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Abstract

During Early Miocene northwestern Sardinia was interested by widespread volcanic activity
belonging to the calcalkaline to high-K calcalkaline “orogenic” Sardinian cycle. The peak of
activity is recorded in the ~ 22-18 Ma time span and it is mostly concentrated along the Fossa
Sarda graben, an Oligo-Miocene rift system cutting the western Sardinia from north to south.
The northwestern Sardinia volcanic rocks crop out in the districts of Bosa-Alghero, Anglona,
Logudoro, Mulargia-Macomer and Ottana graben, ranging in composition from rare high
alumina basalt lavas to rhyolitic ignimbrites (welded and unwelded) and lava flows, through
basaltic andesites, andesites and dacitic domes, with the most evolved rocks (dacites and
rhyolites) being volumetrically predominant.

Here we report the chemical composition of the main rock-forming minerals (clinopyroxene,
orthopyroxene, plagioclase, sanidine, magnetite, ilmenite, olivine, brown mica and amphibole)
and whole-rock data covering the entire spectrum of occurring lithotypes.

The bulk-rock major and trace element variations are consistent with an evolution mainly
driven by fractional crystallization of the observed mineral phases. This was confirmed by
mass balance calculations and MELTS-based modelling, which allowed reconstructing liquid
lines of descent for each district. Crystallization conditions took place at low pressures (1
kbar) and low H,O contents (< 2 wt.%), with oxygen fugacities close to the QFM and Ni-
NiO synthetic buffers and temperature values ranging from ~ 900 to ~ 1150 °C for mafic
rocks and from ~ 800 to ~ 1000 °C for the silicic ones. Open-system processes may also have
had a role in the petrogenesis of the silicic rocks.

Key words: ignimbrites; mineral chemistry; orogenic magmatism; Sardinia.
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Introduction

During the Cenozoic an intense igneous
activity with calcalkaline to high-K calcalkaline
products took place in Sardinia (Coulon et al.,
1974; Montigny et al., 1981; Beccaluva et al.,
1985; Morra et al., 1994; 1997; Brotzu et al.,
1997a; 1997b; Lustrino et al., 2004; 2009; 2011;
Conte et al., 2010, and references therein). The
volcanic products comprise pyroclastic flow
deposits, lava flows and domes; their
compositions are dominated by dacites and
rhyolites, with subordinate andesites and very
scarce basalts.

Despite the interest raised by the Sardinian
igneous rocks in the last ~ 15-20 years, some key
aspects remain to be investigated in detail.
Indeed, most recent literature is focused on
primitive magmatic compositions and their
relationships with a subduction-modified mantle
source (Brotzu et al., 1997a; 1997b; Morra et al.,
1997; Mattioli et al., 2000; Downes et al., 2001;
Franciosi et al., 2003; Conte et al., 2010),
whereas the petrogenesis of the more widespread
silicic products is basically that produced during
‘60s and ‘70s (e.g., Deriu, 1962; Coulon et al.,
1973; 1978; Lonis et al., 1997). This study is
intended to fill this gap by presenting a new set
of data set for the calcalkaline volcanic rocks
cropping out in the northwestern sector of
Sardinia, where silicic lithologies are particularly
abundant. This investigation is focused on the
mineralogical characterization and on the
evaluation of the physico-chemical environment
of crystallization.

Geodynamic and geological background

Up to Early Oligocene times the Sardinia-
Corsica micro-plate was contiguous with the
southern European margin (Provence, France,
and Catalonia, Spain; e.g., Cherchi et al., 2008;
Dieni et al., 2008; Lustrino et al., 2009;
Carminati et al., 2010, and references therein).

During the Late Oligocene, with the opening of
Ligurian-Provencal Basin, the Sardinia-Corsica
micro-plate rifted toward SE and then drifted
counter-clockwise away from the southern
Europe paleo-margin, with a rotation pole
located around the present gulf of Genoa (NW
Italy; Carminati et al., 1998; 2010; Jolivet et al.,
1998; Speranza et al., 2002; Gattacceca et al.,
2007; Lustrino et al., 2009). The continental
rifting phase started ~ 30 Ma, whereas the
drifting phase started around ~ 22 Ma until ~ 15
Ma, after a counter clock-wise rotation of ~ 60
degrees (Gueguen et al., 1998; Speranza et al.,
2002; Vigliotti and Langenheim, 1995; Schettino
and Turco, 2006; Lustrino et al., 2009; Carminati
et al., 2010). From Langhian (~ 15 Ma) the
Sardinia-Corsica micro-plate reached its present
position and the extensional tectonics shifted
eastwards, leading to the development of
Tyrrhenian Sea and the Apennine fold-and-thrust
belt (Lustrino et al., 2009; Carminati et al., 2010,
and references therein).

In this complex geodynamic scenario, the island
of Sardinia experienced an intense magmatism
(Lecca et al., 1997; Lustrino et al., 2004; 2009;
2011) which can be chronologically and
geochemically divided into two distinct phases.
The products of the oldest phase (Late Eocene-
Middle Miocene activity, or LEMM; ~ 38-13 Ma;
Lustrino et al., 2009, and references therein) show
“orogenic” (i.e., subduction-related) geochemical
signature, whereas the products of the youngest
phase (Late Miocene-Quaternary, hereafter LMQ);
~ 12-0.1 Ma) show “anorogenic” (within plate)
geochemical characteristics (e.g., Beccaluva et al.,
1985; Lustrino et al., 2004; 2007a; 2007b; 2009;
2011; Lustrino and Wilson, 2007, and references
therein).

