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Abstract U–Pb zircon analyses from three meta-igneous

and two metasedimentary rocks from the Siviez-Mischabel

nappe in the western Swiss Alps are presented, and are

used to derive an evolutionary history spanning from Pa-

leoarchean crustal growth to Permian magmatism. The

oldest components are preserved in zircons from metase-

dimentary albitic schists. The oldest zircon core in these

schists is 3.4 Ga old. Detrital zircons reveal episodes of

crustal growth in the Neoarchean (2.7–2.5 Ga), Paleopro-

terozoic (2.2–1.9 Ma) and Neoproterozoic (800–550 Ma,

Pan-African event). The maximum age of deposition for

the metasedimentary rocks is given by the youngest detrital

zircons within both metasedimentary samples dated at

*490 Ma (Cambrian-Ordovician boundary). This is in the

age range of two granitoid samples dated at 505 ± 4 and

482 ± 7 Ma, and indicates sedimentation and magmatism

in an extensional setting preceding an Ordovician orogeny.

The third felsic meta-igneous rock gives a Permian age of

intrusion, and is part of a long-lasting Variscan to post-

Variscan magmatic activity. The zircons record only minor

disturbance of the U–Pb system during the Alpine orogeny.

Keywords Geochronology � Siviez-Mischabel nappe �
Randa orthogneiss � LA-ICP-MS � Zircon

1 Introduction

The pre-Triassic crystalline basement units assembled in

the Alpine collision zone are largely polycyclic. Crustal

material was multiply reworked and metamorphosed dur-

ing several tectonic cycles involving orogenic processes

with magmatic and metamorphic events. Pre-Alpine events

recognized in the Alpine realm commonly belong to two

Paleozoic orogenic cycles. (1) A Cambrian to Ordovician

cycle (500–440 Ma) is represented by a number of felsic

and mafic intrusions in many pre-Alpine basement units

(e.g., Neubauer 2002: von Raumer et al. 2002, 2013;

Bussien et al. 2011; Cavargna-Sani et al. 2013). Further-

more, eclogites defining a high pressure subduction stage

have been recognized in a few pre-Alpine basement units

and have been attributed to this same orogenic cycle

(Pfeifer et al. 1993; Rubatto et al. 2001; Schaltegger et al.

2003). The timing of this orogenic cycle is coeval with the

Caledonian orogeny in northwestern Europe (e.g., Kra-

wczyk et al. 2008), but the relationship between the

Cambrian to Ordovician events recognized in Alpine

basement units and the Caledonian orogen sensu stricto is

not entirely clear. (2) The Variscan cycle (Carboniferous-

Permian, 350–270 Ma) has been recognized in most pre-

Alpine basement units and has mainly reached conditions

of the amphibolite facies (Schaltegger 1997; von Raumer

et al. 2009). Evidence for Variscan eclogite metamorphism

is scarce in Europe (Franke 2006; Kroner et al. 2008).
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However, in the Alpine realm a Variscan age for eclogi-

tization has been proposed for Penninic basement units of

the Ligurian Alps (Giacomini et al. 2007) and for Austro-

alpine basement domains of the Eastern Alps (Thöni 2006,

and references therein). Volumetrically large magmatic

bodies, related to the Variscan orogeny and post-orogenic

collapse, were emplaced all over Central Europe, including

the pre-Alpine basement units (e.g., Bonin et al. 1993;

Finger et al. 1997). In addition to these two major orogenic

cycles that are recorded in mineral parageneses and

deformation features there is evidence from inherited zir-

con grains for even older material that was substantially

reworked during the Paleozoic (e.g., Gebauer et al. 1989;

Schulz 2008).

The U–Pb laser ablation inductively coupled plasma

mass spectrometry (LA-ICP-MS) analysis of zircon is a

powerful tool to decipher the chronology of polyphase

orogenic cycles. In-situ analysis allows targeting small

volumes of specific zones in a zircon crystal and thus pro-

vides high spatial resolution of down to a few micrometer

(e.g., Bowring et al. 2006; Kooijman et al. 2012). In this

study we present U–Pb LA-ICP-MS zircon data from meta-

igneous and metasedimentary rocks from the pre-Alpine

basement units of the Siviez-Mischabel nappe (Penninic

domain of western Switzerland, Fig. 1), which provide

evidence for both the Cambrian-Ordovician and the Car-

boniferous-Permian magmatometamorphic cycles. We

show that not all meta-igneous basement slices in the

(a)

(b)

Fig. 1 a Location of the study area. b Geological map of the study

area compiled on the basis of maps by Bearth (1978), Thélin (1987),

Sartori and Thélin (1987), Escher (1988), Steck et al. (1999), Sartori

et al. (2006), Genier et al. (2008), Gabus et al. (2008a), Marthaler

et al. (2008), Sartori et al. (2011) and own observations. Legend

covers units of the Bernard nappe complex only. Zircon U–Pb dating

results from this study, from [1] Bussy et al. (1996a), [2] Bussy et al.

(1996b), [3] Genier et al. (2008) and [4] Gauthiez et al. (2011) are

presented in rectangles. For meta-igneous rocks intrusion ages (in

Ma) are given, whereas maximum deposition ages (in Ma) are given

for metasediments. Ar/Ar and K/Ar ages (in Ma) from white micas

forming the main foliation in the crystalline basement (Soom 1990;

Markley et al. 1998) are also given
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frontal part of the Siviez-Mischabel nappe are related to the

Permian Randa orthogneiss as suggested earlier (e.g.,

Marthaler et al. 2008). In addition, the data show that rocks,

previously interpreted as meta-igneous, probably have a

sedimentary origin, and their detrital zircon age spectra help

constrain their maximum depositional ages. Furthermore

we present the first age of the main body of the Thyon

orthogneiss and discuss the data in relation to the timing of

pre-Cambrian magmatic cycles, the Cambrian to Ordovi-

cian orogenic cycle and the Carboniferous to Permian

(Variscan) evolution in basement units of the Alpine realm.

