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Abstract The Salvan-Dor�naz intramontane basin
formed between ca. 308–293 Ma as an asymmetric
graben along crustal-scale transtensional fracture zones
within the Aiguilles-Rouges crystalline massif (Western
Alps) and represents a feature of the post-collisional
evolution of the Variscan orogens. It contains 1.5–1.7 km
of continental clastic deposits which were eroded from
granitic, volcanic, and metamorphic rocks. Textural and
compositional immaturity of the sandstones, and the
numerous lithic fragments with low chemical and phys-
ical stability suggest only short-range transport. 40Ar/39Ar
analyses of detrital muscovite are interpreted to represent
cooling of the crystalline basement below the respective
closure temperatures. Ages from detrital muscovite range
between ca. 280–330 Ma. 40Ar/39Ar white mica plateau
ages from granitic boulders range between 301–312 Ma
and suggest rapid cooling. The very short time interval
recorded between the 40Ar/39Ar cooling ages and the
stratigraphic age of the host sediment suggests that
considerable portions of the upper crust were removed
prior to the formation of the basin. Late Variscan granitic
boulders document surface exposure and erosion of Late
Carboniferous granites during early stages of the infilling
of the basin. Therefore, unroofing of basement units,
magmatic activity, and formation of the fault bounded
Salvan-Dor�naz basin were acting concomitantly, and are
highly suggestive of extensional tectonics. When com-
pared with other orogens, this situation seems specific to
the Variscan, especially the exclusively young ages of
detrital material, however, modern analogous may exist.
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Introduction

The Variscan orogeny resulted from a collision of
Gondwana and Gondwana-derived microplates with the
southern margin of Laurasia, accomplished by progres-
sive closure of the Proto-Tethys and the Iapetus oceans
(Franke 1989; Ziegler 1989, 1990; Stampfli 1996; Tait et
al. 1997; Stampfli et al. 1998; Neubauer and Handler
2000; Ziegler and Stampfli 2001). In western Europe,
Variscan collisional tectonics commenced in the early
Devonian resulting in crustal thickening and regional
metamorphism, and lasted until the late Carboniferous
(e.g., Franke 1992, and references therein). By this period,
its evolution was characterised by concomitant rapid
exhumation of medium- and high-grade metamorphic
core complexes (von Raumer 1998; Zeh et al. 2000, and
references therein), intense intrusive and extrusive mag-
matic activity (Bonin et al. 1993; Schaltegger 1997;
Cortesogno et al. 1998; Capuzzo and Bussy 2000), and
rapid subsidence within an array of mainly continental
basins which formed discontinuously during the Late
Carboniferous and Early Permian along extensional and
transtensional crustal-scale fractures (e.g., Franks 1968;
Cassinis and Neri 1990; Schaltegger and Corfu 1995;
Stollhofen and Stanistreet 1994; Sch�fer and Korsch
1998; Capuzzo and Wetzel 2003). The post-collisional
evolution of the western European Variscan orogen has
been compared as an analogue to the present-day Tibetan
Plateau and to the Basin and Range Province (e.g.,
M�nard and Molnar 1988). In contrast, Ziegler (1990,
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1993) suggested that the post-convergent destruction of
the Variscides was caused primarily not by body-forces
but by far-field stresses initiated by the dextral motion of
Gondwana relative to Laurasia, which progressively
propagated from the internal part of the orogen to its
foreland (e.g., Arthaud and Matte 1977). Therefore, the
Late Carboniferous evolution of the European Variscan
orogen provides an excellent case to investigate the
disruption of an orogenic belt by late orogenic, post-
collisional processes.

Clastic sediments filling intra- and perimontane Per-
mo-Carboniferous basins record the tectono-metamorphic
and magmatic history at the end of the convergence
(Henk 1999). Such basins are suitable for establishing the
general tectonic setting as their texture and composition
are primarily linked to the source-area geology, deposi-
tional environment and climate (e.g., Dickinson 1974;
Bhatia and Crook 1986; Ingersoll 1988). Single detrital
grains, in addition, can document the nature and of the
evolution of the sediment source area, including infor-
mation about its age and cooling history, especially when
compared to the age of the host sediments (e.g., Copeland
and Harrison 1990; Harrison et al. 1993).

It is the purpose of this paper to investigate the Late
Paleozoic post-collisional history of an internal sector of
the Variscan orogenic belt by studying the nature and
origin of Upper Carboniferous sediments outcropping in
the Salvan-Dor�naz basin (Western Alps). In order to
decipher the amount of tectonic movement the chrono-
metric ages of detrital muscovites from clastic sediments

and boulders sampled at different stratigraphic levels
were related to the stratigraphic age of the host sediment.
In combination with petrographical and geochemical data
for boulders and sediments, the 40Ar/39Ar muscovite
chronometric ages constrain the geology of the sediment
source area, document the history of the metamorphic/
magmatic basement units just before erosion, and provide
additional information on their exhumation. All these
data, when compared to those from other Late Paleozoic
basins of the European Variscan belt, provide new
evidence about tectonic and erosional processes acting
in an orogenic mountain belt.

Geological setting

The Salvan-Dor�naz basin is surrounded by the Aiguilles-
Rouges metamorphic and crystalline massif that belongs
to the Crystalline External massifs of the Alps (Fig. 1).
These massifs represent the southern part of the former
Moldanubian internal domain of the western European
Variscan belt (von Raumer 1998 and reference therein).
The Aiguilles-Rouges massif consists of basement nappes
or slices that form Alpine antiform cores mantled by
Mesozoic cover successions. They consist of a complex of
granitic intrusions and polymetamorphic, amphibolite
facies-grade rocks which are crossed by major, steeply
dipping, N-S to NNE-SSW trending faults and mylonitic
zones (von Raumer et al. 1999). In the Aiguilles-Rouges
massif, an early record of the Variscan collision is
represented by the decompression of a few eclogite-grade
units (14 kbar, min. 700 �C; Schulz and von Raumer
1993). Widespread paragneisses experienced several
deformation events related to early thrust tectonics and
nappe stacking with development of a Barrovian-type
metamorphism; these units display cooling ages between
337–316 Ma (Dobmeier 1998; von Raumer 1998; Bussy
et al. 2000; Fig. 2). Subsequent isothermal decompression
was reported from kyanite and sillimanite-bearing micas-
chist and gneiss, and has been interpreted as a late stage
of rapid tectonic uplift during cooling (Schulz and von
Raumer 1993). In addition, contrasting metamorphic P–T
paths that occur over short distances have been related to
“telescoping” along steeply dipping, strike-slip zones
(Schulz and von Raumer 1993).

