Int J Earth Sci (Geol Rundsch) (2017) 106:531-548
DOI 10.1007/s00531-016-1370-8

CrossMark

@

ORIGINAL PAPER

Very low-temperature metamorphism in Ordovician
metasedimentary rocks above and below the Sardic unconformity,

SW Sardinia, Italy

M. Franceschelli! - S. Battaglia® - G. Cruciani' - S. Pasci® - M. Puxeddu?

Received: 11 January 2016 / Accepted: 30 June 2016 / Published online: 15 July 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract In the Iglesiente region, the Cabitza and Monte
Argentu Formations are separated by an angular uncon-
formity known as the Sardic unconformity. This is related
to an early Ordovician mild compressional phase, known
as the “Sardic phase”. The pelitic samples from the struc-
turally lower Cabitza Formation consist of alternating red-
dish phyllosilicate-rich and whitish phyllosilicate-poor,
sialic layers, whose S, bedding plane is parallel to a pre-
Variscan S|, schistosity overprinted by the Variscan S,y
schistosity. Pelitic samples from the Monte Argentu Forma-
tion are characterized by a Variscan S,y axial plane schis-
tosity. Samples from the two formations consist of quartz
and phyllosilicates. The latter are potassic white mica,
chlorite, paragonite, locally kaolinite, and pyrophyllite. The
illite crystallinity values determined for the Cabitza sam-
ples are 0.25-0.31, with an average of 0.29; meanwhile,
the Monte Argentu samples produce values of 0.33-0.38,
with an average of 0.35. The chlorite crystallinity and b,
of potassic white mica values show greater heterogeneity
in the Cabitza than the Monte Argentu samples. The b, val-
ues and P-T pseudosections allow us to confirm that there
is no significant difference in the P-T metamorphism con-
ditions between the Cabitza and Monte Argentu samples.
The Iglesiente region, which is considered to be the rift
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zone behind the Middle Ordovician Sarcidano—Barbagia
volcanic arc, underwent the “Sardic phase”, giving rise to
E-W folds. These were first overprinted by weak E-W,
and then by stronger N-S-oriented Variscan deformation
events.

Keywords Low-temperature metamorphism -
Phyllosilicate - Sardic phase - Iglesiente - Variscan Sardinia

Introduction

In SW Sardinia (Iglesiente), along the Gonnesa—Nebida
road, a spectacular angular unconformity between an
underlying Lower Cambrian—Ordovician sequence and
overlying transgressive Ordovician conglomerates (“Pud-
dinga” Auct.) has attracted the attention of various geolo-
gists since the start of the 1930s. Later, this unconformity
was considered to be witness to a major pre-Variscan tec-
tonic event named by Stille (1939) as the “Sardic Phase”.
This Ordovician event generated E-W trending open
folds. Unfortunately, the first Variscan phase gave rise to
mild E-W folds that strengthened the E-W pre-Variscan
folds, creating ambiguities and problems of interpretation
that led some authors to deny the existence of the Sardic
Phase (Del Bono 1965; Brower 1987; Liineburg and Lebit
1998).

The literature has mainly been concerned with distin-
guishing the structural features of the Sardic and Variscan
deformation phases. Little attention has been paid to the
potential contribution of petrographic, mineralogical and
geochemical studies in finding a solution to the ambiguities
and unsolved problems of interpretation deriving from the
overlapping Sardic and Variscan folds with the same E-W
orientation. The goal of this paper is to use field geology,
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mineral chemistry, X-ray diffraction (XRD), illite and chlo-
rite crystallinity, the b, of potassic white mica, and geo-
thermobarometry to make a contribution to what is known
of the low-temperature metamorphism in the pelitic rocks
above and below the Sardic unconformity. Additionally,
the occurrence of a low-temperature metamorphism that
accompanied the Ordovician Sardic phase is verified, while
some light is shed on the nature and geological significance
of this tectonic phase.

Geological framework
The metamorphic basement of Iglesiente—Sulcis (Fig. 1a,

b) belongs to the External Zone, which is the southern-
most segment of the Variscan chain in Sardinia. Moving

northwards, the other segments are the External Nappe
Zone, the Internal Nappe Zone and the Inner Zone, which
are composed of medium- to high-grade metamorphic
rocks (Franceschelli et al. 1982), including several types
of migmatite (Carmignani et al. 2001; Cruciani et al. 2001,
2014a, b; Massonne et al. 2013) and metabasite lenses
with eclogite and granulite facies relics (Franceschelli
et al. 2002; Cruciani et al. 2012).

Detailed information on the Sulcis and Iglesiente Pal-
aeozoic sequence can be found in Leone et al. (1991,
2009), Pillola and Gross (1982) and Pillola et al. (1995,
2008).

In the Iglesiente—Sulcis, the pre-Sardic succession
includes, from the bottom to the top, the following: the
Nebida, Gonnesa, Campo Pisano and Cabitza Formations
(Fms.) which range in age from the Lower Cambrian to the
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Fig.1 a Tectonic sketch map of the Variscan basement of Sardinia
(modified from Carmignani et al. 2001); b geological sketch map of
the Gonnesa area, including the key localities of the Sardic uncon-
formity. The studied samples are reported as CB for samples from
the formations underlying the Sardic unconformity and as AR sam-
ples for those from formations overlying it (modified from Pasci et al.
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in press); and c lithostratigraphic reconstruction of the formations
underlying and overlying the Sardic unconformity. In the CBF, three
members have been distinguished: CAB1, CAB2, and CAB3 (see
text). In the MAF, three members have also been identified (ART1,
ART?2 and ART3). Symbols: Nebida Fm (NEB), Gonnesa Fm (GNN),
Campo Pisano Fm (CPI) and Monte Orri Fm (MRI)
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Lower Arenig (Fig. 1¢). The post-Sardic succession is com-
posed, from the bottom to the top, by the Monte Argentu
Fm. up to the Pala Manna Complex, with an age span from
the Middle Arenig to the Carboniferous. The samples stud-
ied are from the Cabitza and Monte Argentu Fms, which
are located immediately below and above the Sardic uncon-
formity, respectively.

The Cabitza Formation

The Cabitza Formation (CBF) largely outcrops in the
Iglesiente region and is the most recent formation of the
pre-Sardic sedimentary sequence. From the bottom to the
top, the following three members have been distinguished
by Pasci et al. (in press): Punta Camisonis, Punta Su Funu
and Riu Cea de Mesu. The Punta Camisonis member con-
sists of metasiltites, slates and metasandstones with still
recognizable sedimentary structures (CAB1, Fig. 1c). The
Punta Su Funu member is represented by alternating red
and green metasiltites and slates (CAB2, Fig. Ic). The
Riu Cea de Mesu member forms a monotonous sequence
of alternating dark green to grey metapelites and rare,
thin, laminated metasiltite layers. The base of this mem-
ber is characterized by the occurrence of decimetre-thick
metasandstone layers (CAB3, Fig. 1¢). The geochronolog-
ical attribution of the Sardic Phase can be restricted to the
Middle Arenig—Caradoc (Tremadocian, and maybe Floian,
Sandbian, ISC) interval on the basis of: the discovery of
Upper Tremadocian-Lower Arenig fossils by Pillola et al.
(2008) within this uppermost member of the CBF, and the
well-known Caradocian (Sandbian, ISC) age of the first
fossil faunas found in the post-Sardic Fms (Carmignani
et al. 2001 and references therein).

