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AbstractÐThe three plutons of the Cauterets±Panticosa granite complex are studied by the anisotropy of mag-
netic susceptibility (AMS) technique. As expected from the dominantly paramagnetic nature of the rocks, the
magnetic susceptibility zonation accurately compares with the lithological zonation. Detailed examination of
the linear and planar structural patterns of the plutons allows the di�cult problem of their formation mechan-
isms to be explored. The sigmoidal pattern of the linear structures only results from regional tectonics and
points unequivocally to a dextral shear component for the responsible tectonic event. The concentric planar
structures, while also a�ected by regional tectonics, retain some imprint of magma emplacement. The micro-
structures observed in the granitoids point to a continuous deformation from the magmatic state to the high-
temperature solid state. In the country rocks, structures and kinematic criteria underline the transpressive
character of the D2 Hercynian event of the Pyrenees which resulted in a partitioning between zones where
either compression or dextral strike-slip were dominant. All these data constrain a new model of D2 syn-tec-
tonic emplacement for the plutons of the Cauterets±Panticosa complex and remarkably illustrate structural
features resulting from a transpressive regime. # 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

The petrography of the Cauterets±Panticosa granitic

complex is one of the best known of the Pyrenees

granites (Debon, 1972, 1980). The complex was ®rst

considered to be syn-tectonic on the basis of ®eld

structural observations in the country rocks (Mirouse,

1966; ValeÂ ro, 1974; Moreau, 1975). In contrast, Debon

(1975) proposed that the complex was emplaced after

the so-called D2 main phase of the regional Hercynian

orogeny, by means of forceful intrusions and sub-

sequent collapse of their roof. However, the lack of

data on the internal structures of the complex meant

that this model was hypothetical.

In order to determine the internal structures, we

applied the anisotropy of magnetic susceptibility

(AMS) methods (Bouchez, 1997), which have now

routinely been used on granitic plutons for the past

10 years, to the Cauterets±Panticosa complex. The

AMS e�ciency in determining the internal structures

of plutonic rocks, especially the lineations which are

di�cult to determine in the ®eld, has been demon-

strated in plutons of di�erent ages and levels of

emplacement in the crust throughout the world (e.g.

in Brazil by Archanjo et al., 1994; in Canada by

Cruden and Launeau, 1994; in Nigeria by FerreÂ et

al., 1995; in California by Saint-Blanquat and

Tiko�, 1997; among the most recent studies). These

studies revealed that the granitoid plutons display

well-organized structures which record the defor-

mation related to late stages of upwelling and/or to

tectonic movements coeval with magma emplace-

ment.

In the Pyrenees, such studies, performed in some of

the numerous Hercynian plutons, have demonstrated

that their emplacement was syn-tectonic (Leblanc et

al., 1994; Gleizes et al., 1997). In addition, by specify-

ing, in both plutons and country rocks, the geometry
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and kinematics of the structures associated with pluton
emplacement, recent studies (Leblanc et al., 1996;
Evans et al., 1997) have precisely related the magmatic
and post-magmatic structures of the plutons to the re-
gional tectonic events.
Our new structural data collected in the Cauterets±

Panticosa complex and its country rocks provide evi-
dence of emplacement of the magma coeval with a
dextral compressive deformation event, called D2, that
a�ected the whole chain. This constrains a model of
regional dextral transpressive regime for the setting of
the complex.

GEOLOGICAL SETTING

The Cauterets±Panticosa calc-alkaline and alumi-
nous granitic complex occupies an area of more than
250 km2 in the western Axial Zone of the Pyrenees.
The complex results from the juxtaposition of three
plutons (Fig. 1). The Panticosa pluton crops out essen-
tially in Spain, and the two Cauterets plutons, to the
west and east, which will be referred to as W-
Cauterets and E-Cauterets, partly belong to the
famous `Parc National des PyreÂ neÂ es' in France. The
plutons display a concentric compositional zoning
(Debon, 1972) and are intrusive into folded pelite,
limestone and quartzite formations, mostly of

Devonian age. Carboniferous ¯ysch is also present,

but at some distance from the northern border of the

Cauterets plutons. All these sediments are metamor-

phosed within the chlorite zone of the greenschist

facies. A contact metamorphic aureole, superimposed

on the regional metamorphism, extends around the

whole complex (Fig. 1).

The regional foliations of the country rocks, attribu-

ted to the main Hercynian phase D2 (Zwart, 1979),

have average strikes of around N1108E and steep

northward to subvertical dips (Debon, 1972).

Trajectories of foliation traces wrap the plutons and

locally form triangular neutral zones (Fig. 1). The fold

axes, reported after Wensink (1962) and Mirouse

(1966), trend parallel to the main foliation trace and

also to the borders of the plutons in map view. These

D2 Hercynian structures are disturbed by Alpine S-ver-

ging thrust faults, the best known of which is the

Gavarnie thrust (Bresson, 1903) for which the mini-

mum horizontal displacement reaches 6 km in map

view. Although the Hercynian zones of localized strain

are usually wider and deform the rocks more penetra-

tively than the Alpine fault zones, distinction between

them may be di�cult as some of the Hercynian shear

zones have been re-used by the Alpine faults with the

same apparent kinematics.

