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ABSTRACT

A new multi-thermochronological dataset from Corsica-Sardinia is here employed to constrain the
Meso-Cenozoic evolution of the Western Mediterranean area and the problematic transition in space
and time between the opposite-dipping Alpine (European) and Apenninic (Adriatic) subductions.

The dataset, including zircon and apatite fission-track and apatite (U-Th)/He data, covers the
whole Meso-Cenozoic time interval, and fits the theoretical age pattern that is expected in distal
passive margins after continental break-up. This demonstrates that Corsica-Sardinia represents a
fragment of the northern Tethyan margin still preserving the thermochronological fingerprint acquired
during Middle Jurassic rifting. Mesozoic apatite (U-Th)/He ages from crustal sections located close
to the Tethyan rift axis (i.e., central and eastern Sardinia) show that no European continental
subduction took place south of Corsica since the Mesozoic. Along the Sardinia transect, post-
Jurassic Adria-Europe convergence was possibly accommodated by Adriatic subduction, consistent
with the onset of orogenic magmatism. In middle Eocene - Oligocene times, the northward translation
of the Adriatic slab beneath the former Tethyan margin induced a coeval northward migration of
erosional pulses at the surface, constrained by a trend of progressively decreasing fission track ages
from southern Sardinia to NW Corsica. The Adriatic slab reached the Alpine wedge of Corsica by the
end of the Oligocene without any breakoff of the European slab, and started retreating in Neogene times

triggering the long-recognized basin opening in the backarc region.
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1. Introduction

The Western Mediterranean tectonic puzzle is the result of a complex and still debated Meso-
Cenozoic evolution at the boundary between the Eurasian and African plates (Dewey et al., 1989;
Jolivet and Faccenna, 2000; Rosenbaum et al., 2002; Carminati et al., 2012). This plate-boundary area
includes Cenozoic orogenic belts (Alps, Apennines, Betics and Pyrenées) related to different, possibly

interacting, subduction zones (Jolivet et al., 2003; Vignaroli et al., 2008; Malusa et al., 2011a), and



large Neogene backarc basins (Ligurian-Provengal and Tyrrhenian) that disrupt the original
relationships between these belts, thus hindering a full understanding of several crucial steps of
Mediterranean evolution (Fig. 1A). Half a century since the establishment of the plate tectonic
paradigm, the problematic transition in space and time between the opposite-dipping Alpine (European)
and Apenninic (Adriatic) subductions (Alvarez, 1991; Molli and Malavieille 2011; Argnani, 2012), and
the inferred southward extension of the Alpine orogenic wedge, are still open and heavily debated issues
(Gueguen et al., 1997; Jolivet et al., 1998; Faccenna et al., 2001; Carminati et al., 2012; Turco et al.,
2012; Vitale Brovarone and Herwartz, 2013). One end-member hypothesis (the so-called “‘young-
Apennines” hypothesis, Fig. 1B) envisages the occurrence of a Cretaceous-to-Eocene Alpine
subduction zone developed across the whole Western Mediterranean, later replaced, after the breakoff
of the European slab, by a westward Apenninic subduction developed at the rear of the Alpine wedge
since the Oligocene (e.g., Boccaletti et al., 1971; Doglioni et al., 1998; 1999; Handy et al., 2010).
Another end-member hypothesis (the so-called “ancient-Apennines” hypothesis, Fig. 1B) envisages,
in contrast, the occurrence of two coeval opposite-dipping subduction zones - the Alpine one to the
north and the Apenninic one to the south (e.g., Principi and Treves, 1984; Rossetti et al., 2001;
Argnani, 2009; Turco et al., 2012). But there is no general consensus about the location of the
northern tip of the Apenninic subduction in Paleogene times (located either in front of Sardinia or in
front of Corsica) and on the timing of its northward propagation (Jolivet et al., 2003; Vignaroli et al.,
2008; Argnani, 2012; Advokaat et al., 2014).

The analysis of low-temperature geochronological systems in the Corsica-Sardinia continental
block, a key area in terms of Alps-Apennines linkage located between the Ligurian-Provencal and
Tyrrhenian basins (Fig. 1A), may provide useful data for shedding light on the timing of subduction
propagation, and fundamental constraints to discriminate between the end-member reconstructions
illustrated in Figure 1B. In fact, according to the ancient-Apennines hypothesis, Sardinia would be
located in an upper plate position since the Mesozoic, and may thus preserve the thermochronological
imprint acquired during Tethyan rifting by the distal European passive margin. According to the
young-Apennines hypothesis, in contrast, Sardinia would be located in a lower plate position during
most of its evolution, and the European distal margin would be no longer preserved because of
subduction beneath the Adriatic plate.

In spite of its key position and the favorable widespread exposure of granites, Sardinia is
relatively unexplored in terms of thermochronological work (Zattin et al., 2008). In this study, we
provide the first full spatial coverage of Sardinia by three low-T thermochronometers, namely zircon
and apatite fission track (ZFT and AFT), and apatite (U-Th)/He (AHe). The new data, combined with
literature datasets from Corsica (e.g., Zarki-Jakni et al., 2004; Fellin et al., 2006; Danisik et al., 2007;



2012), allow us to constrain the thermal evolution of the whole Corsica-Sardinia block during rifting
and subduction, in a temperature range between ~240°C and ~70°C. Results are discussed within the
framework of available onshore and offshore geological constraints, providing fundamental pinpoints

to the Meso-Cenozoic tectonic evolution of the Western Mediterranean area.

FIG. 1

2. Geological setting

2.1. The Corsica-Sardinia continental block

Corsica-Sardinia forms a wedge-shaped continental block largely consisting of Paleozoic rocks,
with elevations exceeding 2700 m a.s.l. in NW Corsica, gradually decreasing towards the SE (Fig. 1).
It preserves a complete section across the Variscan belt of southern Europe (Matte, 1991; Rossi et al.,
2009), including the high-grade metamorphic rocks exposed in central Corsica and northern Sardinia
(the so-called Variscan Internal Zone), and a stack of tectonic units with southward decreasing
metamorphic grade exposed in southern Sardinia (P in Fig. 2). In NW Corsica, the Variscan Internal
Zone is juxtaposed against Panafrican units ascribed to the Armorica microplate (P’ in Fig. 2).

Upper Paleozoic magmatic rocks encased in the Variscan basement are assigned to three different
magmatic associations (U1 to U3 in Fig. 2): Mg-K plutonic rocks (U1) emplaced around 340 Ma at 5-
6 kbar and exclusively exposed in NW Corsica; calc-alkaline plutonic rocks (U2) emplaced around
320-290 Ma at 3-4 kbar and associated calc-alkaline volcanic rocks (U2’) that are widely exposed in
central-southern Corsica and Sardinia; and alkaline and metaluminous magmatic rocks (U3) emplaced
around 290 Ma at <1 kbar that are exposed in northern and central Corsica (Rossi and Chocherie,
1991; Cocherie et al., 2005; Oggiano et al., 2007). Upper Paleozoic dike swarms mark inherited
weakness directions within the Variscan basement (Traversa et al., 2003), where the strike of major
faults ranges from NNE-SSW to NE-SW in Corsica and northern Sardinia, to N-S in southern
Sardinia (Fig. 2).

