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Abstract The high-grade metamorphic complex of
northern Sardinia consists of a strongly deformed se-
quence of migmatitic ortho- and paragneisses interlay-
ered with minor amphibolites preserving relic eclogite
parageneses. The protolith ages and geochemical char-
acteristics of selected gneiss samples were determined,
providing new constraints for reconstructing the Palae-
ozoic geodynamic evolution of this sector of the Vari-
scan chain. The orthogneisses are metaluminous to
peraluminous calcalkaline granitoids with crustal Sr and
Nd isotopic signatures. One orthogneiss from the high-
grade zone and one metavolcanite from the volcanic belt
in southern Sardinia were dated by LAM-ICPMS (and
SHRIMP) zircon geochronology. The inferred
emplacement ages of the two samples are 469 ± 3.7 and
464 ± 1 Ma, respectively. The analysed paragneisses
are mainly metawackes with subordinate metapelites
and rare metamarls. Three paragneiss samples were
dated: zircon ages scatter between 3 Ga and about
320 Ma, with a first main cluster from 480 to 450 Ma,
and a second one from about 650 to 550. Variscan zircon
ages are rare and mostly limited to thin rims and over-
growths on older grains. These data indicate that the
high-grade complex principally consists of middle
Ordovician orthogneisses associated with a thick metase-
dimentary sequence characterised by a maximum age of
deposition between 480 and 450 Ma. The association of
nearly coeval felsic-mafic magmatic rocks with immature

siliciclastic sedimentary sequences points to a back-arc
setting in the north Gondwana margin during the
Early Palaeozoic. The Variscan metamorphic evolution
recorded by the high-grade gneisses (Ky-bearing felsic
gneisses and mafic eclogites) testifies to the transformation
of the Late Ordovician–Devonian passive continental
margin into an active margin in the Devonian–Early
Carboniferous.

Introduction

An almost complete section of the southern European
Variscides is well exposed in the islands of Sardinia and
Corsica (Menot and Orsini 1990), where the collisional
chain crops out in continuity from the almost unmeta-
morphosed foreland basins in southern Sardinia to the
‘‘high-grade metamorphic complex’’ in northern Sardi-
nia and Corsica (Cappelli et al. 1992; Carmignani et al.
1994; Carmignani et al. 1992; Ricci 1992). The high-
grade basement of northern Sardinia (Fig. 1a) is sepa-
rated from the low- to medium-grade nappe zones in the
south by a major mylonitic belt, the Posada-Asinara
Line.

Two main geodynamic models explain the actual
configuration of the southern European Variscides. A
first model was originally proposed by Matte (e.g. Matte
1986; Matte 2001); it suggests that a Gondwanan
promontory (indenter) collided against Armorica pro-
ducing the Ibero-Armorican arc. According to several
authors (among others: Cappelli et al. 1992; Carmignani
and Rossi 2001; Carmignani et al. 1994; Carosi and
Palmeri 2002), this collision is attested in Sardinia by the
stacking of the northern high-grade metamorphic com-
plex (an inferred pre-Cambrian Armorican fragment)
over the medium to low-grade southern nappe zones
(Gondwana derived). In this scenario, the presence of
strongly deformed metabasites with relic eclogites along
the Posada-Asinara Line is interpreted as evidence of a
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Hercynian suture zone, with the high-grade basement
overriding the nappe zones.

The model proposed by Stampfli et al. (2002) and
von Raumer et al. (2003) suggests alternatively that the
European Variscides derive from consecutive collisions
among Laurussia, the Hun Terranes—a ribbon-like
assemblage of terranes detached from Gondwana start-
ing from the Cambrian—and Gondwana itself. Fol-
lowing this model the whole southern European
Variscides belong to the southern margin of the Hun
Terranes.

Recently, structural and geochronological studies
revealed striking similarities between the rocks on both
sides of the Posada-Asinara Line; this led Helbing (2003)
and Helbing and Tiepolo (2005) to question the presence
of a suture zone between different terranes. In addition,
several authors (Cortesogno et al. 2004; Palmeri et al.
2004; Giacomini et al. 2005) demonstrated the occur-
rence in northern Sardinia of amphibolites and eclogites
originating from magmatic protoliths of the Middle
Ordovician age. There is thus no general consensus
about the pre-Variscan geodynamic evolution of the
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high-grade basement, and in most of the recently pub-
lished reviews on the European Hercynian belt, the pre-
Variscan position of Sardinia–Corsica, the Pyrenees and
Provence is still a matter of debate (Bard 1997; Matte
1998, 2001; Edel 2000; Franke 2000; von-Raumer et al.
2003).

The aim of this work is to better constrain the geo-
dynamic reconstructions of the pre-Hercynian history in
Southern Europe, notably the tectono-magmatic evolu-
tion of the Sardinian basement, through an extensive
geochemical and geochronological study of the poorly
known and mostly undated felsic orthogneisses and
metasediments within the high-grade Sardinian base-
ment. In this study, in-situ U/Pb, Lu/Hf and trace ele-
ment zircon compositions provided, for the first time in
the region, reliable constraints for the determination of
the sources and depositional ages for the strongly
metamorphosed sedimentary sequences occurring in
northern Sardinia.

Geological setting and petrography

According to literature, the high-grade metamorphic
complex consists of felsic orthogneisses of Ordovician
age (Di Simplicio et al. 1974) interlayered with dominant
upper-amphibolite-facies metasediments and minor meta-
basites. The metabasites are characterised by Ordovician
protoliths and undated eclogite-facies parageneses
(Miller et al. 1976; Palmeri et al. 2004; Cortesogno
et al. 2004; Giacomini et al. 2005). They occur within
metasediments as concordant lenticular bodies or banded
amphibolite/felsic gneiss sequences, resembling in the
field the ‘‘leptynite–amphibolite complexes’’, well known
in the whole European Variscides (Franceschelli et al.
2005a, and references therein). The high-grade basement
is characterised by a polyphase tectono-metamorphic
history with four main ductile deformation phases;
peak metamorphic conditions increase northward from
lower amphibolite to upper amphibolite—granulite
facies (see Ricci et al. 2004, for a detailed review). The
widespread occurrence of kyanite and late sillimanite ±
K-feldspar, attested within a number of migmatite
outcrops north of the PAL (Palmeri 1992; Cruciani
et al. 2003; Giacomini et al. 2005), is ascribed to the
nearly isothermal decompression at high temperature.
This stage is characterised by several episodes of partial
melting, leading to the development of migmatites and
discordant veins of peraluminous anatectic melts. The
granulite metamorphic assemblages are overprinted by
lower temperature retrograde parageneses, associated
with regional deformation in a transpressive dextral
shear regime (Carosi and Palmeri 2002).

In the Golfo Aranci area (Fig. 1b) the basement
exhibits a NW–SE trending foliation; it mainly consists
of stromatic migmatites and diatexites with intercala-
tions of felsic orthogneisses and amphibolites, which in
places preserve relics of original intrusive features,
despite metamorphic equilibration under eclogite-facies

conditions (Franceschelli et al. 2002, 2005a; Giacomini
et al. 2005). Metapelitic rocks with migmatitic fabrics
are subordinate; they crop out mainly in the south-
ernmost Golfo Aranci area (e.g. P.ta Bados). The
orthogneisses are mainly monzogranitic, occasionally
granodioritic or tonalitic. K-feldspar megacrysts are
sometimes preserved, producing typical augen textures
(Fig. 2a). Peraluminous granitic or aplitic dykes with
different degrees of deformation pervasively intrude
the orthogneiss bodies. Stromatic migmatites and
diatexites (Fig. 2b) are commonly wacke to arkosic in
composition. The diatexites preserve relics of former
stromatic fabrics, but they are often strongly restruc-
tured, containing levels, boudins or fragments of gra-
nitic leucosomes producing agmatite-like textures. The
metapelites are strongly schistose and they may con-
tain layers of leucosome (Fig. 2c). Even though small
bodies of garnet-bearing marble are reported south
of the study area (e.g. Tamarispa marble, Elter and
Palmeri 1992), there is no marble at Golfo Aranci.
Calc-silicate rocks are limited to small boudins hosted
(Fig. 2b–d) within the metapsammitic-pelitic sequences
(Ghezzo et al. 1979).