Fig. 1. Geological map of the Cauterets±Panticosa area, interpreted by using data from the 1/50,000 geological maps of
Vielle-Aure and ArgeleÁ s-Gazost (French Geological Survey), and also from Wensink (1962), Mirouse (1966) and Debon

(1972).
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MAGNETIC SUSCEPTIBILITY AND
COMPOSITIONAL ZONATION

The magnetic susceptibility of the Cauterets±
Panticosa granitoids was determined from 310 stations
distributed as regularly as possible over the plutons: 79
in E-Cauterets, 122 in W-Cauterets and 109 in
Panticosa (Fig. 2). Two cores were drilled at each
station and two specimens taken from each core. The
bulk susceptibility value, K, for a given station was
obtained by averaging the four individual measure-
ments achieved with a Kappabridge susceptometer.
The K values of the Cauterets±Panticosa rocks are
rather low, almost always less than 50� 10ÿ5 SI
(Table 1). This points to the absence of ferromagnetic
minerals, especially magnetite. Therefore these rocks,
like most granitoids of the Pyrenees, are dominantly
paramagnetic and their susceptibility is mainly due to
the iron-bearing silicates, biotite and amphibole. In
such granites, K is directly correlated with the iron
content and, therefore, with the petrographic type
(Gleizes et al., 1993). This is well illustrated in the pre-
sent case by the outstanding correlation observed
between the independently mapped out lithological
zonation (Debon, 1972) and susceptibility zonation of
the Cauterets±Panticosa complex (Fig. 3a & b).

The following correlations can be established
between the magnetic susceptibilities and the petro-
graphic types de®ned by Debon (1972):

K< 5� 10ÿ5 SI = ®ne-grained leucogranite and
tourmaline-bearing aplite;

5� 10ÿ5 SI < K< 10� 10ÿ5 SI = monzogranite
with biotite2muscovite2cordierite;

10� 10ÿ5 SI < K < 20� 10ÿ5 SI = light-coloured
granodiorite with biotite2amphibole;

20� 10ÿ5 SI < K < 30� 10ÿ5 SI = dark granodio-
rite with biotite and amphibole;

K>30� 10ÿ5 SI = quartz-diorite and quartz-gabbro
with biotite and amphibole2pyroxene.

The transitions between the lithological types are
generally gradual. However, sharp contacts have been
found in the core zones of the plutons, especially the
contacts with the leucogranites and aplites, which
appear as cross-cutting bodies. Sharp contacts also
bound heterogeneous masses of quartz-diorites and
quartz-gabbros included in more felsic facies, particu-
larly in the `heterogeneous domains' de®ned by Debon
(1972) in the two Cauterets plutons. These masses are
characterized by high susceptibility magnitudes
(40� 10ÿ5 SI < K < 50� 10ÿ5 SI).

In Panticosa, the variation of the concentric zona-
tion is progressive from a monzogranite type in the
core zone to quartz-diorites at the periphery. The
dense sampling of this pluton (Santana et al., 1992)
has allowed us to trace intermediate iso-susceptibility
contours at 15� 10ÿ5 and 25� 10ÿ5 SI (Fig. 3b) that
mirror the lithological zoning. The E-Cauterets pluton
also displays a normal concentric zonation, that is4
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Fig. 3. Maps of the Cauterets±Panticosa complex pointing out the correlation between the petrographic types (a), and
the susceptibility values (b). In (b) the dots are the AMS sampling stations and the broken lines in the Panticosa pluton

are intermediate iso-susceptibility contours at 15� 10ÿ5 and 25�10ÿ5 SI.
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with more felsic types in the core, but the zonation is
not as perfect as in Panticosa, particularly in the
southern border zone as underlined by the quartz-dio-
rites sandwiched between granodiorites (Fig. 3).
The lithological distribution of W-Cauterets is more

complex and di�ers from the two other plutons by
showing no progressive zonation, but rather the juxta-
position of three main petrographic types. The por-
phyritic monzogranite of the core zone is in sharp
magmatic contact to the east and south with the E-
Cauterets and Panticosa plutons. Everywhere else this
monzogranite is surrounded by a granodiorite with a
magmatic but clear-cut contact between them. The plu-
ton ends to the west in a half-ring of monzogranite,
whose northern part is homogeneous and comparable
to the central monzogranite. Its southern part, how-
ever, is very heterogeneous, characterized by mingling
of various igneous petrographic types and by numer-
ous septa of metasedimentary country rocks (Fig. 3a).
Note also that, to the north of W-Cauterets, a dark
granodiorite constitutes an isolated appendix.

