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Abstract: 3D gravity modelling is combined with seismic refraction and reflection data to
constrain a new Moho depth map in the Liguro-Provengal basin (Western Mediterranean
Sea). At seismically controlled points, the misfit between the gravimetric solution and the
seismic data is about 2 km for a range of Moho depths between 12 km (deep basin) and
30 km (mainland). The oceanic crust thickness in the deep basin (5 km) is smaller than the
average oceanic crust thickness reported in open oceans (7 km), pointing to a potential
mantle temperature 30-50°C below normal and/or very slow oceanic spreading rate.
Oceanic crust thickness is decreasing towards the Ligurian Sea and towards the conti-
nent—ocean boundary to values as small as 2 km. Poor magma supply is a result of low
potential mantle temperature at depth, lateral thermal conduction towards an unextended
continental margin, and decrease of the oceanic spreading rate close to the pole of opening
in the Ligurian Sea. Re-examination of magnetic data (palacomagnetic data and magnetic
lineations) indicates that opening of the Liguro-Provencal Basin may have ceased as late
as Late Burdigalian time (16.5 Ma) or even later. The absence of a significant time gap
between cessation of opening in the Liguro-Provencal Basin and rifting of the Tyrrhenian
domain favours a continuous extension mechanism since late Oligocene time driven by the

African trench retreat.

Determination of the deep structure across con-
tinental margins has been one of the major goals
achieved through deep seismic profiling in
recent years. Two kinds of deep-seismic sound-
ings have been obtained so far across the Gulf of
Lion margin and adjacent deep basin: multi-
channel seismics of ECORS type and wide-angle
refraction data using the two-ship expanding
spread profile technique. Both techniques are
complementary, since multichannel profiles
image the main structures along a section of the
basin, from the surface to Moho depth, while
ESPs constrain the 1D velocity structure at some
spots along the section. Deep-reflection and
refraction techniques were particularly success-
ful in reaching the crust-mantle discontinuity
(Moho) in the Gulf of Lion area. However,
seismic data remain sparse. Variability of the
crustal structure is high, both across the margins
(from unstretched continental crust to oceanic
crust) and along (for instance from smoothly
stretched Gulf of Lion margin to sharply
stretched Provengal margin). The oceanic crust
thickness in the deeper part of the basin is also
highly variable. The deep structure of the basin

is thus complex, preventing reliable extrapola-
tion from sparse seismic data.

Gravity data can be used to obtain a reliable
geometry of the Moho discontinuity in regions
where no further information is available. The
triangular shape of the Liguro-Provencal Basin
requires 3D gravity inversion. The use of
Fourier transforms to invert for the shape of the
Moho is briefly described. Seismic Moho data
are then used to determine free parameters in
the inversion and to control the validity of the
gravimetric solution. The new Moho depth and
crustal thickness maps are finally used to discuss
some of the geodynamic implications.

Establishing a new Moho depth map from
3D gravity inversion

Seismic Moho depth data

Moho depth data are sparsely available in the
Gulf of Lion and surrounding areas. Continental
refraction data indicate an average Moho depth
of 30-32 km on the mainland (southern Rhéne
valley, Sapin & Hirn 1974; Spanish mainland,
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Zeyen et al. 1985; Danobeitia et al. 1992). Moho
depth increases to 60-65 km beneath the
Pyrénées belt (Choukroune & Team 1989;
Choukroune et al. 1990; Anguy et al. 1991) and
to 55-60 km beneath the Alps (Giese etal. 1973).
Beneath the Balearic Islands the Moho lies at an
average depth of 22 km (18 km under Menorca
according to Banda et al. 1980; 24-28 km under
Mallorca according to Danobeitia et al. 1992).
The Moho is slightly deeper beneath Corsica
and Sardinia (average 30 km depth, Egger et al.
1988; Egger 1992).

At sea, both refraction and reflection data are
available. Based on Expanding Spread Profiles
(ESPs) the average Moho depth in the Liguro-
Provengal basin and in the Valencia Trough is 15
km (Le Douaran et al. 1984; Gallart ez al. 1980,
Danobeitia et al. 1992; Mauffret et al. 1992, 1995;
Pascal et al. 1992, 1993; Torné et al. 1992). The
Liguro-Provengal Basin is floored with thin
oceanic crust of early Miocene age (Bayer ef al.
1973; Burrus 1984), whereas thin continental
crust underlies the Valencia Trough
(Watts & Torné 19924, b; Pascal et al. 1992). Pro-
gressive thinning of the continental crust from
the upper margin to the deeper basin is clearly
evidenced over the Gulf of Lion margin through
subsidence analysis (Steckler & Watts 1980) and
multichannel deep seismic profiling (ECORS
profiles, de Voogd er al. 1991). The exact position
of the ocean—continent boundary is, however,
still debated (e.g. Pascal et al. 1993; Mauffret et al.
1995; review in Vially & Trémolieres 1996).

The non-uniform data distribution precludes
the use of standard interpolation to recover a
complete Moho depth map. We thus briefly
describe in the following section the use of
gravity data to constrain better the Moho depth
map where no other information is available.

3D gravity inversion procedure

The 3D inversion procedure is based on Fourier
transform (FT) methods (Parker 1973), using
the first-order theory in which high-order terms
in the gravity expansion are being neglected.
The gravity anomaly at the Earth’s surface due
to a periodic undulation A(x,y) of an interface at
depth d associated with a constant density con-
trast Ap is thus given by

Ag(xy)=2mG Ap h(xy) e+ 1

where k is the wavenumber of the undulation
(k =2 w/N , where \ is the wavelength) and G is
the universal gravity constant. Fourier trans-
forming this equation leads to

A g*(koky) =21 G Ap h¥(kyky) e=kd  (2)

where A g*(k,k,) and h*(k,k,) denote the 2D
Fourier transform of the gravity signal and of the
undulations, respectively (k. and k, are the hori-
zontal wavenumbers in x and y directions).
h*(k,k,) can thus be obtained by Fourier trans-
forming the gravity signal as

h*(kyk,) = /(2 7 G Ap) A g¥(kyk,) e k4 (3)

Inverse FT finally leads to A(x,y).

Exponential terms in equation 3 at high
wavenumbers (short wavelengths) require filters
to smooth the observed data prior to inversion.
We tested a number of filters in the spectral
domain by using forward and inverse modelling.
Best results were obtained using gaussian or
cosine filters to attenuate short wavelengths
before applying the inverse FT. Such filters also
minimizes the side-lobe effects inherent to FT
methods. A cosine filter cutting all wavelengths
shorter than 60 km was used in the final solutions.

The method applies to a single interface with
known reference level (d) and density contrast
(Ap). We show in the next section how we
derived a mantle Bouguer gravity anomaly to
perform the inversion on the Moho discontinu-
ity, and how we adjusted the reference level and
crust-mantle density contrast.

Mantle bouguer in the Liguro-Provencal
Basin

Bathymetry and topography were taken from
the International Bathymetric Chart of the
Mediterranean (IBCM) and from the ETOPO5
digital data files respectively. A single sedi-
mentary layer from sea bottom to top of base-
ment is used. The basement depth map was
compiled from Arthaud et al. (1980) for the
Oligocene sedimentary basins offshore, a digital
data file from Mauffret (pers. comm.) and
Gorini (1993) for the Gulf of Lion, Réhault
(1981) for the Ligurian Sea and surrounding
areas, Maillard er al. (1992) for the Valencia
Trough, Moussat (1983) and Réhault et al.
(1987) for the Tyrrhenian Sea, Réhault et al.
(1984) for the remaining areas. Data were com-
piled in seismic two-way travel time. Velocities
at ESP reprocessed by Pascal et al. (1993) were
then used for time to depth conversions.
Gravity maps were derived from the IBCM
Bouguer anomaly maps. Since in the oceanic
domain a simple Bouguer approximation with a
density of 2670 kg m~ was used in the IBCM
charts, we first recalculated the corresponding
free-air anomaly with the bathymetry also pro-
vided by IBCM. The obtained free-air anomaly
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Fig. 1. Free-air anomaly map in the Liguro-Provencal basin. On land: Bouguer anomaly from the IBCM

charts (Bouguer density 2.67). Contour interval: 20 mgal.

map (Fig. 1) was compared to two other sources
of data: individual free-air gravity profiles
extracted from the GEOMAR data base and
satellite-derived gravity field of Sandwell (Sand-
well & Smith 1995). At wavelengths greater than
15 km the IBCM ship-derived map does not
differ significantly from the satellite gravity map.
The latter has, however, a much better resolu-
tion due to continuous cover as opposed to non-
uniform ship-track coverage.

