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Abstract Detailed *°Ar/*’Ar geochronology on single
grains of muscovite was performed in the Variscan Tann-
eron Massif (SE France) to determine the precise timing of
the post-collisional exhumation processes. Thirty-two pla-
teau ages, obtained on metamorphic and magmatic rocks
sampled along an east-west transect through the massif,
vary from 302 4+ 2 to 321 & 2 Ma, and reveal a hetero-
geneous exhumation of the lower crust that lasted about
20 Ma during late Carboniferous. In the eastern part of the

massif, the closure of the K—Ar isotopic system is at 311— .

315 Ma, whereas in the middle part of the massif it closes
earlier at 317-321 Ma. These cooling paths are likely to be
the result of differential exhumation processes of distinct
crustal blocks controlled by a major ductile fault, the La
Moure fault that separates both domains. In the western
part of the massif, the ages decrease from 318 to 303 Ma
approaching the Rouet granite, which provides the youn-
gest age at 303.6 + 1.2 Ma. This age distribution can be
explained by the occurrence of a thermal structure spatially
associated to the magmatic complex. These ages argue in
favour of a cooling of the magmatic body at around 15 Ma
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after the country rocks in the western Tanneron. The
emplacement of the Rouet granite in the core of an anti-
form is responsible for recrystallization and post-isotopic
closure disturbances of the K-Ar chronometer in the
muscovite from the host rocks. These new “°Ar/*’Ar ages
clearly outline that at least two different processes may
contribute to the exhumation of the lower crust in the later
stage of collision. During the first stage between 320 and
310 Ma, the differential motion of tectonic blocks limited
by ductile shear zones controls the post-collisional exhu-
mation. This event could be related to orogen parallel
shearing associated with crustal-scale strike-slip faults and
regional folding. The final exhumation stages at around
300 Ma take place within the tectonic doming associated to
magmatic intrusions in the core of antiformal structures.
Local ductile to brittle normal faulting is coeval to Upper
Carboniferous intracontinental basins opening. -

Keywords Variscan - “OAr/*Ar - Thermal doming -
Exhumation - Tanneron Massif

Introduction

Final stages of collisional mountain belts are characterized
by thermal and mechanic equilibration of the thickened
continental lithosphere. The timing and processes of
exhumation of deep crust are still under debate and several
mechanisms are currently considered: isostatic uplift, ero-
sion, extensional tectonic, delamination or convective
removal of the mantle part of the lithosphere. Because
petrological, structural and kinematic descriptions are
essential informations for the understanding of these pro-
cesses, precise age data on rocks affected by these late
events may significantly advance the discussion about the
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exhumation model. Notably “OAr*°Ar geochronology on
single minerals allows determining the approximate cool-
ing rates, which is a relevant parameter characterizing
orogenic exhumation rate.

In the Variscan belt of Europe, late exhumation pro-
cesses have been extensively studied without any general
agreement. These are thought to be mainly associated with
core complex-type structures, crustal-scale strike-slip faults
and intracontinental basin formation (Burg et al. 1994;
Costa and Rey 1995; Echtler and Malavielle 1990; Faure
1995; Faure et al. 2002; Gardien et al. 1997; Malavieille
1993; Soula et al. 2001). In this study, detailed *°Ar/*’Ar
geochronology on muscovite associated with structural
study was conducted in the Maures-Tanneron Massif (SE
France) to characterize the exhumation process of the
lower crust during the late stages of the collision. The
Maures-Tanneron Massif is the southernmost segment of
the European Variscan belt in association with the external
massifs of Argentera in the Southern Alps, Corsica and
Sardinia (Matte 2001). This massif was chosen because it
displays continuous exposures of quite neatly fresh rocks
compared to other massifs of the Variscan belt, and few

petrological, structural and geochronological data were
available at the beginning of the study.

Lithological and structural frameworks
of the Tanneron Massif

Lithological frameworks

Located in Southeastern France, the Maures-Tanneron
Massif belongs to the Variscan Provence, limited by the
Mediterranean sea to the South East (Fig. 1). The northern
Tanneron Massif is separated from the Maures Massif by
an E-W trending Permian basin. The whole massif records
a polyphased deformation history of a high-grade meta-
morphism before Upper Carboniferous times (Crevola and
Pupin 1994, and references therein). The Maures Massif
(Fig. 1b) is separated in two main domains by the N-S
trending Grimaud fault: (1) the Western and Central Ma-
ures are composed of Lower Palaeozoic metasediments
(Western metamorphic unit), Precambrian to Lower Pal-
aeozoic metasediments and metagranites (Bormes unit) and