STRUCTURES OF THE PLUTONS

The magmatic fabrics, and especially the linear
structures, of the Pyrenean granitoid rocks which gen-
erally have homogeneous textures and are poorly ani-
sotropic, are particularly di�cult to de®ne in the ®eld.
To overcome this di�culty, the samples from the 310
stations in the complex have been subjected to aniso-
tropy of magnetic susceptibility measurements
(Table 1). The AMS technique is powerful because the
rock-AMS ellipsoid, de®ned by its three main axes
K1rK2rK3, directly re¯ects the mineral fabric of the
granites (Jover and Bouchez, 1986; Borradaile, 1988;
Bouchez, 1997). In the case of biotite2amphibole-
bearing granites, like the Cauterets complex, the mag-
netic lineation K1 is parallel to the zone axis of the
biotites and to the mean elongation of the amphiboles;
K3 is perpendicular to the magnetic foliation, which is
the mean preferred planar orientation of biotites and
amphiboles.

Magnetic foliations

The E-Cauterets pluton displays the simplest planar
fabric pattern. The foliation trajectories are concentric
in map view and more or less parallel to the margins
of the pluton (Fig. 4). Only the foliation orientations
in the leucogranite bodies of the core are independent
of the overall pattern. The orientation diagram of the
foliation poles has a maximum at 1548/88 (mean foli-
ation plane at 648 NW 828) but its tendency for a gir-
dle distribution suggests a zonal arrangement around a
low-plunging, ENE±WSW-trending zone axis. With
their steep dips and mean NE±SW strikes at the pre-
sent level of erosion, the foliations may form an ellipti-

cal, funnel-shaped pattern, with an axial plane steeply
dipping to the north.

The Panticosa pluton also displays foliations mostly
striking NE±SW, but their trajectories are not con-
centric. Instead, their pattern is sigmoidal and com-
pletely oblique on both the lithological limits and the
northeast and southwest borders of the pluton (Fig. 4).
However, on approaching the contact with the W-
Cauterets pluton, the foliations become parallel to the
contact. The foliations of the late leucocratic granites
(K< 10� 10ÿ5 SI; within the light-dashed limits of
Fig. 4) strike E±W, oblique to the general trend. The
diagram of the foliation poles shows two distinct max-
ima at 3268/408 and 1548/418, corresponding respect-
ively to the northeastern and southwestern parts of the
pluton. However, the mean pole at 1518/128 (mean fo-
liation plane at 618 SE 788) is very close to the mean
pole measured in E-Cauterets.

The W-Cauterets pluton is more complex because it
includes two distinct structural bodies, separated by a
clear discontinuity of their foliation trajectories. This
discontinuity coincides with the southern and western
boundary between the granodiorite and the central
monzogranite. The latter displays a domed structure,
WNW±ESE in elongation, with outward dips, gentle
at the core and moderate at the limbs. To the west of
the discontinuity, the granodiorite and external mon-
zogranite exhibit a concentric pattern of foliations
which are subparallel to the pluton border and steeply
dipping. These foliations are truncated by the central
dome of monzogranite. However, in the northern part
of the W-Cauterets pluton, all the structures become
concordant. The diagram of the foliation poles for the
whole pluton is not particularly well organized.
Nevertheless, a maximum appears at 1578/368, that is
at nearly the same azimuth as in both the other plu-
tons, indicating that the corresponding mean foliation,
NE±SW in strike, is the most common orientation of
the whole complex.

Magnetic lineations

The linear patterns of the three plutons are charac-
terized by the predominance of the NE±SW trends.
The general tendency in the whole complex is the cur-
vature of the lineation trajectories which form sig-
moids irrespective of both the contacts between
plutons and the lithological limits inside them, even in
the late and cross-cutting leucogranite bodies.

In E-Cauterets, the lineation plunges are gentle
either towards the northeast or southwest (mean linea-
tion at 2358/28). Along the northeast and southwest
borders of the pluton, the lineations bend clockwise
towards N1208E to become parallel to the adjacent
borders, hence displaying rather continuous sigmoidal
trajectories. However, in the southwest corner of the
pluton, where there is an abrupt change of the foli-
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ation strikes, this discontinuity is also observed for the
lineation trends.
In Panticosa, the lineations also plunge gently,

almost always to the southwest (mean lineation at
2418/268) and depict sigmoidal trajectories that are
subparallel to the foliation trajectories. A contrasting
lineation trend is observed along the eastern border of
the pluton (Fig. 5: light grey shading). These lineations
plunge steeply down the foliation dips, mainly to the
southeast. Finally some lineations, concentrated in a
corridor in the northern part of the pluton (Fig. 5:
heavy grey shading), trend approximately WNW±ESE
with various plunges.
In W-Cauterets, the preferred linear trends remain

NE±SW although, in contrast to the other plutons,
they are oblique with respect to the overall foliation
trajectories. Surprisingly, the discontinuity that was
observed between the central monzogranite and the
western lithological units for the foliation trajectories
(Fig. 4) is not observed in the lineations. Along the
western border of the pluton (Fig. 5: light grey shad-
ing), the lineations are parallel to the border and
plunge rather steeply to the north. The lineations of
the whole pluton can be split into two groups. The
most widespread group, corresponding to lineations
plunging to the northeast or southwest, displays a