The final mantle Bouguer anomaly map was
obtained by correcting the free air anomaly for
water and sediment, both being replaced by
crust (Fig. 2). This was done by calculating their
respective gravity contribution using contouring
and summing up individual thin (100 m thick)
sheet contributions in 3D (Talwani & Ewing
1960). Notice that at this stage, Fourier domain
gravity expansion was not used. 3D marine
Bouguer anomaly maps (replacing water by
sediment) were also produced.

Reference level and crust-mantle density
contrast

The mantle Bouguer gravity anomaly can be
attributed to Moho undulations to a first

approximation. The possible contribution of
deeper sources, in particular the effect of later-
ally variable thermal and crustal density struc-
ture, will be discussed in a later section. If we
consider topography of the Moho as the only
gravitational source remaining, then the
previous inversion methodology applies. Free
parameters in the gravity inversion are the refer-
ence level (depth d) and the density contrast of
the crust-mantle boundary (Ap). Uncertainties,
apart from the oversimplified sedimentary
column, arise from the choice of the mean sedi-
ment density and crustal density used to calcu-
late the mantle Bouguer. The best couple of
parameters d and Ap was determined by mini-
mizing by least squares fit the difference
between the calculated Moho depth and the
observed seismic Moho depth.

Results for d and Ap best couple are displayed
in Fig. 3, and seismic Moho depth and gravimet-
ric Moho depth are compared in Table 1. We
tested the influence of sediment and crust
density in the ranges 2200-2350 kg m— and
2750-2800 kg m3 respectively. Quality of the fit
is rather insensitive to densities, with a standard
deviation of 2300 m for all runs at refraction and
reflection control points (mean misfit between
seismic and gravimetric Moho depths). Standard
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Fig. 2. Mantle Bouguer anomaly map (Model A solution; no thermal correction nor variable crust density

correction). Contour interval: 30 mgal.

deviation for ESP points only (oceanic domain)
reduces to 1500 m for the same runs. In all cases
the best reference level was found close to
27-28 km. Varying the sediment density or the
crust density is merely accommodated by a
modification of the Ap contrast at the
crust-mantle interface: Ap is increasing with
decreasing sediment density (Fig. 3d) and/or
increasing crust density (Fig. 3c) . A reasonable
Ap contrast of 580 kg m= was obtained for a
mean sediment density of 2350 kg/m-? and a
crustal density of 2750 kg m=, thus giving a
mantle density of 3330 kg m=. This model is
referred to as Model A in the following discus-
sions (Fig. 4a).

Fourier domain expression for gravity requires
the reference level to be the median depth of the
interface in order to optimize convergence of the
series expansion (Parker 1973; Cowie & Karner
1990). The same limitation applies for the first-
order theory used here (non-zero first term only),
so that the solution will only be approximate if the

median depth of the interface is different from
the reference level. The reference level found
through the inversion process (27-28 km) is actu-
ally deeper than the a posteriori calculated mean
depth of the interface (25 km). The correspond-
ing error in the calculated gravity is a function of
the wavelengths of the anomalies through the
exponential term in equation 1, the error decreas-
ing with increasing wavelength. The validity of
the final solution was checked by calculating the
true 3D Bouguer (using the discrete sum of thin
sheet contributions, Talwani & Ewing 1960). The
standard deviation of the residual (observed
minus modelled, Fig. 5) is 15 mgal, or 600 m trans-
lated into depth of the Moho. Typical misfit
reaches 20 mgal on the margins and 10 mgals in
the deeper parts of the basin. The misfit is high
towards the sides of the box due to the outside
box apodization prior to Fourier inversion. At
that point, the obtained solution could easily be
improved by re-introducing short wavelengths as
small perturbations of the Moho.

Fig. 3. Reference Moho depth (d) and mantle—crust density contrast (Ap) best couple obtained by least
squares minimization at seismic control points (standard deviation s.d. in km). (a) Model A solution (no
thermal nor variable crust density corrections; d = 27.7 km and Ap = 580 kg m3). (b) Model B solution
(includes thermal and variable crust density corrections). (¢) Effect of crust density increase. (d) Effect of

sediment density decrease.
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Fig. 4. Results of the 3D gravity inversion (depth to Moho contoured every 2 km). (a) Model A solution.
(b) Model B solution. Location of seismic control points are shown as open dots. Sections A, B, C, D, E, F and
G run across ESP data points at sea.
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Table 1. Comparison between seismic Moho depth and gravimetric Moho depth at ESP control points (for both

Model A and Model B solutions)

LatN Long E ESP Seismic Moho Model A Misfit Model B Misfit
no. (km) (km) (km) (km) (km)
e O O 0
42 53 4 34 ESP201 19.9 222 23 21.9 2.0
42 43 4 43 ESP202 19.8 20.2 0.4 20.1 0.3
42 29 4 55 ESP203 15.1 15.4 -0.3 16.1 -1.0
42 16 5 7 ESP204 14.8 13.0 1.8 14.2 0.5
42 2 5 20 ESP205 14.2 14.3 -0.1 15.9 -1.7
41 49 5 31 ESP206 15.1 14.9 0.2 16.5 -1.4
41 34 5 44 ESP207 14.7 15.1 0.4 16.4 -1.7
41 22 5 54 ESP208 15.5 15.9 0.4 17.1 -1.6
41 5 6 8 ESP209 153 154 -0.1 16.7 -1.4
41 10 6 14 ESP210 15.0 15.2 -0.2 16.1 -1.1
42 23 5 41 ESP211 14.6 12.6 2.0 13.4 1.2
42 40 5 33 ESP212 133 15.4 2.1 16.2 29
41 22 6 26 ESP215 15.0 15.0 0.0 15.4 -04
41 34 6 39 ESP216 153 15.1 0.2 15.1 0.1
41 48 6 52 ESP217 14.0 15.0 -1.0 14.5 -0.5
42 13 7 19 ESP219 13.0 131 -0.1 11.5 15
42 26 7 32 ESP220 12.5 12.0 0.5 104 2.1
42 41 7 46 ESP221 13.0 13.1 -0.1 11.9 1.1
42 55 8 28 ESP222 15.5 19.4 -39 18.6 -3.1
43 6 8 11 ESP223 14.0 16.0 -2.0 15.5 -1.5
43 16 7 54 ESP224 13.0 13.3 -0.3 13.7 -0.7
42 47 6 49 ESP225 22.0 19.6 2.4 19.1 2.9
42 3 6 47 ESP226 14.0 14.4 -0.4 13.4 0.6
42 19 6 42 ESP227 14.5 14.3 0.2 13.2 1.3
42 34 6 37 ESP228 20.5 16.8 3.7 16.2 4.3
43 22 7 35 ESP229 15.5 15.1 0.4 16.0 0.5
42 36 7 11 ESP230 12.0 142 22 12.5 0.5
42 14 7 50 ESP232 13.0 13.1 -0.1 12.5 0.5
42 16 6 15 ESP233 13.5 14.3 -0.8 14.2 0.7
42 31 6 8 ESP234 13.0 14.5 -1.5 14.8 -1.8
41 4 3 41 ESP002 14.5 16.9 2.4 17.6 -3.1
s.d. 1.52 s.d. 1.72

Model A: no thermal and no variable crust cdensity corrections.