Fig. 1 a General sketch map of T 1
the Variscan units in western
Europe modified from Matte
(2001): 1 external zones, 2
internal zones. b Structural
sketch map of the Maures et
Tanneron Massifs modified
from Crevola and Pupin (1994)
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a layered leptyno-amphibolic complex of Cambrian—
Ordovician age (Innocent et al. 2003) associated with
orthogneisses and micaschists of unknown age (La Garde-
Freinet unit) and (2) the Eastern Maures mostly composed
of granites and migmatitic para- and orthogneisses along
with amphibolites containing relics of eclogite. The
Tanneron Massif extending E-W over about 600 km?
(Figs. 1b, 2) is mainly composed by micaschists, migmat-
itic para- and orthogneisses, amphibolites containing relics
of eclogite and late granitic and tonalitic intrusions
(Crevola et al. 1991; Crevola in Toutin-Morin et al. 1994).
The metamorphic evolution of the Maures-Tanneron
Massif (Seyler 1975; Maquil -1976; Le Marrec 1976;
Crevola 1977; Bard and Caruba 1981, 1982; Caruba 1983;
Bouloton et al. 1998; Buscail and Leyreloup 1999; Bellot
et al. 2003) is characterized by (1) an early HP-LT
eclogitic stage, (2) a MP-MT barrovian main stage and (3)
a late HT-LP stage. During the main barrovian stage the
anatexis is reached in the sillimanite—muscovite zone,
which spread over the Eastern Maures and the whole
Tanneron Massif. Successive tectono-metamorphic events
reflect subduction, collision and late exhumation of a
previously thickened crust.

Structural pattern

Previous structural analyses of the Maures-Tanneron
Massif (Arthaud and Matte 1966; Seyler 1982, Crevola
1977; Caruba 1983; Vauchez and Bufalo 1985, 1988;
Morillon 1997; Buscail 2000; Bellot et al. 2000, 2002)
indicate a polyphase deformation with four main phases.
The first two phases of pervasive ductile deformation
(D1-D2) are characterized by isoclinal and sheath folds
with penetrative flat lying foliation, S1-S2, and horizontal
stretching and mineral lineations, L1-L2. The D1 defor-
mational phase is characterized by WNW directed
thrusting mostly found in Western and Central Maures. The
D2 deformational phase is observed in Central and Eastern
Maures and in the whole Tanneron where the deformation
is marked at all scales by isoclinal folds with prominent
orogen parallel stretching lineation, and is developed dur-
ing transpressional deformation in a regime of decreasing
pressure. The third deformation event (D3) is characterized
by orogen parallel shearing with N-S trending sinistral
ductile strike-slip shear zones associated to large-scale
concentric folds and axial planar cleavage (S3-L3). The
last phase of deformation (D4) varies from ductile to brittle
regimes, and is characterized by dextral strike-slip shear-
ing, granite and tonalite emplacement and normal faulting
associated with the Upper Carboniferous basin opening
during progressive exhumation of the crust.

In the Tanneron Massif, two steeply dipping N-S
trending ductile to brittle faults, so-called the Joyeuse and

La Moure faults limiting elongate Stephanian sedimentary
basins, divide the massif into three domains (Figs. 1, 2):
the Western Tanneron, west of the Joyeuse fault; the
Eastern Tanneron, east of the La Moure fault; and the
Middle Tanneron between them. Through out the massif,
the metamorphic rocks are characterized by a well-devel-
oped foliation related to the D1-D2 phases. Three large
kilometric folding structures (D3) are distinguished from
W to E (Fig. 4): the Rouet antiform, the Reyran synform
and the Cannes antiform (Crevola and Pupin 1994). In the
most western part, near the Joyeuse fault, the metamorphic
pile is intruded by a magmatic complex: the calk-alkaline
Prignonet tonalite of mixed mantle—crust origin at first, and
then the younger syntectonic peraluminous Rouet granite
of deep crustal origin (Onezime et al. 1999, Fig. 2). In this
area, the metamorphic foliation of the sillimanite—cordier-
ite rich migmatitic gneiss displays a cartographic dome-
like structure all around the tonalite-granite complex
(Crevola in Toutin-Morin et al. 1994; Corsini et al. 2004a;
Demoux et al. 2008). At the western border of the dome
structure, the narrow Pennafort Stephanian detrital basin
(Fig. 2) lies unconformably on the mylonitic gneisses and
is in tectonic contact with the country gneiss to the east by
the Joyeuse fault. The hanging wall of the Joyeuse fault is
characterized by steep mylonitic foliation planes associated
to steeply dipping stretching lineations. The shear criteria
indicate a top to the SW displacement, assuming a normal
ductile shearing. The magmatic fabric of the tonalite is
parallel to the tectonic fabric of the surrounding gneisses,
suggesting a coeval emplacement of the magmatic com-
plex. The normal faulting represents the last deformation
stage, varying from ductile to brittle condition, associated
to folding, granitic intrusion and intracontinental basin
emplacement.

Previous geochronological data on the Southern
European Variscan belt

Previously obtained ages in the Maures Massif are high
pressure (HP) metamorphism at 431 + 4 Ma (U-Pb zircon
in eclogite, Moussavou 1998), followed by decompres-
sion and partial melting between 350 and 330 Ma
(345 £ 3 Ma, U-Pb monazite in migmatitic orthog-
neiss: Moussavou 1998; 348 4+ 7 Ma, Rb—Sr whole rock:
Innocent et al. 2003; 338 + 8, 333 + 4 and 324 + 5 Ma
on intrusives, U-Pb zircon: Moussavou 1998). In the
Tanneron Massif, ages from 440 to 410 Ma recorded in an
orthogneiss from the central part of the massif are related to
the subduction stage (U-Pb on monazite; Demoux et al.
2008). Ages at 317 £ 1 Ma in the central part, and at
309 £ 5 and 310 &+ 2 Ma in the eastern part of the massif
correspond to a HT metamorphism event (U-Pb on
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Fig. 2 Geological sketch map modified after Crevola and Pupin (1994) showing the structural divisions of the Tanneron Massif and the location

of the studied samples. The 40Ar/*Ar ages are shown at the 20 level

monazite; Demoux et al. 2008). A Rb—Sr whole rock iso-
chron age at 374 £ 25 Ma is. also recorded in gneisses
from the Tanneron Massif (recalculated with decay con-
stants recommended by Steiger and Jager 1977; Roubault
et al. 1970).

