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Abstract :

Geophysical data acquired on the conjugate margins system of the Gulf of Lion and West Sardinia
(GLWS) is unique in its ability to address fundamental questions about rifting (i.e. crustal thinning, the
nature of the continent-ocean transition zone, the style of rifting and subsequent evolution, and the
connection between deep and surface processes). While the Gulf of Lion (GoL) was the site of several
deep seismic experiments, which occurred before the SARDINIA Experiment (ESP and ECORS
Experiments in 1981 and 1988 respectively), the crustal structure of the West Sardinia margin remains
unknown. This paper describes the first modeling of wide-angle and near-vertical reflection multi-
channel seismic (MCS) profiles crossing the West Sardinia margin, in the Mediterranean Sea. The
profiles were acquired, together with the exact conjugate of the profiles crossing the GolL, during the
SARDINIA experiment in December 2006 with the French R/V L'Atalante. Forward wide-angle modeling
of both data sets (wide-angle and multi-channel seismic) confirms that the margin is characterized by
three distinct domains following the onshore unthinned, 26 km-thick continental crust : Domain V, where
the crust thins from 26 to 6 km in a width of about 75 km; Domain IV where the basement is
characterized by high velocity gradients and lower crustal seismic velocities from 6.8 to 7.25 km/s,
which are atypical for either crustal or upper mantle material, and Domain Il composed of "atypical”
oceanic crust. The structure observed on the West Sardinian margin presents a distribution of seismic
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velocities that is symmetrical with those observed on the Gulf of Lion's side, except for the dimension of
each domain and with respect to the initiation of seafloor spreading. This result does not support the
hypothesis of simple shear mechanism operating along a lithospheric detachment during the formation
of the Liguro-Provencal basin.

Keywords : Continental passive margin, Crustal structure, Wide-angle seismic, West Sardinian,
Transitional domain

Résumé :

Le systeme de marges conjuguées du golfe du Lion et 'Ouest de la Sardaigne (GLWS), avec son set
de données géophysiques important et de toute résolution, représente un endroit unique pour répondre
aux questions fondamentales sur le rifting (amincissement de la crodte, nature de la zone de transition
continent-océan, le style de rifting et évolution postérieure, connexion entre processus profonds et de
surface).

Bien que le golfe du Lion (GolL) ait été le lieu de plusieurs missions de sismique profonde avant le projet
SARDINIA (ESP et ECORS expériences en 1981 et 1988 respectivement), la structure crustale de la
marge ouest sarde restait inconnue. Cet article décrit les résultats obtenus a partir de I'interprétation et
de la modélisation conjointes des profils de sismique grand-angle et de réflexion (MCS) le long de la
marge ouest de la Sardaigne, exacts homologues des profils du golfe du Lion, tous acquis durant la
mission SARDINIA en Décembre 2006 avec le N/O frangais L’Atalante.

La modélisation directe de 'ensemble des données (grand-angle et sismique multi-canal) confirme que
la marge est caractérisée par trois domaines distincts depuis la cro(te continentale non-amincie de 26
km d’épaisseur : Domaine V, ou la crolte s’amincit de ~ 26 a 6 km en moins de 75 km environ;
Domaine IV ou le socle est caractérisé par des forts gradients de vitesse et des vitesses sismiques de
6,8 a 7,25 km/s dans la crolte inférieure, qui sont considérées comme atypiques aussi bien dans le
manteau que dans la crolte; et le domaine Ill composé d’une crolte océanique « atypique ».

La structure observée sur la marge ouest sarde présente une distribution des vitesses sismiques qui est
symétrique a celles observées sur le c6té du golfe du Lion, a I'exception de la dimension de chaque
domaine et des premiers processus d’accrétion océanique. Ce résultat invalide I'hypothése d’un
mécanisme de cisaillement simple, le long d’'un détachement lithosphérique, lors de la formation du
Bassin liguro-provencal.

Mots-clés : Marge continentale passive, Structure crustale, Sismique réfraction, Sardaigne
Occidentale, Domaine transitionnel.
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1. Introduction

The study of the deep crustal structure and evolution of passive continental margins is crucial for the
understanding of crustal thinning processes and the formation of associated sedimentary basins. Several
efforts have been made using physical and numerical modeling to explain the presence and nature of the
transitional domain (Brun & Beslier, 1996; Lavier & Manatschal, 2006; Kusznir & Karner, 2007;
Huismans & Beaumont, 2008; Aslanian et al., 2009; Huismans & Beaumont, 2011). However, very few
studies have been conducted on a conjugate margin pair, especially during the same seismic experiment.
Considering that the conjugate margins of the Gulf of Lion and West Sardinia system are both
accessible, they represent a natural laboratory for addressing fundamental questions about rifting, i.e.,
crustal thinning, the nature of the continent-ocean transition zone, the style of rifting and subsequent
evolution, and the connection between deep and surface processes.

The main objectives of the SARDINIA seismic experiment (Figure 1B) were:

- to image the deep crustal and upper mantle structure of this young paired margin along exactly
conjugate profiles: whilst expanding spread profiles (ESP) were acquired on the Gulf of Lion (Le
Douaran et al., 1984; Pascal et al., 1993; Contrucci et al., 2001), no deep information existed on
the conjugate Sardinian margin;

- to characterize the nature of the crust of the different domains, and especially in the Ocean-
Continent Transition (OCT) zone.

- to test previous hypotheses and discuss the possible origins of these different domains.

Gailler et al. (2009) published a first tomographic image, obtained exclusively from first arrivals, of only
two conjugate Sardinia profiles (one on each side). The present paper details and corrects their
conclusions, presenting the results of the wide-angle seismic modeling using first and secondary arrivals
as well as amplitude fit and MSC data, of two profiles perpendicular to the West Sardinia margin. The
results of the three wide-angle seismic models of the Gulf of Lion’s margin are discussed in the

companion paper of Moulin et al. (this issue).

2. Geological setting

The West Sardinia margin is the conjugate of the Gulf of Lion margin. This young margin pair forms the
Liguro-Provencal basin, created during the convergence between Africa and Europe during the Oligocene
(Le Pichon et al., 1971). Its opening occurred in the back-arc region of the south-eastward retreating
Apennines-Maghrebides subduction zone (see flow-lines on Figure 1A) and was followed by the opening
of the Tyrrhenian Sea (Auzende et al., 1973; Boccaletti & Guazzone, 1974; Réhault et al, 1984
Malinverno & Ryan, 1986; Jolivet and Faccenna, 2000; Jolivet et al., 2006). Furthermore, the Liguro-

Provencal Basin is located at the confluence of the eastern end of the Pyrenees and the southern end of
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the West European Rift system (Rhine Graben, Bresse) (Gorini et al., 1993; Séranne, 1999; Guennoc et
al., 2000; Bache et al., 2010). This margin is therefore the result of a complex evolution from the Variscan
cycle to present, with successive episodes of rifting (Permo-Triassic, Jurassic, and Oligo-Aquitanian) and
compression (Hercynian, Betic, Pyrenean, Alpine, and Apennine orogenies), associated with several
phases of magmatism (late Paleozoic, Oligo-Miocene, and Pliocene) (Carmignani et al., 1994; Rollet et al.,

2002; Carminati et al., 2012; Geletti et al., 2014).