2 Geological setting

The Siviez-Mischabel nappe makes up the biggest part

of the Bernard nappe complex, which constitutes the

middle Penninic nappe system exposed in western

Switzerland (Fig. 1). Paleogeographically, this nappe

complex derives from the Briançon domain (e.g., Ellen-

berger 1952; Sartori 1987b, 1990; Stampfli et al. 1998).

It consists of a complex assemblage of crustal slices

which under- and overlies Permo-Mesozoic metasedi-

ments (Fig. 1b). Alpine metamorphism reached

greenschist to blueschist facies conditions (Bousquet

et al. 2004; Oberhänsli et al. 2004). The rocks of the

Siviez-Mischabel nappe can be grouped into polymeta-

morphic and monometamorphic lithologies.

The pre-Permian polymetamorphic basement contains a

variety of paragneisses and micaschists, interlaced with

amphibolite and minor eclogite bodies (Sartori and Thélin

1987; Thélin 1989; Thélin et al. 1990, 1993; Rahn 1991;

Sartori et al. 2006), as well as meta-igneous rocks includ-

ing metagranites (Zingg 1989; Bussy et al. 1996a) and

metagabbros (Sartori 1990). The polymetamorphic meta-

igneous rocks occur as two larger bodies (Thyon and Mt

Rogneux orthogneiss; Fig. 1b), as well as many discon-

tinuous, thin bodies (less than 20 m thick), that are widely

distributed within the polymetamorphic basement, but are

not shown in Fig. 1b due to their small size. Relics of pre-

Alpine metamorphic assemblages have been described

from all parts of the Siviez-Mischabel nappe. However, the

timing of these metamorphic events is not entirely resolved

so far (e.g., Thélin et al. 1993; Sartori and Epard 2011).

The monometamorphic lithologies record Alpine meta-

morphism only and can be subdivided into two groups:

granites associated with the post-Variscan Randa orthogneiss

(Fig. 1b; 269 ± 2 Ma U–Pb on zircon; Bearth 1963; Thélin

1987; Bussy et al. 1996b; Genier et al. 2008) and Permian-

Mesozoic metasediments. The Permian-Mesozoic metase-

dimentary sequence starts with mainly quartz-rich

conglomerates, schists, metamorphosed volcaniclastic rocks

and metapelites of Permian age (Vallet 1950; Schaer 1959;

Burri 1983). Permo-Triassic quartzites lie either stratigraph-

ically on top of the Permian sediments or directly on

crystalline basement units. In the eastern part of the study

area, fragments of the Mesozoic and younger, carbonate-

dominated sequences are still preserved on top of the

quartzites (Fig. 1b, Barrhorn and Toûno series after Ellen-

berger 1953; Sartori 1987a). The timing of Alpine nappe

stacking is constrained by 40Ar/39Ar ages of synkinematically

grown micas dated at 41–36 Ma (Markley et al. 1998, 2002).

3 Description of the investigated samples

Different rock types were sampled, three of which repre-

sent the variety of felsic meta-igneous rocks hosted by the

Siviez-Mischabel nappe, and two are from the metasedi-

mentary polymetamorphic basement (Fig. 1b).

3.1 Orthogneiss slices: samples 636 and 687

In the frontal part of the Siviez-Mischabel nappe, relatively

thin orthogneiss slices occur within Permo-Mesozoic cover

sequences (Fig. 1b). According to Markley et al. (1999)

and own observations this is mainly the result of tectonic

imbrication of basement slices and metasedimentary rocks

during Alpine deformation. In the maps of the Geological

Atlas of Switzerland (sheets Sierre, Gabus et al. 2008a;

Vissoie, Marthaler et al. 2008) these orthogneisses are

described as apophyses of the Randa orthogneiss, indicat-

ing that they could represent sheared-off smaller magmatic

bodies or dikes related to this larger orthogneiss. The main

body of the Randa orthogneiss is located in the eastern part

of the Siviez-Mischabel nappe (Fig. 1b) and forms a

pseudo-laccolith with sill-like apophyses. This orthogneiss

represents a deformed subalkaline porphyritic granite

(Thélin 1987) and was dated at 269 ± 2 Ma (U–Pb on

zircon; Bussy et al. 1996b).

Sample 636 (north of Illsee) comes from an approximately

50 m thick orthogneiss slice, which is sandwiched between

Permo-Triassic quartzites (Fig. 1b). It is located relatively

close to the main body of the Randa orthogneiss and asso-

ciated branches. However, this proximity by itself is not an

argument for the age of the rock. The orthogneiss contains

K-feldspar clasts (up to 3 cm in diameter, some broken),

which are aligned in a commonly well-developed foliation

together with quartz, white mica and chlorite. This foliation is

subparallel to the lithological contacts, but in areas where it is

weak, an older fabric can locally be observed.

Sample 687 (north of Le Bautsé) was taken from a

*15 m thick orthogneiss slice that is over- and underlain

by Permo-Triassic quartzites. This rock is macro- and

microscopically similar to sample 636, except that no older

fabric was observed.
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3.2 Thyon orthogneiss: sample 667

The Thyon orthogneiss crops out in the western part of the

study area (Fig. 1b). According to Burri et al. (1992) the

Thyon orthogneiss belongs to the same magmatic suite as

the Mont Rogneux orthogneiss (Fig. 1b), which was dated

at 500 ?3/-4 Ma (U–Pb on zircon; Bussy et al. 1996a).

Sample 667 was taken from a biotite-metagranite at the

Thyon locality. It shows a weak steeply N-dipping main

foliation, which is overprinted by shear bands close to the

base of the nappe, indicating top-to-the-north Alpine

movement (Scheiber et al. 2013b).