2388/168 mean orientation, that is very close to the
mean lineation of E-Cauterets. The second group, with
a 2848/198 mean orientation, belongs to two distinct
WNW±ESE-trending corridors (Fig. 5: heavy grey
shading). One of these corridors is located near the
southern border of the pluton. The second corridor
roughly coincides with the symmetry axis of the central
monzogranitic dome, but extends westward beyond the
limit of the monzogranite. Note that at this western
extremity of the corridor the lineations are steeply
plunging to the west. Finally, one interesting aspect of
the lineation pattern of the W-Cauterets pluton is
the presence of S-shaped sigmoids of the lineation
trends, mainly in-between but also on the sides of
the corridors.

MICROSTRUCTURES OF THE PLUTONS

An accurate interpretation of the internal structures
of a pluton requires a detailed study of its microstruc-
tures in order to determine if the deformation took
place in the magmatic state or in the solid state (high
or low temperature). In accordance with several other
studies dealing with the microstructures present in
granitic rocks (Bouchez et al., 1981; Paterson et al.,

Fig. 6. Photographs of microstructures: (a) submagmatic state with quartz in®lling a fracture of the central plagioclase
crystal; (b) high-temperature solid state with chessboard-like pattern in quartz and a kinked biotite (bt); (c) high-tem-
perature solid state with bent plagioclases; (d) low-temperature superimposed straining: quartz grain with high-angle
undulose extinctions and small quartz grains recrystallized within fractures; note also the phyllosilicates of the matrix.

Length of the photographs is 4 mm.
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1989; Leblanc et al., 1994, among others), the follow-
ing types of microstructures are de®ned.

Magmatic

In the magmatic microstructural type, feldspar crys-
tals are absolutely undeformed and the quartz grains
display no more than minor local undulose extinction.
In some rocks signs of deformation, which occurred
around the solidus, have been observed mainly in the
form of plagioclases being fractured with in®lls of re-
sidual melt material characterized by quartz2 feldspar
(Fig. 6a), thus de®ning the submagmatic state of
Bouchez et al. (1992). The other crystals remain unde-
formed with the exception of some bends in biotites
and subgrain boundaries in quartz. Such a microstruc-
ture calls for mechanical interactions between crystals
in a magma where the residual melt content was poss-
ibly much less than 30% (Arzi, 1978; Fernandez and
Barbarin, 1991).

High- to moderate-temperature solid state

Microstructures of this type correspond to a strain
imprint, always of a moderate magnitude, that

occurred by the end of and/or shortly after the com-
plete crystallization of the magma. The straining of the
quartz grains is typical of high-temperature plastic de-
formation, exhibiting mosaics of square subgrains and
forming chessboard-like patterns (Fig. 6b). These sub-
grains evolve into new grains often with irregular
boundaries due to grain-boundary migration. The
high-temperature deformation is also attested to by
some bends in plagioclases (Fig. 6c), and by the devel-
opment of kinks in biotite crystals which are not trans-
formed into chlorite.

Low temperature

In this microstructural type, high-angle undulose
extinctions and subboundaries are ubiquitous in
quartz, along with biotite being transformed into
chlorite, and plagioclase partly replaced by sericite.
This type of deformation sometimes increases within
shear bands, a few tens of metres wide, in which rock
straining is readily observed in the ®eld. In these rocks
optical microscopy reveals that the size of the recrys-
tallized grains is particularly small, and that these
small grains are mostly distributed along the bound-
aries and within wrench fractures of the original large

Fig. 7. Distribution map of the microstructural types and of the anisotropy values inside the plutons. Note that the high
anisotropy bands are concentrated within a wide WNW±ESE shear zone located in-between the plutons of Cauterets

and the pluton of Panticosa.
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grains of quartz (Fig. 6d). In places within these shear
bands true mylonitic microstructures are observed in
which fractured quartz porphyroclasts, included in a
matrix dominated by phyllosilicates, are the only rem-
nants of the original granite texture.
Figure 7 reports the map distribution of these micro-

structural types, as observed with the microscope in
thin sections coming from about 75% of the sampling
stations. The distribution of these microstructural
types in E-Cauterets and Panticosa constitute a strik-
ing feature: the northern half of E-Cauterets and the
southern half of Panticosa display only magmatic
microstructures. These areas are symmetrically dis-
posed with respect to the high-temperature solid-state
microstructures which predominate in the south of E-
Cauterets and in the north of Panticosa. In W-
Cauterets, high-temperature solid-state microstructures
are ubiquitous, and this is the case even within the two
main corridors where WNW±ESE-trending lineations
dominate. However, magmatic microstructures are pre-
served along two narrow bands outcropping on each
side of the northern corridor. Finally, low-temperature
and/or mylonitic microstructures are scarce in the
whole complex. They are only observed in narrow
bands, such as along the northwest border of W-
Cauterets.

