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ABSTRACT. — Late-Hercynian dyke swarms of
Sarrabus (southern Sardinia) consist of
metaluminous up to peraluminous felsic products,
prevalently rhyolitic in composition (granite
porphyries, microgranites and aplites) and basic and
intermediate dykes comprising few tholeiitic basalts
and a calc-alkaline suite dominated by basaltic
andesites and andesites. New geochronological data
contribute to define the time-span of dyke
magmatism. Rb-Sr mica ages for rhyolitic rocks
cluster around 290 Ma and 270 Ma. Field data and
one Rb-Sr biotite age (259 +3 Ma) obtained on a
basaltic andesite sample indicate that mafic dykes
prevalently intruded later than the felsic ones.

Mafic dyke rocks are mantle-derived, but, both
among tholeiitic dykes and calc-alkaline ones, rocks
representative of primary mantle melts are lacking.
The least evolved calc-alkaline rocks are represented
by rare basalts and by high-Mg basaltic andesites.
Petrography, mineral and whole-rock chemistry, Sr
and Nd isotopic features and mass balance
calculations suggest that fractional crystallization
associated with minor amount of crustal
contamination controlled the evolution of the calc-
alcaline suite. A model involving fractional
crystallization and assimilation of metasedimentary
materials (AFC) is proposed to account for the main
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geochemical and Sr and Nd isotopic variations from
the high-Mg basaltic andesites to dacites. Tholeiitic
basalts and the least evolved calc-alkaline rocks
show an arc-type incompatible element signature
(LILE and LREE enrichments and Ti, Nb, P
depletions), positive €'Sr and negative €Nd values
suggesting derivation from a mantle source possibly
enriched during a previous subduction event.
Differences in the Sr and Nd isotopic
composition, in agreement with mineralogy and
geochemistry, point to the occurrence of two
different types of felsic dykes, i.e. the peraluminous
(PR) and metaluminous to mildly peraluminous
(MmPR) groups. It is proposed that PR dykes
originated by partial melting from pelitic
metasedimentary sources. The high (87Sr/86Sr),
ratios (0.7154 +0.7173) and the negative £/Nd values
(=7.4) shown by this group of rhyolites match those
of the metasediments from the Hercynian basement
of Sardinia. Mass balance calculations indicate that
only the least silicic MmPR rhyolites could be
genetically related to the basic-intermediate dykes
by fractional crystallization relationships. On the
contrary, for most MmPR rocks, an origin by partial
melting of crustal souces seems more likely. Their
relatively low (87Sr/86Sr), and high €/Nd values
(0.7076 +0.7089 and -5.7+-6.3, respectively),
partly overlapping those of the calc-alkaline basic-
intermediate dykes, require source materials
characterized by a less evolved Nd and Sr isotopic
composition than those observed for the Sardinia
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metamorphic basement and imply the involvement
of both crustal and juvenile mantle components.

RiASSUNTO. — Il magmatismo filoniano tardo-
ercinico del Sarrabus (Sardegna sudorientale) ¢
rappresentato da prodotti felsici da metalluminosi a
peralluminosi, a prevalente composizione riolitica
(porfidi granitici, micrograniti e apliti) e da filoni
basici e intermedi. Questi ultimi comprendono pochi
basalti tholeiitici e una suite calcoalcalina in cui
prevalgono termini andesitico-basaltici e andesitici.
Nuovi dati geocronologici contribuiscono a definire
I'intervallo di tempo in cui il magmatismo filoniano
si & sviluppato. Per i filoni riolitici, le eta Rb-Sr su
muscovite e biotite si concentrano intorno a 290 Ma
e a 270 Ma. I dati geologici e un’eta su biotite (259+
3 Ma), ottenuta su un dicco di composizione
andesitico-basaltica, suggeriscono che i filoni basici
e intermedi si siano messi in posto successivamente
a quelli felsici. Le rocce filoniane mafiche
provengono da magmi basici di derivazione
mantellica ma, né tra i filoni tholeiitici né in quelli
calcoalcalini sono stati ritrovati termini
rappresentativi di magmi primari. Le rocce
calcoalcaline meno evolute sono rappresentate da
rari basalti e da andesiti basaltiche ricche in Mg. I
dati petrografici, i caratteri composizionali dei
minerali e della rocce totali, le composizioni
isotopiche di Sr e Nd e i bilanci di massa
suggeriscono che 1’evoluzione della suite
calcoalcalina sia stata controllata da cristallizzazione
frazionata associata a contaminazione crostale di
modesta entita. Si propone un modello di
cristallizzazione frazionata + assimilazione di
materiale metasedimentario (AFC) per spiegare le
principali variazioni geochimiche ed isotopiche
osservate nell’ambito della suite calcoalcalina (da
andesiti basaltiche ricche in Mg ad andesiti e daciti).
I filoni basaltici tholeiitici e quelli meno evoluti
della serie calcoalcalina mostrano andamenti degli
elementi incompatibili che richiamano quelli dei
magmi di arco (arricchimenti in LILE e LREE ed
impoverimenti in Ti, Nb e P), valori &Sr positivi e
€/Nd negativi che suggeriscono una derivazione da
una sorgente di mantello arricchita, probabilmente,
da precedenti eventi di subduzione.

Differenze nella composizione isotopica di Sr e
Nd, in accordo con i dati mineralogici e geochimici,
evidenziano la presenza di due gruppi distinti di
dicchi felsici (il gruppo delle rioliti peralluminose
(PR) e quello delle rioliti da metalluminose a
debolmente peralluminose (MmPR)). E proposto che
i filoni leucocratici peralluminosi siano derivati per
processi di fusione parziale da sorgenti crostali
metasedimentarie. Gli alti rapporti (87Sr/36Sr),
(0,7154 +0,7173) e i valori negativi di ¢/Nd (-7,4) di

questo gruppo sono confrontabili con quelli delle
litologie metasedimentarie del basamento ercinico
sardo. I bilanci di massa effettuati indicano che
solamente i filoni riolitici MmPR a piu basso
contenuto di SiO, potrebbero derivare dalle rocce
filoniane basico-intermedie per processi di
cristallizzazione frazionata. Al contrario, appare
verosimile che la maggior parte dei filoni riolitici del
gruppo MmPR derivi da magmi generatisi dalla
fusione parziale di sorgenti crostali. I relativamente
bassi rapporti (837Sr/86Sr), e alti valori €/Nd
(rispettivamente, 0,7076 +0,7089 e -5,7 +-6,3) che
caratterizzano questo gruppo di filoni felsici, simili a
quelli riscontrati tra le rocce filoniane basiche e
intermedie, richiede una sorgente con una
composizione isotopica di Sr e Nd meno evoluta di
quelle riscontrate per il basamento metamorfico
sardo e presuppone il coinvolgimento di una
componente di mantello nelle sorgenti crostali dei
filoni leucocrati da metalluminosi a debolmente
peralluminosi.

Key WoRDS: Sardinia, Late-Hercynian dykes, Rb-Sr
mica ages, Sr-Nd isotopes

INTRODUCTION

Late-Hercynian dyke swarms crosscut, along
preferred directions, the granitoids of the
Sardinia-Corsica Batholith, the metamorphic
basement and the late-Hercynian volcanics.

The first detailed investigations on this
magmatism (Atzori and Traversa, 1986;
Vaccaro, 1990, Traversa and Vaccaro, 1992)
pointed out that in Sardinia the hypabyssal
activity occurred during two main phases, one
preceding, the other following, the Permian
volcanism. The products of the former phase
are distributed all over the island and consist of
medium and high-K calc-alkaline basic and
intermediate rocks (prevalently basaltic
andesites and andesites), associated with
metaluminous and peraluminous dykes,
rhyolitic in composition (granitic porphyries,
aplites, and microgranites). Rb-Sr and 40Ar-
39Ar mineral ages (Vaccaro et al., 1991) for the
dykes of the first stage, clustering around 300-
290 Ma and 270 Ma, suggest two different
periods of activity during the late-
Carboniferous and the lower Permian.
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The following stage consists of prevalently
basaltic and rare felsic dykes. Among the
former ones, transitional types (Ol-Hy
normative, assuming Fe,05/FeO ratio = 0.15)
prevail spreading all over the central and
northern area of Sardinia. In the southern sector
of the island, Qz-normative subalkaline basalts
are present, while alkaline basic rocks were
found almost exclusively in a narrow area near
the Posada shear zone, in northern Sardinia
(Traversa et al., 1991; Traversa et al., 1997).
The emplacement age of this «basaltic phase»
is poorly defined. However, field and
geochronological evidence suggests a late-
Permian age. K-Ar and 40Ar-39Ar dating on the
alkaline dyke suite yielded ages around
240+230 Ma (Baldelli et al., 1986; Vaccaro et
al., 1991). Transitional types too, although
geochronological data are not available, are
supposed to belong to the late Permian phase.
Actually, they are associated with alkaline
dykes in uncrossing en echelon structures
(Traversa et al., 1991) and crosscut the
Permian volcanics (Traversa, 1969), whose
published oldest age in northern Sardinia was
267 +7 Ma (Edel et al., 1981). Nevertheless,
the Rb-Sr ages of 288 + 11 Ma, obtained on
rhyolites from the Autunian volcano-
sedimentary sequences of Gallura (northern
Sardinia), (Novi, 1995; Del Moro et al., 1996)
could age the lower limit of Permian volcanism
and, consequently, dykes intruding volcanics.
In this scenario, at least in northern Sardinia,
most of the late-Hercynian hypabyssal
products, including the calc-alkaline ones at
270 Ma, should be considered as following the
Permian volcanism.

Late-Hercynian dyke magmatism of southern
Corsica is similar to that of Gallura as concerns
geochemical characters as well as the NE-SW
prevailing trend of dykes (Pasquali and
Traversa, 1996; Pasquali, 1998).

In the Sarrabus area (SE Sardinia) (fig. 1),
the Paleozoic basement is injected by
impressive swarms of mafic and felsic dykes
(Brotzu and Morbidelli, 1974; Pirinu, 1991;
Ronca, 1996; Ronca and Traversa, 1996). The
petrographic, mineralogical and chemical

characterization of the Sarrabus dyke activity is
given in Ronca and Traversa (1996).

In this paper, Rb-Sr muscovite and biotite
ages on several groups of dykes from Sarrabus
are presented to better constrain the age of
dyke magmatism. Moreover, Sr and Nd
isotopic data are reported with the aim of
investigating sources of magmas as well as the
processes that contributed to their evolution. In
order to examine crystal fractionation as the
possible evolutionary mechanism, major-
element least squares fractionation models and
Rayleigh fractionation models are tested. In
addition, the effect of crustal assimilation,
associated with fractional crystallization is also
examined.