Model B: thermal and variable crust density included.
s.d. is standard deviation in km.

Thermal, variable crust density and
variable sediment density corrections

The observed heat flow in the Liguro-Provencgal
basin is high (Fig. 6a). Values corrected for
thermal blanketing are mostly above
100 mW m2 and reach 140-160 mW m~ in the
axial part of the basin, based on the recent EGT
heat flow compilation (European Geotraverse,
Della Vedova et al. 1995). High heat flow
anomaly in the basin is a consequence of the
Oligocene rifting and the following short period
of oceanic accretion. The net effect of the
positive thermal anomaly in the basin is to
reduce the mantle density at depth, producing a

negative contribution of several tens of mgal to
the gravity field (Watts & Torné 19924, b).

To include this correction in the calculation of
the mantle Bouguer, we modelled two sections
across the basin: a Gulf of Lion section (section
B located in Fig. 4) and a Ligurian section
(section E located in Fig. 4). The temperature
field was calculated following a pure shear
McKenzie-type model for the rifting period
(30-23 Ma), including lateral heat conduction
and finite rifting duration (Alvarez et al. 1984),
and oceanic accretion for the spreading period
(23-19 Ma). Thermal cooling by conduction was
assumed from 19 Ma to present. Ages are taken
from quantitative subsidence analysis of Bessis
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Fig. 5. Residual Bouguer (observed minus modelled) using Model A solution and 3D analytic calculations

(thin sheets summation).

(1986) and Burrus (1989). The crustal structure
used as input was derived from the Model A
solution. Finally, the thermal anomaly was con-
verted to a density anomaly to obtain the corre-
sponding gravity field through 2D gravity
modelling (Fig. 7).

The result of the 2D thermal/gravity model-
ling is that the anomalous gravity field can be
directly obtained with a reasonable accuracy by
simply multiplying in the Fourier domain the
anomalous surface heat flow with an exponential
function of Fourier gravity type (Fig. 7, top):

Ag*(kok,) = A Ad*(k, k,) e =+ P @)

where Ag*(k,k,) is the gravity anomaly associ-
ated with the anomalous heat flow Ad*(k,k,),
and A and D are function parameters. Notice
that D has the dimension of a distance and can
be viewed as the mean depth of the thermal dis-
turbance. Parameters A and k integrate the
geometry and amplitude of the thermal
anomaly. Parameters A and D were found to be
quite similar for the two sections modelled (A4 in
the range 2.95-3.04 102 m3s2 W-!and D =50 =
3 km). Mean A and D values were thus applied
to the thermal anomaly heat flow map to get a

3D estimate of the gravity contribution. The
results are shown in Fig. 6b. The negative
thermal contribution to the gravity field is
maximum in the axial part of the Liguro-
Provencal basin, towards the Ligurian Sea,
where the gravity effect reaches —50 mgal. This
is significantly less than the gravity effect calcu-
lated in 2D (-65 mgal and —110 mgal for sections
B and E respectively) indicating that 2D model-
ling would overestimate the thermal correction.
Notice that highest heat flow values were
measured in the Ligurian Sea, rather than the
central part of the basin as would be predicted.
We attribute the low values of the central part of
the basin to the blanketing effect of the Rhone
delta deposits.

A second type of correction is related to the
lateral variations of the density of the crust. The
density of the oceanic crust is known to be
greater than the mean density of the continental
crust. The contribution to the gravity field is
opposite to the previous thermal correction
since it implies a positive gravity anomaly over
the oceanic domain. An estimation of this
contribution was obtained by calculating the
difference between a mantle Bouguer at 2750 kg
m for crustal density and a mantle Bouguer at
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Fig. 6 (a) Observed heat flow (open dots: data points, from Della Vedova et al. 1995). Contour interval: 10
mW m2. (b) Calculated gravity effect of the decreasing mantle density with increasing surface heat flow. See
text for details of the calculations. Contour interval: 10 mgal.
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2880 kg m~3. The net gravity effect is reaching
+40 mgal in the true oceanic domain. A similar
estimate is reached if a simple Bouguer plateau
approximation is calculated for a 7 km thick
oceanic crust and a 130 (2880-2750) kg m=3
oceanic crust—continental crust density contrast.
A last type of correction deals with the gravity
effect of sediment compaction. If the density of
sediment is increasing with depth, which is likely
to be the case in a sedimentary basin, then the
uniform density model tends to overestimate
sediment density on the margins and correla-
tively underestimate density towards the centre
of the basin. The amplitude of the gravity effect
depends on the density—depth function and
hence on lithologies. It reaches +50 mgal in the
Viking Graben (North Sea) according to Cowie
& Karner (1990). Exponential-type porosity—
depth functions down to about 4000 m below
sea-floor are available for the Gulf of Lion
margin from few industrial wells (Bessis 1986).
However, compaction will not follow a simple
exponential density-depth variation in the
deeper part of the basin due to the thick accumu-
lation of salt and evaporites during the Messin-
ian. Velocity—depth functions derived from
expanding spread profiles indicate high P-wave
velocity (5.1-5.3 km s1) in the sediments lying
immediately above the acoustic basement
(Pascal et al. 1993). In the absence of any other
information, empirical velocity—density con-
version would give a 2550 kg m~3 density for the
lowermost sediments (Nafe & Drake 1963).
Using these constraints, the mean density would
range from 2090 kg m=3, estimated at ESP 225
where sediments are the thinnest (1900 m) to
2370 kg m~3, estimated at ESP 204 where sedi-
ments are the thickest (8000 m). The net gravity
effect, using a simple Bouguer plateau approxi-
mation, would reach +30 mgal, equivalent to
about 1 km of Moho topography. These estima-
tions remain, however, highly speculative in the
absence of reliable depth—density data, and we
did not introduce this correction further.
Corrections for thermal and oceanic crust
density were applied to derive a new Moho
depth map, referred as Model B (Fig. 4b). Notice
that since the correction for thermal anomaly
and the correction for variable crustal density
are opposite in sign in the oceanic domain,
Model A and Model B are quite similar there.
On the mainland, negative heat flow anomaly
(cold areas), such as beneath the Alps or
beneath Sardinia, will tend to deepen the Moho
in the gravity inversion. However, the way the
gravity anomaly was derived from the heat flow
is strictly valid in the oceanic domain only since
homogeneous stretching followed by oceanic

accretion was assumed. The quality of the fit at
Moho control points is slightly enhanced in
Model B with respect to Model A (standard
deviation of 2000 m instead of 2300 m).
However, the Model B solution degrades at ESP
control points (1700 m versus 1500 m). In par-
ticular, the calculated Moho in Model B shows a
systematic misfit along the ECORS profile
(Table 1). This misfit is mainly resulting from the
low heat-flow values, relative to surroundings,
that prevail over the Gulf of Lion area.

The conclusion is that Model A (uncorrected)
and Model B (corrected for variable heat-flow
and variable crust density) give quite similar
results. In the next section, only Model A will be
considered since this solution is closer to ESP
control points in the oceanic domain. We display
in Fig. 8 a set of crustal sections crossing the
Liguro-Provencal basin and Ligurian Sea
through the refraction and reflection data points
(sections are located in Fig. 4). Sections A to F
are roughly perpendicular to the main struc-
tures. Section G runs obliquely from Mallorca to
the Ligurian Sea and the Gulf of Genoe. Meso-
zoic rifting in southern France was not included
in the calculations, so that the gravimetric Moho
is several kilometres deeper than the seismic
Moho in the Rhone graben (Section E). Apart
from this discrepancy, and if we allow a standard
error of 1 km on the seismically determined
Moho (Pascal et al. 1993), the gravimetric solu-
tion fits the seismic data well.