3.3 Albitic schist: samples 618 and 644

Within the Siviez-Mischabel basement, there are several

zones of albite-rich schists (Fig. 1b). Sample 618 (Fig. 1b)

comes from a zone called SOPA (‘‘Schistes Oeillés à Por-

phyroblastes d’Albite’’, Sartori and Thélin 1987), whereas

the zone around sample 644 (Fig. 1b) has been named Bielen

unit (Thélin 1987; Genier et al. 2008). However, our field

observations indicate that the two zones consist of very

similar rocks. They are characterized by albite porphyro-

blasts occurring within a granolepidoblastic matrix of

predominantly quartz, white mica and chlorite (Fig. 2). The

albite porphyroblasts bear an internal foliation mainly

defined by small crystals of epidote, quartz and sericite that

are variably oriented with respect to the main foliation in this

rock (Fig. 2a, see also Sartori and Thélin 1987).

The SOPA zone (sample 618) overlies banded am-

phibolites with eclogite facies relics, and hosts itself

boudins of amphibolite and eclogite (Thélin et al. 1990;

Sartori et al. 2006). In addition, thin porphyritic and

leucocratic orthogneiss layers (max. 15 m thick) can be

commonly observed at the border between SOPA and

underlying amphibolites, as well as rarely within the SOPA

(not shown in Fig. 1b due to their small size). The SOPA

have been interpreted as semi-pelitic metasediments (Sar-

tori and Thélin 1987). The main foliation in the SOPA is

subparallel to that in the adjacent lithologies and to litho-

logical contacts. It is vertically to steeply south-dipping in

the internal part of the basement and turns into a moder-

ately to slightly south-dipping orientation approaching the

overlying parautochthonous cover. No radio-isotope ages

have been published on this rock type, but a Proterozoic

age of deposition was proposed on the basis of litho-

stratigraphic relationships (Sartori et al. 2006).

The sampled part of the Bielen unit (sample 644) rep-

resents an up to 400 m thick basement slice, which overlies

Permian metasediments and is overlain by imbricated

Permo-Triassic sediments. It occurs together with numer-

ous orthogneiss bands (apophyses of the Randa orthogneiss

according to Gabus et al. 2008b). The albite and quartz

porphyroblasts are generally smaller than in the SOPA unit

(\1 cm diameter) and occur in a matrix mainly composed

of quartz, white mica and chlorite. Gabus et al. (2008b)

speculated that this unit could represent a metarhyolite,

associated with the emplacement of the Randa orthogneiss

and, furthermore, could be an equivalent of the Rofna

Porphyry Complex of eastern Switzerland. However, geo-

chronological data testing this hypothesis is lacking so far.

4 Analytical methods

Conventional magnetic and heavy liquid techniques were

used to separate zircons, which were in a further step hand-

picked under a binocular microscope. Individual crystals

(a) (b)Fig. 2 Photomicrographs of

representative mineralogy

observed in the two

metasedimentary samples

618 (a) and 644 (b). Albite

porphyroblasts show an internal

foliation defined by epidote,

quartz and sericite
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were mounted in one-inch epoxy discs and polished down

to expose the grain centers. Samples were characterized by

backscatter electron (BSE) and cathodoluminescence (CL)

imaging prior to analysis. The LA-ICP-MS analyses were

performed using a ThermoScientific Element2 sector field

ICP-MS coupled to a New Wave UP193HE ArF Excimer

laser system at the Institut für Mineralogie, Universität

Münster. An in-house produced low-volume ablation cell

(following Bleiner and Günther 2001) was used to reduce

washout time and increase signal intensities.

Masses 202Hg, 204Hg ? 204Pb, 206Pb, 207Pb and 238U

were acquired in e-scan mode. 207Pb/235U was calculated

from 207Pb/206Pb and 206Pb/238U using the natural abun-

dance for 238U/235U (the ‘‘consensus value’’ of 137.88;

Steiger and Jäger 1977). A laser spot size of 35 lm and, in

some cases, 25 lm and also 12 lm was used at energies of

5 J/cm2 and a repetition rate of 10 Hz. The total ablation

time per analysis was 52 s, including 12 s during which the

shutter remained closed to measure the background (i.e.

gas blank). Pre-ablation of all spots was performed to

remove surface common Pb. Laser-induced elemental

fractionation and instrumental mass bias were corrected by

bracketing groups of 10 unknowns with 3 analyses of GJ1

zircon as standard reference material (Jackson et al. 2004).

Along with the unknowns, the 91500 zircon (Wiedenbeck

et al. 1995, 2004) was measured to monitor precision and

accuracy of the analyses.

Data were processed following the procedure of Kooij-

man et al. (2012). A correction for common Pb (Stacey and

Kramers 1975) was applied if the common 206Pb of the

total measured 206Pb exceeded 1 %. All errors are reported

at the 2r-level and all uncertainties of weighted mean

calculations are given as the 95 % confidence limit. The

construction of concordia diagrams was performed using

the Isoplot 3.71 program (Ludwig 2008). Single spot

analyses are given as 207Pb/206Pb ages for results older than

1 Ga and 206Pb/238U ages for results younger than 1 Ga.

The complete LA-ICP-MS data of all samples are given in

a supplementary data table.

