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ABSTRACT 

We have selected and dated three contrasting rock-types representative of the
magmatic activity within the Permian layered mafic complex of Mont Collon,
Austroalpine Dent Blanche nappe, Western Alps. A pegmatitic gabbro associ-
ated to the main cumulus sequence yields a concordant U/Pb zircon age of
284.2 ± 0.6 Ma, whereas a pegmatitic granite dike crosscutting the latter yields
a concordant age of 282.9 ± 0.6 Ma. A Fe-Ti-rich ultrabasic lamprophyre,
crosscutting all other lithologies of the complex, yields an 40Ar/39Ar plateau
age of 260.2 ± 0.7 Ma on a kaersutite concentrate. All ages are interpreted as
magmatic. Sub-contemporaneous felsic dikes within the Mont Collon complex
are ascribed to anatectic back-veining from the country-rock, related to the
emplacement of the main gabbroic body in the continental crust, which is in
accordance with new isotopic data. The lamprophyres have isotopic composi-

tions typical of a depleted mantle, in contrast to those of the cumulate gabbros,
close to values of the Bulk Silicate Earth. This indicates either contrasting
sources for the two magma pulses – the subcontinental lithospheric mantle for
the gabbros and the underlying asthenosphere for the lamprophyres – or a sin-
gle depleted lithospheric source with variable degrees of crustal contamination
of the gabbroic melts during their emplacement in the continental crust. The
Mont Collon complex belongs to a series of Early Permian mafic massifs,
which emplaced in a short time span about 285-280 Ma ago, in a limited sector
of the post-Variscan continental crust now corresponding to the Aus-
troalpine/Southern Alpine domains and Corsica. This magmatic activity was
controlled in space and time by crustal-scale transtensional shear zones. 
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Introduction 

The Paleozoic Variscan belt in Europe is a result of complex,
mainly collisional interactions between Laurussia and Gond-
wana-derived microcontinents (Stampfli et al. 2002). Early
stages of accretion and crustal thickening were followed by
post-collisional extension and collapse of the belt during Car-
boniferous and Permian times. These late- to post-orogenic
stages were characterized by high heat flow resulting in high
temperature/low pressure metamorphism, widespread crustal
anatexis, and the emplacement of large amounts of felsic mag-
matic rocks, either intrusive or as volcano-sedimentary units

in intracontinental basins. Magmatic activity occurred as dis-
crete and short-lived pulses (e.g. Schaltegger 1997; Bussy et al.
2000; Paquette et al. 2003), triggered by mantle upwelling and
thermal relaxation of the lithosphere, controlled in space and
time by tectonic factors. These dominantly granitic rocks dis-
play an evolution through time from high Mg-K calc-alkaline
to calc-alkaline and finally alkaline affinity. Isotopic data, in
particular Nd, point to mantle-crust interactions in the magma
sources, with increasing contributions from a depleted mantle
(positive εNdi) at the end of the magmatic activity (ca. 280
Ma; Innocent et al. 1994; Monjoie et al. 2002; Paquette et al.



2003; Monjoie 2004). This last magmatic pulse of Early Per-
mian age is tightly connected to large scale transtensional tec-
tonics, accompanied by the formation of volcano-sedimentary
basins in the upper crust, and ductile thinning and exhumation
of the lower crust (Mulch et al. 2002; Schaltegger & Brack
2006). Acid and basic magmas were produced contemporane-
ously, but the latter predominate as large, layered mafic com-
plexes of more or less tholeiitic affinity. These mafic com-
plexes have been documented in the Austroalpine domain of
the Alpine belt, in the Southern Alps (Ivrea-Verbano zone)
and on Corsica. The Austroalpine occurrences include the fol-
lowing mafic, mostly gabbroic complexes (Fig. 1): Sondalo
(Tribuzio et al. 1999), Braccia (Hermann et al. 2001), Mont
Collon (Dal Piaz et al. 1977), Anzasca (Sermenza gabbro,
Bussy et al. 1998). The Ivrea-Verbano zone hosts the large
Ivrea mafic complex (e.g. Quick et al. 1994, 2003; Pin 1986)
and associated syntectonic dikes (Mulch et al. 2002), whereas
on Corsica several layered bodies are documented (e.g. Foz-
zano, Poitrasson et al. 1994; Levie and Pila Canale, Paquette
et al. 2003). 

The Mont Collon mafic complex belongs to the Arolla Se-
ries of the Dent Blanche nappe (s.s.); this complex crops out
near the village of Arolla, Valais, Switzerland. It is the best
preserved of the Permian mafic complexes in the Alps, with
remarkably fresh primary mineral assemblages (in particular
olivine), very little deformation and minor Alpine metamor-
phic overprint. Early age determinations for this massif by Dal
Piaz et al. (1977) used the K/Ar and Rb/Sr methods on biotite.
The data obtained range from 246 ± 8 Ma (K/Ar) to 257 ± 6 Ma
(Rb/Sr) and were interpreted as cooling ages. In general, avail-
able ages for the various mafic complexes are of variable qual-
ity (e.g. 281 ± 19 Ma for the Braccia gabbro, Hansmann et al.
2001; 285.2 ± 0.6 Ma for the Levie gabbro-norite, Paquette et
al. 2003), but they all seem to point to a single mafic pulse
some 285 Ma ago (Fig. 1). The aim of this paper is to provide
high precision magmatic ages for contrasting lithologies in the
Mont Collon mafic complex in order to verify its affiliation to
the above-mentioned group, and more generally to test the
apparent synchronism of widespread mantle melting in post-
Variscan western Europe. 
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Fig. 1. Distribution of the main Permian Mafic Complexes in the Alpine belt. References for the reported ages: Braccia gabbro (Val Malenco, Hansmann et al.,
2001); Sondalo (Tribuzio et al., 1999); Val Anzasca (i.e. Sermenza gabbro in Bussy et al., 1998); Arolla orthogneisses (Bussy et al., 1998); Val Mastallone (Pin,
1986). All ages were determined by U/Pb zircon dating except for Sondalo (Sm/Nd isochron ages). 
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Geological outline 