The volume of the erupted magma amounts to
~1000-2500 km?, excluding the volume of rocks
deposited along the submerged margins of the
island, hypothesizing an originally continuous
pyroclastic flow cover in northern Sardinia (with
an areal extent of ~ 4800 km? and an average
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thickness in the range of 200-500 m). Such a
large amount of magma was produced, in a
relatively short time span, and may have had
significant effects on marine ecosystem of the
area (e.g., Brandano et al., 2010; Brandano and
Policicchio, 2011). As for the products emplaced
in the northwestern sector, Deriu (1962) first
proposed a stratigraphic and minero-
petrographic subdivision taking into account four
stratigraphic sequences: 1) the andesitoide
inferiore (lower andesitic) series; 2) the
trachitoide inferiore (lower trachytic) series, the
first evidence of acid volcanism with ignimbritic
facies; 3) the andesitoide superiore (upper
andesitic) series, characterized by the
intercalation of fluvial-lacustrine sediments and
pyroclastic materials; 4) the trachitoide
superiore (upper trachytic) series, characterized
by erosive features and intercalations of fluvial-
lacustrine sediments. Coulon (1977) provided a
detailed volcano-stratigraphic, mineralogical and
petrologic description (from base to top): 1) the
andesitica inferiore (lower andesitic) series,
characterized by products with basalt and
basaltic andesite composition with minor dacites
and rhyolites; 2) the ignimbritica inferiore (lower
ignimbritic) series; 3) the andesitica superiore
(upper andesitic) series; 4) the dactic domes and
rhyolitic lava flows; 5) the ignimbritica superiore
(upper ignimbritic) series and 6) the andesitica
terminale (upper andesitic) series, with basaltic
andesites, dacites and rhyolites. More recent
studies (i.e., Lecca et al., 1997) still rely on this
stratigraphic schemes.

The LEMM products range in composition
from dacites to rhyolites, with subordinate
basaltic andesites, andesites, high-Al basalts and
rare high-Mg basalts and belong to the
calcalkaline and high-K calcalkaline series (e.g.,
Brotzu et al., 1997a; 1997b; Lecca et al., 1997;
Lonis et al., 1997; Morra et al., 1997; Downes et
al., 2001; Lustrino et al., 2004; 2009; Conte et al.,
2010). Rare peralkaline products (comendites)
are found in southwestern Sardinia (Sulcis; Arafia

et al., 1974; Morra et al., 1994).

The mantle source of the mafic “orogenic”
volcanic rocks is in the wedge above a west-
directed oceanic lithosphere subducted below the
southern European continental margin, enriched
in large ion lithophile elements by fluids/melts
derived from the subducted slab (Franciosi et al.,
2003; Lustrino et al., 2004; 2009; 2011).

Analytical techniques

The samples were cut with a saw and crushed
in a jaw crusher. The obtained chips were
washed in distilled water and then ground in a
low-blank agate mortar and analyzed for major
and trace elements were obtained with XRF (X-
Ray fluorescence) on pressed powder pellets at
CISAG (Centro Interdipartimentale di Servizi
per Analisi Geomineralogiche), University of
Napoli Federico II (see Melluso et al., 2005 for
details). Mineral compositions were obtained at
IGAG-CNR, Rome, using a Cameca SX50
electron microprobe equipped with five
spectrometers and at CISAG, with an Oxford
Instruments Microanalysis Unit, equipped with
an INCA X-act detector and a JEOL JSM-5310
microscope operating at 15 kV primary beam
voltage, 50-100 pA filament current, variable
spot size and 50 s net acquisition time (see
Melluso et al., 2010 and Guarino et al., 2011 for
full details).

Classification and geochemical features

The Early Miocene volcanic rocks subject of
this study were collected in five districts in the
northwestern sector of Sardinia (Figure la, b).
The district, the number of samples, the
lithologies and the absolute ages for each of them
are summarized in Table 1.

Table 2 shows major and trace eclement
composition of representative Early Miocene
rocks from northwestern Sardinia. According to
the TAS diagram (Figure 2a), the rocks are
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Figure 1. a) Geological sketch map (modified after Sau et al., 2005) for the studied districts of the Late Eocene-
Middle Miocene Sardinia magmatic phase. 1 = Palacozoic basement; 2 = Early Miocene andesites; 3 = Early
Miocene ignimbrites; 4 = rhyodacitic lavas; 5 = fluvial-lacustrine and epiclastic complex of Miocene basins; 6
= marine sequences of Miocene basins; 7 = anorogenic volcanites of the Late Miocene-Quaternary cycle; 8 =
Quaternary sedimentary deposits; 9 = fault zones; 10 = main transcurrent movements. b) Simplified geological
sketch map of Sardinia (modified after Lustrino et al., 2009).

mainly dacites and rhyolites, with subordinate
basalts, basaltic andesites and andesites. A
bimodal composition is indicated by a Daly gap,
with andesitic compositions (Si0, = 57-63 wt.%)
being rare.

Among the mafic lithotypes, the few basalts,
from the Bosa-Alghero and Logudoro districts,
show high Al,05 (17.8-19.4 wt.%) and relatively
low MgO (3.4-7.2 wt.%), Mg# [0.41-0.60; Mg#
= molar MgO/(MgO+FeO+MnO)], Cr (16-52.4
ppm) and Ni (9.0-19 ppm). These basalts are

classified as high-Al basalts (HAB) according to
Kersting and Arculus (1994). The basaltic rocks
at Montresta (Figure 1b), are classified as high-
Mg basalts (HMB; Morra et al., 1997; Franciosi
et al., 2003), due to high MgO (up to 11 wt.%)
and relatively low Al,O5 (< 16 wt.%).

