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Abstract

A metamorphosed volcanoclastic-sedimentary succession has been discovered near the
village of Lula, in NE Sardinia with the following main lithotypes from bottom to top: 1)
metavolcanics; 2) yellowish metasandstones; 3) greenish to grey metapsammopelites. The
metavolcanics, of dacitic/andesitic composition, and with variable modal amounts (10-40%)
of albite phenocrysts, include two albitite layers. The yellowish metasandstones form
sequences with basal microconglomerates, passing upwards with a wavy erosional surface to
the overlying metasiltite-metapelite sequence. The greenish to grey metapsammopelites
mainly consist of alternating albite-rich phyllites and dark phyllites. The Lula metavolcanics
show REE patterns similar to those of the Ordovician metavolcanics from Gerrei, Sarcidano
and Sarrabus. NMORB normalised trace element patterns with negative Nb and Ta anomalies
demonstrate the calcalkaline affinity of the Lula metavolcanics. The albitite layers consist of
up to 90-95 modal percent albite and up to 9 wt.% Na,O. Rocks with this unusual composition
could have been generated only by hydrothermal fluids associated with the Ordovician
volcanism or to the final cooling stages of a calcalkaline pre-Variscan intrusive body. The
K,0, Na,0, SiO, and Al,0O5 contents reveal that the yellowish metasandstones plot in the
fields of greywackes or pelitic greywackes, the greenish to grey metapsammopelites in the
fields of pelites or pelitic greywackes.

Compared to the metapsammopelites, the metasandstones reveal slightly higher SiO,, Zr
and Hf contents, significant Na,O enrichment, slightly lower Al,O5, Fe,O3, Ba, Rb and Cs
contents and strong K,O depletion. The greenish to grey metapsammopelites show chondrite
normalised REE patterns almost identical to those of the Ordovician metavolcanics and similar
to those of North American Shale Composite and Post Archaean Australian Shale. The shallow
metavolcanic succession is probably made up of primary volcanic products and/or deposits
of their reworked detrital materials. Thin, discontinuous dark metapelitic layers in the
metavolcanic succession are actually sedimentary layers marking short quiescence periods in
volcanic activity. The protoliths of the metasedimentary rocks were shallow marine sediments.
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The protoliths of the yellowish metasandstones may be attributed to mid- to high-energy
environments while those of the metapsammopelites indicate alternating mid- to low-energy
environments. In the yellowish metasandstones 45 microsequences have been identified. They
show thickening-to-thinning-upwards sedimentary trends that may be interpreted as a
backward to forward migration of the sequences with respect to the shoreline resulting in an
increase or decrease of depositional energy, respectively. All the rocks were metamorphosed
and multideformed during the Variscan orogeny. The P-T conditions of a biotite-bearing

metasandstone have been estimated at T =

pseudosection modelling.

430-470 °C, P = 0.65-0.95 GPa by P-T
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Variscan Sardinia.

Introduction

A geo-petrographic survey of Variscan
metamorphic rocks south of the village of Lula
in NE Sardinia revealed the existence of a
volcano-sedimentary sequence, including two
centimetre- thick intercalations of almost pure
albitite layers. These intriguing layers consist
almost entirely of albite, as indicated by a modal
abundance of more than 90% and a Na,O content
of about 9 wt.%. In the northern segment of the
Sardinian Variscan belt, Helbing (2003)
discovered the occurrence of a metamorphic
sequence named by him the “Orune schists”,
composed of alternating  porphyroids,
greenschists, graphitic schists and
metapsammopelites. They should be roughly
correlated with the intermediate to acidic
volcano-sedimentary ~ sequences of the
Ordovician to Devonian-Early Carboniferous
tectono-sedimentary Variscan cycle of Central
and Southern Sardinia, including the Ordovician
calcalkaline suite (Memmi et al., 1983).

In this paper a detailed geochemical and
petrographical study has been conducted in an
attempt to identify the source rocks for both
sedimentary and volcanoclastic materials.
Further, the relict sedimentary structures and the
geochemistry of the investigated rocks provided
indications of the local lithostratigraphy and the

original depositional environments. Comparison
with the igneous-sedimentary successions in the
northern and southern segments of the Variscan
belt in Sardinia will enable us to fit the tessera
of the Lula sequence into its right place in the
Variscan mosaic of NE Sardinia.

Geological setting

Four tectono-metamorphic zones can be
distinguished within the Sardinian segment of the
Variscan belt (Carmignani et al., 2001, and
references therein). From SW to NE they are: 1)
External Zone (southern Sardinia, Iglesiente-
Sulcis), 2) External Nappe Zone (central to
southern Sardinia), 3) Internal Nappe Zone
(northern to central Sardinia), 4) Inner or Axial
Zone (northern Sardinia). The External Zone is
featured at the bottom by an Early Cambrian to
Early Ordovician shelf shallow succession made
of siliciclastic to carbonate deposits (Bechstadt
and Boni, 1994, and references therein). It is
followed unconformably (Sardic Phase) by a
siliciclastic, gradually deepening succession
(Leone et al., 1991) from Late Ordovician to Early
Carboniferous in age. Volcanic contributions are
very scarce and present only in the Late
Ordovician units: they are essentially reworked
deposits. Metamorphism in the External Zone is
very low.
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A thick volcano-sedimentary to epiclastic
succession of Middle to Late Ordovician age is
present mainly in the External Nappe Zone. Here
the Lower Middle Ordovician volcano-
sedimentary complex (metalavas, metapyroclastics,
metaepiclastics, metasandstones, metasiltites) of
calcalkaline affinity corresponds roughly to the Fm.
di Monte Santa Vittoria (Pertusati et al., 2002). This
unit rests over the Conglomerati di Muravera
(Carmignani et al., 2002) that marks the Sarrabese
unconformity (Middle Ordovician, Calvino et al.,
1958) and cover unconformably the Fm. delle
Arenarie di San Vito. The Fm. di Santa Vittoria
is followed by a Late Ordovician fining upward,
continental to marine siliciclastic unit starting
from epiclastic, arkosic deposits bounded to the
dismantling of Ordovician volcanic arc and
passing to pelitic, fine dark deposits of confined
platform referable to the black shales facies.

The main lithotypes in the Internal Nappe Zone
are: metasandstones, quartzites and phyllites
outcropping in the Monti del Gennargentu, central
Sardinia  (“Postgotlandiano”  Auct. p.p.),
metaconglomerates, micaschists and paragneisses,
acidic metavolcanic rocks (‘“Porfiroidi”),
associated with metarkoses and microcline-
bearing quartzites, and mafic to intermediate
(andesite) metavolcanic rocks of likely Middle-
Ordovician age. The Ordovician volcano-
sedimentary to epiclastic sequence forms only
small scattered outcrops in this zone (Oggiano et
al., 2010). More recent sequences include Siluro-
Devonian graphite-rich phyllites, marble and
calcschist intercalations and metadolerites and
metagabbros. The thickness of the entire
succession is supposed to be around 1000-1200 m.