In the Western Alps, the Austroalpine system represents the
uppermost element of the Europe-vergent Alpine nappe pile
(Martinotti & Hunziker 1984; Ballèvre et al. 1986; Dal Piaz
1993, 1999). This tectonic element comprises several polycyclic
basement units of pre-Alpine and Alpine age, and minor
monometamorphic Permo-Mesozoic cover units. The Aus-
troalpine System can be subdivided into an eastern and a west-
ern sector, the latter being recorded in the Aosta valley (Italy)
and southwestern Valais (Switzerland). Many subdivisions
have been proposed for the western Austroalpine system (see
Venturini et al. 1994; Venturini 1995 and references therein),
which basically comprises the Sesia (or Sesia-Lanzo) Zone and
the Dent-Blanche System. The latter is a large nappe or klippe,
presently disconnected from the Sesia Zone by erosion, but
originally linked to it. The complexity of the western Aus-
troalpine system results from the superposition of two major
nappe forming events during the Alpine orogeny (Steck et al.
2001). A Late Cretaceous compressive event (eoalpine phase)
generated two superposed nappes; the lower nappe of Arolla-
Sesia and the upper nappe of Valpelline-2DK. The subsequent
Tertiary tectonic phase (mesoalpine phase) deformed and dis-
mantled this nappe stack, translating part of it westward in a
series of tectonic units, including the Dent Blanche nappe, and
leaving behind the “root-zone” of Sesia.

The Sesia Zone is limited to the north by Mesozoic ophio-
lites and associated sediments of the Piemont-Liguria trough,
metamorphosed during the Alpine orogeny, now constituting
the Zermatt-Saas Zone and Tsaté nappe. These mafic rocks
are related to the Jurassic opening of the Tethyan ocean (166 ±
1 Ma, Bill et al. 1997; 164 ± 2.7 Ma, Rubatto et al. 1998; 161 ± 1
Ma, Schaltegger et al. 2002) and must be clearly distinguished
from the continental mafic magmatism of Permian age ad-
dressed in this work. To the south, the Sesia Zone is bounded
by the southern Alpine Ivrea-Verbano Zone, from which it is
separated by the Insubric line (Fig. 1). The Ivrea-Verbano
Zone consists of slices of ultramafic rocks in contact with
lithologies metamorphosed during the Variscan orogeny in the
amphibolite to granulite facies, as well as Early Permian mafic
intrusions (Schaltegger & Brack 2006 and references therein).
The inferred paleogeographic position of the units described
above was, from NW to SE (Steck et al. 2001): (1) the
Briançonnais domain (s.l.); (2) the Piemont-Liguria ocean,
opened during the Dogger; (3) the Austroalpine domain, con-
stituting the northern margin of the Adriatic plate; (4) the
Canavese bassin, opened during the Lias within the Adriatic
plate; (5) the Southern Alpine domain, represented by the
Ivrea-Verbano Zone. The eoalpine phase of compression
closed the Canavese basin in the Late Cretaceous. It induced
the SE directed subduction of the Sesia Zone underneath the
main body of the Adriatic plate 76 Ma ago (Gebauer 1999),
reaching maximum burial under HP metamorphic conditions
65 Ma ago (Gebauer 1999). The mesoalpine tectonic phase
closed the Piemont-Liguria ocean during the Eocene, subduct-

ed the Zermatt-Saas Zone and induced the nappe stack cur-
rently observed in the Alpine belt.

The Sesia zone consists of polycyclic metamorphic rocks
derived from pre-Alpine lithologies (mainly high grade parag-
neiss, granulite and amphibolite) into which intruded kilome-
ter-size bodies of Upper Carboniferous calc-alkaline quartz-
diorite to granite. The Alpine orogeny reworked these pro-
toliths according to regionally different P-T-t paths. In the
southwestern part of the Sesia-zone, 65 Ma-old eclogites and
blueschist facies rocks occur, whereas in the northwestern part,
the so-called “Gneiss Minuti unit” shows intense greenschist
metamorphism and deformation. 

