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Abstract--In order to define the deformation path and the distribution of internal deformation in a foreland fold- 
thrust structure, the anisotropy of magnetic susceptibility was measured in 150 samples taken from 11 sites 
throughout the Vitrollian sequence of the Lagrasse structure (most external Pyrenean Zone). Whereas 
surrounding rocks seem completely undeformed, the Vitrollian Formation exhibits a complete set of microstrnc- 
rural markers thereby allowing fault striation measurements at sites also sampled for magnetic fabric analysis. 
Structural analysis shows that two mechanisms acted successively during thrust motion. The first one resulted 
from a NW-SE layer parallel shortening (LPS). It was responsible for a well defined vertical magnetic foliation 
parallel to the regional cleavage, in which a vertical magnetic lineation developed in conjunction with an increase 
in the shortening intensity towards the zone which would subsequently fail, leading to the development of an 
imbricate thrust system. During this second event, internal deformation was concentrated around the hinge and 
in the forelimb of the frontal fold. Around the hinge, the magnetic lineation rotated to an horizontal NE-SW 
trend parallel to the fold axis, indicating a significant component of longitudinal stretching during the 
development of the frontal ramp-anticline. Subsequently, the magnetic lineation swung again and became 
parallel to the NW-SE tectonic transport direction beneath out-of-sequence forelimb thrusts. This complex 
deformation history is not accompanied by a linear increase in the degree of anisotropy. On the contrary, we 
observe a cycle of construction and destruction of the magnetic fabric during LPS and imbricate thrusting. 

INTRODUCTION 

THE last 20 years have seen an increase in the develop- 
ment of work focusing on the structure and the evolution 
of fold-and-thrust belts. This work has led to a better 
understanding of the geometry of fold-thrust structures 
(Dahlstrom 1969, Boyer & Elliot 1982 and to the 
generalization of analytic methods among which the 
balanced cross-section procedure is now commonly 
used both in academic and industrial work. Reliable use 
of such methods requires information about defor- 
mation mechanisms and particularly about the rate of 
internal distortion with respect to rigid-body translation 
and rotation (folding) (Hossack 1979). Geometric 
models of thrust sheet emplacement and strain distri- 
bution in thrust sheet have been proposed (Sanderson 
1982, Suppe 1983). Testing of these models in the field 
requires the use of convenient strain markers. When 
they exist, as in the Scottish Caledonides (Coward & 
Kim 1981, Fischer & Coward 1982) or in the Appala- 
chians (Wiltschko et al. 1985, Geiser 1988, Evans & 

Dunne 1991), a significant component of internal defor- 
mation is demonstrated. 

However, these studies are not necessarily represen- 
tative for the most external parts of the orogen, where 
strain markers are generally scarce, and rarely take into 
account deformation sequences. In order to discuss 
these crucial points, this paper aims to characterize the 
deformation path within a kilometric scale fold-thrust 
structure (the Lagrasse fold) from the most external part 
of the Pyrenean belt (SW France). We use a combi- 
nation of structural and anisotropy of magnetic suscepti- 
bility (AMS) measurements. The latter method has 
proved to be a powerful way of detecting bulk preferred 
orientation of minerals and/or crystal lattices (Borra- 
daile 1988). Thus it can provide useful information on 
strain state even in weakly deformed material (Kissel et 
al. 1986, Lowrie & Hirt 1987, Lee et al. 1990, Aubourg et 
al. 1991). 

The Lagrasse structure provides, by the quality of the 
outcrops as well as by their distribution within the 
structure, a good opportunity for such work. An addi- 

461 



462 O. AVERBUCH, D. FRIZON DE LAMOTTE and C. KISSEL 

Atlantic f 

/ 1 

lOOkm ~ . . . .  / t I I BASIN 

Fig. 1. Structural sketch map of the Pyrenees (after Roure et al. 1989). The black square indicates the studied area; dotted 
areas represent the Paleozoic basement; solid areas refer to high temperature-low pressure metamorphic zones; N.P.F.: 

North Pyrenean fault; N.P.Z.: North Pyrenean zone. 

tional interest is the presence of a very peculiar forma- 
tion, the Vitrollian fluviatile silts, in which both AMS 
measurements  and structural analysis may be per- 
formed. 

Before we present and discuss our results, we firstly 
propose a new structural interpretation of the Lagrasse 
fold. 

THE LAGRASSE FOLD: G E O L O G I C A L  SETTING 
AND NEW STRUCTURAL I N T E R P R E T A T I O N  

The Lagrasse fold lies in the foreland of the 'nappe  des 
Corbi6res orientales '  (Barrab6 1922), which joins the 

Languedoc fold-thrust  belt and the North Pyrenean 
zone, forming an important  orocline (Fig. 1). It  involves 
a mostly Cenozoic sedimentary cover affected by nu- 
merous faults and hectometric to kilometric N E - S W -  
trending folds (Fig. 2). 