Metaluminous [Al,O5/(CaO+Na,0+K,0) < 1]
and peraluminous [Al,0;/(CaO+Na,0+K,0) >
1] dacites and rhyolites are present (Figure 2b);
no peralkaline rhyolites or trachytes have been
found in northern Sardinia.
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Table 1. Synoptic table showing district, number of samples, main lithologies and absolute ages of the studied

Early Miocene rocks from northwestern Sardinia.

L. Number .
District of samples Lithology Age
10 basalts, basaltic andesite lava flows ~28-16 Ma
(Montigny et al.,1981;
.. .. Beccaluva et al., 1985;
Bosa-Alghero district 1 andesitic lava flows Lecea et al., 1997;
Deino et al., 2001;
39 welded and unwelded ignimbrites Gattacceca et al., 2007)
2 andesitic lava flows = 21-18 Ma
L (Montigny et al., 1981;
Anglona district
5 lded and lded ienimbrit Leccaetal., 1997;
welded and unwelded ignimbrites Oudet et al.. 2010)
6 basalts and basaltic andesite lava flows
1 andesitic lava flows ~25-17 Ma
Logudoro district 5 dacitic domes (Coulon et al., 1974;
1 thyolitic lava flows Beccaluva et al., 1985)
26 welded and unwelded ignimbrites
Mulargia-Macomer 1 rhyolitic lava flows ~21.8-21.6 Ma;
district (Lecca et al., 1997 and
1stre 5 welded and unwelded ignimbrites references therein)
~21-19.4 Ma
Ottana graben district 3 welded and unwelded ignimbrites (Lecca et al., 1997 and

references therein)

The analyzed rocks display smooth and linear
variation trends (Figure 3) characterized by
decreasing TiO,, Al,O5, Fe,03;, MgO and CaO
with increasing SiO,. The trace elements Rb, Ba,
Y and Zr, increase with silica, then their
concentrations suddenly decrease at ~70% SiO,.
Sr decreases with increasing SiO, (Figure 4).

Petrographic features

The main petrographic features of Early
Miocene rocks of northwestern Sardinia are
reported in Figure 5 and are briefly summarized
below.

Basalts. The rocks (from the Bosa-Alghero
and Logudoro districts) are porphyritic. The
main phenocrysts are subhedral to euhedral
zoned plagioclase (sometimes with rounded
rims), and clinopyroxene, generally showing
rounded rims, only sporadically subhedral in
shape. Olivine is quite common and shows
euhedral shapes often corroded or iddingsitized.
Opaque oxides mainly occur as inclusions or in
the groundmass. The groundmass is
microcrystalline and it is made of the same
phases observed as phenocrysts (except olivine)
plus rare orthopyroxene.

Basaltic Andesites. The rocks (Bosa-Alghero,
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Figure 2. a) Total Alkali vs. Silica (TAS; Le Bas et al., 1986) classification diagram for the studied Early Miocene
volcanic rocks from north western Sardinia. b) Molar Al,05/(Na,0+K,0) vs. Al,03/(CaO+Na,0+K,0) for the
studied Early Miocene volcanic rocks from northwestern Sardinia.

Anglona and Logudoro districts) are porphyritic
to glomeroporphyritic, with plagioclase being
the predominant phenocryst. Clinopyroxene
generally occurs as subhedral pheno- to
microphenocrysts with rounded rims, sometimes
completely altered. Olivine crystals are rare,
often altered into haematite or iddingsite.
Orthopyroxene is represented by rare euhedral
and quite fractured crystals. Opaque oxides
occur as inclusions within mafic minerals or in
the groundmass. The groundmass is
microcrystalline to intersertal, more rarely
hypocrystalline, with microlites of plagioclase,
clinopyroxene and opaque oxides.

Andesites. These rocks (Bosa-Alghero and
Logudoro districts) are quite altered, with
plagioclase and euhedral clinopyroxene
phenocrysts. The groundmass is often argillified.

Dacitic domes. The dacites from Logudoro
district are porphyritic for phenocrysts of
plagioclase, clinopyroxene and occasionally
opaque oxides. Clusters of plagioclase,
clinopyroxene and oxides are sometimes noted.
Brown mica (often altered), and euhedral green
amphibole are common microlites. Orthopyroxene

is a rare microlite. Accessory apatite is found in
the groundmass.

Rhyolitic lavas. The Logudoro rhyolites are
porphyritic, with euhedral to subhedral
plagioclase with altered cores. Abundant alkali
feldspar, oxidized brown mica and minor
amphibole plus opaque oxide microcrysts are
also observed, set into a completely glassy
groundmass with no evidences of devitrification.
The Mulargia-Macomer rhyolites are porphyritic
with subhedral zoned phenocrysts of plagioclase,
microcrysts of opaque oxides, quartz and deeply
altered mafic phases set into a microcrystalline
groundmass mainly made of alkali feldspar,
quartz and rare apatite crystals.

