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[1] The Pyrenees, north of the North Pyrenean fault, display a complex structure involving
a succession of peridotite massifs, basement massifs, and mid-Cretaceous to Late
Cretaceous basins located in a narrow domain, which was affected by a mid-Cretaceous,
preorogenic, high-temperature, low-pressure metamorphism. The Late Cretaceous basins
were interpreted either as pull-apart basins formed during transcurrent motion of Iberia
relative to Eurasia or as remnants of a larger extensional basin. Recent models support that
peridotite massifs result from the exhumation of the mantle during this preorogenic event.
The northern boundary of the Agly basement massif shows evidence of ductile deformation
of the basal formations of the Agly sedimentary cover. Macroscopic and microscopic
kinematics indicators consistent with asymmetry of crystallographic fabrics suggest normal
sense of shear and thus suggest detachment, at least partial, of the Mesozoic cover from its
basement. Triassic to Early Cretaceous limestones are mylonitic and consistently shows a
foliation, a NS- to NE-trending lineation, shear criteria suggesting top-to-the-north
shearing and locally boudinage. At the microscopic scale, mylonites are characterized by a
very fine grain size, frequently <10 mm. They contain larger, partially recrystallized calcite
parent grains and undeformed quartz grains with calcite fringes crystallized in pressure
shadows. In these mylonites, calcite systematically shows a weak but well-defined
crystallographic-preferred orientations, suggesting HT dislocation creep combined to
diffusion creep and possibly grain boundary sliding in the finest fraction of the mylonites.
Paleotemperatures determined using Raman spectrometry suggest synkinematic
temperature conditions in the range 340–390�C, in good agreement with observed
microstructures and calcite CPO. The mylonitic fabric in Mesozoic limestones is folded by
EW-trending Pyrenean folds north of the Agly basement massif, attesting that this fabric
formed before the Pyrenean orogeny. These data consistently support preorogenic
extension under medium-temperature conditions of the northern Agly massif and likely of
the massif itself. Since simultaneously (~100 Ma) a mid-Cretaceous basin opened south of
the basement massif, we suggest a model of preorogenic exhumation of the Agly massif in
response to the regional extension associated to the rotation of Iberia. This model may
explain the exhumation of the North Pyrenean massifs during a single preorogenic event
that allowed the opening of extensional basins and the exhumation of the lithospheric
mantle. All these structures being subsequently reworked during the Pyrenean orogeny.

Citation: Vauchez, A., C. Clerc, L. Bestani, Y. Lagabrielle, A. Chauvet, A. Lahfid, and D. Mainprice (2013), Preorogenic
exhumation of the North Pyrenean Agly massif (Eastern Pyrenees-France), Tectonics, 32, 95–106, doi:10.1002/tect.20015.

1. Introduction

[2] The Pyrenean belt is divided in two main domains by the
~EW-trending North Pyrenean Fault (NPF) that underlines the
corridor along which the Late Cretaceous rotation of the Iberian
microplate relative to the Eurasian plate was accommodated
[Larrasoaña et al., 2003; Le Pichon et al., 1970; Srivastava
et al., 1990]. The Pyrenean belt north of the NPF displays
peculiar features that mainly result from its preorogenic history.
These features, present along the entire belt from East to
West (Figure 1), include discontinuous hercynian basement
massifs (the “North Pyrenean massifs”), numerous bodies
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of subcontinental peridotites of various sizes, and mid-
Cretaceous to Late Cretaceous inverted metamorphic
basins.
[3] The inverted metamorphic basins have been inter-

preted as a succession of pull-apart basins formed during
the transcurrent to transtensional movement of the Iberian
microplate along the NPF during the opening of the Bay of
Biscay [Choukroune and Mattauer, 1978]. However, more
recent works suggest the formation of a larger extensional
domain between Iberia and Eurasia in association with the
transcurrent motion [Sibuet et al., 2004; Stampfli and
Hochard, 2009]. The lithospheric thinning that occurred in
those basins due to the Iberian microplate displacement
relative to Eurasia also triggered an HT metamorphism
(105–90 Ma) that affected the sediments deposited in the
basins. This HT metamorphism indeed extend northward
in a domain that encompasses Mesozoic sediments, the
basement massifs, and the mantle peridotites [Goldberg and
Leyreloup, 1990; Clerc et al., 2012]. Tectonic inversion of
the preorogenic basins occurred during the Eocene-Oligocene
Pyrenean compression [e.g., Choukroune, 1992].
[4] Processes accounting for the exhumation of mantle peri-