GEOLOGICAL SETTING AND FIELD DATA

The crystalline Paleozoic basement of SE
Sardinia is dominated by the Sarrabus granitoid
massif, mainly composed of granodiorites,
monzogranites and leucogranites (Brotzu and
Morbidelli, 1974; Brotzu et al., 1983). Basic
septa and a stratified gabbroic complex occur
enclosed in the southernmost part of the massif
(Tommasini, 1993). Besides, in the southern
sector, close to the town of Villasimius, little
stocks and veins of albite-rich monzonitic to
syenitic rocks are present (Brotzu et al., 1978;
Pirinu, 1991; Pirinu et al., 1996). In the
northern edge of the massif, near Burcei
village, a tonalitic-leucogabbronoritic intrusive
complex occurs (Tommasini, 1993; Brotzu et
al., 1993). The plutons emplaced during the
post-collisional phase of uplift and extension,
successive to the Variscan compressive events.

Dykes especially crosscut the late-
Carboniferous granitoids of the Sarrabus
Massif while they are less widespread
northward, at the border with the Gerrei region,
where they intrude the metamorphic basement.
No dyke is affected by the Hercynian
metamorphic events. On the basis of such field
evidence, dykes have been generally referred to
a post-tectonic late Carboniferous to upper
Permian magmatism. The time-span during
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Fig. 1 - Geological sketch map of the Sarrabus area (modified atter Carmignani et al., 1987) showing the location of
samples analysed for isotope composition. 1) Metamorphic basement — Genn’ Argiolas and Gerrei Units - Metasediments
and metavolcanics (Cambrian p.p. — Lower Carboniferous). 2) Hercynian Batholith — Gabbroic complex. 3) Hercynian
Batholith — Burcei gabbrotonalitic body. 4) Hercynian Batholith — Monzogranites and granodiorites. 5) Hercynian Batholith
— Biotite leucogranites. 6) Mesozoic-Cenozoic sediments. 7) Continental and beach deposits (Pliocene-Quaternary).
8) Faults. 9) Contact between tectonic units derived from different paleogeographic domains.
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which the granitoids of the Sarrabus massif
emplaced (311-295 Ma; Nicoletti et al., 1982;
Pirinu, 1991; Brotzu et al., 1993) pre-dates the
dyke activity in the studied area.

Dyke swarms intruded the basement
prevalently along N140°-160°E and N-S
trends. Taking into account the late-Hercynian
stress pattern, as proposed for southern
Sardinia by Arthaud and Matte (1975; 1977a;
1977b), such main trends appear parallel to the
maximum compression direction (5,) and to a
left side fault system, respectively (Ronca,
1996; Ronca and Traversa, 1996).

Field geology enabled us to recognize in the
hypabyssal activity of Sarrabus three groups of
dykes, different for structural, textural and
compositional characters and to outline a
sequence of intrusion events:

FD,) 10-30 cm thick, fine- to medium-
grained, generally two-mica leucogranite dykes
and up to 2m thick, aplitic-micropegmatitic
leucogranite dykes with muscovite-rich
pegmatite pockets. These intrusions may
appear both as irregular wavy ribbons and as
strongly dipping dykes with planar walls.
Steadily crosscut by following groups of dykes,
they seem to represent the earliest phase of
hypabyssal activity.

FD,) Very thick (10-30 m) dykes of biotite
or biotite-muscovite porphyries, microgranites
and aplites. They often crosscut the dykes of
the first phase and are frequently intruded by
the dykes of the third phase.

MD) Variably thick (0.5-10 m), usually fine-
grained mafic dykes. They are preferentially
arranged in en-echelon intrusion sets but it is
not rare to observe mutual intersections. These
intrusions, crosscutting all other groups of
dykes, seem to represent the final stage of the
hypabyssal magmatism.

PETROGRAPHY

Dyke rocks usually show a fine grain that
makes an accurate modal classification
difficult. Therefore, in the present study, as in
the previous papers on Sardinia dyke

magmatism (Traversa et al., 1997 and
references therein), a classification based on
whole-rock chemistry is employed. CIPW
norm (calculated assuming Fe,O/FeO ratio =
0.15, with the exception of the felsic samples
for which Fe,O;/FeO is left unchanged),
mineral chemistry and rock texture are also
taken into account. Further, the nomenclature
of volcanics is generally adopted, although for
some microgranular rocks, names such as
microgabbros, microdiorites, microtonalites
and microgranites should be more suitable.
The Sarrabus dyke products define a
subalkaline association composed of basic-
intermediate calc-alkaline rocks and of granite
porphyries, aplites and microgranites mainly
rhyolitic in composition. The calc-alkaline
sequence includes dominant basaltic andesites
and andesites, a smaller volume of basalts
(CaB) and extremely rare dacites; thus, the
association tends to assume a bimodal
distribution (fig. 2). A small group of tholeiitic
basalt dykes (ThB) that were supposed to be
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Fig. 2 — Distribution of the Sarrabus dyke rocks in the R -
R, diagram (after De La Roche et al., 1980; R, = 4Si-
1 1(Na+K)-2(Fe+Ti), R, = 6Ca +2Mg +Al). Symbols: A
tholeiitic dykes (ThB); A calc-alkaline basaltic dykes
(CaB); O medium-K basaltic andesitic dykes; O
medium/high-K basaltic andesitic dykes; B medium/high-K
andesitic dykes; @ dacitic dykes; © rhyolitic dykes.
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related to the late-Permian hypabyssal activity
(Traversa and Vaccaro, 1992), are also present
(Ronca and Traversa, 1996).

Among the felsic dykes, the aplitic-
microgranitic to micropegmatitic rocks of the
FD, group are made up of plagioclase (An;;.,),
perthitic orthoclase or microcline (Orgs.g7),
minor amounts of biotite, almost always
primary muscovite and, occasionally,
spessartine-rich garnet. Tourmaline, apatite,
zircon, monazite, rutile and magnetite are
€common accessories.

The thick dykes of group FD, are mainly
represented by porphyritic types consisting of
plagioclase (Ans;.;¢), biotite, perthitic alkali-
feldspar and quartz phenocrysts. The fine-
grained groundmass is made up of oligoclase-
albite plagioclase, alkali-feldspar, quartz and
often chloritized biotite. Primary muscovite
may occur as minute crystals in the
groundmass. Accessories include garnet,
allanite, zircon, monazite, rutile, ilmenite and
magnetite.

Petrography and mineralogy of calc-alkaline
basalts, basaltic andesites and andesites are
very similar. Textures are variably porphyritic
or glomeroporphyritic, seriate, or aphyric
microgranular. Pargasite to ferro-edenite is the
dominant mafic mineral. Augite is frequently
found as relict enclosed in the amphibole
crystals and it becomes the dominant mafic
phase only in few high-Mg basaltic andesites.
Olivine occurs as wholly altered phenocrysts;
small amounts of interstitial biotite are present.
Plagioclase is found as phenocryst (Angg_74)
and in the groundmass (Angg.,3). Interstitial
alkali-feldspars at times occur only in the
groundmass of high-K basaltic andesites.
Ilmenite, pyrite, magnetite, titanite, apatite and
allanite are the accessory phases. The very rare
dacitic dykes (2 out of 96 analysed samples)
show contrasting petrographic features, as the
mineralogical assemblage is similar to that of
the andesites in one case and to that of the
rhyolites in the other one.

The tholeiitic basalts show phenocrysts of
plagioclase (Angg 46), augite and olivine, the
last one completely replaced by a talc,

carbonate and chalcedony aggregate. The fine-
to medium grained, ophitic sub-ophitic
groundmass is made up of labradorite (An;g sp), -
augite, magnetite and rare interstitial biotite.
Xenocrysts of reverse zoned plagioclase
(Ange.s¢) and quartz with augite coronas are
rarely present.

MAJOR AND TRACE ELEMENT GEOCHEMISTRY

Representative compositions of the analysed
Sarrabus dykes are reported in Table 1 while a
larger set of analyses is in Ronca (1996).
Sarrabus mafic and intermediate dykes are
metaluminous, have SiO, ranging from 49.2 to
65.9 wt% (H,O-free) and show a variable alkali
content (Na,O + K,0 2.4 + 6.3 wt%). The calc-
alkaline basic and intermediate rocks display a
continuous variation of the K,O content from
medium-K to high-K types (Peccerillo and
Taylor, 1976). For simplifying purposes, in the
figures and table only two groups of basaltic
andesites are distinguished. A clearly medium-
K group that also comprises the least
differentiated cpx-dominant basaltic andesites
and the medium/high-K one consisting of
amphibole-dominant basaltic andesites.

Although calc-alkaline rocks show wide
major and trace element variations, some
correlation trends can be observed (fig. 3; see
also Ronca and Traversa 1996 fig. 13-14).
Generally, with decreasing MgO, SiO,, Na,O
and K,O increase, while, CaO and Al,0O5 and,
in some cases, FeO,,, remain constant up to
MgO = 7+6.5 wt% and then decrease. For
some of the least evolved mafic rocks, negative
correlation between TiO, and MgO can be
observed. With decreasing MgO, Rb, Ba, Zr,
La and Ce variably increase, Ni and Cr
decrease, St tends to increase and just for MgO
lower than 4.5 wt% decreases. The group of the
cpx dominant medium-K basaltic andesites
(high-Mg BA) displays high values of Ni, Cr
(138 +183 ppm, 421 +565 ppm, respectively)
and MgO (7.9+8.7 wt% calculated dry). Ni
and Cr contents are similar or higher than those
of the calc-alkaline basalts.



TABLE 1
Whole-rock major (wt %) and trace element (p.p.m.) analyses for selected samples of dyke rocks from Sarrabus.