Discussion

Variability of the oceanic crust thickness

The mean oceanic crustal thickness is close to 5.0
km. Systematic variability is, however, found
both along (parallel to the magnetic lineations)
and across (oceanic crust close to ocean—conti-
nent boundary) strike. The southernmost part of
the Ligurian Sea (section E in Fig. 8) is floored
with very thin oceanic crust (Pascal et al. 1993;
Maulffret et al. 1995). At ESP 220, the Moho is
rising to less than 12 km depth, which is the shal-
lowest point of the studied area. The mean
crustal thickness is 3.3 km (ESP 219, 220, 221,
230, 232) which is significantly less than the
average 5.0 km thickness.

Line G (Fig. 8, bottom; located in Fig. 4) is a
cross-section running SW-NE in the deep basin
from the island of Mallorca to the Gulf of Genoe.
This along-strike section follows more or less the
axial Liguro-Provencal basin along the expected
location of the fossil oceanic ridge, except for the
northern end of the section. Notice the close
agreement between the seismically determined



48 N. CHAMOT-ROOKE ET AL.

Moho and Model A gravimetric solution.
Oceanic crustal thickness along the section
shows a remarkable gradual decrease towards
the Ligurian Sea. At ESP 210 (along the ECORS
line) crustal thickness is close to 5.5 km, whereas
it may be as thin as 2 km in the southernmost part
of the Ligurian Sea (ESP 220).

Following pioneering works (Reid & Jackson
1981; Foucher et al. 1982), considerable progress
has been made in the recent years on the calcu-
lations of volume of melt generated either
during rifting (McKenzie & Bickle 1988;
White & McKenzie 1989; Bown & White 19954,

e

217
o4

3

b) or during oceanic spreading (Scott & Steven-
son 1989; White et al. 1992; Cordery & Morgan
1993; Bown & White 1994; Su et al. 1994). Pro-
duction of oceanic crust is a result of partial
melting of the mantle as it rises beneath spread-
ing centres. The thickness of oceanic crust is thus
directly related to the amount of partial melting,
in turn controlled by asthenospheric mantle
temperature and lithospheric temperature field.
Under moderate to normal mantle temperature
conditions (range of mantle temperatures pro-
ducing less than 7-8 km thick crust), all models
predict a decrease of crustal thickness with
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Fig. 8. Crustal sections across the Liguro-Provencal basin deduced from 3D gravity inversion (Model A
solution). Open dots: ESP data points at sea (vertical bar is + 1 km). Filled dots: reflection or refraction data

points on land. Sections A to G are located in Fig. 4.

decreasing spreading rate and/or decreasing
asthenospheric mantle temperature (Reid &
Jackson 1981; Bown & White 1994; Su et al
1994).

To explore further crustal thickness variation
as a function of position in the basin, we use for
each ESP the distance to the inferred Sar-
dinia—Corsica pole of rotation (Fig. 9a & b).
Different solutions have been proposed for the
kinematics of the rotation (see review in
Vially & Trémolieres 1996). They range from
simple rotation about a single pole for both
rifting and spreading to more complicated solu-
tions involving several phases. In the following
we use a commonly adopted solution with a pole

of rotation located in the Gulf of Genoa
(N43.5°-E9.0°; Réhault et al. 1984). ESP data
are located at distances to the pole ranging from
70 km (northernmost Ligurian Sea section) to
350 km (Gulf of Lion, ECORS section).

We show in Fig. 9a the predicted oceanic crust
thickness for various potential asthenospheric
mantle temperature (Bown & White 1994).
Crustal thickness is given as a function of dis-
tance to the pole. We assume a 9.8° Ma! rota-
tion rate which matches the magnetic anomalies
interpretation of Burrus (1984). Equivalent half-
spreading rates are 30 mm a~! at a distance of
350 km and 6 mm a! at a distance of 70 km.
Notice that since the pole of rotation is relatively
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Fig. 9. (a) Crustal thickness (Model A, Model B and seismic refraction) at ESP points versus distance to the
pole of opening. Dashed curves : predicted oceanic crustal thickness for various potential mantle temperature
(1280-1400°C, from Bown & White 1994). A 30 mm a™! half-spreading rate is assumed along the ECORS line
(350 km away from the pole; spreading rate derived from Burrus 1984). Equivalent rotation rate is 9.8° Ma-1,
Filled symbols: oceanic or transitional type crust. Open symbols: continental crust. (b) Range of crustal
thickness for oceanic crust (filled circles) and transitional type crust (open diamonds) versus distance to the
pole of opening. Dashed curves are model predictions using the same mantle temperature (1300°C) but
different rotation rates (9.8° Ma!, 5.2° Ma~! and 3.3° Ma-!, equivalent to 30 mm a~!, 20 mm a~! and 10 mm a-!
half-spreading rates along the ECORS line (section A, Fig. 4) and to 15mm a!, 8 mm a-! and 5 mm a1 half-

spreading rates in the Ligurian Sea (section E, Fig. 4).

close, spreading rate is directly proportional to
the distance to the pole. A first-order interpre-
tation of Fig. 9a is that all oceanic data points fall
close to, or below, the predicted curve for a
1280°C potential temperature. This is about
30-50°C below normal temperature inferred at
spreading centres away from hot spots and frac-
ture zones (White et al. 1992; Bown & White
1994).

The same conclusion was reached indepen-
dently from a 3D analysis of the subsidence in
the Liguro-Provencal basin (Chamot-Rooke et
al. in prep.). After corrections for sedimentary
loading, for abnormal crustal thickness and for
potential effects of the recent compression
regime, subsidence is still about 500 m greater
than expected from the age of the basin. A low
potential mantle temperature would thus
explain both the abnormal subsidence of the

deep basin and the low magma supply during
oceanic accretion, leading to the production of
abnormally thin oceanic crust. Similar low-
temperature boundary conditions may have also
prevailed in the Tyrrhenian Basin (Réhault et al.
1990). This is not surprising since both the
Liguro-Provengal Basin and the Tyrrhenian
Basin opened as back-arc basins above the same
lithospheric slab now subducting off Calabria
(Le Pichon 1984; Malinverno & Ryan 1986).
Thin crust and high subsidence have been
reported in other marginal basins, in particular
in the West Pacific. Low asthenospheric temper-
ature may be the result of a long history of sub-
duction of cold material, such as below the
back-arc basins of the Philippine Sea plate for
instance. In the Western Mediterranean, the
amount of cold material subducted was probably
much smaller, due to the slow convergence of
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Africa towards Europe. Lithospheric thickening
coeval with orogenic compression may also be
an efficient way to lower temperatures at mantle
depth, provided time span between compression
and extension is short enough to prevent
thermal equilibration. Extensional collapse of a
former orogen is now well established for the
origin of the Tyrrhenian Basin (Kastens et al.
1990; Jolivet et al. 1994). The potential role of
the Pyrenean orogeny has also been discussed
for the formation of Liguro-Provencal Basin
(Mauffret et al. 1995), although the continuity of
the Pyrenean belt towards the Gulf of Lion
margin has not been clearly established so far.

A closer examination of Fig. 9a also shows the
systematic trend observed along section G:
oceanic crust becomes thinner closer to the pole
of rotation, as predicted by melting models
through spreading rate dependence. According
to Bown & White (1994) models, a sharp
decrease in melt production occurs at full
spreading rates below 15 mm a-l, whereas at
higher rates the oceanic crust thickness is
remarkably uniform (7 + 1 km average, after
White ef al. 1992). Small oceanic crust thickness
is well documented at the slow spreading Arctic
ridge, where the crust is about 2.5 km thick for a
12-15 mm a! full rate (Jackson er al. 1982), and
close to some of the Atlantic non-volcanic
margins (review in Bown & White 1994; Srivas-
tava & Roest 1995). In the Liguro-Provengal
basin, a marked decrease in oceanic crust thick-
ness occurs in the southernmost part of the Lig-
urian Sea, or 200 km away from the pole of
rotation (Fig. 9a & b). The predicted full spread-
ing rate there would be 34 mm a-!, assuming a
9.8° Ma~! rotation rate. This is more than twice
the trade-off value of 15 mm a! inferred from
modelling and observations.

