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Abstract

The Miocene rotation of Sardinia (Western Mediterranean) remains poorly constrained despite a wealth of paleomagnetic data,
primarily due to poor chronostratigraphic control. However, this rotation is contemporaneous with the opening of the Liguro-
Provençal back-arc oceanic basin, and its history is key to understanding the kinematics of opening of the Western Mediterranean.
We address this issue through paleomagnetic and 40Ar/39Ar geochronological investigations of Miocene volcanic sequences in
Sardinia. Precise age control allows secular variation of the geomagnetic field to be evaluated. These data provide constraints on
the rotational history of this continental microplate; Sardinia rotated 45° counterclockwise with respect to stable Europe after
20.5 Ma (Aquitanian), which is a marked increase over the estimate of 30° derived from prior paleomagnetic studies. Rotation
was essentially complete by 15 Ma. About 30° of rotation occurred between 20.5 and 18 Ma (Burdigalian), corresponding to the
period of maximum volcanic activity in Sardinia. The observed rotation validates palinspastic models derived from a
morphological fit of basin margins, and indicates high rates of opening (up to 9 cm yr−1 in the southern part of the basin) between
20.5 and 18 Ma.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A wealth of geological data (e.g. [1]) attests that the
Corsica–Sardinia microplate (CSM) was proximal to
the European continent before the opening of the
Liguro-Provençal basin (Fig. 1). This basin is usually
described as an Oligo–Miocene, partly oceanic, back-
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Fig. 1. Map of the western Mediterranean showing the Corsica–Sardinia block and surrounding ocean basins. Oligocene grabens and orogenic belts
(dark grey) are outlined. Bathymetric contours: 2000, 2500 and 3000 m.

Fig. 2. Map of the Liguro-Provençal basin showing several
reconstructions of the post-rift/pre-drift (∼21.5 Ma) positions of
Corsica and Sardinia, based on: (A) morphological fit of the
continental margins of the basin (e.g. [7]); (B) determination of
oceanic domain by seismic reflection [8]; (C) paleomagnetic data of
Corsica–Sardinia and basin magnetic anomalies [9].
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arc basin opening as a consequence of the eastward
retreat and roll-back of an Adriatic/Ionian slab passively
sinking into the mantle (e.g. [2,3]). Despite numerous
geophysical studies, the original position of the CSM as
well as the kinematics of the opening of the Liguro-
Provençal basin remains controversial.

Several palinspastic reconstructions have been pro-
posed for the CSM pre-drift (post-rift) location, based
on differing geological and geophysical foundations ([4]
for a review). Three groups of reconstructions can be
identified (Fig. 2). The ‘Model A’ reconstruction was
first proposed byWestphal et al. [5] based on a computer
fit of 1000 m isobaths. Avery similar reconstruction was
later proposed based on morphological analysis of the
basin margin [6,7]. ‘Model B’ was proposed by Burrus
[8] with insight into the extent of the oceanic domain of
the basin determined through seismic reflection data.
‘Model C’ was developed by Edel [9] based on
paleomagnetic data from Sardinian Miocene volcanics
and magnetic anomalies within the basin. Determination
of the nature of the crust beneath a basin is often a useful
tool in reconstructing its initial geometry. However, in
the Liguro-Provençal basin, a variety of geophysical
approaches have yielded contradictory results ([10–15],
Online Fig. 1), due in particular to weak magnetic
anomaly patterns within the basin [16].

Although the timing and geometry of rifting of the
Liguro-Provençal basin is moderately well constrained
between 30–28 Ma [17–19] and 21.5 Ma [18–20], the
timing and geometry of the oceanic opening of the basin
are poorly known. Oceanic spreading must have started
slightly before or during late Aquitanian since late
Aquitanian post-rift sediments are found in Sardinia
[18] and in the Gulf of Lion [20] and mid-Aquitanian
syn-rift sediments are found in Sardinia [18]. However,
no data are available to constrain the termination of the
oceanic spreading. The oceanic crust in the Liguro-
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Provençal basin has not been drilled or sampled.
Therefore the history of the opening of the Liguro-
Provençal basin is best deduced from the record of CSM
drift.

CSM drift was accompanied by a counterclockwise
(ccw) rotation of the Corsica–Sardinia microplate with
respect to stable Europe. Beginning in 1969 with De
Jong et al. [21], this rotation has been investigated
through paleomagnetic ([22,23] for a review) and
geochronological ([24] for a review; [25]) studies in
Sardinia but its timing has remained a matter of debate.
An extensive paleomagnetic and K–Ar geochronolog-
ical study of Sardinian volcanics allowed Montigny et
al. [26] to propose a total 30° ccw rotation occurring
rapidly between 21 and 19.5 Ma (ages recalculated in
[27]). However, subsequent re-evaluation of the same
data [22,23] appeared to demonstrate that the end of the
rotation could not be constrained, due to the uncertain-
ties in the paleomagnetic pole path introduced by
secular variation of the geomagnetic field. Todesco and
Vigliotti [22] attempted to resolve this issue by grouping
the paleomagnetic directions obtained from Sardinian
volcanic rocks on the basis of the regional stratigraphic
framework [28]. However the ages of the stratigraphic
units were ill-defined (Online Fig. 2), resulting in
uncertainties whether dated units were interdigitated and
actually span several Myr, or the existing K–Ar ages
were unreliable. In addition, the absence of precise
stratigraphic framework during paleomagnetic sampling
led to oversampling of some volcanic units, thereby
introducing bias in mean directions. Vigliotti and
Langenheim [29] sought to solve the problem of secular
variation recorded by the volcanics by focusing on
Sardinian sediments, and demonstrated that rotation did
not end before 16–15 Ma. Speranza et al. [30] showed a
∼23° rotation of Sardinia after 19 Ma by examining the
paleomagnetism of a well-dated sedimentary sequence.
Edel et al. [31], from the paleomagnetism of a
succession of five pyroclastic flows, proposed ∼10°
of rotation after 18 Ma. Vigliotti and Kent [32], from the
paleomagnetism of Miocene sedimentary sequences of
Corsica, concluded that rotation ended after ∼15 Ma.
This extensive pre-existing history of paleomagnetic
and geochronological studies has demonstrated the
difficulty of evaluating reliable rotation angles from
volcanic rocks when the age control is not sufficiently
precise to evaluate the importance of secular variation of
the geomagnetic field. Another difficulty is that
sedimentary rocks suitable for paleomagnetic studies
are rare in Corsica and Sardinia [29,32,33]. We herein
attempt to improve on these results by adding significant
new data regarding the paleomagnetism and radiometric
age of volcanic rocks from the Miocene of Sardinia.
These new data permit us to critically evaluate proposed
palinspastic reconstructions (Fig. 2).

2. Methods and techniques

2.1. Averaging paleosecular variation

At the latitude of Sardinia, the direction of the geo-
magnetic field is expected to vary 40–45° in declina-
tion and 25–30° in inclination at rates up to 10–15°/
century, due to secular variation of the geomagnetic
field [e.g. 34,35]. To obtain tectonic information from
volcanic rocks, it is thus necessary to obtain directions
from a number of different flows emplaced over an
interval that is long with respect to secular variation (at
least a few kyr) but short with respect to tectonic
rotations (less than 1 Myr in the present case). Radio-
metric age constraints are thus a critical part of the
tectonic reconstruction.

Previously, we presented paleomagnetic and 40Ar/39Ar
geochronological results obtained from a 12-flow volca-
nic succession at Monte Furru in western Sardinia [27].
We demonstrated a ∼13° ccw rotation after 18.1 Ma,
confirming that the rotation of Sardinia ends later than
proposed by Montigny et al. [26]. In this paper, to better
constrain the Miocene rotational history of Sardinia, we
present paleomagnetic and geochronological results
from 8 additional Sardinian volcanic sequences (Fig. 3).
Paleomagnetic sampling was preceded by a detailed
stratigraphic study to avoid multiple sampling of single
flows, and to constrain the age and the duration of
emplacement of the succession with 40Ar/39Ar ages of
key units.

