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Key to understanding the complex Mediterranean subduction history is the kinematic reconstruction 
of its paleogeography after Jurassic extension between Iberia, Eurasia, and Africa. While post-Eocene 
Liguro-Provençal back-arc extension, and associated Miocene ∼50◦ counterclockwise (ccw) rotation of 
Sardinia–Corsica have been well documented, pre-Oligocene reconstructions suffer uncertainties related 
to the position of Sardinia–Corsica with respect to Iberia. If a previously constrained major post-middle 
Jurassic, pre-Oligocene rotation of Sardinia–Corsica can be quantified in time, we can test the hypothesis 
that Sardinia–Corsica was (or was not) part of Iberia, which underwent a ∼35◦ ccw during the Aptian 
(121–112 Ma). Here, we present new paleomagnetic results from Triassic, Jurassic, Upper Cretaceous 
and Lower Eocene carbonate rocks from Sardinia. Our results show a consistent well constrained post-
early Eocene to pre-Oligocene ∼45◦ ccw rotation of Sardinia–Corsica relative to Eurasia. This rotation 
postdated the Iberian rotation, and unambiguously shows that the two domains must have been 
separated by a (transform) plate boundary. The Eocene rotation of Sardinia–Corsica was synchronous 
with and likely responsible for documented N-S shortening in the Provence and the incorporation of the 
Briançonnais continental domain, likely connected to Corsica, into the western Alps. We argue that this 
rotation resulted from the interplay between a southward ‘Alpine’ subduction zone at Corsica, retreating 
northward, and a northward subduction zone below Sardinia, remaining relatively stationary versus 
Eurasia.

© 2014 Published by Elsevier B.V.
1. Introduction

Accurate kinematic reconstruction of Corsica and Sardinia since 
Jurassic extension between Iberia, Eurasia and Africa associated 
with the break-up of Pangea and the opening of the Central At-
lantic ocean (Frisch, 1979; Rosenbaum et al., 2002a; Stampfli et al., 
2002; Stampfli and Hochard, 2009; Speranza et al., 2012; Vissers et 
al., 2013), is key to restore the Cretaceous and younger subduction 
zone configuration and evolution of the western Mediterranean re-
gion. It is well established that since the Early Oligocene, Corsica 
and Sardinia were in an overriding plate position of the Apennine 
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subduction zone and rifted away from southern France, opening 
the Liguro-Provençal back-arc extension in its wake (Malinverno 
and Ryan, 1986; Rosenbaum et al., 2002b; Faccenna et al., 2004;
Jolivet et al., 2009; Handy et al., 2010; van Hinsbergen et al., 2014). 
This was associated with a rapid, Early Miocene 50◦ counterclock-
wise (ccw) vertical axis rotation of Sardinia–Corsica (Speranza et 
al., 2002; Gattacceca et al., 2007). Kinematic reconstructions for 
the Mesozoic to Eocene history of the central Mediterranean re-
gion are widely divergent, and hinge on whether Sardinia–Corsica 
was part of Eurasia, attached to the Provence in southern France, 
or part of Iberia.

This debate may be solved by paleomagnetic analysis. Previ-
ous paleomagnetic results from Middle Jurassic rocks of Sardinia 
(Horner and Lowrie, 1981; Kirscher et al., 2011) show that prior 
to the Miocene rotation, an additional ∼40◦ ccw rotation must 
have occurred at an ill-defined stage in the Late Mesozoic or 
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Fig. 1. (A) Map of the present-day geological setting of the central-western Mediterranean region. (B, C) Leading paleogeographic hypothesis for the paleogeography of the 
western Mediterranean region in the Early Cretaceous assuming that Sardinia–Corsica–Briançonnais (Sard., Cor., Br.) (B) was decoupled from and moved independent from 
Iberia (Rosenbaum et al., 2002b) or (C) was a part of rigid Iberia (Stampfli et al., 2002; Turco et al., 2012). NBTZ = North Balearic Transform Zone.
Paleogene, from which interval no paleomagnetic data are avail-
able from Sardinia or Corsica. Kirscher et al. (2011) suggested 
that this pre-Miocene rotation represented the well-documented 
Aptian–early Albian (∼121–110 Ma) ∼35◦ ccw rotation of Iberia 
(Van der Voo, 1969; Gong et al., 2008) and thus implied that 
Sardinia–Corsica were part of the Iberian continent (Fig. 1C), sim-
ilar to reconstructions of e.g., Stampfli et al. (2002), Handy et al.
(2010), and Turco et al. (2012). Conversely, Horner and Lowrie
(1981) argued that Sardinia–Corsica was an independent micro-
continent during the Mesozoic and early Cenozoic, located adja-
cent to the Provence (Fig. 1B), similar to reconstructions of e.g. 
Rosenbaum et al. (2002b).

In this paper, we aim to date the post-Middle Jurassic to pre-
Miocene rotation phase of Sardinia, and test whether this coin-
cided with, or postdated the Iberia rotation. Therefore we con-
ducted an extensive paleomagnetic analysis of Triassic, Jurassic, 
Lower and Upper Cretaceous and Lower Eocene carbonate rocks 
from Sardinia. The implications of our results are integrated in the 
paleogeographic and kinematic evolution of the Mediterranean re-
gion.

2. Geological setting

Orogenesis in the central-western Mediterranean resulted from 
plate convergence between the Eurasian and African plates. This 
convergence was not only accommodated by subduction of oceanic 
crust, but also by the collision of microcontinental fragments 
that intervened ocean basins. This complex paleogeography re-
sulted from an early to middle Mesozoic extension history at 
the junction between the Atlantic spreading system to the west 
and the Neotethyan ocean basin to the east. Neotethyan exten-
sion occurred during the Triassic, relics of which are found in 
the modern Ionian Basin. The Atlantic spreading system linked 
in Jurassic time to a now completely subducted ocean basin 
known as the Piemonte-Ligurian Ocean along the eastern mar-
gin of Iberia and the southern margin of Eurasia (Frisch, 1979;
Rosenbaum et al., 2002a; Stampfli et al., 2002; Schmid et al., 2004;
Stampfli and Hochard, 2009; Handy et al., 2010; Speranza et al., 
2012; Vissers et al., 2013). The geology of the western Alps shows 
that a microcontinental block known as the Briançonnais terrane 
existed within this ocean, and was separated from the European 
plate in the north by the Valais oceanic branch (Frisch, 1979;
Handy et al., 2010). Sardinia–Corsica, which has been an inter-
nally rigid block since at least the Early Mesozoic (Vigliotti et al., 
1990), has a comparable tectonostratigraphy to the Briançonnais 
continental terrane. These blocks are generally seen as contiguous 
until the Eocene, when the Briançonnais terrane became incorpo-
rated into the western Alps (Figs. 1B, C) (Stampfli et al., 2002;
Schmid et al., 2004; Handy et al., 2010).