Orthogneisses

The granitic gneisses (Golfo Aranci, M. Alvu) are
composed of quartz, K-feldspar, plagioclase (An20),
subordinate biotite (Mg/[Mg+Fe2+]=0.5) and musco-
vite. Apatite and small unzoned garnet grains are minor
constituents; zircon and monazite are the main accessory
minerals. Within the less deformed domains, plagioclase
may preserve euhedral oscillatory zoning. Where defor-
mation was stronger the augengneisses were transformed
into mylonitic banded gneisses characterised by the
alternation of quartz–feldspathic rods and mica levels.
K-feldspar megacrysts were recrystallised into smaller
grains intergrown with quartz; quartz grain micro-
structures show migrating grain boundaries and ribbon
textures (Elter and Ghezzo 1995).

The granodioritic and tonalitic orthogneisses (Bados)
contain plagioclase (An25-35), biotite, quartz and horn-
blende as major constituents. Apatite and zircon are
common accessories. White mica and K-feldspar are
absent in these lithologies. Primary magmatic features
are not preserved. For a detailed description of the mafic
orthogneisses (amphibolites and eclogites) refer to
Franceschelli et al. (2002, 2005a) and Giacomini et al.
(2005).

Paragneisses ss

The best preserved migmatitic paragneisses mainly con-
sist of quartz, plagioclase (An30-44), biotite (Mg/[Mg+
Fe2+]=0.5) and muscovite (Si = 3.03–3.06 a.p.f.u.).
Garnet (core–rim composition: Alm72-68, Prp17-12, Sps6-15,
Adr1-3, Grs4-2), K-feldspar, apatite and tourmaline may
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also occur as accessory phases. The melanosomes are
composed of biotite and muscovite, with quartz, opaque
minerals, apatite, zircon and monazite as accessory
phases. The leucosomes are both granitic and tonalitic in
composition. Plagioclase is mostly euhedral to subhedral
with respect to quartz, and quartz–plagioclase myr-
mekites are often observed. Garnet may occur in large
inclusion-rich crystals within the melanosomes or as
small, subrounded crystals in the leucosomes. Rare
kyanite relics are found armoured within plagioclase,
whereas biotite + fibrolite selvages are sometimes
found within the leucosomes.

Metapelites

Metapelites typically contain Al2SiO5 polymorphs in the
form of kyanite porphyroblasts, sillimanite nodules or
selvages. The more pelitic lithologies mainly consist of
biotite, quartz, plagioclase, Al2SiO5 polymor-
phs ± garnet and rutile. Within the domains charac-
terised by granoblastic textures, biotite has straight grain
boundaries with kyanite, garnet, plagioclase and quartz.
Rutile inclusions occur within kyanite porphyroblasts.

Kyanite porphyroblasts are commonly rimmed by
muscovite and rarely by margarite coronas. Biotite is
partially replaced by tiny intergrowths of muscovite;
fibrolite–muscovite or quartz–muscovite selvages over-
grow the biotite foliation. K-feldspar may occur in the
groundmass of the muscovite–quartz and muscovite–
sillimanite selvages.

Calc-silicate rocks

The calc-silicate boudins are zoned with a dark green
amphibole-rich rim and a pale rose garnet-rich core.
Under the microscope the boudin rims are characterised
by granular microstructures. They are mainly composed
of plagioclase, quartz, clinopyroxene, garnet and tita-
nite ± amphibole. The boudin cores consist of domi-
nant garnet and quartz with subordinate plagioclase,
clinopyroxene and titanite. Garnet (Grs50) occurs in
large crystal aggregates, possibly due to the coalescence
of different grains during growth. The other phases
generally build pseudo-granoblastic aggregates intersti-
tial to garnet crystals, or occur as inclusions within
garnet blasts.

a)

b)

c)

d)

~30cm

Fig. 2 a Monzogranitic orthogneiss with augen texture; b deformed diatexite with boudins of calc-silicate rocks and disrupted leucosome
layers; c Ky-bearing metapelites with late Sil nodules (white spots) from P.ta Bados; d calc-silicate rock boudin embedded within typical
metapelites
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Analytical methods

Zircon dating and chemistry

Zircon grains were concentrated using standard tech-
niques. A Philips XL30 electron microscope equipped
with a cathodoluminescence (CL) detector (Diparti-
mento di Scienze della Terra, Università di Siena) was
used to obtain CL images of zircons. Back-scattered
electron (BSE) images were collected with a CAMEBAX
SX50 electron microprobe (GEMOC Key Centre,
Macquarie University, Sydney). Operating conditions
were an accelerating voltage of 15 kV and a beam cur-
rent of 20 nA. Zircons were analysed for U, Th and Pb
isotopic compositions using a 213 nm laser ablation
microprobe (LAM) coupled with an Agilent 4500, series
300 ICP-MS at the GEMOC Key Centre (Macquarie
University, Sydney), and a 213 nm LAM coupled with a
magnetic sector ICP-MS at CNR-Istituto di Geoscienze
e Georisorse of Pavia (Italy). Trace element data for the
same set of zircons were collected using the same LAM-
ICPMS system at CNR-Pavia. For a detailed descrip-
tion of the methods refer to Giacomini et al. (2005) and
the references therein. U/Pb analyses of zircons from
two samples were also carried out using SHRIMP at the
Australian National University in Canberra. Measure-
ment procedures are described in Compston et al.
(1992).

Whole rock chemistry

Major, trace element and REE compositions of selected
para- and orthogneiss samples from the Sardinian and
south Corsican basement were analysed by ICP-AES
spectrometry at SARM CRPG-CNRS of Nancy
(France). For the analyses we selected the most homo-
geneous migmatitic gneisses, in order to reduce the effect
of leucosome–melanosome layering on chemical com-
position. Sr and Nd isotopes were analysed with a VG
(Micromass) Sector 54 TIMS at the Pacific Centre
for Isotopic and Geochemical Research (PCIGR),
Vancouver.

Geochronology

In-situ U/Pb ages of zircons

U–Pb LAM-ICPMS dating of zircon crystals was car-
ried out on one representative orthogneiss sample
(AP16) and on three different paragneiss samples rep-
resentative of two stromatic migmatites (FD47, F17-2)
and a diatexite (S2-00). An anchi-metamorphosed
rhyodacite (F20) cropping out in the external nappe
zone of southern Sardinia (sampling area: rio Leunaxi–
Sarrabus, Fig. 1a) was also analysed to compare
the effusive sequences of southern Sardinia and the

orthogneisses of northern Sardinia. According to liter-
ature (Carmignani et al. 1992; Garbarino et al. 2005),
these volcanic rocks are of Middle Ordovician age, as
they are interlayered between Cambro-Ordovician
metasandstones (‘‘S. Vito Sandstones’’) and Caradocian
metasediments (‘‘P.ta Serpeddı̀ Formation’’).

SHRIMP analyses were carried out on zircons from
samples AP16 and S2-00 in order to compare the results
obtained by means of LAM-ICPMS.

Ablation spots for geochronology were chosen so as
to represent the heterogeneity of zircon structures.
Efforts were made to avoid analysing areas with cracks
and inclusions, and analytical spots were selected after
the characterisation of zircons under transmitted light,
CL and BSE images (Fig. 3). Tables 1, 2, 3 and 4 report
the selected isotope and trace element compositions
of analysed zircons. For the complete dataset, refer to
Tables 5–13 (electronic supplementary material).
Orthogneiss AP16. Zircons in the AP16 orthogneiss
concentrate mainly within biotite grains. They are gen-
erally euhedral, short-prismatic to strongly elongated,
have sharp edges and vary in dimension from a few tens
to several hundred microns. In CL and BSE images,
most grains show evident oscillatory growth zoning.
Inherited cores are rare. U–Pb results are shown in
Fig. 4a. In the Tera–Wasserburg plot, most of the data
define a concordant group of zircons, with ages span-
ning from 497 to 431 Ma (34 analyses) in zircons anal-
ysed by LAM-ICPMS, and from 478 to 431 Ma (23
analyses) in zircons analysed by SHRIMP. In the density
plot the LAM-ICPMS data define three main peaks at
474 ± 3.6 (9 analyses), 453 ± 3.3 (21 analyses) and
434 ± 4.7 Ma (4 analyses), although the range of U–Pb
ages is continuous with no real gaps between the three
populations. The choice of the most realistic emplace-
ment age therefore relies on a detailed study of zircon
structures. Only data on zircon domains characterised
by clear igneous textures (oscillatory zoning) and lacking
older inherited components, younger overgrowths and
texturally complex domains were used to obtain the age
of the emplacement. The best weighted average estimate
for 16 analyses is 469 ± 3.7 Ma (MSWD = 1.6). The
younger ages are probably related to lead loss events;
their concordance is most likely due to the short time
that elapsed between emplacement and the event that
produced lead loss. There is also a data point at
384 ± 4.7 Ma. The SHRIMP data define a restricted
range (21 of 23 analyses) of concordant ages whose
weighted average age is 466 ± 3 (MSWD = 1.6). The
weighted mean ages and uncertainties (given at the 95%
confidence level) were calculated using LAM-ICPMS
207Pb/206Pb concordant ages and SHRIMP 206Pb/238U
ages. Both techniques yielded equivalent results within
analytical uncertainties: the larger spread of the LAM-
ICPMS U–Pb data is due to the greater number of
analyses obtained with this instrument and to the wider
range of analysed zircon structures. The few inherited
concordant cores (two from LAM-ICPMS, one from
SHRIMP analyses) span between 665 and 575 Ma.
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Metarhyodacite F20