Tholeiitic basalts Calc-alk. basalts Medium-K basaltic andesites Medium/high-K basaltic

andesites
B8  BI10(M  BOD SARI62 SARI63  B7() SAR4l SAR75 SAR64 SARI5S SAR36 SAR40 SAR37 SAR89 SAR8S2 SARI35 SARI24
SiO, 46.61  48.16 4823 4930 4953  50.01 4729 4863 50.71 51.21 52,57 53.01 5341 5548 5028 5097 53.32
TiO, 1.40 1.51 1.56 1.38 1.49 1.28 1.29 1.65 0.97 0.87 1.32 0.97 1.22 1.20 1.53 1.5] 1.36
Al Oy 1558 1556 1568 1613 1603 1588 1580 1513 1567 1546 1607 1656 1560 1650 1555 1682 17.19
Fe,04 4.17 3.16 3.15 4.33 3.70 3.50 3.57 471 3.17 331 2.82 2.55 3.72 2.96 3.99 3.37 2.61
FeO 5.65 6.19 6.76 5.01 5.61 5.06 7.18 7.65 5.78 6.21 6.54 4.99 5.46 5.35 6.18 5.79 5.54
MnO 0.23 0.18 0.21 0.18 0.17 0.16 0.19 0.21 0.16 0.20 0.17 0.16 0.17 0.16 0.18 0.17 0.11
MgO 6.23 7.33 5.90 6.66 6.25 5.39 9.58 7.13 8.34 7.93 6.12 6.05 5.63 4.79 4.60 4.23 4.33
CaO 10.98 9.78 1041 9.72 9.63 9.88 8.29 8.10 8.25 8.80 8.41 8.46 8.45 7.25 8.57 8.53 7.78
Na,O 1.86 2.30 2.32 2.60 2.73 2.21 1.67 1.86 1.82 2.09 2.16 3.31 1.91 2.48 2.78 2.85 2.95
K,0 0.75 0.74 0.70 0.62 0.65 1.09 0.63 1.15 0.58 0.60 0.95 1.09 0.99 1.38 1.09 1.37 1.88
P,05 0.29 0.26 0.32 0.31 0.30 0.29 0.50 0.55 0.27 0.26 0.34 0.42 0.44 0.32 0.30 0.41 0.73
LOL 6.24 4.43 4.75 3.76 3.90 5.24 3.99 3.18 4.26 3.07 2.53 2.44 3.01 2.13 4.95 3.98 2.20
\% 186 195 203 193 202 160 166 186 174 175 172 150 200 182 238 231 170
Cr 220 193 181 195 191 187 311 232 500 518 236 265 201 144 140 75 50
Co — — — 77 64 — 58 42 46 43 44 37 38 34 34 25 17
Ni 111 91 74 92 73 97 149 195 140 171 66 36 34 43 16 15 16
Cu — — — 21 38 — 21 33 38 27 21 24 12 13 19 31 21
Zn — — — 137 126 — 118 119 95 88 119 74 126 103 105 107 58
Rb 104 44 75 45 29 51 26 48 23 27 26 46 29 39 48 67 51
Sr 326 324 319 336 332 304 365 322 252 259 344 540 456 391 339 418 1250
Y 36 31.0 36.4 273 29.2 29 29.0 35.1 227 19.9 27.1 239 29 26.3 30.6 32.7 314
Zr 183 191 206 185 201 184 202 265 146 126 193 201 252 199 192 264 270
Nb 9 8 9 7 8 9 15 16 n.d. n.d. 12 13 14 13 10 16 21
Ba 207 230 227 280 288 269 261 440 259 234 414 337 460 537 552 524 1694
Pb — — — 16 12 — 12 13 12 9 13 15 8 14 14 10 5
Th — — — 1 6 — 2 3 6 3 4 5 6 6 6 6 20
La 22.8 19.2 220 18.4 19.8 20.0 28.1 24.9 18.2 15.6 23.1 28.0 324 30.0 21.7 347 1375
Ce 48.6 433 51.1 42.0 44.9 45.0 65.7 58.6 39.7 32.8 48.4 60.0 88.4 62.6 46.5 742 2527
Pr — — — 5.5 5.8 — 8.9 8.1 52 4.2 6.1 7.9 — 7.7 5.9 9.4 28.2
Nd 24.6 21.5 25.1 235 25.0 — 393 36.2 220 17.5 26.5 32.8 — 30.8 25.1 40.6 1052
Sm 6.4 5.3 6.1 5.2 5.3 — 7.6 7.7 4.8 3.7 5.6 6.8 — 6.7 5.8 8.2 16.6
Eu 1.5 1.4 1.7 1.6 1.6 — 1.8 22 1.2 1.1 1.6 1.7 —— 1.6 1.6 2.0 3.7
Gd 5.3 4.6 5.3 4.8 52 — 6.1 6.6 4.4 34 4.9 5.5 — 5.3 5.0 7.0 114
Tb — — — 0.8 0.8 — 0.9 1.1 0.7 0.6 0.8 0.9 — 0.8 0.9 1.1 1.3
Dy 5.2 4.5 5.1 4.7 5.2 — 54 6.2 3.9 33 4.7 4.7 — 4.6 5.2 6.1 6.3
Ho — — — 1.0 1.1 — 1.1 1.3 0.8 0.8 1.0 1.0 — 1.0 1.2 1.3 1.2
Er 2.8 2.5 2.9 2.7 2.9 — 2.8 33 2.1 1.9 2.6 2.3 — 2.3 2.9 3.1 2.9
Tm — — — 0.4 0.4 — 0.4 0.5 0.3 0.3 0.4 0.3 — 0.4 0.4 04 0.4
Yb 2.6 2.3 2.7 2.6 2.9 — 2.6 33 2.1 2.0 2.7 2.2 — 2.3 3.1 3.0 2.6
Lu 04 04 0.5 0.5 0.5 — 0.4 0.5 0.3 0.3 0.4 0.3 — 0.4 0.5 0.5 0.4
(La/Yb), 5.89 5.69 5.56 4.72 4.61 — 7.30 5.15 5.83 5.33 5.84 8.49 e 8.65 4.80 7.85  36.21
g * 573 6213 5543  60.19 5857 57.04  65.09 547 66.14 6357 57.69 62.68 56.38 5473 4877 49.23  52.61
AST 0.67 0.72 0.69 0.74 0.73 0.72 0.91 0.85 0.87 0.79 0.84 0.79 0.84 0.92 0.75 0.81 0.89

—, not determined. n.d., not detected. Mg, = Mg/Mg+Fe2* assuming Fe,O3/FeO ratio = 0.15. ASI = Al,03/Na,0+K,0+CaO molar ratio corrected for CaO content
of apatite. (1) Major and trace element data from Atzori and Traversa (1986), REE data from Traversa and Vaccaro, (1992).
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TABLE 1, continued

Medium/high-K bas. andesites and andesite Dacites Rhyolites (MmPR) Rhyolites (PR)

SARI19 SAR92 SAR50 SAR7 SAR16 SAR131 SAR31 SAR87 SARI132 SARI39 SARI3 SAR25 SARI116 SAR173 SARI120 SARI114
Sio, 53.81 54.65 55.00 56.95 64.45 7041 7326 7338 7342 7506 75.16 7341 7462 7483 7519 7553
TiO, 0.99 1.20 1.16 1.25 0.69 0.31 0.12 0.24 0.17 0.11 0.04 0.11 0.03 0.01 0.04 0.05
ALOs 1776 1448 1550 16.21 1450 1533  13.87 13.88  13.83 1345 1412 1444 1437 1434 1416 14.05
Fe,04 2.35 2.75 2.89 3.02 1.95 1.02 1.16 0.85 1.37 0.88 0.26 1.22 0.29 0.44 0.23 0.23
FeO 5.53 4.73 4.24 5.11 3.08 1.77 0.76 1.07 0.69 0.51 0.09 0.28 0.15 0.85 0.11 0.04
MnO 0.14 0.13 0.14 0.14 0.10 0.07 0.05 0.05 0.07 0.04 0.02 0.04 0.02 0.06 0.03 0.02
MgO 4.45 5.98 6.27 3.48 2.61 0.68 0.02 0.54 0.23 0.19 0.04 0.12 0.06 0.03 0.09 0.05
Ca0 7.63 7.73 6.62 6.75 4.55 2.28 0.63 1.41 1.32 1.10 0.93 0.88 0.58 0.36 0.54 0.39
Na,O 2.23 2.89 3.32 2.47 3.02 3.64 4.55 3.98 348 3.74 4.24 3.88 3.54 3.66 3.46 2.69
K,O 1.62 2.51 1.68 1.70 2.59 3.14 4.65 352 4.54 4.29 4.66 443 5.53 4.67 5.28 6.00
P,05 0.26 1.15 043 0.35 0.24 0.10 0.01 0.06 0.05 0.04 0.01 0.03 0.16 0.04 0.18 0.22
L.OIL 3.23 1.80 2.75 2.58 2.21 1.25 0.92 1.03 0.83 0.59 0.44 1.16 0.64 0.72 0.69 0.74
\Y% 156 144 146 172 103 24 n.d. 20 n.d. n.d. 11 n.d. n.d. n.d. n.d. n.d.
Cr 94 242 285 69 95 10 n.d. 12 5 n.d. 2 n.d. n.d. 0 n.d. 6
Co 25 34 39 34 34 5 37 32 2 1 35 33 2 3 2 4
Ni 14 96 147 19 32 4 5 8 7 4 4 3 6 14 5 4
Cu 14 15 95 34 19 4 3 5 3 5 5 3 1 12 2 n.d.
Zn 93 94 95 104 66 49 64 33 43 33 14 30 14 26 17 14
Rb 71 53 63 59 90 103 162 89 160 135 141 167 199 293 239 217
Sr 418 1444 395 342 212 227 73 129 115 122 19 97 32 2 21 20
Y 23 27.0 22.6 26.6 222 26.9 50.6 24.6 20.3 23.0 25.6 23.3 34 56 28 4.7
Zr 160 341 246 233 182 151 316 161 134 127 34 125 32 46 35 19
Nb 9 27 13 15 13 11 22 11 11 12 5 12 8 14 15 7
Ba 410 2210 304 610 604 714 1025 1000 719 672 71 747 93 18 42 38
Pb 7 13 13 15 22 23 27 20 31 32 44 31 50 32 45 42
Th 6 31 10 6 12 14 19 22 20 26 15 18 9 14 5 6
La 23.9  169.1 38.2 36.4 30.9 36.4 69.7 43.0 434 422 4.1 383 5.9 8.2 8.5 1.4
Ce 267 3124 76.4 759 61.7 69.3 1353 84.1 812 78.4 13.1 75.3 n.d. 7.0 n.d. 2.4
Pr — 354 9.2 9.1 7.3 8.0 16.5 8.7 8.7 8.6 1.3 8.2 — — — 0.3
Nd — 1290 359 36.6 28.2 29.4 64.5 29.5 30.0 30.3 5.6 28.2 — — — 0.9
Sm — 18.2 6.5 7.6 5.6 6.0 11.9 5.5 5.1 5.5 2.1 53 — — — 0.3
Eu —_ 3.8 1.7 1.7 1.2 1.0 1.7 0.8 0.7 0.7 0.2 0.7 — — — 0.1
Gd — 12.1 5.0 6.0 4.5 49 9.8 4.4 4.1 4.3 2.3 42 — — — 04
Tb — 1.3 0.7 0.9 0.7 0.8 1.5 0.7 0.6 0.7 0.5 0.7 — — — 0.1
Dy — 6.1 4.2 4.8 39 4.7 8.7 4.1 3.7 4.0 39 3.8 — — — 0.8
Ho — 1.1 0.9 1.0 0.8 1.0 2.0 0.9 0.7 0.8 0.9 0.9 — — — 0.2
Er — 24 2.2 2.5 2.1 2.5 5.3 2.7 1.9 2.1 2.6 2.3 — — — 0.4
Tm — 0.3 0.3 04 0.3 04 0.8 0.4 0.3 0.3 0.5 0.3 — — — 0.1
Yb — 2.1 2.1 2.3 2.1 24 53 2.6 2.0 2.3 33 2.5 — — — 0.5
Lu — 0.3 0.3 04 0.3 04 0.8 0.5 0.3 04 0.6 04 — — — 0.1
(La/Yb), — 5429 12.14 10.68 10.0 10.30 8.9 1098 1440 1225 085 10.16 — — — 1.83
Mg, * 54.07 6267 6496 4734 52.19
ASI 0.95 0.77 0.85 0.94 0.94 1.15 1.02 1.09 1.07 1.06 1.03 1.14 1.15 1.23 1.18 1.2
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Tholeiitic basaltic dykes have Ni (74+111
ppm) and Cr (181+220) contents and Mg-
values (55+62, Mg,=100*Mg/(Mg + Fe2t)
assuming Fe,05/FeO = 0.15) lower than the
typical range of unfractionated mantle magmas
(cp. Perfit et al., 1980) suggesting possible
fractionation of olivine and Cr-spinel. They
display lower Ni, Cr and MgO and higher REE
contents than the less evolved cpx-dominant
medium-K basaltic andesites do (cp. SAR64

and SAR15 in Table 1). Moreover, major and
trace element variation trends of tholeiitic
basalts are discordant from those defined by the
calc-alkaline dyke rocks. On this ground, the
existence of fractionation links between
tholeiitic basalts and the intermediate calc-
alkaline types is unlikely, as also highlighted
by mass balance calculations.