The sedimentology and stratigraphy have been stud- 
ied in detail within the region by Freytet  (1970) and 
Plaziat (1984). The sedimentary succession consists of  
about  1000 m of essentially continental deposits of late 
Cretaceous to late Eocene age, comprising fluviatile silts 
and lacustrine limestones. 

Palaeogeographically,  the Lagrasse area corresponds 
to a transition zone between the Alaric Mountain to the 
north, in which the late Cretaceous formations (Maas- 

Fig. 2. Geological map of the Lagrasse fold (after Cluze11977, and Ellenberger et  al. 1985). B 1, B2, C, D, E, F and G refer 
to the sampled sites. The sites A1 and A2 are situated outside of the map, about 5 km west of Lagrasse. Section lines a and b 

refer to Fig. 4. 
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trichtian lacustrine limestones and fluviatile deposits) lie 
directly on the deformed Palaeozoic basement, and the 
Boutenac Hills to the east where a consensed Mesozoic 
lithostratigraphic succession from Middle Trias to 
Upper Cretaceous is known. These rapid lateral vari- 
ations prevent any precise extrapolation of the sub- 
stratum composition under the outcropping part of the 
Lagrasse fold. 

Ellenberger (1967) was the first to make a precise 
cartography and description of this structure (Fig. 2). He 
interpreted it as an asymmetric NW-verging kink flexure 
with an hectometric vertical (and sometimes reversed) 
short limb, and a kilometric horizontal roof limb. The 
short limb is cross-cut by several thrust faults, well 
developed in the southwestern part of the structure. 

Concerning the microstructural imprints, Ellenberger 
showed the existence of a roughly vertical regional 
cleavage, distorted by reverse shear planes in the 
Lagrasse structure. A precise microstructural study by 
Cluzel (1977), summarized in Bogdanoff & Cluzel 
(1981), showed that both the initially vertical cleavage 
and an associated network of conjugate reverse micro- 
faults were tilted in the flexure. He derived a relative 
chronology in which the regional cleavage and the re- 
lated reverse faults were developed prior to the fold and 
the subsequent thrust faults. 

The back of the structure is cut out by several ENE- 
WSW normal faults, which delimit the Miocene half- 
graben of Tournissan and are responsible for the tilting 
and collapse of the previous situation. 

East of the Lagrasse village, the front of the structure 
is complicated by the superposition of three slices of 
Lower Ilerdian limestones resting on a horizontal fore- 
land and overlain by the overturned beds of the Lagrasse 
fold forelimb (Fig. 3). This tectonic stack, the so-called 
'La Cagali6re' structure (Ellenberger 1967), is frontally 
wrapped in the Upper Ilerdian marls forming a kind of 
passive roof duplex. Into the 'La Cagali6re' duplex, each 
slice is tilted to a steeper dip than the slice situated 
immediately beneath. This geometric pattern is charac- 
teristic of a progressive sequence towards the foreland in 
which the higher slices are carried 'piggy back' by the 
younger ones developing beneath them. We propose to 
link the development of the 'La Cagali6re' duplex to the 

displacement of the Lagrasse fold unit, acting as a 
bulldozer (Geiser 1988), above a NW-vergent blind 
d6collement-fault (Fig. 4a). Such an imbricate stack is 
indicative of difficulties in thrust propagation. The 
development of out-of-sequence forelimb thrusts on the 
back of the 'La Cagali6re' duplex achieves the Pyrenean 
building of the Lagrasse structure. 

Both the geometrical pattern and the deformation 
sequence described above cannot be explained by pre- 
vious interpretations (Ellenberger 1967, Cluzel 1977). 
We propose a new interpretative cross-section, assum- 
ing constant area, plane strain and constant bedding 
thickness, in which the Lagrasse fold is related to the 
staircase geometry of a deep-seated thrust (Fig. 4). The 
unfolding of the Lower Ilerdian limestone layers in- 
volved in the 'La Cagali6re' duplex has been used to set a 
first footwall cut-off line joining the upper ramp and the 
highest d6collement level situated at the base of the 
Upper Ilerdian marls. The deeper structures are less 
constrained mainly because of the collapse of the back of 
the structure. We also favour an interpretation with two 
other d6collement levels; an intermediate one at the 
base of the late Cretaceous deposits, and a basal one 
which is either within the basement or at the base of the 
Mesozoic deposits (Trias evaporites) if they exist. In the 
latter case, the basal ramp could reflect the northern 
limit of the Mesozoic basin. 

