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Abstract We describe field occurrences of sapphirine-

bearing granulites, charnockites and migmatites in the Gruf

complex, Central Alps and present a new geological map

and a structural analysis of the entire Gruf complex for the

first time. We have carried out an accurate analysis of the

relationships between granulite facies metamorphism,

migmatisation and deformation within the complex, in

relation to the intrusion of the Bergell pluton. Granulites

and charnockites display fabrics different from those

defined by the regional foliation and lineation, which are,

typically for migmatites, disordered on the mesoscale. On a

regional scale, strike variations are also related to the

structural complexity of migmatites within which no major

antiform could be identified. Irregular interfingering of sub-

parallel leucosome veins and back-veining along the con-

tact between the Gruf migmatites and the Bergell tonalite

are evidence for contemporaneous emplacement and crys-

tallisation at about 740 �C and 6.5–7.5 kbar in Oligocene

times (ca 30 Ma). Metamorphic conditions in the char-

nockites and granulites ([920 �C for 8.5–9.5 kbar) largely

exceed these regional metamorphic conditions and are

dated at 282–260 Ma. We propose that the ascending

Bergell pluton entrained the polymetamorphic, granulitic

lower crust enclosed within the peripheral migmatitic Gruf

complex.

Keywords Lepontine Alps � Gruf complex � Granulite �
Charnockite � Migmatisation

1 Introduction

The occurrence of high grade metamorphic rocks such as

sapphirine-bearing granulites and charnockites (Cornelius

1916; Wenk et al. 1974; Galli et al. 2011) and widespread

migmatisation (Berger et al. 1996; Davidson et al. 1996)

make the Gruf complex unique within the Central Alps. It

is crucial to understand such rocks in modern orogenic

systems and, from a more regional point of view, these

distinct rocks need to be integrated into the tectonometa-

morphic evolution of the Lepontine Alps. The location of

the Gruf complex (Fig. 1), structurally directly below the

Bergell pluton (Rosenberg et al. 1995), also offers the

opportunity to investigate the relationships between the

ascent and emplacement of a tonalitic pluton and defor-

mation within neighbouring country rocks (Davidson et al.

1996).

Mostly because of its hostile topography, the Gruf

complex remained one of the least investigated areas of the

Alpine chain. Here, the Gruf complex is understood as the

geological unit between the Bergell intrusion (to the south

and east), the ophiolitic Chiavenna unit (to the north), and

the Valle della Mera (to the west). The existing geological

maps cover only small parts of this complex (north-eastern

part by Wenk and Cornelius 1977; southernmost part by
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Moticska 1970); for most of the complex detailed maps or

other field information are not available. The few available

petrological (Bucher-Nurminen and Droop 1983; Droop

and Bucher-Nurminen 1984; Diethelm 1989) and geo-

chronological (Gulson 1973; Liati and Gebauer 2003;

Schmitz et al. 2009) investigations were mostly performed

using fallen blocks; hence there is no documentation

regarding the tectonic or geological context of the samples.

Since detailed mapping, a prerequisite for developing a

coherent structural scheme of the Gruf complex, is missing,

there is no consensus on the tectonic position of the Gruf

complex within the Penninic nappes yet. Three interpre-

tations have been proposed so far: the Gruf complex

(i) constitutes the eastern continuation of the Adula nappe

(Schmid et al. 1996a, b; Davidson et al. 1996; Frey and

Ferreiro Mählmann 1999; Berger et al. 2005); (ii) is

equivalent to the Bellinzona-Dascio zone (Wenk 1973;

Wenk and Cornelius 1977; Milnes and Pfiffner 1980); (iii)

represents an independent unit (Staub 1946; Hänny et al.

1975).

We present a geological map of the entire Gruf complex

(Fig. 2), and detailed geological profiles (Fig. 3), together

with a structural analysis and an investigation of the rela-

tions between migmatisation, deformation and the intrusion

of the Bergell pluton. The major aims of this paper are to:

(i) characterise the rock types that constitute the Gruf

complex, their field relations and the relations with the

adjacent Chiavenna ophiolite and the Bergell pluton; (ii)

perform a coherent structural analysis; (iii) investigate the

field characteristics and metamorphic conditions during

migmatisation; (iv) understand the role of the Bergell

intrusion during the exhumation of the Gruf complex, and

(v) integrate the Gruf complex into the tectonic and

metamorphic evolution of the Central Alps in general.

2 Geological setting

The Alps result from the convergence between the Euro-

pean and Adriatic paleo-margins, which led to the closure

Fig. 1 Simplified map of the eastern Central Alps (SE Switzerland and N Italy, see inset). Main units patterned and classified according to their

paleogeographical origin. Framed: studied area (Fig. 2). Swiss co-ordinates given in kilometres. CA Cressim antiform
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of two oceanic basins, the Piemont-Liguria and Valais

oceans (e.g. Milnes and Pfiffner 1980; Schmid et al.

1996a). The stack of the Penninic nappes in the Central

Alps formed during south-dipping subduction of the

European plate and subsequent continental collision with

Adria. Five main paleogeographic domains are recognized

in the Central Alps, (Fig. 1): (i) the Leventina, Simano and

Adula nappes are ascribed to the distal parts of the

European continental margin (Trümpy 1960; Schmid et al.

1990, 1996a); (ii) the ophiolites of the Misox zone and

Chiavenna are interpreted as remnants of the Valais ocean

(Schmid et al. 1996a; Steinmann and Stille 1999); (iii) the

Tambo and Suretta nappes represent slivers of the former

Briançonnais micro-plate or crustal fragment (Schmid et al.

1990) separating Piemont and Valais oceanic domains

from each other; (iv) the ophiolitic Malenco-Forno-Lizun-

Fig. 3 Geological cross-sections through the Gruf complex. Nomenclature of lithologies and locations in Fig. 2. No vertical exaggeration
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Avers units are assigned to the Piemont-Liguria ocean

(Staub 1946; Schmid et al. 1990, 1996a), and, (v) the

overthrust Austroalpine units correspond to the Adriatic

continental margin (Handy et al. 1993; Froitzheim et al.

1994).

In this nappe stack, coherent allochthonous basement

sheets such as the Leventina, Simano, Tambo and Suretta

nappes are accompanied by more heterogeneous units such

as the Adula-Cima Lunga nappe, the Gruf complex and

the Bellinzona-Dascio zone (Berger et al. 2005). These

lithologically heterogeneous units were referred to as an

‘‘Alpine lithospheric mélange’’ by Trommsdorff (1990)

and interpreted as parts of a ‘‘tectonic accretion channel’’

(TAC), accreted at mantle depth during subduction (Engi

et al. 2001).

The metamorphic pattern of the Central Alps is char-

acterised by two major metamorphic events. An older low-

to medium-temperature, high-pressure metamorphism is

preserved as relics of blueschist- and eclogite-facies min-

eral assemblages in metasediments of domains (ii) and (iii)

(Ring 1992; Baudin and Marquer 1993; Nussbaum et al.

1998; Bousquet et al. 2002) and as eclogites of mainly

metabasaltic and peridotitic composition in the Adula-

Cima Lunga nappe (Heinrich 1982, 1986; Meyre et al.

1999; Nimis and Trommsdorff 2001; Dale and Holland

2003; Berger et al. 2005; Brouwer et al. 2005; Zulbati

2008). This first metamorphic event is related to subduction

and followed by a second Barrow-type event (‘‘Lepontine

metamorphism’’), which strongly overprinted pre-existing

mineral assemblages. Concentric isograds, isotherms and

isobars define the ‘‘Lepontine Metamorphic Dome’’ (Wenk

1955; Todd and Engi 1997). This pattern cuts across nappe

boundaries, suggesting that the Barrow-type peak-meta-

morphic-conditions were reached after nappe emplacement

(Niggli and Niggli 1965; Wenk 1970; Trommsdorff 1966;

Bernotat and Bambauer 1982; Todd and Engi 1997; Berger

et al. 2011; Wiederkehr et al. 2008). Barrow-type meta-

morphic conditions increase southwards from upper

greenschist- to upper amphibolite-facies. In the southern

central part, the Lepontine dome is characterised by mig-

matisation (Berger et al. 2005; Burri et al. 2005) that took

place through fluid-assisted melting (Berger et al. 2008) at

about 700 �C and 6–8 kbar (Nagel et al. 2002; Burri et al.

2005) between 32 and 22 Ma (Hänny et al. 1975; Köppel

et al. 1981; Gebauer 1996; Berger et al. 2009; Rubatto et al.

2009). Further to the south, the Lepontine dome is trun-

cated by the Insubric line (Fig. 1), a major tectonic

boundary separating the high-grade Central Alps from the

Southern Alps, which record only very low grade Alpine

metamorphism (Schmid et al. 1987, 1989; Steck and

Hunziker 1994).

The Gruf complex, in map view covering an area of

about 20 9 10 km (Figs. 1, 2), is located in the

southeastern part of the Lepontine dome. To the north, the

putative Gruf line, described as a vertical, strongly re-

crystallised mylonite zone (Schmutz 1976), separates the

Gruf complex from the Chiavenna ophiolite and the Tambo

nappe (Fig. 1). To the east and south, the Gruf complex is

intruded by the calc-alkaline Bergell pluton, which formed

from 33 to 30 Ma (Von Blanckenburg 1992; Oberli et al.

2004; Gregory et al. 2009). To the west and south, the Gruf

complex is bordered by the Adula nappe, the 24–25 Ma old

Novate granite (Liati et al. 2000) and the Bergell pluton.

The gneissic units between the northern and the southern

limbs of the Bergell pluton are assigned to the Adula nappe

and Bellinzona-Dascio zone (e.g. Berger et al. 1996,

Fig. 1). The Gruf complex is dominated by migmatitic

orthogneisses, paragneisses and micaschists. Upper

amphibolite-facies migmatisation (Bucher-Nurminen and

Droop 1983; Nagel et al. 2002) occurred between 34 and

29 Ma (Liati and Gebauer 2003; Galli et al. 2012). High-

pressure rocks known from the adjacent Adula nappe are

absent in the Gruf complex. Rare sapphirine-bearing

granulites, discovered by Cornelius (1916) and Wenk et al.

(1974) only in the form of loose blocks in Val Codera, in

fact form schlieren within charnockites and residual

enclaves, both within migmatitic orthogneisses and char-

nockites (Galli et al. 2011). Granulites and charnockites

formed under ultra-high temperature conditions of

T = 920–940 �C and P = 8.5–9.5 kbar (Galli et al. 2011).