Cenozoic evolution lead to the creation of oceanic crust in the central part of the Liguro-Provencal basin,
starting in the Late Aquitanian (between 23 and 19 Ma), 9 Ma after a shortlived episode of rifting
(Gorini et al., 1993; Mauffret et al., 1995; Séranne, 1999; Guennoc et al.,, 2000; Bache et al., 2010),
whereas the neighboring west-southern Valencia Trough stopped its evolution and remained an aborted
rifted basin (Watts et al., 1990; Torné et al., 1992; Pascal et al., 1993; Mauffret et al., 1992; Maillard et al.,
1992; Collier et al., 1994; Sabat et al., 1997; Ayala et al., 1996; Maillard & Mauffret, 1999).

The postrift sedimentary evolution is less documented on the West Sardinia margin than on the Gulf of
Lion’s margin, but seismo-stratigraphic correlations of sedimentary sequences exist for the onshore Oligo-
Miocene Sardinia Rift (e.g. Finetti & Morelli, 1973; Ryan et al., 1973; Fanucci et al., 1976; Biju Duval &
Montadert, 1977; Cassano et al., 1979; Curzi et al., 1982; Lecca, 1982; Lecca et al., 1986; Thomas et al.,
1988; Cassano, 1990 in Fais et al., 1996) and offshore margin (Fais et al., 1996; Sage et al., 2005; Sage et
al., 2011; Geletti et al., 2011; Geletti et al., 2014).

Hence, the postrift sequence can be divided into three distinct intervals. The Pre-Messinian sequence was
deposited during the Miocene (Réhault et al., 1984; Geletti et al., 2014). The Messinian sequence is
related to a major sea level fall in the Mediterranean after its isolation from Atlantic waters (Hsii et al.,
1973; Cita & Gartner, 1973; Clauzon, 1973; Ryan, 1976) and includes an erosional surface and the
Mobile Salt Unit (MU) (Sage et al., 2005; Cornée et al., 2008; Sage et al., 2011); no detritics or massive
evaporites (Lofi et al., 2003; Bache et al., 2009) have been described on the West Sardinian margin. The
Post-Messinian sequence (Pliocene-Quaternary), which forms a thin sedimentary cover (< 0.3 ms twt), was

mainly supplied by the Sardinia Island (Sage et al., 2011; Geletti et al., 2014).

Most authors (see Moulin et al., this issue, for more details) agree on the definition of five distinct
domains, from I to V, inside the Liguro-Provencal basin (Figure 1A and blow-up of Domains III to V on
Figure 1B). Domains I and V correspond to the « continental slope domain » of the Gulf of Lion and
West Sardinian margin, respectively. Domain III corresponds to the “atypical” oceanic domain and
Domains II and IV correspond to the transitional domain on the Gulf of Lion and Sardinian conjugate
side, respectively. However, their nature and dimension, especially for Domains II and IV, are still
debated. Determining the nature of these transitional domains will help decipher the different processes
involved in the formation of continental margins, which eventually lead to seafloor spreading. The

lithological composition and affinity of the transitional domains enable us to establish the role and
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relative importance of the processes active during continental margin formation. It is now recognized
that the Moho takes an active part during the formation and evolution of extensional basins (Cloetingh
et al., 2013). Observations of Moho imprints, using near vertical seismic reflection and seismic refraction
data, onshore and offshore, demonstrate its variability (Mutter & Carton, 2013; Carbonell et al., 2013;
Thybo & Artemieva, 2013, Mjelde et al., 2013), and allow us to examine the nature of the deep crust. In
this paper, we will focus on the seismic signature of the basement, especially at a deep crustal level and
across the transitional zone, in order to provide information on continental crust thinning, exhumation,

rock alteration, magmatism, and evolution in relation to seafloor spreading.

3. Data acquisition, quality and processing

During the SARDINIA experiment, CHIRP profiles, bathymetry data, three coincident MCS reflection
and wide-angle seismic profiles, and one single MCS reflection profile were collected on the West
Sardinia margin. The MCS reflection data was acquired using a 4.5 km 360-trace digital streamer and a
tuned airgun array of 8260 cubic inches, which was towed at a depth of 18 - 28 m. A total of 48 ocean
bottom seismometers/hydrophones (OBS/OBH) from Ifremer (Auffret et al., 2004), University of Brest,
and Geomar Kiel were deployed on the West Sardinia margin, spaced every 7 nmi (~13 km, cf. Figure
1B). In five locations, three OBS were deployed at the same place to ensure the collection of data. One of
the seismic profiles perpendicular to the margin (GH) was extended on land by eight land seismic
stations (Figure 1B). The airgun array consists of 16 airguns ranging from 100 cubic inch G-guns to 16 L
Bolt airguns, with main frequencies centered around 10 - 15 Hz. The airguns were tuned to the first
bubble, to enhance low frequencies and ensure deep penetration (Avedik et al., 1993). The shot interval
was 60 s at an average speed of 5 knots, which translates to a trace spacing of about 140 - 150 m. The
sample rate was 8 ms for the micrOBS, 5 ms for the Geomar, and 4 ms for the OldOBS. A total of 3573
shots (profile GH: 1130, profile G,H,: 1214) were fired by the air gun array.

In this paper, we present the velocity models of the two profiles perpendicular to the West Sardinia
margin. Profile K7L2, located on the shelf and parallel to the margin, is not presented since most of the
deep arrivals are masked by the presence of sea-bottom multiples, preventing an accurate wide-angle
model. Profiles GH and G,H,, which are 160 and 200 km long transects, respectively (Figure 1), cross the
West Sardinia margin from the continental shelf to the “atypical” oceanic crust. Twenty-one ocean
bottom seismometers (OBS) were deployed on the G,H, profile, whereas sixteen were deployed on the
GH profile. Additionally, the shots on this profile were recorded by eight land seismic stations (OSIRIS
stations from the University of Brest and Geosciences Azur) that extended the marine profile ~150 km

onshore.

For the two profiles only 33 instruments were used in the wide-angle modeling, since four instruments

(OBSS06, 18a, 30a, and 30c) did not record properly.
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The direct water wave arrival was used to correct the instruments location, from its deployment position
to its location at the seafloor. Instruments in water depth of less than 100 m were not corrected, since the
water arrival does not provide enough constraint to ensure relocation. However, the expected drift during
the 100 m descent to the seafloor is small, thus not affecting the modeling. Furthermore, instruments
that did not record close shots were not corrected if no direct water wave arrival could be picked as a first
arrival. The drift of the instruments, even in deep water, never exceeded 200 m. Picking of the onset of
first and later arrivals was usually performed without band-pass filtering, however when necessary,
different frequency ranges were set for the band-pass filter. Arrivals from larger offsets have a low
frequency and high apparent velocity compared to short offset arrivals, so the band-pass frequencies and

time reduction velocity were chosen appropriately.

Whilst two stations (SARDO5 and SARDO8) recorded no data at all (Figure 1), the remaining six land
seismic stations positioned on the prolongation of the profile GH recorded high quality data (Figure
Annex-1), with clear arrivals from the lower crust and upper mantle. Useful arrivals could be picked up to
more than 200 km of sourcereceiver offset, including arrivals reflected from the Conrad discontinuity

and from the Moho (PmP) and refracted in the shallow mantle (Pn) (Figure Annex-1).

Data quality of the seafloor seismic instruments is equally good for the oceanic part (Figure Annex-2) and
continental part (Figure Annex-3) on the two dip profiles (Profile GH and G,H,). Data exhibit very good
quality, with clear reflections from an intra-crustal interface (Figure 4), as well as PmP and Pn arrivals on

all stations (Figures Annex-2 and Annex-3, respectively).

