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Abstract 

Evidence for magmatic, submagmatic and solid-state deformation in tonalite. granodiorite and country rocks found at the 
deep-seated floor (22-26 km) of the Bergell pluton demonstrates that final emplacement and crystallization occurred during 
regional deformation of the pluton and the underlying country rocks. After northward emplacement over the country rocks, 
but before complete crystallization, the floor of the pluton was folded during simultaneous N-S shortening and E-W 
stretching. This is evidenced by synmagmatic folds with E-W striking, nearly vertical axial planes, and by regional 
east-plunging stretching lineations in the country rocks which are parallel to the regional-scale fold axes and the magmatic 
mineral lineations in the pluton. Opposite senses of shear from the well-foliated, occasionally mylonitic contact suggest that 
deformation was mostly accomplished by pure shear. Synmagmatic deformation is related to late-stage N-S shortening of 
the Alpine orogen and shows that the still partially molten pluton responded to low differential stresses very much like the 
country rocks deformed in the solid-state at high temperatures. Post-emplacement tilting associated with backthrusting along 
the Insubric mylonites led to the exposure of the pluton’s floor at its present-day western margin. 

1. Introduction 

The intrusion and deformation history of the 
Bergell pluton and surrounding rocks has been a 
matter of controversy for at least 100 years (Trom- 
msdorff and Nievergelt, 1983). Much of the contro- 
versy has focused on the timing of the intrusion with 
respect to nappe emplacement and Alpine deforma- 
tion in general. Trommsdorff and Nievergelt (1983) 
gave an excellent summary of the historical work in 

the Bergell Alps, and summarized many of the im- 
portant field relationships. Because of their work, 
and from the results of recent geochemical studies 
(Reusser, 1987; Diethelm, 1989; von Blanckenburg, 
1992; von Blauckenburg et al., 19921, many ques- 
tions surrounding magma generation and evolution, 
as well as relative and absolute timing have been 
resolved. In spite of these recent efforts, many ques- 
tions still remain. These include: (1) What was the 
regional tectonic setting at the time of intrusion? (2) 
Was the pluton deformed while partially molten 
and/or in a solid state? (3) What is the spatial 
distribution of magmatic and solid state deformation 
structures? and (4) What is the relation between 
deformation within the pluton and that of the country 
rocks? 
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This communication is part of a reinvestigation of 
the entire Bergell pluton and surrounding rocks which 
hopes to answer most of these remaining questions 
(see also Rosenberg et al., 1994, 1995; Berger and 
Giere, 1995). In this paper, we present new structural 
and petrological data from the western contact of the 
Bergell pluton, present a working hypothesis for the 
emplacement history of the pluton, and discuss the 
regional tectonic significance of the intrusion. 

2. General geological setting of the Bergell pluton 

The Bergell pluton is located along the border of 
Switzerland and Italy in the Central Alps, near the 
boundary between the Pennine and Austroalpine 
Nappes at the eastern edge of the Lepontine dome 
(Merle et al., 1989) (Fig. 1). Tonalites and granodior- 
ites cooled through their solidus at 32 and 30 Ma, 
respectively, at the eastern margin (von Blancken- 
burg, 1992). The pluton is composed primarily of 
tonalite and granodiorite, with minor amounts of 
gabbro, homblendite, aplite and pegmatite (Trom- 
msdorff and Nievergelt, 1983; Diethelm, 1989). It is 
a composite pluton in that mafic compositions (pre- 
dominantly tonalite and minor amounts of gabbro 
and other mafic rock types) form the margins of the 
pluton with granodiorite occupying the core and 
northwestern margin. A zone of mingling and mixing 
is often present between the granodiorite and tonalite 
( ‘ ’ ubergangszone’ ’ of Moticska, 1970; Wenk and 
Cornelius, 1977) and is best developed in the west. 
In the east, cross-cutting relationships between 
tonalite and granodiorite demonstrate the slightly 
younger crystallization age of the granodiorite in this 
part of the pluton (Trommsdorff and Nievergelt, 
1983; Berger and Giere, 1995), consistent with ra- 
diomen+ dating (von Blanckenburg, 1992). 

The phases present in the tonalite are predomi- 
nantly plagioclase, quartz, hornblende and biotite, 
little epidote and K-feldspar (Reusser, 1987). Gran- 
odiorite mainly contains plagioclase, quartz, K- 
feldspar and biotite, and little hornblende (Reusser, 
1987). K-feldspar megacrysts are usually present in 
the granodiorite (3-5 cm, but sometimes > 10 cm) 
as well as in the ‘ ’ ijbergangszone”. The presence of 
these megacrysts allows for easy identification of the 
granodiorite in the field, and simplyfying, we mapped 

plutonic rocks from the Bergell pluton which contain 
K-feldspar megacrysts (including rocks of the 
“ ijbergangszone”) as granodiorite in Fig. 1. 

To the west of the main body of the pluton, a 
steeply inclined tabular body of tonalite (informally 
referred to as the tonalite tail) extends almost to 
Giubiasco near Bellinzona (Fig. la). This tonalite tail 
is part of the Southern Steep Belt (Milnes, 1974) a 
zone of steeply north-dipping (60-90”), well-foliated 
rocks, bounded by the Insubric mylonites at its 
southern margin (Fig. 1). The Insubric line is a major 
shear zone present in the Central Alps with a long 
history of movement. The oldest fabrics present in 
the shear zone formed during ductile shearing with 
north-side up displacements, followed by later dex- 
tral strike-slip motion (Schmid et al., 1987, 1989; 
Heitzmann, 1987). These mylonites are cut by the 
younger brittle Insubric fault, a dextral strike-slip 
fault (Fumasoli, 1974; Schmid et al., 1987). North- 
side up movement along the Insubric shear zone, in 
combination with rapid erosion, appears to be re- 
sponsible for the rapid exhumation of the high-grade 
metamorphic rocks of the Lepontine dome and 
Bergell pluton during Late Oligocene times (Hur- 
ford, 1986; Heitzmann, 1987; Schmid et al., 1989). 
Rosenberg et al. (1994, 1995) show that intrusion of 
the tonalite tail occurred during early stages of back- 
thrusting, and suggest that the tail is a remnant of the 
feeder system of the main body of the Bergell plu- 
ton. 

The rock types and metamorphic conditions within 
the tectonic units into which the pluton was em- 
placed, vary dramatically from west to east. In the 
west, the pluton intruded the high-grade, migmatitic 
ortho- and paragneisses of the Gruf complex, a part 
of the lower Penninic Adula nappe of the Lepontine 
dome (Fig. la). No contact aureole is present in 
these rocks, suggesting that temperatures in this re- 
gion were high (upper-amphibolite to granulite facies 
conditions) at the time of intrusion. High country- 
rock temperatures in the west at the time of intrusion 
are also supported by young (syn- to post-Bergell) 
isotopic dates from high-temperature geochronome- 
ters (Hunziker et al., 1992). 

In the east, the pluton intrudes ultramafic and 
mafic rocks of the Fomo and Malenco units (Trom- 
msdorff and Nievergelt, 1983; Berger and Giere, 
1995). The main episode of regional metamorphism 
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and deformation in the Austroalpine rocks east of the 
pluton is Cretaceous and predates the intrusion by 
several tens of Ma (Spillmann, 1993; Hunziker et al., 
1992). At the time of the intrusion these rocks were 
at greenschist facies conditions and were contact 
metamorphosed to approximately 700°C at 3 kbar at 
the pluton margin (Trommsdorff and Evans, 1972, 
1977). 