The Variscan magmatic activity in the Aiguilles-
Rouges massif consisted of short-lived pulses (e.g., Bonin
et al. 1993; Bussy and Hernandez 1997). Early Carbonif-
erous syntectonic intrusions occurred at 330 Ma along
major transpressive faults (e.g., Pormenaz monzonite,
Bussy et al. 1997; Mont�es-P�lissiers peraluminous
granite, Bussy et al. 2000; Fig. 2). Subsequent magmatic
activity at shallow crustal levels is documented by the
syntectonic intrusions of the Vallorcine and the Mon-
tenvers anatectic granites (Br�ndlein et al. 1994; Morard
1998). They were emplaced at 307 Ma along dextral
transtensional shear-zones (Bussy et al. 2000; U/Pb-dated
zircons and monazites; Fig. 2). In addition, several
subvolcanic dykes crosscut the basement units (Br�ndlein

Fig. 1 Pre-Mesozoic basement rocks in the Alps (shaded) and
External Alpine Crystalline Massifs (dark shaded; modified after
Schaltegger and Corfu 1995). The location of the study area is
framed
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et al. 1994). Subaerial lava domes and possibly ign-
imbritic flows have been related to subvolcanic and
volcanic activities during the intrusion of the Vallorcine
granite (Capuzzo and Bussy 2000).

During the Late Carboniferous in the study area, the
fault bounded intramontane basins of Pormenaz and
Salvan-Dor�naz formed (Sublet 1962; Lox and Belli�re
1993; Dobmeier and von Raumer 1995; Niklaus and
Wetzel 1996; Capuzzo and Wetzel 2003). The latter
developed as an elongated asymmetric graben today
exposed for about 25 km in a NNE–SSW direction along
the eastern margin of the Aiguilles-Rouges massif
(Capuzzo and Wetzel 2003; Fig. 2). The Salvan-Dor�naz
basin crops out in a complicated syncline structure formed
during Alpine deformation (Pilloud 1991; Badertscher
and Burkhard 1998; Fig. 3). It contains about 1.5–1.7 km
of clastic continental sediments mainly derived from
erosion of metamorphic, crystalline and volcanic source

area (Sublet 1962, Niklaus and Wetzel 1996). These Late
Carboniferous sediments record only low metamorphic
grade (upper anchizone) Alpine events, with temperatures
<300 �C estimated from illite crystallinity analyses on
mudstones and from vitrinite reflectivity on coals (Kubler
et al. 1979; von Raumer 1971; Pilloud 1991; Frey et al.
1999). Therefore, detrital minerals as muscovite should
preserve the isotopic signature of the Variscan events (see
below). The Late Paleozoic deposits are truncated by a
low angular unconformity overlain by shallow-marine
Triassic sediments (Demathieu and Weidmann 1982;
Pilloud 1991).

The Salvan-Dor�naz deposits were subdivided into
four informal depositional units (Niklaus and Wetzel
1996; Capuzzo and Wetzel 2003; Fig. 3). A lower, mainly
conglomeratic, alluvial fan system derived from western
source areas (Unit I), overlain by fine-grained anasto-
mosed rivers and muddy floodplain deposits (Unit II),

Fig. 2 Location (upper left in-
sert), and geological map of the
Aiguilles-Rouges massif (mod-
ified after Br�ndlein et al.
1994). The Late Carboniferous
Salvan-Dor�naz basin follows
the northeastern margin of the
massif. Isotopic ages of base-
ment and Late Carboniferous
volcanic deposits are in text
frames. Isotopic ages: *** 40Ar/
39Ar on muscovite (Dobmeier
1998); ** U/Pb on zircon and
monazite (Bussy et al. 2000);
* U/Pb on zircon (Capuzzo and
Bussy 2000)
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which are replaced by sand-rich meandering river
deposits (Unit III). In addition, an alluvial fan system
(Unit IV) several times prograded onto and retreated from
the basin floor deposits of Unit II and III. A tectonic
control of such cycles has been invoked, for instance, by
Blair and Bilodeau (1988).

The time of formation and filling of the basin was first
obtained from macroflora determination, suggesting
Westphalian to Stephanian ages (Jongmans 1960; Weil
1999). U/Pb isotopic age determinations on zircons from
basal volcanic deposits and from tuff layers at different
stratigraphic levels of the basin indicate a minimum age
for basin formation at 308€3 Ma (Capuzzo and Bussy
2000). On the other hand, a tuff layer outcropping ca.
200 m below the unconformity to the Triassic deposits
produced a concordant age of 295€3 Ma (Capuzzo and
Bussy 2000; Fig. 3). From the average subsidence rate
calculated during the development of the basin (>0.1 mm/
year) an upper time limit at 293 Ma can be assumed for
the preserved clastic record in the Salvan-Dor�naz basin.

Samples and analytical methods

To evaluate the geology within the basin-fill source areas,
sediments and their constituents were analysed petro-
graphically and geochemically. In addition, 40Ar/39Ar
geochronology on muscovites was carried out to elucidate
the processes within the catchment areas.

Whole rock major and trace element concentrations
were measured on pressed and glass pills by X-ray
fluorescence spectrometry (XRF; Philips PW 1400 equip-
ment) at the Centre d’Analyse Min�rale of the University
of Lausanne (Switzerland). Data are reported in Table 1.

Six samples of individual granitic and gneissic boul-
ders, 8–120 cm in diameter, were selected from the
lowermost Unit I for whole-rock major and trace elements
geochemistry and for bulk-grain step-heating 40Ar/39Ar
geochronology on muscovite (Table 2).

