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Abstract Gabbro and eclogite boudins are preserved
within the amphibolites of the composite para- and
ortho-gneiss Variscan basement of the Savona Crystalline
Massif (Ligurian Brianconnais, Italy). Whole rock trace
element patterns, low initial éNd (+5.4 to +8.8) data and
trace element analyses on relict igneous clinopyroxene
revealed that the mafic rocks were derived from de-
pleted mantle melts, which most likely underwent
crustal contamination during emplacement. Gabbros
have a cumulus origin controlled by clinopyroxene and
plagioclase segregation, whereas the eclogites represent
evolved melts. U-Pb and trace element micro-analyses
on zircons separated from one amphibolitised gabbro
and one eclogite help to constrain coeval ages at
~468 Ma for their igneous protoliths. The occurrence of
a few inherited zircons confirms the involvement of a
crustal component in the petrogenesis of the mafic
rocks. In the eclogite, concordant zircon ages younger
than the protolith age testify to metamorphic re-crys-
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tallisation (or new growth) from about 420 to 305 Ma.
Zircon textures and trace element compositions
indicate that eclogite facies metamorphism occurred
392-376 Ma ago. The younger zircon portions yielding a
mean Concordia age of 333 + 7 Ma are related to
equilibration or new growth during the post-eclogite,
amphibolite-facies equilibration.

Keywords Variscan - Eclogite - Gabbro - Zircon
geochronology - LA-ICP-MS

Introduction

Eclogites and amphibolites are widespread in sections
of the Variscan basement exposed in the Alps and
adjoining areas (Provence, Corsica and Sardinia).
These basement slices are characterised by similar
lithological units recording analogous metamorphic
events. Eclogitic rocks usually occur in the cores of
mafic boudins associated with amphibolite facies
paragneisses (often migmatitic) and orthogneisses.
There is a general consensus that most of these
mafic rocks derive from Cambro-Ordovician igneous
protoliths (Paquette et al. 1989; Rubatto et al. 2001;
Schaltegger et al. 2003; Cortesogno et al. 2004; Palmeri
et al. 2004; Giacomini et al. 2005), while the age of the
high-pressure metamorphic overprint is debated.
Eclogite-facies rocks cropping out in the Gotthard
massif were dated to 460-470 Ma by combining
SHRIMP I data on zircons and the Sm-Nd isochron on
whole rocks and garnets (Gebauer et al. 1988, Gebauer
1993). In the external Alpine Massifs of the western
Alps, the eclogite-facies equilibration was instead
ascribed to the Silurian (425-395 Ma) on the basis of
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intercept ages from conventional U/Pb analyses on
zircons (Paquette et al. 1989). A not better defined
“high-grade event” in the eclogites from northern
Sardinia was dated to 403 = 4 Ma on the basis of
conventional U-Pb analyses on a metamorphic-looking
zircon population (Cortesogno et al. 2004). Despite
several other recent attempts (Rubatto et al. 2001;
Palmeri et al. 2004; Giacomini et al. 2005), no other
data are currently available for the timing of the
eclogite facies overprint in the western Alps and
Sardinia.

In this work, metagabbros and eclogites from the
Savona Crystalline Massif in the Ligurian Alps, Italy
(Fig. 1a, b) were analysed for major, trace element and
Nd isotope compositions. The in situ LA-ICPMS trace
element composition of relict igneous clinopyroxene
from metagabbros was also determined. The U-Pb
isotope and trace element composition of zircons from
one gabbro sample and one eclogite were analysed in
situ (LA-ICPMS) for geochronological purposes. The
timing of pre-Alpine metamorphism in the Ligurian
Brianconnais basement is poorly constrained. Pub-
lished geochronological data only constrain the late,
widespread amphibolite facies re-equilibration, which
is thought to be coeval with the development of the
main regional foliation. In particular, Rb/Sr and Ar-Ar

data indicate that the amphibolite-facies metamor-
phism of the paragneisses and orthogneisses in the
Ligurian basement occurred between 327 and 297 Ma
(Del Moro et al. 1981; Barbieri et al. 2003).

The principal goal of this study was to define the age
of the still undated igneous protoliths and the high-
pressure eclogitic overprint in the mafic rocks of this
sector of the Variscan belt and to propose strategies for
the interpretation of U/Pb zircon data in complex
metamorphic systems. The study of mafic rocks crop-
ping out in the Savona Crystalline Massif through a
combination of in situ or bulk isotope data and geo-
chemical analysis has provided new data for recon-
structing the magmatic and tectono-metamorphic
history of the basement of the Brianconnais zone. The
comparison with published literature data on neigh-
bouring southwest European Variscan units permitted
a better understanding of the geodynamic evolution of
the collisional belt.

Geological setting and field relations

The Savona Crystalline Massif (Fig. 1b) belongs to the
Ligurian Briangonnais domain, a stack of pre-Alpine
sedimentary sequences and basement slices thought to
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Fig. 1 a Tectonic map of the Western and Central Alps. The
Penninic Zone comprises the Briangonnais Zone (or Grand Saint
Bernard nappe system), which overthrust the Helvetic Domain.
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b Geological map of the Savona Crystalline Massif. ¢ Geological
sketch map of the Val Quazzola area. E, eclogite-facies relics; G,
gabbro relics
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represent the Mesozoic passive margin of the Euro-
pean continent (Vanossi et al. 1984). The Savona
Crystalline Massif comprises a strongly deformed mafic
amphibolite-paragneiss complex in tectonic contact
with orthogneisses. Locally, the amphibolites retain
relics of gabbro and of eclogite facies assemblages of
unknown age (Messiga 1987, Messiga et al. 1992;
Cortesogno et al. 1993, Gaggero et al. 2004). Orthog-
neisses and paragneisses record white mica whole-rock
and biotite whole-rock Rb-Sr ages of 327-297 Ma,
which were attributed to cooling under amphibolite
facies conditions (Del Moro et al. 1981). Ar/Ar ages of
311-302 Ma were obtained for white micas separated
from paragneiss pebbles of the Tertiary molasse over-
lying the basement (Barbieri et al. 2003). A white mica
separate from a paragneiss associated with the am-
phibolitised gabbros yielded a Rb/Sr cooling age of
308 + 11 Ma (Del Moro et al. 1982). The Alpine
metamorphic overprint does not exceed greenschist
facies conditions (Messiga 1987; Messiga et al. 1992;
Cortesogno et al. 1993, Cortesogno et al. 1997).

The study area comprises the valley of the Quazzola
stream between Bersaggi and Richini villages (Fig. 1c).
Undeformed bodies of either gabbro or partially ret-
rogressed eclogite occur within the mafic amphibolites
along the bed of the torrent. Gabbro- and eclogite-
relics are not associated in the same outcrop. Near
Richini village the mafic amphibolites contain deca-
metre-scale metagabbro boudins. The gabbroic rocks
preserve an igneous layering defined by modal and/or
grain-size variations in plagioclase and clinopyroxene,
the latter showing coronas of hornblende. Decimetre-
scale layers of melagabbro are sometimes present. A
coarse-grained fels rich in staurolite, garnet and mag-
netite occurs as a meter-scale lens within a deformed
and amphibolitised gabbro. This lens is SiO,-poor and
Al,Os-rich (both ~30 wt%) and most likely related to
digestion of crustal rocks by the basic magma (Braga
and Tribuzio 1999). The contact between this enclave
and the host amphibolitised gabbro is marked by the
appearance of magnetite + quartz in the amphibolite
paragenesis. Near Bersaggi village, about two kilome-
tres northwest of the previous location, retrogressed
eclogites form metre-scale, non-foliated domains
within banded amphibolites. In the outcrop, the ret-
rogressed eclogites show subhedral to anhedral garnet
porphyroblasts (up to 1 cm in diameter) set in a light
grey, fine-grained foliated matrix. Garnet porphyro-
blasts commonly bear coronas of dark-green amphi-
bole aggregates. The transition from retrogressed
eclogites to banded amphibolites is marked by a
gradual decrease in the garnet-amphibole modal ratio
and a progressive disappearing of the light matrix.

Methods

Whole rock major, trace element and Nd isotope
compositions were determined at Activation Labora-
tories (Ancaster, ON, Canada). Major and trace ele-
ment analyses (Table 1) were carried out by ICP-MS;
precision and accuracy are generally estimated to be
better than 10%. Nd isotope analyses (Table 2) were
performed using a Finnigan MAT 261 8-collector mass-
spectrometer in static mode. Powdered samples were
dissolved in a Hf-HNO;-HCl mixture. "**Nd/'*Nd
ratios are relative to the value of 0.511860 for the La
Jolla standard.

The trace element composition of igneous clinopy-
roxene was determined by laser ablation (LA)-ICP-MS
at the CNR-Istituto di Geoscienze e Georisorse— Unita
di Pavia. The reader can refer to Tiepolo et al. (2003)
for analytical details The LA-ICP-MS instrument
couples a Nd:YAG laser operating at 213 nm with a
double focusing sector field ICP mass spectrometer
type Element I from Thermo. The laser was operated
at a repetition rate of 10 Hz, with a spot diameter of
20-40 pm and a pulse energy of about 0.01-0.03 mlJ,
respectively. Data reduction was performed using the
software package “Glitter” (van Achterberg et al.
2001). NIST SRM 612 was used as the external stan-
dard. **Ca or %Si were adopted as the internal stan-
dards, depending on the mineral composition.
Precision and accuracy, assessed against the BCR-2
USGS reference glass, are better than 6% relative.