2.2. Geochronology

Seventeen eruptive units (lava or pyroclastic flows,
andesitic domes) were dated by the laser-heating,
40Ar/39Ar method. Plagioclase phenocryst separates
(sanidine was unavailable) were prepared by way of
grinding, sieving (400–800 μm), heavy liquid separa-
tion, magnetic separation, and hand-picking under a
binocular microscope. Samples were irradiated on three
occasions in the CLICIT facility of the Oregon State
TRIGA reactor for periods from two to three hours.
Sanidine from the Fish Canyon Tuff of Colorado was
used as a neutron fluence monitor, with a reference age
of 28.02 Ma [36]. Please note that using an alternative
reference age for the Fish Canyon Tuff has only neg-
ligible effects on the absolute ages given in this paper
and does not change the plate kinematics deduced from



Fig. 3. Map of Sardinia showing location of Miocene calc-alkaline
volcanism (shaded). Study areas are indicated by boxes.
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these ages. After radiological cooling, samples were
analyzed in a MAP-215 Noble gas mass spectrometer.
Aliquots of about 50 mg of plagioclase were analyzed
by the incremental-heating technique in nominally 15
steps using a square-profile, 6×6 mm CO2 laser beam to
heat the sample under ultra-high vacuum. Two aliquots
were analyzed for most samples; in total, 30 incremen-
tal-heating experiments were performed. Results are
summarized in Table 1.

The 40Ar/39Ar data can be internally evaluated for
reliability based on the systematics of step-wise isotopic
release for individual aliquots, aliquot-to-aliquot repro-
ducibility, and conformance of the derived ‘best’ age to
stratigraphic constraints. Representative step-wise argon
release systematics are depicted in plots of apparent age
versus cumulative percent 39Ar release (Fig. 4). The
plots for all samples are given in Online Fig. 3.
Reproducibility of release patterns between replicate
aliquots is generally quite good, though there is one
notable exception (ONF); for this and other reasons this
sample is considered problematic and will not be con-
sidered further in the geological interpretation of these
data. Four samples out of the remaining 16 reveal rising
spectra particularly in the latter phases of the experi-
ments, and are interpreted to represent the trapping of
excess 40Ar⁎ reservoirs in small glass or fluid inclusions
(e.g., dome A, Cuguruntis, Fig. 4a–b). Most other
release patterns are flat or nearly so.

Apparent-age plateaus were identified in 16 of 30
experiments. ‘Plateaus’ as used herein are defined as
comprising at least three contiguous steps encompassing
more than 50% of the total 39Ar, in which there is a 95%
probability that the mean standard weighted deviation
(MSWD) of the weighted-mean step ages can be
attributed to analytical error alone. The search algorithm
for a plateau also excludes steps wholly within the initial
10% of the 39Ar release, since for this suite of plagio-
clase apparent ages for early release steps are often
anomalously young, perhaps due to cryptic alteration.
Thus they should not constitute part of any plateau
sequence, which seeks to find the best eruptive age. All
but one of the identified plateaus occurs within a broader
sequence of similar ages. However, one occurs within a
monotonically rising sequence (Monte Au, Fig. 4c) and
probably provides a geologically less reliable age.

Integrated ages (calculated by mathematical isotopic
recombination of the individual steps) are often not
concordant with plateau ages but agreement improves
dramatically when the first significant step (i.e., the first
step with N2% of total 39Ar release) is omitted from
each incremental-heating experiment (MIS and MIH are
good examples, Fig. 4e–f). Again, this is attributable to
incipient alteration at or near crystal surfaces, along
internal fractures, or from glass or mineral inclusions
with release pathways to the crystal surface.

The best, geologically most accurate sample ages
from these data are considered to occur where the ap-
parent ages are virtually flat across most or all of the 39Ar
release (i.e., a plateau is found encompassing most of the
spectrum), Ca/K ratios are stable, and the percentage of
radiogenic 40Ar⁎ of total 40Ar (‘%40Ar⁎’) is high.
Replicate experiments should demonstrate similar re-
lease patterns and congruent ages. The two experiments
from sample MIS illustrate data of this nature. Not all
results in this data set are of such high quality; a few
samples lack replicate experiments, some have more
restricted plateaus, variable Ca/K ratios, or relatively
low or irregular %40Ar⁎. The quality of the individual
experiments is discussed below on a case-by-case basis.

‘Inverse isochron’ correlation analyses (36Ar/40Ar
versus 39Ar/40Ar) of plateau steps are provided in
Table 1. The isochron analysis provides a test of the



Table 1
Summary 40Ar/39Ar analytical results

Sample Run ID Apparent age plateau Integrated age Isochron results

Age n MSWD Prob. % 39Ar Overall Omitting 1st
step (N2%)

%40Ar⁎ Age M.S.E. (40Ar/
36Ar)tr

M.S.E. MSWD

(Ma±1σ) (Ma±1σ) (Ma±1σ)

Terminal andesites (isolated domes, not in stratigraphic order)
Dome A 21965 15.1±0.2 15.41±0.08 79
Dome A 21965b 15.4±0.2 15.54±0.09 74

15.25±0.14 15.47±0.06
Cuguruntis 21966 15.6±0.2 15.69±0.13 62
Cuguruntis 21966b 15.5±0.2 15.69±0.13 58

15.55±0.14 15.69±0.09
Monte Au 21967 13.7±0.4 14.5±0.17 48
Monte Au 21967b 14.92±0.08 8 1.2 0.31 51.5 15.2±0.6 15.3±0.2 43 14.7 ±0.2 299.6 3.6 1.1

14.16±0.33 14.84±0.13
Monte Peidru 21968 15.45±0.06 6 1.1 0.33 50.1 15.1±0.2 15.23±0.09 71 15.41 ±0.1 298.4 4.7 1.3
Monte Peidru 21968b 14.9±0.2 15.14±0.08 76

15.0±0.14 15.18±0.06

Monte Minerva (top, base)
MIS 21964 18.73±0.06 11 1.2 0.27 89.5 18.2±0.171 18.73±0.07 93 18.57 ±0.08 330.7 13.9 0.6
MIS 21964b 18.81±0.06 8 0.5 0.86 75.0 18.37±0.2 18.75±0.08 88 18.72 ±0.11 306.4 11.2 0.4

18.77±0.04 18.28±0.13 18.74±0.05 18.63 ±0.07
MIH 21954 18.72±0.07 6 2.1 0.07 72.7 19.3±0.8 18.8±0.2 49 18.71 ±0.11 296.0 3.4 2.6
MIH 21954b 18.78±0.07 6 2.1 0.06 72.2 19.0±0.4 18.7±0.12 69 19.14 ±0.13 280.2 4.8 0.3

18.75±0.05 19.06±0.36 18.73±0.1 18.89 ±0.08

Monte Torru– Monte Ruzzunis (top, base)
MTB 21963 18.60±0.14 18.91±0.09 85
MTB 21963b 18.62±0.17 18.99±0.1 80

18.61±0.11 18.95±0.07
RUH 21955 18.90±0.06 12 0.9 0.59 92.6 18.58±0.13 18.89±0.08 87 18.97 ±0.09 287.6 7.1 0.8
RUH 21955b 18.66±0.16 18.94±0.09 85

18.61±0.1 18.91±0.06

Osilo andesites (Anglona)
OSA 21980 18.87±0.06 9 1.5 0.17 66.1 18.3±0.2 18.81±0.08 86 18.90 ±0.07 290.8 5.2 1.5

Oniferi area (top, intermediate, base)
ONA 21979 20.41±0.07 6 1.5 0.19 64.1 20.17±0.09 20.3±0.09 89 20.25 ±0.13 313.6 12.1 1.2
ONF 21981 4.89±0.02 4.89±0.02 82
ONF 22251 44.14±0.18 45.04±0.19 96
ONG 21977 20.75±0.06 6 0.9 0.45 57.5 20.19±0.08 20.53±0.08 96 20.76 ±0.07 291.5 5.5 1.0
ONG 21977b 20.40±0.08 20.66±0.08 96