dotite and basement massifs as well as the timing of this exhu-
mation (pre- or syn-orogenic) are still questioned. Recently,
Lagabrielle and Bodinier [2008] and Lagabrielle et al. [2010]
have reported evidence supporting that the Lherz peridotite
massif was exhumed in relation with Aptian-Albian extreme
crustal thinning associated to the motion of Iberia relative to
Europa, i.e., coeval with the mid-Cretaceous opening of the
basins and the preorogenic “Pyrenean” metamorphism. This
model, also defended by Jammes et al. [2010], is in good
agreement with the suggestion that normal faulting and ductile

shearing dated at 110–100 Ma affect the hercynian crystalline
massifs in the Pyrenees [Passchier, 1984; Costa and Maluski,
1988; Saint Blanquat, 1990; Paquet andMansy, 1991]. In addi-
tion, crustal thinning is shown to have been coeval with a
thermal event that affected the Pyrenean continental basement.
Active circulation of hot fluids led to overall albitization in the
Agly, Salvezine, Saint Barthelemy, and Arize North Pyrenean
massifs, where the fluid circulation is dated between 117 and
98 Ma [Poujol et al., 2010]. Moreover, in the Saint Barthélémy
massif, the formation of the Trimouns talc at the expense of
dolomitic Paleozoic formation lasted at least 10–15 Ma during
the Albian [Schärer et al., 1999]. The talc is strongly deformed
within a shear zone that cuts the whole massif. This implies that
a major deformation event affected the basement block during
the mid-Cretaceous [Passchier, 1984; St. Blanquat et al.,
1986; St. Blanquat, 1993]. This gently dipping shear zone
shows a top-to-south kinematics and is associated with an
important thinning of the crust in an extensional context
[Passchier, 1984; St. Blanquat et al., 1986]. These features
collectively suggest that the north Pyrenean basement massifs
have been thinned and uplifted in response to the processes
accounting for the exhumation of the subcontinental mantle
during the Aptian-Albian.
[5] In this article, we report new data on the deformation and

paleotemperatures of the northern part of the Agly massif, the
easternmost north Pyrenean massif, that substantiate medium-
temperature extensional shearing and mylonitization of the
Mesozoic cover along the contact with basement rocks. This
extensional deformation clearly predates the Pyrenean orogeny;
it was coeval with the preorogenicmetamorphism and the open-
ing of the Late Cretaceous Boucheville basin. These data point
to a preorogenic exhumation of the Agly hercynian massif in

Figure 1. Simplified map of the Pyrenees showing the location of the north Pyrenean basement massifs,
the orogenic peridotites massifs, and the late cretaceous metamorphic basins. The original geometry of
these massifs as well as their relations with the North Pyrenean transform zone (now reduced to the North
Pyrenean Fault, NPF) have been deeply modified by the Pyrenean orogeny. TS is for Trois Seigneurs
basement massif. Location of 1) peridotites and granulite massifs after Lagabrielle and Bodinier 2008
and 2) Upper Cretaceous, metamorphic basins after Choukroune [1992].
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response to a regional-scale extension triggered by the rotation
of the Iberian microplate.

2. Geological Setting

[6] The Agly massif (Figure 2), the easternmost hercynian
massif of the northern Pyrenees, is bounded to the south by
the Boucheville syncline, one of the Cretaceous metamor-
phic basin inverted during the Pyrenean orogeny, and to
the north by the Agly overturned syncline that involves the
Mesozoic cover. The boundary between the Boucheville
syncline and the basement is marked by a major subvertical
fault that put in contact variscan granulites and charnockites
with Aptian-Albian flysch. This extensional fault, formed in
relation with the basin opening, has been subsequently reac-
tivated and displays evidence of postmetamorphic transcur-
rent and more locally reverse movements.
[7] The Agly basement massif is divided in two parts: the

northeastern domain consists of northeastward to eastward
gently dipping lower Ordovician metapelites affected by a
low pressure metamorphism that increases downward from
greenschists facies conditions (~350�C, <200MPa) to upper
amphibolite facies conditions (600–650�C, <400MPa). The
southwestern domain consists of high-grade gneisses (up to
granulite facies) and magmatic intrusives [Vielzeuf and
Kornprobst, 1984]. The highest-grade rocks are anatectic

granulites and charnockites. They occur close to the southern
contact with the Boucheville Cretaceous basin. The contact
between the two basement domains (Figure 2) was inter-
preted as a normal fault, gently dipping to northeast, related
to late variscan extension [Bouhallier et al., 1991]. Indeed,
the variscan basement displays many north- to northeast-
dipping extensional shear zones. These shear zones formed
under relatively low-temperature conditions: strain is
strongly localized in centimeter- to meter-wide mylonitic
to ultramylonitic zones. Many of these shear zones display
evidence of deformation at the ductile-brittle transition. K-
feldspars undergone microfracturation (“granulation”)
leading to cataclastic flow and quartz deformed through
low-T crystal plasticity marked by incipient dynamic
recrystallization in strongly elongated grains (Figure 3).
[8] In the northeastern part of the massif, the “Pyrenean”