Many lines of evidence suggest that the present- 
day outlines of the pluton in map view represent a 
distorted vertical cross-section at the time of em- 
placement. Due to the pronounced easterly plunge of 
all structures and rock units which formed after final 
emplacement, deeper levels of the pluton are ex- 
posed in the west, and shallower levels are exposed 
in the east. In addition to the contrasting nature of 
metamorphism in the country rocks (regional vs. 
contact metamorphism) from west to east, evidence 
for post-emplacement tilting of the pluton includes: 
(1) asymmetric distribution of Alpine-age metamor- 
phic Al,SiO, around the pluton (Wenk, 1992); (2) 
Al-in-hornblende barometry from tonalite of the plu- 
ton (Reusser, 1987; this study); (3) trend of isotopic 
dates (Villa and von Blanckenburg, 1991; Hunziker 
et al., 1992) and (4) paleomagnetic data (Rosenberg 
and Heller, submitted). 

3. Map-scale structures along the western contact 

Tonal&e is present all along the western contact, 
with two notable exceptions in upper Val Codera and 
in Valle dei Ratti (Fig. lb) where the “ijbergangs- 
zone” is in direct contact with the country rocks. 
The tonalite has a well-developed foliation defined 
by the prefemed orientation of biotite and plagioclase 
laths, and/or lineation defined by the alignment of 
elongate hornblende crystals. Near the contact the 
‘ ’ ijbergangszone” and the granodiorite usually also 
have a well-developed foliation marked by the pre- 
ferred orientation of biotite, while the alignment of 
K-feldspar megacrysts defines a mineral lineation. 
Foliations and lineations along the western margin of 
the pluton are allways concordant with those of the 
surrounding rocks (Fig. 2). Foliation orientation 
varies along the contact because the contact was 
subsequently folded while the lineation directions 
consistently plunge about 30” to the east. Mineral 
lineations within the pluton near the contact repre- 

sent stretching lineations since they are parallel to 
the long axes of deformed mafic enclaves. Also 
shown in Fig. 2 are the calculated fold axes (stars) 
from best fitting great circles to the plotted folia- 
tions. In general, these fold axes plunge about 30” to 
the east, hence parallel to the stretching lineations. 
Within the country rocks of Valle dei Ratti in the 
south (Fig. 2c), however, mesoscopic-scale fold axes 
from isoclinal, parasitic folds are extremely variable 
and plot on a single south-dipping girdle which is 
parallel to the axial plane of a large antiform present 
in Valle dei Ratti. This suggests curving fold axes 
associated with very large strains which led to the 
formation of this high-amplitude antiform (Fig. 3b). 
A locally shallow westerly plunge is observed in 
area b of Fig. 2. 

3.1. Adula-Gruf unit 

The Bergell pluton overlies high-grade migmatitic 
rocks along its entire western border. In the north, 
these rocks largely belong to the Gruf complex, and 
in the south (Valle dei Ratti, Fig. l), they belong to 
the zone of Bellinzona-Dascio. The Gruf complex is 
predominantly composed of migmatitic quartz-felds- 
pathic orthogneiss. On a regional scale, the term 
‘ ‘Adula-Gruf unit” is used because the Gruf com- 
plex is in structural continuity with, and lithologi- 
tally identical, to the southern part of the Adula 
nappe exposed west of Val Mera, and to the rocks 
below the pluton exposed in a window at Bagni de1 
Masino (see Fig. lb). The orthogneisses and 
paraschists of the Gruf complex usually have a 
well-developed foliation defined by the preferred 
orientation of biotite. Stretching lineations, defined 
by trails of biotite aggregates and/or aligned meta- 
morphic minerals in paraschists (e.g., sillimanite 
needles), are present on some foliation surfaces. 
Upper-amphibolite to granulite metamorphic grade 
prevails within the Gruf complex, hence no contact 
metamorphic effect from the Bergell pluton is 
recorded (Bucher-Nurminen and Droop, 1983; Droop 
and Bucher-Nurminen, 1984). 

3.2. Remnants qf a former nappe boundary at the 
immediate contact 

Amphibolites, ultramafic rocks, and talc-silicates 
are largely found concentrated within a discontinu- 
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ous narrow zone (Diethelm, 19891, directly underly- 
ing the pluton along its western margin (Fig. lb). 
The same characteristic rock association also crops 
out directly below the intrusion in the window at 
Bagni de1 Masino (Hansmann, 1981) and is typical 
for parts of the zone of Bellinzona-Dascio (Fig. la). 
This zone is presently found south of the Adula-Gruf 
unit and within the Southern Steep Belt. West of Val 
Mera, the zone of Bellinzona-Dascio originally must 

have overlain the Adula-Gruf unit, because the con- 
tact was later backfolded around the Cressim an- 
tiform (Hanny et al., 1975; Heitzmann, 1975; Hafner, 
1993) into its present steeply north-dipping attitude. 
East of Val Mera and in Valle dei Ratti, a distinction 
between the Adula-Gruf unit and the zone of 
Bellinzona-Dascio is difficult to make, due to a 
gradual transition from predominant orthogneisses 
(Adula-Gruf unit) to predominant paraschists (Be- 

Explanation 
0 pole to foliation (pluton) 
l pole to foliation (country rock) 
+ lineation (pluton) 
X lineation (country rock) 
A measured fold axis 
b calculated fold axis 

Fig. 2. Structural elements from specific locations (shown by arrows) and summary plots of larger areas (Fig. 2a-c) along the western 
contact of the Bergell pluton. Stereonets are lower hemisphere equal-area projections: note the concordance of foliations and lineations in 
the pluton and country rocks. (a) Foliations from the northern part of the western contact (north of Swiss grid latitude 128) folded by the 
Codera antiform and synform (Fig. lb). The calculated fold axis (star) plunges 33” ENE and is roughly parallel to mineral and stretching 
lineations in the area. (b) Foliations from a single mesoscopic anticline from Bagni de1 Masino. The calculated fold axis (star) gently 
plunges to the SW. (c) Measured fold axes from mesoscopic parasitic folds with extremely variable trends and plunges found in the Gruf 
complex in Valle dei Ratti. These fold axes plot on a single south-dipping girdle defining the axial plane of the large-scale antiform in Valle 
dei Ratti (Fig. lb), suggesting they formed together. 
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Okm 

2 

1 km 

Fig. 3. Cross-sections from the Bergell pluton (see Fig. 1 for location). Section A-A ’ is modified from Schmid et al. ( 1996). Note the shear 

zone in section B-B’ (half arrow above the topography) which offsets the tonalite and dies out into homogeneous granodiorite. The Val 
Codera and Bagni de1 Masino antiforms are shown in section C-C’. 
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llinzona-Dascio zone), with talc-silicates and ultra- 
mafic rocks again concentrated in a zone directly 
adjacent to the pluton. 