MAGNETIC ANISOTROPY

In granites devoid of magnetite, that is where the
low-®eld magnetic signature relates almost entirely to
the paramagnetic iron-bearing silicates, the anisotropy
parameter is de®ned as Ppara% = 100 [(K1ÿD)/
(K3ÿD)ÿ 1] in which K1 and K3 are the maximum and
minimum susceptibilities, and D is the diamagnetic
contribution considered to be constant and isotropic,
and estimated as ÿ1.4� 10ÿ5 SI (see Bouchez, 1997).
In such granites, a correlation is expected between the
bulk magnetic anisotropy and the fabric intensity, itself
linked to the accumulated strain magnitude undergone
by the rock in the magmatic and solid states (Hrouda,
1982; Benn, 1994; Borradaile and Henry, 1997).
Therefore, the map distribution pattern of the aniso-
tropy percentages complements the information com-
ing from the deformation microstructures (Fig. 7).
The mean anisotropy percentages in Panticosa

(mean Ppara% = 3.6) and W-Cauterets (3.5%) are
alike. Mean Ppara% is substantially lower in E-
Cauterets (2.8%) whose northern part has the lowest
anisotropies (<2%) of the whole complex, correlating
with absolutely undeformed magmatic microstructures.
Intermediate anisotropy magnitudes, between 2 and
4%, are ubiquitous and correspond to microstructures
of both magmatic and high-temperature solid-state
types. A somewhat irregular distribution in map view
of the highest anisotropies (>4%) underlines the het-
erogeneity of the solid-state deformation in some areas

scattered inside the complex. However, high anisotropy
percentages predominate in several WNW±ESE-trend-
ing bands which are essentially located in the south of
the W- and E-Cauterets plutons and in the north of
Panticosa. These bands more or less coincide with cor-
ridors where the lineations have the same WNW±ESE
trends, unambiguously calling for a strain localization
signi®cance of these bands within a main shear zone.
By contrast, the northern corridor of W-Cauterets
does not coincide with high anisotropy magnitudes.
Note ®nally that while the mylonitic microstructures
are con®ned within high magnetic anisotropy bands,
these bands typically contain more commonly high-
temperature solid-state microstructures and may even
contain magmatic microstructures. This variety of
microstructures therefore strongly suggests that the
high anisotropy bands have been initiated early during
magma crystallization and have further evolved into
shear zones that became narrower, hence localized
strain, during magma cooling.

COUNTRY ROCK DEFORMATION

The country rocks of the Cauterets±Panticosa com-
plex were metamorphosed to greenschist facies and
their bedding planes are often transected by the plu-
tons borders. The regional trajectories of the main foli-
ation of these country rocks strike parallel to the
chain, i.e. WNW±ESE, and this orientation is also par-
allel to the associated fold axes which are subhorizon-
tal on average (Mirouse, 1966; Debon, 1972; ValeÂ ro,
1974; Moreau, 1975). All these trajectories are
de¯ected around the plutons, and hence wrap them in
map view (Fig. 1). In order to better constrain the
emplacement mode of the complex, complementary
structural observations have been performed along sev-
eral N±S transects to the north of the complex, and in
the region between the plutons of E-Cauterets and
Panticosa.

A single foliation, parallel to bedding, is generally
perceived in the ®eld. However, this foliation probably
results from the superposition of two events as, in
some places, two subvertical foliations are observed at
a small angle to each other. The ®rst foliation, S1, is
not easily depicted in the ®eld because it is parallel to
the bedding S0. But S1 is clearly observed in thin sec-
tions where its penetrative character is underlined by
the ubiquitous boudinage of S0 and by pressure sha-
dows around rigid markers. The second planar struc-
ture, S2, is a spaced cleavage which is axial planar to
the upright isoclinal folds with horizontal axes, charac-
teristic of the D2 deformation event. This cleavage,
although obvious in the ®eld, is poorly penetrative and
di�cult to observe in thin sections in such low-grade
metamorphic rocks. S1 and S2 are generally parallel
and thus constitute a composite foliation, S0±1±2.
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The lineations and associated kinematics have been

carefully examined. The L1 lineation, associated with

S1, corresponds to a strong stretching that is usually

subvertical. The L2 lineation, imprinted onto the S2

cleavage, also indicates stretching, although less con-

spicuously. It trends E±W and plunges gently to the

west, or is subhorizontal, parallel to the axes of the

tight folds. Usually, only one type of linear structure is

observed at any given place. However, in the few areas

exhibiting the two types of lineations, their chronologi-

cal succession is particularly obvious in the rare hinges

of tight folds with subhorizontal axes: the subvertical

L1 is rotated around the D2 folds, the axes of which

are parallel to L2. In addition, thin sections parallel to

L1 and perpendicular to S1, i.e. subvertical and N±S in

trend, contain evidence of a penetrative non-coaxial

deformation, with a systematic top-to-the-south sense

of shear. Other sections, parallel to L2 and perpendicu-

lar to S2, i.e. subhorizontal, also depict a non-coaxial

deformation, with a systematic dextral sense of shear.