The Axial Zone comprises two metamorphic
complexes: the Low to Medium Grade
Metamorphic Complex (L-MGMC) made up of
micaschists, paragneisses and orthogneisses with
a metamorphic grade up to amphibolite-facies
and the High Grade Metamorphic Complex
(HGMC) mainly consisting of igneous- and
sedimentary-derived migmatites with lenses of

retrogressed  granulites and  eclogites
(Franceschelli et al., 1982; 2005). The two
metamorphic complexes are separated by the
Posada-Asinara tectonic Line (Elter et al., 1990;
1999) interpreted by Helbing and Tiepolo
(2005), Giacomini et al. (2005) and Padovano et
al. (2012) as a major late Variscan sinistral shear
line involving parts of the same Gondwana
domain. The studied volcano-sedimentary
sequence outcrops south of Lula village, in the
northernmost areas of the Internal Nappe Zone
near the southern border of the Axial Zone
(Figure 1). Metamorphic zoning of pelitic and
quartz-feldspathic sequences in the Lula area,
based on the regional distribution of AFM
minerals, consists from South to North of a
classic Barrovian zonal sequence from biotite to
sillimanite zone (Franceschelli et al., 1982;
1989). Many estimates of metamorphic
temperature and pressure are reported for rocks
of the NE Sardinian basement (Franceschelli et
al., 1982; 1989; Carosi and Palmeri, 2002). The
P-T time path for NE Sardinian rocks is
clockwise, typical of continental collision. It
involves an early stage that is prograde with
respect to temperature and pressure up to the
pressure peak, followed by a stage with
increasing temperature and falling pressure. Peak
temperature was reached later than peak pressure
(Franceschelli et al., 1982). In the deeper garnet
zone, P of about 1.0 GPa and T near 450 °C have
been estimated for the D stage. A later pressure
decrease of 0.2-0.3 GPa and a temperature
increase of about 40-50 °C, up to T ~ 500 °C led
to peak metamorphic P-T conditions
(Franceschelli et al., 1982). However, no P-T
estimates are so far available for the rocks
pertaining to the biotite zone.

Carmignani et al. (1982) and Elter et al. (1986)
distinguished three main deformation phases in
the Lula area (D;, D,, D3). The D; phase is
characterised by southward recumbent isoclinal
folds with penetrative axial plane schistosity S;.
The D, phase produced folds with E-W trending
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Figure 1. Geological sketch map of NE Sardinia modified from the 1:200 000 geological map of Sardinia,
northern sheet. The insert shows the simplified tectonic sketch map of the Variscan belt in Sardinia, modified

from Carmignani et al. (2001).

axes. D, folds are open and characterised by
strain-slip S, schistosity. Moving northwards, D,
folds turn into tight northward recumbent
isoclinal folds with a southward dipping S,
schistosity that almost completely obliterated the

D, structural features. The D3 phase generated
chevron, box or kink folds, with N-S trending
axes locally associated with strain-slip or
fracture cleavage. Elter in Oggiano and Di Pisa
(1992) proposed two more deformation phases
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(D4, Ds). The D4 phase generated a mylonitic
complex with continuous gradual transition from
an S-C structure to an ultramylonitic one
whereas the D5 phase produced a kilometre-wide
flexure with sub-horizontal axis parallel to the
orogenic trend (Helbing, 2003). Di Vincenzo et
al. (2004) in the micaschist of the garnet zone
report in situ *°Ar->°Ar ages of ~ 340 Ma for syn-
S| phengite and of ~ 320 Ma for syn-S, white
mica. All the Variscan units were intruded by
Carboniferous-Permian granitoids.

Field geology

A geo-petrographic survey of the metamorphic
succession cropping out south of Lula was
conducted along the SP38 road from Schina Su
Enu to Sa Parma (Figure 1). Owing to the major
shortening produced by the Variscan deformation
it is very difficult to reconstruct the stratigraphy,
as well as the thickness of the different units and
of the succession as a whole. The main N40°-50°
striking, SE-dipping S, schistosity in the pelitic
rocks lies almost parallel to the S, bedding plane.
S, schistosity is always recognizable at the
microscopic scale. In the metasandstones S; is
the main schistosity and S, is clearly detectable
in the fold hinges. The main lithological groups
of the studied succession can be schematised as
follows, from bottom to top: metavolcanics,
yellowish metasandstones, greenish to grey
metasedimentary group.

The metavolcanics show variable modal
amounts (10-40 %) of relict igneous plagioclase
crystals and of phyllosilicates. Quartz is
abundant. The subrounded to elliptical shape of
these phenocrysts suggests partial reworking and
limited transport. The best preserved outcrop can
be observed at Schina su Enu (Figure 2). From
bottom to top, the Schina su Enu sequence
consists of the following nine layers:

Layer A: whitish albite crystals up to 4-5 mm
in size flattened parallel to the main schistosity
are embedded in a fine-grained brownish matrix.

Submillimetre-sized biotite and white mica
blades, sometimes in glomeroporphyritic
assemblages, are visible to the naked eye. The
estimated thickness of this layer, partly covered
by debris, is about a few decimetres.

Layer B: very fine-grained whitish albitite
layer with a maximum thickness of about §-10
cm, shows a faint schistosity outlined by thin
black biotite trails.

Layer C: 8-10 cm-thick brownish layer very
similar to layer A. It shows elongated,
millimetre-sized feldspars that maintains the
morphology and features of the original igneous
plagioclase, and abundant biotite blades oriented
parallel to the main schistosity.

Layer D: fine-grained whitish albitite layer,
quite similar to layer B, but with higher
phyllosilicate and quartz contents. Thickness is
about 20 cm.

Layer E: very thin (a few centimetres) blackish
metapelite layer.

Layer F: yellowish layer with a maximum
thickness of about 50 cm very similar to layer A.

Layer G: medium- to coarse-grained grey to
brown layer about 15 cm-thick showing flattened
igneous relict feldspars (30-35 %) up to 5 mm in
size oriented parallel to the main schistosity.

Layer B1: very thin layer (2-3 cm) very similar
to Layer B.

Layer H: 40-45 cm-thick dark-grey layer
containing millimetre-sized and poorly oriented
white blastic feldspars. Whitish bands and thin
black trails sometimes occur.

A few tens of metres north from the Schina su
Enu sequence, a 40-50 cm thick gently folded
layer similar to layer G (Figure 3A, B) crops out.
This layer, from which sample L81 was
collected, consists of a coarse-grained rock very
rich in whitish, elongated, millimetre-sized, relict
igneous feldspars within a foliated brown matrix.
Similar meta-igneous rocks named Lula
“porphyroids” by Helbing (2003), consisting of
quartz, albite, muscovite/sericite, biotite, chlorite
and epidote were described in a neighbouring



184  Periodico di Mineralogia (2012), 81, 2, 179-204 L.G. Costamagna et al.

S
esuseed

Figure 2. Schina su Enu metavolcanic-sedimentary sequence and close up of the main layers. A) overview of
the outcrop; B) drawing of the outcrop; C) close-up of Layers B and C; D) close-up of Layer D with relict plane-
parallel laminations; E) close-up of Layer G showing mm-sized phenocrysts of albite and resting unconformably
over Layer F.

Figure 3. 40-50 cm thick gently folded metavolcanics with variable content of albite phenocrysts a few tens of
metres north from the Schina su Enu sequence. A) overview of the outcrop; B) close up of the phenocryst-rich
beds.
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area. In situ U-Pb zircon dating of these meta-
igneous rocks yielded an age of 474 + 13 Ma
(Helbing and Tiepolo, 2005).

The yellowish metasandstone sequences
overlying the metavolcanics were studied in a
very good exposure (Figures 4, 5) cropping out
at Sa Parma approximately 600 m NNE of the
Schina su Enu outcrop (Figure 1). The most
striking feature of this outcrop is the existence of
decametre-sized folds with almost vertical N 40°
axial planes. Here, in a 7.5 m-thick stratigraphic
section, perpendicular to a fold limb, 45 massive
to thinly parallel-laminated short depositional
sequences, were analysed in detail. The variable
thickness (35 cm to less than 2 cm) of these
depositional sequences may be related not only
to the single depositional event but also to the
degree of tectonic deformation. Sandstone is the
main protolith, accompanied by subordinate
microconglomerate and siltite. Usually adjacent
sequences are separated by a 0.5 to 10 cm-thick
dark metapelite layer (Figure 4B). Relict fining-
upward grading is locally still recognizable in
sandstone layers with an unusual abrupt contact
between the uppermost metapelite and the
underlying metasandstone layers (Figure 4C).
Sometimes the base of the sequence consists of
a quartz-rich microconglomeratic layer (Figure
4F) passing upwards to sandstone with an abrupt
contact. The  contact between  the
microconglomerate layers at the base of each
sequence and the metapelite/metasandstone top
of the underlying sequence is abrupt and
undulated, resembling an erosion surface. The
transition from the yellowish metasandstone
layers to the overlying greenish to grey
metapsammopelites takes place through
alternating metre- to decimetre-sized yellowish
and greenish layers or through a gradual
decrease of quartz abundance.