The chondrite-normalized REE patterns of
basic and intermediate dykes display moderate
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Fig. 4 — Chondrite-normalized REE patterns of selected dyke rocks from Sarrabus. Normalizing values after Boynton
(1984). a) Tholeiitic dykes (a) and calc-alkaline basaltic dykes (A); b) high-Mg medium-K basaltic andesitic dykes (x) cp.;
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to strong LREE/HREE fractionation (La,/Yb,
4.6+54.3) with variable LREE/MREE
enrichments (La,/Sm,, 2+5.8), slightly HREE
fractionation (Tb,/Yb,, 1.3+2.77) and no or
small negative Eu anomalies (fig. 4a, 4b, 4c).
A general increase of the REE abundances and
La,/Yb, ratios with increasing fractionation can
be observed for the calc-alkaline products (fig.
4a, 4b). However, in comparison with calc-
alkaline basaltic dykes, the high-Mg basaltic
andesites display a lower REE enrichment.
Some high-K basaltic andesites show high
LREE contents (La 440+550 x chondrite),
pronounced REE fractionations (La,/Yb, 36.2 +
54.3) and fractionated HREE (Tb,/Yb,, 2.3+
2.8) (fig. 4b,c) probably due to concentration of
amphibole and minor phases such as apatite.

The felsic dykes are prevalently rhyolitic in
composition. The analysed rhyolitic samples
have SiO, varying in a relatively restricted
range (73.2+76.1 wt%), except one sample
which is less silicic than the others (SiO, = 70.4
wt%) (fig. 5). Among the rhyolites,
peraluminous types prevail, with alumina
saturation index (ASI = molar ratio
AlL,O3/Na,0 + K,O + CaO corrected for CaO
content of apatite; see Shand, 1949; Zen, 1986)
ranging from 1.02 to 1.26. The peraluminous
character does not seem to be related to
differentiation as ASI values do not show any
systematic increase with increasing SiO, or
decreasing CaO. Most analysed samples are
mildly peraluminous (ASI<1.1), for some of
them, the slight peraluminousity can be
ascribed to secondary processes. On the
contrary, the rhyolitic rocks with higher ASI
values than 1.1, usually, contain a significant
amount of primary muscovite. Thus, on the
basis of the occurrence of Al-silicates. (e.g. Al-
biotite, muscovite and garnet) in the
mineralogic assemblage and the ASI values
higher and lower than 1.1, two different groups
of felsic dykes have been distinguished: the
peraluminous rhyolitic dykes (PR) and the
metaluminous to mildly peraluminous rhyolitic
dykes (MmPR), respectively.

Although the major element variations
within the felsic dykes are not clear, some

correlation can be observed. Al,05, MgO,
Ca0, FeO,,, and TiO, are negatively correlated
with Si0,. K,O positively correlates with SIO;
it varies from 3.18 to 6.24 wt%, but for most
rhyolites it is higher than 4 wt%. PR dykes tend
to have higher P,O5 contents in comparison
with the metaluminous ones. As regards trace
elements, generally, with increasing SiO, and
with decreasing CaO, Sr decreases and Rb
increases but, for similar ranges of SiO, values,
there are large differences in trace element
abundances especially for La, Ce, Th, Zr, and
Ba. PR dykes exhibit significantly lower La,
Ce, Zr, Th, Ba, Sr contents and higher Rb
concentrations than the MmPR dykes do.

Rhyolitic dykes display variable REE
abundances and different types of chondrite-
normalized patterns (fig. 4d). Very low REE
abundances (LLa = 5+45 x chondrite) and flat
patterns (La,/Yb, = 1.8) without negative Eu
anomaly seem to be peculiar of PR dykes. On
the contrary, the MmPR rocks usually show
higher REE abundances (La = 117+225 X
chondrite), fractionated LREE patterns
(La,/Yb, 9+14.4; La,/Sm,, 3.7 +5.3), moderate
negative Eu anomaly and poorly fractionated
HREE. On the other hand, also some of the
most leucocratic MmPR rhyolites may exhibit
flat REE patterns with negative Eu anomaly and
low REE contents (La = 13 x chondrite,
La,/Yb, = 0.85). REE depleted chondrite-
normalized patterns have often been attributed
to REE-bearing accessory phases (e.g. monazite
and zircon) fractionation in highly differentiated
melts (Mittlefehldt and Miller, 1983; Yurimoto
et al., 1990; Zhao and Cooper, 1993). However,
for the rhyolitic dykes of Sarrabus, this
hypothesis seems unlikely considering that the
most REE-depleted PR samples show relatively
high P,05 contents (0.16-0.28 wt%) also
comparing with those of the REE-enriched
MmPR rocks (P,Os5 0.01-0.1 wt%). Instead, it
seems possible that the REE depletion of the
two mica felsic dykes could be partly attributed
to crustal source composition or, more likely, to
the modality of melting (retention of accessory
phases in the residue).
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RB-SR MICA AGE

Four Rb-Sr muscovite ages and six Rb-Sr
biotite ages were obtained on six samples from
felsic and mafic dykes of Sarrabus and the
analytical data are given in Table 2. A brief
description of the analytical procedures is
given in the Appendix.

Rb-Sr mica ages are generally interpreted as
cooling ages. However, since fast cooling due
to the shallow level of emplacement can be
assumed for most dyke rocks, Rb-Sr mica ages
can be considered to approximate emplacement

ages (Hanny er al., 1975; Saleeby and Sharp,
1978).

Samples SAR116, SAR114 and SAR120 are
from 3 micropegmatitic PR dykes of group
FD,, all three intruding the Hercynian
granitoids in the southern part of the massif.
The Rb-Sr two-point (muscovite and whole-
rock) isochrons yielded Rb-Sr ages of 292-293
Ma with analytical uncertainties of 3 Ma. For
sample SAR116, we also obtained a 253 +3 Ma
Rb-Sr biotite age.

Sample SAR173, from a muscovite-garnet
microgranite PR dyke crosscutting the southern

TABLE 2

Rb-Sr mica ages on the Sarrabus dykes.

Sample Material Rb (ppm) Sr (ppm) 87Rb/80Sr  87Sr/86Sr+2G  Age (Ma%20)
Peraluminous rhyolitic dykes (PR)
SARI116 WR 194 30.3 18.6 0.79223+5
Mu 746 2775 1155 5.5140+5 292+3
Bt 376 12.9 87.1 1.03863+5 253+3
SAR114 WR 213 19.8 31.6 0.84769+3
Mu 817 2.88 1238 5.8784+3 293+3
SARI120 WR 235 19.5 353 0.86122+3
Mu 1146 2.74 2405 10.7486+6 293+3
SAR173 WR 303 2.44 421 2.47029+7
Mu 1047 1.39 15211 61.563+9 28143
Bt 2019 434 2737 11.354+7 270+3
Metaluminous to mildly peraluminous rhyolitic dykes (MmPR)
SARI131 WR 102 220 1.33 0.71269+2
Bt 615 11.1 170 1.34709+7 264+3
SAR132 WR 155 114 3.94 0.72387+3
Bt 555 5.84 306 1.88394+7 27043
SARI139 WR 134 118 3,28 0.72145+2
Bt 702 7.10 320 1.9254+1 267+3
Medium/high-K calc-alkaline dykes
SARS82 WR 425 294 0.418 0.70858+3
Bt 298 19.7 44.5 0.87083+3 259+3

A8TRDb = 1.42¢10-11 yr-1. 26=20 of the mean (26/n). WR, whole rock; Mu, muscovite; Bt, biotite.
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part of the Sarrabus granitoid massif near Cala
Regina, gave a Rb-Sr muscovite age and a Rb-
Sr biotite age of 281 £+ 3 e 270 + 3 Ma,
respectively.

On three MmPR biotite-bearing porphyries,
from the southeastern (Punta Molentis area:
SAR131 and SAR132) and northern (Rio
Cannas area: SAR139) sectors of Sarrabus
Massif, three similar Rb-Sr biotite ages of 270
+3,264+3, 267 +3 Ma were obtained.

A Rb-Sr biotite age of 259 =3 Ma was
obtained on a sample (SAR82) from a basaltic
andesite dyke. Unfortunately, even if biotite is
often present in the groundmass of mafic
dykes, it is usually scarce and often affected by
chloritization, so, it was impossible to
concentrate enough material for analysis from
other mafic samples in order to obtain further
biotite-ages.

WHOLE-ROCK SR AND ND ISOTOPIC RESULTS

Sr and Nd isotopic data on selected samples
from hypabyssal products of Sarrabus are given
in Table 3. Sr and Nd isotope initial ratios have
been calculated taking the Rb-Sr mineral ages
(Table 2) into account. Ages of 290 and 270
Ma for the rhyolitic rocks and an age of 270
Ma for the whole basic and intermediate rocks
have been used to correct the isotopic ratios for
decay. It must be stressed that differences of
the order of 10 Ma between the assumed and
effective ages do not significantly affect the
calculated initial isotopic ratios in rocks having
a low parent/daughter ratio. This is true for Nd
isotopic data of all analysed dyke rocks and
only for Sr isotopic data of basic and
intermediate rocks.

Among Sarrabus dyke rocks, tholeiitic
basalts display the lowest (87Sr/86Sr), and the
highest (143Nd/144Nd), ratios, (0.70518 =
1+0.70532 = 2 and 0.512215 = 20,
respectively). These data well agree with those
reported by Traversa and Vaccaro (1992)
(87Sr/86Srp7¢ = 0.70515+4 +0.70528 £ 2) on the
same rock-types. The calc-alkaline series
exhibits a large variation of the initial Sr and

Nd isotopic ratios (0.70681 +2 +0.70968 + 4,
0.512135 £20 + 0.511980 = 15, respectively),
with a general increase in (37Sr/86Sr), values
and a decrease in (143Nd/144Nd), values with
fractionation. However, high-K rocks show
(87Sr/86Sr), values higher than those of
medium-K series samples.