In order to account for the structural evolution of the 
Lagrasse area, three major progressive deformation 
events can be defined: 

(i) According to Cluzel, the first event led to the 
development of the regional vertical cleavage by layer 
parallel shortening (LPS) of the Cenozoic cover upon 
the Maastrichtian d6collement level. Such a defor- 
mation may have been favoured by the existence of a 
regionally extensive network of vertical strike-slip 
faults, that could have acted like relative buttresses to 
displacement (Gillcrist et al. 1987). 

Subsequently, a network of reverse conjugate frac- 
tures developed. These reverse faults are not distributed 
homogeneously over the entire Lagrasse area. They are 
preferentially developed on the present hangingwall of 
the major thrust and are less well developed over the 
autochthonous unit. This distribution is indicative of a 
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Fig. 4. Two balanced cross-sections through the Lagrasse fold (section lines on Fig. 2). 

deformation gradient from the foreland towards the 
Lagrasse fold, related to an increase of the shortening 
intensity. 

The amount of shortening due to this early pressure 
solution cleavage is difficult to estimate but it seems 
likely (cf. Hossack 1979) that this phenomenon accounts 
for a maximum of 20% shortening of the horizontal 
layers; 

(ii) the second event is the ramp-related fold emplace- 
ment described above. 

(iii) a later (Miocene) deformation phase induced the 
reactivation of the ramps and drcollement levels as 
normal faults on the back of the structure producing a 
geometry of tilted blocks. This late extensional defor- 
mation will not be discussed in this paper. 

METHODOLOGY 

In order to define more precisely the deformation 
sequence, two kinds of analyses have been performed. 

Analysis of fault slip data 

The general kinematic framework of the studied area 
has been established by Cluzel (1977). He determined 
the bulk direction of shortening (NW--SE) and tectonic 
transport (towards the NW) using microfault population 
analysis. In order to define the different tectonic events 
and the style of the deformation, we have taken fault 
striation measurements at sites also sampled for mag- 
netic fabric analysis. 

Over the entire area, the mesoscopic faults are nearly 
parallel to the NE-SW strike of the major thrust-faults 
and of the Lagrasse fold axis. However, depending on 
the structural position, two associations have been dis- 
tinguished and different analyses have been carried out 
accordingly. 

A first group of sites exhibits the conjugate reverse 
faults which we interpret as the result of pure shear 
shortening during the LPS event. For these sites micro- 
fault population analyses have been performed using 
Carey's inversion algorithm (1979). This method is 
based on the hypothesis that striations are related to 
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independent and small displacements of rigid blocks and 
are parallel to the shear stress resolved on each fault 
plane. Inversion of the slip data gives the azimuths and 
the plunges of the principal axes of the stress tensor and 
a shape ratio calculated using the difference between the 
principal deviatoric stress values. When the deformation 
'event' analysed in this way is predominant (or, obvi- 
ously, when it is the only one recorded), we expect a 
direct relationship between finite strain ellipsoid and 
stress ellipsoid. If successive brittle deformations are 
observed and if partition between them is possible, the 
stress tensor, calculated for each population, is only 
representative of an incremental strain tensor. 

A second set of sites is characterized by a close 
association of low-angle synthetic reverse and normal 
shear planes. Such typical geometry is found in zones of 
variable thickness across the thrust-faults and is indica- 
tive of non-coaxial deformation (Wiltschko et al. 1985, 
Wojtal 1986, Wojtal & Mitra 1986, Woodward et al. 
1988, Gurzou et al. 1991). In such a context, the use of 
the stress tensor axes calculation is not appropriate and 
is probably meaningless; fault slip data then provides 
only kinematic information. 

Aniso t ropy  o f  magnetic  susceptibility 

Magnetic fabric, derived from the analysis of aniso- 
tropy of magnetic susceptibility (AMS), reflects the 
statistically preferred orientation of grains and/or crystal 
lattices of all the minerals which contribute to the 
magnetic susceptibility (essentially ferro- and para- 
magnetic minerals). During depositional processes and 
compaction of sedimentary rocks and during subsequent 
deformation, fabric changes will be reflected in the 
AMS. 

The principle of the method is as follows. In aniso- 
tropic materials, the low-field magnetic susceptibility 
may be described by a symmetric tensor of second order 
which relates the applied magnetic field to the induced 
magnetization of the material. It can be visualized as an 
ellipsoid characterized by principal axes Kmax > gint > 
g m i  n which correspond to the eigenvectors of the suscep- 
tibility tensor. Orientation and intensity of the principal 
susceptibilities determine the geometric characteristics 
of the AMS ellipsoid. In order to define the shape of the 
ellipsoid, we have used the foliation (F = gint/Kmin) and 
lineation (L = Kmax/gint) parameters. Thus, in a L vs F 
plot, the points situated above the bisector represent 
prolate ellipsoids (Kmax >> Kint -- Kmin) and those 
situated below the bisector, oblate ellipsoids (Kmax -> 
Ki,t >> Kmin). A mean value of the degree of anisotropy, 
defined as the ratio P = (Kmax/Kmi,), has been calcu- 
lated for each site and is expressed as a percentage 
[(P - 1) x 100]. We will use this parameter as an 
indicator of the degree of organization of the petrofabric 
only as far as the magnetic mineralogy and lithology 
remain invariant. 