Zircon grains for the geochronological characteri-
sation were separated using standard techniques
starting from a sieved rock fraction of 60-250 microns;
grains were mounted in epoxy resin and then polished
down using 0.25 micron diamond paste. Pb geochro-
nology of zircons was carried out at the CNR-IGG-
Unita di Pavia using an ArF excimer laser ablation
microprobe operating at 193 nm (Geolas200Q-Micr-
olas) coupled with the previously described HR-IC-
PMS (Element-ThermoFinnigan). Laser was operated
at 5 Hz, fluency was set at 12 J/em?and the spot size to
25 or 10 um according to the internal complexity of
zircon. The method is basically that described in
Tiepolo (2003) and in Miller et al. (2006). The signals
of masses 202Hg, 204pp, 206pp, 207pp, 232Th and 2%U
were acquired in magnetic mode. The ***U signal is
calculated from *®U on the basis of the ratio
B8U/A5U = 137.88. Approximately 60 s of background
and at least 30 s of ablation signal from zircon were
acquired. The time resolved signal and U/Pb ratios
were carefully inspected in order to detect perturba-
tions related to inclusions, cracks or mixing between
different age domains. Zircon showing detectable
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Table 1 Bulk major and trace element compositions of selected samples

Lithotype Gabbro Gabbro Gabbro Eclogite Eclogite Eclogite Eclogite
Sample GBSV3 GBSV2 GBSV4 Své Sv1 Sv2 Sv4
% Wt
SiO, 47.88 48.40 49.17 48.94 49.45 49.72 50.13
TiO, 0.27 0.23 0.27 1.26 1.93 1.40 1.28
AlLOs 16.26 16.27 17.42 15.79 13.64 15.55 15.75
Fe,O3 1.15 1.10 0.80 1.45 2.10 1.50 1.64
FeO 5.88 5.56 417 7.42 10.55 7.67 8.46
MnO 0.13 0.13 0.10 0.16 0.21 0.16 0.15
MgO 11.30 10.21 9.11 8.33 6.08 8.29 7.89
CaO 12.93 13.27 15.00 10.91 10.83 11.57 10.12
Na,O 1.88 2.00 1.98 3.30 2.86 2.51 3.46
K,O 0.20 0.11 0.11 0.91 0.22 0.22 0.24
P,0Os <D.L. <D.L. 0.02 0.13 0.17 0.13 0.10
LOI 2.69 2.54 1.73 1.91 1.16 1.27 1.40
Sum 100.56 99.82 99.87 100.51 99.20 99.99 100.62
mg# 0.77 0.77 0.80 0.67 0.51 0.66 0.62
ppm
Ba 65 125 52 219 75 76 17
Rb 8 3 1 30 5 6 5
Sr 201 179 197 135 97 186 139
Cs 0.3 0.2 0.1 1 0.1 0.3 0.2
Ga 11 12 13 16 20 18 16
Sc 40 36 47 39 47 43 39
Ta <D.L. 0.02 <D.L. 0.15 0.19 0.2 0.09
Nb <D.L. 0.4 <D.L. 2.4 3 3 1.7
Hf 0.3 0.3 0.3 2.2 3.8 2.6 22
Zr 10 <D.L. 4 81 124 93 74
Y 6.4 8 7.5 26.7 52.6 31 27.6
Th 0.07 0.17 0.08 0.22 0.26 0.27 0.22
U 0.02 0.08 0.05 0.16 0.35 0.12 0.76
Cr 430 100 640 250 <D.L. 300 270
Ni 100 80 80 100 30 70 90
Co 42 44 38 34 44 45 41
\Y% 136 110 138 263 402 259 300
Cu 110 120 80 60 40 170 60
Pb <D.L. 8 <D.L. 7 <D.L. 13 <D.L.
Zn <D.L. 30 <D.L. 90 60 80 80
La 0.79 0.65 3.90 4.63 4.54 3.12
Ce 1.82 1.69 1.59 10.90 14.40 12.50 9.00
Pr 0.31 0.39 0.28 1.83 2.37 1.95 1.57
Nd 1.95 2.15 1.81 10.10 13.30 10.50 9.29
Sm 0.71 0.76 0.72 3.23 4.55 3.47 3.07
Eu 0.43 0.52 0.46 1.20 1.62 1.39 1.12
Gd 0.91 0.99 1.00 4.21 6.69 4.58 4.07
Tb 0.18 0.20 0.20 0.75 1.31 0.84 0.76
Dy 1.17 1.28 1.30 4.51 8.54 5.19 4.87
Ho 0.24 0.26 0.27 0.94 1.79 1.05 1.00
Er 0.69 0.76 0.75 2.75 5.50 3.04 2.95
Tm 0.10 0.11 0.11 0.41 0.85 0.44 0.45
Yb 0.63 0.65 0.65 2.64 5.35 2.73 2.90
Lu 0.09 0.10 0.10 0.39 0.76 0.41 0.42

mg# = molar (MgO/(MgO+FeO))
<D.L. below detection limits

common Pb (from the ?**Pb count rate) were ne-
glected. The laser induced U-Pb fractionation was
corrected adopting a matrix matched external standard
(zircon 91500) and considering the same spot size and
integration interval on the unknown and the standard
zircon. Data reduction, isotope ratio and apparent age
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calculation was carried out with the GLITTER soft-
ware (Macquarie Research Ltd, 2001) developed by
Van Achterbergh et al. (2001). Concordia plot and
concordant age values were calculated using the ISO-
PLOT/EX software by Ludwig (1999). In each
analytical run zircon 02123 (Ketchum et al. 2001) was



Contrib Mineral Petrol (2007) 153:29-53 33
Table 2 Isotope Nd composition and '’Sm/'**Nd ratios of the selected samples
Sample  '¥Nd/"*Nd 2SE ISm/MINA  eng(0)  'PNd/M'Ndazey PNAMNd(cruraroy Ena(470)
Gabbro  GBSV2  0.512965 0.000011  0.214 638  0.512307 0.512032 5.4
GBSV4  0.513121 0.000008 0241 9.42  0.512380 0.512032 6.8
GBSV3  0.513160 0.000006  0.220 1018 0.512482 0.512032 8.8
“Nd/'"“Nd,  2SE YSm/"Nd eng(0)  'PNd/M*Ndgesy  PNA/M*Ndcrurasoy  ena(460)
Eclogite  SV2  0.513004 0.000004  0.200 7.14 0.512402 0.512045 7.0
SV6  0.513025 0.000004  0.193 7.55 0.512442 0.512045 7.8
SVl 0.513129 0.000004  0.207 9.58 0.512506 0.512045 9.0
SV4 0513119 0.000006  0.200 9.38 0.512517 0.512045 9.2

analysed as unknown as quality control and average
accuracy is estimated close to 1%.

LAM-ICP MS trace element analyses were carried
out on selected age-concordant zircons according to
the method for trace element determination described
above but using the 193 nm laser source. Ablation
spots about 25 pm in diameter were located near the
spots of U-Pb analyses.

Petrology of selected samples

This study determined the whole rock major and trace
element chemistry and Sm-Nd composition of three
metagabbro samples (GBSV2, GBSV3 and GBSV4)
and four retrogressed eclogites (SV1, SV2, SV3 and
SV4). The selected metagabbros preserve igneous
textures and fresh clinopyroxene of igneous origin and
record the lowest degree of amphibolite-facies recrys-
tallisation. An additional metagabbro sample
(GBSV1) was chosen for zircon separation. The ret-
rogressed eclogites were selected in order to avoid
samples with a greater degree of retrograde amphibo-
lite-facies recrystallization (e.g., amphibole aggregates
forming pseudomorphs after garnet).

Gabbros

The gabbroic rocks (Fig. 2) consist of euhedral
plagioclase (about 55 vol%), subhedral to poikilitic clin-
opyroxene and a completely altered mafic mineral. The
latter is replaced by rounded aggregates of colourless
amphibole, which make up about 10 vol % of the rocks
and have been interpreted as pseudomorphs after
olivine. In all samples, clinopyroxene is rimmed by
fine-grained aggregates of green amphibole and minor
plagioclase. Accessory Fe-sulphides occur as inclusions
within the major minerals. Scarce pseudomorphs of
rutile and titanite interstitial to the major minerals
suggest the presence of accessory Fe-Ti-oxide phases in

the original igneous assemblage. Rare plagioclase
grains with igneous texture are preserved and have an
anorthite content of 60-63 mol %. Plagioclase is
commonly altered to fine-grained aggregates of albite
and epidote. The mg# value [Mg/(Mg+Fe*)] of clino-
pyroxene ranges from 0.76 to 0.89. The Al and Cr
contents in clinopyroxenes generally decrease with
decreasing mg#, whereas Mn increases.

Deformed metagabbros (amphibolites to hornblen-
dites) are characterised by the presence of both Mg-
hornblende and plagioclase and by the development of

Fig. 2 a Boudin of undeformed gabbro in a mylonitic metagab-
bro. b Thin section of an undeformed gabbro preserving relics of
igneous plagioclase and pyroxene. Clinopyroxene is invariably
rimmed by green amphibole, and the round-shaped amphibole
aggregates are interpreted as pseudomorphs after olivine
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porphyroblastic garnet in Fe-rich protoliths; pressure
and temperature values of 0.4-0.7 GPa and 500-600°C
have been proposed for the amphibolite-facies meta-
morphic re-equilibration (Braga and Tribuzio 1999).

Eclogites

High-pressure paragenetic relics (Fig. 3) consist of
euhedral garnet porphyroblasts, omphacite, zoisite,
rutile, kyanite, phengite and quartz. Omphacite (Jds;_41)
is partially replaced by diopside-andesine symplectites.
Garnet porphyroblasts are almandine-rich (49-62%)
with lower amounts of grossular and pyrope (19-29%
and 13-27%, respectively) and less than 3% spessartine;
they are commonly zoned, with a decrease in Mn and Ca
and a slight increase in Mg/(Mg+Fe) from core to rim
(see also Messiga et al. 1992). Garnets are rimmed by
green amphibole and plagioclase kelyphites. Kyanite is
rimmed by fine-grained muscovite ( + margarite) and
quartz aggregates.

Fig. 3 a Photograph of a polished eclogite sample highlighting
the zoned syn- to post-kinematic garnet porphyroblasts rimmed
by amphibole kelyphites; the deformed matrix mainly consists of
omphacite, rutile and zoisite. b Back-scattered electron image of
an eclogite sample: the relict eclogite-facies minerals are variably
overprinted by lower pressure mineral parageneses

@ Springer

Minimum pressure conditions of 1.7 GPa were
proposed for the eclogite facies paragenesis (Cortes-
ogno et al. 1997). Eclogite facies temperatures based
on clinopyroxene-garnet Mg-Fe?* exchange range from
650° to 750°C. The pressure-temperature conditions of
the major late amphibolite-facies overprint are con-
strained to about 0.4-0.7 GPa and ~600 °C (Braga and
Tribuzio 1999; Cortesogno et al. 2004).

Chemistry
Whole rock geochemistry

Selected gabbros and eclogites have significantly dif-
ferent major and trace element chemical compositions.
At nearly constant SiO, contents, the gabbros have
higher Al,O5, MgO and CaO contents and lower TiO,,
Na,O and MnO contents than the eclogites. K,O
contents are generally low (0.1-0.9 wt%), particularly
in the gabbros where they never exceed 0.2 wt%. The
mg# value of the gabbros (0.77-0.80; Fig. 4a) is sig-
nificantly higher than that of the eclogites (0.51-0.67).
The CIPW norm indicates that gabbros are olivine
normative, supporting the hypothesis that the sub-
rounded amphibole aggregates in the gabbros are
pseudomorphs after olivine. Eclogites are hyperstene-
normative.

The REE pattern of the gabbros (Fig. 4b) displays
depletion in LREE relative to MREE and HREE
(Lan/Smy = 0.6 — 0.7, Yby contents 3-5 times those
in chondrites) and a clear positive Eu anomaly (Eu/
Eu* = 1.6-1.8). The gabbros have low Nb, Ta, Zr, Y,
Hf and Th contents.