In the north, the Adula-Gruf unit is in contact 
with the structurally higher rocks of the Chiavenna 
ophiolite complex (Schmutz, 1976) along a steeply 
north-dipping fault zone (Fig. 3a). Mylonitic schists 
and gneisses define this boundary, and a steep meta- 
morphic field gradient is observed in the rocks of 
this ophiolite complex which contains ultramafic and 
mafic rocks, pelitic schists and talc-silicates 
(Schmutz, 1976). Since this complex originally also 
structurally overlied the Adula-Gmf unit, a connec- 
tion to the band of amphibolites, talc-silicates, and 
ultramafic rocks at the top of the Gruf complex 
further to the south, and ultimately to the zone of 
Bellinzona-Dascio, is very probable. This supports a 
suggestion made by Diethelm (1989), namely that 
the band of ultramafic, mafic and talc-silicate rocks 
present along the contact of the Bergell pluton repre- 
sents a former nappe boundary. According to Schmid 
et al. (1996) this nappe boundary does represent the 
suture of the North-Penninic ocean, the Misox zone, 
separating the Adula-Gruf unit from the Tambo 
nappe (Fig. la). Fig. 3a shows that the Bergell 
intrusion presently occupies the same structural level 
taken by the Tambo and Suretta nappes further north. 

3.3. Folding of the country rocks and the base of the 
pluton 

Structure-contour maps of the country rock, 
tonalite, and granodiorite contacts are shown in Fig. 
4. These maps were used to construct the cross-sec- 
tions shown in Fig. 3. The maps and cross-sections 
show that the country rocks at the western pluton 
contact generally dip to the southeast underneath the 
pluton and are exposed again in the erosional win- 
dow at Bagni de1 Masino (Fig. lb). Large (map)-scale 
upright antiforms and synforms refold this contact 
(Figs. l-4). 

On a regional scale, the axes of these folds change 
in strike from NW-SE west of Val Mera to E-W 
and ENE-WSW in the east (Fig. la). One of these 
large-scale antiforms, the Cressim antiform described 
by I-I&my et al. (1975) Heitzmann (1975) and Hafner 
(1993), can be traced all the way from west of Val 
Mera into the folded base of the pluton east of Val 

Mera. The Cressim fold west of Val Mera represents 
a classical backfold, refolding the Adula nappe into 
the Southern Steep belt. It was traced across Val 
Mera into Val Revelaso (Fig. la) and finally into the 
erosional window of Bagni de1 Masino (for location 
see axial trace mapped in Fig. lb, also compare the 
structure contours in Fig. 4). 

Other large antiforms with near-vertical axial 
planes are present in Val Codera and Valle dei Ratti 
(Figs. 1 and 3) th eir axial traces following the valley 
floors. The southernmost antiform in Valle dei Ratti 
is associated with a thrust, which displaces the 
tonalite rim of the intrusion contact by some 2 km 
along the northern strongly attenuated limb of this 
mega-fold (half-arrow in Fig. 3b). 

Previous workers traced the Cressim antiform ei- 
ther into the antiform in Valle dei Ratti (Heitzmann, 
1975) or that in Val Codera (Moticska, 1970; Wenk, 
1973). While we disagree with both these correla- 
tions, it is clear that important geometrical changes 
in the fold geometry occur across Val Mera and 
further to the east: The amplitude of the Cressim 
antiform decreases eastward, while at the same time 
much of the N-S shortening is taken up by the Valle 
dei Ratti antiform east of Val Mera, both antiforms 
having formed contemporaneously. 

4. Evidence for magmatic, submagmatic and solid 
state deformation associated with folding and 
thrusting 

Evidence for magmatic, submagmatic and solid 
state flow within the pluton margin is found along 
the entire length of the western contact. There, mag- 
matic flow commonly results in fabrics (e.g., folia- 
tion, lineation) and microstructures which formed 
while the rock was above its rheological critical melt 
percentage (Arzi, 1978); that is, before a relatively 
solid framework developed within the rock during 
cooling and crystallization and therefore when crys- 
tals may easily rotate and orientate in their liquid 
matrix without internal strain features. Diagnostic for 
submagmatic flow is microstructural evidence for 
solid state deformation of crystals in the presence of 
the last melts, i.e. before complete solidification. 
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This terminology closely follows that used by 
Bouchez et al. (19921, Guineberteau et al. (1987) and 
Paterson et al. (1989). Of course, fabrics produced 
during each of the above stages during progressive 
deformation may be present the same specimen. 

4.1. Foliation and lineation at the pluton margin 

Within the interior of the pluton the macroscopic 
foliation is generally weak and the results from 
magmatic flow. But, as already described by Wenk 
(1973) a small amount of solid state overprint is 
often visible in the microstructure. The following 
descriptions regard the western margin of the pluton, 
where foliation is more pronounced. Here, magmatic 
and submagmatic fabrics, consisting of a contact- 
parallel foliation and an east-dipping lineation (Fig. 
2) are very commonly preserved up to the contact 
with the country rock. 

Magmatic fabrics in tonalite are defined by shape 
preferred orientations of hornblende, plagioclase laths 
and biotite. In granodiorite, magmatic fabrics are 
best marked by a shape preferred orientation of 
K-feldspar megacrysts (Fig. 5a). However, rocks with 
little or no submagmatic and/or solid-state deforma- 
tion are relatively uncommon. These are coarse- 
grained, the majority of minerals showing no evi- 
dence of internal deformation. 

Very common is microstructural evidence for sub- 
magmatic flow, overprinting the magmatic fabric. In 
such rocks, K-feldspar megacrysts, plagioclase laths 
and hornblende are bent, broken, or have fractures 
filled with plagioclase, quartz, *epidote (Fig. 6a, 
see also Bouchez et al., 1992). These fractures, most 
common in K-feldspar megacIysts and plagioclase, 
are typically confined to larger single crystals, and 
they do not extend beyond the edge of the crystal. 
Occasionally, two, and rarely three, crystals in mu- 
tual contact contain a single through-going mineral 
filled fracture. In addition, phases filling the frac- 
tures are usually coarser-grained than those in the 
matrix and show no evidence of intra-crystalline 
deformation. The observations that magmatic phases 
infill the fractures, and that fractures are isolated to 
single crystals, demonstrate that these fractures 
formed before complete crystallization of the rock by 
melt-enhanced embrittlement (Davidson et al., 1994). 
Subsequent subsolidus overprint in such rocks is 

often restricted to grain-size reduction and intra- 
crystalline deformation in the matrix minerals, the 
minerals filling the fractures of large feldspars being 
unaffected. Host crystal and fracture appear to have 
behaved as a single rigid particle during subsequent 
solid state overprint. 

Evidence for high-temperature solid-state defor- 
mation is common at the pluton margin and includes 
dynamic recrystallization of plagioclase and quartz, 
and cataclastic deformation of hornblende (Fig. 6b 
and c> and K-feldspar. However, in most cases the 
amount of strain accommodated in the solid-state is 
minor and such strain features tend to be localized in 
distinct microstructural sites, for example, between 
closely spaced megacrysts, or plagioclase phe- 
nocrysts (Fig. 6d). Dynamically recrystallized quartz 
is present in some of these rocks. However, solid 
state flow of quartz is generally confined to isolated 
pods within a thin section, and does not lead to the 
formation of interconnected weak layers (quartz rib- 
bons). 