Droop and Bucher-Nurminen (1984), Liati and Gebauer

(2003) and Schmitz et al. (2009) suggested an Alpine age

for the granulites, whereas Huber (1999), Burri et al.

(2005) and Galli et al. (2011) envisaged a pre-Alpine age.

Subsequently, the charnockites have been dated at

282–260 Ma (U–Pb on zircon) placing granulite facies

conditions in the Permian (Galli et al. 2012).

Numerous up to 100 m large lenses and cm-sized

nodules of ultramafic, mafic, calcareous and pelitic com-

positions occur within the migmatites (Artus 1959;

Moticska 1970; Wenk 1973, 1982, 1986, 1992; Diethelm

1989, Galli et al. 2011). These lenses and nodules are

prevalently concentrated in proximity to the Bergell pluton

(Moticska 1970; Wenk and Cornelius 1977) and are

regarded as remnants of the North Penninic suture con-

necting the mafic–ultramafic Chiavenna unit and the Misox

zone in the north with the Bellinzona-Dascio zone in the

south (Diethelm 1989; Davidson et al. 1996; Schmid et al.

1996a), the latter also containing abundant ophiolite rem-

nants (Schmidt 1989; Stucki et al. 2003). In summary, the

Gruf complex is a composite unit, dominated by amphib-

olite facies ortho-gneisses of mostly Permian age and by

migmatitic metasediments (Galli et al. 2012), but also

featuring a Permian granulite-charnockite association as

well as an ophiolitic rock suite that remains undated but

lithologically resembles the ophiolites of the Chiavenna

Tectonometamorphic history of the Gruf complex 37



unit and Bellinzona-Dascio zone. High-pressure meta-

morphism, characteristic for the Adula nappe, has not been

reported from the Gruf complex so far, while granulite-

charnockite associations that are characteristic for the Gruf

complex are absent in the Adula nappe.

3 Lithological characterisation of the Gruf complex

The Gruf complex essentially contains two groups of rock

types: (i) migmatitic metagranitoids and (ii) partly mig-

matitic pelitic to psammitic metasediments (Figs. 2, 3).

Small lenses of meta-ultramafic, -basic and -carbonate

rocks occur within these two major groups, most promi-

nently near Bivacco Vaninetti in the northeastern part of

the Gruf complex (Fig. 4).

All these rock types, further described below, are

commonly intruded by up to 5 m thick aplite and peg-

matite dykes throughout the Gruf complex. Aplites and

pegmatites are mostly composed of quartz, plagioclase,

alkali feldspar and variable amounts of muscovite, biotite

and garnet. Tourmaline and beryl occur locally (Ghizzoni

and Mazzoleni 2005). These dikes will not be discussed

further.

3.1 Metagranitoids and rock types enclosed therein

3.1.1 Migmatitic biotite-orthogneiss

Migmatitic biotite-orthogneisses occur along the southern

upper flank of Val Chiavenna and form the main part of Val

Codera (Fig. 2). This rock type appears greyish, coarse-

grained and mainly consists of quartz, plagioclase, alkali

feldspar and biotite. Its migmatitic character is expressed by

a weak stromatic structure of alternating leucocratic, quartz

and feldspar rich-bands, and melanocratic, biotite-rich

bands. Accessory minerals are muscovite, chlorite, epidote,

apatite, rutile, sphene, ilmenite and zircon. Quartz forms

subhedral to anhedral grains with undulose extinction, up to

1 mm in size. Plagioclase occurs as up to 2 mm large

subhedral grains. Alkali feldspar is euhedral to subhedral,

perthitic and up to 1.5 cm in size. Biotite forms acicular,

Fig. 4 Detailed geological map of the contact between the Gruf

complex and the Bergell intrusion near Bivacco Vaninetti (for

location, see Fig. 2), showing the largest ultramafic lenses within the

Gruf gneisses and several magmatic breccia occurrences with

ultramafic and mafic components. The stippled straight line crossing

the map indicates the location of profile F of Fig. 3

38 A. Galli et al.



millimetric flakes displaying a moderate preferred orienta-

tion. Generally, the migmatitic biotite-orthogneiss is

massive or weakly foliated and shows unsystematic mig-

matitic structures (Figs. 5a, 6a). In Val Aurosina, Valle del

Conco and around Bivacco Vaninetti, this rock type is

intensely overprinted by ductile shear zones (Fig. 6b).

Meter-sized enclaves and up to a few hundred meters

large lenses of basic (Fig. 5b), charnockitic (Fig. 6c, d),

granulitic (Galli et al. 2011), lherzolitic (Fig. 5f), web-

steritic to gabbronoritic (Fig. 5c), calcareous and pelitic

composition (Fig. 5d) occur throughout this biotite-or-

thogneiss (Fig. 2).

3.1.2 Enclave-rich biotite-orthogneiss

Enclave-rich biotite-orthogneiss constitute the northern-

most part of the Gruf complex. They form a rim of variable

thickness (200–1,200 m) south of the Chiavenna unit, along

the southern flank of Val Chiavenna between Prata Cam-

portaccio and Val Bondasca (Figs. 2, 3). This rock type is

coarser grained and it contains more biotite and less alkali

feldspar compared to the migmatitic biotite-orthogneiss.

Numerous, decimetric to metric, internally undeformed or

well foliated, rounded to elongated enclaves of mainly

mafic composition characterise this metagranitoid.

Enclaves originally constituted by amphibole (Fig. 5b) and

plagioclase are strongly overgrown by biotite. Rare pelitic,

ultramafic and calcareous xenoliths also occur. The biotite-

orthogneiss itself is mineralogically homogeneous and

composed of subhedral to anhedral, up to 1 mm large quartz

grains, subhedral, up to 2.5 mm large plagioclase grains,

subhedral, up to 7 mm large, perthitic alkali feldspar grains

and acicular, up to 2.5 mm large biotite flakes. Muscovite,

chlorite, apatite, epidote, sphene, ilmenite and zircons are

accessories. This enclave-rich biotite orthogneiss displays

no or a weak foliation. The contact with the migmatitic

biotite-orthogneiss to the south-southeast is diffuse and

marked by grain-size reduction, particularly concerning

biotite, and the progressive disappearance of mafic enclaves

towards the enclave-free migmatitic biotite-orthogneiss.

3.1.3 Charnockite

On the meso-scale, the charnockites constitute internally

boudinaged, sheet-like bodies surrounded by anatomising

mylonite zones (Fig. 6c). Two major, up to 0.5 km thick

and 8 km long charnockite-rich large bodies can be map-

ped near the crest between Val Chiavenna and Val Piana.

Intermediate size charnockite lenses (\100 m) also occur

in Val Piana, Valle del Conco, Val Scarione and Val Au-

rosina (Figs. 2, 3). This rock type is leucocratic, with a

pronounced brownish weathering colour and medium to

coarse-grained. It has an extremely weak fabric and is

mostly composed of quartz, plagioclase, and perthitic alkali

feldspar: in part it contains corroded orthopyroxene as well

as rare biotite ± garnet and sillimanite (Fig. 7a). Within

the charnockite units, about 50 % of the rocks contain

macroscopically visible orthopyroxene. Outside the char-

nockite units as mapped in Fig. 2 we have not identified

outcrops with charnockites. The internal structure of the

charnockitic bodies is characterised by an irregular folia-

tion wrapping around decimetric biotite-rich enclaves and

meter-sized schlieren comprising mostly fine-grained bio-

tite and millimetric garnet. The contacts to the

neighbouring orthogneiss are everywhere delineated by up

to 50 cm thick mylonites (Fig. 6d).

3.1.4 Granulite

Granulites occur as garnet–orthopyroxene–biotite–alkali

feldspar-bearing schlieren (±sapphirine, sillimanite, cor-

dierite, corundum, spinel, plagioclase and quartz) within

charnockites and as residual enclaves both in the char-

nockites and the migmatitic orthogneisses in Valle dei

Vanni, Val Piana, Valle del Conco and Val Aurosina

(Fig. 2). Many of the schlieren are felsic in composition

(granulites type E and F in Galli et al. 2011), in which case

these are identified as granulites by the presence of sap-

phirine or trails of orthopyroxene crystals. The residual

granulites are easily distinguished by a content of mafic

minerals (including sillimanite) which amounts on average

to 65–75 vol% (types A–D, Galli et al. 2011). The schlieren

are up to one meter long, while the residual granulites are

typically less than one meter in outcrops, but loose blocks

in the Cordera river measure up to 2 cubic meters. The

granulite facies peak assemblage is constituted by garnet,

orthopyroxene, Ti-rich biotite ± sapphirine ± sillima-

nite ± quartz ± alkali feldspar ± plagioclase and is

commonly overprinted by cordierite-bearing coronae and

symplectites. Thermobarometric calculations, P–T pseu-

dosections and orthopyroxene Al content, show that both

charnockites and granulites equilibrated at metamorphic

peak conditions of T = 920–940 �C and P = 8.5–9.5 kbar.

Peak assemblages were subsequently overprinted by

intergrowth, symplectite and corona textures involving

orthopyroxene, sapphirine, cordierite and spinel at

T = 720–740 �C and P = 7–7.5 kbar (Galli et al. 2011).