The D2 deformation results everywhere in well-

imprinted S2 or S0±1±2 foliations. Close to the plutons,

the lineations are generally scarce. Their obliteration

may be attributed to both strong recrystallization

resulting from contact metamorphism, and signi®cant

¯attening during pluton emplacement. Elsewhere, the

imprint of L2 varies from place to place, whatever the

lithology. The regions to the northeast of E-Cauterets

and in-between E-Cauterets and Panticosa are charac-

terized by well imprinted horizontal L2 lineations over-

printing L1 and indicating a strong dextral strike-slip

component for D2. By contrast, in the area north of

the pluton of W-Cauterets, only L1 lineations are

observed onto S0±1±2 foliations, and the lack of L2

lineations strongly suggests that D2 was essentially

coaxial there. The contrast between zones where either

strike-slip or dominant compression alternate may be

the expression of strain partitioning (e.g. Lister and

Williams, 1983; Jones and Tanner, 1995) related to a

transpressional style of the D2 deformation.

Finally, the geometric and kinematic features that

characterize the two successive tectonic events in the

Cauterets±Panticosa area are very similar to those

described in other areas of the Pyrenees. Around the

BassieÁ s pluton, it has been shown (Evans et al., 1997)

that D1 was an early southward-thrusting event,

characterized by a S0±1 foliation originally dipping at

low angle, then steepened and folded by E±W folds

with horizontal axes during the D2 shear event. The

latter event, also observed in the Trois-Seigneurs area

(Leblanc et al., 1996), was concluded to be a dextral

and transpressive phase.

DISCUSSION

Interpretation of within-pluton structures

Fabric studies in granites from a variety of geologi-
cal contexts have established that the magnetic fabric
axes are parallel to the mineral fabric axes (e.g. Heller,
1973; Hrouda, 1982; Aranguren et al., 1997; among
others), and that these axes record the strain ®eld (¯at-
tening plane and stretching direction) to which the
magma was subjected, either during its crystallization
(magmatic microstructures) or immediately after (high-
temperature solid-state microstructures). In the present
study, like in many others (see more particularly Saint-
Blanquat and Tiko�, 1997), the observation of a conti-
nuum between magmatic and high-temperature solid-
state microstructures, along with a spectacular conti-
nuity in the associated fabrics, points unambiguously
to a continuum of magma straining during and just
after its crystallization.

The lineations are mainly subhorizontal and orga-
nized in sigmoidal patterns (Fig. 5) which, irrespective
of the internal lithological boundaries (Fig. 3), are con-
tinuous all over the complex, even in the late leucogra-
nite bodies. Therefore, these patterns were acquired
after the emplacement of the last magma pulses and
represent the recording of a post-emplacement tectonic
deformation. The shape of the sigmoids calls for a dex-
tral shearing component for this deformation.

The foliation pattern of Panticosa (Fig. 4) is almost
parallel to the lineation pattern and, therefore, is
readily interpreted as also due to the regional tec-
tonics. The mean planar orientation being similar in
Panticosa and in the two Cauterets plutons, implies
that the foliation patterns of the latter plutons must
have undergone some `tectonic' deformation. However,
the concentric foliation trajectories of the two
Cauterets plutons, like those of most plutons (e.g.
Brun and Pons, 1981; Bateman, 1985; Paterson and
Fowler, 1993; FerreÂ et al., 1995) are subparallel to the
internal lithological boundaries and also to the exter-
nal borders. Such planar patterns are considered as
resulting from the feeding and expansion of the plu-
tons in their emplacement sites. It is therefore
suggested that the planar fabrics retain the memory of
kinematic processes slightly older than those retained
by the linear fabrics.

In W-Cauterets, the dominantly NE±SW sigmoids
of the linear structures extend into two WNW±ESE
corridors, where corridor-parallel lineations are
observed without any change in the associated micro-
structures. The development of these corridors is,
therefore, unambiguously coeval with the sigmoidal
structures. The corridors represent magmatic to high-
temperature solid-state shear zones where magma
straining was concentrated during the WNW±ESE re-
gional dextral shearing. In the northern corridor, the
change of the lineation trends is not associated with
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any perturbation of the foliation trajectories. The ob-
servation of a planar fabric apparently not disturbed
by the deformation responsible for the linear fabric
suggests, in this case study, a non-synchronism in the
records of the two components of the AMS fabric.
This may seem unrealistic as these two components are
linked together and should necessarily be both compa-
tible with the last deformational event. However,
Borradaile and Alford (1987) and Benn (1994) have
shown, by experiments and numerical models respect-
ively, that very small strain overprints, particularly if
the compression axis is at a large angle to the original
lineation, are su�cient to re-orient this lineation. The
latter is the statistically de®ned zone axis of the biotite
grains which corresponds to the ®nite stretching direc-
tion in the foliation plane. A slight modi®cation of the
local strain ®eld may easily change this zone axis
while, due to the strongly ¯attened shape of the bio-
tites, their statistical ¯attening plane which de®nes the
foliation may not be substantially altered. Thus, the
northern corridor of W-Cauterets probably represents
a km-wide corridor a�ected by a late magmatic defor-
mation which, while insu�cient in magnitude to mod-
ify the foliations, was su�cient to re-orient the biotite
zone axes from dominantly NE±SW outside the corri-
dor to about N1108E inside. We conclude that, in this
particular geometrical situation, the foliation pattern
retains the record of magma expansion in its emplace-
ment site while the lineation pattern was more sensitive
to late regional deformation.