In the Maures Massif, the cooling history was recently
reconstructed from “°Ar/*°Ar dating on amphiboles, bio-
tites and muscovites (Morillon et al. 2000; Buscail 2000).
“OAr/°Ar muscovite and biotite plateau ages of
317.2 + 1.0-322.9 £+ 1.7 Ma on the western side of the
Grimaud fault contrast with those of 300.2 & 0.6—
306 4 2.4 Ma on the eastern side, and demonstrate distinct
cooling history on both sides of the fault (Morillon et al.
2000, Fig. 6). In the same way, amphiboles from the
western side have “°Ar/*’Ar plateau ages from 328.1 + 2.8
to 329.9 &£ 2.1 Ma, whereas on the eastern side amphi-
boles have “°Ar/°Ar plateau ages from 307.9 &+ 1.2 to
317.4 + 2.4 Ma. Morillon et al. (2000) proposed this East—
West age difference as the result of diachronic stages of
exhumation along the Grimaud fault.

Late to post-kinematic granites are present in the
Tanneron and in the Maures Massifs. The Plan-de-la-Tour
granite (Maures Massif) and the Rouet granite (Tanneron
Massif) yielded whole rock Rb-Sr ages of 314 £ 10 Ma
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(recalculated, Roubault et al. 1970). The Plan-de-la-Tour
granite gave a whole rock Rb-Sr age of 313 & 10 Ma
(recalculated, Maluski 1972) and a U-Pb zircon age of
324 4+ 5 Ma (Moussavou 1998), whereas in the Tanneron
Massif the emplacement of the Rouet granite is dated at
302 + 4 Ma (U-Pb on monazite; Demoux et al. 2008).
Tonalite bodies yielded a U-Pb zircon age of 334 &= 3 Ma
(Moussavou 1998) in the Maures Massif and a whole rock
K-Ar age of 322 4+ 10 Ma (recalculated according to
Dalrymple 1979; Roubault et al. 1970) in the Tanneron
Massif. The later stage is contemporaneous with the
deposition of Stephanian detrital sediments.

Multistage tectonic evolution is found all along the
Variscan belt. In the External Massif of Argentera, geo-
chronological studies gave evidences to the following
tectono-metamorphic evolution (1) HP/HT events at ca.
424 4+ 4 Ma (U-Pb zircon age, Paquette et al. 1989),
(2) amphibolite facies metamorphism and anatexis at
323 4+ 12 Ma (U-Pb zircon age, Rubatto et al. 2001),
(3) LP/HT metamorphism at ca. 310-315 Ma (*°Ar/*Ar,
Corsini et al. 2004a) and (4) emplacement of the Argentera
granite and subsequent melting at ca. 296-299 Ma
(*°Ar/*® Ar, Monié and Maluski 1983; Corsini et al. 2004b).
In western Corsica, four post-collisional magmatism events
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Table 1 Lithologies of dated samples

Samples Lithology Plateau age (26) °Ar (%)

Eastern Tanneron

BOC 2 Pegmatitic vein 3143 £ 14 100
TGD 01 Pegmatitic vein 3120+ 1.2 92.1
MAN 1 Pegmatitic vein | 3139+ 13 100
TGD 02 Orthogneiss | sk 3113 + 1.2 87.5
TAN 3 Orthogneiss ¥~ 3139+ 1.4 84.1
TAN 5 Orthogneiss “+thz 4 3152+ 1.8 100
SCA 3 Biotitic gneiss 3138+ 13 97.3
Middle Tanneron
FON 2A Paragneiss 3073 £ 1.7 80.9
FON 8 Aplitic vein 302.8 £ 2.3 71.9
TAO03 08 Paragneiss 3165+ 1.3 98.1
TAO03 10 Paragneiss 3131+ 1.3 80.7
TGD 08 Granite 303.6 £ 1.2 92.9
MON 1 Orthogneiss 3187+ 1.9 933
3201+ 1.4 98.6
MON 5A  Orthogneiss 3214+ 1.1 87.3
MON 10 .  Orthogneiss 3182+ 13 92.1
TAO03 02 Orthogneiss 3184 + 1.3 97.1
MON 11 Paragneiss 3174+ 13 87.6