Eight sediment samples containing abundant detrital
white mica were selected for 40Ar/39Ar geochronology on
muscovite. About 1–2 kg of fresh and well-cemented
conglomerates and sandstones were collected at different
stratigraphic levels of the Salvan-Dor�naz basin (Fig. 4).
Short descriptions of sampling locations are reported in

Fig. 3 Schematic cross sections
representing the northeastern
areas of the Salvan-Dor�naz
basin (modified after Pilloud
1991). The basin fill is subdi-
vided into four informal lithos-
tratigraphical units (Niklaus and
Wetzel 1996). Alpine deforma-
tion produced the Salvan-Dor�-
naz complex syncline structure.
Isotopic ages of volcanic de-
posits after Capuzzo and Bussy
(2000)
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Table 2. Two samples (CN 145 and CN 146) were
analysed by the conventional multiple-grain, step-heating
40Ar/39Ar geochronology (Lausanne laboratory), while the
other six were investigated by single-grain total-fusion,
and partly by bulk-grain incremental-heating 40Ar/39Ar
analyses (Salzburg Argonautes laboratory).

Generally, the muscovite 40Ar/39Ar isotopic clock
records the time of cooling through a blocking temper-
ature of ca. 375€50 �C (Steiger and J�ger 1977; Reuter
and Dallmeyer 1989; Rollinson 1993; McDougall and
Harrison 1999 and references therein). Very small grains
(<100 �m), however, can be of secondary origin and may
provide misleading results (for details see, e.g., Frank and
Stettler 1979; Reuter and Dallmeyer 1989; Simon 1990;
Dallmeyer and Takasu 1992). In order to minimize the
risk of dating secondary muscovites only grains >0.25 mm
were measured for 40Ar/39Ar age determinations. Ages
and errors were calculated following suggestions by

McDougall and Harrison (1999) and decay constants
reported by Steiger and J�ger (1977). For detailed
analytical procedure see Appendix.

Results

Sediment petrography

The investigated sediments range from fine sandstones to
conglomerates. They are classified according to Pettijohn
et al. (1987) as lithic to arkosic arenites and lithic to
feldspathic greywackes being of low compositional
maturity.

In thin section, sandstones display clast- to matrix-
supported fabrics with angular to subrounded grains.
Detrital grains are principally composed of monocrys-
talline and polycrystalline quartz, feldspar, mica flakes,

Table 1 Chemical composition
of the major and trace elements
for the analysed samples. See
text for description and Table 2
for location of samples

Gneiss
boulder
CN239

Granitic
boulder
CN337

Pegmatitic
boulder
CN338/a

Granitic
boulder
CN338/b

Granitic
boulder
CN340

Vallorcine
granite
FB1030

Vallorcine
granite
CN331

Major elements

SiO2 74.70 72.63 72.42 74.36 75.27 71.33 73.50
TiO2 0.07 0.15 0.04 0.03 0.03 0.29 0.08
Al2O3 14.49 14.59 14.38 13.25 12.85 15.19 14.42
Fe2O3

a 0.48 1.43 0.62 0.92 0.40 1.92 0.51
MnO 0.02 0.06 0.07 0.05 0.06 0.03 0.01
MgO 0.20 0.62 0.38 0.37 0.21 0.62 0.16
CaO 1.51 1.86 2.89 2.39 2.71 0.64 0.37
Na2O 4.81 3.88 2.76 4.00 4.87 3.22 3.11
K2O 1.91 2.25 2.82 1.51 1.21 5.24 7.41
P2O5 0.28 0.21 0.16 0.02 0.02 0.34 0.12
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LOI 1.61 2.42 3.08 2.13 2.22 1.04 0.28
Total 100.07 100.12 99.62 99.02 99.84 99.86 99.97
CIA 0.55 0.55 0.54 0.51 0.48 0.57 0.52
A/CNK 1.14 1.19 1.12 1.06 0.90 1.25 1.04

Trace elements

Nb 14 17 14 19 20 19 7
Zr 15 71 20 61 64 117 25
Y 7 10 9 35 41 6 11
Sr 182 141 158 111 116 90 155
U <2< 6 4 <2< <2< 4 <2<
Rb 89 120 134 73 58 322 256
Th 2 7 4 15 11 17 6
Pb 27 32 60 24 23 23 54
Ga 17 19 17 21 22 26 16
Zn 17 26 18 52 18 55 26
Cu 11 7 10 10 7 10 11
Ni <2< 3 <2< <2< <2< 3 3
Co 25 36 28 38 44 43 26
Cr 9 11 11 6 5 10 11
V 4 13 6 5 4 20 5
Ce <3< 16 <3< 30 34 58 18
Nd <4< 8 <4< 16 17 31 10
Ba 277 418 452 302 260 436 840
La <4< 10 5 14 14 30 <4<
S <3< 669 194 563 91 <3< 80
Hf 24 19 8 19 24 5 <1<
Sc 6 7 8 8 8 4 <2<
As 4 <3< 4 9 5 4 <3<

a Fe2O3 as total Fe
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and lithic fragments, which are more abundant in the
coarser grain sizes. Monocrystalline quartz has irregular
embayments typical for volcanic quartz or undulose
extinction, more characteristic for plutonic origin. Meta-
morphic quartz is formed by two to three irregular
crystals or by several oriented crystals presenting sutured
contacts. In addition, cryptocrystalline volcanic chert is
present. Feldspars commonly show evidence of chemical
weathering. K-feldspars are more frequent than plagio-
clases, which usually are fresher and probably of volcanic
origin. Micas occur as large detrital flakes with elongated
shapes, sometimes concentrated along laminae, and
consist of varying proportions of white mica and biotite.
Muscovite is normally more frequent than biotite. In few
samples, high concentration of fresh detrital biotite seems
to indicate distinct volcanic/magmatic sources. Lithic
fragments are numerous and are mainly composed of
plutonic/gneissic, biotite and muscovite micaschist and
acidic volcanic fragments, denoting provenance from
magmatic and metamorphic sources (Figs. 5A, B).