Ignimbrites outcrop in the Bosa-Alghero,
Anglona, Logudoro, Mulargia-Macomer and
Ottana graben districts. These ignimbrites
(dacitic to rhyolitic in composition) can be
subdivided into two types: a) unwelded
ignimbrites and b) welded ignimbrites.

a) Unwelded ignimbrites. These samples are
made up of glassy shards, pumices and scoria
fragments. The observed mineral assemblages
comprise rounded and variably zoned
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Figure 3. Selected major element variation diagrams for the studied Early Miocene volcanic rocks from
northwestern Sardinia. The best-fit results of MELTS modelling for each volcanic district are also reported (see

text for further explanations).

plagioclase, euhedral brown mica microcrysts,
corroded clinopyroxene, quartz, rare subhedral
green-brown amphibole and orthopyroxene, plus
alkali feldspar and opaque oxides. Common
accessories are zircon and apatite. Occasionally,
secondary minerals such as zeolites, glauconite

and chlorite are observed.

b) Welded ignimbrites. These rocks show
textures varying from eutaxitic to spherulitic,
more rarely vitrophyric. The observed mineral
phases are euhedral to subhedral plagioclase,
subhedral clinopyroxene, rare rounded
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Figure 4. Selected trace element variation diagrams for the studied Early Miocene volcanic rocks from

northwestern Sardinia.

orthopyroxene, apatite and opaque oxides
included in mafic minerals or in isolated
microcrysts. Subordinate microcrysts of alkali
feldspar and quartz are also observed. The
welded ignimbrites are characterized by the
presence of volcanic fragments made principally
of microcrystalline plagioclase, scorias and
deeply altered subhedral minerals (probably
mafic phases).

Mineral and glass chemistry

Pyroxenes. The composition of the pyroxenes
are reported in Table 3 and Figure 6. Bosa-Alghero
and Anglona clinopyroxenes are essentially augitic
(Cazg.46Mga0.42Fe 1422 and Cazg 43Mg30.43Fe19.97,
respectively) with no substantial chemical
differences between basaltic andesites and dacitic-
rhyolitic welded ignimbrites. Logudoro basaltic
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Figure 5. Thin section microphotographs for some representative samples of the studied Early Miocene volcanic
rocks from northwestern Sardinia. ol = olivine; cpx = clinopyroxene; pl = plagioclase; kfs = alkali feldspar.
HAB = high alumina basalt; R = rhyolite.
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andesites have slightly Ca-richer and Fe-poorer
clinopyroxenes (Cag.4gMgs7.41Fei5.17). Mg#
[Mg# = Mg/(Mg+Fe)] varies from 0.56 to 0.86.
Orthopyroxene from the Bosa-Alghero dacites has
variable Mg# (0.54 to 0.73; CasMgs3_70Fer7.44),
whereas orthopyroxene of the Anglona dacites
have a narrower compositional spectrum and a
generally Fe-richer composition (Mg# = 0.53-
0.68; Caz 4Mgs_caFeszn.46). Orthopyroxenes of the
Logudoro basaltic andesites and rhyolites have a
rather homogeneous composition (Mg# = 0.59-
0.65; Cay 3Mgs7 g3Feszq.41).

Feldspars. Plagioclase from the basalts and
basaltic andesites of the Bosa-Alghero district
show a wide compositional range from
Ang4AbgOry to Any,Ab,4Or, (phenocrysts core
and groundmass, respectively; Figure 7a; Table
4). Plagioclase of the Logudoro basaltic andesite
shows a compositional range from AnggAb;,0r,
(phenocryst core) to Ans, Aby,Ors (groundmass).
The andesites of the Anglona district are
characterized by plagioclase with a moderate
core-to-rim compositional variations (Ans;.
g1Ab19.290r)). Plagioclases from the more
differentiated dacites and rhyolites show a wider
compositional  spectrum, ranging from
labradorite to andesine and rare oligoclase (Anyg.
53Aby5.470r1,_5). Alkali feldspar occurs only in the
most differentiated rocks (dacitic and rhyolitic)
of the Bosa-Alghero, Anglona, Logudoro,
Mulargia-Macomer and Ottana graben districts
and range from K,O-rich sanidine to
anorthoclase (Ab;_g9An;_150r5.97; Figure 7a).

Minor phases. Opaque oxides are present as
magnetite and Ti-magnetite groundmass
microcrysts showing variable ulvospinel
contents (mol. ulvéspinel = 0.13-0.41), and low
ilmenite (mol. ilmenite = 0.81-0.91; Table 5).

Olivine crystals were analyzed in basalts and
basaltic andesites from the Bosa-Alghero district
and in basalts from the Logudoro district (Table
5). The analyses show a moderate compositional
variation (e.g., Foss.7;), high FeO (26.4-39.1
wt.%) and very low CaO (0.2-0.4 wt.%)

contents. More Mg-rich olivine compositions
have been analyzed in the basalts of Montresta
(Fog;-Fos;; Morra et al., 1997).

Mica belongs to the phlogopite-annite series
(Figure 7b; Table 6) and have a relatively low
Mg# (0.34-0.52). Micas show relatively high
Fe?" (2.44-3.39 apfu) and low Ti contents (0.42-
0.66 apfu) resulting in a reddish-brown colour of
the crystals. Most micas are characterized by
Fe" in the tetrahedral site, with values up to 0.27
apfu, but several have Al excess in the tetrahedral
site so the remaining Al filled the octahedral site,
with values up to 0.33 apfu (Figure 7b; Guarino
etal., 2011).