The thin crust of the Ligurian Sea may result
from two effects: (1) heat was lost lateraily
towards the adjacent continents (Provencal
margin and Corsica), thus preventing large-scale
melting even during oceanic accretion; (2) the
rate of opening was half the value generally
assumed, and consequently the critical 15 mm
a~! full spreading rate below which magma
supply is small was reached at a distance of 200
km from the pole. The latter hypothesis is
explored in Fig. 9b where we show the predicted
oceanic crust thickness for different opening
rates. A good solution is obtained if the opening
rate is close to 5° Ma.

Lateral heat conduction can be effective both
during continental rifting and early oceanic
spreading. During rifting, heat transfer from a
hot extended area to cooler surroundings reduces
significantly the amount of melt generated, so

that even at potential temperature above normal,
little or no melt is produced (Alvarez et al. 1984).
This effect, combined with finite (as opposed to
instantaneous) duration of rifting, explains the
absence of significant amount of melt prod-
uced at non-volcanic continental margins
(Bown & White 19954, b). Lateral heat loss can
also be efficient in reducing crustal thickness
during the early phase of oceanic spreading. The
time to establish a permanent thermal regime at
the ridge axis is highly dependent on the spread-
ing rate. At high spreading rates, the ridge will
rapidly move away from the cooler adjacent con-
tinent. Conversely, small transient perturbations
at slow spreading ridges will have large effects on
the thickness of oceanic crust produced (Su et al.
1994). At high potential temperatures, the rela-
tive importance of buoyancy-driven mantle flow
with respect to plate-driven mantle flow may
even lead to an increase in crustal thickness with
decreasing spreading rates (Su et al. 1994).
However, at low to normal potential tempera-
tures as those considered here, plate-driven flow
will dominate and variations in crustal thickness
will basically reflect variations in the temperature
field. How far the ridge temperature field is
affected by the proximity of the continent
depends not only on the oceanic spreading rate
but also on the kinematics of stretching. For short
rifting duration and high thinning factor, reduc-
ing the continental crust to oceanic crust thick-
ness, the stretched continental crust is thermally
indistinguishable from oceanic crust. More
generally, the duration of rifting and the amount
and distribution of thinning, as well as spreading
rate, will control the temperature field and thus
oceanic crust genesis at the ocean-continent
boundary.

A convenient way to estimate the time needed
to establish a steady-state thermal regime at the
ridge axis is to follow the abnormal subsidence
induced by lateral conduction towards cooler
continent. Section E, located in Fig. 4, crosses the
area of abnormally thin oceanic crust at the
southernmost end of the Ligurian Sea. A thermal
model including continental rifting (from 30 to 23
Ma), oceanic spreading (from 23 to 19 Ma) and
post-spreading cooling (from 19 Ma to present)
was already presented and discussed in a
previous section (see Fig. 7). We are interested
now in the very early phase of oceanic spreading.
The rifting history and amount of stretching is
taken identical to the model of Fig. 7. The steady-
state solutions (including lateral conduction) for
intermediate (40 mm a-1) and slow (18.5 mm a-1)
spreading are shown as large dots in Fig. 10. This
is equivalent to the ocean-continent boundary
being located at an infinite distance from the
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Fig. 10. (a) Predicted subsidence of the oceanic
lithosphere as a function of proximity of the ocean-
continent boundary. An intermediate full spreading
rate of 40 mm a! is assumed. The ridge axis remains
located on the left of the diagram, whereas the
ocean—continent boundary (OCB) is progressively
moving away. The 2D steady-state solution
(ocean—continent boundary at infinity) is shown by
large dots. Thin lines are subsidence curves (below
water) from the ridge axis to the OCB, 1 Ma (OCB at
20 km) and 2 Ma (OCB at 40 km) after initiation of
spreading (modelled section is section E in Fig. 4).
The shaded grey area is the location of maximum
melt extraction. (b) Same as (a) for slow spreading
(18.5 mm a! full rate, equivalent to best value
obtained from Fig. 9b).

ridge axis. We then model the transient regime as
the ocean—continent boundary moves away from
the ridge axis. At high spreading rate, the steady-
state regime at the ridge axis is reached in less
than 1 Ma (in other words, the proximity of the
continent no longer affect the ridge thermal
regime). In the slow spreading case, thermal
equilibrium at the ridge axis is reached within 3
Ma. Even though melt production rates decrease
rapidly with distance from the ridge, melt extrac-
tion may not be limited to the ridge axis itself.
The lateral dimension of the melting region is
still a matter of debate (e.g. Scott & Stevenson
1989; Cordery & Morgan 1993). It may reach
several tens of kilometres, in which case the melt
would be focused towards the ridge axis (Spiegel-
man & McKenzie 1987). In terms of volume,

however, melting models seem to indicate that
about 80-90% of the melt that will contribute to
oceanic crust genesis is produced within 20-30
km of the ridge axis. For the Ligurian Sea section,
a steady-state regime over such distances will be
reached within 2 Ma at a high spreading rate (40
mm a'); at a lower spreading rate (18.5 mm a1),
it may take more than 4 Ma to establish a per-
manent thermal regime (see Fig. 10). The total
oceanic basin width would then be 80-100 km in
both cases. Above this width, lateral conduction
towards continent no longer affects the tempera-
ture field in the area where melt extraction is
maximum. Notice that we discuss here the area
where melt extraction is maximum, and not the
total width of the melting region which may
reach 80 to 100 km (Cordery & Morgan 1993).

The width of the oceanic domain along the
modelled Ligurian Sea section is between 60
and 80 km. A first conclusion is that lateral con-
duction cannot be neglected, in particular if
spreading was slow. Part of the anomalous
oceanic crustal thickness may be the result of
side heat loss towards both continental masses
(Provence and Corsica). Northward, lateral
cooling during rifting may even have been suf-
ficiently large to prevent large-scale melting and
the formation of oceanic crust. For similar
stretching factors and duration of rifting, the
critical total basin width may be of the order of
70-100 km (Alvarez et al. 1984), which is about
the size of the northernmost Ligurian Sea basin.
Notice that along section F, crustal thickness is
clearly too thick to be compatible with an
oceanic origin (Fig. 8). Three coeval effects will
act to lower considerably magma supply: (1) a
low spreading rate due to the proximity of the
pole of opening; (2) a low potential tempera-
ture, as discussed previously; (3) high lateral
conduction due to the small basin width.
Oceanic crust produced, if any, would necessary
be very thin. The northernmost Ligurian Sea is
thus most probably floored with thinned conti-
nental crust.

An important implication of our thermal
modelling is that thin abnormal oceanic crust,
formed during the early stage of oceanic spread-
ing, can be found within 40-50 km of the
ocean—continent boundary. Variability of
oceanic crust thickness is thus expected to be
found not only along strike, as an effect of a nar-
rowing basin towards the Ligurian Sea, but also
across strike, close to the ocean-continent
boundary. In the following sections, we first
discuss estimates of the opening rate of the
Liguro-Provencal Basin, since it is one of the
important parameters controlling melting and
oceanic crust genesis. We then examine the early
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oceanic stage leading to the formation of
oceanic crust close to the ocean-continent
boundary.

Rate and timing of the Corsica—Sardinia
block rotation

Estimates of the rate and timing of opening of
the Liguro-Provengal basin have been obtained
from different types of data: structural restora-
tion of the position of the Sardinia—Corsica
block, based on pre-rotation markers (e.g. West-
phal et al. 1976), seismic stratigraphy of pre-rift,
syn-rift and post-rift horizons (e.g. Mauffret et
al. 1995), age of volcanism in Sardinia (Bellon ef
al. 1977), palacomagnetic data in Sardinia (Mon-
tigny et al. 1981) and Corsica (Vigliotti & Kent
1990), identification of the magnetic anomalies
in the oceanic domain (Burrus 1984), age of
dredged samples in the basin (Réhault 1981).
We focus here on evidence for age and rate of
oceanic spreading leading to quantitative esti-
mates: age of dredged samples, age of magnetic
lineations, age and amount of rotation of Sar-
dinia and Corsica rocks derived from palaco-
magnetism.