20.30±0.06 20.60±0.06

Central Sardinia (top, intermediates, base)
Ironi (IRO1) 22255 19.28±0.17 19.31±0.17 69
Ironi (IRO1) 22255b 20.41±0.1 7 0.6 0.7 66.3 20.4±0.5 20.3±0.3 45 20.40 ±0.16 295.9 3.0 0.7

19.4±0.16 19.55±0.15
Ruinas (RUI3) 21978 19.61±0.09 11 0.9 0.51 86.8 19.5±0.3 19.6±0.2 45 19.78 ±0.17 292.5 2.6 1.0
Ruinas (RUI3) 22252 19.6±0.3 13 1.5 0.13 94.5 19.1±0.9 19.2±0.9 20 19.5 ±0.69 296.0 3.0 1.0

19.61±0.09 19.46±0.28 19.58±0.2 19.76† ±0.16
Allai 21657 20.68±0.07 9 0.7 0.65 70.8 20.42±0.12 20.5±0.09 85 20.91 ±0.13 266.2 14.2 0.3
Luzzana 21664 20.74±0.11 20.94±0.09 91

(continued on next page)
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Table 1 (continued )

Sample Run ID Apparent age plateau Integrated age Isochron results

Age n MSWD Prob. % 39Ar Overall Omitting 1st
step (N2%)

%40Ar⁎ Age M.S.E. (40Ar/
36Ar)tr

M.S.E. MSWD

(Ma±1σ) (Ma±1σ) (Ma±1σ)

Alghero area
LGB 21976 20.68±0.06 8 1.1 0.36 78.1 20.63±0.08 20.67±0.08 97 20.65 ±0.07 311.5 13.7 1.1
LGB 21976b 20.78±0.06 7 1.3 0.25 63.4 20.65±0.08 20.72±0.08 96 20.79 ±0.08 288.0 19.3 1.6

20.73±0.04 20.64±0.06 20.70±0.06 20.71 ±0.05

Best ages for each flow are in bold (see text). † indicates an age that is apparently too young (see text). n: number of steps in the plateau; MSWD:
mean sum of weighted deviates calculated for the plateau steps; Prob: probability that the MSWD is due to analytical scatter alone; %39Ar: percentage
of 39Ar in the plateau versus the total 39Ar released across all steps; ‘Omitting first step N2% total 39Ar’: integrated age calculated omitting the
first step with greater than 2% of the total 39Ar; ‘%40Ar⁎’: percentage of radiogenic argon in the sum of the atmospheric and radiogenic 40Ar released;
M.S.E. is the ‘modified standard error,’ where if the MSWD is N1, then the standard error is multiplied by root MSWD. Full analytical data for
isotopic interference parameters, isotopic constants, and decay rates are provided in Online Table 1.
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composition of the ‘trapped’ argon component, which
nominally should be atmospheric with a 40Ar/36Ar ratio
of 295.5. Of the 16 plateaus detected, all but three have
(40Ar/36Ar)tr indistinguishable from the expected atmo-
spheric ratio. Two of these exhibit compositions that are
slightly subatmospheric (‘trapped’ component less than
atmospheric ratio), and one that is slightly superatmo-
spheric; these are barely statistically significant at the
95% confidence level and may not truly reflect
geological compositions. 40Ar/39Ar ages derived from
the isochrons are all indistinguishable from the plateau
ages at the 95% confidence level. The isochron ages are
preferred over the conventional plateau ages, as the
isochron analysis inherently accommodates departure
from the rigid assumption that (40Ar/36Ar)tr must equal
that of the present atmosphere.

Conformance to internal stratigraphic constraints is a
further indicator of geological accuracy and reliability.
As shown below, the 40Ar/39Ar ages are in agreement
with the observed stratigraphy with the exception of a
single flow in central Sardinia.

2.3. Paleomagnetism and interpretation of paleomag-
netic data

A total of 118 sites were studied in eight Sardinian
volcanic areas (Fig. 3). Samples were obtained in situ
using a portable, gasoline-powered drill. Cores were
oriented with solar and magnetic compass. The
magnetic mineralogy was studied by means of isother-
mal remanent magnetization acquisition, hysteresis
loops, and thermomagnetic analyses performed with a
CS2 apparatus. The anisotropy of magnetic susceptibil-
ity was measured with KLY2 and KLY3 kappabridges to
identify samples with strong petrofabric. Paleomagnetic
analyses were conducted at IPGP (Saint-Maur, France),
INGV (Rome, Italy) and CEREGE (Aix-en-Provence,
France). The natural remanent magnetizations were
measured with JR4 or JR5 Agico spinner magnet-
ometers (IPGP, CEREGE) or 2G cryogenic magnet-
ometers equipped with DC SQUIDs (INGV, CEREGE).
Alternating field and thermal stepwise demagnetizations
were used. Demagnetization data were evaluated using
principal component analyses [37]. A few sites, in
particular those struck by lighting, required the use of
the remagnetization circles method. Fisher's [38]
statistics were used to calculate mean directions. All
paleomagnetic data have been processed using Paleo-
mac software [39]. Representative demagnetization data
are plotted on Fig. 5. The main magnetic carrier is
(titano-)magnetite, as demonstrated by magnetic satu-
ration below 300 mT (Online Fig. 4a) and Curie
temperatures between 530 and 580 °C. Maghemite is
sometimes present but bears the same paleomagnetic
directions as magnetite. Hysteresis loops indicate
pseudo-single-domain grains in most cases, and multi-
domain grains in some andesites (Online Fig. 4b). The
degrees of anisotropy of magnetic susceptibility (ratio of
maximum to minimum susceptibility) are generally
below 1.03, some exceptions being discussed below.
Magnetic properties of the studied volcanics (NRM,
susceptibility, Curie temperature, hysteresis parameters,
anisotropy degree) are detailed in Online Table 2. The
paleomagnetic results are shown in Table 2. A synthesis
of the paleomagnetic and geochronological results for
each area is shown in Table 3.

Paleomagnetic results were interpreted on a succes-
sion-by-succession basis. First, transitional paleomag-
netic directions were discarded using Vandamme's [40]
recursive method. Successive volcanic flows within a
pile sometimes provide indistinguishable paleomagnetic
directions indicating that these flows were probably
emplaced within a time frame that is short with respect
to secular variation, i.e. a few centuries at most. If field



Fig. 4. Apparent age versus percent of total 39Ar released for the 40Ar/39Ar incremental-heating experiments on plagioclase from Sardinian volcanic
rocks. Auxiliary plots of Ca/K ratio and the percentage of radiogenic 40Ar of total argon are also shown against the same horizontal axis.
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evidence, such as the absence of paleosols, supported
this interpretation, we used the statistical approach of
McElhinny et al. [41] to confirm that these successive
flows had not recorded independent magnetic field
directions. The directions given by these flows are then
averaged and treated as a single paleomagnetic direc-
tion. Next a mean paleomagnetic direction for the entire
succession was computed and compared to that derived
from the coeval paleomagnetic pole for stable Eurasia:
84.2°N, 154.9°E, A95=3.2 at 15 Ma and 81.4°N,
149.7°E, A95=4.5 at 20 Ma [42]. The 95% confi-
dence limits on rotation and flattening were computed
according to Demarest [43].

Finally, the angular standard deviation of the VGPs
around the mean VGP (δ) is calculated after rejection of
transitional VGPs. This parameter provides a useful
index for the extent of incorporation of secular variation,
and can be compared to values derived from paleomag-
netic databases that suggest, at the latitude of Sardinia
for the interval 0–5 Ma, 15°bδb17° [44]. A volcanic



Fig. 5. Orthogonal projection plots of stepwise demagnetization data of representative samples. At least one sample is shown for each study area.
Open and solid symbols represent projections on vertical and horizontal planes, respectively.
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succession displaying a significantly lower δ has
probably not thoroughly averaged secular variation,
hence may not provide reliable tectonic information. As
Sardinia did not significantly move latitudinally during
the Miocene, the comparison of the succession mean
inclination with the expected lower Miocene inclination



Table 2
Paleomagnetic results

Site D° I° α95° k n/n0 Ref.