In only a few places, and restricted to the last few 
meters from the contact, solid state overprint is very 
intense. Such intensely solid-state deformed tonalites 
or granodiorites have mylonitic foliations defined by 
layers of biotite, plastically deformed quartz and 
feldspar, and cataclastically deformed hornblende 
(e.g., tonalite of Fig. 6b). A locality in upper Val 
Codera (sample location 92-193, indicated in Fig. 7) 
offers a spectacular and complete transition from 
magmatic and submagmatic fabrics preserved until a 
few meters from the contact to particularly intense 
solid state overprint near the immediate contact. The 
granodiorite, locally in direct contact with the coun- 
try rock, is totally transformed into augengneiss. The 
microstructure of this mylonitic rock reveals ribbons 
of plastically deformed plagioclase and quartz. Plas- 
tically and cataclastically deformed K-feldspar forms 
augen and extremely elongated lenses. Here, due to 
strong solid state overprint, the base of the pluton 
gives the impression of a narrow fault zone, displac- 
ing the intrusion in the hangingwall in respect to the 
country rocks in the footwall. As will be discussed 
later, the pluton was tectonically emplaced at its 
base, exposed at the western margin, the foliation 
development simply being weaker elsewhere because 
strain was generally accommodated by predomi- 
nantly magmatic and submagmatic flow. 
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Fig. 6. Submagmatic and solid-state fabrics and microstructures from the western contact. (a) Photomicrograph of a submagmatic fracture in 
plagioclase (An,, ) filled with plagioclase (An,,) and quartz in granodiorite (locality 92-193, see Fig. 7). The filling plagioclase coats the 
fracture margin (arrow). Notice the fracture is confined to a single crystal and does not extend through the entire rock. Also note the quartz 
in the fracture is undeformed while quartz in the matrix is recrystallized. (b) Photomicmgraph of deformed hornblende in tonalite from 
locality 92-130. Shear band (arrow) gives pluton down to the east (sinistral) sense of shear. (c) Same as (b) with analyzer. Note the different 
optical orientations in the hornblende crystal separated by fractures. This shows that hornblende was deforming mostly by cataclastic flow. 
(d) Photomicrograph of recrystallized plagioclase (arrow) between plagioclase phenocrysts in granodiorite (locality 92-193). (e) Intensely 
solid-state deformed granodiorite from contact with country rocks (locality 92-193). White augen are deformed K-feldspar megacrysts. (f) 
Photomicrograph of S-C fabric in tonalite from near locality 92-89. S-C fabric gives pluton up to the west (dextral) sense of shear. 
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4.2. Shortening of the contact by synmagmatic fold- 
ing and thrusting 

Map-scale folding of the western contact of the 
Bergell pluton described earlier is also observed at 
the scale of the outcrop. The foliation in the tonalite, 
parallel to the foliation of the underlying country 
rocks, is folded with fold axial planes roughly paral- 
lel to those of the map-scale folds. In the upper Valle 
dei Ratti the tonalite typically preserved a magmatic 
foliation, although tightly folded (Fig. 5e). It is clear 
from regional mapping that this particular fold repre- 
sents a parasitic fold on the large-scale Valle dei 
Ratti antiform (Fig. 3b). Hence folding of the Valle 
dei Ratti antiform, and all the other large-scale an- 
tiforms at the base of the pluton, is essentially syn- 
magmatic. 

Many microscopic (Fig. 5f) and mesoscopic (Fig. 
5b-e) observations confirm that folding of the coun- 
try rocks and pluton contact occurred while the 
pluton was still partially molten. An axial planar 
foliation is generally absent, but a leucocratic melt of 
tonalitic composition intrudes parallel to the axial 
planes (Fig. 5b). Similarly, leucosomes intrude paral- 
lel to axial planes (Fig. 5~) in tightly folded 
migmatites of the country rocks near the contact, 
showing that they were also partially molten. At this 
contact we also observe boudinaged talc-silicate lay- 
ers enclosed in the tonalite, with no evidence for 
sub-solidus deformation in the tonalite. A small-scale 
shear zone in upper Valle dei Ratti (Fig. 5d) offsets 
the folded contact and then dies out into apparently 
undeformed tonalite, and is intruded by leucocratic 
tonalite. The later aplite and pegmatite dikes, related 
to the pluton, show that melt was locally present 
even after folding (Fig. 5d). 

The small-scale shear zone depicted in Fig. 5d 
resembles the southeast dipping thrust of map-scale 
dimensions described earlier (Fig. 3b). Stretching 
lineations in the shear zone, accommodating move- 
ment along this large thrust, are down dip, sense of 
shear is top to the north. Shearing of the contact 
probably occurred at the same time or shortly after 
folding of the contact because displacement on the 
shear zone is consistent with N-S shortening indi- 
cated by the near vertical E-W striking axial planes 
of the folds. Evidence for synmagmatic thrusting is 
found near the tip of this thrust, where it cuts 

through the tonalite in the hinge zone of the Valle 
dei Ratti antiform (Fig. 3b). Here, part of this thrust- 
ing is accommodated by small-scale shear zones in 
the tonalite which are synkinematically intruded by 
granodiorite. 

5. Sense of shear determinations and quantitative 
fabric analysis 

As previously discussed, the stretching and min- 
eral lineations in the country rocks and Bergell plu- 
ton plunge consistently to the east (Fig. 2). In the 
Gruf complex, this stretch not only affects the con- 
tact to the pluton, but the entire unit. However, 
unambiguous and consistent sense of shear indicators 
such as asymmetric porphyroclasts, shear bands and 
crystal tiling are rarely present. In Val Bondasca 
asymmetric porphyroclasts and shear bands in coun- 
try rocks and solid-state deformed tonalite give the 
same “pluton down-to-the-east” sense of shear (Fig. 
6b and 7). By contrast, in the southern part of Val 
Codera, shear band orientations in solid-state de- 
formed tonalite from the immediate contact give 
pluton up-to-the-west sense of shear (Fig. 6f). In an 
outcrop in upper Val Codera (near locality 92-193, 
see Fig. 7), shear bands give opposite shear senses in 
the solid state deformed granodiorite and tonalite, 
while tiling of K-feldspar megacrysts indicates con- 
sistent pluton down to the east sense of shear during 
the magmatic and submagmatic stage. In Valle dei 
Ratti where foliations and contacts are nearly verti- 
cal, senses of shear are consistently dextral. 

5.1. The autocorrelation function (ACF) 

The autocorrelation function (ACF) is a rapid 
method for obtaining quantitative shape information 
(Panozzo-Heilbronner, 1992). In general, ACF’s give 
information on domain size and geometry of domain 
shapes (e.g., grains); therefore, shape preferred orien- 
tations become readily visible. They also allow com- 
parisons of the relative intensity of the fabrics 
(amount of shape preferred orientation) and grain 
sizes among samples. 

ACF’s from 18 samples from the western contact 
are shown in Fig. 7. Most samples analysed are 
tonalite with magmatic to submagmatic fabrics. Thin 
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sections were prepared perpendicular to foliation and 
parallel to the stretching lineation. Images of entire 
thin sections were ported to a Macintosh, and ACF’s 
were calculated for each of the samples using the 
public domain software Image 1.28 (Rasband and 
Reeves, 1990). In Fig. 7, the ACF’s are oriented with 
top (pluton) up and the lineation plunging to the 
right. Because the images were captured without 
polarization, the ACF is sensitive to grain shapes 
between light and dark phases. Eight contour levels 

192-73 L_ t 

Idi -I 
193-19 

h55 -1 IO.63 -1 

1-1 

(8 levels of grey) are shown for each ACF (see 
Appendix A). The contours correspond to different 
size domains in the image, so that the outer contours 
(lighter shades of grey) correspond to the largest 
domains. A domain may consist of a group of dark 
coloured phases, or a single dark crystal surrounded 
by light phases, or vice versa. Therefore, only the 
smaller contours reflect the grain sizes. Grain sizes 
between samples were compared by choosing a suit- 
able contour (in this case contour 96; see Appendix 

Shear Sense Indicators: 