3.1.5 Websterite to gabbronorite

Up to 50 m-sized lenses of websterite to gabbronorite

occur within biotite-orthogneisses, often associated with

charnockites, or directly in charnockites (Figs. 2, 3). All

websterite/gabbronorite lenses (enhanced with a black

8-pointed star in Fig. 2) are found within a km-wide zone

reaching from Val Scarione in the west to Pizzo dei Vanni

Tectonometamorphic history of the Gruf complex 39



Fig. 5 Field aspect of principal rock types in the Gruf complex.

a Typical migmatitic structure of the biotite-orthogneiss (upper Val

Codera, 7630251/1280963); b weakly foliated mafic enclaves intruded

by leucocratic veins in the enclave-rich biotite-orthogneiss (upper Val

Aurosina, 7580153/1290875); c leucocratic veins derived from the

migmatitic orthogneiss (light-coloured, bottom left) intruding green-

ish websterite to gabbronorite (top, contact zone in upper Val

Grosina, 7580643/1270405); d millimetre thick bands of leucocratic,

quartzo-feldspatic granoblastic leucosome and melanocratic, biotite-

sillimanite-garnet-rich melanosome in partially molten paragneiss and

micaschist (upper Val Aurosina, 7580458/1290444); e decimetric,

meta-ultramafic enclaves within migmatitic biotite-orthogneiss (loose

block in Val Salubiasca, 7590479/1240986); f bands of pyroxenite and

chromite within chlorite-spinel-enstatite-olivine fels crosscut by talc

veins (upper Val Casnaggina, 7600342/1290718)

40 A. Galli et al.



in the east. Websterites to gabbronorites exhibit a greenish-

brownish colour of alteration, are massive, mid- to coarse-

grained and characterised by cumulate textures. They are

equigranular and dominated by euhedral to subhedral, up to

1 mm large clinopyroxene grains. A smaller amount of

slightly porphyritic orthopyroxene grains up to 4 mm large

Fig. 6 Structures in the Gruf complex. a Foliation discordance,

weakly foliated gneiss crosscut by more strongly foliated gneiss

(arrow), formed before a crosscutting leucocratic vein (upper Val

Schiesone, 7550555/1270770); b ductile shear zone (dashed line,

arrows = sense of shear) in the migmatitic biotite-orthogneiss (upper

Val Aurosina, 7580314/1280576); c internally boudinaged charnockite

with few cm-thick, anastomosing mylonitic zones at the contact (bold

dashed line) with biotite-orthogneiss and between charnockitic

boudins (thin dashed lines, upper Val Casnaggina, 7620644/

1300526); d up to 50 cm thick mylonite of the sheared contact

between charnockite and migmatitic biotite-orthogneiss (below field

of view; upper Valle dei Vanni, 7620885/1300228); e folds within

partly migmatitic paragneiss and micaschist (upper Val Aurosina,

7580049/1290817)
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is also found (Fig. 7b). Fine-grained large, polygonal pla-

gioclase and biotite are interstitial and in textural

equilibrium with the two pyroxenes. The amount of

plagioclase varies from sample to sample. In the strongly

altered websterites to gabbronorites, clinopyroxene and

orthopyroxene are replaced by centimetric, elongated,

Fig. 7 Photomicrographs of principal rock types. a Orthopyroxene

grains partially replaced by polymineralic coronae of amphibole-

biotite-ilmenite in charnockite; b massive, equigranular texture of

gabbronorite formed by clinopyroxene, orthopyroxene and interstitial

polygonal plagioclase and biotite; c alternating granoblastic bands of

quartz and plagioclase and lepidoblastic bands of biotite, sillimanite

and rare muscovite in migmatitic paragneiss and micaschist. \1 cm

large Grt1 porphyroblast (with pressure fringes) is pre- to syn-

foliation; up to 1 mm large Grt2 overgrowing the main foliation is

post-kinematic; d relictic aggregates of corundum and sillimanite

surrounded by polygonal cordierite in a partly migmatitic micaschist,

close to the contact with the Bergell intrusion, east of Bivacco

Vaninetti; e detail of a fine-grained sillimanite-garnet-bearing

leucogranite; f neoblastic texture of equigranular olivine grains,

inclusion-rich enstatite porphyroblasts, elongated and oriented amphi-

bole and rare chlorite and spinel in metaperidotite at Bivacco

Vaninetti. Key to abbreviations: Amp amphibole, Anth anthophyllite,

Bt biotite, Chl chlorite, Cpx clinopyroxene, Crd cordierite, Crn

corundum, Grt garnet, Ilm ilmenite, Kfsp K-feldspar, Musc musco-

vite, Ol olivine, Opx orthopyroxene, Pl plagioclase, Qtz quartz, Sil

sillimanite, Spl spinel
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poikilitic green amphibole and aggregates of fine-grained

talc, respectively. Leucosomes derived from the migmatitic

biotite-orthogneiss intrude the rims of websterite to gab-

bronorite lenses (Fig. 5c).

3.2 Migmatitic metasediments and other rock types

contained therein

3.2.1 Migmatitic paragneiss and micaschist

Amongst the partially molten paragneisses and micaschists,

garnet- and garnet-cordierite-bearing sillimanite-biotite

schists predominate. They alternate with less frequent

quartz- and plagioclase-rich garnet-bearing paragneisses.

Gradational boundaries between these two lithologies

suggest alternating pelitic and psammitic layers. These

rocks have a brown weathering colour and occur in two

major, 10 km long and 1 km wide zones (Figs. 2, 3).

Smaller lenses, \1 km long, occur around Bivacco Vani-

netti, in the upper part of Val Averta, and between the

enclave-rich biotite-orthogneiss and the Chiavenna unit

(Fig. 2). Paragneisses and micaschists are characterised by

bands of milli- to centimetric, granoblastic layers and

lenses of quartz, plagioclase ± alkali feldspar ± cordierite

constituting a migmatitic leucosome. Therein, quartz grains

are slightly elongated and subhedral, plagioclase is sub-

hedral to anhedral and alkali feldspar forms subhedral

perthitic grains, all typically 2 mm in size. Myrmekites are

frequent along alkali feldspar-plagioclase boundaries; cor-

dierite forms subhedral mm-large grains.

Millimetric, melanocratic lepidoblastic bands mainly

consisting of biotite, fibrolitic sillimanite, rare muscovite,

garnet and quartz ± plagioclase ± corundum (the latter

only in the immediate vicinity to the Bergell pluton) rep-

resent the residual melanosome to mesosome (Figs. 5d, 7c).

In the melano- to mesosomes, elongated and oriented, up to

2 mm large biotite flakes form aggregates that define the

main foliation together with fibrolitic sillimanite and rare,

up to 0.5 mm large, muscovite flakes (Fig. 7c). Garnet

occupies two texturally different sites. Garnet1 forms cen-

timetric, pre-kinematic porphyroblasts that deflect the main

foliation, and is associated with pressure fringes. It displays

an equant and subhedral habitus and generally has inclu-

sion-rich cores and inclusion-free rims. Garnet2 forms up to

1 mm, post-kinematic, rounded and subhedral grains

overgrowing the main foliation (Fig. 7c). Quartz is rare and

forms subhedral \0.1 mm large grains. Plagioclase forms

poikilitic, centimetric porphyroblasts overgrowing biotite,

garnet, quartz and muscovite; it is therefore also post-

kinematic. Away from the contact to the Bergell pluton,

there is no evidence that these metasediments have ever

been exposed to higher temperature conditions than defined

by the fluid-absent melting reaction of muscovite (Fig. 8).

A granulite facies exposure similar to that experienced by

the observed granulites would have led to a melt-loss from

these sediments and would thus also be recognisable after

potential retrogression.

Contacts between migmatitic metasediments and sur-

rounding orthogneisses are generally marked by discrete

centimetric to decimetric mylonite layers. North of

Bivacco Vaninetti (Swiss coordinate 7630800/1290750),

and only there, leucosomes departing from the biotite-

orthogneiss discordantly intrude the base of a large (up to

1 km in length) lens of migmatitic metasediments (Fig. 4).

3.2.2 Leucogranite

Paragneiss and micaschist are often in direct contact with

fine- to coarse-grained, massive to slightly foliated leu-

cogranites (Figs. 2, 3) composed of quartz, plagioclase,

alkali feldspar, biotite, muscovite ± garnet ± sillimanite;

apatite, chlorite, sphene, rutile, ilmenite and zircon are

accessory minerals. Rounded, subhedral to anhedral, up to

0.2 mm large quartz, plagioclase and perthitic alkali feld-

spar grains define an equigranular-interlobate texture.

Biotite and muscovite are elongated, well oriented, up to

1 mm long, forming elongated flakes parallel to the main

foliation. Garnet is present as rounded, xenomorphic, up to

0.3 mm large blasts. Millimetric garnet grains are generally

Fig. 8 Estimated metamorphic conditions (dark grey ellipse) of the

Gruf migmatization. Solid lines experimentally determined reactions

for the metapelitic system (references for reactions as in the text);

dashed lines reaction curves for natural ultramafic bulk composition

(Jenkins and Chernosky 1986; Evans and Guggenheim 1988); dotted

line reaction calculated using the version 3.33 of THERMOCALC

[Powell and Holland (2008); activities used in the calculation: biotite:

x(bt) = 0.59; y(bi) = 0.54; Q(bi) = 0.15; cordierite: x(cd) = 0.39,

h(cd) = 0.1; alkali feldspar: na(ksp) = 0.68; ca(ksp) = 0.11, abbre-

viations as defined by Powell and Holland (2008)]. For mineral

abbreviations, see caption of Fig. 7
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more abundant in the finer-grained leucogranite (Fig. 7e),

in particular between San Cassiano in Valle della Mera and

Corna di Garzone to the east-northeast (Fig. 2). Sillimanite

forms up to 1 mm long, prismatic grains within the main

foliation. Commonly, prismatic sillimanite exhibits coro-

nae of fine-grained muscovite. Leucogranites show

intrusive, sharp and irregular contacts with the migmatitic

paragneisses and micaschists. Conversely, contacts with

the migmatitic biotite-orthogneiss are diffuse and marked

by the progressive disappearance of biotite and concomi-

tant appearance of both muscovite and garnet in the

leucogranite.

3.2.3 Augengneiss

Up to 20 m thick sheets of augengneiss are intercalated

with the paragneisses and micaschists east of Bivacco

Vaninetti and on the western flank of Cima di Droso

(Figs. 2, 4). The augengneiss is coarse-grained, weakly

foliated and displays an equigranular-interlobate texture

formed by subhedral quartz, plagioclase and alkali feldspar

and by almost non-oriented biotite and muscovite flakes.

Granular, biotite-free leucocratic dykes cut the weak aug-

engneiss foliation or occur within centimetric ductile shear

zones. Intrusive and discordant contacts of the augengneiss

into the metasedimentary sequence are locally preserved.

3.3 Lithologies contained both within metagranitoids

and metasediments

3.3.1 Chlorite-spinel-enstatite-olivine fels

Up to 500 m large lenses of chlorite-spinel-enstatite-oli-

vine fels in contact with metasediments and leucogranites

occur around Bivacco Vaninetti, south of Alpe Spluga and

between Val Piana and Valle del Conco (Figs. 2, 4).

Smaller lenses (\5 m in size) of the same rock type occur

also in Val Piana, to the south of Corna di Droso and at the

basis of Valle dell’Orco as clusters of enclaves in the

migmatitic biotite-orthogneiss (Fig. 5e). These meta-peri-

dotites weather to an intense orange-brown colour and

exhibit alternating and sometimes isoclinally folded

lherzolite, dunite, pyroxenite and chromite bands (Fig. 5f).