Terminal andesites
Monte Larenta⁎⁎ 159 −40 19 42 3/3 [48]
Monte Larenta 160 −59 3 594 6/6 [9]
Monte Mundigu⁎⁎ 159 −40 18.5 45 3/3 [49]
Monte Mundigu 9 58 4.9 130 8/8
Castello di Bonvei⁎⁎ 177 −11 58 5 3/3 [48]
Castello di Bonvei⁎⁎ 196 −43 31.5 16 3/3 [49]
Castello di Bonvei 212 −36 6.3 82 8/9
Monte Ozzastru 165 −14 10.5 142 3/3 [49]
Monte Peidru 184 −65 2 1603 4/4
Monte Au 178 −48 4 367 5/5
Dome A 178 −43 3.7 451 4/4
Dome B 180 −35 12.8 39 4/5
Cuguruntis 186 −30 7.7 186 5/5
Ozzastru⁎⁎ – – – – 0/4
Monte Pizzinu⁎⁎ – – – – 0/7

Sulcis area
Geniò (16?) 189 −71 1.4 2054 7/7
Punta Mingosa (15) 357 36 2.9 426 7/7
12⁎⁎ (Punta Mingosa) 0 45 4.6 400 4 [56]
Serra Paringianu1 (14) 182 −20 8.5 51 7/7
Serra Paringianu2 (14) 166 −3 3.3 240 9/9
11⁎⁎ (Serra Paringianu2) 150 −7 26.6 13 4 [56]
13⁎⁎ (Serra Paringianu2) 147 −6 27.4 21 3 [56]
Paringianu (13) 209 −28 4.2 82 15/15
Monte Ulmus (12) 179 −45 2.6 89 34/36
14⁎⁎ (Monte Ulmus) 175 −50 18.9 25 4 [56]
Comendite1 (11) 196 −60 2.4 133 27/29
Comendite2 (10) 17 43 4.5 152 8/8
Comendite3 (9) 16 50 4.0 188 8/8
Comendite4 (9) 20 60 5.5 129 8/8
Comendite5 (9) 338 52 5 235 5/5
Matzaccara (8) 130 −47 2.1 1020 6/7
Punta dei Cannoni (7) 162 −45 8.8 61 6/6
Nuraxi (6) 163 −15 2.2 115 36/36
10⁎⁎ (Nuraxi) 165 −22 17.7 50 3 [56]
Conca Is Angius⁎⁎ (5) 177 −24 3.7 473 5/6
Monte Crobu⁎⁎ (4) 164 64 3.6 116 15/15
Seruci⁎⁎ (3) 11 34 2.4 336 12/14
Acqua Sa Canna⁎⁎ (2) 356 60 4.4 193 7/8
Lenzu⁎⁎ (1) 19 58 6.4 143 5/6

Monte Minerva
SI2-II‡ (12) 358 36 7 315 3/3 [49]
MIA‡ (12) 6 32 – – 10/11
MIS‡ (11) 4 36 2.6 455 8/8
MIB# (10) 342 50 4.1 219 6/6
MIC# (9) 338 50 1.9 851 8/8
MID‡ (8) 346 55 3.5 215 8/10
MIE‡ (7) 346 51 6.5 150 8/7
MIF3 (6) 355 58 4.8 196 6/6 [57]
MIF2# (5) 351 55 2.9 316 9/9 [57]
MIF1# (4) 350 52 3.9 114 13/13 [57]
MIF0# (3) 352 51 2.1 1915 4/4 [57]
MIG (2) 6 63 2 768 8/8
MIH (1) 357 50 5 150 6/7

Monte Torru/Monte Ruzzunis
SI2-I (9) 356 38 12 32 6/6 [49]
148 (9) 341 53 2 2089 4/4 [9]

Table 2 (continued )

Site D° I° α95° k n/n0 Ref.

Monte Torru/Monte Ruzzunis
RUA, MTA (9) 343 54 10/10
RUB, MTB (8) 339 57 2 705 8/8
RUC, MTC‡ (7) 325 48 1.9 412 14/14
RUD, MTD‡ (6) 326 49 2.2 409 11/13
RUE, MTE (5) 325 43 2.1 270 19/19
RUF, MTF# (4) 332 48 3.4 186 10/10
RUX# (3) 326 48 2 817 7/9
RUG# (2) 332 50 2.7 510 6/6
RUH# (1) 329 50 3.2 300 7/7
133⁎⁎ (?) 328 48 1.0 8000 4/4 [9]

Osilo andesites (Anglona)
BON⁎⁎ (8) – – – – 0/10
OSD (7) 346 51 1.7 915 9/10
OSE‡⁎ (6) 31 18 8.0 49 8/8
OSF‡⁎ (5) 22 12 6.5 74 8/8
OSC⁎ (4) 36 8 8.9 40 8/8
OSI# (3) 351 56 4.2 262 6/6
OSB# (2) 345 53 4.5 114 10/10
116# (2) 343 53 3 465 6/7 [9]
OSA (1) 355 48 2.6 669 6/7

Central Sardinia
IRO4 (12) 303 60 7.5 113 4/4
IRO3 (11) 157 −42 3.8 261 6/6
IRO2 (10) 164 −38 2.8 700 5/5
IRO1 (9) 136 −52 3.2 451 5/6
RUI3 (8) 112 −52 3.7 346 5/5
RUI2 (7) 103 −64 4.2 271 5/5
RUI1 (6) 126 −64 6.3 7/7
SAM3 (5) 290 64 4 643 3/3
SAM2 (4) 290 42 8.8 83 4/4
SAM1 (3) 337 13 3.4 148 12/12
Allai (2) 132 −56 5.7 46 15/15
Luzzana (1) 129 −24 5.7 72 9/11

Oniferi area
ONA2 (10) 132 −40 1.9 1277 5/5
ONA1 (9) 339 5 1.2 6503 3/3
ONB (8) 330 51 4.9 132 7/7
ONC (7) 324 64 3 414 6/6
OND2 (6) 294 62 3.1 487 5/6
OND1 (5) 127 −35 3 309 7/7
ONE2# (4) 354 58 2 1586 4/4
ONE1# (3) 351 56 3.4 534 4/4
ONF (2) 321 65 3.5 312 6/6
ONG (1) 150 −62 3.4 416 5/5

Alghero area
10 283 49 4 219 7/7 [21]
9 284 55 8 97 5/5 [21]
8 139 −43 9 48 7/7 [21]
7 146 −28 2.5 1090 5/5 [21]
6 (10) 163 −43 3 990 4/5 [21]
LGH (9) 134 −51 2.9 427 7/7
5 (8) 153 −40 4 415 5/5 [21]
LGG (7) 349 12 3.2 235 10/10
4 (6) 341 16 1.5 1090 11/11 [21]
3 (5) 325 43 6 137 6/6 [21]
2 (4) 317 43 6.5 144 5/5 [21]
LGB (3) 145 −55 4.8 160 7/8

(continued on next page)
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Table 2 (continued )

Site D° I° α95° k n/n0 Ref.

Alghero area
LGA (2) 144 −31 2.2 480 10/10
1 (1) 148 −47 4.5 386 4/5 [21]

D and I are mean declination and inclination. α95 and k are Fisher's
statistical parameters [38]. n/n0, number of samples used to calculate
the mean direction/total number of measured samples.
When available, stratigraphic order within the succession is indicated
in parentheses after site names. # or ‡ indicates indistinguishable
directions from successive flows that were averaged as a single
direction before computing a mean direction for the succession.
⁎Transitional direction according to Vandamme's criteria [40].
⁎⁎Other sites not considered for computation of the mean direction
(see text). Sites indicated in bold were dated by the 40Ar/39Ar method.
For the Sulcis and Central Sardinia areas, several pyroclastic flows
were sampled at more than one locality and provided indistinguishable
directions which were averaged and treated as single paleomagnetic
directions (see Online Figs. 6a–b and 8). Precise geographic location
of the sampling sites can be found on the maps provided as sup-
plementary figures (terminal andesites: Online Fig. 5; Sulcis: Online
Fig. 6a and b; Osilo andesites: Online Fig. 7; central Sardinia: Online
Fig. 8; Oniferi area: Online Fig. 9; Alghero area: Online Fig. 10).
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(∼55°) also gives a means of judging of whether secular
variation has been completely averaged.