MON 13A  Migmatitic paragneiss 318.1 & 1.3 65.2

MON 17 Paragneiss 318.0+ 1.3 73.2

MON 19 Leucogranite 3177 £ 1,3 92.6

MON 21 Pegmatitic vein 3184 + 1.3 100
Western Tanneron

PEN 1 Pegmatitic vein 3057 + 1.4 91.8

PEN 2A Pegmatitic vein 303.6 £ 1.5 96.6

303.1+1.2 90.4

PEN 3 Micaschist - 3103 £ 1.2 94.1

309.3 +.3.9 89.3

PEN 4 Micaschist 3073 £ 1.2 87.5

3106 £ 1.2 84.8

308.4 +£ 1.2 84.7

3137+ 13 87.1

3107 £ 14 83.4

All isotopic measurements are corrected for K and Ca isotopic
interferences

were recognized by U-Pb zircon dating, respectively at 345,
338,305 and 280 Ma with a contribution of mantle materials
triggering partial melting in the lower crust (Paquette et al.
2003). In Sardinia geochronological dating allows to rec-
ognize (1) MP-MT metamorphism reflecting the end of
thickening stage at 344 + 7 Ma (whole rock Rb—Sr on mi-
gmatite, Ferrara et al. 1978), (2) retrograde metamorphism
at 320-300 Ma (4°Ar/39Ar on muscovite, Di Vincenzo et al.
2004) and emplacement of anatectic granitoids at ca.
290-310 Ma (whole rock Rb-Sr, Del Moro et al. 1975).

From these geochronological data, it is abundantly clear
that all these massifs forming the Southern European
Variscan belt present a polyphase metamorphic evolution
characterized by (1) HP metamorphism related to early
stages of burial at ca. 420 Ma, (2) barrovian metamorphism
and anatexis associated with crustal thickening at ca.
350 Ma and (3) HT metamorphic conditions and abundant
magmatism related to the late exhumation processes
between 330 and 300 Ma.

Analytical method

Samples of different lithologies (para- and orthogneisses,
micaschists, pegmatitic or aplitic veins, granite) were
collected in the Tanneron Massif for detailed *°Ar/*’Ar
analyses on muscovite (see Table 1 for details). Mineral
separates were obtained after crushing and handpicking
of single grains ranging from 0.5 to 1 mm. WArPoAr
data were obtained in Geosciences Azur laboratory at
the Nice-Sophia Antipolis University. Carefully selected
muscovite single grains were irradiated in the nuclear
reactor of the McMaster University in Hamilton, Canada,
in position 5c. The total neutron flux density during
irradiation was 8.8 x 10'® n cm™ with a maximum flux
gradient estimated with a precision of +0.2% in the
volume, where the samples were included. Hb3gr horn-
blende was used as neutron fluence monitor. We
calculated J-values relative to an age of Hb3gr of
1072 Ma (Turner et al. 1971; Roddick 1983) and using
the decay constants of Steiger and Jager (1977). The
step-heating procedure used in this study is described in
detail by Ruffet et al. (1991). The heating was carried
out by a CO, Synrad 48-5 laser and isotopic measure-
ments were performed by a VG 3600 mass spectrometer
working with a Daly detector system. The blanks of the
extraction and purification laser system were measured
every third step and subtracted from each argon isotope
from the subsequent gas fraction. Typical blank values
were in the range of 6-18, 0.3-2.0, 0.4-1.2 and 0.6—
1.4 x 107 PccSTP for the mass 40, 39, 37 and 36,
respectively. The criteria for defining plateau ages were
as follows: (1) a plateau age should contain at least 70%
of released *°Ar; (2) there should be at least three suc-
cessive steps in the plateau; and (3) the integrated age of
the plateau should agree with each apparent age of the
plateau within a 2¢ error confidence interval. Apparent
ages are quoted to the lo level on Figs. 3 and 4, when
plateau ages are given at the 20 level and do not include
the errors on the age of the monitor.

The error on the “°Ar*/*’Ar, ratio of the monitor is
included in the plateau age error bar calculation.
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Fig. 3 a “OAr°Ar age spectra on muscovite single grains in samples
from the eastern Tanneron. The numbers indicate plateau ages with
error bars at the 20 level. Apparent ages are given at the 1o level.
b “Ar/*Ar age spectra on muscovite single grains in samples from
the middle Tanneron. The numbers indicate plateau ages with error
bars at the 20 level. Apparent ages are given at the lo level.
¢ AP Ar age spectra on muscovite single grains in samples from
the western Tanneron. The numbers indicate plateau ages with error
bars at the 20 level. Apparent ages are given at the 1o level

Samples description and “°’Ar/*’Ar results

A total of 25 samples from various lithologies were col-
lected from east to west in the Tanneron Massif. The
maximum temperature during the peak of metamorphism is
above the stability domain of muscovite in the eastern and
the middle Tanneron domains. Thus, muscovite in these
studied samples is mainly retrograde, replacing the high
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temperature paragenesis. The muscovite compositions
correspond to pure muscovite (Si between 6.1 and 6.3) and
compositional variations are limited (Table 2). In the mi-
caschists from the western Tanneron (e.g. PEN 4), large
primary muscovites are strongly deformed and reveal re-
crystallized domains on the rim of the grains. Small
neocrystallized muscovites are also present. In these sam-
ples, muscovites also display limited variations of the Si
content (Table 2).