The Monte Argentu Formation

The Monte Argentu Formation (MAF) consists at the
base of coarse to very coarse clastic continental syntec-
tonic deposits (Martini et al. 1991) which grade upwards
into finer sediment (mainly metasiltites). Three mem-
bers have been distinguished from the bottom to the
top: Punta sa Broccia: polygenic metaconglomerates,
metabreccias, metasandstones and metasiltites (ART1,
Fig. 1c); Rio is Arrus: grey metasiltites and metapelites
(ART?2, Fig. 1c); and Medau Murtas: reddish to greenish
metasiltites and metapelites with minor metasandstones
(ARTS3, Fig. Ic). The age of the entire formation, owing
to the paucity of fossils, may be placed between the
Tremadocian—Lower Arenig (Tremadocian and maybe
Floian, ISC) age of the uppermost member of the CBF
and the Caradoc (Sandbian, ISC) age of the first dated
overlying sediment (Leone et al. 1991, 2009).

Pre-Variscan and Variscan tectonics of the
Iglesiente region

The complex interpretation of the structural framework of
the Iglesiente region has led most authors to identify four
deformation phases, the first of which is considered to be
Ordovician in age (“Sardic phase”) and the following of
Variscan age (Arthaud 1963, 1970; Poll and Zwart 1964;
Poll 1966; Dunnet 1969; Carmignani et al. 1982, 1986,
2001; Carosi et al. 1992).

The Sardic phase (Stille 1939) is witnessed by E-W
trending open folds. The age is indicated by the Sardic
unconformity (Teichmiiller 1931), which is an angular
unconformity separating the underlying Cambrian—Lower
Arenig sequence from the overlying Middle Arenig—Upper
Ordovician transgressive metaconglomerates (Fig. 2a).
Recent field work and mapping (Pasci et al. in press)
have improved the stratigraphy of the Cambrian—Ordovi-
cian sequences defined by Pillola (1991) and Leone et al.
(1991), allowing for a better definition of the structural
frame. All these studies have allowed the reverse faults,
overthrusts and km-sized folds observed in the Cambrian—
Lower Ordovician sequence to be attributed to a tectonic
phase that is active between the Lower Ordovician and the
Middle-Upper Ordovician. These structures survived and
are still recognizable despite a significant Variscan over-
print (Fig. 2b—d). Evidence of a pre-Variscan deformation
phase has been recognized on the basis of geological map-
ping (Fig. 1b) in some key areas.

Near Gonnesa, the MAF unconformably covers previ-
ous overthrusts, reverse faults and km-sized folds affecting
the underlying Cambro-Ordovician sequence (Fig. 1b).
As a general feature in the CBF, the sedimentary layer-
ing is parallel to a pre-Variscan S;p schistosity that never
appears as an axial plane foliation (Fig. 2c). Both the
sedimentary layering and pre-Variscan S;p schistosity
are cut by an almost orthogonal Variscan S,y schistosity
that is clearly observable in the overlying MAF (Fig. 2c).
On the coast of the village of Masua, Variscan folds with
N-S trending axes bend older pre-Variscan folds with
E-W trending axes (Fig. 2e, f). In the same region, the
older Gonnesa Fm. overthrusts the younger CBF. The
superposition of deformation events from Ordovician
(pre-Variscan) to late Variscan times gave rise to complex
structural interferences. On a km-sized scale, Variscan
folds with a vertical axial plane and N-S trending axes
significantly deform the pre-Variscan folds with a vertical
axial plane and E-W trending axes, producing domes and
basins interference patterns.

The first Variscan phase produced gentle, discontinu-
ous E-W trending folds (Fig. 2d) that tighten the previous
structures and generate a very weak slaty cleavage. Despite
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Fig. 2 a Sardic unconformity between the CBF (leff) and the meta-
conglomerate of the MAF (right) along the coast road to Nebida;
b detailed view of the two lithologies in contact at the unconform-
ity; the S,y foliation is also shown; ¢ S,y crenulation cleavage over-
printing a previous Sy/S,p schistosity in the metasiltites of CBF; d
compositional layering in the MAF deformed by E-W striking folds

their similar orientation, the Variscan deformations of this
first phase are remarkably weaker than the pre-Variscan
ones: their folds are more open, more discontinuous and
less extended (compare Fig. 2d with Fig. 2e). The second
Variscan phase, to which the main deformation is related,
generated N-S trending folds, faults and overthrusts. A
pervasive cleavage is commonly associated with the N-S
folds, which have steep axial planes and W-directed ver-
gence. The axial planar cleavage, which is always evident,
shows a decreasing intensity from marly and pelitic litho-
types to sandstones and quartzites. W-vergent, steeply ENE
dipping reverse faults, which are generally associated with
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and crenulation cleavage; e folds with an E-W-oriented subvertical
axis in the metasiltite of the CBF near to Masua beach; f interference
between the folds with an E-W-oriented subvertical axis (parallel to
the pencil) and the N-S-oriented folds (orthogonal to pencil) on the
quaternary marine abrasion surface near to Masua beach

broad cataclastic bands and E-vergent back-thrusts repre-
sent the late evolution of this deformative phase. These km-
sized faults developed along the reversed limb of the main
N-S trending folds. The third Variscan phase is character-
ized by minor structures with variable axial directions.

Analytical methods
Forty rock samples were collected as a whole from the

MAF and CBF. Fresh unweathered rock samples were dis-
aggregated under standard conditions with a jaw crusher
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and then gently crushed in a mortar mill for ~3 min. The
XRD patterns were recorded using a Philips PW1710
automatic diffractometer equipped with a long fine-focus
Cu tube at the following instrumental settings: CuK, Ni-
filtered radiation; 40 kV; 20 mA; slits: ¥2° divergence and
scatter, 0.2 mm receiving; continuous scanning; scan speed:
0.25°26 per minute; and time constant: 4 s. The illite crys-
tallinity index (IC) 10 A peak and the chlorite crystallinity
index 7 A peak were done via a computer on fitted peaks
using Krumm’s (1996) WINFIT program, which deter-
mines the peak’s full width at half maximum (FWHM) by
first subtracting the background from the raw data and then
operating the peak fitting through an asymmetrical Pearson
VII function by retaining the K, wavelength. All the meas-
ured illite and chlorite indices were calibrated with respect
to the standard rock slab series provided by Kiibler (1990,
samples 32, 34 and 35) following the procedure reported
in Leoni (2001). The b, parameter of potassic white mica
was estimated on rock slates that are cut perpendicular to
the schistosity (Sassi and Scolari 1974). The b, parameter
was measured by step scanning the range of 58-64°26 at
~0.27°26/min. XRF spectrometry on the bulk rock samples
was used to determine the concentrations of the major ele-
ments according to the method by Franzini et al. (1975).
Volatile components (H,O and CO,) were collectively
determined as a loss on ignition (LOI) at 950 °C on pow-
ders dried at 110 °C. The FeO was determined by colori-
metric titration. The microstructural study and BSE imag-
ing were performed with a FEI Quanta 200 SEM equipped
with an EDAX energy-dispersive spectroscopy (EDS)
detector at the Centro Grandi Strumenti of Cagliari Uni-
versity. The chemical composition of the minerals was
determined with a fully automated JEOL 8200 Super Probe
at the Dipartimento di Scienze della Terra, University of
Milano. The analytical conditions were those described in
Cruciani et al. (2015a). The transmission electron micros-
copy (TEM) analyses were performed at Siena University
using a JEOL 2010 TEM working at 200 kV, with a point
resolution of 1.9 A, following the methods described in Viti
(2011).

