-~ 
- i 00_125  ~ 

296 / Y  

170 

350 

400 

KAL-808 

Z 

0.05 

-0.0/-, 

KAL-420 

KAL- 730 ~,~ 

\KAL- 85 
\KA L- 879 
KAL- 489 
KAL- 170 

\KAL- g0 

o Uncertainty 

�9 +/so-co KAL-B87 0"3 0.4 0.5"~'Pb~ "~u 

Fig. 5. Concordia diagram showing the data points of zircons and 
monazites of 12 samples from the NW Serre. Italic numbers: size- 
fractions in ~tm; Points." monazites; crosses." zircons 

B7Sr 

0 724 

0.720 

0 716 

0.712 

i i i I i I I I I 

J 
/ 

f 

C 
�9 f 
/ 

/ 

F / ~  / 
/ 

/ 

G J M  

~ 

Migmatite KAL-168 

"K 
i 1 J i I i [ J I 

1.0 87Rb/8e'Sr 2.0 
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to an age of 295 m.y. 

be inferred by constructing a discordia going through 
the 296 m.y. point on the concordia and through the 
data point of the zircon from KAL-145; the upper 
intersection between this discordia and the concordia, 
lying at about 450 m.y., could represent the age of 
the magmatic crystallization of the pyriclasite KAL- 
145. 

The two zircon fractions of KAL-887 (fourth data 
group) have similar 2~176 ages of 300 and 
286 m.y. respectively, which coincide roughly with the 
event indicated by the first and the second groups 
of analyses. Therefore it is probable that these 2~ 
2~ ages reflect the time of zircon crystallization. 
The discordant position of the data points, which 
fall on a line that intersects the concordia at about 
290 m.y. and passes through the origin, can be ex- 
plained by recent or geologically young Pb-loss or 
U-gain. 

4.2. Rb-Sr Analyses of Whole-Rocks 

The analytical results of Rb-Sr whole-rock analyses 
of small slabs of the banded migmatite KAL-168 are 
listed in Table 2 and plotted in Fig. 6. In the Rb-Sr 
evolution diagram, the points do not lie on an iso- 
chron. It may thus be postulated that conditions dur- 
ing migmatization did not allow homogenization of 
the Sr isotopes throughout the large sample KAL-168. 
Alternatively, a later thermal event, after the peak 
of metamorphism or migmatization, allowed some 
migration of Rb and Sr among the layers but did 
not homogenize the Sr isotopes. 

Interestingly, the points of the two leucosomes 
A and N lie on a line with a slope corresponding 
to an age of about 295 m.y., an age also indicated 
by the U-Pb analyses. This may result from isotopic 
equilibration among the anatectic layers during meta- 
morphism, although the intercalated melanosomes 
did not equilibrate. Alternatively, a later thermal 
event may have allowed limited isotopic exchange 
between the melanosomes but not between the biotite- 
free leucosomes which preserved their isotopic com- 
position. 

4.3. Rb-Sr Mineral Analyses 

Biotite ages were determined from ten samples along 
the profile through the granulite-facies basement. 
Muscovite was found in only one post-metamorphic 
aplite. In order to get more information about the 
cooling history of the basement, and in absence of 
muscovite in granulite-facies rocks, plagioclase, po- 
tash feldspar (orthoclase), and apatite were analysed 



Table 2. Rb-Sr analytical data of whole-rock and minerals 

Rb Sr 87Rb/86Sr 8VSr/86Sr Initial Age 
(ppm) (ppm) ratio (m.y.) 