Remnants of the thin Mesozoic sedimentary successions overlying the Paleozoic rocks are mainly
preserved in eastern and NW Sardinia, and show great similarity, in terms of lithofacies and biofacies,
with the coeval carbonate successions exposed today north of the Ligurian-Provencal basin (Azéma et
al., 1977; Philip and Allemann, 1982). The Triassic — Lower Cretaceous successions (M in Fig. 2),
record the typical Mesozoic evolution of the northern margin of Alpine Tethys (Lemoine et al. 1986;
Fourcade et al., 1993) and include both epicontinental deposits, found in NW Sardinia, and more distal
facies described on the eastern part of the island (Cherchi and Schroeder, 2002; Costamagna et al.,
2007), with major Upper Triassic — Lower Jurassic stratigraphic gaps. A widespread mid-Cretaceous

discontinuity is marked in NW Sardinia by bauxite deposits, formed during a period of emergence of the




Mesozoic carbonate shelf (Philip and Allemann, 1982; Busulini et al., 1984). This discontinuity is
correlatable with the remnants of a Mesozoic planation surface still preserved on the Paleozoic
basement of Corsica at elevations locally exceeding 2000 m a.s.l. (Rondeau, 1961; Danisik et al., 2012).
Upper Cretaceous strata (K in Fig. 2) in NW Sardinia seal the wide antiformal and synformal structures
deforming the underlying Mesozoic succession (Mameli et al., 2007) and include, in eastern Sardinia,
minor Maastrichtian turbidites containing detrital glaucophane grains (Dieni and Massari, 1982).

Sparse Paleogene continental to shallow marine deposits lie unconformably or disconformably on
the pre-Cenozoic units of the Corsica-Sardinia block (Carmignani et al., 1994; Faccenna et al., 2002).
The oldest Paleogene shelf deposits are found in SE Sardinia (E1 in Fig. 2), and the coeval lignite-
bearing continental deposits of SW Sardinia show angular unconformities and growth folds attesting to
a syntectonic deposition (Barca and Costamagna, 2000; Dieni et al., 2008). Eocene conglomerates and
Nummulitic flysch sequences (E2 in Fig. 2) are preserved on top of the Paleozoic units of Corsica
(Nardi et al., 1978) and are partly accreted within a Cenozoic orogenic wedge to the NE (A1-A2 in Fig.
2) (Egal, 1992). Upper Eocene — lower Miocene conglomerates (E3 in Fig. 2) fill small syntectonic
basins developed in the releasing zones of N-to-NE trending left-lateral faults (Thomas and
Genneseaux, 1986; Ferrandini et al., 1999; Oggiano et al., 2009), and show local evidence of sediment
cannibalization and recycling (Pasci et al., 1998). Younger continental to shallow marine deposits found
in western Sardinia (N1-N2 in Fig. 2) are instead hosted in N-S half-grabens developed since the late
Burdigalian, and connected by transfer zones to form an apparent N-S basin longitudinally crosscutting
the entire island (Sardinia rift in Fig. 1A) (Casula et al., 2001; Oggiano et al., 2009). Cenozoic
sediments are associated with widespread volcanic rocks. Orogenic volcanism (V1 in Fig. 2) has
affected the western side of Sardinia since ca. 38 Ma, with a climax around 22-18 Ma, whereas
anorogenic volcanic rocks (V2 in Fig. 2) were chiefly emplaced since 3 Ma (Lustrino et al., 2009).

The Cenozoic high-pressure wedge exposed in NE Corsica (Alpine Corsica in Fig. 1A; Durand-
Delga, 1984; Jolivet et al., 1990; Caron, 1994) has been either associated with Alpine subduction
(e.g., Mattauer et al., 1981; Malavieille et al., 1998; Vitale Brovarone et al., 2013) or with Apenninic
subduction (e.g., Principi and Treves, 1984; Jolivet et al., 1998; Vitale Brovarone and Herwartz,
2013). When compared with the Western Alps, Alpine Corsica shows a similar tectonic configuration
and similar timing of exhumation (Malusa et al., 2011a, and in review): tectonic units exposed in the
frontal (western) part of the wedge (A2 in Fig. 2) display the oldest pressure-peak parageneses grown
during Cenozoic subduction (~50 Ma in the Tenda unit; Maggi et al., 2012), and peak pressures
generally lower than 1.4 GPa, whereas the youngest peak assemblages are observed on the Tyrrhenian
side (~35 Ma in the Farinole-Volpajola unit, Al in Fig. 2; Martin et al., 2011; Vitale Brovarone and

Herwartz, 2013), where estimated peak pressure may largely exceed 2 GPa. As in the Western Alps,



higher-pressure units experienced very fast exhumation since ~35 Ma, and returned to the surface at
rates as high as 30 km/Ma, by which time the blueschist-greenschist facies units of the frontal part of
the wedge were already emplaced at shallow crustal level (Malusa et al., 2011a, and in review). For
these reasons, Alpine Corsica was probably largely structured within the framework of Alpine
subduction and, before the Neogene opening of the Ligurian-Provencgal basin, was originally part of a

continuous orogenic segment together with the Western Alps.

2.2. The Ligurian-Provengal and Tyrrhenian basins

The Corsica-Sardinia block is bounded by two Neogene basins, the Ligurian-Provencal and
Tyrrhenian basins (Fig. 1A), which formed in a backarc position relative to the retreating Adriatic slab
(Malinverno and Ryan, 1986; Jolivet and Faccenna, 2000). Rifting in the Ligurian-Provencal basin
started in the late Oligocene, and drifting was largely coeval with the 45° counter-clockwise rotation of
Corsica-Sardinia (with respect to stable Europe) constrained to between 20.5 and 15 Ma by
paleomagnetic data. About 30° of Corsica-Sardinia rotation occurred between 20.5 and 18 Ma, during
the climax of orogenic volcanism in Sardinia (Gattacceca et al., 2007). The crust beneath the Ligurian-
Provencal basin was thinned from ~25 km to ~5 km in Neogene times, and the Moho was consequently
uplifted (Bois, 1993; Chamot-Rooke et al., 1999). The continental margins, 40-50 km wide on the
European side and 70-80 km wide on the Corsica-Sardinia side, show a gradual transition with the axial
part of the basin, which is floored by atypical oceanic crust with discontinuous magnetic anomalies
(Mauffret et al., 1995; Rollet et al., 2002). On the European margin, NE-SW normal faults (Bois, 1993;
Bache et al., 2010) are parallel to the main late Variscan faults mapped onshore (e.g., the Cévennes fault;
Arthaud and Seguret, 1981; Vialon, 1990). On the opposite margin, Neogene magmatism is documented
north of Corsica and along the northern offshore prolongation of the Sardinia rift (Réhault et al., 2012).

The Tyrrhenian basin shows contrasting features in its northern and southern parts in terms of
bathymetry, basement lithology, and Moho depth (Fig. 1A). The northern Tyrrhenian Sea is relatively
shallow and has a 20-25 km deep Moho (Mauffret et al., 1999; Moeller et al., 2013; 2014) and a
basement including post-Variscan metasediments, metaophiolites and limestones ascribed to a
Cenozoic accretionary wedge. These rocks are unconformably overlain by Eocene to Recent deposits,
exceeding 8.5 km in the Oligocene - early Miocene Corsica basin, and are intruded by upper Miocene
— lower Pliocene granitoids (Colantoni et al., 1981; Mascle and Rehault, 1990; Cornamusini et al.,
2002). Extension in the northern Tyrrhenian area commenced in the late Miocene and was accommodated
by N-S faults, although the Corsica basin was possibly already affected by active rifting in the late
Burdigalian — Langhian (Mauffret et al., 1999; Pascucci, 2002).