Petrographical features

The CBF samples show alternations of rusty red and whit-
ish millimetric layers (Fig. 3a). The former is characterized
by an extreme abundance of opaque Fe oxides and moder-
ate clast contents such as quartz and potassic white mica. In
contrast, the whitish layers contain very fine-grained phyl-
losilicate, mostly illite, with several clasts of quartz and
potassic white mica and opaque mineral trails (mostly Ti
oxide and Fe oxide). In many samples, a faint schistosity is
outlined by Fe-Ti oxides. Several clasts of detrital potassic

white mica, quartz, chlorite and minor lithic fragments also
occur. In one sample, very abundant rounded to polygonal
opaque grains of haematite were observed. Of particular
interest are some samples with a whitish layer that is some
millimetres thick, very rich in clasts of quartz and potassic
white mica, and sharply bounded by brownish layers con-
taining abundant Fe-Ti oxides and lower amounts of potas-
sic white mica and quartz clasts. The boundaries between
these different layers mark the S, bedding plane that is par-
allel to a weak pre-Variscan S,p schistosity, both of which
are cut by the S,y Variscan schistosity. The S;v in the sam-
ples studied is not associated with mineral growth (Fig. 3a).

The samples of the MAF are characterized by a micro-
crystalline matrix, which surround several grains of detrital
potassic white mica and quartz. Remarkable is the abundance
of Fe oxides that explains the rusty red colour of these rock
samples. Several samples from the MAF show the surface S,
that is defined by the alternation between rusty red and whit-
ish sedimentary layers and a well-defined S,y surface crenu-
lated by an S,y schistosity, as revealed by strongly undulate
strings of Fe and Ti oxides (Fig. 3b). In other samples, the
S,y schistosity is more pervasive, partially overprinting the
S,y schistosity. Investigations with an SEM revealed in the
Monte Argentu samples the occurrence of zoned potassic
white mica crystals (Fig. 3c) with a celadonite-rich core and
a celadonite-poor rim, as well as many types of fine-grained
phyllosilicate intergrowths such as chlorite/pyrophyllite,
potassic white mica/pyrophyllite (Fig. 3d), chlorite/potassic
white mica (Fig. 3e) and chlorite/paragonite (Fig. 3f), which
are similar to those described by Franceschelli et al. (1989,
1998) in the low-grade metasediment of the Northern Apen-
nines. The phyllosilicate assemblage of the studied samples
is reported in Table 1. Minor differences were observed
between the samples from the CBF and MAF. The mineral
assemblages in both groups always include quartz, illite
and chlorite (trioctahedral, di-trioctahedral), with an occur-
rence of paragonite in about 50 % of the CBF and 75 % of
the MAF samples. Kaolinite, which was frequently observed
in the CBF samples (35 % of samples), was found in only
two samples from the MAF. Pyrophyllite occurs in 4 of 17
samples from the MAF and only two from the CBF. Mixed-
layer components were observed in only two CBF samples.
In some samples, the small peaks in intensity at d = 4.94
and 3.26 A are probably due to the mixed-layer paragonite/
potassic white mica described by Frey (1969). Other miner-
als detected in both the CBF and MAF include albite, Fe and
Ti oxide, apatite, zircon, monazite, baryte and calcite.

Bulk chemical composition

The most pelitic layers within the two formations stud-
ied were sampled. Analyses of the major elements (wt%),
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Fig. 3 a Photomicrograph of the CBF samples showing alternation
of Fe oxide, quartz and phyllosilicate layers and phyllosilicate-rich
layers. The S, bedding and pre-Variscan S;p foliation are weakly
crenulated by the S;y. One polar; b photomicrograph of the MAF
group samples showing the Sy/S;y crenulated by the S,y. One polar.

together with Ba, Rb and Sr (ppm) of some selected sam-
ples, are reported in Table 2. The FeO in four samples was
determined by colorimetric titration. The samples are charac-
terized by a high Al,O5 content that is generally higher than
20 % and a low SiO, content that is mostly lower than 60 %.

In the K,0/Na,0 vs. Si0,/Al,05 diagram (Wimmenauer
1984, not shown), all the samples plot in the pelite field. A
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SEM images of the MAF group samples; ¢ zoned potassic white mica
crystal with a celadonite-rich core (K-Wmca,) and a celadonite-poor
discontinuous rim (K-Wmca,); d potassic white mica/pyrophyllite
interleaving in a matrix made up of phyllosilicates; e interleaving of
potassic white mica/Zn sudoite; and f interleaving chlorite/paragonite

comparison of the major element content between the CBF
and MAF samples reveals no significant differences. The
high K,O contents in the range 3—-6 wt% and the low Na,O
content below 1 wt% indicate a prevalence of K-bearing
minerals such as illite, pyrophyllite, potassic white mica
and K-feldspar over the Na-bearing minerals, i.e. parago-
nite and plagioclase.
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Table 1 Mineral assemblages

Samples K-Wmca
of 23 samples (CB) from the

Chl Prl Pg Pg/K-Wmca Kao
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the MAF determined in the
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All the mineral assemblages include quartz. The mineral abbreviations according to Fettes and Desmons

(2007)

K-Wmeca potassic white mica

Phyllosilicate composition

Selected microprobe analyses of potassic white mica and
chlorite from the CBF and MAF samples are set out in
Tables 3 and 4. The structural formulas for potassic white

mica were calculated using the CalcMin program (Brandelik
2009) with 42—(Ca + Ba) valencies, while those of chlorite
were calculated on the basis of 14 oxygen equivalents. We
encountered many problems in analysing the phyllosilicates
from the fine-grained matrix and intergrowths. Often, the size
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Table 2 Major element

o Cabitza Fm. Monte Argentu Fm.