KAL-42 0.79609+ 1 / 
0.75457+ 1 

0.91987; 27} 

KAL-51 0.75183+ 8 
0.93003 ~29 J 

KAL-147 0.72349_+ 7 
1.26887 _+ 10 
0.72253 _+ 14 
0.72091 _+ 6 
0.72405 _+ 4 

KAL-808 0.72140+_ 9 
1.04110_+ 9 
0.71906_+ 4 
0.71980_+ 9 
0.72341 + 5 

KAL-85 0.71967+_ 5" 
1.03171_+ 7 
0.71822_+ 9 
0.71815_+ 41 
0.72014_+ 6~ 

KAL-370 0.73078 + 5 
1.04567_+25} 

KAL-657 0.71645 +29 
0'88049+ 21 
0.71650_+15 
0.71532_+ 14 
0.71552_+ 12 
0.71542+ 9 

KAL-94 
0.71507+ 7}  0.71290+6 I35+1 
1.41704_+ 10 - - 
0.71554+_ 6 

0.71734; 0.71239+ 66} 0.71227+6_ 176+5_ 

KAL-170 
0.73046+14~ ~ 0.7250 +1 132+1 
1.35316_~ 33 - - 

KAL-168 0.72261 _+2 / 
1.17526_+11~ 0.72101_+7 134_+1 

0.72096_+ 4 
0.72131 _+ 3 

KAL-491 
0.71298+ 4} 0.7038 +1 203+4 
0.70390; I - - 
1.03193_~ 5} 0.7039 _+1 114_+1 

KAL-879 0.71274+ 45 } 
0.92657_~ 0.71273_+4 134_+ 1 

KAL-887 0.71136+ ~} 
0.76403 _+ 0.71135 _+ 7 85 _+ 1 

KAL-730 0.71346+ 8 /  
2.22801 -+40 J 0.7119 _+1 133-+1 

KAL-168 0.72503 _+ 10 
0.72178_+ 7 

F Melanosome+leucosome 0.72485_+ 14 
G Melanosome 0.72329_+ 9 
I Melanosome 0.72098 _+ 13 
K Calc-silicate 0.71152 _+ 28 
KL 0.71525+56 
L Melanosome 0.72202+ 8 
M Melanosome 0.72292_+ 16 
N Leucosome 0.72092_+ 9 

Muscovite 
Whole-rock 
Biotite 

Whole-rock 
Muscovite 

Whole-rock 
Biotite 
Apatite 
Plagioclase 
K-feldspar 

Whole-rock 
Biotite 
Apatite 
Plagioclase 
K-feldspar 

Whole-rock 
Biotite 
Apatite 
Plagioclase 
K-feldspar 

Whole-rock 
Biotite 

Whole-rock 
Biotite 
Apatite 
Plagioclase 
K-feldspar 
K-feldspar(repeated) 