5 Zircon characteristics and U–Pb dating results

5.1 Sample 636: orthogneiss slice Illsee

Zircons separated from this sample are elongated to

equant, mostly transparent, but some appear dirty due to

a high density of cracks and inclusions. They are col-

orless to pink- or brownish, 120–320 lm long and

60–180 lm wide. Crystals are nearly euhedral but com-

monly exhibit slightly abraded edges. CL images reveal

that this is due to the fact that all zircons are at least

partly surrounded by an outermost CL-bright

structureless rim that did not develop proper crystal faces

(Fig. 3a). CL imaging furthermore reveals complex

internal zircon textures with various core and rim gen-

erations. In some cases the zircon is broken and cracks

are filled by the same bright material that makes up the

outermost rim (D11 and G9, Fig. 3a). Eighteen out of

twenty-nine analyzed spots are [90 % concordant

(Fig. 4a). Analyses of two highly luminescent xenocry-

stic zircon cores give Neoproterozoic 206Pb/238U ages of

838 ± 31 and 714 ± 30 Ma, and another four analyses

of sector-zoned moderately luminescent xenocrystic cores

cluster between 622 ± 18 and 581 ± 16 Ma. The

remaining 12 analyses with [90 % concordance cover a

time span of about 30 Ma between 501 ± 12 and

470 ± 5 Ma and define a weighted mean 206Pb/238U age

of 482 ± 7 Ma (MSWD = 4; Fig. 4a). No meaningful

discordia line (two component mixing line) can be cal-

culated for the analyses that are less than 90 %

concordant (Fig. 4a). The CL-bright, very thin rims

(Fig. 3a) were too thin to be analyzed with the 12 lm

spot size of the laser beam.

5.2 Sample 687: orthogneiss slice Le Bautsé

Most zircons are elongate, prismatic and euhedral

(Fig. 3b). They are clear, pink, and 140–360 lm long

and 35–140 lm wide. Most zircons contain xenocrystic,

variably zoned cores, overgrown by one or several

mostly oscillatory zoned rims (Fig. 3b). They appear

dirty in transmission microscopy, whereas zircons lack-

ing a xenocrystic core are generally light pink and

transparent. Many crystals are broken and fragmented. A

total of 34 zircon spots were analyzed, but 26 analyses

are less than 90 % concordant (Fig. 4b). One xenocrystic

core is dated at 476 ± 10 Ma (D18, Fig. 3b), and four

spot analyses spread from 291 ± 6 to 271 ± 7 Ma

(206Pb/238U ages). Weighted mean calculations for a

cluster of three analyses on three different crystals give

290 ± 4 Ma (MSWD 0.3) and 272 ± 4 Ma (MSWD 0.4)

for two analyses (Fig. 4b). The two remaining concor-

dant spots on two crystals yield 206Pb/238U ages of

249 ± 12 and 233 ± 7 Ma, respectively. Although no

meaningful discordia lines can be calculated for the

dataset less than 90 % concordant, a severe disturbance

must have affected the U–Pb system after 290 Ma.

5.3 Sample 667: Thyon orthogneiss

Zircons from this rock are generally prismatic to equant

and perfectly euhedral (Fig. 3c). They are colorless, clear,

transparent, and 105–235 lm long and 60–115 lm wide.

CL imaging reveals no xenocrystic cores, but a low
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luminescent magmatic core and an isotropic brighter rim in

some cases (Fig. 3c). There are no indications for resorp-

tion or overgrowth. Zircons display moderately to highly

luminescent, planar zoned textures, which is typical of

zircons precipitated during granite crystallization (e.g.,

Corfu et al. 2003). Only one out of 27 analyses is less than

90 % concordant. The 26 spot analyses ([90 % concor-

dant) deriving from various parts within the zircons (core

and rim areas) range between 537 ± 20 and 492 ± 20 Ma,

and the calculated weighted mean 206Pb/238U age gives

505 ± 4 Ma (MSWD 2; Fig. 4c).

5.4 Sample 618: SOPA

Zircons have different colors (pinkish, brownish, colorless)

and morphologies, i.e. they are broken, anhedral, rounded

500 ±16D16

476 ±10

D5

D18

(a) Orthogneiss Illsee - sample 636 (d)  SOPA - sample 618
492 ±17

D30

838 ±30

G9

581 ±16

D3 492 ±5

inherited 
core
>1.5 Ga

(b) Orthogneiss Le Bautsé - sample 687

288 ±8
D13

274 ±5

D30

D7

527 ±21

D34

506 ±7
495 ±8

500 ±6

509 ±13

D27

G5 D25
503 ±6

D11

D19

291 ±6
G7

249 ±12

507 ±19

D8

E28

2719 ±17

(e)  Albitic schist - sample 644

281 ±5

E4

300 ±7253 ±5

E29

501 ±12

491 ±11

E18

1221 ±21

E19

642 ±17

E32

724 ±12

E34

1514±50

E2

E10

652 ±17

(c) Thyon orthogneiss - sample 667

3406 ±18

E3

3290 ±16

E28
581 ±26

E14

2853 ±18
355 ±19

E19

2604 ±19

2033 ±33

E10

2829 ±17

G10

2189 ±17

618 ±17

2039 ±19

E12

E32

533 ±29

489 ±26

613 ±26

E27

E16

293 ±7 (85% conc)

100 µm

100 µm

100 µm

100 µm

100 µm

Fig. 3 Cathodoluminescence (CL) images of representative zircon

crystals from three meta-igneous rocks (a–c) and two metasedimen-

tary rocks (d, e) from the Siviez-Mischabel nappe. Scale is the same

for all zircons. Analyzed spots are indicated by circles (diameter 35

and 25 lm). Obtained 206Pb/238U ages (Ma) are provided for results

younger than 1 Ga, for analyses older than 1 Ga 207Pb/206Pb ages

(Ma) are given. All errors are given at the 2r-level
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or euhedral. Only few and relatively small zircons were

extracted from this sample, with the biggest crystal being

200 lm long and 120 lm wide. CL imaging reveals that all

but three zircons have an outermost highly luminescent

rim, as similarly observed in the orthogneiss sample 636

(Fig. 3a, d). This rim is 0–25 lm wide and truncates cores,

which are constituted by zircon fragments with various,

complex internal core and rim textures, and thus already

indicate different origins and multistage crystallization for

the crystals. Similar highly luminescent zircon material can

be observed in fissures cutting through the cores (E32 and

E34, Fig. 3d). Nineteen of 24 analyses are more than 90 %

concordant. Core areas gave ages ranging from (207Pb/206Pb)

2,719 ± 17 Ma to (206Pb/238U) 491 ± 11 Ma (Fig. 5a).