The Dent-Blanche System is subdivided into a northern
upper part (the Dent-Blanche nappe s.s., Mont Mary and Pil-
lonet klippen) and a southern lower part (Monte Emilius-
Glacier Raffray-Tour Ponton units) by the Aosta Valley and
the east-west-trending Aosta-Ranzola fault system (Bistacchi
et al. 2001). The Alpine metamorphic overprint is of green-
schist grade north of the Aosta valley and eclogitic south of
this valley (including the Mont Emilius klippe). The basement
of the Dent-Blanche Nappe s.s. is composed of two tectonic
elements resulting from the eoalpine tectonic phase: the lower
Arolla and upper Valpelline nappes or series. The Arolla se-
ries, consisting of the same lithologies as the polycyclic base-
ment rocks of the Sesia unit, hosts the large mafic bodies of
Mont Collon and Matterhorn (Dal Piaz et al. 1977).

Field relationships, geochemistry and petrology 

The Mont Collon mafic complex consists of three major expo-
sures and several small scattered outcrops, which are partly
hidden by large glaciers (Mont Collon, Arolla and Ferpècle
glaciers) and their moraines. This mafic complex is in tectonic
contact with calc-alkaline metagranitoids (orthogneisses) and
paragneisses of the Arolla series. The meter-thick contact zone
is clearly mylonitic to blastomylonitic, deforming both country
rock and mafic lithologies. For this reason we cannot establish
whether or not the Arolla orthogneiss is the original country
rock of the Mont Collon mafic body. 

About 95 vol.-% of this complex are coarse-grained
olivine- and/or clinopyroxene-bearing gabbroic cumulates,
well exposed in the Dents de Bertol area (Dal Piaz et al. 1977;
Monjoie 2004; Monjoie et al. 2005). Cumulitic textures are un-
derlined by preferred mineral orientation. Olivine (Fo79-74)
and diopsidic clinopyroxene (Mg#cpx ≈ 85; Al2O3 < 3.1 wt%)
form the main cumulus phases, crystallized as 2–3 mm long eu-
to subhedral grains. Plagioclase (An83-63) forms tabular crys-
tals, commonly with parallel alignment. Late-magmatic Ti-rich
pargasite (up to 3.5 wt% TiO2) dominates the intercumulus as-
semblage, occurring as overgrowths or patches surrounding
clinopyroxene. Accessory minerals (magnetite, ilmenite, sul-
phides and apatite) are rare in all lithologies. No major varia-
tion is observed in the mineral chemistry over the cumulitic
gabbro sequence (Monjoie et al. 2005).
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Other facies of interest consist of sills of wehrlite parallel to
the gabbro layering, as well as a few meter-sized pockets of
pegmatitic gabbros. The latter are randomly distributed in the
massif, representing the only mafic facies without cumulitic
features. At the base of the Mont Collon summit, there is a

progressive and continuous transition from cumulitic to peg-
matitic texture. This relationship evidences that the gabbro
cumulates and pegmatites are contemporaneous. The peg-
matitic gabbros have well preserved magmatic textures, al-
though they recrystallized under greenschist facies conditions.
They now consist of large crystals (up to several cm long) of
albitic plagioclase and of polycrystalline aggregates of pale
green secondary actinolite. Fe-oxides are scarce and represent
less than 1 vol.-%. 

Whole-rock major- and trace-element chemical composi-
tion of the gabbros is dominantly controlled by the nature and
proportions of the cumulus mineral phases, and secondarily by
interstitial residual melt (Monjoie 2004; Monjoie et al. 2005).
The parental melt modeled from the REE composition of cu-
mulitic clinopyroxene is characterized by relative enrichment
in LREE (2.45 < LaN/YbN < 4.15), reminiscent of transitional
basalt (T-MORB). Initial 87Sr/86Sri ratios of 0.70449-0.70567,
εNdi values of +3.2 to -0.6, and Pb isotopic ratios close to those
of Bulk Silicate Earth (BSE), together with trace-element con-
straints led Monjoie (2004) to postulate a metasomatized
lithospheric mantle as the source of the Mont Collon gabbros.
The whole-rock chemistry of pegmatitic gabbros does not sig-
nificantly differ from that of the dominant olivine- and
clinopyroxene-gabbros. They display similar FeOT and Al2O3

contents, are enriched in TiO2, Na2O and K2O and depleted in
CaO.

The Mont Collon gabbro is crosscut by numerous centime-
ter- to decimeter-sized leucocratic dikes of anorthosite, gran-
odiorite and granite (aplitic and pegmatitic). Feldspar is usual-
ly sericitized, biotite is present in the granodiorites, and apatite
is abundant (up to 5 vol.-%) in the anorthosites together with
some amphibole. The granitoid dikes are characterized by low
εNdi values of -1 to -6.6, high initial 87Sr/86Sri ratios of 0.70573
to 0.71005, and Pb isotopes close to the EMII end-member, all
pointing to a continental crust origin. Monjoie (2004) inter-
preted these granitoid dikes as resulting from back-veining of
anatectic melts generated in the country-rock during intrusion
of the mafic complex in the middle crust. Conversely, the
anorthositic dikes are considered residual melts segregated
from the main gabbroic cumulate sequence.