Testing whether Sardinia–Corsica–Briançonnais was part of 
Iberia or not requires knowledge on relative Iberia–Eurasia mo-
tions, which are constrained based on the interpretation of marine 
magnetic anomalies in the Bay of Biscay and the Atlantic Ocean 
(Savostin et al., 1986; Olivet, 1996; Rosenbaum et al., 2002a; Sibuet 
et al., 2004; Capitanio and Goes, 2006; Vissers and Meijer, 2012a, 
2012b), and the dimension of the Iberian continental landmass 
in the geological past. Early reconstructions (Savostin et al., 1986;
Olivet, 1996) inferred that Iberia moved sinistrally along SW Eura-
sia, and the Valais Ocean was therefore connected to and of the 
same age as the Bay of Biscay. Later re-interpretations of marine 
magnetic anomalies suggested that the Bay of Biscay opened due 
to a vertical-axis rotation of Iberia relative to Europe around a pole 
located in the eastern Bay of Biscay sometime during the Creta-
ceous Normal Superchron (121–83 Ma) (Rosenbaum et al., 2002a;
Sibuet et al., 2004; Vissers and Meijer, 2012a, 2012b). This hy-
pothesis, supported by a well-documented Aptian–lower Albian 
(∼121–110 Ma) ∼35◦ ccw rotation of Iberia (Van der Voo, 1969;
Gong et al., 2008) and Pangea fits at 200 Ma (Ruiz-Martinez et 
al., 2012), requires synchronous ∼N-S convergence between Iberia 
and Eurasia east of the Bay of Biscay with magnitude increasing 
eastwards (e.g., Vissers and Meijer, 2012b).

N-S convergence to the east of the Pyrenees is well-known in 
the Provençe region (Fig. 1A), but is Eocene in age (Lacombe and 
Jolivet, 2005; Andreani et al., 2010; Espurt et al., 2012). Balanced 
cross-sections by these authors show at least some tens of kilo-
meters of shortening between Corsica–Sardinia and rigid Eurasia 
during that time. Excellent bathymetric fits between the Sardinia–
Corsica and Provençe margins show that at the beginning of the 
Oligocene, Sardinia–Corsica was adjacent to the Provence margin 
(e.g. Bache et al., 2010).

Since the Oligocene, the African subducting plate started to ex-
perience major roll-back, which generated extensional back-arcs 
in the overriding Eurasian plate including the Liguro-Provençal 
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Fig. 2. Simplified geological map of Sardinia showing the main lithologies, structures and sampling sites, based on Cherchi et al. (2010), including modifications from Kirscher 
et al. (2011). Sampling locations are colored according to age.
basin (Malinverno and Ryan, 1986; Rosenbaum et al., 2002b;
Faccenna et al., 2004; Jolivet et al., 2009; Handy et al., 2010;
van Hinsbergen et al., 2014) (Fig. 1A). The Oligocene opening 
stage of the Liguro-Provençal Basin, between ∼30–21 Ma, was 
not associated with significant vertical-axis rotation of Sardinia–
Corsica (Séranne, 1999). Subsequent oceanization of the Liguro-
Provençal Basin between 21 and 16 Ma was, however, accom-
modated by a ∼50◦ ccw rotation of Sardinia–Corsica relative to 
Eurasia (Gattacceca et al., 2007). Simultaneous rotations of com-
parable magnitude also affected the western Alps to the north 
(Maffione et al., 2008) as well as the most internal domains of the 
incipient Apenninic chain to the east (Caricchi et al., 2014). Fur-
ther rollback subsequently induced the opening of the Tyrrhenian 
Sea to the east of Corsica–Sardinia (Malinverno and Ryan, 1986;
Faccenna et al., 2001b; Rosenbaum and Lister, 2004; Cifelli et 
al., 2007), and major counterclockwise rotations in the Apennines 
associated to thrust sheets emplacement (Muttoni et al., 2000;
Cifelli and Mattei, 2010; Maffione et al., 2013; Caricchi et al., 2014).

3. Paleomagnetic sampling, analysis, and results

We sampled the Triassic, Jurassic, Lower and Upper Cretaceous, 
and Lower Eocene carbonatic units of Sardinia (Fig. 2). Because 
carbonates are commonly characterized by low ferromagnetic min-
eral content that may result into unstable and noisy paleomagnetic 
signal, we collected a large number of samples (∼700) from 23 lo-
cations to increase the chance of success.

3.1. Sampling and laboratory treatment

Paleomagnetic core samples were collected using a gasoline-
powered portable drill, and oriented in situ with a magnetic 
compass corrected for local declination. Magnetic remanence of 
samples was investigated through thermal and alternating field 
(AF) demagnetization. AF demagnetization was carried out us-
ing an in-house developed robotic 2G Enterprises SQUID mag-
netometer (noise level 10−12 A m2), through variable field incre-
ments (2–10 mT) up to 70–100 mT. In those samples where 
high-coercivity, low-blocking temperature minerals (i.e. goethite) 
were expected, a pre-heating to 150 ◦C was coupled to AF de-
magnetization. Stepwise thermal demagnetization was carried out 
in laboratory built furnaces, through 20–100 ◦C increments up to 
580 ◦C (or until complete demagnetization). Magnetic remanence 
was measured after each demagnetization step on a 2G Enterprises 
SQUID magnetometer. Demagnetization diagrams were plotted as 
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orthogonal vector diagrams (Zijderveld, 1967) and the characteris-
tic remanent magnetizations (ChRMs) were isolated via principal 
component analysis (Kirschvink, 1980). Representative Zijderveld 
diagrams are shown in Fig. 3. Site-mean directions were evalu-
ated using a Fisher statistics (Fisher, 1953) of virtual geomagnetic 
poles (VGPs) corresponding to the isolated ChRMs. Here, the N-
dependent reliability envelope of Deenen et al. (2011) was applied 
to assess the quality and reliability of the calculated mean ChRM 
directions. These criteria assess whether (i) the scatter of virtual 
geomagnetic poles (VGP) can be straightforwardly explained by 
paleosecular variation (PSV) of the geomagnetic field (A95min ≤
A95 ≤ A95max), (ii) an additional source of scatter (A95 > A95max) is 
present besides PSV, or (iii) the scatter underrepresents PSV, which 
may indicate acquisition of the magnetization in a time period too 
short to fully sample PSV, e.g. due to remagnetization or inappro-
priate sampling. We applied a fixed 45◦ cut-off (e.g., Johnson et 
al., 2008) to the VGP distributions of each site. In few cases (de-
scribed in detail in Section 3.2) the 45◦ cut-off rejected more than 
50% of the initial data, yielding statistically (but not geologically) 
meaningful mean values that have not been used for our tectonic 
reconstructions.