(wt%) composition of the bulk

rock samples CB and AR, CB1 CB3 CB4 CBI5 CB28 CB29 AR2 AR5 ARIl ARI4 ARIS

respectively, from the CBF and

MAF Sio, 60.31 55.12 59.70 59.54 6250 59.88 58.81 57.57 5743 6207 62.77
TiO, 0.87 1.05 1.03 0.74 0.92 0.96 0.87 0.91 0.96 1.07 1.05
ALO4 19.92 2357 2145 2041 20.20 21.67 2023 20.64 2091 21.04 20.62
Fe,Ostot  7.26 720 643 7.00 7.51 7.67 8.84 9.69 8.34 6.59 6.97
FeO - 357 - - - 073 - - - 0.57 1.14
MnO 0.05 0.07 0.10 0.01 0.09 0.07  0.06 0.05 0.06 0.02 0.01
MgO 2.40 2.05 2.38 1.93 0.41 1.00 241 1.92 2.37 0.98 0.72
CaO 0.17 0.19 0.22 0.26 0.09 0.07 0.16 0.12 1.17 0.25 0.26
Na,O 0.67 0.93 0.89 0.66 0.28 0.28 0.80 0.81 0.51 0.37 0.36
K,0 3.76 4.04 3.79 5.06 4.40 4.66 3.42 3.73 3.94 3.81 3.68
P,04 0.08 0.09 0.12 0.26 0.07 0.06 0.09 0.07 0.80 0.15 0.18
LOI 4.50 570 390 4.11 3.54 3.67 430 450 425 3.63 3.39

‘Where shown, the FeO was determined by colorimetric titration

of these minerals is comparable to that of the electron beam,
and many of the analyses were consequently of a poor qual-
ity. On the basis of the structural formulas, we have consid-
ered and reported a selection of the best of these analyses in
Tables 3 and 4. Potassic white mica has been analysed in three
types of occurrences (1) detrital small crystals, (2) interleav-
ing crystals with pyrophyllite and chlorite and (3) fine-grained
(illite) crystals in the matrix which are mainly oriented as the
pre-Variscan Sp in the CBF samples and as the S,y Variscan
schistosity in the MAF samples. Two samples, one from the
CBF (CB29) and one from the MAF (AR14), were analysed
for their mica composition in great detail (Fig. 4). In CB29
(Fig. 4a), the Si content of the potassic white mica ranges
between 6.01 and 6.57 a.p.f.u. The Fe and Mg increase from
0.18 to 0.49 a.pfu. and from 0.07 to 0.40 a.p.f.u., respec-
tively, with increasing Si content. The Na content decreases
from 0.20 to 0.01 a.p.f.u. In AR14 (Fig. 4b), a similar trend is
observed, with the Fe and Mg content increasing from 0.15 to
0.33 and 0.10 to 0.40 a.p.f.u., respectively. The sodium con-
tent shows a negative trend, falling from 0.15 to 0.05 a.p.f.u.,
with a rising Si content (Si: 6.04-6.33 a.p.f.u.). The titanium
levels vary from 0.02 to 0.14 a.p.f.u., but there is no correla-
tion with the Si content. Some potassic white mica crystals
are zoned, with an Fe-Mg-rich asymmetric core (FeO ~7,
MgO ~2 wt%) surrounded by a discontinuous celadonite-
poor rim (FeO ~1.5-2.5, MgO ~0.3-0.5 wt%). Although
not systematic, the celadonite-poor mica with a low Mg and
Fe content has commonly been observed in the fine-grained
crystals in the matrix or in intergrowths with pyrophyllite,
whereas the celadonite-rich mica has been observed in the
detrital grains or single crystals in the matrix.

In the MAF samples, the chlorite is trioctahedral and di/
trioctahedral (Fig. 5), with the former being the most abun-
dant chlorite type. The trioctahedral chlorite in the samples
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from the CBF has an Al content between 2.9 and 3.1 a.p.f.u.
(based on 14 oxygen equivalents), Fe levels between 2.5 and
2.7 apfu., and Xy, in the range 0.3-0.4. The trioctahedral
chlorites have Al in the 2.7-3.8 a.p.f.u. range, Fe from 1.9
to 2.3 a.p.fu., and Xy, mostly between 0.4 and 0.7. The di/
trioctahedral chlorite always coexists with pyrophyllite. In the
interleaving of the mineral aggregates from samples AR14
and AR15, a Zn-rich variety of di/trioctahedral chlorite (Zn
sudoite, ZnO up to 3.1 wt%, Zn ~0.2 a.p.f.u., XMg ~0.70) was
also found (Cruciani et al. 2015b), along with potassic white
mica and pyrophyllite (Table 4).

In the very low-grade metaclastites of the Betic Cor-
dillera (Spain), Ruiz Cruz and Sanz de Galdeano (2005)
described a wide variety of sudoite mixed layered structures
consisting of illite—sudoite, pyrophyllite—sudoite and dick-
ite—sudoite, which were investigated by XRD and transmis-
sion/analytical electron microscopy. We investigated phyl-
losilicate intergrowths from two selected microdomains
from sample AR14 and two from sample AR15 using TEM,
EDS microanalyses, and selected area electron diffrac-
tion. In the selected microdomains, which were specifically
chosen on the basis of the occurrence of the phyllosilicate
intergrowths, phyllosilicates widely occur at the bound-
ary of other matrix phases such as quartz and Fe oxides.
The following phyllosilicate types have been identified
in the interleavings, with an alternation of 10- to 20-nm-
thick lamellae (Fig. 6a, b): (1) pyrophyllite-type lamellae
with a ~9 A periodicity along the c* axis; (2) muscovite-
type lamellae with a ~10 A periodicity along c*; and (3)
sudoite-type lamellae with a ~14 A periodicity along the
same direction. EDS analyses of the 14 A lamellae revealed
the systematic occurrence of zinc in the crystal lattice of
the sudoite. No mixed layered structure in the sudoite was
found (Fig. 6¢, d). The average composition of the 14 A
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Table 3 Selected .micr(?p robe Cabitza Fm. Monte Argentu Fm.

analyses of potassic white

mica from the CBF and CB3 CB29 AR14 AR11 AR4

MAF samples (CB and AR,

respectively) D M M I D M I D M D M
Sio, 46.56 4538 4544 46.74 4838 4594  46.86 46.72 4596  45.61 4590
TiO, 056 015 0.25 006 030 0.28 0.38 049 1.28 093 1.16
AlLO4 28.70 3477 36.80 35.89 29.03 36.75 35.04 28.60 3098 29.85 34.81
FeO 232 114  1.60 1.69 379 1.69 1.45 2.67 2.55 274 151
Fe,04 345 130 - - - - - 434 224 299 -
MnO - - - - 003 - - 0.01 0.00 - -
MgO 225 137 0.75 034 201 0.72 1.07 2.00 1.92 1.61 1.03
CaO - 005 - - - 0.02 0.01 0.02 0.05 0.04 0.04
Na,O 0.16 047 0.23 044 003 0.23 0.65 0.15 0.24 0.13 032
K,0 10.68 10.21 1049 942 11.00 10.79 9.79 10.99 1033 10.61 10.38
BaO 023 015 025 040 002 035 0.22 043 1.18 - -
F 017 - 0.10 - - 0.19 0.08 0.17 - - -
H,0 431 448 449 454 442 447 4.50 434 447 438 451
Total 99.39 99.47 10040 99.52 99.01 101.43 100.05 100.93 101.20 98.89 99.66
Si 635 6.07 6.01 6.18 657 6.04 6.19 6.33 6.17 6.24 6.11
Al 462 547 574 558 4.64 5.69 5.45 4.57 4.90 481 545
Ti 0.06 0.02 0.02 0.01 0.03 0.03 0.04 0.05 0.13 0.10 0.11
Fe?t 026 0.12 0.18 0.19 043 0.19 0.16 0.30 0.29 031  0.17
Fe’t 035 013 - - - - - 044 0.23 031 -
Mn - - - - 0.00 - - 0.00 - - -
Mg 046 027 0.15 0.07 041 0.14 0.21 040 0.38 033 020
Ca - 001 - - - 0.00 0.00 0.00 0.01 0.01 0.01
Na 004 012 0.06 0.11 0.01 0.06 0.17 0.04 0.06 0.03 0.08
K 1.86 174 177 1.59 190 1.81 1.65 1.90 1.77 1.85 1.76
Ba 0.01 0.01 0.01 0.02 0.00 0.02 0.01 0.02 0.06 - -
F 007 - 0.04 - - 0.08 0.03 007 - - -
H 393 400 3.96 400 400 392 3.97 393 - 4.00 4.00
Xmg 063 0.69 045 026 049 043 0.57 0.57 0.57 052 054
Na/Na+K 0.02 0.06 0.03 0.07 0.01 0.03 0.09 0.02 0.03 0.03 0.03