Fig. 7. Map of the western contact showing sample locations and ACF’s. Asymmetric ACF’s are plotted to the left of the map with top up 
and lineation plunging to the right (east), ACF grain sizes (mm) are shown in the lower left corner and shear senses in the upper right comer 
of the ACF’s. Scale bars are 1 mm. The macroscopic foliation direction is shown as a dashed line. Shear senses indicated on the map are 
derived from various indicators shown at their approximate locations: dots indicate movement out of the paper in the direction of the local 
lineation (shown as arrows with the local foliation). Hornblende geobarometry sample locations (Fig. 9, Table I) are also shown. 
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Fig. 8. Shape preferred orientations of K-feldspar megacrysts from localities 92-193 and 92.198. Angle and azimuth of lineation plunge, and 
average (la) and range of aspect ratios (AR) are given for each site. (a)-(d) Rose diagrams (top) and spline curves (bottom) calculated at 5” 
increments. In (a), (b) and (d), lineation plunges to the right (east) and top is up (90”). The 0” orientation corresponds to the long axis of the 
enclaves. In (c) the lineation is normal to the page and plunges toward the reader. No foliation is visible, 0” points to the NE. Average aspect 
ratios (AR) of the megactysts and range (in parantheses) are given in the upper left of the spline curves. (e) Schematic diagram of fabric 
orientation vs. strain for rigid particles without interactions (dashed line), modified from Ildefonse et al. (1992a.b). Fabric orientation is 
approximately equal to the average orientation of the long particles. 
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A and Panozzo-Heilbronner, 1992), calculating the 
size of that contour by fitting an ellipse to the 
contour, and taking the square root of the major axis 
times the minor axis of the ellipse. Grain sizes 
calculated in this manner are shown in the lower 
left-hand corner of the ACF’s in Fig. 7. There is a 
good correspondence between calculated grain size 
and observed amount of subsolidus deformation for 
all samples analysed. 

The shape of the contours reflects the intensity of 
a fabric (Panozzo-Heilbronner, 1992), highly elon- 
gate contours reflecting good alignments at a given 
domain scale. Most of the samples in this study have 
a weak fabric, indicated by elongated contours with 
small aspect ratios (Fig. 7). The shapes and sizes of 
the ACF’s in Fig. 7 give quick quantitative informa- 
tion on the spatial distribution of relative amounts of 
preferred orientation and, indirectly, the amount of 
subsolidus deformation along the western contact. 

One way to obtain information on the overall 
symmetry of a grain shape fabric is to look at the 
shape of a single contour (Panozzo-Heilbronner, 
1992). Because most of the single contour shapes in 
this study have nearly elliptical contours, no system- 
atic asymmetry could be extracted. We therefore 
used asymmetries arising from the orientation of 
long axes of different contour levels for inferring 
asymmetry. A fabric is defined to be symmetric if 
the angle between the major axes of contours 128 
and 64 (see Appendix A and Panozzo-Heilbronner, 
1992) is less than 2 degrees. Such asymmetries 
indicate that correlation directions change as the 
domain size changes. Note that this criterion is inde- 
pendent of the orientation of the macroscopically 
visible foliation trace (dashed line in Fig. 7). 

Translating these asymmetries into physical mean- 
ing (sense of shear) depends on the knowledge of the 
exact nature of the fabric elements responsible for 
the asymmetry. Two alternative models are possible 
(see Appendix Al. Model 1 assumes that the pre- 
ferred orientation of small domain sizes is deflected 
from that of the large domains sizes in a sense which 
corresponds to the sense of the imposed shear, while 
model 2 assumes the opposite. Taking a classical 
S-C-fabric as an example, model 1 would predict 
that the alignment of the smallest domain sizes re- 
flects the C-planes, while that of the largest domains 
reflects the S-planes. Because the sense of shear, and 

hence the nature of the shear sense indicator, is 
unknown in the specimens analysed, the choice of 
model 2 for inferring sense of shear (half arrows in 
the upper right-hand comer of the ACF’s in Fig. 7) is 
empirical. This model was chosen because it yields 
senses of shear consistent with those inferred from 
traditional criteria in most localities were such crite- 
ria were available. 

5.2. Shape preferred orientation (SPOT 

Image analysis is also applied to megacryst- 
bearing granodiorites (Fig. 5a). Deformed mafic en- 
claves have X/Z strain ratios around 10. Because of 
the large strain, we assume that the flattening plane 
is oriented sub-parallel to the shear zone boundary 
(in case of a component of simple shear). An asym- 
metry between the foliation marked by enclaves and 
shape-preferred orientation of megacrysts is noted by 
first inspection in many of the outcrops. The outlines 
of the megacrysts were digitized from field pho- 
tographs. The orientation of the long axis and aspect 
ratio of the megacrysts was determined using the 
program SPAROR, an adapted version of PAROR 
(Panozzo, 1983) designed for lath shaped (rectangu- 
lar) shapes. Fig. 8 shows the orientations of feldspars 
from two areas plotted in rose diagrams and as spline 
curves enhancing visualization of the data. At site 
92-193 (Fig. 8a-cl, where granodiorite is in direct 
contact with the country rocks, analysis was per- 
formed in an area dominated by magmatic and sub- 
magmatic fabrics. Fig. 8d is from site 92-198 nearby. 

The shape preferred orientation of the K-feldspar 
megacrysts is well developed in sections parallel to 
the the lineation (Fig. 8a, b, d), and relatively weak 
perpendicular to lineation (Fig. 8~). Also note that 
the aspect ratios of the feldspars observed in a 
section parallel to the lineation are larger. Parallel to 
the lineation, the largest proportion of the feldspars 
have their long axes parallel to the trace of the 
foliation, but a weak asymmetry exists between the 
foliation trace and the preferred long axis direction 
of feldspars, with long axes preferring orientations 
between 0 and 30” (Fig. 8a, b and d). 

The development of shape fabrics resulting from 
the rotation of rigid particles in a viscous matrix has 
been discussed extensively in the literature (e.g., 
Ghosh and Ramberg, 1976; Femandez, 1987; Ilde- 
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fonse et al., 1992a and references therein). Ghosh 
and Ramberg (1976) analysed the change in orienta- 
tion of rigid elliptical particles during combined pure 
and simple shear. However, their solution does not 
take into account mechanical interaction between 
particles. In our example, such interactions evidently 
played an important role, touching and tiling of 
megacrysts being very common. Ildefonse et al. 
(1992a,b) showed that interactions between particles 
act to slow particle rotations down and concluded 
that the majority of long axes of particles rotate 
toward the shear plane with increasing strain during 
simple shearing, never crossing it (Fig. 8e). There- 
fore, given possible interactions and simple shearing, 
all particle axes are expected to lie between 45” and 
the shear plane (0”). 

In our examples (from planes parallel to the lin- 
eation), we see that there is a consistent asymmetry 
between the foliation (assumed to be roughly parallel 
to the shear plane) and the SPO of the feldspars. 
From this we conclude that the SPO in the granodi- 
orite formed during top (pluton) down-to-the-east 
shearing. However, departure from simple shear is 
very likely, given the weak asymmetry of departures 
from parallelism with the foliation (indicating a pure 
shear component if particles interact). 

5.3. Comparison of sense of shear indicators 

Sense of shear determined from different criteria 
along the western contact are plotted in their approx- 
imate locations in Fig. 7. Since all the ACF samples 
come from at or near (tens of meters) the contact 
between tonalite and the country rocks (except sam- 
ple 92-94) shear senses inferred from these samples 
give relative displacements between the pluton and 
the country rocks. The two SPO sites (92-193, 92- 
198) record senses of shear related to magmatic and 
submagmatic flow, while the shear band locations 
92-130, 92-193 and in Valle dei Ratti formed during 
solid state flow in tonalite and/or granodiorite. The 
shear band location north of 92-89 is from tonalite 
which essentially has a submagmatic fabric. Asym- 
metries in the ACF mostly relate to magmatic and 
submagmatic flow. 

