Guilhem Barruol 
  
David Mainprice 
  
Hartmut Kernt 
  
Michel De Saint 
  
Patrick Co 
  
  
  
3D seismic study of a ductile shear zone from laboratory and petrofabric data (Saint Barthélémy Massif, Northern Pyrénées, France)

In order to constrain interpretations of seismic reflection records more effectively, the seismic properties of a middle crustal section exposed in the Saint Barthélémy Massif have been determined. The massif, transected by a 200 m thick shear zone has been systematically sampled for density measurements and modal analysis has been performed in order to define the spatial variations of physical properties. Seismic velocities (V p , V 5 , shear wave birefringence), have been measured on five representative samples to 600 MPa and 600 °C simultaneously in the three structural directions (X, Y and Z). For two samples, the expep.mental data have been compared with calculated values, based on petrofabric analyses. The Lattice Preferred Orientation (LPO) is determined using universal stage, electron channelling microscopy and neutron diffraction goniometry. Using the experimental and calculated velocity data, we establish a lateral homogeneous anisotropie model.

INTRODUCTION

Deep seismic profiling of the lower con tinental crust has revealed many strong reflections. Up to now, their origins have been poorly understood. Low angle reflections are often interpreted as ductile shear zones, e.g. COCORP and the Brevard Fault (Cook et al., 1979), ECORS-Alps and the Penninic front (Nicolas et al., 1990), ECORS-Pyrcnees and the Variscan t h rust (Choukroune et al., 1989). Laboratory seismic measure ments have shown that preferred ori entation of anisotropie minerais (in particular phyllosilicates), may have a significant effect on seismic rock prop erties (e.g. [START_REF] Fountain | Seismic reflectivity of mylonite zones in the crust[END_REF]Jones and Nur, 1984). The gently dipping reflections observed across geological Present address: IFP, BP 311, 92506 Rueil Malmaison, France.

structures such as the Brevard mylonite zone (Christensen and Szymanski, 1988) and the Kettle river mylonite zone• (McDonough and Fountain, 1988) have been directly related to a large volume of oriented biotite minerais in ductile shear zones. Recently, [START_REF] Kern | Fabric related velocity anisotropy and shear wave splitting in rocks from Santa Rosa mylonite zone, California[END_REF] have shown that, at constant bulk composition, seismic anisotropy in my lonites increases significantly with the amount of strain, i.e. with the degree of preferred Lattice Orientation (LPO) of phyllosilicates.

The aim of this study is to understand better the seismic response of a middle crust ductile shear zone. Different but complementary methods have been used for deterrninations of seismic properties of rocks: laboratory velocity mcasurements and velocity calculation based on petrofabric data.

The samples were collected from a geological structure exposed in the Saint Barthélémy Massif (Northern Pyrénées) representing a middle crustal section transected by a thick ductile shear zone. Its structure, composition and geometry was already well con strained by previous studies [START_REF] Passchier | Mylonitic defonna tion in the St-Barthélémy massif, French Pyrénées, with emphasis on the genera tion relationship between ultramylonite and pseudotachylite[END_REF]Saint Blanquat, 1989).

We have chosen five samples repres enting the main lithological units for the laboratory measurements and for two of these samples the seismic ve locities have been calculated from the elastic constants of the constituent minerais and their LPO. Using a com bination of experimentally and petro fabric-derived (cross-checked) rock elastic constants, we have modelled the seismic response of this exposed struc ture. The synthetic seismograms are the result of a calculation taking into account the 21 elastic constants charac terizing the elastic properties of each unit.

GEOLOGICAL SETTING

Lithology of the Saint Barthélémy Massif

The Saint Bathélémy Massif [START_REF] Passchier | Mylonitic defonna tion in the St-Barthélémy massif, French Pyrénées, with emphasis on the genera tion relationship between ultramylonite and pseudotachylite[END_REF]Saint Blanquat, 1989) is located in the North Pyrenean Zone (Fig. la). It is scparated from the Variscan Axial Zone by •a major crustal structure, the North Pyrenean Fau.lt. The crustal section consists of the following bottom-to-top sequence (Fig. 1988). Based on the modal composition and the density measurements we have selected 5 representative samples, 3 from the shear zone (SB2a, SB89b, SB114a) and 2 from the lower unit (SB83, SB122b). The upper unit com posed of migmatites, Jeucogranites and micaschists, has been considered, at a first approximation, to be isotropie due to the extreme variability of lithologies and structures. Localities of these samples are indicated in the schematic geological map (Fig. ;;.,..
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LABORATORY SEISMIC MEASUREMENTS