A fold test (McFadden, 1990) for coeval units to determine 
the timing of their remanence acquisition compared to deforma-
tion (i.e. pre-tilting vs. post-tilting) could only be applied to Early 
Eocene sites, where a bedding variability amongst different sam-
pling localities was observed. The remaining sites (Triassic, Jurassic 
and Cretaceous) are all characterized by an internally homoge-
neous bedding attitude, thus excluding the possibility of applying 
a fold test at the site level being the statistical parameters identi-
cal before and after bedding correction. Similarly, no multiple sites 
of coeval ages were sampled for those time intervals, denying a 
between-sites fold test.

3.2. Paleomagnetic results

3.2.1. Middle Triassic
Middle Triassic (Ladinian (∼242–235 Ma)) limestones were 

sampled in a quarry near Cala Poglina, north-western Sardinia 
(site CP, Fig. 2). The sampled interval is a lateral equivalent of 
the Fassinian (lower Ladinian) to Longobardian (upper Ladinian) 
Muschelkalk (Cherchi, 1985). A total of 70 samples were collected 
from a 40 m-thick interval. This unit consists of massive grey lime-
stone and dolomitic limestone, and reddish cellular dolomites. Ap-
proximately 40% of samples were AF demagnetized, the remaining 
samples thermally. The results of this site yield a spherical and low 
dispersion VGP distribution. The statistical properties do not pass 
the Deenen et al. (2011) criteria: the A95 is lower than A95min (Ta-
ble 1). This suggests either averaging of PSV within each specimen 
owing to low sedimentation rates, or remagnetization. The tilt cor-
rected mean ChRM direction at this site (D ± �D = 296.5◦ ± 2.6◦
and I ±�I = 38.4◦ ± 3.4◦; Table 1) has a westerly orientation sug-
gesting strong ccw rotation relative to Eurasia.

3.2.2. Middle Jurassic
A total of 34 samples was collected from a 41 m-thick Aalenian 

carbonatic sequence (Cherchi, 1985; Cherchi et al., 2010) at Monte 
Zirra (site MZ), northwestern Sardinia (Fig. 2). Three sub-sites 
(MZ1, MZ2 and MZ3) were sampled from basal, middle, and top 
part of the sequence, respectively. The section consists of oolitic 
grainstones with layers of detrital sandstone, oosparitic limestones, 
and oncolitic limestones with crossbeds. The average in-situ ChRM 
direction calculated from this site gives a D ± �D = 355.1◦ ± 7.3◦
and I ± �I = 59.5◦ ± 5.0◦; Table 1) is within error of the present-
day field at the sampling locality (000◦/59.8◦) and suggests a re-
cent remagnetization of these rocks.
Bajocian–Bathonian limestones were sampled (46 cores) at 
Monte Vaccargiu (site MV) (Fig. 2) (Cherchi, 1985). Almost half of 
the samples (N = 22) were demagnetized with AF treatment; the 
remaining samples were pre-heated to 150 ◦C before AF demag-
netization. The ChRM directions isolated with both techniques are 
scattered with a non-spherical distribution of the relative VGPs. 
A fixed 45◦ cut-off eliminated 11 of the 24 directions, and the 
resulting A95 does not satisfy the Deenen et al. (2011) criteria, 
indicating a scatter well beyond that expected from PSV alone.

A 30 m-thick interval within Bathonian–Callovian oolitic–bio-
clastic packstones–grainstones (Costamagna et al., 2007) was sam-
pled (27 cores) at the Dorgali quarry near the town of Orosei (site 
ORO-01; Fig. 2). AF demagnetization gave interpretable results with 
ChRM components isolated between 30 and 70 mT (Fig. 3). The 
distribution of the ChRMs is spherical and passes the Deenen et 
al. (2011) criteria (Table 1). Declinations are strongly ccw deviated 
relative to Eurasia.

3.2.3. Lower Cretaceous
Berriasian–Valanginian (Chabrier et al., 1975) limestones were 

sampled at three localities (SAN-01, SAN-02, SAN-03) near Sant’An-
tioco, southwest Sardinia (Fig. 2). The low NRM intensities (0.02–
1.2 mA/m) characterizing these sites are probably responsible for 
the very high scatter of the ChRMs/VGPs, although sites SAN-01 
and SAN-03 may represent PSV (Table 1).

Berriasian and Barremian carbonatic sequences (Dieni and Mas-
sari, 1963a, 1965; Wiedmann and Dieni, 1968) were sampled in 
sites ORO-02 and ORO-03 near the town of Orosei (Fig. 2). Very 
low NRM intensities characterize these rocks (<0.01 mA/m) yield-
ing noisy demagnetization diagrams (Fig. 3). The isolated ChRMs 
are highly scattered, although they may, after a fixed 45◦ cutoff, 
be explained by PSV.

Limestones of Valanginian (SD-1) and Hauterivian–early Bar-
remian (SD-2) age were sampled at the locality of Cala Dragonara 
(Cherchi, 1985), northern Sardinia (Fig. 2). Both sites are character-
ized by very low NRM intensities (<0.1 mA/m). Site SD-1 shows 
completely scattered ChRM directions, and a fixed 45◦ cut-off 
eliminates 22 out of 30 obtained directions, yielding no geologi-
cally meaningful result. Similarly, site SD-2 displays a scatted that 
is beyond that expected from PSV alone (Table 1).