Processing of the multi-channel seismic data was performed using the Geovecteur processing package.
The processing sequence consisted of: data geometry and binning, noise editing, band-pass filtering (2-8-
48-64 Hz), spherical divergence amplitude correction, FK multiple attenuation, external and internal
mute, dynamic amplitude, and stacking. Velocity analysis was performed every 200 CDP for the final

stack. Finally, a post-stack Kirchhoff time migration using stacking velocities was applied.

4. Wide-angle Modeling

The OBS data were modeled using the ray-tracing algorithm of Zelt and Smith (1992) and the two-
dimensional iterative damped least-squares travel-time inversion from the RAYINVR software (Zelt and
Smith, 1992). We applied a layer-stripping approach, proceeding from the top of the model (sea-bottom)
towards the bottom (Moho). If upper layers were not directly constrained by arrivals from within the

layer, they were locally adjusted to improve the fit of the lower layers.

The two-way travel times of the main sedimentary interfaces and the top of basement were picked from
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the record section of the MCS reflection data, and were converted to depth using the apparent velocity of
the refracted phases picked from the OBS data set, in order to build an initial velocity model. The model
velocities and depths were iteratively adjusted until an acceptable fit of arrival times from both data sets
(OBS and MCS) was obtained (Table 1, 2). In the non-reversed part of the wide-angle seismic profile, in
addition to PmP and Pn phases, we also considered the gravity anomaly fit as a second constraint to
estimate the thickness and velocity of the crust. The velocity gradients set in the velocity model were
further constrained by amplitude modeling, using the asymptotic approach of ray theory to compute

synthetic seismic record sections (Zelt & Ellis, 1988).

The model GH is parameterized by eight different layers, while the model G,H, is parameterized by ten
different layers: the water layer, four (model GH) and six (model G,H,) sedimentary layers, two crustal
layers, and one lithospheric mantle layer (Figure 2). Depth and velocity nodes define each layer. Water
velocities, set when correcting OBS locations for drift from the deployment position, are 1.53 km/s on
profile GH, whereas a velocity gradient of 1.53 - 1.54 km/s provided a better fit than a constant velocity
on profile G,H,. Depth nodes of the seafloor and sedimentary layers are set from the picking of
sediments mega-sequences boundaries from the MCS reflection profile, at intervals that depend on
interface topography as observed on the MCS record section. On land, topography was included with the
altimetry measurements at each land-station. The depth nodes that shape the intra-crustal interface and
the Moho were set according to the apparent velocity fluctuation of the phases that reflect from and
refract across the respective interface, when they are not related to the sedimentary section or to the top

of basement topography.

For the GH model, the sedimentary layers have top and bottom seismic velocities of 1.95 - 2.9 km/s
(Post-Messinian), 3.8 - 4.2 km/s, 4.2 - 4.4 km/s (both Messinian), and 4.5 - 4.8 km/s (Pre-Messinian)
(Figure 2A). Between -180 and -80 km, the second Messinian layer presents a velocity inversion that
systematically imprints the data by a step back of the phases that turn in the Pre-Messinian layer (Figures
Annex-2 and Annex-4). We modeled this layer with velocities of 3.5 - 3.6 km/s, instead of 4.2 - 4.4 km/’s
for the rest of the model. Below, in the Pre-Messinian layer, the velocities remain lower (4.5 - 4.6 km/5s,
instead of 4.5 - 4.8 km/s) in the same area (-180 and -90 km). This zone matches the abyssal plain, after
the necking zone. This velocity inversion is not observed on the conjugate Gulf of Lion margin (Moulin
et al., this issue). The GH model is comprised of three basement layers: upper crust, lower crust, and a
lithospheric mantle layer (Figure 2A). The upper crust shows velocities between 5.3 - 6.3 km/s on the
distal part (between -180- and -20 km) and 6.0 - 6.4 km/s on the proximal part of the profile, which are
well resolved except in the extremities of the profile (see discussion ahead - point 5). The lower crust is
characterized by velocities between 6.3 and 6.9 km/s in the distal part (-180 to -130 km), 7.0 and 7.2
km/s in the central part (-120 to -80 km) and finally 6.5 and ~6.7 km/s in the most proximal part of the
profile. The lithospheric mantle is characterized by velocities ranging between 8.0 and 8.4 km/s along the
entire model profile. The high velocity at the base of the lithospheric mantle layer (8.4 km/s) is required

to explain the high apparent velocity and strong amplitude of the Pn, especially on the land seismic

7
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stations (Figure Annex-1). A second lithospheric mantle layer, with a constant velocity and parallel to the

Moho, though18 km deeper, is necessary in order to keep the velocity gradient fixed (Figure 2A).

For the profile G,H;, the sedimentary layers have top and bottom seismic velocities of 2.0 - 2.1 km/s, 2.4
- 2.75 km/s, and 3.3 - 3.5 km/s (Post-Messinian), 3.85 - 4.1 km/s and 4.2 - 4.7 km/s (both Messinian),
and 4.35 - 4.5 km/s (early Messinian and Pre-Messinian) (Figure 2B). This profile also shows a velocity
inversion in the early Messinian. The inversion is present between 0 and 70 km (Domain III), which also
matches the abyssal plain after the necking zone. Two large domains are distinguished in the sedimentary
basin, to the east and to the west of ~100 km, which approximately corresponds to the necking zone
(Figure 2B). The G,H, model is comprised of three basement layers: upper crust, lower crust, and a
lithospheric mantle layer (Figure 2B). The upper crust in the extremities of the profile is characterized by
velocities of 5.1 - 5.5 km/s in Domain III (on the western part) and smoothly increasing from 5.65 - 6.4
km/s to 6.2 - 6.4 km/s across Domain V and the Hinge Zone (on the eastern part). In the center of the
profile the upper crust velocity varies from the above velocities, at the limits of Domain IV, to 5.1 - 6.3
km/s in the center, where the velocity gradient reaches its maximum (Figure 2B). The limit between
Domains IV and V is marked by an abrupt change of the upper crust velocities. Lower crust velocities
change from 6.5 - 7.1 km/s in the western part of the profile to 6.5 - 6.7 km/s on the eastern extremity.
In the region immediately west of the necking zone we modeled an important increase of the velocity and
velocity gradient at the deep crust - the lower crust velocity increases to 6.8 - 7.25 km/s, which is
accompanied by an increase of the velocity at the bottom of the upper crust (Domain IV, Figure 2B).
Finally, the lithospheric mantle velocity, constrained by Pn arrivals, varies from 7.95 km/s (in the west)

and 8.0 km/s (in the east), to less than 8.1 km/s at its maximum penetration depth.

In Domain Va and the Hinge Zone (profile G;H,, Figure 2B) we observe a very strong post-critical PmP
(Figure 3A, 95 - 140 km model distance), while the pre-critical PmP seems to be absent (Figure 3A, 140 -
160 km) or is very weak and discontinuous (Figure Annex-3A). The sudden onset of the post-critical PmP
suggests that the crust-mantle transition may be better modeled by (i) a thin layer with a high velocity
gradient, rather than (ii) a velocity contrast across an interface. We tested both hypotheses, including and
excluding the critical Pn (head-wave). The best fit of the observed amplitudes for hypothesis (i) was
obtained considering an increase of 6.8 to 7.95 km/s in a 0.2 km-thick layer, representing the Moho.
This model can predict the onset of a very strong PmP at ~140 km (~40 km source-receiver offset), as well
as its amplitude variations with offset (Figure 3B). Although hypothesis (ii) also predicts a very strong
PmP, it does not account for the amplitude decrease observed at ~125 km (~55 km source-receiver offset),
when we exclude the critical Pn of the computation of the synthetic record section (Figure 3C). If the
critical Pn is included in the computation of the synthetic record section (Figure 3D), the observed
amplitude fluctuation with offset of the post-critical PmP is equally well reproduced by both alternative
models (Figures 3B and D). Therefore, we cannot discard one of the hypotheses based on the post-critical
fit of amplitude. Furthermore, since the computed amplitude of the pre-critical PmP for hypothesis (ii) is

small, it may be argued that it is not identified because it is below the noise level. Both hypotheses are

8
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thus acceptable, providing that head-waves are generated for case (ii), with a velocity contrast across the

Moho of 6.8 km/ over 8.0 km/s.