Whole-rock 
Biotite 
Apatite 
Plagioclase 
K-feldspar 

Whole-rock 
Biotite 

Whole-rock 
Biotite 
Plagioclase 
K-feldspar 

Muscovite 
Plagioclase 
Biotite 

Plagioclase 
Biotite 

Plagioclase 
Biotite 

Whole-rock 
Biotite 

A Leucosome 
C Melanosome 

532.0 
623.3 

1,667.7 

194.5 
604.6 

97.6 
585.7 

0.5 
19.1 

230.4 

89.6 
647.1 

1.8 
34.6 

265.0 

72.1 
580.7 

1.4 
22.1 

210.4 

87.0 
731.7 

79.4 
325.3 

1.8 
12.3 

122.9 
123.2 

77.6 
588.1 

1.5 
4.6 

273.8 

127.0 
503.7 

61.0 
496.4 

6.7 
191.0 

154.3 
8.3 

371.4 

1.3 
309.4 

0.8 
272.3 

81.9 
321.7 

211.6 
55.4 

174.0 
87.1 

102.2 
53.6 
56.4 
96.8 
63.7 
41.6 

75.2 
184.4 

17.7 

69.9 
26.8 

167.2 
5.0 

128.8 
176.9 
366.7 

154.6 
9.7 

100.6 
141.9 
309.2 

167.9 
8.8 

162.4 
180.9 
453.6 

110.6 
8.6 

314.4 
8.4 

281.9 
408.6 
760.4 
760.5 

199.0 
5.0 

114.3 
299.4 
393.7 

126.3 
4.6 

211.1 
6.3 

488.7 
656.6 

140.4 
648.6 

5.5 

613.5 
8.2 

239.3 
i8.1 

285.1 
1.3 

388.6 
223.1 
373.3 
229.9 
253.7 
421.6 
361.4 
256.5 
147.6 
i99.3 

20.7 
9.83 

279 

8.09 
66.7 

1.69 
356 

0.0122 
0.313 
1.82 

1.68 
199 

0.0511 
0.708 
2.47 

1.25 
198 

0.0243 
0.354 
1.35 

2.28 
254 

0.732 
115 

0.0184 
0.0872 
0.468 
0.469 

1.13 
367 

0.0388 
0.0446 
2.02 

2.92 
325 

0.839 
238 

0.0396 
0.844 

3.18 
0.0369 

203 

0.0061 
112 

0.0095 
43.9 

0.832 
803 

1.58 
0.721 
1.35 
1.I0 
1.17 
0.368 
0.452 
1.09 
1.25 
0.605 

0.7170 +4 

0.7485 _+4 

0.7272 +2 

0.72107_+5 

0.72026 + 5 

0.71867_+9 

0.7183 _+ 1 

0.71769_+5 

0.71744+ 7 

0.7279 _+2 

0.7154 +_3 

268 _+ 4 
43_+ 1 

214_+2 

108_+1 

147_+7 

114_+1 

144_+9 

112_+1 

141_+9 

88_+1 

101_+1 
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from six samples, in addition to biotite and whole- 
rock. The analytical results are given in Table 2, some 
of which are plotted in Figs. 7 and 8. 

In all analysed samples, the minerals of a rock 
do not lie on an isochron, which mean that they 
did not close their Rb-Sr systems at the same time. 

The results can be divided in two groups: 
(1) The first group is represented by four rocks, 

three granulites and the metamorphosed quartz mon- 
zogabbronorite. As shown in Fig. 7, the biotites fall 
systematically below and the apatites above the lines 
drawn through the plagioclases and the potash feld- 
spars. The whole-rock analyses have to lie somewhere 
in the field determined by the four minerals, which 
is verified for three of the analysed rocks, but not 
in the case of KAL-808, in which the whole-rock 
sample do not seem to be representative of the rock. 
The biotite ages from the three samples of the granu- 
lite-pyriclasite unit are very similar (between 108 and 
114 m.y.), the plagioclase-potash feldspar ages from 
the same rocks identical within analytical uncertainty 
(141-147 m.y.). Moreover, the higher feldspar ages 
(176+ 5 m.y.) from sample KAL-94 of the metapelite 
unit is accompanied by a correspondingly higher bio- 
tite age (135+1 m.y.) from the same sample. The 
systematic isotopic pattern in the minerals of the four 
rocks is interpreted as due to different Rb-Sr closing 
temperatures of the minerals : higher closing tempera- 
tures for plagioclase and orthoclase than for biotite 
and apatite. Similarly, the muscovite data of 
203 _+ 4 m.y. from the metapelite unit points to a hig- 
her closing temperature for muscovite than for feld- 
spar. 

(2) The data pattern of the metapelitic gneisses 
KAL-168 and KAL-657 are characterized by low 
87Sr/86Sr ratios of their potash feldspars in relation 
to the other minerals (Fig. 8). These gneisses are pet- 
rographically different from the rocks of the first 
group: the granulites and the metamorphosed quartz 
monzogabbronorite of the first group have granoblas- 
tic textures and all their minerals are distributed ho- 
mogeneously, so that a grain by grain isotopic ex- 
change between the minerals probably took place. 
Contrary to the above, potash feldspar in the metape- 
litic gneisses is enriched in small patches and lenses, 
which may be anatectic material and, therefore, not 
in isotopic equilibrium with the rest of the rock. This 
may explain the low 87Sr/86Sr ratios of the potash 
feldspars from the two analysed metapelitic gneisses. 

Comparing the apparent mica ages from the dif- 
ferent lithological units of the Serre, the following 
facts are worthy of comment (Fig. 9): (a) In the gran- 

ulite-pyriclasite unit, the biotite ages of 108 and 
114 m.y. are younger than those in the metapelite 
unit, where ages of 132-135 m.y. are predominant, 
and also younger than that of the tonalite 
(133+1 m.y.). (b) Some biotite ages do not fit this 
picture: towards the base of the metapelite unit, these 
ages become younger, from 135+1 m.y. to 
101 _+ 1 m.y. and 88 + 1 m.y. Near the top of the meta- 
pelite unit, the biotite of a postmetamorphic aplite 
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has also a younger age of 114 m.y., and, further, the 
biotite from the blastomylonitic quartz dioritic gneiss, 
situated between the granulite-facies basement and 
the tonalite, has an age of 85_+ 1 m.y. (c) The biotite 
from the phyllonitic mica schist (KAL-42) is, with 
an age of 43 + 1 m.y., clearly younger than the biotites 
from the granulite-facies rocks. Interpreting the mus- 
covite age (268_+4 m.y.) from the same rock, one 
must take into account the possibility of an un- 
complete separation of the large, texturally old, mus- 
covites from the small, younger white micas. In case 
of the sample KAL-51, the unsuccessfull separation 
from the texturally younger white micas result in the 
meaningless mixed muscovite age of 214 + 2 m.y. 