On the scale of a site, when the Kmi~ axes are clus- 
tered, they correspond to the pole of the magnetic 

foliation plane. On the other hand, clustering of the 
Kmax axes defines the magnetic lineation. 

AMS studies were first used for sedimentological 
purposes in undeformed sediments to detect directions 
of palaeocurrents (Hamilton & Rees 1970, Argenton et 
al. 1975). Subsequently, in strongly deformed rocks 
(shales, slates), numerous studies have clearly shown a 
qualitative agreement between AMS and the finite 
strain ellipsoid (for example Kneen 1976, Kligfield et al. 
1981, Borradaile 1988). 

Comparison with natural deformed markers such as 
pebbles, concretions and reduction spots has led to local 
quantitative relationships (Kneen 1976, Hrouda 1979, 
Rathore 1979, Kligfield et al. 1981, Siddans et al. 1984, 
Hirt et al. 1988) but has also demonstrated that no 
universal quantitative correspondence exists. Neverthe- 
less, the shape of the AMS ellipsoid is qualitatively 
indicative of the arrangement and/or deformed shape of 
the minerals contributing to magnetic susceptibility. 
Thus, when the magnetic mineralogy remains constant 
over all the sampled area, variations in the shape and 
orientation of the AMS ellipsoid indicate evolution of 
the petrofabric. These semi-quantitative relationships 
are particularly interesting in weakly deformed rocks 
where only microfault kinematic studies or technically 
complex experiments may give information about the 
microscale deformation. In such a context, AMS has 
proved to be a very useful kinematic indicator (Lee et al. 
1990, Aubourg et al. 1991). 

Measurements were made using a Kappabridge KLY- 
2 susceptibility bridge on standard oriented cylindrical 
samples. This process allows very accurate measure- 
ments of the magnetic susceptibility and consequently 
can detect an anisotropy of less than 1%. 

SAMPLING, MAGNETIC MINERALOGY AND 
ORIGIN OF ANISOTROPY OF MAGNETIC 

SUSCEPTIBILITY 

As mentioned above, magnetic fabric variations may 
be indicative of progressive deformation as long as the 
magnetic mineralogy and lithology remain constant over 
the whole sampling area. Therefore, we have investi- 
gated the same stratigraphic level at various key parts of 
the Lagrasse structure. 

The Vitrollian Formation of Palaeocene age was 
selected because it displays both rather high susceptibili- 
ties and good strain markers. It consists mainly of red 
fluviatile calcareous silts containing various amounts of 
Microcodium.  

A total of 150 oriented cores were collected in the 
Vitrollian level precisely located with respect to the 
Lagrasse structure (Fig. 2): in the foreland (sites A1 and 
A2), on the back of the Lagrasse structure (sites B1, B2, 
C and D), around the hinge of the frontal fold (sites El ,  
E2 and E3) and beneath the out-of-sequence forelimb 
thrusts (sites F and G). We will see that this structural 
distribution is also representative of the successive steps 
of the deformation history described above. 



E 
For each core, the bedding and cleavage attitudes 

have been determined in order to compare with the 
magnetic fabric. 

The bulk susceptibility of the specimens varies be- 
tween 10 and 50 x 10 -6 S.I., the variation being due in 
part to differing amounts of diamagnetic calcite in the 
form of Microcod ium.  As the main component of the 
magnetic susceptibility (i.e. of the anisotropy) is due to 
paramagnetic and ferromagnetic phases and because 
recent work has shown that the paramagnetic contri- 
bution in sedimentary rocks may be as important as the 
ferromagnetic one (Rochette & Vialon 1984, Lamarche 
& Rochette 1987, Aubourg et al. 1991), the determi- 
nation of the nature of each phase and their relative 
contribution is necessary in order to understand the 
origin of the magnetic fabric. In order to determine the 
relative proportion of each phase, we have analysed the 
hysteresis curves of representative specimens of the 
Vitrollian Formation, previously decarbonated (Fig. 
5a). The hysteresis loops analyses were carried out using 
a Micromag Alternating Gradient Force Magnetometer 
with an applied field up to 1.8 T. At high fields (>1 T), 
the magnetic curves are perfectly reversible indicating 
that the induced magnetization is only of paramagnetic 
origin (the ferromagnetic component being negligible) 
with a significant slope. Thus, it shows that the para- 
magnetic contribution is not negligible at all in the low- 
field magnetic susceptibility. 