The rock has an equigranular, neoblastic texture constituted

of olivine, less frequent enstatite and chlorite and rare

tremolite (Fig. 7f). Grain boundaries are straight, suggest-

ing textural equilibrium. Olivine occurs as anhedral, up to

0.2 mm large grains, often partly replaced by aggregates of

acicular serpentine. Enstatite forms elongated, up to 2 mm

large porphyroblasts showing undulose extinction and a

slightly preferred shape orientation. Generally, enstatite

contains many tiny inclusions of talc, spinel and magnetite

and may be replaced by fine-grained talc. Up to 0.4 mm

large chlorite and tremolite are parallel to the main folia-

tion (Fig. 7f). Spinel is present in greenish to brownish,

fine (\0.1 mm), rounded grains or as green spinel-mag-

netite lamellar aggregates surrounded by chlorite. Chlorite-

spinel-enstatite-olivine fels displays a pronounced foliation

mostly defined by enstatite and amphibole. This foliation

overgrows the compositional banding and is generally not

parallel to the regional foliation.

Within the large lenses around Bivacco Vaninetti, sev-

eral meter-thick meta-rodingite dykes mainly composed of

garnet, epidote, clinopyroxene, hornblende and sphene, as

well as one ferrogabbro dyke were observed to discordantly

cut the banding in the metaperidotites. Numerous light

greyish veins of talc, chlorite and rare titano-clinohumite

mostly cut the main foliation. Contacts to the migmatitic

paragneisses and micaschists are concordant and sub-my-

lonitic. Leucosomes from the biotite-orthogneisses are

intrusive, with decimetric leucocratic veins intruding

fractures at the rim of ultramafic lenses and related me-

tabasic rocks (insets 4 and 5 in Fig. 9). Different stages of

brecciation are observed: (i) angular, up to 1.5 m large,

matching blocks, separated by thin centimetric granitic

veins (inset 4 in Fig. 9); (ii) more disconnected, centi- to

decimetric, rounded enclaves separated by up to 20–30 cm

thick leucosomes (inset 5 in Fig. 9), (iii) isolated, sub-

ellipsoidal enclaves within the migmatitic biotite-ortho-

gneisses (Fig. 5e, inset 6 in Fig. 9) and (iv) swarms of

enclaves embedded and brecciated by the migmatitic bio-

tite-orthogneiss, particularly concentrated close to Alpe

Sivigia, forming what is referred to as the ‘‘Sivigia-Zug’’

(Wenk and Cornelius 1977, see Figs. 2, 3 profile F). In

general, the ultramafic and mafic components of these

breccias develop polymineralic reaction rims of talc-

chlorite-actinolite-hornblende-biotite and green amphibole,

respectively; the granitic matrix displays centimetric

crystals of labradorite in the vicinity of these enclaves.

3.3.2 Amphibolite

Regularly boudinaged, up to 20 m thick bands of am-

phibolites are associated with the metaperidotite lenses

around Bivacco Vaninetti, between Val Piana and Valle del

Conco, south of Alpe Spluga and Alpe Rossaccio, near

Corna di Droso; they also occur along the contact between

the Gruf complex and the Bergell intrusion (Figs. 2, 3, 4).

Elongated, millimetric amphibole, euhedral plagioclase,

biotite flakes and rare, subhedral clinopyroxene grains form

a nematoblastic, equigranular texture. Chlorite, sphene,

rutile and ilmenite are accessory minerals. Locally, am-

phibolites display centimetric, discordant and amphibole-

bearing pockets of leucosome. Accordingly, these leuco-

somes appear to be derived from in situ partial melting of

the amphibolites. These leucosomes are in sharp contrast to
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granite or sediment derived leucosomes that never bear

amphibole. Due to their scarceness and maximal thickness

of 2 cm, they have not been analysed and their presumably

trondhjemitic chemistry (Winther and Newton 1991) could

not be verified.

The orientation of amphibole and biotite defines a well-

developed foliation. In places, several centimetre thick

mylonites mark the contact with the country rock. East of

Bivacco Vaninetti, close to the Bergell intrusion, leuco-

somes from migmatitic paragneisses and micaschists cut

the amphibolite bands and foliation, isolating amphibolite

enclaves in leucosomes (inset 2 in Fig. 9).

3.3.3 Calc-silicate

Rare calc-silicates, associated with metaperidotites and

amphibolites, form up to 20 9 1 m boudins south of Alpe

Rossaccio and all along the contact between the Gruf

complex and the Bergell tonalite. These lenses also form

xenoliths within the Bergell tonalite (Fig. 2). Calcsilicates

are coarse-grained and foliated and are constituted by

alternating garnet-, epidote-, diopside-, calcite- and quartz-

rich layers. Vesuvianite, spinel, sphene, wollastonite, bru-

cite and green amphibole occur in minor amounts.

Scapolite has been reported (Trommsdorff 1966; Oterdoom

1980) but has not been identified during this study.

4 Whole rock geochemistry

Sixty samples of typical rock types from the Gruf complex

were analysed for major and trace elements: biotite-ortho-

gneisses (18 migmatitic biotite-orthogneisses and 6 enclave-

rich biotite-orthogneisses), leucogranites (23 samples),

charnockites (3 garnet-sillimanite-absent samples, 6 garnet-

bearing, sillimanite-absent samples and 2 garnet-sillimanite-

bearing samples) and augengneisses (2 samples). Bulk rock

data were obtained using a Panalytical Axios wavelength

dispersive XRF spectrometer (WDXRF, 2.4 kV) at ETH

Zurich. Representative bulk rock compositions are given in

Table 1. The complete geochemical data are presented in

Online Resource 1.

Geochemically, the metagranitoids can be divided into

two compositional groups. One comprises the migmatitic

biotite-orthogneiss, the enclave-rich biotite-orthogneiss,

the garnet-sillimanite-free charnockites and the augen-

gneisses. The second group is formed by more SiO2-rich

and more peraluminous leucogranites together with the

garnet-sillimanite-bearing charnockites.

The rocks of the first group display SiO2 contents

between 59 and 70.5 wt%. Compared to the second group

they are relatively poor in K2O (1.51–3.85 wt%) but rich in

Al2O3 (14.54–18.87 wt%), FeO (2.24–6.68 wt%), MgO

(0.66–3.39 wt%), CaO (2.22–4.78 wt%), and TiO2 (0.29–

Table 1 Representative bulk compositions of rocks from the Gruf complex (see Fig. 2)

Rock

type

Migmatitic bt-orthogneiss Enclave-rich

bt-orthogneiss

Charnockite Leucogranite Augengneiss

Sample Or6 TeGrl HvGrl3 DLOG1 Scl3 PeCh6 BoGrl Conc14 HvOG3 Pial RoGr3 HvOG2

Location Val

Scarione

Val

Casnaggina

Biv.

Vaninetti

Val

Bondasca

Val

Schiesone

Val

Vertura

Val

Bondasca

Valle del

Conco

Biv.

Vaninetti

Val

Piana

Val

Vertura

Biv.

Vaninetti

SiO2 65.21 64.16 68.36 67.47 66.45 68.579 64.94 72.76 73.68 74.04 71.05 69.02

TiO2 0.61 0.72 0.45 0.48 0.58 0.529 0.68 0.34 0.18 0.18 0.34 0.68

A12O3 16.46 16.58 15.85 16.01 15.98 15.510 16.24 14.71 14.38 13.96 14.82 14.54

FeO* 4.48 5.09 3.48 3.54 4.12 4.695 4.83 2.82 1.59 1.56 2.24 4.00

MnO 0.07 0.09 0.06 0.05 0.06 0.096 0.08 0.03 0.03 0.04 0.02 0.05

MgO 1.50 1.37 0.85 0.91 1.03 1.870 2.17 0.72 0.32 0.33 0.69 1.11

CaO 3.61 3.70 3.07 3.26 3.02 2.964 4.36 2.78 0.81 0.97 1.12 1.93

Na2O 3.82 4.43 3.62 3.60 3.77 3.246 3.85 3.01 2.78 3.21 3.15 3.33

K2O 3.21 2.48 3.52 3.55 3.52 2.827 2.20 2.30 5.05 4.85 5.13 4.22

P2O5 0.23 0.26 0.15 0.16 0.27 0.152 0.21 0.09 0.21 0.18 0.15 0.24

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.005 0.00 0.00 0.00 0.00 0.00 0.00

H2O 0.47 0.49 0.39 0.49 0.62 0.314 0.58 0.29 0.89 0.59 0.70 0.59

Total 99.69 99.37 99.79 99.51 99.42 100.79 100.14 99.86 99.92 99.92 99.41 99.72

A/CNK 1.01 0.99 1.03 1.02 1.03 1.12 0.98 1.18 1.25 1.14 1.16 1.07

x (Mg) 0.37 0.32 0.30 0.31 0.31 0.41 0.44 0.31 0.26 0.27 0.35 0.33

The complete geochemical database is presented in Online Resource 1

* Total iron as FeO. H2O content estimated from Loss of Ignition (LOI); A/CNK = Al2O3/(CaO ? Na2O ? K2O)(molar ratio); XMg = MgO/

(MgO ? FeO)
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0.94 wt%). Generally, the rocks of the first group are only

slightly peraluminous (Fig. 10a). Garnet-bearing char-

nockites (A/CKN: 1.05–1.17) and augengneisses (A/CKN:

1.07–1.14) have slightly higher alumina saturation values

than the biotite-orthogneisses (A/CKN: 0.99–1.07) and gar-

net-sillimanite-absent charnockites (A/CKN: 0.98–1.03), in

accordance with the occurrence of garnet in these charnock-

ites and muscovite in the augengneisses.

The second group is considerably richer in SiO2

(71–75.3 wt%) and K2O (2.04–6.16 wt%) but poorer in

Al2O3 (13.35–15.42 wt%), FeO (0.94–2.82 wt%), MgO

(0.15–2.32 wt%), CaO (0.46–2.78 wt%), and TiO2

(0.06–0.34 wt%). Hence, the second group is significantly

more peraluminous (A/CKN: 1.06–1.35) compared to the

first group (Fig. 10a). This is in agreement with the higher

amount of muscovite ? garnet ± sillimanite within leu-

cogranites, and garnet ? sillimanite within charnockites

belonging to this second group.

In Fetot ? MgO vs. SiO2 (wt%) space, all samples toge-

ther form an array with a strong negative correlation

(Fig. 10b). The samples of the first group are relatively

poorer in silica but richer in FeO and MgO compared to those

of the second group. The same two compositional groups are

also well discernable in an AFM ternary projected from the

quartzo-feldspatic components (Fig. 10c). The rocks of the

first group plot towards the Fe–Mg rich side, while the rocks

of the second group are closer to the Al-apex. In summary,

the second group of granitoids is more peraluminous while

the first group is more granodioritic in composition.