The eclogites are slightly depleted in LREE with
respect to MREE and HREE (Layn/Smy = 0.64-0.82),
with a small to absent negative Eu anomaly (Euw/
Eu*=0.89-1.06). Total REE contents are about 15—
35 times those of a chondrite. The incompatible ele-
ment pattern of the eclogites is smooth, with concen-
trations that are typically higher than in the gabbros.
No significant Sr anomaly is observed. The LREE are
lightly enriched relative to Th, Nb and Ta (Fig. 4b, c).
U, Ba and Rb concentrations are highly variable and
were not plotted in the multivariation diagrams: these
elements are strongly mobile and their concentrations
may have varied during the metamorphic events sub-
sequent to the crystallisation of the igneous protolith.
Present-day '**Nd/"*Nd vary from 0.512965 to
0.513160 in the gabbroic rocks and from 0.513004 to
0.513129 in the eclogites; '*’Sm/'**Nd span from 0.193
to 0.241, thus yielding eNd () in the range +6.4 to +10.2.
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Fig. 4 a TiO, vs. mg# plot evidencing the cumulus character of
the gabbroic rocks. b Chondrite-normalised REE diagram and
¢ trace element multivariation diagram (normalised to Primitive-

Mantle values) of the investigated gabbros and eclogites. Ti* is
recalculated from the TiO, wt% in the major element analyses

Trace element composition of igneous
clinopyroxene from the gabbros

The REE patterns of clinopyroxenes are characterised
by LREE-depletion with respect to MREE and HREE
(Lan/Smy = 0.07-0.17, for HREE contents 5-11 times
those in chondrites) and by a weak negative Eu
anomaly (Ew/Eu* = 0.7-0.9). The Lan/Smy ratio and
the negative Eu anomaly slightly increase with total
REE contents (Fig. 5; Table 3). Cr contents are rela-
tively high (540-2600 ppm). Cr shows a rough positive
correlation with mg# values. V and Sc range from 400
to 460 and from 130 to 160 ppm, respectively. The
incompatible trace element patterns of the clinopy-
roxene (normalised to chondrite values, not reported)
are characterised by low Nb, Ta, Sr, Zr and Hf contents
with respect to the neighbouring REE. A remarkably
similar incompatible element fingerprint is observed
for clinopyroxenes from MOR-type cumulates (e.g.
Tribuzio et al. 1999, 2004).

Geochronology
Zircon features

U-Pb LA-ICPMS dating of zircons was carried out on
one gabbro (sample GBSV1) and one eclogite (sample
SV1) from the Savona Crystalline Massif. Back-scat-
tered electron and cathodoluminescence image analy-
sis was completed prior to laser ablation analysis to
investigate zircon morphology and internal zoning.
Selected cathodoluminescence images of zircons from
the two dated samples are reported in Fig. 6.

100 1
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Fig. 5 Chondrite-normalised REE diagram of clinopyroxenes
from the investigated gabbro samples
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Table 3 Average major and

" Major GBSV2 GBSV4 GBSV3 Trace GBSV2 GBSV4 GBSV3
trace element compositions
. . elements elements
of relict magmatic (Wt%) (ppm)
clinopyroxene from the
gabbrocic rocks Si0, 52,57 54.02 5429 Sc 159 136 130
TiO, 0.60 0.46 0.48 Ti 5037 4428 4090
Al,O3 2.35 2.72 2.96 \'% 461 400 391
Cr,03 0.09 0.31 0.56 Cr 539 2386 2592
FeO 5.86 3.58 322 Rb <D.L. <D.L. <D.L.
MnO 0.22 0.08 0.11 Sr 13.5 14.5 15.0
MgO 14.37 15.10 15.50 Y 17.5 7.88 13.1
CaO 24.27 22.80 22.76 Zr 13.8 9.89 11.3
Na,O 0.43 1.20 1.79 Nb 0.05 0.05 0.04
Sum 100.75 100.26 101.67 Ba <D.L. <D.L. <D.L.
La 0.40 0.09 0.22
mg# 0.81 0.88 0.90 Ce 1.52 0.53 1.40
Pr 0.45 0.13 0.36
ap.fu Nd 3.30 1.31 2.66
Si 1.93 1.96 1.93 Sm 1.50 0.75 1.36
Ti 0.02 0.01 0.01 Eu 0.44 0.24 0.50
Al 0.10 0.12 0.12 Gd 2.50 0.96 2.06
Cr 0.00 0.01 0.02 Tb 0.43 0.20 0.34
Fe?* 0.14 0.10 0.01 Dy 3.08 1.56 2.62
Fe* 0.04 0.01 0.09 Ho 0.69 0.32 0.53
Mn 0.01 0.00 0.00 Er 1.87 0.77 1.39
Ni 0.00 0.00 0.00 Tm 0.25 0.12 0.21
Mg 0.78 0.82 0.82 Yb 1.62 0.71 1.26
mg# : molar Mgo/ Ca 0.95 0.89 0.87 Lu 0.25 0.09 0.17
(MgO+FeO) Na 0.03 0.08 0.12 Hf 0.79 0.72 0.63
Sum 4.00 4.00 4.00 Ta 0.01 0.04 0.03

<D.L. below detection limits

Zircons from the gabbro are rare and small, not
exceeding 100 microns in length. Back-scattered
imaging revealed that almost all zircons are short
prismatic, subhedral to euhedral. A few subrounded
grains also occur. The cathodoluminescence is gener-
ally low: some zircons appear nearly structureless with
faint convolute zoning, while others show well devel-
oped oscillatory zoning.

Zircons in eclogites are 50-150 microns in length
and show subhedral, short prismatic to anhedral
and subrounded morphologies. Quartz, apatite and
subordinate zoisite inclusions occur in some grains.
One fractured zircon rim hosts two small inclusions
of clinopyroxene-plagioclase symplectites (Fig. 6).
Cathodoluminescence analysis reveals a variety of
internal structures. Zircons with internal patchy zoning
and strong luminescence contrasts are frequent.
Several grains have cores with low luminescence and
bright rims. The dark cores may be zoned (patchy or
oscillatory) or almost structureless. The bright rims are
unzoned.

Geochronological results

The U/Pb isotope compositions of zircons are reported
in Tables 4 and 5.

@ Springer

Twenty-two laser ablation spots were made on
sixteen zircon grains from gabbro GBSV1. Eleven ages
are concordant and span a time interval from 2,136 to
459 Ma (Fig. 7). Six concordant analyses, obtained
from subhedral, short prismatic zircons with faint
oscillatory zoning have ages of 481-459 Ma with a
mean concordant age of 469 = 6 Ma (MSWD = 0.6,
probability = 0.5). Three grains have slightly older
ages ranging from 494 to 515 Ma. They have variable
internal structures, with complex convolute zoning or
dark unzoned areas. One subhedral, rounded crystal
has a concordant age of 2,128 Ma (average of 2
analytical spots). It shows sector zoning and alternating
bright and dark areas. The other analyses yield dis-
cordant points and do not define reliable intercept
ages.

Eighty-three laser ablation spots on fifty-nine grains
were performed on zircons from the selected eclogite.
Fifty-one analyses gave concordant ages with a wide
scatter of 645-305 Ma (Fig. 8a). The generally complex

Fig. 6 Cathodoluminescence images of representative zircons
from the gabbro (1-5) and eclogite (6-13) and location of
geochronological and microchemical analyses (Tables 4, 5, 6).
Images 13 and 14 are respectively CL and BSE images of the
same grain: note the inclusion of clinopyroxene-plagioclase
symplectite and the thin fractures in the host zircon
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relationships between measured ages and zircon tex-
tures are summarised below.

One subhedral zircon, three dark crystal cores and
one unzoned domain in a zircon fragment yielded
concordant ages of 645-520 Ma. Another twenty-five
analyses of core and rim portions in euhedral-subhe-
dral, short prismatic zircon crystals yielded concordant
ages of 486-430 Ma. The internal textures vary from
dominant faint oscillatory or patchy zoning, to rare fir-
tree zoning. This large group of data presents an
irregular bell-shaped distribution centred at about
460 Ma. Due to the large scatter, the data define two
mean concordant ages (Fig. 8b): the seventeen oldest
analyses cluster around a well-defined mean concor-
dant age of 468 + 4 Ma (MSWD = 1.2, probabil-
ity = 0.3), whereas the other seven define a younger
mean age of 446 + 2 (MSWD = 1.8, probability = 0.2).

Nineteen analyses on both core and rim zircon do-
mains with variable internal textures yielded ages in
the 420-305 Ma range. These crystals are generally
characterised by low luminescence and have variable
internal zoning: the most frequent features are dark
unzoned cores surrounded by brighter unzoned rims,
or irregular crystal sectors characterised by faint
luminescence contrasts. Four analyses performed on
one zircon core and on three overgrowths resulted in a
mean concordant age of 407 + 9 Ma (MSWD = 0.11
probability = 0.7). Seven analytical points span from
392 to 374 Ma and form two small groups (comprising
3 and 4 analyses respectively): they define two mean
concordant ages of 392 + 4 Ma (high MSWD of 3.3)
and 376 +2 Ma (MSWD = 1.8, probability = 0.2)
respectively. In particular, the unzoned and fractured
zircon rim containing two ovoid inclusions of clinopy-
roxene-plagioclase symplectites yielded a concordant
age of 374 + 18 Ma.

Lastly, eight analyses of irregularly zoned crystals
and of bright unzoned rims on older cores yielded
concordant ages ranging from about 346 to 305 Ma.
Excluding the single younger analysis at 305 + 6 Ma,
the seven remaining points (Fig. 8c) define a mean
Concordia age of 333 + 7 Ma (MSWD = 0.104, prob-
ability 0.75).

Zircon trace element composition: magmatic
and metamorphic zircons

Five zircon crystals from the gabbro were selected
for trace element analysis: the specimens display
oscillatory zoning in CL images and have ages of 459—
477 Ma (Fig. 9). They have high Y (550-2,000 ppm),
Hf (7,700-10,000 ppm), Th (80-470 ppm) and U
(180-530 ppm) concentrations, with Th/U ratios of

@ Springer

0.35-1.07. The Cl-chondrite normalised REE pattern
is characterised by strong enrichment in HREE with
respect to LREE, with Cen/Yby values ranging from
0.002 to 0.1. Ce is enriched with respect to Pr and La
(La concentrations are often below the detection limit)
and Eu is always depleted with respect to the neigh-
bouring REE (Ew/Eu* = 0.02-0.55). This trace element
fingerprint and the oscillatory zoning in CL images
indicate zircon growth under igneous conditions (Bea
and Montero 1999; Schaltegger et al. 1999; Rubatto
and Gebauer 2000; Rubatto 2002).

Twenty-one dated zircon grains from eclogite SV1
were also selected for trace element analysis (Fig. 10).
The zircons with concordant ages of 480 to 446 Ma are
characterised by relatively high Hf (8,800-
12,000 ppm), Y (250-500 ppm), Th (10-53 ppm) and U
(68-900 ppm) concentrations. Th/U values are higher
than 0.03, whereas the chondrite-normalised REE
patterns display a steady HREE enrichment with re-
spect to LREE (Cen/Ybn < 0.003) and a negative Eu
anomaly (EwEu* = 0.2-0.6). As in the case of the
analysed zircons from the gabbro, this chemical fin-
gerprint, together with their dominant subhedral shape
and the internal texture of selected crystals (charac-
terised by faint oscillatory or patchy zoning), is typical
of zircons formed under igneous conditions.