The zircon population of sample F20 is rather hetero-
geneous, and zircons are often fractured. They are gen-
erally euhedral, short and prismatic, but elongated
grains 50–150 lm in length are also present. Internal
zoning varies from oscillatory growth zoning to convo-
lute. Evidence for overgrowths and inherited cores is
common. With the aim of dating the magmatic event
related to the eruption of the volcanic protolith, we
concentrated the analyses on zircons characterised by
well-developed oscillatory zoning, without complex
textures. A few inherited cores were also analysed.
Results are not completely satisfactory: of the 19 anal-
ysed spots, one gave a discordant age and six inversely
discordant ages (Fig. 4a). The remaining points range
between 767 and 417 Ma, with five points defining a
mean concordant age of 464 ± 1 Ma (MSWD = 1.9).
The older ages were obtained for the cores of zircons
showing evidence of overgrowth at the rim. The ages
of 429 and 417 Ma were obtained for the rims of two
zircons with cores as old as 644 and 466 Ma, respectively.

Diatexite S2-00

The zircon population of the S2-00 diatexitic paragneiss
is rather heterogeneous: euhedral, short-prismatic and
elongated crystals with relatively sharp edges are most
common, but short-prismatic to equant subhedral and
rounded grains are also present. BSE and CL images
(Fig. 3) show that the internal structure of grains varies
greatly. The euhedral short-prismatic and elongated
grains usually have well-developed, magmatic-like
oscillatory zoning and contain mineral inclusions
(mainly quartz and apatite). The zoning is sometimes
truncated by overgrowths that form convoluted bands
or thin rims. Inherited cores with different zoning are
common, but very old components are also present as
unzoned subrounded whole grains. The BSE images of
a few zircons from the S2-00 diatexite reveal the pres-
ence of bright patches and of strongly zoned rims with
alternating brighter and darker regions: these rims,
most likely affected by metamict processes, are often
fractured and appear as very dark areas in the CL
images.

602 ± 5 Ma

458 ± 4 Ma
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462 ± 4 Ma
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467 ± 4 Ma
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766 ± 15 Ma
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Fig. 3 CL photomicrographs of representative zircons of the dated samples with the location of analytical spots and results. The small
photographs with grey background are BSE images of zircons showing bright metamorphic overgrowths
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The heterogeneity of the zircon textures and shapes
reflects the spread of U/Pb ages in the Concordia dia-
gram from about 3 Ga to 349 Ma (Fig. 4b). A total of
87 analyses were performed on 65 different zircon crys-
tals by means of LAM-ICPMS. The largest zircon
population (21 of a total of 78 concordant LAM-ICPMS
analyses) clusters between 501 and 452 Ma, with 16
points defining a well-constrained mean concordant age
of 466 ± 2 Ma (MSWD = 1.03). These ages were
obtained on homogenous or oscillatory-zoned cores,
inner rims of elongated crystals and, more rarely, on
oscillatory-zoned equant grains. A smaller group (nine
analyses) of younger ages ranging from 449 to 427 Ma
was obtained on slightly zoned overgrowths, and four
younger ages of 404, 379, 358 and 349 Ma were mea-
sured on the two strongly-zoned bright rims and two
unzoned rims of small subhedral grains. Other bright
domains and rims define a small group (four analyses) of
discordant data pointing to even younger ages. The
occurrence of fractures and metamict patches in such
areas probably favoured their alteration and contami-
nation by common lead. On a Tera–Wasserburg plot,
when corrected for common lead with the method pro-
posed by Andersen (2002), they define a lower intercept
of 327 ± 23 Ma.

The spread of SHRIMP data (25 analyses) is similar
to that of U–Pb data, with the younger ages ranging
from 494 to 374 Ma (17 analyses). The age of
464 ± 3.8 Ma (MSWD = 1.4), based on the weighted
average of 12 analyses, is comparable to that obtained
with the LAM-ICPMS method.

A total of 47 LAM-ICPMS and SHRIMP analyses
(39 from LAM-ICPMS, 8 from SHRIMP) yielded ages
older than 501 Ma: 32 of them define a group of Neo-
proterozoic ages ranging from 680 to 555 Ma. The old-
est Neoproterozoic ages were obtained for weakly-zoned

to unzoned short-prismatic and subrounded zircons; the
relatively younger ones were often measured in the
zoned cores of elongated grains. The remaining 15 ages
scatter between 787 and 3 Ga, with small groups around
1 and 2 Ga. Ages older than 2 Ga pertain to subrounded
and unzoned zircon grains.

Stromatic migmatite FD47

Like in the S2-00 diatexite, zircons of the FD47 stro-
matic migmatite show a variety of shapes ranging from
euhedral–elongated crystals to short-prismatic, equant
euhedral to rounded grains. Internal structures also vary
considerably, ranging from euhedral oscillatory zoning
to convoluted zones, ghost zones and unzoned domains
(Fig. 3). Relic cores with or without oscillatory zoning
are often present. Concordant U–Pb ages span between
814 and 450 Ma (39 analyses). The total weighted
average of the 32 analyses, younger than 500 Ma, gives
an age of 466 ± 3.3 Ma (MSWD = 3.3). Older con-
cordant ages spread between 814 and 533 (seven analy-
ses), with a small peak of Neoproterozoic data clustering
around 596 Ma (Fig. 4c).

Paragneiss F17-2

In the F17-2 paragneiss euhedral short-prismatic grains
predominate over elongated ones, and the majority of
grains have subrounded edges. Internal structures vary
from oscillatory growth zoning to sector zoning (Fig. 3).
Evidence of overgrowth at the rim is frequent, and
several grains contain subrounded and partially re-
sorbed cores with complex internal structures. Concor-
dant ages are scattered and range between 1.65 Ga and
393 Ma (Fig. 4d). The largest zircon population (14 of

Table 2 Selected SHRIMP U–Th–Pb isotope data and calculated ages for zircons from the studied samples (further data available as
electronic supplementry material)

Analysis U
(ppm)

Th
(ppm)

Th/U Pb*
(ppm)

Total ratios Age (Ma)

204Pb/206Pb f206 %
238U/206Pb 1r 207Pb/206Pb 1r 206Pb/238U 1r 1r

Orthogneiss
AP16_1.1 174 28 0.16 11.2 0.000260 0.16 13.307 0.156 0.0577 0.0011 0.0750 0.0009 466.4 5.4
AP16_2.1 706 171 0.24 42.8 0.001086 2.09 14.168 0.125 0.0724 0.0014 0.0691 0.0006 430.8 3.8
AP16_4.1 505 44 0.09 32.3 0.000064 < 0.01 13.419 0.123 0.0559 0.0006 0.0746 0.0007 463.6 4.2
AP16_8.1 316 81 0.26 20.1 0.000084 0.10 13.487 0.136 0.0570 0.0008 0.0741 0.0008 460.7 4.6
AP16_14.1 293 138 0.47 27.3 0.000219 < 0.01 9.213 0.093 0.0611 0.0007 0.1086 0.0011 664.8 6.5
AP16_19.1 437 68 0.16 27.9 0.000095 0.01 13.444 0.129 0.0564 0.0007 0.0744 0.0007 462.4 4.4