Amphiboles, analyzed in rhyolitic rocks of the
Logudoro district (Table 6), are thus classified as
tschermakite plus rarer ferrohornblende and
magnesiohornblende (Leake et al., 1997; Figure
7¢) showing high Ca (1.69-1.83 apfu) contents.
The Fe?" ranges from 1.62 to 2.91 apfu and is
associated with low Ti (0.17-0.31 apfu) and
variable Mg# values [Mg/(Mg+Fe?") = 0.38-
0.65].

Glass. The analyzed glasses of rhyolites from
the Bosa-Alghero and Logudoro are rhyoltic.
The Anglona glasses are basaltic andesites (in
andesitic rocks) and rhyolites (in dacites; Figure
7d; Table 7).

Discussion and Conclusions

The Early Miocene volcanic rocks of
northwestern Sardinia have a bimodal chemical
composition, with dacitic/rhyolitic rocks being
definitely predominant over basalts and
andesites. The high alumina basalts (HABs) are
a common lithotype of “orogenic” magmatism
worldwide, whose genesis has been variously
ascribed to high-degree partial melting of the
subducted oceanic slab or low-pressure
fractional crystallization of a high magnesium
basalt (HMB) primitive magma (e.g., Kuno,
1960; 1968; Crawford et al., 1987; Myers, 1988;
Sisson and Grove, 1993; Kersting and Arculus,
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Figure 6. Classification of pyroxenes according to IMA rules (Morimoto et al., 1988).
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1997) and d) glasses (TAS, Le Bas et al., 1986) of the studied Early Miocene volcanic rocks from northwestern
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1994; Lopez-Escobar et al., 1997; Schiano et al.,
2003). Dostal et al. (1982) were the first to deal
with the genesis of northwestern Sardinia HABs,
arguing for their non-primitive nature (mainly on
the basis of their low Cr and Ni concentrations
and Mg# values), but still considering them as a
likely parental magma for the rocks of the
calcalkaline suite. Morra et al. (1997) pointed
that the Montresta HMBs represent the most
primitive magma of northwestern Sardinia (i.e.,
Mgf# between 0.64 and 0.71, Cr ~ 294-737 ppm
and Ni ~ 47-205 ppm), and the neighbouring
HABs are related to HMBs through closed-
system fractional crystallization processes. The
chemical composition of the Sardinia HABs
(e.g.,Al,03>17.8 wt.%, MgO < 7.2 wt.%, Mg#
< 0.60, low Cr and Ni) can be similarly
interpreted as  unlikely primary melt
compositions, but, rather, as melts derived from
a more primitive HMB-like magmas. As a
consequence, the HABs cannot be used to obtain
information on mantle source characteristics. On
the other hand, their possible parental linkage
with the evolved rocks should be investigated in
order to shed light on the low-pressure evolution
processes in the area.

On the whole, major- and trace-element
compositional trends, as well as mineral
compositions, are quite coherent among the
various districts, suggesting, at least qualitatively,
a cogenetic relationship. Fractional crystallization
of the mineral phases observed in thin section
can, indeed, explain the gross features observed
in Figures 3 and 4. The decrease of Al,03, MgO
and CaO with increasing SiO, is compatible with
removal of plagioclase and clinopyroxene plus
olivine in the less evolved rocks. Orthopyroxene
and alkali feldspar join the previous phases in the
intermediate and evolved melts. This is
particularly evident by the decrease of Rb and Ba
at Si0, ~ 70 wt.%, a feature that suggests the
onset of alkali feldspar fractionation roughly at
the dacite-rhyolite transition. Similarly, the
decrease of Zr and Y around SiO, ~ 70 wt.%

marks the onset of zircon fractionation. Scatter of
data can be due to local differences between the
various districts, the porphyritic character and/or
to post-emplacement processes that may have
modified mobile element contents. In addition,
some role should have been also played by open-
system differentiation processes, which are
known to have acted in many other LEMM
Sardinian districts (e.g., Narcao, Brotzu et al.,
1997b; Sarroch, Conte, 1997; Sindia, Lonis et al.,
1997; Montresta, Morra et al.,, 1997,
Sant’ Antioco, Conte et al., 2010; Figure 1b).

Quantitative models of fractional
crystallization processes were tested by means of
mass balance calculations, performed using the
Stormer and Nicholls (1978) method. The results
are summarized in Table 8. The transition from a
HMB-type primitive magma (sample KB13;
Morra et al., 1997) to the HABs of the Bosa-
Alghero (MARA21) and Logudoro districts
(MA72C) was tested, yielding satisfactory results
(ZR? < 0.3 for both; XR?> = sum of square
residuals) involving ~ 30-36% removal of a
gabbroic assemblage made of 64% clinopyroxene
(CazsMgyeFe ), 22.8% plagioclase (Ang; AbyOy)
and 13.2% olivine (Fog;) for the Bosa-Alghero
district, and of 60% clinopyroxene (CaysMgy,
Fe;3), 13.2% plagioclase (Ang; AbyOy) and 26.5%
olivine (Fo5;) for the Logudoro district.

In the Bosa-Alghero district, the transition
from HAB to basaltic andesite is modelled
assuming ~ 43% of removal of a cumulate made
of ~ 45% plagioclase (AngpAbyOr), ~ 32%
clinopyroxene (Cay MgysFes), ~ 13% olivine
(Fo74) and ~ 9% magnetite (Table 8). The
transition from basaltic andesite to andesite is
obtained after removal of 59.4% of a cumulate
made of ~ 78% plagioclase (Ans;Abys0r3),
~ 12% clinopyroxene (CazoMgys Fej) and
~ 10% magnetite. The evolution from andesite
to dacite was obtained after the removal of
~33% of a cumulate made of ~ 62% plagioclase
(AnggAb;(Or,), ~29% orthopyroxene (CasMgs,
Feys) and ~ 9% clinopyroxene (Cay; MgyoFeqs).
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Table 5. Representative analyses for olivine (ol), magnetite (mt) and ilmenite (ilm) crystals of Early Miocene

rocks from northwestern Sardinia.