The chondrite-normalised REE pattern of two zir-
con rims dated at 419 + 10 Ma and 403 + 8 Ma are
similar to those of the magmatic zircons described
above, with a negative Eu anomaly and HREE
enrichments over MREE and LREE. However, the
textures of these rims and of all analysed zircons with
ages in the 420-400 Ma range are typical of meta-
morphic zircons: such ages were all measured in crystal
overgrowths or in unzoned and badly-defined crystal
sectors with generally low luminescence. The chemical
features of these zircons thus partially overlap with
those of the older igneous zircons, but their internal
textures and the younger ages indicate solid state re-
crystallisation under metamorphic conditions (Hoskin
and Black 2000).

The trace element composition of seven zircon sec-
tors spanning in age from 392 to 325 Ma are charac-
terised by low Y, Th and U contents (35-132 ppm,
0.05-7.84 ppm and 76-197 ppm, respectively) and by
Th/U contents usually below 0.02. The MREE and
HREE patterns are nearly flat with low concentrations
that are 70-100 times typical chondrite values; LREE
contents are generally below the detection limit. These
chemical features, together with their complex internal
texture (presence of overgrowths, irregular sector zoning)
are typical of zircons grown (or possibly recrystallised)
under metamorphic conditions (Schaltegger et al. 1999;



39

Contrib Mineral Petrol (2007) 153:29-53

JUBPIODSIP ISIp

1T I8y 6 06y IT 8y 9 18Y 19 10 L8T  9ye00  €LT  €1190 0CT  SLLO0  8LC  €LSO0 S¢ 8¢qcInT 90T uodIz
sip 01 1404 St 114 9 (454 8L 68 8¢C  TOC00  6L€  8STO0  I¥FL 09900 06'€ 88900 4 Leqeing 6¢C U021z
sp 1 LIS 11 (489 9 89 09 11L 0CC 6SC00 ¥8C 65590 9C1T  €5L00 L8CT 1€90°0 S¢ 92qcIn €1 uodI1Z
ISP 6 90L 8 €89 9 L09 0¢ £v6 Yol SS€00  CST S6S6'0  II'T L8600 6T  SOLOO 4 geqeing 9 uooIIZ
8T  9¢IT ST 89¢C 11 8clc 0 ele  I¢ oylc LT'T  88I1'0 STT €6Cl'L  OI'l  8L8¢0 6I'T T€ET0 S¢ yeacinT - qsg uodlz
vL  vclc  0¢ ¢80C 01 gcle ol gcle 6l €cIc  ¢o'r L8010 €I’ €901°L SO'T  S06€0 II'T  6I€10 54 €qeInT  BGT U0dIIZ
6 6y v Scy ¥ 9% S LSy 9¢ 08y 680 CIC00 ITT  SPLSO  SO'T  v€L00  8I'T  L9SO0 S¢ ceqein [€ uodIrz
1) st S 90S 9 86v S Sov 9¢ (459 OT'T  $S200 291  0€€9°0  LO'T  L6LOO €91  SLSOO 54 61qcInT Q0T UodIz
Sp 9 9¢s L 1949 S (459 143 129 Or'T #9200 09°T  #90L°0 90°T  Lc8O'O0 19T 61900 Y4 81qcIn] ¥ uod.iz
sIp 91 0L8T 8 11er ¢ 6€S 81 8vLC 880 0L600 CI'T vveTC SO'T <CL800 II'T  LO6LO 54 L19gIn] Cl uood1z
sp ¢ 861 S 91¢ S 99v 9¢ SvL ¥0'1 05200 9T'1 62990 ¥0'L  6vLO0 STL  1¥90°0 Y4 91qzIng 91 uodIiz
6 oy 01 S09 S 1394 S (454 Le (1754 19T +0€00 +C'T 08L60 <CO'T <TvLOO0 ¥CTT  S9S0°0 54 S1qzing 11 uod11z
0t vey S 8Ly S 114 S 1414 0¢ €61 00T 6£200  SET 99290  €O'T  96L0°0  LET  0LSO0 Y4 y1qcing B6 UODIIZ
(1) oy 8 L9Y L 1LY S oy v 1394 L9T  $€C00  I8'T L68S0 80T 09L00 S8T1  €9S0°0 54 €1qeing P U021z
1] Ly L 09y L 08y S 9Ly (44 96y ¢S'L 0€C00 06T SP09'0 80T L9L00  ¥6'1T  T1LSOO Y4 clqeing L uodaiz
Sp 9 069 L 69L 9 ors [44 90€T 260 Lp€OO ICT €€’ 901 ¥.800 8I'T  6£600 54 11921 BQC Uoddiz
Sp 9 (399 L 08S S a8y [43 $86 CI'l LL2O0  8S'T  SOLL'O 60T  LLLOO  8ST  0CLOO S¢ orqcing q6 UodI1Z
SIp 9 619 L 9¢L S 91¢ 144 e8vl  L6'0  T1€00 TI€T €S90'T 80T €€800 6CT 82600 54 609CInT  BQL UOdIIZ
sp L SL9 L ScL L SS9 8¢ 676 90’1  0p€00  I¥L  82PO'L  80'L  0LOT'0 OF'L  LOLOO Y4 809CInT q¢ uodIz
oSIp 01 cov L 00S S a8y 8¢ 686 S6'1  Lvd00  LLT 9S€9°0 IT'T  9LLO0  8LT  S6S0°0 S¢ L0921 qQT uodIrz
1] Yy 8 99 9 89 S Ly 9¢ oy LT €€C00  ¥9'T 09850 80T 09L00 S9T  6SS00 Y4 909¢InT B¢ U0dIIZ
1) 1 S 0Ly 9 1489 S SIS 0¢ LOS CO'T  SE€C00  6€1T  C6S90  LOT  CE800  8ET  ¥LSOO 4 S0qzIng T uodaz
(E) Ulee, Ngee Ngee Adyge UlLzee Ngee Ngee Adyge
og 98V o1 [fAdgy T /Ad,; OT  /Adgy; ©°T  /Ad,;  PSI /Qdgy pst  /Qd,,,  PSI  /Adyy, psI  /Ad, o, (url)
o3e ozIs
BIPIOOUO)) sojeWI)Sd 93V sonjer oidojosy  jodS  # sisA[euy # UOdIIZ

TASEDO 01qqes woIy suodIz jo soSe pajenored pue sashreue adojost qd-y1-N SIN-dDI-V'1 ¥ dIqeL

pringer

Qs



Contrib Mineral Petrol (2007) 153:29-53

40

sp v 00€ 9 6ve € Sle Ly 186 L¥'T  0S100 €670 18€9°0  +¥80 S¢800 LO'L 1960°0 4 1cqeIn] DBL TAS
9 soe 9 9¢s L evs S s ve 1L9  O1'T  +920°0 LOC  OL¥EO €01 S8¥0°0 +¥ICT 0TSO0 S¢ 819¢INT q-99 TAS
8 8¢¢ 91 08T 8 111§ 6eS 81 8VLC 880 0L600 €8¢ LeLe0 9¢1  €¢s00 €6’ 91s00 4 L19¢In] D89 TAS
sp ¢ 867 S 91¢ S 9%  9C SvL  ¥0'T  0SC00 OT'¢ Ieev'o 1T IL¥00  TC€ 9900 4 919¢Ing A-9S TAS
8 e 91 1Ly S 00¥ € 16¢  6¢ oy TEE  9€C0'0 991 €80 680 92900  LL'T 655070 4 SracIng ABSTIAS
sp ¢ 8Ly S vov S vovy  0¢ coy  00'T  6£C00 L9T  OVC90 SO'T 76900 6L7T £590°0 S¢ y1qeIng d-ar TAS
0t oLy 8 L9v L 1Ly S wy 1y 9y L9  ¥eC0’0  80°¢ L2090  80'T  9SL0'0 6I'C  8LSOO 4 clacing q-er 1AS
SIp L 09¥ L 08y S oy Ty 9%y  CS'T  0€C00  6L'1 6L0¥'0 160 80S00 1671 8500 S¢ crqerng D€ IAS
sp 9 069 L 69L 9 ors 90ST  C6'0 LveOO0 vLE  TVCSO  LTT  T6SO0  S8'€C 1¥90°0 4 119€1nT d-9C TAS
8 vLE 9 €6S L 08¢ S (4124 $86 CU'L LLCOO  L9C  LI9VO LOT  L6SO0  9LTC 1950°0 14 019€1n D-8T 1AS
8 0ce 9 619 L 9¢L S 91 ¢ eyl L6'0  TIE00 0C¢  TpLe0 vCT  80SO0 6C€ €SO0 4 609¢InT q-AT TAS
8 we L SL9 L ScL L SS9 8¢ 676 90°'T 0ve0'0  LOC  6SOV0 LI'T SPSOO  SI'€  OvSO0 S¢ 809¢1NT DI TAS
sp - - 9 181 S cor  9¢ 13014 - VN 1971 LS090  €0'T  ¥6L00 V9L 8¥50°0 0t Tepsody A-Sv TAS
sIp - - 143 081 11 ey - - - VN €80C €610 8¢C 8LLO0 v60C 6L100 (0)8 61PS0dv O 11AS
81 vLe - - 0s 69¢ 6 vLE  PEE 9ce - VN 0¢91 S8ev'0 S¥'¢  L6SO0  vE9L  6CS0°0 ()8 81PSodv AT TAS
11 LEE  — - v 19¢ 9 LEE  OLT ¥0S - VN 0078 L9cy'0 0L'T  9€S00 €18 €L50°0 (0]8 L1PS0dY  d-9$-T TAS
€l ves - - 4! (459 L S¢S 99 vy - VN €67C G6S9°0 ¢l 6¥80°0 L6C  8SSO0 ()8 91PS0dY  O-BS-T TAS
sIp - - 06 Svy 0C 69 - - - VN 1l6¥C ¢€6vS0 8CT¢ 09010 80°SC vLEOO (0]8 €1psodv 6T TAS
LT oy - - 8¢ 61y 6 0cy  8LI oLy - VN 98  60IS0 0I'C €L900 TP 1650°0 ot 60PS0dv 29T TAS
sip - - ¥9 oL Ll 00s ¥IC Svo1 - VN 66’11 SICI'T <S¢ 90800 6¢€CI 11010 o1 LOPS0dY TTIAS
9¢ 8y — - 98 (144 81 8Yy  8SY 1294 - VN 29¢€C 99660 1T¥ 0CLO0 €6'€C  09S0°0 ()8 90PS0dv 1-C TAS
11 (015 20— - 14" 0cy S 0cy 16 oy - VN II't 8L¢S0 6C1 06900 1T+  6SS00 (0)8 sopsody AS-€ TAS
81 0cs -~ - 0¢ (989 6 0cS  8G1 YLy - VN 9¢L €LS9°0 I8T 0¥80'0 0SL 99500 ot 97o50dv aL-€ TAS
€l oy - - 61 1Sy 9 oy SIT 0Ly - VN LTS 16650  8¥'1  9IL00 LES §950°0 (1]8 §zos0dy BL-C TAS
sip - - 0¢ 19¢ L oy - - - VN 0007 €9¢v'0 €91 TrL00  800L ¥I¥0°0 ot r2as0dy 8-€ TAS
91 gee - - 1€ ove 8 gee Tt LIS - VN 8¢0L #90¥'0 0ST LISO0 T80I LLSOO (0)8 €2o50dy 46-€ TAS
6 oave - - 91 e S oave  1¢1 1453 - VN 9'S  C00v0 LVT  1SSO0  SS°S LTS00 0t zeesody B6-¢ TAS
sIp - - (44 6£9 L vy 06 Ievl - VN 0% LSL80 091 LOLOO ¥8+F 86800 (1]8 Teogody IT-€ TAS
€l 8y -~ - 81 (44 L LSy 601 1LY - VN S6F%  89L60 TST SELOO SOS §960°0 0t 02es0dy qzi-¥ TAS
€l ey - - 14! 1514 9 €Ly SL 619 - VN IS¢ 19290  ¢r'l  19L00 LSE€  ¥090°0 (0)8 61050dV eZI-¥ TAS
4! 14 2 - 81 1594 9 8y 601 8SY - VN L6F  €6SS0 <€V 02L00 90°SC  29S0°0 ot 81950dv 01-¥ TAS
11 wy - - cl 98y S oy 0L 166 - VN LI'€ 190 9T'T  6SL00 9T¢€  9850°0 ()8 71950dv 67 TAS
sip - - LT (4214 L 8y 16 0v9 - VN Iv¥ 1809°0 €S'T  02L00  6¥v 01900 0t ¢1o50dv as-v TAS
St (4440 - (44 |82% L (442N 3 LTy - VN 609 LEYS'0  SL'T  0IL00 0T9  $SSO°0 o1 z1es0dy B8-¥ TAS
sIp - - 8 Sidd S «wy 9y €ls - VN 0I'c  ¥ISS0 0T1T €6900 OI'C  9LS00 ot 11960dv  ¥-qL-7 TAS
8 130 2 - 9 L1y ¥ Wy 6¢ LSy - VN VL1 06670 10°T €900 081 1950°0 o1 01950dV  ¥-BL¥ TAS
€l o8y -~ - 14! 6Ly L 08y 8 68Y - VN SL'€ 62090 9V €LLOO0 6L€  0LSOO ot 60250dv D79v TAS
14! ges - - 14! 0€s L ges  CL (449 - VN 6C¢  ¥689°0 0¥l 99800 <cc€  8LSO0 0t 80°50dv I6¥ TAS
cl oy - - €l 88 9 ey SL a9 - VN Lv'E  O0L190 O0¢T SPLO0  vS€ S090°0 (0)8 L0250dv DETIAS
cl oy - - 0t 99y 9 9%  6S 8IS - VN €LT 68’0 ¢el  IvLO0 VLT LLSO0 (1]8 90°60dy  D-qI-¥ TAS
sip - - 12 1LY L 99¢ 011 12308 - VN 0SS 80650 €81 68500 +9°¢ LELOO ot §0°60dy  d-eI-# TAS
ANEV QHNMN Dmmm Dx.mN n—nﬁch SrHNmN DmMN Dx.mN D«M@QN
0z 93y O [Adgy, T /Ad,; ©T /Ade  °T  /Ady  PST /Qdgy psI  /Qd,,; PSI  /Qdgy pst  /qd, (unl)
o3e EYAN
RIPIOOUO)) sojewn)se o3y sonjer oidojosy  10dg  # SIsA[euy # UOJIIZ