D detrital white mica, / white mica in interleaving and M white mica from the matrix

phyllosilicate lamellae is SiO, = 38.39 (wt%), TiO, = 0.09,
Al,0; = 39.47, FeO = 8.30, MgO = 9.88, ZnO = 3.82 and
K,0 = 0.05, which is very similar to that obtained by the
electron microprobe (EMP) analyses shown in Table 4.

The paragonite of the CBF shows a Si content of
~6.2 a.p.f.u., XMg ~0.4 and Na/(Na + K) ~0.7. In the MAF,
the paragonite has Si level of 6.2 a.p.f.u., slightly higher
Xy (0.5) and slightly higher Na/(Na + K) ~0.84. Crys-
tals with variable Na/K ratios, which are probably refer-
able to Na—K mica, have also been found in the CBF and
MAF rocks. In sample AR11 from the MAF, we also found
in the rock matrix very fine-grained crystals with a semi-
quantitative composition that is very similar to that of bio-
tite (K,0 9.98, MgO 19.37, FeO 10.75, Al,O; 15.15, and
Si0, 38.94). However, the very small size of these crystals
did not allow us to conduct quantitative analyses.

Pyrophyllite and kaolinite were identified by XRD as
well as by wavelength-dispersive spectroscopy analyses.
The latter reveals that pyrophyllite and kaolinite are almost
pure mineral phases. Small amounts of FeO (0.66 wt%)
and trace amounts of Mn and Mg were sometimes detected
in the pyrophyllite.

Geothermobarometry

Illite crystallinity and chlorite crystallinity indexes

The IC was determined in the mica fraction <2 pm. The
results obtained refer to the S,p pre-Variscan schistos-

ity in the CBF and to the S,y Variscan schistosity in the
MAF.
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Table 4 Selectesi microprobe Cabitza Fm. Monte Argentu Fm.

analyses of chlorite and

sudoite from the CBF and CBI1 CB3 CB7 CB27 AR4 ARI1 ARI2 ARI6 ARIl4 AR15

MAF samples (CB and AR,

respectively) Chl Chl Chl Chl Chl Chl Chl Chl Sud Zn-Sud  Zn-Sud
Sio, 25.06 25.11 24.68 2586 2590 2593 25.13 2430 36.03 35.96 33.27
TiO, 0.03 006 - 0.06 0.06 0.10 0.04 0.01 0.08 - -
ALO; 2356 2390 24.69 2357 2399 2223 2420 23.60 3513 34.68 35.53
FeO, 29.75 30.69 3036 27.96 26.66 2239 2594 2940 6.24 6.40 6.72
MnO 0.13 032 0.03 0.03  0.09 0.70 0.20 0.01 - -
MgO 9.86 979 9.27 1093 12.09 17.44 1275 10.03 7.88 8.10 9.39
CaO - - - - - - - - - -
Na,O - - - - - - - - - -
K,O0 - - - - - - - - 0.22 0.20
ZnO - - - - - 0.05 - - 3.07 2.96
Total 88.39 89.87 89.00 88.41 88.73 88.19 88.81 87.54 8536 88.43 88.07
Si 2.67 264 261 2.72 2.69  2.67 2.62 2.62 3.33 3.29 3.08
Al 296 296 3.08 292 294  2.69 2.97 2.99 3.83 3.74 3.88
Ti 0.00 0.00 - 0.00 0.01 0.01 0.00 0.00 0.01 - -
Fe’ftot 2.65 270 269 246 2.32 1.93 2.26 2.65 0.48 0.49 0.52
Mn 0.01 0.03 - 0.00 0.00 0.01 0.06 0.02 0.00 - -
Mg 1.57 1.54 1.46 1.71 1.87  2.67 1.98 1.61 1.09 1.10 1.30
Ca - - - - - - - - - - -
Na - - - - - - - - - - -
K - - - - - - - - - 0.02 0.02
Zn - - - - - - 0.00 - - 0.21 0.20
Xnmg 037 036 035 041 045 058 0.47 0.38 0.69 0.69 0.71

The CBF samples yielded IC values in the range 0.24—
0.36 A°26, with 18 of 24 samples falling in the range 0.26—
0.32 A°26. The average IC value was 0.29 A°20 (Fig. 7a).
The MAF samples are characterized by IC values in the
range 0.26-0.42 A°26, with 10 of 22 samples plotting in
the range 0.32-0.38 A°26. The average value of the IC was
0.35 A°26 (Fig. 7b). Both sets of values indicate anchizone
metamorphism.

The same difference in behaviour between the two sam-
ple groups was also observed for the chlorite crystallinity.
The chlorite crystallinity values yielded by the CBF sam-
ples are in a range from 0.18 to 0.30 A°26, with a cluster
of values between 0.18 and 0.24 A°26 (Fig. 7c). Samples
from the MAF show a cluster of values between 0.18 and
0.22 A°20 (Fig. 7d). The difference between the values
observed in the two groups could be explained by the vari-
able content of the detrital chlorite.

The b, value of potassic white mica
The CBF samples (Fig. 7e) have b, values between 8.976
and 9.042 A (average 9.009 A), with 17 of 23 samples

clustering between 8.994 and 9.030 A. The MAF samples
(Fig. 7f) are characterized by b, values between 8.988
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and 9.036 A (average 9.008 A), with a cluster of values
(18 samples out of 20) in the 8.994-9.018 A range. The
large spread of values yielded by the two groups must be
ascribed to the variable contribution of both the authigenic
and inherited detrital potassic white mica.