Syn-emplacement dextral shearing and timing of empla-
cement

Our structural study allows the establishment of the
timing of emplacement of the complex relative to the
Hercynian deformation events. Local observations in
the country rocks, particularly where deeply imprinted
by L2, strongly argue for an emplacement of the plu-
tons coeval with D2. In between Panticosa and E-
Cauterets, granitic bands and interbedded septa of
mica-schists have identical structures which are in con-
tinuity with the D2 structures of the neighbouring
country rocks. In XZ-oriented thin sections, the mica-
schists exhibit contact metamorphic andalusite crystals
with asymmetric pressure shadows which indicate a
dextral sense of shear for the deformation that was
necessarily coeval with granite emplacement.
Regionally, the country rocks display D2 foliation and
fold-axis trajectories that wrap the plutons and form
asymmetrical neutral points which point to a dextral
regional shear (Fig. 1). This dextral sense of shear is
also con®rmed by microscopic observations of subhori-
zontal sections. In the complex itself, the dominant
NE±SW structures of the granitic magma, grading
towards E±W along the plutons borders and in the
corridors and thus forming continuous sigmoids, also

call for an emplacement of the plutons during the D2

dextral shearing event.
This syn-D2 emplacement age is incompatible with

the rather imprecise 290 Ma Rb±Sr age proposed for
the complex (Debon, 1975) which is Permian and
therefore post-Hercynian. However, it was demon-
strated, in other plutons in the Pyrenees, that the Rb±
Sr ages cannot be considered as emplacement ages.
For example, the previous Permian Rb±Sr ages for the
Mont-Louis pluton (275212 Ma, Vitrac-Michard and
AlleÁ gre, 1975) and the BassieÁ s pluton (276216 Ma,
Debon and Zimmermann, 1988) are challenged by
recently published U±Pb Carboniferous dates for the
same plutons (respectively 30523 Ma, Romer and
Soler, 1995; 31222 Ma, Paquette et al., 1997). Only
these U±Pb ages are compatible with the syn-tectonic
emplacement of these plutons, demonstrated by the
structural studies (Bouchez and Gleizes, 1995; Evans et
al., 1997). Therefore we think that the emplacement of
the Cauterets±Panticosa complex, being coeval with
D2, occurred during the Carboniferous.

MODEL OF EMPLACEMENT

In the following model, which attempts to explain
the evolution of the three magma bodies forming the
complex, a relative chronology of emplacement of the
magma types has to be established ®rst. The early
emplacement of the more ma®c and peripheral types
(quartz-diorites, granodiorites) of Panticosa and E-
Cauterets is strongly suggested by their less evolved
petrographic nature compared to the other types
(monzogranites, leucogranites) that grade towards the
centres of the plutons. Therefore, and just like most
`normally' zoned plutons showing a progressive petro-
graphic variation, the plutons, while expanding, were
fed through their central part by progressively more
siliceous magmas. In W-Cauterets, where no progress-
ive zonation is observed, the analysis of the contacts
(Debon, 1980) and the truncation of the foliation pat-
tern demonstrate the early emplacement of the grano-
diorite facies with respect to the monzogranite (Fig. 4).
Both cross-cutting contacts in the ®eld and uncon-
formable foliation patterns in map view also apply to
the leucogranites which represent the ®nal magma
batches found mostly in the centres of the plutons.

The model of Debon (1980), based on a post-D2 hy-
pothesis for the emplacement of the complex, called
for forceful intrusions followed by collapse of the
roofs of the E- and W-Cauterets plutons. By contrast,
our new structural data call for an emplacement coeval
with the D2 transpressive and dextral shearing event,
according to the following sequence (Fig. 8).

1. At the initial stages, and as suggested by the pre-
sently subcircular shapes of the plutons, three small
magmatic bodies were individually fed by magmas
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having the most ma®c compositions (quartz-dior-
ites, granodiorites). Their upward motion in this
upper crustal, brittle environment probably took
place through fractures (Brun et al., 1990; Clemens
and Mawer, 1992; Petford et al., 1993). The expan-
sion of the magma reservoirs was mostly a continu-
ous process, as attested by the progressive change
of rock compositions, but it was locally discontinu-
ous in places where cross-cutting rock types and fo-
liation trajectories are observed as, for example, in
W-Cauterets. This expansion was probably trig-
gered by the WNW±ESE-trending and dextral
transcurrent tectonics. However, the precise re-
lationship between pluton in¯ation and shear zones
is not clearly established at these early stages of
emplacement.