TAS 9130[09 WOIJ SUOJIIZ JO Sk paje[no[ed pue soskeue odA10st qd-YI1-N SIN-dDI-V1 S 2IqBL

pringer

Qs



41

Contrib Mineral Petrol (2007) 153:29-53

pasA[eue jou 1y N ‘JUBPIOISIP ISIp

sp ¢ L1y € 14 4 cy ST 6000 L60  PLCSO  T6'0 86900 SOT 0SSO0 4 €€46CEIN H-6€TAS
sp ¢ 0sy € 4 €¢C 9LC 11T §Ce0’0 €60  +¥09S0 160 L8LOO 00T  8ISO0 S¢ CE46CEIN D-6£-TAS
6 vor L 6y 9 14 %2 cov 1671 gCeo0  ov'l PS8S°0 860  SPLO0 95T 0LSO0 4 1€46CBIN D-8E-TAS
8 e — - 6 4 65 9ey - - 6SC 008Y°0 ¥O'T LCO9O0 OLC  9SSO0 S¢  0€96CEN H-LETAS
(474 Sv9  eve ¥S81 19 1 €5¢ 989 P61 09600 6SCL 0060 vr'e TSOT'0  L8CL  €290°0 4 6C46CEIN O-9¢-TAS
6 vovy €1 08¢S L 4 (47 9¢s  0£¢C 16200 ¥8'1 ere9’o €60 96L00 S6'T  6LS0°0 S¢ 8C46CEIN O-SE-TAS
s$p L (439 S 14 1e €L ve'l LLTO0  9¢'1 6L£9°0 880 LCLO0 6V'T  8¢90°0 4 LZA6CEIN O Ve 1TAS
Sp 9 8¢y S € - - 1€ y1c00 L1 YeLE0  L80 020900 €81 LEYO0 S¢ 9296CeIN H-€CTAS
L we 8 61 L 14 14 80y  0CTv  S6000 VvI'C  OPLV'O 960 LT900 9CCT  6VSO0 4 STA6CeIN O-€E-TAS
8 vy ¢Sl 6LS 6 4 1S9 89y  69C 0600 I¥C  €6vSO0 00T LOLOO <CSCT  +9S0°0 S¢  ¥C96CeIN O-CE-TAS
8 oLy 9 984 L 14 oy ¥8y  SS°1 90200  €L'1 11660 €60  9SL00 €81 89500 4 €C46CEIN O-1ETAS
L 6L 11 oLy 9 € 1v 80y  STC  9¢C00 SL'T PLSY'O €60 S0900 98T  6VS0°0 S¢ 8T196CEIN H-0STAS
8 06y 9 8¢S S 4 6¢ e@y el S9¢0'0  CC'1 8190 060 06L00 <CET  89S0°0 4 LT96CEIN D-6CTAS
6 oSy €1 8y 9 S 8¢ LIy L6C 6100 OLT €19¢°0 90’1  v€L00 CL'T 16S0°0 S¢ 9196CeIN D-8C-1AS
6 98y S 8IS S S 43 1Ly v0'1 65200  ¢v'l 6090 €01 S8LO0 S¥'T §960°0 4 8¢o¢INT H-LTTAS
8 ar € 09¢ ¥ 4 9¢ 9¢ 891 08100 CC1 65870 LOT  S¥P900 61T  9¥S00 S¢ eI H-9CTAS
6 ey 01 399 L S 6¢ Sty LL'T 8L00 CLT LE6S0 T0'T  T9L00  8LT  99S0°0 4 PIoCINT O-STTAS
oSIp 8 £es 9 4 %% €19 1971 L9200 ¢S'T L16S°0 00T <CILOO S8S'T €090°0 S¢ £eIng OVC1AS
6 «y 9 6Ly S 14 €€ 1294 1T 000 8Y'T 01950  €0'T  92L00 ¢ST 09500 4 eI O-€CTIAS
6 8y 9 9y 9 S S L9y  ST1 00 €Sl SILS0  €0'T S€L00 9ST  +9S0°0 S¢ [1o¢In] U-CTTAS
(1) vy 8 60S L S 8% ¢S LST geco'0 181 €809°0 901 79L00 L8T  6LS0°0 4 01¢InT OCTIAS
6 09y 11 (189 L S Sy 6cy  LTC  SSC00 661 68960 LO'T IvLOO SOC  LSSOO S¢ 60°€1NT O 1CTAS
sip - ST 1L 8 S 6¢ veL  CI'T €9¢00  T8'1 €eeL’0  SO'T  8E800  L8'T §€90°0 4 80°¢INT O-0CTAS
SIp - CI¢ OLLE 6 14 €S 88 ¥I'6  ¥SOC0 IS¢ €S0 SI'T 95600 6SC  €890°0 S¢ L0dEINT H-61-TAS
sip - ST 788 8 S 9¢ VIl CL'1 Lyy0'0  9L'1 6vE8'0 90’1 LLLOO  T8T  08L0°0 4 90°¢TINT O-8I-TAS
Sp ¢ 6Ly S 4 6¢ 61s  ¥0'T  0vc0'0 STIT C109°0  S6'0 9SL00 TET  LLSOO S¢ S02¢INT O°LI-TAS
€l 9% ¢ 68¢ € 14 ¥ 6L 880  ¥6I00 S6v  CS9S0  OS'T ThLOO0  LOS 09500 4 9€qeIng D91 TAS
1] 61y €€ 9L61 01 € Le 866C ST'1 L20T'0  0L'€  908¥'0 STT €900 08¢  $Cs00 S¢ SEQETNT  Y-AST TAS
sIp € See € € €C 8L5 080 79100 9S€  009L°0 vET 6SLO0 L9C  SELOO 4 reagInT  D-BST TAS
8 vLe ¢ 91 4 (4 (44 8IS ¢80 86000 6L¢€  0evvy’'0 O9I'T L6SOO T6'E  6£S0°0 S¢ €eqacInT D -¥I TAS
LT (33 S9¢ 14 14 Le 06€ 880  T8IO0 STL  6L09°0 88T 8LLOO I¥'L  L9SO0 4 ceqerng D€T TAS
sp ¢ e € € €C 116 T80 12100 0¥ 1LL9°0  SE€T  6vLO0 STy SS90°0 4 1€qeIn] DT TAS
sIp € €0€ € € €C LLE 980  ISI00 S¥C  8¥C6'0 0OCT 69500 09T  8LITO 4 0€9€TT  J-4IT TAS
Sp € Ive € 4 14 09¢ 880  OLIOO #¥EVY  L6SSO 0ST <C0SO0 O0Sv 60800 S¢ 629€I0T  Y-BIT TAS
L vy 6 06v 9 19 10 L81 9rc0'0  8Y'1L YeLS0  S80 8CL00 19T  0LSO0 4 87ACINT  ¥-90T TAS
1] 9¢s 01 Y0y 9 8L ¢68  8SC  COCO0 ¥OC  €6CcL’0 60 10600 9I'C  L8SOO S¢ LTAEIT  D-BOT TAS
sIp 1 LIS 9 09 11L 0TC 65200  8L'T G8¢9°0 680 I¥LO0 061 §290°0 4 9cq¢cIng D786 TAS
NP 6 90L 9 0¢ &o  vCl 6ee0'0  10c  9¢Sy'0  SO'L  TES00  €I'E 81900 4 geacing D-A8 T1AS
SIp €C 89¢C¢ 0 1c oric LT'T 88IT°0 8LC  O9IS¥F0 €01 [ISS00 16C  ¥650°0 S¢ yaqaeing A-BS TAS
ISP 0¢ $80¢ 61 ecrc 'l L80T°0 6I'C  9C¢S0  S6'0 SPSO0 €T S690°0 S¢ €qeIng A 29 TAS
SIp ¥ Y44 9¢ 08y 680  CITO0 <CO'1 Lt6S0  ¥80  €LL00  SI'T  9SS0°0 Sc 2agInT  ¥-aL TAS
ANEV H—,.HNMN @AMCCN Q,H.NMN Dmmu Dwmm Dmcow
07 9BV 9T [Adgy, o1 /Ad,ge psI  /Qdgy, pst  /Qd,,;,  PSI  /Adgy pst /4d,, ()
o3e ozIs
RIPIOOUO)) S9JeWI)SO ATy soner oidojosy  10dg  # sIsA[euy # UOJIIZ

penunuod ¢ J[qe],

pringer

Qs



42 Contrib Mineral Petrol (2007) 153:29-53

Table 6 Trace element compositions of selected zircons

Gabbro GBSV1

Analysis 1 2 3 4 5
Location Core Core Core Core Core
Zoning Unzoned Unzoned Oscillatory Faint oscillatory Oscillatory
U/Pb Age (Ma)? 472 + 10 459 + 9 481 + 11 462 + 9 477 + 10
Element (ppm)