Method

The velocity measurements at PT con ditions were carried out in a cubic pressure apparatus at the Mineralo gisch-Petrographisches Institut, Kiel (Germany) using the pulse-transmis sion technique. The method allows simultaneous measurements of P and S wave velocities in the three structural directions (X, Y and Z) of the cube shaped specimens [START_REF] Kern | Elastic-wave velocity in crustal and mantle rocks at high pres sure and temperature: the role of the high-low quartz transition and of de hydration reactions[END_REF]. Velocit ies were generally measured as a function of pressure (up to 600 MPa) and as a function of temperature (up to 600 °C) at a constant confining pressure of 600 MPa. For the determination of acoustic birefringence we used two sets
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of shear wave transducers with perpen dicular polarization directions. S-waves were polarized in the XY, XZ and YZ planes. Assuming the fastest and the slowest velocities were generally meas ured parallel and normal to the foliation plane respectively, we determined the velocity anisotropy. The velocities of the two perpendicularly polarized shear waves propagating in the X, Y and Z directions allow in addition the calcu lation of acoustic birefringence. Jn the following text, V,,j represents the veloc ity of a shear wave propagating in the ij plane, in the j direction.

P-wave measurements

At low pressure conditions, average values increase rapidly with increasing pressure (Fig. 2), reflecting the closure of microcracks. Above 200 MPa the curves become linear and represent the intrinsic elastic properties of the 7,0 6,5 samples. The P-wave velocities are not strongly influenced by the pressure increase above 200 MPa. For the phyl lonite SB2a, for example, a pressure increase of 400 MPa generates a V P increase of about 0.15 km s-1 • At 600 MPa a temperature increase results in a slight linear decrease of velocities. The derivatives of seismic velocities (Table 2) refer to the (quasi) linear slopes of the velocity-pressure and velocity-temper ature relation, respectivcly between 200-600 MPa and 20-SOO °C. The 600 MPa (room temperature) P-wave velocities are in a range of 5.8 and 6.8 km ç 1 , which was found to be typical for acidic rocl<s of Jow (phyllonite, mylonite) and high (granulite) metamorphic grade (Kem and Schenk, 1988;[START_REF] Kern | Fabric related velocity anisotropy and shear wave splitting in rocks from Santa Rosa mylonite zone, California[END_REF].

• • • ... 6,0 • • ---.
The studied samples exhibit signi ficant velocity anisotropy. Slowest velo cities were generally measured normal to the foliation plane, i.e. parallel to Z (Table 2). Anisotropies (A% = 100 (V max-V m ;n)/V max) vary between 2% (gneiss SB 83b) and 16 % (phyllonite SB2a) at 200 MPa. At and above this pressu re, where most of the cracl<s are closed, anisotropy is mainly caused by crystallographic and shape-preferred
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orientation of minerais (texture). In the very low pressure range, however, oriented microcracl<s make a major con tribution to velocîty anisotropy pro ducing the highest anisotropy values. The present results also confirm earlier observations (B arruol, 1988;[START_REF] Mainprice | De velopment of shape and lattice pre ferred orientations: applications to the seismic anisotropy of the lower crust[END_REF] ) that anisotropy de creases with the number of minerai species in the rocks (Table 2), and is most pronounced in phyllosilicate rich rocl<s. The phyllonite SB2a illustrates this phenomenon well: P-wave velocity within the foliation plane is very homogeneous and fast, whereas the slowest is normal to the foliation (Fig. 3 bottom). It displays a strongly transverse isotropy characteristic of textured bio tite-rich rocks (see also [START_REF] Kern | Laboratory seismic meas urements: an aid in the interpretation of seismic field data[END_REF]. lt is important to recognize that apart from the a-13 quartz transition, the texture related anisotropy is almost pressure and temperature independent [START_REF] Kern | Laboratory seismic meas urements: an aid in the interpretation of seismic field data[END_REF].