The greenish to grey metasedimentary group
generally consists of alternating albite rich-
phyllites, silver dark phyllites, quartz phyllites,
and greenish to gray metapsammopelites. In

some outcrops the coarser-grained lithotypes
form locally continuous decametre-thick
horizons with a gradual transition to the
metapelitic (phyllitic) layers. Compared to the
yellowish metasandstones, these rocks appear on
the whole finer-grained, show a more evident
schistosity, a less recognizable original bedding
and the appearance of abundant neoblastic albite
augen. They also show, in their basal part,
decimetre-thick intercalations of yellowish
metasandstones. Going towards Lula, the
greenish to grey metasedimentary group shows
a gradual transition to dark phyllites and schists.

Analytical Methods

The chemical composition of minerals was
determined with a fully automated Cameca SX
50 electron microprobe at the Istituto di Geologia
Ambientale e Geoingegneria (IGAG-CNR,
Roma). Operating conditions were 15 kV
accelerating voltage, beam current of 15 nA and
5-10 um variable spot size. Natural and synthetic
wollastonite, olivine, corundum, magnetite,
rutile, orthoclase, jadeite, pure Mn, pure Cr,
fluorophlogopite and baryte were used as
standards. Microstructural study, BSE imaging,
and additional EDS chemical analyses were
performed using a FEI Quanta 200 SEM
equipped with EDAX-EDS detector at the
Centro Grandi Strumenti of Cagliari University.
Major and trace elements of whole-rock samples
were analysed at ALS Minerals Sevilla, Spain.

Petrography

The mineral assemblage and visually
estimated mineral modes of selected samples of
metavolcanics, yellowish metasandstones, and
greenish to grey metapsammopelites are shown
in Table 1.

Metavolcanic-sedimentary sequence
As already reported, metavolcanics have been
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arma showing the location of the

enlarged close-ups shown in Fig. 4B, C, D, E, F.; B) Upward-thickening sequence with intercalations of
metapelitic layers (sketched on the left); C) Fining-upward sequence from the basal erosion surface to the
overlying metapelite layer; D) Plane-parallel laminations in the intermediate part of a sequence (yellow triangle
base on the bottom left is 1 cm long); E) Close-up of an erosional contact and basal lag over a metapelitic bed;
F) Detail of a microconglomeratic layer passing abruptly upward to sandstone.

identified in a few metre-thick sequence denoted
with layer A at the bottom through to layer H at
the top.

Layer A - The rock of layer A is made up of
quartz, albite, rare oligoclase, K-white mica,
biotite, chlorite, epidote, apatite, and Fe-oxides.

Worthy of note is the abundance of elongated to
subrounded, euhedral to subhedral, unzoned, 4-5
mm-sized albite crystals often including K-white
mica, preferentially concentrated in the albite
core. The growth of epidote on albite suggests a
more calcic composition of the original igneous
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Main types of
sedimentary sequences

Faintly to non-graded
microconglomeratic

c
Pebbly to sandy fining
-upward with basal lag

Sandy massive to plane-
; parallel laminated,
fining-upward

Sandy massive

SO e | — =
oon‘-ﬁlomeratlc sandy sandy-silty silty
Figure 5. Sa Parma reference sedimentological section and sketches (A, B, C, D) of the main sedimentary
sequence types indicated by double arrows. The upper metapelitic bed may sometimes be missing and the

subsequent sandy deposit may rest with erosional contact directly on the former sandy sequence. The yellow
rectangle for measure is 15 cm long.

plagioclase. Millimetre-sized albite is surrounded ~ epidote. S, crenulation cleavage is also
by a moderately foliated (S;) inequigranular  recognizable. Composition of matrix plagioclase
matrix consisting of submillimetre- sized quartz,  varies from albite to oligoclase. Biotite, almost
plagioclase, chlorite, K-white mica, biotite and  completely chloritised, is by far the less abundant
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Table 1. Mineral assemblages and visually estimated
mineral modes of selected metavolcanics, albitite,
yellowish metasandstones and greenish to grey
metapsammopelites from the Lula area. Mineral
abbreviation as in Fettes and Desmons (2007).

Qtz PI Wmca Chl Bt Ep Grt

L80A xx xx XX XX XX X

L80OB x xxx tr X tr

L80C xx xx XX tr  xx tr

L80D xx xx XX tr X

L80G xx xx X XX XX tr

Metavolcano-sedimentary
sequence

L8OH x xxx XX XX tr tr

L81 xx xx tr XX XX tr

L77 xx xx XX XX X

L85 xx xx XX XX tr tr

L87 xx xx X XX XX
L88 xx xx XX X XX
L90 xx xx XX X XX

L159 xx xx XX XX XX

Yellowish metasandstones

L161 xx xx XX XX XX

L194 xx xx XX XX X

L196 xx xx XX XX X

L67 xx xx XX X X
L78 xx xx XX XX X
L82 xx xx XX XX tr

L83 xx xx XX XX tr tr

Metapsammopelites

L100 xx xx XX XX tr tr

L103 xx xx XX XX tr

xxx > 50 vol.%; 50 vol.% > xx > 5 vol.%; 5 vol.% > x > 1
vol.%; tr: trace amounts or < 1%.

phyllosilicate. K-white mica and chlorite,
sometimes associated with minor Fe-oxides,
define the main foliation; epidote occurs as small
anhedral zoned grains while epidote growing on
albite forms small anhedral grains and broad
patches with patchy zoning.

Layer B - the rock of layer B (Figure 6A) is a
whitish albitite consisting mostly of fine-to-
coarse-grained albite (up to 90-95 % modal
amount), and minor quartz, chlorite, biotite,
apatite, monazite and Fe-oxides. The main
feature of this layer is a very fine-grained
granoblastic matrix formed by < 50 um-sized
albite grains. Single millimetre-sized albite
crystals up to 2-3 mm, with K-white mica
overgrowths, were also found. The matrix is
characterised by the sporadic occurrence of dark
biotite, chlorite, Fe-oxide trails, forming a vague
foliation that can be identified as the S;
schistosity. Quartz only occurs in submillimetre-
thick veins or as rare clusters formed by the
coalescence of several anhedral grains.

Layer C - the rock of layer C resembles that of
Layer A as regards mineralogy and
microstructural features, in particular for the
occurrence of subrounded to elliptical albite
phenocrysts often associated to fine-grained
epidote and K-white mica, witnessing the more
calcic composition of the original igneous
plagioclase. However, compared to Layer A, the
rock of Layer C has higher phyllosilicate content,
lower abundance of epidote and occurrence of
late-crosscutting K-white mica, absent in the rock
of Layer A. The S, schistosity and a S, crenulation
cleavage are clearly recognizable. Quartz-filled
veins are very common.

Layer D - the rock is very similar to that of
Layer B but with larger amounts of
phyllosilicate, containing up to 1.5-2.0 mm-sized
albite crystals (Figure 6B) rich in fine-grained
K- white mica inclusions. The albite crystals are
embedded in a mainly quartz-feldspathic matrix
made up of albite and < 70-100 wum-sized quartz
grains. Albite/quartz ratio in the matrix is
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Figure 6. Microstructural features of the metamorphic rocks south of Lula. All photomicrographs are in crossed
polars. A) Fine grained albitite Layer (Layer B). In the centre of the photograph a medium-grained albite crystal
and a very thin quartz-filled vein can be observed. Sample L80B; B) subhedral albite crystal with white mica
overgrowth in a chiefly quartz-feldspathic matrix. Sample L80D; C) metavolcanics from Lula. Note relics of
igneous plagioclase phenocrysts, now albite, wrapped around by S; schistosity. Sample L80G; D) albite-rich
phyllites. S, schistosity defined by phyllosilicates is crosscut at high angle by S,-oriented white mica + chlorite
mats. Albite crystals pre-date S, schistosity. Sample L80H; E) detail of albite porphyroblasts from sample L§OH
showing inclusion trails of carbonaceous matter (arrow); F) rounded to elongated pebbles of recrystallised quartz
in a microconglomerate sample at the base of a sequence from Sa Parma outcrop. Sample L86.
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approximately 1:1. Phyllosilicates in the matrix
are mainly K-white mica and biotite. Minor
chlorite only occurs as retrograde phase growing
on biotite. K-white mica is poorly oriented and
evenly distributed throughout the matrix,
whereas biotite flakes form biotite clusters.
Accessory phases are apatite and Fe-oxides.