In order to determine the nature of minerals, we have 
performed both magnetic and X-ray analyses. 

The absence of complete saturation of the Isothermal 
Remanent Magnetization (IRM), even in applied fields 
as high as 2.8 T (Fig. 5b) and the relatively high value of 
the Remanent Coercitive Force, deduced from the hys- 
teresis cycle (about 0.1 T), both strongly suggest that 
haematite is the main ferromagnetic mineral in the 
Vitrollian Formation. This is confirmed by X-ray diffrac- 
tometry carried out on a powder from the same speci- 
men as the one used for the hysteresis loop (Fig. 5c). In 
addition to quartz, calcite and haematite, the X-ray 
spectrum also shows a large amount of clay minerals 
such as kaolinite and illite. These paramagnetic minerals 
are probably responsible for an important part of the 
low-field magnetic susceptibility. 

In any case, haematite and clay minerals have a 
dominant magnetocrystalline anisotropy with a mini- 
mum susceptibility perpendicular to their basal plane 
and a maximum susceptibility within this plane. Thus, 
the anisotropy of magnetic susceptibility of the Vitrol- 
lian samples may be interpreted in terms of preferred 
orientation of the crystal lattice of clay minerals and 
haematite. The magnetic foliation, where it exists, cor- 
responds to the plane in which the basal planes of the 
minerals tend to align. In this case it is not surprising that 
the magnetic foliation coincides either with the bedding 
plane (Kligfield et al. 1981, Lowrie & Hirt 1987) or with 
the cleavage (Kneen 1976, Kligfield et al. 1981). The 
existence of a magnetic lineation within the foliation is 
more questionable. Indeed, there is no preferential axis 
of maximum susceptibility within the basal planes of the 
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Fig. 5. (a) Hysteresis curve carded out on a representative specimen 
of Vitrollian red fluviatile silts. (b) Representative normalized curves 
of acquisition of Isothermal Remanent Magnetization. (c) X-ray 
diffractometry spectrum obtained on a representative specimen of 
Vitrollian. C, calcite; Q, quartz; K, kaolinite; I, illite; H, haematite. 

cristal lattices of haematite and clays. However, in 
deformed rocks with AMS due to magnetocrystalline 
effects, it has been shown that the magnetic lineation in 
general coincides with the direction of extension of the 
strain ellipsoid (Kneen 1976, Kligfield et al. 1981). Two 
types of mechanism may be invoked: 

- - the first one is due to a slight shape anisotropy 
related to the oriented recrystallization, during the de- 
formation, of minerals with a major magnetocrystalline 
anisotropy; 

-- in the second more realistic mechanism, the inter- 
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section of the statistically preferentially oriented basal 
planes (i.e. magnetic foliation), determines a zonal axis, 
which in turn represents the direction of extension of the 
strain ellipsoid. Thus, in the case of the Vitrollian rocks, 
this lineation could be interpreted as the result of a 
subtle microscopic crenulation of clay and haematite 
basal planes within the cleavage plane. Such structural 
pattern may be compared with the crenulation which 
frequently occurs parallel to the stretching direction 
during ductile deformation. 

RESULTS AND DISCUSSION 

In all the sites, the magnetic fabric can be related to 
strain indicators so that its tectonic origin remains un- 
questionable. Depositional and/or compactional fabrics 
have clearly been reworked. Thus, the magnetic fabric 
may be explained only in terms of a deformation-related 
reorganization. 

As shown by the L / F  synthetic diagram (Fig. 6), the 
shape of the AMS ellipsoid is oblate in all cases except 
for some samples from site A1 which are weakly prolate. 
However, significant differences appear in the lineation 
and foliation parameters of the different sites supporting 
the idea that each of them represents a different stage in 
the progressive deformation of the Lagrasse fold. 