Li 3.78 1.93 5.58 3.56 251
Mg 2.8 10.44 1.75 20.75 2.73
Sc 201 330 156 219 198
Ti 11.55 2291 9.76 23.27 <D.L.
A% 0.51 0.75 1.48 0.59 <D.L.
Cr <D.L. <D.L. <D.L. <D.L. <D.L.
Rb 0.22 0.51 0.37 <D.L. <D.L.
Sr 0.27 0.33 0.11 0.11 0.22
Y 973 1811 1933 710 558
Nb 6.34 445 6.42 3.83 6.12
Cs <D.L. 0.057 <D.L. 0.072 <D.L.
Ba <D.L. <D.L. <D.L. <D.L. <D.L.
La <D.L. <D.L. 0.06 <D.L. <D.L.
Ce 11.38 4.54 19.01 2.23 8.96
Pr 0.463 0.182 0.366 0.07 <D.L.
Nd 2.26 3.13 6.9 0.9 0.64
Sm 3.07 5.57 10.36 3.7 2.26
Eu 1.24 0.377 0.17 0.84 0.84
Gd 19.86 39.03 59.49 15.25 7.72
Tb 8.39 14.38 18.04 4.86 3.74
Dy 94.85 166.18 213.54 60.91 49.25
Ho 335 62.11 72.29 22.52 20.32
Er 147.7 267.3 293.6 100.5 92.9
Tm 34.7 574 61.6 225 18.7
Yb 379.5 550.4 512.8 208.8 183.2
Lu 59.12 93.69 84.42 38.10 35.20
Hf 8153 9674 9689 7680 9980
Ta 1.23 0.564 1.26 0.333 1.39
Pb 5.56 5.47 38.15 22.03 321
Th 118 100 256 467 81

U 197 286 240 528 176
Th/U 0.6017 0.3479 1.0679 0.8853 0.4584
Eu/Eu* 0.363 0.057 0.016 0.292 0.549
Cepn/Yby 0.0081 0.0022 0.0100 0.0029 0.0132

Eclogite SV1

Analysis 6 7 8 9 10 11 12 13 14 15

Location Core Core Undefined Rim Core Core Core Core Core Core

zoning Dark Unzoned  Bright Patchy  Oscillatory Patchy Patchy = Unzoned Faint
unzoned bright oscillatory

U/Pb Age (Ma)® 535+ 14 524 £13 520 £ 18  subconc. 488 480 + 10 474 + 10 473 £9 464 +12 464 +9 461 £ 12

Element (ppm)

Li <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L 7.84 <D.L.
Mg <D.L. <D.L. 160.97 <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L.
Sc 529 545 516 542 482 415 443 463 430.21 464
Ti <D.L. <D.L. 38.28 <D.L. 6.91 <D.L. <D.L. <D.L. 2.63 <D.L.
A% 1.83 <D.L. <D.L. 1.56 1.16 0.72 <D.L. <D.L. 0.112 <D.L.
Cr <D.L. <D.L. <D.L. 21.68 <D.L. <D.L. 15.93 <D.L. <D.L. 33.65
Rb <D.L. <D.L. <D.L. <D.L. 3.53 <D.L. <D.L. <D.L <D.L. <D.L.
Sr <D.L. <D.L. 1.16 <D.L. 0.82 <D.L. <D.L. <D.L. 0.226 <D.L.
Y 314 442 51 342 397 301 447 361 25321 338
Nb 1.69 213 <D.L. 2.33 0.73 13 1.46 0.55 1.077 1.52
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Table 6 continued

Eclogite SV1

Analysis 6 7 8 9 10 11 12 13 14 15

Location Core Core Undefined Rim Core Core Core Core Core Core

zoning Dark Unzoned  Bright Patchy  Oscillatory Patchy Patchy  Unzoned Faint
unzoned bright oscillatory

U/Pb Age (Ma)* 535+ 14 524 +13 520 + 18  subconc. 488 480 + 10 474 + 10 473 £9 464 +12 464 +9 461 £ 12

Cs <D.L. <D.L. 1.29 <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L.
Ba <D.L. <D.L. <D.L. <D.L. 1.01 <D.L. 0.86 <D.L. 0.221 <D.L.
La <D.L. <D.L. 0.31 0.082 0.155 <D.L. <DL. 02 <D.L. <D.L.
Ce 0.57 1.54 0.157 2.68 0.84 0.346 0.805 1.43 0.652 <D.L.
Pr <D.L. 0.098 0.078 0.122 <D.L. 0.033 <D.L. <D.L. <D.L. <D.L.
Nd <D.L. 0.58 1.56 0.33 <D.L. 0.25 <D.L. <D.L. <D.L. <D.L.
Sm <D.L. 0.4 1.83 <D.L. 1.31 0.51 1.3 <D.L. 0.736 <D.L.
Eu 0.39 <D.L. 0.19 0.29 0.42 0.144 0.362 0.95 0.098 0.127
Gd 2.26 8.94 6.68 3.64 3.18 2.76 6.77 5.9 2.1 4.77
Tb 1.42 2.69 1.16 1.95 2.57 1.331 2.65 2.09 0.984 1.89
Dy 22.68 27.58 4.56 20.72 26.08 17.42 34.14 26.47 16.79 21.23
Ho 11.69 13.6 1.56 12.83 12.45 9.44 13.1 12.13 7.81 10.16
Er 59.0 86.6 8.7 63.6 77.8 44.6 72.0 68.8 43.63 56.5
Tm 14.7 17.8 1.7 17.0 16.2 11.6 17.9 18.6 10.88 13.8
Yb 177.4 206.7 11.7 185.6 198.5 156.8 198.4 176.1 131.25 160.1
Lu 35.85 44.25 2.70 40.31 39.79 34.51 43.31 42.37 27 37.24
Hf 13203 15088 21323 13224 12088 9618 9188 11165 8834 9462
Ta <D.L. 0.208 0.236 <D.L. <D.L. 0.199 0.162 <D.L. 0.163 <D.L.
Pb 0.71 4.94 <D.L. 7 1.58 1.55 0.62 0.98 0.648 1.15
Th 21 76 1 99 29 14 9 27 13.53 28

U 663 1040 65 2282 135 441 68 171 84.22 148
Th/U 0.0316 0.0729 0.0180 0.0433 0.2121 0.0316 0.1324  0.1580 0.1607 0.1903
Eu/Eu* - - 0.147 - 0.606 0.296 0.300 - 0.230 -
Cen/Yby 0.0008 0.0019 0.0034 0.0037 0.0011 0.0006 0.0011  0.0021 0.0013 -

Eclogite SV1

Analysis 16 17 18 19 20 21 22 23 24 25

Location Undefined Core Rim Rim Rim Rim Core Core Rim Rim

zoning Unzoned  Sector Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Sector
dark zoning bright bright dark dark bright bright zoning

U/Pb Age (Ma)* 446 + 13 419 £10 4038 3928 392+7 374+18 374+8 346+9 33711 325+16

Element (ppm)

Li <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. 3.62 <D.L. <D.L. <D.L.
Mg 24.4 <D.L. <D.L. <D.L. <D.L. <D.L. 1.61 <D.L. 23.48 <D.L.
Si 149581 154255 149581 154255 154255 149581 154255 149581 149581 149581
Sc 461 433.09 597 517.32 430.45 517 455.18 446 483 407
Ti 18.6 13.48 <D.L. 22.53 3.69 <D.L. <D.L. <D.L. <D.L. <D.L.
\% 1.19 0.124 <D.L. 0.086 0.238 <D.L. 0.308 <D.L. <D.L. <D.L.
Cr <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. 19.61 10.07
Rb <D.L. <D.L. <D.L. 0.35 <D.L. <D.L. <D.L. <D.L. 2.86 <D.L.
Sr <D.L. 0.378 <D.L. 0.403 0.261 <D.L. 0.275 <D.L. <D.L. <D.L.
Y 502 231.89 1627 59.61 85.55 132 64.39 56 95 35

Zr 455349 NA 421825 NA NA 492491 NA 420496 468846 391496
Nb 1.42 1.152 1.47 0.97 1.029 1.07 1.259 1.2 1.93 1.37
Cs <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L.
Ba 5.29 0.756 <D.L. 0.251 0.152 <D.L. <D.L. <D.L. 0.92 <D.L.
La <D.L. <D.L. <D.L. 0.0254 0.065 <D.L. <D.L. <D.L. <D.L.

Ce 0.95 0.54 0.41 0.333 0.608 0.549 0.394 0.356 0.105 0.197
Pr 0.324 <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L.
Nd <D.L. 0.136 0.24 <D.L. 0.42 <D.L. <D.L. <D.L. 0.21 <D.L.
Sm 1.45 0.512 <D.L. 0.947 1.13 0.56 0.9 1.46 1.16 0.74
Eu 0.53 0.111 0.145 0.919 0.816 0.66 0.726 0.665 <D.L. 0.712
Gd 6.12 2.67 11.61 6.77 4.24 12.79 6.22 7.23 6.22 4.76
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Table 6 continued

Eclogite SV1

Analysis 16 17 18 19 20 21 22 23 24 25
Location Undefined Core Rim Rim Rim Rim Core Core Rim Rim
zoning Unzoned  Sector Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Sector
dark zoning bright bright dark dark bright bright zoning
U/Pb Age (Ma)* 446 = 13 419+10 403 +8 392+8 392+7 374x18 374+8 3469 33711 325x16
Tb 2.74 1.059 8.07 1.222 0.767 3.06 1.069 0.964 0.94 0.761
Dy 28.7 16.14 117.12 7.75 6.94 183 7.04 7.6 12.96 5.17
Ho 14.13 7.21 54.36 1.712 2.69 3.59 2.039 1.82 3.65 1.056
Er 85.1 38.13 282.6 6.07 11.85 132 7.41 52 14.7 4.5
Tm 195 8.72 67.4 0.94 3.12 1.8 1.662 1.0 31 0.8
Yb 2413 107.65 657.9 9.39 37.46 18.1 18.91 7.5 15.7 7.0
Lu 59.07 237 128.83 1.43 8.44 329 3.63 1.18 2.80 0.91
Hf 10795 7998 11693 9790 8899 12062 9573 11828 16271 11718
Ta 0.346 0.19 0.736 0.159 0.107 <D.L. 0.136 0.243 <D.L. <D.L.
Pb 2.8 1.81 1.46 0.06 0.535 0.34 0.124 0.135 <D.L. 0.368
Th 53 19.68 32 0.191 7.84 2 1.471 0 1 0
U 902 103.46 457 194.37 196.68 157 108.42 76 143 126
Th/U 0.0589 0.1902 0.0704 0.0010 0.0399 0.0143 0.0136 0.0018 0.0069 0.0004
Eu/Eu* 0.463 0.220 - 0.810 1.000 0.344 0.690 0.511 - 0.873
Cepn/Yby 0.0010 0.0013 0.0002 0.0091 0.0042 0.0078 0.0054 0.0123 0.0017 0.0073

subconc subconcordant age, <D.L. below limits, NA not analysed

? Trace element analyses were located near the ablation spots for U/Pb geochronology: the calculated ages are here reported for

reference

Hoskin and Black 2000; Rubatto 2002). In addition, the
low abundance of HREE and Y suggests the presence
of garnet as a chemical buffer during zircon growth/
recrystallisation (Rubatto 2002).