(Eocene-Oligocene) orogenic imprint is limited. The Mesozoic
sediments that border the basement are concordant with the
schistosity of the Silurian and Devonian metapelites. The
western part is affected by several “Pyrenean” thrust faults that
make it more difficult to evaluate the preorogenic relationships
between the basement and its Mesozoic cover. The Mesozoic
series (Triassic to Upper Cretaceous) mostly consists of
limestones, some of which contain up to 10–15% of quartz
and bioclasts, and subordinate shales. The Triassic forma-
tions, characterized by interbedded evaporites and quartz-

Figure 2. Schematic map and cross section of the Agly basement massif and its surroundings. Map: 1 =
Variscan terranes of the axial zone; 2 =Amphibolite to granulite facies gneisses forming the deeper part of
the Agly massif; 3 =Ordovician (amphibolite facies) to Devonian (greenschist facies) metasediments; 4=Trias-
sic to Early Cretaceous formations, stippled where affected by the preorogenic metamorphism; 5=Late Creta-
ceous sediments, stippled where affected by the preorogenic metamorphism; 6 = postorogenic deposits;
7 = extensional contact between the Agly basement and its Mesozoic cover; 8= extensional contact [Bouhallier
et al., 1991] between the lower part of the Agly basement and the Palaeozoic metasediments. Both extensional
contacts have been reworked during the Pyrenean orogeny. Stars with numbers show the location of the samples
used for CPO measurements and for most microphotographs. AB: cross-section showing the simplified
structure of the northern boundary between the basement and its Mesozoic cover. Location of the cross section:
AB on the map.

VAUCHEZ ET AL.: EXHUMATION OF THE NORTH PYRENEAN MASSIFS

97



rich limestones, are discontinuous, boudinaged, and, conse-
quently, frequently lacking.

3. Deformation of Mesozoic Rocks Close to the
Basal Contact

[9] As already observed by Legier et al. [1987], the Triassic
and Jurassic rocks above the northern boundary of the Variscan
basement (Figure 2) display structures and microstructures
typical of a ductile deformation. This deformation is stronger
close to the contact with the basement and decreases upward
in the Mesozoic series.
[10] Most rocks are fine-grained and display a conspicuous

mineral lineation trending NS to NE-SW, more visible in
impure than in pure limestones (Figures 4a and 5). Locally
scapolite (dipyre) crystals are oriented parallel to the lineation.
This stretching mineral lineation is folded by the Agly syncline
and smaller satellite folds that affect the base of the Mesozoic
series, especially along the better preserved northeastern bound-
ary (Figure 2). In most cases, this lineation is associated with a
foliation parallel to the stratification. In places where the
foliation is oblique to the sedimentary bedding, geometrical
relationships are not consistent with those expected for an ax-
ial-plane foliation related to the “Pyrenean” folds.
[11] Numerous evidence of syn-metamorphic stretching can

be observed. Limestone layers are locally boudinaged at the
outcrop scale (Figure 5). In 3D they display a “chocolate tablet”
with a main elongation ~NS in agreement with the presence in
the limestone of a strong, NNE-trending mineral stretching
lineation (Figure 5b). At a larger scale, such boudinage resulted
in lateral discontinuity of the Triassic and Lower Jurassic layers.
[12] At smaller scale, fossils are elongated and sometimes

truncated and rotated in the direction of extension (Figure 4b).
Although most limestones are very fine-grained, some macro-
scopic shear sense indicators have been observed that con-
sistently suggest a top-to-north kinematics. For instance,
macroscopic asymmetric fringes developed in pressure
shadows around heterogeneities embedded in impure lime-
stone (Figure 6). Overturned folds wrapped by the foliation
(intrafolial folds) trend either EW or NS. In all cases, the hinges
of these folds display an axial plane foliation that bears the min-
eral stretching lineation. Eocene-Oligocene compressional folds

were superimposed to these early folds resulting in complex ge-
ometry [Legier et al., 1987].
[13] At the thin section scale, limestones systematically

display a mylonitic fabric characterized by a partial to com-
plete dynamic recrystallization. The new grain size varies
from <10 to ~40 mm, sometimes at the hand sample scale
(Figure 7). In most cases, new grains are slightly elongated
(up to 3:1) within the foliation even for grain size <10 mm.
Frequently, remnants of parent calcite grains are observed
(Figure 8). They display evidence of dislocation creep, such
as undulose extinction and subgrains. Porphyroclasts display
irregular shapes due to the presence of recrystallized new
grains along their boundaries. Recrystallization preferen-
tially occurred along the grain boundaries and in narrow
zones that crosscut parent grains. Some porphyroclasts are
strongly elongated within the foliation (Figure 9). In impure
limestones, quartz remains almost undeformed due to its
higher stiffness and display pressure shadows. In most cases,
pressure shadows are symmetric or display a faint asymme-
try; however, in some cases they are asymmetric and suggest
a top-to-north sense of shear. In several samples, sigmoidal
strain fringes filled with calcite fibers mark the pressure
shadows (Figure 10), suggesting that fluids were present
during deformation.