A wide range of the initial Sr and Nd
isotopic ratios is also observed among the
rhyolitic rocks (0.70757 + 6 +0.71731 + 130,
excluding sample SAR173, and 0.512000 + 18
+0.511885 + 28, respectively). The highest
(87Sr/86Sr), and lowest (143Nd/!44Nd), ratios
(0.71548 + 77 + 0.71731 + 130, excluding
sample SAR173, and 0.511885 + 28,
respectively) are found in the PR group. The
remaining rhyolites, on the contrary, have
values (0.70757 =+ 6 + 0.70886 = 13 for
(87Sr/36Sr),; 0.512000 = 18 +0.511969 + 19 for
(143Nd/!44Nd,) similar to those of the most
evolved calc-alkaline mafic dykes. Among the
PR dykes, sample SAR173 shows an
(87Sr/86Sr), ratio strongly sensitive to age-
correction, owing to its very high 87Rb/86Sr
ratio. If an age of 280 Ma is used for the age-
correction, the (87S1/86Sr), ratio is equal to
0.7935+0.0168. This value is rather high when
compared to any potential source rock from
Sardinia. On the other hand, supposing that
muscovite age does not approximate the
emplacement age (see discussion) and thus
assuming an age of 290 Ma, the calculated
(87Sr/86Sr), ratio is 0.7335 £ 174 which is
comparable with the isotopic compositions of
the other PR dykes.

DiscussioNn

Age of the Sarrabus dyke magmatism

The whole geochronological data set
obtained for Sarrabus dyke magmatism
confirms the sequence of intrusion events
suggested by field observations. Moreover, it is
in good agreement with the radiometric ages of
the plutons forming the Sarrabus granitoid
massif (Brotzu et al., 1993; Pirinu et al., 1996



TABLE 3

Rb-Sr and Sm-Nd analytical data for whole-rock samples of Sarrabus dykes.

Sample Rb (ppm) Sr (ppm) S7RbA6Sr  87Sr/86Sr+2c (87Sr/868r), gSr Sm ppm) Nd (ppm)!47Sm/144Nd!43Nd/144Nd+26 (M3Nd/1#4Nd), &Nd
Hercynian Batholith granitoids from Sarrabus (assumed age 300 Ma)

SARI167 89 339 0.762 0.71031+£3  0.70706+4 41.3+0.6 572 30.1 0.115 0.512201%14 0.511975%21 -5.4+0.4
SARI122 146 162 2.62  0.72037«1 0.70920+11 71.7+1.6

Peraluminous rhyolitic dykes (PR) (assumed age 290 Ma)

SARI116 194 303 18.6  0.79223+5 0.71548+77 161x11

SARI14 213 198 31.6  0.84769+3 0.71731x130 187+18 0278 0919 0.183 0.512232+14 0.511885+28 -7.4+0.5
SARI120 235 195 353  0.86122+3 0.71565+146 16321

SARI173 303 244 421 2.47029+7 0.73350+1737 417247

Metaluminous to mildly peraluminous rhyolitic dykes (MmPR) (assumed age 270 Ma)

SARI13] 102 220 1.33  0.71269+2  0.70757+6 48.0+0.8 595 294 0.123 0.512186x12 0.511969+19 -6.3+0.4
SAR132 155 114 3.94 0.72387+3 0.70872+15 64.3£2.2 S.11  30.0 0.103 0.512182+12 0.512000+18 -5.7+0.3
SARI139 134 118 328 0.72145+2 0.70886+13 66.3+1.8 549 303 0.110 0.512182+10 0.511989+17 -5.9+0.3
Medium/high-K calc-alkaline dykes (assumed age 270 Ma)

SARI16 Dacite 91 253 1.04 0.71319£2  0.70919+4 71.1+0.6 5.63 282 0.121 0.51221710 0.512003+18 -5.6+0.4
SAR7 Andesite 57 33] 0.499 0.71045+5  0.70853+5 61.7+0.8 758 36.6 0.126 0.512191%£9 0.511968+18 -6.3+0.4
SAR92 Basalticand. 54 1305  0.119 0.71010£2  0.70964+2 77.5+0.3 18.2 129 0.085 0.512144+9 0.511994%14 -5.8+0.3
SARI124 Basalticand. 52 1159  0.130  0.71018+4  0.70968+4 78.0+0.6 16.6 105  0.096  0.512150+9 0.511980+15 -6.1+0.3
SARI119 Basalticand. 70~ 429  0.470 0.70971£3  0.70791+4 52.8+0.5

SARI135 Basaltic and. 63 398 0453 0.71017+£2  0.70843+3 60.3+0.4 820 40.6 0.123 0.512262+10 0.512045+18 -4.8+0.4
SARS2 Basaltic and. 43 294 0418 0.70858+3  0.70697+3 39.6+0.5 5.80 251 0.140 0.512382+9 0.512135+20 -3.0+0.4
SAR7S5 Basalt 47 437 0313 0.70801+2  0.70681+2 37.2+0.3 7.66 362 0.128 0.512354+9 0.512128+18 -3.2+0.4
Medium-K calc-alkaline dykes (assumed age 270 Ma)

SAR37 Basaltic and. 35 453 0222 0.70866x4  0.70781x4 51.4+0.6 )

SAR36 Basalticand. 16 389 0.122  0.70797+#3  0.70750+3 47.1£0.4 559 264 0.128 0.512273%£7 0.512047+17 -4.8+0.3
SARG64 Basaltic and. 23 224 0.296 0.70836+2  0.70722+2 43.120.3 4.83 220 0.133 0.512323x11 0.512088+20 -4.0+0.4
SAR41 Basalt 33 440  0.219 0.70788+3  0.70704+3 40.5+£0.4 7.61 393 0.118 0.512253+9 0.512044+17 -4.8+0.3
Tholeiitic dykes (assumed age 270 Ma)

SAR162 Basalt 34 309 0.321  0.70655+1 0.70532+2 16.1+0.2 S5.16 235 0.133  0.512450+12 0.512215+20 -1.5+0.4
SAR163 Basalt 19 302 0.178  0.70586+1 0.70518+1 14.1+0.2 534 250 0.130 0.512445+10 0.512215+19 -1.5+0.4
B10* Basalt 0.373  0.70671«1 0.70528+2 15.5+0.3

B8* Basalt 0.881 0.70853+1 0.70515+4 13.6+0.5

B9* Basalt 0.648  0.70773+1 0.70524+3 15.0+0.4

Parameters used for calculation of &/Sr and €'Nd values: AS7Rb = 1.42¢10-!1 yr-!; (87Sr/36Sr)0 r= 0.7045 and (37Rb/6Sr)0 ;= 0.0816; A147Sm = 6.54¢10-12 yr-!;
(M3Nd/M4Nd)0chyur= 0.512638 and (47Sm/'*4Nd)0cyur= 0.1967 (Jacobsen and Wassemburg, 1984). *, isotopic data from Vaccaro (1990). 26=2¢ of the mean
(26/\n). The uncertainties reported for initial isotopic ratios and &' values result from error propagation including errors for measured isotopic ratios and errors on

STRb/36Sr and 147Sm/!144Nd ratios (1% and 7%, respectively).
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and references therein).

The early hypabyssal intrusions, slightly
younger than the plutons that they intrude,
consist of not very thick, mostly two-mica
leucogranite dykes (3 Rb-Sr muscovite ages:
293-292 Ma). The quite irregular shape of
these dykes, unlike the youngest ones, could
suggest that the granitoid host rocks in which
dykes intruded were not yet wholly solidified.
The low value of the biotite age obtained from
one of the PR dykes (SAR116: 253 =3 Ma)
may be explained by an open-system behaviour
due to a gradual biotite alteration, a process
that is not rare in dyke rocks. Otherwise, the
SAR116 Rb-Sr biotite age could be due to a
reopening of the Rb-Sr system during a later
local heating. For tholeiitic activity, a possible
age of 250-245 Ma has been tentatively
proposed (Vaccaro, 1990; Traversa and
Vaccaro, 1992). However, since tholeiitic
dykes occur only occasionally and far from the
SAR116 outcropping area, it seems unlikely
that their emplacement caused the reopening of
the Rb-Sr system; moreover, we have no
further similar age confirming this hypothesis.

For the muscovite-garnet microgranite dyke
SAR173, there is a significant time-gap
between the Rb-Sr cooling ages of the mica
pair (281 =3 and 270 + 3 Ma). Similar age
differences (10-11 Ma) have been observed on
Sardinian Hercynian plutons (Di Vincenzo et
al., 1994) and could be explained by a
relatively slow cooling. Such hypothesis can be
supported by the microgranular texture of
sample SAR173. Thus for this sample, as
previously supposed on the basis of Sr isotopic
composition, the Rb-Sr muscovite age does not
reflect the emplacement age.

The very thick porphyry, microgranite and
aplite dykes emplaced later as suggested by the
3 Rb-Sr biotite ages (264 + 270 Ma) obtained
on MmPR dykes. However, although
geochronological data clearly attesting the
emplacement of PR dykes at that time are not
available, field and petrographic evidence
suggests a contemporaneous emplacement of
both magma types.

The final stage mainly has a basic character,

as shown by field relationships and by a single
Rb-Sr biotite age of 259 + 3 Ma on a mafic
dyke of the calc-alkaline suite. Obviously, this
age is not enough to satisfactorily define the
time-span over which basic dyke activity
occurred in the Sarrabus area. Furthermore, it is
necessary to more accurately date the basic
activity, especially the tholeiitic composition
one which, for its petrochemical and isotopic
signatures, has been referred to the basaltic
phase following Permian volcanism (Traversa
and Vaccaro, 1992; Ronca and Traversa, 1996).

Our new radiometric data integrate previous
Rb-Sr and 3°Ar-40Ar mineral ages on dyke
magmatism from northern and central Sardinia,
providing further information on the overall
duration of the Late-Hercynian dyke
magmatism in the Sardinia-Corsica area. As
regards the PR rhyolitic dykes, there is no
considerable difference in age between the
samples from Sarrabus (Rb-Sr Ms-age: 293 +
281, Rb-Sr Bt-age: 270 £ 3 Ma) and those from
other sectors of Sardinia (Rb-Sr Ms-age: 298 +
281, Bt-age: 291 + 268 Ma; Vaccaro et al.,
1991). A 289 £ 9 Ma Rb-Sr biotite age
(Vaccaro et al., 1991) was determined on a
dyke with andesitic composition from the
Ogliastra region (Central Sardinia). This age,
significantly older than those of other calc-
alkaline dykes from northern Sardinia, led
Vaccaro et al. (1991) to think that in central
and southern Sardinia the calc-alkaline activity
did not occur later than 290 Ma. On the other
hand, the 259 £ 3 Ma Rb-Sr age of sample
SARS82 from a basaltic andesite dyke and the
field observation of calc-alkaline basic dykes
crosscutting porphyries dated around 270 Ma
clearly attest that, at least in the Sarrabus area,
calc-alkaline hypabyssal magmatism lasted
throughout the Autunian.