A few dark, fine-grained, Fe-Ti-rich lamprophyric dikes
crosscut all other lithologies and represent the latest magmatic
event of the Mont Collon complex. They are restricted to the
Dents de Bertol area and have never been found in the coun-
try rock. Similar lamprophyres have been described by Dal
Piaz et al. (1977) in the neighboring Matterhorn mafic body.
They are composed of Fe-Ti-rich (Table 1) kaersutite (55–60
vol.-%), diopside (6–8 vol.-%) and interstitial albite (25–28
vol.-%) associated with apatite (~2 vol.-%) and Fe-Ti oxides
(magnetite and ilmenite, 3–5 vol.-%). Calcite commonly crys-
tallized in thin veins. 

The Fe-Ti lamprophyres are SiO2-undersaturated
(40.7–43.1 wt%) and nepheline normative (ne = 6.5–9.0 %).
They contain about 12 wt% FeOT and they are especially rich
in TiO2, alkalis, P2O5 and REE (ΣREEN ~ 700; Table 1). Their
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Rock types pegmatitic pegmatitic Fe-Ti lamprophyre
gabbro granite 

Sample numbers MP4 MP2 MP177

SiO2 50.6 61.0 41.6
TiO2 0.53 0.14 3.32
Al2O3 17.4 22.1 12.2
FeOT 5.5 0.87 14.2
MnO 0.12 0.01 0.19
MgO 8.4 0.63 10.5
CaO 11.8 6.7 10.2
Na2O 2.79 5.59 2.90
K2O 0.73 1.48 0.51
P2O5 0.07 0.11 0.72
LOI 1.7 1.3 2.8
Total 99.68 100.05 99.14
Mg# 73.1 56.5 56.9

Cu* 18 6 61
S* 69 80 1351
Sc* 35 7 34
V** 110 15 267
Cr** 233 8 256
Ni** 54 14 246
Ga** 16 26 24
Zn** 178 16 131
Co 36 13 50
Cs 0.36 0.82 0.43
Rb 29.6 47.2 2.6
Ba 188.4 275.2 92.2
Th 0.90 14.67 3.84
U 0.70 0.88 1.30
Nb 3.56 11.50 69.98
Ta 0.23 0.66 3.94
Pb 38.18 6.07 2.01
Sr 503.9 492.3 442.9
Zr 20.9 20.0 290.2
Hf 0.67 0.60 5.87
Y 16.1 4.0 29.8
La 6.11 61.40 35.44
Ce 15.36 108.64 72.77
Pr 2.18 11.13 9.06
Nd 9.39 35.46 37.99
Sm 2.48 4.58 8.20
Eu 0.77 1.41 2.54
Gd 2.60 2.45 7.69
Tb 0.43 0.25 1.13
Dy 2.51 0.87 5.73
Ho 0.51 0.13 1.02
Er 1.41 0.32 2.60
Yb 1.14 0.25 1.93
Lu 0.17 0.04 0.26

Table 1. Major- (wt% oxides) and trace-element (ppm) concentrations of the
dated samples. Trace-element concentrations were measured by liquid mode
ICP-MS on a FISONS VG PlasmaQuad PQ+ apparatus at the University of
Grenoble. Trace-elements (*: classical analysis mode, **: Rhodes long-time
analysis mode) and major–elements were measured by XRF on a Philips
PW2400 instrument at the University of Lausanne. mg# = (100*Mg/(Mg+Fe)).



trace-element contents are very similar to those of within-plate
alkaline mafic rocks. The lamprophyric dikes have the highest
εNdi values (+7.4) and lowest 87Sr/86Sri ratio (0.703) in the
Mont Collon igneous suite, whereas Pb isotopic values are
close to those of MORBs (Monjoie 2004), all suggesting a de-
pleted mantle source without involvement of the continental
crust. 

Thermo-barometric conditions of crystallization for the
main layered units of the Mont Collon complex have been esti-
mated at 1070–1120°C and 0.5 to 0.7 GPa, respectively (Mon-
joie 2004), pointing to a mid-crustal depth of intrusion for the
magmatic chamber. Conversely, the occurrence of fine-grained
margins, miarolitic vesicles and acicular apatite in the lampro-
phyric dikes suggest rapid cooling at shallower depth. 

Analytical procedures

Zircons were extracted from rock samples according to the
procedure described in Bussy & Cadoppi (1996). Selected crys-
tals were air-abraded (Krogh 1973) and separation of U and
Pb follows the procedure of Schaltegger et al. (1999). Isotopic
measurements were done on a Finnigan MAT262 mass spec-
trometer at ETH (Zurich). Data reduction was done using the
unpublished ROMAGE program of Davis (University of
Toronto) and the ISOPLOT software of Ludwig (Excel ver-
sion 2.06, 1998). Data were corrected for 230Th discrimination
in crystallizing zircon (Schärer 1984) using a model magmatic
Th/U ratio of 4. Errors are reported at the 95% confidence
level. Decay constants are those reported by Jaffrey et al.
(1971). 