4. Crystallographic Preferred Orientation

4.1. Methodology

[14] Oriented samples of mylonitic limestones showing a
clear lineation have been selected for crystallographic-preferred
orientation (CPO) measurements. Calcite CPO was measured
on carefully polished thin sections using the electron back-
scattering diffraction (EBSD) technique. Measurements were
performed in automatic mapping mode on a grid basis of
2–15mm in either a CamScan CrystalProbe X500FE or a JEOL
JSM-5600 scanning electron microscope at Geosciences
Montpellier (Université de Montpellier 2). In both cases, the
sample is tilted at an angle of 70� relative to the electron beam,
producing Kikuchi bands on a phosphorous screen. Diffraction
images were recorded by a high-speed camera, then amplified
and processed using the Channel 5 software (Oxford Instru-
ments). Each measurement allows determining the nature of

N

Figure 3. Low-temperature mylonitization of a variscan granite in an extensional shear zone. (a) A heteroge-
neous deformation of the granite in which mildly deformed domains alternate with zones of mylonites and
ultramylonites. (b) An example of themicrostructure in themildly deformed granite. Quartz crystals are strongly
elongated and display local dynamic recrystallization in ultrafine grains (a few micrometers); K-feldspars have
undergone a cataclastic deformation. Thin section parallel to the XZ structural plane.
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the mineral and the orientation of the crystal. Postprocessing of
measurements include data filtering and averaging measure-
ments for each crystal under the Channel 5 software. Pole
figures (PF) were computed using the MTEX software
[Hielscher and Schaeben, 2008; Bachmann et al., 2010;
Mainprice et al., 2011]. In a PF, specific crystallographic axes

or directions are plotted in the XYZ structural frame. All PFs
have been processed using one single measurement per grain
to give a similar weight to all grains independently of their size.
Plotting one point per grain usually allows a better determina-
tion of the slip systems, especially when the grain size is
bimodal. However, as shown in the next section, the grain size

AN

B 

10cm1m

Figure 5. (a) Boudinage of the Early Jurassic limestones. (b) The surface of a limestone layer located at
the tip of a boudin, which bears a well-developed stretching lineation enhanced by weathering (10AG7).

Figure 4. Tectonic fabric associated with the preorogenic ductile deformation ofmesozoicmetasediments. (a)
The vertical southern limb of the Agly syncline shows a downdip stretching lineation almost orthogonal to the
fold axis in early Jurassic limestones (10AG11). (b) A belemnite elongated ~NS, parallel to the stretching lin-
eation in Early Jurassic limestones (10AG2). (c) The foliation (S1) marked by stretched fossils, which cross-cuts
the stratification in Late Jurassic limestones in the southern limb of the Agly syncline. (d) An isoclinal fold
roughly coeval to ductile shearing in Early Jurassic limestones.
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can be an important factor that influences deformation mechan-
isms. For some samples, we thus plotted separately the CPO of
calcite as a function of the grain size.

4.2. Calcite

[15] All studied samples display a weak but well-organized
CPO. Different patterns have been obtained. For simplicity
sake, implications of each CPO type are provided after each
observation, and then a general discussion is provided in the
“Discussion and Conclusions” section.

• Several samples, with a mean recrystallized grain size of a
few tenths of micrometers, display a point concentration
of c[0001] close to the pole to the foliation with a slight
asymmetry and a concentration of a<2�1�10> in a direction

close to the lineation (Figure 11). This pattern suggests that
the deformation was accommodated by dominant slip on the
c(0001) plane with a<2�1�10 > as slip direction [e.g., Pieri
et al., 2001].

• In a few cases, e<�1012> is closer to the pole of the foliation
and c[0001] define a point concentration on one side of the
pole figure. Because (�1 012) is not known as a slip plane
and there is very few evidence of twinning, even in porphyr-
oclasts, this asymmetric pattern is likely due to a simple shear
deformation with (0001) as dominant slip plane.

• Several very fine-grained (≤10mm) calcite mylonites, some
embedding coarser, partially recrystallized grains, display a
point maximum concentration of c axes close to the lineation
or at an angle of ~30� (Figure 11). The fabric strength is
always low, but the concentration of c axes is well defined.

Figure 6. Calcite fringes crystallized in the pressure shadows around detritic bodies in Middle Jurassic lime-
stones (a and b; close to sample 10AG2). Fringes are asymmetrically crystallized on both sides of stiff object,
but only the upper (northern) tail is visible because the southern tail is still below the erosion surface, as seen on
the interpretative cartoon (c).