All the correlations with the magnetostratigraphic
scale are made according to the timescale of Lourens
et al. [45].

3. Results

3.1. Terminal andesites

The ‘Terminal Andesites’ (SA3 in the stratigraphic
scheme of Coulon [28]) represent the most recent calc-
Table 3
Synthesis of paleomagnetic and geochronological results

Volcanic succession D° I° α95° k N

Terminal andesites 1.5 44.0 12.7 17 9
Sulcis area 357.9 43.0 12.3 11 14
Monte Furru 351.1 52.9 7.3 51 8
Monte Minerva 354.3 52.0 8.1 56 7
Monte Torru 331.8 50.2 7.2 91 5
Osilo andesites 10.8 37.3 28.8 8 5
Minerva/Torru/Osilo 345.7 51.7 5.0 60 15
Central Sardinia 313.1 49.4 11.8 15 12
Oniferi 323.7 50.4 14.6 13 9
Alghero 324.4 41.1 9.7 18 14
Alghero/Oniferi/Central 320.6 46.4 6.4 15 35

D, I: mean declination and inclination for the volcanic succession; α95, k: Fish
for the mean; δ: angular standard deviation of the VGPs around their mean a
95% confidence interval calculated after [78]); R, F: rotation and flattening w
pole [41]. Rotation and flattening for Monte Furru are recomputed after [27
tectonic rotations used in the discussion.
alkaline volcanism in Sardinia, and consist of about 30
andesitic units (domes and dikes) spread over an area
of 20 km2 (Online Fig. 5). Horizontal middle Miocene
sediments onlap the volcanic structures [46]. Previous
K–Ar ages [26,47] are problematic as they yield an
improbable wide age span for such a small field, from
13.1 to 18.1 Ma, and provide inconsistent ages for
individual domes. For example, the Monte Larenta
dome is dated at 13.14±0.2 and 13.47±0.2 Ma by
K–Ar on whole rock [47], and 17.1±0.8 and 18.1±
1.1 Ma by K–Ar on plagioclase [26].

Six paleomagnetic sites were previously studied in
this area ([9,48,49], Table 2). Most of these reverse-
polarity directions are poorly defined. We rejected all
directions with α95N15°. Therefore, only the directions
from Monte Larenta [9] and Monte Ozzastru [49] are
considered further.

We studied nine paleomagnetic sites in this area
(Online Fig. 5). For several domes, demagnetization
yielded two components of magnetization (Fig. 3,
sample “Dome A”). The high-coercivity/high-temper-
ature component was interpreted as primary magneti-
zation. The Monte Pizzinu site was completely
remagnetized by lighting strikes. Four domes were
sampled for 40Ar/39Ar dating and two reliable ages
were obtained: 14.7±0.2 and 15.41±0.10 Ma (1σ
analytical error). The geochemical similarities of the
domes [47], the reverse polarity of all paleomagnetic
directions but one, and the narrow span of the 40Ar/39Ar
chronology suggest that the entire dome complex may
have formed during a relatively short interval possibly
between chrons 5Bn.2r and 5ADr. Scatter of paleo-
magnetic directions is adequate (δ=18.5°). The mean
δ° R° F° Age

(Ma)

18.5 (14.0–27.4) 2.5±14.6 11.1±10.5 14.7–15.4
23.8 (19.0–31.8) 5.9±13.9 10.7±10.2 15.1–15.8
11.6 (8.8–17.1) 15.3±10.6 −0.2±7.0 18.1–18.2
11.3 (8.4–17.2) 12.2±11.4 1.0±7.5 18.6–18.9
8.6 (6.2–14.2) 34.7±10.0 2.9±6.9 18.6–19.0
26.1 (18.2–45.8) −4.3±30.1 16.1±23.3 ∼18.9
12.4 (9.9–16.6) 20.8±7.8 1.5±5.5 18.6–19.0
21.9 (17.1–30.5) 53.4±15.3 3.1±10.2 20–20.9
20.8 (15.7–30.8) 42.8±19.1 2.5±12.3 20.3–20.8
19.5 (15.5–26.4) 42.1±11.2 11.9±8.6 20.2–20.8
21.1 (18.1–25.3) 45.9±8.6 6.4±6.4 20–20.9

er statistics parameters [38]; N: number of independent directions used
fter rejection of transitional VGPs (with upper and lower limits of the
ith respect to the direction computed from stable Eurasia paleomagnetic
]. Successions or grouped successions in bold characters provide the
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paleomagnetic direction suggests weak or absent rota-
tion (Table 3).

3.2. Sulcis area

Southwestern Sardinia, separated from the rest of
Sardinia by the Pliocene–Quaternary Campidano gra-
ben, displays abundant Miocene calc-alkaline volcanism
(Sulcis and Sarroch areas, Fig. 3). About 20 sites were
studied in the Sarroch area [50,51] and provided W
declinations that indicate about 90° of ccw rotation
during the Miocene. However, the sites are distributed
along the southwestern border of the Campidano graben
and the observed rotations were attributed to local tec-
tonics [51]. Miocene volcanism in the Sulcis area is
represented by an accumulation of up to 500 m of
volcanic materials, mainly extensive pyroclastic flows
well exposed on San Pietro and San Antioco islands,
and on the mainland near Carbonia. The stratigraphy
of the pyroclastic volcanism is known thanks to
industrial boreholes [52,53]. The stratigraphy of the
studied succession is given in Table 2. The Serra di
Paringianu formation, close to the top of the succession
has a 40Ar/39Ar age of 15.1±0.2 Ma [54]. The Nuraxi
formation has a 40Ar/39Ar age of 15.79±0.16 Ma
[79]. For base of the studied succession, only whole
rock K/Ar (16.6±0.8 Ma for the Acqua sa Canna for-
mation) and Rb/Sr (16.5±0.9 Ma for the Lenzu for-
mation) ages are available [55]. Six paleomagnetic sites
had been previously studied in this area [9,56] but their
stratigraphic position was unclear and the data too
limited to allow robust interpretation. We have studied
the paleomagnetism of 33 sites in the pyroclastic suc-
cession beginning with the Lenzu formation through the
top of the succession on San Pietro Island (see Online
Fig. 6a–b for samplingmaps). Some flows were sampled
at several sites and provided indistinguishable directions
which were averaged and treated as single paleomag-
netic directions. The Miocene volcanics are cut by
vertical faults. In this type of pyroclastic succession, it
is sometimes difficult to distinguish between initial
depositional dip and tectonic deformation, thus a tilt
correction was not applied to the paleomagnetic data. In
any event, the maximum observed tilt is less than 10° so
that corrections would be minor and would mostly affect
the paleomagnetic inclination. The five paleomagnetic
directions from Manzoni [56] compare well with our
data and can be ascribed to specific volcanic flows
(Table 2), but we choose to utilize only our own data
since Manzoni's directions are obtained by blanket
treatment at 50 mT and have larger α95. We obtained 19
independent paleomagnetic directions (Table 2). In view
of the lack of reliable ages for the bottom of the studied
succession, we considered only the directions obtained
from the top of the succession down to the Nuraxi
formation. The scatter of these 14 paleomagnetic
directions is satisfactory (δ=24°). The mean direction
suggests little or no rotation (Table 3). The slight in-
clination flattening may be attributed to the absence of
tilt correction and/or remanence anisotropy in welded
pyroclastic flows.