Boulder petrography

In thin section, the investigated magmatic boulders
exhibit an equigranular to porphyritic texture and coarse
(0.5–2.0 cm) to pegmatitic (>2.0 cm) grain size. Among
the principal mineral phases are anhedral quartz and large
subhedral feldspars, intensely weathered and partially or
completely replaced by clay minerals (Figs. 5C–E). Large
plagioclases with characteristic albite twinning are some-
times selectively altered (Fig. 5C). K-feldspar may show
poikilitic texture (Fig. 5D) and is more intensely weath-

ered (Fig. 5E). Fresh and subhedral muscovite occurs as a
magmatic phase (Fig. 5C). Subordinately, a different
generation of fine-grained white mica occurs within large
and weathered K-feldspars. These grains might have
formed dring hydrothermal alteration (e.g., Simon 1990).
In specific boulders, a varying proportion of subhedral
biotite flakes occurs. They are partially or completely
altered into chlorite and in a few cases replaced by
muscovite, as commonly noted during low-temperature
hydrothermal alteration (Simon 1990). Since no signs of
intense deformation and recrystallization were noticed,
the emplacement of these granites is interpreted to have
followed the main Variscan metamorphism. For a detailed
description of the petrographical and mineralogical fea-
tures of the different facies of the Vallorcine granite the
reader is referred to Br�ndlein (1991) and Br�ndlein et al.
(1994).

Geochemistry of boulders

Considering the depositional environment of the boulders,
whole-rock chemical modification due to weathering and
diagenesis can be significant (Nesbitt and Young 1989).
The amount of chemical weathering in granitic rocks is
strongly dependent on the climatic regime and, for
example, minimum under cold and arid climates and
maximum under hot and humid conditions (Nesbitt and
Young 1982, 1989). Since feldspars are among the most
abundant minerals of the upper crust their chemical
alteration is indicative of the intensity of chemical
weathering (Nesbitt et al. 1997). The intensity of chem-
ical weathering can be measured by calculating the
relative proportions between the concentrations of Al2O3,
CaO, Na2O and K2O (CIA, Chemical Index of Alteration;
Nesbitt and Young 1982). The analysed boulders have

Table 2 Location of the investigated samples. The approximate
stratigraphic position in the Salvan-Dor�naz basin is shown in
Fig. 4. For comparison, two additional samples from the Vallorcine
granite were sampled (see text for details)

Samples Description Coordinatesa

Sediments

CN 214 Sandstone (Unit I). 564200/102500
CN 209 Conglomerate (Unit I). 563700/101900
CN 164 Sandstone (Unit I). 569625/110375
CN 145b Sandstone (Unit I). 570250/110625
CN 146b Conglomerate (Unit II). 570475/114175
CN 116 Sandstone (Unit II) 114295/573222
CN 131 Sandstone (Unit III). 114100/572585
CN 136 Sandstone (Unit III). 114106/572650

Boulders

CN 239 Gneissic boulder 562300/099175
CN 252/a Granitic boulder 564438/101100
CN 337 Granitic boulder 562725/100688
CN 338/a Pegmatitic boulder 562725/100688
CN 338/b Granitic boulder 562725/100688
CN 340 Granitic boulder 562725/100688
FB 1030 Vallorcine granite 561275/101975
CN 331 Vallorcine granite 568175/110950

a Coordinates refer to 1:25.000 Swiss National topographic maps
b Detrital muscovite analysed by 40Ar/39Ar multiple-grain, step-
heating technique

Fig. 4 Schematic section of the Late Carboniferous sediments in
the Salvan-Dor�naz basin with position of the analysed samples.
Lithostratigraphical units as in Fig. 3. Details of investigated
samples can be found in Table 2
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CIA values between 0.48 and 0.55 (Fig. 6, Table 1),
which are in the range of fresh granites (0.45–0.55; Visser
and Young 1990). These values are very similar to those
determined for the Vallorcine granite (0.52–0.57; Fig. 6,

Table 1); the samples from the Vallorine granite,
however, present slightly lower SiO2, higher total alkali
(8.5%–10.5%), and similar Al2O3 concentrations (Ta-
ble 1). In addition, CaO is higher in the boulders, whereas

Fig. 5 A Clast-supported, texturally and compositionally imma-
ture lithic arenite (sample CN 214), plane-polarized light; for
details see text. B Matrix-supported, texturally and compositionally
immature greywacke (sample CN 116), plane-polarized light; for
details see text. C Medium grain size, porphyritic texture of a
granitic boulder from the lower alluvial fan Unit I (sample CN 252/
a), plane polarized light; feldspars are zoned and show selective
alteration, muscovite occurs as a magmatic phase, no signs of post-
emplacement deformations are visible; for further details see text.
D Medium grain size, porphyritic texture of a granitic boulder from
the lower alluvial fan Unit I (sample CN 340) in cross-polarized

light; feldspars present characteristic albite twinning and may show
poikilitic texture with quartz (P); no signs of post-emplacement
deformations are visible; for details see text. E Medium grain size,
granitic boulder from the lower alluvial fan Unit I (sample CN 337)
under cross-polarized light; porphyritic feldspars have subhedral
shapes and show alteration in clay minerals and secondary fine-
grained muscovites; no signs of post-emplacement deformations
are visible. Gf Gneissic and/or granitic fragments; Mf micaschists
fragments; Vf volcanic fragments; Q quartz; f feldspars; ms detrital
muscovite flakes
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K2O is much higher in samples from the Vallorcine
granite (Fig. 6, Table 1), but it was not possible to
determine if these chemical differences are of primary or
secondary origin.

The whole rock trace elements concentrations of the
boulders present similar Sr, Pb, Zn and Cu values for the
Vallorcine granite, whereas Ba and Rb concentrations are
significantly lower in the boulders (Table 1). This is well
visualised in the discrimination diagram of El Bouseily
and El Sokkary (1975), where the granitic boulders
occupy a distinct field, closer to the Rb vertex, from the
Vallorcine granite (Fig. 7). Leaching of K, Rb and Ba,
mainly form weathering of feldspars and mobilisation of
Rb during high temperature chloritization of biotite can
occur during hydrothermal alteration and/or during
chemical weathering (Nesbitt and Young 1984, Simon
1990).