The quartzite mylonite SB114 a dis plays well the influence of a-13 quartz transition on anisotropy. At room tem perature, the fast V P velocity is parallel to the Y structural direction and the slow velocity is parallel to the X direction (Fig. 3 top). With increasing pressure, the anisotropy remains almost constant (about 10%). At 200 MPa, an increase in temperature up to 630 °C reveals an important decrease of V P of almost 1 km ç 1 . Simultaneously, the properties change from strongly anisotropie (1 0%) to nearly isotropie (2 %). Above the transition, V p increases markedly by about 2 km s-1 and exhibits only a small directional dependence in the 13 -field (see also [START_REF] Mainprice | The seismic properties of alpine quartz mylonites determined from the orientation distribution functions[END_REF].

S-wave measurements

Pressure and temperature influence on S-wave velocîties are qualitatively very similar to P-waves. The difference 6. V, = v.o-V,90 (see Table 2 for def initions) for each structural direction characterizes the shear wave birefrin gence. T � ical values range fom O to 0.3 km s-. Pressure and temperature derivatives determined from the linear slope of the seismic velocities (Table 2) yield values in agreement with previous determinations (Christensen, 1979;Kem and Richter, 1981 ).

In elastically arùsotropic rocks, shear wave velocities strongly depend on their polarization directions. Pro nounced acoustic birefringences (shear Table 2. Laboratory velocity measurements summary, for the three structural directions, for the P-waves (velocities, anisotropies, pressure and temperature derivatives) and for the S-waves (velocities, birefringence, pressure and temperature derivatives). The temperature derivatives have not been calculated for sample SB114 a due to the non linearity of the curves.

Sample P-waves S-waves Derivatives
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Sample SB114a

6,8 ---------------,.,-6,8 6,6 6,4 ,\-ave splitting) were observed in the ?hyllonite and mylonite samples (SB2a, SB89b and SB114a). Birefringence as :::.:gh as 1 km ç 1 was observed within fue foliation plane (Table 2). Shear wave E?Utting is closely related to the struc =i -al framework. The fast and slow s"'lear-waves are respectively polarized ::iarallel and normal to the foliation. ln �e phyllonite SB2a, for example (Fig. 4) � -;;:q and V sy x are the fastest S-waves �use both their propagating direc ::ons and their polarization planes are ;:ontained in the XY plane. In such bio =-� rich rocks, therefore, S-waves prop =-sating either normal to the foliation or ?'.'Iarized perpendicularl y to it have low �ocities.

3D seismic properties extrapolated from direct measurements

The technique we used to model the anisotropie seismic properties of our geological object requires the 21 elastic constants for each element of the mode!, that means we need to extra polate the velocities (V p , V s ) measured in the three mutually perpendicular directions (X, Y,Z) to an arbitrary direc tion. To determine the shape and the axial ratio of the velocity ellipsoid, the Flinn diagram has been used. The ratio

V p )V PY versus V 1 ,!V 1 ,,
is plotted for each sample (Fig. 5). In an ideal transverse isotropie case, the point would be placed on the K = 0 or K = co axes ( cor-responding to pancake-like and cigar like ellipsoids, respectively). The points representing the three studied samples (SB2a, SB89b and SB122b) fall close to the line K = 0 (K = 0.064, 0.038 and 0.273, respectively). The K values are defined as K = ((V p ,!V py )-l)l((V pyl V p z )-l). The velocity ellipsoids deter mined for these three samples are close to the transversely isotropie case (K = 0), especially for the two mylo nites (SB2a and SB89b). Their elastic constants (Fig. 9) can now be deter mined for these three samples as suming the symmetry to be transverse isotropie, using the method described in Christensen and Crosson (1968) 2 for the notion of V Jwith increasing pressure (left ) and with increasing temperature (right). V si j represent a shear wave velocity within the ij plane and in the j direction.