Layer E - a very thin, brownish metapelitic
Layer.

Layer F - the rock shows the same mineralogy
and microstructural features already described
for Layer A.

Layer G - the rock is characterised by the
occurrence of albite crystals with a maximum
size of 2-4 mm in a matrix made up of quartz,
albite, chlorite and biotite (Figure 6C). The S,
schistosity is defined by the alignment of biotite
and chlorite blades.

Layer BI - mineralogical and textural features
very similar to those of Layer B.

Layer H - the rock is a brownish albite-rich
phyllite characterised by abundant albite
porphyroblasts up to 0.7-0.8 mm in size (Figure
6D) with overgrowth of titanite, epidote, chlorite,
and apatite. The matrix is composed of small
quartz and albite grains and of S,-oriented K-
white mica and chlorite. Phyllosilicatic
microlithons preserving a previous S, schistosity
are often recognizable in the K-white
mica+chlorite fringes (Figure 6E). The (quartz +
albite)/phyllosilicate ratio of the matrix is
strongly variable. Accessory phases are Fe- and
Ti-oxides, tourmaline and zircon.

Yellowish metasandstones

Yellowish metasandstones consist of quartz,
albite, K-white mica, biotite, chlorite, and minor
epidote, apatite, tourmaline, titanite, and Fe-Ti-
oxides. Two foliations have been recognised: S;
is preserved in microlithons whereas S,, roughly
subparallel to the compositional layering, is
marked by the alignment of phyllosilicates.
Albite crystals occurs as anhedral, flattened,
elongated crystals parallel to the main S,

foliation. Moving northwards, a progressive
overprint of the S, foliation over the S; has been
observed. Microconglomerates at Sa Parma
(Figure 6F) consist of rounded to elongated
pebbles of recrystallised quartz up to 2-2.5 mm
in diameter in a moderately foliated matrix made
up of quartz, albite, biotite, K-white mica,
chlorite, and minor epidote and Fe-Ti oxides.
Metapelites interlayered within the yellowish
metasandstones show a pervasive S, schistosity.
Locally S;-oriented phyllosilicates are preserved
in microlithons. These samples are also
characterised by the occurrence of medium-
grained, late-crosscutting K-white mica. Often
the pelite is metapsammopelite resembling those
observed in the greenish to  grey
metasedimentary group or in Layer H. In some
layers the albite porphyroblasts may attain
50-60 % percent in volume.

Greenish to grey metapsammopelites

The mineralogical composition of these rocks
is: quartz, albite, K-white mica, chlorite,
chloritised biotite, and minor epidote, apatite,
tourmaline, titanite, and Fe-Ti oxides. Small Mn-
rich garnet crystals (MnO ~ 24 wt.%) have been
found in sample L100 collected at Schina su
Corrale (Figure 1). Two schistosities have been
recognised: S; and S,. The S; foliation is marked
by the alignment of chlorite, K-white mica and
subordinate biotite forming short polygonal arcs
laterally bounded by the S, foliation. The S,
foliation is sometimes gently folded by the Dj
phase. The distinctive feature of this lithotype is
the ubiquitous presence of generally subrounded,
sometimes elliptical sub-millimetre to 1-2 mm-
sized albite porphyroblasts with the major axis
often parallel to the main foliation. They show
oriented inclusions of titanite, epidote, apatite, and
rare zircon. The albite porphyroblasts are
embedded in a lepidoblastic matrix consisting of
K-white mica, chlorite and chloritised biotite
flakes. Often, layers with high albite/phyllosilicate
ratio alternate with layers with lower
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albite/phyllosilicate ratio. The thickness of these
layers varies from a few millimetres to 1 cm.

Mineral Chemistry

Selected microprobe analyses of biotite, white
mica, chlorite, epidote and albite along with the
structural formulae are shown in Table 2. All iron
is assumed to be divalent iron except for epidote
and albite.

Plagioclase. Albite is almost pure (Ab > 98 mol
%) with CaO content lower than 0.2 wt.% (Ca <
0.01 a.p.f.u.). K,O content is also very low (K,O
<0.10 wt.%, K <0.01 a.p.f.u.). No compositional
zoning has ever been detected in albite
porphyroblasts. Oligoclase (Ab ~ 77 mol %) has
only been found in the matrix of Layer A.

Biotite. Spot analyses often show a low
potassium content (K,O ~ 7-7.5 wt.%) due to
widespread chloritisation. Analyses of best
preserved biotites show comparable composition
between  biotites from the yellowish
metasandstones (Xy;, ~ 0.49) and biotites from the
metavolcanics (biotite in Layer A, Xy~ 0.51).

White mica. Variable composition. K-white
mica from Layer B: Si = 6.88, Na=0.08 a.p.f.u.
and Xy, = 0.62. K-white mica from Layer H:
Si=6.5-6.7; Na=0.07-0.08 a.p.f.u.; Xy, = 0.49-
0.53, showing values similar to those of K-white
mica from the yellowish metasandstones (Si =
6.44-6.66; Na = 0.08-0.12 a.p.f.u.; Xy, = 0.46-
0.57).

Chlorite shows the following parameters: from
Layer A: Xy, = 0.52, AI'V'=2.58 a.p.fu.; from
Layer B: Xy, = 0.47, AI'V = 2.55 a.p.fu.; from
Layer H: Xy, = 0.47, AI'Y = 2.49 ap.fu.; from
yellowish metasandstones: Xy, = 0.48-0.50,
AlV=23-25apfu.

Epidote yielded the following parameters.
From Layer A: Xg, [i.e. Fe*"/(Fe*" + Al + Cr’* -
2)] = 0.45- 0.60 and Fe?*, ;= 0.45-0.59 a.p.fu.
Layer H: Xg,~ 0.65 and Fe** .~ 0.60 a.p.f.u. In
the yellowish metasandstones: Xg, = 0.63, Fe?ty,
=0.6 a.p.fu. to Xg,= 1.05, Fe*" ;= 0.9 a.p.fu.

P-T conditions

Owing to the absence of the key minerals
required for applying conventional
thermobarometry, the phase relations and P-T
conditions of metamorphism were modelled using
the P-T  pseudosection approach. For
pseudosection modelling, the bulk composition of
sample L85 was adopted. This sample shows
homogeneous composition, i.e. absence of
compositional layering and/or variations. Besides
the biotite, chlorite, and white mica do not show
significant compositional variations at the thin
section scale. A P-T psecudosection has been
calculated in the NCKFMASH + Mn + Ti system
within the P-T range 370-600 °C, 0.3-1.2 GPa,
using Perple X 6.6.7, following the approach of
Connolly (1990) and using the internally
consistent thermodynamic dataset and equation of
state for H,O of Holland and Powell (1998,
revised 2004). All Fe was assumed to be Fe?"
because Fe’'-bearing oxides are absent and
epidote is a minor phase. The phases considered
in the calculation were biotite, white mica,
chlorite,  chloritoid, garnet, staurolite,
clinopyroxene, amphibole, carpholite, plagioclase,
albite, K-feldspar, Al-silicates, lawsonite, zoisite,
titanite, rutile, ilmenite, and quartz. Solid solution
models are those of Holland and Powell (1998)
for garnet, staurolite, and epidote, Powell and
Holland (1999) for biotite, Holland et al. (1998)
for chlorite, and Fuhrman and Lindsley (1988) for
plagioclase. For white mica, the solid solution
model by Holland and Powell (1998) has been
used together with that of Massonne (2010) in
order to distinguish between K-white mica
(Wmcal) and Na-white mica (Wmca2). H,O was
considered as a perfectly mobile component and
the fluid phase was considered as pure H,O
(aH,0=1).