40Ar/39Ar white mica ages of boulders
and Vallorcine granite

The muscovite bulk-grain samples from one metamorphic
and five magmatic boulders were analysed by 40Ar/39Ar
step-heating technique (Fig. 8, Table 2, data available as
additional material “Data 1”, see http://dx.doi.org/
10.1007/s00531-003-0332-0). Minor loss of radiogenic
Ar is indicated by younger ages reported in low-temper-
ature gas release steps of the coarse grained (>1 mm)
muscovite sample CN 239, and from the bulk-grain
muscovite samples CN 337, CN 338/a, CN 338/b, as well
as from the muscovite sample (FB 1030) of the Vallorcine

granite (Fig. 8). Medium- and high-temperature release
steps record plateaux ranging from 312.7€2.9 (sample CN
252/a) to 301.4€3.3 Ma (sample CN 340; Figs. 8a–e).
40Ar/39Ar incremental heating of a coarse-grained
(>1 mm) muscovite single-grain from one gneiss boulder
(CN 239; Fig. 8g) yields a more disturbed Ar-release
pattern than the smaller size fraction 0.25–0.71 mm of the
same boulder because of slightly older ages (Fig. 8h). The
former yields a more concordant release pattern with a
well defined age for the Vallorcine granite of
306.5€3.4 Ma integrated over 82.9% of the total 39Ar
released.

Additionally, a well-defined, concordant apparent age
of 307.6€3.3 Ma (sample FB 1030; Fig. 8f) was
determined for a bulk-grain sample of magmatic mus-
covite from upper levels of the Vallorcine granite. Within
the analytical error, this 40Ar/39Ar age is similar to U/Pb
zircon and monazite ages (Bussy et al. 2000; Fig. 2). All
apparent 40Ar/39Ar ages are interpreted to record cooling
of granite/gneiss samples through respective closure
temperature of the Ar isotopic system. The low-temper-
ature argon loss—we estimated it as ca. 1%—led to
younger, post-depositional ages (for discussion see
below).

40Ar/39Ar ages of detrital white mica

In a first test, the age of the detrital muscovites
(>0.25 mm) was determined by incremental-heating of
seven bulk-grain samples from sandstones. Only two of
them (CN 145, CN 146) showed an internally concordant

Fig. 7 Trace element discrimination diagram for granitic rocks
based on relative proportions of Sr, Rb and Ba (after El Bouseily
and El Sokkary 1975). Fields for Vallorcine granite (VG), Mont-
Blanc granite (MB), and Mont-Blanc rhyolites (MR) are after Bonin
et al. (1993). Data are reported in Table 1

Fig. 6 Chemical indexes of alteration (CIA) after Nesbitt and
Young (1984, 1989) show only moderate chemical weathering (low
CIA), and limited alteration of the major elements. Whole-rock
chemical data are reported in Table 1, samples in Table 2.
CIA=Al2O3/(Al2O3+CaO*+Na2O+K2O); all oxides are in mol%;
CaO* considers only CaO associated with silicate minerals (Nesbitt
and Young 1984)
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apparent age spectrum in the medium-temperature release
steps, giving plateau ages of 302.8€0.9 Ma and
300.6€0.9 Ma (Fig. 9). These values very likely record
cooling ages in the source area of the muscovite. The
high-temperature argon release steps provided slightly
older ages. The total gas ages are 300.9€0.7 (CN 145) and
299.7€0.8 Ma. (CN 146) and are slightly younger because
of argon loss in the order of 1–2% (for discussion see
below). The non-concordant age spectra appear to
represent mixed populations of detrital white mica with
small grain sizes and probably slightly different cooling
ages. However, apparent ages of samples CN 145 and CN
146 seem also to indicate homogeneous sources of detrital

muscovite. The other five samples displayed internally
discordant 40Ar/39Ar apparent age spectra and are not
reported here.

To avoid dating of mixed mica populations, we dated
detrital single-grains by 40Ar/39Ar total-fusion techniques.
Forty-five muscovite grains (0.25–0.71 mm) were sepa-
rated from samples taken from six different stratigraphic
levels (Fig. 4). Ages range between 339.5€4.8 and
279.6€2.6 Ma, with a peak frequency between ca. 302
and ca. 315 Ma (Fig. 10, data available as additional
material “Data 2”, see http://dx.doi.org/10.1007/s00531-
003-0332-0). Some samples (e.g., CN 164; Fig. 11c)
display a progressively younging age range (see below).

Fig. 8a–h Apparent ages mea-
sured by 40Ar/39Ar multiple-
grain, step-heating technique of
muscovite separated from indi-
vidual boulders. Apparent ages
document rapid cooling prior to
exposure, erosion and rapid
burial. For comparison one
sample from the Vallorcine
granite was also analysed
(Fig. 8f, FB 1030). a–e Granitic
and pegmatitic boulders; f Val-
lorcine granite; e–h gneissic
boulder. Description and loca-
tion of samples in Table 2, Ar-
data are available as additional
material “Data 1” (see http://
dx.doi.org/10.1007/s00531-
003-0332-0)
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Other samples indicate distinct populations of muscovite,
with older age groups of ca. 340–330 and ca. 320–325 Ma,
and distinctly younger ages of ca. 312 and ca. 305 Ma
(e.g., CN 116, CN 136; Fig. 11d, f). The older ages are
more frequent within upper stratigraphic levels (e.g., CN
116, CN 136).

Some of the ages obtained from 40Ar/39Ar total-fusion
experiments yielded ages younger than the stratigraphic
age of the host sediment. This might be due to minor
radiogenic Ar loss of some of the micas after initial
cooling. A minor, post-depositional argon loss in the
order of one to maximum two percent is similar to that
observed in multiple-grain samples CN 145 and CN 146
(Fig. 9; for discussion see below).

Post-depositional argon loss

To evaluate post-depositional argon loss and its younging
effects, we additionally measured four bulk-grain samples
of such muscovites by incremental heating technique and
checked if we could see some disturbances in the Ar-
release spectra (Fig. 12a–d; data available as additional
material “Data 3”, see http://dx.doi.org/10.1007/s00531-
003-0332-0). All samples display more or less undis-
turbed age spectra in the medium- and high-temperature
gas release steps. Ages integrated from these steps range
between 297.5€4.0 Ma (CN 214; Fig. 12d) and
308.2€3.1 Ma (CN 131; Fig. 12b), which is well in
accordance with results obtained on smaller size fractions
of other samples (e.g., CN 145, CN 146; Fig. 9), the
single-grain analyses, and results from 40Ar/39Ar incre-
mental heating experiments on bulk-grain samples from
magmatic and metamorphic boulders (see above). How-
ever, the first steps of all release spectra display younger
ages, ranging between ca. 280 and 220 Ma, which
indicates loss of radiogenic Ar components after initial
closure of the system. This might serve as an explanation
for the obvious discrepancy of detrital micas, which
record younger 40Ar/39Ar ages than the stratigraphic age
of their host sediment (e.g., Copeland and Harrison 1990).