tropy (1.4 % ) of the gneiss SB83 explains why the shape of its velocity ellipsoid is not significant. The quartzite SB114a is close to the line K = -l, and cannot be describcd as a transverse isotropie case. Two specimens (SB114a and SB83b) were selected for the velocity calcu lations. The microstructures of the specimens are illustrated in Fig. 6. Pole figures of quartz in sample SB114a were measured by neutron diffraction goniometry. A solid cylinder (10 mm diameter and 20 mm length) of this monomineralic and fine-grained rock (10 µm) provides a good statistical representation of the crystallographic texture. LPO of minera! phases of the gneiss SB83 were obtained either using the universal stage on an optical microscope (biotite) or by scanning electron microscopy (SEM) using the se lected area electron channelling pattern (SAECP) method (Quartz, Plagioclase and K-feldspar) [START_REF] Lloyd | Selected-area electron channel ling patterns frorn geological materials: specimen preparation and representa tion of patterns and applications[END_REF]. SEM provides a powerful tool for measuring partial textures in polyphase material, in particular for minerais optically difficult to measure (plagioclase) or from which it is impossible to obtain complete crystallographic information (quartz). The SEM determination of the complete crystallographic orientation 3D SEISMIC VELOCITIES E!, 6. .Yficrophotographs of the morwmineralic quartzite, optical microscopy, crossed nicols � .;;r.d of the polymineralic gneiss, SEM backscattered image (bottom), bath in the XZ -==. -:-lie quartzite is very fine grained (10 µm) and strongly textured. In the gneiss, quartz ___._ _,ùucture is typical of plastic deformation. Grains are ribbon shaped and often bent ----:d strain free feldspar porphyroclasts. Despite the intense plastic defomzation, quartz

•-"""::i iisplay no sign of dynamic recrystalli z ation. Q = quartz, K = K-feldspar, -= -::ï.;.gioclase and B = biotite.

-=n grain is obtained by indexing the ��aj channelling pattern (Lloyd et �7) using a computer program .... � and Olesen, 1989). llloo:x:nre calculation �.:::L.-:tlation of the three dimensional ::s:=_fion of elastic seismic velocities (V p , V s , shear wave splitting) in an anisotropie polymineralic rock is based on the knowledge of the Lattice Pre ferred Orientation (LPO or petrofabric) of each minera! species, the volume fraction of each minerai, the crystal densities and the elastic stiffness coefficients. The grain shape preferred orientation is not taken into account in these calculations. The procedure of cal culation is described in detail by Cros son and Lin (1971) andPeselnick (1974). Computations were performed using an interactive program [START_REF] Mainprice | A FORTRAN pro gram to calculate seismic anisotropy from the lattice preferred orientation of minerais[END_REF].

The elastic constants of a-quartz single crystal (trigonal) used were those reported by [START_REF] Mcskimin | Elastic moduli o: quartz versus hydrostatic pressure at 25 ° and -195[END_REF], and for biotite (monoclinic, pseudohexa gonal) we used those recently reported by Vaughan and [START_REF] Guggenheim | �--tidty of muscovite and its relation �� rocrystal structure[END_REF] for muscovite. The seismic properties of muscovite are very close to those deter mined by biotite (considered as hexa gonal) by [START_REF] Aleksandrov | The elastic properties of rock forming minerais, II: Layered silicates, elasticity of dunite[END_REF]. The data for feldspars used in these calculations were determined by Aleksandrov et al. (1974) for microcline and plagioclase (An29% ).

Lattice Preferred Orientation (LPO) and calculated velocity distributions

The lattice preferred orientations of the major minerais constituting sample SB114a (quartzite) and SB83 (gneiss) are documented in Figs 7 and8, respectively.

In the quartzite SB114a, (Fig. 7 The Quartz c-axes form a broad girdle in the YZ plane, with a maximum close to the Y axis. The corresponding a-axes scatter around Yin the projection plane. This fabric is typical of amphibolite facies metamorphic conditions (Main price and Casey, 1990;Schmid and Casey, 1986). The Biotite c-axes ( close to the pole of the main cleavage of the crys tal, the (001) plane) form a strong maximum normal to the foliation, with a larger' angular spread toward X than toward Y, mainly due to deflection of the foliation around the feldspars por- ,,,,,' ,, .