The P-T pseudosection calculated for the
composition of sample L85 is shown in Figure
7A. Small variations in aH,O and Fe* content
slightly changes the width of some multivariant
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fields, leaving the general topology and field (intermediate-grey fields) with minor penta- and
assemblages  mostly  unchanged.  The tri-variant fields (dark- and light-grey fields,
pseudosection is dominated by quadri- respectively). K-white mica is stable in all the

Si0,%62,90;TH0,:0.73,A1,0,:15.
MnO-0.07,Ca0:0.74;Na,0:2.7!

450 T(°C) 500 550 600 400 450 T(°C) 500 550 600

Figure 7. A) P-T pseudosection in the NCKFMASH + Mn + Ti system calculated at a(H,O) = 1 for the bulk
composition of sample L85. White, light-, intermediate- and dark-grey fields are di-, tri-, quadri- and penta-
variant fields, respectively. A few small P-T fields are not assigned to a mineral assemblage; B) compositional
isopleths for the P-T pseudosection shown in Figure 7a showing variation of Si content in K-white mica; C)
compositional isopleths showing variation of Xy, in biotite; D) compositional isopleths showing variation of
X in chlorite. Dotted ellipses represent P-T conditions of metamorphism estimated using K-white mica, biotite
and chlorite compositional isopleths.
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multivariants fields of the P-T pseudosection
within the P-T frame considered in the calculation.
Biotite entry is roughly between 400 and 450 °C
whereas chlorite is stable below 540 °C. The
absence of paragonite in the studied samples
implies that the P-T conditions of metamorphism
did not exceed an upper temperature limit of ~ 460
°C. Further constraints about the P-T conditions
can be obtained by comparing the compositional
isopleths representing Si (a.p.f.u.) content in K-
white mica (Figure 7B), X, in biotite (Figure
7C), Xwmg in chlorite (Figure 7D) and the actually
observed values reported in Table 2 for sample
L8S. Although small variations in the Xy, values
of biotite and chlorite (Xy, = 0.49-0.50,
respectively) correspond to wide temperature
variations according to the compositional
isopleths shown in Figure 7C, D, the observed
X ratios and Si content in K- white mica (3.22-
3.33 a.p.fu.) in sample L85 allow to identify an

overlapping area in which white mica, chlorite,
and biotite are stable within a P-T range of 430-
470 °C and 0.65-0.95 GPa (dotted ellipses in
Figure 7).

Discussion

Geochemical data obtained on selected samples
of metavolcanics, yellowish metasandstones and
greenish to grey metapsammopelites are given in
Table 3. Owing to intense subsolidus modification
of the original magmatic geochemistry a
particular attention was paid to immobile
elements without neglecting the behaviour of the
more mobile elements.

Metavolcanics

The chemical composition of the Lula
metavolcanics shows a broad compositional
range: Si0,: 56.2-67.5 wt.%, K,0: 0.68-3.22,
Na,O: 2.85-5.43, TiO,: 0.48-0.66, P,Os: 0.10-

Table 3. Major element (wt.%) and CIA, trace and rare earth elements (ppm) and Th/U ratio of selected
metavolcanics, albitite, yellowish metasandstones and greenish to grey metapsammopelites from Lula area.
Samples L100 and L103 are from Schina su Corrale area, samples L194 and L196 from Sos Enattos Mine.

8i0, TiO, ALO;  Fe,0; MnO MgO CaO Na,0 K,0 P,05 LOI  Total  CIA

5 L80A 6580 055 1475 553 005 255 157 410 106 011 329 9950 58

. 2 L8SOB 6760 007 18.65 089 002 031 052 960 012 004 121 9910 53
5% LSC 6020 061 1755 6.15 006 265 094 285 322 012 539 9990 64
Sz LSOD 7063 006 1823 168 001 037 035 437 264 005 160 9999 63
EE LSOG 5615 066 1991 843 0.3 436 072 543 068 023 328 9998 64
S E L8H 5860 080 1830 699 008 285 052 260 330 020 390 9830 68
B Ls1 6750 048 1435 466 006 232 145 425 105 010 3.09 9940 57
g L77 7410 049 1165 363 004 130 036 307 155 014 270 99.10 6l
S L8 6290 073  15.80 579 007 249 074 275 309 018 269 9740 63
% L87 7290 054 1175 410 006 132 071 328 150 013 200 9840 59
g L8 6160 073 1585 622 0.0 249 086 294 279 0.3 446 9830 63
5 L9 7190 058 1270 445 006 171 057 349 135 017 220 9920 6l
E Liso 7090 070 1350 439 003 130 028 287 231 019 260 9920 64
£ LI61 6520 076 1520 577 006 215 059 264 242 019 329 9840 65
= LI9%  5660 080 19.65 744 0.0 310 081 268 368 017 412 9930 67
> LI96 6750 069 1440 441 004 160 054 420 140 018 207 9720 60
L67 5910 072 17.50 689 009 277 057 226 335 017 480 9830 68

2 L78 5740 073 1875 762 009 333 029 121 443 016 489  99.00 72
&8 L82 6110 079 1640 746 010 360 069 1.8 309 013 379 9910 68
SE L83 6060 070 1580 620 009 269 049 293 257 016 359 9590 65
g LI0 5820 077 1895 751 021 205 032 156 405 011 336 9720 72
L103 5470 077 2040 1040 0.09 239 031 136 336 0.0 404 9800 76
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Table 3. Continued ...

Ba Rb Sr Y Zr Nb Th Pb  Ga Zn Cu Ni Vv Cr Hf Cs Ta

g L8OA 218 59.6 408 159 118 5.8 6.63 10 18.2 62 11 23 105 70 3,5 410 0.5
é§ L80B 15 31 255 69 85 8.7 1240 9 144 13 <5 <5 10 <10 3,9 0.10 0.9
§ § LsoC 865 1275 292 213 175 11.6 1050 12 256 82 <5 22 122 100 53 4.02 09
T L80D 698 504 188 9.9 67 84 1035 <5 192 14 <5 <5 <5 <10 3,1 060 0.7
£ ‘qa) L80G 110 23.8 185 184 183 83 7.87 7 220 66 5 31 108 100 52 144 0.6
Eg L8OH 696 118.5 115 30.0 176 13.4 12.55 11 26.7 126 30 47 120 90 5,1 3.52 1.0
B L8l 368 454 607 148 118 73 711 7 179 59 <5 24 89 90 3,6 2.04 0.5
7 L77 421 64.9 106 19.0 182 8.8 10.05 17 145 69 9 21 53 50 5,3 221 0.7
g L8 929 1350 181 289 178 123 1025 9 235 114 19 43 101 80 5,0 556 1.0
% L87 327 58.6 122 19.2 179 8.8 8.94 11 148 71 21 23 61 50 5,0 2.00 0.7
§ L88 539 1245 139 343 145 127 8.68 24 228 131 38 55 97 90 4,4 439 1.0
%ﬁ L90 289 61.9 133 183 218 11,5 9.74 15 16.0 78 19 30 76 60 6,1 229 0.9
E L159 535 109.5 90 325 288 142 1405 10 193 59 17 28 8 70 7,7 241 11
§ L161 525 115.0 140 292 219 143 1255 20 20.8 101 29 40 109 80 6,2 2.88 1.0
2 L19%4 818 147.0 222 289 171 16.7 13.75 23 276 269 30 62 143 100 5,0 320 12
= L196 613 53.8 469 30.5 303 143 15.10 7 202 65 16 26 95 70 8,6 0.86 1.2
L67 662 1235 119 272 163 122 12.60 12247 134 52 49 110 90 4,8 336 0.9