5 Structural description of the Gruf complex

5.1 Orientation data and geometry of the main

structures

The regional structure of the Gruf complex is dominated by

ENE-WSW trending, steeply inclined lithological contacts

and very roughly parallel main foliations (Figs. 2, 3, 11).

The foliations predominantly dip to the NNW in the

northern and central parts of the Gruf complex but preva-

lently to the SSE in the southern part (Fig. 11). These

divergent attitudes have been interpreted as two flanks of

an antiformal structure within the Gruf complex (Rosen-

berg et al. 1995 and Schmid et al. 1996a, b). A different

geometry is observed between Sivigia and Bivacco Vani-

netti, where the main foliation in biotite-orthogneisses

changes within less than 100 m from the usual ENE-WSW

strike to a NNW-SSE strike, parallel to the contact with the

approximately 150 m large cluster of metaperidotite lenses

and parallel to the base of the Bergell pluton (Fig. 4). Such

deflections of the main foliation to a NNW-SSE strike

generally occur near and at the contacts with other ultra-

mafic lenses, around the charnockites, and near and in the

Bergell tonalite (Fig. 4). Since NNW-SSE oriented folia-

tions have the same mineral characteristics as the regional

Fig. 10 a A/CKN moles vs. SiO2 (wt%) diagram, b FeOTot ? MgO

(wt%) vs. SiO2 (wt%) diagram, c AFM diagram (moles) projected from

quartz and feldspar components. Compositional fields of the calc-

alkaline Bergell tonalite and granodiorite and the S-type Novate granite

after Moticska (1970), Wenk et al. (1977) and Reusser (1987a, b). The

Bergell tonalite field with negative Al-coordinates is not shown in c
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ENE-WSW foliations, and owing to map continuity from

one direction to the other, these deflections denote local

wrapping of the migmatitic foliation around boudinaged

and enclave-forming rocks of higher competence. Orien-

tation differences do not adhere to a large scale trend and

do not delineate a regional fold that would fold the earlier

main foliation (Figs. 4, 11, 12). In fact, the changes in

orientations are scattered on a map; if they were marking a

hinge zone, they would align along the trace of the related

axial plane. A large scale fold would further imply a sys-

tematic change of asymmetric Z/S parasitic folds from one

limb to the other, and M folds in between, none of which is

observed. We conclude that the curved contact of the

Bergell contact on maps is a primary intrusive feature of

the originally arched plutonic shape (the ‘‘synmagmatic

folding’’ of Davidson et al. 1996).

Large lenses consisting of charnockite display a distinct

internal foliation which, compared to the country rock,

diverges from the usual orientation, apparently jumbled,

without a clear regional trend (Fig. 11). Metaperidotite len-

ses enclosed within migmatitic metasediments are also

strongly foliated. However, their internal foliation is distinct

and discordant to that of the country rock, indicating that this

internal foliation formed during a stage preceding the

incorporation of these mantle pieces into the Gruf gneisses.

The unconnected foliations in the charnockites and meta-

peridotites are typical for boudinage structures and hence

cannot be used to infer regional structural information.

The main lineation defined by mineral elongations

(Fig. 12) is regionally defined by the preferred orientation of

elongated biotite flakes in the migmatitic metagranitoids and

by biotite and sillimanite in the migmatitic metasediments.

Predominantly, the lineations plunge 30�–40� to the E or

NE, but within charnockitic and ultramafic lenses, mineral

lineations exhibit variable orientations (Fig. 12). Together

with the foliations, these within-boudin structures reflect

local strain complexities (possibly a disrupted old event).

5.2 Intensity and style of deformation

Whereas the orientation and geometry of the main struc-

tures are similar throughout the Gruf complex, intensity

and style of deformation are markedly heterogeneous and

depend on rock type and the degree of partial melting. The

migmatitic biotite-orthogneisses and leucogranites are

either weakly foliated or characterised by an unsystematic

fabric (Fig. 5a). The main foliation is mostly a spaced

migmatitic banding which is irregularly folded or con-

torted, reminiscent of sub-magmatic flow. This is

consistent with the fact that minerals defining the regional

foliation and lineation do not display features of crystalline

plasticity to the level one might expect in strongly foliated

rocks sometimes transient to macroscopically mylonitic

textures. A dynamic, fluidal environment is also suggested

by cross cutting relationships of foliations with the same

mineralogical characteristics, a feature described in several

plutonic and migmatitic environments (Hutton 1988; Pat-

erson et al. 1989; Vernon 2000; Berger et al. 2008). Late

leucosome veins cutting across foliations also attest for the

syn- migmatitic to magmatic character of the regional

foliation (Fig. 6a).

Up to 20–30 cm thin ductile shear zones are abundant,

particularly in the upper part of Val Aurosina, Valle del

Conco, Val Piana, Val Schiesone and west of Bivacco

Vaninetti (Fig. 6b). The typical S shape of the foliations to

both sides of the planar mylonite zones indicates that the

migmatitic country rock was still fully ductile at the time of

shearing, and mineral assemblages across such shear zones

(e.g. recrystallised biotite, quartz and feldspars) document

that shearing still took place under amphibolite facies

conditions. These shear zones are commonly accompanied

and intruded by relatively less sheared aplite and pegmatite

dykes and leucosomes (Fig. 13a–e), indicating syn-mig-

matitic shearing in the presence of melt.

Three main groups of ductile shear zones have been

observed. A first group strikes ENE-WSW and steeply

dips towards NNW, rarely to the SSE. The associated

mineral-stretching lineation plunges from 20� to 80� to the

NNE to E; a top-to-the SW (combined reverse-sinistral)

shear sense is observed (Figs. 13b, 14a). The second

group displays steeply N-dipping shear zones with a

stretching lineation plunging 20�–60� to the NE; sense of

shear is top-to-the NE (dextral-normal) (Figs. 13b, 14b).

The third group consists of NW–SE-striking shear zones,

steeply dipping towards the NE and with a stretching

lineation plunging 10�–50� towards ENE; sense of shear

is top-to-the NE indicating dextral-normal movement

(Fig. 14c). All three sets of shear zones carry identical

mineral associations, suggesting that they developed

contemporaneously. Similar shear zone patterns have been

described in the Novate granite (Ciancaleoni and Marquer

2006) and in the Adula nappe (Meyre et al. 1998).

Together, they describe syn- to late migmatitic and/or

magmatic, dominantly top-to-the NE dextral-normal

movement that documents the upward movement of the

Gruf complex with respect to the northern units (Chiav-

enna unit and Tambo nappe).

As mentioned earlier, heterogeneous deformation within

charnockite bodies is visible in arrays with a thickness of

centimeters to several decimeters, in the form of anasto-

mosing shear zones surrounding almost undeformed,

meter-sized rock domains with preserved magmatic struc-

tures (e.g. schlieren or a disordered network of crosscutting

melts and dykes) and in up to 50 cm thick mylonites at the

contacts with the country rocks (Fig. 6c, d). Mylonites at

the contacts of the charnockite bodies steeply dip towards
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Fig. 12 Map of the orientation of the main mineral and stretching lineations and schematic lineation trend trajectories. Inset equal area

stereoplot, lower hemisphere

Fig. 11 Map of the orientation of the main foliation and schematic foliation trajectories in the study area (the frame of the map is identical with

that of Fig. 2). Inset equal area stereoplot, lower hemisphere
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the NNW and exhibit a NE plunging mineral-stretching

lineation (similar to group 1 shear zones, Fig. 13), in

accordance with the regional fabric outside the mylonite

zones. Less sheared aplite and pegmatite dykes occur in

these mylonite zones indicating that the intrusion of these

dykes was late but still syntectonic.

Partly migmatitic paragneisses, micaschists and am-

phibolites are characterised by a more penetrative foliation

Fig. 13 a Leucosome-filled ductile shear zones within leucogranite

cut by a pegmatite vein (left, running through label a). Cusp and

lobate boundaries of the pegmatite indicate some flattening on the

foliation of the country rock after pegmatite intrusion (east of Bivacco

Vaninetti, 7640259/1290204). b Partly discordant and sheared leuco-

somes within conjugate shear zones (above pencil, shear zones group

1 and group 2 in the text, see Fig. 14) in migmatitic biotite-

orthogneiss (upper Val Aurosina, 7570251/1280256). c Discordant

leucosome dykes within migmatitic metasediments (upper Val

Casnaggina, 7580872/1290928). d Discordant melt patches cutting

the main foliation within partly migmatitic micaschist (upper Val

Casnaggina, 7590580/1290545). e Partly sheared pegmatite dyke

intruded into a ductile shear zone (upper Val Aurosina, 7580314/

1280576)
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and often display a more complex deformation pattern

marked by complex refolding of the main foliation

(Fig. 6e). Refolded folds do not display a coherent regional

trend of fold axes, nor a locally coherent trend of axial

planes on an outcrop-scale. This is a characteristic feature in

partially molten rocks in which magmatic folds cannot be

ascribed to a specific regional phase of deformation.

Local crenulations associated with fold hinges fall into one

and the same continuum of syn-migmatitic deformation

history.

5.3 Contact of the Gruf complex with the Chiavenna

unit

The northern contact of the Gruf complex with the

Chiavenna unit is only exposed south of Prata Camportaccio,

in the central part of Val Schiesone, near Alpe Prato del

Conte, and around Denc dal Luf (Figs. 2, 3). The north-

ernmost part of the Gruf complex (Fig. 15) is formed by

the 200–1,200 m thick enclave-rich biotite-orthogneiss and

a north-adjacent migmatitic biotite-schist of \200 m

thickness. This orthogneiss is generally massive to slightly

foliated and contains up to 50 cm large, rounded and/or

angular mafic enclaves commonly intruded by millimetric

leucocratic veins (1 in Fig. 15). Locally, in particular close

to its northernmost limit, the enclave-rich orthogneiss

exhibits a stronger fabric and elongated enclaves (2 and 3

in Fig. 15). The main foliation strikes ENE-WSW, i.e.

subparallel to the contact, and displays a NE-plunging

stretching lineation with shear bands indicating a dextral

and Gruf-up sense of shear. In most places where the north

contact of the Gruf is exposed, a 5-10 cm thick mylonite

zone separates the enclave-rich orthogneiss from strongly

migmatitic, irregularly foliated, sillimanite-bearing (±gar-

net, cordierite) biotite-schists. These mylonites indicate a

top-to-the NE sense of shear coherent with the stretching

lineation in the enclave-rich orthogneiss. The

metasediments contain centimetric leucosome veins both

parallel and discordant to the foliation. Along the entire

Gruf-Chiavenna contact, the metasediments are associated

with 10–15 m thick bands of massive, garnet-bearing leu-

cogranites, which cut the main fabric. Furthermore, lenses

of metaperidotite and amphibolite occur within the me-

tasediments and leucogranites (Fig. 15). The contact at

Denc dal Luf represents one possible but not a regionally

constant lithological sequence within the northernmost

lithology of the Gruf Complex. Immediately north of Denc

dal Luf, the migmatitic metasediments are in contact with

the metaperidotites of the Chiavenna unit. At the contact,

massive leucosomes intrude strongly brecciated, serpenti-

nized metaperidotites (4 in Fig. 15). These leucosomes are

locally sheared into\5 cm thick mylonites. To the north, the

about 200 m thick Chiavenna unit forms a homogeneous mass

with its characteristic orange-brownish alteration colour. Like

the meta-peridotite lenses found within the Gruf complex

(Sect. 3.3.1), these meta-ultramafic rock mostly consist of

olivine, enstatite, chlorite and spinel; they are slightly foliated

and contain meta-rodingite dykes. Still further to the north the

meta-peridotites are in contact with migmatitic, regularly

foliated metasediments of psammitic to pelitic composition

that are attributed to the Tambo nappe.