Sites A1 and A2, both situated in the foreland of the 
Lagrasse fold, are characterized by a subhorizontal 
bedding and a rough vertical cleavage trending ENE-  
WSW. At these sites, the mean degree of anisotropy is 
weak (about 2%). Although the tectonic pattern is 
similar for both sites, they exhibit slight differences in 
their magnetic fabrics (Fig. 7). Site A2 shows a well 
defined magnetic foliation (defined by clustering of 
Kmi,), which coincides with the vertical cleavage 
measured in the field. No preferred orientation of Kma x 

and Kin t is observed in this plane, gmi  n lies horizontally 
within the bedding and trends NNW-SSE parallel to the 
regional shortening direction. The magnetic pattern 
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Fig. 6. Synthetic diagram of the mean shape parameters of the ellip- 
soid of anisotropy of magneticd susceptibility at each site. L (lineation 
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observed in site A1 is more complex. Two populations of 
specimens can be distinguished. Part of the samples are 
characterized by an AMS ellipsoid weakly prolate with 
Kmax parallel to the cleavage-bedding intersection 
direction (about 260°N horizontal) and Kint and gmi  n 

distributed within the perpendicular plane. The second 
group of samples exhibits the same magnetic pattern as 
site A2 with a magnetic foliation parallel to the cleavage 
plane. The subtle pencil structure fabric, observed for 
the first group of specimens, can be interpreted as an 
interference between the previous depositional fabric 
and the forming tectonic fabric, parallel to cleavage 
(Borradaile & Tarling 1981). The association of these 
two types of magnetic fabric within the same site rep- 
resents a transitional state indicative of an evolution in 
the arrangement of haematite and clay minerals basal 
planes within the bedding and cleavage discontinuities, 
the latter becoming progressively dominant. Thus, the 
mechanism of cleavage formation during the early event 
of layer parallel shortening seems to imply the remobili- 
zation of the calcitic matrix by pressure solution coeval 
with the passive displacement and rotation of haematite 
and clay minerals within the cleavage plane. This agrees 
with Cluzel's results (1977) which were obtained by 
SEM analysis on specimens of Vitrollian rocks from the 
Lagrasse area. 

Sites B1 and B2, situated on the back of the Lagrasse 
fold close to the Tournissan normal fault, exhibit the 
same tectonic framework as sites A1 and A2 (the trend 
of cleavage being, however, more NE-SW) but with an 
additional set of conjugate reverse microfaults at site B2 
(Fig. 8). Percentages of anisotropy of about 10 and 7% 
suggest that the magnetic fabric is more intense than in 
the foreland. At both sites, the AMS ellipsoid is charac- 
terized by a magnetic foliation, still parallel to the 
cleavage (Figs. 9 and 10a). At site B2, a magnetic 
lineation (cluster of Kma×) appears within the vertical 
foliation plane (Fig. 10a). This well defined magnetic 
lineation, roughly perpendicular to the intersection of 
bedding and cleavage, is not detectable in the field. 
However, it is responsible for a coarse vertical pencil 
structure as observed by Cluzel (1977). We have deter- 
mined, using the Carey's algorithm (1979), the azimuths 
and plunges of the principal axes of the stress tensor 
responsible for brittle deformation. The (71, 0 2 and o3 
axes (o1 > o2 > o3) are strictly parallel to the AMS 
ellipsoid axes Kmin, Kim and Kmax, respectively (Fig. 
10b). Such a result provides a good argument for the 
confident interpretation of the magnetic lineation as the 
extension direction of the strain ellipsoid. 

The whole deformation analysed at site B2 can be 
related to layer parallel shortening under a pure shear 
regime. With respect to sites A1, A2 and B 1, the coeval 
occurrence of the magnetic lineation and the conjugate 
reverse faults is indicative of an increase in the LPS 
intensity in the vicinity of the location of the future 
thrust. The vertical stretching suggests that lateral 
escape would be regionally difficult. 

The present position of sites B1 and B2 requires that 
they suffered upward and then downward bending when 
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Fig. 7. Magnetic fabric in the foreland of the Lagrasse fold (sites A1 and A2) plotted relative to geographic co-ordinates. 
So bedding; $1, cleavage (lower-hemisphere equal-area projection). 
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Fig. 8. The vertical cleavage and the conjugate reverse faults at Terres 
Rouges (site B2 drawn from a photograph). 
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Fig. 9. Magnetic fabric at site B1. The slight tilting of bedding is 
linked to the late normal faulting. 

they passed over the ramp. It is worth noting that there 
are no measureable records of these phenomena. 

Other sites (C and D) in a similar structural position 
but closer to the frontal kink (Fig. 2) exhibit the same 
tectonic and magnetic pattern as site B2 with a slight 
tilting of the cleavage plane and magnetic foliation with 
respect to the bedding (Fig. 11). That may be an imprint 
of a slight global shearing linked to the displacement of 
the hangingwall on the blind major drcollement fault. 
However, there is no strong evidence for such an event. 
The pre-existing magnetic lineation would thus indicate 
the direction of shear, i.e. of displacement. 