Diatexite
S2-00_2.1 263 29 0.11 16.7 0.000156 0.16 13.524 0.141 0.0575 0.0008 0.0738 0.0008 459.2 4.7
S2-00_3.1 257 8 0.03 16.4 0.000192 0.21 13.483 0.174 0.0579 0.0009 0.0740 0.0010 460.3 5.8
S2-00_3.2 80 37 0.46 11.7 0.000395 < 0.01 5.844 0.084 0.0724 0.0012 0.1713 0.0026 1,019 14
S2-00_4.2 128 15 0.11 42.9 0.000047 < 0.01 2.570 0.028 0.1259 0.0009 0.3920 0.0051 2,132 23
S2-00_5.1 113 105 0.93 9.8 – 0.34 9.837 0.125 0.0633 0.0013 0.1013 0.0013 622.0 7.7
S2-00_6.1 197 135 0.69 18.3 0.000171 0.08 9.260 0.099 0.0623 0.0012 0.1079 0.0012 660.5 7.0
S2-00_7.1 1,516 24 0.02 77.9 0.000078 < 0.01 16.727 0.138 0.0540 0.0004 0.0598 0.0005 374.4 3.0
S2-00_8.1 319 65 0.20 20.6 0.000040 0.05 13.348 0.135 0.0568 0.0008 0.0749 0.0008 465.5 4.6
S2-00_9.1 215 16 0.08 13.7 0.000205 0.15 13.498 0.193 0.0574 0.0011 0.0740 0.0011 460.0 6.5
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32 analyses) yields ages of 505–462 Ma. These ages
generally refer to zircon cores with well-developed
oscillatory zoning. Ten of 32 concordant points are older
than 500 Ma, with one defining an age of 1.65 Ga and
seven defining Neoproterozoic ages of 664–554 Ma.
Nine zircons scatter between 443 and 393 Ma. All these
younger ages, except two, were usually obtained from
the rim of zircons with complex zoning patterns and
evidence of overgrowths.

Lastly, the analysed orthogneiss and the meta-
rhyodacite show a large prevalence of ages spanning
from 480 to 450 Ma (about 70% of the concordant ages)
with a clear peak around 460–470 Ma. Such ages are
mostly obtained from euhedral zircons with oscillatory
zoning. Few younger (>380 Ma) and older ages
(<770 Ma) are usually restricted to the rims and
inherited cores, respectively. Zircons from metasedi-
ments show more heterogeneous age spectra: the main
cluster (42%) of about 160 concordant ages spans from
480 to 450 Ma. These ages are predominantly obtained
from euhedral to subhedral zircon grains. Ages from
about 550 to 650 Ma form a second main peak (16%)
and relate to single zircon grains or core portions with
variable shapes and internal textures. Ages older than
650 Ma up to 2.9 Ga are very scattered and were always
obtained from rounded zircon grains or inherited cores.
Finally, ages younger than 400 Ma are rare (<4%),
usually found at zircon rims.

Zircon rare earth and trace element composition

In order to better interpret the meaning of U/Pb ages,
we determined the trace element composition of dated
zircons. Ablation pits were usually sited near the spot U/
Pb analyses, and the results are shown in Table 3 and
Fig. 5a.

The Th/U ratios of euhedral grains with magmatic
oscillatory zoning and Middle Ordovician to Neopro-
terozoic ages (the two main age clusters at �470 and

650–580 Ma) are usually greater than 0.2. Chondrite-
normalised rare earth element patterns exhibit high
fractionation of LREEs over HREEs (LaN /
YbN < 0.0002) and marked negative Eu anomalies
(Eu / Eu* = 0.03 � 0.3). The bright rims of a few
grains (younger than 450 Ma) were difficult to analyse
because of their small dimensions and the presence of
fractures and inclusions. Several analyses were discarded
due to anomalous concentrations (up to hundreds of
ppm) of trace elements such as B, Na, Ba, Ca and Mg,
suggesting the presence of inclusions or impurities
within the cracks. The analyses considered representa-
tive of zircon compositions have flatter REE patterns, a
weak or absent negative Eu anomaly, and LaN /
YbN > 0.001. The concentrations of the other trace
elements are rather variable, but the Th/U ratio is usu-
ally less than 0.2.

The analyses of inherited cores and zircons older than
700 Ma yielded heterogeneous results linked to varia-
tions in the observed internal microstructures and are
not considered in detail in this work.

Magmatic versus metamorphic zircons

The euhedral shapes, the oscillatory zoning observed in
BSE and CL images and the trace element composi-
tions with negative Eu anomalies and high Th/U ratios
suggest that the zircons with Middle Ordovician to
Neoproterozoic ages formed under magmatic condi-
tions (Hinton and Upton 1991; Hanchar and Miller
1993). Zircons with such characteristics form the largest
populations in both the granitic orthogneiss (AP16)
and the three paragneisses (S2-00, FD47 and F17-2).
Some features of the bright rims with younger ages
found in a few zircons of the S2-00 migmatite and the
AP16 orthogneiss point to a metamorphic origin: the
lack of zoning and the low Th/U ratios are typical of
metamorphic zircons in the literature (Hoskin and
Black 2000).

Table 4 Selected LAM-ICPMS Lu and Hf isotope data and calculated model ages for dated zircons (further data available as electronic
supplementry material)

Analysis Age (Ma) 176Lu/177Hf 176Yb/177Hf 176Hf/177Hf 1r TDM
(Ga)

TDM
crustal (Ga)

176Hf/177Hf
initial

eHf

S2-00_2 477 0.000693 0.029194 0.282512 0.000008 1.00 1.34 0.282506 1.2
S2-00_3 466 0.001155 0.049307 0.282566 0.000012 0.94 1.23 0.282556 3.0
S2-00_7 613 0.000559 0.022654 0.282499 0.000012 1.02 1.28 0.282492 4.1
S2-00_22 626 0.000651 0.026604 0.282768 0.000015 0.66 0.68 0.282760 13.9
S2-00_23 320 0.005496 0.212504 0.282615 0.000015 0.99 1.27 0.282581 0.5
S2-00_24 2,988 0.000321 0.012942 0.280934 0.000013 3.06 3.11 0.280915 4.1
FD47_1 467 0.002247 0.092549 0.282458 0.000017 1.12 1.49 0.282438 �1.2
FD47_3 595 0.000604 0.023022 0.282076 0.000020 1.58 2.20 0.282069 �11.3
FD47_10 696 0.001060 0.032361 0.282801 0.000011 0.62 0.57 0.282787 16.4
FD47_11 533 0.001304 0.053408 0.282257 0.000014 1.37 1.87 0.282244 �6.6
FD47_12 450 0.001520 0.061274 0.282629 0.000012 0.87 1.11 0.282616 4.7
FD47_23 461 0.001569 0.064969 0.282498 0.000013 1.05 1.39 0.282484 0.3
FD47_27 484 0.001480 0.058218 0.282477 0.000011 1.07 1.42 0.282463 0.1
FD47_64 814 0.001028 0.034491 0.282570 0.000018 0.93 1.01 0.282554 10.9

Analyes performed with 213 nm LAM-ICPMS at the GEMOC Key Centre, Macquarie University, Sydney

28



U/Pb geochronology therefore reveals that both
sedimentary and magmatic protoliths record a main
zircon-forming event in the Middle to Late Ordovician
times. In particular, the zircon population in the granitic
orthogneiss clearly constrains the emplacement age of
the magmatic protolith to 466–469 Ma (SHRIMP and

LAM-ICPMS data). A slightly younger age of
460 ± 5 Ma was recently proposed (Giacomini et al.
2005) for the emplacement of the magmatic eclogite
protoliths in the Golfo Aranci area. In accordance with
this emplacement age, the youngest detrital zircons with
magmatic textures in the paragneisses suggest a deriva-
tion from dominantly Middle Ordovician magmatic
rocks.