5. Error Analysis

The fit between predicted arrival times and travel-time picks is part of model evaluation (Figures 4 to 6).
A first quantifier for the fit is expressed in terms of the %2, defined as the root-mean-square travel-time
misfit between observed and calculated arrivals, normalized to the picking uncertainty. Estimated picking
uncertainties were 75 ms for all arrivals. The number of picks, RMS travel-time residuals, and the y*error

for all phases are listed in Tables 1 - 2 (for model GH and G,H,, respectively).

A second quantifier for model evaluation is the ray coverage, which allows us to distinguish between the
imaged and unconstrained regions of the model, usually given by two-point ray-tracing between source
and receiver. We present a global view of ray coverage and arrival time fit for different depth levels
(sediments, basement and Moho, and mantle) (Figures 4 and 5), together with a few examples at selected
seismic stations, that gives a more detailed view of ray coverage and arrival time fit (Figure 6). On profile
GH, ray coverage is good, except for the sedimentary layers. Only near-offset reflected phases from the
top of the different sedimentary layers are identified, due to the presence of salt diapirs. All rays arriving
at the land seismic stations emerge at very steep angles and therefore do not allow us to model the
shallow sedimentary structures on land. On profile G,H,, ray coverage is very good, except in the eastern
part of the model (between 120 and 200 km model distance), where the sedimentary layers are not well
imaged due to its complex morphology. However, crustal layers and lithospheric mantle are well imaged

along the entire profile.

Additional information about the velocity model can be gained from the model resolution (Figure 7)
(Zelt & Smith, 1992) which indicates how well a model parameter is constrained by the data. A high-
resolution value for a particular model velocity or depth corresponds to a high confidence in its value.
The resolution of one particular velocity node depends on the relative number and angular distribution
of rays constraining that node. Homogeneous layers, which are parameterized with a low number of
nodes, can be well resolved by relatively few rays passing through the layer, whereas heterogeneous layers,
parameterized with many velocity nodes, require a large number of rays passing through in order to
achieve a similar resolution level. Velocity nodes having resolution greater than 0.5, corresponding to the
gray and yellow areas on the model, are considered well resolved (Figure 7). Only a few regions along the
profiles show a resolution smaller than 0.5, which is considered poorly resolved, and those are marked in
red. They correspond to the extremities of the profiles. In particular, the velocities of the upper crust in
profile GH between -150 and -90 km are not resolved, due to the absence of turning or reflected rays

from the upper crust in this region (Figure 4B). Similarly, the resolution of depth nodes, depicted as
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squares of area proportional to resolution (Figure 7), is greater than 0.5 everywhere, except for the

Conrad discontinuity, showing that the geometry and interface depths of the layers are well resolved.

We also performed a smearing check among model parameters; computing local spread functions from
the outof-diagonal elements of the resolution matrix (Afilhado et al., 2008). We verified that the
smearing of velocities and depths decreases with increasing resolution, always remaining at acceptable
levels of smearing with respect to the other parameters (local spread function values less than 2) for well-
resolved parameters. The only exception is the velocity of the salt layer in profile G,H,, which is well
resolved according to its resolution value, but with its local spread function being comparatively high,

indicating some level of smearing as compared to other parameters.

6. Comparison with seismic reflection data

Figure 8 displays the good correlation between the depth to two-way travel-time conversion of the velocity
models with the MCS seismic profiles. Note that only reflectors correlated with reflected phases
identified in the OBS data, and therefore necessary for the wide-angle modeling, were included, avoiding
over-parametrization of the model and thus reducing the level of under-determination of the inversion.
On the G,H, profile, six main sedimentary layers were identified and included into the model, whereas
on profile GH there are four sedimentary layers included into the model. The difference came from the
Plio-Quaternary sediments, where it was possible to differentiate two separate layers, rather than a thicker

layer with a strong gradient.

Although the depth and velocities of the crustal layers and lithospheric mantle were modeled exclusively
from the OBS data, we obtain a good agreement of the velocity model interfaces with deep reflectors
identified in the MCS record section, especially for a strong energetic reflector identified at a depth of
around 8 s twt and interpreted as the Moho in Domains III and IV (Figure 8). Nevertheless, in Domain
IV the relationship between velocity model interfaces and deep reflectors is not as evident as in the Gulf
of Lion, i.e, the strong and chaotic reflector, which corresponds to the basement, is not as clear as on the
conjugate side (see Figure 8 of Moulin et al., this issue). We also do not observe the highly stratified
Miocene unit at the top of the basement on the West Sardinia margin. These differences may be related

to the presence of a thicker salt layer in this area.

It is also worth noting that MCS data do not show any feature correlative with the so-called “T-reflector”
observed on Gulf of Lion margin (De Voogd et al., 1991). This feature has been described as a landward
deep detachment, related to exhumation of the lower continental crust (Séranne et al., 1995; Séranne,
1999). It separates the top of a high velocity zone (Pascal et al., 1993) composed by gabbros or granulites,

from the pinch-out of the lower continental crust (Moulin et al., this issue). Instead, the wide-angle

10
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seismic data show that the lower continental crust velocities increase from 6.5 - 6.7 km/s to 6.8 - 7.25
km/s, a crustal velocity structure not typical of continental crust, nor of oceanic crust. It corresponds to
the initiation of the anomalous velocity zone, which is limited to Domain IV. On Profile G,;H;, the upper
crust is marked by a sharp lateral change in the velocities and is followed by an increase of the bottom
velocity from 5.5 to 6.3 km/s (Figures 2 and 9). This heterogeneity may be the signature of a fault or a
lithological contact between the granitic upper continental crust to the East and a different lithology to

the West, which we discuss in the next section.

7. Discussion

Our study highlights for the first time, along two velocity-depth profiles, the sedimentary section, deep
crustal structures, and crust-mantle boundaries of the West Sardinian margin. The main difference
between the two velocity-depth profiles relates to their obliquity with the NE- and NW-trending
Hercynian structures (Fais et al., 1996 in Sage et al., 2005). The latter also controlled the onshore Oligo-
Miocene Sardinia Rift depicted in the topography (Figure 1). One major transfer fault intercepts profile
G,H; between Domains V and IV (Figure 9) while it crosses profile GH within Domain V. Transfer
faults may thus induce an abrupt seaward thinning of the continental crust. The 3D character of the
continental margin in the non-volcanic segment of the Gulf of Aden was also interpreted to be the result
of segmentation of the margin (Watremez et al., 2011). The abrupt thinning observed on profile G,H,
would thus be related to a specific feature, while the more regular thinning observed along profile GH

would probably be more representative of the style of thinning of the Sardinia margin.

Sedimentary layers. On the GH profile, the sedimentary section thickens from 0.5 km (at OBSS 26) near
the shoreline to 4.8 km (at OBSS 14) around -150 km, a thickness far below what it is observed on the
Gulf of Lion (7.5 km maximum in the center of the basin). The sedimentary thickness in the abyssal
plain is more or less constant (+/- 4 km) and is comprised of three main layers (see Geological Setting).
This study confirms the existence, just above the basement, of high velocities (4.4 - 4.8 km/s) in the
Miocene sequence, consistent with the high values (5.0 - 5.4 km/s) observed on the Gulf of Lion’s side
by Pascal et al. (1993). This layer reaches a thickness of around 2 km and is present on the entire profile.
Following Moulin et al. (this issue), it could correspond to Mio-Tortonian to Aquitanian deltaic deposits

as defined by Bache et al. (2010).