5. Geo log i ca l  Conc lus ions  

5.1. Interpretation of the Results 

The oldest material analysed from the granulite-facies 
rocks of  the Serre are zircons. They contain inherited 
components which are derived from a much older 
source. The upper intersection age of about 1,900 m.y. 
may represent the age of the source rock or may 
only be a mixed age. The age of about 295 m.y., 
indicated by zircons and concordant monazites, is 
interpreted as the minimum age of the granulite-facies 
metamorphism in Southern Calabria. This thermal 
event at 295 m.y. resulted in crystal growth of zircon 

and monazite in the granulite-facies rocks of the 
Serre. 

The magmatic crystallization of the pre- to synme- 
tamorphic basic rocks (now pyriclasites) of the granu- 
lite-pyriclasite unit may be as old as 450 m.y., assum- 
ing a two stage genetic model for the zircons. As 
the basic rocks are interlayered with light-coloured 
granulites of sedimentary origin, the age of 450 m.y. 
should then represent the minimum age of the sedi- 
mentation, i.e. the formation of the former lower 
crust. 

The age of 298 + 5 m.y. for the concordant zircons 
of a metamorphosed quartz monzogabbronorite coin- 
cides closely with the end of the granulite-facies meta- 
morphism. If the euhedral zircon needles are of mag- 
matic origin, as implied by the similarity in habit 
and zonation to magmatic zircons, it is most probable 
that the intrusion of the 250 m thick quartz monzo- 
gabbronorite sill into the lower crust occurred during 
the late stage of the granulite-facies metamorphism. 

At about the same time as the intrusion of the 
' synmetamorphic '  quartz monzogabbronorite into 
the lower crust, the big 'postmetamorphic '  tonalite 
body intruded at higher crustal levels, as indicated 
by its concordant zircons at 295+2  m.y. The zircons 
of the quartz dioritic gneisses also point to a mag- 
matic crystallization in late Hercynian times. The 
huge mass of granites and granodiorites of the Serre 
also seems to be of the same age, as inferred from 
the biotite model ages of Borsi et al. (1976) (Fig. 9). 
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Considering the metamorphism prior to the phyl- 
lonitization in the retrograde schists and gneisses lay- 
ing below the lower crust unit, its Hercynian age 
is indicated by a muscovite date of 268 + 4 m.y. from 
a mica schist. As this analytical result may have been 
influenced by a younger muscovite generation in the 
same rock, the end of the metamorphism in the unit 
of the retrograde schists and gneisses could have been 
in fact at about 295 m.y., i.e. the same age as in 
the granulite-facies unit. The biotite date of 
43 _+ 1 m.y. from the same mica schist is in good agree- 
ment with a K-Ar age of 48m.y. from a deeper 
tectonic unit in Northern Calabria (Borsi and Dubois 
1968). In analogy to the interpretation of Borsi and 
Dubois, this date may represent the age of the Eocene 
greenschist-facies metamorphism and phyllonitization 
in the retrograde schists and gneisses. 

The apparent ages of biotite, feldspar, and mus- 
covite from the granulite-facies unit, the tonalite, 
and the quartz dioritic gneiss are clearly younger than 
metamorphism and magmatism. The muscovite is ol- 
dest, feldspars are intermediate, and biotites are the 
youngest (Fig. 9). 

This sequence presumably reflects the different 
closing temperatures of the three minerals which are 
estimated to span an interval of about 200 ° C. More- 
over, comparison of mineral ages from samples of 
the metapelite unit and of the granulite-pyriclasite 
unit shows that the granulites lying deeper in the 
lithostratigraphic sequence generally yield the youn- 
ger ages. Thus the cooling from the temperature of 
the granulite-facies metamorphism to the biotite clos- 
ing temperature required about 185 m.y. in the lower 
part of the succession, but only about 160 m.y. in 
the upper part. This difference may be explained by 
a model in which cooling started in the lower part 
with higher metamorphic temperatures. Assuming 
that the Rb-Sr systems behaved similarly in the feld- 
spars and in the biotites from all the analysed samples, 
one can draw the following conclusions. During the 
cooling period of the granulitefacies basement be- 
tween about 295 and 110 m.y., the lower part of the 
sequence was hotter, and, therefore, probably buried 
more deeply than the upper part. Under these as- 
sumptions a tentative cooling path for the lower crust 
section is drawn in Fig. 10. 