The basement is buried below a thick sedi-
mentary cover over the entire Liguro-Provencal
basin, with the exception of an exposed ridge in
the Ligurian Sea. The southernmost part of the
Ligurian Sea is floored with very thin oceanic
crust. Crustal thickness gradually increases
towards the northeasternmost portion of the
Ligurian Sea, which is most probably floored
with stretched continental crust (see previous
section). Along section F (Fig. 8) the crust is thin
at ESP 224 only (5-6 km). Immediately east of it
(ESP 223) runs an axial N30°-trending linear
ridge cropping out at its northernmost end
(Réhault 1981; Réhault et al. 1984). The ridge
was sampled by dredging, and tristanite samples
of mid-Miocene age were recovered (18 =
0.5 Ma in Réhault et al. 1984). Recent re-dating
would indicate a younger 17 Ma age (Réhault
pers. comm. 1996). The tristanite ridge coincides
with the central magnetic anomaly high recog-
nized throughout the basin and may thus repre-
sent the latest magmatic rocks erupted at the
end of the spreading phase (Réhaulit ef al. 1984).
The discrepancy between the age of anomaly 6,
proposed as the axial anomaly (Burrus 1984),
and the age of the tristanite ridge has already
been mentioned in Réhault et al (1984).
Anomaly 6 normal polarity interval lasted 1 Ma,
from ¢. 20.3 to 19.3 Ma (Berggren et al. 1985;
Harland et al. 1990). A 17 Ma age would be more
compatible with anomaly 5C (three triplets
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closely spaced in time between 16.2 and 17 Ma)
rather than anomaly 6. The alternative is that the
tristanite ridge erupted after cessation of spread-
ing. Then the positive magnetic anomaly of the
ridge, aligned with the positive axial anomaly of
the basin, would be fortuitous.

Additional constraints are given by the timing
of the rotation of the Sardinia-Corsica block.
The amount of Tertiary rotation has been widely
debated. Apart from structural evidences based
on a common geological history of the Sar-
dinia~Corsica block and the Provencal mainland
(e.g. Westphal er al. 1976), palacomagnetic
measurements allowed various determinations
of the amount and timing of the rotation. Data
used range from palacomagnetic measurements
on the Tertiary volcanic rocks of Sardinia
(Bellon et al. 1977; Edel & Lortscher 1977; Edel
1979; Montigny et al. 1981), aeromagnetic
measurements over Sardinia (Galdéano &
Ciminale 1987), and finally palaeomagnetic
study of the Tertiary sediments from Corsica
(Vigliotti & Kent 1990), since Tertiary calc-alka-
line volcanism is absent there. Different data
sets consistently point to a 30-40° counterclock-
wise rotation of the Sardinia—Corsica block with
respect to stable Europe. The timing of the rota-
tion, however, remains uncertain. Dating relies
both on K-Ar age determinations of the Sar-
dinia andesitic and ignimbritic suite, compiled in
Montigny et al. (1981), and Miocene fossiliferous
limestones of the Neogene basins of Corsica
(Vigliotti & Kent 1990). Both sets of data are
apparently conflicting. Montigny et al. argue for
a20.5-19 Ma (early Burdigalian) rapid rotation.
This is the solution retained by Burrus (1984) to
identify magnetic lineations previously delin-
eated by Bayer et al. (1973). Vigliotti & Kent, on
the other hand, conclude that a rotation of about
20° was still to be completed in post-Burdi-
galian—Langhian time. They propose that the
rotation did not end before 15 Ma (late
Langhian). Their results are controversial not
only because they contradict the Montigny et al.
compilation, but also, as they state themselves,
because secondary magnetization cannot be
completely ruled out. However, their conclusion
is not different from that initially reached by
Bellon et al. (1977) from their palacomagnetic
study of the Tertiary volcanism of Sardinia.

Palacomagnetic data from the Montigny e al.
compilation for Sardinia and the Vigliotti &
Kent data for Corsica are summarized in Fig. 11.
Notice that we use all data reported in Montigny
et al. rather than a selection of the data set.
Youngest ages, in particular, were systematically
omitted in their original plot. Results obtained
from the sedimentary rocks of Corsica by
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Vigliotti & Kent are actually not incompatible
with Sardinian palaeomagnetic measurements
(see also Vigliotti & Langenheim 1995).
Although scattering for the Sardinia volcanic
rocks is high, it is clear that all rocks, regardless
of their ages, show a westward oriented magne-
tization. Taking into account the apparent polar
wander path for Eurasia, the Miocene pole posi-
tion predicts a +7° palaeomagnetic declination
at the location of the Sardinia—Corsica block
(Vigliotti & Kent 1990). The conclusion is that
almost none of the observed sites, in the range
35-15 Ma, remained stable with respect to
Eurasia. Although a rapid rotation cannot be
completely ruled out, a much slower rotation
ending in Langhian or Serravalian time would
still be compatible with the palacomagnetic
data.

Magnetic anomalies interpretation in the
oceanic domain is rather inconclusive. The well-
lineated axial positive anomaly is bounded by
one additional positive anomaly on both sides,

DECLINATION (°)

so that only three anomalies are available for
age identification. Considering the set of poss-
ible anomalies in the range 25-10 Ma, most of
which are more or less regularly spaced in time
every 1 Ma, several interpretations are possible.
The recognition of the axial anomaly as anomaly
6 (20 Ma) is clearly not compatible with avail-
able palaeomagnetic data. If the identification of
the Late Burdigalian horizon throughout the
basin is correct (Mauffret er al. 1995), then the
oceanic crust cannot be younger than 16 Ma.
Further, onlapping of this horizon on the base-
ment in the axial part of the basin would still
have to be proved. Could this horizon be
younger, and the Late Burdigalian be deeper? A
possible deeper candidate for the Late Burdi-
galian horizon is present on the ECORS seismic
line (horizon X in de Voogd et al. 1981). This
horizon is onlapping the acoustic basement a
few tens of kilometres away from the inferred
location of the fossil ridge. Stratigraphic corre-
lation of the Late Burdigalian from GLP2 well
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Fig. 11. Palacomagnetic data for the Tertiary volcanic rocks of Sardinia (after Montigny et al. 1981; filled dots,
normally magnetized; open dots, reversely magnetized) and for the Miocene sedimentary rocks of Corsica
(square symbol; after Vigliotti & Kent 1990). The timing of Western Mediterranean basins opening is shown
on the right (dark line, oceanic spreading; grey lines, continental rifting, dashed if not well constrained).
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(close to ESP 202 on the upper Gulf of Lion
margin) to the deep basin would then have to be
reconsidered.

The exact age of oceanic spreading in the
Liguro-Provencal basin is thus still open to dis-
cussion. Cessation of spreading in Late Burdi-
galian time (16.5 Ma) would be more or less
compatible with palaeomagnetism, stratigraphic
correlations and age of the tristanite ridge.
Palaeomagnetism alone would tend to indicate
an even younger Langhian age (14 Ma?). Calc-
alkaline volcanic rocks erupted in Sardinia until
13 Ma (Bellon ez al. 1977), indicating that sub-
duction was still going on beneath, and that the
source for volcanism moved away not before
that time (possibly in relation to opening of the
Tyrrhenian Basin). Notice that the heat flow in
the axial part of the basin is well above
120 mW m2, which is the theoretical value for a
15 Ma aged basin. Even in the more conservative
hypothesis, oceanic spreading between 23 Ma
(post-syn-rift Early Aquitanian deposits) and
16.5 Ma (pre-Late Burdigalian) requires recon-
sideration of spreading rate estimates. The
width of the oceanic domain along the ECORS
line (section A, Fig. 8) is between 150 km (Mauf-
fret et al. 1995) and 230 km (Burrus 1984 or
Réhault e al. 1984). Since no differential rota-
tion was found in the palaecomagnetic data
between 30 and 23 Ma, most of the rotation was
thus achieved during the oceanic spreading
phase (Bellon ef al. 1977; Burrus 1984). A small
oceanic domain, less than 200 km wide, can then
be excluded. This would locate the pole of rota-
tion too close (somewhere in the southern Lig-
urian Sea) to reach the 40° rotation of the
Corsica—Sardinia block. A self-consistent solu-
tion is obtained if the oceanic width is 230 + 20
km. The pole of rotation is found 330 km away,
somewhere in the Gulf of Genoa, close to the
location discussed previously. The mean full
spreading rate would then be 30 £ 5 mm a',
about half the value assumed in Burrus (1984).