Crustal structure. Four main regions on the West Sardinian margin (Figures 1 and 2) can be
distinguished on the base of the seismic facies of their basement (Figures 8 and 10), their seismic velocity
structure (Figures 9 and 11), and their density structure, as previously stated by Gailler et al. (2009). These
four regions look equivalent to those described by Bache et al. (2010) and Moulin et al. (this issue) on the
Gulf of Lion side, except for their dimensions, as regions IV and V are smaller than the conjugate regions

Il and I:

11
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A) An unthinned continental domain: The presence of a homogeneous continental crust, which

reaches a thickness of about 27 km in the onshore domain, is clear from the wide-angle seismic
data set (25 - 80 km model distance on profile GH) and was modeled by land seismic stations,
PmP and Pn arrivals (Figure 2), and gravity anomaly fit. The crust is represented by two layers
of roughly similar thickness (11 and 15 km in the onshore domain), with velocities of 5.9 - 6.4
km/s and 6.5 - 6.7 km/s, respectively. The presence of an upperlower crust velocity step,
called the Conrad discontinuity, is required by the wide-angle seismic data (Figures Annex-1
and Annex-3 (115 - 130 km)), since reflected phases are continuously observed on the land
seismic stations (Figure 6A) and on the OBS (Figures 6C, E, G) in both profiles (Figures 4B
and 5B). The lower crust velocity was mainly constrained by the strong post-critical PmP phases
(Figures Annex-1 and 3), and a few refracted weak phases (Figures 4B, 6E, and 5B). The two
layers have a low velocity gradient (Figures 11A and D), in good agreement with the relatively
weak Pg phases observed in the continental domain (Figures Annex-3 (150 - 170 km) and 3
(120 - 160 km)). Such crustal thickness, velocity, and velocity gradient values are typical of
continental crust (Christensen & Mooney, 1995; Figures 11A and D) and similar to previous

results from the European Geotraverse (Galson & Mueller, 1987; Ansorge et al., 1992).

B) The “continental slope domain” can be divided into two contrasting sub-domains: the Hinge

Zone and Domain V (Figures 2, 8, and 9): i) The Hinge Zone (0 - 25 km (GH) / 170 - 200 km
(G;H,)) marks the landward zone of crustal thinning, from 25 to 20 km, mainly in the upper
crust; ii) Domain V is the main crustal thinning zone (60 - 0 km (GH); 110 - 170 km
(G2H2)), mainly focused in the lower crust; the Moho steeps gently beneath Domain Va,
whereas beneath Domain Vb (-60 - -35 km (GH); 110 - 135km (G;H;)) it presents a sharp
slope and large thinning. This crustal thinning (Moho geometry) is well established by
reciprocal PmP pairs (Figures 6 G, K), that reflect from the Moho all along the profile (Figures
4C and 5C), as well as strong Pn phases (in GH, Figure 6A), that result from geometrical
focusing of the energy propagating in the mantle, below the thinning region. Although tests on
the internal structure of the Moho were somewhat inconclusive, they show that the crust
mantle boundary correlates with a downward velocity increase from 6.8 to 7.95 km/s. This
may occur either from a very high velocity gradient across a thin layer, or abruptly across an
interface. In either case, the transition from lower crust to mantle material across the Moho is
always marked by a strong velocity contrast, which is required to generate the strong observed
PmP (Figures Annex-1, Annex-3, and 3). Furthermore, our models can predict the presence
(Figure Annex-1) or absence (Figure 3) of the Pn. These results indicate that the Moho in
Domain V is still a continental Moho and therefore the lower continental crust is still present.
Furthermore, while for GH the top of basement velocity decreases smoothly, for G,H, the
decrease of the top of basement velocity is abrupt at ~115 km in association with a deepening
of ~2 km of the top of basement (Figure 9), that corresponds to ~1 s twt depicted in the MCS

record section (Figure 8).
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C) Domain IV (-125 — -60 km (GH); 60 - 110 km (G,H;)) exhibits a high velocity (6.8 - 7.25

km/s), a ~3km thick lower layer, and is the location of the disappearance of the upper
continental crust, characterized by velocities ranging between 5.3 to 6.0 km/s (Figure 9). This
disappearance is particularly sharp on profile G,H; Since this region is located in the central
part of the profile, most of the crustal phases have reciprocal phases, mainly in the lower crust
(Figures 4B and 4B). Thus, the thickness, velocities, and velocity gradients are very well
constrained (Figure 7), even if the crust is relatively heterogeneous (Figure Annex-4). The
heterogeneity and abrupt decrease of the upper crustal velocity in Domain [Va may indicate
the presence of a chaotic aggregation of collapsed blocks due to mass slump along the
continental shelf. We may also speculate about a lithological contrast between a granitic and
basaltic composition, yet the velocity gradient is nearly the same east and west of -115 km,
which is not coherent with such hypothesis. According to Sage et al. (2005), this steep scarp
trends N120° (Figure 1) and is controlled by a major transfer fault that crosses the Oristano
Amphitheatre (Thomas et al., 1988), which is formed by NNE-SSW listric normal faults and
NW.-SE transfer faults (Thomas et al., 1988; Fais et al., 1996; Lecca et al., 1997). Therefore, we
interpret the basement structure revealed by the velocity model as the seaward-most hanging
wall of a series of tilted blocks that occurs at the foot of the slope in Domain V. Considering
that in the Gulf of Lion margin Bache et al. (2010) identified tilted blocks in a zone of similar
width, 40 - 50 km, the upper crust morphology of the conjugate pair is symmetric in Domains
I and V. This zone of tilted blocks in Domain V is followed seaward by a region of partly
allochthonous material in Domain IVa from large-scale mass-wasting, due to a gravitic
instability associated with deep-seated faulting, that shows similar characteristics of
gravitational collapse such as described in the Gulf of Biscay (Thinon et al., 2003) and the
Galicia margin (Clark et al.,, 2007). The division in the two sub-domains IVa and IVb is a
consequence of the abrupt difference in thickness and velocity gradient in the upper crustal
layer (Figures 9, 11B, and E). The latter is connected to a strong dome-like velocity anomaly at
the base of the upper layer on profile G,H;. The velocity profile, featuring a clear continental
Moho in Domain V, is less marked in Domain IV, where a smaller velocity contrast across the
Moho is observed. An anomalous high velocity with respect to the adjacent domains
characterizes the lower crust, suggesting that if lower continental crust is indeed present in
Domain IV it has been transformed, since the velocity at its base has increased. Moreover, on
the MCS data, the equivalent of the “T-reflector” in the Gulf of Lion is not observed at the
transition between Domains V and IV, pointing to a gradual transformation of the lower
continental crust inside Domain IV, instead of sharp velocity contrasts as observed in the Gulf
of Lion (Moulin et al.,, this issue). Other hypotheses can be proposed for this domain’s crustal
nature, namely oceanic or sub-crustal (serpentinized peridotites); however, the former does not
explain the anomalous high velocity lower crust whereas the latter does not explain the velocity
contrast across the Moho. We will return to this topic in the next section (see Moulin et al.,

this issue, for more explanations).
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D) Domain III is characterized by different magnetic and gravity patterns, relative to Domain 1V,

and interpreted as a 4km thin oceanic crust (-180 - -135 km (GH); 0 - 60 km (G,H,)).