“OAr/*°Ar data from the Eastern Tanneron

Muscovite single grains were analysed in seven samples
from the eastern part of the Tanneron Massif (Figs. 2, 3a;
Table 1). Plateau ages from this part of the Tanneron
Massif are clustered, ranging from 311.3 +£13 to
315.2 £ 1.8 Ma, although the analysed muscovites origi-
nate from different types of rocks. Samples BOC 2, MAN 1
and TGD 01 are pegmatitic veins (with quartz, K-feldspar,
plagioclase, biotite, rare garnet and muscovite) crosscutting
the main foliation in granitic orthogneisses (BOC 2) or
micaschists (MAN 1 and TGD 01). No deformation is
observed in these samples. Muscovites from BOC 2, MAN
1 and TGD 01 yield similar plateau ages of 314.3 £ 1.4,
313.9 + 1.3 and 312.0 £+ 1.2 Ma, respectively. In the
Tanneron orthogneiss, three samples TAN 3, TAN 5 and
TGD 02 were analysed. This granitic orthogneiss displays
different stages of preservation, from original granite (TAN
5) to mylonitic and migmatitic orthogneiss (TAN 3, TGD
02). The mylonitic deformation is characterized by
decrease of the grain size, well-developed biotite and
muscovite foliation and strongly elongated quartz grains
parallel to the lineation. Magmatic mineral assemblages
(quartz, plagioclase, K-felspar, biotite and garnet) are
nevertheless sometimes preserved. Large muscovite grains
located in the foliation give plateau ages of 313.9 £ 1.4,
315.2 £ 1.8 and 311.3 £ 1.2 Ma in the samples TAN 3,
TAN 5 and TGD 02, respectively. In the northern part of
the eastern Tanneron, the sample SCA 3 is a highly
deformed biotitic gneiss with relictual garnet, plagioclase
and abundant sillimanite. A late muscovite grain located in
the foliation with biotite displays a plateau age of
313.8 &+ 1.3 Ma.

4OAr°Ar data from the Middle Tanneron

Fourteen samples from different lithologies are located
between the La Moure and the Joyeuse faults (Figs. 2, 3b;
Table 1). Samples MON 1, MON 5A, MON 10 and TA
03-02 were collected in the Bois de Bagnols orthogneiss
(dark gneiss with abundant biotite). Muscovites associated
with chloritized biotites in the foliation from the samples
MON 1, MON 10 and TA 03-02 yield similar plateau ages
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of 318.7 + 1.9, 318.2 + 1.3 and 318.4 & 1.3 Ma, respec-
tively. Duplicated muscovite from the micaschist MON 1
gives consistent plateau age of 320.1 & 1.4 Ma. The pla-
teau age of the MON 5A sample is slightly older at
321.4 £ 1.3 Ma. West of the Bois de Bagnols orthogneiss,
migmatitic paragneisses are abundant (Fig. 2). In this area
sillimanite paragneisses MON 11 and MON 17 yield
consistent plateau ages of 317.4 + 1.3 and 318.0 +
1.3 Ma. MON 13A (migmatitic gneiss) does not display a
plateau age, because of a discordant apparent age given
by the step number 8, representing only 1.5% of the total
*PAr released. Nevertheless, a weighted mean age of
318.1 £ 1.3 Ma, calculated over 65.2% of >°Ar is consis-
tent with the previous mentioned plateau ages, and is
therefore probably valid. Muscovite from the leucogranite
MON 19 and pegmatitt MON 21 give also consistent
plateau ages of 317.7 + 1.3 and 318.4 + 1.3. Ma.

Going to the east, magmatic and metamorphic rocks
display younger plateau ages. Muscovite from the Rouet
granite TGD 08 gives a plateau age of 303.6 + 1.2 Ma. A
young age of 302.8 + 2.3 Ma were also displayed by a
muscovite from a slightly deformed aplitic vein (FON 8).
In the paragneisses TA 03-08 and TA 03-10 muscovites
associated with chloritized biotite and K-felspar show
plateau ages of 316.5 £ 1.3 and 313.1 + 1.3 Ma, respec-
tively. In the paragneiss FON 2A, duplicated muscovites
display similar plateau ages of 307.3 + 1.7 - and
309.0 + 1.6 Ma. It should be noted that muscovites dis-
play subtly disturbed age spectra in the metamorphic
samples, even though they are within the 24 of the plateau
ages. For example, muscovite TA 03-10 yields an age
spectrum with younger ages at low temperature steps
suggesting a slight radiogenic “°Ar loss. Muscovite TA
03-08 yields a slightly saddle-shaped age spectrum and
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Fig. 3 continued

duplicates of sample FON 2A display age spectra with
decreasing ages towards high temperature steps. These age
spectra shapes suggest post-isotopic closure disturbances of
the analysed muscovites, which will be discussed further.