 A B    

Figure 7. Electron back-scattering diffraction (EBSD) map showing the typical microstructure in a totally
recrystallized domain of a mylonitic limestone (sample 10AG6). Colors in Figure 7a are a function of the
crystallographic orientation of calcite (quartz grains are grey), and Figure 7b shows an automatic grain
boundaries drawing derived from Figure 7a. In this sample, the grain size is variable, with domains contain-
ing very fine grains (~10mm) alternating with domain in which the recrystallized grain size is larger
(30–50mm). The repartition of grain size domains marks the flow fabric. A large proportion of grains, inde-
pendent of the grain size, display an elongate shape. Thin section parallel to the XZ structural plane.
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This crystallographic fabric is puzzling since it suggests
c[0001] as slip direction, but this axis has never been deter-
mined as an active slip direction in experimental deformation
of calcite aggregates.

[16] To investigate in more detail this unexpected CPO, we
have divided the population of calcite crystals of the aggregates
in several groups depending on their grain size (Figure 12). In
several samples, the orientation of c[0001] parallel to the linea-
tion is clear for crystals with a small grain size, although the

fabric strength decreases for the smallest one. In contrast, this
orientation is not found for the coarsest grains that display a
concentration of c[0001] close to the pole to the foliation
(Figure 12). This suggests a change in deformation mechanism
associated with grain size reduction due to dynamic recrystalli-
zation. Such variation of the CPOwith the grain size is however
not systematic. Sample 97AG4b (Figure 11), for instance,
displays a concentration of c[0001] close to the X axis, indepen-
dent of the grain size. It should, however, be noticed that this
sample contains almost no remnants of original grains and that
the variation in grain size is among recrystallized crystals.

4.3. Quartz

[17] Quartz does not display any reliable preferred orienta-
tion even in samples that are relatively quartz-rich. This
observation is not surprising since quartz is less ductile than
calcite and behaves as rigid objects in the calcite matrix,
especially under temperature conditions close to its brittle-
ductile transition. This behavior is well illustrated by the
development of fringes in pressure shadows around quartz
grains.

5. Paleotemperatures From Raman Spectroscopy

[18] The Raman spectroscopy has been used success-
fully to characterize the structural evolution of carbona-
ceous materials (CM), reflecting a transformation from
disordered CM to well-ordered CM [Wopenka and
Pasteris, 1993], during metamorphism. The irreversible
polymerization and reorganization of these materials allow
estimating peak temperatures of metamorphic rocks using
the Raman CM geothermometer with the R2 Raman

200µm

B

A

Figure 8. EBSD map of a sample (10AG20B) containing
large remnants of calcite parent grains in a finely recrystal-
lized matrix. (A and B) as in Figure 7. Porphyroclasts show
elongate shapes, contorted grain boundaries, and evidence of
dynamic recrystallization. Thin section parallel to the XZ
structural plane.

200µm

Figure 9. “Retort-shaped” calcite crystal embedded in a
finely recrystallized calcite matrix (~80% have a grain size
<15 mm and ~50% <10 mm). The mylonitic foliation wraps
around the porphyroclasts, the upper part of which was more
strongly sheared than the lower part and displays evidence
of dynamic recrystallization. Polarized-analyzed reflected
light. Sample 10AG1B. Thin section parallel to the XZ struc-
tural plane.

200µm

200µmA

B

N

Figure 10. Asymmetric calcite fringes around quartz crys-
tals. Black strips along the foliation are organic matter.
Polarized-analyzed reflected light. Sample 10AG6. Thin
section parallel to the XZ structural plane.
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Figure 11. Crystallographic preferred orientation (CPO) of calcite in mylonitic limestones close to the contact
with the hercynian basement (see location of samples on Figure 2). All samples display a well-defined although
weak CPO. Samples 10AG1B, 10AG2, 10AG 11, 10AG20A and B, 11AG29 and 11AG30 show a concentra-
tion of (0001)c at a small angle to the pole of the foliation suggesting the basal plane as main slip plane and
2�1�10ð Þa as main slip direction. Several other samples: 10AG6, 10AG7, 97AG4b display concentrations of
(0001)c close to the lineation and 2�1�10ð Þa close to the pole to the foliation. This latter CPO would suggest
(0001)c as slip direction, a system that has never been suggested by experimental work. See further discussion
in the main text. G is the number of grains that have been measured. N is North. XYZ on diagram in the upper
left corner are the main axis of the strain ellipsoid, X= lineation, Z=pole to the foliation, Y= intermediate axes
orthogonal to the lineation in the foliation plane.
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parameter [Beyssac et al., 2002]. In this study, we have
applied the Raman geothermometric approach of Beyssac
et al. [2002] to estimate paleotemperatures in pelitic-psam-
mitic metasedimentary rock samples from the Triassic-
Lower Jurassic series displaying a clear mylonitic fabric.
The selected samples have been also used to measure
calcite CPO as reported in the previous section.
[19] Raman analyses were performed using a Renishaw