Geochemical and isotopic constraints on the
origin of the dyke magmatism

The mafic mineralogy, the high compatible
element concentrations (Ni, Cr) and the Sr and
Nd isotopic composition of the least evolved
rocks indicate that Sarrabus mafic dyke rocks
are largely derived from a mantle source,
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although fractionation occurred, as also
suggested by the variable amounts of Mg-Fe
mineral and plagioclase phenocrysts in the
porphyritic types as well as the presence of
compositionally zoned minerals (plagioclase
and amphibole) in most of the mafic dykes. On
the basis of petrographical, geochemical and
isotopic evidence, the tholeiitic and calc-
alkaline dyke groups do not appear related to
each other by fractionation relationships.
Compared with the less evolved calc-alkaline
rocks, the higher CaO and lower MgO contents
of ThB seem to indicate that ThB suffered a
more conspicuous olivine fractionation from
the parent magma than the calc-alkaline basalts
and the high-Mg basaltic andesites did.
Moreover, the overall mineralogical and
geochemical data suggest that tholeiitic and
calc-alkaline rocks could be derived from
distinct primary mantle melts.

Basic and intermediate dykes of the calc-
alkaline suite have initial 87Sr/86Sr ratios
(0.70681 = 2 - 0.70919+4) showing a positive
correlation with some major (SiO,, Na,O,
K,0) and trace (Rb, Ba, REE) elements. As an
example, fig. 6 reports the (87Sr/86Sr), variation
with respect to SiO, and MgO. Such co-
variations could indicate that crustal
contamination processes occurred with
fractional crystallisation in the evolution of the
calc-alkaline rocks. Moreover, compared with
the medium-K group, the higher initial
87Sr/86Sr ratios of medium/high-K rocks
suggest that the crustal contamination process
variably operated within the calc-alkaline suite
(the medium/high-K rocks underwent a greater
amount of crustal contamination). On the other
hand, Sr isotope ratios of ThB are quite
constant and do not seem to correlate positively
with differentiation, although small linear co-
variations between (87Sr/86Sr), and MgO can be
observed in fig. 6b (inset). Moreover, as the
variation ranges are not very wide, ThB having
quite similar evolutionary degrees, it is difficult
to assess whether such small co-variations are
unsignificant or not.

Major and trace element modelling of
fractional crystallisation was performed in

order to check the feasibility that the above-
suggested mechanisms controlled the evolution
of the calc-alkaline suite. Major element mass
balance calculations were carried out by least-
square methods (Stormer and Nicholls, 1978)
employing mineral phase compositions from
EDS and EDS+WDS analyses on Sarrabus
dyke rocks (Ronca, 1996; Ronca and Traversa,
1996). Only for olivine, analyses obtained on
other late-Hercynian dykes from Sardinia were
employed (Traversa, unpublished), since
olivine was always found altered in Sarrabus
samples. The removed mineral assemblages
used in the calculations were based upon the
mineralogy of the investigated rocks. Trace
elements were tested first for fractional
crystallization using the Rayleigh equation and
then, in the cases for which the changeable
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TABLE 4

Results of fractional crystallization models for the Sarrabus dyke rocks.

from to from to from to to to

SAR41  SARI19 SAR64 SAR7 SAR7 SARI3I1 SAR87 SAR139

CaB BA BA A A R R R

obs calc obs obs calc obs obs calc obs calc obs calc obs
SiO, 49.45 55.83 55.74 53.16 58.79 58.63 58.63 71.49 71.37 7431 74.20 7571 75.57
TiO, 1.35  1.07 1.03 1.02 1.23 1.29 1.29 042 0.31 0.29 024 0.16  0.11
Al,O4 16.52 18.46 18.40 16.43 16.80 16.69 16.69 15.57 15.54 14.15 14.04 13.67 13.54
FeO,, 10.86  8.01  7.91 9.05 8.28 8.06 8.06 279 273 1.98 1.85 1.47 1.31
MnO 0.20 0.07 0.15 0.17 0.14 0.14 0.14  0.03 0.07 0.01 0.05 0.00 0.04
MgO 10.02  4.63 4.61 874 3.63 3.58 358 0.74 0.69 0.56 0.55 0.20 0.19
CaO 8.67 794 790 8.65 7.04 695 6.95 242 231 140 143 1.04 1.11
Na,O 1.75 224 231 1.91 242 254 254 342 3.69 3.68 4.02 3.60 3.77
K,O 0.66 1.38 1.68 0.61 1.26 1.75 1.75 297 3.8 333 3.56 3.81 432
P,05 0.52 037 0.27 0.28 042 0.36 0.36 0.14 0.10 0.27  0.06 0.33  0.04
TR? 0.14 0.36 0.17 0.26 0.44
F (%) 53.88 59.96 54.75 48.90 46.54
OL 38.11 29.8 7.75 6.72 7.16
CPX 4.84 11.2 — — —
AMPH 17.60 20 51.8 50.05 48.9
PL 36.22 39.1 36.7 40.31 413
ILM 1.92 — 2.4 2.40 2.47
APA 1.31 —_ 1.31 0.52 0.21

obs calc obs D obs calc obs D obs calc obs D calc obs D calc obs D
Rb 33 56 70  0.13 23 38 57  0.01 57 101 102 0.05 90 89 0.37 119 134 0.04
Ba 261 411 410 0.26 259 424 610  0.03 610 796 714  0.56 1015 1000 0.29 843 672  0.58
Sr 440 436 429  1.01 224 284 331 0.54 331 225 220 1.64 132 129 2.28 121 118 232
\Y% 166 152 156 1.14 174 178 172 0.95 172 25 24 420 19 20 4.07 — — —
Cr 311 89 94  3.02 500 60 69 5.14 69 10 10 4.16 12 12 349 e — —
Ni 148 14 14 479 140 20 18 4.83 18 4 4 344 8 8 211 3 4 323
Zr 202 258 160  0.61 146 234 233 0.08 233 221 151 1.09 222 161 1.07 224 127 1.05
Y 29 37 23 0.59 23 29 27 0.54 27 27 27 097 25 25 1.08 30 23 0.87
La 28.1 35 24 0.62 182 30 364 005 364 43 364 0.72 50 43 0.55 54 42 049
Ce 65.7 80 27  0.67 39.6 64 759 0.07 759 84 692 0.83 99 84.1 0.63 108 78  0.54
Yb 2.6 2.1 2 2.3 0.87 2.3 2 24 0.92 3 2.6 0.8 2 2 1.08

Major elements were modelled using the XL-FRAC calculation program (Stormer and Nicholls, 1978). Trace element modelled values are calculated by the Rayleigh
fractionation model using mineral/matrix partition coefficients from the literature. Source of data: Henderson (1986); Nielsen (1998) and references therein. CaB,
calc-alkaline basalt; BA, basaltic andesite, A, andesite; R, rhyolite; calc, calculated values; obs, measured values £R2, sum of the squares of the residuals; F, weight
proportion of the residual liquid; OL, olivine; CPX, clinopyroxene; AMPH, amphibole; PL, plagioclase; ILM, ilmenite; APA, apatite.
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isotopic data suggest crustal contamination, for
assimilation + fractional crystallization using
the De Paolo (1981) AFC model. The results of
major element mass balance calculations and
K, values for calc-alkaline rocks from the
literature (Henderson, 1986; Nielsen, 1998 and
references therein) were employed as
constraints. Calculations indicate that the main
major element variations observed among ThB
rocks (from B10 to B7; £R2 < 0.05) could be
produced by a 30 % fractionation of the
mineral assemblage consisting of plagioclase
(50.3%) + olivine (27.5%) + clinopyroxene
(17.6%) ilmenite (4.6%). Nevertheless, the
observed variations of most trace elements do
not agree with the model. Therefore, major and
trace element variations within ThB cannot be
explained by fractional crystallization but they
could reflect slight variations in the
composition of primary parent magmas.
Crystal fractionation was investigated
quantitatively on variously evolved samples of
calc-alkaline suite. Among the less evolved
rocks, the calc-alkaline basalt (SAR41) and, for
its primitive characteristics (high Mg#, high Ni
e Cr abundances), the high-Mg basaltic
andesite (SAR64) have been chosen as parent
magma. Major-element mass balance
calculations indicate that andesitic
compositions (e.g. SAR7) could be produced
starting from the high-Mg basaltic andesites
(e.g. SAR64) (Table 4) by removal of
a mineral assemblage consisting of
olivine+clinopyroxene+amphibole+plagioclase.
The inferred fractionating assemblage well
agrees with the petrographic data but the trace
element modelling of the fractional
crystallization process gives unsatisfactory
results. The calculated values of the most
compatible elements (Ni, Cr) agree fairly well
with the observed ones. For Rb, Sr, Ba, La and
Ce, on the other hand, the calculated values are
lower then the measured ones, although the
lowest partition coefficients for calc-alkaline
basic and intermediate rocks from the literature
were used. As fractional crystallization cannot
account for similar trace element enrichments,
also considering the increasing Sr isotopic

ratios of calc-alkaline dyke samples, a
combined crustal assimilation + fractional
crystallization model (De Paolo, 1981) has
been tested for some trace elements and the Sr
isotopic ratio (Table 5). Melts of composition
corresponding to that of the Hercynian calc-
alkaline granitoids and of the MmPR dykes can
be rejected as a contaminant because of their Sr
isotopic ratios similar or lower than those of
some mafic dyke samples and their high Rb
contents. (cp. Table 1-2 and Tommasini et al.,
1995). On the other hand, a more appropriate
contaminant could be found in the
metasedimentary lithologies of the Sardinia
basement. Sarrabus granitoid massif was
intruded into the metasedimentary and
metavolcanic formations of the Genn’Argiolas
Unit (Carosi et al., 1992 and references
therein). However, as geochemical and isotopic
data for the Genn’argiolas Unit are not
available, we have chosen as contaminant the
composition of the metasediments (metapelites
and metagreywackes) of the hercynian

TABLE 5

Results of the assimilation + fractional
crystallization model for the calc-alkaline mafic
dykes form Sarrabus.

Contaminant from to

SAR64 | SAR7

BA A

obs calc obs D

Rb 63 23 57 57 0.02
Ba 536 259 580 610 0.03
Sr 200 224 300 331 0.54
Zr 196 146 261 233 0.22
Y 29 23 30 27 0.65
La 36 18.2 36.6 364 0.18
Ce 63 39.6 75.7 75.9 0.17
Yb 2.63 2.1 2.3 2.3 097
(87Sr/86Sr)270Ma  0.71519 |0.70722 |0.70852 0.70853
F (%) 59.96
R 0.31

The model is calculated according to De Paolo (1981).
Abbreviations as in Table 4. r = assimilation/crystallization
rate. Contaminant composition from Del Moro et al.
(unpublished) (hercyinan basement metasediments from the
Giuncana area — northern Sardinia).
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Fig. 7 - Initial Sr isotope ratio (87Sr/86Sr), vs Sr (a) and vs
Rb (b) diagrams for selected dyke rocks from Sarrabus.
AFC trends starting from the basaltic andesite SAR64 are
also shown. DSr and DRb are the bulk distribution coeffi-
cients between the fractionating assemblage and the
magma for Sr and Rb, respectively. r = Ma/Mc assimila-
tion/crystallization rate. Contaminant composition is repor-
ted in Table 5. Symbols as in fig. 2.

basement from the Giuncana area (northern
Sardinia) (Del Moro et al., unpublished data).
The observed variations of some trace elements
and the initial 87Sr/86Sr isotopic ratio between
the high-Mg basaltic andesite SAR64 and the
andesite SAR7 can be satisfactorily replicated
by an AFC model, with F = 60% and r = 0.31
(F = weight proportion of remaining liquid; r =
assimilation rate/ fractional crystallization rate)
(Table 5, fig. 7). Some slight discrepancies for
Sr, Ba and Zr suggest that a contaminant
having higher Sr and Ba contents and lower Zr
abundances than the adopted composition
should be more appropriate.