The Variscan metamorphic history of the studied
felsic gneisses is poorly constrained by zircon geochro-
nology. Even though the analysed samples display evi-
dence of high-temperature metamorphic overprint up to
migmatite development (Carmignani et al. 1992; Ricci
et al. 2004), zircon resetting and recrystallisation are
generally limited to thin rims in older zircons. The large
scatter of metamorphic ages between about 450 and
320 Ma is unlikely the result of long-lasting re-equili-
bration. Even if old metamorphic ages cannot be ex-
cluded a priori, we suggest that ages older than 360 Ma
probably result from the mixed sampling of older inner
portions of zircon and younger thin rims. Alternatively,
such ages could be the result of the partial inhomoge-
neous resetting of zircons (possibly related to metamict
processes) during the subsequent metamorphic evolu-
tion.

In contrast, after comparison with published data on
the Sardinian metamorphic basement, we suggest that
all ages younger than 360 Ma and the slightly discordant
analyses with a lower intercept pointing to 330–320 Ma
can be realistically considered the result of the high-
temperature partial resetting of zircons. Indeed, meta-
morphic zircons from amphibolitised eclogites embed-
ded within the felsic gneisses of the Sardinian basement
yielded recrystallisation ages of 350–320 Ma (Palmeri
et al. 2004; Giacomini et al. 2005). Moreover, migmatite
formation in northern Sardinia is constrained to 344 Ma
(Rb/Sr whole rock, Ferrara et al. 1978), in good agree-
ment with the maximum thickening stage of the base-
ment inferred from the Ar/Ar dating of high-celadonite
micas from the garnet zone (about 340 Ma ago, Di
Vincenzo et al. 2004).

Lu–Hf isotope data

Selected zircons from S2-00 and FD47 were analysed
not only for U–Pb but also for the Hf isotope compo-
sition. The isotopic composition of Hf in zircon is an
indicator of crustal evolution (Vervoort and Patchett
1996; Bodet and Schärer 2000; Andersen et al. 2002); it
helps to constrain the age and nature of different crustal
components recycled by sedimentary rocks.

Ablation spots for Hf analyses were sited near the
spots used for the U–Pb isotope analyses (Fig. 3).
Table 4 reports analytical data, as well as time-corrected
176Hf/177Hf and initial epsilon-Hf values for each grain.
Given the small size of zircons and the need to link the
Hf isotopic composition to the U–Pb age, a limited
number of analyses were obtained for the older inherited
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components, which often occur as small rounded cores.
The obtained 176Hf/177Hf data were plotted against age
in Fig. 5b, which also reports the evolution curves of the
depleted mantle and CHUR.

The main zircon population is about 460 Ma old. The
Hf isotope composition ranges from 0.282427 ±
0.000024 (2r) to 0.282629 ± 0.000024 in sample FD47
and from 0.282433 ± 0.000016 to 0.282566 ± 0.000044
in sample S2-00, defining a cluster intermediate to
the values expected for a chondritic reservoir and those
expected for zircons crystallised from magmas with a
depleted mantle source. These ratios correspond to eHf
values ranging from �2.6 to 4.7 and from �1.7 to 3.0 in
FD47 and S2-00, respectively. The scatter in the
176Hf/177Hf ratios is greater than the analytical uncer-
tainty. This can be explained by a relative heterogeneity
in the zircon population including components formed
by the re-melting of distinct sources with different ages
and Lu/Hf ratios. Alternatively, the 176Hf/177Hf scatter
may be due to crystallisation from magma generated
from a depleted mantle source that interacted with

crustal material depleted in radiogenic Hf. The first
model is supported by the wide variety of ages and Hf
isotope compositions in sample S2-00. On the other
hand, the absence of 176Hf/177Hf values approaching the
depleted mantle evolution line and that of the strongly
negative eHf values, together with the strong similarity
between the 176Hf/177Hf ratios of S2-00 zircons and
those of FD47 (poorer in old components), seem to
support the second hypothesis. Zircon domains in
sample S2-00 with ages of 430 and 320 Ma have
176Hf/177Hf ratios in the same range.

Crustal residence ages were constrained assuming two
different 176Lu/177Hf values. The first value is equivalent
to a depleted mantle source representing minimum ages
for the parent magma from which zircons crystallised; the
second is equivalent to an average crustal protolith ob-
tained assuming a typical crustal Lu/Hf ratio (Griffin
et al. 2000; Andersen and Griffin 2004). The crustal resi-
dence age for a depleted mantle protolith
(176Lu/177Hf = 0.0384) ranges from 0.87 to 1.18 (mean
value = 1.04) in sample FD47 and from 0.94 to 1.03

data-point error ellipses are 2σ 

3000

2600

2200

1800

1400

0.0

0.2

0.4

0.6

0 4 8 12 16 20 24
207Pb/235U 207Pb/235U

20
6 Pb

/23
8 U

S2-00 (LAM-ICPMS)
850

750

650

550

450

350
0.05

0.07

0.09

0.11

0.13

0.15

0.4 0.6 0.8 1.0 1.2 1.4

data-point error ellipses are 2σ 

common Pb correction

560

400

240
0.052

0.056

0.060

0.064

51 52 5
238U/206Pb

20
7 Pb

/20
6 Pb

Lower Intercept at
 

327± 23 (MSWD=2.0)
 

0

4

8

12

16

300 500 700 900
Age (Ma)

N
um

be
r

zoom  

2

4

6

400 600 800 1000
Age (Ma)

N
um

be
r

2200

1800

1400

1000

600

0.04

0.08

0.12

0.16

0.20

0 4 8 12 16 20
238U/206Pb

20
7 Pb

/20
6 Pb

data-point error ellipses are 1σ 

S2-00 (SHRIMP)

b)

20
6 Pb

/23
8 U

Fig. 4 (Contd.)

30



(mean value = 1.03) in sample S2-00. Assuming an
average crustal source (176Lu/177Hf = 0.015), the TDM of
sample FD47 is 1.11–1.57 (mean value = 1.38) and the
TDM of sample S2-00 is 1.23–1.52 (mean value = 1.38).

The zircon population with U–Pb ages of around
600 Ma defines a scattered cluster in the 176Hf/177Hf
versus age plot, with the 176Hf/177Hf ratios ranging from
values lying on the depleted mantle evolution line at the
time and non-radiogenic Hf values (Fig. 5b).

Zircons from the two samples are similar, with
values ranging from high radiogenic Hf values near or
slightly above the depleted mantle evolution line
(176Hf/177Hf = 0.282801, eHf = 16.4) to a low 176Hf/177Hf
ratio of 0.28195 (eHf = �15.9). The wide scatter of the
176Hf/177Hf ratios suggests a heterogeneous origin for
this older zircon population: the presence of zircons with

high 176Hf/177Hf ratios near the DM evolution line
indicates the production of juvenile melts around
600 Ma ago, but the presence of strongly negative eHf
values also points to the production of magmatic rocks
with crustal affinity.

The most radiogenic Hf composition (0.282801) in
sample FD47 lies above the depleted mantle evolution
line (bold cross in Fig. 5b) and is similar to the most
radiogenic composition in sample S2-00. The complexity
of the zircon grain (a zoned relic core overgrown by a
likely younger mantle) that yielded this composition
suggests the mixing of two components: an older com-
ponent with a less radiogenic Hf isotope composition,
and a younger (600 Ma old) zircon domain crystallised
from a magma that originated from a depleted mantle
source.
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Numerous episodes of more recent continental crust
extraction are documented, and the production of
juvenile melts is also recorded in two zircons, respec-
tively, 1 and 3 Ga old.

In conclusion, the results of U/Pb, Lu/Hf and trace
element analyses on zircons from the Sardinian meta-
morphic rocks can be summarised as follows.

– The chemical composition and textures of zircons
with Ordovician ages indicate formation under mag-
matic conditions; Lu/Hf data indicate crustal resi-
dence ages of about 1 Ga.

– Ordovician zircons represent the dominant popula-
tion found in the felsic orthogneiss as well as in the
migmatitic paragneisses of northern Sardinia and in
the metarhyodacite from southern Sardinia.

– Older zircons and inherited cores are common in the
metasediments and indicate the multiple recycling of
older crust, particularly of Cadomian age.

– Zircon ages younger than 400 Ma are rare and pre-
dominantly found at zircon rims; the combined trace
element and textural analyses suggest that these ages
are related to the U/Pb system resetting or new zircon
crystallisation during metamorphic events of Variscan
age.