3.2.4. Upper Cretaceous
Upper Cretaceous (Coniancian–Santonian) reef bioclastic lime-

stones rich in rudists and corals (Cherchi, 1985) were sampled at 
Cala Dragonara (SD-3, 33 samples) and Monte Murrone (MM, 118 
samples), northwestern Sardinia (Fig. 2). Approximately half of the 
samples were demagnetized thermally, the other half using AF de-
magnetization. Thermal demagnetization yielded more stable de-
magnetization diagrams (Fig. 3). The VGP scatter for site SD-3 can 
be straightforwardly explained by PSV alone, whereas site MM has 
a scatter somewhat higher than expected from PSV (A95 > A95max; 
Table 1).

Finally, a total of 37 cores were collected at site SD-4 from the 
uppermost part of the Santonian section of Cala Dragonara (Fig. 2) 
(Cherchi, 1985; Simone and Cherchi, 2009). ChRMs directions iso-
lated with both AF and thermal treatment show a significant scat-
ter somewhat higher than expected from PSV (A95 > A95max; Ta-
ble 1).

3.2.5. Lower Eocene
In south-western Sardinia we have sampled limestones of “Mil-

iolitico” Auct., of early Ypresian age (∼56–48 Ma) (Murru and 
Salvadori, 1990; Raponi, 2003; Cherchi et al., 2008). In cen-
tral Sardinia coeval limestones with alveolinids and miliolids 
were sampled. Samples were collected from in total eight sites 
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(a)

Fig. 3. Orthogonal vector diagrams (Zijderveld, 1967) for representative specimens. Solid and open dots represent projection on the horizontal and vertical planes, respectively. 
Demagnetization step values are in mT or/and in ◦C. All vectors are shown after bedding tilt correction.
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(b)

Fig. 3. (continued)
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for A95 values of Deenen et al. (2011); α95 = 95% cone 
e timescale of Gradstein et al. (2012); D = declination; 
n parameter of Fisher (1953) for VGP distribution; k =
, 2011); lat = latitude; lon = Longitude; N = number of 

Bedding In-situ

(α95) (k) strike/dip D I

52.0 2.5 48.8 153/19 312.3 47.7

21.7 4.6 31.6 338/29 355.1 59.5
6.9 21.6 4.6 073/15 227.4 15.3

35.3 5.0 32.5 327/20 244.5 17.4

7.6 25.2 6.7 340/32 332.6 25.3
15.9 13.4 18.1 172/41 204.6 −40.3

7.0 36.5 5.3 264/10 245.9 30.0

10.8 42.9 5.5 224/32 44.6 6.8

13.0 22.8 6.9 046/19 218.3 1.4
6.8 20.4 4.5 046/19 266.1 9.3

14.4 25.6 6.5 330/35 159.1 20.7

15.4 9.3 14.0 064/23 284.3 41.1

9.9 4.6 11.5 182/11 278.3 59.7

7.4 17.9 4.7 339/13 278.4 12.7

818.9 1.5 1529.8 horizontal 84.4 −24.6

141.6 4.0 190.2 012/6 95.8 −38.0

68.6 4.2 64.2 133/14 84.4 −51.3

52.3 4.8 64.1 147/11 86.6 −53.9

18.6 32.9 8.8 273/7 88.0 −16.5

13.6 18.6 11.5 094/8 331.7 33.7

19.3 15.3 37.2 274/11 1.6 74.8

5.1 36.4 5.4 266/13 27.8 56.9
Table 1
Statistical parameters per sampled site corrected for bedding tilt (except site MZ, see text). A95 = 95% cone of confidence on VGP’s; A95min/max = confidence envelope 
of confidence assuming Fisherian distribution of paleomagnetic directions (not recommended, see (Butler, 1992; Deenen et al., 2011); �Age = age uncertainty, using th
�D = 95% confidence interval in declination following Butler (1992); I = inclination; �I = 95% confidence interval in inclination following (Butler, 1992); K = precisio
precision parameter of Fisher (1953) for average direction assuming Fisherian distribution of paleomagnetic directions (not recommended, see Butler, 1992; Deenen et al.
interpreted ChRM directions/VGP’s; N45 = number of directions/VGP’s that pass a fixed 45◦ cutoff. Sites marked by ∗ recorded a present-day field overprint.

Stratigraphic 
level

Code lat lon Age Age �Age N N45 Tilt corrected parameters

D AD I �I A95 A95min A95max K

Middle
Triassic

CP 40.4982 8.3677 Ladinian 238.5 3.5 70 69 296.5 2.6 38.4 3.4 2.4 3.1 5.7

Middle
Jurassic

MZ∗ 40.6658 8.2657 Aalenian 172.2 1.9 34 32 26.5 7.3 42.9 5.0 5.6 3.0 9.2
MV 40.6177 8.2578 Bajocian–

Bathonian
168.2 2.1 24 13 224.6 17.0 8.5 33.4 17.0 4.3 16.3

ORO 1 40.3651 9.6605 Bathonian–
Callovian

165.9 2.4 27 27 246.0 5.1 37.2 6.9 4.7 3.2 10.3

Lower
Cretaceous

ORO 2 40.3742 9.6703 Berriasian 142.4 2.6 8 7 348.1 24.1 25.1 40.6 23.4 5.5 24.1
SAN 1 38.9994 8.4307 Berriasian–