It is not possible to give an unequivocal explana- 
tion for some biotite dates from the upper part of 
the section, which give younger ages (85, 88 and 
101 m.y., Fig. 9). Interestingly, these deviations seem 
to be related to the presence of tectonic zones still 
active during the postmetamorphic uplift: (1) Consid- 
ering its blastomylonitic texture and its geological 
position between the lower crust unit and the tonalite, 
the quartz dioritic gneiss unit could have acted as 
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Fig. 1O. Tentative cooling path for the granulite-facies sequence 
of the NW Serre, as deduced from radiometric ages of zircons, 
monazites, feldspars, and biotites. For comparison, a cooling curve 
for the Ivrea Zone has been constructed using data from zircon 
(K6ppel 1974) and biotite (Graeser and Hunziker 1968) 

a shear zone during the uplift. Not only its biotite 
is rejuvenated but also its zircons display geologically 
young or recent lead loss. (2) Along the boundary 
between the granulite-pyriclasite unit, tectonic move- 
ments during the uplift are documented by mylonitic 
and pseudotachylitic zones which are locally up to 
ten meters thick. Also the monazite from the zone 
of increasing biotite rejuvenation gives a somewhat 
younger age (283 + 3 m.y., instead of 289-296 m.y.). 
(3) The aplite from the upper part of the metapelite 
unit obviously intruded after the granulite-facies 
metamorphism, as indicated by the paragenesis mus- 
covite+ quartz, which was unstable in the surround- 
ing granulite-facies rocks. The clear schistosity of this 
rock is an unequivocal sign of late tectonic shearing. 
Thus all deviations towards younger biotite ages may 
be explained by a tectonic influence on the closing 
of biotite in respect to Rb and Sr. In all the other 
samples the biotites probably closed their Rb-Sr sys- 
tems under more or less static conditions. 

The very slow cooling of the basement of the Serre 
could explain the scatter of the Rb-Sr whole-rock 
analyses of the migmatite bands (Fig. 6): Because of 
the long duration of cooling, the biotite-bearing mela- 
nosomes could exchange Sr-isotopes to some extend, 
while the biotite-free leucosomes perhaps preserved 
their original isotope distribution and thus indicate 
the time of the highest metamorphic conditions at 
about 295 m.y. 

The age data presented above correlate well with 
the P-T  history of the lower crustal rocks deduced 
from petrological studies (Schenk 1977, 1978) and 
with the geodynamic evolution of Southern Calabria 
inferred from observations on erosion and sedimenta- 
tion (G6rler and Giese 1978): The isothermal pressure 
decrease of approximately 1.5 to 2 kb that followed 
the peak of granulite-facies metamorphism (in the 
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Fig. 11. P - T  path of the granulite-facies rocks of the NW Serre as deduced petrologically from materials of the granulite-pyriclasite 
unit (Schenk 1978). The pressure decrease during cooling may possibly have been still less than indicated in the figure. Stability of 
the polymorphs of A12SiO2 after Holdaway (1971) (H) and Richardson et al. (1969) (RGB). Curve biotite+ silIimanite+ quartz=cordierite 
+garnet+potash  feldspar+vapor after Holdaway and Lee (1977). 'Gt- in '  and 'Pig-out'  curves after Green and Ringwood (1967). 
Spinel-Lherzolite field after Obata (1976) and Herzberg (1975). Granite minimum melting curves after Kerrick (1972) 

granulite-pyriclasite unit about 800~ and 8 kb; 
Fig. 11) was presumably caused by an uplift of the 
lower crustal rocks to a level 5 to 7 km higher, where 
the granulite-facies rocks slowly cooled. Uplift and 
onset of cooling marking the waning of granulite- 
facies metamorphism were dated in this work at about 
295 m.y. According to the petrological data the cool- 
ing has been accompanied only by a small, additional 
pressure decrease, thus implying that no substantial 
further uplift occurred. 

The sequence of younger sedimentary strata in 
Calabria is in line with the evolution of the basement 
as discussed above. The oldest non metamorphic sedi- 
ments overlying the Palaeozoic phyllites in Southern 
Calabria are of Jurassic age. G6rler (1978) estimates 
the rock thickness eroded before the Jurassic trans- 
gression as about 7 km. From the slow undisturbed 
shallow water sedimentation in the SE part of the 
Serre during Mesozoic time, Ergenzinger et al. (1978) 
postulate a stable hinterland without uplift during 
this period of time. 