1D-velocity-depth profiles and crustal nature
1D-velocity-depth profiles were extracted every 10 km (Figure 11) and compared to 1D-velocity-depth
profiles of typical oceanic crust (White et al., 1992) and stretched continental crust (Christensen &

Mooney, 1995).

Onshore domain, Hinge Zone and Continental Slope (Domain V)

The 1D-velocity-depth profiles underneath land seismic stations (purple line on Figure 11D) show
similarities with the worldwide compilation of unthinned continental crust profiles, both in velocities
and gradients (Christensen & Mooney, 1995). A very small velocity step marks the transition between the
upper and lower crustal layer, around a depth of 11 km.

As in the Gulf of Lion’s side (see Moulin et al., this issue), the 1D-velocity-depth profiles in the Hinge
Zone and the continental slope domain (Figure 11A and 11D) show a similar shape but decreasing Moho
depth: in each domain, the thickness decreases and the velocities slightly increase in both layers. Note
that the main thinning of the upper crust occurs in the Hinge Zone (brown profiles on Figure 11D),

whilst the thinning is focused mainly in the lower crust in Domain V (blue and green profiles).

Domain IV

Domain IV is the place of an important change in the 1D-velocity-depth profiles shape (light and dark
orange profiles) with respect to Domain V (blue and green profiles), with a strong velocity step between
the two crustal layers (more than 1 km/s) and a strong velocity gradient in the lower crust (Figures 11B
and 11E). The two profiles exhibit two sub-domains with similar lower crustal layer velocities, but
different upper crustal velocities: Domain IVb has an overall crustal thickness of about 5 km, whilst
eastwards Domain [Va presents a thickness of 8 to 10 km, probably connected to gravity collapsed upper
continental blocks over the lower layer. Neither the velocity bounds and gradients of those 1D-velocity-
depth profiles, nor the thickness of Domain IVa, fit the description of typical 1D-velocity-depth profiles
of oceanic crust (White et al., 1992), or of stretched continental crust (Christensen & Mooney, 1995). On
the other hand, Domain IVb (and Domain III), whilst thinner, exhibits 1D-velocity-depth profiles with
gradients and velocities coherent with a thin oceanic crust (Figures 11C and F), therefore Domain IVb
could correspond to the oldest oceanic crust emplaced during the onset of seafloor spreading. However,
it is worth noting that the boundary between Domains III and IV is well marked by a drastic change in
gravity and magnetic patterns, similar to the boundary between Domains II and III of the Gulf of Lion
conjugate margin, where Domain II is interpreted as a thin layer of lower continental crust, exhumed
along a landward deep detachment and overlying a heterogeneous, intruded layer (Moulin et al , this
issue). Therefore, the potential field anomalies observed over Domain IVb are not consistent with an

oceanic crust, the latter being restricted to Domain III.

14
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Serpentinized peridotites were drilled or inferred on similar intermediate/transitional domains of
northern Iberia and Newfoundland (Chian et al., 1999; Dean et al., 2000; Van Avendonk et al., 2006).
Serpentines are the result of alteration by seawater percolation through exhumed shallow mantle. The
1D-velocity-depth profiles in such areas usually have very high velocity-gradients and absence of velocity
contrasts, which is very different of what it is observed on Domain IV (Figures 12 A, B, and C).
Furthermore, the identification of small but clear branches of PmP phases (Figures 61 and K), requiring a
velocity step at the Moho (Figure 12) which is well constrained by the critical distance of observed Pn
phases (Figures Annex-2, 4C, and 5C), rules out the hypothesis of an origin of exhumed upper mantle

with progressive alteration.

One could speculate that Domain IV is an exhumed part of the continental crust overlying a
heterogeneous and intruded layer similar to the transitional crust of the Tagus Abyssal Plain in southwest
Iberia (Afilhado et al., 2008). Figure 13A presents the comparison of the 1D-velocity-depth profiles in
Domains Il and IV and on the Tagus Abyssal Plain. Whilst on the Gulf of Lion side the intruded lower
layer (Moulin et al., this issue), interpreted as a thin exhumed lower continental crust overlying a
heterogeneous, fits very well with the Tagus Abyssal domain, the 1D-velocity-depth profiles of Domain

IVb exhibit a very different pattern, with a much lower velocity at the top of the upper crust.

Given the large thickness of this upper layer, the very sharp transition between Domain V and IV on
profile G,H,, and the sharp disappearance of the upper continental crust on both profiles (Figure 9), we
infer that the upper layer of Domain IVa may be interpreted as fractured, gravity-collapsed continental
blocks, as observed in Domain Va, in the Gulf of Biscay (Thinon et al., 2003), on the Galicia margin
(Clark et al., 2007), and on the Gulf of Lion margin (Bache et al., 2010), overlaying a thin intruded lower
continental crust (Figure 10). This block seems to disappear in Domain IVb, which looks more similar to
Domain III and to layer 2 of a typical oceanic crust. The dome-like velocity anomaly on Profile G,H,
suggests that material intruded into the upper crustal layer of Domain IVb. This strong lateral
heterogeneity points to a 3D structure in the transitional domain (Figures 10 and 11), justifying the
acquisition of several parallel profiles. The upper layer of that domain may therefore be

stretched/intruded continental crust, basalt, or a mixture with high heterogeneity (Figure 10).

Domain 111

Domain III is not well resolved everywhere in the models (Figure 7). The comparison between the 1-D
velocity structure of Domain III and typical oceanic crust (White et al., 1992) shows a thinner crust
mainly consistent with oceanic crust (Figure 11). Nevertheless, within the data’s ability to resolve the
structure, Domains IVb and III show a similar overall shape in the 1D-velocity-depth profiles (Figures
11C and 11F), however they definitely present different gravity and magnetic patterns (Figure 13B). The
main difference appears on Profile GH, with lower velocity and gradients in the crustal lower layer. The
presence of magnetic anomalies (Figure 13B) suggests interpreting this domain as a thin oceanic crust.

Nevertheless, the comparison with Domain III on the Gulf of Lion side (Figure 13C), also well marked

15
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by magnetic anomalies, shows strong differences in the 1D-velocity-depth profiles (Figure 13C): whilst in
the Gulf of Lion, Domain III has a high velocity at the top of the crust (~6km/s), which can be
interpreted as oceanic crust with a missing layer 2 (consisted of pillow lavas) as described in the Atlantis
Bank, on the Sardinia side Domain III seems to represent a more classical but thinner oceanic crust. It is
important to mention that in the last case, the velocity of the top of the basement can not reach values
close to 6 km/s, since this would generate first arrivals with approximately this apparent velocity, which
are not observed in either GH or G,H, OBS's. Based on these observations, two hypotheses can be
proposed: i) an asymmetric oceanic crust build-up, with extrusive magmatism mainly focused on the
eastern side, or ii) a very heterogeneous crust in Domain III. While the latter can predict different
velocities for the oceanic crust on both conjugate margins, it can not predict the affinity of the
transitional and adjacent oceanic crust. The fact that the crustal basement in Domains Il and IV are very
similar to the adjacent atypical oceanic crust of Domain III seems to favor the first hypothesis for the
conjugate pair of margins. This similarity between Domains III and 1V raises the question of the role of
the lower continental crust “flow*, that can be gradually recrystallized to build the first atypical oceanic

crust (Bott, 1971; Aslanian et al., 2009; Sibuet et al., 2012).