' -o _ /

. ,, .. phyroclasts. For seismic properties computation, the a-axis orientation of each biotite grain, has been generated randomly in a plane nom1al to the pole of the cleavage (c*), assuming biotite to be transverse isotropie. Pole figures of K-feldspar and plagioclase a-axes and of the +(001) planes do not exhibit any preferred orientation. Tt should be mentioncd, however, that the small number of measured grains may not give a statistical representation of the �egate.

Pigure 7 (right) presents the calculated ••elocity surfaces of the monomineralic quartzite SB114a. The minimum P -... •ave velocity (V p m ;.J is close to X and correlates to the a-axes maximum. The a-axis represents the slowest velocity in the quart".G single crystal. V prn; n parallel to X is in good agreement with experi mental measurements (see Table 2). V p m.,x lies between the X and Z axis and is related to the z crystallographic axis (not shown) which represents the dir ection of the fastcst P-wave in quartz single crystal. The corresponding shear wave properties (V. and polarization planes) have been calculated and are shown in Figs 9 and7, respectively. ln an anisotropie aggregate shear waves split into two waves with different vel ocities and polarization directions (Crampin, 1985). The two shear waves V,l (fast) and v.2 (slow) are polarized in mutually perpendicular planes. ln equaJ area projection (Fig. 7), the shear wave polarization is indicated by a little arc segment of a great circle. The arc marks the orientation of the fastest shear wave (sl).

Considering the quartzite specimen in its structural framework, it follows from Fig. 7 (orientation of the polariza tion planes) and of Fig. 9 (spatial dis tribution of v., and V s l) that significant shear wave splitting occurs for 5-waves propagating parallel to the foliation plane. The fast shear waves (sl) close to the lineation are polarized normal to the foliation plane, and the corresponding slow shear wave (s2) parallel to it. This is in excellent accordance with the ex perimental results (see Table 2). On the

()11111'1 Z Biotite •••-5,, ••• •• .. _ ,.,., 0 �.

Microcline a axes

•. ...

-.e hand, retuming the quartzite x=ple to its crustal setting assuming its -::-oe_tion is horizontal, and considering x'ÎSIIÙC wave propagating upward -e.:xally, the shear waves will split at = lowest interface of the quartzite � and will propagate with different --=Iocities. The fastest (sl) will propa � vertically within the XZ plane, i.e.

a plane parallel to the lineation. The =�est (s2) will propagate vertically ;;:,o, but in the YZ plane, i.e. in a plane -c::mal to the lineation. In real seismic :-=--mrds, measurements of the delay =e between the two shear wave arri �:Js, the shear wave splitting and the _:entations of their polarization ===.nes, allows one to extract structural .c:rematic information. The polarization ::ane of sl may be a marker of the linea :ion, and the magnitude of the shear ra\•e splitting may indicate the com ':=ed values of anisotropy and the �ckness of the layer. �e velocity distribution of the ?Olymineralic gneiss SB83 (Fig. 8) is :esed on the partial textures and the �.Jiume percentages of the major min• =Is. The direction of the fastest P-wave � dose to X within the foliation plane =d the calculated bulk velocity aniso :::ü?Y is found to be around 5.6%. The �ocity distribution in the composite �ssregate is dominated by the biotite =:5tals, due to their strong preferred --:;:ientation and the pronounced veloc =:anisotropy (33.9%) of this minerai �es.

à Fig. 10 This small value could be explained by the shape preferred orientation of grains, not takcn into account in these calculations. The calculated velocity anisotropies are generally higher than those measured experimentally.

SEISMIC MODELLING

The synthetic seismogram program (DRT4) uses a 3D ray tracing method. lt generates seisrnic traces for three com ponent receivers. The receivers and the source may be in any geometrical dis position, at the surface or at any depth. The geometric mode! is a parallel epiped divided in homogeneou� or heterogeneous Jayers. Each layer is defined by its physical properties (the density and the 6 by 6 elastic stiffness (C;j) matrix) and by its three dimen sional geometry, excepting discon tinuities. The program may generate ail types of seismic signatures (reflection, transmission or multiples) for P and 5waves but they must be explicitly specified in the input parameters. The ray path in each layer is obtained cal culating first the isotropie case and then cakulating the pertubation due to three dimensional velocity distribution. The obtained seismic traces are not true amplitude.