Bosa - Alghero district Anglona district
Rock type HAB HAB BA BA BA BA R R A D D
MARA25 MARA25 MARA 33 MARA 33 MARA34 MARA34 MARA22 MA29B MAS82 MA84B MA3
ol core ol rim ol core ol rim ol ol mt ilm mt mt ilm
SiO, 35.88 35.61 37.81 38.00 35.07 35.19 0.06 0.45
TiO, 17.81 46.46 11.59 7.01 41.01
Al O3 1.94 0.13 3.79 425 0.98
Fe,04 30.06 993 41.77 5047 16.99
FeO 38.08 39.06 26.39 26.52 37.46 37.68 42.81 37.63 38.54 36.13 3292
MnO 0.80 0.56 0.70 0.47 0.96 0.96 4.07 0.76 0.54 1.91
MgO 26.17 25.24 36.29 35.96 24.38 24.59 1.95 2.12 0.92 1.44
CaO 0.32 0.34 0.16 0.38 0.24 0.16
sum| 101.3 100.8 101.3 101.3 98.1 98.6 96.7 96.9 97.8  99.3 95.7
Fo 55 54 71 71 54 54
ulvéspinel 0.35 0.22 0.13
ilmenite 0.90 0.81

Fo% = forsterite mol%

Finally, the transition from dacite to a rhyolite
was modelled with removal 55.5% of a solid
assemblage made of plagioclase (~ 35%, Anys
Abs,0r3), alkali feldspar (~ 31%, AngAbyOrsy),
clinopyroxene (~ 17%, CazoMgy3Fery),
orthopyroxene (~ 15%, CasMg,oFe,;) and
magnetite (~ 2%) (Table 8).

As for the Logudoro district, the transition from
HAB to basaltic andesite is modelled with
removal of 50.7% of a cumulate made of ~ 63%
plagioclase (Ang;AbsOr,), ~ 21% clinopyroxene
(CayoMgysFe7), ~ 7% magnetite and ~ 8%
olivine (Fogs). The transition from basaltic
andesite to rhyolite was modelled with removal
of ~ 74% of solid assemblage made of ~ 62%
plagioclase (AnggAbsOr;), ~ 15% clinopyroxene
(CazoMgy3 Feyr), ~ 10% alkali feldspar (AngAby,
Org), ~ 11% magnetite and ~ 1% apatite.

The transition from andesite to dacite in the
Anglona district was obtained after removal

61.2% of a solid assemblage made of ~ 52%
plagioclase (AnsgAbsoOr3), ~ 29% clinopyroxene
(CaygMgzoFe, ), ~ 11% alkali feldspar (AngAby,
Orgy) and 8% magnetite. The evolution from
dacite to rhyolite is obtained removing 44.7% of
a solid assemblage made of ~ 54% plagioclase
(AnygzAbs4Or3), ~ 24% alkali feldspar (An,Ab,
Ory7), ~ 17% orthopyroxene (CasMggsFes,) and
~ 6% magnetite.

Finally, the evolution from the dacitic to
rhyolitic compositions in the Ottana graben
district is modelled by 20.3% removal of
plagioclase (52%, Ans3Abg;0ry), alkali feldspar
(22%, An,Ab,;0r7), clinopyroxene (13.3%,
CaysMgyoFey;),  magnetite  (9.8%) and
orthopyroxene (2.9%, CazMgssFeyy). The
evolution from two slightly different rhyolitic
composition in the Mulargia-Macomer district is
obtained through 24.8% of a solid assemblage
made of 55.5% plagioclase (Ans;sAbgyOrs),
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Table 5. Continued...

Logudoro districts

Mulargia-Macomer Ottana graben

district district
Rock type HAB BA BA R R R R R R R R
MA38 MA72A MA72A MAI3A MAI13A MAI3A MAS0 MA62A MA62A MA67 MA67
ol mt ilm mt ilm ilm mt ilm mt mt mt
SiO, 36.88 0.32 0.67 0.19 0.3 0.56
TiO, 8.52 40.69 10.59 4829  47.15 9.35 44.87 6.93 21.09 19.71
Al O3 1.49 1.76 1.94 0.17 0.17 1.43 0.87 1.35 1.2 1.44
Fe,04 46.99 16.49  44.73 8.20 10.60  47.18 6.90 53.93 24.89  24.61
FeO 29.28  36.62  30.77 4049  38.71 36.79 3753 39.95 37.68 48.89  46.65
MnO 0.46 0.01 0.77 1.13 3.29 0.7 1.07 1.08 0.89
MgO 31.91 0.93 3.27 0.49 2.14 1.49 0.46
CaO 0.37
sum| 98.9 94.9 93.0 99.7 98.8 99.8 96.6 94.2 99.9 97.2 93.3
Fo 66
ulvéspinel 0.17 0.20 0.18 0.13 0.41 0.40
ilmenite 0.81 0.91 0.89 0.90

Fo% = forsterite mol%

30.1% alkali feldspar (AngAbysOrsp), 8.5%
orthopyroxene (CasMg;oFe,;) and  5.9%
magnetite.