Moreover, thick terrestrial sediments of the Oli- 
gocene to Miocene, outcropping along the east coast 
of Southern Calabria, have an increasing inclination 
with increasing age. This indicates a still later uplift 

preferentially of the central and western parts of 
Southern Calabria (G6rler 1978). This last uplift and 
tilting of the former lower crust of South Calabria 
during the upper Tertiary, as indicated by erosion and 
sedimentation, has not yet been dated radiometrically. 

The mineral dates presented here do not exclude 
an interpretation propounding a post-Hercynian re- 
heating and/or a cooling of the basement by uplift 
during the lower Cretaceous, as advanced by Borsi 
etal. (1976) to explain the young biotite ages of 
the basement rocks. However, the model presented 
here, which involves Hercynian metamorphism and 
uplift followed by slow cooling in the middle crust, 
seems to account better for the continuous succession 
of mineral dates, ranging from 295 to 110 m.y., as 
well as the petrologically deduced P - T  path and the 
geodynamic evolution of Southern Calabria. 

A more complete model of the Hercynian geody- 
namic evolution of Southern Calabria should also 
take into account the extensive plutonic magmatism, 
which has been shown to be of the same age as the 
uplift of the lower crust into a higher crustal level. 
In absence of Rb-Sr whole-rock isochrones, the initial 
ratios of the tonalite, the quartz dioritic gneiss, and 
the metamorphosed quartz monzogabbronorite were 
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estimated by recalculating their 8VSr/86Sr ratios back 
to 300 m.y. The resulting ratios of about 0.710 to 
0.711 favour a crustal origin of all these magmatic 
rocks. In an attempt to find source rocks in the lower 
crust from which the tonalite, the quartz dioritic 
gneiss, and the quartz monzogabbronorite may have 
originated by anatexis, one comes up against the diffi- 
culty of the high initial ratios (between 0.715 and 
0.720) of the granulites and the migmatitic metapelites 
(Table 2). Moreover, the leucosomes in these rocks 
are rich in potash feldspar, i.e. not of tonalitic compo- 
sition. Otherwise, the metabasites of the lower crust, 
which could act as source rocks of anatectic melts 
with low 8VSr/86Sr ratios, do not show signs of inten- 
sive anatexis. As the outcropping lower crustal rocks 
cannot be regarded as the source for the tonalitic, 
quartz dioritic, and quartz monzogabbronoritic mag- 
matism, the source region must have been situated 
either below the original position of the granulite- 
pyriclasite unit, or in the middle crust, which is miss- 
ing in the outcropping crustal section of Southern 
Calabria. In the first case, it means that crustal levels 
still existed below 25 to 30 kin; in the latter case, 
it is necessary to suppose that the anatexis was 
strongly favored in the middle crust rather than in 
the lower crust, probably because of a higher water 
fugacity. Unfortunately, the hypothesis of melting in 
the middle crust does not help to solve the problem 
of the relatively low initial ratios of the tonalite and 
the quartz diorite. Thus further data are still needed 
in order to construct a well-founded model of the 
genesis of tonalitic magmatism in Southern Calabria. 

5.2. A Comparison with the Granulites of the Ivrea 
Zone of the Alps and of the Hercynian Belt of Central 
Europe 

The radiometric ages discussed here are directly com- 
parable with those of the Ivrea and Ceneri Zones 
in the Southern Alps. In the lvrea Zone the granulite- 
facies metamorphism ended also after a Hercynian 
event, which is dated with 295 _+ 5 m.y. by discordant 
zircons and concordant monazites (K6ppel 1974). The 
oldest inherited zircon population of the Ivrea Zone 
rocks has a minimum age of about 1,900 m.y. (K6ppel 
1974) which is identical with the Calabrian zircon 
ages. Such ages are also known from the Silvretta 
and Gotthard basement rocks of the Alps (Grauert 
and Arnold 1968). Furthermore, in the Ivrea-Ceneri 
Zone and in the Serre, mineral ages diminish towards 
the higher metamorphic, stratigraphically lower part 
of the profile (K6ppel 1974). In both regions these 
age differences can be explained by slower cooling 
of the deeper and hotter parts of the lower crust 