Interpretation and discussion

The continental sediments of the Salvan-Dor�naz basin
are texturally and compositionally immature. The abun-
dance of lithic clasts and detrital minerals with low
chemical and mechanical stability indicates that they
accumulated not far away from their source areas and
experienced only limited physical and chemical weather-
ing (e.g., Tucker 1991). The sediment composition
documents granitic, volcanic, low- and high-grade meta-
morphic, and some meta-sedimentary rocks outcropping
in the catchment areas. Among these components,
significant variations between prevalent magmatic and

Fig. 10 Entire spectrum of detrital muscovite ages measured by
40Ar/39Ar single-grain, total fusion technique, for all the investi-
gated Late Carboniferous clastic sediments. Bar length corresponds
to 2s error; the recorded muscovite ages are plotted from the old to
young, clustering between ca. 302 and 315 Ma. Ar data are
available as additional material (“Data 2”, see http://dx.doi.org/
10.1007/s00531-003-0332-0). The grey vertical bar refers to the
age of the sediments in the Salvan-Dor�naz basin

Fig. 9 Detrital muscovite apparent ages measured by 40Ar/39Ar multiple-grain, step-heating technique; two sandstones layers (see text for
details). Location and stratigraphic position of samples are given in Table 2 and in Fig. 4
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prevalent metamorphic boulders imply temporal litholog-
ical changes in the eroded source material. Chemical
weathering could have been favoured by humid climatic
regimes at that time (e.g., Nesbitt and Young 1982, 1989),
possibly induced by high altitude levels reached in the
internal parts of the Variscan mountain range (e.g., Becq-
Giraudon and van den Driessche 1994). This is also
assumed for the Salvan-Dor�naz basin at least during its
initial phase of development (Capuzzo and Wetzel 2003).

The coarse boulders within the lower sedimentary unit
indicate a nearby source and a steep relief. From the NW,
debris flows and braided river systems transported large
amounts of clastic materials into the basin (Capuzzo and
Wetzel 2003). Granitic boulders have a geochemical
signature similar to that of the Vallorcine and Montenvers
anatectic granites, which outcrop only a few km away
(Fig. 2; Morard 1998; Bussy et al. 2000. Despite
alteration of feldspars, the major elements document only
short-term exposure at the surface during weathering,

transport, and deposition (Fig. 6). The geochronology and
composition of the boulders (Fig. 8) imply that their
parent rocks were probably emplaced during the intense
syntectonic magmatic activity that occurred at different
crustal levels during the final stages of the Variscan
collision (e.g., Bonin et al. 1993; Br�ndlein et al. 1994;
Schaltegger 1994; Finger et al. 1997; Bussy et al. 2000).
Apparent 40Ar/39Ar ages of muscovites from these
boulders range between 312.7€2.9 and 301.4€3.3 Ma
(Fig. 8) and are interpreted to record their rapid isother-
mal decompression, favoured by dextral transtensional
strike-slip regimes (e.g., Schulz and von Raumer 1993;
Br�ndlein et al. 1994). The erosion of Late Carboniferous
granites during the latest Westphalian–early Stephanian
indicates rapid exhumation leading to the exposure of
mid-crustal levels at the surface, as it has been reported,
for instance, by Menning et al. (2000). On the other hand,
pegmatitic grain size and trace-element concentrations
indicate a late-magmatic stage of hydrothermal circula-

Fig. 11 Detrital muscovite
ages, measured by 40Ar/39Ar
single-grain, total fusion tech-
nique, shown from base (a) to
top (f). Bar length corresponds
to 2s error. The grey vertical
bar refers to the age of the
uppermost sediments in the
Salvan-Dor�naz. Ar data are
available as additional material
("Data 2", see http://dx.doi.org/
10.1007/s00531-003-0332-0).
Location and stratigraphic po-
sition are given in Table 2 and
Fig. 4
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tion, as commonly described in the Late Variscan
magmatic activity (e.g., Simon 1990), that has also been
recorded by the emplacement of the Vallorcine granite
(Br�ndlein et al. 1994). Source areas of the boulders,
therefore, were very probably muscovite€biotite granites
in the nearby Aiguilles-Rouges massif (Fig. 2).

The range of 40Ar/39Ar ages from ca. 290–339 Ma of
detrital muscovite within boulder-hosting sandstone
points to erosion of basement units which had different
P–T histories (Fig. 11): (1) a unit with early Carbonif-
erous ages between 320 and 340 Ma, and (2) a unit with
young ages between ca. 315–302 Ma. This second unit
includes the Vallorcine-type granite and country rocks
which were thermally overprinted by this type of
intrusion. No older ages than ca. 339 Ma have been
found. This suggests that the entire catchment area was
dominated by Variscan metamorphic and plutonic rocks.
We estimate an average of about 1% radiogenic argon
loss implying that reported ages are about 1% too young.
The measured ages are similar to isotopic ages from
different metamorphic and magmatic units in the vicinity
of the basin (Fig. 2; Schulz and von Raumer 1993;
Dobmeier 1998; von Raumer 1998; Bussy et al. 2000).

We suggest that partial diffusive resetting due to post-
depositional very-low-grade metamorphism is the process
which can explain the too-young ages. The prime
argument for that interpretation is the shape of age
spectra which show the diffusive argon loss in low-
temperature increments of the experiment. Furthermore,
we carefully selected grains without any alteration along
their margins and without any inclusions. We exclude
therefore the possibility of minor loss of radiogenic Ar
components due to weathering and erosion before depo-
sition.