40Ar/39Ar dating was performed on a 20–30 mg sample of
manually selected amphibole. Samples and closely spaced
standards were irradiated for 20 hours in the central thimble
position of the USGS TRIGA reactor in Denver (CO), USA
(Dalrymple et al. 1981). The neutron flux was monitored using
the standard MMHB-1 assuming an age of 523.1 ± 4.6 Ma
(Renne et al. 1998). The J value for the irradiation was 0.00301
± 0.0001 for bulk mineral separates. Furnace step-heating
analyses were performed using a double vacuum resistance
furnace. After furnace step-heating, the gas was exposed to a
metal cold finger at temperatures of approximately -130°C and
cleansed using an SAES AP50 getter for an additional 180 sec-
onds to remove all active gases. Following cleanup the gas was
expanded into a modified MAP 215-50 mass spectrometer for
isotopic analysis. Eight scans per analysis were made over the
mass range of 40 to 36 and peak heights extrapolated back to
inlet time. Furnace blanks ranged for m/e = 40 from 2 x 10-14
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Fig. 2. a) Field relationship between MP4 (pegmatitic gabbro) and MP2 
(pegmatitic granite) on the northern wall of the Mont Collon, b) example of
Fe-Ti lamprophyric dike (located on the Dents de Bertol), c) microscopic view
of the Fe-Ti lamprophyric dike MP177 (kaer=kaersutite, cpx=clinopyroxene,
plg=plagioclase (An3-15), ox=Fe-Ti oxides). 
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moles at 1500°C to 5 x 10-15 moles below 1000°C. Blank values
for m/e = 36–39 were below 2 x 10-16 moles. Peak heights were
corrected for background, mass discrimination, and for decay
of interfering isotopes of argon derived from Ca, K, and Cl.
The apparent ages were calculated using an assumed initial
40Ar/36Ar ratio of 295.5 and decay constants recommended by
Steiger & Jäger (1977). 

Sample description

Zircon grains were extracted from a 60 kg sample of peg-
matitic gabbro and from a 10 kg sample of (quartz-rich) peg-
matitic granite dike crosscutting the latter (Fig. 2a), both col-
lected on the northern edge of the Mont Collon. The peg-
matitic gabbro MP4 (Swiss coordinates: 605.500/092.800) part-
ly recrystallized under greenschist facies conditions, but still
preserves a magmatic texture. It consists of several cm long
crystals of plagioclase and pale green polycrystalline aggre-
gates of actinolite, probably replacing magmatic amphibole.
Fe-oxides are scarce (< 1 vol.-%). Most of the 250 zircons
recovered from sample MP4 were transparent, pinkish, sub-
hedral, stubby prisms, up to 120 microns in length, often
cracked and rich in inclusions. Five fractions consisting of one
to five gem-quality grains were selected and analyzed ([1]–[5];
Table 2).

The pegmatitic granite MP2 (coord.: 605.750/093.420) 
(Fig. 2a) is a dm-thick dike with strong intracrystalline defor-
mation, mainly composed of K-feldspar (Or96; up to 5 cm) and
quartz. Three zircon fractions ([6]–[8]; Table 2), consisting of
one or two prismatic grains each, were selected from this sam-
ple. 

An ultrabasic Fe-Ti lamprophyric dike MP177 (Fig. 2b and
c) was collected from the Dent de Bertol area (coord.:
606.440/093.670) for 40Ar/39Ar amphibole dating. It consists of
euhedral kaersutite (55–60 vol.-%, see mineral composition in
Table 4), ilmenite (3–5 vol.-%), titanite, diopside (6–8 vol.-%),
and interstitial Na-rich plagioclase (25–28 vol.-%; Ab94.5-

95.2An4.5-5.2Or0.1-0.2); a mineral assemblage typical of alkaline
hydrous melts. The albitic composition is surprising, consider-
ing the chemistry of these dikes (Table 1), thus plagioclase
may be secondary in origin. Whole-rock major- and trace-
element chemical analyses for all three of the dated samples
are reported in Table 1. 

Isotopic results 

All zircon fractions from the gabbro sample MP4 are perfectly
concordant and overlapping ([1]–[5]; Table 2 and Fig. 3a) at a
mean Concordia age of 284.2 ± 0.6 Ma (probability of concor-
dance 0.57), interpreted as the crystallization age of the peg-
matitic gabbro. 

The three zircon fractions from the pegmatitic granite dike
MP2 yield concordant data, which overlap within errors
([6]–[8]; Table 2 and Fig. 3b), with a mean Concordia age of
282.9 ± 0.6 Ma (probability of concordance 0.94). This age is
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younger than the U/Pb zircon ages obtained for the gabbros
and acidic dikes. This age could either be considered as a cool-
ing age reflecting the passage of the rock through the 450 to
500°C temperature interval (McDougall & Harrison 1988) or
reflect the timing of crystallization of the dike within (relative-
ly) shallow crustal levels. Even though intrinsic mineral para-
meters such as effective grain size, diffusion length scale and
Mg content of the MP177 kaersutites (MgO = 9.85–11.82 wt%;
Table 4) potentially affect the absolute closure temperature by
changing the diffusion properties, our interpretations do not
rely on the absolute temperature at which Ar diffusion effec-
tively ceased in the mineral. Pressure calculations point to a
mid-crustal level of emplacement for the main cumulitic facies,
whereas textural and petrographic characteristics of the lam-
prophyric dikes (i.e. miarolitic voids indicating fluid exsolu-
tion, apatite needles, fine grain-size and chilled margins) sug-
gest rapid crystallization of the magma in a relatively cold en-
vironment, most likely at much shallower depth. Hence, fast
cooling of the dike after emplacement suggests that cooling
and crystallization age are likely to be very similar. Conse-
quently, the obtained 40Ar/39Ar age of 260 Ma is probably very
close to the age of magmatic crystallization of the dikes, which
implies that the lamprophyric magmatism recorded in the
Mont Collon is some 25 Ma younger than the crystallization of
the main gabbroic body.