Further informations on the evolutionary
processes of Early Miocene rocks from
northwestern Sardinia can be obtained from the
estimation of T and fO, based on the mineral
chemistry data (Table 9). The olivine-liquid
geothermometer (Putirka, 2008) applied to
olivine in the basalts and basaltic andesites from
the Bosa-Alghero district gave temperatures in
the range of 1071-1140 °C and of 1114 °C for
the olivine in the basalts from the Logudoro
district. The clinopyroxene-orthopyroxene
geothermometer (Putirka, 2008) applied for pairs
in equilibrium with the host rocks (i.e.,
FeMgg epx-lia = 0. 27 + 0.03; Putirka, 2008; Figure
8a), yielded temperatures between 931 and 964
°C for the Bosa-Alghero rhyolites, between 958
and 979 °C for the Anglona andesites and

between 934 and 1010 °C for the Anglona
dacites.

Temperature and oxygen fugacity values for
the Logudoro rhyolites were estimated on
amphibole minerals following the method of
Ridolfi et al. (2010). Temperature and oxygen
fugacity (logfO,) range from 821 to 923 °C and
from -10.7 to -13.6 log units, respectively.
Similar T-fO, estimates were obtained by using
coexisting magnetite-ilmenite pairs for samples
from the Bosa-Alghero, Logudoro and Mulargia-
Macomer districts. The Bosa-Alghero rhyolites
gave temperature estimates spanning from 872
to 1035 °C and oxygen fugacity values ranging
from -12.8 to -10.4 log units. As for the
Logudoro rocks, basaltic andesites gave T values
of 853-918 °C and oxygen fugacity of -12 to -
11.1 log wunits, whereas rhyolites yielded
temperature estimates spanning from 777 to
841.3 °C and oxygen fugacity from -14.8 to
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-12.9 log units. The rhyolites from the Mulargia-
Macomer district gave temperature estimates in
the range of 717-902 °C and oxygen fugacity
values between -16.2 and -13 log units. Some
magnetite-ilmenite ~ pairs  giving lower
temperatures (< 800 °C), coupled with low
oxygen fugacity values (up to -16.2 log units),
probably represent re-equilibration effects, rather
than original crystallization conditions. The same
can be held as true for the temperature estimates
obtained for the basaltic andesites from the
Logudoro district, which seem to be too low for
such relatively SiO,-poor magmas.

The results of the temperature and oxygen
fugacity calculations presented above show that
most of the data for the Bosa-Alghero and
Mulargia-Macomer districts plot close to or
slightly above the Quartz-Fayalite-Magnetite
(QFM) buffer, whereas the Logudoro rocks plot
close to the Nickel-Nickel Oxide (Ni-NiO)
buffer (Figure 8b).

The estimated temperatures are consistent with
a genetic linkage among the various rocks. A
negative correlation between temperature and
Si0, can be observed, a feature compatible with
the interpretation as a coherent liquid line of
descent for each district. Some spread of values
is present, and this can be due to different causes,
including the use of T and fO, estimates based
on different minerals or mineral pairs. However,
we are confident that this does not significantly
affect the reliability of the proposed model for
magma evolution.

The oxygen fugacity and temperature data
obtained on minerals were then used to fix the
starting conditions for the application of the
MELTS algorithm (Ghiorso and Sack, 1995) to
the evolution of the studied Early Miocene rocks.
The best-fit results of MELTS simulations are
reported in Figure 3. The starting conditions are
characterized by 1 kbar pressure, 0.2 wt.% of
H,O and QFM oxygen buffer for the Bosa-
Alghero rocks, Ni-NiO oxygen buffer for the
Logudoro and Anglona rocks. Such pressure

values, approximately correspond to a depth of
3 km, MELTS simulations performed using
higher pressure values (2-5 kbar) resulted in the
fractionation of a mineral assemblage which did
not match the observed parageneses (e.g., no
olivine). It is also to note that the the strongly
evolved composition of the ignimbritic products
may have been reached only after polybaric
evolution.

The obtained best-fit trends (Figure 3) assume
the following fractionating assemblages:

- Bosa-Alghero district: 79.3% removal of
olivine (0.6% Fo;sFa,s), clinopyroxene (22%
Dig;Hd;9 to DisoHdsg), plagioclase (40.8%
An;;Aby; to AnyyAbye), alkali feldspar (1.5%
Or), spinel (14.3%) and apatite (0.2%) for the
transition from HAB to “rhyolitic” composition
(~ 74 Si0, wt.%);

- Logudoro district: 73% removal of olivine
(2.9% Fog;Fass), clinopyroxene (11.9% DigHd,,
to DisoHdsg), plagioclase (44.8% Ang;Abs; to
An,cAbsy), alkali feldspar (0.9% Or), spinel
(12.5%) and apatite (0.1%) for the transition
from HAB to “rhyolitic” composition (~ 76 SiO,
wt.%);

- Anglona district: 69.5% removal of
clinopyroxene (13.5% Dig;Hds; to Dis Hdyg),
orthopyroxene (4.1% Ens Fs;g to Eny;Fss3),
plagioclase (40.1% Ans;Abys to AngyAbgp),
alkali feldspar (4.4% Or) and spinel (7.4%) for
the transition from andesite to “rhyolitic”
composition (~ 76 SiO, wt.%).