Around the hinge of the frontal fold, we have col- 
lected 31 cores distributed in three sites situated, re- 
spectively, in the subhorizontal roof limb (site El) ,  
within the hinge itself (site E3) and in the upper part of 
the vertical forelimb (site E2) (Fig. 12). The previous 
cleavage and associated conjugate reverse faults are 
rotated (Fig. 13) so that they always keep the same 
relationship with bedding whatever their position in the 
fold. In the forelimb, additional low-angle S-dipping 
reverse faults appear. These faults deform the cleavage 
so that it is clear that they cross-cut the early emplaced 
fold. We interpret them as being due to the out-of- 
sequence thrusting event evident (and more developed) 
in the 'La Cagalirre' area. 

'Stress tensors' have been ca!culated from slip data on 
the rotated reverse faults only (Fig. 12). It appears that 
the compression and extension directions related to the 
LPS event suffered exactly the same rotation as the 
bedding. Such geometric relationships may suggest that 
only rigid-body rotation occurred during the fold forma- 
tion. The magnetic fabric analysis allows us to complete 
this macroscopical approach. 

Whatever the position in the fold, the magnetic folia- 
tion is well defined. It is still parallel to the cleavage in 
the subhorizontal limb and in the hinge. In the vertical 
limb, by contrast, the magnetic foliation and the cleav- 
age measured in the field are not coincident. The appar- 
ent rotation of the magnetic foliation is less (by about 
20 ° ) than the rotation suffered by the cleavage (Fig. 12). 
This means that the macroscopic cleavage inherited 
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Fig. 10. Magnetic fabric and fault measurements at site B2. Arrows on the fault traces correspond to the measured striation 
's'. ~rl, a2 and ~3 refer to the computed principal stress directions. The histogram gives the deviation between measured (s) 

and predicted (r) slip vectors for all fault planes. 

from the LPS event is no longer a principal strain plane 
or, in other words, that internal deformation occurred 
during folding. 

The magnetic lineation is less well defined at each of 
these sites than at sites B2, C and D. Furthermore, with 
respect to these sites, the Kmax axes tend to be rotated 
from the previous subvertical position toward the 
bedding-cleavage intersection. The differences with the 
magnetic pattern linked to the layer parallel shortening 
(site B2) suggest that frontal folding is associated with 
stretching parallel to the fold axis and internal flatten- 
ing. Such a longitudinal stretching suggests tha t  lateral 
escape which was impossible during the LPS event was 
favoured during the fold emplacement. 

We emphasize the important reorganization of the 
magnetic fabric that occurred in the frontal fold. Such a 
reorganization is significant of the large internal defor- 
mation which occurred during frontal folding. During 
this deformation, the cleavage and conjugate reverse 

faults acted as passive markers retaining a memory of 
the LPS deformation stage. There is no development of 
a new macroscopic cleavage related to folding. 

The last group of sites (sites F and G) is situated 
immediately beneath the out-of-sequence thrusts in the 
'Cluse de Ribaute' and 'Col Rouge'  areas (Fig. 2). These 
thrust faults are accompanied by intense penetrative 
deformation concentrated in zones extending about 
10 m beneath the thrust plane. Bedding and previous 
tectonic planes have been destroyed within these defor- 
mation zones and a new cleavage associated with shear 
planes has developed. Cleavage forms an angle of about 
30 ° with the thrust plane. Most of the shear planes are 
low-angle (dip <30 ° ) reverse and normal faults dipping, 
respectively, to the SE and NW (Fig. 14b). The slip 
along this plane is synthetic to the thrust-sheet transport 
(about 310°N). Scarce high-angle antithetic and syn- 
thetic reverse faults are also present. Such an associ- 
ation, comparable with the pattern found in defor- 
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Fig. I1. Magnetic fabric at sites C and D (see explanation in text). 
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Fig. 12. (a) Sketch view of the frontal fold hinge at 'La Cluse de Ribaute' area showing the tilting of the LPS-related 
cleavage. Squares refer to the sampled sites El ,  E2 and E3 and the rectangle to the location of the Fig. 13. (b) Magnetic 
fabric and microfault measurements at sites E l ,  E2 and E3. Same legend as Fig. 10. The faults formed during the LPS event 

are subsequently tilted. 
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r 

Fig. i3. Sketch view (from a photograph) showing the tilting of the conjugate reverse faults in the hinge of the frontal fold 
of the Lagrasse structure. 

mation zones of numerous thrust systems, is indicative 
of a non-coaxial strain regime as discussed above. On 
the AMS diagrams (Fig. 14a), the principal susceptibi- 
lity directions are clearly more scattered compared to 
results from sites situatied at the back of the Lagrasse 
fold. The degree of anisotropy (5 and 3%, respectively) 

as well as the shape parameters (L, F) show that the 
magnetic fabric is not strongly devleoped. In site F, the 
magnetic foliation coincides roughly with cleavage. In 
site G, the magnetic foliation is poorly defined so that it 
is difficult to compare cleavage. However, in both cases, 
a weak magnetic lineation may be inferred which tends 