(Wotton-under-Edge, UK) InVIA Reflex microspectrometer
(ENS Paris). Before each session, this spectrometer was

calibrated with silicon standard. The light source is a 514
nm Spectra Physics argon laser. The output laser power is
around 20 mW but only around 1 mW reached the surface
sample through DMLM Leica (Wetzlar, Germany) micro-
scope with a 100� objective (NA=0.90). Edge filters elim-
inated the Rayleigh diffusion, and the Raman light was then
dispersed using 1800 g mm�1 grating before being analyzed
by a Peltier cooled RENCAM CCD detector. Measurements
have been done on polished thin sections cut normal to the
foliation and parallel to the lineation (XZ structural plane).

4-9µm

9-14µm

19 -24µm

24-29µm

G=26554

G=137

6-28 µm

50-72 µm

10AG6

10AG1b

G=19931

G=7624

G=867

G=199

[1000] (0118) (0112) (2110)(1014)c e r f a m
- - - - - -

X Y

Z

Figure 12. Pole figures showing the variation of calcite CPO with the grain size in two samples having
retained calcite porphyroclasts. In both samples, fractions with larger grain size (with enough grains to be
statistically reliable) are characterized by a maximum of [0001] close to the pole to the foliation (Z axes),
while fractions with the finest grain size display a concentration of [0001] either between the X and Z axes
or closer to the X axes. Grain size and grain size classes (30–50 bins) were automatically determined from
EBSD measurement using the MTEX software [Hielscher and Schaeben, 2008; Bachmann et al., 2010;
Mainprice et al., 2011].
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To avoid the effect of polishing, the CM analyzed were
below a transparent adjacent mineral, usually quartz or
calcite. The scanning mode was extended from 1000 to
2000 cm�1, and the acquisition time was typically between
10 and 60 s. To check the within-sample structural heteroge-
neity, more than 10 analyses were performed on each
sample. Spectra were then decomposed using Voigt profile
for all bands and the Peakfit software [Beyssac et al., 2003].
[20] The results obtained for the six analyzed samples are

presented in Table 1. For five samples, the estimated tem-
peratures range between 337�C and 387�C. For one sample
(10AG4B) of Triassic limestones from an anhydrite-rich
layer, a temperature of 494�C was obtained, contrasting
significantly with the temperature of 387�C obtained for a
sample (10AG4) located about 10 m above. This result
requires further confirmation since it lies significantly out
of the temperature range obtained for the five other samples.
It is, however, worth remarking that the sampled layer rests
about 1 m above the contact with Paleozoic schists.
[21] These temperature estimates are in good agreement with

those obtained by Goldberg and Leyreloup [1990] in the
sedimentary cover north of the Agly basement massif. The
limited number of analyses does not allow extrapolating these
temperatures at the scale of the Agly massif since it was shown
that the Mesozoic metamorphism was influenced by seawater
percolation in the crust [Goldberg and Leyreloup, 1990]. How-
ever, the homogeneity of the mylonitic structure over a large
area requires a synkinematic temperature high enough to
activate dislocation creep in calcite, i.e., in the range of the
temperature estimates obtained in this study.

6. Discussion and Conclusions

[22] New field observations, crystallographic measurements,
and temperature estimates collectively support that, during the
Late Cretaceous, the Mesozoic cover that borders the Agly
basement massif to the North was involved in a medium tem-
perature, low-angle ductile shear zone localized at the boundary
between the two formations. This mylonitic deformation ac-
commodated a décollement, at least partial, of the sedimentary
cover from the top of the Paleozoic basement. At the regional
scale, this décollement is well documented by the basal
truncation of the Mesozoic sedimentary sequence, which
was already stressed by Durand-Delga [1964] and well de-
scribed by Berger et al. [1993] on the 1:50.000 geological
map of Rivesaltes (especially close to the towns of Estagel
and Baixas). Refolding of the foliation and lineation associ-
ated to this shear zone by EW-trending Pyrenean (Eocene-
Oligocene) folds supports that the formation of this ductile
fabric predates the “Pyrenean” compression. Crystallization

of scapolite crystals parallel to the lineation, deformation of
limestones through crystal plasticity, and temperature esti-
mates similar to those obtained for the Late Cretaceous meta-
morphism described in this area [Goldberg and Leyreloup,
1990] consistently support that ductile shearing was coeval
with this preorogenic metamorphism and, consequently, with
the Aptian-Albian formation of the Boucheville basin.
[23] The mylonites bear a N- to NE-trending mineral stretch-