From Fig. 7, it is evident that the sense of shear 
was different at different locations along the 
tonalite/country rock contact. Even the most unam- 

biguous indicators (shear bands) give both pluton up 
to the west and pluton down-to-the-east senses of 
shear. However, down-to-the-east movement of the 
pluton strongly dominates in the northern part of the 
contact (at and north of locality 92-193) in respect to 
all stages of deformation (magmatic to solid state). 
Further south, pluton to-the west movement pre- 
dominates over a certain distance, and then is re- 
versed yet again. In Valle dei Ratti, a tight synform 
of tonalite is overprinted by shear band orientations 
on both limbs of the synform giving dextral senses 
of shear (the contact being vertical). 

In summary, the deduced senses of shear conflict 
across the entire area of the western contact, and also 
at particular localities (e.g., shear bands at location 
92-193). Therefore, we conclude that deformation at 
the contact was predominantly accomplished by pure 
shear associated with E-W extension during that 
part of the deformation which led to the recorded 
asymmetries. In fact, the geometry of the large-scale 
folding of the contact during a late stage in the 
deformation (that is, after the contact formed) is 
compatible with overall N-S-shortening and E-W- 
extension. Also, this same late stage deformation 
affects the entire Gruf complex and is not restricted 
to the contact zone of the pluton. The shear bands in 
the tight syncline of tonalite in Valle dei Ratti indi- 
cate very late stage dextral shearing, even post-dat- 
ing formation of this syncline. 

6. Hornblende geobarometry 

In order to constrain depths of crystallization of 
the pluton the Al-in-hornblende geobarometer of 
Hammerstrom and Zen (1986) was applied to 17 
samples from all around the pluton, including the 
tonalite tail (Table 1, Fig. 9). Sample 2AllO from 
the eastern contact is a hornblende-bearing granodi- 
orite, all other samples are tonalite. Samples have 
been collected from near the contact with the country 
rocks, except for sample 92-270, collected at the 
immediate contact to the granodiorite core of the 
pluton. All samples reported in Table 1 have the 
required nine-phases-assemblage needed to use the 
barometer (Hammerstrom and Zen, 1986). Hom- 
blende chemistry was measured on the JOEL 8600 
superprobe at Base1 University, using an accelerating 
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voltage of 15 kV, a beam current of 10 ~.LA and a 
beam diameter of about 3 pm. All elements were 
measured by WDS with counting times between 10 
and 20 s. Natural and synthetic standards were used 
and the data were reduced using ZAF. 

Following Leake (1978), most of the amphiboles 
measured in this study range from edenitic horn- 
blende to magnesian hastingsitic hornblende (Table 
1). Mg/(Mg + Fe*” ) ranges from 0.55 to 0.71, and 
Na + K from 0.47 to 0.62. In all samples hornblende 
is zoned with an increase in total Al and a slight 
decrease in Mg/(Mg + Fe*+) toward the rim. A 
minimum of 5, but typically 15 rim analyses were 
used to calculate the average pressure for a given 
sample (Table 1). Pressures were calculated using 
the experimental calibration of Schmidt (1992). Fol- 
lowing Schmidt (1992), we normalized hornblende 
compositions based on: (1) 23 oxygens and assuming 
Fe3+/(Fe3+ + Fe*+) = 0.3, and (2) X cations-ca- 
Na-K = 13. Compositions were considered valid 
only when both normalization schemes gave similar 
formulas. Reported errors are standard deviation of 
the mean (+ la), and do not include analytical or 
calibration uncertainties. Schmidt (1992) quotes an 
uncertainty of kO.6 kbar for his calibration. Calcu- 
lated pressures, normalized to an elevation of 2000 
m (P * in Table l), range from 4.3 f 0.2 to 8.6 f 0.3 
kbar (Table 1). 

Fig. 9 also reports the pressures obtained by 
Reusser (1987) who used the Al-in-hornblende 
barometer of Hollister et al. (1987). These data have 
been recalculated using the barometer of Schmidt 
(1992) and also normalized to an elevation of 2000 
m. These data are merely shown for comparison in 
Fig. 9 and have not been used for contouring because 
of some incompatibilities with our data set. Particu- 
larly, at one locality in Val Mera, Reusser (1987) 
obtained much lower pressures (P * = 6.1 kbar vs. 
P * = 6.9 kbar, Fig. 9). We attribute the lower pres- 
sures given by Reusser (1987) to problems arising 
from the strong solid state overprint in many tonalites. 
This overprint may lead to re-equilibration in the 
hornblende rim below the solidus. Additionally, we 
found cataclastic fragmentation of hornblende to be 
very common, so that many “rims” are actually 
cleaved portions of the core of the once larger 
hornblende. Hornblende cores have relatively low 
Al-content and probably crystallized early. There- 
fore, the Al content of hornblende cores are not 
buffered by the required 9 phase assemblage, and are 
not dependent on pressure. Regarding our own data, 
we took care to avoid measurements in specimens 
with a strong solid-state overprint. 

In Fig. 9 the tonalite tail is restored to its approxi- 
mate geometry by retrodeformation of movements 
along the southeast striking Riedel shears present 

Pressure (kbar) 

8.4 l this study 
(7.7) A Reusser (1987) 

135 

125 

135 755 715 

Fig. 9. Map of crystallization pressures (in kbar) from the Bergell pluton determined from the Al-in-hornblende geobarometer. Pressures are 
normalized to 2000 m ( P * , see text). See Table 1 and Figs. 7 and 9 for sample numbers and exact locations. Contours (white dashed lines) 
are based on data from this study (Table 1). The data from Reusser (1987) are shown in parenthesis for comparison. The tonalite tail is 
restored to its approximate shape at the time of crystallization. The present day geometry of the tonalite tail is also shown, with sample 
locations before and after restoration connected by arrows. 



232 C. Davidson et al. / Tectonophysics 265 (1996) 213-238 

along the tail. This faulting post-dates crystallization 
of the tail and is related to late stage brittle dextral 
strike slip along the Insubric fault (Fumasoli, 1974). 
It amounts to 30% extension of the tail west of Val 
Mera. 

6.1. Discussion of the hornblende geobarometry 

There are no systematic differences in pressure 
determined from the Al-in-hornblende geobarometry 
from Valle dei Ratti to upper Val Codera, suggesting 
that this part of the pluton intruded and cooled 
through its solidus at about the same depth of 22-26 
km (6-7 kbar). This is consistent with the interpreta- 
tion that this part of the pluton (the western contact) 
represents the exposed floor of the Bergell pluton. 