P-T pseudosections

In order to show the relationships between the bulk chem-
istry of the rock and mineral assemblages, we calculated
P-T pseudosections with the software package Perple_X
6.6.9, following the approach of Connolly (1990), with
the internally consistent thermodynamic dataset and equa-
tion for H,O of Holland and Powell (1998, revised 2004).
The P-T pseudosections were calculated for AR14 sample
from the MAF and the CB29 sample from the CBF using
the bulk rock compositions determined by XRF (Table 2).
The compositions were normalized to 100 % after disre-
garding P (mostly contained in apatite) Ca, Mn and LOL
The samples are characterized by a low FeO content and,
consequently, a high XFe,O; (i.e. Fe,05/Fe,O5tot) ratio
(Table 2). The phases considered in the calculation were
white mica, chlorite, sudoite (Sud), kaolinite, pyrophyllite,
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Fig. 4 Compositional variations of potassic white mica of (a) the
CBF sample CB29 and (b) the MAF sample AR14 in terms of Fe,
Mg, Na and Ti vs. the Si content (a.p.f.u.). Symbols: yellow, detri-
tal K-white mica; green, K-white mica in interleaving; blue, K-white
mica in the matrix mainly oriented as pre-Variscan S,p in the CBF
and Sy Variscan in the MAF. Additional analyses not reported in
Table 3 are also shown

chloritoid, carpholite, Al-silicate, cordierite, haematite,
magnetite, rutile and quartz. The solid solution models
are those of Holland and Powell (1998) for muscovite and
epidote, Holland et al. (1998) for chlorite and Massonne
and Willner (2008) for carpholite, while an ideal model
was used for Mg-Fe sudoite. An ideal ilmenite—geikiel-
ite—pyrophanite solid solution model was also used. The
pseudosection calculated with a H,O = 1 and all iron as
FeO (not shown) predicts the occurrence of chloritoid (not
observed in our samples) in most of the multivariant P-T
fields, but does not envisage the coexistence of potassic
white mica and pyrophyllite. This result disagrees with the
observed paragenesis (i.e. the absence of chloritoid and the
coexistence of potassic white mica and pyrophyllite in the
studied sample) and confirms the observation that neglect-
ing ferric iron in greenschist facies assemblages may led

(O CBF trioctahedral
¥V MAF trioctahedral
A MAF dioctahedral

Dioctahedral

Al-chlorite

&5

v I
I
o : .

§ ! %
& Type | ) 2
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(Clinochlore) Trioctahedral  (Chamosite)

Mg Fe

Fig. 5 Ternary Al 4 vacancy—Fe—Mg classificative diagram for chlo-
rites following Zane and Weiss (1998)

to thermodynamic modelling that reproduces neither the
observed mineral assemblage nor the measured mineral
compositions (Lo Po and Braga 2014). The pseudosec-
tions calculated with the actual XFe,O; ratios for samples
AR14 and CB29 (Figs. 8a, 9a) with aH,O = 1 indicate that
the observed mineral assemblage is stable below 0.6 GPa
at ~300-400 °C. These values refer to S;p pre-Variscan
minerals in the CBF and Sy Variscan schistosity in the
MAEF. Using the ideal solution model for sudoite, this min-
eral was found to not be stable in the P-T range of interest.
Sudoite is predicted to be stable at high temperatures in the
P-T range of interest when the sudoite solution model by
Massonne and Willner (2008) is used. However, in this lat-
ter case, the temperatures for the appearance of Fe sudoite
appear to be quite high. In order to ascertain the influence
of XFe,O; on the stability of the mineral assemblages,
we calculated a T-XFe,O; pseudosection for each sam-
ple (Figs. 8b, 9b) at 0.3 GPa within the temperature range
200-500 °C. Potassic white mica + chlorite coexist from
the lowest values of the XFe,O; ratios, whereas the pyroph-
yllite is stable for XFe,O5 > 0.2. In the 0.2 < XFe,0; < 0.8
range, chlorite, pyrophyllite and white mica also coexist
with chloritoid, which in turn disappears at XFe,O; > 0.8.
Carpholite is stable in the 270-320 °C range at high oxi-
dizing conditions (XFe,O; > 0.85). At a lower pressure
(0.2 GPa), the P-T pseudosection topology does not change
greatly, but the carpholite stability field is greatly reduced,
while that of andalusite becomes wider. Calculations with
a higher pressure (0.5 GPa) do not significantly change the
topology and mineralogical assemblages of the multivari-
ant P-T fields of the P-T pseudosection. The T-XFe,0;
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Fig. 6 a, b TEM medium magnification image from sample AR14, showing an alternation of pyrophyllite-type, muscovite-type and sudoite-
type lamellae; ¢, d the lattice fringe images of sudoite show a regular 14 A periodicity

pseudosections (Figs. 8b, 9b) reveal that the potassic white
mica + pyrophyllite 4 chlorite + paragonite assemblage
only occurs in oxidized conditions (XFe,O; > 0.8-0.9). It
is worthy of note that the XFe,O; ratio of the samples is
quite similar to that predicted by the T-XFe,O; pseudosec-
tions for the first appearance of pyrophyllite in the mineral
assemblage. This could mean that the XFe,O; ratio of the
samples probably approximates that of the rock at the time
of the metamorphism.

P-T conditions

Low-temperature P-T conditions in the MAF and CBF are
constrained by the occurrence of pyrophyllite. Pyrophyllite
replaces kaolinite at about 300 °C according to the reac-
tion Kln + 2 Qtz = Prl + H,O (Bucher and Grapes 2011,
263). At about 400 °C, pyrophyllite decomposes to Al-sili-
cate + Qtz in the presence of pure H,O fluid according to
the reaction Prl = Als + 3Qtz 4 H,0. Pyrophyllite is often
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present in the MAF samples but was restricted to those
from the SE of the Monte Anna locality in the CBF samples
(Fig. 1). The kaolinite occurrence requires further explana-
tion. In the studied samples, kaolinite was usually observed
in the pyrophyllite-free samples. It only coexists with
pyrophyllite in samples CB28-29. Kaolinite in coexistence
with pyrophyllite can be tentatively regarded as prograde,
whereas that detected in the pyrophyllite-free samples is
likely to be retrograde. The empirical chlorite solid solution
geothermometer as a function of the Al' (a.p.f.u.) content
(calibration I by Cathelineau and Nieva 1985) and octa-
hedral vacancy (calibration II) yielded temperatures from
285-308 and 238-251 °C for the matrix blastic trioctahe-
dral chlorites from the CBF. The same calibrations yielded
values in the 291-307 and 206-276 °C ranges for the
matrix blastic chlorites of the MAF rocks. The Lanari et al.
(2014) calibration of the chlorite geothermometer yielded
values of 220-281 °C in the rocks from the CBF and 230-
302 °C in the MAF samples. The exception was sample
ARI11 with 502 °C. Higher temperatures were obtained by
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for the bulk composition determined by XRF and for XFe,05 (0.89)
determined by titration. Some selected isopleths showing the Si con-

the application of the Cathelineau (1988) calibration of the
chlorite geothermometer, which has a general applicabil-
ity in diagenetic, hydrothermal and metamorphic settings.
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for potassic white mica (Wmca) are also shown; and b T-XFe,0;
pseudosection calculated at P = 0.3 GPa between 200 and 500 °C

With this calibration, we obtained temperatures in the
351-385 °C range for the CBF chlorites and 359-384 °C
for those from the MAF. Comparable temperature values,