ing lineation and display top-to-north (or NE) macroscopic and
microscopic shear criteria, suggesting a “normal fault” kinemat-
ics. This kinematics is supported by the lack of lithological
inversion and by the discontinuity of Triassic and lowermost
Jurassic sediments (see cross section on Figure 2). However,
chocolate tablet boudinage and paucity of kinematic indicators
suggest a pure shear component normal to the foliation, likely
due to loading by the sedimentary pile above the ductile shear
zone. The kinematics is in agreement with an extensional defor-
mation localized in the lower part of theMesozoic pile resulting
in the exhumation of the Agly basement massif. Strain localiza-
tion at the boundary between Paleozoic and Mesozoic forma-
tions was probably favored by the low-viscosity evaporite
layers within the Triassic sediments that were heavily boudi-
naged and only subsists as lenses of various sizes along the
contact. The mylonitic microstructure of Triassic and Jurassic
limestones, characterized by a very fine grain size, suggests
relatively high-stress conditions. Considering the temperature
conditions estimated in this study (340–390�C) and the lack
of evidence of annealing, high deviatoric stress conditions
might result from a rather high strain rate [de Bresser et al.,
1993] and thus a rather fast exhumation of the Agly massif.

6.1. Microstructure, CPO, and Deformation
Mechanisms

[24] Several samples display a concentration of calcite c[0001]
close to the pole to the foliation and a dispersion of a<2�1�10 >
in the foliation plane. This pattern, which is interpreted as due
to dislocation creep with (0001) as dominant slip plane, is
rather frequent in calcite mylonites deformed under
medium/high temperature conditions [e.g., de Bresser
and Spiers, 1993; Austin et al., 2008]. The dispersion of
a<2�1�10 > in the foliation plane may be due to a deformation
regime involving a pure shear component orthogonal to the fo-
liation. Austin et al. [2008] have recently shown that this slip
system is dominant in calcite mylonites forming the sole of
the Morcles nappe and that the CPOmaintains the same pattern
and tends to become stronger approaching the basal contact of
the nappe. This evolution contrasts with the evolution of the
CPO observed in the North Agly extensional shear zone where
the concentration of c[0001] close to the foliation pole tends
to fade in samples with the finest grain size. In these samples,
c[0001] close to the foliation pole are only maintained for the
coarser-grained fraction, whereas in the finest-grained size
fraction c[0001] tend to preferentially concentrate close to
the lineation. The contrast between the CPO evolution in the
Morcles Nappe and the North Agly extensional shear zone
suggests that different deformation mechanisms have operated
during the deformation of limestones in these two mylonitic
zones. Although understanding such contrast requires further
studies, it might be an effect of the strain regime: compressional
in the Morcles nappe and extensional in the North Agly
décollement zone.

Table 1. Paleotemperatures EstimatedUsing theR2 Raman Parameter
From Beyssac et al. [2002] for Six Mylonitic Limestonesa

Sample Nb Spectra R2 SD T (�C) SE (�C)

10AG1B 15 0.64 0.01 356 2
10AG2B 14 0.68 0.03 337 4
10AG3 14 0.65 0.02 351 3
10AG4 12 0.57 0.05 387 6
10AG4B 13 0.33 0.06 494 7
10AG6 13 0.67 0.02 342 10

aR2 is the ratio of the peak areas of the defect bands measured in the CM
Raman spectra. SD is standard deviation; SE is standard error.
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[25] In the North Agly extensional shear zone, the small
recrystallized grain size, the weak CPOs, and the variation of
the CPO with the grain size in rocks displaying evidence of
rather large deformation suggest that dislocation creep is not
the only strain-accommodating mechanism. An additional,
grain size–sensitive creep mechanism that weakens the crystal-
lographic preferred orientation should significantly contribute
to strain accommodation. However, the variation in calcite
CPO between very small recrystallized “new” grains and the
remaining parent grains in some mylonitic samples suggest that
this additional mechanism generates a weak but well-defined
preferred orientation of calcite new grains. Grain boundary
sliding (GBS) is frequently invoked as strain-accommodating
mechanism in very fine-grained aggregates. However, GBS
by itself does not generate CPO nor elongate grain shapes.
Two types of GBS with different plastic accommodation
mechanisms are described in the literature [Baudelet et al.,
1975; Langdon, 1994, 2000, 2006]: (1) dislocation creep-
assisted GBS [Rachinger, 1952; Mukherjee, 1971] and (2)
diffusion creep-assisted GBS [Lifshitz, 1963; Langdon, 2000].
The grain shape in the aggregate deforming through GBS is
equidimensional when the accommodation mechanism is dislo-
cation creep, while grains display an elongation when diffusion
creep is the accommodation mechanism [e.g., Langdon, 2006].
In the studied mylonitic limestones, the recrystallized grains of
calcite, even the smallest, usually display a slightly elongate
shape (up to 3:1). This observation does not fit well the
expected equidimensional shape for dislocation creep-assisted
GBS; it rather favors diffusion creep–assisted GBS. This
mechanismmight have been enhanced by the presence of fluids
during deformation (as suggested by calcite fringes around
quartz grains). It might also explain the unusual CPOs of calcite
characterized by c[0001] preferentially oriented parallel to the
lineation (i.e., the extension direction), which characterizes the
very fine-grained aggregates. It is noteworthy that such calcite
CPO was not observed in coarser-grained aggregates or in
parent grains.