8. Conclusions

Modeling of combined wide-angle and near-vertical seismic reflection (MCS) data from two profiles along
the western Sardinian margin provides, for the first time, images into the deep structure of the margin,

from unthinned continental crust to oceanic crust.

Besides showing that the small scale geometry of the margin, for distances of 10 - 20 km, changes from a
gentle style (GH - north profile) to a sharp style (G,H, - south profile), our results also show that the
large-scale trends are quite similar for both profiles. Furthermore, excluding the regions where the
velocity models are poorly resolved and ill constrained, the thickness, velocity, and velocity gradient
values obtained for both profiles point to similar crustal composition and a consistent evolution, defining

a continental crust domain, a transitional crust domain, and an “atypical” oceanic crust domain.

The velocity at the top of the unthinned upper continental crust is ~6.0 km/s, approaching ~6.4 km/ at
~12 km depth. The lower continental crust is ~15 km thick and reaches a velocity of ~6.7 km at its base,
overlaying the lithospheric mantle that has a velocity of 8.0 km/s and a vertical velocity gradient of ~0.02
km/s/km. Along the continental slope, at a distance of ~70 km, the continental crust thins to ~12 km,
keeping the velocity of the lower crust unchanged. In this region, the velocity of the top of the upper
continental crust decreases gently from 6.0 km/s to ~5.7 km/s, probably due to a gradual increase in
fracturing, as suggested by the presence of tilted blocks with a width of 10 - 20 km. Although the
thinning of the upper crust seems to be abrupt in the hinge zone for both profiles, in the lower crust it

seems more gradual in the southern profile than in the northern one.
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Near the foot of the continental slope, the increase of the velocity at the bottom of the crust, from ~6.7
km/s to ~7.2 km/s, is most probably related to the presence of intrusions in the lower crust. The
decrease of the velocity at the top of the crust, from ~5.7 km/s to ~5.1 - 5.3 km/s, while keeping the
velocity gradient approximately unchanged, is thought to be related to mass slumping and extensive
fracturing of tilted fault blocks, due to gravitational slip. This process was probably more localized in the
northern profile than in the southern one, still, the main point is that both profiles indicate the presence

of crust with continental affinity in Domain [Va.

The change in the velocity pattern of the contiguous 30 - 40 km region (Domain IVb) encompasses an
increase of the overall velocity and velocity gradient for both the upper and lower crust, as well as the last
seaward deepening of the top of basement leading to a ~6 km thick crust. The upper crust velocity varies
in the range of ~5.1 km/s to ~6.3 km/s while the lower crust varies in the range of ~6.7 km/s to ~7.2
km/s. This imprint is interpreted as intruded, thinned, and fractured continental crust, but it can also be
related to extrusions, or most probably to both. Although the western part of the profiles is less well
resolved than the central part, the transition to the adjacent thin oceanic crust is marked by an overall
reduction of the crust velocity. The similarity of the upper crust velocity in Domain IV with the adjacent

oceanic crust favors the presence of a basaltic cover in Domain [Vb.

The two conjugate margins show an overall symmetry, although the transitional domain is shorter on the
Sardinian side than on the Gulf of Lion side. Both conjugate margins show the presence of tilted blocks,
in Domains I and V, followed seaward by material of continental nature in Domains Il and IV. The T-
reflector on the Gulf of Lion margin marks a landward deep detachment, separating the exhumed lower
continental crust and a heterogeneous intruded layer of gabbros and granulites. On the Sardinia margin,
the deep crust is interpreted to be intruded lower continental crust since the velocity of the deep crust
varies smoothly from Domain V to IV, and no equivalent T-reflector was found. Its nature, that of an

intruded or exhumed heterogeneous lower continental crust, seems similar on both sides, which does not

support the hypothesis of simple shear mechanism to form the Liguro-Provencal basin.

Nevertheless, the upper crust in Domains II and IV, in the Gulf of Lion margin and Sardinia margin,
respectively, differs in velocities and velocity gradients. The velocity in the transitional crust is smaller by
1 km/s in the Sardinia margin than in the equivalent Gulf of Lion margin. Similarly, the adjacent oldest
oceanic crust is faster in the Gulf of Lion margin. The oldest oceanic crust displays magnetic anomalies
with smaller wavelengths than the ones observed in the adjacent Domains II and IV. These two
observations favor an asymmetric oceanic crust build-up, with extrusive magmatism mainly focused on
the eastern side, due to the small width of the Sardinia block, the small size of Domain IV with respect to
Domain II, and the presence of subduction to the east, but the hypothesis of a very heterogeneous

oceanic crust cannot be ruled out. This topic will be addressed in a forthcoming paper (Aslanian et al., in

prep).
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Figures

Figure 1 - A/ Location of the study area off the West Sardinia margin marked by the black outlined
rectangle, in the general context of the Western Mediterranean Basin. The Provencal Basin was created
by a counter-clockwise rotation of the Corsica-Sardinia micro-plate during the Miocene (see flowlines).
The crustal Domains [ to V are labeled; the « atypical » oceanic crust lying in the center of the basin
(Domain III) is hatched in thin parallel black lines. The red lines indicate the location of all SARDINIA
seismic profiles. GL - Gulf of Lion, PM - Provence Margin, CM - Catalan Margin, WS - West Sardinia,
LS - Ligurian Sea, VT - Valencia Trough, LPB - Liguro Provencal Basin.

B/ Topographic and Bathymetric map of the study area (in meters) (modified from Berné et al.,
2002 & Loubrieu et al., 2008), contoured every 100 m, and location of the Sardinia CROP Experiment
(De Voogd et al., 1991) and Riepilogo Experiment (Geletti et al., 2011) seismic profiles. Main crustal

domains of the margin based on seismic and magnetic analysis after Bayer et al., 1973; Galdéano &
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Rossignol, 1977; Rollet et al., 2002; Bache et al., 2010, Oristano Amphitheatre from Thomas et al. (1988);
Lecca et al. (1997) in Sage et al. (2011) and a N120° Scarp.

Figure 2 - Velocity models for the two perpendicular SARDINIA-SARDE profiles, including the model
boundaries used during inversion (blue solid lines) and isovelocity contours every 0.20 km/s, OBS
locations are indicated by black triangles and land seismic stations by gray triangles. Areas unconstrained

by ray-tracing modeling are uncolored. Thin black lines separate the various domains. V.E.= ~4. A/

Profile G,H, and B/ Profile GH.

Figure 3 - A/ Data from OBSS27 on profile G,H,, with the same gain, filter and scaling applied as in
Fig. Annex - 1. B/ C/ and D/ Corresponding synthetic seismograms for two different hypotheses on the
Moho structure in Domain Va and the Hinge Zone: B) Moho as a high velocity gradient thin layer (6.8 -
7.95 km/s in 0.2 km); C) and D) Moho as an abrupt velocity contrast across an interface (6.8 - 7.95

km/s) with C/ excluding the critical Pn; D/ including the critical Pn.

Figure 4 - A/ Upper panel: Ray coverage of the sedimentary layers of profile GH with every tenth ray
from two-point ray-tracing plotting. Lower Panel: Observed travel-time picks and calculated travel-times
(lines) of the sedimentary layers for all receivers along the model. B/ Same as A/ but for the crustal layers,
C/ Same as A/ but for the Moho and upper mantle layers. Px stands for refracted rays from x™ layer,

while PxP stands for reflected rays from x™ interface.