@ Springer



544 Int J Earth Sci (Geol Rundsch) (2017) 106:531-548
+Qtz +Hem +Qtz
0.8 T T T T 500 T T
4 | — Chl Wmca And
o Wmca Cld Carp , - - - - Na/Na+K Rt Hem Mt
Wmca Carp Pg Prl Rt / in Wmca
07 I Pg Kao Rt Chl Wmca Cld
. 450 And Rt Hem
- &/’ chl wmca Chl Wmca Cld
0.6 S’ CldKy Pg Rt Ky Rt Hem
400
—~ 05 [ 015...
o |\ \Kag| AT —~
q i O 350
g Chl Wmca =
0.4 Ky Rt

03 [~
Chl Wmca
0.2 [
0.1 ——*
200 250 300 350 400 450 500

Fig. 9 P-T pseudosection modelling for sample CB29 of the CBF:
a P-T pseudosection in the 200-500 °C, 0.1-0.8 GPa range calcu-
lated for the bulk composition determined by XRF and for XFe,0,
(0.89) determined by titration. Selected isopleths showing the Si

in the range 314-367 °C for the CBF and 327-365 °C for
the MAF, were given by the Hillier and Velde (1991) chlo-
rite geothermometer, which is a formulation that is suitable
for low-temperature chlorites. The P-T conditions of the
pyrophyllite-bearing samples from the MAF can be fur-
ther constrained by the P-T pseudosection approach. The
pseudosections calculated with the actual XFe,O; ratio
for sample AR14 (Fig. 8a), with a H,O = 1, indicate that
the observed mineral assemblage is stable below 0.6 GPa,
at 300—400 °C. In order to place some constraints on the
metamorphic pressure, we calculated compositional isop-
leths for the Si content (a.p.f.u.) and the Na/(Na + K) ratio
in potassic white mica (Fig. 8a). These isopleths cross the
stability field of pyrophyllite, with Si values from 3.01 to
3.02 a.p.f.u. In the studied sample, the Si content of the
potassic white mica ranges from 6.04 to 6.33 a.p.f.u. (22
oxygens). The modelled isopleths also suggest that potas-
sic white mica in equilibrium with pyrophyllite should
have a Na/(Na + K) ratio between 0.04 and 0.07, in very
good agreement with the determined values. Very similar
results were obtained from a P-T pseudosection calcula-
tion in sample CB29 from the CBF (Fig. 9). The arrows in
Fig. 4 join the detrital potassic white mica with the potas-
sic white mica from interleaving, representing the change
in chemical composition during the rock metamorphic re-
equilibration. The observation that potassic white mica in
the pyrophyllite interleaving is celadonite-poor means that
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(Wmca) are also shown; and b T-XFe,O; pseudosection calculated at
P = 0.3 GPa and 200-500 °C

newly formed (or re-equilibrated) potassic white mica is
mainly controlled by the bulk chemistry of the rock and
that it is independent of the detrital potassic white mica
composition. Furthermore, the fact that we find potassic
white mica with a chemical composition that contrast with
the observed paragenesis (celadonite-rich potassic white
mica in Al-rich system) suggests that the detrital potassic
white mica is not equilibrated and retains the original pre-
metamorphic composition. In other words, we interpret the
celadonite-poor potassic white mica as being in equilibrium
with the metamorphic assemblage, whereas the celadon-
ite-rich mica is not. Franceschelli et al. (1991) described
interleavings made up of phyllosilicate growing on detrital
potassic white mica in the Verrucano rocks from the North-
ern Apennines. According to these authors, the detrital
potassic white mica grains provided sites for the formation
of metamorphic minerals, meaning that there is a relation-
ship between the process of mica re-equilibration and the
local composition of interleaving phyllosilicate grains. A
similar process can be proposed for the formation of the
phyllosilicate interleavings in the Iglesiente rocks (Cruciani
et al. 2015b). Potassic white mica re-equilibration occurred
through mass transfer and a chemical exchange with a fluid
phase in equilibrium with the mineral association of the
rock matrix. The model of the intergrowth formation from
the detrital potassic white mica grains can possibly also be
extended to chlorite in the studied rocks. The occurrence
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of zinc in the interleavings of our samples probably derives
from the presence of other zinc-rich phases (i.e. gah-
nite) in the rocks. In conclusion, for the potassic white
mica + pyrophyllite + chlorite assemblage of the MAF, the
Si content of potassic white mica in the intergrowth with
the pyrophyllite (3.01-3.02 a.p.f.u.) allows us to estimate
the P-T conditions of 0.3—0.5 GPa, 300-350 °C. Howeyver,
the sporadic occurrence of kaolinite seems to suggest that
the metamorphic temperatures are closer to 300 °C than
350 °C and considering the lowest Si content of K-white
mica near to 0.3 GPa.

Discussion

Comparison of the metamorphic grade attained by the
CBF and MAF

The two groups of samples from the CBF and MAF contain
phyllosilicates from kaolinite to pyrophyllite and potassic
white mica that correspond to different temperature ranges.
The only difference between the two groups is provided by
the ranges of the IC values for illite: from 0.24 to 0.36 in
the CBF and from 0.26 to 0.42 in the MAF.

The CBF is homogeneous, with a maximum frequency
at 0.26-0.28 downgrading towards 0.24 and 0.36. The
MAF is heterogeneous and divided into two subgroups of
values: 0.26-0.34 and 0.34-0.42, with a significant peak at
0.36-0.38. The highest frequency of low IC values in the
CBF and, in particular, the remarkable difference in the
range of peak values could be roughly interpreted as an
indication of a slightly higher metamorphic grade in the
CBF than the MAF.

However, the slight difference in IC values between the
underlying CBF and the overlying MAF can more prob-
ably be ascribed to different factors such as lithology, bulk
chemistry and the degree of chemical re-equilibration.

The IC values for chlorite show similar, but less accen-
tuated, behaviour: higher percentages of low values in
the entire set of data for the CBF and two distinct popu-
lations of data for the MAF. As regards the b, values, the
discrepancies between the two groups could only be due to
a different abundance of detrital potassic white mica, par-
ticularly in the CBF, which shows a wider range of values
(8.976-9.042 A), i.e. greater heterogeneity if compared to
the AR values (8.988-9.036 A). Finally, the P-T condi-
tions of metamorphism estimated by the P-T pseudosec-
tion approach are almost identical for both groups. The b,
values and geothermobarometric results do not reveal a sig-
nificant difference in the P-T conditions between the for-
mations below and above the Sardic unconformity.

We suggest that the Sardic phase in the CBF is prob-
ably associated with an Ordovician low- to very low-grade

metamorphism related to the older pre-Variscan Sp schis-
tosity and comparable to the Variscan metamorphism in the
MAE.

The age of the Variscan deformation and metamorphism
in the Sulcis—Iglesiente is not well constrained. The only
available data are stratigraphic. In the External and Exter-
nal Nappe zones, the younger formations, which underwent
thrusting, folding and Variscan metamorphism, are Early
Carboniferous in age (Corradini et al. 2003), whereas the
oldest formations not involved in deformation and meta-
morphism are those of the Late Carboniferous—Early Per-
mian basins (Barca et al. 1995; Pittau et al. 2008).