Valanginian
139.0 6.0 9 8 161.9 16.6 −49.3 16.3 224.6 5.2 22.1

SAN 2 39.0119 8.4470 Berriasian–
Valanginian

139.0 6.0 8 5 251.8 32.8 32.6 48.7 31.1 6.3 29.7

SAN 3 39.0145 8.4494 Berriasian–
Valanginian

139.0 6.0 6 4 40.9 29.4 6.1 58.3 29.4 6.9 34.2

SD 1 40.5757 8.1615 Valanginian 136.4 3.4 30 8 218.3 15.9 −1.2 31.9 15.9 5.2 22.1
SD 2 40.5734 8.1628 Hauterivian–

early 
Barremian

130.3 2.6 26 15 262.0 16.2 21.1 28.6 15.9 4.1 14.9

ORO 3 40.3873 9.6806 Barremian 127.7 2.7 10 7 145.0 16.8 22.0 29.5 16.5 5.5 24.1

Upper
Cretaceous

SD 3 40.5724 8.1636 Coniacian–
Santonian

86.7 3.1 33 19 262.4 10.6 52.7 9.3 8.8 3.7 12.8

MM 40.6093 8.2357 Coniacian–
Santonian

86.7 3.1 127 92 276.8 5.7 48.8 5.7 4.9 2.0 4.7

SD 4 40.5720 8.1639 Santonian 85.0 1.3 37 18 280.6 13.9 23.9 23.9 13.6 3.8 13.3

Paleocene–
Eocene

PIO-03 39.2412 8.5281 upper Paleocene–
lower Eocene

53.5 5.7 7 7 84.4 1.5 −24.6 2.5 1.4 5.5 24.1 1

PIO-04 39.2443 8.5327 upper Paleocene–
lower Eocene

53.5 5.7 8 8 95.2 5.2 −44.0 6.0 4.7 5.2 22.1

CM 39.2519 8.4506 Lower–Middle 
Eocene

49.0 9.0 19 19 75.7 4.4 −40.1 5.6 4.1 3.7 12.8

TC 39.2484 8.4588 Lower–Middle 
Eocene

49.0 9.0 15 15 80.9 5.9 −44.1 6.8 5.3 4.1 14.9

ORR 39.6751 9.2371 upper Paleocene–
lower Eocene

53.5 5.7 6 4 90.1 22.1 −17.0 40.9 21.9 6.8 34.2

CAP∗ 39.2173 8.5062 Lower–Middle 
Eocene

49.0 9.0 9 7 328.3 18.5 40.4 23.3 16.9 5.5 24.1

PIO-01∗ 39.2332 8.5194 Lower–Middle 
Eocene

49.0 9.0 6 4 2.6 31.4 63.4 17.0 21.5 6.8 34.2

PIO-02∗ 39.2330 8.5188 Lower–Middle 
Eocene

49.0 9.0 7 5 20.2 42.9 45.4 46.4 37.4 6.3 29.7
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(TC, PIO-01/02/03/04, CM, CAP, ORR) from different localities dis-
tributed within southwest and central Sardinia (Fig. 2). The mag-
netic remanence intensity in those rocks is always very low 
(<0.05 mA/m) and generally results in noisy demagnetization dia-
grams (Fig. 3). In many cases, a secondary component could not be 
entirely removed during demagnetizations; from such samples we 
determined remagnetization great circles. We used the approach of 
McFadden and McElhinny (1988) (Fig. 4) in combining great circles 
and linear best fits (setpoints).

The scatter of ChRMs at site PIO-02 is too high (A95 > A95max; 
Table 1), and likely related to the low intensity of the remanence. 
The calculated mean direction is not statistically different from the 
present-day field direction, suggesting a possibly recent magnetic 
overprint. The remanence directions of the remaining sites are 
distributed within two distinct clusters. A first cluster (sites CAP 
and PIO-01) displays northerly directions that, in the case of site 
PIO-01, is statistically not distinguishable from that of the present 
field at the sampling locality (hence likely remagnetized). The re-
manence directions of site CAP show both normal polarity and an 
intermediate mean direction between the present field and those 
of the second cluster. This site has likely been affected by recent 
partial remagnetization, its mean direction does therefore proba-
bly not reflect the Eocene field, and data from this site are not 
used for further discussion. The second cluster, is formed by five 
sites (CM, PIO-03, PIO-04, TC, ORR) and is characterized by reverse 
polarity remanences with easterly directions indicating strong ccw 
rotations (after transposing the ChRMs to a normal polarity state). 
The in situ directions of those sites are substantially different from 
that of the local present field (Table 1). This evidence, together 
with the positive result of the fold test (N = 49; critical Scos95% =
8.14; in situ statistics: Dec = 088.6◦/−47.2◦ , k = 41.7, α95 = 3.2◦ , 
Scos1 = 28.3; unfolded statistics: Dec = 082.9◦/−41.1◦ , k = 57.3, 
α95 = 2.7◦ , Scos1 = 7.2; maximum k at 98% unfolding McFadden, 
1990) indicates a pre-tilt and likely primary acquisition of the 
magnetization.

4. Discussion

4.1. Statistical analyses and reconstructing the rotation of Sardinia

Reliable paleomagnetic poles are commonly obtained from 
sets of paleomagnetic directions showing a scatter that is exclu-
sively induced by paleosecular variation of the magnetic field. PSV 
leads to a variation in the distribution of the virtual geomagnetic 
poles of several tens of degrees, but geologically has rather short 
timescales (e.g., Tauxe et al., 2010). Averaging of PSV therefore 
requires obtaining a sufficiently large number of individual spot 
readings over a sufficiently long time interval, but short enough to 
avoid the effect of plate motion or (local) tectonic rotations. For 
tectonic purposes, paleomagnetic sampling is commonly carried 
out at multiple sites to be able to recognize local rotations. The 
scatter of paleomagnetic directions at individual sampling sites will 
then reveal if PSV is sufficiently represented. When the scatter of 
the obtained ChRMs at a site is much larger than can be expected 
from PSV, or the distribution of the VGP scatter is not approx-
imately circular, the corresponding paleomagnetic pole must be 
handled with care for tectonic interpretation (Deenen et al., 2011).

It is still common practice in paleomagnetism to average site 
means, instead of averaging all individual directions of all sites, 
which better allows assessing whether the sampled scatter is con-
sistent with PSV. This has several disadvantages. Sites with unequal 
numbers of samples, and hence unequal degrees of averaging of 
PSV, are given equal importance; the (unequal) statistics of each 
site mean are not taken into account. Hence, the statistical prop-
erties of the average of site means bears no information on the 
ChRM and VGP distributions, and do not allow comparison with 
Fig. 4. Equal area projections with all paleomagnetic data, averages, and statisti-
cal properties from Sardinia from the A) Middle Triassic; B) Middle–Upper Jurassic 
(all converted to normal directions); C) Lower Cretaceous; D) Upper Cretaceous and 
E) Lower Eocene (with ChRMs interpreted directly from orthogonal vector plots as 
blue circles, and ChRMs interpreted from remagnetization great circles in brown cir-
cles). VGP plots on the left are centered around the mean VGP. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

the expected PSV (Deenen et al., 2011). Indeed, many of our (and 
published) sites have A95 values that exceed the Deenen et al.
(2011) confidence envelope. Discarding those sites, however, may 
discard valuable information.