By this evolutionary model, major-element
mass balance calculations performed starting
from the calc-alkaline basalts (e.g. SAR41) to
several basaltic andesites and andesites (e.g.
SARI119, SAR37, and SAR7) have provided
satisfactory results (low XR? values). However,
trace-element quantitative calculations show
considerable differences between the modelled
values and the observed ones for some
incompatible elements (i.e. Rb, La, Ce, Zr,)
(see the transition calc-alkaline basalt SAR41-
basaltic andesite SAR119 in Table 4) that
cannot be explained by crustal contamination.
On the other hand, although the fractionation of
accessory mineral phases such as zircon could
account for most of the observed chemical
variations, zircon crystallization appears
unrealistic in similar basic magmas.
Accordingly, the evolved types of the calc-
alkaline suite (basaltic andesites, andesites,
dacites) entail the occurrence of primary basic
magmas, different from those that formed the
sampled calc-alkaline basalts.

The high incompatible element (Rb, Zr,
LREE) contents of the calc-alkaline basalt
SAR41 cannot be produced by significant
crustal contamination since SAR41 shows one
among the lowest Sr isotopic composition
values found in the calc-alkaline rocks. On the
other hand, they could be better ascribed either
to the mantle source and/or variable degrees of
partial melting.

Sr and Nd isotopic data for the basic and
intermediate dyke rocks are inconsistent with a
depleted mantle source (Table 3, fig. 8) and
suggest the addition of a crustal-type
component. Quantitative modelling suggests
that a process of combined assimilation and
fractional crystallisation (AFC) could account
for the Sr isotopic variations observed within
the calc-alkaline dykes. Accordingly, the
possibility that crustal contamination during
the ascent of magmas to the surface could have
significantly affected also the less evolved
calc-alkaline rocks, modifying their original
isotopic signatures, cannot be wholly ruled out
since these rocks are not unfractionated mantle
melts. Tholeiitic basalts are different from
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Fig. 8 — Nd and Sr epsilon values, corrected for decay, for selected dyke rocks from Sarrabus. Also shown are the isotopic
data for the calc-alkaline products (mafic rocks and granitoids) of the Sardinia Corsica Batholith (data from Cocherie ef al.,
1994 and Tommasini ez al., 1995); the late Carboniferous-lower Permian lamprophyres from the western European Hercy-
nian Belt (data from Turpin ef al., 1988); the Hercynian metamorphic basement of Sardinia (data from Di Vincenzo et al.,
1996), the metasediments from Hercynian metamorphic basement from northern Sardinia (data from Del Moro, unpubli-
shed) used as contaminant in the AFC models. Symbols as in fig. 2.

other basic dyke rocks in having initial Sr and
Nd isotopic ratios far less (0.70515 +=0.70532)
and greater (0.512215), respectively.
Nevertheless, tholeiitic basalts might also have
suffered a slight crustal contamination since
none of them can be considered a primary
mantle melt. However, as we already pointed
out, systematic correlations between
fractionation and Sr and Nd isotopic ratios
seem to be lacking within ThB, in agreement
with what was highlighted for the tholeiitic
dykes from central and southern Sardinia
(Traversa and Vaccaro, 1992). Thus, the
negative €'Nd and positive €’Sr values of
tholeiitic basalts could reflect the enriched
character of the mantle source. Recycling of
crustal materials through subduction process

might cause the enrichment process. In fact, in
comparison with a primordial mantle
composition, the basic dyke rocks of Sarrabus
show enrichements in LILE (Ba, Rb, Th, K,
Pb) and LREE and marked Ti, Nb, P
depletions, typical features of arc magmatism

" (Bailey, 1981; Pearce, 1982, 1983; Briqueu et

al., 1984) (fig. 9). An origin from a mantle
source previously modified by recycling of
crustal materials was also proposed for the
transitional basaltic late-Hercynian dykes from
central and northern Sardinia (Traversa and
Vaccaro, 1992). Moreover, the existence of an
Hercynian mantle enriched by subduction
process was claimed for explaining the
geochemical and isotopic features of other
Carboniferous-Permian magmatic products: i.e.
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Fig. 9 — Primitive mantle-normalized trace element patterns
for selected basic dyke rocks from Sarrabus. Normalizing
values from Sun and Mc Donough (1989). Symbols: a
Tholeiitic dykes (ThB); A calc-alkaline basaltic dykes
(CaB); x high-Mg medium-K basaltic andesitic dykes.

the late-Carboniferous early Permian minette
and kersantite dykes from the western
European Hercynian belt (Turpin et al., 1988);
the quartz-diorites of Limousin (French Massif
Central; Shaw et al., 1993); the gabbros of
Sardinia-Corsica Batholith (Tommasini et al.,
1995), the Permian magmatic products from
the Alps area (Rottura et al., 1997; 1998).
Nevertheless, Cocherie et al. (1994), basing on
the low 87Sr/86Sr, (~ 0.704) and positive &€'Nd
(+0.2 + +4.6) values and the trace element
distribution shown by the most primitive
tholeiitic and calc-alkaline mafic rocks from
Corsica Hercynian Batholith, ruled out an
enrichment of the mantle source related to
subduction processes, and they ascribed the
heterogeneous Sr and Nd isotopic signatures of
the mafic suite to interaction with crustal fluids
during fractional crystallization of mafic
magma.

The two rock groups of felsic dykes (PR and
MmPR) differ distinctly owing to their
mineralogical and petrochemical features and
Sr - Nd isotopic signatures.

PR dykes displays characters similar to those
of S-type granites (Chappel and White, 1974),
namely: presence of Al-silicates (Al-biotite,
muscovite, garnet), ASI values always higher
than 1.0 and frequently higher than 1.1; high

K/Na, Rb/Sr and Rb/Ba ratios, Rb/Zr ratios
greater than 3 like those of syn-orogenic
granites (Harris et al., 1986). For most PR
samples, Zr, Th and REE contents are low,
with very low LREE/HREE ratios. Their
chemical composition and high Sr isotopic
ratios (0.71548 +0.71731) are similar to those
of other late-Hercynian peraluminous dykes
from Sardinia (Vaccaro et al., 1991; Traversa
and Vaccaro, 1992) as well as those of syn-
tectonic peraluminous monzogranites (A and D
groups) cropping out in the migmatitic
complex of the Tarra Padedda area (northern
Sardinia) (Macera et al., 1989), which are both
believed to derive by partial melting from a
metasedimentary crustal source (Macera et al.,
1989; Traversa and Vaccaro, 1992).

The other group of rhyolites (MmPR) is
represented by metaluminous up to mildly
peraluminous types that usually lack primary
peraluminous silicates, apart from biotite.
Generally, they are more enriched in Zr and
LREE (La = 117+225 x chondrite) than the PR
dykes and they show fractionated REE patterns
(La,/Yb,, = 9 + 14.4). Their Rb/Sr, Rb/Ba and
Rb/Zr ratios display large variations (0.45+8.5,
0.22 + 1.2, 0.5 + 1.8, respectively). The lowest
values are clearly out of the typical range of
magmas deriving from a metapelitic source
(Miller, 1985; Harris et al., 1986). This group
of rhyolites shows initial 87Sr/86Sr ratios
(0.70757 + 0.70886) and €'Nd (-6.3 +-5.7)
values that partially overlap those of the calc-
alkaline basic-intermediate dykes.

Some of the major and trace element
variations observed within each rhyolite group
could be ascribed to fractionation of
plagioclase, biotite and some accessories such
as apatite, monazite, allanite and zircon.

In order to evaluate the possibility of a
genetic link between mafic and felsic dyke
rocks by fractional crystallization processes,
quantitative modelling was performed between
the most evolved samples of the mafic suite
(e.g. SAR7) and the rhyolite rocks. On the
basis of major-element mass balance
calculations, an origin by fractionation of
amphibole+plagioclase+olivine+ilmenite+apatite
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from the andesitic magmas seems to be
numerically feasible only for some MmPR rocks
(e.g. SARI131, SARS87; Table 4). Trace element
modelling agrees with the results of the major-
element calculations. Some differences between
the calculated and observed values of Zr, LLa and
Ce could be explained by the removal of
accessory phases such zircon and allanite not
included in the inferred fractionating
assemblage. The slight Sr isotopic variation
between the andesite sample SAR7 and the
metaluminous rhyolite ones suggests no or only
limited crustal contamination processes during
the evolution of rhyolites. The different extent of
crustal contamination, greater during the
evolution from basaltic andesites to andesites
and remarkably low in the transition from
andesitic to rhyolitic melts, could be related to
the decreasing heat budget of the system. Thus,
it seems plausible that some rhyolites could
derive through crystal fractionation from less
evolved calc-alkaline types. However, the
fractional crystallization model fails to replicate
the high alkali contents (especially K,O content)
of the most silicic MmPR samples (e.g.
SAR139; Table 4). Furthermore, suppose the
rhyolites derived by crystal fractionation from
mafic rocks, it is quite unusual that a mineral
phase such as calcic amphibole, so abundant in
the mafic dykes and that should be one of the
main phases forming the fractionating
assemblage, is wholly lacking in the rhyolites.
Therefore, partial melting of the crust seems a
likely origin not only for the peraluminous
rhyolites but also for most metaluminous
rhyolites. This hypothesis is also supported by
the normative composition — close to that of
minimum melt of the haplogranitic system — of
the rhyolitic dyke rocks and by their
incompatible element distribution typical of
post-collision granites (fig. 10). It is worth
noting that the group of MmPR dykes displays
remarkable analogies, in term of major and trace
element composition and Sr and Nd isotopic
features, with the calc-alkaline granitoids from
the Sardinia-Corsica Batholith (cp. Tommasini et
al., 1995) which are believed to be produced by
crustal anatexis (Poli et al., 1989). In particular,

the MmPR types with the lowest SiO, and
highest CaO contents (e. g. SAR131, SAR87),
are similar to the late-tectonic monzogranites
from the Sardinia-Corsica Batholith, whereas the
more silicic MmPR rocks look like the post-
tectonic leucogranites.