2. As the plutons increased in size (Fig. 8a), the wide
magmatic shear zone that took place in-between the
plutons of Cauterets and the pluton of Panticosa
(Fig. 8b) triggered the emplacement of the monzo-

granitic bodies of W-Cauterets, as a consequence of

an eastward motion of the granodioritic part of this

pluton. The westernmost monzogranite of W-

Cauterets had, therefore, the peculiarity of directly

intruding the western contact, isolating concentric

slivers of country rocks. These slivers parted from

one another, without perturbation of their primary

stratigraphic succession (Debon, 1972), in a ten-

sional zone comparable with the tensional zones

resulting from the opening of a pull-apart or from

the horse-tail termination of a strike-slip fault. At

that time, the central monzogranite intruded the

central part of the granodiorite of W-Cauterets.

The WNW±ESE elongation of this monzogranite

body and its foliation trajectories, and also the pre-

sence of a WNW±ESE-lineated corridor along its

symmetry plane, suggest that the feeding of this

body occurred along this corridor and during shear

movement.

Fig. 8. Model of emplacement and coeval deformation of the Cauterets±Panticosa complex: (a) at the beginning of the
intrusion of the last magmatic batches; (b) at the end of magma emplacement.
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3. The in¯ating plutons ®nally became contiguous
(Fig. 8b) and the overall dextral shearing was re-
sponsible for the sigmoidal lineation trajectories
everywhere, and also for the sigmoidal foliation tra-
jectories of Panticosa. In W-Cauterets, the lineation
trajectories associated with the WNW±ESE-trend-
ing corridors underline C±S-like patterns attesting
to increasing dextral shear strains toward these cor-
ridors. The in¯ation of the central monzogranite of
W-Cauterets resulted in a stretching of the enclosing
granodiorite and indented the western end of E-
Cauterets while both plutons were still partly mol-
ten. The main shear zone, to the south of the
Cauterets plutons, was responsible for: (i) the
further feeding of the westernmost monzogranite
whose volume increase lessened the proportion of
the included country rock slivers which became
boudinaged at the regional scale; (ii) the high-tem-
perature solid-state straining of the southern parts
of the two Cauterets plutons and the northern part
of Panticosa; (iii) the large anisotropy magnitudes
along more localized shear corridors; and (iv) the
intense non-coaxial deformation observed in the
country rocks in-between E-Cauterets and
Panticosa. In short, shear strain along this main
shear zone, which probably began early in the
emplacement process of the plutons, became loca-
lized into progressively narrower bands during the
cooling of the magma. Low-temperature mylonites,
however, which are located in narrow bands oc-
casionally independent of the high-temperature
shear bands, could result from the Alpine defor-
mation event which may have re-used the
Hercynian shear planes.

CONCLUSION

The structural patterns observed in both the
Cauterets±Panticosa complex and its country rocks
give a ®ne illustration, at the map scale, of simul-
taneous intrusions and deformation of magmas in a
dextral transcurrent setting.
This study emphasizes the ubiquitous sigmoidal pat-

tern of the lineation trajectories as a distinctive and
unique feature of the complex. In the Panticosa plu-
ton, the sigmoids of lineations run throughout the plu-
ton and trend parallel to the foliation trajectories. In
this case it is inferred that the imprint of the dextral
transcurrent regional deformation prevails over the
imprint of the magma ¯ow. In the two Cauterets plu-
tons the foliation trajectories remain essentially con-
centric, and therefore are completely di�erent in shape
from the lineation trajectories. In the W-Cauterets plu-
ton the sigmoids of the lineation trajectories do not
cut across the whole body, but are con®ned in-between
WNW±ESE-trending shear corridors into which the

lineations are de¯ected towards E±W trends. These
corridors do not, however, disturb the foliation trajec-
tories. This implies that the foliations retain the mem-
ory of magma emplacement while the lineations
express the regional deformation. By the end of
magma crystallization, strain became concentrated into
the WNW±ESE-trending corridors of the pluton, with
no change in the overall dextral transcurrent regime.
The presence of only a partial reorientation of the fab-
ric, greater for the lineations than for the foliations,
implies a rather low magnitude for this late defor-
mation.

The ubiquitous dextral shear evidenced in the plu-
tons agrees with the kinematics of the D2 Hercynian
event of the Pyrenees. This event was characterized in
the country rocks by numerous dextral shear criteria
in thin sections and, in map view, by asymmetrical
neutral points at pluton tips. This event, which also
included a compressive component, was therefore a
transpression. These results are fundamental for the
understanding of the Hercynian evolution of the whole
Pyrenees. Adding the data provided by the study of
other plutons, the present results lead to the con-
clusion that during the D2 Carboniferous main phase
the dextral transpressive strain regime favoured the
emplacement of granitoid plutons.
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