The southern Tyrrhenian basin is much deeper (Fig. 1A), and shows highly asymmetric conjugate

margins, ~250 km wide on the Sardinian side, ~120 km wide on the southern Apennines - Calabria side



(Kastens et al., 1988). On the Sardinian margin, the upper slope hosts the ~3 km thick Sardinia basin
(Sartori et al., 2004), the middle slope corresponds to the Cornaglia Terrace, a wide and rather flat area
bounded to the east by the NNE-trending scarps of the Central Fault (Selli and Fabbri, 1971), and the
lower part of the margin includes Plio-Quaternary oceanic areas (Sartori et al., 2004). Thick Messinian
evaporites are found on the Cornaglia Terrace, which is identified as a major Messinian depocenter, but
are lacking farther east (Kastens et al., 1988). The nature of the acoustic basement, which includes
widespread alkaliolivinic and tholeiitic volcanic rocks, changes drastically across the Central Fault (Fig.
1A): Paleozoic continental units, locally associated with serpentinized peridotites (Baronie Seamount -
Schreider et al., 1986), are exclusively found west of the Central Fault, whereas the basement east of the
fault includes metasediments and metaophiolites piled up within a Cenozoic accretionary wedge
(Sartori, 1986). Heat flow values are rather constant across the middle slope (120-150 mW m™), but
become irregular to the east, where they show a wider range between <100 to >200 mW m™ typical of
young rifted domains (Della Vedova et al., 2001). Crustal thickness decreases eastward across the
Cornaglia Terrace from 15-18 km to <10 km (Panza et al., 2007; Prada et al., 2014), chiefly at the
expenses of the lower crust (Recq et al., 1984). Neogene extensional tectonics was diachronous across the
margin: the Cornaglia Terrace was rifted from intra-Tortonian to intra-Messinian / intra-Pliocene times
(Mascle and Rehault, 1990; Sartori et al., 2001), and the lower continental margin since late Tortonian
times (Sartori, 1986). The upper slope was additionally affected by an earlier, poorly time-constrained
extensional event, ascribed by some authors (e.g., Mascle and Rehault, 1990) to the Serravallian - early
Tortonian. However, no older limit can be placed on the timing of the onset of extension in the upper and
middle slope (Kastens et al., 1988) because the stratigraphic units lying beneath the upper Tortonian deep-
water oozes are undated (units 5 and 6 in site 654, Fig. 1A) (Sartori et al., 1990; 2001).

FIG. 2

3. Methods

3.1. Sampling and analytical procedure

We collected 29 bedrock samples in Sardinia for AFT, ZFT and AHe analyses, at elevations
ranging between 1 and >1500 m a.s.l., to provide a full spatial and vertical coverage of the whole
island (Fig. 2). Most of the samples consist of Upper Paleozoic plutonic rocks (U2 in Fig. 2), locally
collected directly beneath the overlying Mesozoic successions. Analyzed samples additionally
include sandstones of Permian (P in Fig. 2, sample S1), Eocene (E1, sample S24), and upper
Eocene - lower Burdigalian age (E3, samples S23 and S25).

Fission track analysis was carried out according to the external detector method (Gleadow, 1981),

using the zeta calibration approach (Hurford and Green, 1983) and the etching protocols of Donelick et




al. (1999) for apatite, and Gleadow et al. (1976) for zircon. Horizontal confined ‘tracks in tracks’ were
measured in c-axis parallel surfaces of apatite. The annealing properties of apatite were assessed by
measuring Dy (Burtner et al., 1994). The low-T thermal history based on AFT data was modeled using
the HeFTy program (Ketcham, 2005) operated with the multi-kinetic fission track annealing model of
Ketcham et al. (2007), using Dpar as a kinetic parameter and an estimator for initial track length.

Apatite crystals for (U-Th)/He analysis were hand-picked following the recommendation of Farley
(2002), photographed, measured and loaded in Pt microtubes. The crystals were degassed at ~960°C under
ultra-high vacuum using a diode laser, and “He was measured by isotope dilution on a Pfeiffer Prisma
QMS-200 mass spectrometer. Following He measurements, the apatite crystals were spiked with °U and
20Th, dissolved in nitric acid, and solutions were analyzed by isotope dilution for U and Th, and by
external calibration for Sm on ICP-MS. The total analytical uncertainty, typically <5 %, was calculated as
a square root of the sum of squares of uncertainty on He and weighted uncertainties on U, Th, Sm and He
measurements. The raw (U-Th)/He ages were corrected for alpha ejection (Ft correction, Farley et al.,
1996). A value of 5%, which is a typical precision of crystal surface and volume calculations at Waikato
Thermochronology Laboratory, was adopted as the uncertainty on Ft correction and was used to calculate
errors for the corrected AHe ages. Replicate analyses of internal standard Durango apatite (n = 34)
measured over the period of this study, yielded mean (U-Th—Sm)/He ages of 31.3£1.9 Ma (105), consistent
with the reference Durango (U-Th—Sm)/He age of 31.02+1.01 Ma (McDowell et al., 2005).

3.2. Conceptual thermochronological model

In order to test the end-member hypotheses illustrated in Fig. 1B, we compare the low-T
geochronological age pattern observed in the study area with the theoretical age pattern expected in
a distal passive margin.

In proximal passive margins, which are exposed onshore along the rim of major continents, several
studies demonstrate that the temperature increase during rifting is minor (Gallagher and Brown, 1997).
The thermochronological record is thus dominated by exhumation due to erosion (Brown et al., 1990;
Fitzgerald, 1992; Menzies et al., 1997), and the time of break-up is recorded by an erosional response as
seen in many proximal passive margins worldwide (Gallagher et al., 1994; Gleadow et al., 2002).

In distal passive margins, which are generally buried offshore beneath thick successions of post-
rift sediments (e.g., Manatschal, 2004), the evidence of syn-rift sedimentation is instead supportive
of a minor impact of erosion on the thermochronological record. The thermal impact of rifting could
be significant due to the proximity of the rift axis, and might be quantified by low-T
thermochronometry unless reset by post-rift sedimentary burial. In the light of the thermal
conductivity properties of the lithosphere, however, the temperature increase during rifting is

generally slow, and the effects on low-T thermochronological systems may lag by tens of millions



of years the inception of rifting (Gallagher et al., 1994; Gallagher and Brown, 1997). In Figure 3,
we explore the possibility that the distal passive margin preserves the effects of such temperature
increase and of the subsequent thermal re-equilibration. Re-equilibration is generally slow in the
case of rift abortion (Morgan and Ramberg, 1987), but is expected to occur at much faster rates
when rocks move away from the rift axis after continental break-up (Whitmarsh et al., 2001), to be
potentially recorded by thermochronological systems with delays within age uncertainty. The onset
of thermal relaxation may thus represent a proxy for the time of break-up.

For the sake of simplicity, the conceptual model in Figure 3 shows a more simplified thermal
structure during rifting than is the real case, with rising isothermal surfaces due to asthenospheric
upwelling, derived from Whitmarsh et al. (2001) that define bell-shaped areas lying at different depths
according to their temperature (isotherms in the model roughly correspond to ZFT, AFT and AHe
isotopic closure). Inside each half-bell, mineral ages are set during thermal relaxation after break-up at
time tg. Below the half-bell, samples are still located at temperatures higher than isotopic closure at time
tg, so that mineral ages are set during later exhumation or during younger thermal events (age < tg).
Above the half-bell, the temperature increase during rifting is not sufficient to reset the low-T
thermochronological system: rocks largely preserve the thermochronological fingerprint acquired before
rifting (age > tg), but a reduction in MTL and/or a slight age rejuvenation are expected in samples that
have cooled through the partial annealing (or retention) zones (red area for the AFT system in Fig. 3).

Different combinations of ZFT, AFT and AHe ages are thus expected in the distal margin
according to the crustal level of each sample at the time of rifting, and according to the distance
from the rift axis. For instance, indistinguishable AFT and AHe ages (= tg) and short mean track
lengths (MTL) should be found in rocks lying at shallow crustal levels and close to the rift (white
circles in Fig. 3). In the real case, AHe ages may be slightly more dispersed than expected due to the
complexity of radiation damage effects and crystal fragmentation (Shuster et al., 2006; Brown et al.,
2013), and the thermal structure is likely more complicated due to the activity of synsedimentary
faults and the differential thermal blanketing by cover rocks, which may control minor modifications

in the expected first-order age pattern.