Geochemistry

Major and trace elements

The geochemical characterisation of metamorphic rocks
from the Sardinian basement must be applied with
caution: indeed the majority of analysed samples come
from northern Sardinia and were metamorphosed under
amphibolite to granulite facies conditions. Therefore,
they likely experienced some element mobility, particularly
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if partial melting reactions induced the escape of melt
from the source rock. Table 5 reports the composition of
representative gneisses from NE Sardinia (39 analyses);
orthogneisses and metavolcanics from central-southern
Sardinia (12 analyses), as well as eight metasediments
and one orthogneiss from southern Corsica were also
analysed for comparison. For the complete set of anal-
yses refer to Tables 14–18 (electronic supplementary
material).

Orthogneisses

The metagranitoids from the Golfo Aranci area have
high-K calcalkaline compositions; both muscovite gar-
net-bearing peraluminous granites and hornblende-
bearing metaluminous granodiorite–tonalites occur in
the area. SiO2 ranges from 73 to 61 wt%, and the
analysed samples fall between the rhyodacite and rhyo-
lite fields in the SiO2 versus Nb/Y diagram (Fig. 6a).
Using the discrimination diagrams of Pearce et al.
(1984), all analysed granitoids plot within the volcanic
arc granite field (Fig. 6b). The MORB-normalised trace
element patterns, with small or absent negative Ba
anomalies with respect to Rb and Th, and the slight
depletion in HFS elements are similar to those of typical
volcanic arc and collisional granites (Fig. 6c). No com-
positional difference can be seen between the pre-Vari-
scan magmatic rocks from the Golfo Aranci area and
those from the Sardinian nappe zones and other base-
ment slices in the Italian peninsula (e.g. Atzori et al.
2003; Mazzoli et al. 2003).

Metasediments

The geochemical composition of clastic sedimentary
rocks depends on several factors such as provenance,
weathering and duration of transport (e.g. Bathia 1983).

All metasedimentary rocks from the northern Sardi-
nia basement are immature, quartz-rich clastic sedi-
ments, mainly wackes to arkoses with subordinate
pelites (Fig. 7a, b: classification after Wimmenauer
1984). Following the classification of Floyd and Leve-
ridge (1987), the analysed migmatite samples plot within
the ‘‘acidic arc source’’ field, thus suggesting an origin
from the weathering and erosion of felsic magmatic
rocks (Fig. 7c). The discrimination diagrams of Bathia
(1983), Bathia and Crook (1986) and Plank (2005)
indicate that the analysed rocks have a ‘‘continental is-
land arc’’ and ‘‘active continental margin’’ affinity
(Fig. 7d, e), with the Th/La ratios always greater than
0.2 (Fig. 7d, e, f).

Sr and Nd Isotopic composition

Whole rock Sr and Nd isotopic ratios of one represen-
tative orthogneiss (AP16) and three paragneisses (S1-99,
S2-00, FD47) were also measured. An average forma-

tion age of 470 Ma was assumed for all lithologies. The
measured isotopic ratios are similar for all the analysed
samples: (143Nd/144Nd)470 Ma ranges from 0.51175 to
0.51181, with an eNd-470 Ma of�7.7 to�9.9. (87Sr/86Sr)470 Ma

is rather homogeneous for three samples, ranging
between 0.70954 and 0.71056. Sample FD47 has a very
low (87Sr/86Sr)470 Ma=0.705396, which is most likely
due to Rb and Sr mobilisation during the Variscan
metamorphic evolution.

The measured Sr and Nd isotopic ratios are in
agreement with those published by Di Vincenzo et al.
(1996) for one orthogneiss from the same outcrop as
sample AP16 and two orthogneisses from the Lodè
complex (Sardinia); they demonstrate that orthogneisses
and paragneisses mainly derive from a relatively young
felsic-to-intermediate crust: TCHUR model ages fall in the
950–1,050 Ma range. This is also in agreement with the
main age clustering of the Precambrian zircon popula-
tion in the paragneisses, where grains with ages of
550 Ma to 1.0 Ga largely prevail over those older than
1.0 Ga.

Discussion

The Variscan polyphase metamorphic overprint that
affected the northern Sardinian basement hampers an
accurate reconstruction of the pre-Variscan structure of
the crust in the area. Nevertheless, collected data and
recently published papers (Helbing 2003; Cortesogno
et al. 2004; Palmeri et al. 2004; Helbing and Tiepolo
2005; Giacomini et al. 2005) provide new constraints for
understanding the Palaeozoic evolution of this base-
ment.

The Early Palaeozoic magmatism

A widespread production of both granitic and basaltic
magma is attested throughout the Sardinian crust in the
Middle Ordovician.

The felsic orthogneiss of Golfo Aranci, dated by in-
situ U/Pb zircon geochronology (470–465 Ma), repre-
sents shallow level intrusions of subalkaline magmas
with granite–granodiorite–tonalite compositions.

In central-southern Sardinia the thick calcalkaline
metavolcanic sequences and the intrusive orthogneisses
of Lodè, Tanaunella, S. Lorenzo and Capo Spartivento,
as well as the Corsican orthogneisses of Zicavo and
Portovecchio (Carmignani and Rossi 2001), can be
considered co-magmatic, nearly coeval to those of the
Golfo Aranci area, although there is some uncertainty
on the ages constrained by geochronological studies
(480–450 Ma: Delaperrière and Lancelot 1989; Ludwig
and Turi 1989; Carmignani 2001; Helbing 2003; Helbing
and Tiepolo 2005). The U/Pb zircon ages of
464 ± 1 Ma obtained from a typical metarhyodacite
from Sarrabus (sample F20) and the data published by
Garbarino et al. (2005) confirm these results.
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The amphibolites and eclogites of northern Sardinia
locally preserve bodies of ultramafic cumulates and
layered amphibolite sequences (Franceschelli et al.
2005a and references therein). The metabasite chemical
and isotopic composition spans from typical subalkaline
N or T-MORB to continental tholeiite affinity (Franc-
eschelli et al. 2005a; Giacomini et al. 2005). Often, field
and chemical data point to derivation from intrusive
protoliths (Ghezzo et al. 1979; Cruciani et al. 2002;
Franceschelli et al. 2002, 2005a). Recent geochronolog-
ical studies (Cortesogno et al. 2004; Palmeri et al. 2004;
Giacomini et al. 2005) revealed that protolith ages
concentrate between 460 and 450 Ma: metabasites are
thus on average slightly younger than the felsic orthog-
neisses.

The minor mafic metavolcanic rocks associated with
the felsic Ordovician volcano-sedimentary sequences in
central and southern Sardinia have not been investigated
in detail, but they are considered to be subalkaline
(Memmi et al. 1982). Alkaline basalts with within-plate
affinity occur in the nappe zones; but they represent
younger events, being emplaced within the Devonian
and Silurian sedimentary sequences (Ricci and Sabatini
1978; Di Pisa et al. 1992).

In conclusion, an Ordovician widespread magmatic
activity is well attested in Sardinia both in the nappe
zones and in the high-grade migmatitic zone. Crustal
derived felsic metagranitoids and metavolcanics repre-
sent the dominant magmatic products. The occurrence
of amphibolite and layered amphibolite sequences with
tholeiite affinity in the high-grade basement points also
to an important mantle contribution during Middle–
Upper Ordovician times.

The Early Palaeozoic sedimentary sequence

The Variscan tectono-metamorphic overprint in the
high-grade metamorphic basement that locally reached
anatectic conditions and caused the profound textural
resetting of metasedimentary rocks only partially af-
fected zircons in these lithotypes. The majority of zir-
cons in paragneisses preserve an older historical record,
as demonstrated by in-situ U/Pb geochronology.

Middle Ordovician detrital zircons are the domi-
nant population in migmatites: they have typical
magmatic features, thus indicating a direct derivation
from intrusive–effusive sequences of this age (480–
450 Ma). The well-preserved shapes of many Ordovi-
cian zircons denote short transport and reworking
during sedimentation. Therefore, as inferred from
whole rock chemical and mineralogical compositions,
the protoliths of the dated migmatites are young,
immature shelf sediments representing the proximal
erosion products of Ordovician magmatic rocks from
adjoining areas.

Zircon isotope analyses indicate moreover that the
metasediments sampled a basement containing signifi-
cant igneous and metamorphic components related toT
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the Cadomian orogenic cycle (550–650 Ma), up to now
never clearly demonstrated in Corsica and Sardinia
(Franceschelli et al. 2005b). The few inherited zircons
older than 700 Ma concentrate between 800–1,200 and
1,700–2,300 Ma, with a possible age gap between 1,200
and 1,700 Ma; however, they are too few to precisely
define the provenance and affinities of these very old
sources.