Discussion

The dated pegmatitic gabbro, chosen for its high probability of
hosting zircon, is considered to be contemporaneous with the
main cumulate sequence, on the basis of field relationships.
The transition between the layered facies and the pegmatitic
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Fig. 3. U/Pb Concordia diagram for a) pegmatitic gabbro from the Mont Col-
lon northern face; b) pegmatitic granite from the Dents de Bertol southern
wall. Error ellipses are given at the 95% confidence level. Numbers in [ ] refer
to the mineral fractions listed in Table 2. See discussion in the text.
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interpreted as the crystallization time of the acidic dike. Zir-
cons show no evidence of inheritance in the two samples. The
error ellipses for the two ages are contiguous; the pegmatitic
gabbro yielding the older age, in accordance with the crosscut-
ting relationships observed in the field. 

An integrated age of 255.4 ± 2.0 Ma can be calculated from
the amphibole concentrate of the lamprophyric dike MP177
(Table 3, Fig. 4). The first eight heating steps differ markedly
(higher Ca/K ratios) from gas released during the remaining
steps. These high Ca/K ratios are interpreted as the degassing
of a contaminant phase with a higher Ca/K ratio than bulk am-
phibole. Excluding these first steps for age calculation, we ob-
tain a plateau age of 260.2 ± 0.7 Ma, which is considerably

Fig. 4. Ca/K and 40Ar/39Ar step-heating spectrum vs. cumulative %39Ar
released diagram for lamprophyric dike MP177.
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pulses, as documented by small isotopic variations in the cu-
mulate sequence (Monjoie 2004). The numerous granitoid
dikes crosscutting the mafic lithologies crystallized shortly
after, as indicated by the age of 282.9 ± 0.6 Ma obtained for the
pegmatitic granitoid dike MP2. The relationship between the
Mont Collon complex and its present-day country rock (i.e. the
Arolla orthogneisses) remains unclear, as they are separated
by a continuous mylonitic zone. Bussy et al. (1998) dated the
Arolla orthogneisses at 289 ± 2Ma (concordant U/Pb age on
zircon), which implies that this acidic magmatic activity, while
broadly contemporaneous with the mafic magmatism, cannot
account for the granitoid dikes hosted by the Mont Collon gab-
bro. The latter could result from local remelting of the Arolla
orthogneisses, in relation to the high heat flow generated by
the emplacement of the mafic magma chamber, although no
anatectic features have been observed in the present-day con-
tact zone. Alternatively, melting might have occurred in the
continental crust along the mafic magma feeding conduits,
with subsequent injection of the melts upwards along tectonic
discontinuities. Either way, the high initial 87Sr/86Sri ratios of
0.70573 to 0.71005 and the low εNdi values of -1 to -6.6 of the
granitoid dikes preclude an in situ origin by extreme differenti-
ation of the mafic magmas.

The Mont Collon complex is definitely contemporaneous
with the other Early Permian mafic bodies of the Variscan
Alps and Corsica mentioned in the introduction (Fig. 1): Son-
dalo (280 ± 10 and 300 ± 12 Ma; Tribuzio et al. 1999), Braccia
(281 ± 19 Ma; Hansmann et al. 2001); Anzasca (288 +2/-4 Ma;
called Sermenza gabbro, by mistake, in Bussy et al. 1998, see
correction by Steck et al. 2001); Ivrea (285 +7/-5 Ma; Pin, 1986;

132 P. Monjoie et al.

40Ar*/39Ar 36Ar/40Ar 39Ar/40Ar 37Ar/39Ar 38Ar/39Ar %39Ar Age 2σ
× 1000

MP177 amphibole J = 0.00301
Run number
1 1.429 3.380 0.001 0.990 0.953 0.08 7.7 435.2
2 4.604 3.373 0.001 2.786 0.973 0.08 24.8 243.2
3 23.336 3.254 0.002 7.921 0.604 0.17 122.5 84.7
4 43.038 2.955 0.003 12.313 0.511 0.30 219.8 36.7
5 52.507 2.796 0.004 13.331 0.481 0.33 264.7 33.8
6 46.499 2.641 0.005 10.231 0.379 0.47 236.3 22.0
7 48.822 2.413 0.006 9.141 0.334 0.58 247.4 20.0
8 48.974 2.067 0.008 8.071 0.273 0.76 248.1 9.9
9 52.232 1.799 0.009 7.693 0.234 0.86 263.4 7.5

10 51.921 1.511 0.011 6.458 0.175 1.01 262.0 5.1
11 51.713 1.378 0.012 5.771 0.151 1.09 261.0 4.6
12 51.168 1.147 0.013 5.338 0.125 1.22 258.4 3.8
13 51.833 0.930 0.014 5.202 0.107 1.31 261.6 3.1
14 51.280 0.753 0.016 5.057 0.096 1.41 259.0 2.8
15 51.546 0.318 0.018 5.279 0.092 1.61 260.2 2.0
16 51.639 0.853 0.015 5.227 0.095 1.35 260.6 2.5
17 50.094 2.270 0.007 4.882 0.138 0.64 253.4 12.5
18 47.462 2.760 0.004 4.189 0.198 0.39 240.9 24.1
19 35.286 3.081 0.003 2.714 0.279 0.25 182.1 66.3
20 51.248 1.644 0.010 5.505 0.110 0.96 258.8 4.2
21 50.756 3.058 0.002 3.157 0.353 0.19 256.5 44.7
22 12.738 3.365 0.000 0.000 1.417 0.04 67.9 1093.4