FIG. 3

4. Results

Our new dataset includes 27 new AFT ages, 7 ZFT ages, and 11 AHe ages (Fig. 4 and
supplementary material). The AFT ages range between 20 and 201 Ma, and are associated with MTL
between 12.2 and 13.7 um, consistent with values reported in previous work (Fig. 4B). All of the

samples passed the chi-square test, apart from two granitoid samples (S3 and S22) with P(X)* <5%,
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yielding bimodal grain-age spectra likely due to U-zoning and inter-grain variations in Cl content
(Burchart, 1981; Carlson et al., 1999) (Fig. S5). The youngest AFT ages, clustering between 20 and
22 Ma (with an additional slightly older age of 27.4 Ma), are found along a N-S belt close to the
Sardinia rift (S13, S25, S26, S28, S29). The oldest AFT ages of the dataset, clustering between 169 and
201 Ma (with an additional younger age of 129 Ma), are found along the eastern coast of the island (S6,
S7, S19, S20), and on the highest mountains of central Sardinia at elevations >1100 m a.s.l. (S15-S18).
In this latter area, the oldest AFT ages show a normal age-elevation relationship, i.e., the age increases
with elevation. The remaining AFT ages of the dataset range between 35 and 70 Ma (S1-S5, S8-S12,
S14, S22-S24) and get younger from the southern part of the island towards the north.

ZFT ages are systematically older than AFT ages from the same samples and chiefly range
between 195 and 239 Ma. Only one sample close to the Sardinia rift (S12), which failed the chi-
square test, yielded a younger central age of 140 Ma but still shows a polymodal age distribution
with a prominent age component of ~220 Ma (Fig. S5). These ZFT ages are consistent with
published ZFT ages from Variscan Corsica (Fig. 2), which range between 110 and 244 Ma and only
get younger close to the Alpine orogenic wedge.

AHe ages range between 21 and 204 Ma. Like the AFT dataset, the youngest ages are found
close to the Sardinia rift (21-25 Ma in sample S28). The oldest ages are found on the eastern coast
of the island (133-167 Ma in sample S7), and on the highest mountains of central Sardinia (148-204
Ma in sample S17). In all of these samples, the AHe ages overlap the corresponding AFT ages
within error. Mesozoic AHe ages are also found in sample S16 (67-141 Ma), but are younger than
the AFT age in the same sample. The remaining AHe ages fall in the range between 26-38 Ma and
57-80 Ma. They overlap (within error) the corresponding AFT ages, thus showing the same overall

trend of increasing age from north to south.

FIG. 4

5. Interpretation and discussion

5.1. The thermal record of Tethyan rifting
Mesozoic low-T geochronological ages are widespread on mountain ridges of central Sardinia
and on the eastern coast of the island. In these areas, AFT ages between 169 and 201 Ma, and AHe
ages between 133 and 204 Ma, indicate that rocks now exposed at the surface have resided since
Jurassic times at very shallow depth, i.e., above the partial annealing zone of the AFT system (~60-
110°C) or even above the partial retention zone of the AHe system (~40-80°C, Stockli et al., 2000).
Within a simple interpretive framework of exhumational cooling driven by erosional removal of

the overburden, the overlapping AFT and AHe ages found in samples from the eastern coast (e.g.,
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169 Ma vs. 133-167 Ma in sample S7) might be interpreted as the evidence of a major Middle
Jurassic erosional pulse, which induced fast exhumation across the isothermal surfaces
corresponding to the closure temperatures of the AFT and AHe systems. However, this
interpretation is not consistent with the compelling stratigraphic evidence of ongoing carbonate
sedimentation on top of the Variscan basement during the Middle Jurassic (section 2.1).

An alternative interpretation, consistent with the model in Figure 3, can be proposed starting
from the observation that these Middle Jurassic ages match the crystallization ages of trondhjemites
from the Tethyan ophiolites of Alpine Corsica (161+£3 and 169+3 Ma; Ohnenstetter et al., 1981;
Rossi et al., 2002) and with the biostratigraphic age of the overlying radiolarites (upper Bathonian -
lower Callovian; Chiari et al., 2000; Danelian et al., 2008). Similar crystallization ages are also
found in many other Tethyan ophiolites now accreted in the European Alps (158-166 Ma in
gabbros; Li et al., 2013). This suggests that the Mesozoic low-T geochronological ages found in
eastern Sardinia were set within a tectonic framework characterized by continental rifting and
oceanization. Because the first evidence of extensional faulting and differential subsidence along
the future Tethyan margins are already recorded in the Late Triassic (Bertotti et al., 1993;
Manatschal, 2004), isotherms had enough time to rise in the area of future break-up, in spite of the
low thermal conductivity of the lithosphere. In some of the analyzed samples, resetting of the low-T
geochronological systems may, therefore, have occurred because of the rising of isothermal surfaces
during Tethyan rifting. Major effects of differential thermal blanketing can be excluded in the study
area, because very similar thermochronological ages are found in basement samples beneath
Mesozoic remnants, and in nearby areas where the Mesozoic succession is not preserved (Fig. 4).

We can thus compare our low-T geochronology dataset with the model in Figure 3, in order to
infer the burial depth of different crustal sections now exposed in Corsica-Sardinia, estimate their
relative distance from the Tethyan rift, and evaluate the regional trend of crust isopachs on the
northern Tethyan margin during the Mesozoic (Figs. 5A,B).

Available geochronological data indicate that crustal sections now exposed in central and
eastern Sardinia (Gi-2 and H in Figs. 5A,B) were originally located closer to the Tethyan rift axis
than crustal sections exposed in NW Sardinia and Corsica, pointing to a NNE trend for the
continental crust isopachs of the northern Tethyan margin (ENE before Corsica-Sardinia rotation).
Samples from section H yielded Mesozoic AFT ages > tg that increase with elevation from 172 Ma
to 201 Ma, AHe ages range between 67 and 204 Ma, and ZFT ages range between 212 and 239 Ma.
According to the model of Figure 3, the estimated Middle Jurassic overburden in section H would
thus range between ~2 km and less than 1 km in samples at higher elevation, consistent with the

observation that AFT and AHe ages are locally not reset by Jurassic rifting. The cooling paths
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followed by these rocks inside the partial annealing zone (Fig. 6) point to geothermal gradients of
>80°C/km during rifting, dropping to ~30°C/km after break-up. Samples from section Gz yield
overlapping AFT and AHe ages = tg (169 Ma vs. 133-167 Ma), probably set during thermal relaxation
after Tethyan break-up at a depth of ~2 km. The ZFT age > tg (195 Ma) found in section G2 confirms
this interpretation, and shows that the temperature increase during rifting was not sufficient to reset
the ZFT system in these rocks. Burial depth was possibly higher in block Gi, but also in this case,
rocks now exposed at the surface were already well above the partial annealing zone of the ZFT
system in Middle Jurassic times because ZFT ages were not reset during rifting (234 Ma).

The inferred burial depth progressively increases farther NW (Fig. 5B). ZFT ages in section F are
locally partly reset, pointing to a burial depth on the order of 4-5 km, whereas the AFT and AHe
systems cannot provide suitable constraints on Middle Jurassic burial because they were reset under
Paleogene sediments (see chapter 5.2). A similar situation is observed in Variscan Corsica, where AFT
ages are generally younger than 40 Ma and the few partly reset AFT ages, locally found on the western
and southernmost part of the island, are anyway younger than 105 Ma (Zarki-Jakni et al., 2004; Fellin et
al., 2005; Danisik et al., 2007). In Corsica, ZFT ages from sections D and E are generally reset by
Tethyan rifting, pointing to burial depths of 6-7 km in Middle Jurassic times. In sections B> and C,
Mesozoic burial > 7 km is suggested by ZFT ages often younger than tg. Burial <7 km characterizes
instead sections A and B, because ZFT ages were either set during Middle Jurassic rifting (161-165
Ma), or still preserve a Triassic — Early Jurassic geochronological fingerprint (195 to 244 Ma) (Fig. 2).
These findings are consistent with the observation that rocks exposed in sections A and B represent a
relatively shallow crustal level, including sedimentary successions resting on Panafrican units (P’ in Fig.
2) and Upper Paleozoic magmatic rocks emplaced at shallow depth (U2’ and U3).