Data cluster around 720, 640 and 500 Ma. Unfortunately

analyses of the bright outermost rims did not deliver rea-

sonable results because of unstable or too short signals. But

for the three zircons lacking this outermost rim and showing

a moderate to high luminescence, spot analyses yielded

Carboniferous-Permian 206Pb/238U ages between 300 ± 7

and 253 ± 5 Ma (Fig. 5a). Zircon E16 is especially inter-

esting because it shows a highly luminescent rim, which is

irregularly overgrown by a moderately luminescent rim

(Fig. 3d). One analysis of this rim gave a 206Pb/238U age of

293 ± 7 Ma (degree of concordance is 85 %). Again no

meaningful discordia line could be calculated for the less

than 90 % concordant analyses.

5.5 Sample 644: albitic schist

Zircons are up to 280 lm long and up to 140 lm wide.

They have different shapes (broken, anhedral, rounded or

euhedral) and colors (colorless, pale pink to brownish). CL

images exhibit complex core- and rim-generations. Some

crystals have an up to 20 lm wide outermost highly

luminescent rim (e.g., E32, Fig. 3e), as also observed in

samples 636 and 618. Forty-four analyses are more than

90 % concordant and 28 analyses are less than 90 %

concordant. The color of zircons in transmitted light does

not correlate with the age spectra. Nine analyses yielded

Archean ages (Fig. 5b). One zircon spot was dated at

3,406 ± 18 Ma, one at 3,290 ± 16 Ma, a group of three

analyses scatters around 2,835 Ma and another group of

four analyses gave ages from 2,663 ± 30 Ma to

2,604 ± 19 Ma (207Pb/206Pb ages). Sixteen analyses point

to Paleoproterozoic 207Pb/206Pb crystallization ages rang-

ing from 2,363 ± 36 to 1,962 ± 26 Ma (Fig. 5b). The

remaining 19 analyses yielded dates younger than 1 Ga

(Fig. 5b), given as 206Pb/238U ages in the following. The

majority of ages lie between 677 ± 18 and 581 ± 26 Ma.

Three analyses yielded ages around 500 Ma. One analysis

yielded an age of 355 ± 15 Ma for the outermost highly

luminescent rim (Fig. 3e). There is a systematic

arrangement of the less than 90 % concordant analyses in

the concordia diagrams (Fig. 5b), pointing to lower inter-

cepts of multiple discordia lines below 500 Ma.

Furthermore three dates are younger than 300 Ma and

discordant thus indicating a later disturbance of the U–Pb

system.

6 Interpretation and discussion

U–Pb ages combined with zircon textures from both meta-

igneous and metasedimentary rocks from the Siviez-Mis-

chabel nappe allow a reconstruction of the pre-Alpine

magmatometamorphic evolution of this tectonic unit.

Clearly, the composite nature of the zircon grains suggests

a complex history of multiple crustal growth and accretion

for parts of the Siviez-Mischabel basement. In the fol-

lowing, the various age groups recorded in the different

samples (Figs. 4, 5, 6) are discussed and interpreted from

the oldest to the youngest events.

6.1 Detrital zircon ages: Archean and Pan-African

sources

Detrital zircon grains reflect the hinterland history of the

sedimentary basins in which they were deposited and

commonly show an episodic pattern, which can be inter-

preted in terms of continental crust formation cycles (e.g.,

Cawood et al. 2012). In order to make statistically sound

statements about the presence or absence of certain age

groups in a detrital age spectra, a certain amount of con-

cordant analyses per sample is needed (i.e. [100 analyses

per sample; e.g., Vermeesch 2004; Andersen 2005). Our

data set contains 19 and 44 concordant analyses per me-

tasedimentary sample, which is too little to be able to argue

for the absence of any important population. Nevertheless,

the presence of certain age populations in this data set can

be discussed in a regional context. In addition, the youngest

detrital grains within a sample can be used to estimate a

maximum depositional age for this sample, which can be

useful for sedimentary units lacking other stratigraphic age

control (e.g., Dickinson and Gehrels 2009).

Figure 6 shows age probability plots for the age spectra of

samples 618 and 644. Sample 618 is dominated by a detrital

Paleozoic to Neoproterozoic population, with scattered

Mesoproterozoic and one Archean analysis. Sample 644

contains a similar Paleozoic to Neoproterozoic population,

but in addition contains large Paleoproterozoic and Archean

populations. The two oldest analyses within this sample

(207Pb/206Pb ages of 3.4 and 3.2 Ga, Paleoarchean) belong to

the oldest zircons ever dated in the Central and Western Alps:

similar ages are only reported from the Mont Fort nappe

Precambrian to Paleozoic zircon record in the Siviez-Mischabel basement (western Swiss Alps) 55
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(3.5 Ga, Gauthiez et al. 2011) and from the Helvetic Gott-

hard massive (3.4 Ga, Gebauer 1993).

These Paleoarchean ages present in sample 644, toge-

ther with the three Mesoarchean ages scattering around

2,850 Ma in the same sample are older than the oldest

megacycle of crustal growth which is observed within the

European Variscides from *2.7 to 2.5 Ma (e.g., Gebauer

et al. 1989). Our data indicate that at least some remnants

of these old rocks found their way into the pre-Alpine

basement units.