3.3. Monte Minerva and Monte Torru successions

Monte Minerva (40°27′38″N, 8°32′28″E) ex-
poses a flat-lying, 300 m thick succession of poorly
to strongly welded pyroclastic flows on its north-
ern flank. We sampled 12 flows for paleomagnetism
(Table 2). Anisotropy of magnetic susceptibility is low
for most flows but up to 8% for the most welded units
(MIF0, MIF1). Remanence anisotropy measurements
demonstrated that magnetic anisotropy was responsible
for an inclination shallowing of 8 and 6° for MIF0 and
MIF1 respectively [57]. One paleomagnetic site had
been previously studied in the top flow of the suc-
cession (site SI2-II [49]), like our site MIA. Both sites
provide indistinguishable paleomagnetic directions.
All studied flows have normal paleomagnetic polarity
suggesting emplacement within a single normal po-
larity interval, an inference also supported by the
absence of interflow paleosols. The weighted mean of
new replicate 40Ar/39Ar ages are 18.63±0.07 and
18.89±0.08 for the top and base of the succession,
respectively. These results suggest rapid accumulation,
within a few hundred thousand years, of the Monte
Minerva succession during chron 6n. Several groups of
successive flows provided indistinguishable paleomag-
netic directions and were averaged and treated as a
single paleomagnetic direction. In view of the small
number of independent directions (7) and their low
scatter (δ=11°), the inferred 12±11° ccw rotation re-
mains qualitative.

TheMonte Torru pyroclastic succession was studied at
two localities 3 km apart, at Monte Torru (40°33′10″N,
8°37′23″E) and Monte Ruzzunis (40°32′50″N,
8°35′38″E). Nine pyroclastic flows were distinguished
along the 200 m thick succession and correlated
between sections. Whenever possible, the flows were
sampled for paleomagnetism at both localities. The
paleomagnetic directions (corrected for a 5°S tectonic
tilt) are identical for the same flows from the two
sections, confirming that the dispersion observed be-
tween the different flows is not due to sampling prob-
lems or local magnetic effects. Therefore, the directions
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for the same flow from the Monte Torru and Monte
Ruzzunis sections have been averaged and treated as
single paleomagnetic directions. Three paleomagnetic
sites had been previously studied (Table 2), two of them
on the top flow (SI2-I, 148), the third (133) being
difficult to locate in the stratigraphic sequence. The 3
directions from the top flow (sites SI2-I, 148 and
our site RUA) were averaged and treated as a single
paleomagnetic direction. After combining successive
indistinguishable directions, only five independent
directions are left. The absence of polarity reversals
and of intervening paleosols suggest relatively rapid
emplacement of the entire sequence. The top flow was
previously dated by K–Ar at 16.21±1 Ma (whole rock
[47]). Site 133 was dated at 19.1±0.5 and 17.6±0.1 Ma
(K–Ar on biotite and plagioclase respectively [26]).
These three determinations fail to provide useful
constraints on the age of emplacement and duration
of the succession. Two aliquots of sample RUH from
the base of the sequence yielded similar argon release
patterns, though only one experiment yielded a plateau
by the defined criterion, for an isochron age of 18.97±
0.09. This is considered to be a geologically reliable
result, due to the flatness of both spectra, the high per-
centage radiogenic 40Ar content throughout (%40Ar⁎),
and the reproducible integrated ages (18.58, 18.66 Ma).
However, a sample from the top of the succession
(MTB) exhibited release spectra that climbed by∼1Ma
during the course of experiments on two aliquots,
and so a precise eruptive age could not be determined.
Nevertheless the reproducibility of integrated ages
(18.60±0.14 and 18.62±0.17 Ma), conformance to
stratigraphic relationship, and similarity to the age of
RUH suggests that the integrated ages are approxi-
mately correct. The geochronologic evidence indicates
that the succession was emplaced beginning about
19 Ma, and all indications support accumulation of the
succession within chron 6n. In view of the small
number of independent directions (5) and their very low
scatter (δ=8.6°), the inferred 35±10° ccw rotation
appears unreliable.

3.4. Anglona

Numerous paleomagnetic studies, encompassing
more than 60 sites, have been performed in the Anglona
area ([22] for a synthesis). However, stratigraphy of the
area is poorly known due to poor outcrop, so inter-
pretation of the paleomagnetic data remains problem-
atic. A schematic stratigraphy is provided ([28], Online
Fig. 2). Lower units (andesites, lower lacustrine sedi-
ments and intercalated volcanics) have more westerly
mean declinations than upper units [22] but no quan-
titative information can be derived from the existing
data.

We studied eight sites distributed vertically in a
300 m thick succession of andesitic lavas near the town
of Osilo (40°44′36″N, 8°40′18″E, see Online Fig. 7
for a sampling map). The section has experienced
epithermal alteration and calcite mineralization. Three
directions from successive lower sites record a peculiar
geomagnetic direction with a very low inclination (sites
OSC, OSF, OSE) but are not rejected by Vandamme's
recursive method [40]. The uppermost site did not
provide a reliable paleomagnetic direction probably
because of lighting strikes. Successive flows OSB
(equivalent to site 16 of Edel [9]) and OSI have in-
distinguishable paleomagnetic directions. The same
applies for successive flows OSF and OSE. Therefore
we record only five independent paleomagnetic direc-
tions, which is too small to compute a reliable tectonic
rotation. We obtained an excellent plateau with high
%40Ar⁎ yields from a plagioclase separate from one
flow (OSA), yielding a 40Ar/39Ar isochron age of
18.90±0.07 Ma. The normal polarity of all the paleo-
magnetic directions suggests that the succession was
emplaced within chron 6n.

3.5. Central Sardinia

We investigated 16 sites in Central Sardinia (39°55′N,
8°55′E) in a 200 m thick volcano-sedimentary succession
composed of five pyroclastic units separated by conti-
nental fluvio-deltaic sediments (Fig. 6, [58]). Some flows
were sampled at several sites and provided indistinguish-
able directions which were averaged and treated as single
paleomagnetic directions. A sampling map is provided
in Online Fig. 8. No previous paleomagnetic data were
available for this succession. The two lower units are
within a single pyroclastic flow, whereas the upper three
consist of individual flows. The succession lies directly on
Paleozoic basement. Despite strong anisotropy of mag-
netic susceptibility for some sites (IRO2 for instance), no
inclination shallowing was detected [57].

A K–Ar age of 20.8±1 Ma was previously obtained
on one flow of Monte Ironi unit near site RUI3 [24]. We
acquired 40Ar/39Ar ages on four of the five units. Best
ages from bottom to top are: 20.74±0.11 (Luzzana,
integrated age, no plateau obtained); 20.91±0.13 Ma
(Allai; single plateau); 19.76±0.16 Ma (Ruinas at RUI3
site; two plateaus); and 20.40±0.16 Ma (Ironi at IRO1
site; one plateau from two experiments). The age for
the Ironi flow is too old compared to the underlying
Ruinas unit. Results from both samples are compromised



Fig. 6. Schematic log of the Central Sardinia succession (after [58])
with 40Ar/39Ar geochronological ages and paleomagnetic polarity.
Asterisks indicate the stratigraphic positions of dated flows. Two
different correlations with the reference magnetostratigraphic scale
[44] are proposed for the upper part of the succession according to
whether the age for Ironi (solid lines) or Ruinas (dashed lines) is
considered reliable. †The age for Luzzana is an integrated age (no
plateau, see text).
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by relatively low radiogenic content and a lack of
demonstrated reproducibility; the contradiction in radio-
metric age relationships cannot be explained by the
40Ar/39Ar systematics alone. If the age for Ironi is
correct, the Ruinas andmost of the Ironi units were likely
emplaced during chron 6An.1r, and flow IRO4 (the only
normal polarity flow Ironi unit) may represent the base of
chron 6An.1n (Fig. 6). In this scenario, the central
Sardinia volcanic succession would lie constrained
between 20.9 and 20.2 Ma. If the age for Ruinas is
correct, the Ruinas and Ironi units were likely emplaced
during chron C6r, and flow IRO4 may represent the base
of chron 6n (Fig. 6). In this scenario, the central Sardinia
volcanic succession would be constrained between 20.9
and 19.8 Ma. In both cases, the emplacement of the
succession is rapid with respect to tectonic movements,
and thus a calculation of mean paleomagnetic direction
should essentially average secular variation. The mean
direction based on 12 independent directions yields a
53.4°±15.3° ccw rotation, with δ=21.9° indicating
adequate averaging of secular variation.