In summary, the thermal event associated with Tethyan rifting can be recognized across the
whole Corsica-Sardinia block, and in different low-T geochronological systems. In eastern and
central Sardinia, this thermal event is recorded by AHe and AFT data because subsequent erosion
was minimal, whereas in Variscan Corsica it is recorded by ZFT data because erosion after rifting
was greatest. Mesozoic post-rift erosion was rather slow, <0.1 km/Ma. In Variscan Corsica, this led
to the development of a planation surface correlatable with the mid-Cretaceous bauxite deposits
found in NW Sardinia and southern France, and with submarine disconformities in areas
characterized by coeval marine sedimentation such as eastern Sardinia (Fig. 5C). In Alpine Corsica,
the low-T geochronological evidence of Jurassic rifting was largely obliterated by Cenozoic
metamorphism (ZFT ages range between 9 and 112 Ma; Mailhé et al., 1986; Cavazza et al., 2001;
Zattin et al., 2001; Fellin et al., 2006), but it is still recognized in high-T systems (Rossi et al.,
2002).
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The model of Figure 3 may also explain the overlapping AHe and AFT ages (~20-22 Ma) and the
short MTL (12.6-13.7 pm) observed along the Neogene Sardinia rift, which cuts the Tethyan isopachs
at ~30° because it was largely controlled by the orientation of the retreating Adriatic trench. These
ages, coeval with sedimentation in the rift and with the climax of Cenozoic magmatism, are not found
far from the rift because the Corsica-Sardinia block was already exhumed at the beginning of the

Neogene, and the rising isothermal surfaces could not affect surficial rocks located far from the rift axis.

FIGS. 5,6

5.2. Cenozoic burial and exhumation

In Corsica-Sardinia, many AFT and AHe ages are clearly younger than Tethyan rifting and were
not fully reset by Neogene thermal events coeval with backarc extension. These AFT ages range in
Sardinia between 70 and 35 Ma (Fig. 4), whereas AHe ages in the same rocks are generally slightly
younger, and sometimes overlap the corresponding AFT ages. In SW Sardinia, Paleozoic basement
rocks (sample S22) yielded AFT and AHe ages of 69.9 Ma and 57-80 Ma, respectively. Similar
AFT ages, but older than the stratigraphic age of analyzed rocks, are found in the overlying
Cenozoic sedimentary successions (63.1 Ma in sample S23; 69.2 Ma in sample S24), and provide
information on the exhumation of their parent, possibly nearby detrital sources. Younger
exhumation AFT ages, between 54 and 35 Ma, are found in Paleozoic basement rocks of central and
northern Sardinia, where they are associated with AHe ages ranging between 58-54 Ma and 38-26
Ma (Fig. 4). In the absence of any major thermal event between the Jurassic and the Neogene, the
MTL observed in these rocks (12.2-13.4 pum) and the modeled time-temperature paths (Fig. 7) can
be interpreted in terms of cooling across the partial annealing zone during erosional exhumation.

In Variscan Corsica, AFT ages chiefly range between 38 and 14 Ma (Zarki-Jakni et al., 2004;
Danisik et al., 2007), with clusters around 35-30 Ma in southern Corsica and 25-20 Ma in central
and northern Corsica. The occurrence of reset rocks beneath Paleogene sediments indicates that
widespread AFT resetting can be ascribed to Paleogene sedimentary burial (Danisik et al., 2007).
The observed MTL (12.2-14.8 pm) can thus be interpreted, like in Sardinia, in terms of cooling
through the partial annealing zone during erosion of the overburden. According to Zarki-Jakni et al.
(2004), erosion could be causally linked to Neogene rifting, as supported by a boomerang trend
described in a set of 23 samples (but less apparent in a larger dataset of 93 samples, Fig. 4B).

However, the young AFT ages coeval with Neogene rifting are also part of a regular trend of
decreasing AFT ages from southern Sardinia to northern Variscan Corsica, best observed when AFT
ages are plotted along a NW-SE transect (N-S in Paleogene coordinates) (Fig. 7). MTL in the same

samples show a minimum at 49 Ma, then steadily increases as AFT age decreases. This suggests a
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progressively faster cooling inside the partial annealing zone moving towards the NW, as confirmed
by the increasing slope in modeled cooling paths (Fig. 7). These paths also show that cooling was
diachronous along the transect, inconsistent with simple tilting but instead supportive of an erosional
pulse migrating northward during the Paleogene. Differential uplift and erosion of distinct fault blocks
may explain the minor deviations (R=0.86) observed in this age trend.

We can, therefore, conclude that the Mesozoic planation surface was buried beneath Paleogene
sediments only locally preserved in the modern landscape, and then progressively re-exposed by
erosional exhumation (Fig. 8A) as described in other passive margins worldwide (e.g., Japsen et al.,
2012). AFT data constrain a migrating pulse of Paleogene erosion, during which sediments were
progressively removed and detritus transferred and redeposited northward on the Variscan basement.
After the onset of continental subduction in Alpine Corsica, flexural subsidence on the European plate
provided additional accommodation space for this detritus — including the Eocene flysch sequences of
northern Corsica (E2 in Fig. 2) — and was partly accommodated by faults downthrowing the northern
blocks (blocks A and B in Fig. 8).

The Mesozoic planation surface formed on top of the Variscan basement is a suitable marker for
the late stages of rock uplift and tilting in the Corsica-Sardinia block (Fig. 8B). Remnants of this
planation surface now dip towards the south, and are preserved at higher elevation in the NW part of
the continental block. This indicates that Neogene uplift was higher in NW Corsica, where elevation
now exceeds 2700 m a.s.l., and progressively decreased towards southern Corsica and Sardinia,
leading to the modern wedge-shaped topographic profile shown in Fig. 1A. If such a tilting was
exclusively controlled by Neogene rifting (e.g., Zarki-Jakni et al., 2004), we would expect a tilt axis
parallel to the present continental margin of the Corsica-Sardinia block (i.e., a N-S tilt axis), unlike
that observed. Therefore, beside Neogene rifting, the N-S variations in rock uplift observed in
Corsica-Sardinia can be ascribed to lateral variations in lithospheric structure inherited from Tethyan
rifting (see section 5.1), with mantle at shallow depth beneath Sardinia (as confirmed by geophysical

data, Panza et al., 2007) and thicker continental crust beneath NW Corsica (Fig. 8).

FIGS. 7,8

5.3. The linkage with offshore data

A distal position of eastern Sardinia during Tethyan rifting, here constrained on a
thermochronological basis, is both consistent with the Upper Triassic — Lower Jurassic stratigraphic
gaps observed onshore, which are documented in general all along the northern distal margin of the
Tethys (e.g., in the Brianconnais domain of the Western Alps — Jaillard, 1985; 1989; Lemoine et
al., 1986; Manatschal, 2004), and with geophysical evidence indicating no continental crust, at

depth, beneath the Cornaglia Terrace (Prada et al., 2014). Such a distal position of the study area
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points to the possible preservation of oceanic crust and/or exhumed subcontinental mantle offshore
Sardinia, and suggests a reinterpretation of the serpentinized peridotites found on the Baronie
Seamount (Schreider et al., 1986) exposed between outcrops of Variscan continental crust (Fig. 1A)
and classically interpreted as the submarine extension of Alpine Corsica (e.g., Mascle and Rehault,
1990; Doglioni et al., 1999). Baronie peridotites, recovered by drilling under Miocene littoral
biocalcarenites, bear no evidence of regional metamorphism and are crossed by carbonate veins
with late Jurassic nannofossils, attesting their exposure on the Tethys seafloor (Schreider et al.,
1986; Yasterbov et al., 1988). Noteworthy, the Baronie ridge is parallel to the NNE-trending
isopachs inferred from low-T geochronology data. These rocks may represent the original
subcontinental mantle exhumed during Tethyan rifting, but not involved in later subduction.