Figure 5 - A/ Upper panel: Ray coverage of the sedimentary layers of profile G,H,; with every tenth ray
from two-point ray-tracing plotting. Lower Panel: Observed travel-time picks and calculated travel-times
(line) of the sedimentary layers for all receivers along the model. B/ Same as A/ but for the crustal layers,
C/ Same as A/ but for the Moho and upper mantle layers. Px stands for refracted rays from x™ layer,

while PxP stands for reflected rays from x™ interface.

Figure 6 - Examples of ray coverage of some OBS and land seismic stations on profiles GH and G,H,

with observed travel-time picks and calculated travel times associated.

Figure 7 - Model resolution for all velocity nodes of the two velocity models. The same for depth nodes
in the basement (squares). Gray and yellow areas can be considered well resolved. OBS positions are

indicated by black triangles, land seismic stations by gray triangles. A/ Profile G,H, and B/ Profile GH.
Figure 8 - Seismic reflection record sections for the two profiles. Model boundaries from wide-angle

modeling converted to two-way travel-time are overlain. OBS positions are indicated by black triangles.

A/ Profile G,H; and B/ Profile GH.
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Figure 9 - Velocity models for the two perpendicular SARDINIA-SARDE profiles including the model
boundaries used during inversion (solid lines) and isovelocity contours every 0.20 km/s, OBS locations
are indicated by black triangles and land seismic stations by grey triangles. Areas unconstrained by ray-

tracing modeling are uncolored. Thin black lines separate the various domains. V.E.= ~4. A/ Profile

G,H,, B/ Profile GH.

Figure 10 - Poststack depth migration of the two profiles GH and G;H,, with the wide-angle
reflection/refraction velocity model. Model boundaries and crustal isovelocities (at 6, 6.75, 7, and 7.25
km/s) are overlain, as well as the interpretative sketch for these profiles, based on our seismic velocity

model and previous seismic interpretations.

Figure 11 - P-wave 1D-velocity-depth profiles below basement in the three distinct domains defined in
this study on the profiles G,H, (A, B, C) and GH (D, E, F). Each domain is compared to the
compilations made for continental crust (Christensen & Mooney, 1995) and a « normal » oceanic crust
(White et al., 1992). 1D-velocity-depth profiles are extracted every 10 km (except in the HZ, every 5 km)
in: A) the continental slope Domains Va and Vb, B) the transitional Domain IVa and IVb, C) the
atypical oceanic crust domain of profile G,H,, D) the unthinned and the continental slope Domains HZ,
Va, and Vb, E) the transitional domain IVa) and IVb, and F) the atypical oceanic crust domain of profile
GH. The exact position of the extracted 1D-velocity-depth profiles is illustrated in G and H with the

same colors.

Figure 12 - Comparison of 1D-velocity-depth profiles below basement profiles in Domains IVa (light
orange) and IVb (orange) of Sardinia-GH (-125 - -60 km) (dotted line) and Sardinia-G,H, (60 - 110 km)
(full line) between the bounds of 1D-velocity-depth profiles (blue shaded areas) from wide-angle seismic
models where ocean-continent transition zones was interpreted to be exhumed and/or serpentinised
upper mantle: (A) CAM in the Southern Galician margin (Chian et al., 1999), (B) SCREECH line 2 in
the Grand Banks margin offshore Newfoundland (Van Avendonk et al., 2006), (C) IAM-9 in Iberia
Abyssal Plain (Dean et al., 2000), and (D) IAM-5 wide-angle seismic model acquired at the Tagus Abyssal

Plain (Afilhado et al., 2008). 1D-velocity-depth profiles are extracted every 10 km on all profiles.

Figure 13 - A/ Comparison of 1D-velocity-depth below basement profiles in Domain IV (light orange
lines - Sardinia-GH and Sardinia-G,H;), Domain II (dotted orange lines - Sardinia-AB, on the conjugate
Gulf of Lion, Moulin et al., this issue), and the IAM-5 wide-angle seismic model acquired at the Tagus
Abyssal Plain (Afilhado et al., 2008) (blue shaded area). B/ Magnetic map of the Liguro-Provencal Basin;
domains are indicated by thick black lines; SARDINIA Experiment is represented by red lines. C/ The
same as in A/ for Domain III (red lines - Sardinia-GH and Sardinia-G,H,, dotted red lines - Sardinia-AB
on the conjugate Gulf of Lion, Moulin et al., this issue); a « normal » oceanic crust (White et al., 1992)

(orange shaded envelope) is included. 1D-velocity-depth profiles are extracted every 10 km on all profiles.
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Figure Annex-1 - A/ Band-pass filtered (5 - 20 Hz) seismic record section from land seismic station
SRDO7 on profile GH. The seismic data is gain-adjusted and time is reduced to 8 km/s, according to
trace offset. B/ Synthetic seismic record section, calculated from the model for the same station using the
asymptotic approach of ray theory from the Zelt code (Zelt & Ellis, 1988). The synthetic seismograms are
calculated every 500 m, obtained by convolution of the impulse response with a 29-point low pass Ricker

wavelet. Time and amplitude corrections according to offset are the same as in A/.

Figure Annex-2 - A/ Data from OBSS14 (oceanic domain) on profile GH, with the same gain, filter, and

scaling as applied in Fig. Annex-1. B/ Corresponding synthetic seismograms.

Figure Annex-3 - A/ Data from OBSS29 (continental domain) on profile G,H,, with the same gain and

filter applied as in Fig. Annex-1 but time reduced to 6.5 km/s. B/ Corresponding synthetic seismograms.

Figure Annex-4 - A/ Data from OBSS19 (Domain IV) on profile GH, with the same gain, filter, and

scaling as applied in Fig. Annex-1. B/ Corresponding synthetic seismograms.

Table 1 - Travel-time residuals and chissquared error for all phases and the complete model of profile

GH.

Table 2 - Traveltime residuals and chi-squared error for all phases and the complete model of profile

G,H,.
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TABLE 1. — Travel-time residuals and chi-squared error for all phases and
the complete model of profile GH.

Sardinia GH
RMS
Mool travel-time
Phase Picks residual Chi=squared
Water (Pw) 544 0,026 0.120
Top Salt (P3) 431 0.038 0.263
Top Salt reflection (P2P) 324 0.041 0.300
Base Salt reflection (P3P) 440 0,058 0.604
Sediments 3 (P3) 475 0. 062 0.683
Sediments 3 reflection (P4P) 475 0.062 0683
Basement refraction (Pa) 657 0.120 2.565
Basement Head wave (P6h) HER 0,122 2667
Bazement reflection (P5F) 497 0,074 0.977
Lower crust (P7) T93 0,087 1.337
Lower crust reflection (PGF) 404 0,068 0.ELG
PmP 19449 0,105 1.971
Pn 1264 0116 2.404
All phases 466 (0,093 1.551

TABLE II. — Travel-time residuals and chi-squared error for all phases and
the complete model of profile G,H,.

Sardinia G:H;
Phase RMS

Mool  travel-lime

Picks residual Chi=squared
Water (Pw) 4243 0.012 0.026
Sediments 2 (P3) 131 0,032 0179
Sediments 3 reflection (P31 505 0.042 0.316
Top Salt reflection (P4P) 163 0,038 0,254
Salt / Sediments 3 (P5) 697 0.053 0.505
Base Salt reflection (P5P) 106 0.059 0624
Sediments 3 reflection (P6F) 182 0.079 1.111
Sediments 4 14 0.025 0120
Basement reflection (PTP) (il 0.060 0.643
Basement (PT) 431 0082 1.195
Lower crusl rellection (PRP) 108 0,186 6,184
Lower crust (P5) 32 L0B4 1.272
PmP 3094 0.157 4 406
Pn 343 0.096 1.659

All phases HER] 0.061 0.671