E.L. Advokaat et al. / Earth and Planetary Science Letters 401 (2014) 183–195 191
Table 2
Average directions computed per stratigraphic interval, and corresponding statistical parameters. For abbreviations, see caption of Table 1.

Code Age Remark Age �Age N N45 D �D I �I A95 A95min A95max K

A Triassic this study; Horner 
and Lowrie, 1981

236.9 8.1 196 194 295.5 1.5 39.3 2.0 1.4 1.5 3.0 52.2

B Middle–Late 
Jurassic

this study; Horner 
and Lowrie, 1981; 
Kirscher et al., 2011

160.0 15.0 270 238 276.5 3.4 47.9 3.5 3.0 1.3 2.6 10.2

C Early Cretaceous this study 135.0 10.0 no meaningful result
D Late Cretaceous this study 86.8 3.0 197 129 275.9 4.8 47.1 5.1 4.3 1.7 3.8 9.5
E Paleocene–Eocene this study 49.6 9.6 55 49 83.5 3.2 −39.4 4.2 3.0 2.5 6.7 43.5
Therefore, we follow a different approach, and combine all mea-
sured and published individual paleomagnetic directions of specific 
time intervals sampled in Sardinia, except the Miocene averages, 
which we adopt from Gattacceca et al. (2007). We subsequently 
discuss the data distribution for each period in terms of its shape 
and statistical properties, to assess whether it is related to PSV, 
remagnetization, or between-site local rotations.

To be able to compare our new data to published results, we 
have digitized the paleomagnetic directions obtained from Mid-
dle Triassic and Upper Jurassic rocks from equal area projections 
published by Horner and Lowrie (1981). Middle and Upper Juras-
sic rocks were paleomagnetically studied by Kirscher et al. (2011), 
but these authors only give site averages (with amounts of samples 
varying from one to thirteen per site). To weigh these site averages 
equally, we performed a parametric (Fisherian) sampling of each 
of their sites, using their published number of samples (N) and 
dispersion parameter (k) per site. We have subsequently plotted 
and averaged all digitized or parametrically sampled data together 
with our new results in five age bins: Middle Triassic, Middle–Late 
Jurassic, Early Cretaceous, Late Cretaceous and Early Eocene (Fig. 4; 
Table 2).

Results from the Middle Triassic of our study (site CP) and re-
ported by Horner and Lowrie (1981) provide an average direction 
D ± �D = 295 ± 1.5◦ , I ± �I = 39.3 ± 2.0. This declination would 
suggest a rotation of ∼90◦ ccw relative to the expected declina-
tion for Eurasia based on the Global Apparent Polar Wander Path 
(APWP) of Torsvik et al. (2012) (Fig. 7). This seems consistent with 
the results of Jurassic and younger rocks from Sardinia (see be-
low), but nevertheless some doubt exists whether the obtained 
direction is representing the Middle Triassic paleomagnetic field. 
Firstly, the distribution of the data is tightly clustered, more than 
can be expected from PSV (i.e., A95 < A95min , Table 2). This may 
point to a (rapid) remagnetization. Secondly, the paleolatitude de-
rived from the inclination is ∼15◦ more northerly than predicted 
by the APWP of Eurasia (Fig. 5B; Table 2). Lower inclinations than 
expected can be explained by inclination shallowing caused by 
compaction (Tauxe, 2005), but steeper inclinations are difficult to 
explain. It is interesting to note that the latitude recovered from 
the Triassic rocks would be consistent with the expected paleolati-
tude for Eurasia in the 170–140 Ma time interval, which coincides 
with the opening of the Piemonte-Ligurian Ocean of which Sar-
dinia formed a margin (Vissers et al., 2013). Extensional deforma-
tion and associated fluid flow may have remagnetized the Triassic 
rocks, in a similar way as recorded, for example, in pervasive syn-
extensional northern Iberian remagnetizations (Gong et al., 2009). 
Although the mean declination for the Triassic sites may repre-
sent a later (Jurassic) remagnetization, it indicates post-Triassic (or 
Jurassic) major ccw rotation of Sardinia–Corsica.

The average from Middle to Upper Jurassic rocks obtained by 
Horner and Lowrie (1981), Kirscher et al. (2011), and in this study 
(site ORO-01) gives, after converting all directions to normal polar-
ity, D ± �D = 276.5 ± 3.4◦ , I ± �I = 47.9 ± 3.5◦ (Fig. 4, Table 2). 
The inferred paleolatitude is within error with that predicted by 
the European APWP (Fig. 5B), and the mean declination documents 
a ccw rotation of ∼95◦ of Sardinia relative to Europe (Fig. 5A). 
A close inspection of the VGP distribution (Fig. 4), however, shows 
an elongated pattern. VGP distributions that represent PSV would 
have a circular distribution, and hence the distribution of the Juras-
sic data suggests an additional source of scatter. This is further 
confirmed by the A95, which is somewhat higher than A95max

(Table 2). We suggest that this additional source of scatter is re-
lated to some local (low-magnitude) rotations of one site relative 
to another (the Jurassic data come from approximately 20 differ-
ent sites), possibly as a result of e.g., Middle Eocene transpres-
sional deformation that affected Sardinia (Trémolières et al., 1984;
Carosi et al., 2005; Buttau et al., 2008; Cherchi et al., 2008;
Barca and Costamagna, 2010). The consistency between the ob-
tained average for the Jurassic, and the Cretaceous and Eocene 
averages (see below), however, leads us to believe that these lo-
cal rotations are likely averaged out within this very large dataset 
(N = 238; Fig. 4).