The time interval between initial closure of the Ar
isotopic system in the muscovites as indicated by the
40Ar/39Ar ages and the time of basin formation was very
short (Fig. 10). In fact, after reaching the argon retention
temperature of muscovite (Tc>350€50 �C) the parent
rocks must have been exhumed to the surface, eroded and
transported to their final depositional site within only few
million years; detrital muscovite ages cluster between ca.
302 and ca. 315 Ma (Fig. 10). This possibly represents the
time of cooling and rapid rock uplift of basement units
within the catchment areas of the basin. In addition, the
narrow range of the detrital muscovite ages at various
stratigraphic levels of the Salvan-Dor�naz basin indicates
very fast cooling of the basement being eroded, since
older detrital mineral ages are more frequently represent-
ed in its upper levels. These results are consistent with the
inferred Late Variscan tectonic evolution of the region,
where prevalent transtensional strike-slip regimes con-
trolled isothermal decompression of the pre-existing
Variscan metamorphic zonation (Schulz and von Raumer
1993; Dobmeier 1998) and concomitant syntectonic
intrusions, at shallow crustal levels, of anatectic melts
(Br�ndlein et al. 1994; Morard 1998).

Alternatively, the observed up-section variation in
detrital muscovite ages might reflect that the catchment
area grew in size with time and increasingly received
material having older cooling ages. This scenario is quite
likely for the lithologic Units I and III at the base and the
top of the basin fill respectively, that display such “aging
upward” (Figs. 4, 11; Unit I: CN 164, 209, 214; Unit III:
CN 131, 136). During the formation of these units,
sediment composition and the depositional style by a
braided and a meandering river, respectively, do not
document a significant change and hence, may indicate
relative stability. In contrast the anastomosed river

Fig. 12 40Ar/39Ar ages of four
samples of detrital white mica
measured from multiple (10–
15) grains. Ar data are available
as additional material (“Data
3”, see http://dx.doi.org/
10.1007/s00531-003-0332-0).
Location and stratigraphic po-
sition are shown in Table 2 and
Fig. 4
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deposits of Unit II display very narrow and young age
spectra (CN 145, CN 146; Figs. 4, 9) pointing to a
homogeneous and restricted source area likely across a
major, regional normal fault (e.g., von Eynatten et al.
1999). Just at that time the paleo-drainage direction
became reversed and the basin is inferred to have
subsided at an increased rate (e.g., Niklaus and Wetzel
1996). Therefore a tectonic rearrangement of the whole
basin is inferred and very likely of the catchment areas
too.

Due to both the limited stratigraphical resolution of the
Salvan-Dor�naz basin and to the possibility of sedimen-
tary mixing between different catchment areas, the
measured detrital muscovites ages allow no precise
determinations of the exhumation rates in the source
areas. Nonetheless, exhumation was rapid, which is in
good agreement with average rate of ~1 mm/y calculated
for the Late Variscan uplift in the Aiguilles-Rouges
massif (Capuzzo and Bussy 2000). Further evidence for
the rapid cooling of basement units outcropping in the
catchment areas of the basin is provided by muscovite
ages of one gneissic boulder from a low stratigraphical
level (CN 239; Fig. 8g, h). As often observed in
metamorphic rocks, muscovites display radiogenic reten-
tion ages dependent, among other factors like cooling
rate, matrix minerals and deformational state, on their
grain-size, whereby the intensity of the grain-size con-
trolled diffusional Ar loss depends on the cooling rate of
the parent rock (Villa 1998; McDougall and Harrison
1999). In this specific case (CN 239; Fig. 8g, h), the age
difference between the two grain sizes of mica, 250–710
and >1,000 mm, respectively, seems to indicate cooling
with rates of ca. 5 �C/Ma (M. Cosca, Lausanne, personal
communication). The white mica extracted from the
Vallorcine granite has an apparent age of ca. 307 Ma (FB
1030; Fig. 8f), which is—within the analytical errors—
identical to its U/Pb zircon and monazite retention ages
(Bussy et al. 2000) and thus documents rapid cooling and
confirms shallow crustal emplacement of this Late
Carboniferous intrusion (Br�ndlein et al. 1994). However,
the gneiss boulder (sample 239) must originate from an
earlier and higher level of the Variscan pluton and is not
identical to the Vallorcine granite. This is also shown by
the seemingly slow cooling rate inferred from different
grain sizes from the same sample.

More insights into the nature and origin of the Salvan-
Dor�naz clastic sediments come from the interpretation of
the detrital muscovites ages. They all document erosion of
young material (Figs. 9, 10, 11), when compared to U/Pb
isotopic ages of basin formation (Fig. 2; Capuzzo and
Bussy 2000). P–T path of metamorphic basement rocks
from the Aiguilles Rouges region suggest a two-stage
exhumation (e.g., Dobmeier 1998): a first stage with
nearly isothermal decompression from ca. 10 to ca. 6–
4 kbar and then concomitant cooling and decompression
with a geothermal gradient of 50–60 �C/km. If we assume
an elevated thermal gradient of 60 �C/km, a major portion
of the upper crust (about 6 km) was removed prior to the
formation of the basin, and suggests extremely rapid post-

collisional exhumation (>1–2 mm/year). In comparison,
detrital muscovite single-ages in Variscan basins of the
Eastern Alps (Handler et al. 1997; Mader et al. 2000), in
the Moravo-Silesian basin of the Czech Republic
(Schneider et al. 2000) and in peripheral molasse basins
in the Himalayas (Najman et al. 1997) show a similar
pattern with ca. 95% of detrital muscovites eroded from
young material. In the Alpine Molasse basin, however,
only 20–25% of the white micas cooled through the argon
retention temperature during the same orogenic cycle
(von Eynatten et al. 1999). This contrasts with material
from the Salvan-Dor�naz basin which comprises exclu-
sively young micas formed during the same orogenic
cycle. Consequently, this indicates a fundamental differ-
ence between the Variscan and Alpine orogens. There-
fore, the case of the Late Paleozoic Salvan-Dor�naz basin
proves extremely rapid removal of the upper sector of the
crust, which appears unusual, especially if compared with
the Alpine and Himalaya orogens (Neubauer et al. 2000).
For example, in Cenozoic Tibetan basins only “old”
detrital material was found, which suggests surface uplift
but not much erosion and exhumation (Harrison et al.
1993). Locally, an extremely rapid Pliocene–Quaternary
exhumation and present-day denudation of anatectic
metamorphic rocks has been observed in the Himalayan
syntaxis area (e. g. Zeitler et al. 1993; Treloar et al. 2000)
which contributes to young ages of detrital minerals in
Neogene-Quaternary basins of the Himalayan area
(Copeland and Harrison 1990; Najman et al. 1997)
although no collapse occurred and the Himalayan crust
is still anomalously thick.