5.4 Contact of the Gruf complex with the Bergell

intrusion

Along the south-eastern and southern flanks of Val Codera

and Val Bondasca, respectively (Fig. 2), the Gruf complex

constitutes the footwall to the central part of the Bergell

intrusion (Davidson et al. 1996). Most of the Bergell-Gruf

contact is between tonalite and migmatitic biotite-ortho-

gneiss (Fig. 2): the foliations in both are parallel and gently

dip to the SE (Fig. 11). The 50–100 m thick, slightly

foliated tonalite contains minor amounts of diorite, gabbros

and hornblendites at its margin. Southeast of its tonalitic

Fig. 14 Stereographic projections of poles to group 1, 2 and 3 shear zones and related stretching lineations (lower hemispheres, equal area)
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rim, the Bergell intrusion is made up of coarse-grained

granodiorite with up to 10 cm large alkali feldspar mega-

crysts. An up to 150 m thick zone of magma mingling and

mixing, often referred to as ‘‘Transitional Zone’’ (Moticska

1970; Wenk and Cornelius 1977), is frequently found

between tonalite and granodiorite. Up to 10 m thick, dis-

continuous bands and/or meter-size lenses of dominantly

calc-silicates but also of ultramafic rocks, amphibolites and

metapelites preferentially occur along the Bergell-Gruf

contact. These lithologies are often enclosed in the tonalite

(Fig. 2) but may also occur in the adjacent migmatitic

biotite-orthogneisses of the Gruf complex.

The migmatitic biotite-orthogneiss near the contact

displays a stronger foliation than that of the Bergell tona-

lite. The contact itself often is defined by an irregular

interfingering of sub-parallel leucosome veins derived from

the Gruf migmatites and tonalite. This feature is commonly

referred to as back-veining (Dunham 1964) and its undis-

turbed appearance in the field excludes any significant later

deformation of the contact itself.

East of Bivacco Vaninetti (Fig. 4), the Bergell tonalite

is in contact with migmatitic metasediments containing

numerous basic enclaves. These migmatitic metasedi-

ments are characterised by a markedly higher content in

leucosomes towards the contact and they contain centi-

metre-size cordierite grains and relict corundum (Fig. 7d).

At the contact, the metasediments progressively pass into

a coarse-grained fluidal leucogranite, while the numerous

basic enclaves are intruded by leucogranite veins (2 on

Fig. 9).

To the north-northeast of Bivacco Vaninetti (1 on

Fig. 9), networks of up to 20–30 cm thick leucosome veins

stemming from the Gruf metasediments discordantly

intruded dark dioritic to gabbroic, as well as tonalitic rocks

of the Bergell pluton. This feature suggests that brecciation

near the rim to the intrusion resulted from back veining of

Gruf-derived leucosomes (insert 1 in Fig. 9).

6 Timing of and metamorphic conditions

during migmatisation

6.1 Timing of migmatisation

Similar orientations of foliation and lineation orientations

in the Gruf complex and in the Bergell intrusion (Figs. 11,

12; Davidson et al. 1996) indicate that the major phase of

deformation within the Gruf complex is of Alpine age and

related to processes of partial melting and hence syn-

magmatic. Stromatic structures, melt-filled shear zones,

veinlets, patches, pockets and dykes of leucosomes cross-

cutting the main foliation, as well as magmatic breccias (4

and 5 in Fig. 9, Fig. 13) and back veining of Gruf leuco-

somes into the Bergell pluton (1 in Fig. 9) all confirm that

Fig. 15 Contact of Gruf complex with the Chiavenna unit along the

crest of Denc dal Luf (Val Bondasca, Fig. 2). 1 Mafic enclave in

weakly foliated enclave-rich biotite-orthogneiss, 2 elongated mafic

enclaves in foliated enclave-rich biotite-orthogneiss, 3 strongly

foliated biotite-orthogneiss, 4 leucosomes from the migmatitic

metasediments intrusive into Chiavenna metaperidotite (UM)
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migmatisation was coeval with the main phase of defor-

mation in the area. Syn-migmatitic recrystallisation largely

reset strain and crystalline fabrics during metamorphism

and melting (see also Davidson et al. 1996).

Large-scale structural investigations in the south-eastern

part of the Valle della Mera showed that final emplacement

and crystallisation of the Bergell pluton occurred coevally

with the major regional deformation (Davidson et al. 1996).

Our own observations confirm this, that partial melting in the

Gruf complex occurred during final emplacement of the

Bergell intrusion, which occurred from 33 to 30 Ma (Von

Blanckenburg 1992; Oberli et al. 2004). This field-based

interpretation agrees with that of previous workers (e.g.

Rosenberg et al. 1995; Davidson et al. 1996) and is consistent

with geochronological data yielding a 34–29 Ma age range for

metamorphic rims of zircon grains from granulites, char-

nockites, metagranitoids and leucosomes from migmatitic

metasediments (Liati and Gebauer 2003; Galli et al. 2011),

and additionally, with the 33 ± 4.4 Ma mean date from mo-

nazites contained in the Gruf granulites (Schmitz et al. 2009).

The latter authors interpreted their monazite ages as the age of

the granulite facies metamorphism, but Galli et al. (2012) have

argued that Alpine conditions were sufficient for the resetting

of monazite ages (e.g. Cherniak et al. 2004). Our interpretation

is also consistent with the Oligocene age of upper amphibo-

lite-facies metamorphism in the southern and south-eastern

parts of the Lepontine dome (Hänny et al. 1975; Köppel et al.

1981; Gebauer 1996; Berger et al. 2009; Rubatto et al. 2009).

6.2 Metamorphic conditions during migmatisation

The occurrence of sillimanite ? alkali feldspar, and the

scarcity or lack of syn-kinematic muscovite, observed in

most of the migmatitic micaschists of the Gruf complex

suggest that partial melting was induced by fluid-absent

breakdown of muscovite according to the following equa-

tion (for phase abbreviations, see caption to Fig. 7):

Muscþ Plþ Qtz ¼ Silþ KfspþMelt ð1Þ

(e.g. Chatterjee and Johannes 1974; Vielzeuf and Holloway

1988) (for phase abbreviations see caption to Fig. 7). The

rare still-preserved muscovite flakes observed to be

oriented parallel to the main foliation in migmatitic

metasediments indicate that the temperatures approached

conditions of fluid-absent muscovite melting, i.e. about

700–750 �C (Fig. 8). The occurrence of sillimanite as the

stable aluminosilicate limits the maximum pressure to

8 kbar at these temperatures (Fig. 8). The reaction

Btþ Silþ Qtz ¼ Kfspþ CrdþMelt ð2Þ

(Vielzeuf and Holloway 1988) may have produced the observed

low amount of cordierite at the expense of biotite and

sillimanite, at metamorphic conditions of 700–750 �C and at

most 6–7 kbar (Fig. 8). Nevertheless, the lack of orthopyroxene

in migmatitic metagranitoids and metasediments shows that the

temperatures did reach one of the following orthopyroxene-

forming, biotite dehydration melting reactions:

Btþ Qtz ¼ Opxþ KfspþMelt ð3Þ

or

Btþ Qtz ¼ Opxþ Grtþ KfspþMelt ð4Þ

(e.g. Vielzeuf and Holloway 1988; Vielzeuf and Montel

1994). This constrains the maximum temperature to

\800 �C (Fig. 8). Metamorphic temperatures deduced

from the mineral assemblage chlorite-spinel-orthopyrox-

ene-olivine in the metaperidotites yield 700–770 �C

(Fig. 8), coherent with the above temperatures and char-

acteristic of uppermost amphibolite facies conditions.

The occurrence of rare, relictic corundum grains within

strongly migmatitic sillimanite-alkali feldspar-garnet-cor-

dierite-biotite schists (Fig. 7d) suggests that temperatures

during contact metamorphism were at the upper end of the

above range in the direct contact area with the Bergell

tonalite. The reaction

Musc ¼ Kfspþ CrnþMelt ð5Þ

(e.g. Chatterjee and Johannes 1974) may account for the

observed corundum and the complete consumption of

muscovite in these residual peraluminous meta-sediments,

indicating temperatures of 750–775 �C at the contact

between the Bergell intrusion and the Gruf complex

(Fig. 8). Such temperatures at the contact, a few tens of

degrees higher than in the Gruf complex away from the

contact are coherent with the local increase in leucosomes

in the migmatitic metasediments at the contact east of

Bivacco Vaninetti (2 in Fig. 9). The pressures during

contact metamorphism and migmatization are expected to

correspond to those reported for the Bergell tonalite based

on hornblende barometry in the area around Bivacco

Vaninetti (6.2 ± 0.5 kbar; Davidson et al. 1996, their

sample 92–193; see also Reusser 1987a, b). Indeed, these

pressures are in perfect agreement with the 6–7 kbar

pressure range we derived for the conditions during mig-

matization within the Gruf complex.

7 Discussion

Most of the previous interpretations considered the Gruf

complex as a migmatitic unit that at least locally also

suffered granulite-facies metamorphism during Alpine

metamorphism (Droop and Bucher-Nurminen 1984; Liati

and Gebauer 2003, Schmitz et al. 2009). Structurally, the

Gruf complex was regarded as either the eastern continu-

ation of the Adula nappe (Schmid et al. 1996a, b; Davidson
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et al. 1996; Frey and Ferreiro Mählmann 1999; Liati and

Gebauer 2003; Berger et al. 2005) or an equivalent of the

Bellinzona-Dascio zone (Wenk 1973; Wenk and Cornelius

1977; Milnes and Pfiffner 1980). This study introduces

structural and petrological arguments that lead to a re-

interpretation of the geological evolution of the eastern part

of the Central Alps.