4OAr°Ar data from the Western Tanneron

Four samples collected west of the Joyeuse fault were ana-
lysed (Fig. 3c; Table 1). Muscovites from slightly deformed
pegmatites crosscutting the micaschists yield consistent
duplicated plateau ages of 303.1 & 1.3and 303.6 &= 1.5 Ma
in the sample PEN 2A and 305.7 £+ 1.4 Ma in the sample
PEN 1. In the biotite—-muscovite micaschist PEN 3, two
duplicated muscovites yield consistent plateau ages of

@ Springer

310.3 & 1.3 and 309.3 £ 3.9 Ma, even though they display
slightly saddle-shaped age spectra. Five duplicated musco-
vites from the micaschist PEN 4 give discrepant plateau
ages of 307.3 + 1.2, 310.6 + 1.2, 308.4 £ 1.2, 313.7 &+
1.3 and 310.7 & 1.4 Ma, an age variation of ~6 Ma or 2%.
Some of these age spectra yield decreasing ages towards
high temperature steps (Fig. 3c).

Discussion

Thirty-two “°Ar/*° Ar plateau ages ranging from 302 =+ 2 to
321 &+ 2 Ma were obtained on single grains of muscovite
from 25 metamorphic and magmatic rocks from the
Tanneron Massif. Only one sample (MON 13A) did not
display a plateau age following the previously described
criteria, but a probably valid weighted mean age, consistent
with plateau ages obtained on the same area (see above).
These ages show a good internal reproducibility (except the
sample PEN 4 which will be discussed below) whatever the
lithology (metamorphic and magmatic rocks) and the
metamorphic grade.

There is an excellent agreement with previous age data
(Morillon et al. 2000) from 322.9 + 1.7 to 300.2 & 0.6 Ma
obtained in the southern Maures Massif, demonstrating the
similar metamorphic evolution of the two massifs. There-
fore, the observed age distribution throughout the massif
provides robust constraints on its late thermal evolution,
and shows an inhomogeneous exhumation and cooling of
the whole Tanneron Massif. The closure temperature of the
K-Ar system in white micas will be considered here to fall
in the range of 350-450°C (Villa 1998; Mulch et al. 2002).
Although this temperature is still debated, this is not the
purpose of this study to determine the temperature of the
isotopic closure in muscovite.

Thermal evolution around the La Moure fault

Considering the “Ar/°Ar plateau age distribution
throughout the Tanneron Massif (Fig. 2) it appears that this
distribution may correspond to the structural division by
the La Moure and the Joyeuse faults. On both sides of the
La Moure fault, the ages are clearly different. In the eastern
Tanneron, the age distribution is homogeneous, ranging
from 311.3 £+ 1.2 to 315.2 £ 1.8 Ma, with a mean age of
ca. 313 Ma (Figs. 2, 5, 6). West of the La Moure fault, the
ages are significantly older, between 321.4 £+ 1.3 (MON
5A) and 318.4 4+ 1.3 Ma (MON 21) and the age distribu-
tion is also homogeneous at least over a distance of 8 km
west of the La Moure fault with a mean age of ca. 318 Ma
(Figs. 2, 4, 5). The age difference between the eastern and
the middle Tanneron suggests that the La Moure fault has
played an important role during the exhumation of these
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two domains. The eastern part of the Tanneron has reached
the 350-450°C temperature interval (closure of the K—Ar
isotopic system in muscovite) at around 311-315 Ma, e.g.
around 5 Ma later than the middle part of the Tanneron.
These muscovite *°Ar/>’Ar ages are in agreement with the
paleontological study in the same area. In the Reyran basin,
the age of the sedimentation of the sandstones, reworking
pebbles of the metamorphic basement, is estimated Upper
Westphalian-Lower Stephanian based on paleo-flora
(Basso 1985). Therefore, the basement of the Tanneron
Massif, west of La Moure Fault, was subjected to erosion at
around 305 Ma (Odin and Odin 1990). Assuming a mean
geotherm of 30°C/km, the exhumation rate can be esti-
mated at around 1 mm/year in this area. Such a rapid
exhumation of the basement testifies the role of the La
Moure fault characterized at map scale by a linear trace and
a steep shear plane (Figs. 1, 2, 4).

Age distribution around the Joyeuse fault

In contrast with the area of the La Moure fault, the age
distribution around the Joyeuse fault is not in agreement
with the structural division of the massif, e.g. crustal blocks
separated by ductile faults. No age difference is found on
both sides of the Joyeuse fault (Fig. 2). East of the Joyeuse
fault, (in the western part of the middle Tanneron) the
muscovite ages are decreasing going to the west from
316.5 + 1.3 to 302.8 £ 2.3 Ma. West of the Joyeuse fault,
in the limited area between the Joyeuse fault and the
Mesozoic series, the plateau ages vary in the same range as
East of the fault, from 310.7 & 1.4 to 303.1 = 1.3 Ma
(Fig. 3c). These results contrast with those obtained in the
Maures Massif by Morillon et al. (2000) on both sides of
the Grimaud fault which is usually interpreted as the
extension of the Joyeuse fault in the Maures Massif
(Onezime et al. 1999). In the Maures Massif, the 40Ar9Ar

data on muscovite, biotite and amphibole show distinct
cooling histories between 330 and 300 Ma on both sides of
the Grimaud fault. The Grimaud fault is thus interpreted by
Morillon et al. (2000) as a major crustal fault, which
controls the exhumation of two crustal blocks. In the
Tanneron Massif, such distinct cooling histories based on
“0Ar/*°Ar data cannot be found, suggesting a more com-
plex role of the Joyeuse fault during the cooling of this part
of the massif.