The next younger age population is represented by ages

ranging from 2,663 ± 30 to 2,604 ± 19 Ma in sample 644

together with the oldest zircon from sample 618

(2,719 ± 17 Ma). These 207Pb/206Pb ages fit both the first

megacycle of crustal growth observed within the European

Variscides (e.g., Gebauer et al. 1989) and the oldest

prominent age population of the N-Gondwana margin

detritus (Meinhold et al. 2013). Furthermore these ages

correspond to the major episode of continental crust for-

mation in Earth’s history (e.g., Taylor and McLennan

1985). The next younger 207Pb/206Pb age population in

sample 644 (2,223 ± 17 to 1,962 ± 26 Ma) fits a second

megacycle which occurred within the basement units of

Central Europe during the Paleoproterozoic between *2.2

and 1.9 Ga (Gebauer et al. 1989; Abouchami et al. 1990;

Boher et al. 1992; Fernández-Suárez et al. 2002). The third

prominent megacycle of the Central European basement

units (1.2–0.9 Ga) is poorly represented in our data by

three analyses (1,221 ± 21 and 1,027 ± 20 Ma, sample

618; 944 ± 27 Ma, sample 644).

The youngest detrital age populations (Neoproterozoic

to Paleozoic) from both samples fit the well-known latest

Precambrian megacycle associated with the assembly of

Gondwana during the Pan-African (Cadomian) orogeny

covering the time period from 800 to 550 Ma (Jackson and

Ramsay 1980; Gebauer 1993; Rino et al. 2008; Timmer-

man 2008). Zircon cores from sample 618 even show

evidence for two distinct crystallization pulses in the

course of this Pan-African cycle at *715 and *640 Ma

(Fig. 5a). Similar Neoproterozoic ages also occur as xe-

nocrystic cores within the meta-igneous sample 636

(Fig. 4a) and thus reveal a strong influence of the Pan-

African orogenic cycle on the development of the Siviez-

Mischabel basement unit.

A provisional maximum age of deposition is provided

by the youngest detrital zircon age. In sample 618 only the

zircons showing a highly luminescent outermost rim are

interpreted as detrital (Fig. 3d). The youngest analysis of

such a zircon yields a Cambrian 206Pb/238U age of

491 ± 11 Ma (E2 in Fig. 3d). For sample 644 the youngest

zircon interpreted as detrital was dated at (206Pb/238U)

489 ± 26 Ma (zircon E32 in Fig. 3e). This indicates that

both metasediments possibly have latest Cambrian maxi-

mum depositional ages. This is younger than previously

assumed by Sartori et al. (2006), who, based on litho-

stratigraphic arguments, placed the SOPA into the

Proterozoic. However, the relationship of these sediments

to the various Cambrian to Ordovician intrusions in this

area is not entirely clear. Nevertheless, the detrital zircon

age spectra of the two metasedimentary samples could

reveal something about the tectonic setting, in which they

were deposited. According to Cawood et al. (2012) the

predominance of significantly older age spectra than the

maximum depositional age points to an extensional setting

during deposition. Extension is held responsible for the

exhumation of older rocks in the source area.

6.2 The Cambrian-Ordovician evolution

The zircons from the Thyon metagranite (sample 667)

show no inheritance and give a Cambrian 206Pb/238U

magmatic crystallization age of 505 ± 4 Ma (Fig. 3c).

This age is identical within error to the age of the Mt

Rogneux orthogneiss (Fig. 1b), consistent with the

hypothesis that these two magmatic bodies are derived

from the same source, which was proposed by Burri et al.

(1992) and Bussy et al. (1996a). The orthogneiss slice near

Illsee (sample 636) yields an early Ordovician 206Pb/238U

intrusion age of 482 ± 7 Ma (Fig. 4a) and thus was pre-

viously wrongly considered as ‘‘apophysis’’ of the Randa

orthogneiss (e.g., Marthaler et al. 2008).

Cambrian-Ordovician ages of meta-igneous rocks are

known from all over the European Variscan basement (e.g.,

Pin et al. 2007; Ballèvre et al. 2012; Dı́ez Fernández et al.

2012). There are several occurrences within the pre-Alpine

basement of the Alps (Neubauer 2002; von Raumer et al.

2013, and references therein), and ages around *500 Ma

(Cambrian) are relatively common in Briançon-derived

basement units of the Central and Western Alps. In fact,

such ages are reported from other localities within the

Bernard nappe complex (Zingg 1989), also SE of the study

area (Mont Rogneux orthogneiss, Bussy et al. 1996a;

metagranophyre from Val de Rhèmes, Bertrand et al.

2000a), but also from the Suretta nappe of eastern Swit-

zerland (Scheiber et al. 2013). Another set of Ordovician

intrusion ages covering the time span between 480 and

440 Ma is known from the Bernard nappe complex

b Fig. 4 Zircon U–Pb concordia plots for three igneous rock samples

from the Siviez-Mischabel nappe. Weighted mean calculations are

presented for populations of more than 90 % concordant analyses.

a The orthogneiss slice of Illsee (636) shows a Cambrian-Ordovician

crystallization age. b The orthogneiss slice from Le Bautsé (687) is

related to the Permian magmatic activity of the Randa intrusion. c The

Thyon orthogneiss (667) shows a Cambrian age of intrusion. Colored

ellipses correspond to more than 90 % concordant data, gray ellipses

to less than 90 %. Errors are reported at the 2r-level
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(Bertrand et al. 2000b; Guillot et al. 2002; Genier et al.

2008; Gauthiez et al. 2011), the Dora Maira massif (Bussy

and Cadoppi 1996), and also from other Alpine basement

units (e.g., Schaltegger and Gebauer 1999; Schaltegger

et al. 2003; Bussien et al. 2011; Cavargna-Sani et al. 2013).

Intrusions with an age interval between 520 and 480 Ma

have been commonly interpreted to be the result of anor-

ogenic magmatic activity associated with the continental

break-up of Gondwana, particularly rifting processes along

the north-Gondwana margin (e.g., von Raumer et al. 2002,

2003; Galli et al. 2012). The younger granitoid intrusions

(480–440 Ma) were probably generated in a common

orogenic setting (e.g., Guillot et al. 2002; Schaltegger et al.