We believe that the Middle Ordovician age of detrital
zircons in the Sardinian migmatite represents a maxi-
mum depositional age for the sedimentary sequence
(Fig. 8). Comparison with literature data (see Carmig-
nani 2001 for a detailed review) suggests that the pro-
toliths of the migmatites may correspond to the low-
grade clastic sediments of central and southern Sardinia

overlying or interlayered with the Ordovician metavol-
canics. The undated metapelite–metamarl minor occur-
rences in the Golfo Aranci area could therefore be the
high-grade counterpart of the Siluro-Devonian metase-
diments of central and southern Sardinia. These sedi-
ments testify the opening of a sedimentary basin
deepening and expanding in the Late Ordovician–Silu-
rian times.

Stratigraphic and geochronological data do not
constrain the minimum depositional age of the sedi-
mentary protoliths from the high-grade complex. There
is only clear evidence of their involvement in the Vari-
scan orogenic event at least from about 350 Ma (Ferrara
et al. 1978; Di Vincenzo et al. 2004; Giacomini et al.
2005).
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Variscan evolution

The lithostratigraphy and reconstructed metamorphic
history of the Golfo Aranci area are similar to those of
other high-grade outcrops in northern Sardinia (Carosi
and Oggiano 2002; Carosi and Palmeri 2002; Ricci et al.
2004; Franceschelli et al. 2005b; Giacomini et al. 2005).
The oldest metamorphic event recorded in the Golfo
Aranci basement rocks is a still undated high-pressure
eclogite-facies equilibration (�2.0 GPa/700�C) recorded

by some metabasite outcrops. This event was followed
by pervasive overprint under granulite to upper-
amphibolite-facies conditions (1.3–0.9 GPa/750–800�C:
Giacomini et al. 2005).

Although there is no evidence of high-pressure
metamorphism in the felsic gneisses, the frequent inter-
layering of small eclogite boudins and stromatic
migmatites suggests that these rocks were associated
prior to metamorphic equilibration. The oldest relic
textures and parageneses preserved within the felsic
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rocks (particularly within the metapelite sequences)
point to equilibration under granulite to upper-amphibolite-
facies conditions, with the formation of migmatites most
likely due to the muscovite dehydration reaction:

Msþ PlþQtz ¼ KfsþAl2SiO5 þMelt:

The migmatisation event most likely started in the
kyanite stability field at about 750–800�C and pressures
above 1.0 GPa (see Giacomini et al. 2005 for more de-
tails); it may have continued into the sillimanite field due
to nearly isothermal decompression.

Geochronological data suggest that metabasite and
felsic gneisses shared the same PT evolution, at least
since granulite-facies equilibration 350–330 Ma ago.
The pervasive decompressional overprint and related
zircon resetting 350 Ma ago in metabasic rocks (Giacomini
et al. 2005) is interpreted as the result of fluid infiltration
in the anhydrous mafic system during the migmatisation
of the neighbouring metasediments. Moreover, the
presence in migmatites of zircons with 350–320 Ma old
metamorphic rims further sustains that the metamorphic
equilibration is coeval in the mafic rocks and felsic
gneisses.

The Variscan tectono-metamorphic evolution pro-
ceeded, during the exhumation stage, with pervasive
deformation under a transpressive dextral shear regime
(Carosi and Palmeri 2002). Deformation was associated

with widespread heterogeneous retrograde mineralogical
equilibration, which led to the development of lower-
amphibolite-parageneses attested by the growth of
retrograde white mica with Ar/Ar ages of 320–300 Ma
(Di Vincenzo et al. 2004). Muscovite rims around kyanite
and quartz–plagioclase myrmekite are further evidence
of pervasive retrograde equilibration under amphibolite-
facies conditions. The final stages of the Variscan oro-
genic cycle are marked by the widespread intrusion of
syn- to posy-kinematic granites at shallow crustal levels
about 310–290 Ma ago, producing the high-temperature–
low-pressure metamorphic overprint along the intrusive
contacts (Del Moro et al. 1975; Di Vincenzo et al. 1996).

Conclusions: a geodynamic scenario

Geochemical and geochronological analyses indicate
that the felsic orthogneisses in the high-grade basement
of Sardinia and Corsica are of Middle Ordovician age.
Thus, they are the intrusive counterparts of the coeval
metavolcanics from central and southern Sardinia. In
addition, the metabasites with relic eclogite parageneses
are not restricted to the Posada-Asinara mylonitic
belt, but crop out extensively throughout the Sardinian
high-grade basement (possibly up to northern Corsica,
Palagi et al. 1985) and their protoliths are of Ordovician

0

10

20

30

40

50

nu
m

be
r

nu
m

be
r

Golfo Aranci Orthogneiss AP16

Gerrei metarhyodacite F20

Tanaunella metavolcanics

Lodè orthogneiss 

Lula metavolcanics

S2-00

FD47

17-2

Golfo Aranci Paragneisses (this work) 

Sardinian Orthogneisses

Helbing & 
Tiepolo (2005)

this work

a)

b)

0

10

20

30

40

50

38
0

46
0

54
0

62
0

66
0

78
0

Ma

Fig. 8 a Cumulative histogram
of U/Pb zircon ages from
orthogneisses and
metavolcanics of the Sardinian
basement (data from this work
and Helbing and Tiepolo 2005);
b cumulative histogram of U/Pb
zircon ages from the Sardinian
metasediments analysed in this
work

38



age (Cortesogno et al. 2004; Palmeri et al. 2004; Gia-
comini et al. 2005). The protoliths of the dominant
migmatitic paragneisses in northern Sardinia and Cor-
sica are siliciclastic shelf sediments (greywackes–arkoses)
linked to the dismantling of the Ordovician magmatic
belt. Therefore, we hypothesise that the high-grade
metamorphic complex is not a fragment of the Pre-
cambrian Armorican basement as proposed by some
authors (Cappelli et al. 1992; Carmignani 2001), but
rather belongs to the same crustal segment of central-
southern Sardinia representing a lateral basin sequence
of the Ordovician volcano-sedimentary belt.

Taking also into account the post-Oligocene opening
of the Liguro-Provençal basin, the counter-clockwise
rotation of Sardinia–Corsica, the southeastern drifting
of the Calabria and northern Sicily basements up to their
actual position (Arthaud and Matte 1977; Speranza
1999; Faccenna et al. 2004), and the geological affinities
among several Palaeozoic crustal sections in Italy,
Provence and the Pyrenees (Paquette et al. 1989;
von-Raumer et al. 1999; Barbey et al. 2001; Rubatto
et al. 2001; Briand et al. 2002; Deloule et al. 2002;
Atzori et al. 2003; Mazzoli et al. 2003; Friedl et al. 2004;
Schulz et al. 2004; Trombetta et al. 2004), we propose a
common geodynamic evolution for the entire area: the
structure of this part of the southern Variscan belt
derived from the tectonic stacking of the northern pas-
sive margin of an Ordovician–Silurian (-Devonian?)
basin—the Palaeotethys as proposed by Stampfli et al.
(2002)—along an active continental margin in the
Devonian–Carboniferous. The high-grade metamorphic
complex in northern Sardinia and Corsica thus corre-
sponds to the main collisional zone characterised by
maximum crustal thickening and subsequent maximum
exhumation, whereas the nappe zone of southern
Sardinia represents the back-arc fold and thrust belt.