Consequences on the interpretation
of the **Ar/**Ar ages

On both sides of the Joyeuse fault, the “OAr/°Ar ages are
regularly scattered between 318 and 303 Ma (Fig. 5). The
age scattering is significantly higher than the error margins
of the calculated plateau ages, even in the same sample,
and thus should have a geological significance. Even
though they allow plateau age calculation, muscovite
“OAr/*°Ar ages around the Joyeuse fault give saddle and
staircase shaped spectra, which have been interpreted by
many authors as the result of mixing of inherited and
neocrystallized white micas due to partial recrystallization
(Dunlap et al. 1991; Dunlap 1997; Cheilletz et al. 1999;
Castonguay et al. 2001; Alexandrov et al. 2002) rather than
excess argon component (McDougall and Harrison 1999).
Dunlap et al. (1991) and Cheilletz et al. (1999) argued that
the saddle-shaped age spectra could result from the mixing
of mineral phases, e.g. inherited versus recrystallized
muscovite, during intense deformation. Castonguay et al.
(2001) give the same interpretation to explain the scattering
of the muscovite “’Ar/*’Ar ages and the spectra shapes in
metamorphic rocks, but in their study the recrystallized
phases (e.g. muscovite) have the same composition that the
inherited ones. Thus, the recrystallized muscovites do not
display any core-rim chemical variation. Alexandrov et al.
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(2002) also observed plateau age scattering associated with
disturbed age spectra (saddle-shaped and staircase shapes)
in the context of granite emplacement (the Blond granite in
the Massif Central, France). Saddle-shaped *°Ar/*’Ar age
spectra on muscovites from the granite as well as the age
scattering are interpreted as the result of the circulation of
hydrothermal fluids. The biotite “°Ar/*’Ar ages from the
host rock samples show older ages at increasing distances
from the granite indicating that the emplacement of the
granite occurred in relatively cold host rocks, e.g. at tem-
perature lower than the isotopic closure of the K—Ar system
in the biotite. Our results in the area of the Joyeuse fault are
very similar to those obtained by Alexandrov et al. (2002)
(1) excess or inherited *°Ar is not likely because the ages
are in the same order than those obtained in the southern
Maures Massif (Morillon et al. 2000) and in the Tanneron
(Demoux et al. 2008), (2) the VAP Ar plateau ages on
muscovites from the surrounding rocks are younger in
samples collected at decreasing distances of the Rouet
granite (which displays the youngest age in the area), (3)
even they allow plateau age calculation, spectra shapes and
inconsistent ages in the same sample suggest post-isotopic
closure disturbances in muscovite grains which could be
the result of recrystallization processes. Thus, we propose
that the scattering of the ages between 303 and 318 Ma on
both side of the Joyeuse fault (e.g. at the boundary between
the Western and the Middle Tanneron) is a consequence of
the Rouet granite emplacement:

Thermal doming of the Rouet magmatic complex

The youngest ages in the studied area were obtained in the
Rouet granite (303.6 & 1.2 Ma, sample TGD 08, Fig. 2)
and in pegmatites or aplitic veins (samples FON 8, PEN 1
and PEN 2A). The biotite—cordierite Rouet granite intruded

the surrounding metamorphic gneisses and the already
solidified biotite—hornblende Prignonet tonalite. The Rouet
granite is interpreted as the northern extension of the Plan-
de-la-Tour granite in the Maures Massif, forming a single
N-S elongated pluton emplaced in a pull-apart basin during
the dextral wrenching of the Grimaud fault (Onezime et al.
1999). Geochronological data in both massifs are in agree-
ment with this interpretation. Morillon et al. (2000) in the
Maures Massif obtained “°Ar/*°Ar plateau ages of
304.4 + 2.7 (1) and 301.6 = 1.1 Ma (10) on biotite from
the Plan-de-la-Tour granite, and of 301.1 &+ 0.6 Ma (1o) on
amphibole from the tonalite. Previous U-Pb ages from
Moussavou (1998) in the Plan-de-la-Tour granite and in the
tonalite were significantly older (see paragraph 3) but dis-
cordant U-Pb data in both cases suggest inherited zircons in
the granite and tonalite. Recent U-Pb monazite dating
(Demoux et al. 2008) yields an age at 302 £ 4 Ma for the
Rouet granite. The “°’Ar/*’Ar ages in the Plan-de-la-Tour
granite (Morillon et al. 2000) are consistent with the age of
the Rouet granite and associated pegmatites and aplitic
veins obtained in this study. These ages argue in favour of a
rapid cooling of the magmatic body under the 350-450°C
temperature interval at this period, that is around 15 Ma
after the host rock samples (samples MON 1-19, ages from
3174 £ 1.1 to 321.4 + 1.1 Ma). In the field, a dome
structure is spatially associated to the Rouet tonalite—granite
intrusions. The metamorphic foliation displays an irregular
trend all around the tonalite—granite complex and defined
the dome-like Rouet antiform (Crevola in Toutin-Morin
et al. 1994; Demoux et al. 2008). In the western and eastern
side of this area the foliation planes are roughly submeridian
and more or less steeply dipping, respectively, to the west
and to the east. In contrast, in the northern and southern part
of this area, the foliation planes are roughly sub equatorial
and moderately to gently dipping, respectively to the north
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and to the south. The dome structure is also underlined by a
mineral and stretching lineation which display a radial
pattern. On the western border of the dome structure,
kinematics indicators evidence normal shearing on the
ductile to brittle Joyeuse fault, which is contemporaneous
with the emplacement of the Rouet tonalite—granite intru-
sions and the opening of the Pennafort Stephanian basin. In
this context, doming and local extension may be related to
magmatic intrusions in the core of the Rouet anticline. Thus,
we interpret the distribution of the *°Ar/*°Ar ages, showing
the age increase with the distance (Figs. 2, 6), as reflecting
the presence of a thermal structure associated with the Rouet
magmatic complex.