The results from the Lower Cretaceous units obtained in this 
study (seven sites; Table 1) do not yield a meaningful paleo-
magnetic pole because of the random pattern of the observed 
directions (Fig. 4). This is probably caused by the very low in-
tensity of the remanence, which is commonly close to the noise 
level of the magnetometer. Conversely, the results from the Upper 
Cretaceous rocks (three sites; Table 1) are scattered but consis-
tent, and yield an average direction of D ± �D = 275.9 ± 4.8◦ , 
I ± �I = 47.1 ± 5.1◦ . The paleolatitude calculated from the ob-
tained inclination is within error of that predicted by the APWP 
(Torsvik et al., 2012) (Fig. 5B). Comparison of the declination with 
the APWP shows a ccw rotation of ∼90◦ of Sardinia relative to the 
Europe. Although the scatter of Late Cretaceous directions is some-
what larger than expected from PSV alone (A95 > A95max , Table 2), 
the distribution of VGPs is near-circular (Fig. 4) suggesting that the 
additional source of scatter is random. We explain this excess scat-
ter to result from uncertainties in the determination of the ChRMs 
owing to the low magnetic intensities of the samples, so we con-
sider the obtained average to reliably represent the Late Cretaceous 
magnetic field.

Finally, most specimens from sites of the Lower Eocene show an 
unresolved present-day (normal polarity) overprint that often af-
fects the original reversed polarity directions. Many demagnetiza-
tion results were therefore interpreted using remagnetization great 
circle analysis (Fig. 4) following the approach of McFadden and 
McElhinny (1988). The combination of setpoints and great circles 
provided a consistent mean direction of D ± �D = 083.5 ± 3.2◦ , 
I ± �I = −39.4 ± 4.2◦ . The statistical values of this dataset pass 
the Deenen et al. (2011) criteria. The mean paleomagnetic direc-
tion obtained from the Lower Eocene units documents a ∼100◦
ccw rotation of Sardinia relative to Eurasia. The inclination (and 
thus the paleolatitude) is a few degrees lower than the reference 
direction, which could well have been caused by inclination shal-
lowing.
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Fig. 5. (A) Declination versus age plot of paleomagnetic sites from Sardinia, and the Global Apparent Polar Wander Path (APWP) of Torsvik et al. (2012) for stable Eurasia in 
Sardinian coordinates. The colored envelope represents the difference between the APWP for Eurasia and the expected declinations for Sardinia (a 95◦ ccw translated curve 
until the Eocene). Two rotational phases inferred in this paper are shown: a ∼45◦ ccw rotation phase 1 between ∼55 Ma and the onset of extension in the Liguro-Provençal 
Basin (∼30 Ma Séranne, 1999), and a ∼50◦ ccw rotation phase 2 between 21 and 16 Ma following Gattacceca et al. (2007). (B) Paleolatitude versus age. Note the higher than 
expected paleolatitude for the Triassic, inferred to be remagnetized in the Jurassic. A–D refer to data entries in Table 2. VK90 = Vigliotti and Kent (1990), G07 = Gattacceca 
et al. (2007). Datapoints A, B and C include data from Horner and Lowrie (1981) and Kirscher et al. (2011). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
4.2. Paleogeography of the Mediterranean region

The main aim of this study is to test whether the pre-Oligocene 
ccw rotation of Sardinia, previously documented by studies of 
Horner and Lowrie (1981) and Kirscher et al. (2011), occurred 
synchronously with the Early Cretaceous rotation of Iberia (Gong 
et al., 2008). Our results unequivocally demonstrate that Sardinia 
did not experience major rotations between Jurassic and Early 
Eocene times, but underwent a ∼95◦ ccw rotation in Eocene 
and younger times (Fig. 5A). This has major implications for 
the palaeogeographic reconstruction of the western Mediterranean 
during Mesozoic–Cenozoic times. On the basis of our new re-
sults, we must conclude that the SCB block has been separated 
by a plate boundary from Iberia in Cretaceous times. In left-lateral 
transtensional opening models of the Bay of Biscay (Olivet, 1996;
Savostin et al., 1986), such a plate boundary should have been E-W 
convergent. There is little evidence, however, for extensive Meso-
zoic E-W shortening in eastern Iberia or southern Sardinia (where 
it should be N-S shortening in present-day coordinates). Rotational 
opening models for the Bay of Biscay, with a pivot in the eastern 
Bay of Biscay (Rosenbaum et al., 2002a; Sibuet et al., 2004; Vissers 
and Meijer, 2012a, 2012b), require a pre-Oligocene dextral trans-
form plate boundary between Iberia and Sardinia. Such a transform 
may well have existed, and may have been re-used to form the 
modern North Balearic Transform Zone (Fig. 1) (Séranne, 1999;
van Hinsbergen et al., 2014). Our proposed reconstruction for the 
Mediterranean region (Fig. 6) therefore follows the Bay of Biscay-
Central Atlantic model of (Vissers and Meijer, 2012a, 2012b), em-
bedded in the Atlantic plate circuit based on Gaina et al. (2002)
and Müller et al. (1999).

The restoration of the Liguro-Provençal back-arc basin back-
rotates Sardinia–Corsica by ∼50◦ around an Euler pole located 
north of Corsica, yielding an accurate fit between the bathymet-
ric contours of Provence and the western Sardinia–Corsica mar-
gin around 30 Ma, when extension in this basin started (Bache 
et al., 2010, and references therein). The Eocene rotation of Sar-
dinia documented in this study could not have occurred around 
the same Euler pole, as that would generate a complete over-
lap between Sardinia and the Provençe. Since the Eocene N-S 
shortening documented in Provence (Lacombe and Jolivet, 2005;
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Fig. 6. Tectonic reconstructions of the central-western Mediterranean based on the 
results of this study. (A) 121 Ma, i.e. preceding the rotation of Iberia; (B) 50 Ma, at 
the inferred onset of the Eocene Corsica–Sardinia rotation; (C) 30 Ma, at the onset 
of opening of the Liguro-Provençal Basin; (D) present-day. Eurasia–North America–
Iberia–Africa plate circuit follows Torsvik et al. (2012), Gaina et al. (2013) and 
Vissers and Meijer (2012a, 2012b), in a Mercator projection. Reconstruction of the 
SW Mediterranean subduction zones since Eocene time follows van Hinsbergen et 
al. (2014). Dimension of the Piemonte-Ligurian Ocean adopted from Vissers et al.
(2013). Euler poles for Corsica–Sardinia rotations versus Europe given in Table 3
were estimated using GPlates reconstruction software (www.gplates.org, Boyden et 
al., 2011). Abbreviations: AlKaPeCa (Al = Alboran, southern Spain and northern Mo-
rocco, Ka = Kabylides, Algeria, PeCa = Calabria–Peloritai Arc). NBTZ = North Balearic 
Transform Zone. Poles of Iberia and Sardinia–Corsica rotations are the purple dots 
with arrow.