3.6. Oniferi area

This area (40°18′N, 9°11′E) contains at least ten
pyroclastic flows lying directly on the Paleozoic base-
ment. Neither paleomagnetic nor geochronological data
were previously available for the area. Ten sites were
sampled for paleomagnetism (Online Fig. 9). Reverse and
normal polarity directions were evidenced but the lack of
detailed stratigraphy within the succession prevents
correlation with the magnetostratigraphic timescale. We
obtained 40Ar/39Ar isochron ages from plateaus from the
base (20.76±0.07 Ma) and the top (20.25±0.13 Ma) of
the succession. Although the plateaus for the older unit
(ONG) are not as broad as found in some experiments, the
integrated ages are fairly reproducible, the relatively flat
portion beyond the strict plateau is broad, Ca/K ratios are
stable, and %40Ar⁎ is very high (near 100%), all sug-
gesting reliable geochronometry. The characteristics of
the 40Ar/39Ar incremental heating results for the upper
sample are very similar and judged reliable, yielding a
duration for the succession of about 500 kyr. The mean
direction based on 9 independent directions yields a 42.1±
11.2° ccw rotation, with δ=19.5° indicating adequate
averaging of secular variation.

3.7. Alghero

A several-hundred-meter thick volcanic succession
composed of diversely welded pyroclastic flows crops
out near Alghero. The paleomagnetism of 10 flows was
previously studied ([21], Table 2). Flows 1 to 6, in
stratigraphic order from base to top, defines a reverse-
normal-reverse polarity pattern. Although flows 7 to 10
clearly postdate flow 6, their stratigraphy is uncon-
strained. Lecca et al. [25] obtained an age of 20.9±
0.5 Ma (K–Ar on plagioclase) for a flow located slightly
above flow 6. We studied four additional flows for
paleomagnetism (LGA, LGB, LGG, LGH, Online
Fig. 10), all located between flows 1 to 6 (see Table 2
for the detailed stratigraphy). Their polarities confirm the
reverse-normal-reverse polarity pattern for the base of
the succession. We obtained excellent, nearly identical
40Ar/39Ar incremental-heating results from two experi-
ments from flow LGB (uppermost flow of the lower
reverse-polarity interval of the succession) that yielded
broad plateaus, stable Ca/K ratios, and high %40Ar⁎

content, giving a weighted-mean isochron age of 20.71±
0.05 Ma. This suggests that flows 1 to 6 may have been
emplaced during chrons 6An.2r, 6An.2n and 6An.1r,
within ∼500 kyr. Without additional data, we attribute
the emplacement of flows 7 to 10, displaying normal and
reverse polarities, to the same time interval. The suc-
cession mean inclination (Table 3) is too low by a few
degrees with respect to the expected inclination. It is
noteworthy that the two poorly welded flows LGB and
LGH have steeper inclinations (50–55°) than the
strongly welded units. This suggests that inclination
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shallowing may have accompanied dense welding.
Following Gattacceca and Rochette [57], we evaluated
the degree of remanence anisotropy for the strongly
welded flows LGA. The mean remanence anisotropy
degree of 1.33 (compared to a susceptibility anisotropy
degree of 1.06) accounts for an inclination shallowing of
8°. Nevertheless, as it was impossible to apply any
correction to the directions obtained by De Jong et al.
[21], we use in our analysis uncorrected directions,
bearing in mind that the mean low inclination for the
succession is an artifact due to anisotropy. The mean
direction based on 14 independent directions yields a
42.1°±11.2° ccw rotation, with δ=19.5° indicating ade-
quate averaging of secular variation.

4. Discussion

4.1. Integrity of the Corsica–Sardinia microplate (CSM)

The CSM is mainly formed by the Corsica–Sardinia
batholith, a 500 km long and 50 km wide igneous
structure mostly composed of Hercynian granitic rocks
with remnants (mainly metamorphic rocks) of the
batholith envelope [59]. This batholith was not affected
by thrusting during the Alpine orogeny. Thus the post-
Eocene rotations discussed here are not related to the
Alpine orogeny but to the rifting and drifting event that
led to the formation of the Liguro-Provençal basin.

Given the N–S elongated shape of the CSM, it is
possible that the CSM did not behave as a rigid
block, and one can expect a rotation gradient during the
Oligo–Miocene rifting and drifting. Such a gradient
from northern Corsica to southern Sardinia is indeed
suggested by paleomagnetic measurements of Paleozoic
rocks; post-Permian rotation estimates range from 30°
in northwestern Corsica to 113° in central Sardinia
([23,60] for a review). But the age of these differential
rotations is difficult to assess. The only available data,
from central Sardinia, indicate 89° of rotation after the
Triassic and 77° of rotation after the Jurassic (re-eval-
uated after [61] using updated reference poles [42]). The
existence of a Tertiary rotation gradient is difficult to
evaluate since most Tertiary paleomagnetic data come
from central and northern Sardinia and it is difficult to
find volcanic successions of the same age scattered
along the CSM. We have studied three volcanic suc-
cessions in the range 21–20 Ma: the southernmost one
(central Sardinia) rotated slightly more than the Oniferi
and Alghero areas after Aquitanian (53° instead of 42°),
but this small differential rotation is not significant at the
95% confidence level. In Corsica, Miocene volcanic
rocks are rare and sedimentary rocks yield ambiguous
paleomagnetic results [32]. However a 35±6° post-
Eocene ccw rotation for northern Corsica (re-evaluated
after [32]) and a 44±4° post-Chattian ccw rotation for
southern Corsica [52] have been recorded in sediments,
again compatible with a rotation gradient from north to
south.

The boundaries of blocks with relative rotation are
difficult to locate. Paleomagnetic data from dykes cross-
ing the straits of Bonifacio between Corsica and Sardinia
indicate a 2±8° ccw rotation of Sardinia with respect to
Corsica at the 95% confidence level (computed after
[62]). Therefore no significant rotation took place be-
tween the two islands after the Permian. Moreover,
geologic correlations [63] indicate that no significant
strike-slip movement occurred in the straits of Bonifacio
since the Hercynian orogeny. Therefore the possible
rotations between blocks must take place along the NE-
trending strike-slip faults that transect the CSM. The
suggested rotation pattern is compatible with a left-
lateral movement along these faults. Although the age of
these faults is not precisely constrained, several workers
[64–67] document that they cut Aquitanian deposits and
are overlain by deposits of Burdigalian age [68].

In conclusion, it can be proposed in view of previous
paleomagnetic data, that a rotation gradient occurs from
north to south in the CSM. Most of these block rotations
probably occurred before the Burdigalian, i.e. before the
major rotation phase linked with the opening of the
Liguro-Provençal oceanic basin.