Schematically, the algorithm used by DRT4 is the following: the first step is a scan to find the rays joining source and receivers. The second step is a ray trac ing inciuding amplitude computation along the selected rays which allows a modelling using the 'Gaussian Beams . --------------.-7 ]. 

Geometry of the model -seismic parameters

We have considered the St Barthélémy section at the end of the period of exten sion, under upper crustal conditions (about 4 km depth), with the structures horizontal. The model was composed of 13 layers (Fig. 11). The anastomosing character of the shear zone is rep resented by three repeated sequences of mylonites separated by a layer of gn eiss several hundred metres in thickness. Bach mylonite layer was 10 or 20 metres thick. This very simple approach is dearly not a true 3D seismic modelling. Layers are indeed planes, horizontal and laterally homogeneous. Only the seismic velocities have three dimen sional variations. The corresponding isotropie modelling using the average elastic parameters has not been carried out because the main interest of such a model is to study the first-order seismic si gn ature it can generate rather than the influence of anisotropy.

()
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The characteristics of the seismic line were as follows: the source was omni directional with a ricker centred at 30 Hz situated at one end of the seismic line on surface. 80 receivers were ali gn ed in a parallel array every 100 metres. The rock layers were plane and horizontal. The calculated seismic signatures are P p and P-S reflections on each interface.

Results

On seismic traces (Fig. 12) vertical movements display well the three P wave reflections generated by the three shear zones, between 1.3 and 1.6 s. The contact gneiss/granulites also generates a strong P reflection (at about 2 s). The first P-S reflections are also visible at about 1.7 s but have a S!f1aller ampli tude. On the radial movement traces, P-wave reflections become visible at about 1.5 km offset (at about 1.3 s) and their small amplitudes increase with in creasing offset whereas P-S reflections

4K111

() have a stronger amplitude and are visible even at small offsets (0.5 km and 1.7 s).

CONCLUSIONS

In this study, the seismic properties of a ductile shear zone have been studied. Whereas the rock types have been rep resented by a small number of samples (5), the results provide much informa tion and show the usefulness of the methods.

The seismic properties have been determined using different but com plementary methods. Bach one has its own advantages: (i) Laboratory meas urements give direct and accurate control of seismic properties, in an im portant range of geological conditions (pressures up to 600 MPa and temper atures up to 600 °C). In addition to the classic P-wave velocity measurement we have also measured the S-waves (velocities, polarization planes and bi- -:efringence) which are an important seismic and kinematic diagnostic. (il) Jte calculation of the elastic properties .:rom petrofabric data allows the deter mination of the true 30 variations of the .:omplete seismic properties ( charac !erized by the 21 elastic constants). An interesting approach, shown here, is to study the respective influence of each mineral phase on the seismic properties of the aggregate as a whole. The know ledge of petrofabrics has also a struc tural and kinematic interest.

Petrofabrics have been determined using different and complementa. ry tools: (i) Optical microscopy allows the determination of LPO of simple mineral phases (orthorhombic crystal symmetry ior example). (ii) Neutron diffraction goniometry gives a very good represent ative LPO of a single phased rock and (iii) SEM is a powerful tool for the study of complex aggregates of low symmetry minerai phases (trigonal, monoclinic or triclinic for example).

The results measured (in laboratory) and calculated (from petrofabrics) for the two samples on which the two methods have been applied (SB114A and SB83b), are in good agreement.

The seisrnic inodelling shows that such a schematic representation of a geological structure may generate re flections looking like those commonly observed on seismic profiles.

Finally, the main potential value of 3D seismic anisotropy is the extraction of the kinematic information carried by shear waves. Real, three component seismic records of S-wave polarization planes and of S-wave splitting may provide structural and kinematic in formation (Silver and Chan, 1988). This study has shown how one may deter mine the three dimensional shear wave properties (velocities, polarization planes, birefringence) of complex rocks. The 3D synthetic seismogram and the 3 component recording give us the opportunity to mode) the shear wave splitting.

Fig. 1 .