In the same way, the adjacent half-graben structures evidenced by seismic lines both in the
upper slope and in the Cornaglia Terrace (Kastens et al., 1988; Prada et al., 2014) may represent an
inheritance of Tethyan rifting reactivated by Neogene extension. Conglomerates drilled in clastic
wedges beneath upper Tortonian deep-water oozes (site 654, Fig. 1A) include clasts of low-grade
Variscan basement and clasts of lower Triassic limestones (Sartori et al., 1990), but no post-Jurassic
rocks. The latter rocks are absent in conglomerates coeval with Tethyan rifting, but are exposed
onshore and would, therefore, be expected in Miocene conglomerates coeval with Tyrrhenian
opening. A similar evolution is suggested by the configuration of the deepest levels of the clastic
wedge imaged by seismic data in the half-graben structure west of the Baronie Seamount (line GH
in Prada et al., 2014, see their Fig. 5), which are affected by shortening coeval with reverse
reactivation of east-dipping normal faults. This is inconsistent with simple Neogene backarc
extension, but may be easily explained by inversion of Tethyan structures followed by normal
reactivation during Tyrrhenian opening.

It is worth noting that Tethyan rifting was strongly asymmetrical (Lemoine et al., 1986;
Manatschal, 2004). Shallow water facies were deposited on the European side of the Tethys (Caron
and Gay, 1977; Jaillard, 1985; 1989) while the Adriatic margin was characterized by the deposition
of deep water radiolarites (Winterer and Bosellini, 1981; Bertotti et al., 1993). Moreover, the
widespread exposure of upper crustal rocks observed on the European side (Cocherie et al., 2005;
Rossi et al., 2009) contrasts with the exhumation of lower crustal rocks documented on the Adriatic

side (e.g., Handy and Zingg, 1991; Graessner and Schenk, 2001).

6. Implications for the Western Mediterranean evolution

6.1. Upper plate response to Adriatic slab motion
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The Corsica-Sardinia block is the only area of the Western Mediterranean where evidence of
Tethyan rifting is recorded by AFT and AHe data. A similar situation is observed in the basement of
the Southern Alps on the upper-plate side of the Alpine subduction system, where the thermal
evidence of Jurassic rifting is recorded by ZFT data (Bertotti et al., 1999). In contrast, no low-T
Jurassic age is recorded, north of Corsica, on the lower plate side of the Alpine subduction system.
Preservation of the low-T fingerprint acquired in Sardinia during Tethyan rifting, despite the later
tectonic events in the Cretaceous (Mameli et al., 2007), Paleogene (Carmignani et al., 1994) and
Neogene (Kastens et al., 1988), indicates that no European continental subduction took place south of
Corsica since the Mesozoic.

Within this framework, on the Sardinia transect, the post-Jurassic Adria-Europe convergence
inferred from magnetic anomalies was probably accommodated on the Adriatic side of the
subduction system. Paleogene subduction of Adria beneath Sardinia is consistent with the age of the
oldest Cenozoic orogenic magmatism in NW Sardinia (Lustrino et al., 2009), and with the AFT
evidence of a southward tapering Alpine wedge in the Northern Apennines (Malusa and Balestrieri,
2012). The resulting Paleogene configuration of the Corsica-Sardinia area is summarized in Figure
9A, showing the trajectory of Adria relative to Europe between 67 and 23 Ma (Dewey et al., 1989)
and the inferred relationships between tectonic plates in late Eocene times (35 Ma). Along the
Corsica transect, Adria represents the upper plate of the choking European subduction system,
where eclogite units are actively exhumed at the rear of the frontal Alpine wedge (Malusa et al.,
2011a). To the south, Adriatic continental crust and Mesozoic oceanic crust are actively subducted
beneath Sardinia, forming an Apenninic wedge that also includes Calabria, here interpreted as a
former extensional allochthon containing slivers of lower crust. Paleocene — early Eocene
convergence, accommodated along opposite-dipping subduction zones (67-49 Ma) was replaced in
middle Eocene times by a progressive along-strike translation of the Adriatic slab beneath Sardinia
and Corsica, which is mirrored by a coeval migration of erosional pulses at the surface (vertical
arrows in Fig. 9A). We conclude that diachronous Paleogene exhumation was presumably triggered
by the northward motion of Adria and by the consequent shift of the Adriatic slab beneath the
remnants of the northern Tethyan margin (Fig. 9B), and that the northward-increasing erosion rates
possibly mirror the interaction of the slab with progressively thicker European crust. Such an along-
strike translation of the slab, also proposed recently for the western margin of North America
(Pikser et al., 2012), does not require any breakoff of the European slab (Fig. 9A), but induced
transpression along preexisting faults (Carmignani et al., 1994), which was replaced by extension

only after the onset of Adria slab rollback in Neogene times.

FIG. 9
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6.2. Meso-Cenozoic geodynamic reconstruction

Geodynamic reconstructions recently proposed within the framework of the young-Apennines
hypothesis (e.g., Handy et al., 2010; Molli and Malavielle, 2011) envisage the presence of multiple
spreading ridges, an almost complete consumption of relatively large microplates (e.g., AlKaPeCa
in Fig. 1B), and subduction flips preceded by slab breakoff. Thermochronometry data from Corsica-
Sardinia point to an alternative, straightforward reconstruction consistent with the ancient-
Apennines hypothesis, as illustrated in six time frames in Figure 10.

In Middle Jurassic times, Corsica and Sardinia became part of the northern (European) distal
margin of Alpine Tethys, also including windows of exhumed subcontinental mantle (BS in Fig.
10A). Both faced the Austroalpine domain, lying on the opposite (Adriatic) margin of the Tethys,
and the Southalpine domain farther SW. Crustal isopachs on the passive margin were parallel to the
major Variscan faults in the mainland. Adria started moving northeastward relative to Europe in
Cretaceous times (Dewey et al., 1989), leading to the accretion of Austroalpine units within the
Cretaceous wedge, followed by subduction of Tethyan crust beneath the Adriatic plate (Zanchetta et
al., 2012). The motion of Adria was initially parallel to the northern Tethyan margin of Corsica-
Sardinia (Fig. 10A), which was thus largely preserved north of the future Central Fault. The tectonic
configuration south of the Central Fault is more complex, due to the transit of the Cretaceous
wedge, and includes slivers of lower continental crust now exposed in Calabria. Calabria, unlike in
previous reconstructions (e.g., Argnani, 2012; Turco et al., 2012), was separate from Sardinia from
the early stages of Tethys opening. Tethys closure by Alpine subduction was almost completed by
the latest Cretaceous (Fig. 10B).