Numerical modelling for the thermal perturbation
induced by intrusion of a pluton body in the country rocks
shows that local thermal perturbation decays and migrates
with time, so that rocks farther from the pluton cool earlier
than rocks adjacent to the pluton (Sleep 1979). For large
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pluton bodies the thermal pulse may last for several mil-
lions years (Harrison and Clarke 1979). Large-scale folds
of plurikilometer wavelengths can alsa produce a pertur-
bation of the thermal surfaces (Sleep 1979; Burg and
Podiadchikov 1999; Mahéo et al. 2004). The heat transfer
associated to melting invade the core of the anticline and
migrate toward the surface. The rocks in anticline are
eroded during exhumation and buried in syncline, where
deposits concentrate. In the Tanneron Massif a similar
model is supported by the occurrence of kilometer scale
folding, location of magmatic complex in the core of the
Rouet antiform and Stephanian detrital basins in the core of
synforms (Figs. 1b, 2, 4).

On the western border of the dome structure, normal
shearing on the Joyeuse fault is contemporaneous with the
emplacement of the magmatic complex. Thus, doming is
ascribed to fold amplification due to magmatic intrusions in
the core of the Rouet anticline.
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 Structural evolution and exhumation
of the Maures-Tanneron Massifs

In the Maures Massif, Morillon et al. (2000) found two

crustal blocks with distinct fast cooling paths at around 320~

(western part) and 300 Ma (eastern part) separated by the
Grimaud fault. If the Grimaud fault is extended in the
Tanneron Massif by the Joyeuse fault, our results are not in
agreement with this interpretation. However, this apparent
disparity may be resolved by a comparison of two E-W
cross-sections in the two massifs (Fig. 6). In the eastern
block relative to the Grimaud fault in the Maures Massif,
the whole formations cooled homogeneously between
300.2 + 0.6 and 306.0 & 2.4 Ma, which is consistent with
the ages obtained around the Joyeuse fault in the middle
Tanneron Massif. We propose that these ages correspond to
the thermal influence of the Plan-de-la-Tour—Rouet mag-
matic complex, which hides the previous exhumation stage
at 318 Ma only preserved in the eastern part of the middle
Tanneron. The western block relative to the Grimaud fault,
which shows older ages at around 320 Ma in the Maures
Massif, is poorly exposed in the Tanneron Massif. In
addition, the cooling paths between 318 Ma (eastern part of
the middle Tanneron) and 314 Ma (eastern Tanneron)
probably result from differential exhumation of distinct
crustal blocks, controlled by the major ductile La Moure
fault. This interpretation is in agreement with Morillon
et al. (2000) to explain the age distribution in both sides of
a fault.

These results outline the role of major faults, which
separate crustal blocks during the exhumation processes,
and also indicate that various processes contribute to the
exhumation of the lower crust in the late stage of collision
belts. In the Tanneron Massif, the exhumation of the lower
crust is controlled during the first stage (between 318 and
314 Ma) by differential motion of tectonic blocks limited
by ductile shear zones (La Moure fault and Joyeuse fault).
The final exhumation at 303 Ma takes place within tectonic
doming associated to magmatic intrusions, local ductile
normal faulting and intracontinental basins opening. The
thermal disturbance induced by the emplacement of the
magmatic complex, which may be associated with fluid
circulations, could explain the muscovite “’Ar/*’Ar plateau
age scatter observed in the host rock samples. This event
could be related to orogen parallel shearing associated with

crustal-scale strike-slip faults and regional folding (D3). A -

rather comparable evolution was described in the Himala-
yan syntaxis in Namche Barwa (Burg et al. 1998) and in
South Karakorum (Mahéo et al. 2004), in Central Anatolia
(Whitney et al. 2007) and in the West Carpathians (Jerabek
et al. 2008), where doming in the core of crustal-scale
folding and strike-slip faulting in a compressive regime
control the heterogeneous exhumation of the lower crust.

Conclusion

Detailed geochronological study performed in the Tann-
eron Massif revealed that late Variscan evolution lasted
about 20 Ma during late Carboniferous from 320 to
300 Ma. The post-collisional exhumation is accommodated
by crustal-scale ductile strike-slip faults associated with
regional folding in the first stage from 320 to 310 Ma, and
is followed by doming and anatexis in the core of anti-
formal structures at 305-295 Ma.
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