Plate separation rates during rifting can be
estimated from the amount of stretching across
extended conjugate margins. Assuming that the
volume of continental crustal rocks remained
constant during rifting, calculations for section
A (Fig. 12) indicate about 150 + 30 km of total
continental extension (i.e. displacement of Sar-
dinia; similar estimates are found in Le Douaran
et al. 1984). Taking into account the duration of
rifting (7-10 Ma), the mean plate separation rate
during rifting was then 20 + 7 mm a', to be com-
pared to 30 + 5 mm a! during spreading. We
thus favour a continuous extension mechanism
throughout the basin history, rather than a
sudden pulse of oceanic accretion. Extension in

the Liguro-Provencal basin was then relieved by
the opening of the Tyrrhenian basin. Although
rifting in the Tyrrhenian basin may have started
as early as Early Miocene (post-early-Burdi-
galian?, Sartori 1990), the entire basin was not
rifted until Tortonian (9 Ma, Sartori 1990;
Kastens et al. 1990). Extension was, however,
already active in Alpine Corsica in Late Oligo-
cene or Early Miocene time, since ductile exten-
sion there ended with the deposition of
well-dated Burdigalian limestones in Corsica
and Langhian sediments in the Corsica Basin
(Jolivet et al. 1991, 1994). During Pliocene time,
oceanic crust was produced in two small oceanic
basins (Kastens et al. 1990), the Vavilov basin
(possibly spreading in Early Pliocene time) and
Marsili basin (younger than 2 Ma). The recent
Médée survey revealed that the toe of the Cal-
abrian prism in the Ionian Sea is no longer active
(Le Pichon et al. pers. comm.), indicating that
extension in the Tyrrhenian Sea may have
recently ceased (notice that post-spreading vol-
canism may be active with little or no extension,
as found in many of the back-arc basins of the
West Pacific).

Drilling results in the Tyrrhenian Sea
(Kastens et al. 1990) are compatible with the
outward arc migration model of Malin-
verno & Ryan (1986) which emphasizes the role
of ‘rollback’ (slab retreat) of the African sub-
duction hinge zone, now located in the Ionian
Sea. Restoration of the Tyrrhenian margins to
their original widths is somewhat speculative, in
particular for the north Calabrian margin.
According to Malinverno & Ryan (1986), the
total extension (continental stretching plus
oceanic spreading) across the basin was 330-350
km, uncertainty amounting to several tens of
kilometres. Notice that this is close to the
amount of extension obtained on Section A
across the Gulf of Lion and Sardinia margin (380
+ 50 km), thus suggesting some sort of self-regu-
lating mechanism (such as distance from the
subduction front to the back-arc accreting
ridge). If we assume that rifting in the Tyrrhen-
ian began 9 Ma ago, then the mean opening rate
would be 40 mm a~!. This may be regarded as a
maximum value. If we include significant pre-
Tortonian rifting, the opening rate may be as low
as 20 mm a~! (Malinverno & Ryan 1986). A high
oceanic spreading rate was reported in the
Marsili basin (70-80 km over a 2 Ma period, 40
+ 5 mm al, Kastens et al. 1990), but the exact
width of the oceanic domain remains uncertain.

The total extension in the Liguro-Provencal
and Tyrrhenian basins, taken along a N135°
azimuth, is thus of the order of 700 km
(£100 km) since Oligocene time. Opening most
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Fig. 12. Crustal section obtained from 3D gravity inversion (Model A solution) along the ECORS profile
(section A located in Fig. 4; Fig. 8 top). Top: observed and modelled Bouguer.

probably became effective once the entire
Liguro-Provencal basin was rifted (possibly in
Late Oligocene time). Le Pichon (1984) com-
pared this amount of extension with the present-
day length of the Calabrian seismic zone. The
seismic slab is 650 km long, dipping 70° along a
N315° azimuth (Selvaggi & Chiarabba 1995).
Convergence of Africa towards Europe since
the Burdigalian may be more than 200 km in that
part of the Mediterranean Sea (Dewey et al
1989), or 150 km taken along the azimuth of the
slab. The remaining 500 km can thus be directly
compared to the amount of extension in the
Western Mediterranean basins. The length of
the slab is clearly too long compared to the
amount of extension in the Tyrrhenian basin
only. If the Liguro-Provengal basin is included,
then total extension becomes greater than the
length of the seismic slab. Le Pichon (1984) con-
cluded that part of the slab (the last 200 km, sub-
ducted in Late Oligocene time) may now be
aseismic following reheating at depth. This may
be substantiated by tomographic results (e.g. De

Jonge et al. 1994), but resolution becomes poor
below 400 km depth.

The succession of basins opening thus sug-
gests a continuum of extension since Oligocene
time, with progressive southeastward migration
of basins formation following rollback of the
African hinge zone as proposed by Malin-
verno & Ryan (1986). We suggest that the time
gap between opening of the Liguro-Provengal
Basin and stretching of the Tyrrhenian Basin
should be reconsidered. Cessation of spreading
in the Liguro-Provencgal basin 19 Ma ago (as
generally assumed), and post-Tortonian rifting
of the Tyrrhenian Basin (post-10 Ma) would
imply high velocity African trench retreat in the
early stage (> 60 mm a!), followed by strike-slip
motion for 10 Ma (to accommodate the north-
ward motion of Africa with respect to the
Corsica—Sardinia-Calabria block then belong-
ing to Europe), and finally subduction again (>
40 mm a!') during Tyrrhenian opening. We
favour a model in which trench retreat pro-
ceeded at a more or less constant velocity
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(3040 mm a!) while consuming the old Ionian
oceanic lithosphere. Side continental collisions
(in the Northern Apennines, between the
Kabylies and Africa, in Sicily) may have slowed
down the upper plate motion locally, without
affecting significantly subduction motion along
the remaining oceanic portions of the lonian
lithosphere driven by slab pull (Le Pichon 1982;
Le Pichon & Alvarez 1984).

Crust at the ocean—continent boundary

The western portion of section A (Figs 7 and 8)
is along the ECORS deep-seismic profile and cut
across ESP 201 to 209 mid-points. Eastern
portion of section B is close to the CROP deep-
seismic line. The two sections illustrate the con-
trast between the wide and smoothly stretched
Gulf of Lion margin and the narrow and
abruptly stretched Provencal margin. On both
sections a very thin crust (2-3 km) is found at the
base of the lower continental margin (ESP 204
on section A, ESP 211 on section B). Our gravity
modelling suggests that thin crust should also be
found over the conjugate Sardinian margin (Fig.
4), but no further seismic information is avail-
able there.