Table 3. Analytical data of 40Ar/39Ar incremental
heating age determinations of amphiboles from
Fe-Ti lamprophyric dike MP177

pockets is progressive and of magmatic type, without evidence
of cold or brittle contact. Moreover, Sr and Nd isotopic charac-
teristics of the pegmatitic gabbro and the main layered facies
are very similar, suggesting a common source. In other words,
the large magmatic chamber of Mont Collon was emplaced in
the middle crust at 284.2 ± 0.6 Ma, presumably in multiple

SiO2 39.81 38.82 38.35 39.13 38.52
TiO2 4.91 5.52 6.79 5.62 6.08
Al2O3 12.81 13.07 13.46 13.22 13.33
FeO 15.20 13.21 12.60 12.25 11.94
MnO 0.29 0.22 0.21 0.20 0.24
MgO 9.85 10.93 10.87 11.52 11.35
CaO 11.13 11.30 11.59 11.16 11.14
Na2O 2.79 2.67 2.56 2.86 2.78
K2O 1.07 1.20 1.17 1.17 1.12
Total 97.86 96.94 97.60 97.13 96.50

Si 6.00 5.87 5.76 5.87 5.79
AlIV 2.00 2.13 2.24 2.13 2.21
AlVI 0.27 0.20 0.14 0.20 0.15
Ti 0.56 0.63 0.77 0.63 0.69
Fe2+ 1.92 1.67 1.58 1.54 1.50
Mn 0.04 0.03 0.03 0.03 0.03
Mg 2.21 2.46 2.43 2.57 2.54
Ca 1.80 1.83 1.86 1.79 1.79
Na 0.82 0.78 0.75 0.83 0.81
K 0.21 0.23 0.22 0.22 0.21
Total cations 15.83 15.83 15.78 15.81 15.72

Table 4. Selected electron microprobe analyses (wt%) of kaersutite (classi-
fication of Leake et al., 1997) from lamprophyre sample MP177 (wt%) used
for 40Ar/39Ar dating. Normalization scheme based on Si + Al + Ti + Fe + Mn +
Mg = 13 cations.



287 ± 2 Ma and 285 ± 4 Ma; Quick et al. 2003); Levie (285.2 ±
0.6 Ma) and Pila Canale (279.2 ± 0.6 Ma; the two latter in Pa-
quette et al. 2003). The period of activity of this mafic magma-
tism of tholeiitic affinity is strikingly short all over this segment
of the Variscan belt. This leads us to believe that there is a
major tectonic control on the space and timing of this event, as
initially suggested by Bonin (1988). The Variscan belt is char-
acterized by major lineaments, such as lithospheric-scale tran-
scurrent faults, some of which are sutures of accreted micro-
continents (e.g. Stampfli et al. 2003). It is highly probable that
Permian wrench tectonics reactivated these structures, allow-
ing partial melting of the decompressed mantle along these
faults and driving the magmas into the overlying continental
crust. This process is well documented in the southern Alpine
domain, where natural cross-sections through the lower, mid-
dle and upper continental crust are accessible to direct obser-
vation in different tectonic units. Mulch et al. (2002) document
the syn-mylonitic emplacement of mafic and felsic melts 285-
275 Ma ago, along a 2–3 km wide shear zone, the Cossato-
Mergozzo-Brissago Line, which forms the subvertical contact
between the Ivrea-Verbano and Strona-Ceneri Zones, respec-
tively. In their model, Mulch et al. (2002) consider the Cos-
sato-Mergozzo-Brissago Line as a segment of an Early Permi-
an, crustal-scale transcurrent shear zone that accommodated
oblique-slip faulting and basin formation in the upper crust;
and ductile thinning and exhumation of the lower crust. It is
likely that such mega shear zones not only served as conduits
for the ascent of melts through the continental crust, but also
controlled the decompression and partial melting of the under-
lying mantle, source of the Permian mafic complexes in the
future Austroalpine and Southern Alpine domains (Schal-
tegger & Brack 2006). 