In summary, the fractionating assemblage
obtained through MELTS (olivine +
clinopyroxene + orthopyroxene =+ plagioclase +
alkali feldspar =+ spinel + apatite) are generally
consistent with petrography and mass balance
calculations reported above, even though the
difficulties in defining the exact starting
conditions suggest that some parameters (e.g., P
and H,O contents) needs to be better constrained.
The estimated evolutionary trends obtained by
MELTS simulations are in quite good agreement
with those shown by the studied Sardinian rocks
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Table 9. Temperature (T, in °C) and oxygen fugacity (logfO,) estimates obtained from different methods for the
studied Early Miocene volcanic rocks from northwestern Sardinia.

District Rock type  Sample T (°C) logfO,
Bosa-Alghero district R MA29B 8723 128
R MA29B 1035.1 -10.4
BA MAT72A 918.4 -11.1
BA MAT2A 853.0 -12.0
R MAI13A 828.7 -13.3
.. . . S R MAI13A 816.9 -13.5
magnetite-ilmenite pairs Logudoro district R MAI3A 786.8 146
(IL-MAT Lepage, 2003) R MAI3A 776.7 -14.8
R MAI13A 841.3 -12.9
R MAI13A 828.9 -13.1
R MAG62A 866.2 -13.6
Mulargia-Macomer district }[i 1\]\21:232 33?3 :}gg
R MA62A 716.9 -16.2
R MAI3A 856.3 -12.3
R MAI13A 896.6 -11.4
R MAI13A 919.0 -10.9
. R MAI3A 894.8 -11.6
_ Amphibole Logudoro district R MAI13B 883.2 -12.0
(Ridolfi et al., 2010) R MA37 832.5 135
R MA37 922.7 -10.7
R MA37 821.2 -13.6
R MA37 890.0 -11.8
HAB MARA25 1109.8
HAB MARA25 1109.8
BA MARA33 1139.9
- - L BA MARA33 1139.9
oli;/lme-llquuti Bosa-Alghero district BA MARA33 11399
N otiken 2008, BA MARA33 1139.9
(Putirka, 2008) BA MARA34 1070.7
BA MARA34 1070.7
. HAB MA38 1113.7
Logudoro district HAB MA38 11137
R MA29B 931.0
Bosa-Alghero district g ﬁ?ggg gi?é
R MA29B 964.3
A MAS2 979.5
A MAS2 957.9
D MAS84B 967.2
D MAB84B 967.7
clinopyroxene-orthopyroxene D MAS4B 983.2
geothermometer D MARg84B 951.0
(Putirka, 2008) D MAB4B 963.3
Anglona district D MAS84B 1010.1
D MAS84B 934.3
D MAS84B 949.3
D MAS84B 949.8
D MAS84B 964.6
D MAS84B 933.8
D MAS84B 945.6
D MAS84B 990.3

HAB = high alumina basalt BA = basaltic andesite D = dacite R = rhyolite.
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Figure 8. a) 100*Mg#pyroxene V8. 100*Mghyy diagram for Fe-Mg partitioning [Kd = FeMe)px/(FeMe) . ] between
pyroxene and whole rock of the studied Early Miocene rocks from northwestern Sardinia. b) logfO, vs. T (in
°C) diagram for magnetite-ilmenite equilibrium pairs and amphiboles of the studied Early Miocene rocks from

northwestern Sardinia.

for MgO, K,O, Al,O5 (less evidently for the
Bosa-Alghero district) and partly for the Fe,05,
(except for an anomalous peak at ~ 58-61 wt.%
SiO, for the Bosa-Alghero and Logudoro
districts; Figure 3). On the other hand, the very
steep trend obtained for TiO, is likely due to the
fact that MELTS assumes spinel crystallization
in the initial evolutionary steps. The trends for
CaO are remarkably good for the compositions
up to 60 wt.% SiO,, whereas discrepancy exists
for the most evolved rocks (which show CaO
values close to zero, while MELTS simulations
never reach concentrations below 2 wt.%).

In conclusion, the postulated genetic linkage
between mafic and silicic rocks apparently rules
out the early hypothesis of a crustal anatectic
origin for the silicic Early Miocene rocks of
Sardinia (e.g., Coulon et al., 1978; Beccaluva et
al., 1987). Indeed, as previously observed by
Morra et al. (1994) for the Sulcis area rocks, the
widespread occurrence of the evolved rocks
would have required unrealistically high degrees
of partial melting. Such considerations, along

with the overall reliability of the above
modelling, make the crustal anatexis model
unlikely, even though a more detailed treatment
of the matter (with isotopic data, geochemical
modelling of partial melting of a crustal
materials, and so on) will possibly give much
stronger constraints. At the same time, the high
amount of solid required to fractionate an
original basaltic melt to reach rhyolitic
compositions (~ 95%) remains hard to explain.
Indeed, the huge amounts of dacitic and rhyolitic
melts, if interpreted as the results of fractional
crystallization would require huge amounts of
cumulates (20,000 to 50,000 km?) at shallow
depths, not easy to be detected by geophysical
studies. Also, open-system AFC-type processes
must be appropriately taken into account, as their
interplay seems likely given the local recognition
of evidences of textural (e.g., crystals with
corroded rims) and chemical (e.g., high Ca
plagioclase in dacites and rhyolites) disequilibrium
features.

The obtained results are preliminary basis for
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further mineralogical, petrographic, chemical
and isotopic investigations, which could help to
shed new light on the petrogenesis of the silicic
rocks in northwestern Sardinia , as well as on the
whole LEMM magmatic cycle of Sardinia.
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