relative to higher units, but the cooling of the lower 
crust in the Serre was altogether slower than in the 
Ivrea Zone. This picture is further supported by the 
fact that the Rb-Sr closing temperature of biotite 
(about 300 ~ C, after J/iger et al. 1967) was reached 
in the Serre during the further cooling only at about 
135m.y. (upper part) or at about l l0m.y.  (lower 
part), whereas the biotite ages in the Ivrea Zone range 
between 184+ 15 and 157+8 m.y. (Jfiger et al. 1967; 
Graeser and Hunziker 1968; Hunziker 1974). Using 
zircon, monazite, and biotite ages from a chosen sam- 
ple locality in the Ivrea Zone (K6ppel 1974: ANZ 
1 ; Graeser and Hunziker 1968 : KAW 447-54), a cool- 
ing curve can be drawn in comparison with the tenta- 
tive cooling path of the basement of the Serre 
(Fig. 10). 

In addition to the similarities concerning the age 
of metamorphism and cooling, there are further 
geological correlations between the Ivrea Zone and 
the NW Serre. The important fault zone in the Serre, 
along which the lower crustal rocks were overthrust 
to the North (Curinga-Girifalco line, Fig. 2), and 
other alpine mylonitic zones inside the lower crustal 
unit extend subparallel to the fold axes developed 
pre- to synmetamorphically in the granulite-pyriclasite 
unit (Schenk 1978). Correspondingly, the Insubric line 
is subparallel to the anticlinal axis of the Ivrea crystal- 
line basement (Schmid 1967). In the Ivrea Zone as 
well as in the Serre thick continuous sequences con- 
sisting of deep crustal rocks are overlain by rocks 
of lower metamorphic grade and by late Hercynian 
granitoids. In both areas the sedimentation of the 
transgressive Mesozoic terrains was slow and un- 
disturbed (Bernoulli 1972; G6rler 1978). 

The overall crustal structures of the two regions 
with crustal duplications and wave velocity inversions 
at a depth of about 20-25 km are similar as well 
(German Research group for explosion seismology, 
1968; Schtitte 1978). But in contradistinction to the 
Southern Alps, there is apparently no connection in 
Southern Calabria between the lower crustal rocks 
at the surface and a present crust-mantle boundary. 
This could result from different directions of subduc- 
tion in Calabria during the Alpine (' Africa-vergent') 
and during the Apennine (' Europe-vergent') orogen- 
eses (Giese and G6rler 1974; G6rler and Giese 1978; 
Amodio-Morelli et al., in press). 

Both Calabria and the Ivrea Zone occupy today 
similar positions at the boundary of the Adriatic mi- 
croplate, as both lie in sharp bends of the Alpine- 
Apennine-Maghrebide systems (Fig. 1). Considering 
all the similarities in the geological evolution men- 
tioned above, one is tempted to compare also their 
palaeogeographical positions. As deep-seated faults 
were active in both areas at least since late Hercynian 
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time, the possibility arises that these faults belong 
to a common old fault system possibly representing 
a precursor of the boundary of the Adriatic micro- 
plate, both in the Southern Alps and Calabria. 

Additionally, one may speculate whether the uplift 
of the lower crust which began at least in Hercynian 
time, according to the radiometric dates from the 
Ivrea Zone and from Southern Calabria, could be 
correlated with a crustal overlapping between the 
Adriatic and the European plates; that would mean 
that the plate boundary which, according to geody- 
namic models (Giese and Reutter 1978), experienced 
a crustal overlapping during the Alpine and Apennic 
orogenies, could have already worked in a similar 
way as early as the end of the Carboniferous. 

The Calabrian granulites experienced a signifi- 
cantly different geological history than the Central 
European granulites, at least since the Caledonian 
orogeny, despite striking geological and petrographi- 
cal similarities. In Central Europe the granulite bodies 
may have been uplifted from their lower crustal posi- 
tion after the Caledonian granulite-facies metamor- 
phism, reaching the surface at the end of Hercynian 
time (Jfiger and Watznauer 1969; Behr 1978). In con- 
trast, the granulites of Calabria and the Southern 
Alps, which were possibly situated along the southern 
border of the Hercynian belt reworked during the 
Alpine orogeny, remained under granulite-facies con- 
ditions in the lower crust until the end of Hercynian 
time. Uplift to the surface occurred during the Alpine 
and Apennine orogenies. 
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