7.1 Charnockites and granulites vs. migmatisation:

evidence for polymetamorphism within the Gruf

complex

The charnockite bodies show internal structures that are

separate from those of the Gruf metasediments and the rest

of the orthogneisses (Fig. 11). Orthopyroxene– sapphirine-

bearing granulitic schlieren in the charnockites imply that

these rocks were produced by intense biotite-dehydration

melting of pelitic rocks under ultra-high temperatures

(UHT; 920–940 �C) at lower-crustal depth (8.5–9.5 kbar;

Galli et al. 2011). Polymineralic coronae and composite

symplectites testify to an incomplete re-equilibration of the

UHT peak assemblages at metamorphic conditions of

720–740 �C at 6.5–7.5 kbar (Galli et al. 2011) not dis-

similar from the 750 �C, 5 kbar determined by (Droop and

Bucher-Nurminen 1984). These pressures and temperatures

for coronae and symplectites fit well with the migmatisa-

tion conditions of the Gruf complex as well as with the

mid-Tertiary regional metamorphism in the southern and

south-eastern parts of the Lepontine dome (700–750 �C at

6–7.5 kbar, Fig. 8, e.g. Bucher-Nurminen and Droop 1983;

Todd and Engi 1997; Stucki 2001; Nagel et al. 2002; Burri

et al. 2005). Since metamorphic conditions of charnockites

and granulites largely exceed the regional metamorphic

conditions determined for the Lepontine metamorphism in

the Central Alps, the charnockites and granulites preserve

an earlier part of the metamorphic history. Nevertheless,

the charnockites and granulites have suffered a complex

history and zircon zones require an interpretation. Here, we

follow Galli et al. (2012) who documented a polymetamor-

phic history based on U–Pb zircon dating of the charnockites.

Zircons in the charnockites yielded 282–260 Ma with typical

magmatic oscillatory features but have thin milky growth

rims of 34–29 Ma (Galli et al. 2012). As discussed by Galli

et al. (2012), the Permian age dates the formation of the

charnockite melts while the Oligocene ages correspond to the

Alpine metamorphism. The observations of Galli et al. (2012)

are in full agreement with the observations but not the

interpretation of Liati and Gebauer (2003): their zircons from

the strongly residual granulite boulders yielded dominant

oscillatory cores of 272 ± 4 Ma and thin milky rims of

32.7 ± 0.5 Ma. They characterise the magmatic cores as to

stem from a granitic s.l. precursor but then interpret the

granulites as residual to such granites,[90 % melt extraction

would then have occurred at 32.7 ± 0.5 Ma.

As for other granulites in the Alps (e.g. Ivrea zone:

Barboza and Bergantz 2000; Malenco unit: Müntener et al.

2000; Sesia zone: Lardeaux and Spalla 1991; Rebay and

Spalla 2001; Sondalo complex: Braga et al. 2001; Braga

et al. 2003), the UHT conditions in the Gruf complex were

achieved during Permo-Triassic rifting (see data and dis-

cussion in Galli et al. 2012). Intense partial melting of

pelitic rocks at deep crustal levels during a rifting-related

thermal climax produced orthopyroxene-bearing char-

nockitic melts and strongly refractory, orthopyroxene-

sapphirine-bearing granulitic residuals. Further support of

this view is provided by the association of the charnockites

and granulites with websterites and gabbronorites, the latter

of cumulative origin. This is typical for the post-Variscan

high temperature event that characterises much of the

European crust (Fig. 16a: cf. Lorenz and Nicholls 1976,

1984; Vielzeuf and Pin 1991; Rey 1993; Schuster and

Stüwe 2008).

Diffusion modelling of the Gruf granulite garnets has

shown that the charnockites and granulites ascended and

cooled to \550–600 �C within 20 Ma of their formation

(Galli et al. 2011). Consequently, at 240 Ma ago, these

lower crustal relicts were located at mid-crustal or shal-

lower levels. At 34–29 Ma, the charnockites and granulites

have then been partially overprinted during the Oligocene

Alpine metamorphism. The incomplete re-equilibration of

the granulitic peak-assemblage during the Lepontine event

was partially a result of the severe loss of melt and the

nearly complete dehydration during the UHT event (Galli

et al. 2011).

Increased migmatisation over typically \50 m and cor-

undum-cordierite-bearing micaschists in the contact zone

between the Gruf complex and the Bergell intrusion

(Figs. 4, 7d, 9), together with back-veining of leucosomes

from metasediments into the Bergell pluton (1 in Fig. 9)

define a contact aureole. The increase in partial melting in

this aureole could stem from an increase in temperature due

to heat release from the pluton or to an influx of magmatic

fluids released from the crystallising magma. Nevertheless,

the prograde metamorphic corundum indicates a slight local

increase in temperature with respect to the regional meta-

morphism already allowing for migmatisation (Fig. 8). The

formation of a\50 m thick contact aureole during Bergell

emplacement at 33–30 Ma (Von Blanckenburg 1992,

Oberli et al. 2004) would be in agreement with the country-

rock being at upper amphibolite facies conditions of ca.

700–750 �C (Fig. 8). The small but petrologically well

documented increase of temperature towards the Bergell

contact constitutes a further argument against the previ-

ously suggested Oligocene age of the granulite facies
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metamorphism (Droop and Bucher-Nurminen 1984; Liati

and Gebauer 2003; Schmitz et al. 2009).

Our interpretation in terms of polymetamorphism also

fits well with the geochronological data on zircons from

Gruf granulites, charnockites and other metagranitoids.

These zircons display oscillatory cores, typical for

crystallisation from granitic melts. These cores formed in

Permian times in most of the samples from the Gruf

complex (Galli et al. 2012, Liati and Gebauer 2003) and

have thin homogeneous Oligocene-age rims formed

at 34–29 Ma (Liati and Gebauer 2003; Galli et al.

2012).

Fig. 16 Tectonic interpretation of the Gruf complex. a Situation

during Permian rifting, charnockite intrusion and mafic underplating

in the lower crust, granitic plutonism in the mid- to upper crust and

surface volcanism; b oligocene Bergell intrusion, probably after slab

breakoff, favouring exhumation of the migmatitic, lower crustal Gruf

complex; c recent situation in the frame of the Central Alps following

the interpretation of Burg et al. (2002). For details see text
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7.2 Juxtaposition of the Chiavenna unit and Gruf

complex

The investigation of the northern contact between the Gruf

complex and the Chiavenna unit does not confirm the Gruf

line previously postulated by Schmutz (1976) or the pres-

ence of any particular fault zone. The Gruf line was

inferred to be a fault zone along which relative uplift of the

Gruf complex with respect to the Chiavenna unit has taken

place (Bucher-Nurminen and Droop 1983; Berger et al.

1996). Detailed mapping of the northern contact of the

Gruf complex showed only locally developed, centimetres-

thick and no more than a few meters long mylonite zones.

This suggests that the deformation accompanying the

ascent of the Gruf complex with respect to the Chiavenna

unit and Tambo nappe was not localised within a narrow

contact zone. Instead, we propose that the enclave-rich

biotite-orthogneiss, or at least its northernmost part, acted

as a low viscosity, magmatic sheet that accommodated

exhumation of the Gruf complex (Fig. 16b). This would

probably require remelting to near the rheologically critical

melt fraction (Vigneresse et al. 1996). An indication of

important re-melting is provided by extensive zircon rims

that amount to 20–30 % of the zircon volume, which then

crystallized with oscillatory patterns typical for granites

and which yield ages of 32–31 Ma (Galli et al. 2012).

During this movement, sheared off fragments of the

Chiavenna unit have been incorporated into the biotite-

orthogneiss, which thus became enclave-rich. This inter-

pretation is consistent with the top-to-the NE (south-side

up, dextral) shearing within this orthogneiss.

7.3 A shared exhumation and emplacement history

for the Gruf complex and the Bergell pluton?

According to our work and that of previous authors (i.e.

Rosenberg et al. 1995; Davidson et al. 1996; Berger et al.

1996; Schmid et al. 1996a) the intrusion of the Bergell

pluton is contemporaneous with migmatisation and defor-

mation of the Gruf complex. This clearly suggests that the

two units share the same history since the Early Oligocene.

The calc-alkaline magmas of the Bergell pluton and a few

other smaller plutons to the north of the Insubric line were

derived from a primitive mantle melt (Von Blanckenburg

et al. 1992) and have been channelled from the base of the

continental crust into the Periadriatic Fault system (Berger

et al. 1996; Rosenberg 2004). We propose, in agreement

with (Berger et al. 1996, their Fig. 16), that the dynamics of

the ascending Bergell pluton triggered and helped exhuma-

tion of the migmatitic Gruf complex. The Gruf complex,

perhaps together with the migmatite-rich Bellinzona-Dascio

zone, acted as partially molten ‘‘lubricant’’ at the base and

the northern side of the intrusion (Fig. 16b). In fact,

migmatitic bodies related to the emplacement of calc-alka-

line plutons are common in collisional orogenic belts (e.g.

Soula 1982; Faure et al. 1999; Lin et al. 2007; Charles et al.

2009; Corsini and Rolland 2009). The ascending Bergell

intrusion may have entrained crustal blocks containing

charnockites, granulites and websterite to gabbronorite

(Fig. 16b, c).This is a well-documented process (e.g. Best

and Christiansen 2001) also reproduced in numerical models

of magma emplacement (e.g. Gerya and Burg 2007).

Diffusion modelling of granulite garnets by Galli et al.