6.2. Preorogenic Exhumation Model

[26] A ductile, extensional shear-zone coeval with the
mid-Cretaceous metamorphism developed on the northern
flank of the Agly basement massif. During the same period
of time, a large basin (the Boucheville basin) developed

South of the Agly massif in relation with the displacement
of Iberia relative to Europa. This suggests that, during the
Upper Cretaceous, extension affected not only a corridor
along which Iberia moved but also the margin of Europa,
resulting in a thinning of the continental Eurasian litho-
sphere. The consistent N- to NE-trending lineations observed
in the Measozoic limestone north of the Agly basement massif
are not in agreement with the deformation expected in pull-apart
basins formed along the North Pyrenean Fault. More data,
especially from other North Pyrenean basement massif are
necessary to reliably decide which plate tectonic model is best.
However, the new data from the Agly massif suggest that the
Late Cretaceous extension affected a large domain of the
Eurasian margin, and this does not fit well the “pull-apart
basins” model.
[27] The extended middle to lower crust (the basement

massifs, bounded by extensional domains) was tilted along
the fault bounding the Boucheville basin to the North as
suggested by the occurrence of the deepest metamorphic rocks
close to the boundary with the Late Cretaceous basin. Tilting
to the North likely favored the exhumation of the basement
massif since it made the décollement of the Mesozoic cover
on its northern side easier. Temperature increase and possible
fluid transfer through the crust due to lithospheric thinning
allowed limestone to deform through crystal plasticity and dif-
fusion. In addition, evidence that large extension occurred
within the pre-Albian Mesozoic cover and accommodated
basement exhumation suggests that major extensional, low-
temperature shear zones observed within the Agly basement
may be related to the Upper Cretaceous extension, as it is
the case for the Saint Barthelemy extensional shear zone
[Passchier, 1984, Saint Blanquat, 1990).
[28] Figure 13 shows a conceptual model that summarizes

the observations made in and around the Agly massif. In this
model, the main extension occurs south of the massif where
a large and deep basin develops, and an extensional domain
is induced north of the Agly massif. This resulted in an
asymmetrical exhumation, with the southern limb being
significantly more exhumed than the northern limb, resulting
in a tilting of the Agly massif. The development of an exten-
sional detachment zone on the northern flank of the Agly
massif is consistent with the results of numerical modeling
of metamorphic core complexes by Tirel et al. [2008]: in all

Figure 13. Cartoon showing a conceptual model for the exhumation of the Agly basement massif during
the Late Cretaceous. The subsidence associated to the development of the Boucheville basin is compen-
sated by the uplift, then the exhumation of the Agly massif through the development of an extensional
shear at the boundary between the Mesozoic sequence and the basement. NPF represents the limit of
the Iberian microplate, i.e., the future North Pyrenean Fault. 1 = subcontinental mantle, 2 = lower crust,
3 = Palaeozoic metasediments, 4 = Triassic to Aptian, 5 = Early Albian and 6 = faults/shear zones.
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models with an initial Moho temperature (TMi) =830�C,
detachment zones developed on the dome limb opposite to the
moving boundary. Even under higher temperature initial condi-
tions (TMi=1070�C), Tirel et al. [2008] models show that the
main detachment zone develops on the dome limb opposite to
the moving boundary for high boundary velocities and on the
side of the moving boundary for low boundary velocities.
[29] The Agly massif appears as a key area to study the high-

temperature deformation that affected the Mesozoic sediments
and especially limestones of the North Pyrenean Zone during
the detachment of Iberia from Europa. From this example, we
suggest that the preorogenic exhumation process deduced from
the observations in and around the Agly massif may account for
the exhumation of the basement massifs exposed along the
North Pyrenean belt. Strongly shearedmetamorphic limestones,
as those observed in the Agly massif, might represent a source
for the HT mylonitic marble clasts that form thick breccia
sequences observed in Albian basins, for instance, the Aulus ba-
sin [Clerc et al., 2012]. Considering that many North Pyrenean
basement massifs, including the Agly massif, display lower
crustal formations in tectonic contact with upper Cretaceous
metasediments, the suggested widespread extensional deforma-
tion of the Southern Europa lithosphere may also have induced
the exhumation of the mantle peridotites exposed along the belt,
leading to their remobilization by sedimentary processes
[Lagabrielle and Bodinier, 2008].
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