Table 3
Estimated finite Euler rotations for Corsica–Sardinia versus Europe. Timing and 
amount of Miocene rotations come from Gattacceca et al. (2007); reconstruction 
of the Liguro-Provençal basin based on Séranne (1999); Eocene rotation based on 
this study. Euler poles are estimated using GPlates plate reconstruction software 
(www.gplates.org; Boyden et al., 2011).

Finite Euler poles for Corsica–Sardinia versus Eurasia

Age Latitude Longitude Rotation

0.0 0.0 0.0 0.0
16.0 0.0 0.0 0.0
21.5 −42.5 −170.5 50.0
30.0 −43.7 −170.6 50.0
50.0 −41.8 −172.2 5.0

Andreani et al., 2010; Espurt et al., 2012) is coeval with the Eocene 
∼45◦ ccw rotation phase for Sardinia documented in this study, we 
argue that these two processes have a causal relation. A kinematic 
scenario accommodating this rotation with the minimum amount 
of shortening, and involving no extension, places the Euler pole 
on the SW corner of Sardinia (Fig. 6). This scenario predicts up 
to ∼100 km of Sardinia–Eurasia convergence at the longitude of 
the eastern Provence, i.e. higher than the several tens of km doc-
umented onshore (Espurt et al., 2012). The remaining convergence 
was likely accommodated in the now-stretched passive margins of 
the Liguro-Provençal basin.

Our paleomagnetic data show that the Eocene rotation occurred 
coeval with the onset of incorporation of the Briançonnais con-
tinental domain, which was likely attached to Corsica, into the 
Alps since 55 Ma, when it came into collision with the north-
ern margin of Adria (Handy et al., 2010). West of Adria, however, 
oceanic subduction continued with a southward, ‘Alpine’ subduc-
tion polarity on Corsica, but likely with a northward polarity be-
low Sardinia, as documented in the nappe stack of Calabria (e.g., 
Faccenna et al., 2001a; Rossetti et al., 2004; Heymes et al., 2010;
van Hinsbergen et al., 2014). We interpret the Eocene rotation of 
Sardinia–Corsica as the result of the interplay between these two 
subduction systems, whereby the southward subduction zone of 
the Alps retreated northward relative to a more stationary north-
ward subduction zone from southwest Sardinia westwards. As a 
result, the intervening Sardinia–Corsica segment rotated counter-
clockwise, and the subduction zones below these became increas-
ingly more oblique, consistent with Eocene transpressive deforma-
tion documented from several localities of Sardinia (Carosi et al., 
2005; Buttau et al., 2008). Our reconstruction assumes a ∼45◦
ccw Eocene rotation of Sardinia–Corsica around an Euler pole in 
southernmost Sardinia (in modern coordinates). Rotation started 
simultaneously with the incorporation of the Briançonnais ter-
rane into the Alps, i.e. ∼55 Ma, and continued until the onset of 
opening of the Liguro-Provençal basin, i.e. ∼30 Ma (Table 3). This 
requires a maximum Corsica–Europe convergence of ∼300 km, 
which is equal to the contemporaneous Africa–Europe convergence 
constrained by Atlantic ocean reconstructions (Müller et al., 1999;
Gaina et al., 2002). One paleomagnetic result from Corsica, from 
Lutetian (∼49–40 Ma) sediments by Vigliotti and Kent (1990) gave 
∼35◦ ccw rotation. If this result represents the Lutetian paleo-
magnetic field, it would yield an early Eocene rotation rate of 
Corsica–Sardinia that is much faster than can be explained by 
Africa–Europe convergence. This would require major N-S exten-
sion between Corsica and Africa, for which there is no geological 
evidence. In addition, the Eocene result of Vigliotti and Kent (1990)
would represent an unlikely smaller rotation than that derived 
from younger (lower Miocene) volcanics studied by Gattacceca et 
al. (2007). This could imply that their Eocene site has been remag-
netized in the Miocene, similar to other Eocene sediments from 
Corsica reported in the same study.

http://www.gplates.org
http://www.gplates.org
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Our study shows that major block rotations may occur at the 
transition region between oppositely dipping subduction zones. 
A similar mechanism may have been responsible for the bend-
ing of the southwestern Alpine arc synchronous with the Miocene 
Sardinia–Corsica rotation, as proposed by Maffione et al. (2008). 
The increasing obliquity of the Eocene subduction zones of Corsica 
may have aided the late Eocene reversal of subduction polarity be-
low Corsica (Fig. 6), as suggested by Argnani (2012).

5. Conclusions

In this paper, we provide new paleomagnetic results from Tri-
assic, Jurassic, Lower and Upper Cretaceous and Lower Eocene 
carbonate rocks from Sardinia, and integrate them with existing 
data from Triassic and Jurassic units throughout Sardinia. From all 
stratigraphic intervals, a declination was recovered that deviates 
∼95◦ ccw relative to Eurasian reference directions. This demon-
strates that Sardinia did not follow the well-documented ∼35◦
counterclockwise rotation of Iberia in the Aptian, implying that 
the Sardinia–Corsica block must have been separated from Iberia 
by a (transform) plate boundary at that time. Published Lower 
Miocene volcanics from Sardinia recorded a ∼50◦ ccw rotation ge-
netically related to the opening of the Liguro-Provençal back-arc 
basin. Our results demonstrate that the Sardinia–Corsica block ex-
perienced ∼45◦ ccw rotation in the Eocene, prior to the onset 
of extension in the Liguro-Provençal Basin around 30 Ma. We ar-
gue that this Eocene rotation of Sardinia–Corsica is synchronous 
with documented N-S shortening in the Provence and that it oc-
curred simultaneously with the incorporation of the Briançonnais 
continental domain in the Alps after Adria collision. We explain 
this rotation as a result from the interplay between a southward 
‘Alpine’ subduction zone at Corsica, retreating northward, and a 
northward subduction zone below Sardinia, remaining relatively 
stationary versus Eurasia.
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