2003).

No radio-isotope ages exist on the eclogite occurrences

within the Siviez-Mischabel nappe and nothing about their

evolution can be deduced from the data in the present

study, except that the incorporation of high pressure relics

in the metasedimentary rocks must have occurred later than

*490 Ma (which is the maximum depositional age for the

surrounding sediments). However, the intrusion of gabbros

within the Mont Fort nappe was dated at *460 Ma

(Fig. 1b; Gauthiez et al. 2011), indicating that their

eclogitization must have occurred after that time. In the

Helvetic basement (Aar and Gotthard massifs), similar

eclogitized gabbros occur with intrusion ages of

467–478 Ma (Oberli et al. 1994; Schaltegger et al. 2003).

There, the timing of the eclogite facies metamorphic

overprint is bracketed by the intrusion age of the gabbros

b Fig. 5 Zircon U–Pb concordia plots for two metasedimentary rock

samples from the Siviez-Mischabel nappe. a Analyses of core areas

from sample 618, shown in green, give Archean and Proterozoic ages.

Three Carboniferous-Permian (yellow) data correspond to spots on

zircons lacking a highly luminescent rim. b The age spectrum

obtained from sample 644 can be grouped into ages [1 Ga (violet)

and\1 Ga (blue). The two oldest and the one youngest dating results

are not included in the ‘‘staircase’’ plots. Colored ellipses correspond

to more than 90 % concordant data, gray ellipses to less than 90 %.

Errors are reported at the 2r-level

(a)

(b)

Fig. 6 Illustration of combined diagrams including probability

density plots (gray shaded), frequency histograms (red) and kernel

density estimations (blue) of 206Pb/238U ages (\1 Ga) and 207Pb/206Pb

ages ([1 Ga), respectively, for the metasedimentary samples 618

(a) and 644 (b). Plots were created using the DensityPlotter of

Vermeesch (2012). Diagrams indicate age distribution of concor-

dance-filtered data at [90 %. The dashed line marks the maximum

depositional age for both samples at *490 Ma. Younger ages

correspond to either bright rims or newly formed zircons, grown

during Carboniferous to Permian magmatometamorphic events. In the

lowest row, periods of increased crustal growth detected within the

Central European basement units (Gebauer et al. 1989) and important

detrital age populations from the northern Gondwana mainland

(Meinhold et al. 2013) are depicted for comparison
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and the emplacement of late Ordovician (*440 Ma)

granitoids (e.g., Biino 1995), suggesting that the eclogites

form part of an Ordovician orogenic cycle. This could also

be the case for the eclogites of the Bernard nappe complex,

which show a similar magmatic and metamorphic history

with the bordering basement units (Pfeifer et al. 1993).

Ordovician eclogitization in the Bernard nappe complex

has already been proposed earlier by Thélin et al. (1990)

and Eisele et al. (1997). However, Rubatto et al. (2010)

presented evidence for Carboniferous (*338 Ma) high-

pressure metamorphism of Ordovician protoliths in the

Argentera Massif and Giacomini et al. (2007) documented

Ordovician protolith and Devonian to Carboniferous

(392–376 Ma) metamorphic zircon ages from one eclogite

sample of the Ligurian Alps. Similarly there occur mafic to

ultramafic rocks with probable Ordovician protoliths and

Carboniferous metamorphic ages in the Tauern Window

(von Quadt 1992). This opens up the possibility that some

of the eclogites in the Bernard nappe complex could con-

ceivably be Carboniferous (Variscan) eclogites as well.

6.3 Variscan and post-Variscan evolution

The main foliation commonly observed in basement rocks

of the Siviez-Mischabel nappe today is represented by a

greenschist-facies metamorphic paragenesis with local

relict amphibolite facies assemblages (Bearth 1963; Thélin

et al. 1993; Sartori et al. 2006). The age of this metamor-

phic overprint has been dated at 337 ± 4 to 276 ± 3 Ma

(Fig. 1b, largest fraction white mica 40Ar/39Ar ages by

Markley et al. 1998, and K/Ar ages by Soom 1990). The

main foliation is thus of pre-Alpine age. One older age

(361 ± 4 Ma) occurs in the west of the Siviez-Mischabel

nappe (Fig. 1b). These data are in agreement with other

published ages from the Briançon-derived basement of the

Western Alps and are interpreted to reflect Variscan

overprint (e.g., 40Ar/39Ar ages by Monié 1990; Giorgis

et al. 1999). In addition, a U–Pb age of 330 ± 2 Ma was

obtained from monazite of the Mont Mort metapelite,

located in the Ruitor zone of the Bernard nappe complex,

and was interpreted as the timing of amphibolite facies

metamorphism (Bussy et al. 1996b; Giorgis et al. 1999).

Hence a Variscan amphibolite facies metamorphism was

followed by strong greenschist facies retrogression, largely

erasing the amphibolite facies parageneses. This Variscan

evolution is quite similar to what has been observed in the

Helvetic basement units (e.g., Bussy et al. 2000; Schal-

tegger et al. 2003; von Raumer et al. 2009).

The two metasedimentary samples 618 and 644 and the

Ordovician orthogneiss sample 636 contain zircons with up

to 20 lm thick, CL-bright outermost rims (Fig. 3). Given

the youngest detrital zircon grains in samples 618 and 644

and the intrusion age of sample 636, these bright rims have

to be younger than *480 Ma. Since the LA-ICP-MS tech-

nique is at its limit with respect to the spot size, only one

analysis of such a rim gave a meaningful result of

(206Pb/238U) 355 ± 19 Ma (E14, sample 644, Fig. 3e). A

contribution of old inherited zircon material to the laser spot

analysis cannot be totally excluded, which makes this age a

maximum age. Consequently, these zircon rims most

probably reflect the fluid-driven metamorphic overprint

during the Variscan cycle. Obviously, the Thyon orthog-

neiss (sample 667) was not affected by new zircon growth,

which may be explained by the lack of fluids during meta-

morphism, or it simply escaped Variscan metamorphism.