N N 

Kmax 
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( ~  • Kmin ( ~ )  
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$I • Kmax • 

• K Int 
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Fig. 14. Magnetic fabric and fault measurements at sites F and G. See explanation in text. 
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Fig. 15. Evolution of the mean degree of anisotropy (Kmax/Kmin) at 
each site during the evolution of the Lagrasse structure. Each letter 

refers to one site except E which refers to the sites El ,  E2 and E3. 

magnetic fabric intensity, we show in Fig. 15 the mean 
degree of anisotropy calculated for each site vs their 
degree of deformation. From sites A1 and A2 situated in 
the foreland which we consider to represent a first stage 
in the deformation, we observe first an increase in the 
degree of anisotropy toward the site B1, B2 and C and 
then an overall decrease up to G. The most intense 
magnetic fabric corresponds to the LPS event (sites B1 
and B2). Subsequent deformation events have tended to 
reorganize the fabric without producing the same degree 
of arrangement. This highlights the fact that the degree 
of anisotropy does not reflect the deformation intensity 
(discussion in Rochette 1988). 

Such a complex history (path shown in Fig. 15) em- 
phasizes the difficulties in global fabric interpretation 
when it is related to different stages of deformation. 
However, if each increment is preserved, as in the 
studied example, the anisotropy of magnetic susceptibi- 
lity measurements provides a very efficient tool for 
documenting steps in the progressive deformation. 

to be parallel to the tectonic transport determined by slip 
directions on shear planes (Fig. 14). 

The superimposition of a global non-coaxial strain 
regime, due to the out-of-sequence thrusting, induced 
once again a reorganization of the magnetic fabric in- 
cluding the development of a magnetic lineation parallel 
to the tectonic transport direction. 

In order to discuss the chronological evolution of the 

CONCLUSIONS 

Two main mechanisms have acted successively during 
thrust-sheet motion of the Lagrasse structure (Fig. 16). 

The first one resulted from a differential layer parallel 
shortening between a 'ductile' hangingwall (the Meso- 
Cenozoic sequence) and a more rigid footwall (the 
Palaeozoic basement). This mechanism was responsible 

N W  LPSgradient 

® 

LPS gradient S l g  

LPS event 

~ . , q l m l .  

T h r u s t i n g  e v e n t  

Fig. 16. Synthetic diagram showing the evolution of the magnetic fabric during thrust-sheet motion of the Lagrasse 
structure. Black squares and circles represent, respectively, the Kmax and Kmi n directions of the AMS ellipsoid. 
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for major internal deformation (formation of a regional 
vertical cleavage by pressure solution with migration 
and preferred alignment of the clay minerals and haema- 
tite within the cleavage) with only minor displacements. 
The development of a vertical magnetic lineation within 
the cleavage plane, and conjugate reverse faults in the 
internal part of the structure, provides evidence sup- 
porting a gradual increase in the LPS intensity. 

The second mechanism resulted from the failure of 
the Meso-Cenozoic sequence in the zone of maximum 
shortening during the LPS event and led to the develop- 
ment of imbricate thrusting upon a blind d6collement 
fault (and related folding). This mechanism was respon- 
sible for a major rigid-body displacement with distortion 
localized only within the forelimb part of the structure. 
Whereas the rocks involved in the frontal fold appar- 
ently suffered only rigid-body rotation, an important 
reorganization of the magnetic fabric is observed. 
Around the hinge of the fold, the magnetic lineation 
rotated from its previous vertical position to the 
bedding-cleavage intersection direction parallel to the 
fold axis. We interpret this first reorganization as a result 
of flattening and longitudinal stretching during folding. 
During the out-of-sequence forelimb thrusting, the mag- 
netic lineation swung once again and became parallel to 
the northwestward tectonic transport direction. This 
reorganization is related to the simple shear defor- 
mation characteristic of thrust zones as recently shown 
empirically on some nappes of the Alps (Lamarche & 
Rochette 1987) and theoretically on mathematical 
models (Hrouda 1991). 

It is worth noting that this deformation scheme is only 
reliable because of the existence of a very special forma- 
tion (Vitrollian levels) which preserves both magnetic 
fabric and structural indicators. Even if the surrounding 
rocks appear completely undeformed, they suffered 
exactly the same deformation path. This is the reason 
why we believe that internal distortion and particularly 
the effects of LPS are generally underestimated in short- 
ening calculation. Attention must be paid to this point 
before any palinspastic restoration is attempted. Further 
studies in different types of structures, lithologies and 
magnetic mineralogies are needed to complete this de- 
formation scheme in foreland fold-thrust structures. 
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