Sardic unconformity in the geodynamic frame of the
pre-Variscan North Gondwana margin

The first comprehensive geodynamic model of the evolu-
tion of Variscan Sardinia within the frame of the pre-Vari-
scan North Gondwana margin from the Cambrian to the
Carboniferous was provided by Carmignani et al. (1994,
2001). According to these authors, the Sardic Phase may
be interpreted as being associated with a back-arc com-
pression that is related to the development and progressive
migration of the magmatic arc towards the SW in the Mid-
dle Ordovician.

New geodynamic models enriching the one conceived
by Carmignani et al. (1994, 2001) have recently been put
forward by Rossi et al. (2009, Fig. 5), Oggiano et al. (2010,
Fig. 8) and Gaggero et al. (2012). Taking into account the
quite similar steps identified in these three models, a syn-
thesis of the geodynamic evolution of the North Gondwana
margin between the Upper Cambrian and the Ordovician—
Silurian boundary can be proposed as follows: (1) a pre-
Sardic volcanic cycle with the emplacement of felsic transi-
tional volcanites in the Upper Cambrian—Early Ordovician
time span; (2) a Lower Ordovician opening of the Rheic
Ocean between Gondwana and Laurussia or between Hun
Superterrane and Gondwana; (3) a subduction of the Rheic
Ocean beneath the northern continental margin of Gond-
wana with the consequent generation of a calc-alkaline
magmatism in Sardinia during the Middle Ordovician; (4)
thereafter, a rifting stage that affected the volcanic arc since
the Middle Ordovician and gave rise to an alkaline mag-
matism and the opening of the Palaeo-Tethys Ocean at the
Late Ordovician—Early Silurian boundary; and (5) back-
arc spreading and progressive oceanization from the Early
Silurian up to the Late Silurian and Devonian.

A more complex framework is depicted by von Raumer
et al. (2013, Fig. 4, Table 1 and references therein). In their
reconstruction, the part of Sardinia with more widespread
Lower to Middle Ordovician acidic calc-alkaline volcanic
rocks is placed near Sicily, while the Lower Ordovician
acidic gneisses of Northern Sardinia, together with the
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Middle-Upper Ordovician calc-alkaline gabbros of Eastern
Maures, the Middle Ordovician orthogneisses of the Mon-
tagne Noire, and the Lower to Middle Ordovician granitoids
and gabbros of the Pyrenean Belt, are located in a more
southern position (see Fig. 4 and ages in Table 1 of von
Raumer et al. 2013). In any case, Maures, Montagne Noire
and the Pyrenean Belt are strictly correlated to Sardinia.

Comparison with other Palaeozoic unconformities
in the European Variscides

Comparing the Sardic Unconformity with similar uncon-
formities within the South Variscan Realm can contribute
to the reconstruction of the Ordovician palaecogeography
of Sardinia. Save for the article by Linnemann and Romer
(2002), which used chemical and isotopic analyses to dif-
ferentiate between the rocks below and above an uncon-
formity embracing the Lower Ordovician, our paper is
the only one to use bulk rock chemistry and metamorphic
parameters such as by, IC and CI to ascertain the possible
significant differences between the two formations below
and above the Sardic unconformity. All the other papers
dealing with the Sardic unconformity are based on tecton-
ics, structural geology, lithostratigraphy, and palaeogeo-
graphic and geodynamic reconstructions. These differences
in approach preclude any possibility of comparing our
metamorphic data with non-existent similar data from other
papers. Only Casas (2010) provides some hint at metamor-
phism. In the case of the Canigd Massif (easternmost Pyr-
enean Belt), this author recognized that “Upper Ordovician
and Cambro-Ordovician metasediments are affected only
by weak metamorphism” and that “the Ordovician defor-
mation is moderate without cleavage formation”, which are
features also characterizing the CBF and MAF.

The other places in which the Sardic unconformity has
been observed are Iberia, Armorica, the Pyrenean Belt and
Montagne Noire (Alvaro et al. 2016) on the southern side
of the French Massif Central, and Saxo-Thuringia. A thor-
ough discussion of the Sardic phase in Iberia was provided
by Lefort (1989), who observed a gradual increase in the
angle of the Sardic unconformity from the Central Iberian
Zone (CIZ) towards the Ossa Morena Zone (OMZ) and,
more recently, by Correia Romdo et al. (2005). According to
the latter authors, the Sardic deformation was produced by
an early drifting of Armorica/Hun terranes from Gondwana.
Owing to the complexity of an intracratonic rifting event, the
related deformation should be diachronic on the plate tec-
tonic scale. In the CIZ, the rift and related deformation started
between the Upper Cambrian and Arenig and then, during
the Ordovician, migrated to the SW in the OMZ. The analo-
gies between the Sardic phase in Iberia and Sardinia are: (1)
the presence of the same strong angular unconformity prior
to the Variscan deformation; (2) the occurrence of coarse
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conglomerates with a red silt-pelitic matrix above the uncon-
formity; and (3) the interference between orthogonal Sardic
and Variscan folds (D, phase), generating a basin and dome
pattern. However, Iberia and SW Sardinia have some differ-
ent elements when it comes to the Sardic deformation and the
entire sequence above and below the Sardic unconformity.
In Iberia, the Sardic phase is older and took place between
the Cambrian and the Tremadoc. In SW Sardinia, the Sardic
deformation is younger and attributed to the Middle Arenig—
Caradoc interval. In Iberia, two pre-Variscan unconformities
are distinguished: a first, high angle, unconformity between
the Proterozoic—Cambrian sequence and a volcano-sedimen-
tary sequence that is Tremadoc—Lower Arenig in age. A sec-
ond, weaker, low-angle unconformity between this sequence
and the overlying Armorican Quartzite Formation is Upper
Arenig in age. In SW Sardinia, only one unconformity was
found between the Middle Arenig and Caradoc sequences.

Concluding remarks

Field survey and new data from mineralogy, petrography
and mineral chemistry on rock samples from the CBF and
MAF cast new light on the geology and metamorphism of
rocks above and below the Sardic unconformity. The fol-
lowing findings were obtained:

1. The new tectonic evidence on Ordovician tectonics for
the key locality of SW Sardinia reveals that the Sardic
unconformity covers older pre-Variscan structures such
as overthrust, km-sized folds and reverse faults.

2. The IC data clustering to lower values in the CBF and
higher values in the MAF may suggest a slightly higher
metamorphic grade of the former. However, the local
occurrence of detrital white mica and the wide overlap-
ping of the IC values between the two groups of sam-
ples, both of which plot in the anchimetamorphic field,
render this conclusion doubtful.

3. Very similar ranges of the b, values suggest that both
formations underwent a comparable metamorphic
pressure, while the slightly greater heterogeneity of the
CBF b, values could indicate a higher content of detri-
tal potassic white mica in the CBF samples.

4. No significant differences in the metamorphic grade
between the two groups of samples were revealed by
the P-T pseudosections.
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