Thus, the differences in mineralogical,
chemical and Sr-Nd isotopic features among
the two groups of rhyolitic rocks could mainly
reflect different crustal sources, as also
proposed by Traversa and Vaccaro (1992) for
the rhyolite dykes from central and northern
Sardinia. The occurrence throughout Sardinia
of rhyolite dykes with geochemical and Sr
isotopic characteristics (Traversa and Vaccaro,
1992) similar to both the Sarrabus rhyolitic
groups suggests a broad uniformity on a large
scale of the crustal sources from which rhyolite
dykes originated.

Sr and Nd isotopic data contribute to
establishing the nature of potential crustal
sources involved in the formation of felsic dyke
rocks. In fig. 11, the initial Sr and Nd isotopic
ratios of rhyolitic dykes are compared with the
Sr-Nd isotopic evolution of various crustal
materials. For the Sardinia-Corsica sector, only
isotopic data of micaschistes, migmatites,
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Fig. 10 — ORG-normalized trace element patterns for selec-
ted rhyolitic dyke rocks from Sarrabus. Normalizing values
from Pearce er al., (1984).
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Fig. 11 — Initial Sr and Nd isotopic ratios for selected rhyolitic dykes from Sarrabus compared with the isotopic evolution
of potential crustal sources. Line pairs represent upper and lower limits of the isotopic range of various crustal materials.
Data are from lower crustal xenoliths of the French Massif Central (Downes et al., 1990), metasediments of the Ivrea Zone
(Voshage et al., 1990) and Hercynian metamorphic basement of Sardinia (Di Simplicio et al., 1974; Ferrara et al., 1978; Di
Vincenzo et al., 1996). The isotopic compositions of granitoids from the Sardinia Corsica Batholith (data from Carmignani
et al., 1985; Macera et al., 1989; Cocherie et al., 1994; Tommasini et al., 1995) are also shown for comparison.

augengneisses and orthogneisses from the
metamorphic basement are available (Di
Simplicio et al., 1974; Ferrara et al., 1978; Di
Vincenzo et al., 1996) whereas information on
the lower-crust components is lacking. Thus, Sr
and Nd isotopic ratios of lower-crust
lithologies from the French Massif Central
(Downes et al., 1990) and from the Ivrea Zone
(Voshage et al., 1990) are reported, also
considering that, according to paleogeographic
reconstructions (Westphal et al., 1976; Arthaud
and Matte, 1977a; Edel et al., 1981), during the

late Paleozoic, the Sardinia-Corsica microplate
was close to the southern France.

PR dykes show (87Sr/86Sr), values
comparable or slightly higher than those of the
peraluminous granitoids from Tarra Padedda
(Macera et al., 1989) and from Mt. Grighini —
Central Sardinia (Carmignani et al., 1985).
Moreover, Sr and Nd isotopic data of the PR
dykes well match those of the micaschists from
the Sardinia metamorphic basement (Di
Vincenzo et al., 1996) as well as those of
granulite- and amphibolite-facies metapelites
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from the lower crust of the Ivrea zone
(Voshage et al., 1990) and those of lower crust
granulitic metasedimentary xenoliths from the
French Massif Central (Downes et al., 1990)
(fig. 11). Pelitic metasedimentary crustal levels
seem to therefore be the most suitable protolith
of PR dykes.

The MmPR dykes have a Sr and Nd isotopic
composition similar to that of the calc-alkaline
granitoids from the Sardinia-Corsica Batholith
(Cocherie et al., 1994; Tommasini et al., 1995).
Sr isotopic ratios are lower than those of
metasedimentary crustal rocks and overlap
those of acid/intermediate igneous and
basic/ultramafic xenoliths. On the other hand,
Nd isotope composition is compatible with
different protoliths, metasedimentary as well
metaigneous. These isotopic data lead us to
rule out an origin from a pure pelitic
sedimentary protolith and suggest the
additional involvement of a juvenile mantle
component. Processes of mixing, hybridization
and assimilation between mantle-derived
magmas and crustal melts/rocks can be
considered to explain the hybrid Sr and Nd
isotopic composition of rhyolitic magmas.
Since rhyolitic dyke rocks show no field and
petrographic evidence of interaction between
mafic and felsic magmas, the eventual mixing
and/or assimilation processes might take place
only in the lower crust, when magma was
forming. Studies on granulitic xenoliths from
the French Massif Central (Downes et al.,
1990) and on outcrops of the Hercynian
basement in the Ivrea Zone (Voshage et al.,
1990) provide indications for a deep interaction
between mantle and crustal components in the
lower crust of the Hercynian belt as a result of
underplating and intraplating of mantle-derived
basic magma during the Hercynian time.
Melting of hybrid metaigneous crustal material
may also produce acid melts with barely
evolved Sr and Nd isotopic compositions.
Partial melting of basic-intermediate
metaigneous sources was proposed by
Tommasini et al. (1995) for the genesis of I-
type granitoids from the Sardinia-Corsica
Batholith. These crustal sources might have

formed by underplating of mantle-derived
magmas, during the Ordovician calc-alkaline
igneous activity. In effect, the close
resemblance in terms of geochemical and
isotopic features between MmPR dykes and the
granitoids from the Sardinia-Corsica Batholith
suggests that the two types of rocks could be
derived from the same crustal sources.

CONCLUDING REMARKS

The late-Hercynian dyke magmatism of
Sarrabus occurred after the emplacement of the
SE Sardinia Hercynian granitoids (311-295
Ma), during a post-collisional phase, rapidly
evolving from orogenic to anorogenic settings.
Dyke swarms were intruded in a time span
between about 290 and 260 Ma, as suggested
by Rb-Sr mica ages obtained on Sarrabus dyke
rocks. The Rb-Sr mica ages and the sequence
of felsic and mafic products are similar to those
previously recognized in other areas of
Sardinia and southern Corsica. The early
intrusions are dated around 290 Ma and are
represented by few small peraluminous
muscovite-bearing rhyolitic dykes. Swarms of
thick rhyolitic dykes (granite porphyries,
microgranites and aplites) emplaced later (~270
Ma). According to field and geocronological
data (259 Ma), the emplacement of the basic
and intermediate dykes, mainly consisting of
basaltic andesites and andesites, was generally
subsequent to that of the felsic dykes. Minor
basaltic dykes of tholeiitic affinity could
represent the final events possibly related to the
late-Permian basaltic dyke activity.

Petrography, mineral and whole-rock
chemistry, Sr and Nd isotopic data indicate that
mafic dykes were mantle-derived, although the
least evolved basic rocks also suffered minor
crystal fractionation. -

Major and trace element modelling
demonstrates that fractional crystallization and
simultaneous assimilation of metasedimentary
material (AFC process) controlled the
evolution from the least evolved to the most
evolved rocks of the calc-alkaline suite. As
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inferred from AFC modelling, the assimilation
of ~ 12-13 wt% crustal materials can account
for the increasing 87Sr/86Sr, and decreasing
€'Nd values in the evolution from basic to
intermediate types.

The calc-alkaline basaltic dykes are enriched
in some incompatible elements (i.e. Rb, La, Ce,
and Zr) compared with the high-Mg basaltic
andesites. Taking into account the relatively
low initial 87Sr/86Sr ratios of the calc-alkaiine
basalts, these enrichments, cannot be explained
by crustal contamination process but suggest
the occurrence of different calc-alkaline
primary magmas related to different mantle
sources and/or different melting conditions.

The parent magmas of the least evolved
Sarrabus basic dyke rocks, as well as those of
the late-Hercynian calc-alkaline and tholeiitic
dykes from other sectors of Sardinia, are
suggested to have derived from a mantle source
enriched in LILE and LREE. These characters
could be possibly attributed to metasomatic
processes of the lithospheric mantle during
previous subduction events.

Among the felsic dykes, a group of
muscovite bearing rhyolites (PR group),
besides the peraluminous character, shows high
K/Na, Rb/Sr and Rb/Ba ratios, high (87Sr86Sr),
and low €'Nd values [(87Sr/86Sr), = 0.71548 +
0.73350, €/Nd = —7.45] strongly suggesting for
these rhyolitic rocks an origin by partial
melting of metasedimentary pelitic sources.
The remaining rhyolites (MmPR group) are
metaluminous to mildly peraluminous and
display an Sr and Nd isotopic composition
close to that of the most evolved calc-alkaline
dyke rocks. This fact could suggest a genetic
link between rhyolites and calc-alkaline basic-
intermediate rocks. However, major and trace
element mass balance calculations support an
origin by a crystal fractionation process only
for the least silicic MmPR rocks. Therefore,
partial melting of crustal sources appears to be
a more plausible origin for most of the MmPR
rhyolites. The relatively low (87Sr/86Sr),
(0.70757+0.70886) and high €'Nd (-5.7 +-6.3)
values entail the participation of a mantle
component and could suggest metaigneous

basic-intermediate sources for the genesis of
this group of rhyolites.

APPENDIX

Analytical procedures

Major and trace element compositions of whole-
rocks were determined by XRF, except for MgO and
Na,O (AAS determination), FeO (wet chemical
titration) and L.O.I. (loss on ignition by standard
gravimetric techniques). The XRF analyses were
carried out at the Dipartimento di Scienze della
Terra - Universita di Perugia, on a Phillips PW1400
automatic spectrometer following the method of
Franzini and Leoni (1972) and that of Kaye (1965)
for major and trace elements, respectively.

Sm and Nd concentrations, as REEs, were
detected by the ICP-MS method at the CRPG
laboratory of Nancy (France). Sr and Nd isotope
analyses were performed at the Istituto di
Geocronologia e Geochimica Isotopica - CNR of
Pisa (Italy). Rb, Sr and REE were purified using
standard cation exchange procedures. Nd was
separated from other REEs using an 8 x 0.3 cm
column filled with Teflon powder coated with di-2-
ethil-hexil hydrogen phosphate. Rb and Sr contents
were measured by the isotopic dilution method. Rb
determination was carried out on a single collector
Finnigan MAT THS mass spectrometer. For mineral
concentrates, Sr concentration and isotopic
composition analyses were performed on a VG-54E
Isomass single collector mass spectrometer. Sr and
Nd isotopic ratios of whole-rock samples were
measured on a Finnigan MAT-262 multicollector
mass spectrometer. Measured total blanks were <2ng
for Sr and <0.1 ng for Nd. Sr and Nd isotopic ratios
were adjusted to a value of 87Sr/80Sr = 0.71025 for
NBS987 and of 143Nd/144Nd = 0.51185 for La Jolla
standards, respectively. During the period of isotopic
analyses, replicate measurements of the NBS987
standard gave the average values of 87Sr/86Sr =
0.710275 £ 6 (= 26, n = 41) on VG-54E mass
spectrometer and 87Sr/86Sr = 0.710246 + 3 (¥26, n =
33) on Finnigan MAT-262 mass spectrometer.
Replicate measurements of the La Jolla standard
gave average value of 3Nd/!*Nd = 0.511849 = 1
(x206, n = 37) on Finnigan MAT-262 mass
spectrometer. The estimated errors for 8Rb/36Sr and
147Sm/144Nd ratios are 1% and 7%, respectively.
Isochrons were calculated by Isoplot software
(Ludwig, 1990).
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