The late- to post-Variscan evolution can be deduced from

the Permian orthogneiss sample 687 and from the three zir-

cons of sample 618 lacking an outermost highly luminescent

rim (E4, E16 and E29 in Fig. 3d). Zircons E4 and E29 seem

to be of key significance: The analysis on the central part of

the highly luminescent, irregularly-textured zircon E4 yiel-

ded an age of 281 ± 5 Ma. Zircon E29 contains a highly

luminescent core (300 ± 7 Ma), continuously grading into

an oscillatory zoned moderately luminescent rim

(253 ± 5 Ma), which is generally typical of igneous zircon

grown from a melt or a hydrothermal fluid (Corfu et al.

2003). Since a Permian or younger age of sedimentation can

be excluded for the SOPA (see also, e.g., Thélin et al. 1993;

Sartori et al. 2006), these zircons cannot be of detrital origin,

but must have developed in the course of a Permian mag-

matometamorphic cycle. Combining the observations on

zircons E4 and E29 with the analysis of an irregular bright

rim truncating an inner core on zircon E16 (293 ± 7 Ma,

85 % concordance), together with the weighted mean
206Pb/238U ages calculated for zircon populations within

sample 687 (290 ± 4 and 272 ± 4 Ma), indicates a clear

signature of post-Variscan thermal activity that it is well

known from all over Europe (e.g., Wilson et al. 2004;

Timmerman 2008, and references therein). Numerous Car-

boniferous-Permian intrusions are reported from different

basement units within the Alps (e.g., Bonin et al. 1993). They

are generally interpreted to be the result of several exten-

sional stages due to readjustment of the thickened

continental lithosphere at late stages of and subsequently to

the Variscan orogeny. The large spread of post-Variscan

Permian ages within our dataset (300–272 Ma) points to a

long-lasting magmatometamorphic cycle in the Permian, as

it is similarly observed in the Briançon-derived Suretta

nappe of eastern Switzerland (Scheiber et al. 2013) and in the

External Crystalline Massifs of the Helvetic domain (e.g.,

Schaltegger 1997). Granitoid intrusions such as the Randa

orthogneiss and the orthogneiss from Le Bautsé (sample 687)

must have brought enough fluids and heat to produce locally

overgrowths on zircons and probably precipitation of new

zircon crystals within the surrounding metasediments. Sur-

prisingly, the white mica ages were only locally reset by this
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heating, mostly in the proximity of the Randa orthogneiss

(Fig. 1b). For the area of sample 618, where new Permian

zircon growth was observed, no age constraints on the mica

populations are available, but it is likely that the age was reset

in this particular sample.

The youngest 206Pb/238U dates (younger than

272 ± 4 Ma, which is the weighted mean of the youngest

grains interpreted as magmatic, Fig. 4b) may reflect dis-

turbance and partial Pb-loss of the U–Pb system due to

post-crystallization thermal events during late Permian to

early Triassic times (e.g., Schaltegger and Gebauer 1999;

Marotta and Spalla 2007) or during Alpine deformation. In

the Siviez-Mischabel nappe, the Alpine main deformation

took place between 41 and 36 Ma (Markley et al. 1998,

2002) and did not exceed (high pressure) greenschist facies

conditions (Bousquet et al. 2004; Oberhänsli et al. 2004).

Alpine deformation in the basement unit is relatively weak

and represented by localized shear zones and open folds

reorienting the Variscan main foliation. Zircon spot anal-

yses (\90 % concordant) from the imbricated orthogneiss

slices (samples 636 and 687) and from overthrust metase-

diments (sample 644) indicate a young disturbance of the

U–Pb system, most probably reflecting the weak Alpine

overprint.

7 Conclusions

The basement of the Siviez-Mischabel nappe records not

only all Paleozoic magmatic events known in the basement

of the Alps, but also the most prominent pre-Cambrian

cycles of crustal growth observed within the European

Variscides.

Prevailing Pan-African (Cadomian) ages among a range

of Archean to Proterozoic ages suggest that the albitic

metasediments within the Siviez-Mischabel nappe were

deposited in late Cambrian time and consist of material

predominantly derived from a Pan-African source, which

involved Archean to Proterozoic crustal components. The

Thyon orthogneiss and one orthogneiss slice (Illsee) rep-

resent Cambro-Ordovician intrusions into the pre-

Cambrian basement and possibly into the Cambrian me-

tasediments and are probably related to extensional

tectonics during break-up of Gondwana. Subsequently,

high-pressure metamorphism formed the Siviez-Mischabel

(retro-) eclogites either during this orogenic cycle

(480–440) or later during early stages of the Variscan

cycle. The entire Siviez-Mischabel basement was strongly

affected by Carboniferous amphibolite facies metamor-

phism, followed by greenschist facies retrogression and

Carboniferous-Permian thermal heating related to the

Variscan cycle. The latter triggered a range of intrusions

(e.g., Randa orthogneiss and orthogneiss Le Bautsé) and

recrystallization processes in zircons of the surrounding

metasediments. Zircons from the Thyon orthogneiss,

however, remained unaffected by the entire post-Cambrian

evolution.
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M. I., et al. (2004). Explanatory notes to the map: Metamorphic

structure of the Alps. Transition from the western to the central
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Suisse). Mémoires de Géologie, Lausanne, 6.

Sartori, M., Burri, M., Epard, J. L., Masson, H., & Pasquier, J. B.

(2011). Feuille 130 Sion, 1:25’000. Atlas géol. Suisse, Carte
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feuilles), swisstopo, Wabern.
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