g L78 1005 159.5 90 29.8 142 12.1 12.10 14 285 144 34 53 118 90 4,3 4.15 0.9
& § L82 672 111.5 89 27.6 157 13.6 13.50 14 234 163 73 56 211 100 4,6 3.74 1.1
gé 183 528 980 121 228 159 119 10.15 11 22.0 119 30 44 101 80 48 324 09
g L100 938 202.0 168 31.3 148 18.1 1620 22 283 107 <5 49 104 100 4,0 544 13
= L103 688 202.0 200 34.1 117  16.6 18.20 23 295 122 80 40 135 100 3,3 7.86 1.3
Co U La Ce Pr- Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th/U

g L80A 120 1.53 147 221 338 129 274 084 295 046 276 060 174 026 173 026 43
& § L80B 1.8 120 232 526 489 175 291 065 267 031 144 026 0.76 0.11 077 0.12 103
§ g L80C 13.6 226 157 380 394 156 3.74 097 432 068 407 081 245 036 241 038 46
Tz L80D 0.6 125 251 430 529 194 365 064 339 045 215 036 091 0.11 062 008 83
g g L80G 13.9 1.60 20.6 481 4.80 17.8 3.78 095 4.10 060 3.51 074 2.13 031 209 032 49
= £ L8OH 182 265 29.6 487 682 265 541 126 576 093 567 1.19 353 051 339 052 47
B L3l 145 179 164 359 395 159 332 080 342 051 282 058 165 024 158 025 4.0
2 L77 72 167 138 27.1 359 139 283 069 3.00 050 325 073 224 034 233 036 6.0
s L8 175 261 372 669 846 319 644 138 654 095 543 1.10 321 046 301 045 3.9
:: L87 94 1.63 124 413 313 121 289 076 325 056 3.57 077 230 035 226 035 55
g L88 21.0 241 302 657 678 263 557 133 626 098 58 125 3.61 052 339 050 3.6
5 L90 7.8 235 121 244 291 117 261 062 263 047 3.08 066 197 032 221 031 4.1
E L159 94 216 435 825 940 347 701 134 602 096 564 1.14 3.11 047 3.03 046 6.5
'§ Llel 168 178 28.6 49.7 550 223 444 096 4.04 073 472 1.01 289 045 3.04 045 7.1
% L194 16.1 296 327 434 679 259 519 1.8 465 079 496 1.04 3.02 048 341 051 46
~ L196 11.1 282 374 783 887 332 6.68 1.14 560 092 557 110 3.06 049 324 049 54
L67 142 267 229 451 569 21.8 476 1.0 502 082 509 1.09 3.18 047 320 050 4.7

2 178 212 236 321 656 734 283 577 130 611 095 556 1.18 344 049 327 049 5.1
& :;i L82 17.7 238 319 588 692 266 527 1.16 566 087 521 109 327 048 324 051 57
s g L83 173 205 21.0 485 492 189 405 093 416 066 425 091 274 041 274 043 50
g L100 213 1.65 335 567 7.02 257 498 107 413 068 437 1.05 343 055 3.62 052 9.8
L103 17.0 3.03 551 49.1 11.65 427 848 176 674 1.10 635 124 335 051 327 047 6.0

0.23 (Table 3). In the Nb/Y vs. Zr/TiO, diagram
(Winchester and Floyd,

1977)
metavolcanics plot at the boundary between the

andesite and rhyodacite-dacite fields.

the

Lula

The Lula metavolcanics show significant

LREE enrichment, with a steep pattern from
sample/chondrite ratios of 10-20 for Eu, up to

60-100 for La, negative Eu anomaly and flat
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HREE patterns between 10 and 20 of the
sample/chondrite ratio. These patterns are very
similar to the Ordovician metavolcanics from
Gerrei, Sarcidano and Sarrabus (Giacomini et al.,
2006; Gaggero et al., 2012), even if the latter
have higher ZLREE and XHREE and a steeper
pattern (Figure 8A).

This analogy is confirmed by N-MORB
normalised trace element patterns (Figure 8B)
(Sun and McDonough, 1989). This diagram
demonstrates the calcalkaline affinity of the
volcanoclastic  materials of the Lula
metavolcano-sedimentary sequence. In fact these
rocks have the same strong negative anomalies
of Nb, Ta, Ti and P that characterise the
calcalkaline Middle Ordovician metavolcanics
of Gerrei, Sarcidano and Sarrabus (see Memmi
et al., 1983; Gaggero et al., 2012). As regards
HFSE, the Lula metavolcanics have Ti contents
similar to those of the Middle Ordovician
metavolcanics but show sometimes substantially
lower concentrations of Zr, Y, Nb, Ta and Th. In
the Lula metavolcanics we observed a generally
strong enrichment in Fe,O; MgO, V, Cr, Co, Ni,
Zn compared to the Ordovician metavolcanics
from Sarrabus and Gerrei. Interestingly the
metavolcanics of the Lula area show almost the
same contents in siderophile elements observed
in the Ordovician metavolcanics from the
Sarcidano, i.e. from the area nearest to the
studied outcrops.

Albitite layers

The discovery of thin (10 cm of thickness)
albitite layers in the Lula volcanoclastic
metasedimentary sequence is a novelty for the
Internal Nappe Zone in Northern Sardinia.
Albitites are well known as dykes and small
intrusions in Central Sardinia (Castorina et al.,
2006 and references therein) and in Sarrabus (SE
Sardinia) (see Pirinu et al., 1996 and references
therein). The albitites of Lula and particularly the
sample L80B show a whole rock composition
approaching the almost pure stoichiometric
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Figure 8. A) Chondrite-normalised REE patterns and
(B) N-MORB-normalised spider diagram of L80A,
L80C, L80G, and L81 metavolcanics from the Schina
su Enu outcrop. The composition of Ordovician
metavolcanics from Sarcidano, Sarrabus and Gerrei
(from Giacomini et al., 2006) is shown for comparison.

albite. This very anomalous circumstance can be
explained only admitting that Na-rich
hydrothermal fluids generated the observed
albitite layers through a complete metasomatic
replacement of volcanoclastic-sedimentary layers
or through a lit par lit injection and deposition of
hydrothermal albite. The albitisation process
could have been generated by the Ilate
hydrothermal fluids associated with the Middle
Ordovician volcanism (lavas, pyroclastics,
ignimbrites) or to late hydrothermal fluids
escaping from a Middle Ordovician calcalkaline
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intrusive body after enclosed by palingenesis
within the Carboniferous Sardinian batholith (see
Pirinu et al.,1996; Cavarretta and Puxeddu, 2001;
Castorina et al., 2006 and Hovelmann et al., 2010,
for a comprehensive bibliography on the
albitisation process). The complete lack of albite
veins in the studied sequence rules out a late
Variscan phenomenon for the albitisation process,
associated with the final hydrothermal stages of
the underlying Sardinian batholith. This intensive
albitisation likely took place during the late
hydrothermal activity tied to the Middle
Ordovician  volcanism testified by the
volcanoclastic layers of the Lula sequence. The
possible link of the Lula albitites with the Middle
Ordovician volcanism offers a unique
opportunity to investigate the major and trace
element composition of hypothetical late Na-rich
hydrothermal fluids connected with the Middle
Ordovician volcano-plutonic activity. Taking as
a key reference a recent paper by Hévelmann et
al. (2010) it is possible to interpret correctly the
geochemical data of the Lula rocks. The
comparison must be made between sample L§0OB
and the not metasomatised samples L80A, L80C,
L80G and L80H; each of these samples could
represent the possible not albitised protolith.
Similarly to what observed by Hovelmann et al.
(2010, Figure 4) for gains and losses of elements
during an albitisation process the sample L80B
shows remarkable losses of TiO, , Fe,O3;, MgO,
K,0, Zn, Ni, V, Sr, HREE and extremely high
losses of Ba and Rb. On the contrary the sample
L80B is characterised by slight gains of Th and
LREE from La to Sm. The enrichment in LREE
and depletion in HREE in the Lula albitites is not
surprising and very similar to what observed in
albitites of Central Sardinia by Bornioli et al.
(1997). The gains and losses of elements in L§0OB
suggest modification of the protolith chemistry
through replacement of biotite and Ca-
plagioclase, while sample L80D, that does not
show losses in K,O, Ba, Rb, but mainly in CaO,
underwent albitisation of only Ca-plagioclase.