Over the entire area of Fig. 9, pressures increase 
from northeast to southwest, the strike of the con- 
tours being ill-constrained in the region of the tonalite 
tail. The E-W gradient may be interpreted to be 
caused by differential exhumation due to tilting after 
solidification of the pluton, as already noted by 
Reusser (1987). Since uplift and exhumation of the 
entire Lepontine dome, including the Begell pluton, 
are intimately related to backthrusting along the In- 
subric mylonite belt, the amount of backthrusting 
decreasing from west to east (Schmid et al., 19891, 
the choice of a N-S axis of tilting, i.e. at a right 
angle to the Insubric line delimiting the Lepontine 
area from the unmetamorphic Southern Alps, is ap- 
propriate on structural grounds. The tilt angle de- 
rived from such a simple model amounts to between 
7” and 11” along E-W-traverses through the tonalite 
tail, and through the central part of the main pluton, 
respectively (see discussion by Rosenberg and Heller, 
in prep.). Note however, that the total amount of 
tilting inferred from geobarometry is most likely to 
be underestimated because it only records that part 
of the exhumation history which occurred after the 
solidus was reached. In fact, structural arguments 
(Rosenberg et al., 1995; Berger and Giere, 1995) 
point to a total tilt angle of about 20”, exposing a 10 
km thick interval in terms of crustal depth along an 
E-W-section across the pluton. 

P * = 4.5 kbar, Fig. 9) has a lower solidus tempera- 
ture than tonalite, and therefore the calibration of 
Schmidt (1992) may not apply. Tonalite sample 92- 
270 (P * = 4.7 kbar, Fig. 91, on the other hand, 
comes from the immediate contact with the granodi- 
orite, and therefore, may have completely crystal- 
lized after the rest of the analysed tonalites (which 
come from near the contact with the country rocks), 
and after a significant amount of erosion had oc- 
curred. Taking the difference in pressure between 
sample 92-270 (4.7 kbar) and sample 92-193 (6.4 
kbar, Fig. 9) at the western margin an apparent 
vertical distance of 6.3 km would be deduced if both 
samples had cooled through the solidus contempora- 
neously. However, the horizontal separation of these 
samples is only 2.75 km. Taking a reasonably fast 
denudation rate of 5 km/Ma (Giger and Hurford, 
1989) at the time of intrusion, specimen 92-270 
(P * = 4.7 kbar) would have crossed the solidus 
about 1 Ma after 92-193 (P * = 6.4 kbarl. This is a 
reasonable length of time for melt to be present in 
the deep crust, given the fact that the initial tempera- 
ture of the country rocks was high at the time of 
intrusion (Davidson et al., 1994). Independently, 
geochronological evidence (von Blanckenburg, 1992) 
indicates that the granodiorite crystallized about 2 
Ma after the tonalite at the eastern margin of the 
pluton. 

In summary, geobarometry indicates that synmag- 
matic folding at the western contact took place at 
considerable depth (at least 22-26 km). It also pro- 
vides independent evidence for large-scale tilting due 
to differential exhumation of the Bergell pluton pos- 
tulated on structural grounds. However, amount and 
rotation axis of post-solidifation tilting are ill-con- 
strained by these data, because it cannot be assumed 
that the solidus was reached contemporaneously over 
the entire area of the pluton (see Berger et al., 1996). 

7. Discussion 

7.1. Geometry of the pluton 

The north-south component of the pressure gradi- Contour maps (Fig. 4) and cross sections (Fig. 3) 
ent is only reliably constrained in the northeastern show that the base of the cenral part of the Bergell 
comer of the intrusion (Fig. 9). Note however, that pluton overlies the country rocks along its present-day 
the hornblende-bearing granodiorite (sample 2AllO; western margin (Fig. 1). The tonalite tail roots in the 
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Southern Steep Belt north of the Insubric mylonites. 
Indeed, as already suggested by Wenk (1973), the 
Bergell pluton has the geometry of a nappe. This 
nappe-like geometry is reinforced by the observation 
that discontinuous layers of ultramafic, mafic and 
talc-silicate rocks can be followed all along the base 
of the pluton (black layer in Fig. 3a). This leads to 
the postulate that the pluton was intruded and/or 
emplaced along a former nappe boundary (Diethelm, 
1989), corresponding to the North-Penninic suture 
zone (Schmid et al., 1996), i.e. the Misox zone 
between the Adula and Tambo nappes (Fig. la>. 
Hornblende geobarometry indicates that the tonalites 
at the base of the pluton crystallized at approxi- 
mately constant depth (6-7 kbar) along a large por- 
tion of the folded western contact (Fig. 91, which 
therefore had to be flat-lying at the time the tonalites 
reached the solidus. In profile view (Fig. 3a), the 
pluton occupies the same structural position as the 
Tambo and Suretta nappes north of the Engadine 
line, i.e. between the Adula-Gruf unit at the base 
and the South-Penninic Malenco-Lizun ophiolite 
complex on top (Fig. 3a), dissected by the post-mag- 
matic Engadine line (Schmid and Froitzheim, 1993). 

Small remnants of the Tambo and Suretta nappes 
are present south of the Engadine line but discor- 
dantly cut by the granodiorite (to the right of the 
word “Lizun” in Fig. 3a) which has a younger 
crystallization age with respect to the tonalite near 
the eastern margin of the Bergell pluton (but not at 
its base in the west!), based on both structural (Berger 
and GierC, 1995) and geochronological (von Blanck- 
enburg, 1992) arguments. As discussed by Rosen- 
berg et al. (1995) and Berger and Giere (1995) the 
eastern contact is interpreted to represent the side of 
the pluton near its roof (compare Figs. 1 and 3a). 
The structural features at the eastern margin indicate 
ballooning (Conforto-Galli et al., 19881, related to 
the final stages of pluton emplacement at a very 
much higher structural level (corresponding to less 
than 5 kbar according to hornblende barometry). 

The tonalite tail south and west of the main body 
of the pluton forms a tabular body, interpreted as the 
feeder to the pluton (Rosenberg et al., 1994, 1995). 
This study provides the following evidence support- 
ing this interpretation: (1) According to hornblende 
barometry the tonalite tail crystallized at greater 
depths than the main body of the pluton; (2) Struc- 

turally, the main body of the pluton has the geometry 
of a nappe that steepens in the south toward the 
Insubric shear zone, and hence no feeder dyke is 
expected beneath the main body of the pluton. Inter- 
estingly, all Alpine-age mantle-derived plutons (e.g., 
the Ademello pluton and many small bodies of 
tonalite) occur in close proximity to the Periadriatic 
line (i.e. the Insubric line in our area, Schmid et al., 
1989). This suggests that these mantle-derived mag- 
mas used the Insubric fault zone to gain access to the 
middle and upper crust. 

7.2. The predominance of magmatic and submag- 
matic flow during regional deformation 

Mesoscopic fabrics and microstructures from the 
igneous rocks found along the base of the pluton 
exposed at its western contact (Figs. 5 and 6) indi- 
cate that final emplacement and cooling of the pluton 
are intimately related to regional deformation, as 
previously suggested by Wenk (1973). Most of the 
deformation experienced by these rocks occurred in 
the magmatic and submagmatic state. Solid-state de- 
formation is pervasive in a few locations only, and 
restricted to the immediate contact with the country 
rocks. If present at other sites, it is concentrated in 
particular (high-stress) microstructural sites (Fig. 6d). 

According to Miller and Paterson (1994) submag- 
matic fabrics and microstructures in plutons are rare 
at higher crustal levels because of the transitory 
nature of the submagmatic stage. Along the western 
contact of the Bergell pluton, however, submagmatic 
flow predominates. Together with the high ambient 
temperatures at great depth (22-26 km) and the large 
size of the pluton, this indicates that the cooling rate 
was slow (Miller and Paterson, 1994). Note also, that 
near the solidus, low melt fractions remain over a 
larger temperature interval in tonalitic compared to 
SiO,-richer magmas (Bouchez et al., 1992). 