Discussion

Protolith age and geochemical affinity of the mafic
rocks

In the gabbro, zircons with oscillatory zoning and trace
element compositions typical of crystallisation under

data-point error ellipses are 26
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igneous conditions (high Th/U ratios, high trace ele-
ment contents, negative Eu anomaly) yielded a mean
concordant age of 469 + 6 Ma. This age is interpreted
as the timing of zircon crystallisation in the basic
magma. The presence of zircons with ages older than
the inferred crystallisation age suggests the involve-
ment of an old (crustal?) component in the petrogen-
esis of the gabbro.

Zircons from the eclogite yielded very scattered ages
of 556-305 Ma. Zircon grains with typical igneous
textures and trace element compositions concentrate in
the 486430 Ma range. These zircons define two mean

data-point error ellipses are 26

Concordia Age =469 + 6 Ma

(95%confidence, decay-const. errs included)
MSWD (of concordance) = 0.6,

Probability (of concordance) = 0.4

0.078

238
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~
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Fig. 7 U/Pb Concordia diagram (left) and mean Concordia age (right) for the analysed zircons from the gabbro
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Fig. 8 a Density plot of the U/Pb ages for the analysed zircons from the eclogite. b mean Concordia ages of the oldest (igneous) zircon
populations. ¢ mean Concordia age of the youngest (metamorphic) zircon population. See the Discussion for further details
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Fig. 9 REE compositions (normalised to chondrite values) of
selected zircons from the gabbro

concordant ages of 468 + 4 Ma (17 analyses, MSWD =
1.2) and 446 + 2 Ma (7 analyses, MSWD = 1.8),
respectively. This large scatter does not allow a

straightforward estimate of the emplacement age for
the eclogite igneous protolith.

The spread towards younger ages could result from
mixed ages in relation to the textural complexity of
some zircon crystals. Nevertheless, we believe that the
careful observation of CL images prior to geochrono-
logical analyses and the use of small laser spots
(10 pm) for the most critical zircons substantially re-
duced the risk of mixed analyses. The fact that the age
results of analyses performed at 25 pm are comparable
(within error) to those of the spatially more precise
analyses performed at 10 pum, suggests that the younger
zircon ages are most likely “true’” ages and not the
result of mixed analyses. In addition, the dispersion of
concordant ages with igneous-like characters is often
observed in magmatic rocks that underwent slow
cooling rates or metamorphic re-equilibration after
crystallisation (Ashwal et al. 1999; Hoskin and Black
2000; Ghezzo, personal communication). This partial
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Fig. 10 a REE compositions (normalised to chondrite) of
selected zircons from the eclogite: domains with igneous texture
are on the left, those with metamorphic texture are on the right.
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Fig. 11 Trace element (normalised to N-MORB values) of
calculated liquids from clinopyroxene (metagabbro) compared
to the whole rock compositions of the eclogites (average values)

resetting of the zircon isotope system is variably ex-
plained with high-temperature solid-state recrystalli-
sation (Ashwal et al. 1999; Hoskin and Black 2000) or
with zircon/fluid interaction during younger metamor-
phic events (Hartmann 2000). This process may be
facilitated by the occurrence of metamict areas in zir-
con with strongly enhanced isotope mobility. A ther-
mal perturbation related to a younger metamorphic
event can promote re-crystallisation of the metamict
zones, thereby yielding apparent ages with no geolog-
ical meaning (Pidgeon 1991; Geisler et al. 2001).

We suggest that the time of crystallisation of the
eclogite igneous protolith is reasonably recorded by
the older mean concordant age of 468 + 4 Ma defined
by the largest “‘igneous” zircon population. Note that
this radiometric date is within error of the inferred
emplacement age of the gabbro. The younger ages
clustering around the mean value of 446 + 2 Ma are
most likely due to partial isotope mobilisation during
the subsequent metamorphic evolution.

The gabbros have high mg# (0.77-0.80) and positive
Eu and Sr anomalies in the primordial mantle-norma-
lised multivariation diagram, thus indicating a cumulus
origin controlled by clinopyroxene ( + olivine) and
plagioclase segregation. We calculated the incompati-
ble trace element composition of the melt in equilib-
rium with the clinopyroxene by applying the
clinopyroxene/liquid partition coefficients for a basaltic
system (Tiepolo et al. 2002). The MORB-normalised
REE patterns of computed melts show no significant

LREE enrichment (Lan/Smy = 0.8-1.8) and nearly flat
HREE profiles.

The Nd isotope compositions at the time of igneous
crystallisation were calculated on the basis of the U-Pb
zircon data from the present study. The gabbros have
initial eng ranging from +5.4 to +8.8. The variability in
the initial eng values is most likely related to the
interaction of a fractionating melt derived from a de-
pleted mantle source with a low enq crustal component.
This is indicated by the fact that the initial eng is
roughly correlated with chemical features of clinopy-
roxene (e.g. it decreases with decreasing mg# and with
increasing Lan/Smy). We thus propose that the mantle
melt evolved through a process controlled by frac-
tionation and concomitant assimilation of crustal
material. The crustal contamination process is consis-
tent with the occurrence of staurolite-, garnet- and
magnetite-rich fels within the amphibolitised gabbros,
which are considered evidence for country rock
assimilation during magma emplacement (see also
Braga and Tribuzio 1999). The presence of zircons with
complex zoning patterns and ages (495-2129 Ma) older
than the inferred magma crystallisation age provide
further proof of inheritance from a crustal source.

The eclogites differ from the gabbros in their bulk
chemical composition. Their chemical fingerprint may
be representative of a melt composition and rules out
derivation through a cumulus process. The variable
mg# (0.51-0.67) and relatively high REE and incom-
patible element contents (15-35 times typical chondrite
values) suggest an origin from evolved melts. The slight
LREE depletion (Lay/Smy = 0.6 — 0.8) and the Zr/
Nb and Y/Nb ratios (33-43 and 10-17, respectively) are
consistent with the chemical features of N- or T-
MORB. The initial enq of eclogites is similar to that of
the analysed gabbros and ranges from +7.0 to +9.2,
showing a rough negative correlation with the whole
rock Lan/Smy ratio. There is good correspondence
between the bulk trace element composition of the
eclogites and the composition of the melts in equilib-
rium with the clinopyroxene from the gabbros of
cumulus origin (Fig. 11). In addition, the U-Pb zircon
ages indicate that the eclogite protoliths and gabbros
are coeval (469 + 6 and 468 + 4 Ma, respectively). This
sustains the hypothesis that the eclogite protoliths and
gabbros were cogenetic, i.e. they formed from variably
evolved and crustally contaminated melts that were
derived from similar depleted mantle sources. The lack
of high pressure parageneses in the metagabbros and
associated paragneisses suggests that the crustal sec-
tions containing the relics of gabbros and eclogites
were juxtaposed during the amphibolite facies Vari-
scan evolution. An Alpine juxtaposition of the two
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Fig. 12 Schematic P-T-t
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evolution of the eclogites 2.0~ stage
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sections cannot be demonstrated due to absence of
know shear zones or faults in the region of interest.

Cambro-Ordovician magmatism in the western
European Variscides

Basic rocks of mid-Ordovician age are not a novelty in
portions of the Variscan basement from the western
Mediterranean area. The occurrence of mafic rocks
with Cambro-Ordovician protoliths has already been
reported in the Western-Central Alps, Sardinia and
Provence (Lancelot et al. 1998; Ménot et al. 1988;
Paquette et al. 1989; Oberli et al. 1994; Abrecht et al.
1995; Poller 1997; Rubatto et al. 2001; Schaltegger
et al. 2003; Cortesogno et al. 2004; Palmeri et al. 2004;
Giacomini et al. 2005). Similarly to the Savona crys-
talline massif, these mafic rocks mostly occur as
amphibolite or retrogressed eclogite bodies within
paragneiss and orthogneiss sequences, and the proto-
lith ages range from about 495 to 450 Ma. In particular,
in-situ U/Pb zircon data (Rubatto et al. 2001; Palmeri
et al. 2004; Giacomini et al. 2005) yield ages in the
range of 460-450 Ma, which are usually younger than
those obtained by conventional methods. These rocks
commonly have E- to N-MORB chemical affinity, with
initial eng values ranging from +4 to +9. The low eng
values are alternatively attributed to processes of
crustal contamination (e.g. Paquette et al. 1989) or to
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an origin in active margin/island-arc environments
(Oberli et al. 1994; Schaltegger et al. 2003).

True oceanic crust sequences are scarce in the
Variscan chain. In the southern-western portion of the
belt they could be represented by the Cambro-Ordo-
vician Chamrousse ophiolite from the Belledonne
Massif of the western Alps and possibly by some se-
quences in the French Maures Massif (Bellot 2005, and
references therein). The Chamrousse ophiolite was
interpreted as a crustal fragment of an “immature”
oceanic basin (Guillot et al. 1992 and references
therein), in agreement with the lack of pelagic sedi-
ments in the stratigraphic cover, which instead contains
significant quantities of metatuff (Pin and Carme
1987). Based on conventional U-Pb geochronology
applied to zircons from a plagiogranite, the Cham-
rousse ophiolite was dated at 496 + 6 Ma (Ménot et al.
1988). The ophiolite has a complex geochemical sig-
nature, as the presence of non-cumulitic mafic rocks
with variable LREE enrichment and initial eyq of +5 to
+9 testify (Bodinier et al. 1981; Pin and Carme 1987).
The geochemical signature of the Chamrousse
sequence was attributed to mixing of N-MORB and E-
MORB-like end members with a third component
having subduction zone affinity (Pin and Carme 1987).