(2011) has shown that the charnockites and granulites were

at \550–600 �C at 240 Ma. It remains unclear, at which

point of the tectonometamorphic history the charnockites

and granulites of the lower crust came into contact with the

biotite-orthogneisses and supra-crustal metasediments that

constitute the main mass of the Gruf complex and which do

not document any granulite facies metamorphism. Three

scenarios can be envisaged: (i) the charnockites formed in

the lower crust but directly intruded the biotite-orthogneiss

at shallower levels, transporting residual granulite enclaves

with them. This possibility appears unlikely as the

920–940 �C hot charnockites should have produced contact

metamorphism of the orthogneisses. (ii) The charnockites

and granulites formed and remained originally in the lower

crust and came into contact with the biotite-orthogneisses

and metasediments of the middle crust around 240 Ma ago

when the charnockites and granulites were partly exhumed

by extension and lithospheric thinning. However, homo-

geneous thinning would normally not alter the crustal

‘‘stratigraphy’’, thus, this scenario is unlikely to bring the

charnockites into direct contact with the biotite-gneisses

and metasediments. (iii) The charnockites and granulites

formed in the lower crust during post-Variscan extension,

were partly exhumed until 240 Ma ago and were emplaced

into the biotite-orthogneisses and metasediments during an

early stage of exhumation of the Gruf complex and the

Bergell intrusion. Alternative (iii) is our preferred scenario:

(i) is at odds with the field observations, while (ii) would not

truly lead to an incorporation of the granulite facies rocks

into the gneisses. A Tertiary association of the granu-

lites ? charnockites in amphibolite facies gneisses would

also allow for introducing the probably Mesozoic ophiolite

remnants into the Gruf complex (see next section).

At variance with the term ‘‘line’’ used in previous

studies, the differential movement of the Gruf complex did

not occur along a discrete and narrow Gruf line but within

an up to 2 km wide zone of shearing within the, at the time

of activity of this shear zone, partially molten enclave-rich

biotite-orthogneiss (Fig. 2). The juxtaposition of the hot

Gruf complex against the upper greenschist to lowermost

amphibolite facies rocks of the Chiavenna ophiolite caused

dehydration of the serpentinites in the southern part of the

same unit. The latter now exhibits an amphibolite facies
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olivine ? opx ? chlorite ? spinel assemblage. We pro-

pose that these fluids locally increased the degree of

melting in the adjacent biotite-orthogneiss leading to

weakening and strain localisation. The partially molten

enclave-rich biotite-orthogneiss thus acted in a crystal-

mush-like manner, accommodating the movement related

to the exhumation of the Gruf complex. During this stage,

shearing of mostly amphibolitic but also pelitic, ultramafic

and calcareous fragments of the Chiavenna ophiolite

occurred; these fragments now form the enclaves within

this biotite-orthogneiss.

We follow previous authors (Bucher-Nurminen and

Droop 1983; Schmid et al. 1996b; Talerico 2000) in that

the exhumation of the Bergell intrusion, together with the

hot Gruf complex, is thought to explain the vertical

isograds and the metamorphic gradient from *450 to

*700 �C observed within 3 km across the Tambo nappe

and the Chiavenna unit towards the Gruf complex

(Fig. 16b: see Schmutz 1976; Talerico 2000). Indeed, Ar/

Ar ages on statically recrystallised amphibole grains of

Chiavenna amphibolites show that this thermal gradient of

*80 �C/km formed between 33 and 30 Ma (Talerico

2000), coeval with the emplacement of the Bergell pluton

(Von Blanckenburg 1992) and with the Lepontine meta-

morphic peak in the Gruf complex (Galli et al. 2012).

7.4 Metaperidotites and associated metabasic rocks:

remnants of a Mesozoic ocean?

Lenses of metaperidotites and associated amphibolites

within the Gruf gneisses show many similarities to Meso-

zoic ophiolites from the southern part of the Central Alps.

The occurrence of metamorphosed rodingite and ferro-

gabbro dykes within ultramafic lenses, and the geochemical

affinity metabasalts to MORB displayed by the Gruf am-

phibolites near Bivacco Vaninetti (Diethelm 1989), testify

for an oceanic origin of these rocks.

Ophiolitic relics from the Adula-Cima Lunga nappe

complex (Evans et al. 1979; Pfiffner and Trommsdorf

1998), the Chiavenna unit (Schmutz 1976; Talerico 2000)

and the Bellinzona-Dascio zone (Crespi 1965; Stucki et al.

2003) comprise metaperidotites with metamorphic rod-

ingite dykes, amphibolites and calcsilicates. In the Adula-

Cima Lunga nappe complex and in the Bellinzona-Dascio

zone, these are preserved as lenses embedded within

migmatitic orthogneisses and metasediments (Schmidt

1989; Pfiffner and Trommsdorf 1998; Stucki et al. 2003).

Given the petrological and geochemical similarities and the

same mode of occurrence, we follow Diethelm (1989) in

suggesting that the Gruf ultramafic–mafic rock associations

are remnants of the same Mesozoic ocean. In the Bellin-

zona-Dascio zone, zircons from two plagiogranite dykes

yielded SHRIMP ages of ca. 145 Ma (Stucki et al. 2003).

Based on this age they are interpreted as having formed

during the late stage of magmatic activity in the Piemont-

Ligurian realm. Zircons separated from the Chiavenna

amphibolites, however, yielded younger formation ages of

ca. 93 Ma (Liati et al. 2003), leading the authors to assign

the Chiavenna ophiolites to the Valais ocean. The absence

of ages for the ophiolitic fragments of the Gruf complex

does not allow an attribution to either the Piemont-Ligurian

domain or the Valais ocean.

From a metamorphic point of view, the Gruf metaperi-

dotites display the same peak mineral assemblage (chlorite-

olivine-enstatite-spinel) as the ultramafic boudins within the

Bellinzona-Dascio zone (Stucki et al. 2003), suggesting that

both were metamorphosed at temperatures slightly in

excess of 700 �C (Fig. 8). These peridotites contrast with

the ultramafic–mafic associations of the Adula-Cima Lunga

nappe, which underwent eclogite facies metamorphism

reaching 3–6 GPa (Heinrich 1982, 1986; Nimis and

Trommsdorff 2001; Dale and Holland 2003; Brouwer et al.

2005). Evidence for a similar high pressure metamor-

phism was not found in the mafic and ultramafic rocks

contained at the eastern margin of the Gruf complex.

Together this suggests that the Gruf ophiolites have neither

been exposed to granulite facies conditions nor been deeply

subducted.

7.5 The Gruf complex in the framework of Alpine

tectonics

The distinct style and orientation of deformation structures,

in combination with the petrological differences, support

the view that the evolution of the Gruf complex is different

from that of other Central Alpine units before it was em-

placed together with the Bergell intrusion. The Gruf

complex itself is a lithological and structural coherent unit

north of the northern limb of the Bergell intrusion (Fig. 1).

The orientation of the ENE-WSW trending, heteroge-

neously developed main foliation on the east side of the

northern Valle della Mera differs from those of the Adula

on the west side and the features of strain localization

within ductile shear zones are different from the sets

(phases) of structures recognized in both the Adula nappe

and Bellinzona-Dascio zone (e.g. Wenk 1973; Berger et al.

1996; Davidson et al. 1996; Schmid et al. 1996b; Meyre

et al. 1998, Stucki 2001). The lack of regularly developed

and systematic parasitic folds whose asymmetry would

change from one limb to the other and the lack of a clearly

defined hinge zone with M folds in the Gruf complex

question the reality of the previously proposed large anti-

form within the Gruf complex (Moticska 1970; Wenk

1973; Wenk and Cornelius 1977; Davidson et al. 1996;

Schmid et al. 1996a). Correlating the Gruf complex with

the Adula nappe is thus disputable, both on structural and
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lithological arguments (Berger et al. 1996; Davidson et al.

1996; Schmid et al. 1996a; Meyre et al. 1998).

Nevertheless, on both sides of the southernmost part of

Valle della Mera the orientations of the main foliation in the

Adula nappe in the west and the gneissic units south of the

Novate granite and northern limb of the Bergell intrusion are

parallel. The axial plane of the so-called Cressim antiform

can be prolonged from Monte Peschiera in the Adula nappe

(*1 km W of the Valle della Mera, see Fig. 1) into Val

Revelaso (*2.5 km south of Bresciadega) which is struc-

turally below the northern limb of the Bergell intrusion

(Hänny et al. 1975; Davidson et al. 1996). These gneissic

units have been variably correlated with the Adula nappe and

Bellinzona-Dascio zone (Moticska 1970; Wenk 1973;

Davidson et al. 1996; Schmid et al. 1996a; Berger et al. 1996).

The occurrence of UHT relics (charnockites and gran-

ulites), the lack of high pressure rocks typical for the Adula

nappe, and the simultaneous occurrence of sillimanite ?

alkali feldspar within partly migmatitic metasediments

render the Gruf complex petrographically distinct from the

adjacent Penninic units, as already recognized by Hänny

et al. (1975). The identification of sillimanite ? alkali

feldspar observed within the partly migmatitic micaschists

leads to an extension of the Lepontine dome fluid-absent

muscovite melting isograd of Burri et al. (2005), which is

identical to the Sil-Kfsp isograd (reaction 1, see Fig. 8).

The area between Bellinzona and Livo was considered to

be the hottest sector of the Lepontine dome, where partial

melting was in part triggered by muscovite-dehydration

melting (leading to Sil ? Kfsp) rather than by fluid-assisted

melting only, as for the rest of the Lepontine migmatites.

The occurrence of Sil ? Kfsp in the Gruf complex thus

leads to a second Sil-Kfsp isograd around the Gruf com-

plex (Fig. 17). The strict coincidence of this isograd with

the Gruf complex supports the concept that this complex

represents a migmatitic body whose uplift and emplace-

ment is mainly related to the Bergell pluton.

8 Conclusions

1. Detailed lithological and structural mapping of the

Gruf complex permits the identification of sheets of

charnockites and related granulites in their geological

context, excluding any genetic link to the calc-alkaline

Bergell pluton (e.g. as blocks of metapelites fallen into

a tonalitic or more basic magma);

2. The metamorphic peak conditions (and deformation

structures) in charnockites and granulites are

*150–200 �C higher compared to those in other

lithologies of the Gruf complex. This, together with

radiometric age data published elsewhere, suggests

that the charnockites and granulites document a

polymetamorphic history starting with UHT metamor-

phism of Permian age within European lower crust,

partly exhumed later and then re-equilibrated under

upper amphibolite-facies conditions during the ascent

of the Bergell intrusion;

3. The Gruf complex does not form a monogenetic unit

but contains at least three components: the ultra-high

temperature granulite ? charnockite ? websterite unit,

the upper amphibolite facies, in part migmatitic gneisses,

and the ophiolite remnants metamorphosed at upper

amphibolite facies conditions during the Alpine stage;

4. The Gruf complex is interpreted as a migmatitic body

associated with the Bergell pluton and distinct from other

Penninic units, in particular from the Adula nappe;

5. Heat from the Bergell pluton produced a thin meta-

morphic contact aureole in the migmatitic rocks of the

Gruf complex, responsible for the formation of corun-

dum-cordierite micaschist, back-veining and for the

increase of migmatisation in the immediate vicinity of

the Bergell pluton.
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