In Paleocene — early Eocene times, eastward (Alpine) subduction propagating from the Eastern
Alps was active along the Corsica transect, whereas northwestward (Apenninic) subduction was
active along the Sardinia transect. East-west Adria-Europe convergence was accommodated by
opposite dipping subduction zones, juxtaposed along the eastern continuation of the future Pyrenées
(Fig. 10C). This scenario may additionally be supportive of northwestward subduction in the Betics,
where the subduction polarity during HP metamorphism is still debated (e.g., Casas Sainz and
Faccenna, 2001). A possible 45° counterclockwise rotation of the entire Corsica-Sardinia block
during the Eocene, recently postulated on the basis of paleomagnetic data (Advokaat et al., 2014),
represents an additional open issue, but would imply >300 km shortening between Variscan Corsica
and Provence that conflicts with geological observations (Lacombe and Jolivet, 2005; Espurt et al.,
2012). In the middle-late Eocene, Alpine subduction was choked and Adria started moving north-
northeastward beneath the remnants of the northern Tethyan margin (Fig. 10C,D). Localized

extension in the Alpine trench triggered the superfast exhumation of the Eclogite belt (Malusa et al.,
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2011a) (Fig. 10D), and the Adriatic slab started its northward travel beneath Corsica, reaching the
remnants of the Alpine wedge in Oligocene times. Unlike previous reconstructions that postulate
slab translation beneath Corsica, but not beneath Sardinia (e.g., Argnani, 2012), the translating slab
was chiefly continental (not oceanic), as confirmed by the continental basement underlying the
Oligocene turbidites now accreted in the Northern Apennines (Pseudomacigno Fm; Balestrieri et
al., 2011). Moreover, slab translation induced uplift and erosion on the upper plate (Fig. 9B), not
orogenic collapse (cf. Argnani, 2012). Orogenic collapse in Alpine Corsica is instead ascribed to the
onset of slab rollback, which induced extension in the backarc regions (Jolivet and Faccenna, 2000).
Adria slab rollback led to the opening of the Ligurian-Provencal basin and to the associated
Neogene counterclockwise rotation of Corsica-Sardinia (Gattacceca et al., 2007), while Adriatic
foredeep turbidites were progressively accreted within the Apenninic wedge (Garzanti and Malusa,
2008) (Fig. 10E). In the late Miocene, extension east of the Corsica-Sardinia block led to the
opening of the Tyrrhenian basin (Fig. 10F). Extensional reactivation affected the preexisting
structures inherited from Alpine convergence offshore Corsica, and those inherited from Tethyan
rifting offshore Sardinia, where the upper and middle slopes largely preserve the Mesozoic tectono-

thermal imprint.

FIG. 10

7. Conclusions
Low-T geochronological data from Corsica-Sardinia unravel a Meso-Cenozoic evolution for the
Western Mediterranean area summarized in the following major points:

a) Corsica-Sardinia represents a fragment of the distal northern Tethyan margin which
preserves the low-T thermochronological fingerprint of Middle Jurassic rifting. The area
structured during Tethyan rifting includes part of the southern Tyrrhenian basin, where
peridotites exposed on the seafloor may represent windows of exhumed subcontinental
mantle.

b) No evidence of Alpine continental subduction is observed south of Corsica. Along the
Sardinia transect, Adria-Europe convergence was probably accommodated by subduction
of Adriatic continental crust and Mesozoic oceanic crust beneath Sardinia from
Paleocene times.

c) Diachronous Paleogene exhumation in Corsica-Sardinia was triggered by the progressive
northward shift of the Adriatic slab beneath the remnants of the northern Tethyan
margin. Adriatic-slab translation beneath the Alpine wedge of Corsica in Oligocene

times did not require any breakoff of the European slab.
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d) Along-strike variations in uplift of Corsica-Sardinia after Neogene rifting are explained by
lateral variations in lithospheric structure inherited from Tethyan rifting. Tyrrhenian
extension reactivated faults inherited from Alpine convergence offshore Corsica, and faults

inherited from Tethyan rifting offshore Sardinia.

The Western Mediterranean example demonstrates that low-T thermochronological datasets
provide a fundamental tool for investigating the linkage between surface and deep-seated tectonic
processes, and can be successfully combined with other geological data to disentangle the evolution

of complex geodynamic puzzles.
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FIGURE CAPTIONS

Figure 1. A: Tectonic map of the Mediterranean area (bottom right) and digital topographic-
bathymetric model of Corsica-Sardinia and adjoining basins looking west (after
http://www.virtualocean.org; 10/1 vertical exaggeration, location in the inset). The elevation of the
wedge-shaped Corsica-Sardinia block gradually decreases from north to south. Note the contrasting
physiography between the northern and southern Tyrrhenian basins, and the drastic change in
basement lithology across the Central Fault (circles indicate rocks exposed or found by drilling,
compiled after Colantoni et al., 1981; Sartori, 1986; Schreider et al., 1986; Bigi et al., 1991; 1992;
Sartori et al., 2004).

B: Paleogene evolution of the Western Mediterranean according to the young-Apennines (left) and
ancient-Apennines (right) hypotheses (based on Doglioni et al., 1999; Jolivet et al., 2003; Argnani,
2012; Carminati et al., 2012; Molli and Malavieille, 2012). In the former case, Sardinia is located in
a lower plate position during most of its evolution, and the northern distal margin of Tethys is
subducted beneath the Adriatic plate. In the latter case, Sardinia is located in an upper plate position
from the Mesozoic, and the distal Tethyan margin is possibly preserved. Note that paleotectonic
reconstructions consistent with the ancient-Apennines hypothesis may locate the Paleogene northern
tip of Adriatic subduction either in front of Sardinia (e.g., Argnani et al., 2009) or in front of Corsica

(e.g., Jolivet et al., 2003).

Figure 2: Geological sketch map of Corsica-Sardinia (simplified after Carmignani et al., 2000,
modified in Corsica according to original field data), showing the location of analyzed samples
(large black dots); small dots indicate the location of literature low-T geochronological data from
Sardinia (Zattin et al., 2008) and Corsica (Cavazza et al., 2001; Danisik et al., 2007; 2012; Fellin et
al., 2005; 2006; Mailhé et al., 1986; Zarkni-Jakni et al., 2004; Zattin et al., 2001), numbers indicate

literature ZFT ages from Variscan Corsica.

Figure 3: Conceptual thermochronological model showing a simplified thermal structure (based on
Whitmarsh et al., 2001) before and after continental break-up (left), and the corresponding age pattern

possibly preserved in the distal passive margin (right). The proximal margin is little affected by rift-
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related heating, and the thermochronological record is chiefly controlled by erosion (e.g., Gallagher et
al., 1994). In the distal margin, syn-rift sedimentation indicates a minor impact of erosion, and the
thermochronological record is possibly controlled by rift-related heating and subsequent thermal
relaxation after continental break-up (at time tg); isothermal surfaces before and after break-up define
bell-shaped areas lying at different depths according to their temperature (surfaces in the model
roughly correspond to ZFT, AFT and AHe isotopic closure); inside each half-bell, mineral ages are
set during thermal relaxation after break-up (age = tg); below the half-bell, ages are set during late
exhumation or younger thermal events (age < tg); above the half-bell, rocks largely preserve the
thermochronological fingerprint acquired before rifting (age > tg), but a reduction in MTL and slight
age rejuvenation are expected in samples that have cooled through the partial annealing zone (PAZ, in
red for the AFT system).

On the right, resulting age patterns in the distal passive margin according to crustal level and original
distance from the rift axis; close to the rift axis (B), MTL reduction affects thicker crustal sections,
and rocks (white circles) may yield indistinguishable ages (= tg) using different thermochronometers,

even in the absence of fast exhumation or magmatic crystallization (cf. Malusa et al., 2011b).

Figure 4. A: low-T thermochronological dataset from Sardinia (same key as Fig. 2). AHe, apatite
U-Th/He age; AFT, apatite fission-track age; ZFT, zircon fission-track age. Literature AFT data are
from Zattin et al. (2008). B: Mean track length vs. AFT age relationship in analyzed samples (black

dots) as compared to literature data (standard error <0.25 pm not reported).

Figure S: Mesozoic evolution of Corsica-Sardinia.

A: Trend of crustal isopachs on the northern Tethyan margin, as inferred from available
geochronological data interpreted according to the conceptual model in Figure 3 (see text for
details).

B: Transect across the northern Tethyan margin shortly after Jurassic rifting. Brown vertical bars
show the inferred burial depth of different crustal sections now exposed in Corsica-Sardinia
(isothermal surfaces before break-up and after thermal relaxation as in Fig. 3). Burial depth
gradually decreases from NW Corsica to SE Sardinia. Rocks exposed in SE Sardinia were already
at shallow depth (<1-2 km) in Jurassic times, and close to the rift axis (AFT and AHe ages were set
during thermal relaxation at 160-170 Ma, or even earlier). Crustal thickness (not to scale) according
to Figure SA.