The protoliths of metagabbros and eclogites from
the Savona Crystalline Massif originated from depleted
mantle melts emplaced within a continental crust. They
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most likely record a process of contamination by
crustal material. We have no evidence to sustain the
hypothesis of their origin in a supra-subduction or a
mid-ocean ridge setting. We propose that the Ligurian
Brianconnais basement records a mid-Ordovician
extensional phase characterised by intrusion of mantle-
derived melts into the continental crust. The wide-
spread occurrence of mantle melts intruding the
pre-Variscan crust in the Mediterranean area has been
taken as evidence for the development of an oceanic
domain at the northern margin of Gondwana (Stampfli
and Borel 2002; Stampfli et al. 2002; von Raumer et al.
2003), which marks the beginning of the new Wilson
cycle leading to the Variscan orogeny. Considering the
scattered occurrence of mafic rocks in the basement
outcrops of the southern Variscides and their variable
chemical and isotopic fingerprints, we suggest that the
Cambro-Ordovician basin did not evolve into a true
ocean, but was likely a basin on (thinned?) continental
crust.

Timing of Variscan metamorphism in the Ligurian
eclogites

Dating the eclogitic peak by means of zircon geo-
chronology is not straightforward, mainly because it is
often difficult to relate zircon U-Pb ages to the P-T
conditions of metamorphic equilibration. Zircons
grown or re-crystallised under eclogite and amphibo-
lite facies conditions may have almost indistinguishable
trace element patterns. Their composition (especially
HREE and Y) is controlled by the presence of garnet
(Rubatto 2002), which often remains stable (or meta-
stable) during decompression to amphibolite-facies
conditions. In addition, the common dispersion of
“metamorphic” ages along the Concordia does not
facilitate the interpretation of data and demonstrates
that zircon may be an open system under particular
metamorphic conditions (e.g. Timmermann et al. 2004;
Gray et al. 2004; Giacomini et al. 2005).

In the studied eclogite, the age of zircons younger
than the crystallisation age of the inferred igneous
protolith and with typical metamorphic texture spans
from 420 + 17 to 305 + 6 Ma. The zircons with ages of
420 + 17-402 = 8 Ma underwent a textural resetting
that cancelled the igneous textures: their trace element
composition is similar to that of the older igneous zir-
cons (negative Eu anomaly, HREE enriched with re-
spect to LREE and MREE). These grains probably
represent a further step in the process of annealing
during prograde metamorphism, as already observed in
the rejuvenated igneous zircon (mean age of
446 + 2 Ma) described in the previous paragraphs. The

mean concordant age of 407 = 9 Ma obtained from the
four oldest zircons with metamorphic textures is
therefore considered a prograde stage of subduction-
related metamorphism (amphibolite facies conditions?)
which promoted a process of solid-state recrystallisation
in zircon. This is consistent with the evidence for
prograde metamorphic crystallisation in the Savona
eclogites (i.e. hornblende grains within the cores of
garnet porphyroblasts) reported by Messiga et al.
(1992).

All analysed zircons with ages younger than 392 Ma
are texturally and compositionally indistinguishable.
They are euhedral to subrounded or mostly anhedral
and have flat HREE patterns (generally 10-100 times
typical chondrite values) with no negative Eu anomaly,
overall low trace element abundances and low Th/U
ratios. These zircons were derived from equilibration
of igneous zircons or new precipitation in a system
containing stable or metastable garnet and in the
absence of high modal percentages of plagioclase. In
particular, a fractured zircon rim dated at 374 + 18 Ma
contains an inclusion of diopside-plagioclase symplec-
tite, a typical product of omphacite breakdown during
decompression. There is no clear evidence to establish
whether the zircon enclosed an omphacite crystal
during the eclogite peak or a symplectite portion dur-
ing the early stages of decompression. However, the
presence of small fractures around the inclusion could
be attributed to an increase in volume related to the
omphacite breakdown reaction; in this case, the
development of the diopside-plagioclase symplectite
post-dated the measured zircon age. Following this
hypothesis, the seven ages ranging from 392 + 7 to
374 + 8 Ma are related to equilibration under eclogite-
facies conditions.

The trace-element patterns of zircons with ages in
the 346-320 range (giving a mean Concordia age at
333 + 7 Ma) are similar to those of older metamorphic
zircons and are typical of growth or re-crystallisation in
the presence of garnet. The comparison with published
data on the neighbouring Variscan outcrops of the
western Alps and Sardinia supports the notion that the
zircons younger than 350 Ma are related to post-
eclogite exhumation. The exhumation of high-pressure
rocks and the process of nappe stacking related to the
main continental collision are constrained to about
350-310 Ma by different geochronological methods
(Ferrara et al. 1978; Rubatto et al. 2001; Di Vincenzo
et al. 2004; Palmeri et al. 2004; Giacomini et al. 2005;
Giacomini et al. 2006). We therefore propose that the
flat HREE patterns of these zircons are linked either
to the presence of stable-metastable garnet in the post-
eclogitic assemblages or to the inefficiency of the
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re-crystallisation process in completely erasing the
trace element signature of older “eclogitic” zircons.

One thin rim (no trace element composition for this
spot) yielded a young concordant age of 305 + 6 Ma.
This age is consistent with available geochronological
data for amphibolite facies equilibration recorded by
associated paragneisses and orthogneisses, which indi-
cate 327-297 Ma (Del Moro et al. 1981; Barbieri et al.
2003). We conclude that such a young zircon rim from
the selected eclogite is related to late-stage growth
during the final stages of exhumation.

The pre-Alpine metamorphic history: a regional
comparison

The U/Pb age distribution in the selected eclogite of the
Savona Crystalline Massif further constrains the
Palaeozoic metamorphic evolution of the European
Variscan belt in the Mediterranean area. For the first
time in this sector of the chain, the high-pressure
metamorphic overprint has been dated to 392-374 Ma.
The post-eclogitic evolution is recorded by several
zircon ages that yield a mean Concordia age of 333 +
7 Ma. These new ages are complementary to previously
published data (Rubatto et al. 2001; Cortesogno et al.
2004; Palmeri et al. 2004; Giacomini et al. 2005) on
high-pressure rocks in the basements of Sardinia and the
Western Alps. All these eclogite relics have similar
geological settings and peak parageneses, and mainly
occur as lenses and boudins within dominant amphibo-
lite-facies paragneiss and orthogneiss sequences.

In northern Sardinia, SHRIMP and LA-ICP-MS
U-Pb zircon data constrain the post-eclogite exhuma-
tion stage (granulite- to amphibolite-facies) from about
350 to 320 Ma (Palmeri et al. 2004; Giacomini et al.
2005). New data on two samples of kyanite-bearing
eclogites from the Sardinian basement (Giacomini
et al. unpublished) confirm the presence of a dominant
metamorphic zircon population with ages spanning
from 367 to 301 Ma. In the external massifs of the
western Alps (Belledonne and Argentera), high-pres-
sure metamorphism occurred from 425 to 395 Ma
(conventional U/Pb zircon dilution, Paquette et al.
1989). In addition, muscovite Ar-Ar ages of 375-
350 Ma for the Argentera Massif were attributed to the
amphibolite-facies retrograde overprint (Monié and
Maluski 1983). In the same area, however, SHRIMP
and ID-TIMS U/Pb zircon ages from an eclogitised
metagabbro (Rubatto et al. 2001) indicate that the
post-eclogite amphibolitic overprint occurred at
323 + 3 Ma. Older metamorphic ages (~470 Ma) were
proposed by Gebauer et al. (1988) and Oberli et al. (1994)
for some eclogites cropping out in the Aar-Gotthard
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massif (central Alps). On the basis of an upper inter-
cept discordia age at 870 Ma, Gebauer et al. (1988)
proposed that these eclogites have igneous protoliths
of Precambrian age and that the eclogite-facies over-
print refers to Caledonian accretion.

Geochronological estimates from the western Alps
and Sardinia constrain the beginning of the Variscan
prograde metamorphic evolution to Siluro-Devonian
times. The broad time span proposed for eclogite facies
equilibration (425-375 Ma) can be attributed to either
diachronous subduction in the different zones, or to
uncertainties related to the application of different
dating methods. We favour the latter hypothesis, in
agreement with the complex internal features and the
domains with different U/Pb ages observed in meta-
morphic zircons through recent micro-analytical stud-
ies (e.g. Rubatto etal. 1999; Song et al. 2005;
Giacomini et al. 2006; this work). In addition, the dif-
ferent areas yield consistent post-eclogite U/Pb zircon
datings at 340-320 Ma, which are commonly inter-
preted as the timing of amphibolite facies equilibration
at middle crustal levels (Rubatto et al. 2001; Di
Vincenzo et al. 2004; Palmeri et al. 2004; Giacomini
et al. 2005; Giacomini et al. 2006). Thus, old “eclogit-
ic” ages like proposed in the Belledonne and the
Argentera massifs would imply very slow rates
(0.6-0.4 mm/year) to exhume the high pressure rocks
to the middle crustal levels (~0.5 GPa) inferred for the
widespread amphibolite facies overprint. Exhumation
rates are almost 1.5- to 2-fold quicker (0.9-1 mm/a) if
calculated taking into account the youngest eclogitic
ages proposed in this contribution.

Conclusions

The Savona Crystalline Massif was intruded at
~468 Ma by basaltic melts that originated from de-
pleted mantle sources, probably in response to regional
Cambro-Ordovician crustal extension at the northern
margin of Gondwana. The mantle melts underwent
fractional crystallisation and crustal contamination in
relation to their emplacement in the continental crust.

In Devonian times at least part of the Savona
Crystalline Massif was involved in a subduction zone
that produced eclogite-facies assemblages pointing to
equilibration at minimum pressures of 1.7 GPa and
temperatures of 650-750 °C (Fig. 12). In particular,
LA-ICP MS analyses of metamorphic zircons from one
eclogite show that the high-pressure metamorphic
overprint occurred between 392 and 374 Ma. Based on
a comparison with other published data, the younger
ages of metamorphic zircons that cluster around a
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mean Concordia age of 333 + 6 Ma (i.e. in the Late
Carboniferous) are ascribed to the amphibolite facies
overprint related to the main Variscan collision and the
chain exhumation.

The present study also shows that the U/Pb isotope
system in zircons from eclogites is a powerful tool for
reconstructing the chronology of entire orogenic cy-
cles. Within a single eclogite sample from the Variscan
Savona Massif, the evaluation of U-Pb zircon microa-
nalyses in association with CL images and trace ele-
ment signatures allowed us to identify five petrogenetic
events: (1) old zircons inherited from the pre-Variscan
basement, (2) igneous zircons dating the crystallisation
of the eclogite protolith during an extensional tectonic
event, (3) variably rejuvenated zircons, at least partly
related to a prograde metamorphic stage which
marked the onset of plate convergence, (4) peak
eclogitic zircons dating the involvement of the crustal
slice at deep subduction levels, and (5) retrograde
zircons associated with eclogite exhumation under
amphibolite facies conditions in response to continen-
tal collision.
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