The Variscan orogeny, however, appears to be quite
different due to both high exhumation and erosion,
possibly as a consequence of humid climatic conditions,
which is supported by trace element geochemical evi-
dence for Late Variscan deep weathering. Extensional
collapse in combination of high rock uplift and surface
and/or tectonic erosion of the Variscan orogen is an
appropriate model to explain the presence of exclusively
“young” mica ages. Alternatively, a Wernicke-type
extension and exhumation of a metamorphic core com-
plex does not seem an appropriate model because these
mechanisms always leave an upper, brittle plate behind
which would show old, pre-orogenic ages and which is
therefore not affected by bulk younging of the upper
plate. In all these models, sedimentary basins are limited
to the upper, brittle plate.

Conclusions

Different geological processes characterised the Late
Paleozoic post-collisional evolution of the European
Variscan orogeny and contributed to form and fill several
intramontane continental basins. In the investigated area,
the post-collisionally thickened crust, which formed
during the Variscan orogeny, was thinned to normal
extent by rapid exhumation of the basement, syntectonic
intrusion of granitic melts, active volcanism of crustal
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origin, and basin formation. Tectonic processes coupled
with intense erosion produced abundant clastic material
that accumulated within the rapidly subsiding Salvan-
Dor�naz basin during the Late Carboniferous. In its
catchment area predominately granitic, volcanic, and
high- and low-grade metamorphic rocks cropped out and
document that the Variscan orogenic roots were already
exposed and being eroded in the Late Carboniferous. The
detrital muscovite ages are similar to the stratigraphic age
of their host sediments and, hence indicate rapid cooling
and—very probably—exhumation of the basement during
basin formation. Since only “young” Variscan material
accumulated in the basin, the entire upper crust has been
removed prior to its formation. This implies both,
exhumation above the Ar retention temperature and
removal of at least 6 km of crust, if an elevated thermal
gradient of 60 �C/km is assumed in this internal sector of
the Variscan orogenic belt. Age determinations and
sediment composition document that highly differentiated
granites were syntectonically emplaced at shallow crustal
levels, rapidly uplifted to the surface and eroded. Their
intrusion was favoured by anatectic decompression melts
in the hanging wall of crustal-scale transcurrent fracture
zones, which guided their subsequent exhumation. Sim-
ilar fracture zones also controlled the formation of the
Salvan-Dor�naz basin, which was probably the surface
response to rapid asymmetric subsidence of the footwall.
In addition, high heat flow also caused subvolcanic and
hydrothermal activities along similar fractured zones.

If compared with other intramontane molasse basins
formed during post-collisional extension in modern and
ancient orogenic belts, this study underlines the peculiar-
ity of the Variscan post-collisional horst and basin
formation; simultaneously acting, rapid exhumation of
the orogenic roots and intense erosion—which may be
favoured by humid climatic conditions—led to exclusive-
ly young ages of detrital material, a case rarely reported
yet.
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Appendix

Detailed description of the analytical methods

Samples were polished from their weathered margins, except the
strongly altered sample CN 252/a which was not considered for

geochemical analyses. In addition, the same analytical techniques
were applied for comparison on sample FB1030, from the upper
levels of the “stratified” Vallorcine granite (Fig. 2; Br�ndlein et al.
1994), while on sample CN 331, from the lower levels of the same
granitic intrusion, only XRF whole rock trace elements analyses
were performed. A short description and the location of this second
set of samples are reported in Table 2.

After gently crushing and sieving the samples, muscovites were
concentrated from a grain size between 0.25–0.71 mm by standard
separation techniques in the mineral separation laboratory at the
University of Lausanne, Switzerland. The sieved samples were
milled using an agate mill with ethnol as diluent, sieved again to
remove the suspended fraction, and then dried at 50 �C. The
mineral concentrates were then sent to the University of Salzburg
and handpicked under a binocular microscope into Al-foil capsules,
sealed in quartz vials, and irradiated for 8 h in the central position
of the ASTRA reactor at the Austrian Research Center in
Seibersdorf, Austria. Flux within the reactor was 1.1�1014 n/
cm2s, correction factors for interfering isotopes have been reported
by Frank et al. (1996) and are:36Ar/37Ar(Ca)=0.0003, 39Ar/37Ar(Ca)=
0.00065, and 40Ar/39Ar(K)=0.03. Variation in the flux of neutrons
were monitored with B4 M white mica standard (Flisch 1982) for
which a 40Ar/39Ar plateau age of 18.555€0.4 Ma has been reported
(Burghele 1987). The 40Ar/39Ar isotopic analyses were carried out
at the Institute for Geology and Paleontology at the University
Salzburg using a UHV Ar-extraction line equipped with a
combined MERCHANTEK	 UV/IR laser ablation facility, and a
VG-ISOTECH	 NG3600 Mass Spectrometer. Single-grain total-
fusion (data available as additional material “Data 1”) and bulk-
grain stepwise-heating (data available as additional material “Data
2”; see http://dx.doi.org/10.1007/s00531-003-0332-0), analyses of
muscovites were performed using a 25 W CO2-IR laser operating in
Tem00 mode at wavelengths between 10.57–10.63 �m. The laser
was defocused to a spot size of ca. 1.0 mm and controlled by a PC.
On a computer screen the position of the laser on the sample was
monitored through a double-vacuum window on the sample
chamber via a video camera in the optical axis of the laser beam.
Gas clean up was performed using one hot and one cold Zr-Al
SAES getter. Gas admittance and pumping of the mass spectrom-
eter and the Ar-extraction line were computer controlled using
pneumatic valves. The VG3600 is an 18-cm radius 60� extended
geometry instrument, equipped with a Nier-type Bright Source
operated at 4.5 kV. Measurements were performed in static mode
on an axial electron multiplier and peak-jumping and stability of
the magnet was controlled by a Hall-probe. For each increment the
intensities of 36Ar, 37Ar, 38Ar, 39Ar, and 40Ar were measured, the
baseline readings on mass 33.5 were automatically subtracted.
Intensities of the peaks were back-extrapolated over 16 measured
intensities to the time of gas admittance either by a straight line or a
curved fit. Intensities were corrected for system blanks, back-
ground, post-irradiation decay of 37Ar, and interfering isotopes.
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