C: Transect across the northern Tethyan margin in Cretaceous times after shoulder uplift and post-

rift subsidence. The eroded crustal section is shown in light grey, blue lines are faults inferred from
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low-T geochronology data (Jurassic isothermal surfaces are kept as marker). Peneplanation in the

NW is coeval with marine sedimentation in the SE.

Figure 6: Time-temperature paths, modeled with HeFTy, for block-H samples collected over an
elevation range of ~1100 m (cf. Fig. 5B). Modeling is based on AFT age and track length
distribution, with no additional external constraint; the best-fit path (thick black line) is only valid
inside the partial annealing zone (PAZ), where it is marked by a continuous line; the grey area is the
envelope of the good-fit paths (GOF = goodness of fit). Black dots mark the temperature of analyzed
samples after rising of isothermal surfaces during rifting: at time to, sample S20 lies below the PAZ,
samples S19 and S18 lie in the upper part of the PAZ, sample S17 lies above the PAZ. Cooling of
samples S17 to S19 is ascribed to erosional exhumation before continental break-up, and is coeval
with major Upper Triassic — Lower Jurassic stratigraphic gaps. Cooling of sample S20 is ascribed to
thermal relaxation after continental break-up at time tg, recorded by the AFT system with delays
within age uncertainty. These time-temperature paths show that the geothermal gradient dropped from

>80°C/km during rifting (to), to ~30°C/km during spreading (tg).

Figure 7. Top-left: AFT ages from Variscan Corsica and Sardinia plotted against distance along a
NW-SE transect (N-S in Paleogene coordinates). Mesozoic ages related to Tethyan rifting, Neogene
ages along the Sardinia rift, and ages potentially affected by Alpine tectonic burial (i.e., from
samples <5 km from the Alpine wedge) are not included. Ages systematically decrease from SE to
NW (error bars = 10; R is the regression coefficient of the regression line in dashed grey).
Top-right: AFT age vs. mean track length (MTL) diagram for the same samples (error bars as in Fig.
4B). The distribution shows a minimum at 49 Ma, after which MTL steadily increases as AFT age
decreases, suggesting progressively faster cooling inside the partial annealing zone (PAZ) towards the
NW.

Bottom: Representative time-temperature paths modeled with HeFTy based on AFT age and track
length distribution with no additional external constraint (same key as in Fig. 6; grey path in B is
additionally constrained by AHe data). Thermal histories are modeled for the last 160 Ma, but are
only shown for the last 60 Ma when samples are exhumed across the PAZ. Note the decreasing
slope of modeled paths from A to D, which suggests faster cooling inside the PAZ towards the NW.
Cooling was diachronous along the transect: sample A entered the PAZ when sample B was already
exhumed above the PAZ (like sample B when compared to samples C and D); this is inconsistent
with tilting and supportive of an erosional pulse migrating northward during the Paleogene (paths A

and B are from Danisik et al., 2007; 2012).

Figure 8: Cenozoic evolution of Corsica-Sardinia (same key as in Fig. 5).
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A: The mid-Cretaceous paleosurface is buried beneath Paleogene sediments (thicker towards the
NW) and then progressively re-exposed by erosional exhumation. Sedimentary burial led to
widespread AFT resetting; AFT data constrain the subsequent erosional pulse, which gets younger
from SE (~67 Ma) to NW (~23 Ma) (cf. Fig. 7); detritus produced during exhumation is
progressively transferred northward and redeposited on the Variscan basement. Blue lines are faults
displacing the mid-Cretaceous paleosurface, thus providing additional accommodation space for the
Eocene flysch sequences of northern Corsica (E2 in Fig. 2).

B: Corsica-Sardinia has become an independent continental block bounded by Neogene basins, and
is finally tilted. Uplift is higher in NW Corsica (where elevation now exceeds 2700 m a.s.l.) and
progressively decreases towards southern Corsica and Sardinia (cf. Fig. 1A), where mantle was
exhumed at shallow depth during Tethyan rifting. Paleogene deposits are locally preserved above

the tilted mid-Cretaceous paleosurface.

Figure 9: Upper plate response to Adriatic slab motion.

A: 3D model of the Western Mediterranean showing the Adria trajectory relative to Europe
between 67 and 23 Ma (grey arrow, from Dewey et al., 1989), and the exhumation trend in Corsica-
Sardinia during the Paleogene as constrained by low-T thermochronometers. The large vertical
arrows, in color, indicate age and site of erosional exhumation (longer arrows = faster rates); the
dashed black arrows indicate the pattern of sediment dispersal.

Relationships between tectonic plates are referred to the late Eocene time frame (35 Ma): on the left
side of the model (Corsica transect - CO), choking European subduction beneath Adria is coeval with
exhumation of eclogite units (dark blue) at the rear of the frontal Alpine wedge (light blue); on the right
side of the model, Adriatic continental crust and Mesozoic oceanic crust (green) are actively subducted
beneath Sardinia (SA) and the Baronie Seamount (BS), forming an Apenninic wedge (light blue) also
including Calabria (CA). The northward translation of the Adriatic slab beneath Sardinia and Corsica is
mirrored by the coeval migration of exhumation pulses at the surface between 49 and 23 Ma.

B: Cartoon showing the linkage between lateral slab translation and migrating erosional pulses on
the upper plate; black dots indicate fixed points on the lower (L) and upper (U) plate; transect

location as in Figure 10C.

Figure 10: Evolution of the Western Mediterranean since the Cretaceous (Adria trajectories relative
to Europe from Dewey et al., 1989; shape of the Adria promontory and enclosed Cretaceous wedge
after Malusa et al., 2011a).

A: In mid-Cretaceous time, Sardinia (SA) faces the Southalpine domain (SO); the continental crust

isopachs of the European and Adriatic margins (thick dashed lines) are parallel to the major
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Variscan faults in the mainland (e.g., Cévennes Fault); between 100 and 80 Ma, Adria moves
parallel to the Tethyan passive margin, which is preserved north of the future Central Fault.

B: In the latest Cretaceous, Alpine Tethys is nearly closed by Alpine subduction (the future
External Massifs are shown in grey for reference); accretion of Austroalpine units (AU) in the
Cretaceous wedge, including the Sesia-Lanzo (SL), is complete; the inherited tectonic configuration
south of the Central Fault includes slivers of lower crust now exposed in Calabria.

C: E-W Adria-Europe convergence (67-49 Ma) is accommodated along the Corsica transect by
eastward subduction propagating from the Eastern Alps, and along the Sardinia transect by
westward subduction possibly propagating from the Betics.

D: Choking of Alpine subduction and localized extension in the Alpine trench in the late Eocene
triggers superfast exhumation of the Eclogite belt (Malusa et al., 2011a); Adria subduction is still
active to the south, the Adriatic slab starts its northward travel beneath Sardinia.

E: The Adriatic slab shifts farther north beneath the Alpine wedge of Corsica; the onset of slab
rollback induces extension in the backarc region; Adriatic foredeep turbidites are progressively
accreted within the Apenninic wedge.

F: The Corsica-Sardinia block has completed its counterclockwise rotation and experiences
differential uplift; west of the Central Fault, the inheritance of Tethyan rifting is still largely
preserved.

Abbreviations: AA, Aar; AG, Argentera; AU, Austroalpine; BS, Baronie Smt; CA, Calabria; CO,
Corsica; CT, Cornaglia Terrace; EB, Epiligurian basins; FV, Farinole-Volpajola; MB, Mont Blanc; ME,
Maures-Esterel; PE, Pelvoux; SA, Sardinia; SL, Sesia-Lanzo; SO, Southalpine; TE, Tenda; TPB,
Tertiary Piedmont Basin; VA, Vavilov.

Supplementary material:

Table S1: AFT data

Table S2: ZFT data

Table S3: AHe data

Table S4: Sample location

Figure S5: Radial plots and histograms of single grain AFT and ZFT ages of samples failing the

chi-square test.
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