This reconstruction is compatible with the models
recently proposed for other sectors of the Variscan
chain (Stampfli and Borel 2002; Stampfli et al. 2002;

von Raumer et al. 2003; Drost et al. 2004; Mingram
et al. 2004; Teipel et al. 2004; Zeck et al. 2004;
_Zelaźniewicz et al. 2004). Most authors agree that the
Palaeozoic evolution started with a Cambro-Ordovician
rift affecting the northern Gondwana margin (Figs. 9,
10). Following Linneman et al. (2000), Neubauer
(2002) and von Raumer et al. (2003), between the
Neoproterozoic and the Ordovician the northern margin
of Gondwana underwent a series of collisions and
fragmentations induced by Gondwana-verging oceanic
subductions. After subduction of the Rheic ocean and
amalgamation of Cadomia against Gondwana (Fig. 9b),
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a composite block of terranes affected by the cordillera-
type magmatism (the Hun Terranes) started to evolve
towards an arc setting (Fig. 9c) and to detach from
Gondwana in response to the south-verging subduction
of the Prototethys ocean (separating Gondwana from
Laurussia). Whether the Palaeotethys break-up actually
evolved into an oceanic domain is uncertain. Never-
theless, the subsequent northward drifting of Gondwana
and the subduction of this new extensional basin—
probably a thinned continental crust (Vai 2001)—under
the Hun Terranes marked the inception of the Variscan
orogenic cycle in southern Europe (Figs. 9d, 10c). In
this context, the still undated high-pressure metamor-
phism recorded by the Sardinian metabasites confirms
the presence of a subduction environment under the
Sardinia–Corsica microplate, which belonged entirely
to the Hun Terranes. The ensuing widespread granulite/
upper-amphibolite-facies metamorphism in the Carboni-
ferous testifies to the continental collision between the
Gondwanan plate and its derived northern terranes.
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témoin d’un magmatisme alcalin Ordovicien dans le Sud de
l’Europe. C R Acad Sci Paris Série II 309:835–842

Deloule E, Alexandrov P, Cheilletz A, Laumonier B, Barbey P
(2002) In-situ U–Pb zircon ages for Early-Ordovician magma-
tism in the eastern Pyrenees, France: the Canigou orthogneisses.
Int J Earth Sci 91:398–405

Di Pisa A, Gattiglio M, Oggiano G (1992) Pre-Hercynian mag-
matic activity in the Nappe Zone (Internal and External) of
Sardinia: evidence of two within plate basaltic cycles. In: Car-
mignani L, Sassi FP (eds) Contributions to the Geology of Italy
with special regard to the Palaeozoic basements. IGCP 276-
Newsletter 5, Siena

Di Simplicio P, Ferrara G, Ghezzo C, Guasparri G, Pellizzer R,
Ricci CA, Rita F, Sabatini G (1974) Il metamorfismo e il
magmatismo paleozoico della Sardegna. Rendiconti Società
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Nasdala L, Jonas P, Lützner H, Bombach K (2000) From
Cadomian subduction to Early Palaeozoic rifting: the evolution
of Saxo-Thuringia at the margin of gondwana in the light of
single zircon geochronology and basin development (Central
European Variscides, Germany). In: Franke W (ed) Orogenic
processes: quantification and modelling in the Variscan Belt.
Geol Soc London

Ludwig KR, Turi B (1989) Paleozoic age of the Capo Spartivento
Orthogneiss, Sardinia, Italy. Chem Geol 79:147–153

Matte P (1986) Tectonics and plate tectonics model for the Vari-
scan belt of Europe. Tectonophysics 196:309–339

Matte P (1998) HP rocks in Palaeozoic orogenic belt: uralides and
variscides., tectonics and general history of phanerozoic oro-
gens. J Geol Soc Schweden, pp 209–222

Matte P (2001) The Variscan collage and orogeny (480–290 Ma)
and the tectonic definition of the Armorica microplate. Terra
Nova 13(2):122–128

Mazzoli C, Sassi R, Burlini L, Cesare B, Peruzzo L, Spiess R, Sassi
FP (2003) The abundance of 55 elements and petrovolumetric
models of the crust in the Aurina and Pusteria Valleys. In: Sassi
FP (ed) The abundance of 55 elements and petrovolumetric
models of the crust in 9 type areas from the crystalline basement
of Italy, with some geophysical and petrophysical data. Acca-
demia Nazionale dei Lincei, Roma

Memmi I, Barca S, Carmignani L, Cocozza T, Elter FM,
Franceschelli M, Gattiglio M, Ghezzo C, Minzoni M, Naud
G, Pertusati PC, Ricci CA (1982) Further geochemical data
on the pre-Hercynian igneous activities of Sardinia and their
geodynamic significance. In: Italiana MdSG (ed) Guida alla
Geologia del Paleozoico Sardo. Guide Geologiche Regionali,
pp 157–164

Menot RP, Orsini JB (1990) Evolution du socle anté-stéphanien de
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Mingram B, Kröner A, Hegner E, Krentz O (2004) Zircon ages,
geochemistry, and Nd isotopic systematics of pre-Variscan or-
thogneisses from the Erzgebirge, Saxony (Germany), and geo-
dynamic interpretation. Int J Earth Sci 93(5):706–727

Neubauer F (2002) Evolution of late Neoproterozoic to early
Paleozoic tectonic elements in Central and Southeast European
Alpine mountain belts: review and synthesis. Tectonophysics
352:87–103

Palagi P, Laporte D, Lardeaux JM, Menot RP, Orsini JB (1985)
Identification d’un complete leptyno-amphibolique au sein des
‘‘gneiss de Belgodère’’ (Corse occidentale). C R Acad Sci Paris
Série II 301(14):1047–1052

Palmeri R (1992) Petrography and Geochemistry of some migma-
tites from Northeastern Sardinia (Italy). In: Carmignani L,
Sassi FP (eds) Contributions to the geology of Italy with special
regards to the Palaeozoic basements. IGCP N�276, NEWS-
LETTER 5:183–186

41



Palmeri R, Fanning M, Franceschelli M, Memmi I, Ricci CA
(2004) SHRIMP dating of zircons in eclogite from the Variscan
basement in north-eastern Sardinia (Italy). N Jb Miner Abh
6:275–288

Paquette JL, Menot RP, Peucat JJ (1989) REE, Sm–Nd and U–Pb
zircon study of eclogites from the Alpine External Massifs
(Western Alps): evidence for crustal contamination. Earth
Planet Sci Lett 96:181–198

Pearce JA, Harris NBW, Tindle AG (1984) Trace element dis-
crimination diagrams for the tectonic interpretation of granitic
rocks. J Petrol 25:956–983

Plank T (2005) Constraints from thorium/lanthanum on sediment
recycling at subduction zones and the evolution of the conti-
nents. J Petrol 46(5):921–944

Ricci CA (1992) From crustal thickening to exhumation: petro-
logical, structural and geochronological records in the crystal-
line basement of northern Sardinia. In: Carmignani L, Sassi FP
(eds) Contributions to the Geology of Italy with special regard
to the Palaeozoic basements. IGCP 276-Newsletter 5, Siena, pp
187–197

Ricci CA, Sabatini G (1978) Petrogenetic affinity and geodynamic
significance of metabasic rocks from Sardinia, Corsica and
Provence. N Jb Miner Mh 1:23–38

Ricci CA, Carosi R, Di Vincenzo G, Franceschelli M, Palmeri R
(2004) Unravelling the tectono-metamorphic evolution of
medium-pressure rocks from collision to exhumation of the
Variscan basement of NE Sardinia (Italy): a review. Period
Miner 73(2):73–83

Rubatto D, Schaltegger U, Lombardo B, Colombo F, Compag-
noni R (2001) Paleozoic magmatic and metamorphic evolution
of the Argentera Massif (Western Alps) resolved with U–Pb
dating. Schweiz Miner Petrol Mitt 81(2):213–228

Schulz B, Bombach K, Pawlig S, Brätz H (2004) Neoproterozoic to
Early-Palaeozoic magmatic evolution in the Gondwana-derived
Austroalpine basement to the south of the Tauern Window
(Eastern Alps). Int J Earth Sci 93(5):824–843

Speranza F (1999) Paleomagnetism and the Corsica-Sardinia
rotation: a short review. Bull Soc Geol Ital 118:1–7

Stampfli GM, Borel GD (2002) A plate tectonic model for the
Paleozoic and Mesozoic constrained by dynamic plate bound-
aries and restored synthetic oceanic isochrons. EPSL 196:17–33

Stampfli GM, von Raumer J, Borel G (2002) The Palaeozoic
evolution of pre-Variscan terranes: from Gondwana to the
Variscan collision. In: Martinez Catalan JR, Hatcher RD,
Arenas R, Diaz Garcia F (eds) Variscan-Appalacchian
dynamics: the building of late Palaeozoic basement. GSA
Special Paper 364:263–280

Teipel U, Eichhorn R, Loth G, Rohrmüller J, Höll R, Kennedy A
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