On the Gulf of Lion margin, the detailed
analysis of Pascal et al. (1993), based on x-t to
7-p transformations and synthetic 7-p seismo-
grams, provides reliable P-wave velocity struc-
ture down to Moho depth. The upper crust over
the entire basin, including thin continental and
oceanic domains, is characterized by a
5.6-5.8 km s velocity layer. The mid-crust
velocity increases laterally oceanward from
ESP 203 and 212 to ESP 204 and 211 respec-
tively, from 6.2 to 6.6 km s-1. Below the thin
crust area is a high-velocity layer with velocities
ranging from 7.1 to 7.4 km s~1. The thickness of
the high-velocity layer is maximum at ESP 203
(2.6 km) and at ESP 212 (2.9 km). It reaches 1
km at ESP 211 and 212. As pointed out by
Mauffret er al. (1995), the high-velocity layer is
apparently not restricted to the very base of the
margin, but extends oceanward (0.4 km thick at
ESP 205 and 1.4 km thick at ESP 206). At the
base of the Gulf of Lion margin, the top of the
high P-wave velocity body correlates with the
oceanward rising of a shallow bright reflector on
the ECORS line (‘T” reflector in Pascal et al.
1993). The T reflector comes very close to the
top of basement between ESP 211 and 212
(LIGO 4 seismic profile, Pascal et al. 1993). This
is also the area of thinnest crust in our gravity
inversion. Landward, the T reflector coincides
with Moho.

The continent-ocean boundary has been

placed at various locations along the ECORS
line: close to ESP 203 based on magnetic anoma-
lies (Bayer et al. 1973), between ESP 205 and
ESP 206 based on the limit of synrift deposits
(Burrus 1984; Le Douaran et al. 1984), and more
recently as far as ESP 206 based mainly on the
lack of the high velocity layer beyond this point
(Mauffret et al. 1995), typical oceanic layer 3
velocities (6.8 km s™) being found at ESP 207. In
the latter case, the transitional area (possibly
thinned continental crust) would be 100 km
wide.

Thin crust at the base of the Gulf of Lion
shows strong similarities with transitional type
crust observed on other non-volcanic margins.
Thin crust overlying a high velocity layer is
found on the western margin of Iberia (3—4 km
thick above a 7.3-7.6 km s! layer, Whitmarsh ez
al. 1990, 1993), in the Tagus abyssal Plain (2 km
thick above 7.6 km s! layer increasing to
7.9 km s~! towards Moho, Pinheiro et al. 1992)
and its conjugate Newfoundland margin off
Grand Banks (2-3 km thick above a
7.2-7.7 km s7! layer, Reid 1994), across South-
west Greenland margin (2.5 km thick above
7.0-7.6 km s~! layer, Chian & Louden 1994) and
its conjugate Labrador margin (1-2 km thick
above a 6.4-7.7 km s! layer, Chian et al. 1995).
On the southern Newfoundland margin the
high-velocity body is limited by one or two land-
ward-dipping reflectors rising to basement
surface seaward and connecting to Moho land-
ward (Keen & de Voogd 1988; Reid 1994). The
similarity with the T reflector of the Gulf of Lion
is striking.

The origin of the high velocity lower crust on
non-volcanic margins (underplating or serpenti-
nite ?) and the nature of the thin overlying crust
is still debated (Chian et al. 1995; Srivas-
tava & Roest 1995). Further discussion is
beyond the scope of this paper, although much
could be learned by integrating the Gulf of Lion
data into a much broader review of tectonic pro-
cesses at non-volcanic margins. A few con-
clusions can, however, be drawn from the
preceding sections. Underplating is very
unlikely. Taking into account cooling during
rifting (which lasted at least 7 Ma) and low initial
mantle temperature (30-50°C below normal),
the amount of melt generated during rifting was
probably very small as for other non-volcanic
margins (Bown & White 1995a). The thin crust
flooring the lower margin of the Gulf of Lion as
well as the lower margin of Sardinia may be of
oceanic origin. Thermal modelling (Fig. 10)
demonstrates that the width of abnormal thin
oceanic crust may reach 40-50 km, which is
about the right amount obtained by gravimetric
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modelling and seismic refraction (see sections in
Fig. 8).

Conclusions

The deep structure of the Liguro-Provencal
Basin is discussed using gravity as an additional
control to existing sparse seismic data. The main
results can be summarized as follows.

(1) 3D gravity inversion using Fourier trans-
forms is a potential powerful tool to obtain a
reliable geometry of the Moho discontinuity in
areas where only sparse deep seismic informa-
tions are available. Free parameters in the inver-
sion (Moho reference depth and crust-mantle
density contrast) can be obtained through least
squares minimization of the standard deviation
of the gravimetric solution at some given refer-
ence points where the Moho is seismically con-
strained, such as ESP data. The misfit in the
Liguro-Provencal Basin is about 2 km for a
12-30 km Moho depth range. Corrections for
variable crust density and variable heat flow
distribution can also be included, although in the
particular case of the Liguro-Provengal Basin
they do not improve significantly the solution.

(2) The oceanic crust thickness in the Liguro-
Provengal Basin is smaller than usually reported
in open oceans (5 + 1 kminstead of 7 + 1 km). We
show that the thin oceanic crust is compatible
with a 1280°C potential mantle temperature,
which is 30-50°C below normal. Low tempera-
ture is also responsible for the abnormal subsi-
dence of the deep Liguro-Provencal Basin. Thin
crust and high subsidence have been reported in
other marginal basins, in particular in the West
Pacific. Subduction of cold material may be
responsible for significant cooling at depth.
However, thermal conduction is slow and would
probably require a long history of subduction. For
the same reason (slow conductive process), litho-
spheric thickening coeval with orogen formation
and prior to extension may be a more efficient
way to lower temperatures at mantle depth.

(3) The decrease of oceanic crust thickness
towards the Ligurian Sea to values as small as 2
km indicates a very low magma supply. The tem-
perature field there is affected by two different
effects, both of conductive origin : heat is lost
laterally towards the adjacent continents
(Provengal margin and Corsica), thus prevent-
ing large-scale melting even during oceanic
accretion; rate of opening in the Ligurian Sea
falls below the critical 15 mm a! full spreading
rate below which magma supply becomes negli-
gible. An important implication is that in the
northern Ligurian Sea, where lateral conduction
is maximum and distance to the pole of opening

minimum, the crustal thickness is too thick to be
of oceanic origin.

(4) The thin crust at the ocean-continent
boundary may be oceanic crust produced in the
very early stage of oceanic spreading, as pro-
posed for some of the non-volcanic Atlantic
margins. Several million years are required to
establish a steady-state thermal regime at the
ridge axis, due to lateral cooling towards unex-
tended continental areas. The lower margin of
the Gulf of Lion has actually many of the charac-
teristics encountered on other non-volcanic
margins: tilted blocks rooted on a seaward-
dipping reflector, high P-velocity body bounded
to the top by a landward-dipping reflector, and
connecting at depth with Moho towards the con-
tinent, very thin crust in the transitional region
from thinned crust to oceanic crust.

(5) A close re-examination of magnetic data
(palaeomagnetic data and magnetic lineations)
shows that the exact age of oceanic spreading, as
well as the opening rate, is still debatable. Ces-
sation of spreading in Late Burdigalian time
(16.5 Ma) would be a reasonable compromise
between somewhat divergent palacomagnetism,
stratigraphic interpretation and age of dredged
samples data. An even younger age cannot be
completely ruled out. In any case, we favour a
constant and slow opening at a rate of 5° Ma1,
rather than a sudden pulse of oceanic accretion.

(6) The new Moho depth map is used to esti-
mate the amount of extension across the Liguro-
Provencal Basin. Comparison with the
Tyrrhenian Basin and length of the Calabrian
slab suggests a continuous extension mechanism
since Oligocene time driven by the African
trench retreat, following Malinverno & Ryan
(1986) model. It is suggested that the process
continued uninterrupted until recent time,
unless drastic velocity changes occurred at the
subduction zone where the old Ionian oceanic
lithosphere was being consumed.

This paper is within the framework of the Integrated
Basin Studies (IBS) program. We are grateful to G.
Pascal for his helpful comments on reflection and
refraction data interpretation. Stimulating lectures
given by X. Le Pichon at College de France in 1996
helped in clarifying some of the ideas developed here.
We thank our colleagues who made available to us
some of their unpublished data, in particular A. Mauf-
fret for his digital file of sediment thickness around the
Gulf of Lion margin and C. Truffert for some new
processed maps of the magnetic field.
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