The nature of the mantle source of the Permian mafic com-
plexes is still unclear, as most of these magmas interacted with
the continental crust to an unknown extent. For the Mont Col-
lon complex, Monjoie (2004) favored a metasomatized lithos-
pheric mantle to account for relatively low εNd280 Ma values be-
tween +3.2 and -0.6. In the Ivrea gabbroic complex, the upper
part exhibits initial whole-rock isotopic compositions indicat-
ing an origin from crustally contaminated liquids (δ18O values
up to 9.5; +2.9 < εNd290 Ma < +6.4 and 0.7070 < (87Sr/86Sr)290 Ma

< 0.7086; Pin 1990; Voshage et al. 1990; Sinigoi et al. 1994). On
the other hand, the lower part of the same complex is charac-
terized by isotopic values close to the depleted mantle. In the
same way, the Corsican lower crustal Santa Lucia di Mercurio
layered mafic body displays a very large range of εNd280 Ma val-
ues between -7.2 and +5.5 (Pin 1990), the lowest value being
close to that of the country rock (Paquette et al. 2003). If the
highest εNdi values are considered in each massif as closest to
original values for the mantle melts before crustal contamina-
tion, they lie between +4.3 in Corsica (Cocherie et al. 1994)
and +7.2 in Ivrea (Voshage et al. 1990), whereas the highest
value for the Mont Collon main body is +3.2 (Monjoie 2004).
Most authors have interpreted these relatively high εNdi val-
ues as indicative of a somehow depleted mantle source. Her-

mann et al. (2001) reached the same conclusion for the Braccia
gabbro on the basis of trace-element modeling, whereas Schal-
tegger & Brack (2006) suggest a mantle end-member isotopi-
cally comparable to the depleted subcontinental mantle, which
was exhumed along the Adriatic passive margin during the
Jurassic opening of the Tethys (Rampone et al. 1988; Mün-
tener et al. 2004).

In this context, the interpretation of the 40Ar/39Ar age of
260.2 ± 0.7 Ma for the lamprophyric dikes in the Mont Collon
complex is of particular interest. Indeed, these dikes have a
high εNdi value of +7.4 and a low initial 87Sr/86Sri ratio of
0.7029, very different from the range of values measured in the
main Mont Collon gabbroic body (-0.6 < εNdi < +3 and 0.7045
< 87Sr/86Sri < 0.7057), but close to the depleted mantle pole
mentioned above. If this age is interpreted as a cooling age,
then the lamprophyric dikes might be subcontemporaneous
with the main gabbroic body and could represent, from an iso-
topic point of view, the depleted mantle source. There are ar-
guments in favor of this interpretation. First, no mafic magma-
tism is currently reported at 260 Ma in the Austroalpine-
Southern Alpine domains. Second, rocks very similar to the
Mont Collon lamprophyric dikes have been described in the
Braccia gabbro by Hermann et al. (2001). So-called Fe-Ti dior-
ites (42.80 wt% SiO2) occur as dikes and small bodies and their
close association with massive Fe-gabbros led Hermann et al.
(2001) to consider them cogenetic and contemporaneous with
the main mafic body. These authors also emphasize the unusu-
al chemical composition of these Fe-Ti diorites, which com-
bine low SiO2 contents with high REE, Fe, Ti, P and Zr con-
tents. In the absence of isotopic data, they suggest liquid im-
miscibility at high degree of differentiation or mixing of the
mafic magma with a trace-element-enriched crustal partial
melt as possible mechanisms to account for these peculiar
rocks. The latter hypothesis cannot be considered for the Mont
Collon lamprophyres, which display a purely mantellic isotopic
signature.

Alternatively, if 260.2 ± 0.7 Ma is the intrusion age of the
lamprophyres, as we argued above on the basis of field and
textural relationships; then a time gap of about 25 Ma sepa-
rates the main magmatic activity recorded in the Permian
mafic complexes of the Austroalpine/Southern Alpine do-
mains from the local emission of small volumes of lampro-
phyric magma, restricted to the Mont Collon complex and the
neighboring Matterhorn mafic body. In such case, the source
of the lamprophyre magma could be the same as that of the
285-280 Ma old mafic complexes, as discussed above, or be
located in a deeper level of the asthenosphere. The ambiguity
on the intrusion age of the Mont Collon lamprophyres could
be resolved with the U/Pb dating of magmatic zircons, but
none has been found so far in these rocks.

Conclusion

The Mont Collon mafic complex records two episodes of man-
tle-derived magmatic activity. The main period occurred 284.2
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± 0.6 Ma ago and resulted in the mid-crustal emplacement of a
large body of layered gabbro of transitional affinity, originat-
ing in the subcontinental lithospheric mantle. This was accom-
panied by acidic back-veining from the continental country-
rock. A few lamprophyric dikes, with contrasting isotopic sig-
nature, intruded subsequently the main gabbroic sequence.
They display a 40Ar/39Ar age of 260.2 ± 0.7 Ma, interpreted as
the intrusion age rather than a cooling age on the basis of field
and textural relationships. Two alternative sources might be
invoked for these lamprophyric dikes: the same subcontinental
lithospheric mantle which supplied the 284 Ma mafic magmas
provided this shallow mantle is of depleted type, or a deeper
source in the asthenosphere. 

The Mont Collon main body belongs to a series of 285-280
Ma-old mafic complexes, with similar chemical compositions,
but variable isotopic signatures, mostly ascribed to variable de-
grees of crustal contamination. These Permian mafic complex-
es emplaced simultaneously in a restricted zone of the post-
Variscan continental crust, now exposed on Corsica and in the
Austroalpine and Southern Alpine domains. This short pulse
of consanguineous mafic magmas occurred in a delimited area.
Its connection to volcano-sedimentary basins and to wrench
tectonics suggests a strong control by transtensional lithos-
pheric-scale fractures. These shear zones not only served as
conduits for the magmas, but are believed to be the triggering
factor of the mantle melting.
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