 1 Fig. 1. (a) Location mapof the Saint Barthélémy (NPF: North Pyrenean Fault, NPTF: North Pyrenean Frontal Thrust, SPTF: South Pyrenean Frontal Thrust). (b) Schematic geological map of the massif, withsample locations (from Saint Blanquat, 1989). (c) Schematic cross section (the sample loaitûms are projected onto the cross secti.on).

  ) and projected on a cross section plane (Fig.le). The

Fig. 2 .

 2 Fig. 2. Average measured P-waveî1elocities from the three structural directùms of the five samples as a function of pressure at room temperature (left) and as a function of ternperature at 600 MPa confining pressure. The sample SB114a has been measured only up to 200 MPa and is absent on the right-hand diagram.

Fig. 3 .

 3 Fig. 3. Laboratory measurernents ofVp for the quartzite SB114a (top) and of the phyllonite SB2a (bottom), with increasing pressure (left) and ::iih increasing temperature (right). The velocities measured in the three structural directions are plotted. The caption is the same for the two 521nples.

Fig. 4 .

 4 Fig. 4. S-wave measurements forphyll<mite SB2a a long the sixpolarization planes (cf Table2for the notion of V Jwith increasing pressure (left ) and with increasing temperature (right). V si j represent a shear wave velocity within the ij plane and in the j direction.

Fig. 5 .

 5 Fig. 5. Flinn representation of the anisotropy of the laboratory measured P-wave velocities for =l-, e five samples. (see text for explanations).

  left) the maximum of quartz a-axes is close to the lineation and the c-axes are grouped in two maxima between the Y and Z structural axis. The m-axes pole figure (not shown) is very sirnilar to the a-axes pole fi gu re and the r+z measured pole figure (not shown) exhibits two maxima between the Y and X directions, in the foliation plane. The fabric does not exhibit any clear obliquity with respect to the structural frame (XYZ). These pole fi gu res could arise from intra crystalline slip mainly on the rhom bohedral r crystallographic plane, in the [a) directions. The pole fi gu res of the polymine.ralic gneiss SB83 are shown in Fig. 8 (left).

Fig. 7 .

 7 Fig.7. Quartzite SB114a: a and c-axes pole figures (left) and some calculated seismic properties from these petrofabrics (P-wave velocity distribution at 25 °C and the orientation of the fastest 5-wave polarization planes). The equal area projections are in the lower hemisphere, the foliation is EW, nonna/ to the paper and the lineation EW.

Fig. 8 .Fig. 9 .

 89 Fig.8. Gneiss S883b: Calculation of the P-wave velocity distribution of a complex aggregate from the knowledge of the preferred orientation of each minerai phase. On the left, preferred orientation of the a and c crystallographic axes of quartz, biotite, K-feldspar and plagioclase. In the middle part of the figure are shown the P-wave velocity distributions of each virtual single phased aggregates. The modal composition is used to calcula te the V P spatùû distribution taking into account each minerai phase in its bulk proportion. The equal area projection characteristics are the same as in Fig.7.

  comparison is made be-cren measured and calculated P-wave -ciOCÏties in the three structural direc-::cns of the gneiss and ultramylonitic ?rtzîte. The results obtained by the two methods compare fairly well. The maximum deviations are around 4%.

  Fig.11. lD geological mode!, composedbya succession o f the fi ve samples studied. The relative thicknesses are not drawn to scale. The left column indicates the sample name and the thickness is in the right column .

Fig. 12 .

 12 Fig.12. Seismic traces corresponding to the mode! shown in Fig.12. The vertical movements and the radial movement are displayed, respective/y on the left and on the right.

Table 1 .

 1 Modal composition and density of the five selected samples

	Sample	Rock type
	SB2a	Phyllonite
	SB89b	Biotite rkh ultramylonite
	SB114A	Ultramylonitic quartzite
	SB83	Amphibolitic gneiss
	Sb122b	Acid granulite

Rock samples

115 samples were collected from two N S cross sections transecting the whole massif. Bulk densities were measured and lie within a narrow range of 2.6-2.8 g cm -3 indicating a relatively ho mogeneous, silica rich crustal section. .The modal compositions of 40 of the samples were measured by an image analysis technique (Allard and Sotin,

Present address: Laboratoire pét rophysique et téctonique, Université Paul Sabatior, 3214090 Toulouse, France.
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