Provenance of sedimentary materials of
yellowish metasandstones and greenish to grey
metapsammopelites

In the K,O/Na,O vs. SiO,/Al,O3 diagram
(Figure 9, Wimmenauer, 1984) the yellowish
metasandstones plot in the greywacke field, with
a few samples in the pelitic greywackes field. The
greenish to grey metapsammopelites plot in both
the pelites and pelitic greywackes fields. Sample
L8O0H at the top of the metavolcano-sedimentary
sequence plots in the field of pelitic greywacke.
For the provenance of detrital materials of the
metasandstones and metapsammopelites we
consider again the chondrite normalised REE
patterns (Figure 10A). The REE patterns of the
metapsammopelites are almost identical to the
Ordovician metavolcanics from the Sarcidano,
Sarrabus and Gerrei (Figure 8A) and to those of
NASC (North American Shale Composite) and
PAAS (Post Archaean Australian Shales) (Figure
10A) and resemble the patterns of pelites from
the Rautgara Formation, Kumaun Lesser
Himalaya (Rashid, 2005, Figure 1) and of
Sillakkudi sandstones, southern India (Bakkiaraj
etal., 2010, Figure 4). The metasandstones show
similar patterns apart from a group of samples

20 — T —
O yellowish metasandstones |
© metapsammopelites
16 © L8OH
O12f .
< |
o Qtz-rich greywackes Qtz-rich arkose
— a — -
e _greywaciegﬂ
& o arkose
4 S . g
| pelitic greywackes pelite |
0.1 1 10 100
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Figure 9. Geochemical composition of the yellowish
metasandstones, metapsammopelites and sample L§OH
in the K,0/Na,O vs. Si0,/Al,0; classificative diagram
after Wimmenauer (1984).



198  Periodico di Mineralogia (2012), 81, 2, 179-204

L.G. Costamagna et al.

30— T T T T T T T T T T T
o] "
B O yellowish metasandstones -
© melapsammopelites
ok}
2100 E
o
= L
=}
=
2
[3]
= ]
£
©
]
10+ ]
5' L1 I S (RN RS I [ O |
LaCePrNd SmEuGdTbDyHoErTmYbLu
.11 o o o o B
O yellowish metasandstones
10 o metapsammopelites —
E © L80H 3
O r ]
w0 E 4
<<
z i
@
5
£
©
wn
0.1F <
- Al CaCrFe Rb zr La Nd Eu Yb Hf Th
31 Jc S
Na K Ti MnCo Sr Cs CeSm Tb Lu Ta U

Figure 10. A) Chondrite-normalised REE patterns and
(B) North American Shale Composite (NASC)-
normalised spider diagram of yellowish metasandstones,
metapsammopelites and sample L80H from Lula area.

displaying less pronounced LREE enrichment,
less evident negative Eu anomalies and lower
YLREE and XHREE than the Sardinian
Ordovician metavolcanics, NASC, and PAAS.
The metasandstones closely resemble the patterns
of the Lula metavolcanics. According to Rashid
(2005, p. 1835) “the significant enrichment of
LREEs, the distinctive negative Eu-anomalies
and the flat HREE patterns ... suggest derivation
from an old upper continental crust composed
chiefly of felsic components”. These features
seem to indicate that the source rocks of the Lula
metasediments were the older Precambrian to
early Paleozoic felsic igneous to metamorphic

rocks outcropping in NE Sardinia. Other
interesting features are revealed by Figure 10b
showing the depletion and enrichment in major
and trace elements of metasandstones and
metapsammopelites with respect to North
American Shale Composite (NASC). The Lula
rocks appear remarkably enriched in Na,O,
strongly depleted in CaO, MnO, slightly depleted
in Al,O3, K,0, TiO,, Cr, Co and REE. This
behaviour seems to indicates that hydrothermal
processes similar to those that produced the
albitites could have partially interested also the
metasandstones and the metapsammopelites, with
the consequent alteration of Ca-plagioclase, and
biotite. A continental margin provenance is
suggested by the Th-Co-Zr/10 (Bhatia and Crook,
1986) diagram (Figure 11) in which most of the
Lula samples plot in the B field (continental
island arc) a few samples fall in the C field (active
continental margin) and few samples plot in an
intermediate position between B and C fields and
the Co apex, but with relative abundance of Th
significantly higher than in the A field (ocean
island arc). These results confirm that the
sedimentary materials were supplied by
dismantling of an older active continental margin
or island arc.

Intensity of weathering and oxidizing conditions
of the sedimentary environment

The geochemical data give useful information
about the degree of alteration of the rocks
supplying the sedimentary material, the oxidizing
or reducing conditions of the original sedimentary
environment and the nature of the source rocks
from which the metasediments derived. A useful
tool to evaluate the degree of weathering is the
chemical index of alteration (CIA, Nesbitt and
Young, 1982) that can be obtained calculating the
formula (molecular proportion):

CIA =[ALOy/(AlO; + CaO* +Na,0 + K,0)] x100

where CaO* is the amount of CaO
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Figure 11. Th-Co-Z1/10 classification diagram for the
Lula samples. A: ocean island arc, B: continental
island arc, C: active continental margin, D: passive
continental margin (Bhatia and Crook, 1986) .

incorporated in the silicate fraction of the rock.
However considering that the CaO content of the
Lula rocks is very low (in 18 samples out of 22
CaO is lower than 0.9 and in several samples
lower than 0.5) and carbonates were never
observed in the Lula rocks, all the CaO has been
assumed to be incorporated in silicates (see
Nagarajan et al., 2007, page 304, for a more
detailed discussion).

The CIA values for almost all the studied Lula
rocks (Table 3) are intermediate between those
typical of no alteration (CIA < 50) and those
indicating intensive alteration (CIA > 70). The
greenish to grey metapsammopelites are
characterised by CIA values in the range 65-76
that could be explained by larger amounts of the
clay fraction or by a more pronounced alteration
of the source rocks. The yellowish metasandstones
yielding CIA values in the range 59-67 include
more frequent sand-rich layers or received less
weathered sedimentary materials compared to the
metapsammopelites. The different behaviour of

the two lithotypes is confirmed by the A-CN-K
diagram (Nesbitt and Young, 1982) (Figure 12).
This diagram shows a gradual transition of the
Lula samples from the metavolcanics, close to the
feldspar join and to the A-CN side, to the
metapsammopelites, near to or coincident with
the average shale field (dashed rectangle in
Figure 12), as defined by Rashid (2005, Figure 2)
and close to the opposite A-K side. A very similar
trend from A-CN side towards higher values of
K component just near the A-K side was
hypothesized by Barbera et al. (2006), for the
Soro shales in Sicily, as a weathering trend from
the source rocks. This means increasing
weathering intensity of the source rocks or
increasing content of the clay component from
the metavolcanics and yellowish metasandstones
to the metapsammopelites, confirming the
information provided by the CIA values.