4.2. Data synthesis

TheMonte Torru and Monte Minerva successions are
nearly coeval, encompassing the interval 18.6–19.0 Ma.
They are separated by ∼10 km, without significant
intervening faults. Proximity in time and place allows
combination of the paleomagnetic data at the single
paleomagnetic direction level. The similar age obtained
for the Osilo andesites (18.90±0.07 Ma) suggests that
we can also combine the paleomagnetic directions from
this area if we exclude the possibility of significant
Burdigalian differential block rotations. After combin-
ing these three volcanic successions, two directions
from the Osilo succession are rejected by Vandamme's
criteria [40]. The 15 independent paleomagnetic direc-
tions define a 20.8±7.8° rotation that may be regarded
as the best available estimate of Sardinia ccw rotation
after 18.8 Ma, even if secular variation may not have
been entirely accommodated (δ=12.4°). Similarly, di-
rections from Central Sardinia, Oniferi and Alghero can
be combined (at the single paleomagnetic direction
level) since they belong to the same time interval (20.9–
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20.2 Ma). The 35 independent directions define a 45.9±
8.6° rotation (δ=21.1°) that may be regarded as the
best available estimate of Sardinia ccw rotation after
20.5 Ma. Inversion tests cannot be performed on these
data, as variable and unknown inclination shallowing
correction would have to be performed on the data from
Alghero (see discussion in Section 3.7). It is noteworthy
that in the first case (Monte Minerva, Monte Torru,
Osilo), the rotation estimates obtained from each
succession alone (Table 3) are not compatible and
sometimes significantly different from the rotation esti-
mated from the combined successions. This is attributed
to the low scatter of the paleomagnetic directions in each
succession and the limited number of independent
directions. In the second case (central Sardinia, Oniferi,
Alghero), the three estimates are compatible and close to
the rotation estimated from the combined successions.
In this case, the scatter in each succession is sufficient to
provide a reliable estimate of the rotation angle. This
clearly illustrates the fact that the bias introduced by
secular variation, if not properly taken into account, can
lead to rotation estimates that are incorrect by tens of
degrees in our case: 35° for Monte Torru, 12° for
Monte Minerva, −4° for Osilo, compared to 21° when
combining the three successions (Table 3). This is why
pre-existing data could not be used to precisely
constrain the rotation history of the CSM, since they
Fig. 7. Rotation angle of Sardinia with respect to stable Europe versus time. C
with indication of the paleomagnetic polarity (solid circle: normal polarity;
polarities). The number of independent paleomagnetic directions is given in pa
the volcanic successions rather than geochronological uncertainties. A: Termin
Torru/Osilo, E: Central Sardinia/Alghero/Oniferi. Boxes are results from sedi
polarity. Magnetostratigraphic scale is from [45]. The 55° rotation angle at the
[7] (‘model A’ of Fig. 2).
were neither acquired in a detailed stratigraphic
framework, nor dated with sufficient precision.

The new results define a coherent evolution of the
Sardinian rotation angle (Fig. 7), suggesting that sec-
ular variation was sufficiently averaged. The reliability
of our mean paleomagnetic directions is also sup-
ported by agreement in inclination with that expected
for Early Miocene, as indicated by the absence of
significant flattening. Only two instances from Sardin-
ian sediments (sites M and L of [29]) lie off the
proposed rotational trend. We tentatively ascribe this
discrepancy to poor geochronological constraints or
remagnetization.

4.3. Kinematic and geodynamic implications

The paleomagnetic and geochronological data of the
central Sardinia, Alghero, and Oniferi areas indicate a
ccw rotation of ∼45° after ∼20.5 Ma. This angle can be
regarded as the minimum rotation occurring during
the CSM drift, since an additional rotation may have
taken place between the end of rifting (∼21.5 Ma) and
20.5 Ma. This is a marked increase over the previous
estimate of 30° [26]. We believe the explanation for this
discrepancy lies in the lack of precise stratigraphic and
geochronological control obtained during previous
studies. Three volcanic successions (Osilo andesites,
ircles represent the results from one or a group of volcanic successions
empty circle: reverse polarity; shaded circle: both reverse and normal
rentheses. The horizontal “error bars” indicate the time span covered by
al andesites, B: Sulcis, C: Monte Furru [27], D: Monte Minerva/Monte
ments from the Marmilla area (1, 2, 3: [29]; 4: [30]) with indication of
end of rifting is deduced from the post-rift reconstruction by Gueguen
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Monte Minerva, Monte Torru) provide well-constrained
tie-points demonstrating that 21° of rotation occurred
after 18.8 Ma. This result is in agreement with that
obtained by Speranza et al. [30] from Sardinian
sedimentary rocks, indicating a post 19 Ma 25.8±5.9°
rotation (recomputed using the 20 Ma Eurasian paleo-
magnetic pole from [42]). As evidenced in Edel et al.
[31], the timing of the termination of the rotation is
difficult to assess precisely because: (1) rotations of less
than about 5° are hard to prove on the basis of paleo-
magnetic evidence, (2) data are scarce for the 18–16 Ma
interval, and (3) rotation may slow asymptotically,
making an ‘end point’ hard to define. Nevertheless, our
results from the terminal andesites and Sulcis suggest
that the rotation is virtually complete by 15 Ma.

These conclusions are compatible onlywith ‘Model A’
of Fig. 2, i.e. the pre-drift palinspastic reconstruction
deduced from morphological fit of the continental mar-
gins, that implies a Miocene ccw rotation of about 55°
after the end of rifting (∼21.5 Ma). If we accept this pre-
drift reconstruction, our data indicate that about 10° of
ccw rotation must occur between∼21.5Ma and 20.5Ma.
This reconstruction is compatible with geological cor-
relations between Sardinia–Corsica and Provence [1]. It
also agrees with oceanic crust extension defined by
tectonic subsidence analysis [14] and compatible with the
constraints on Moho depth obtained from 3D gravity
inversion [69]. The total amount of opening of the
southern part of the basin is ∼400 km during the drift.
Between 20.5 and 18 Ma, with a rotation pole located in
the Ligurian Sea around 43.5°N, 9.5°E, the average rate
for the opening of the basin reaches 9 cm yr−1 for the
southern part of the basin.

According to paleomagnetic data, the Adriatic/Ionian
lithosphere has been rigidly attached to Africa since
the Late Cretaceous (e.g. [70–73]). It has thus moved
northward at a rate of 6–7 mm yr−1 with respect to
Europe during the Miocene (e.g. [74]). Prior to the ro-
tation of Corsica and Sardinia in the Miocene there was a
very slow oblique convergence between the CSM and
Adria, and no convergence at all after 16–15 Ma since
the Adria displacement parallels the CSM microplate
border. In this slow convergence setting, the occurrence
of velocities up to 9 cm yr−1 during the apex of the
opening could be explained by the dynamics of the
Adriatic/Ionian slab roll-back [3,75]. Remarkably high
opening rates have also been evidenced for the Plio–
Pleistocene opening of the southern Tyrrhenian oceanic
basin [76] that is also related to the Adriatic/Ionian slab
roll-back.

The proposed reconstruction (‘Model A’) indicates
the existence of a lowermost Miocene continuous calc-
alkaline volcanic arc more than 1000 km long encom-
passing the Valencia Trough volcanism [13], the lower
part of Sardinian rift volcanism (Fig. 5), its submarine
prolongation to the SW of Corsica [77], the few rem-
nants in SE Corsica [33], and remnants of volcanic
activity in Provence (e.g. at Villeneuve-Loubet, Antibes,
Cap d'Ail, Biot). This volcanic arc is linked to the
subduction of Adriatic/Ionian oceanic crust beneath
Sardinia and Corsica [28].

5. Conclusions

While available paleomagnetic data from Sardinian
Miocene volcanic rocks could not be properly in-
terpreted because of the lack of a sufficient chronos-
tratigraphic framework, new paleomagnetic data
interpreted in the light of 40Ar/39Ar incremental-
heating ages and detailed field studies permit a
kinematic reconstruction for Sardinia rotation and
associated Liguro-Provençal basin opening. Whereas
previously published results documented only 30° of
ccw rotation during the Miocene drift, we present
conclusive and well-dated evidence for a much higher
rotation. Sardinia rotated ccw 45° with respect to stable
Europe between 20.5 and 15 Ma. Movement is most
rapid during the period 20.5–18 Ma when 30° of
rotation occurred. This interval of fastest rotation is
also approximately the time of greatest volcanism. The
Sardinian rotation is complete at 15 Ma. This post-
rifting minimum 45° rotation angle is compatible only
with palinspastic reconstruction locating the CSM near
the European margin. This reconstruction implies a
broad oceanic domain in the Liguro-Provençal basin
(up to 400 km in the southern part) and high drift rate
between 20.5 and 18 Ma (up to 9 cm yr−1 for the
southern part). In the overall context of the Africa–
Eurasia slow convergence, such high rates and large
extent of oceanic spreading are likely the consequence
of Adriatic/Ionian slab roll-back towards the E–SE.
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