7.3. Synmagmatic regional deformation 

Strictly speaking, two stages of deformation are 
distinguished along the base of the Bergell pluton. 
The first stage has produced the ubiquitous well-de- 
veloped, and locally very strong, planar fabric. Dur- 
ing a second stage, this fabric and the contact itself 
were folded together during N-S shortening. Both 
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deformation stages, however, occurred before com- 
plete crystallization of the pluton, and therefore dur- 
ing a relatively short period of time. 

We intepret the formation of the foliation to be 
related to the emplacement of the main part of the 
pluton over the underlying units. Arguments for 
tectonically driven emplacement from south to north 
are the following: (1) the tabular feeder of the pluton 
is located to the south of the main mass of the pluton 
and immediately north of, and along, the Insubric 
mylonite belt (Berger et al., 1996) and (2) the pluton 
has the geometry of a nappe and occupies the same 
structural position as the Tambo and Suretta nappes 
(Fig. 3a). Emplacement of the pluton is interpreted to 
be part of a regional deformation phase (the 
Niemet-Beverin phase of Schmid et al., 1996 tenta- 
tively dated at 35-30 Ma), accompanied by vertical 
extrusion in the Southern Steep Belt (Merle, 1994; 
Berger et al., 1996) and late-stage differential north- 
ward displacement of the Tambo and Suretta nappes 
(see Schmid et al., 1990; Merle and Guillier, 1989). 
Such a scenario elegantly solves the space problem 
during pluton emplacement (Fig. 10a). 

Evidence for the regional character of the second 
deformation stage (synmagmatic folding of the folia- 
tion) is direct, because folding of the base of the 
pluton also affects the underlying Adula-Gruf unit 
(Fig. lob). AC car ing to Rosenberg et al. (1995) d 
folding of the base of the pluton forced magma to 
higher structural levels, thus causing ballooning near 
the roof of the pluton (eastern contact). This folding 
stage is directly linked with the formation of the 
Cressim antiform (Fig. lb) and hence to the forma- 
tion of that part of the Southern Steep Belt (Milnes, 
1974; Berger et al., 1996). Therefore, the onset of 
backfolding in the Bergell Alps predates complete 
crystallization of the pluton (32-30 Ma according to 
von Blanckenburg, 1992). This shows that vertical 
extrusion and backfolding in the Bergell Alps must 
have initiated much earlier than previously assumed 
by Hurford et al. (1989) and Schmid et al. (1987). 
However, as discussed by Berger et al. (1996) back- 
thrusting along the Insubric mylonite belt post-dates 
the synmagmatic deformation described here. 

In spite of the necessity for two deformation 
stages, the timing relationships between the forma- 
tion of foliation and lineation at the base of the 
pluton and folding of the foliated contact zone are 

N S 

I 

1Okm 

Fig. 10. Schematic cross-sections depicting the intrusion history of 
the Bergell pluton. (a) The Bergell pluton (light gray) is emplaced 
as a magma from south to north over the underlying Adula nappe. 
The well-developed foliation along the base of the pluton proba- 
bly formed at this time (the first deformation step, see text). The 
black unit below the pluton and Tambo nappe represents, from 
north to south: the Misox zone, the Chiavenna ophiolite complex, 
the band of ultramafic, mtic and talc-silicate rocks present along 
the base of the Bergell pluton, and finally, the Bellinzona-Dascio 
zone. The black unit above the pluton and Suretta nappe repre- 
sents the Lizun and Malenco ophiolite complexes. (b) The base of 
the Bergell pluton is folded during N-S compression and simulta- 
neous E-W extension while it is still partially molten (the second 
deformation step, see text). Shortening of the base of the pluton 
forces remaining magma to intrude the crust at higher structrual 
levels (arrows), causing flattening of the contact metamorphic 
aureole near the top of the pluton (eastern contact). 

problematic. This is because the E-W lineation and 
foliation appear to have formed together. On the 
other hand, the foliation must have formed during 
the first deformation step and before it was folded 
during N-S compression and contemporaneous E-W 
extension (the second deformation stage). Opposing 
senses of shear at the base of the pluton (Fig. 7) 
associated with the formation of the lineation suggest 
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that E-W extension was coaxial during the second 
deformation stage. This stretch was probably coeval 
with ongoing N-S shortening which eventually lead 
to folding of the contact. Contemporaneous N-S 
shortening and E-W extension is in fact compatible 
with the model proposed by S&mid et al. (1989) for 
exhumation and east-directed lateral escape of the 
Central Alps during movements along the Insubric 
shear zone (see also Schmid and Froitzheim, 19931, 
and with similar scenarios proposed for other areas 
(e.g., Mancktelow and Pavlis, 1994). Nowhere could 
we observe refolding of the E-W lineation contained 
in the foliation, the E-W fold axes of the regional- 
scale folds turning ENE-WSW in the east being 
everywhere parallel to the stretching lineations (com- 
pare Figs. l-3). Most likely, formation of the folia- 
tion, subsequent folding and formation of the lin- 
eation must have occurred during progressive defor- 
mation and do not represent separate events. 

Giger and Hurford (1989) show that the Bergell 
pluton cooled rapidly during and after crystallization 
and suggest that the entire Central Alps were ex- 
humed as more or less a rigid block due to strain 
localization within the Insubric mylonite belt during 
backthrusting. Therefore, backthrusting along the In- 
subric shear zone and associated tilting of the pluton 
must have outlasted the synmagmatic deformations. 

8. Conclusions 

Evidence for predominantly magmatic and sub- 
magmatic flow encountered at the base of the pluton 
show that regional deformation affected the pluton 
during its final emplacement and while it was cool- 
ing. Two stages of synmagmatic deformation are 
distinguished. The first stage produced a well-devel- 
oped foliation all along the base of the pluton. This 
foliation formed during northward emplacement of 

the pluton over the underlying units while the pluton 
was still partially molten (Fig. lOa>. Shortly after this 
stage, and before complete crystallization, the folia- 
tion at base of the pluton was folded together with 
the country rocks (the second deformation stage) 
during N-S shortening and E-W stretching (Fig. 
lob). Rapid erosion and subsequent differential mo- 
tion along the Insubric shear zone, exhumed and 
tilted the Bergell pluton, offering a unique crustal 
cross-section through a pluton emplaced and de- 
formed during regional deformation. 

These findings lead to the following conclusions 
which are of general interest: (1) The final emplace- 
ment (and probably also the ascent) of this pluton 
took place in a demonstrably compressive environ- 
ment (Hollister and Crawford, 1986) related to late 
stage shortening of the Alpine orogen; (2) this par- 
tially molten pluton behaved very much like the 
underlying country rocks, deformed in the solid-state 
at high temperatures and deep in the crust; and 
partially molten plutons are apparently able to trans- 
mit stresses from and to their solid-state deformed 
country rocks during regional deformation at deep 
crustal levels. Consequently, these country rocks 
must have deformed at very low differential stresses. 
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Appendix A. ACF example 

a. 

8 greys 

e. Model 1 

6 ~4,96, 128 contor .us 

Model 2 

d, 

Description: (a) Example of a captured imgae (92-94). (b) Two-dimensional ACF displayed with 8 gray levels 
(gray values from 1 to 256 and corresponding to different domain sizes. (c) Two-dimensional ACF with the 64 
(outside), 96 (middle) and 128 (inside) contours. (d) Three-dimensional ACF showing the approximate locations 
of the 64 (l/4 peak height), 96 (3/8 peak height) and 128 (l/2 peak height) contours. (e) Sense of shear 
models (discussed in text). 
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