A Kin, Gbs, Chl

Pl \Kfs
O yellowish metasandstones
O metapsammopelites
< L80AB,C,D,GH,L81
v \ \/ iV \
CN K

Figure 12. Composition of the Lula samples in the A-
CN-K diagram after Nesbitt and Young (1982). The
plagioclase-K-feldspar join, as well as the
composition of smectite, illite, kaolinite, gibbsite and
chlorite are shown for comparison. Dashed rectangle
represents the composition of average shale as defined
by Rashid (2005).
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Another interesting parameter is the Th/U ratio
(Table 3). The increasing intensity of weathering
from the metavolcanics to the other two
lithotypes is clearly depicted in a Th vs. Th/U
diagram (McLennan et al., 1993) (not shown
here). Bakkiaraj et al. (2010, Figure 6) have
shown that the samples of Sillakkudi sandstones
from southern India plot along a weathering
trend that produces a significant and gradual
increase of the Th/U ratio from values of 4-5 for
the fresh samples to the highest values of 16-20
yielded by the most weathered samples. The plot
in Figure 6 of Bakkiaraj et al. (2010) clearly
demonstrates that the weathering process starts
for values higher than Th/U ratio of 6-7. The
Lula metasedimentary samples follow a similar
trend: metapsammopelite samples have Th/U
values in the range 4.7-9.8, 5 out of 9 yellowish
metasandstone samples fall in the range 5.4-7.1,
while all the metavolcanic samples, except for
the albitite samples, show values lower than 4.9.

The different proportions of the sandy and
clayey components in the metasandstones and
metapsammopelites clearly emerge from the
geochemical comparison of the two lithotypes.
Compared to the metapsammopelites, the
metasandstones reveal slightly higher contents
in SiO,, Zr and Hf, strong enrichment in Na,O,
slightly lower Al,O;, Fe,0;, Ba, Rb and Cs
contents, and strong depletion in K,O. Both
groups show very similar contents for all the
other major and trace eclements. These
differences suggest that the metasandstones are
composed chiefly of a sandy component rich in
detrital heavy minerals. In this comparison, on
the contrary, the metapsammopelites show larger
amounts of K- and Al-rich clay minerals.

Several geochemical parameters suggest that
the sedimentary environment was characterised
by prevailing oxidizing conditions for both
groups of metasediments and also for the
metavolcanics, in the case of reworking.
According to Nagarajan et al. (2007), who take
into account the study by Nath et al. (1997),

U/Th < 1.25, V/Cr <2, Ni/Co <5 and Cu/Zn in
the range 0.08-0.66 indicate oxidizing
conditions. All the Lula rocks have U/Th in the
range 0.10-0.28, V/Cr in the range 0.99-1.50
(except sample L82 with 2.11), Ni/Co in the
range 1.62-3.85, Cu/Zn in the range 0.11-0.66.
Oxidizing environment, according to Rashid
(2005), produces high ZREE and negative Eu
anomalies: both these features characterise the
Lula samples. The only ambiguous feature is the
negative Eu anomaly that could be produced by
early fractionation of plagioclase. However this
possible alternative interpretation can be
excluded because most of the Lula rocks are not
true metavolcanics but metasediments only
enriched in volcanoclastic material, as suggested
by their mineralogical composition.

Paleoenvironmental features of the metavolcanic
and metasedimentary sequences

Many of the original volcanic and sedimentary
features in the Lula area were erased or hindered
by the Variscan metamorphism. Therefore it is
very difficult to reconstruct paleoenvironments
of the Lula rocks. However, some residual
volcanic and sedimentary structures still survive
in low-strain areas spared by the tectonic
deformations. The shallow metavolcanic
succession of Schina su Enu probably consists
of primary volcanic products and/or deposits of
their reworked materials. Thin, discontinuous
dark metapelitic layers in the middle (layer E)
and at the top (layer H) of the metavolcanic
succession could represent true sedimentary
layers marking short quiescence periods in the
volcanic activity. The metasedimentary rocks
may be referred to shallow marine sediments: the
protolith of the yellowish metasandstones shows
features of mid- to subordinately high-energy
environment while that of the metapsammopelite
succession may be referred to alternating mid-
and more common low-energy environments.
The relict sedimentary structures and the
architecture of the sequences indicate massive to
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tractional-type depositional processes with a
variety of intermediate cases. The occurrence of
the interlayered metapelitic beds indicates that
clay settled in low-energy depositional
environments. In the yellowish metasandstones
some relict sedimentary trends, such as the
thickening- to thinning-upwards of the forty-five
observed sequences, may be tentatively
interpreted as a backward to forward migration
of the sequences with respect to the shoreline,
reflecting increasing to decreasing mean
depositional energy, respectively. Conversely, in
the metapsammopelites coarse-grained deposits
such as conglomerates are missing altogether,
while complete depositional sequences are
characterised by very small thickness, finer-
grained sediments and an erratic distribution,
suggesting a quieter, steady environment, typical
of prevailing low-energy environment in
contraposition to the more dynamic prevalently
mid-energy environment previously described
for the yellowish metasandstones. The whole
succession from the metavolcanics to the
metapsammopelites was deposited in variable
environments from shallow marine
environments for metavolcanics and from
shallow to mid-shelf marine environments for
yellowish metasandstones, metapsammopelites
and blackish metapelites.

A correlation of the Lula sequences with the
better known stratigraphic units of the Nappe
Zone can be tentatively proposed. The
metavolcanics recall the Ordovician “orogenic”
magmatic complex cropping out in all the
Variscan successions of Sardinia. The yellowish
metasandstones are similar to the post-volcanic
Late Ordovician complex formed by the Punta
Serpeddi, Genna Mesa Metarkoses and
Orroeledu Formations of the Sarrabus, Gerrei
and Meana Sardo of the External Nappe Zone
(Carmignani et al., 2001, and references
therein).

Concluding remarks

This is the first attempt to identify, in greater
detail, the geochemical and petrographical
features of the metavolcano-sedimentary
sequences of NE Sardinia. In the Lula area, NE
Sardinia, a metavolcano-sedimentary sequence of
possible Middle Ordovician age, including pure
albitite layers (albite up to 90- 95 % modal
content, Na,O up to 9.60 wt.%) has been
discovered. Three main lithotypes have been
identified from bottom to top: 1) metavolcanics;
2) yellowish metasandstones; 3) greenish to grey
metapsammopelites. The metavolcanics and the
overlying metasedimentary rocks are very similar
to the Ordovician metavolcano-sedimentary
sequences of central and southern Sardinia.

The metavolcanics show a compositional
range between andesite and rhyodacite-dacite.
They are characterised by a steep LREE
enrichment pattern, negative Eu anomaly and flat
HREE patterns. The Ordovician metavolcanics
from Gerrei, Sarcidano and Sarrabus, including
typical calcalkaline lithotypes such as andesites
and dacites show patterns for all the immobile
elements that closely resemble those of the
metavolcano-sedimentary layers of the Lula
area. The N-MORB-normalised trace element
patterns demonstrate the calcalkaline affinity of
the Lula metavolcanics, as indicated by negative
anomalies of Ta, Nb, Ti and P.

As regards the provenance of detrital
materials, the metapsammopelites and the
metasandstones are almost identical to those of
the Ordovician metavolcano-sedimentary
sequences from Gerrei, Sarcidano and Sarrabus
and to those of NASC and PAAS. The protolith
of the Lula samples were sediments deposited in
shallow marine to mid-shelf environments and
rich in volcanoclastic material supplied by the
dismantling of volcanics typical of an active
continental margin. The CIA values of the Lula
samples vary from those typical of weakly
weathered rock with two values out of four lower
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than 60 for the metavolcanics and a continuous
transition from low to strong alteration
(CIA = 59-76) for metasandstones and
metapsammopelites.

The great novelty of the Lula sequence is the
occurrence of almost pure albitite layers
generated by Na metasomatism. The rocks were
metamorphosed and multideformed during the
Variscan orogeny. Geothermobarometry with
pseudosection modelling on a metasandstone
sample from the biotite zone gives T = 430-470
°C and P =0.65-0.95 GPa.
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